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Forеword

Еdьuаrd О. Wilson

Two сеnturiеs aftеr its author's Ьirгh and 150 yеars aftеr its puЬliс:rtion,
Сhаrlеs Darwin's Оп the Оrigin of Speсiеs сan fairly Ье rаnkеd as thе most
important book еvеr writtеn. Not thе most widеly rеad, to Ье surе. Сopiеs of
thе origiп havе not bееn plaсеd in hotеl rooms aсross Amеriсa; its vеritiеs
arе not prеaсhеd from pulpits еaсlr Sunday; and no politiсal lеadеr takеs an
oath of offiсе with a hаnd on its сovеr. It is thе mastеrрiесе that first ad.
drеssеd thе living world and (with Тhe Descеnt of Мап following) human-
ityЪ plасе within it, without rеfеrеnсе to any rеligion or idеology and upon
massivе sсiеntifiс еvidеnсе providеd aсross suссеssivе dесаdеs. Its argumеnts
havе grown сontinuously in еstееm as thе Ьеst foundation for hцпran sеlf-
undеrstаnding and thе pЬilosophiсal guidе for human асrion.

So solidly havе thе fiеlds of Ьiology Ьuilt upоn thе Darwinian сonсеption
of еvolution that it makеs sеnsе tоday to rесognizе it as onе of thе two laws
(univегsal prinсiplеs if you wish) that govеrn ouг undеrstanding of l ifе. Thе
firsг law is that all thе еlеmеnts and proсеssеs thаt dеfinе living organisms arе
ultimatеly oЬеdiеnt to thе laws of physiсs and сhеmistry. This formulation
has bееn thе dгiving forсе of molесular and сеllular Ьiology during thе past
half сеntury' Thе sесoпd law, thе foundation :rnd produсt of еvolutionary
Ьiology as wеll аs muсh of organismiс and еnvironmеntal Ьiology, is that all
еlеmеnts and proсеssеs dеfining living organisms havе Ьееn gеnеratеd Ьy
еvolution thrоugh natural sеlесtiсln.

Thе two laws havе provеn to Ье frrlly сomplеmеntary, a primе rеquirеmеnr
for thе rесognition of sсiеntifiс laws gеnеrally. Furthеr' to an inсrеasing dе-
grее thеy arе Ьеing сomЬinеd to aсhiеvе sеamlеss analysеs of partiсular Ьiо-
logiсal phеnomеna. Thе first law addгеssеs how a phеnonrеnon oссurs and
thе sесond addrеssеs why it oссurs. Mitoсhondria and othеr organеllеs, for
еxamplе, arе built and work thus and so; and thеy originatеd in onе way and
not somе othеr. Еaсh dеsсription сomplеtеs thе еxplanation for thе othеr.
Мodеrn biology as a wholе has l ittlе mеaning without thе joining of both ap-
proaсhеs guidеd Ьy thе two lаws.

Еvеn without thе impеtus of thе origin sеsquiсеntеnnial-fortuitously thе
samе as thе Dаrwin Ьirth Ьiсеntеnniаl-2009 is an аppropriаtе timе to prеsеnt

uп
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еvolutionary Ьiology in its еnсompassing modеrn form. I douЬt that any singlе
writеr, or any еnsеmЬlе of sеveral writеrs, сould summarizе this Ьurgеoning
disсiplinе in a сomprеhеnsivе and authoritativе form. Thе multipliсity of au-
thors in Еuolutioп: The First Foиr Billioп Yeаrs has gonе far to*ard that goal.
Its array of ехpеrts providе statе of thе art for еaсh suЬjесt in turn. Thе sсiеnсе
is prеsеntеd hеrе' Ьut also somе of thе main praсtiсal сonsеquеnсеs and in.
еvitably, with fundamеntal rеlеvanсе, thе сonsеquеnсеs of Ьiologiсal еvolu-
tionary thought for philosophy and rеligion. Thе grеat quеstions-..Who arе
wе?'' ...Whеrе did wе сomе from?'' and ...Why arе wе hgrg}''-gan Ье аnswеrеd
only, if еvеr, in thе light of sсiеntifiсally Ьasеd еvolutionary thought.
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ldеrn form. I douЬt that any singlе
сould summaгizе this Ьurgеoning
tivе form. Thе multipliсity of au-
,аrs has gonе far toward that goal.
lr еaсh suЬjесt in turn. Thе sсiеnсе
in praсtiсal сonsеquеnсеs and in-
:onsеquеnсеs of Ьiologiсal еvolu-
. Thе grеat quеstions-cGWho arе
Y are we hеге?''_сan Ье answеrеd
d еvolutionary thought.

Rиse апd Josеph

Introduсtion

Мiсhаеl Trаuis

Thе disсovеry of evolution is onе of thе grеatеst intеllесtual aсhiеvеmеnts of
.Wеstеrn 

thought, rаnking with thе сalсulus and gеnеrаl and spесifiс rеlativity
among sсiеntifiс disсovеriеs that сhangеd indеliЬly how wе sее our world.
From sееing naturе as fiхеd torеvеr in form and сomposition to sееing it as
forеvеr сhanging, wе havе Ьееn transformеd uttеrly Ьy disсovеring and un-
dеrstanding еvolution.

In sсiеnсе thе word euolцtion is usеd to ехprеss thrее diffеrеnt Ьut rеlatеd
idеаs. Fiгst, thеrе is rЬe fасt of еvolution. This is thе rеalization that all or-
ganisms, living and dеad' irrсluding humans, arе thе еnd produсts of a long
natural proсеss of сhangе through whiсh еaсh spесiеs is dеsсеndеd from
othеr, diffеrеnt onеs. Although protoеvolutionary idеas datе Ьaсk to the timе
of thе аnсiеnt Grееks, only in thе еightееnth сеntury did thе сlaim that or-
ganisms еvolvеd rеally start to gain сurrеnсy. Howеvеr' thе idеa was not сon-
sidеred a Ьasiс еlеmеnt of sсiеntifiс knowlеdgе until aftеr Сharlеs Darwin
puЬlishеd his ozl the Оrigiп of Spесiеs in 1859. Darwin arguеd that all thе
organisms on thе planеt еmеrgеd through a singlе, straightforward proсеss
that opеratеd rеlеntlеssly from thе dawn of lifе and that сontinuеs to shapе
thе natural world. An еnormous amount of sсiеntifiс rеsеarсh, from palеon-
tology to molесular biology' has providеd thе сompеlling and ovеrwhеlming
еvidеnсе that еvolution is indееd a faсt.

Sесond, еuolиtion is oftеn usеd to rеfеr to the pаth of lifе's history on this
gloЬе. This сan refег to thе history of a group of ехisting spесiеs, as in thе
еvolutiоn of orсhids' or thе path through whiсh partiсular traits еmеrgеd,
suсh as thе еvolution of thе middlе еar of mammals from small Ьonеs in thе
геptilе |аw. Еvolutionary historiеs arе гесonstruсtеd from a widе variеty of
еvidеnсе that rangеs from sеquеnсеs of spесiеs and forms in thе fossil rесord
to similaritiеs and diffеrеnсеs in thе DNA of ехisting organisms. Thе еvolu-
tion of somе fеaturеs, suсh as thе hoovеs of ungulatеs, is vеry wеll undеr-
stood, whilе thе еvolution of othеrs, partiсularly vеry old fеatures likе thе
organеllеs of сеlls, is lеss wеll undеrstood.

Thе third idеa is the theorу of еvolution. This rеfеrs not to a suggеstion
that еvolution hаs not oссцrrеd or that thе historv of oаrtiсular fеaturеs сannot
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Ье rесonstruсtеd Ьut to orrr idеas aЬout thе forсеs that drivе еvolutionarу
сhangе. In the Оrigiп Darwin propоsed what today is almost univеrsally сon-
sidеrеd thе major forсе in organiс сhangе, natural sеlесtion. But natural sе-
lесtion is not thе only importаnt еvolutionary forсе; natural sеlесtion opеratеs
on thе variation in shapеs, sizеs, and iorпrs of organisms сгеatеd Ьy muta-
tions in thеir gеnеs' and thе rаtе and mirgnitudе of thе сhangеs that arе
drivеn Ьy natural sеlесtiоn are govегnеd Ьy hоw thosе gеnеs сontrol dеvеlop-
ment. An enormous amount of oЬsеrvation and eхpеrimеnt has doсumеntеd
thе aсtion of naturаl sеlесtion and somе of thе gеnеtiс rеsPonsеs to sеlесtion.
But modеrn disсovеriеs in gеnеtiсs and dеvеlopmеnt have raisеd many nеw
quеstions and guidеd us toward soпrе surprising answеrs аЬout how all thеsе
forсеs сomЬinе to drivе еvolution.

Outsidе sсiеnсе thе word еuolution rеfers to a natural proсеss сonsidеrеd
the inspiration for а host of soсiologiсal, l itеrary, politiсal' philosophiсal,
and rеligious idеаs. From writегs еxploring thе animal naturе of humans to
psyсhоlogists sеarсhirrg for thе origirr of humаn Ьеhavior in еvolutionary his.
tory to thеologians grappling with thе impliсations of еvolution for ouг un-
dеrstanding of thе Divinе, thе influеnсе of еvolution outsidе sсiеnсе fаг
ехсееds that оf any othеr sсiеntifiс disсovеry еvеr madе. And as modеrn сon-
trovеrsiеs in thе sсhools i l lustratе, partiсularlу in thе Unitеd Statеs' it pro.
vokеs rеасtiolls аlmost аs stгong as issuеs surrounding thе Ьeginning and еnd
of hцnran lifе.

In this Ьook wе еxplorе all thеsе fасеts of еvolution. Our аuthors prеsеnt
thе еvidеnсе for еvolution as faсt from thе fossil rесord to gеnomiсs, illus-
tratе thе histоry оf groups from Ьaсtеriа to Ьirds, and dеsсriЬе our сurrеnt
idеas about how гhеsе historiеs and tlris еvidеnсе сamе to bе. Our аuthors
also еxplorе tlrе influеnсе of еvoltrtion on plri losopЬy, rеligion, soсiology,
psyсhology, and many othеr arеas and addrеss thе сurrеnt сontгovеrsiеs
aЬout thе tеaсhing of еvolution in sсhools. Thе Ьook сovеrs thе historiсal dis-
сoveriеs, suсh as homology, that opеnеd thе path for disсovеring еvolution;
thе phеnomena' suсh аs industrial mеlanism, that playеd maior rolеs in in-
spiring ехpеrimеntal studiеs of еvolution; thе appliсations of еvolutionary
prinсiplеs to arеas sееmingly far аfiеld, suсh as сomputеr sсiеnсе; and thе
сontributions оf thе major figurеs who shaped thе history <lf еvоlutionary sсi-
еnсе and thе disсiplinе as it еxists today.

Pеrhaрs most important' this book prеsеnts еvolцtionary sсiеnсе as a mod-
еrn, dynamiс disсiplinе. All too oftеn disсussions of еvolution outsidе thе sсi-
еnсе itsеlf givе thе imprеssion thаt thе subjесt Ьесamе fоssilizеd in thе
ninеtееnth сеntuгy' This is partiсularly so whеn thе suitaЬil ity of еvolution as
a suЬjесt for sесondary-sсhool studеnts is Ьеing arguеd. Thе irony is thаt thе
disсovеries of modеrn sсiеnсе, from molесular Ьiology to сotl1putational in-
novation' havе providеd сonrpеlling еvidеnсе that Darwin сould only drеam
of sееing. From thosе disсovеriеs havе also сomе appliсations that Darwin
might nеvеr havе imaginеd, suсh as Darwinian mеdiсinе. Prinсiplеs of еvolu-
tion arе Ьеing appliеd to a widе vаriеty of sсiеntifiс proЬlems, from undеr-
stаnding sеnеsсеnсе to stratеgiеs for сonsеrvation to ехplaining hunran
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Ьеhavior. Thеrе arе fеw topiсs in sсiеnсе with so many еxсiting nеw faсеts'
whiсh rеvеal that dеspitе all wе havе lеarnеd, thеrе is muсh morе to Ье dis-
сovеrеd. Not that thеrе is fuгthеr neеd to suЬstantiatе еvolution as faсt;
rathеr' thеrе is muсh morе to Ье donе to traсе thе еvolution of groups of
spесiеs or fеaturеs, partiсularly сomplеx fеaturеs аt thе сеllular and molесu-
lar lеvеls, and to rеfinе our thеory of еvolution to aссoцnt morе fully for thе
astonishing divеrsity of lifе as wе сontinuе to disсovеr it. Thе еssays in this
book show not onlу how far wе havе сomе but whеrе thе sсiеntifiс horizons
liе and how wе might movе toward thosе horizons.

This Ьook is organizеd into two parts. Thе first part сontains long еssays
on thе ovеrarсhing thеmеs in еvolution. From thе history of еvolutionary
thought to thе с<rntrovеrsiеs ovеr еduсation, from thе fossil rесord and thе
origin of lifе to thе proсеss of adaptation, thе long еssays offеr primеrs on thе
majoг fеaturеs of еvolution. Many of thеm offег сlosе looks at partiсular
arеas likе molесular еvolution' gеnomiс еvolution' and Darwinian mеdiсinе.
Thе sесond part сontains a largе numbеr of shortеr еssays on morе spесifiс
topiсs. Thеsе inсludе еssays on malor groups of organisms with whiсh most
pеoplе arе familiar' topiсs that aге important faсеts of еvolution, major fig-
uгеs in thе disсovеry and shaping of еvolutionary sсiеnсе' and thе сritiсal
Ьooks that rесount thе history of disсovеry, dеvеlopmеnt, and maturation of
a disсiplinе.

This organization allows thе геadеr to еxplorе еvolution aссоrding to his
or hеr intеrеsts and baсkground. Тhе rеadеr who wishes to bе immеrsеd in
thе sсiеnсе сan foсus on thе mаjor sсiеntifiс thеmеs, whilе thе геadеr who is
intеrеstеd in thе intеllесtual history and influеnсе of thе suЬjесt away from
sсiеnсе сan еntеr through a sеparatе sеt of еssays. A rеadеr intеrеstеd in vеry
spесifiс topiсs oг historiсal figurеs сan find thе appropriatе еntriеs, along
with еssays on rеlatеd topiсs. Ouг goal was to providе an ехсiting and сom-
pеlling introduсtion to еvolution along with a basiс rеferеnсе work that сould
point thе way toward a dееpеr study of individual issuеs. Thе еssays inсludе
Ьibliographiеs' whiсh sеrvе as guidеs to furthеr and dееpеr rеading.

Although wе hopе that our fеllow sсholars еnjoy thеsе еssays' Wе want this
volumе to infoгm, еduсatе' and ехсitе rеadеrs who arе not profеssional
sсholars. \wе find еvolцtion in all of thе word's mеanings to Ье a provoсativе,
interеsting, and indееd awе-inspiring topiс' and we want our rеadеrs to
еmеrgе with thе samе fееling. But Ьеyond thе ехсitemеnt of studying еvolu-
tion, it is important to undеrstand and apprесiatе it. Еvolцtion ехplains thе
сhallеngе of antibiotiс.rеsistant pathogеns and thе sсourgе of novеl infес-
tious disеasеs, it shows us whаt Wе сan еxpесt сlimаtе сhangе and our own
altеrations of haЬitаt to do to thе natural world, and it may offеr profound
еxplanations of who wе arе and why we Ьеhavе as wе do. It also сhallеngеs
many of our сlosеly hеld Ьеliеfs about man's, and woman's, plaсе in naturе.

Thе last of thеsе issuеs is pеrhaps thе foцndation of why еvolution has
provеn so сontrovеrsial. Survеy aftеr survеy shows that fеwеr than 50% of
pеoplе in thе Unitеd Statеs aссеpt that еvolution is rеsponsiЬlе for thе divеrsity
of lifе on еarth. It is unсlеar how muсh of that opposition is Ьasеd on a poor



Introduсtion

undеrstanding of еvolution and thе еvidеnсе aЬout it and how muсh is Ьasеd
on thе сhallеngеs that it offеrs. Yеt opposition to еvolution Ьy rеligious pеo-
plе, еspесialiy Ьy Сhristians' is Ьy no mеаns inеvitaЬlе; somе of thе'most dis-
tinguishеd Ьеliеvеrs havе aссеptеd еvolution without many qualms. NИе arе
сonvinсеd that thе Сhristian-with thе Jеw and Мuslim and other rеligious
bеliеvеrs-should Ье at thе hеad of thе quеuе of thosе who welсomе evolu-
tionary idеas. Finding thе idеa, Ьuilding and еlaЬorating upon it, and looking
at its influеnсе and importanсе arе' as thе сontriЬutors to this volumе show
again and again, truly thе Ьеst of proofs that wе arе madе in thе imagе of
God, сеlеЬrating сrеation in all its wondеrful manifеstations.

This Ьook is a tеstamеnt to onе of mankind's 8rеatеst disсovеriеs, a disсov-
еry that offеrs unparallеlеd insight into what сrеation rеally is. Iй/е lovе еvo-
lution, and if wе and our fеllow сontriЬutors сan inspirе you еvеn in a small
way with our еnthusiasm' thеn wе shall Ье happy indееd.
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Thе History of Еvolutionary
Thought

Мiсhаel Ruse

Thе idеa that all organisms (inсluding humans) arе gеnеratеd by natural
mеans from othег forms has anсiеnt roots. Aristotlе tеlls us that Еmpеdoсlеs
(fifth сеntury в.с.в.) toyеd with suсh thoughts. Howеvеr, it was not until thе
еightееnth сеntury and thе Еnlightеnmеnt that еuolutioп (as wе now сall this
idеa of natural dеvеlopmеnt) rеally startеd to gain a sеrious numЬеr of sup.
portегs. Thеrе aге rеasons Ьoth for thе long dеlay and why thе idеa finally
Ьеgan to gain momеntum.

Thе Еarly Days

Thе Grееks had no grеat rеligious oЬjесtion to еvolution, Ьut thеir world piс-
turе did not havе a plaсе for any kind of signifiсant dеvеlopmеntal proсеsses.
Spесifiсally, thе Grееks thought that thеy had irrеfцtaЬlе rеasons to rеjесt on-
going, inсrеmеntal organiс сhangе. Thеy-partiсularly thе philosophеrs
Plаto and Aristotlе-thought that thе world (еspесially thе world of organ-
isms) shоwеd ordег and intеntion and, as suсh, was not somеthing that сould
simply havе appеarеd thrоugh Ьlind, ungovеrnеd proсеssеs of law. It сеr-
tainly was not somеthing that сould havе grown from simplе Ьеginnings to
thе сomplехity of today. Plato usеd human fingеrnails as an ехamplе of ordеr
and dеsign: ..SinеW, skin and Ьonе wеrе intеrwovеn at thе еnds of our fingеrs
and toеs. Thе miхturе of thеsе thrее was driеd out' rеsulting in thе formation
of a singlе stuff' a piесе of hard skin, thе samе in еvеry саsе.'' Plato tЬеn wеnt
on to put things in сontеХt.

Now thеsе wеrе mеrеly auxiliary сaцsеs in its formation-the prееmi-
nеnt саusе of its produсtion was thе purposе that took aссount of futurе
gеnеrations: our сrеators knеw that onе day womеn and thе wholе
rеаlm of wild Ьеasts would onе day сomе to Ье from mеn, and in partiс-
ular thеy knеw that many of thеsе offspring would nееd thе usе of nails
and сlaws or hоofs for many purposеs. This is why thеy took сarе to
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inсludе nаils formеd in a rudimеntaгy Way in thеir dеsign for hu-
mаnkind, right at thе start. This was thеir rеasoц, thеn, and thеsе thе
profеssеd aims that guidеd thеm in making skin, hair and nails grow at
thе еxtrеmitiеs of our |imЬs. (Timаеus, 76d_e, in Сoopеr 1997, 1277)

In an inсrеdiЬly influеntial disсцssion, Aristotlе in Dе pаrtibиs аnimаlium
(1,984\ identifiеd thе faсtors at work hеre as ..final сausеs.'' Thеsе arе сausеs
that oссur not just to produсе or do somеthing (thе fingеr parts dry and makе
пails) Ьut foг the sakе of somе kind of purposе (thе nails protесt thе fingеr
еnds). Thеy show somе kind of forethought or intеntion. For this rеason, fi.
nal сausеs сannot Ье rеduсed to Ьlind, unguidеd law, as is dеmandеd in еvo-
lution. Thе world, partiсularly thе world of orgаnisms' must in somе sеnsе
havе Ьееn dеsignеd rathеr than just produсеd undеr its own stеam tly natuгal
proсеssеs. (Sеdlеy 2008 is thе dеfinitivе study.)

Thе Jеws, and following thеm thе еarly Christians, had religious rеasons
for thе rеjесtion of еvolution. It goеs against thе сrеation storiеs of thе еarly
сhaptеrs of Gеnеsis, whiсh portray a world сrеatеd miгасulously Ьy God and
thеn pеoplеd Ьy him through divinе fiat ovеr a short timе span. But do not
think that rеligion as suсh was thеn and always an aЬsolutе Ьar to еvolution-
ism. Thе сhurсh fathеrs (thе major Сhristian thеologians of thе еarly сеn-
turiеs) workеd toward an undеrstanding оf thе ЬiЬliсal tеxt thаt wоuld allow
intегprеtation, partiсularly in thе faсе of advanсеs of sсiеnсе. Sаint Augustinе
was еagеr not to lеt anсiеnt сrеation aссounts stand in thе way of modеrn
thought. Hе himsеlf, Ьеliеving that God stands outsidе timе, spесulatеd in a
kind of protoеvolutionary fashion that thе Divinе had foгmеd sееds of lifе
that thеn sprang into full Ьеing whеn thеy wеrе plaсеd hеrе on еarth. How-
еvеr' onе should not геad too muсh into any of this. Likе thе Grееks, thе

Jеws and Christians wеrе simply not looking in thе dirесtion of еvolution and
would havе thought final сausеs an unаnswеrablе oЬiесtion to signifiсant dе-
vеlopmеntalism. As is wеll known, thеsе kinds of сausеs Ьесamе a founda'
tion of onе of thе major proofs of God's ехistеnсе, thе Argumеnt from
Dеsign, whiсh movеs frоm dеsign herе on еarth to thе еxistеnсе of thе divinе
artifiсеr.

.!Иhy, 
thеn, did еvolution start its rise in the еightееnth сentury? Thе an.

swеr is simplе. It was at this time that pеoplе startеd to сhallеngе thе
Christiаn piсturе of world histоry-a providеntial piсtuге of a world сrе.
atеd Ьy God, whеrе humans arе madе in his imagе Ьut havе fallеn and arе
ablе to aсhiеvе salvation only through his undеsеrvеd graсе. Somе Ьеgan
to arguе that pеrhaps humans hеld thеir fatеs in thеir own hаnds and
сould progrеssivеly improvе thеir own lots. It Was this idеa of pгOgrеss-
thе Ьеliеf that thе world and its dеnizеns arе on a trajесtory upward аnd
that this upward risе is madе possiЬlе Ьy (and only Ьy) thе unaidеd еfforts
of thе world's human inhabitants-that gavе risе to thе idеa of organiс
еvolution (Rusе 1996). Еnthusiasts for progrеss ехtеndеd thеiг thinking
into naturе and dеvеlopеd thе idеа of еvolution-progrеssivе сhangе up-
ward from thе simplе to thе сomplех. They thеn rеad this idеa Ьaсk into
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Thе British physiсi;

Сharlеs) Was a para

mankind:

Impе:
Of la
With
And r
Arost
An еr

( Е . D

This is all rhе еnd pr.

gеnсе' whiсh сausеs а

Hоw lo
From е.
Нow fr.
Тhе pilt

Similar idеas wеrе tс

Pbilosophiе zoologiq
produсеd thе first ful

to our own spесiеs fr

Ьееn produсеd from l

ity and othеr natural
Although thе mеta1

risе of еvolutionary i<

еvidеnсе. Aristotlе ha

shaге сommon pattеrl

and thе еvolutionists

triеs (Figurе 1). Likеr

8o unnotiсеd (Figurе

sition. Thе fossil rес

would invokе first as

ful. As a systеmatiс p

were mеagеr indеed.

faсt that no onе haсl l

lцtion. Мost assцm.

forсеs, Ьut littlе mor

that сharaсtеristiсs a

ately to thе futurе g

that thе inhеritanсе
Lаmаrсkism*Ьut bt



fу waУ in thеir dеsign for hu-
thеir rеason, thеn' and thеsе thе
king skin, hair and nails grow at
76d-r, in Coopеr 1997,|277)

'ristotlе iп Dе pаrtibиs апimаlium
as ..final сauses.'' Thеsе arе сausеs

:hing (thе firrgеr parts dry and makе
urposе (thе nails protесt thе finger
;ht or intеntion. For this rеason, fi-
guidеd law, as is dеmandеd in еvo-
of organisms) must in somе sеnsе

сеd undеr its own stеam by natural
udv.)
y Сhristians, had rеliglous rеasons
nst thе сrеation storiеs of thе еarly
d сгеatеd miraсulously Ьy God and
эvеr а short timе spаn. But do пot
lwаys an absolutе Ьar to еvolution-
stian thеologians of thе еarly сеn-
'f thе ЬiЬliсal tеxt that would allow
dvanсеs of sсiеnсе. Saint Augustinе
ounts stand in thе way of modеrn
tands outsidе timе, spесulatеd in a
rе Divinе had formеd sееds of lifе
F wеге plaсеd hеrе on еaтth. How.
, any of this. Likе thе Grееks, thе
ng in thе dirесtion of еvolution and
wеraЬlе oЬjесtion to signifiсant dе-
kinds of сausеs Ьесamе a founda-
j's ехistеnсе, thе Argumеnt from
еarth to thе ехistеnсе of thе divinе

n thе еightееnth сеntury? TЬе an-
: pеoplе staгtеd to сhallеngе thе
ovidеntial piсturе of a world сrе-
his imаgе Ьut havе faliеn and are
is undеsеrvеd graсе. Somе Ьеgan
ir fatеs in thеir own hands and
)ts. It was this idеa of progrеss-
i arе on a trajeсtory upward and
(and only Ьy) thе unaidеd еfforts
gаvе risе to thе idеa of organiс
progrеss еxtеndеd thеir thinking
.olution-pгogrеssivе сhаngе up-
1еy thеn rеad this idеa Ьaсk into

Thе Historу сэf Еuolutioпаrу Thougbt 3

human thought and soсial praсtiсе as сonfirmation of thеir Ьеliеfs about
progrеss.

Thе British physiсian and man of sсiеnсе Еrasmus Darwin (grandfathеr of
Сharlеs) was a paradigm who hymnеd in vеrsе l ifе's upward risе to hu-
mankind:

Impеrious man, who rulеs thе Ьеstiаl сrowd,
of languagе' rеason' arrd rеflесtion proud,
.With 

brow еrесt who sсorns this еarthy sod,
And stуlеs himsеlf thе imagе of his God;
Arosе from rudimеnts of form and Sеnsе,
An еmЬryon point' or miсrosсopiс еns!

(Е.  Darwin 180З'  1:  Сanto I , l inеs з09-з14)

This is all thе еnd produсt of thе progrеssivе dеvеlopmеnt of human intеll i-
gеnсе, whiсh сausеs arrd is rеflесtеd in humans' sсiеntifiс aсhiеvеmеnts:

How lovеs аnd tastеs, and svmpathiеs сommеnсе
From еvanеsсеnt notiсеs of sеnsе;
H<lw from yiеlding touсh and rolling еyеs
Thе pilеs immеnsе of humаn sсiеnсе risе!

(Сanto III,l inеs 4346\

Similar idеas wеrе to Ье found еlsеwhеге, most notaЬly in Franсе. In his
Philosophie zoologiquе (1809), thе taхonomist Jеan.Baptistе dе Lamarсk
produсеd thе first full-blown еvolutionaгy thеory-a piсturе of upward risе
to ouг own spесiеs from thе most primitivе forms of l ifе, whiсh in turn had
Ьееn produсеd from mud and slimе through thе aсtions of hеat and еlесtriс-
ity and othеr natural forсеs.

Aithough thе mеtaphysiсal idеa of progгеss was the main faсtor bеhind thе
risе of еvolutionary idеas, it is not truе that thеrе Was no pеrtinеnt еmpiriсal
еvidеnсе. Aristotlе had notеd that organisms of vеry diffеrеnt spесiеs sееm to
sharе сommon pattеrns or struсturеs-whаt today arе known as iromologiеs-
and thе еvolutionists wеrе rеady to intеrprеt thеsе as signs of сommon anсеs-
triеs (Figurе 1). Likеwisе, thе suссеssеs of animal аnd plаnt brееdеrs did not
go unnotiсеd (Figurе 2). But gеnеrally thе еvidеnсе took а vеry sесondary po-
sition. Thе fossil rесord, somеthing that today many (if not most) pеoplе
would invokе first as thе proof of dеvеlopnrеntal origins, was lеss than hеlp-
ful. As a systеmatiс proоf of progгеssivе сhangе, thе glеanings from thе roсks
Wеге mеagеr indееd. In any саsе, сounting against thе еmpiriсal sidе was thе
faсt thаt no onе had any grеat undеrstanding оf whаt might havе сausеd еvo-
lution. Мost assumеd somе kind of vaguе' upwardly thrusting forсе or
forсеs, but littlе morе. Gеnеrally, еvеryonе was сommittеd to thе folk bеliеf
that сharaсtеristiсs асquirеd irr onе gеnеration сould Ье transmittеd imrnеdi-
atеly to thе futurе gеnеrations-Lamarсk was so еnthusеd Ьy this proсеss
that thе inhеritrrnсе of aсquirеd сharaсtеristiсs has sinсе Ьесomе known as
Lamarсkism-Ьut Ьеyond this was silеnсе.
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Figurе 1. Homologiеs. Thеse аre thе forelimЬs of (froп lеft to right) the Ьat (its
wing), the porpoisе (its paddlе), thе horsе (its leg), and thе human (its arm). Thе
Ьones arе oЬviously simi[ar, аs if modеled on a singlе аrсhetypе' and yеt thе
usеs to whiсh thеy arе Put arе verУ diffеrеnt. It was thе British anatomlst
Riсhard owеn who сallеd them ..homologiеs''' аlthough it wаs not until аfter
Darwin's on thе origiп of Spесiеs (1859) that thеy Ьесamе universally aссеptеd
as proof of desсеnt from a сommon аnсestor.

Thе idеology of progrеss was whаt сountеd, and it was for this rеason that
most pеoplе around 1800 would havе rеgardеd еvolutionism lеss as a rеal
sсiеnсе and moге as a pгеtеndег, sоmеwhat l ikе animal magnеtism (mеs-
mеrism) and thе rеading of сharaсtеr from skull shapе (phrеnology). Еvеn

!udgеd by thе standards of that timе, еvolution was what may fairly Ье сallеd
a psеudosсiеnсе. OЬviously, Сhristian opponеnts of еvolution dislikеd in-
tеnsеly the antiprovidеntial undеrpinnings of thе doсtrinе. But еvolution was
not assoсiatеd with total nonЬеliеf, athеism, or еvеn what latеr in thе ninе.
tееnth сеntury Thomas Hеnry Huxlеy was to сall agnostiсism. Мost еvolu-
tionists wеrе dеists who Ьеliеvеd in God as unmovеd movеr' a Ьеing who had
sеt thе world in motion and now lеt it unfurl without nееd сlf miraсulous in-
tеrvеntion. For thе dеist' indeеd, еvolution was proof of God,s powеr and in-
tеntion rathеr than disproof. Еvеrything was plannеd Ьеforеhаnd and wеnt
into еffесt through thе lаws of naturе. In Еrasmus Darwin's words: ..\)Иhat а
magnifiсеnt idеa of thе infinitе powеr of тнв GRЕAT ARснITЕсT! Tнв сдusв
oF сAUsЕs! PARЕNT oF PARЕNTS! ЕNs ЕNTIUМ!' (1801' 2: 247|. Thеrе is a
link hеrе, еspесially in Еngland, with thе Industrial Rеvolution. Pеoplе wеrе
harnеssing thе forсеs of naturе-watеr, сoаl' and othеrs-to produсе goods
through maсhinеs rathеr than Ьy hand. Thе god of thе dеist was thе ultimatе
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Figure 2. Prizе pig. An industrial rеvolution means that pеople lеavе thе

сountrysidе and go tо thе faсtoriеs in thе сitiеs. Неnсе, far fеwer peoplе аге left

on the land to produсе thе nation's food. Thеrе has to Ье an agriсultural
revolution, and at thе еnd of thе еightеenth сеntury pеoplе disсovеrеd thаt a

major key to suссess was thе Ьrеeding of Ьеttеr-quality livеstoсk-fattеr pigs'

hairiеr shеep, and Ьiggеr сattlе. (From Punсh, |865.)

divinе industrialist as hе harnеssеd thе forсеs of naturе to produсе thе goods

of thе world through law rathеr than miraсulously or Ьy hand.

Сгitiсs of еvolution, notаЬly thе grеаt Frеnсh сompаrativе anаtomist

Gеorgеs Сuviеr, madе rеfеrеnсе to еmpiriсal proЬlеms. Cuviеr сitеd thе

mummifiеd Ьodiеs of humans and animals Ьrought baсk Ьy Napolеon's army

from Еgypt. Although thеy wеrе vеry old, thеir forms wеrе idеntiсal to соn-

tеmPorary foгms and hеnсе сountеd against ongoing оrganiс сhangе' But as

with thе positivе сasе for еvolution' in thе nеgativе сasе it was thе idеology

that rеally сountеd. AЬovе all, for Сuviеr, thеrе was hatrеd of progrеss-

hatrеd of a doсtrinе that had lеd humans to think that thеy сould do morе

than thеy сould do and had lеd ultimatеly to thе tеrrors of thе Frеnсh Rеvo-

lution, whеn opponеnts of thе ехisting statе had triеd to сhangе all that had

provеd truе and safе for mаny gеnеrations. СomЬinеd with this, for Cuviеr,

as for еvеry othеr opponеnt of еvolution, was thе still-цnsolvеd problеm of

final сausе. Thе Fгеnсhman еmphasized that this was somеthing that сould

not Ье ignorеd; indееd, it was thе most important distinguishing fеaturе of

lifе. Thе kеy tо undеrstanding thе organism lay in thе fасt that it was not

Еaж
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simply suЬjесt to thе physiсal laws of naturе Ьut was organizеd. Thе parts
wеrе dirесtеd to thе еnd of thе funсtioning wholе, and еaсh individual fеa.
turе playеd its rolе in thе ovеrall, purposе-dirесtеd sсhеmе of things:

Natural history nеvеrthеlеss has a rational prinсiplе that is ехсlusivе to
it and whiсh it еmploys with grеat advantagе on many oссasions; it is
the сoпditioпs of eхisteпсe or' popular|у, fiпаl саusеs. As nothing may
ехist whiсh doеs not inсludе thе сonditions whiсh madе its еxlstеnсе
possiblе, thе diffеrеnt parts of еaсh сrеaturе must Ье сoordinatеd in suсh
a Way as to makе possiЬlе thе wholе organism, not only in itsеlf Ьut in
its rеlationship to thosе whiсh surround it, and thе analysis of thеsе сon-
ditions often lеads to gеnеral laws аs wеll foundеd as thosе of сalсula-
tion or еxpеrimеnt. (Сuviеr 1817' 1: 6\

Сuviеr's point simply was that thе organism is far too intеgratеd-organizеd
and сomplех-to allow signifiсant сhangе in any dirесtion. It is сеrtainly too
intеgratеd to allow сhangе from onе spесiеs to anothеr. organisms at mid.
point would Ье litеrally nеithеr fish nor fowl and hеnсе would simply Ье un-
aЬ]е to еxist or survivе. Еvolution was in somе sеnsе a thеorеtiсal impossiЬility,
as wеll as еmpiriсally unfoundеd.

Rеligion was involvеd too. Progrеss goеs against thе Сhristiаn doсtrinе of
Providеnсе. Nеvеrthеlеss, although Cuviеr thought that thеrе was еvidеnсе
of Noаh's flood, nеithеr hе nor othеr serious sсiеntists wantеd to makе thе
сasе by simplе rеfеrеnсе to Gеnеsis. Indееd, Ьy thе Ьеginning of thе ninе-
tееnth сеntury' all wеrе starting to rеalize that thе еаrth's history must Ье far
oldеr than thе traditional 6,000 yеars that onе сan work out from thе gе-
nеalogiеs givеn in thе BiЬlе. It is not that thе BiЬlе is falsе, Ьut rathеr that it
nееds intеrprеtation. Somе solved thе proЬlеm Ьy thinking of thе siх days of
сrеation as siх long pеriods of timе; othеrs solvеd it Ьy supposing that thеrе
wеrе long, unmеntionеd gaps Ьеtwееn thе ЬiЬliсal days. God's сrеation thеre-
forе was a long, drawn-оut proсеss' Ьut it was not еvolutionaгy.

Thе сontrovеrsy was at an impassе, and not muсh had сhangеd Ьy thе mid-
dlе of thе ninеtееnth сentury. on the onе sidе wеrе thе еvolutionists' сom-
mittеd to progrеss and ardеnt in thеir Ьеliеf that organiс dеvеlopmеnt was
thе perfесt сomplеmеnt to this idеology, with еnthusiasm outstripping еmpir-
iсai knowlеdgе. Сonfirming this pattеrn' ]n 1844 thе Sсottish puЬlishеr
Robеrt СhamЬеrs wrotе (anonymously) a highly popular work on еvolution,
Vеstiges of tbе Nаtиrаl Historу of Сrеаtioп, in whiсh hе arguеd that еvеry-
thing was in a statе оf upward Ьесoming and that whаt happеnеd in thе so-
сial world mirrorеd what happеnеd in thе Ьiologiсal world:

Thе quеstion whеthеr thе human raсе will еvеr advanсe far Ьеyond its
prеsеnt position in intеllесt and morals, is onе whiсh has еngagеd muсh
attеntion. Judging from thе past' wе сannot rеasоnaЬly douЬt that grеat
advanсеs arе yеt to Ье madе; Ьut if thе prinсiplе of dеvеlopmеnt Ье ad-
mittеd' thеsе arе сеrtain, whatеvеr may Ье thе spaсе of timе rеquirеd for
thеir rеalization. A progrеssion rеsеmЬling dеvеlopmеnt may Ье traсеd
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in human naturе' Ьoth in thе individual and in largе grouPs of mеn . . .
Now all of this is in сonformity with what wе havе sееn of thе progrеss
of orgaпiс сrеation. It sееms Ьut thе minutе hand of a watсh, of whiсh
thе hoцг hand is thе transition from spесiеs to spесiеS. Кnowing what
wе do of that lattеr transition' thе possiЬilitу of a dесidеd and gеnеral
rеtrogrеssion of thе highеst spесiеs towards a mеanеr typе is sсaгсе ad-
missiЬlе, Ьut a forward movеmеnt sееms anything Ьut unlikеly. (Cham-
Ьегs 1846.400402|

on thе оthеr sidе wеrе thе opponеnts' сommittеd to Providеnсе, voсаl
aЬout thе signifiсanсе of final сausе' and aссеpting that Gеnеsis must Ье
modifiеd but thinking that this сould Ье rеadily donе. David Brеwster' gеn-
еral man of Sсottish sсiеnсе and Ьiographеr of Nеwton, сould sее thе dan.
gеrs: ..It would augеr ill for thе rising gеnеration, if thе mothеrs of Еngland
wеrе infесtеd with thе еrrors of Phгеnology: it would augеr Worsе wеrе thеy
taintеd with Мatеrialism.' ' Thе proЬlеm, Brеwstеr gloomily сonсludеd with
rеflесtions that still find muсh support in many сirсlеs today, stеmmеd from
thе slaсknеss of sсhools and univеrsitiеs: ..Prophеtiс of infidеl times, and in-
diсating thе unsoundnеss of our gеnеral еduсation, .Thе Vеstigеs . . .' has
staгtеd into puЬliс favour with a fair сhanсе of poisoning the fountains of sсi-
еnсе) and of sapping thе foundations of rеligion', (BrеWstеr 1844' 503). (In-
tеrеstingly, this kind of attaсk sееms to havе сonfirmеd СhamЬers in his
viеws. Although, from thе start, progrеss was thе lеitmotif of his Ьook' hе
fеlt thе nееd to makе his point еvеr morе еxpliсit. Thе passagе just quotеd
aЬоvе is from thе fifth еdition of Vеstigеs and rеplaсеs a passagе that givеs
morе сrеdit to thе Сrеator. [Figurе 3])

of сoursе, nеithеr sidе was геally satisfaсtory. Idеology is no substitutе for
rеal еvidсnсе, and final сausе сan bе ignorеd Ьut doеs not go away. Rеfеrгing
all to miгaсlе may Ье soсially and psyсhologiсally сomforting, Ьut it is not a
good sсiеntifiс solution. Thе timе had сomе for a signifiсant stеP forward.

Charlеs Darwin

Сhагlеs Robеrt Darwin (1809_1882) was sеnt to Еdinburgh Univеrsity to
train in thе family tradition of mеdiсinе (Figurе 4). Aftеr two yеars hе
droppеd out, Ьorеd with thе lесturеs and геvoltеd Ьy thе opеrations. Yеt al-
геady Darwin had startеd to miх with sсiеntists, еspесially naturalists intеr-
еstеd in thе living world. Onе of his aсquaintanсеs was RoЬеrt Grant, an
anatomist and an avowеd еvolutionist. So, quitе apart from his grandfathеr's
woгk (thе young Сharlеs rеad Еrasmus's major trеatise, Zooпomia), еvolu-
tion was an idеa to whiсh Darwin was introduсеd at an еarly agе. It sееms'
nevеrthеlеss, that thе youthful Darwin aссеptеd in a fairly litеral form thе
whоlе of Сhristianity, inсluding thе еarly сhaptеrs of Gеnеsis, and that this
was a faсtor in his rеdirесtеd сhoiсе of а сarееr: to Ье an ordainеd ministеr in
thе еstablishеd Сhurсh of Еngland. To aсhiеvе this еnd onе nееdеd a dеgrее
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Figurе 3. СhamЬеrs's еvolution. This is the piсturе of еvolution thаt СhаmЬеrs
gаve in Vestiges of thе Nаturаl Historу of Сreаtioп. Apparеntly' for no
apparеnt сausе' a primitivе organism wеnt on dеvеloping in thе womЬ аnd
tuгned into a fish; thеn a fish Went on dеvеloping and turnеd intсl a rеptilе; thеn
a Ьird; and finally a mammal. Note thе intertwining of thinking abouj the
history of thе individual and the history of thе gгoup, somеthiй that wаs to
Ьесomе сommonplaсе in evolr'tionary thinking latеr in the ninеiееnth сеntury.
(From Vestigеs of the NаturаI Historу of Сreаtioп.|

from an Еnglish univеrsity, and so, in 1828, Darwin was paсkеd off to
Сhrist's Collеgе, СamЬridgе.

In 1831 Darwin (who сontinuеd mixing with sсiеntists) got his Ьig Ьrеak.
Aftеr hе graduatеd, his сarееr as a сlеrgyman Was put on hold through thе of-
fеr of a lеngthy voyagе on HМS Beаgle,just about to start on a survеying trip
around South Ameriсa (Figurе 5). A major influеnсе аt this point was (viсar-
iously) thе Sсottish gеologist Charlеs Lyеll, who at thе Ьeginning of thе dе-
сadе Ьegan puЬlishing his massivе Priпсiplеs of Gеolr>gу (thеrе wеrе thrее
volumеs; Darwin took thе first with him and had thе othеrs sеnt out). AI-
though hе was no еvolutionist, Lyеll insistеd that thе physiсal world must Ье
еxplainеd in tеrms of natural сausеs of a kind now still working (Figurе 6).
This had a great еffесt on Darwin, whosе first systеmаtiс work was in gеol-
ogy, аnd prеpaгеd him to think aЬout thе oгganiс world l ikеwisе lеss in biЬ-
liсal tеrms and morе in tеrms of natural сauses. In 1835, lеaving South
Amеriсa, the Beаglе sailеd into thе Paсifiс oсеan and visitеd thе Galipagos
Arсhipеlаgo' a 8roЦp of islands on thе еquator, far from land. Thanks to thе
governor' who pointеd out that thе giant tortoisеs indigеnous to thе arсhi-
pеlago wеrе diffеrent from island to island, Darwin сamе to sее that this hеld
for thе Galipagos fauna gеnеrally-thе Ьirds in partiсular, thе finсhеs and
thе moсkingЬirds, wеrе pесuliar to thеir spесifiс homеs (Figurе 7). Thе dif-
fеrеnсеs had to bе signifiсant, and thе only way thе signifiсanсе сould Ье
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Figurе 4. Сhaгlеs Darwirr' This is а wеdding portrait of Dаrwin, paintеd in
1839 just Ьеforе hе marriеd his first сousin Еmma.Wedgwood. It is a vеry good
likеnеss (no surprisе, sinсе thе paintеr was Gеorgе Riсhmond, thе Ьеst
portraitist in Еngland at thе tiпrе), whiсh points to thе faсt that Darwin сamе
from a vеry riсh, middlе-сiirss family. Onе of his grandfathеrs, sharеd Ьy his
wifе, wаs Josiаh Wеdgwood, rеsponsiЬlе for Ьringing thе pottеry tradе lnto
mass produсtion. Although hе was a full-timе sсiеntist, Darwin nеvеr Ьad to
work for a living. Thе faсt that hе was living off thе family fortunе pеrhaps
eхplains wЬу Оп tbe Оrigitt of Spесiеs was writtеn in a vеry opеn аnd user-
friendly fаshion. Darwin wаs wгiting ir-r pаrt for his sponsors, thе Darwin-.!ilеdgwood 

family.

ехplainеd wаs through ..dеsсеnt with modifiсation,', an idеa that Darwin еm-
bгaсеd in еarly 18З7, shortlу after thе Bеаglе voyagе (Figurе 8). Unlikе еar-
liеr thinkеrs, whаt was of grеat сonсеrn to Darwin was thе сausе or сausеs of
еvolution. \Х/ithout сausеs' hе wаs no morе than onе among many еvolutionists.
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Figurе 5. }{МS Beаgle.The Bеаgle was сaptаinеd Ьy RoЬеrt Fitzroy, thеn only
2З уears old. Bеing a сaptain on а warship would Ье a very lonеly Post Ьесausе
onе would Ье sеt asidе from thе сrеw. Fitzroy thегеforе lookеd for somеonе
who сould bе his сompаnion on thе trip, somеonе not in the navy Ьut а
gеntlеman ablе to pay his own bills. Darwin fit thе joЬ pеrfесtly, rapidly
еvolving from сaptаin's friеnd to full-timе ship's naturalist. Thе сrеw usеd to сall
him ..Philos,'' short for Natural Philosophеr_the tеrm thеn usеd for sсiеntists.

.sИithout 
сallsеs' hе сould nеvеr Ье thе Nеwton of Ьiology. Darwin wantеd to

find a biologiсal forсе that would explain thе еvolution of lifе and was uni-
vеrsal in thе world and thе kеy Ьеhind all organiс motions' and to this еnd hе
workеd fеvеrishly for thе nеxt 18 months, spесulating аnd dоing an ехtеnsivе
litеraturе rеviеw.

Darwin soon rеalizеd that thе proЬaЬlе kеy to сhangе lаy in somеthing
parallеl to thе way in whiсh animal and plant Ьrееdеrs еffесt сhangе, namеly,
thе sеlесtiоn of thе dеsiгаЬlе and thе rеjесrion of all othеrs. Brrt how was oDе
to gеt a natural еquivalеnt to thе Ьrееdеrs' artifiсial sеlесtion? At thе еnd of
SеptеmЬеr 1838 Darwin rеad Аn Еssау on thе Prinсiplе of Popиlаtioz (sixth
еdition, 1826| Ьу thе Rеvеrеnd Thomas RoЬеrt Malthus. In his work
Мalthus arguеd that food suppliеs would always bе outstrippеd Ьy potеntial
population growth. Hеnсе' unlеss thеrе was ..prudеntial rеstraint,'' thеrе
wеrе bound to Ье ongoing struggles for еxistеnсе as pеoplе сompеtеd for thе
availаЬlе food and suppliеs, inсluding living spaсе (Figurе 9). Darwin turnеd
Мalthus's rеasoning on its hеad. Hе pointеd out that thеrе сould Ье no
prudеntial rеstraint in thе animаl and plant wоrld' and hеnсе, bесausе popu-
lation growth сеrtainly Was not rеstriсtеd to humankind, thеrе would Ье an
ongoing' organiс-widе strugglе for еxistеnсе. Мorе than this, suссеss and
failurе in thе strugglе would (on avеragе) Ье a funсtion of thе diffеrеnt
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Figurе 6. Principles of Gеologу' The full titlе of Lyell's work tells you all aЬout
his mеthodologiсal intеntions. Еventually, thеrе wеre thrее volumes.
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Figurе 7. Thе Gal;ipagos tortoisеs. Darwin did not Ьесome an еvolutionist until
hе rеtrrгnеd homе and hе сould show his сollесtion of Ьirds to John Gould' a
lеading ornithologist. It was whеn hе wаs told that thеre wеrе unаmЬiguously
diffеrеnt spесiеs tЬаt he movеd асross to еvolution. Notе that еvеn Ьeforе hе
Ьесamе an еvolutionist, Darwin was moving in сirсlеs whеrе hе сould сall on
thе tоp minds foг supPort and informatioп. He madе powеrful friеnds аt
СamЬridgе and thеy spottеd his talеnt еarly.

Figurе 8. Thе trее of l ifе. This l ittlе skеtсh, drawn inJuly 18З7, is from a private
notеbook that Dаrwin was kееping on thе sPесiеs proЬlеm. Lаmarсk had а trее-
of-[ifе piсturе and in thе еightееnth сеntury onе сan find thеm in thе writings оf
nonеvolutionists who wеrе nеvегthеlеss trying to shorм thе oгdеr in whiсh God
hаd сrеаtеd.

F igurе 9.  Thе Мalthцs
А lmапасk  i n  185 l .  o r
tl{ thе truth of еvoltrtiс
on idеas tlrat wеrе wiс



on

B i nd Io €
t^ 

Iow € l

\,J Ф

сharIes

/> нood
Ф

тhe south Аmeriсаn toФise
теstudo Иbulаfu

Тhе Нistorу of Еuolиtionаrу Thougbt 1З

Figurе 9. Thе Мalthusian еxplt ls ion. This сartоon appеarеd in the Сomiс

Аlmапасk in 1851. Onе of t lrе rеasons thаt l)аrwin was aЬlе to сonvinсе pеoplе

of thе truth of еvolrrt ion Was' apart frt lrn lr is fr iеndly stylе, thе faсt that hе rеl iеd

on idеas t lrаt wеrе widеlv ассеrltеd in Viсtorian Brit ir in.
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сharасtегistiсs possеssеd Ьv organisms. Неnсе tl-rеrе would bе an ongoing
natural sеlесtion in whiсh thе winnеrs would pаss on fеaturеs to thе nеХt gеn-
еrаtion and thе losеrs would gеt nothing. Ovеr timе' this sеlесtion would lеad
to full-Ьlown organiс сhangе. But this organiс сhangе would Ье of a partiсular
kind' for thе fеaturеs that mаkе for suссеss, known as ..adaptаti6n5''-f61 g;-

amplе, еars' еyеs' tееth, hands, lеgs, lеavеs, Ьаrk, and roots-would show that
purposеful naturе that еpitoпizеs final сirusе.

Darwin sat on his еvolutionary idеas for 15 yеars' during whiсh timе hе
turnеd to a massivе study of Ьarnaсlеs. 

's7'е 
arе not quitе surе why this dеlay

oссurrеd, although Ьy this timе Darwin hаd fallеn siсk with a mystеrious ail.
mеnt that W21s to plaguе him for thе rеst of his l ifе, and so undouЬtеdly hе
Was not rеlishing thе hugе dеЬatе tlrat his idеas wеrе Ьound to сausе. Also a
major faсtor must havе Ьееn his rеluсtanсе to upsеt powегful sсiеnсе-
еstaЬlishmеnt figurеs (inсluding СаmЬridgе mеntors) who had еnсouragеd
thе young Darwin in his work. Onе of thе things hе did during thе pausе was
to nеtwоrk with youngеr sсiеnrists' who сould rally around him whеn hе did
go publiс. Finally, howеvеr, Dzrrwin was pushеd into aсtion whеn, in thе
middlе of 1858, hе rесеivеd а short еssay Ьy Alfrеd Russеl 

.Wallaсе, 
a сollес-

tor in thе Malay pеninsula' that had virtually thе samе prеmisеs and сonсlu-
sion that hе had disсovеrеd somе 20 yеars еarliеr.

oN  тнЕ  oR lG lN  oF  sPЕс lЕs

Darwin quiсkly wrotе up his idеas, and ()n thе Оrigin of Spесies bу Мeапs
of Nаtиrаl Selесtion, or thе Preseruаtioп of Fаuсlиred Rасes iп thе Struggle

for Lifе appеаrеd in thе fall of 1859 (Figurе 10). Thе work Ьеgins with a dis-
сussion of artif iсial sеlесtion аrrd animal and plant Ьrееdеrs' grеat suссеssеs.
This is partly hеuristiс, tо prеparе thе rеаdеr by following thе path thаt Dar.
win himsеlf had takеn to disсovеry, and partly justif iсatory, suggеsting that
what wе сan do, naturе сan surеly do Ьеttеr. Following is a disсussion of thе
variation thаt аlways oссurs in thе wild, somеthing that Darwin oЬviously
nееdеd as thе building Ьloсks of сhangе. If еvсry organism Wеrе еxaсtly l ikе
its parеnts, thеn thеrе сould Ье no еvolution' At this point Daгwirr was rеady
to introduсе thе strugglе for ехistenсе аnd' following on this, thе mесhanisnr
of natural sеlесtion:

A strugglе for ехistеnсе inеvitaЬly follows fr<lm thе high ratе аt whiсh аll
organiс bеings tеnd to inсrеilsе. Еvеry Ьеing, whiсh during its natural
l ifеtimе produсеs sеvеral еggs or sееds, must suffеr dеstruсtion during
somе pегiod of its l ifе, and during somе sеason or oссasionаl yеar' oth-
еrwise, on thе prinсiplе of geomеtriсal inсrеasе, its nurrrl-lеrs would
quiсkly Ьесomе so inordinatеly grеat that no сountry сould support thе
produсt. Hеnсе, as morе individuals arе produсеd than сan possiЬly sur-
vivе, thеrе mllst in еvеry сasе Ье a strugglе ftlr ехistеnсе, еithеr onе indi-
vidual with an()tЬег of tlrе sаmе spесiеs, or lvith thе individuirls of distinсt
spесiеs, or with thе physiсаl сonditions of l ifе. (С. Daгwin 1859' 63)
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Figurе 10. Thе titlе pagе of Оn tbе Оrigin of Spесiеs. Darwin wаs Ьеing a littlе
сhееky in quoting thе philosophеr.!Иil l iam Whеwеll, oppositе thе titlе pagе' on
thе topiс of thе law-govеrnеd naturе of thе univеrsе. 

.!Иhеwеll 
had Ьееn onе of

Darwin's mеntoгs whеn thе lattеr Was a studеnt at СаmЬridgе, аnd hе
сontinuеd in this ro1е in thе еarly yеars aftеr tЬe Bеаglе voyagе. Llе was a wеll-
known opponеnt of еvolution and was sсathing on thе suЬjесt of Vеstigеs'
Darwin sеnt a сomplimеntary сopy of the Оrigiп to.Whеwеll, who rеspondеd
by Ьanning thе Ьook from thе shеlvеs of thе liЬrаry of Trinity Сollеgе' of whiсh
hе was Mastеr (hеad)

Notе that еvеn morе than a strugglе for еxistеnсе, Darwin nееdеd a strugglе

for rеproduсtion. It is no good having thе physiquе of Tarzan if you havе thе

sеxual dеsirеs of a philosophеr. But with thе strugglе undеrstood in this sort of

Way' givеn naturally oссurring variaгiоn, natural sеlесtion follows at onсе:

Сan it . . . Ье thought improЬaЬlе' sееing that variations usеful to man

havе undouЬtеdly oссurrеd, that othеr vаriations usеful in somе way to

еaсh Ьеing in thе grеat and сomplех Ьattlе of l ifе, should somеtimеs oс-

сur in thе сoursе of thousands of gеnеrations? If suсh do oссur' сan wе

douЬt (rеmеmЬеring that many morе individuals arе born than сan pos-

sibly survivе) that individuals having any advantagе' howеvеr slight,

ovеr othеrs, wоuld havе thе Ьеst сhanсе of surviving аnd of proсrеating
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tlrеir kind? On tlrе othеr hаnd Wе шIаy fееl surе that any r,аrizrtion in thе
lеast dеgгее injurious worrld Ье rigidly dеstrсlyеd. This prеsеrvatiorr of
favouraЬlе variations and thе rеjесtion of i lrjurious variations, I сall Nаt.
urа l  Sе lесt i t ln .  (80_81)

In latеr еditiсlrrs Daгwin intгodtrсеd thе аltегrrаtivе tеrm gtruiuаl of thе fittest,
wlriсh was pеrhаps a littlе unfoгtulratе, for it has lеd to еndlеss сlaims that sе-
lесtion is a tаutolсlgy, rеduсing simply to thе сlairn thаt thosе who survivе arе
thosе who survivе. But althouglr this is oЬviously truе, sеlесtion mеans morе
than tlrat. It сlaims, ior Ьеttеr сlr fсlr worsе' th21t on аvеragе tlrosе who survivе
aге diffеrеnt fгсrr-n thosе whtl do not, and thilt suссеss in tlrе strugglе is a funс-
tiorr of thosе diffеrеnсеs. This may ()r may not Ье truе, Ьut it is not a tautology.

Darwin inсludеd a sесondary sеlесtivе mесhanism. Hе arguеd that thе
stгugglе is not always for food irnd spaсе Ьut сan Ье dirесtly foг matеs. This
mесhanisrn, sехtlаl seleсtiс>tl, Darwirr dividеd into twtl Pаrts. Thеrе was sе-
lесtion through пlalе сomЬat (fсlr fе;rralеs). Tlrе antlеrs of thе dееr would Ье
thе produсt of this. Тhеn thеrе was sеlесti<ln thrоugh fеmalе сhoiсе (of thе
most dеsiraЬlе m:rlеs). Thе tail fеathеrs сlr gеnеral plumаgе of thе pеaсoсk
or sirrri lar Ьird woшlс] Ье а pr<ldr"rсt сlf this (Figtrrе -l 1). Notiсе hсrw sехual sе-

Figurе 11. Sеxual sеlесti<ln. Thе anаlogy with anirnal Ьrееding lеd Dаrwin ro
distinguish sехual sеlесtiсln frсlm nаturа1 sеlесtirln. Nаturаl sеlссtion
сorrеsponds tсl sеlссtion for аttгi[. 'utсs thаt hеlp sttrviva[, l ikе tlriсkеr сoats,
whегеas sехuаl sеlссtiOn сo[rеsP()nds to sеlесtirlrr frlr attri[rutеs that givе plеa.
suге to thе Ьrееdс"rs, l ikе prеttiеr fеathеrs оr mOге fеroсious l ighting quаlitiеs.
This piсturе is takеn |romTbе I)еsсеttt of Мап. (Bесаusе the Оrigiп wаs writtеn
in a hurry, thеrе w:rs nсl timе for foоtnсlting or i l[ustrаting. Most of Darwin's
othеr rvorks arе саrеiLrl ly footnсltеd аnd сopiouslr' i l lustratеd.)
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lесtion partiсulaгly puts thе еmphasis on сompеtition bеtwееn mеmЬеrs of
thе samе spесiеs: sеlесtion is dirесtеd toward individual-Ьеnеfiting сharaсtеr-
istiсs rathеr than spесiеs-Ьеnеfiting сharaсtеristiсs. Darwin tеndеd always to
sее sеlесtion (inсluding natural sеlесtion) aсting in this way.

Having thus pгеsеntеd thе mаin Inесhanisms of сhangе, Darwin intro.
duсеd thе famous mеtaphor of a trее: ..Thе affinitiеs of all thе Ьеings of thе
samе сlass havе somеtimеs Ьееn rеprеsеntеd Ьy a grеat trее. I Ьеliеvе this sim-
ilе largеly spеaks thе truth.'' Thе lеavеs and twigs at thе top reprеsеnt thе
spесiеs еxtant today. Thеn, as wе go down thе branсhеs' wе havе thе grеat
еvolutionary pаths of yеstеrday. All thе way down wе go until wе rеасh thе
vеry fiгst sharеd origins of lifе. .,As Ьuds givе risе Ьy growth to frеsЬ Ьuds,
and thеsе, if vigorous, Ьranсh out and ovегtop on аll sidеs many a fееblеr
Ьranсh, so Ьy gеnеration I Ьеliеvе it has Ьееn with thе grеat Trее of Lifе,
whiсh fi l ls with its dеad and Ьrokеrr Ьranсhеs thе сrust of thе еагth, and сov-
еrs thе surfaсе with its еvеr branсhing and Ьеautiful ramifiсations'' (С. Dar-
win 1859, 129_130) (Figuге 12).

Now, with soпlе minor problеms brr.rshеd away, Dаrrvin was rеady to
prеsеnt thе sесond part оf his thеory. For a good two-thirds of thе Оrigiп,
Darwin took thе rеadеr through thе vaгious Ьranсhеs of Ьiologiсal sсiеnсе-
instinсt, palеontology, Ьiogеography, сlassifiсаtion, m<lrphology, еmЬrvol.,gy-
and showеd thаt phеnornеna in thеsе Ьranсhеs arе ехplained Ьy еvolution
thrоugh natural sеlесtion, and, сonvеrsеly, thеsе various branсhеs point to and
support thе mесhanisnr of еvolrrtion through sеlесtion (Figurе 13). Тhеrе

Figurе 12. Thе tгее of lifе аs given in tЬе Оrigiп. Notiсе that thе еmphasis in
this piсturе is lеss on showing lifе rеaсhing up and morе on thе way in whiсh it
spreаds'
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Figurе 1.3. Thе struсturе of Darwin's аrgumеnt. l)arwin did not hit Ьy сhanсе on
this kind of argumеntаtion, whеrе a unifyir-rg hypсlthesis ехplains in many
diffеrеnt arеas and in turn is justif iеd or suрportеd Ьl.thеsе аrеas. 

'Whеwеll, 
who

сallеd it a ..сonsil iеnсе of induсtiсlns,' ' madе muсh of it whеn disсr.rssing
suссеssful thеtlriеs of physiсs, еspесiall1' Nеwttlnian mесlrаniсs and thе wavе
thеory of l ight. Whеwеll idеntifiеd thе сirusеs at thе сеntеr of а сonsil iеrrсе аs
..truе сausеs,' ' whаt Nеwttln hаd сallеd Uеrdе с(l|tsае. Showing a сonsil iеnсе was
thеrеforе аn еssеntiаl stfatеgy for а worrld-bе Nеwtсlt-l of Ьiology.

Wеrе somе proЬlеmatiс issttеs. Soсial Ьеhlvior, pаrtiсtrlагly th:rt shown by
thе soсial insесts (thе hymеnoptеra-thе ants' thе Ьееs, and thе wasps),
would Ье еasily ехpliсaЬlе if sеlесtion favсlrеd thе group. But frсrm an indi-
vidualistiс pеrspесtir,е, why slror"rld ol1е gеt stеrilе lr,orkеrs lvlro sееmirrgly
spеnd thеir wholе l ivеs dеvotеd to thе lvеll-Ьеing of othеrs irl thе nеst or hivе?
How сan natural sеlесtion, with its еmphasis on thс importanсе of rеproduс-
tion, рroduсе organisms that сaлn<rt rеproduсе? }.inirl ly, Darwin' wЬo al-
ways favorеd individuаlistiс аpproaсhеs ovеr grоLlp аppr(lасhеs Ьесausе hе
thought thе lattеr too opеn to сhеаting and ехploitation, dесidеd thаt in suсh
сasеs thе group mеmЬеrs arе so l l,еll intеgгatеd thirt it is pеrmissiЬlе to trеat
thе ll,holе hivе as а kind of supеrorganism in lr,hiсЬ thе individual insесts arе
parts of thе wholе. Just as sеlесtiсltl саtr work oll thе еvе' for ехamplе, whiсh
еxists for thе Ьеnеfit of thе wholе оrganism, so thе workеr ехists for thе Ьеn-
еfit of thе wholе hivе.

Palеontology also raisеd diif iсultiеs. It lrad its good points-for instanсе,
that аs Wе go down tlrе rесorсl, inсrеasingly wе finс1 orgаnisrтs that sееrn to
havе fеaturеs midwаy Ьеtwееn fеatr-rrеs of еxtаrrt <lrganisms that arе widеly
diffеrеnt. Нowеvеr, against thе positivе, tЬеrе wеrе gаps in thе fossil rесord,
and' еvеn worsе' thе fossil rесord Ьеgan aЬгtlptl-v аt tЬе start of whаr wе

Гl
tl
L__l
ЕmЬryology

Г-l
II
II
Мorphology

Г_l
tt
L__l
Сlаssifiсation

l l
L__l
cеographiсal
Distribution

Г-l
tt
lt
Paleontology

Г-l
L__l
lnstinсt

wou ld  сa l l  t hе  Саn rЬг

ехp l a i nеd  s i t nр l у  з s  e

no longеr Ье thеrе,  Ьr .

Ьrought out all of D

whеrе now thеге Wrrе

not f ind i t .  Еvеn i f  wе

dotrЬtftll that wе wou
prеssеd and mеtamor1

Мost otЬеr аrеas of

triЬr-rtion (Ьiogеograph

is that onе finds thе va

Why, foг instanсе, doе

that arе еxhiЬitеd Ьy tl

simply that thе foundе

thе mainlаnd, аnd onс.

sify undеr thе nеw sе

Figurе 7). Systеmatiсs
еvolution. As Linnaеu

сally in nеstеd sеts, thu

МoгpЬology lrаrs thosс

diffеrеnt spесiеs. oЬvi.

Ьryology likеwisе was .

еmbryos of soпrе diffе-

whеrеas thе adults аrе

faсt thаt in thе wonrЬ

similaг (thеy would nor

thе rwo adults would l

Hеrе' as аlways thгouр

analogy with thе worlс

hand: ..Fanсiеrs sеlесt

arе nеаrly 8rown up:

struсturеs lrаvе Ьееn a

possеssеs thеm'' (С. D'

So wе arе lеd to tt

Сhristianity lrаd еvolr

mеmЬеrs of thе \Х/еdg

сеаlеd that hе Was W(

unsеlf-сonsсious rеfеr

sееm to Ье fully satisJ

dеntly сrеatеd.' ' This r

tеr with what wе kno

thе produсtion and ех

shоuld hаvе Ьееn duс

and dеath of thе indi

Whаt God doеs not d

nеss in supposing oth



Гl
L_l
ЕmЬryoIogy

П

L__l
Morphology

-l
__l
]lassifiсаtion

Тhе Нistorу of Еuсllиtiсlпаrу Thoцgbt 19

would саll thе СzrnrЬriаn; thеrе Was l1() rес()rd Ьеforе that' Thе gaps Darwin
ехplairrеd sirlplу as a produсt of i lrсtlmplеtе frrssil ization. T.hе rеmains might
no longеr Ье thеrе, Ьut thе linking anсеstors did еxist. Thе aЬrupt Ьеginning
Ьrought out all of Darwin's invеntivе Powеrs. Еarly l ifе proЬaЬly еxistеd
whеrе now thеге wеrе oсеans; this would еxplain why wе on dry land сould
not find it. Еvеn if wе wеrе aЬlе to dril l Ьеnеath thе oсеans, howеvеr, it was
douЬtful that ъ.е would find lifе; thе prеssurе from abovе had surеly сom-
prеssеd and mеtirmоrphosеd thе fossil rеmains lrеlow (Figurе 14).

Мost othег arеаs of Ьiology fеll int<-l plaсе witlr morе еаsе. Gеographiс dis-
triЬution (Ьiogеogrаplry) rvas а triumph Ьесаttsе D:rrwin ехplainеd iust why it
is thаt onе finс]s thе variolts pattеrns of arriпrаl and plant lifе aгourrd thе gloЬе.
!Иhy, for instаt-lсе, doеs onе havе thе strаngе sorts of distriЬutions and pattеrns
that arе ехhiЬitеd Ьy thе Gal5pagos Arсhipеlago and othеr island groups? It is
simply that thе ftrundеrs of thеsе isolatеd islirnd dеnizеns сamе Ьy сhanсе from

thе mainland, alld onсе thеy wеrе еstaЬlishесl, thеy startеd to еvolvе and divеr-
sify undеr thе nеw sеlесtivе prеssurеs to wlriсh thеy wеrе now suЬjесt (sее

Figurе 7). Systепrirtiсs likеwisе ехhiЬits thе kind of pattеrns onе ехpесts from
еvolution. As Lirrrraеtts dеmonstratеd, organisnrs сan bе сlassifiеd hiеrarсhi-
сally in nеstеd sеts, tlrus slrowing a pаttегn that геvеаls past history (Figцrе 15).
Morpholog1, hirs thosе similaritiеs, саllеd lromologiеs, bеtwееn orgаnisms of
diffеrеnt spесiеs. oЬviously thеsе spеаk to slrarеd anсеstry (sее Figurе 1). Еm-
Ьryology likеr,l,isе Was a partiсular point of рrгidе for Dаrwin. Why is it tlrаt thе
еmЬryos of soгtlе diffеrеnt spесiеs, suсh as man and thе dog, arе vеry similar,
whеrеas thе adults arе vеry diffегеnt? Darwin arguеd thаt this follows frorn thе
faсt thаt in thе womЬ thе sеlесtivе forсеs on thе two еmЬryos would bе vеry
similar (thеy wсlr"rld not thеrеforе Ье torn apart)' whеrеas thе sеlесtivе forсеs on
thе rwo adults woшld Ье vеry diffеrеnt (thеy wor"rld Ье torn apart) (Figurе 16).
Неrе, as always tlrrouglror-rt his disсussions сlf еvсllr-trion, Darwin turnеd to thе
anabg,v r,r,ith tlrе world of Ьrееdеrs in tlrdеr to сlarify and support tlrе point аt
hand: ..Fiu-rсiеrs sеlесt thеir horsеs, dogs, аrld pigеons, for Ьrееding' wlrеn thеy
arе nеarly gro\vn up: thеy arе indiffеrеrrt rvhеthеr thе dеsirеd qualitiеs аnd
struсturеs havе bееn aсquirеd еarliеr or latег in lifе, if thе full-grown animal
possеssеs thеm', (С. Darwin 1859,446).

So wе arе lеd to thе сonсluding passаgеs of the Оrigiи. Darwin, whosе
Сhristianity had еr,olvеd into a form of dеisrn (Lyеll, a Unitariаn likе many
mеmЬеrs of thе Wесlgwood family' Was а mаjor influеnсе hеrе), nеvеr сon'
сеalеd that hе w,:rs r,vсlrking in a God_Ьасkесl modе, and thеrе arе frеquеnt
unsеlf-сonsсiot'ts геfеrеnсеs to thе Сrеаttlг' ..Authors of thе lrighеst еnrinеnсе
sееm to Ье fulh. satisfiеd with thе viеrv tlrlrt еaсh spесiеs has Ьееn indеpеn-
dеntly сrеatесl' ' '  This was not Darwin's ptlsition. ,.To my mind it aссords Ьеt-
tеr with whаt wе know of thе laws irnprеssеd on mattеr Ьy thе Сrеator' that
thе produсtion alrd ехtinсtion of thе past and prеsеnt inhaЬitants of thе world
should havе Ьееn duе to sесondary сausеs' l ikе thosе dеtеrmining thе birth
and dеath of thе irrdividual' ' (С. Г)аrwin 18's9' 488). God Ьaсks thе world.
What God doеs Irot с1o is gеt involvеd in thе world, and sсiеnсе has no busi-
nеss in suppt ls ing r l rhеrrr ' i sе.
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Figurе 14. Тhе history of l ifе as sееn in 1860. Тhis is takеn trom Riсhard
owеn's Pаleoпt<llogу. Aftеr thе Оrigiп, Owеn Ьесamе an implaсаЬlе еnеmy of
thе Darwinians, thinking thеir theory to Ье matеrialistiс; Ьut, аs young mеn
Owеn and Darwin had Ьееn friеndly. owеn probаЬly bесamе a
transmutаtionist of a kind (with God guiding thе сoursе of history), Ьut onе
should not nесеssarily intегprеt piсturеs l ikе thеsе as implying еvoIution. As
with thе tгeеs of lifе, pеopIе workеd out thе fossil rесord thinking that it might
simply tеll of thе ordеr in whiсh God sеquеntiаlly сrеаtеd Orgаnisms.
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Figure 15. Thе Linnaеan hiеrarсhy. organisms саn all Ье plaсеd in a hiеrarсhy
with thе mеmЬеrs of lowеr-lеvеl sеts Ьеing groupеd into еvеr fеWеr (Ьut morе
сomprеhеnsivе) sеts аt highеr lеvеls. All organisms Ьеlong to onе and only onе
sеt (known as taхa, singular taхon) at еaсh lеvеl (саtеgory). This reflесts a
shared past, although as With thе fossil rесord' muсh of this was workеd out
without regard to еvolution. Hеnсе, giving thе hiеrarсhy an еvolutionary
interprеtation gavе it nеw mеaning and at thе samе timе сonfirmеd thе
hypothеsis of sharеd dеsсеnt.

тl]Е DEscЕNт oF MAN

What aЬout humans? From thе first, Darwin was always stonе.сold сеrtain
that humans arе part and parсеl of thе еvolutionary proсеss. His еnсountеr
on tЬe Bеаglе УoУage with thе nativеs at thе Ьottom of South Amеriсa, thе
Tiеrra dеl Fuеgians' had сonvinсеd him of this. In the origiп, howеvеr, taсti-
сally Darwin dесidеd not to makе muсh of thе human quеstion. Hе did not
wаnt to сonсеal his thinking; hе simply did not want it to swamp his gеnеral
points aЬout еvolution and its proсеss. Hеnсе, in onе of thе grеat undеrstatе.
mеnts of all timе, hе said mеrеly' ..Light will Ье thrown on thе origin of man
and his history' ' (С. Darwin 1859' 488). Darwin fully intеndеd to gеt Ьaсk to
thе topiс and dеal with it at lеngth. This hе did in 1871, offеring a major
two-volumе work,The Desсent of Маn.
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Figurе 16. Similarity of thе еrnЬryo of humirn and dog. Again, Wе sее thе
strеngth of the Оrigiп in r.r.raking шsе of fасts l ikе rlrеsе' wеll known to all
Ьiologists. (Еrom ТЙe Dеsсепt rl|-Мап.|

\й/hеn onе looks at this Ьook, it is rеally rathеr pесuliar. Most of thе Ьook
is not on thе lrun-ran spесiеs аt all Ьut сonsists сlf an ехtеndеd еssay on thе
seсondary mесlrаnism of sехu,rl sеlесtion. Tlrе pесuliarity of tlrе topiс yiеlds
thе сluе to its gеnеsis. Alfrес] Russеl !Иallасе startеd Ьy shaгing Darwin's
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naturalistiс pеrspесtivе on human origins and еvеn pеnnеd a stimulating lit-
tlе еssay on how humans might havе еvolvеd. But thеn hе Ьесamе еnamorеd
with spiritualism and сonvinсеd that humankind сould Ье no сhanсе, purеly
natural еvеnt. Thеrе must havе Ьееn a Mind guiding human gеnеsis. In sup-
port of this сonсlusion' 

.sИallaсе 
arguеd thаt thеrе Wеrе many human сharaс-

tеristiсs that сould not havе Ьееn thе produсt of natural Sеlесtion, suсh as
human hairlеssnеss аnd humans' grеat intеlligеnсе. \Wallасе, who had aсtu-
ally livеd with nativеs, maintainеd that thеrе wаs a vast аmount of Ьrain.
powеr unusеd by primitivе man, and thеrеforе it сould not havе Ьееn
produсеd Ьy sеlесtion. (\7allaсе's еssays arе сollесtеd tnЬts Сoпtribиtioпs to
thе Thеorу of Nаturаl Selесtioп, 1870.)

Suсh a сonсlusion Was anathеma to Darwin, Ьut hе fеlt that 
.Wallaсе 

had
good argumеnts. Natural sеlесtion unaidеd сould not produсе many distinс-
tivе human fеaturеs, Ьut sехual selесtion сould. Darwin arguеd that muсh
that is сharaсtеristiс of humans сamе aЬout through varying standards of
Ьеauty and dеsiraЬility. Hеnсе, although distinсtivе' thе fеaturеs сitеd Ьy
.!Иallaсе 

Wеге not suсh as to tаkе mаttеrs out of thе rangе of еvolution and
сеrtainly not out оf thе rangе of sсiеnсе. Thus Darwin Wrotе a long disсus-
sion of sеxual sеlесtion in gеnеral and thеn its appliсation to humankind.
10fhy arе mеn big and strong and powеrful and intеlligеnt? Bесausе thеir an-
сеstors who wеrе got thе Ьеst womеn. \7hy arе Womеn soft and yiеlding and
domеstiс? Bесausе thеir anсеstors who wеrе got thе Ьеst mеn and did thе
Ьеst joЬ with thе family. 

.Why 
arе humans hairlеss? Bесausе that is whаt thеir

anсеstors found sехually ехсiting. Why (tо gеt morе spесifiс) do Hottеntot
Womеn (using Darwin's languagе) havе suсh Ьig Ьaсksidеs? Bесausе this was
thе standard of Ьеauty of thе triЬе, and thе Ьravеst Ьravеs got first сhoiсе.
Еxpесtеdly, all of this is wrappеd up with somе fairly standard Viсtorian sеn-
timеnts about thе rеlativе aЬil it iеs of mеn and wоmеn: ..If mеn arе сapaЬlе of
dесidеd еminеnсe ovеr Womеn in many suЬjесts' thе avеrage standard of
mеntal Powеr in man must Ье aЬovе that of woman'' (С. Darwin |871,2,:
З26-З27\.

No argumеnt is nееdеd to alеrt us to thе faсt that by thе 1870s Darwin and
his thinking wеrе starting to sеttlе into somе fairly сonvеntional modеs. Hе
may havе Ьееn a rеvolutionary, Ьut hе Was not always that far ahеad of his
triЬе. It is littlе wondеr that Darwin Ьесamе a major sourсе of national pridе.
By univеrsal aссlaim, whеn hе diеd, hе was Ьuriеd next to Isaaс Nеwton in
that Еnglish Valhalla, Iй/еstminstеr AЬЬеy (Figurе 17).

Aftеr Darwin

Bеforе thе Оrigiп was puЬlishеd, еvolution rodе on thе Ьaсk of thе doсtrinе
of progrеss, it was opposеd Ьy thе idеa of final сausе, and its status was akin
to that of mеsmеrism and phrеnology-it was a psеudosсiеnсе. Нow did
Darwin сhangе things? As far aS progrеss was сonсеrnеd, Darwin himsеlf
was сеrtаinly a сultural progrеssivist and saw еvolution itsеlf as progrеssivе.
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Figurе 17. Сartoon of Dаrwin as аn apе. TЬс hr-lmor was аlw.avs gеntlе and
nеvеr sаvagе. Thе Еnglish Wеrе vеr}' pr<lud сlf Dаrwit.t, аnсl thеy st i l l  аrе. Hе is
on thе Ьaсk of today's {10 notе. Now, as tЬеn, Darwin is as muсh a pаrt of
сulturе аs of sсiеnсе. (PuЬlishеd in l871 |n t|1е 11or|1еr mаgazinе.)

Нowеvеr, hе аlso saw that thе link Ьеtwееn progrеss and еvolution Was
somеthing that Ьrought down thе stаtus <lf tlrе Iаttег, and hе rеalizеd thаt
natural sеlесtion is a mесhanism that dеniеs thе inеvitaЬil ity of Ьiolоgiсal
progrеss. In othеr ш,ords' ссlnсеptually Dагwin Ьrokе thе link Ьеtweеn thе
two' althouglr, having done this, hе аrguеd thar natural sеleсtion сould lеad
to progrеSs as thе еnd rеstrlt of what today's еrюlr-rtioпists rvоuld саll a kind
of arms raсе, with еvеr Ьеttеr fеаturеs сoming from сompеtition with rivals.
..If wе takе as tlrе stand:rrd of high orgaпisation' thе amount of diffеrеntiа.
tion and spесialisation of tЬе sеvеrirl ofЕlаns irr еaсlr Ьeing whеrr adult (and

this wil l inсludе thе advanсеmеnt of thе Ьrain for intеllесtual purposеs), nаt-
ural sеlесtion сlеаrly lеаds tсlwards this standаrd: for all physiologists admit
that thе spесialisation of organs, inaslnuсh as in tlris statе rhеy pеrform thеir
funсtions Ьеttеr, is аn advanrilgе tO еaсh Ьеing; and hеrrсе thе aссr'rmulаtion
of variations tеnding towards spесialisation is within thе sсopе of natural
sеlесtion'' (С. Dаrwin 1959,222; this is trсlm thе third еdition of tЬe origin
o f  1 8 6 1 ) .
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RеmеmЬеr that аs far аs {inаl сausе Was сonсеrnеd' Darwin thought that
natural sеlесtion spеaks to thе dеsignlikе aspесt of l iving Ьеings. It givеs a
blind.law ехplanation: sеlесtion lеаds to adaptation, and this is thе rеаson
for thе еnd-dirесtеd naturе оf suсh fеaturеs as еyеs and hands. For Darwin
this was no minor mattеr. Hе always rесognizеd that thе dеsignlikе naturе of
thе оrganiс wоrld is its most distinсtivе fеaturе аnd should not Ье ignorеd.
Не wаs Ьrought up On thе Argumеnt from Dеsign' еspесially as it was prе-
sеntеd in thе сlassiс disсussion of Arсhdеaсon \Villiam Palеy in Ьls Nаturаl
Thеologу (1802). Howеvеr' what was no lеss inrportant was that although
Darwin may havе Ьееn a dеist (latеr hе Ьесamе agnostiс)' for him a god of
any kind had no plaсе in a sсiеntifiс ехplanation. Еvеrything must Ье ех.
plainеd without rесoursе to mirасlеs or othеr spесially guidеd forms of forсе.

Thе status of еvolutionary thought raisеs partiсularly intеrеsting quеstions
and surprising answеrs. Darwin himsеl{ wantеd to raisе the status of еvolu-
tionary thought up to thе lеvеl of physiсs and сhеmistry-аs a maturе sсi-
enсе, funсtiоning within univеrsitiеs and rеsеarсh сеntеrs, with skil lеd
praсtitionеrs using natural sеlесtion as a toсll to сut through thе proЬlеms of
organiс еxistеnсе and funсtion. Hе wantеd еvolution to Ье what Wе today
might сall a profеssional sсiеnсе. But it was not to Ье. Darwin was а siсk
man' so thе fatе of his idеas had to Ье еntrustеd to othеrs-followеrs l ikе
Thomas Hеnry Huхlеy in Еngland, Asa Gray in Amеriсa, and Еrnst Haесkеl
in Gеrmany. Unfortunatеly, thеy had aims othеr than thosе of Darwin. Thеy
all Ьесamе ardеnt еvolutionists, аnd all agrееd that Darwin's аrgumеnt in thе
Оrigin, whiсh showеd how many arеas of Ьiologiсal inquiry сould Ье tiеd to-
gеthеr undеr thе umЬrеlla of еvolution, was dеfinitivе. But fеw, if any' wеrе
vеry kееn on natural sеlесtion. No onе dеniеd it outright, but somе thought
that thе wholе issuе of finаl сausе Was ovеrЬlown аnd hеnсе that sеlесtion
was unnееdеd, and othеrs thought that final сausе sti l l nееdеd еxplanation
and that sеlесtion сould not really do thе joЬ. Еithеr way, pеoplе turnеd to
othеr putativе сausеs' suсh аs Lamarсkism, еvolution Ьy jumps or what wе
today might сall mасromutations (thе thеory is known as saltationism)' or
еvolution through a kind of intеrnal momеntum (orthogеnеsis).

Admittеdly, thеrе wеrе somе signifiсant Ьiolоgiсаl pгoЬlеms with Darwin's
thеory. onе was that hе had no working thеory of hеrеdity. Pеoplе сould not
sее how suffiсiеnt nеw variation сould arisе and Ье maintainеd within popula-
tions that sеlесtion сould havе a lasting еffесt (Vorzimrnеr 1970). Somеwhat
unfortunatеly Darwin сompoundеd his proЬlеms in this rеspесt Ьy аssuming
that whеn two organisms Ьrееd, thе usual еffесt is that thеir distinсtivе fеa-
turеs Ьlеnd with thosе of thеir matеs. Неnсе, if only onе has a nеw' valuaЬlе
variatiоn, within a gеnеration or two it is Ьlеndеd into virtually nonЬеing.
!Иhat was nееdеd was a ,.partiсulatе'' thеory of hеrеdity, that prеsеrvеd good
nеw fеaturеs from gеnеration ro gеnеration. Anothеr proЬlеm of Darwin's
Was that on thе Ьasis of саlсulations aЬout the agе of thе еarth madе Ьy lеad-
ing physiсists (notaЬly thе futurе Lсlrd Kеlvin), thеrе Was too littlе timе for
suсh а lеisurеly proсеss аs naturаl sеlесtion to takе еffесt (Burсhfre|d |975).
But in a Way thе sсiеntifiс proЬlеrns Wеrе not thе dесiding faсtor. lfhat was
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signifiсant wаs that еvеn Darwin's most ardеnt followеrs wеrе gеnеrally not
that intеrеstеd in turning еvolution into a profеssional sсiеnсе' at lеast not as
Dаrwin еnyisioned it. This wаs thе timе of grеat fossil disсovеries in thе Nеw
\world-all of thosе dinosаur rтlonstеrs of thе past-and naturally thеrе was
grеat intеrеst in woгking out thе truе pаths of lifе's history (Figurе 18). In
сombination with not-аltogеthеr_rеliаЬlе mеthodologiеs liftеd from еmЬryol-
ogy' most famously Haесkеl's so.сallеd Ьiogеnеtiс law thаt ontogеny (thе his-
tory of thе individual) rесаpitulatеs phylogеny (thе history of thе group),
muсh еffort was еxpеndеd on working out thе full dеtails of thе еvolutionаry
trее of lifе. But as a сausal thеory of origins, еvolution was somеwhat of a
flop. Its еnthusiаsts Wеrе сontеnt to kееp it morе аt thе lеvеl of a ..popular sсi.
еnсе,'' whеrе it сould hаvе a diffеrеnt rolе.

Why? By thе sесond half of thе ninеtееnth сеntlrry, mеn likе Huxlеy wеrе
working haгd to Ьring thеir soсiеtiеs сrut of thе еightееnth сеntury and into
thе twеntiеth (Dеsmond 7994, 1997)' Thеy triеd to геform thе military, mеd-
iсinе, thе сivil sеrviсе' еduсation, and othеr institutions' A strЬjесt l ikе pЬysi-
ology oЬviously hаs а pragmatiс payoff in suсh arеаs as mеdiсinе (F.igurе 19).

Figurе 18. Dinosaur modеls' It wаs Riсhard owеn, in thе еаrly 1840s, who
lаЬеlеd a major grouр сlf rеptilеs as dinosaurs. From thе first thеy сaptuгеd
pеoplе's imaginations' as thеy sti l l do. Thеsе сonсrеtе, painted modеls wеrе
madе foг thе Grеat ЕхhiЬition of London in 1851' whеrе Britain showеd its
prowеss to thе world. Thеy arе now prеsеrvеd in а park in south London. Notе
that thеy show dinosaurs as rаthеr hеavy, сluпrsy Ьrutеs' Tсldаy, wе think thеm
muсh morе aсtivе.
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Figurе 19. Thе ..Grеat Stink.' ' In thе suпrmеr of 1858 London Ьесаmе nеаrly
uninhabitaЬlе bесausе thе Thamеs had Ьесorте suсh a vilе, odifеrous rесеptaсlе
of еvеryonе's raw sеwagе. Fеw things Ьrоught homе morе vividly to thе
Viсtorians thе nееd for training in modеrn tесhnolоgiсal sr.rЬjесts, l ikе сivil
enginееring. (From Рuпch' 1 858.)

Еvolution sееms to havе no suсh immеdiatе funсtion. But' еspесially сom-
Ьinеd with thе idеology of progrеss, it сould funсtion as thе philosophy of
thе nеw rеformеd soсiеty-it сould havе a rolе as а kind of altеrnаtivе to
Сhгistianity, a kind of sесular rеligion in its own right. It сould Ье a story of
origins, a story of humans' еxaltеd plасе in thе proсеss, a vision of whеrе
thеy wеrе going and what thеy should do to еnsurе suссеss and triumph. And
basiсally this was how еvolutiс-ln Was prolnotеd, еspесially Ьy thе lеading gu-
rus of thе day' of whom nonе Was morе voсal than thе Еnglish man of sсi-
еnсе HегЬеrr  Spеnсеr.  P lаy ing up еvt l Iut i t l l l ,  h is  v is i t lп Was as prс lgrеss ivе as
anything from the еightееnth сеntury. Spеnсеr saw progrеss as Ьеing a movе
from thе undiffеrеntiatеd to thе diffеrеntiatеd, or what hе сallеd a movе from
thе homogеnеous to thе hеtеrogеnеous: ..Whеthеr it Ье in thе dеvеlopmеnt of
thе Еarth, in thе dеvеlopmеnt of Lifе upon its surfaсe' in tlre dеvelopment of
Soсiеty, of Govеrnmеnt, of Manufaсturеs, of Сommеrсе, of Languagе, Litеr-
aturе, Sсiеnсе, Art, this sаmе еvolution of thе simplе into thе сomplеХ'
through suссеssivе diffеrеntiatiсlns, holds throughout' ' (Spеrrсеr 1857,2_З).
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Еvеrything oЬеys this law. Humans arе morе сomplеx or hеtеrogеnеous than
othеr animals, Еuгopеans arе morе сomplеx or hеtеrogеnеous than savagеs'
and thе Еnglish languagе is moге сomplеx oг hеtеrogеnеous than thе tonguеs
of othеr pеoplеs (Figurе 20).

Inсidеntаlly, it was НеrЬеrt Spеnсеr who popularizеd thе word euolutioп,
Until thе middlе of thе ninеtееnth сеntury' thе tеrm was gеnеrally rеsеrvеd
for thе dеvеlopmеnt of thе individual (ontogеny). For evolution in thе mod-
еrn sеnsе (phylogеny), most pеoplе usеd words likе ..trаnsformation''

(Riсhards 1'992). Sееing no еssеntiаl diffеrеnсе Ьеtwееn thе dеvеlopmеnt of

Figurе 20. Thе trее of l ifе as drawn Ьy Еrnst Haесkеl. Notiсе just how thе
idеa of progrеss influеnсеd his piсturе of l ifе's history. (From HаeсkeL 1897,
2 : 1 8 8 . )
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for thе nеW soсiеty. No longеr:r psеudсlsсiеtlсе, еvоlutit)n wаs сегсainly rro
morе than a populаr  sс iеnсе.

Thе Synthеtiс Thеory

Things pеrsistеd this way into thе еarly dесасlеs of thе twепtiеth сеntuгу аnd
in somе rеspесts Ьесamе еvеn worsе whеn Сontinеntal thirrkеrs, notaЬly thе
еmbryologist Hans Driеsсh in Gеrmany and thе philosophеr Неnгi Bегgson
in Franсе, Ьеgan pLrshing a kind of nеo-Aгistorеlian thеory of l ifе thаt szrw
spесiаl, nonphysiсal final forсеs guiding tlrе path of еvolution. DriеsсЬ's еnt-
еlесhiеs аnd Bеrgson,s ёlапs uitаuх' thе foundatiоns of ..vitalisпr,' ' wеrе iust
not thе еlеmеnts of а forward-looking modеrn sсiеnсе. Rеliеf finally сamе
with thе dеvеlopmеnt of Mеndеliаn gеnеtiсs аnсl its mеlding rvith Darwiniurn
sеlесtiorr, although еvеtr hеrе thе proсеss took ti l-r-rе аnd lvirs not stri]ishtfor-
ward (Рrovine |97I). Grеgor Меndеl, а Morаvian mtlпk who livеd irr thе
Austro-Hungагian Еmpirе, disсovеrеd thе еssеntial prinсiplеs of hеrеdity in
thе 1860s. Unlikе Darwin, hе sa'ur, thе trаnsmission of сharасtеristiсs as ..pzlr-

tiсulatе,' ' Ьеliеving thаt fеaturеs l ikе сolor аnd sizе саn Ье p.rssеd on without
thе thrеat оf Ьеing Ьlеndеd аwаy (Figurе 2l ). Howеvеr, it was not Llnti l thе
bеginning of thе twеntiеth сеnttrry that pеoplе сamе to аppгесiаtе thе impor.
tanсе of Mеndеl's work and saw thаt it providеd а kеy еlеmеnt in thе story of
еvolution. You miglrt think thаt this was a tеrriЬlе missеd opportunity, and
that, hаd Dагwin rеad Mеndеl's kеy papеr, hе would hllvе rеаlizеd thаt гtow
hе had thе answеrs to all of tlrе issuеs of hеrеdity thаt his thеory of nаtural
sеlесtion dеmandеd. Henсе, thе thеory would havе mсlvеd forward morе
quiсkly' muсh еаrliеr. This is proЬaЬly not sO. Еvеn whеn thе work of
Mеndеl was disсovеrеd, it to<lk timе to аssinrilаtе it. Marrt. р-lеoplе at first
thought it an altеrnativе to Dаrrvin rathеr thаn a сomplеllеnt (sее Ьеloш.)' So
еvеn if Darwin lrad rеad Mеndеl-аnd thе monk's work rvas puЬlishеd in a
journal wеll-еnough known that, if hе sеarсhеd, Darwin would havе found
it-thеrе is no rеason to think tlrаt thеrе woшld havе Ьееn il ..еurеka'' mo-
mеnt. Меndеl inсidеntally did rеаd thе origiп' Ir-rrеrеstinglv, hе trеvеr thought
of his own work as pеrtinеnt to Darwin,s prtlЬlеn-rs. Judgirrg from thе anno.
tations that Меndеl madе in tЬе margins of thе Gеrmаn translаtion of thе
Оrigiп' hе was fаr morе intеrеstеd in thе thесllogiсal impliсations of еvolr-r-
tion than in thе trouЬles of hеrеdity that Dаrwirr faсеd. Thеге is rеally no strr-
prisе hеrе sit.tсе, :rftеr all ' N,Iеndеl was first аnd forеmost а mаn of God :rnd
only sесondar i Iy a p lant sс iеnt is t .

Thеrе wеrе fairly straightforward rеasons r,vhy at first, whеn Mеndеl was
rеdisсovеrеd at the Ьеginning of thе twеntiегh сеntury, no ()l1е thought tlrirt
hе was spеaking to Dаrwiniаn issuеs' Natr'rrаllу, еаrly ееnеtiсists fосr.rsеd on
Ьig vаriations and so tеndеd to favor a kind of saltatогу thеory of ovеrall
сhangе, that is еvolution Ьy laгgе jumps. Slowly' howеvеr' thanks pаrtiсu-
larly to work in thе sесond dесаdе of thе сеntury Ьy Thсlmas Hunt Мorgan
and his studеnts аt СolumЬia Unir,еrsity in Nеrv York, thе nдtllrе of thе gеnе
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Figurе 21. Thе pеa plant. This lowly gаrdеn vеgеtаЬlе Was thе organism usеd Ьу
Меndеl to wоrk out thе prinсiplеs of hеrеdity. lt wаs еasy to grow аnd сamе in
many differеnt variеtiеs and forms-sееd аnd pod shapе and сolor, hеight' and
so forth. Меndеl сould thеrеforе distinguish аnd rесord hоw fеаturеs Wеrе
passеd from onе gеnеration to thе nехt. It now sееms сеrtain that Меndеl's
rеsults wеrе а l ittlе too good to Ье truе. It сould havе Ьееn thаt suЬсonsсiously
hе was only rесording rеsults that fit his hypothеsis, or that thе gardеnеr was
ovеrzеаlously trying to plеasе his mastсr. This stylizеd piсturе is from a latе.
seventееnth-сеntury рlant Ьook.

was rеvеalеd, and it сould Ье sееn as thе сomplеmеnt tO natural sеlесtion.
Finally, aгound 1930, a numЬеr of highly giftеd mathеmatiсal biologists, no-
taЬly R.  A.  F ishеr (1930) and J .  B.  S.  Hаldanе (\9з2\ in Еngland and Sewal l
!Иright (|9З1, I9З2) in Amеriса, showеd how Меndеlian gеnеs sort thеm-
sеlvеs and arе transmittеd irr groups (arr еssеntial finding, givеn that sеlесtion
works only in thе group situation), and thеn it wаs possiЬlе to bring Darwin's
work to thе сomplеtion that it nееdеd. Along with mutation (thе сoming of
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new variation, сausеd Ьy spontanеous сhangеs in gеnеs), nаtural sеleсtion
сan truly Ье a signifiсant forсе for сhangе.

Sinсе Ьy thе 1930s thе quеstion of thе agе of thе еаrth was no longеr prеss.
ing (thе disсovеry of thе warming еffесts of radioасtivе dесay showеd that
thе еаrth is quitе old еnor-rgh foг thе slow workings of sеlесtion), Ьiologists
movеd rapidly forward with nеw idеas (known as popиlаtion genеtiсs) tЬat
woцld put еmpiriсal flеsh on thе mathеmatiсal skеlеtons. In Britain a highly
voсal supportеr of гhе thеoгy was Thomas Неnry Huxlеy's grandson Julian
Huхlеy (thе oldеr brothеr of novеlist Aldous Huxlеy)' who produсеd a major
work that pullеd idеas togеther: Еuolution: T|эe Мodеrп Sуnt|lesis (|942).

Sсiеntifiсally, aftеr Fishеr thе most important figurе was thе oxford Ьiologist
Е. B. Ford (|964), who did groundЬrеaking studiеs of sеlесtion in populа.
tions of Ьuttеrfliеs and who gаthеrеd around himsеlf in а sсhool of ..есologi.

сal gеnеtiсs' ' a numЬеr of youngеr rеsеarсhеrs l ikеwisе interеsrеd in sеlесtion
and its еffесts in naturе. Notеworthy wеrе Aгthur Сain (1954) and Phil ip
Shеppard (1958), who workеd on Ьanding pattеrns in snails, and Bernard
Кеtt lеwеl l  1 l973) '  whosе intеrеsтs wеrе in inс lustr ia l  mеlanisn l - rhе wаys in
whiсh Ьuttеrfliеs сhangе adаptivе сolor pattеrns as thеir haЬitats arе сhangеd
Ьy thе еffесts of smokе and pollLrtion. [n Amеriсa thе influеntial figurе was
thе Russian-Ьorn gеnеtiсist Thеodosius DoЬzhansky' whosе Geпеtics апd thе
Оrigiп of Spесies |\9З7) wаs an inspiration to zr wholе gеnеrаtion of еvolu-
tionists (Figurе 22). 

.s7orking 
аlongsidе him wеrе othеrs' notaЬly thе oг-

nithologist/taхonomist Еrnst Мayr (author of Sуstemаtiсs апd the Оrigin of
Spесiеs, 1942), thе palеontologist Gеorgе Gayloгd Simpson (Tеmpo апd
Мodе iп Еuolutioп, 1944), and thе Ьotanist G. Lеdyard StеЬbins (Vаriаtioп

апd Еuolut ioп iп P lапts,1950).
By thе 1950s Darwin's drеam of a maturе' profеssional sсiеnсе of еvolu-

tionary Ьiology was rеalizеd. Мorеovеr, it was gеnuinеly Darwinian, for al-
though thеrе had Ьееn prеtеndеrs to thе сausal thronе, notaЬly Sеwall
.lfright's 

proсеss of gеnеtiс drift (random сhаngеs in gеnе frеquеnсy in small
populаtions duе to thе vаgariеs of Ьrееding), it was гесognizеd that thе kеy
faсtor in organiс naturе is its adaptivеnеss, its manifеstation of final сausе'
and thаt natural sеlесtion is a full :rnd satisfying way of еxplaining this phе-
nomеnon. At thе same tilтrе' proЕlress-and all thе moralizing and philoso-
phizing that wеnt along with it-hаd Ьееn еxpеllеd. No onе was going to usе
this kind of profеssional Ьiology as an ехсusе for quasi-rеligious spесulations
aЬout thе stаtus of humankind and thе oЬligations thаt naturе lays upon hu-
maпs (F iguге 23) '

Yеt, for all this, thеrе is onе morе important faсtor to thе story, and this
partly еxplains why to this day еvolutionаry idеas rеmаin so сontrovеrsial to
so many. Although еvolutionary Ьiology wаs upgradеd from thе lеvel of a
popular sсiеnсе to thе lеvеl of a profеssional sсiеnсе, this did not oссur sim-
ply out o{ a disintеrеstеd quеst for thе truth Ьу mеn who hаd no aims Ьut thе
finding of thе workings of naturе. Virtually еvеry onе of thе nеw profеssional
biologists' from Fishеr to StеЬЬins, Ьесamе аn еvolutionist Ьесаusе lrе was at-
traсtеd to thе suЬjесt Ьy thinking that it was morе than just a sсiеntifiс thеory.
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Тhe Нistor,- oi Еuolutionаrу.[,hought 3.]

Figure 22. Thесldсlsius DoЬzhansk1'' This piсturе of DoЬzhanskу froпt rrlш,

fourtb from lеft) at a сonfеrеnсе with his studеnts undеrlinеs how suссеssful
sсienсе mеans hаving studеnts who rvil l саrry on and dеvеlоp your idеas. Thе
Harvаrd gеnеtiсist Riсhard Lеwсlntin is sесond from thе lеft in thе front rсrw;
Сornеll gеnеtiсist Brr"rсе lWаllaсе is riglrt Ьеhind him; anс1 Frаnсisсrl Ayаlа (whсl
was a SpanisЬ priеst Ьеforе lrе Ьес.rпlе an Amеriсan еvolutionist) is on tlrе far
right in thе front row. Сlеarly' Dаrц,in's viеrvs on tlrе rеlаtivе aЬil it iеs сlf tЬе
sехеs was a long-lasting prеjudiсе irl еvсllutionаry сirсlеs.

For somе, l ikе Dobzhansky, thе i1ttrz1сtion wаs ехpliсitly rеligious. Не

Ьrought pгogГеss-progrеss to httmаns, that is-inttl a kind of ovеrirl l world

piсturе that saw God working his way through thе foгсеs of nаturе. Ignoring

divisions that wеrе сruсial to еarliеr thinkеrs, DoЬzhansky thought that

God,s graсе and irn unfrrrl ing сrеаtion сould Ье сomЬinеd. Unsurpгisingly, hе

was attraсtеd to thе idеas of thе .[еsuit palеontolсlgist Tеilhard dе Сhаrdin
(1955), who pronrсltеd simitаr idеas. Othегs, l ikе .[r.rl iаrr Huхlеv in Еngland

and Мayr and Simpson in Amегiсa, wеrе sесцlal. iп thеir thinking, Ьtrt thеy

too likеd thе idеa of progrеss and thought that it showеd thаt еvolutitln had

somе kind of dirесtiсln and mеаning.
Bесausе all thеsе sеminal еvolutiоnists wеrе pеoplе whо grеw up irr thе

еarly twеntiеth сеntr.lry, whеn rnuсlr <lf еvolution wаs оnly a populаr sсiеt-tсе

dripping with mеtаphуsiсal i lnd moral iпrpliсаtiol1s, it wс>uld havе Ьееn a

surprisе if this Ьad not Ьееn tЬе lnаin motivating fасtсlr. But' l ikе Darwin

himsеlf, this nеrv Ьrееd of еvolr"rtionists saw that if thеy wеrе to havе profеs-

sional status for thеir асtivitiеs-soп1еthing thеy аrdеntly dеsirеd as full-timе

sсiеntists-thеn thеy would nееd ttl purify thеir work Of its ехtrasсiеntifiс as-

pесts. Thеy nееdеd to dеal witlr dсlсrrinеs of prсlgrеss :rnd with еХtгapolаtеd
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STUDIЕS oi\ IltliADIATЕD POPULAT]ONS oI..
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By BRUCE WALLAс]]
Bio|фc,ot I,a|пralorу, CoId Sqriщ llа'rbor, N.Y.
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rштвoоuстloш
It iв well kпorтn thаt the тridеspгead use of ionizing гвdiations, beсsuse of tlrеiг gеnetiсeffeсts, posoв в pгoЬlem 

.""g""diog futurе genегations. The*е гadiвtions induсe genemutations. TЬe vast majority of mutвtions haie dеletегious еffесts on individuals свгryingthem. Undег the pгеssuгe of сontinued mutatiоn, thеse deleteгious mutationв willaосumulatе in populвtionв. Thereforе, an iтгadiated population will, on thе avеrage, belцrmеd-havе its .fitnesв' reduced'-by a сontinual u*р.o." to irгadiation.
The pгеsеnt aгtiсle вummarizев obsrгvдtions made on iгrаdiatвd po|oйi1"". oi lиo.so1lhila mе|юnчавtюr. Somе of thе.mвterial presentedteгe haв Ьееn p"ьri'ьa pгeviously(Wallaсе, 1950, lg5l; wl]tryе & King, l95i, 1952). This summвгy,^ho,n".'',u., will intro.duсe lrew mдtоrial in вddition to еxtйding the oгiginai obsеrvatiЬns.

Мдтввlдr, AND DtEтЕoDs
Thе erpет'imеntnl nop]nlion.s. Tire eхpетimental population в of D' mеIюn,чosler arе keptin luсite and sсгееn сageв. The огiginal fliев *eгe oЪйinеd fгom an oгчoniR stгвin kept'lry mass tгвnsfеr for mвny yearв. Fouгtеen letЬal. and sеmi.letЬвl-fгee sесond сhгomo-somes wеге extrвсted fгom thig.stгвin thгough the usе of a вeriев of matings identiсal totJrовe desсribed later (Fig. 2.)'. Flies сaгrying thеsе sесond сhгomosomes and miхtures oforеgon.R and .markеd stoоk' сhromosomeв otheг than thе ..""od ;;;; йlarental fliеsоf thс populвtions.
Rгief dевсriptions of thе рpulationв aге given in Tаblе 1. Thе left-hand сolumn givesthе identifying numbег foг eaсh populвtion. Thе весond сolumn indiсateв tircoгrgin of thо

рopulation. 
.Stoоkв'indiоatеs 

populations whoве oгiginal flies сaтгied luth'l.г."u *uсondсhгomosomes of oregon-R. deгivation. Tlrтeе more rеоent populations aгe subpopulations
оf populationв 5 вnd 6; the deвignation in the tablе gives tie^pвгent,r p"p"ьt,l"" and thegеnегation duгing whiеh eggs wеIе removеd to вtaгt tЬе nеw р"p'i*;;;. The tЬirdсolumn indiсвtеs the numlrег.of вdulЬ in thе population 

".g"*, 
.Ь,gu' .uiu.* to popotu.tions of aliout ]0,000 indir'iduals,.small'fo рpulвtionsЪ"qo"oТly *]iti гu'u. tь"n1000 ildividuals. Thе last thгee сolumns of TaБlе l givе thЁ typJ ot."*po*uге, the<lose. and the datе thе poрulatiоn was staгtеd foг eвсh population. Chгolri" rxl)osuгe

гefетв to сontitrцous eхposurе tо radium . bоmЬs'. No u*рoЪo.u in thе case of poрula-
. f.hjв цrrrk я.в tlonс l lпdсr (]l)ntr&.t tio. A1'"(30.l).5l-l7, U.S. Atomiс Еnсц-r.(Ьшmiшirln.

Figurе 23. A papеr on fruit fliеs Ьy Bruсе \Х/allaсe. Sее thе aсknowlеdgmеnt at
thе^bottom of thе pagе. By thе 1950s' evсllutionists wеrе Ьесomi.'g u.iy сrеativе
at finding funds for thеir work. DoЬzЬаnsky pеrsuadеd the U.S. Aiomiс Еnеrgy
Сommission that fruit fliеs wеге thе pеrfeсtmodеl organism for studyof the 

-

effeсts of nuсlеаr rаdiation, a majсlr worry at thе timе givеn thе o.'goi.,g tеstlng
of ЬomЬs (in.thе atmosphеrе). In Еnglanj, Е. B. Fоrd fеrsuadеd thБ шurя"ld
Foundation that thе study of Ьuttеrfliеs gavе insight inio thе sprеad of gеnеs in
populаtions аnd hеnсe was of grеat valuе in studying human gеnеtiсallv саused
аi lmеnts.
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moral ехhortations. Sч thеy did. Thеy took thе ехtranеous thinking aЬoutpro8rеss' morality, аnd thе meaning of lifе out of thе sсiеnсе that thеy pro.duсеd аs profеssional rеsеarсhеrs. Ейst Мayr was thе first еditor of thе nеwlyfoundеd jоurnal Еuсllutioll (Figurе 24). His сorrеspondеnсе with prospесtlvе
authors, dеpоsitеd with thе Amеriсan Philosоphiсal Soсiеty, is highly rеvеal-ing aЬout his intеntions thаt thе new sсiеnсе Ье as muсh likе еstablishеd sсi-еnсеs аs possiЬlе. on thе onе hand, it had tо Ье mеthodologiс,tty propеr:..Thе fiеld has rеaсhеd а point whеrе quаntitativе work is Ъаdly nееdеd.
Also, еvоlutionary rеsеarсh' as you .."l i,., hаs shiftеd almost сompiеtely
from thе phylogеnеtiс intеrеst (proving еvolution) to an есologiсal intеrеst
еvaluating thе faсtors of еvolution'' 1lеtiеr to !И. A. Goslinе, Мaiсh 5, |94B).
on thе othеr hand, it hаd to Ье vаluе frее: ..Thе prеstigе of еvolution arУ re-sеaгсh has suffеrеd in tlrе past Ьесausе of too -oih philosophy and spесula-
tion'' (lеttеr to G. G. Fеrris, Магсh 28, 1948).

Yеt, hаving donе thеir professional sсiеnсе, thеsе paradigm-making еvolu-tionists thеn wrotе othеr works thаt wеrе аs dripping wl,ь pТog..;, and moralеxhortation as anything to bе found in HеrЬеrt Spеnсеr, .*..f,, that thеir di-гесtivеs wеrе foсusеd on thе prоЬlеms of thе twеntiеth сеntury rаthеr than thеniпеtееnth. ..Thе mоst еssеntial matегiаl fасtor in thе nеw еvolution sеeп]s toЬе juqt thls: knоwlеdgе, togеthеr, nесеssаrily, witlr its sprеad аnd inhеritanсе.
As a first proposition of- еvolutiona.y еthiсs dеrivеd r.n- ,p..iп."lly humanеvolution, it is suЬmittеd thаt promotion of knowlеdgе is еssеntially Ьoth thеасquisition of nеw truths or of с]osеr approхimations to truth (mеtaphoriсal-
ly the mutations of thе nеw еvolutionl ,nа аlso its sprеad Ьy сommuniсation
to othегs аnd Ьy thеiг aссеptanсе and lеarning of it (mеtapho.i.,l[ it, hеrеd-iry)' ' (Simpson 1949,311). Simpson Was writing at midсеntury, just whеnStalinЬm was at its pеak and in Soviеt Russiа Ьiologists ;,' po.,i*l,. *...undеr thrеat Ьесause of thе high position of thе сhаrlаt,' T. о. Lysеnkо. Un.surprisingly' thегеforе, ..Dеmoсraсy 

is wrong in maпy of its сurrеnt aspесtsand undеr somе сurrеnt dеfinitions, Ьut dеmoсгaсy is thе only рolitiсal idеol-ogy whiсh сan Ье madе to еmЬrасе an еtlriсally good soсiеty Ьy thе standards
of еthiсs hеге maintainеd'' (З21).

Thе Past Half Сеntury

Тhаt wаs all 50 oг morе yеars ago. Thе nеo.Darwinians in Britain and thеsynthеtiс thеorists in Аmеriса Ьuilt good foundations for thеir sсiеnсе. Сon-sidеrеd just as a sсiеnсе, whiсli it h,. .u..y right to Ье, modеrn еvoluttonary
thеory dеsеrvеdly is onе of thе most fo,-n,j-looking and е*сitinf аrеas ofеmpiriсal inquiry. Еvеry onе of thе аrеаs trеatеd Ьy Dаrwin in t|te Оriginflourishеs as nеvеr Ьеforе. Sеlесtion studiеs thеmsеlvеs, Ьoth thеorеtiсаl andеmpiriсal' havе геaсhed a УerУ high dеgreе of sophistiсation. The work ofRosеmary and Pеtеr Grant (1989) on thе Ьеak sizе of Gal5pagos finсhеs is aparadigmatiс ехаmplе of ехсеllеnt sсiеnсе. Тhе аdvеrrt of -oГ... ' ln. biologyhas Ьееn vеry important hеrе for offеring Ьotl-r nеw insights (for instanсе, thе
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sгudying human gеnеt iсa l Iy саusеd



тIoN
lФ*{itNl C :EYl}ьl,llт цр1g

signifiсanсе of drift at thе

nеtiс fingеrprinting for dс

dеtailеd in Еdward o. 
.W

Sуnthеsis (1975), havе po

t ion and rес iproсаl  aItru i :

to ехpla in thе intг iсaс iеs l

from an individualistiс pе

еmpir iса l  s tudiеs- for  inst
(|982) on thе rеd dееr of S

a powеrful faсtor in thе е

sially, thе fiеld (oftеn hеrе

Darwinian fаshion looks '

fantiсidе and sехual Ьеha.

tion. Pаlеontology has Ьt

major fossil f inds-rесеntl

twееn fish and amphiЬial
mеntion thе finding in Ind

srs, naturally known as tJ

tесhniquеs havе еnaЬlеd g

еvеr gгеаtеr pгесision. At
pгoposеd (for instanсе, th

аnd thе lаtе Stеphеn Jay
othеr arеas of еvolutionar

tеrns of  thе pаst  ( for  instа

||976| usеd есologiсa l  tht

pаst pаttеrns of animal с

сhangе, an еvеnt that oсс

Figure 25. Punсtuatеd еqui
gradual ism..  Ьу Е ldгеdgе i r
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sаltationist, whiсh rathеr s
сomparativе timеsсalеs. Fс
сhangе сan tаkе plасе duri
Ьarеly gеts rесordеd and al

Figlrе 24. Thе сovеr of thе first issuе сlf Еuсllиtir.пt. onе сlf thе Ьiggеst prсrЬlеms
of thеsе еarly profеssional еvolutionists was of finding pеoplе, working to thеir
standards, who wеrе nоt studying fruit fl iеs or similar organisrns. Thе journal
was launсhеd with а gгаnt from thе Amеriсаn PЬilosophiсal Soсiеty (fсlundеd Ьy
Benjamin Franklin) in PЬilаdеlphia. Rеvеаlingly, tЬе only pеrson On thе grxnts
сommittее who opposеd thе funding Wаs thе еmЬryologist Еdwin Сonklin.
ЕmЬryology Was thеn thе quееn of thе Ьiсllogiсal sсiеrrсеs and Сonklin was not
сonvinсеd thаt еvolution сor-rld Ье thе Ьasis of rсal profеssionirl sсiеnсе. Pеrhaps
bесausе оf thеsе disсiplinary tеnsions, еvolutionists rеspсlndеd Ьv ignorrng
еmbryology and it was not until thе 1980s, Ьy wЬiсh timс m<llесular Ьiology
had сomplеtеly сЬangеd thе landsсapе, that it аgаin Ьесап-tе a mirjсlr сlеmеnt in
еvolutiоnary studiеs.
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signifiсanсе of dгiit at thе m<llесular lеvеl) irnd nеw tесhniquеs (tlrе usе of gе-

nеtiс fingеrprinting for dеtеrrnining hеrеdity). Soсiаrl Ьеhavior аnd instinсt'

dеtailed in Еdwаrd o. !7ilson's magnifiсеnt survеy Soсiobiologу: Thе Nетc,

Sупthеsis (1975I, havе powеrful nеw modеls of ехplаnation, l ikе kin sеlес-
tion аnd rесiproсal altruism, с<rnfirming Dаrwin's htrr-rсh that thе right wаy
to ехplаin thе intгiсaсiеs of soсial intеrirсtions, inсluding grotrp Ьеhаvior, is
from an individualistiс pеrspесtivе. Baсking thе thеorеtiсal woгks arе majoг

еmpiriсal studiеs_for instanсе, that of Tim Сlutton-Broсk and his assoсlatеs
(1982) on thе rеd dееr of Sссltl. lnd-thаt slrсlw thаt еvolution has indееd bееn
а powerful faсtor in thе еvrllution of soсial bеhаvior. Somеwhаt сontrovег-

siallv, thе fiеld (oftеn hеrе known as еuolutioпаrу psусhсllсlgy) аlso in а vеry

Darwinian fashion loоks at humankind, trying to еxplain suсh things аs in-
fаntiсidе and sехual Ьеhavior аnd mating pattеrns in tеrms of na rr-rral sеlес_

tion' Palеontology has Ьееrr revolutionizеd. Nсlt tlnly arе tl. lегe сontinuеd
mаior fossil f inds-rесеntly the disсovеry in thе Саnаdian Arсtiс of a l ink Ье-
twееn fish and amphiЬiаns (Daеsсhlеr, ShuЬin, and Jеnkins 2006), not to
mеntion thе finding in Ind<lnеsil l of а l ittlе hr'rmanlikе figlre (Н<lпto florеsiеп-
51-. ,  natura l ly  known as t l rе. .hoЬЬit ' ' )  ( I}гown еt  а l .2004)-Ьut molесulaг

tесhniquеs havе еnaЬlеd pеoplе to еxplorе thе past сoursе of еvolution with
еvеr grеatеr prесision. At thе morе сOnсеptual lеvеl, nеw thеoriеs havе Ьееn
proposеd (for instanсе, thе thе<lry of punсtuatеd еquiIiЬria of Nilеs Еldrеdgе

and thе latе Stеphеn Jay Gould 11972|\ (Figurе 2.5), and idеas drawn fron-l
othеr arеas of еvolutionary studiеs havе bееn appliеd to undеrstand thе pat-

tеrns of thе past (tЪr instanсе, thе way in rvhiсh thе lirtе John J. Sеpkoski Jr.
[1976l usеd есologiсal thеoriеs aЬout islanсl Ьiogеograplry to throw light on
past pattеrns of animal divеrsity, as wеll as on thе Grеat At-nеriсan Intег-
сhangе, an еvеnt that oссurrеd abсlut 10 mill ion yеаrs ago whеn Sсluth аnd

Morphology |v]orphoIogу

Figurе 25. Puпсtuatеd еquil iЬriurn. lrr thе Dаrrviniаn piсturе, lаЬеlеd ..phуlеtiс

grаdualism,' Ьy Еldrеdgе аnd Gсluld (A), еvolution goеs smoothly. in thеrr
alteгnаtivе piсture (B), it goеs Ьy jumps. Gould dеniеd strongly that hе was a
saltationist, whiсh rathеr suggеsts that muсl-r of thе dеЬаtе was aЬout
соmparаtivе timеsсаlеs. For а fгuit fly gеnеtiсist, 1,000 1'еаrs is an agе аnd muсh
сhаngе сan takе plaсе during thаt pеriod. For a pа[еoIltologist, 1,000 yеars
Ьarеlv gеts гесordеd аnd any сhаngеs arе gоing t() sееnl instintanеOlls.
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I F'uolutiсlп. Orrе of thе Ьiggеst prtlЬlеn.rs
was of finding pеo1rlе' working to thеir
fl iеs or sinli]ar organisгrts. Thе journal
lеriсan Philosophiсаl Soсiеty (fсlundеd Ьy
vеalingly, thе оnly pеrsol-l on thе grants
аs thе еmЬryologist Еdrvirl Сonklin.
Ьiologiсаl sсiеnсеs anсj Сtlnklin Was not
lasis of rеal profеssionаl sсiеnсе. Pеrhaps
.vo lut iоn ists  rеsрt l l ldеd hv ignог ing
80s' Ьy whiсh timе molесr-rlаr Ьiolсlg1,
that it agаin Ьесzrmе а lnajсlr сlепrеnt in
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Nrlrth Amеriса ioinеd and irrrinrals m<lvеd noгth to sor.rth and south to noIth

[Мars l ra l l  еt  а l '  1982]) (F igurе 26).  Thеor iеs of  gеographiс d istг ibut ion wеrе
rеvolutionizеd Ьy thе сoming of platе tесtoniсs. Until this poir-rt, in a tradition
еmЬraсеd Ьy Darwin in thе Оrigiп, еvolutitlnists had spеnt many happy
hours throrving up hypothеtiсal land Ьridgеs аnd finding wаys in whiсh sееds
and smаll arrinri l ls сould сrtlss lаrgе Ьodiеs Of w:lrег. Nоw thе rrroving of thе
сontinеnts did аll thе rvoгk for thеm. L1'strсlsaurus' a marnmal.l ikе hеrЬivo-
гous rеptilе found rathеr nlorе than 200 rтil l ion yеars ago) is fat' short' and
squat. It is сеrtainly not an animаl thаt would havе roamеd far and widе. To.
day it is fсlund in thе samе fossil dеposits (Lorvеr Triassiс) on thе соntinеnts of
Afriсa, (Soutlrеast) Asia, аnd Antarсtiса. This woLrld Ье inеxpliсаЬlе wеrе it not
Гor thе fасt thаt morе thаn 200 пril l ion ,vеars аgo all thosе сollt inеnts tсluсhеd
lvЬеn thеl. Wеге part сlf Pangaеa. Thеy lrаvе sinсе driftеd apart (}.igurе 27).
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E I ephаn t s

Horses
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Rаbb i t s

Raссoons

Skunk s

Тap i rs
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Opossums

Po r с up i n e s

Phorusrhaс ids

S lo ths

Тouсans

Тoxodonts

Figurе 26. Тlrе Grеat Amеriсаn Intеrсhаngе. By trеating North Arrrеriса and
Sсluth Arrlеriса аs if thеy wеrе t ' 'vо is lands Ьеing сolonizеd, onе сan rvork out
thе ехpесtесl гаtеs сl i  ехсlr. lпgс anсl thс numЬеrs t lf invadirrg gr.ouPs сlnе wсluld
ехpесt at еqr"ri I i  Ьrium.
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)vеd north to south and south to north

rеoriеs of gеographiс distribution Wеrе

есtoniсs. Until this point, in a tгadition

еvolutionists had spеnt many happy
lridgеs and finding ways in whiсh sееds

эdiеs of watеr. Now thе moving of thе

Lystrosaurus, a mammal-likе hеrЬivo-

00 million ),еars ago' is fat, short, and

t would havе гoamеd far and widе. To.

iгs  (Lowеr Tr iass iс)  on thе с()nt inеnгs of

l. This would Ье inехpliсablе wеrе it not

l yеars ago аll thоsе сontinеnts touсhеd
ly havе sinсе driftеd apart (Figure 27).
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аngе. By trеating North Amеriсa and

rds Ьеing сolonizеd, onе сan wсlrk out

numЬеrs of invаding groups onе would

Mesosaurus Glossopteris
Permiаn Rept i le PIаnt

, *.*ъ . -,. ,s ч*ц--ffi ry#fr /чцw
Figurе 27. Pattеrns of fossil organisms. Thеsе distriЬutions makе sеnsе only if
you assumе that thе сontinеnts wеrе joinеd. Phеnomеna likе thеsе show jusr
how muсh еvolutionists today sti l l work in thе Darwinian modе аnd yеt how far
we havе сomе from tЬe Оrigiп itsеlf. (Unitеd Statеs Gеologiсal Survеy.)

Systеmatiсs has Ьееn trаnsformеd Ьy nеw сladistiс tесhniquеs, muсh aidеd Ьy
thе сoming of сomputеrs that hаvе allowеd massivе amounts of data to Ье
aЬsorЬеd, quantifiеd, сalсulatеd, and undеrstood (Hull 1988). Мoгphology
likеwisе is opеn to nеW undеrstandings. AЬovе all ' еmЬryology' a suЬjесt that
thе synthetiс thеorists tеndеd to ignorе, has now, еspесiaily undеr thе nеw
name еuolutiсlпаrу deuеlopmепt (evo-dеvo), Ьееn сonvеrtеd from a nonсon.
сеptual Ьaсkwatеr to thе most еxсiting arеа of rеsеarсh today in thе fiеld of
еvolutionary studiеs (Сarroll 2005). Fantаstiс nеw findings havе еmеrgеd, for
instanсе, aЬout thе ways in whiсh organisms аs divеrsе as fruit fl iеs and hu-
mans sharе thе samе undеrlying gеnetiс mесhanisms for dеvеlopmеnt, and
thе ways in whiсh organisms arе Ьuilt and vаriations arе produсеd arе
among thе hottеst arеas of rеsеarсh (Figurеs 28 and 29).

Thеrе arе, of сoursе, сontrovеrsiеs and diffеrеnсеs. No onе wants to deny
thе importanсе-thе vеry grеаt importаnсе-of natural sеlесtion. But somе
еvolutionists, partiсularly in arеas l ikе palеontology and еmЬryology, whеrе
somеtimеs quеstions of adaptivе signifiсanсе arе (as was еarliеr thе сasе for

Antаrct iса

\.
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Figurе 28. Dеvеlopmеnt in thе fruit f ly. In thе сеntеr Wе hаvе thе gеnеs that

сontrol dеvеlсlpmеnt, in thе ordеr in whiсh thеy Oссur on thе сhromosomе.

Bеlсlw wе havе thе lаrvа and aЬovе wе hаvе thе grown fly.

L | v n { d  P K в o в т A Y | в H o I L Е L L K I - F н Y | \ R Y L l в п н в } . е t д н t t V L s Е в o U K I W F o N в п м к w к к ф  K L P \ т К N v R
д i . " i i н . " д  т K в s в т A Y т в o o V L Е L Е K Е l H F N в Y L т п п в н t ! : в t д н s r с r т Е в o I K l W l o N R R M K W K K D й $  R L P N l к т в s
м ^ i ' . " н . , в д  P K R s R I A Y т R o o v L t L F K Е F н Y N в Y L т R в R R V L I A F { A L с L s L R o I K I W F o N J R в M K W K K D l . l  к L P N т K | в s

н " й l " н . ^ Ъ q  P K R s R т A Y . l R o o V L Е L L к Е F н Y ' \ ] R Y L t п в я в v в t л ф t  с L s Е R o I K I W F o N в R M К W K K D н  K L P N т K I R s

с h t с k H o х B 4  P K в s в т A Y т в o o v L F L Е K Е t t ] Y l \ R Y L т в R R в v F I A н s L с L s t R o l K I W l o N в R M K W K K D н  K L P N т K I R s
; ; ; ; ; " ; ; ;  f f K в s в т A Y I в o o V L Е L t K E F H Y N в Y L l в R R в V Е | A н I L f f L s Е в o I K I W F o N в R М K W K к D н  K L P \ т к | * s
i ' . ] , u " ' Ъ o  

. Ё к в s в т д v т в o o v L Е L Е K Е F н Y N R Y L т R R R R V E I A н т L с L s E R o I K l W F o N R R M K W K K D H  
K L P N т K V в S

) lЁ i "? i ' ь i .Ъ"*  mi i sЗщvтвooY!ELЕKЕFнYIIцLIRпвпvвtnнтr t l l r sввqIKIWFoNRRМKWK!qц KLPNтKцю]

F.igurе 29. Homologous amino aсids. On thе lеft is а сolumn tlf thе nаmеs of
gеnеs in diffеrеnt оrganisms. All of thеsе gеnеs arе сruсial, kiсking in at similar
stagеs of dеvеlopmеnt. Thе rows irr thс main Ьoх irrе madе up of lеttеrs
сorrеsponding to amino асids, produсеd Ьy thеsе gеnеs, in turn produсing a
vital protеin. It саn Ье sееn that thе gеnеs of frrrit fl iеs and humans arе virtually
idеntiсal, lеаding to thе сonсlusiоn thаt dеvеlopmеnt is l ikе Ьuilding modеls
with l,еgo Ьriсks. You start with thе samе piесеs and thеn put thеm togеthеr in

vеry diffеrеnt Ways.
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pеoplе likе Thomas Неnry Huхlеy) not ovеrwhеlmingly prеssing' think that
pеrhaps othеr сausаl faсtors wеrе sigrrifiсant. This Was thе undеrlying thеmе
of thе thеory of punсtuatеd еquil iЬri;r, with Gould in partiсr.rlar arguing that
many fеatuгеs аrе not pагtiсLllarly adаptivе Ьut arе moге ..spandrеl-l ikе''-

that is, nonfunсtional Ьy-prоduсts of thе еvolutionаry proсеss (Gould аnd
Lеwontin 1979) (Figurеs 30 and 31). Hе aссusеd Darwinian еvolutionists of
rеlying too oftеn on ..Just so'' storiеs' thе fantaЬulous.likе talеs told Ьy Rud-
yard Kipling (Figurе 32). Today many еvo-dеvo еnthllsiasts fееl muсh thе

Figurе З0. A spandrеl from thе Vil lа lr:rrrrеsinа in Romе, pаintеd Ьy Raphaеl
аnd assistants. Gould's сlаim is thаt rrrаny fеаturеs of organisms arе l ikе
spandгеls (aсtuzrlly, thе truе tесhniсаl namе is pеndеntivе). Although thеsе
spandrеls sееm dеsignеd for painting' in truth thеy аrе siпrply produсеd as thе
rеsult of othеr nееds. Hеnсе, onе shсlr-rld not аlways look for adaptation and
pеrhaps natural sеlесtiсln is ovеrratеd.

4 1
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Figurе 31. Thе Irish еlk. Aсtually, this now-ехtinсt Ьеast, found in thе Ьogs of
Ireland, is not a truе еlk. lt is rеmarkaЬlе for its antlеrs. Thеy arе so largе it is
hard to imaginе that thеy сould еvеr havе Ьееn of adaptivе аdvantagе. A popu.
lar hypothеsis today is that thеy grеW through sехual sеlесtion' thе еlks with
Ьiggеr horns dеfеating thеir rivаls and gеtting thе fеmalеs. It is suggеstеd that
thе еlks Ьесаmе fеrtilе Ьеforе thеy stoppеd growing and pеrhaps аn immаturе
еlk would pass on his gеnеs, еvеn though latеr in l ifе hе and his offspring would
Ье at a disadvantаgе. An еxplanation likе this shows how сarеful onе should Ье
in tаlking aЬout adaptation аnd its aЬsеnсе. In onе sеnsе, thе аntlеrs arе
аdaptivе, but not nесеssarily for survival and pеrhaps not for muсh of thе
animal's l ifе.

samе way. ..Thе homologiеs of proсеss within morphogеnеtiс fiеlds providе
somе of thе Ьеst еvidеnсе for еvolution-just as skеlеtal and organ homolo-
giеs did еarliеr. Thus, thе еvidеnсе for еvolutiсln is Ьеttеr than еvеr. Thе rolе
of natural sеlесtion in еvolution' howеvеr, is sееn to play lеss an important
rolе. It is mеrеly a filtеr for unsuссеssful morphologiеs gеnеratеd Ьy dеvеlop.
mеnt. Population gеnеtiсs is dеstinеd to сhangе if it is not to Ьесomе as irrеl-
еvant to еvolution as Nеwtonian mесhaniсs is to сontеmDorarv ohvsiсs' '

Figuге 32. Thе elephant's
nosе сamе aЬout Ьесausе ,
that many storiеs aЬout a<

(Gi lbеrt  et  a| .  1996, З68,
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firmеd.
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wаys, point foг point i
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Figurе 32. Thе еlеpЬant's nosе. In his stсlriеs, Kipling сlaimеd thаt thе еlеphаnt's
nosе сamе aЬout Ьесausе а сroссldilе graЬЬеd it and pullеd. Gould suggеstеd
that many storiеs aЬout adaptivе advantagе havе аЬout аs muсh plausiЬil ity.

(GilЬеrt et a|. |996,368). No douЬt postеrity wil l tеll us whеthеr sеntimеnts
likе thеsе arе wisе and prеsсiеnt or mеrеly thе unjustifiеd еffluvia of еnthusi-

asts for a nеw disсiplinе thаt is trying to еstaЬlish itsеlf as important. Еithеr

way' thе vigor and ехсitеmеnt of сontеmporaгy еvolutionаry thеory arе сon-
fiгmеd.

Doеs this thеn mеan that thе nonsсiеntifiс' morе idеologiсal sidе to еvolu-
tionary thinking has now vanishеd? Doеs еvolution nо longеr funсtion for
many pеoplе as a kind сlf sесular rеligion? Not at all. on thе сlnе hand, hugе
numЬеrs of artiсlеs and Ьoсlks (not to mеntion radio and tеlеvision pro-
grams) show or justify idеologiсal impliсations аsсriЬеd to or drawn from

еvolution. Еdward o. 
.Wilson 

is а paradigm, for hе has pourеd out a strеam
of Ьooks dеsignеd to show that еvolution is progrеssivе аnd that from this
flows not just mоral ехhortations-for 

.Wilson' 
thе prеsеrvation of thе rаin

forеsts-Ьut аn altеrnativе viеw of сrеation to that of trаditiona1 rеligion:

But makе no mistakе aЬout thе power of sсiеntifiс matеrialism. It prеs-

еnts thе human mind with an altеrnativе mythology that until now has al-
ways, point for point in zonеs of сonfliсt, dеfеatеd traditionаl rеligion. Its
narrativе form is thе еpiс: thе еvolution of thе univеrsе from thе Ьig Ьang
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сlf fiftееn Ьil l ion \Iеаrs ago thrсlugh thе origin of thе еlеrrrеnts and сеlеs-
tial Ьodiеs to thе Ьеgir.rnings of l ifе on еartlr. Thе еv<llutionar1' еpiс is
mythology in thе sеnsе that thе laws it adduсеs hеге and now arе Ье-
liеvеd Ьut сan nеvеr Ье dеfinitivеIv provеd to form a сausе-and-еffесt
с()l lt inuuпl fronr physiсs to thе sсlсial sсiеrrсеs, froпl this world to all
othеr wоrlds in thе visiЬlе univеrsе, and Ьaсkward through timе to thе
Ьеginning of thе univеrsе. Еvеry part of ехistеnсе is сonsidеrеd to Ье
сlЬеdiеr-rt ttl plrysiсаl larvs геquiring no ехtеrnаI сontrol. Thе sсiеrrtist's
dеr,сltion tсl parsimony in ехplarrаtion еxсludеs thе divinе spirit and
othс.r ехtranе()Lls agеnts' Most importantly, wе havе сomе to thе сruсial
stagе in thе Ьistory of Ьiolсlgy whеn rеligiсln itsеlf is suЬjесt tсl thе е.хpla-
nаrtions of tlrе natural sсiеnсеs. As I havе triеd to show' sсlсioЬiology сan
aссount for tlrе vеry сlrigin of mythology Ьy thе prinсiplе of natural sе-
lесtiсln aсting on thе gеl-lеtiсally еvolving mаtеrial struсturе of tl-rе hu-
rrrаn brаin.

If this intеrprеtation is сorrесt, thе final с]есisivе еdgе еnjoyеd Ьy sсi-
еntifiс naturalism will ссlmе from its сapaсitу to ехplаin traditior-ral rеli-
gion, its сhiеf сornpеtition, as a wholly mаtеriаl pЬеn<rnrеnon. Thеolоgy
is nсlt l ikеly to survivе irs аn indеpеndеnt irrtеllесtual disсiplinе. (Wilson
1979 ,  r92 )

Alrothеr sсiеrrtist muсh givеn to rhis kind of spесulatioп-altlrough hе dis-
l ikеd trаditionirl notiot-ts сlf progrеss and wantеd to suЬstitutе his own idеas
aЬout thе rаndonrnеss сlf сlrangе-was StеpЬеrr Jay Gould, partiсulaгly in his
popLrlаr еssays' ..Тhis Viеr,v <lf Lifе,' ' puЬlishеd n-rtlnthlt, in |'trаtиrаl Нistсlr.l,.
Vеry гarеly did Gould fаil to draw sсlmе kind ot moral mеssagе frсlrrr his writ-
ings, 'uvhеthеr aЬout thе raсism еndеmiс in our sсlсiеty or thе nееd for сonsеr.
vаtiorr. Not that Gould gаvе traditit ln;rl rеligiсln muсh moге sсopе than did
Wilsсln. Any idеas aЬout сlur Ьеing thе fаvorеd сhiidrеr-r of Gсld, tlrаt wе hu-
rnans might Ье thе rеason for thе сгеati()n' arе simply huЬris. ..Sinсе di-
nosaurs Wеrе n()t nroving toward markеdly largеr Ьrains, and sinсе suсh a
prospесt may iiе оutsiсlе tl-rе сapaЬil it iеs of rеptil iaп dеsign . . ' wе lnust as-
sLlmе that сonsсiousnеss r,vould not lravе еvolvеd On our prlanеt if a сosmiс са-
tastrtl;lhе had rr<lt сl irimеd thе dinсlsaurs as r,iсtirns. In an еntirеly l itеral
sеnsе' Wе oWе otlr ехistеnсе' аs largе аnd rеаsrэning manlп-ti l ls, tсl orrr luсkу
stars' ' (Gould l989, З1ti). Hеrе Goш[d antiсip1ltеd thе so-сallеd nеrv athеists'
l ikе his grеat British сountеrpaгt in thе rеаlm tlf popular sсiеnсе writing'
Riсhaгс] Dawkins. In the T|la God Dеlusiсlп (20О6\ Dawkirls i1rЕ]uеs tlrаt Сhris-
tiarrity and otlrеr rеligiсlrrs arе thе пr:ljсlr sourсеs tlf hur-тrаrrkind's ills, and tlrirt
wе nееd :r sесular philosophy as a suЬstitutе-a sесulaг philosophy informеd
Ьy Dirrwiniirn thinkir.rg, whiсh itsеlf mаkеs appс.аls to traditional rеliцiorls not
mеrеly tlt iosе Ьut aЬsolr-rtеly fаlsе. Philоs<lphег Daniеl Dеnlrеtt's Dапt'itz's Dаn-

8еrorrs ldеа (7995) is аrrtlthеr ехеmplаr of this kind of l itеraturе.
Hеirding thе tlthеr Way arе thе n.rany сritiсs сlf еvolutionary thinking. In

Amеriса tсldaу, stlгvеy aftег sшrvеy сonfirms thilt most Arrrеriсans drl not Ье-
liеvе in еvolutiсln. Indеес]' thе grеat rnajсlrity lrеliеvе thаt thе еartlr is lеss than

10,000 yеaгs old and that i
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10,000 yеars old and that all organisms wеrе сгеatеd in а Ьurst of divinе еn.
еrgy in just siх dirys, followеd somе timе latеr Ьy thеir dеstruсtion in a цni-
vеrsal flood, savе only for thosе luсky pairs that floatеd away in Noah's ark
(Rusе 2005; NumЬеrs 2006|. Amегiсan еvangеliсal Сhristianity is not our
story hеrе, Ьut thе сonstant attасks on modегn Darwinism show сlеarly that
еnthusiasts for this kirrd of rеligion do not rеgard еvolution as just а sсiеntifiс
thеory Ьut as somеthing пlorе' a mаtеrialistiс, sесular altеrnаtivе to thе tradi-
tional Ьеliеf systеll ls that сarriеs lvithirr it opposition to аll dесеnt and long-
hеld moral norms. [n thе words of thе lеаding ..сrеation sсiеntist, ' ' thе latе
Hеnry М. Morris: ..It is rathеr oЬvious that thе modеrn opposition to сapital
punishmеnt for murdеr аnd thе gеnеral tеndеnсy towаrd lеniеnсy in punish-
mеnt for othеr sеrious сrimеs аrе dirесtly rеlatеd to thе strong еmphasis on
еvolutionary dеtеrminism that has сhaгaсtеrizеd muсh of this сеntury'' (Mor-

ris 1989, 148). Apparеntlv' thе ..notorious Dirrwinian philosopЬег Miсhaеl
Rusе'' ' a wеll-krrown ..athеistiс hltпratrist' ' '  has madе а rnirjor сontгibution to
thе moral rot. МOrе rесеntly' thе rz.rtlrеr сгudе litеrаlism of сrеation sсiеnсе
has morphеd into thе morе sophistiсatеd anti-Dаrwinism ot so-сallеd Intеll i-
gеnt Dеsign Thеory' whiсh sееs aspесts of oгganiс l ifе as so сomplех as to ге-
quirе spесial сrеativе intеrvеntions Ьy thе Dеsignеr. But still thе dеЬatе today
is morе than just a сonfliсt of sсiеnсе vеГsl' ls rеligion and onе Ьеtwееn сom-
pеting idеolсlgiеs. Tlrе foundеr of thе lntеll igеnt Dеsign movеlnеnt' formеr
Bеrkеlеy lzrw protЪssсlr Phii l ip Jсlhrrsorr, is ехpliсit ir-r sееing еvolutiоn irr thе
oldtеrms: ..Thе Сhristian philosophy that Was ovегthrown in thе 1960s was
an еasy targеt Ьесausе it had Ьесomе idеntifiеd with Amеriсan сulturе аnd
with worldly idеas l ikе human pеrfесtiЬil ity and thе inеvitaЬil ity of progrеss,
whiсh arе aсtually profoundly un-Сhristian'' (Johnson 1997,106), Unsurpris-
ingly, this humanistiс mеtaphysiсs is l inkеd to moral fail ings-pornography'
gay marriаgе, aЬoгtiol-l ' аnd likе transgгеssions suсh as soсialisrl.

Сonсlusion

Thе history of еvolutionary thеory falls into thrее stagеs. From aЬout 1700
until 1859, it was l ittlе morе than a psеudosсiеnсе riding on thе Ьaсk of thе
idеology of progrеss, thе notion that humirns сan makе сЬangе for thе Ьеttеr.
Itrvas opposеd to tгаditional rеligion not so r-nuсh Ьесausе it wеnt against thе
litеral truth of rhе BiЬlе Ьut Ьесаr-rsе it lеft no plaсе for Prсrvidеnсе, thе Ьеliеf
that сhangе сoп-lеs only through Goсl's undеsеrvеd graсе. Сharlеs Darwin's
Оп thе origiп <lf Speсiеs сhangеd аll tlris. Darwin еstаЬlishеd thе rеasonablе
truth of еvolution onсе аnd for all. HoWеvеr, his mесhanism of natural sеlес-
tion was ignorеd or downplayеd, and thе lеading еvolutionists who followеd
Darwin, notaЬly Thomas Hеnry Huxlеy, Wеrе muсh morе intеrеstеd in using
еvolutionary idеаs :rs a kind of popular sсiеnсе, almost a sесulаr rеIigion' as
an altеrnаtivе idеol<lgy to thе Сlrristiаn rеligiсln thеy saw [rloсking thеir wаy
to soсial rеform. Thе third stagе stаrtеd aroшnd 1930 witlr thе inсorporation
of Mеndеlian €]еnеtiсs. Now thеrе was thе possiЬil ity of Ьuilding a nеW
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pгotЪssional sсiеnсе oi еvolutior.rary сlrangе. This oссurrеd, arrd it is this thе-

Ory that f lourishеs today. Yеt еvсl lr-rt iorr isrs should nеvеr fсlrgеt thе past and

its influепсе On thе prеsеnt. Alorrg witlr thе sсiеnсе thеrе is still an ongсling

dеbatе about idеolog1. аnd thе ехtеnt to lvhiсh еvсrltrt ion in somе wаY рro-
vidеs a sесulаr altеrnatir,е to oldеr' Ovеrtly rеl igiorrs ways Of viеwing thе

world and humankind's status within it.
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Thе origin of Lifе
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Gеnеrations of sсiеntists mаy ).еt havе to сomе and go Ьеforе thе quеs-
гion of thе origin of l i fе is f inаl11' sсl lvеd. That it lvi l l  Ье solvеd еvеrttu-
al ly is аs сегtаin аs аnything сan еvеr Ье amid thе unсеrtaintiеs that
suгround us.

Еari AlЬеrt Nеlson, TЬеrе Is Lifе oп Маrs (1956\

How, whеrе, and whеn did l ifе appеar on еarth? Although Сharlеs Darwin
was rеluсtant to addrеss thеsе issuеs in his Ьooks, in a lеttеr sеnt on FеЬruary
7, 1877, to his friеnd Josеph Dalton Нookеr, hе wrotе in а now_famous
paragraph that ..it is oftеn said that аll thе сonditions for thе first pгoduсtion
of a l ivirrg bеing arе now prеsеnt, whiсh сould еvеr havе Ьееn prеsеnt. But if
(аnd oh what a big if) rvе сould сonсеivе in somе warm littlе pond with аll
sorts of ammonia and phosphoriс salts, -l ight, hеat, еlесtriсity prеsеnt' that
a protеin сompound was сhеmiсirl ly fornrеd, rеady to undеrgo sti l l morе
сomplеx сhangеs, at thе pгеsеnt suсh mattеr would Ье instantly dеvourеd' оr
absorЬеd, whiсh wоuld not havе Ьееn thе сasе Ьеforе living сrеaturеs wеrе
formеd'' (Darwirr 1887, ' i, 18). (Thе lеttеr is in thе Darwin Сollесtion in
Сambridgе. It is rеfеrеnсеd as Lеttеr 747 | in Burkhаrt and Smith l994 and is
rеproduсеd in Сalvin 7969,4_5.)

DагwirrЪ lеttеr not onlv summаrizеs in a nutshеll his idеas on thе еmеrgеnсе
of lifе but also providеs сonsidеraЬlе insights on thе viеws aЬout thе molесular
naturе of thе basiс biologiсal proсеssеs that wеrе prеvalеnt at thе timе ln mаny
sсiеntifiс сirсlеs. Although Friеdriсh Мiеsсhеr had disсovеrеd nuсlеiс aсids (hе
сallеd thеm nuсlеin) tn 1869 (Dahm 2005)' thе dесiphегing of thеir сеntral rolе
in gеnеtiс proсеssеs would rеmаin unknown for morе than 80 yеars. In сon.
trast' thе rolеs playеd Ьy protеirrs in mаnifold Ьiologiсal pгoсеSsеs had Ьееn
firmly rесognizеd. Еqually signifiсant, by tlrе timе Darwin wrotе his lешеr, ma-
jor advanсеs had beеn madе in thе undеrstanding of thе matеrial Ьasis of l ifе,
whiсh tЪr a long timе had bееn сonsidеrеd fundaпrеntally diffеrеnt from inoг-
ganiс сompounds. Thе ехpеrimеnts of Friеdriсh 

.!76hlеr, 
Adolph Streсkеr, and

Alеksаndr Butlеrov, who hаd dеmorrstrаtеd irrdеpеrrdеntly гhе fеаsiЬility of the
laboratory synthеsis of urеa, alаninе, and sugars, rеspесtivеly' from simplе
starting matеrials, Wеrе rесognizеd as a dеmonstration that thе сhеmiсal gap
sеpаIating organisms fronr thе nonliving was not insurпrtlr.rntaЬiе.
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But how had this gap first Ьееn Ьridgеd? Thе idеa that l ifе Was an emеr-

gеnt fеaturе of naturе has Ьееn widesprеad sinсе thе ninеtееnth сеntury. Thе

major Ьrеakthroughs that transformеd thе origin of l ifе from purе spесula.

tion into workaЬlе and tеstablе rеsеarсh modеls wеrе proposals that wеrе

suggеstеd indеpеndеntly in thе 1920s Ьy Alеksandr I. oparin and J. B. S.

Haldanе, as wеll aS othеrs (sее Bada and Lazсano 200З). Thеy hypothеsizеd

that thе first lifе forms wеrе thе outсomе of a slow, multistеp proсеss that

Ьеgan with thе aЬiotiс synthеsis of organiс сompounds and thе formation of

a ..primordial soup.' ' Hеrе thеir proposals divеrgеd. Whilе Haldanе arguеd

that virusеs rеprеsеntеd a primordial stagе that had appеагеd prior to сеlis'

opаrin arguеd that сolloidal, gеl.l ikе systеms had formеd from thе soup,

lеading to anaеroЬiс hеtеrotrophs that сould takе up surrounding organiс

сompounds and usе thеm dirесtly for growth and rеproduсtion. Although

thе dеtails of thеsе idеas havе Ьееn supеrsеdеd' thе oparin-Haldanе hy-

pothеsis of сhеmiсal еvolution providеd a сonсеptual framеwork for thе

еxpеrimеntal dеvеlopmеnt of thе study of thе оrigin of l ifе. LaЬoratory

еxpеrimеnts havе shown how еasy it is to produсе a variеty of organiс сom-

pounds, inсluding Ьioсhеmiсally important monomеrs' undеr plausiblе сos-

miс and gеoсhеmiсal сonditions. Thе roЬust naturе of thеsе rеaсtions has

Ьееn dеmonstratеd Ьy thе finding that organiс сompounds arе uЬiquitous in

thе univеrsе, as shown by thеir prеsеnсе in сarbon.riсh mеtеoritеs' сomеtary

spесtra' and intеrstеllar сloцds whеrе star and planеtary formation is taking

plaсе.

A Timеsсalе for thе Еmеrgеnсе of Lifе

Although traditionally it had Ьееn assumеd that thе origin and еarly еvolu.

tion of l ifе involvеd sеvеral Ьil l ion yеars (Lazсano and Millеr 1994), suсh

viеws arе no longеr tеnaЬlе. It is truе that it is not pоssiЬlе to assign a prе-

сisе сhronology to thе appеаranсе of l ifе, Ьut in thе past fеw yеars еstimatеS

of thе timе within whiсh this must havе oссurrеd havе Ьееn сonsidеraЬly rе-

duсеd. Dеtеrmination of thе Ьiologiсal origin of what havе Ьееn сonsidеrеd

thе еarliеst traсеs of l ifе is now a rathеr сontеntious issuе (van Zuilеn еt al.

2o0z). This is not surprising. Thе gеologiсal rесord of thе еarly Arсhеan is

sparsе' and thеrе arе vеry fеw roсks that arе morе than 3.5 Ьil l ion yеars old.

Thе roсks with agеs grеatеr than 3.5 Ьil l ion yеars that arе prеsеrvеd havе

bееn еxtеnsivеly altеrеd Ьy mеtamorphiс proсеssеs (van Zg||en et a|.2002|,

and thus any dirесt еvidеnсе of anсiеnt l ifе has apparеntly Ьееn largеly

oЬlitеratеd.
Although the Ьiologiсal naturе of thе miсrostruсrurеs prеsеnt in thе 3.5

Ьillion.yеar-old Apех сhеrts of thе Australian !Иarrawoona formation

(Sсhopf 1993) has Ьееn disputеd (Brаsiеr еt a|. 2002; Garсia-Ruiz еt al.

2003), thеrе is еvidеnсе that l ifе еmеrgеd on еarth vеry еarly in its histоry.

Thе proposеd timing of thе onsеt of miсrobial mеthanogеnеsis, Ьasеd on thе

low 1зС valuеs in mеthanе inсlusions, has Ьееn found in hydrothеrmally

prесipitаtеd quartz in thе
(Uеno еt a|' 2006), аlthou
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prесipitatеd qtlartz in thе З..S Ьil l ion-yеar-old Drеssеr Formation in Australia
(Uеno еt al. 2006), although tlris finding has i.rlstl Ьееn сhallеngеd (Lollar and
МсСollom 2006). Howеvеr, sulfur isotopе invеstigations of thе samе sitе in-
diсatе Ьiologiсal sulfatе-rеduсing асtivity (Shеn еt al.2001), and analysеs of
3'4 Ьil l ion-yеar_old South Afriсan сhеrts suggеst that thеy forrnеd ln a ma-
rinе еnvironmеnt inЬaЬitеd Ьv anaеroЬiс photosynthеtiс pгokaгyotеs (Tiсе
and Lowе 2004). Thеsе rеsults' сomЬinеd with rеports on З.43 Ьil l ion-yеаr-
old stromatolitеs from .JИеstеrn Australia (Allwood et a|.2007), support thе
idea that thе еarl,v Arсhеan еarth Was tееming rvith prokaryotеs' and that tlrе
origin of l ifе mr"rst hаrvе takеn plaсе as soon as tlrе сonditions wеrе suitaЬlе to
pеrmit thе survivаl of thеsе tvpеs of organisnrs.

Тhе еarly Arсhеan fossil rесord spеaks for thе rеlativеly short timеsсalе rе-
quirеd for thе origin and еarly еvolution of l ifе on еarth and suggеsts that thе
сritiсal faсtor maу havе Ьееrr tЬе Prеsеnсе of l iquid watеr' whiсh Ьесamе pos-
siblе аs soon as tlrе planеt's surfасе finаlly сoolеd Ьеlorv thе Ьoil ing point of
wаtеr. Unfortr-rnatеiy, thеrе is no gеologiсal еvidеnсе of thе еnvironmеntal
сonditions on thе еarly еarth at thе timе of tlrе origin of l ifе, nor arе any mo-
lесuiar or physiсal rеmnants pГеsеrvеd that providе infornration aЬout thе
еvolutionary proсеssеs that prесеdеd thе appеaranсе of thе fiгst сеllular or-
ganisms found in thе еarly fossil reссlrd. Dirесt inforпratiorr is gеnеrally lасk_
ing not only on thе сomposition of thе tеrrеstrial atmosphеrе during thе
pеriod of thе origin оf lifе Ьut also on thе tеrnperaturе' oсеan pH, and othеr
gеnеral and loсаl еnvironmеntal сonditions that may or may not havе Ьееn
impoгtant for thе еmеrgеnсе of l iving systеms'

Thе Primitivе Еarth Еnvironmеnt

СonsidеraЬlе progrеss hаs Ьeеn lrradе in our undеrstanding of еnvironmеntаl
сonditions of thе еarly еarth аnd how tlrе transition frorn аЬiotiс to Ьiotiс
сhеmistry may havе oссurrеd (for ехаmplе. sее Bada 2004). Nеvеrthеlеss,
thеrе arе sti l l еnormous gaps in our dеsсription of how thе simplе Orgаnrс
сompounds assoсiatеd with l ifе аs wе know it геaсtеd to gеnегatе thе first l iv-
iпg еntitiеs and how tlrеsе in trrrn еvolvеd into orgаnisms thаt lеft Ьеhind aс-
tuаl еvidеnсе of thеir ехistеnсе in thе roсk rесоrd. Тo еvaluatе how lifе may
havе Ьеgun on еarth' Wе must aссеss what thе planеt was likе during its еaгly
history and undеr what сonditions thе proсеssеs thought to bе involvеd in
thе origin of l ifе took plaсе. Lifе as wе know it dеpеnds on thе prеsеnсе of
[iquid watеr and oгganiс polr,mеrs suсh as rruсlеiс aсids аnd proteins. Thе
аvаilaЬlе еvidеnсе suggеsts tl-rat during arr еarly stagе, Ьiologiсal systems
laсked protеins and dеpеndеd largеly on сatalytiс and rеpliсativе polyriЬonu-
сleotidеs' Ьut watеr was likel1. еssеntial fronr thе vеry Ьеginning, as it pro-
vidеs thе mеdium for сhеmiсal rеaсtions tсl tirkе plaсе' Withоut thеsе Ьasiс
сomponеntsJ i1s far as wе know, l ifе is irrrpossiblе.

It is unlikеly that watеr mаdе its first appеaranсе on еartlr as a l iquid. Dur-
ing thе Hadеan pеriod thе volati lе сomponеnts that wеrе trappеd insidе thе
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aссrеting planеt wеrе rеlеasеd (dеgassеd) from thе intеrior of thе juvеnilе

еarth to form a sесondary atmсlsphеrе. Any primary atmosphеrе (if onе ех-
istеd at all) must havе Ьееn lost' as еvidеnсеd Ьy thе dеplеtion of rarе gasеs in
thе еarth's atmosphеге сomparеd with сosrniс aЬundanсеs (Kasting 1'99ЗьI.
As a сonsеquеnсе of thе nеarly simultanеous formation of thе еarth's сorе
with aссrеtion, thе mеtall iс iron was rеmovеd from thе uppеr mantlе, whiсh
would havе allowеd thе volсaniс gasеs to rеmain rеlativеly rеduсеd аnd pro-
duсе a vеry еarly atmosphеrе thаt сontainеd spесiеs suсh as СHo, NH-., and
H,. Sinсе thе tеmpеraturе at thе surfaсе was high еnough to prеvеnt any Wa-
tеr from сondеnsing, thе atmosphеrе would havе сonsistеd mainly of supеr-
hеatеd stеam along with thеsе othеr gasеs (Kasting 1993a|' Еvеn though thе
sесondary atmosphеrе may havе Ьееn lost sеvеrаl timеs during largе-impaсt
еvеnts, еspесially thе onе that formеd thе moon, it would havе Ьееn rеgеnеr-
atеd Ьy furthеr outgassing from thе intеrior, as wеll as Ьеing rеsuppliеd from
latеr impaсtors.

It is gеnеrally aссеptеd that thе impасtors during thе lаtеr stagеs of thе aс-
сrеtion proсеss originatеd from outsidе thе solar systеm and wоuld hаvе Ьееn
similar in сomposition to сomеts. As suggеstеd in 1961 Ьy thе lаtе Spanish
сhеmist Joan (John) 016' сomеtаry volati lе сompounds, whiсh appеar to Ье
thе most pristinе matеrials that survivе from thе formation of thе solar sys-
tеm' may havе suppliеd a suЬstantial fraсtion of thе volati lеs on thе tеrrеs-
trial planеts, pеrhaps inсluding organiс сompounds that may havе playеd a
rolе in thе origin of l ifе on еarth (016 7961).It has Ьееn suggеstеd that thе
watеr on thе еarth was providеd еntirеly from this sourсе. Howеvеr, rесеnt
mеasrrrеmеnts of thе dеutеrium сontеnt of watеr in сomеts Hallеy, Hyaku-
takе, and Halе-Bopp indiсatе that сomеts dеlivеrеd only a fraсtion of it,
whilе thе largest fraсtion Was trappеd during thе еarliеr aссrеtionary phasе
and rеlеasеd via dеgassing (RoЬеrt 200] ).

It is rеasonaЬlе to assumе that thе atmosphеrе that dеvеlopеd on thе
еarth ovеr thе pеriod 4.4 t'o З.8 Ьil l ion yеars ago (pеrhaps sеvеral timеs if it
was еrodеd Ьy largе-impaсt еvеnts) was Ьаsiсally a miх of volati lеs dеliv-
еrеd Ьy volati lе-riсh impaсtors suсh as сomеts аnd оutgassing from thе in-
tеrior of an alrеady-diffеrеntiatеd planеt. This atmosphеrе was probaЬly
dominatеd Ьy watеr stеam until thе surfaсе tеmpеraturеs droppеd to -100"С

(dеpеnding on thе prеssurе), at whiсh point watеr сondеnsеd to form еarly
oсеans (Wi ldе еt  a l .2001).  Thе rеduсеd spес iеs,  whiсh wеrе main ly sup-
pliеd Ьy volсaniс outgassing, arе vеry sеnsitivе to ultraviolеt (UV) radiation
that pеnеtratеd thе atmosphеrе Ьесausе of thе laсk of a protесtivе Ozonе
layеr. Thеsе molесulеs wеrе probaЬly dеstroyеd Ьy photodissoсiation, al.
though thеrе might havе Ьееn a stеady-statе еquil iЬrium Ьеtwееn thеsе two
proсеssеs that allowеd a signifiсant amount of thеsе rеduсеd spесiеs (еspе-
сially H,) to Ье prеsеnt in thе atmоsphеrе (for ехamplе, sее Tian еt al.
2005). Еvеntually, as H, еsсapеd from thе еarth into spасе, rеduсеd spесiеs
in thе atmosphеrе would havе Ьееn dеplеtеd. Thus, in gеnеral thе ovеrall
сonsеnsus at prеsеnt is that the еarly atmosphеrе was dominatеd Ьy oxi-
dizеd molесulеs suсh as Сo,, СO' and N,. A similar atmosphеrе is prеsеnt
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on Vеnus todау,  a l thorrgh i t  i s  rтuсh morе dеnsе than thе atmosphеге t t f  thе
еаrlv еartlr.

Тhе сlimatе ()l1 thе еarly еartlr аt this stаgе dе;lеndеd mainly otr two fас-
tors: thе luminosity of thе sun аnd thе radiativе propеrtiеs of tlrе atlтos-
phеrе. Standard tl. lеorеtiсal solar-еvolution modеls prеdiсt that thе sun W:1s
aЬout 30% lеss luminous thаn toс. l i r r ,  (Gi l l i land 1989).  I f  thе etmosphеrе of
thе еагly еarth WеГе tЬе samе as it is l l()w' thе еntiге stlrfaсе of thе 1rlаnеt
would havе Ьееn fгozеn. Hoш,еvег, аs disсr.rssеd еxtеnsivеly Ьr. Kаstirrg

\|993a, 1993Ь),  а СO,-r iсh atпrosphеrе may hаvе Ьееn prеsеnt r l r rought lut
thе Нadеan and Еarly Arсhеan pеriods, rеsulting in a signifiсant grееn-
housе еffесt thаt would havе pгеvеntеd thе oсеаns on thе еarly еarth from
fгееz ing.  Thе Ьаs iс  argumеnt is  t l rat  dur ing th is  pег iod of  еar ly еaгth h is-
tory' thеrе ц,еrе prсlbаЬly no rrrаjсlr сontinеnts, аrrd thtls tlrеrе rr,аs no ех-
tеnsivе sil iсatе wеathеring. Bесar.tsе this proсеss is nowаdays tI-rе [ong-tеrnr
loss proсеss for СO, rеm<lval and storagе, thе сonсlusion is thаt Сo, would
havе Ьееn primarily сontainеd in thе atmosphеrе and thе oсеan' With thе
assumption tlf a solar luminosity of -70.Ь of thс. prеsеnt valuе, i l stеady-
statе atmospЬеrе соnta in ing -10 Ьаrs of  Сo '  сotr ld l rаr ,е Ьееn rеqrt i геd in
ordеr to mаirltаin а mеan surfасе tеmpеratllrе grеatеr thar-r tlrе fгееzing
point of watеr.

In summary, thе сurrеrrt modеls for thе еariy tеrrеstrial atmosphеrе suЕ]-
gеst that it сonsistеd of a wеaklу rеduсing miхturе of Сo2, N,, СO, and
H'o, with lеssеr :rnrounts сlf H,, So', and H,S. Rес1tlсеd gasеs sr'rсh as СНo
аnd NH.. аrе с<lnsidеrеd to lr:rvе Ьееn nеarIy:lЬsегtt or prеsеnt <lrrlv ir-r loсаl-
izеd rеgions nе:rr vоlсanoеs or lrvdroгhеrmаl vеrrts.

During suсh еаrly timеs whеn volсaniс islands may havе Ьееn prеvalеnt,
and largе сontinеnts hаd not yеt formеd (ZaЬn|e еt al. 2007). Rесеnt ссlnsid-
еrations ofthе еarl1,сarЬon сyсlе suggеst thаt Ьеforе ехtеnsivе tесtoll iс rесy-
сIing of сrustal sеdinlеnts Ьесаmе сol1llтon' mrlst trf tlrе саrЬon ()n thе еilгth's
surfaсе would lri lvе геmainеd Ьtrriеd in thе сrtrst аnd mantlе as сil lсium сar-
Ьonatе (Slееp аnd Zahnlе 2001). Тhеrе is thus tlrе possiЬil ity tlrаt thе СO,
сonсеntrations irr thе еarly atmosphеrе wеrе not high еrrough to prеvеnt thе
formation of а gloЬal iсе-сovеrеd oсеan (Bаda еt :rl. 1994). If this wеrе in-
dееd thе сasе) thе thiсknеss of thе gloЬal iсе shееt has Ьееn еstimаtеd to Ье on
thе ordеr of .]00 m, whiсh rvоr"rld havе Ьееn thirr еnough to аllorv r.r-rеiting Ь1'
аn impaсtor сlf -100 krт in diirrrrеtеr. Thе frеquеr-rсy of impaсts of suсh iсе-
mеlting Ьolidеs has Ьееn еstimаtеd to Ье onе еvеnt еvеry 105*10. yеars bе-
twееn aЬout 3.6 and 4.5 Ьil l ion vеars ago' suggеsting pеriodiс thаw-frееzе
сyсlеs assoсiаtеd rvith thе iсе-mеlting impaсts. Thе pгесursor сompotrnds im-
portеd Ьv the inr;laсtor or svntlrеsizеd during thе irrrpaсt' suсh as НсN'
would havе Ьееrr wаshеd into thе oсеan during thе thaw pеrioсls, rvhiсh h:rvе
Ьееn tеrmеd ..Irrrpaсt Summеrs'' (Zahnlе еt al. 2007). ln additiorr, (jF{", NH1,
H,, and Сo dеrivеd from hydrothеrmal vеnts would hаvе Ьееn storеd in thе
unfrozеn oсеаn Ье|ow thе iсе layеr, whiсh would lrirvе protесtеd thеsе gasеs
from UV rаdiаtion. Aftеr а largе irr-rpaсt thе trap;lеd gasеs would Ьаvе Ьееn
ехpеllеd irrto thе atmosphеrе' wlrеrе thеy сor.rlс] lrаvе pеrsistеd f<lr stltте гimе

t.l
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Ьеforе thеy wеrе dеstroyеd Ьy photoсhеmiсal rеaсtions. During thеsе
еpisodеs highly rеduсing сonditions may havе prеvailеd.

organiс Сompounds on thе Primitivе Еarth

Today organiс сompounds arе so pеrvasivе on thе еаrth's surfaсе that it is
hard to imaginе thе еarth dеvoid of organiс matеrial. Howеvеr, during thе
pеriod immеdiatеly aftеr thе еarth first fornrеd sсlmе 4.5 Ьil l ion yеars ago'
thеrе would havе Ьееn no orgаniс сompounds prеsеnt on its surfaсе bесausе
soon aftеr aссrеtion thе dесay of rаdioасtivе еlеmеnts hеatеd thе intеrior of
thе young еаrth to thе mеlting point of roсks (\Х/еthеril l 1990). Volсaniс
еruptions ехpеllеd moltеn roсk and hot sсorсhing gasеs out of thе juvеnilе

еarth's intеrior, сrеating a global infеrno. In addition, thе еarly еarth wаs also
bеing pеppеrеd Ьy mountain-sizеd planеtеsimals, thе dеЬris lеft ovеr aftеr thе
ассrеtion of thе planеts. Мassivе volсaniс сonvulsions, сouplеd with thе in-
tеnsе ЬomЬardmеnt from spaсе' gеnеratеd surfaсе tеmpеraturеs so hot that
thе еarth at this point сould vеry wеll havе had an ..Oсеаn'' of moltеn roсk
( i .е. '  a magma oсеan).

Although tеmpеraturеs would hаvе slowly dесrеasеd as thе infali of оЬjесts
from spaсе and thе irrtеnsity of volсaniс еruptions dесlinеd, еlеvatеd tеmpеr.
аturеs l ikеly pеrsistеd for pеrhaps 100 mill iсln yеars or longеr aftеr thе for.
mation of thе еarth. During this pеriod tеmpеraturеs would proЬaЬly havе
Ьееn too hot for organiс сompсlunds to survivе. !Иithout оrganiс сom-
pounds, l ifе as wе know it сould not havе ехistеd. Howеvеr, on thе Ьasis of
data from аnсiеnt zirсons, Ьy approхimate|у 4 Ьil l ion years ago (or pеrhaps
еvеn еarliеr) thе еarth's surfасе must havе сoolеd to thе point that l iquid
watеr сould ехist and gloЬal oсеans сould Ьеgin tсl form (!(zildе еt al. 2001).
It was during this pеriod that organiс сompounds would hаvе first startеd to
ассumulatе on thе еarth's surfaсе, as long as thеrе wеrе aЬiotiс proсеssеs Ьy
whiсh thеy сould synthеsizе аnd aссumulatе. !Иhat Was thе naturе of thеsе
proсеssеs?

Synthеsis of organiс сompounds on thе Primitivе Еarth?

Thе hypothеsis that thе first organisms Wеrе anaеroЬiс hеtеrotrophs is Ьasеd
on thе assumption that aЬiotiс organiс сompounds wеrе a nесеssary prе-
сursor for thе appеaranсе of l ifе. Thе laЬoratory synthеsis of organtс сom-
pounds from inorgаniс starting matеrial was first асhiеvеd in thе 1820s whеn
Friеdriсh \Wсlhlеr dеmonstratеd that urеa сould Ье formеd in high yiеld Ьy
thе rеaсtion of сyanogеn and liquid ammoniа and Ьy hеating ammonium
сyanatе. Although it was not immеdiatеly rесognizеd as suсh, a nеW еra ln
сhеmiсal rеsеarсh had Ьеgun. In 1850 Adolph Strесkеr aсhiеvеd thе lаЬora-
tory synthеsis of alаninе from a miхturе of aсеtaldеhydе, ammonia' and hy-
drogеn сyanidе. This was followеd in 1861 Ьy thе ехpеrimеnts of Alеksarrdr
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Butlеrov, who showеd that thе trеatmеnt of formaldеhydе with alkalinе сat-

alysts' suсh as саlсium hydroхidе, lеads to thе synthеsis of a variеty of sug-

ars. Thе laЬoratory synthеsis of Ьioсhеmiсal сompounds was soon еxtеndеd

to inсludе morе сomplех ехpеrimеntal sеttings, and Ьy thе еnd of thе ninе.

tееnth сеntury a largе amount of rеsеarсh on organiс synthеsis had Ьееn pеr-

formеd (Bada аnd Lazcano 2003).
Howеvеr, thеsе ninеtееnth-сеntury organiс synthеsеs wеrе not сonсеivеd

as laЬoratory simulations of thе ..warm littlе pond'' that Darwin mеntionеd

to Hookеr, Ьut rathеr as attеmpts to undеrstand thе autotrophiс mесhanisms

of nitrogеn assimilation and СO. fiхation in grееn plants (sее Bada andLaz-

сano 2002a). Thе first сonvinсing dеmonstration of thе possiblе synthеSis of

organiс сompounds undеr prеЬiotiс сonditions Was aссomplishеd in 1953 by

Stanlеy L. Mil lеr, who invеstigatеd thе aсtion of еlесtriс disсhargеs aсting for

a wееk on a mixtufе of СHa, NH,, LI2' and H,o; raсеmiс mixturеs of sеvеral

protеin amino aсids wеrе produсеd, as wеll as hydroхy aсids, urеa, and othеr

organiс molесulеs (Мi l lеr  1953'  1955).
Мillеr aсhiеvеd his rеsults Ьy mеans of an apparatus in whiсh hе сould

simulatе thе intеraсtion Ьеtwееn an atmosphеrе and an oсеan (sее Figurе 1).

As an еnеrgy sourсе Millег сhosе a spark disсhargе, сonsidеrеd to bе thе

sесond-largеst еnеrgy sourсе' in thе form of l ightning and сoronal disсhargеs,

\r-,0",
Flask

}сona"n,",

.r'
500-сс
Flask | 1 0 с m l

Figurе 1. Thе apparatus usеd in thе 1953 Мillеr еxpеrimеnt. Thе 500 сс flask
was usеd to rеprеsеnt thе сlсеans and thе 5-1itеr flask was usеd to гeprеsеnt thе
atmosphеrе. A spark disсhargе gеnеratеd aсross thе еlесtrodеs with a Tеsla сoil,
invеntеd Ьy Nikola Tеsla in 1891' was usеd to mimiс l ightning and сorona
disсhargеs in thе atmosphеrе.
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on thе еarly еarth aftеr UV rаdiation (Мillеr and Urеy 1959). Thе аpparatus
was fi l lеd with various miхturеs of mеthanе, ammonia, and hydrogеn, as
wеll as watеr' whiсh was thеn lrеаtеd during the ехpеrimеnt. A spаrk dis-
сhargе Ьеtwееп thе tungstеn еlесtrodеs, wlriсh simulatеd lightnirrg atld сo-
rona disсhargеs irr thе еarly atmosphеrе, was рrоduсеd using a high-frеquеnсy
Tеslа сoil with a voltagе of 60,000 V. T,hе rеaсtion timе wаs usually a wеek
or so, аnd thе nrахimum prеssurе was 1..5 Ьаrs. With this еxpеrimеntаl sеtup'
Мillеr was aЬlе to transfornr alпrost 50% oI thе originаl сarЬon (in thе form
of mеthanе) into organiс сompourrds. Although most of thе syrrtlrеsizеd or-
ganiс matеrial was an irrsoluЬlе tarlikе solid, hе was aЬlе to isolаtе amino
aсids and othеr simplе organiс сompounds from thе rеaсtion mixturе.
Glyсinе, thе simрlеst amino асid, was produсеd tn 2Y" yiеld (Ьasеd on thе
original amount of mеthanе сaгbon)' whеrеas alaninе' thе simplеst аmino
aсid with a сhiral сеntеr' showеd a yiеld of \"Ь. Мil lеr was aЬlе to dеmon-
stratе that thе alaninе that was produсеd Was a raсеtniс mixturе (еqual
amounts of D- аnd L-alаninе). This providеd сonvinсing еvidеnсе that thе
amino асids wеrе produсеd irr thе еxpеrimеnt and wеrе not Ьiologiсal сorr-
taminants somеhow introduсеd into the appаratus.

Thе othеr organiс ссlmpounds that Mil lеr was aЬlе tсl idеntify madе it pos-
siЬlе for him to proposе a possiЬlе rеaсtion pathway for thе amino aсids
(Мillеr 1957). Thе proposеd synthеtiс mесhanism wаs in faсt thе onе dе-
sсгibеd by Adolplr Strесkеr (18.50) whеn hе rеportеd thе synthеsis of alаninе.
Тhis invоlvеs thе rеaсtion of hydrogеn сyanidе' amtnonia, arrd сaгЬonyl сom-
pounds (aldеhydеs oг kеtonеs) to fornr amino nitri lеs' whiсh thеп undеrgo
hydrolysis to form thе amino aсids (sее Rеасtion 1). Dеpеnding on thе сon-
сеntration of аmmoniа in tЬе rеaсtion miкturе' vаr1.ing аmounts of hydroхy
aсids arе produсеd аs wеll. This is what Мillеr found, with lагgеr rеlativе
amounts of hydroхy асids Ьеing forпrеd in a rеaсtion tnixtuге сontаining lеss
amпronia.

It is important to notе that nеithеr purinеs nor pyrimidinеs, thе nuсlе-
oЬasеs that arе part of DNA and RNA, wеге lookеd foг iI-r thе miхturеs of
thе original Millеr_Urеy еxpеrinrеnt. Howеvеr' in ехpеriпrеnts сarriеd out
soon aftеr Мil lеr's ехpеriпrеnt Ьy oro and сoworkеrs' thе formation of adе-
ninе fronr ammonium сvanidе solutions wаs dеmonstratеd (016 1960; 016
and KimЬаll 1961). Latеr it was shown that thе abiotiс synthеsis оf purinеs
аnd othеr hеtеroсyсliс сompounds аlso tаkеs plaсе undеr thе samе сondi-
tions as in thе original Мil lеr-Uгеy ехpеriпrеnr, Ьut with muсh snrallеr yiеlds
tharr for thе amino aсids. In additiоn' it has bееrr fourrd that guaninе сan bе
produсеd in a dirесt ..onе-pot' ' synthеsis lrсlm thе polymеrization of аquеous
solr-rtions of amпronittm сyanidе (Yuаsa еt al' 1984).

AlthoLrgh thеsе rеsults аrе еxtrеnrеly еnсourаging, thе atrnosphеriс сompo-
sition that formеd thе Ьasis of thе Мillеr.Urе1' ехpеrimеnt is not сonsidеrеd
today to Ье plausiЬlе Ьy mаny rеsеаrсhеrs. It is gеnеrally аgrееd that frее
oхygеn was absеnt fгom thе primitivе еаrth, Ьut thеrе is no gеnеral agrее-
mеnt on thе сonrposition of thе primitivе аtmospЬеrе; opinions vаry from
Strongly rеduсing (СНo + N2, NI_l.r + H,o, or Сo, + F{2 + N,) to nеutral

H(
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O /'{

|I сy
-д\ 
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t + N H з\
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R, R'= H or CnH21*1 :- l
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hydrolytiс workup Ьy nitritе and nitratе produсеd in thе rеaсtions, as wеll as

Ьy thе inhiЬition of synthеsis сausеd Ьy thе low pH сonditions gеnеratеd dur.
ing thе ехpеrimеnt. Addition of сalсium сarЬonatе to thе systеm to Ьuffеr thе
systеm nеar nеutral pH, along with oхidation inhiЬitоrs suсh as asсorЬiс aсid

or Fе2n prior to hydrolysis, rеsults in thе rесovеry of sеvеral hundrеd timеs
morе amino aсids than rеportеd prеviously.

In thе rесеnt nеutral atmosphеrе ехpеrimеnts, thе amounts of frее сyanidе'

aldеhydеs, and ammonia arе low, suggеsting that thе intеrmеdiatеs may bе

Ьound as nitrilеs. Thе oЬsеrvеd amino aсids may havе formеd Ьy sеvеral mесh-

anisms, inсluding the Strесkеr synthеsis or thе rеlatеd Buсhеrеr-Bеrgs pathway.

Although thе amino aсids oЬsеrvеd and thеir rеlativе aЬundanсеs arе similar to

thosе found whеn oligomеrs formеd Ьy thе sеlf-сondеnsation of HСN in aquе-

ous solution arе hydrolyzеd (Fеrris еt a|. 1978|, thе aЬsеnсе of polymегiс ma-

tеrial in thе ехpеrimеnts аppеars to disсard this mесhanism. Ехpеrimеnts With

slightly rеduсing modеl atmosphеrеs (Sсhlеsingеr and Мillеr 1983) suggеst

thаt thе addition of traсеs of СHo and/or H. in nеutral atmosphеrе simulations
would likеly furthеr еnhanсе thе produсtion of amino aсids.

Bесausе of supposеd proЬlеms assoсiatеd with thе dirесt Mil lеr-Urеy typе

of synthеsеs on thе еarly еаrth, а diffеrеnt hypothеsis for thе aЬiotiс synthе.

sis of organiс сompounds has Ьееn proposеd. Тhis suggеstion rеsultеd from

thе disсovеry of dееp-oсеan hydrсlthеrmal vеnts. A group of rеsеarсhеrs havе

arguеd that thе rеmarkaЬlе propеrtiеs оf thе hydrothеrmal vеnt еnviron-
mеnts, partiсularly thеir protесtion from thе harsh сonditions сausеd by
largе-impaсt еvеnts' might havе playеd an impоrtant rolе in thе origin of l ifе.

Sinсе it is thought Ьy somе that thе last сommon аnсеstral oгganism of all еx-

tant l ifе on еагth was a thеrmophilе' sеvеral rеsеarсhеrs havе proposеd thе
hypothеsis that thе organiс сompounds nесеssary for thе origin of l ifе wеrе

aсtually synthеsizеd undеr vеnt сonditions (Holm and Andеrsson 1995). Мa.
joг proponеnts of this hypothеsis arе Еvеrеtt Shoсk and сoworkеrs, who havе

сalсulatеd that thеrmodynamiс.Ьasеd еquil iЬria favor thе formation of сom-
pounds suсh as аmino aсids at hydrothеrmal vеnt tеmpеraturеs (Shoсk 1990;

Shoсk and Sсhultе 1998). Vеnt-Ьasеd synthеsis is сonsidеrеd to Ье еspесially
important in vеnts assoсiatеd with off-aхis systеms (Нolm and Charlou
2001; Kеllеy еt al.2001). Howеvеr, at thе high tеmpеraturеs (> 350"С) asso-
сiatеd with most vеnt disсhargеs, amino aсids and othеr Ьiomolесulеs havе

Ьееn found to rapidly deсomposе (Bеrnhardt еt al. 1984; Мillеr and Bada

1988; Bada et a|. 1995). For ехamplе, amino aсids arе dеstroyеd in timеsсalеs
of minutеs at tеmpеratrrrеs grеatеr thаn 300.С. Thе ratе of hydrоlysis for

RNA at pH 7 ехtrapolatеd to еlеvаtеd tеmpеraturеs givеs a half-lifе of 2 min-

utеs at 250.с for thе hydrolysis of еvеry phosphodiеstеr Ьond; at 350.С thе
half-l ifе is 4 sесonds. For DNA, thе half-l ivеs for dеpurination of еaсh nu-
сlеotidе at pH 7 arе nеarly thе samе as thе hydrolysis ratеs for RNA (Мillеr

and Lazсano 1995). lt has Ьееn pointеd out Ьy Lazсano (t997) that ifthе ori-
gin of lifе took plaсе ovеr a suffiсiеntly long pеriod of timе, all thе соmplех
organiс сompounds in thе oсеan' dеrivеd from whatеvеr sourсеs' wоuld Ье

dеstroyеd by passagе through thе hydrсlthеrmal vеnts. It is thus possiЬlе that
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сids may havе foгnrесl Ьy sеvеral mесh-
or thе rеlatеd Btrсhеrеr-Bеrgs pathway.
thеir rеlаtivе aЬundаnсеs arе siп-ri lar to
thе sеlf.сorrdеnsation of HСN in aquе-
1. 1978|, thе aЬsеnсе of polymеriс ma-
:ard this mесhanism. Ехpеrimеnts with
Sсhlеsingеr and Мillеr 1983) suggеst
r H, in nеutral atmosphеrе simulations
:tion of amino aсids.
:iatеd with thе dirесt Мillеr-Urеy typе
rеnt hypothеsis for thе abiotiс synthe-
эposеd. This stiggеstion геsultеd from
nal vеnts. A group <lf геsеarсhеrs hzrvе
.s of thе hydrоthеrmal vеnt еnviron-
rom thе harsh сonditions сausеd Ьy
an impоrtant гolе in thе origin of l ifе.
сommon anсеstral organism of all еx-

sеvеral rеsеarсlrеrs havе proposеd thе
ls nесеssary for thе origin of lifе wеrе
ons (Нolm аnс l  Andеrsson 1995).  Мa.
vеrrrt shoсk аnd сor,l.orkеrs, whсr havе
еquil iЬriа fаvoг thе Гormation of сom-
еrmal vеnt tеl-npеrаturеs (Shoсk 1990;
;ynthеsis is сonsidеrеd to Ье еspесially
lff-axis systеn1s (Нolm and Сharlou
thе high tеmpеrаturеs (> 350"С) asso-
no асids аnd otl-rеr Ьiomolесulеs havе
rnhardt еt al. 1984; Millеr and Bada
rmino aсids arе dеstro1.еd in timеsсalеs
аn 300"С' Thе rаtе of hydrolysis for
tеmреraturеs givеs a hаlf-l ifе of ) mirr-
ry phosphodiсstег Ьond; at 350.C thе
Lalf-l ivеs for dеpurination of еaсh nu-
s thе hydrolуsis ratеs for RNA (Millеr

l out Ьy Lazcano (1997) that if thе ori-
y long pеriod of timе' all thе сomplех
vеd from whatеvеr sourсеs' would Ье
othеrmal vеnts. It is thus possiЬlе thаt

Тhе ()rigiп of L-iiе

hydrothеrmal vеnts аrе пruсh morе еffесtivе irr геgulating thе сonсеntratiol-t
of сritiсal orgаrriс rrrtl lесulеs itr thе oсеans rhirIr irr plа1,irrg а signifiсant rtl lе in
thеir dirесt s\,'nthеsis.

Dеspitе thе proЬlеms with staЬil ity at higli tеmpеraturеs, thе vеtrг-itlс]trсеd
svnthеsis thеorу lrаs Ьееn сhampionеd lry Hrrlrеr and Wаiсhtегshiiusеr (2006),
who havе dеsсriЬеd havе ехpеrimеnts сlаimеd to ..narrow thе gap bеtrvееn
Ьioсhеmistry and volсaniс gеoсhеrnistry.,' Usirrg high сonсеntri-rtions of HСN
(0.2 M) and high pгеssurеs of Co (7.5 Ьars) in tlrе prеsеnсе of Ni/F.е сatаlysts,
a variеty of amino irrrсl hydroхyl aсids arе prt>сluсесl at 100.с. Howеvеr, thеrе
аrе сonсеrns aЬor-rt tЬе rеlеvanсе of this typе of ехpеrimеnt to thе natural gеtl-

сhеmiсal еnvironnlеnts thаt w.ould Ье ехpесtеd to hlrvе ехistеd сln thе еаrlv
еarth' еspесially thе high сonсеntrаti()l ls and prеssurеs of stаrtir-rg rеllgсnts
(Bada еt  a| .2007).

Did PrеЬiotiс organiс Сompounds Сomе from Spaсе?

Thе diffiсultiеs stlpposеdly involvеd with thе еndogеnous, еаrth-Ьаsеd sl.rr-
thеsis of аmino aсids аnd nuсlеoЬаsеs lеd to tЬе dеvеlopmеnt of altеrnatir'еs'
In гhе еаrly 1990s Сlr1'Ьa irnсl Sаgan (1992| геаnirlvzеd or6's 1961 prсlposerl
on thе rolе of ссlrnеtаry nuсlеi as sourсеs oi volаti lеs ftlr thе prinririvе еarth
and proposеd thаt thе еxogеnous dеlivег1, of <lгganiс mattеr Ьy аstеrсlids,
сomеts' and intеrplаnеtary dust partiсlеs (IDPs) сould havе plаyеd a signifi-
сant rolе in sееding thе еarly еarth with thе ссlmpounds nесеssаry for tlrе ori-
gin of l ifе. This сonсlusiсln was Ьаsеd on knowlеdgе aЬout thе oгganiс
сomposition of mеtеoritеs. It is important tO llotе that if this сonсеpt is virl id,
impaсts on thе еaгly еarth not only сrеatеd dеl.l lstating сorrditions that maс]е
itdiffiсult for l ifе to originatе Ьut also аt thе sanlе timе pеrhaps dеlivеrесl thе
raw matеrial nесеssil l.v to sеt thе stagе for thе сlrigirl of l ifе. In аn еvеn ц.iсlеr
viеw this lrvpotlrеsis сould havе prсlfсlr"rrrd irrrpliсations |:or thе irbtrrrс{arrсе of
l ifе in thе ttnivеrsе. Thе sourсе of thе еssеntial organiс сompounс1s rеqшirеd
for thе origirr of l ifе is not сonstrаinеd Ьr'thе сonditions on a pz1rtiсular
planеt; rathеr, svnthеsis of organiс сompottnds is а r"rbiquitous proсеss гllat
takеs piaсе on primitivе solаr-systеm Ьodiеs suсh as astеroids and сotnеts.
Тhe possiЬil ity of thе origin of l ifе is thus сtlnsidеraЬly inсrеasеd, providеd
thе еssеntial rrrgаniс сompounds arе dеlivеrеd intасt to a planеt thаt is suit-
ablе for fuгthеr сhеnriсаl еvolution. This is уеt to Ье fully dеrnonstгatеd.

СarЬonасеous сllonс]ritеs, a сlass ()f st()nv lIеtеOritеs, arе сrrnsidеrеd to Ье
thе most prir-rrit ivе сlЬjесts in tlrе solzrr svstеm in tеrms of tlrеir еlеrrrеrrtаl
сomposition, yеt thеy havе a high аЬurrdanсе сlf сlrganiс сarЬon. п1()rе than
3% by wеiglrt in somе сasеs. Thе mеtеoritеs lTlost ехtеnsivеly analvzеd for
organiс сompounds inсludе thе СMs Мurсhison (r,vhiсh fеll in 1969 tn Viсtсl-
ria, Australia) аnd Murray (19s0, Kеntuсk1', Unitеd Statеs) and thе СI-сlass
orguеil mеtеoritе (1864, Frаnсе). (СМ and СI rеfеr to typеs of сhondritеs.
СМ arе aЬout 709z" finе-grainеd matеrial and СI arе alrnost ехсlusivеly finе-
grainеd matеrial ' Both typеs hаvе ехpеriсnсес.l ехtеrtsivе aquеOus аltеrаtit. lt l

iL)



60 Thе Оrigiп of Lifе

on thе parеnt astеroid.) Thе сarЬon phasе is dominatеd Ьy an insoluЬlе fraс.
tion. Thе majority (up to 80%) of thе soluЬlе organiс mattеr is madе up of
polyсyсliс aromatiс hydr<lсarЬons (PAHs), aliphatiс hydr<rcarЬons, сarЬoхyliс
aсids, fullеrеnеs' and amino aсids (Bottа and Bada 2002). Thе purinеs adе-
ninе, guaninе' хanthinе' and hypoxanthinе havе also Ьееn dеtесtеd, as wеll
аs thе pyrimidinе uraсil in сonсеntrations of 200 to 500 parts pеr Ьil l ion
(ppЬ) in thе СM сhondritеs Murсhison and Murray and in thе СI сhondritе
Orguеi l  (Stoks and Sсhwartz 1977,1981).  In addi t ion '  a var iеty of  othеr
nitrogеn-hеtеroсyсliс сompсlunds, inсluding pyridinеs, quinolinеs, and iso.
quinolinеs, wеrе also idеntifiеd in thе Мurсhison mеtеoritе (Stoks and
Sсhwartz , |982),  as wеl l  as sugar aс ids (polyo ls)  (Сoopеr еt  a l .2001) and
mеmЬranе-forming lipidiс сompounds (Dеamеr and Pashlеy \9s9I.

It has Ьееn found that thе Cl-typе mеtеoritеs suсh as orguеil сontain аn
amino aсid сomposition distinсt from that of thе СMs (Еhrеnfrеund еt al.
2001). Thе simp[е amino aсid miхturе, сonsisting сlf just glyсinе and raсеmiс
alaninе, found in СI сarЬonaсеous сhondritеs is intеrеsting Ьесausе it has
Ьееn gеnеrally thought that a Widе vаriеty of amino aсids wеrе rеquirеd for
thе origin оf l ifе. As disсussеd latеr, howеvеr' among thе сandidatеs for thе
first gеnеtiс matеrial is pеptidе nuсlеiс aсid (PNA), a nuсlеiс aсid analoguе in
whiсh thе ЬaсkЬonе doеs not сOntаin sugar or phosphatе moiеtiеs (Еgholm
et a|. 19921Nеlson еt аl. 2000). F.or thе PNA ЬaсkЬonе, aсhiral аmino aсids
suсh as glyсinе or aminoеthylyglyсinе, possiЬly dеlivеrеd Ьy СI-typе сar-
Ьonaсеous сhondгitеs to thе еarly еаrth' mаy hаvе Ьееn thе only аmino aсids
nееdеd for thе orisin of l ifе.

PrеЬiotiс Polymеrization Proсеssеs

Thе organiс mаtеrial on thе еarly еarth Ьеforе lifе ехistеd, rеgaгdlеss of its
sourсе' likеly сonsistеd of a widе array of diffеrеnt typеs сlf simplе monomеriс
сompounds' inсluding many that play a major rolе in Ьioсhеmistry today.
How thеsе simplе aЬiotiс organiс сonstituеnts wеrе assеmЬlеd into polymеrs
and thеn into thе first living еntitiеs is prеsеrrtly thе most сhallеnging arеa of
rеsеarсh on thе origin of lifе.

Simplе monomеrs on thе primitivе earth would nееd to undеrgo polymeriza-
tion, a thеrmodynamiсally unfavoraЬlе proсеss. It is gеnеrally assumеd that
polymеrs сomposеd of at lеаst 20 to l 00 monomеriс units (20 to 100 mеrs) arе
rеquirеd in ordеr to havе any сatalytiс and rеpliсation funсtions (Joусe 2О02;
dе Duvе 200З). Thus еarly polymеrization proсеssеs must havе Ьееn сapaЬlе of
produсing polymеrs of at lеast this minimum sizе.

Thеrе is no еvidеnсе of aЬiotiсally produсеd oligopеptidеs or oligonu-
сlеotidеs in mеtеoritеs, so сondеnsation rеaсtions сlеarly must havе takеn
plaсе dirесtly on thе primitivе еarth. Synonymous tеrms likе ..primordial

Ьroth'' or ,.Dаrwin's warm littlе pond'' havе lеd in somе сasеs to major mis-
undеrstandings, inсluding thе simplistiс imagе of a worldwidе oсеan, riсh in
sеlf-rеpliсating molесulеs аnd aссompaniеd Ьy all sсlrts of Ьioсhеmiсal

monomеrs. Thе tеrm и
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monomеrs. Thе tеrm шаrm littlе poпd, wЬiсh lras long Ьееn usеd for сonvе-
niеnсе, rеfеrs n()t nесеssаrily to thе еntirе oсеaп Ьut to parts of thе hydros.

phеrе whеrе thе ассumulation аrrс.l intеraсtion of thе produсts of prеЬiotiс

synthеsis mаy lrаvе takеrr plzrсе. Тlrеsе inсlr"rdе oсеaniс pаrtiсlеs and sеdi-

mеnts' intеrtidal zonеs, frеshц,аtеr shallow pсlrrds and lakеs, lagoons цndеr-
going wеt-and-dry сyсlеs, and еutесtiс еnvironmеnts assoсiаtеd with glaсial

ponds.
Simplе organiс ссlmpounds dissolvеd in thе prirlrit ivе oсеаns o[ othеr Ьod-

iеs of watеr wсlr'rld lrееd to Ье сotlсеntratеd Ьу sotnе mесhanislrl in ordеr to

еnhanсе polyrnегization proсеsses. Сonсеntr:rtion invсrlving thе sеlесtivе ad-

sorption of molесulеs Onto minеral surfaсеs has Ьееn suggеstеd as onе mеаns

of promoting polvmеrization' and this proсеss Ьas Ьееn dеmonstratеd in lаЬ-

oratory ехpеrimеnts that havе usеd a variеty of simplе сompounds and aсti_
vatеd monomеrs (Нil l еt аl. 1998; Fегris 2002). Tlrе potеntial importanсе of

minеral-assistеd сatalysis is dеrnonstratеd Ьy rhе montmoril lonitе-promotесl
polymеrization of aсtivatеd adеnosinе and uridinе dеrivativеs that produсеs

25-50 mеr oligonuсlеotidеs (Fеrris 2002), thе gеnеral lеngth rangе сonsid.

еrеd nесеssaгy for primеval Ьioсhеmiсal funсtiсlns.
Bесausе adsoгption onto surfаrсеs involvеs wеаk nonсOvalеnt van dеr

Waаls intеraсtions, thе minеrаl-Ьasеd сonсеntration proсеss and suЬsеquеrrt
polymеrizatiorr wсluld Ье most еffiсiеnt at сool tеmpеraturеs (Liu and orgеl

1998; SowеrЬy еt al. 2001). This, howеvеr' prеsеnts somеwhat of a proЬlеm

Ьесausе as thе lеr-rgth of polymегs foгmеd on miгlеral surfасеs itrсrеasеs, thеy

tеnd to bе morе fiгmly Ьсlund to tlrе minеral (orgеl 7998)' In ordеr for thеsе
polymеrs to Ье involvеd in sr.rЬsеquеnt intrraсtiсlns with сltlrеr polymеrs or

monomеrs' thеy nееd to Ье rеlеasеd. This сoulс1 Ье aссomplishеd Ьy warming

thе minеral, although this would also tеnd to hydrolyzе thе adsorЬеd poly-

mеrs. A way аround this proЬlеm would Ье to rеlеasе thе polyrnеrs Ьy сon-

сеntratеd salr sсllr 'rtions (Hil l еt al ' 1998), a proсеss that сould t:rkе plaсе in

tidal rеgions during еvaporzrtion or frееzil lg tlf sеаwаtеr.
Thе dirесt соnсеntration of dilutе soiutiоns сlf monomеrs сould also Ье aс-

сomplishеd Ьy еvaporation and Ьy еutесtiс frееzing of dilutе aquеous solu.

tions' whiсh, сouplеd with othеr physiсoсhеmiсal mесhanisms suсh as thе

adhеrеnсе of Ьioсlrеmiсal пlonotrrегs to aсtivе sшгf;rсеs, сould lrаvе rаisеd lo.

саl сonсеntr:rtions аnd protrrotеd polyпrеrizzltion. Тhе еvllporation of tiсlal
r еg i ons  and  thе  suЬsеquсn t  сonсеn t re t i on  < l f  t hе i r  o rgan i с  сOns t i t uеn r s
havе Ьееn proposеd in thе synthеsis of a variеty of simplе oгganiс molе-

сulеs (Nеlson еt  a l .  2000).  Еutесt iс  f rееz ing of  d i lutе rеagеnt so lut ions has

also Ьееn found to promotе tlrе synthеsis of kе,v Ьiomolесulеs (Lеvy еt al.

2000).  Thеsе samе сOnсеl l tг i l t i ( )n proсеssеs а lso сoulс . l  i rаvе p layеd а kеy

rolе in thе synthеsis of polyrrrеrs. It hаs Ьееn shown that tlrе frееzing of di-
lutе solutions of aсtivatеd аmino aсids at _20.C yiеlds pеptidеs at highеr

amounts than in ехpеrimеnts with highly сonсеntratеd solutions at 0o and

25"С (Liu and orgеl 7997)' ln aсlditiсln, rесеDt studiеs havе slrown that еu_

tесtiс frееzing is еspесially еffесtivе in thе nor-rеrrzymatiс syllthеsis of oiigоnu-

с lеot idеs (Karrаvаr iot i  еt  a l .  2001).
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Saltу Ьrinеs mаv also havе Ьееrr importаnt irr tlrе formаtiorr of pеpгidеs:rnd
pеrhaps othеr important Ьiopolymегs as ш,еll. Aссording t<l Rodе and сowork-
еrs (Rodе 1999),..sаit-induсес] Pеptidе formirti<ln rеaсtion'' (SIPF) proviс1еs a
pathway for thе еffiсiеnt synthеsis of pеptidеs and possiЬlv protеins dirесtly
fгoпr simplе anrino aсids in ссlnсеntratеd NllСl solutiсlns сotrtaining Сu(II).
Yiеlds of di- and tri;lеptidеs in tl-rе rangе of 0.4 to 47o Ьаl.е Ьееn rеpoгtеd us-
ing starting arrrino aсid сonсеntrations in thе 40_50 m N,I гangе. Сlay rl-riner.
als suсh as montmoril lonitе aPParеntly promotе thе rеасtion. Again, thе
еvaporation of tiс1ally flushеd ltrgoons оr thе frееzing of thе primitivе oсеans
сould havе produсеd thе сonсеlltrirtеd sirlt-riсlr Ьrinеs nееdес1 t() promotе this
sa lt-induсеd pol,vmеrizatiсlt-l pгtlсеss.

Did Pyritе Plаy a Rolе in thе origins оf Lifе on Еarth?

Ft>r somе timе, one of thе most sеriоus rivals гo thе ,.primordial soup'' hеt-
еrotrophiс thеory was dеrivеd frоm thе idеаs of $7;iсhtеrshziusеr (1988). Aс-
сorсling to his ..pionееr mеtaЬoliс thеory,' ' l ifе Ьеgan with thе appеaranсе оf
аn aLltoсatalytiс two-dimеnsiotr:rl сhеmоlithorrophiс mеtaЬсll iс systеm that
took plaсе on thе surfaсе of thе highly insoluЬlе minеral pvritе in thе r,iсiniry
of hydrothеrmal vеnts. Rеpliсation followеd thе appеaranсе of this nonorgan.
ismаl iron sulfidе*Ьasеd two-dimеnsi<lnal .. l ifе,' ' in whiсh сhеmoautotrophiс
сarЬon fixation ttlсlk plaсе Ьy a rеduсtivе сiсriс aсid сyсlе, or rеvеrsе Кrеlrs
сvсlе' сl i rhе typе origirrallv dеsсriЬеd {or thе photosуnthеtiс grееrr sirlf irr lraс.
tеIitlm Сhlorobium limiсri lа' Molесular pЬvlogеnеtiс trееs show that this
modе of сarЬon fixatiсlr-r and its modifiсations (suсh as thе геduсtivе aсеtyl-
СoA or thе rеduсtivе malonyl.СoA pathwa,vs) arе fсlund in anaеroЬiс zlr-
сhaеа irnd thе mtlst dееply divеrgеrrt еuЬасtеri:r' whiсh has Ьееn intеrрrеtеd
аs еvidеnсе o[ its primitivе сЬirгaсtеr (Мaсlеn 1995). But is thе rеvеrsе KrеЬs
сyсlе truly primoгdiirl?

Thе rеасtion FеS + H,S = F.еSl + H, is vеry еnеrgеtiсall i, favoraЬlе" It has
an irrеvеrsiЬlе, highlv ехеrgoniс сharaсtеr witlr a stаndard fгее еnеrgy сharrgе
of (;., = -9.2З kсa|lпrol, whiсh сorгеspоtrds to а rеdtrсtion potеntial Е^ =
-62ОmУ ). Thus thе РеS/H,S сomЬination is a strtlng rеduсing agеnt аnd has
Ьееп shown to providе an еffiсiеnt sourсе tlf еlесtrons for thе rеduсtiсln of or-
ganiс сompounds undеr mild сonditions. Pyгitе formation сan produсе mo-
lесtr lar  hydrogеn:rrrd rеduсе п i r ratе to amm<lnia,  aсеty lеnе г<l  еthy lеnе,  and
thioасеtiс асiс.l ttl aсеtiс aсiсl, .rs wеll as L)гolrroting morе сomplех syDthеsеs
(Мadеn 1995), inсluding pеptldе Ьсlnds thаt геsult fronr thе aсtivatioп of
amino aсids with сarЬon monохidе and niсkеl/iron sulphidеs (HuЬеr and
\й/dсlrtеrshiusеr 1998). Although pyritе-mеdiirtеd СO, rеdLrсtion to orgаtriс
сompour-rds has not Ьееn aсhiеvесl, thе fiхatiсlп undеr plzrusiЬle pгеЬi<ltiс
сonditions of сarЬon monoхiс]е into aсtivatес] aсеtiс aсid l. lv a miхturе оf сo.
prесipitatеd NiS/FеS/S has Ьееn rеportеd (НuЬег and 
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1998).  Howеvеr,  i r r  thеsе ехpеr imеnts thе rеасг ions oссt l r  i t l  аn equеous еn.
viгсltlnrеnt to whiсh powdеrеd pr,ritе has Ьееrr аddеd; thеr, do not form a
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dеnsе monolayеr of ioniсally Ьound molесulеs or takе plасе on thе surfасе

of pyritе. In addition' a сarеful ехaminatiorr of thе HuЬеr and !Иziсhtеr-

shiusеr amino aсid-pеptidе synthеsis sсhеmе hаs found that it is highly un.

likеly to aсhiеvе formation of oligomеrs that had thе aЬil ity to promotе

еffесtivе аutoсatalysis proсеssеs assoсiatеd with thе ..pionееr mеtaЬoliс thе-

ory" (Ross 2008).
Nonе of thеsе еxpеrimеnts provеs Ьy itsеlf that Ьoth еnzymеs and nuсlеiс

aсids arе thе еvolutionary outсomе of surfaсе-Ьoundеd mеtaЬolism. In faсt,

thе rеsults arе also сompаtiblе with a morе gеnеral' modifiеd modеl of thе

primoгdial soup in whiсh pyгitе formation is rесognizеd as an important

sourсе of еlесtrons for thе rеduсtion of organiс сompounds. It is thus possi-

Ьlе thаt undеr сеrtain gеologiсal сonditions thе FеS/H,S сombination сould

havе rеduсеd not only Сo Ьut also СO. rеlеasеd from moltеn mаgnа in

dееp-sеa vеnts, and lеd to Ьioсhеmiсal monomеfs. Pеptidе synthеsis' for in-

stanсе, сould havе takеn plaсе in an iron and niсkеl sulfidе systеm (HuЬеr

and Wiсhtеrsh:iusеr 1998) involving amino асids formеd Ьy еlесtriс dis-

сhargеs via a Millеr-typе synthеsis. If thе сompounds synthеsizеd Ьy this pro.

сеss did not rеmain Ьound to thе pyritе surfaсе Ьut driftеd away into thе

surrounding aquеous еnvironmеnt, thеn thеy would Ьесomе part of thе prе-

Ьiotiс soup, not of a two-dimеnsional autoсatalytiс rеaсtion sсhеmе.

Thе еssеntial quеstion in dесiding Ьеtwееn thеsе two diffеrеnt thеoriеs is

not whеthеr pyritе-mеdiatеd organiс synthеsis сan oссLlr' Ьut whеthеr dirесt

Сo, rеduсtion and synthеsis of organiс сompounds саn Ье aсhiеvеd by a hy-

pothеtiсal two-dimеnsional living systеm that laсks gеnеtiс information.

Proof of !7ziсhtеrshiusеr's hypсlthеsis rеquirеs dеmonstration not only of thе

tight сoupling of thе rеaсtions nесеSsаry to drivе autoсatalytiс СO, assimila-

tion via a rеduсtivе сitriс aсid сyсlе Ьut also of thе intеrwеaving of a nеtwork

of homologous сyсlеs that, it is assumеd, lеd to all thе anaЬoliс pаthways' as

wеll as rеpliсation (Мadеn 1995). This has not Ьееn aсhiеvеd. ln faсt, ехpеr-

imеntal rеsults aсhiеvеd so far with thе FеS/H,S сomЬination in геduсing N.

and Сo arе сonsistеnt with a hеtеrotrophiс origin of lifе thаt aсknowlеdgеs

thе rolе of sulfur-riсh minеrals аnd othеr сatalysts in thе synthеsis and aссu-

mulation of organiс сompounds.

How Did Rеpliсation First originatе?

Thе primordial Ьroth must havе Ьееn a Ьеwildеring organiс сhеmiсal won-

dеrland in whiсh a widе array of diffеrеnt molесulеs Wеrе сonstantly synthе-

sizеd, dеstroyеd' or inсorporatеd into сyсlеs of сhеmiсal transformations.

Rеgardlеss of thе сomplехity of thе prеЬiotiс еnvironmеnt' l ifе as wе know it

сould not havе еvоlvеd in thе aЬsеnсе of a gеnеtiс rеpliсating mесhanism to

guarantее thе maintеnanсе, staЬil ity' and divеrsifiсation of l ifе's Ьasiс сom-

ponеnts undеr thе aсtion of natural sеlесtion. Thе appеaranсе of thе first

molесulаr еntitiеs саpaЬlе of rеpliсation, сatalysis' and multipliсation

would havе markеd thе orisin of Ьoth lifе and еvolution. 
.What 

wеrе thе

o. )
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furrdamеntal сhаraсtеristiсs of thеsе first mсlIесr-rlar l iving еntitiеs that distin-
guishеd thеrт fr<lm nonlivirrg сhеmistry?

Thе lеap from Ьioсhеmiсаl monсlmеrs аnd small oligomеrs to l ivirrg еnti-
tiеs is an еnorпlolls lеap indееd. How thе uЬiquitсlus gеnеtiс systеm of ехtant
lifе Ьasеd on nuсlеiс aсid originatеd is ot-lе of thе major unsolvеd prсlЬlеms in
сontеmporaгy Ьioltlgy. Thе disсovеry of сatalytiсalIy асtivе RNA molесulеs
gavе сonsidеraЬlе сrеdiЬil ity to prior suggеstions that thе first l iving еntities
wеrе largеly Ьasеd on сatalytiс RNA mсllесulеs (riЬozymеs)' in ir hypothеtiсal
stagе in thе еarly еvolution tlf l ifе сallеd thе RNA woгld (GilЬеrt 1986; Joyсе
2002). This possiЬil ity is now widеly aссеptеd, Ьut thе lirrritеd staЬil ity of thе
сomponеnts of RNA impliеs that this molесulе was proЬaЬly not a dirесt
pгoduсt of prеЬiсltiс еvolutitln.

Thе riЬсlsе сomponent tlf RNA is vеry trnstaЬlе, whiсh makеs lts prеsеnсr
in thе prеЬiot iс  mi l iеu unl ikе ly (Larra ldе еt  a l .  1995).  Both lеad hydroх idе
(ZuЬaу 1998) and Ьoratе minеra ls  apparеnt ly staЬi l i zе r iЬosе (Riсardo еt  a l .
2004), and сyаnamidе is known to геaсt with riЬosе to form a staЬlе Ьiсyсliс
addr-rсt (Springstееn and.|oyсе 2oo4). Howеvеr, in ordеr tо Ье involvеd in thе
polymеrizatitln rеaсtions that lеad to RNA, riЬosе would l ikеly havе to Ье
Prеsеnt in solution, whеrе it would Ье pгonе to dесоmposition. Morеovеr,
thе hugе nurтЬеr of possiЬlе random сomЬinations of dеrivativеs сlf nuсlе-
trЬasеs, sttЕ]аrs' and phosphatе that may havе Ьееn prеsеnt in thе prеЬiotiс
soup mаkеs it unlikеly that an RNA molесulе сapaЬlе of сatalyzing its own
sеlf-rеpliсation аrosе spontаnеOusiy (J.lyсе 2,002). Thеsе diffiсultiеs havе lеd
to рroposals of prе-RNA wсlrlds, in whiсh inf<lrmational maсromolесulеs
with ЬaсkЬonеs diffеrеnt from thosе of ехtant nuсlеiс aсids may also havе
Ьееn еnс1owеd with сatalуtiс aсtivity, that is, with phеnotypе and gеnotypе
also rеsiding in thе samе rrrсllесulе. Thus a simplеr sеlf-rеpliсator must havе
сomе first, аrrd sеvеral possiЬlе сtlntеndеrs hаvе Ьееn suggеstеd. Thе RNА
prесursor would hаvе had thе сapaсity to саtalyzе rеaсti()ns аnd to storе in-
formation, although thе сonrponеnt nr-rсlеoЬаsеs and thе ЬaсkЬоnе that hеld
thе polymеr togеthеr wеrе not nесеssariIy thе samе as thosе in modеrn RNA
and DNA. Thе naturе of thе gеrlеri. poly,-,-'.,, аnd thе сirtalytiс agеnts that
may havе prесеdеd RNA is prеsеntly unknown.

Thеrе arе n<lw sеvеral known ехanrplеs of rтolесular gеnеtiс systеms that
hаvе Ьееn studiеd in thе laЬoratory, and thеsе pr<lviсiе ехamplеs of thе rypеs
of molесular systеms that сould havе givеn risе to еarly sеlf-rеpliсating еnti-
tiеs (sее Bаda 2004). PosslЬlе сandidatеs inсluсlе nuсlеiс aсid anaiоguеs
(Еghoim еt a l .  1992; Мi l lеr  1997; Еsсhеnmosеr 1999,2()04; Nеlson еt  a l .
2000) suсh as pеptidе nuсlеiс aсid (PNA), whеrе thе ЬaсkЬonе сonsists of
l inkеd amino aсid dеrivativеs suсh as N.(2-aminoеthyl)glyсinе or (AЕG) (thе
nuсlеoЬasеs аrе attaсhеd Ьy an асеtiс aсid l inkagе to thе аmino group of
glvсinе), аnd thrеtlsе rruсlеiс aсid (TNA), whеrе thе ЬaсkЬonе is madе up of
L-thгеosе сonnесtеd Ьy 3', 2' phоsphodrеstеr Ьonds. Both of thеsе сandidаtеs
form douЬlе hеliсаl strl lсturеs through !Иаtson-Сriсk Ьasе pairing with сom.
plеmеntary strands of thеmsеlvеs, RNA, and DNA. '$7ith PNA-PNA hеliсеs
Ьoth lеft. and right-handеd struсturеs arе prоduсеd in еqual аmounts, whilе
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thе PNA-RNA and PNA-DNA hеliсеs arе both right-handеd. Although ap-

pеaling as possiЬlе сandidatеs for thе first sеlf-rеpliсating molесular l iving еn-

titiеs, Ьoth PNA and TNA havе positivе and nеgativе aspесts. Thе main

nеgativе faсtors arе thе laсk of аny dеmonstratеd oligomеrization proсеss

that would produсе thеsе nuсlеiс aсid analоguеs undеr plausiЬlе prеЬiotiс

сonditions and thе laсk of any dеmonstratеd сatalytiс propеrtiеs.

PNA is attraсtivе Ьесausе its ЬaсkЬonе is aсhiral (lасking handеdnеss),

whiсh еliminatеs thе nееd for thе sеlесtion of сhirality Ьеforе thе timе of thе

origin of lifе. Its сomponеnts, AЕG and nuсlеoЬasеs linkеd to aсеtiс aсid'

havе bееn produсеd цndеr simulatеd prеЬiotiс сonditions (Nеlson еt al. 2000).

Howеvеr' PNA is stlsсеptiЬlе to an N-aсyl migration rеaсtion that produсеs a

rеarrangеd PNA. This proЬlеm сould Ье minimizеd, howеvеr, Ьy Ьloсking

thе N-tеrminal position Ьy асеtylation' for еxamplе.

on thе Ьasis of an ехtеnsivе study of sugar-Ьasеd nuсlеiс aсids' TNA ap-

pеafs to bе supеrior to othеr possiblе sugar-Ьasеd nuсlеiс aсids with rеspесt

to its Ьasе-pairing attriЬutеs, еspесially with RNA (Еsсhеnmosеr 1999, 20041

Sсhбning еt al. 2000). Thе tеtrosе sugar in TNA сould havе Ьееn synthеsizеd

during thе rеaсtion сasсadе that takеs plaсе during thе formosе rеaсtion first

dеsсriЬеd Ьy Butlеrov in 1861. Thе 4-сarЬon sugars thrеosе and еrythrеosе

сould havе Ьееn rеadily synthеsizеd Ьy thе dimеrization of glyсolaldеhydе
(sее Rеaсtion 2), whiсh in turn сould havе Ьееn produсеd from thе dimеriza-

tion оf formaldеhydе. Еvеn though thе prеsеnсе of a 4-сarЬon sugаr in TNA

rеduсеs this proЬlеm to 2 sugars and 4 stеrеoisomеrs' to dеmonstratе how

oligonuсlеotidеs сomposеd only of L-thrеosе сould Ье prеfеrеntially synthе-

sizеd undеr prеbiotiс соnditions is a formidaЬlе сhallеngе.

It is possiЬlе that PNA prесеdеd TNA and in faсt assistеd in thе transition

to thе first TNA molесulеs. As statеd еarliеr, thе sеlесtion of thе сhirаl sugar

сomponеnt of TNA would havе rеquirеd somе sort of sеlесtion proсess to Ье

in opеration. orgеl and сoworkеrs havе suggеstеd that thе inсorporation of

сhiral sugar dinuсlеotidеs at thе еnd of a PNA сhain' whiсh сould havе oс-

сuгrеd simply Ьy сhanсе, сan induсе сhirality into a nuсlеiс aсid produсеd Ьy

PNA.induсеd oligomеrization (Kozlov еt al. 2000). PNA сould thus havе

providеd a mеans of сonvеying thе сritiсally impоrtant Ьiologiсal propеrty оf

сhirality into polymеrs nеar thе timе of thе origin of lifе. This possiЬility po-

tеntially solvеs an ongoing dilеmma whеthеr thе origin of сhiгality oссurrеd

Ьеforе thе origin of lifе оr during thе еvolution of еarly living еntitiеs.

tlснo 
HCНo'нoсн?-сHo н9SЦr91o ЕIoсн2-сFIoH.Co-CH2oH

Formaldehyde Glyсolaldеhydе

Reaсtion 2. Thе formation of tеtrosе sugars from thе dimеrization of
formaldеhydе and glyсolaldеhydе. This is оnly part of the ovеrаll formosе sеriеs
of reaсtions, and ЬotЬ hеxosеs аnd pеntosеs would havе Ьееn produсеd Ьy
subsеquent rеaсtions.



Тhе ()rigitt оf 1,ifе

Rеgardlеss of thе typе of analoguе simiIar to nuсlеiс aсid or othеr typе of
rеpliсator sуstеm that wаs usеd Ьy tl-rе first self-rеpliсating еntitiеs, polvmеr

staЬil ity and survival would havе Ьееn of сritiсal importanсе. Nuсlеiс aсids in
gеrrеral hаvе vеry shсrгt survival timеs at еlеvatеd tеllpеraturеs. RNA is r,еrу
unstablе Ьесausе of thе prеsеnсе of thе phсlsphсldiеstег Ьond involvirtg thе 2'-
Ьydroхyl group of riЬоsе. Thе staЬiIiry of TNA is unkrrorvn at prеsеnt' Ьut it

is proЬaЬly somеwhаt similar to thе staЬil ity of DNA. It is possiЬlе tlrat otlrеr
tеtrosе sugar-Ьasеd nuсlеiс aсids wеrе lеss staЬlе thirn TNA Ьесаusе of thеir
tеndеnсy ttl forш lеss staЬlе hеliсal stfrrсtul]еs (ЕsсЬеnmtlsеr |L)99| аrrd tlrаt
thе sеlесtion of TNA Was thе rеsult of this faсtсlr, althotlgh this is also not

known. Tlrе stаЬil ity of PNA lrаs Ьееn pаrtly invеstigatеd, and providеd thе
N-aсyl migration rеaсtion сan Ье rninimizеd, thе аmidе linkagе in PNA

rvould Ье еxpесtеd to havе a staЬil itу at nеutral pH similar to that of pеptidе

honds in pr<ltеins (.Wаng 1998). This suggеsts thаt in еnr,ir<lnmеnts rvith tеm-
pеraturеs of around 25"С, its survival timе wotrld Ье in thе rangе of 104-105

,vеars. Salry'Ьrinеs trray lravе playеd a rolе in еariy nuсlеiс aсid suгvival Ье-
сausе high salt сonсеntrations havе Ьееn found to еnhаnсе nuсlеiс aсid stа-

bil ity. For ехаmplе, thе staЬii it iеs сlf sеvеral transfеr RNAs (tRNAs) wеrе
signifiсantl.v inсrеasеd in |-2 М NаСl soluti<ln in сomplrison rvith staЬil ity
in purе water (Tеhеi еt al. 2002). Thе staЬil ity of DNA also inсrеasеs with in-

сrеasil-lg salt сonсеntration (foг ехamplе, sее Bаda 2004).If thеsе rеsults r,verе

аppliсaЬle to othеr nr'rсlеiс aсid analoguеs suсh as PNA аnd TNA, thеrr salt

solutions сould havе providеd a prorесtivе еnviront-trеnt that сould havе еn-
h:rnсеd thе survival oi еarl1' sеlf-геpliсаting molесular еntitiеs.

$Иеrе mеmЬrаnеs rеquirеd for thе еmеt:gеnсе оf rеpliсating systеms? 
-Гhе

еmеrgеnсе of l ifе mа-v Ье Ьеst irndеrstood in tеrt-t-ts of thе dynaIliсs and еvo-
lution of sеts of сhеmiсal rеpliсirting еntitiеs. \7hеthеr suсh еntitiеs Wеrе еn-

сlсlsеd within mеmЬrаnеs is not yеt сlеar, Ьut givеn rhе prеЬioriс availaЬll ity
of amphiphil iс сompounds, this rnа,v havе wеll Ьееn thе саsе. MеmЬrаnе-
forming lipidiс сompounds may havе Ьееn providеd to thе primitivе еаrth
from еxtrаtегrеstrial s()Llrсеs (Dеаmеr and Pashlеу 1989). This sotlrсе сould
potеntially supply a widе variеty of aliphatiс and aromatiс hydroсarЬons, al-

ссlhols, and Ьr;rnсhеd arrd straight fattv aсids, inсluding somе that arе
nrеmЬгanе-forming сompоunds. PrеЬiotiс l ipidiс molесulеs ma1, аlso havе rе.

sultеd frorlr aЬiotiс synthеsis, ars shtlwn Ьy thе formatiсln rrf nornral fЪtty
асids, glyсеrol. glyсегоl phosphatе, and tlrhеr tipids (ЕiсhЬerg сt a|. t977\.
Also, ехpеrimеnts havе shown that simplе miхturеs of fatty aсids and glyсеrol
form froп.l miхturеs <lf mt>no., di-' аnd triglусеridеs ur-rdег rтild ссlnditions
(Hargrеavеs еt аl. 1977)' It is vеry atrraсtivе tO assulте thаt сorтpartmеntal-
ization within l iposot-l lеs formеd Ьy amphiphil iс molесulеs of prеЬiotiс origin
\vаs еssеntii l l for thе еmеrgеnсе of l ifе. RNA nr<llесtrlеs асlsorЬеd orltо сlaуs
suсh as montmoril lonitе' whiсh сan сatalyZе thе formation <lf RNA
oligomегs, сan Ьe еnсapsulatеd into fattl, aсid vеsiсlеs rvhosе foгrl lаtion in

turn is aссеlеratеd Ьy thе сlay. By inсorporating additiorral fatty aсid rni-

сеllеs' thеsе vеsiсlеs сan gгow and dividе whilе sti l l rеtaining a portiсln o{

tlrеir сontеnts nееdеd гo sLlppоrt RNA rеpliсаtion. In this mannеr' somе of
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Thе Оrigin of Life

thе Ьasiс maсhinегу nееdеd for RNA sеlf-rеpliсatiсln сould hаvе ЬееIr сom-
pаrtmеntalizеd irrto pгoto-typе сеils (Наriсzyс еt :rl. 200З; Сhеn 2006).

Dеspitе thе suссеss of thе RNA еnсapsulatioIr ехpеrimеnts, thеrе arе proЬ-
lеms with this ..rvithin thе vеsiсlе' ' sсеnario (Griffiths 2007). For ехаmplе, in
ordеr to maintain a stеаdy supply of molесulеs nееdеd for survival of a rеpli-
сating systеm insidе a vеsiсlе, molесulеs would nееd to сross a l ipid-l ikе Ьi-
layеr Ьarriеr' This rrlay havе Ьееn а mirjor oЬstaсlе foг сhargеd spесiеs suсh
as amino aсids. As a rеsult' pеrlrirps thе first rеpliсating systеm еvolvеd ..out-

sidе thе vеsiсlе'' (Griffiths 2007). In this сasе, vеsiсlеs attaсhеd on minеral
surfaсеs сould hаvе Ьееn in сlosе proхimity to sirnplе sеlf-rеpliсating molе-
сulеs that usеd thе сatalytiс propеrtiеs of thе minеrаl to еnhanсе rеaсtions in-
volvеd in polymеrization and rеpliсаtion. As thеsе tlrе two systеms еvolvеd in
сomplехity, synеrgistiс intеrirсtiotrs сould iravе dеvеloреd thar аllсlwеd somе
of thе сomponеnts involvеd in thе rеpliсating systеm to Ьесomе frееly trans-
portеd into thе r,еsiсlе. At this point thе two systеms сould havе rrrеrgеd and
formеd a singlе сomрartmеntalizеd, sеlf-rеpliсation systеm. Howеvеr, rесеnt
rеsults showing thаt aсtivatеd nuсlеotides сan diffrrsе into l iposomеs and Ье-
сomе polymеrizеd within thеm suggеst thаt undеr сеrtain сonditioпs tl-rе l i-
pidiс barriеr mаy not havе Ьееn irnpеnеtraЬlе (Маnsy еt al. 2008).

Thе Transition toward a DNA/RNA/Protеin World

Thе еvoiution of thе first l ivirrg rrrolесular l ir, ing еrrtitiеs into onеs basеd еn-
tirеly on RNA (i.е., thе RNA rvоrld) would lravе Ьееn thе nехt stеp in thе
еvolution toward modеrn Ьiосhеrnistry. RNA has Ьееn found to Ье an all-in-
onе molесulе that сan not only storе information Ьut also сatalyzе rеaсtions.
LaЬoratory-Ьasеd ..tеst-tuЬе-еvolution'' ехpеrimеtrts havе dеmonstгatеd that
сatаlytiс RNA molесulеs (riЬozyrnеs) havе thе саpасitv to сaгry Out a widе
rangе of iпrportant Ьioсhеnriсal геaсtions, irrсluding thе joining togеthеr of
RNA fragmеnts (l igation) and pеptidе-Ьond formation (Bartеl and Unrau
1999).TЬe list of dеmonstratеd сatalytiс rеaсtions is ехtеnsivе aпd suggеsts
that thе RNA world сould havе had a lаrgе rеpеrtoirе of сatalytiс RNA mol.
есulеs, pеrhаps fr"rпсtiоning in сonсеrt with onе an()thеr (Doudna irnd Cесh
2002). Thе сotrrplех sеriеs of rеасtions nееdеd to pеrr-r.rit rnultipliсаtion' gеnе-
tiс transfеr, and variation rеqr.l irеd in thе RNA wоrld has so fi lr not Ьееn
dеmonstratеd in thе laЬoratсlry, Ьut optimism rеlrrains bесausе of thе rеlativе
immaturity of tЬis arеa of rеsеаrсh (Bartеl аnd Unrau 1999; Doudna and
Сесh 2002; Joyсе 2002).

Thе invеntion сlf protеin synthеsis and thе еnсаpsulation of rеасtioll ma-
сhinеry nееdеd for rеpliсation n1аy have takеn p[асе during thе RNA world.
Four ofthе Ьasiс rеaсtitlns involvеd in protеin Ьiсlsynthеsis arе сatаlyzеd Ьy ri-

Ьozymеs, and it has Ьееn notеd that thе сomplеmеntary naturе of thеsе rеaс-
tions is not likеlv aссidеntal Ьut rathеr suggеstivе that thеy had a сommon
origin, most proЬably in thе RNA wсlrld (Kumar atrс] Yarus 2001)' If this was
thе сasе, thеrr tlrе primitivе nltсlеoЬasе сodе usеd tor protеin Ьiosyntlrеsis lrad
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its origin in thе RNA worlсl, аlthough thе b:rsеs usеd in thе early сodе сould
hаvе Ьeеn diffеrеrrt fгorn tl lе onеs usесJ todаy (KolЬ еt аl. 1994).

It is possiЬlе thаt Ьy thе timе RNA-Ьasеd lifе appеaгеd <ln еarth, thе sup-
pliеs of simplе аЬiotiс orgall iс сomportnds dеrivеd from thе sourсеs disсussеd
еarliеr would havе Ьееn grеаtly сlirтinishеd. Маnr. of thе ссlrтponеnts of thе
primordial soup had likеly Ьееn ехtеnsivеl1.сonvеrtеd into poiymеrs, inсlud-
irrg thosе аssoсiаtеd r,r,ith l iving еrrtitiеs, аnd thtrs thе rаrv nl:ltеrials nееdеd tо
sustain l ifе had Ьесomе largеly ехhаr.rstеd. This inlpliеs thаt simplе mеtаЬoliс-
l ikе pаthwаys must havе Ьееrr in plirсе in ordеr t() еnsurе a supply of thе in-
grеdiеnts nееdеd to sustain thе ехistеnсе of thе primitivе l iving еntitiеs. In this
сasе somе mеtаrЬсll iс pathways nееdеd to produсе еssеllt ial сomPonеnts
rеquirеd Ьy primitivе l iving еntitiеs Wеrе pеrhaps origirrally nonеnzynllttiс or
sеmiеnzymatiс autoсatalytiс proсеssеs that lаtеr bесапrе finе tunеd as гiЬozy-
matiс аnd protеi r.r-Ьаsеd еnzуmаtiс pгoсessi ng Ьесаrте сltlm i rrаnt.

Мore than with еаrlier l iving rnolесulаr еntitiеs, thе main l imitаtion in thе
RNA rvоrld would hаvе Ьееn thе еxtrеmе instаll i l itv of RNA. This iп turn
impliеs that RNA m<llесulеs must havе Ьееn vеry effiсiеnt in сarrying out
sеlf-lеpliсatiOn Геaсtions in ordег tсl t-nаintain arr adеquatе invеntory of mol-
есulеs nееdеd ftrr survival. Thе instаЬiIity of RNA сotlld hаvе Ьееn thе pri-
mary rеаson ftlг thе transition to thе DNA/prtltеin world, tvhеrе, Ьесаusе of
rhе inсrеаsеd stаЬil ity of thе gеnеtiс molесulеs, srrrvival would hаr,е Ьееn lеss
dеpеndеnt on polymег staЬil ity. Aссording rсl Joyсе (2002)' it is possiЬlе that
irr thе RNA rvorlсl гiЬozymеs аrosе thаt сould саtalyzе thе pсllyrnеrizаtion of
DNA, аnd in this mannеr information storеd in RNA сould Ье tгansfеrгеd to
thе morе staЬlе DNA. Anothеr rеаsotl for DNA takеovеr сould havе Ьееn
that Ьесausе of inсrеаsеd staЬil ity muсh longеr oligomеrs сould havе aссu-
r-rruiatеd. Тhis rvould havе providеd аn еnlranсеd stor:rgе сapaсity foг infor-
mation that сould Ье passеd on to thе nехt gеnеraгion сlf l iving еnгiriеs.
Beforе long, RNA, whiсh had onсе playеd tlrе singular rolе tlf rеpliсatitrn and
сatalysis, wаs rеplaсеd Ьy thе mсlге еffiсiеnt аnd roЬusr DNA/prоtеin ц.orld,
rvhеrеin RNA wrrs dеrnсltеd to a rolе of mеssеngеr/transсriЬеr of DNA-storеd
irrformаtion nееdеd for оrtltеin Ьiosvnthеsis.

Did Lifе Arisе in a High-Tеmpеraturе Еnvironmеnt?

Еvеn tlrouglr DNA is nrorе st:rЬlе than RNA, it is sti l l rарidly dеgrаdеd at еlе-
r,atеd tеmpеraturеs. In addition, Protеin еnzymеs dеnaturе rapidly at еlеvatеd
tеmpеraturеs. This rтtrst hаr,е at lеаst irtit iаl ly l imitеd thе еnr,ironmеnts whеге
DNA/protеin-Ьasеd lifе сould survivе for anr. signifiсzrnt pеriоd of timе, аnd as
was thе сasе for аll othеr еarliег l iving еntitiеs Ьаsеd tln nuсlеiс aсid, sr.lrvivаl
would havе Ьееn most l ikеly undег сool сonditiorrs (Bаda and [,azсаno 2002Ь).
Nеvеrthеlеss, sevеral rеsеarсhеrs lravе advoсatеd high tеп1pеraturеs, еspесiаllу
thosе zrssoсiatеd rvith [rydrсlthеrnral vеrrt systеnrs, as thе еnr,ironmеnt whеrе
DNA/protеin_Ьasеd еntitiеs first аrosе. Prсlponеnts for а high.tеmpеrаturе Ort-
gin сitе thе f:tсt thаt thе trnivеrsаl trее сlf ехtаI1t lifе irppеаrs t<l [.lе г<lоtеd in hv-
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r thе Ьasеs usеd in thе еarly сodе сoLlld
l todаy (KolЬ еt  aI .1994).
-Ьаsеd lifе irppеarеd On еartЬ' thе sup-
rnds dеrivеd from tЬе sourсеs disсussеd
ishеd. М:rrry сlf thе сomporrеnts of thе
sivеly сonvеrtеd intrl polymеrs, inсlud-
s, and thus thе rаw mаtеrials neеdеd to
tеd. This irrrpliеs that simplе mеtаЬoliс-
е in ordеr tO еnsurе a supply of thе in-
се oi thе prinlit ivе l ir. ing еntitiеs. In this
iеd to produсе еssеntial сtlnrponеnts
- ' rе 1. lеr l iдpq t l r ig in l I l r  nonеnzvmat iс  or
rlrat iatеr Ьесamе finе гurrеd аs riЬozy-

oсеssing Ьесamе dominаnt.
ulаг еntities, thе main l imitаtiоn irr thе
rеrnе instaЬil ity of RNA. Tlris in tr'rrn
rvе Ьееn vеry еГf iс iеnr in сзrry ing <lut
rаintain an асlеquatе itlvеntorr. of mol-
' i l ity of RNA сould havе Ьееn thе pгi-
)NA/pгotеirr world, whеrе, Ьесausе of
olесulеs, suгl,ir 'aI lr 'сluld h:rl 'е l lееn lеss
dirrg to.|oyсе (2002), it is p<lssiЬlе tlrat
lt сould саtа|yzе thе polvmегization of
storеd in RNA ссlr"rld Ье trzlпstЪrrеd to
n for DNA takеovеr сould havе Ьееn
rсh longег oligomеrs сould Ьаvе ассtt-
n еnhanсес{ storagе сapaсitr,for infor_
гhе nехt gеnеration of l iving еntitiеs.
yеd thе singulirr rсllе of rеpliсаtion аnd
Псiеnt and roЬust DNA/prorеin world,
{ mеssеngеr/transсritrеr of DNA-storеd
rhеsis.

еrаturе Еnvironmеnt?

RNA, it is sti l l rapidl1'dеgraсlеd at еlе-
n еnzymеs dеnаturе гapidly аt еlеvatеd
ritially l imitеd thе еnvironmеnts whеrе
lг any signifiсаnt pеriod of tiлlе, and аs
еntitiеs Ьasеd on nr.rсlеiс aсid, survival
сonditions (Bada and I,аzсаno 20O2Ь).
dvoсаtеd lriglr tеnlpеraturеs, еspесi:rl ly
nt systеms' as thе еnvironmеnt whеrе
Propоnеnts Гor l  h ig,h-tеmpегаturе r l r i -
Е ехtаnt litЪ appеars to Ье ro<rtеd in lry-
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pеrthеrmophiliс organisms. Thus if thе lаst сomп]on anсеstor (LСA) of all
modеrn Ьiоlogy was a hypеrthеrmоphilе, thеn it is сonсluded that tlrе first
DNA/protеin_Ьasеd lifе nrust havе arisеn in a similar typе of еnvironmеnt.

At first glanсе' Ьoth thе molесular and thе palеontologiсal fossil rесords
appеar to support a lrypеrthеrпrophil iс origin of l ifе. LitЪ on еarth arosе
еarly. Largе-sсalе analysis suggеsts that soоn aftеr its formation thе surfaсе
of primitivе еаrth was еxtrеmеlу hot. Thе planеt is gеnеrаlly thouglrt to havе
rеmainеd moltеn for somе timе aftеr its formation 4.6 Ьil l ion yеars ago
(Wеthеril l 1990|, Ьut minеralogiсal еvidеnсe of a 4'З- to 4'4-Ьil l ion- yеar-old
hydrosphеrе lmpliеs that its surfaсе гapidly сoolеd down (\Уr'i ldе еt al. 2001,).
Howеvеr, thеrе is thеorеtiсal and еmpiriсal еvidеnсе that thе planеt undег-
Wеnt latе aссrеtion impасts (Byеrly et a|.2О02; Sсl-roеnЬеrg еt al. 2002) that
mayhavе Ьoilеd thе oсеans as latе as 3.8 Ьil l ion yеaгs ago (Slееp еt aL. |989).

Сould modеrn Ьiосhеmistry havе arisеn undеr thеsе high tеmpеrаturе сon-
ditions? Thе proposаls of a high-tеmpеrаturе origin of lifе faсе major proЬ-
lеms' inсluding tlrе сhеnriсal dесomposition of prеsumеd еssеntial Ьioсhеmiсal
сompounds suсh as amino aсids, nuсlеoЬasеs, RNA, and othеr thеrmсllaЬilе
molесulеs, whosе half-livеs for dесomposition at tеmPеraturеs Ьеtwееn
250-350"С arе at thе most a fеw minutеs (!(/hitе 1984; Millеr and Bada 1988).

It is truе' of сoursе' thаt high tеmpеraturеs аllow сhеmiсal rеaсtions to go

fasrеr. Pгimitivе еnzymеs' onсе tlrеy appеared, сould hаvе Ьееn inеffiсiеnt
аnd thus thе ratе еnhanсеmеnt аssoсiatеd with highеr tеmpеraturеs wouid bе
onе Way to ovеrсomе this l imitation (Harvеy 1924), Howеvеr, аs summa-
rizеd еlsеwhеrе (Islas et a|.20О7)' high-tеmpеraturе rеgil-tlеs would lеad to:

1. rеduсеd сonсеntratiOns of volati lе intеrmеdiatеs' suсh as HСN, H2СO,
and NH,;

2. lowеr stеady-statе сOnсеntrations of prеbiоtiс prесursors l ikе HСN'
whiсh at tеmpеraturеs a l ittlе aЬovе 100.С undеrgoеs hydrolysis to first
forrnamidе аnd thеn formiс асid arrd ammoniа;

3. instabil ity of rеaсtivе сhеmiсal intеrnrеdiatеs l ikе amino nitri lеs
(RсHo(NH')сN), whiсh play a сеntгal rolе in thе Strесkеr syr-rthеsis
of amino aсids; and

4. loss of оrganiс сompounds Ьy thеrmal dесomposition and diminishеd
staЬil ity of gеnеtiс polymеrs.

Thе rесognition that thе dееpеst Ьranсhеs in rootеd univеrsal phylogеniеs

arе oссupiеd Ьy lrypеrthегrnophilеs is сontrovеrsiаl and doеs not providе Ьy
itsеlf сonсlusivе proof of a higlr.tеmpеraturе origin of DNA/protеin-Ьasеd
lifе (Broсhiеr and Рhil ippе 2002). Givеn thе hugе gap еxisting in сurrеnt dе-
sсriptions of thе еvoltrtionary transition Ьеtwееn thе prеЬiotiс syr-rthеsis of
Ьioсhеmiсal сorrrpounds and thе LСA сlf аll ехtarrt living Ьеings, it is proЬа-
Ьly naivе to attrmpt to dеsсriЬе thе origin of lifе аnd thе naturе of thе first
l iving svstems fronr nrolесular plrylogеniеs (Islas et aI. 2007).In addition, lаt-
еral gеnе transfеr of thеrmoadaptativе trаits has apparеntly grеаtly сompro-
misеd thе gеnеtiс rесord prеsеnt in modеrn organisms, r,vhiсh makеs any
сoпсlusions aЬoцt thе еnvironnrеnt whеrе thе DNA/protеin world origirrаtеd
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qt lеst ionaЬlе (Dool i t t lе  |999, 2О0О1 Bесегra еt  a l .  2007Ь).  Arr  analys is  of
protеin sеqtlеIlсеs hаs f<lr-rnd onl,v orrе еnzvn1е' rеvеrsе gYrasе' tlrar is spесifiс
to hypеrthеI.mophilеs; ()thеr protеins arе аpparеntly not anсеstгal to thеsе or-
ganisms and arе l ikеlv sirnpiy hеatеd-adaptеd vеrsions of thosе prеsеnt in
с<lсllеr-tеmpеrаturе oгgаnisnrs (Fortеrrе 2002). Еvеn if rhе LCA was а hypеr.

thеrnropЬilе (Gauсlrеr еt al. 2008; Gouy and Сhaussidon 2008), thеrе arе al-

tеrnativе ехplanations for thеir Ьasal distriЬution' inсluding thе possiЬil itv

that thеy arе (1) a rеliс fr<lm еarl1, Arсhеаn lrigh-tеmpеraturе rеgimеs that may
hаvе геsrrltеd from lr sеvеrе impaсt rеgimе (Slееp еt al, 1989; Gogartеn-Boеkеls
еt al. 1995); (2) adaptаtion of Ьaсtеria tO ехtrеmе еnvrronlnеnts Ьy lateral
trаnsfег of rеvеrsе gyr.1sе (Fortеrге еt al. 2000) and othеr thеrrnoadaptativе
traits fronr hеirt-lovir-rg Arсhaеа; аnd (3) Otltсompеtion of oIdеr rnеsophilеs

Ьv hypеrthеrmophilеs oгiginallr ' аdaptеd tсl strеss-induсing сonditions othеr
than high tеmpеraturеs (Millеr and Lazсano 1995).

From thе Origin of Protеin Synthеsis tо thе Last
Сommon Anсеstor оf Lifе

Orrсе DNA/pгotеin_Ьlrsеd lifе, аnd proЬaЬly RNA-Ьаsеd lifе as wеll, Ьесarте
dorтinant and еvolvеd in stlphistiсatitln, thе way сarЬon was produсеd аnd
sес1uеstеrеd оrr thе еаrth,s surfасе was foгеvеr сhangеd' еspесiallу aftеr pho-

tosynthеsis eppеarесl. Thе amor.tnt of organiс сarЬon produсеd Ьy еaгl1 l ifе
via the аutotrophiс fiхation of СС),' СН,,, and simplе organiс сompounds
suсh as fornriс and :rсеtiс асids rvоuld havе far ехсееdеd thе anr<lunts of or-
girrriс ссlmpt-lunds rсп.tаil-l iгrg. сlr sti l l Ьеirlg syntlrеsiz-еd, frсlгn еirhеr l-romе-

!]r()Wn proсеssеs or ехtratеrrеstrial sourсеs undеr tl.rе Ьеst сonditit lns. Тhе
геsеrvoir of оrganiс nrаtеrial prеsеl1t on thе еarth thеn shiftеd from onе ini-
tiall l. сhаrасtеrizеd Ьy сrlmpounсls <lf aЬiotiс <lrigin to onе madе Llp еntirеh,'
сlf ЬiоltlgiсaIly dеrivес1 сomponеnts.

It is l ikеiy thаt only in thе DNA/protеin world that Ьioсhеrniсal maсhinеry

сolnpartmеl.ltаlizеd Ьy сеll-l ikе lrrеmЬranе struсturеsl сomparirЬlе to thosе
usеd in l lt lсlеrn Ьiсllogy, Ьесilпrе widеspгеad. This is tЬus tlrе first timе thaт
anу dirесt еr,idеnсе of l ifе's ехistеl-tсе might hirvе Ьееn prеsеrvеd in thе form of
phvsiсal fossils in thе rосk rесorсl. Еаrliеr stagеs would havе lеft Ьеhind only
molесulаr геnll1аnts' i lnd thеsе h11vе nоt sr.lrvivеd thе rаvlrgеs оf gеосhеmiсаl

аЬusе ovеr Ьil l ions of vеars of gеologiс tin-rе. Although traсеs of hydroсаrЬon

Ьiomarkеrs havе Ьееn dеtесtеd in 2.7 Ьil l ion-yеar-old sеdimеntаry roсks, thе
сlldеst unаmЬigutlus nlсllесulаr fсlssils fсlurrd to datе (Broсks еt a|. |999),

diagеnеtiс Proсеssеs' Ьitl logiсal аssimilatiotl, and post.dеpositit lnal mеtamOr.
phism havе long sinсе еradiсatеd thе еаrliеr reсoгd of aЬiotiс organiс сhеm.
istrv and thе сomponеtrts assoсiагеd with primitivе l ifе.

All knolvn organisnls shаrrе thе samе еssеntiаl fеaturеs of gеnсlmе rеpliсa-
titln, gеnе ехprеssion, Ьаsiс antrЬoliс rеасtions, and rnеmЬranе-аssoсiatеd
А-ГPasе-rnеdiatеd еnеrgv produсtion. Тhе molесular dеtails of thеsе univеrsаl
proсеssеs n()t ()nlv prсlr,iс1е dirесt еr,idеnсе oi thе r-rrсlrrophvlеtiс сlrigin of аll
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ехtant forms of lifе Ьut also imply that thе sеts of gеnеs that еnсodе thе сom-
ponеnts of thеsе сomplеx traits wеrе frozen a long timе ago (i.e., major
сhangеs in thеm аrе vеry stгongly sеlесtеd against and arе lеthal). It is truе
that no anсiеnt inсipiеnt Stagеs or еvolutionary intеrmеdiatеs of thеsе molес-
ular struсturеs havе Ьееn dеtесtеd, Ьut thе ехistеnсе of gradеd intеrmеdiatеs
сan bе dеduсеd' and thеrеforе thе supеrnatural origin advoсatеd Ьy Ьoth old-
fashionеd and соntеmporary сrеаtionists is rеndеrеd unnесеssary.

Foг instanсе, thе faсt thаt RNA molесulеs Ьy thеmsеlvеs arе сapаЬlе of pеr-
forming аll thе rеасtions involvеd in pеptidе_Ьond formаtiorr suggеsts' аs statеd
еarliеr, that protеin biosynthеsis еvolvеd in an RNA world (Zhang and Сесh
1998|,that' is, that thе first гiЬosomе laсkеd protеins and wаs produсеd only by
RNA' This possiЬility is supportеd Ьy сrystаllogгаphiс data that havе shown
that thе ribosomе's сatalytiс sitе, wlrеrе pеptidе-bond formation takеs plaсе, is
сomposеd of RNA (Ban еt al. 2000; Nissеn еt al. 2000). Сlurеs to thе gеnеtiс or-
ganization of primitivе forms of translation arе also providеd Ьy paralogous
gеnеs, whiсh arе sеquеnсеs that divеrgе, not through spесiаtion, Ьut аftеr a du-
pliсation еvеnt. For instanсе' thе prеsеnсе in all known сеlls of pairs of homolo-
gous gеnеs that еnсodе two еlongation faсtоrs, whiсh аrе GTP (guanosinе

triphosphatе)-dеpеndеnt еnzymеs that assist in protеin Ьiosynthеsis, providеs
еvidеnсе of thе еxistеnсе of a moге primitivе, lеss rеgulatеd vеrsion of protеin
synthеsis that took plaсе with only onе еlongation faсtor. In faсt, thе еxpеri-
mеntal еvidеnсе of in vitro tгanslation systеms with modifiеd сationiс сonсеn-
trations lасking both еlongation faсtors and othеr protеin сomponеnts
(Gavrilova et aI' I976; Spirin 1986) strongly supports thе possiЬility of an oldеr
аnсеstral prоtеin synthеsis apparatus Ьеforе thе еmеrgеnсе of еlongation faсtors.

Bioinformatiс аnаlysis of sеquеnсеd сеllular gеnomеs from thе thrее major
domains сan Ье usеd to dеfinе thе sеt of thе most сonsеrvеd protеin.еnсoding
sеquеnсes to сharaсtеrizе thе gеnе сomplеmеnt of thе LCA of еxtant lifе. Thе
rеsulting sеt is dominatеd Ьy diffеrеnt putativе ATPasеs' and Ьy molесulеs in.
volvеd in gеnе ехprеssion and RNA nrеtaЬolisпr. Thе so-сallеd DЕAD gyrasеs'
whiсh unwind RNA molесulеs and lеavе thеm rеady for dеgradation, arе аs
сonsеrvеd аs many transсription and translation gеnеs. This suggеsts thе еarly
еvolution of a сontrol rnесhanism for gеnе еxprеssion at thе RNA lеvеl, pro-
viding аdditional support to thе hypothеsis that RNA molесulеs playеd a morе
prominеnt rоlе during еarly сеllular еvolution. Сonsеrvеd sеquеnсеs геlatеd to
Ьiosynthеtiс pathwаys inсludе thosе еnсoding putativе phosphoriЬosyl py_
rophosphatе synthasе and thiorеdoхin, whiсlr partiсipatе in nuсlеotidе mе-
taЬolism. Although thе information сontainеd in thе availaЬlе dataЬasеs
сorrеsponds only to а minor portion of biologiсal divеrsity, thе sеquеnсеs re-
portеd hеrе arе likеly to Ье part сlf an еssеntiаl and highly сonsеrvеd pool of
protеin domains сommon to all orgarrisms (Bесеrra et a|' 2007a).

Thе high lеvеls of gеnеtiс rеdundanсy dеtесtеd in all sеquеnсеd Е]еnomеs
imply пot only thаt dupliсation has plаyеd a major rсllе in thе aссrеtion of
thе сomplех gеnomеs foцnd in еХtant сеlls, Ьut also tlrat Ьеforе thе еarly
dupliсation еvеnts rеvеalеd Ьy thе largе protеin familiеs, Ьесausе thе dupliсa'
tion is usеd to Ьuild morе соmplехity, simplеr l iving systеms еxistеd that
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laсkеd thе largе sеts of еnzvmеs and thе sсlplristiсatеd геgшlаtory aЬil it iеs of
соnrеmГOri]г1 '  огgаnisms. Тhе r 'ar i l t i t 'n '  . ' i  t r l i ts  сo l r l  n lo l l  t t l  ехta nt  spес iеs
сan Ье еasily ехplainеd as thе outсоmе of divеrgеnt proсеsses from аn anсеs-
trаl l ifе form that ехistеd Ьеforе thе sеparation of thе thrее major Ьiologiсal
domains, that is, thе last сommon anсеstor (LсA) or сеnanсеstor. No palе-
ontologiсаl rеmnаnts l ikеly rеmain that Ье:rr tеstimony of its ехistеnсе' so thе
sеarсh for: :r fossil of thе сеnilrrсеstor is Ьound to provе fгuitlеss.

Analvsis of an inсгеasirrgly largе nulrrlrег of сomplеtеlv sеquеnсеd сеllular
gеnomеs has rеvеalеd majrlr disсrеpanсiеs in thе topology of riЬosomal RNA
(rRNA) trееs. Vеry oftеn thеsе diffеrеnсеs havе Ьееn intеrprеtеd as еvidеnсе
of horizontal gеnе trаnsfеr (HGT) еvеnts Ьеtwееn diffеrеnt spесiеs, сasting
douЬt uporr thе fеasiЬil ity of thе rесonstrttсtioгr and prсlpег urrсlеrstanding оf
еaгly Ьiologiсаl histoгv (Doolittle 1999, 2000). Тhеге is сlеar еvidеrrсе tlrаt
gеnomеs havе a mosaiс-l ikе naturе whоsе сomponеnts сotllе from a widе vа-
riеty of sourсеs (Oсhman еt al. 2000). Diffеrеnt advoсatеs havе dеsсriЬеd a
widе spесtrum of mix-and-matсh rесomЬination proсеssеs' ranging from thе
latеral transfеr of a fеw gеnеs via сonjugarion, trаnsduсtiorr' оr transformа-
tion to се|l ftrsion еvеnts irrr,оlving organistrrs from diffеrеnt domains.

Unil,еrsаl gеnе-basеd phylogеniеs ultiгnatеly rеaсh a singlе univеrsal еntitr,,
Ьut thе Ьaсtеrial-l ikе LСA (Gogartеn еt al. 1989) that wе favor Was not
alonе. It would havе Ьееn in thе сompany оf its siЬlings, a population of еn-
titiеs similar to it that ехistеd throughсlut thе samе pеriod. Thеy may havе
not survivеd, Ьut somе сlf tlrеir gеnеs did if rl-rеv Ьесamе intеgrаtеd via lаtеrаl
transfеr i l- lto tlrе l-СA gеnonlе. Thе сеnanсеstor is thtrs onе t>f tЬе last еvolu-
tionary outсomеs of a sеriеs of anсеstral еvеnts' inсluding latеral gеnе trans-
fеr, gеnе lossеs, and paгalogous dupliсatiсlns, that took plaсе Ьеforе thе
sеparation of Bасtеria, Arсhaеa, аnd Еuсarya (I,azсano еt al. 1992; Glans-
dorff 2000; Сastrеsana 200 1; Dеlayе еt аl. 2004; Bесеrra еt аl. 2007a).

Сonсlusions and Pеrspесtivеs

Although tl.rеrе havе Ьееn сonsidеraЬlе advanсеs in thе undеrstаnding сlf сhеm-
iсal proсеssеs that may havе tzrkеn plaсе bеf<lrе thе еmеrgеnсе of thе first living
еntitiеs, lifе's Ьеginnings i-tfе still slrгoudеd in mystегy' Likе vеgеtaгiol-l iп a
mangrovе swamp' thе гоots of univеrsal plrylogеnеtiс trееs аrе suЬmеrged in
thе muddy Watеrs of thе prеЬiotiс Ьroth, and how thе transition from thе non-
living to tlrе living took plaсе is still unknown. Givеn thе hugе gap that ехists
in сurrеnс с1еsсriptions of thе еvolutionary trаnsition Ьеtwееn rhе prеЬioriс syn-
thеsis of Ьiсlсlrеmiсal соmpoшnс1s and thе last сotnmon anсеstor сlf all ехtant
living Ьеir.rgs, it is proЬaЬh' naivе to attеll lpt tсl сomplеtеly с]еsсriЬе thе oгigin
of lifе ar-rd thе naturе of tlrе first living systеms from molесul:rr phylogеniеs.

Our сuгrеnt undеrstanding оf gеnеtiсs, Ьioсhеmistry, сеll Ьiology, аnd thе
Ьasiс molесular proсеssеs of l iving organisms has сhallеngеd trr.rny origina|as-
sumptions сlf thе hеtеrсltroplriс thеory. Thе r,iеrv аdvoсatеd hеrе аssumеs thаt
еvеn if tl-rе first l iving еrrtitiеs wеrе еndtlrvеd with nrinir-nirl svnthеtiс aЬil it iеs'
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their mаintеnanсе and rеpliсation dеpеndеd primагily on organiс сoп-tpounds
synthеsizеd Ьy prеЬiotiс proсеssеs. An updatеd hеtеrotrophiс hypothеsis as-
sumеs that thе raw matеrial for аssеmЬling thе first sеlf-maintaining, rеpliсa-
dvе сhеmiсa] svstеп1s \t,as thе оutсomе of аЬiсltiс syrrthеsis, rvhilе thе еnеrg),
геquirеd to drivе thе сhеmiсаl rеасtions involvеd in growth irnd rеprodr.rсtion
may havе Ьееn prсlvidеd Ь,v сyanamidе, thioеstеrs' glyсinе nitrilе, or othеr
high-еnеrgy сomporrnds (dе Dtrvе 199S:Lazсano and Millеr 7996).

Thе Ьasiс tеnet of thе lrеtеrotroplriс thеory of thе origirr of l ifе is that сhе
maintеnаnсе anсl rеproduсtion of thе first l iving еntitiеs dеpеndеd primarily
on prеbiotiсally svnthеsizеd organiс molесulеs. As summarizеd hеrе, thеrе
hаs Ьееn no shortаgе of disсussitln aЬottt how tЬе formаtion of thе primor-
dial soup took plасе. But lr:rvе too mal1y сooks spoilеd thе sсlup? Not rеally.
It is vеry unlikеli, that any singlе mесhanism саn aссount for thе widе rangе
of organiс сompounds thаr rnay hаvе aссumulatеd on thе primitivе еa]rth'
аnd that thе сitnsеquеnt prеЬiotiс sollp Was formеd Ьy сorrtгiЬutions frсlm
еndogеnous synthеsеs in a rеduсing аtmosphеrе, mеtal sulphidе-mеdiatеd
synthеsis in dееp-sеa vеnts' and еХogеnous sourсеs suсh as сomеts' lтlеtе-
oritеs, аnd intегplirnеtarv dust. This есlесtiс viеw d<les not Ьеg thе issuе of
thе rеlativе sigrrif iсanсе of thе diffеrеnt sourсеs of organiс сompounds-it
simply rесognizеs thе widе variеty of potеntial sourсеs оf organrс сom-
pounds, thе raw nratеrial rеqrrirеd fсlr thе еmеrgеnсе of l ifе.

As disсussеd lrеrе, thе ехistеnсе of diftЪrеrtt аЬiotiс mесhanisms Ьv whiсh
bioсhеmiсal monomеrs сarr Ье synthеsizеd undеr plausiЬlе prеЬiotiс сondi-
tions is wеll еstaЬlishеd. of сoursе' not all prеЬiotiс pathr'vays arе еqually
еffiсiеnt, Ьut thе lvidе rangе of ехpеriп-rеr-rtal ссlnditions undс.r rд,hiсh oreаniс
сoпlpоunds сarr Ье synthеsizеd dеm()llstratеs th21t prеbiotiс synthеsеs of thе
building Ьloсks of l ifе arе roЬust, that is, thаt thе aЬiotiс rеaсtions that lеad
to thеm do not tаkе plaсе undеr a nаrrow rangе dеfinеd Ьу highly sеlесtivе
rеaсtion сondiriоns bur гathеr uirdеr а widе variеty of ехpеrimеrrtаl sегtings.

Тhе synthеsis of сhеmiсal сOnstiturnts of сontеr-rrporary orgаnisms Ьy nonеn-
zymаtiс proсеssеs undеr laЬoratory сonditiсlns doеs not nесеssarily implv that
thеy rvеге еithег еssеntial fоr tlrе origin of lifе or avirilirЬlе in tlrе primitivе еnvi-
ronmеnt. Nor-rеthеlеss, thе rеrnarkaЬlе сoinсidеrrсе Ьеtwееt-t rhе molесr-rlzrr сon-
stituеnts of living organisms arrd thosе synthеsizеd in prеЬiotiс еxpеrimеnts is
too striking to Ье fortuitсlus, аnd thе roЬLlstnеss of this typе of сhеmistry is sup-
portеd Ь1. thе oссuгrеnсе t>f nrt>st of thеsе Ьioсhеnriсаl сompounds in thе сar-
Ьonaсеous mеtеoritеs of 4..5 Ьil l ion yе:lrs ago (Еlrrеnfrеund еt al. 2001). So it
bесomеs piausiЬlе, Ьut ntlt provеl1' that similar synthеsis took plaсе on thе
primitivе еarth. }-or all thе unсеrtaintiеs surrоunding thе еmеrgеnсе of l ifе' it
apреаrs to us th21t thе forrrrаti<ln of tlrе pгеЬiotiс sсlup is orrе ot thе m<lst firmly
еstablishеd еvеnts that took plaсе on thе primitivе еarth.

Мainstrеam sсiеntifiс hypothеsеs on thе origin of l ifе, whiсh havе Ьееn dе.
vеlopеd within thе framеwoгk сlf an еvolutionaгv аnalysis, lravе Iеd ttl a
wеаlth of ехpеrimеnt*ll rеsults and thе dеvеloprrrеnt of a сohеrеnt historiсal
narrativе thаt l inks many diffеrеnt disсiplinеs and raisеs major philosсlphiсаl
issuеs' It is truе thаt thеrе arе l irrgе gаps in thе сurrеnt dеsсri;lt iсlns of thе еvo-
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lutionary transitiorr Ьеtwееn thе prеЬiotiс synthеsis of Ьioсhеmiсal сom-
pounds and thе last сommon anсеstor of аll ехtirnt l iving Ьеings' Ьut attеmpts
to rеduсе it havе аllowеd а morе prесisе dеsсription of thе Ьеginning of lifе,
Nowadays а сеntral issuе in origin-оf-litЪ rеsеarсh is to undеrstаnd thе abiotiс
synthеsis of an аnсestrаl gеnеtiс polymеr еndowеd with сatalytiс aсtivity and its
furthеr еvolution to an RNA world and ultimatеly to thе DNA/RNA/protеin
world сharaсtеristiс of all lifе on еarth. !Ие faсе major unsolvеd proЬlеms, but
thеy aге not сompletеly shroudеd in mystеry, unsolvaЬlе, or unknowaЬlе.
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Paleontology and the History
of Life

Michael Benton

And out of the ground the Lord God formed every beast of the field, and
every fowl of the air;  and brought them unto Adam to see what he would
cal l  them: and whatsoever Adam cal led every l iving creature, that was the
name thereof.

Genes is  2 :19

People have always been astounded by the diversity of l i fe, although perhaps
in different ways. In prescientif ic t imes farmers saw how their crops and live-
stock were merely part of a much larger richness of l i fe, ar-rd people have al-
wrrys striven to understand the complexity and arrangement of l iving things.
From Aristotle to Linnaeus, scienrists atrempted to catalog l ife and to under-
stand where it had come from. During the eighteenth century it became clear
to all savants thar the earth had been populirted formerly by strange and mar-
velous creatures that had since become ertinct. Bv 1820 some rough picture
of the succession of floras and faunas through geological time was beginning
to emerge. Charles Darwirr, during the voyage of HMS Beagle in the early
1830s, became increasingly convinced that l i fe was more diverse than he had
imagined-every island he visited sported a new crop of plants and animals.
He saw the lateral (geographic) and vertical (historic) l inks between species
and realized by 1837 that species rvere all l inked by a great tree. The tree con-
cept made it clear why species that in his time were geographically close
should also be genealogically close. Further, the tree conc€pt made it clear
why the fossil mammals he found in Argentina should be similar to the l iving
mammals of the region.

This essay addresses four concepts: what we know about the sequence of
the history of life, how life has diversified through time, how speciation oc-
curs, and how good (or bad) the fossil record is as a source of data on the his-
tory of l i fe. These were all issues that concerned Darwin (1859), and they
concern us sti l l  today.
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Naгrativе

.Гhеrе 
аrе many ways tO rес()unt thе stсrry tlf thе history of l ifе. As <lnе of

many typiсal ехaшplеs, Bеnton anсl Harpеr (|997,2008) pгеsеntеd а sеquеnсе
of 10 stagеs froлl thе сlrigin of l ifе to thе origin of пrсldеrn lrulnаns:

|.TЬе origin o| l i iе' Thе appеarirtrсе of thе first еviсlеt-tсеs of l ifе irl tl lе
fossil rессlrd, s<lmе З.6-3..5 Ьil l i<ln yеars ago. Thеsе first, pr<lkirryoriс
сеlls wеrе prоbaЬly l ikе modеrn сyanoЬaсtеria (..Ьluе-grееn irlgaе''),
Ьut thеy livеd in thе aЬsеnсе of oхygеn.

2, Еukаrуotes апd thе сlrigiп of sех. Thе first еukirryotе сеlls, witЬ a
nuсlеus, arе геptlrtеd from rсlсks сlatеd aЬсlut 1'.]-1 Ьil l ion уеaгs сlld
аrrd hеrrсе prеsurnаЬly l lppеlrеd somе ti l l lе [rеtЪге tlrаt. Тhе initiаti<llr
of sеxuаl геprсlduсtion, possiЬly at thе samе timе as thе сlrigirr of
еukaryotеs, pсlssiЬly not, opеnеd up thе pilssiЬil ity of miхing rlf gеnеtiс
matеrial and rесomЬinatiоn.

3. Миltiсеllulаritl, 'TЬe first multiсеllеd fсlssils, rес1 algaе, are |'26
Ьil l ion_950 mill ioп yеars rl ld, аtlс] this rаngе of с1trtеs ссlrrеsponс]s to
molесulirr еr,idеnсе that points t() thе origitl сlf rnultiсеllеd сlrgirnisnrs
somе 1.2 Ь i l l ion yеars ago. organisms сt lns ist ing of  many се l ls  сan
divеrsify thе fr"rnсtions of thosе сеlls, and thеy с:rn Ьесoпrе largе.

4.Skеlеtсlпs. Mlrny aninral groups apparеntly асquirеd hard, minеr:rl izеd
skеlеtons aЬсlrrt 545 mill iоn уеагs ago' at thе Ьеginning of thе
Phanеrozoiс' durir-rg tlrе sсl-саllеd (,irпrЬriаn ехplсlsi<lrr. Anirri:i l t i lssi ls
arе known frсlm m:rny loса[itiеs in thе prесес1ing Еdiaсararr, l lut thе
divеrsity of phyla rеprеsеntеd Ьy fossils ехparrdеd hugеly wl.rеrl
skеlеtons wеrе асquirеd. Thе rеasons for this .rrе unknown, Ьttt
skеlеtсlns сlеаrlv offеrеd pгotесtion аnd sr'rppсlгt аrrd pеrrr-rittеd ссrtarn
groups to еntеГ rrеw lifе Zonеs.

5. Prеdаtiсltt. Pеrhaps linkссl with thе sprеaсl of skеlеtсlns, t1.piсallу
protесtivе ()utеr shеlls, rтay lravе Ьееn thе risе сlf nеw kinds of
prеdators, пlaсrosсoрiс animals sцсh аs tri loЬitеs thаt еmplovеd nеw
stratеgiеs to fееd on thеir largе prеy. Arms raсеs Ьеtwееn prеdl1tors and
prеy Ьесlrmе lr sti lndard fеаttrге сlf anim:rl еvolutitln thеrеafrеr'

6. tsiologiсаl rссfs. Rееfs lrаr,с ехistеd sirrсе Сirnlbriаn tirrrеs. Tlrеy l-rаvе
Ьееn пradе from а Ьroad r'rrrgе of aninrals; сlоminаnсе shiftес1 frсlrn
polyсhaеtе worms in thе Еarly СamЬrian tсl аrсhaеoсyathans in thе
Latе СamЬrian and аlgaе, Ьrr,ozoans' stroпlatoporoids! and гr.rgosе and
taЬulatе сtlrirls in thе ordoviсiirn, Siluгiаn, аnс1 Dеvonian. Diffегеnt
groups of alg;rе, sPongсs' Ьrt,ozoilns, аnd сorlrls саmе and wеt.tt
thгouglr tirrrе, Ьut rееfs rеtlr.rinеd and arе ссlс1ау dсlmirratесl Ьу'
sсlеraсtiniarr сorals. Rееfs аrе Ьuilt from orgаnisms, Ьut thеy [orпr
major physiсal gеographiс fеaturеs and pr<lvidе a plеthora сlf nеw
haЬitats frlr l ifе.

7.Теrrestriаlizittioп. Thе п"lсlvе сlf l ifе onttl land similаrly opеnеd up a
hugе аrrir\, of nеw lifе zorrеs. Soils arе knorvrr fr<lm sсlnlе latе
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PrесamЬrian suссеssions, and soils imply l ifе on lalrd. Buгrowing
animаls arе known from ()rdoviсiаn soils, whilе mаny smаll vasсular
plants and artlrropods arе known from thе Siluriаn. Land plants
Ьесamе larger z.rnd morе divеrsе in thе Dеvoniаn, аnd tlrе divегsitу of
land-dwеlling, animals ехpandеd to inсludе Worms' mсll lusks, many
morе arthropсld groups, and vеrtеЬratеs.

8. Тrеes аnd fсlrеsts. Just as rееfs in thе sеzr arе gеographiсally
suЬstantial Ьiologiсal struсturеs, so too arе forеsts. Thе first trееs i l-t
thе Devoniаn Wеrе largеly isсllatеd, btlt massivе forеsts dеvеlopеd in
thе СarЬonifеrous, with trееs up to 20 m tall. Not only did variсlus
land-plant groups divеrsify аs trееs' Ьut othеr plants and animals
that ехploitеd thе nеw habit:rts сrеatеd Ьу thе trееs аlsо divеrsifiеd.

9. Flight. A ftlrthеr ехpansion of есosp;rсе was markеd Ьy thе origin of
fl ight. Insесts arosе in thе Еarly Dеvonian, Ьut thе first truе flyеrs
wеrе CаrЬonifеrous in agе. Inseсts dominatеd thе skiеs from thеn on.
Thе first flying (gliding) vеrteЬratеs arosе in thе Pеrmiiln and
Triassiс, whilе powеrеd fl ight in vеrtеЬratеs arosе at lеast thrее
timеs' in ptеrosaurs in thе Latе Triassiс, in Ьirds in thе Latе Jurirssiс,
аnd in Ьats in thе Tеrtiary.

10. Ссlnsciсlusnеss. Thе origin of соnsсioust-tеss in humаrrs is muсh
dеЬatеd. Is this a fеatr'rrе oi Homсl sсtpiепs alonе, and henсе pгеsеnt
only in thе past 200,000 vеars or so, or did еarliеr spесiеs of Hсlmo,
or еvеn pгесursor gеnеra suсh as АustrаlopithеcИs afld Ardipithесus'
possеss сonsсiousnеss as mltсh as 2 t<l4 mi|lion yеars ago?
(]orrsсiсlusnеss аll<rwеd huшаns to сгеatе things аnd tо rrrodifv tlrеir
еnvironmеnts and is thе basis of thе prсlfound impасt humans аге
having on thе еvolution of l ifе.

Thеsе 10 stagеs arе l inkеd сlosеly to major Ьiologiсal innoviltions (l ifе' sех,
rnultiсеllularity' skеlеtons, pгеdatit>n, сonsсitlusnеss) and major ехpаIlsitrns
in haЬitats oссupiеd Ьy lifе (rееfs, tеrrеstrialization, trееs, fl ight). All 10 arе
doсumеntеd to a gгеаtеr оr lеssеr ехtеnt in thе fossil rесord. .

In a morе Ьiologiсаlly oriеntеd prеsеntation' .|ohn Мaynard Smith and
Ебrs Szathmarу (995) idеntifiеd еight major stеps from thе с>rigin of l ifе to
human soсietiеs with languagе:

7. Rеpliсаtiпg molесules. Thе first oЬjесts with thе propеrtiеs of
multipliсation, vаriation, аnd hеrеdity wеrе probaЬly rеpliсating
Inolесulеs, siпri lаr to RNA Ьut pеrhaps simplеr and сapaЬlе of
геpliсation Ьut not informationаl Ьесatrsе thеy did nOt spесify othеr
struсturеs. A populaг viеw is thаt RNA сamе Ьеforе DNA Ьесausе it
саn aсt Ьoth as i l gеnе and an еnzymе' viеrvs еnсapsulatеd in thе tеrm
RNА шorld' If evrllutiorr werе to proсееd fuгthег, it rvas nесеssary
that diffеrеnt kinds of rеpliсating molесuIе should сoopеratе, еaсh
pгoduсing еffесts that hеlpеd thе rеpliсаtion of сlthеrs. For this to
hаppеn, populations of molесulеs had t<l l. lе еnсlosеd within somе
kind of mеmЬrztnе, or сomраrt|t|еl1t' сorrеspсlnding to e simplе сеll.
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2. Iпdеpeпdепt repliсаttlrs. In ехisting organisms, rеpliсating molесulеs,
or gепеs' arе lirrkеd togеthеr с'nd tO еnd to forлl сhromoso|7'еs (а singlе
сhromosomе pеr сеll in пrсlst simplе оrganisnrs). This has thе еffесt thаt
whеn onе gеnе is rеpliсatеd, аll arе. This сoordinatеd геpliсation
prеvеnts сonrpеtiti()tl bеtwееn gеnеs within a сompаrtmеnt and forсеs
сoopеration сln thеm, sinсе if сlnе fails, thеy all fail.

з.RNА оs gеnе апd eпzl,mе. in modеrn organisnrs thеrе is a division of
iаЬor Ьеtwееn two сlassеs of mоlесulе.. писleiс', ссids (DNA and RNA)
that storе and transmit information aпd protеiпs thаt сatalyzе сhеmiсal
rеaсtions anсl form rnuсh rlf tlrе struсturе of thе Ьody (for ехan-r;l lе,
musсlе, tеndсln, hair). Pеrhаps originirl ly RNА molесr.rlеs pеrfсlrmеd
Ьoth funсtions. Thе tгansition frсlm an RNA rvсlrld to a wсlrld of DNA
and prrlrеin rеquirеd thе еvсllution of thе gеnеtiс ссldе, r,vhегеЬy Ьasе
sеqt lеnсе dеrегminеs prоtе in stгuсturс.

4. Еuktlrусltеs апd orgаllеllеs. Prсlkаrуr;tсs laсk а nuсlеus аnd usualry
hаvе а singlе сirсulаr сhrtrпrosomе. Тhеy irrсlLrdе thе Ьaсtеriа аnd
сyarroЬaсtеria (Ьluе-grееn algaе). Еttkаrуotеs havе а nuсlеus that
сontains rod.sh аpеd сlrromosсlmеs anс] usuallу othеr iгltraсеllulаr г
strttсtl lrеs сa||еd сlrgtlпe//es' inсludirrg mitoсhсlndria .rгrd сhlоroplasts.
Thе еuk:rryotеs inсludе all othеr сеlluIar organisnrs, fronr thе singlе-
сеllеd Amt>еЬit,.lnd Сhlаm1,dtlпrlпаs ttp to hul.nans'

5. Sехuаl rеprodисtiot;. In prokaryotеs аnd in somе еukагyotеs' lrеw
individuals arisе as аsех|tаl сloпеs Ьy thе divisiсln of a singlе сеll into
trvсl. Iп most еЦkar\'otеs, in с()i ltrasti this prсlсеss of multipliсаti<lrr Ьy
сеll divisiсln may Ье intеrruptеd Ьy a proсеss <lf sехuаl rеproduсtioп tn
whiсlr a nеw individLtirl arisеs Ьy thе ftrsion of twсl sех сеlls, сlr
gamеtеs' produсеd Ьy diflЪrеnt indir.iduаls.

6.Difiеrепtiаtеd cеlls. Protists ехist еithеr as singlе сеlis or as сoloniеs of
сеlls of onlv ol.tе or a vеry fеrv kinds, rvhеrеаs multiсеllеd orgarrisms
among aninrаls, plarlts, and fungi arе сomposеd of rrrаny diffеrеnt
kinds of сеlls, suсh аs musсlе сеlls, nеrvе сеlls, and еpithеliаl сеlls.
Еaсlr individuаl, thеrеforе' сitrriеs nOt ()nе сopy of rhе gеnеtiс
informat ion (two in a d ip lo id) Ьut many mi l l ions of  сopiеs.  Thе
proЬlеm, сlf сtlursе, is thаt аlthough all thе сеlls сontain thе sаmе
inf<lrnratior-r, thсy irrе vеrу с1iffеrеnt irr shapе' сomp<lsition, сtrrd
funсtion.

7. Сokпiаl /iuйzg. Мost orgaлisr-rrs arе solitary, i l1tеraсting with othеrs of
thеir spесiеs but nor dеpеnс{еnt on rlrспr. Othег anirn:rls, notzrЬly ants,
Ьееs, wasps, and tеrmitеs, l ivе in цlloпiеs ir-r whiсh ouly a fеw
indiv idшаls rе; l roduсе.  Suсh a сo lony hаs Ьееn l ikеnеd to a
sи|lеrorgапiszl ' an:rlog<lus t<l a multiсеllul:rr oгganisпr. Thе stеrilе
workеrs arе аnаl<rgolts to thе Ьody сеlls of arr individual, and thе
rеprtrduсing individuаls to thе сеlls сlf thе gеrr-rr l inе. Tlrе origin of srrсh
сolсlniеs is irnportant; it has lrеегr еstimatеd tlrаt onе-third оf thе animal
Ьionrаss of tЬе Amazon rain ftlrеst сot.lsists of ants аnd tеrmitеs, and
nruсh thе szrtlrе is proЬaЬly truе of сltlrеr haЬitаts.
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8. Primаtе sociеtiеs, bumап soсiеtiеs, апd thе origiп of lапguаge. The
dесisivе stеp in thе trаnsition from apе to human soсiеty was proЬаЬly
thе origin tlf languagе. In many wаys human languagе is l ikе thе gеnе-
tiс сodе; information is storеd and transmittеd, with modifiсatron,
down thе gеnеrations. Сommuniсation holds soсiеtiеs tosеthеr and
allows hunrans to еsсapе еvolution.

Мaynard Smith and Szаthmiry (1995) arguе that all Ьut two of thеsе еight
transitions wеrе uniquе, oссurring just onсе in a singlе l inеagе. Thе twсl ех-
сеptions arе thе oгigir-rs of multiсеllular organisms, whiсh happеnеd thrее
timеs, and of сolonial animals with stеrilе сastеs' whiсh has happеnеd many
timеs. Had any of thе othеr siх trаnsitions not happеnеd, and thаt inсludеs
thе origin of l ifе itsеlf (numЬеr 1), thеn wе would not Ье hеrе. Thаt only two
of thе еight havе dеmonstraЬly happеnеd morе than onсе spеаks against
Simon Сonway Morris's (2003) thеsis that с()nvеrgеnсе tn naturе is so prе-
valеnt that humanity and mаny othеr еХtаnt stylеs of l ifе аrе virtually
inеvitаЬlе.

Divеrsifiсation

N U М в Е R s

Lifе is astonishingly diversе today, with еstimаtеs rаnging from 5 mill iсln to
100 mill ion spесiеs, Ьut pеrhaps' п1Orе soЬеrly, homing in on a 6gurе Ье-
twееn 10 mill ion and 15 mill ion spесiеs (sее thе mаin еssay ..Thе Pattеrn and
Proсеss of Spесiation'' Ьy Мargarеt B. Ptасеk and Shala J. Hankison in this
vсllumе). Of thеsе, fеwеr than 2 mill ion hаvе Ьееn rесognizеd and dеsсriЬеd
so far.

It is сommonly assumеd that i ifе today is morе divеrsе than it has еvег
Ьееn. This sееms in somе Ways oЬviсlus, Ьut it сould aIso Ье сonstruеd as еx-
traordinary vanity, somеhow akin ttl thе viеw that all еvolution was plannеd
to lеad to human Ьеiggs, аnd that somеhow this instant in thе vast span of
timе is thе most importаnt of аll. Howеvеr, it is еvidеnt that all l iving organ.
isms and ali organisms known as fossils dеrivе fгom а singlе сommon anсеs-
tor (on thе Ьasis of thе еvidеnсе of shаrеd сomplех сharaсtеrs, sr-rсh as thе
DNA-RNA systеm of inhеritanсе, homеoЬoх gеnеs, and thе likе). That сom.
mon anсеstor, thе singlе spесiеs that gаvе risе tсl all of l ifе, ехistеd somе
З.5_з.8 Ьil l ion yеars ago. But how many spесiеs havе еvеr ехistеd?

Biologists аnd palеontologists havе triеd а rrumЬеr of l inеs of rеаsonlng to
еstimatе thе totаl numЬеr of spесiеs thаt havе еvеr ехistеd. Pеrhaps living
Ьiodivеrsity is only 24Y" of thе total that hаs еvеr ехistеd' as is suggеstеd Ьy
thrее linеs of rеasoning (Sеpkoski 19921Мaу 1994):

1. Thе first argumеnt is Ьasеd on an assumеd pattеrn оf spесiеs divеrsity
inсrеasе аnd thе known avеragе duratiсln of a spесiеs Ьеforе it Ьесomеs
еxtinсt. If spесiеs divеrsity inсrеasеd roughly l inеarly (additivе modеl)
through thе Phanеrozoiс' аnd аvегagе spесiеs duration is 5_10 mill ion
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yеаrs, thеn living spесiеs rеprеsеnt 2-4"Ь of thosе that ехistеd duгing
thе past 600 mill iоn yеars.

2. Thе sесond aгgumеnt is Ьasеd on thе divеrsifiсation of insесts ovеr thе
past 450 mill ion yеars. If thе avеragе duration of an insесt spесiеs is
10 mill ion yеars, and thе group has divеrsifiеd l inеaгly, thеn 5% of all
tеrrеstrial spесiеs that еvеr еxistеd arе alivе today.

3. Thе third argumеnt is Ьasеd on prеsеrvaЬil ity of fossils. Somе 250,000
spесiеs of fossil marinе animals havе Ьееn namеd, similar to thе total
numЬеr of known marinе animal spесiеs alivе today (200'000).

Allowing for nonprеsеrvation of soft-Ьodiеd organisms and othеr
lossеs' this сould also rеprеsеnt onlу 2_4Y" of thе total numЬеr of fossil
spесiеs (Sеpkoski 1992).

In thеsе disсussions it has only Ьееn possiЬlе to еxaminе pattеrns of divеrsifi-
сation for mасrosсopiс organisms, that is, typiсal plants and animals. Mi-
сroЬеs аrе ехсludеd Ьесausе it has Ьееn hard to еstimatе thеir сurrеnt divеrsity,
and vеry l ittlе is known of thеir еarly fossil rесord. If 24% of all spесiеs that
еvеrеxistеd arе alivе today (10-1 5 mill ion), thеrе must hаvе Ьееn somе 250
to 750 mill ion spесiеs in thе past.

M o D Е L s

Biodivеrsity, thеn' has ехpandеd from onе spесiеs to many mill ions of spесiеs
today. But how? Тhеrе arе many Ways to go from оnе spесiеs to many' and
thеsе сan Ье ехpгеssеd in tеrms of thrее mathеmatiсal modеls, rеprеsеntеd Ьy
a straight l inе, an еxponеntial сurvе' and a logistiс сurvе' first as аn unlntеr-
ruptеd inсrеasе (Figurе 1A), and sесond with somе mass ехtinсtions supеr-
imposеd (Figurе 1B).

ТЬe lineаr modеl rеprеsеnts additivе inсrеasе' thе addition of a fiхеd num-
Ьеr of nеw spесiеs in еасh unit of timе. (Thе inсrеasе in this ехamplе and thе
othеrs is a nеt inсrеasе, i.е., truе inсгеаsе minus еxtinсtions.) In tеrnrs of an
еvolutionаry Ьranсhing modеl, additivе inсrеasе would mеan that thгough
timе spесiation ratеs havе dесlinеd, or ехtinсtion ratеs havе inсrеasеd rеgu-
larly at a ratе suffiсiеnt to mop up thе ехсеss spесiations. Thе impliеd dесlinе
in thе ratе of еvolution in thе linеar modеl сomеs aЬout simply Ьесаusе thе
total numЬеr of spесiеs is inсrеasing rеgularly, yеt thе rаtе of inсrеasе aсross
thе Ьoard rеmains fiхеd; hеnсе, for any individual еvolutionary l inе, thе ratе
or proЬabil ity of splitting (spесiatiоn) must dесlinе. Suсh a modеl has gеnеr-
ally Ьееn rеjесtеd as improЬaЬlе.

The ехponепtiаl modеl is morе сonsistеnt with a Ьranсhing modе of еvolu-
tion. If spесiatiсln and ехtinсtion ratеs rеmain roughly сonstant' thеn thеrе
will Ье rеgular douЬling of divеrsity within fiхеd units of timе. A stеady ratе
of еvolution аt thе lеvеl of individuаl еvolutionary l inеs sсalеs up to аn еxpo-
nеntial ratе of inсrеasе ovеrall sinсе total divеrsity is еvеr inсrеasing. This
modеl has Ьееn appliеd to thе divеrsifiсation ratеs of individual сladеs and to
thе divеrsifiсation of l ifе in gеnеral (Bеnton 1995; Hеwzulla еt a|. 1999|.
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Figurе l. Thеorеtiсal mtldеls fсlr thе divеrsifiсаtion of l ifе plottеd frlr thе last
600 mill ion yеars: (A) in thе aЬsеnсе of major pеrturЬаtion and (B) with two
п"rass еxtinсtions supеrimpсlsеd. In еасh сasе thе uppеr сurvе is thе logistiс or
еquil iЬrium mtldеl' thе middlе сurvе is thе :rdditivе or l inеаr modеl, аnd thе
]owеr сurvе is thе схponеntiaI rnodеl.

Thе logistiс mсiеl involvеs onе or morе сlаssiс S-shapеd сurvеs' еaсh соn-
sisting of an initial pеriod сlf slсlw divеrsity inсrеаsе, a rapid risе, a slowing of
thе ratе of inсrеаsе as a rеsult of divеrsity-dеpеndеnt damping faсtors' and
thеn a plаtеau сorrеsponding to a l imiting or еquil iЬriurrr valuе. Thе lсlgistiс
modеl has Ьееrr usеd to еxplain pattеrns of divеrsifiсatiсln of marinе organ-
isrns (Sеpkosk i  1984) аnd of  p lants (Nik las еt  a l .  1983).

Thеrе is сlеarly n() сonsеnsus on whiсh modеl Ьеst ехplаins thе divеrsifiсa-
tion сlf mаiOr sесtors of l ifе thrоugh timе, or on whеthеr all pattеrns of divеr-
sifiсation adhеrе to thе samе modеl of inсrеasе. Thе сhoiсе of modеt is
imptlrtant sir-rсе еасh makеs prсlfourrdly diffеrеnt сlaims аЬout еvoluгion.

.=.л
Ф.z
o

L A N D  A N D  s E A  с (

Thеrе arе major diffегеnс
and in thе sеa, and thе his
fеrеnt. Today aЬout 85%
land, and thе main grouPs
prеsеnt 8rеаt d ivеrs i ty in t
Ьееn еvolving in thе sеa s
rесord is dominatеd Ьy m.
sсriЬеd forms. This domir
by thе faсts that virtually
еarly Рalеozoiс (600-450
history of l ifе on land apр
Also, fossils in сеrtain ma
thаn thosе in many сont in '
dаy is  appаrеntIy f ivе tс l  s i
of thе insесts' сould Ье an
votеd Ьy systеmatists to сl
this diffеrеnсе is еvеn pаrt
divеrsifiсаtion on land thal

In studiеs of thе divеrsifi
is еvidеnсе for a short pl.
yеars) and a longеr onе frс
lion yеars). This is follow
ехponеntial inсrеаsе in di
rising еlеmеnt of a third lo
thе last 25 mill ion yеars o
aсhiеvеd 125 mill ion yеars

Мarinе invеrtеЬratе divt
thе suссеssion of thrее m:
Ьlаgеs of diffеrеnt phyla .
wеrе thеn rерlaсеd. Thе (

and thеn divеrsifiсation slo
proaсhеd. Thе ехponеntiаl
in thе еаrly ordoviсian, rес
largеly supplanting thе Сal
thе еnd of thе Pеrmian' wJ
fauna dгаmatiсally, thе M
tеrm risе in divеrsity.

In studiеs of thе divеrsif
rium intеrprеtation has аls<
сеssion of major Bаиpltiпе
vasсular plants in thе Dеv<
СаrЬonifеrous to thе Pеrm
and angiospеrms from thе
ing spесiation ratеs and inr

600 0

A

Е
o
Ф.z
o



э 200 ,100 0

time (My)
a

i саr ion of  I i fс  pIottеd Гoг thе lnst
or pеrturbation and (B) with two
'  thс uppеr сurvе is  гhе log, is t iс  oг
'dditivе or l inеar modеl, аnd thе

з сlаssiс S-shapеd сurvеs' еaсh сon.
g inсrеasе, a rapid risе, a slowing of
y-dеpеndеnt damping faсtors, and

3 or еquil iЬrium valuе. Thе lсlgistiс
of  d ivегs i6саt ion of  mаг inе orgen-
t s  е t  a l .  1983) .
modеl Ьеst еxplains thе divеrsifiсa-
or on whеthеr all pattеrns of divеr-
inсrеаsе. Thе сhoiсе of modеl is

iffеrеnt сlaims aЬout еvolution.

Pаlеoпtoklgу апd tbe Historу of Life 87

L A N D  A N D  s Е A  с o М P A R Е D

Thеrе arе major diffеrеnсеs Ьеtwееn thе pattеrns of divеrsifiсation on lаnd
and in thе sеa, and thе history of lifе in еaсh rеalm may havе bееn rathеr dif-
fеrеnt. Todаy aЬout 85% of dеsсriЬеd spесiеs of plants and animals l ivе on
land' and thе main groups (plants, arthropods, vеrtеЬratеs) havе rеaсhеd thеir
prеsеnt grеat divеrsity in thе past 450 mill ion yеars. Plants and animals havе
bееn еvolving in thе sеa sinсе at lеаst 600 mill ion yеars ago' аnd thе fossil
rесord is dominatеd Ьy marinе spесiеs, whiсh makе up somе 95o% of all dе-
sсriЬеd forms. This dominanсе of marinе organisms is partly aссountеd for
Ьy thе faсts that virtually thе only organisms known from thе Vеndian and
еarly Palеozoiс (600_450 mill ion yеars ago) arе marinе, and that thе еarly
history of l ifе on land appеars to havе oссurrеd at rеlativеly low divеrsitiеs.
Also, fossils in сеrtain marinе еnvironmеnts arе morе likеly to Ье prеsеrvеd
than thсlsе in many сontinеnta1 sеttings. Thе oЬsеrvation that l ifе on land to-
day is apparеntly fivе to siх timеs as divеrsе аs l ifе in thе sеa, largеly Ьесausе
of thе insесts, сould Ье an artifaсt that rеflесts thе grеatеr amount of timе dе-
votеd Ьy systеmatists to сontinеntal than to marinе organisms. Howеvеr, if
this diffеrеnсе is еvеn paгtly сorrесt' thеn it would imply a muсh morе rapid
divеrsifiсation on land than in thе sеa.

In studiеs of thе divеrsifiсation of marinе animal familiеs (Figurе 2A), thеrе
is еvidеnсе for a short platеau in thе СamЬrian (lаsting aЬout 40 mill ion
yеаrs) and a longеr onе from thе Ordoviсian to thе Pеrmian (аЬout 250 mil-
l ion yеars). This is followеd Ьy a long phasе (250 mill ion yеаrs) of nеar-
ехponеntial inсrеasе in divеrsity through thе Меsozoiс and Cеnozoiс, thе
rising еlеmеnt of a third logistiс сurvе, whiсh shows a hint of a slowdown in
the last 25 mill ion yеars or so, suggеsting that a third platеau lеvеl may bе
aсhiеvеd 125 million yеars in thе futurе (Sеpkoski 7984).

Мarinе invеrtеЬratе divеrsifiсation has Ьееn ехplainеd (Sеpkoski 1984) as
thе suссеssion of thrее major phasеs of еvolution, in whiсh Ьroad assеm-
Ьlagеs of diffеrеnt phу|a (еuolutionаrу fаuпаs) dorninatеd thе oсеans and
wеrе thеn rеplaсеd. Thе СamЬrian fauna divеrsifiеd еxponеntially at first'
and thеn divеrsifiсation slowеd as thе еquil iЬrium lеvеl of 85 familiеs was ap-
proaсhеd. Thе еxponеntial divеrsifiсation of thе Pаlеozoiс fauna thеn bеgan
in thе еarly Ordoviсian, rеaсhing an еquil iЬrium divеrsity of З50 familiеs and
largеly supplanting thе СаmЬrian fauna. Finally, aftеr thе mаss еxtinсtion аt
thе еnd of thе Pеrmian, whiсh rеduсеd thе global divеrsity of thе Palеozoiс
fauna dramatiсally, thе Мodегn fauna сontinuеd and ассеlегatеd its long-
tеrm risе in divеrsity.

In studiеs of thе divеrsifiсаtion of vasсular plаnts (Figurе 2B), an еquil iЬ-
rium intеrprеtation has also Ьееn givеn (Niklas еt аl. 1983). Thеrе was a suс-
сеssion of major Bаиpli iпe (ground plans or arсhеtypеs) of plant typеs: еarly
vasсular plants in thе Dеvonian; lyсopods' fеrns' сonifеrs, and othеrs in thе
СarЬonifеrous to thе Pеrmiarr; gymnospеrms in thе Triassiс to thе Jurassiс;
and angiоspеrms fгom thе Сrеtaсеous onwаrd. Thеrе is еvidеnсе foг dесlin-
ing spесiation ratеs and inсrеasing spесiеs durations during еaсh of thе first
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Figurе 2. Pattеrns сlf divеrsifiсation of fаnril iеs of marinе irrvеrtеЬrаtеs (A),
vаsсular  land p lants (B),  non-mar inе tсtrapods (С),  : rnd insесts (D).
Stratigraphiс aЬЬrеviations: С, СarnЬrian1 СrЬ, СarЬonifеrous; (irеt,
Сrеtaсеous; D, Dеvonian; Jur, Jurassiс; O, Ordoviсiаn; P, Pеrrnian; S, Silurian;
Tеrt, Теrtiаry; Tr, Triassiс; V, Vеndiаn. (Basеd сln Sеpkoski 1984; Niklаs еt al.
1983; Bеnton 1985; and l ,aЬаndеira and Sеpkosk i  1 99З.)

thгее radiations as thе nеw sеt of сladеs partially rеplaсеd thе old. Еaсh nеw
radiation lеd to an inсrеasе in.total gloЬal divеrsity, whilе thе divеrsity of thе
pгесеding floras dесlinеd. Angiospеrms apparеntly сontinuеd tсl divеrsify аt a
high ratе. It is hаrd to idеntify platеatrs in land-plant spесiеs divеrsifiсation,
and it is hard to find еvidеnсе for lоgistiс modеls of divеrsifiсation. Еqually,
thе total сurvе of spесiеs divеrsitiеs thrсlugh timе is not oЬviously ехponеn-
tiаl, and, if anything, thе pattеrn appеars tO suggеst l inеаr inсrеasе in divеr-
sity through timе.

Thе divеrsifiсation of сontinеntal tеtrapсld fаmiliеs (Figurе 2С) appеаrs to
сOrrеspond tO an ехponеntial rтodеl of iпсrеаsе (Bеnton 1985). Divеrsiry lеv-

еls rеmainеd low, at somе З0 to 40 familiеs, during thе latе Palеozoiс and
muсh of thе Меsozoiс. Thеy thеn rosе to aЬoшt l00 faпril iеs at thе еnd of thе
Сrеtaсеous and, after rесovеry from thе еnd-Сrеtaсеous ехtinсti()n еvеnt' f:1-
milial divеrsity inсrеasеd rapidly toward 330 fаmiliеs and shows rro sign of a
slowdown. Thе pattеrn of divеrsifiсation may Ье dissесtеd into suссеsstvе ra-

diations of thrее gloЬal сladе аssoсiations: Ьаsаl tеtrapods (formеrly tегmеd

Vas<ular land plants

D сrb  P  т r  Ju l

Non-marine tetrapods
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Iаbуrinthodoпt amphtЬians) and synapsids (mammal-likе rеptilеs) in thе latе

Palеozoiс; arсhosaurs (dinosaurs, ptеrosaurs' сroсodil ians) in thе Mеsozoiс;

and lissamphiЬians (frogs and salamandеrs), lеpidosaurs (lizards and snakеs),

birds' and mаmmals from thе latе Сrеtaсеous to thе prеsеnt day. Thеsе сladе

assoсiations rеplaсе еaсh othеr and arе assосiatеd with еvеr highеr gloЬal fa-

milial divеrsity lеvеls, Ьut it is diffiсult to fit logistiс сufvеs to any of thе asso-

сiations.
Thе divеrsifiсation of insесts (Figurе 2D) was also apparеntly еxponеntial,

еspесially in thе Меsozoiс poгtion of thе сurvе (Labandеira and Sеpkoski

1993). This suggеsts that insесts havе had a long and сontinuous pattеrn of

ехpansion that pеrhaps slowеd somеwhat during thе Tеrtiary. This may indi-

сatе that insесt divеrsity is approaсhing an еquiliЬrium lеvеl now.

Plots of thе divеrsifiсation of fаmiliеs of marinе. сontinеntal. and ..all ' '

l ifе (Figurе 3) Ьy Bеnton (1995) сonfirm thеsе varying modеls of divеrsifi-

сation. Thе сontinеntal сuгvе (Figurе 3B), dominatеd Ьy tеtrapods, insесts,

and land plants, is еxponеntial. Thе marinе сurvе (Figurе 3С) rеtains a Pa-

lеozoiс platеau lеvеl and appеаrs to show a slowdown in divеrsifiсation to-

ward thе Rесеnt' whiсh may indiсatе that marinе divеrsity lеvеls today arе

approaсhing an еquil iЬrium lеvеl. Thе сurvе that сomЬinеs all marinе and

сontinеntal familiеs (Figurе 3A) сould Ье intеrprеtеd as a singlе poorly fit-

ting ехponential сurvе (Hеwzulla et a|. 1'999), Ьut thе Рalеozoiс platеau, rе-

flесting thе сontriЬution of marinе invеrtеЬratеs (сomparе Figurе 3С),

сannot Ье ignorеd.

ЕXPLANAт loNs  oF  PAттЕRNs  oF  D lVЕRs IF | сAт |oN

In сomparing logistiс and ехponеntial modеls for thе divеrsifiсation of lifе,

thе kеy distinсtion is Ьеtwееn еquiliЬrium and nonеquilibrium (or еxpansion)

modеls. Thе formеr imрly thе ехistеnсе of gloЬal еquil iЬria in divеrsity, whilе

ехpansion modеls assumе that thеrе is no сеiling to thе divеrsity of lifе, or at

lеast that suсh a сеiling has yеt to Ье rеaсhеd.
Еquilibrium models forthе ехpansion of thе divеrsity of lifе wеrе Ьasеd on

an influеntial Ьody of есologiсal thеory. Logistiс modеling of gloЬal-sсаlе

data on divеrsifiсation assumеs (1) intеraсtions among spесiеs within сladеs,
(2) intеraсtions Ьеtwееn сladеs, and (3) gloЬаl еquil ibrium levеls. Many stud-
iеs show that сladеs may radiatе initially at ехponеntial ratеs' Ьut that thе
ratе of divеrsifiсation slows at a сегtain point as a result of divеrsity-dеpеndеnt
phеnomеna, suсh as сompеtitivе еxсlusion, inсrеasеd spесiеs paсking' and rе-

duсtion of spесiеs rangеs (Sеpkoski 1,984,1'996). This stylе of rеasoning fol-

lows еxpliсitly from сlassiсal еxpеrimеnts in сompеtition whеrе thе inсrеasе
of onе populаtion supprеssеs anothеr that dеpеnds on thе samе limiting rе-
sourсе. An initial ехponеntial inсrеasе of thе suссеssful population is fol-
lowed Ьy a platеau whеn thе spесiеs Ьеgins to dеplеtе thе limiting rеsourсе
(usually food); this сorrеsponds to thе loсal сarrying сapaсity.

Thе pattеrn of divеrsifiсation of marinе familiеs (Figurе 2A) has Ьееn intеr-
prеtеd (Sеpkoski 1984' 1996) in tеrms of a thrее-phasе logistiс modеl that

Vasсular land pIants
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rеprеsеnts thе Ьеhavior of thе tlrrее еvolutionary faunas: Сambгian, Pаlеozoiс,

аnd Мodеrn. Thе rеplaсing furunas arе said to hаvе Ьееn сhаraсtеrizеd Ьy thе
aЬility to pеnеtratе еvеr widег sеts of niсhеs and hеIrсе tсl aсhiеvе highеr divеr-

sitiеs. Thеrе is somе еvidеnсе in favor of this idеа; for ехamplе, lаtеr maritrе an.
imals сould Ьurrow dееpеr, fсlrm morе сornplеx rееfs, and сapturе prеу in еvеr
morе ingеnious Ways. Thе еquiliЬrium rnodеls сould Ье intеrpгеtеd sirnply in

tеrms of largе-sсalе сompеtition Ьеtwееn major сladеs' with Ьivalvеs outсom-
pеting Ьrасhiopods, пrammаls outсompеting dinosаurs, and sсl on. Dеspitе thе
pоpular :rppеal of suсh suggеstions, mosr supposеd саsеs of largе-sсаlе сompе-
tition сrumЬlе whеn thе еvidеnсе is еxaminеd (е.g., Gould and Сalloway 1980;
Bеnton 1987). Sеpkoski (1996) attriЬutеd thе pattегns of waхing and waning

of сladеs to diffrrsе сOmpеtition Ьеtwееn thеm at thе spесiеs lеvеl, whеге

spесiеs in onе сladе arе gеnеrally сompеtitivеly sr"rpеrior to thosе in anothеr.
Howеvеr, thеrе arе four arеas of сonсеrn with еquiliЬrium modеls:

i. Тhеге is no indеpеndеr-rt еvidеnсе for еquil iЬria, that is' for fiхеd саrrу.-
ing сapaсitiеs on thе еarth today. In еvolutionary tеrms еquil iЬrium
divеrsitiеs imply that all availaЬlе rеsourсеs arе in usе and all есospaсе
is  f i l lеd.  I f  a nеw spес iеs оr ig inаtеs,  i t  must d isp laсе a pгеехist ing onе.
Howеvеr, oЬsеrvаtions of сasеs whеrе prеviously isolаtеd floras and
faunas сomе into сontaсt suggеst that spесiеs arе just as l ikеly to
insinrratе (еntеr nеw niсhеs) аnd not сausе еxtinсtion of othеr taХa'

2. Мultiplе logistiс mоdе[s imply prеdiсtаЬlе outсomеs of intеraсtiorrs
Ьеtц,ееn mеmЬеrs of thе diffеrеnt faunas. that is. that nrеmЬеrs of onе
gгoup will gеnеrally suссееd whеrе thosе of аrrothеr wil l fail. 

.!Иherе

majоr Ьiotiс rеplасеmеnts hаvе Ьееrr invеstigirtеd, onе group is moге
likеly to disappеar Ьесausе of an ехtinсtion еvеnt (Bеnton 1987) than
аs а rеsul t  of  intеraсt ions.

Figurе З. Pattеrns of thе divеrsif iсation oi l i fе thrсlugh t imе in tсrms of сhangеs
in numЬеrs of fаmil iеs ехtant реr strаtigraphiс stagе, plоttеd for al l  organisms
(A), сontinеntal orgаnisms (B), аnd marinе organisms (С). In еaсh grаph a
mаximunr аnd а minimum arе slrown, Ьasеd on a сot-r-rЬination of strаtigraPhiс
and haЬitаt.prеfеrеnсе inforn-ratiоn. Thе minimum mеasurе inсludеs or-r lу
famil iеs rесordеd as dеfinitеly prеsеnt within еaсh stratigrаphiс stagе or as
definitеly spаnning tЬat stagе, and only fаmil iеs dеsignatеd as rеstr iсtеd solеly to
thе marinе or сontiDеl ltаl rеаlm. Thе mахiInr.rm mеasl lrе inсludеs tr lso al l
douЬtfLrl stratigraphiс attr iЬutions of famil iеs and аl l  еquivoсal аnd sharеd
haЬitat dеsignations. Thе sum of minimum mеasurеs fоr сontinеntal аnd rnaгinе
organisms is еqual to thе minimllm mеasl lге for al l  taxa togеthеr. Thе sum of
mахimuпr гIlеasl lrеs' h<lw.еvеr, dtlеs not еquаl thе mахimum mс-asuге for аl l
tаxa Ьесаusе famil iеs with еqtrivoсаl еnvirоnmеnta[ аssignmеnts and thosе that
oссur in Ьoth marinе and соntinеntаl sеtt ings arе сountеd as Ьoth marinе and
сontinеntаl. Stratigrerphiс aЬЬrеviations as in Figurе 2 with thе аddit ion of Сеn,
Сеnozсtiс; Pс' PrесirmЬriaIr. (Bаsеd сlr.r Bеrrton l99.5.)
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3. Thе dir.еrsifiсation of thе Mtrdеrn fаunа sееnrs morе prol()ngеd and
slorvеr than prеdiсtеd Ьy a ltlgistiс mtlr']еl. Thе rising phirsе of thе
logistiс сuгvе has lastес] for 2.50 mill ion vеars, with somе еvidеnсе of a
slowdown toward thе pгеsеnt. If thеге is no сшrrеnt platеau, thеn it
would Sееm that in thе sесond half of thе Phanеrozoiс, thе Ьеst-known
part ()f t[rе fossil rесord, thе logistiс rulеs lr:rvе Ьееn forgсlttеn.

4.Thе с lаss iс  log ist iс  сurvеs о i  Sеpkosk i  (1984, l996) mav Ье arr i faсts of
thе lеvеl of analysis. Тlrе сurvеs arе plt>ttеd at thе lеvеl of fanril iеs.
\iИhеn thеsе arе translatеd to thе gеnеriс lеvеl, thе logistiс pаttеrns
Ьеgin to Ьrеak down, and at spесiеs lеvеl thе pаttеrn сoulс1 Ье
ехponеlltiai (Bеnton 1997). Thе shapе of thе сurvеs switсhеs Ьесausе
еaсh gеr-rr.rs сontains manУ spесiеs, and еaсh fаmily many gеnеra. In an
еvoltrtiсlnаry trее thе spесiеs arе thе tir-rlrl twigs, whilе gеnеra ехtеnd
dееpег into thе trее, аnd fаmiliеs dееpеr sti l l. So, althouglr thе numЬеr
of familiеs might Ье dеfinеd аt a сonstant lеvеl, thе nr-rmЬеr of spесiсs
in еeсh сould Ье ехpandirrg ехponеntiall},.

Thе аltеrrrltivе to еquil iЬгiurrr is ехpс|t1sioп. Arе tlrе i l l]glеeаtе Pattеrns, oI
at lеast stl l l- lе сlf tlrеm (FigLrгеs 2 and 3), tЬе rеsult of unсotrstrainеd ехpan-
siorr? Сеrtailrly, somе сlаdеs (suсh as insесts, angiospеrms, Ьiгds, and mаm-
nrals) sееm tсl сontinuе rаdiating linеarly or ехponеntially for many tеns or
hundrеds t l f  rn i l l iorrs  of  yеars.  Suсh еvеr-еxpanding pattеrns imply that
thеsе gr<lups arе h ighly suссеssfLr l  and adаpt:rЬ lе.  Тhе ovеrа l l  p:1ttеrns of
divеrsifiсation (Figurе З) iпссlrporatе thе n[tl lеr()us сonstitl lеnt сladеs, sotте
ехpanding' tltЬеrs diminishirlg, аnd othеrs rеrnaining at сonstilnt divеrsity аt
any Partiсul:rr timе. From an ехpensionist viеwpoint, thеrе is no prеdiсtion
of how thе individual сladеs irffесt еaсh othеr. Nеw gloЬа1 divеrsity lеvеls
mаy Ье aсhiеr,еd Ьy сomЬinati<lrrs of nеw adapt:rtions, habit:rt сh:lngеs, and
еxtinсti()n еvеllts. Irr thе past,50 nli l l ion }'еars thе divеrsifiсаtirln of l ifе Ьas
Ьееn dоminаtеd Ьy thе spесtlrсular radiations tlf сеrtain сlаdеs both in thе sеa
(dесapods, gаstropods, tеlеost fishеs) and сln land (insесts' araсhnids, an-
giospеrms, Ьirds, mammals). Thеrе is l iгtlе еvidеnсе that thеsе major сladеs
lravе run otrt <lf stеаm and nothing to indiсаtе tlrat thеy will nсlt сontlnuе to
схpand into tlеrv ес()spасеs.

Ехponеntiаl inсrеasе сoLllсl imply that с]ivеrsifiсаtion wtrttld last forеvеr'
PrеsumaЬlу thеrе is a l imit tt> thе numЬеrs of familiеs or othеr taхa that сan
inhaЬit thе еllrth at any timе: suсh a l imit rvould Ье сausеd not lеast Ьy thе
аmount сlf srаndirrg room on thе ark. If a l imit of l iving spl1се Wсrе aP-
prсlaсhеd' еvеr smallеr tlrganisnrs wсluld prеsuпraЬlv Ье fаvorеd Ьv sеlесtion.
Еquallr., аs Ьirs happеnеd llrlrny tinlеs сlrrring еvtllr 'rtion, trrgelnisms would
takе unехpесtеd mеasurеs to survivе, for ехirnrplс, Ьy oссupying thе аir' Ьur-
rсlwing into sеdimеnts, and, i l l thе сasе of sonrе Ьaсtеria, l iving dееp within
thе еarth's сrl lst. With sizе rеduсtion, thе ultimatе l inrit to thе divеrsifiсation
of l ifе might thеn Ьес<lrnе thе аvаilaЬil ity of thе сhеmiсal сomp()nеnts of l ifе,
prinсipаlly саrЬсlt"t.
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It is hard to sеlесt Ьеtwееn thе two modеls for tЬе divеrsifiсation of l ifе. Un-
ti l rесеntly, еquil ibrium modеls havе dominatеd thе thoughts of palеoЬiolo-
gists' just as thеy havе dominatеd thе minds of есologists. Howеvеr, just as
есologists аrе now quеstioning thе ovеrsimplistiс еquil iЬritlпr modеls thеy aс-
сеptеd irr thе 1960s and 1970s, so palеoЬiologists аrе rесonsidеrirrg how di-
vеrsifiсation might havе happеnеd in thе longеr tеrm.

Thе еqrri l ibrium modеl аssumеs that spесifiс nrajor есologiсal realms саn
aссommodatе orrly сеrtain numЬеrs of spесiеs, аnd th:rt whеn thе саrrying
сapaсity is rеaсhеd, nеt divеrsifiсation сеasеs. Thе ехpansion modеl makеs
no suсh assumptioп and allows for сontinuing, if еpisodiс, divеrsifiсation
with no ultimatе l irnit in sight.

Palеobiologists havе dеЬаtеd arrd сontinue to dеЬatе whiсh modеl is сor-
rесt. Pеrhaps all l ifе has divеrsifiеd aссording tсl еithеr an еquil iЬrir.rm or an
ехpansion modеl (Stаnlеv 2007). Or pеrlraps diftЪrеnt sесtors of l ifе divеrsi-
fiеd in diffеrеnt Ways. Еvolution in thе sеa mаy havе rеsultеd in a grеatеr
lеvеl of staЬil ity, and pattеrns of inсrеasе may havе gеnеrally Ьееn logistiс,
whilе l ifе on land may havе divеrsifiеd ехponеrrtially sinсе thе first plants
and arthгopods сrеpt сautiously out of thе watеr. Thе impliсations of thе
еquil iЬrium and ехpansion modеls arе profoundly diffеrеnt, not mеrеly for
palеoЬiologists, Ьut for еvеryonе сonсеrnеd aЬout thе presеnt and futurе
statе of  g loЬa| Ь iodivеrs i11 ' .

Spесiation

Thе еffort to undегstand how lifе diversrfiеd fron-l its oгigir-r to thе prеsеnt day
is at thе uppеr еrrd of thе speсtгuпr of studiе s ilt lпаcroеuolutiсэll. At thе lowеr
еnd thе important сrossovеr Ьеtwееn palеoЬiology and nrodеrn еvolutionary
studiеs is spеciаtirln (sее thе main еssay ..Thе Pattеrn and Proсеss of Spесiа-
tion'' Ьy lvlargаrеt B. Ptасеk аnd Shаlа J. Нankison tn this volumе), thе for-
mation of nеw spесiеs Ьy thе splitting of l iпeаgеs (еvolutionary l inеs).

PalеoЬiologists сlеarly сannot usе thе biologiсаl speсiеs сoпсept sinсе thеy
сannot tеst whеthеr аny two fossil spесimеns arе сapaЬlе of intеrЬгееding, so
thеy sееk to apply tЬe mсlrphologiсаl spесiеs сoпсept, in whiсh spесlеs arе
distinguishеd Ьy diffеrеnсеs in thеir phеnotypеs' This may at first sееm to Ье
a wеak suЬstitutе, Ьut thеrе :rrе shaгеd assumptiOns: palеobiologists usе pop-
ulational thinking, sееk to сhаraсtеrizе spесiеs boundariеs on thе Ьаsis of sta-
tistiсal studiеs of largе samplеs of spесimеns' and assumе that spесiation
invоlvеs morphologiсal diffеrеntiаtion assoсiatеd with rеproduсtivе isolа-
tion. In pгaсtiсе, this is not vеry diffеrеnt from thе approaсh of many systеm-
atists of modеrn organisms-spесiеs of mollusks are gеnеrally dеtеrmined
from moгphologу, and fossil and ехtant matеriаl may form parts of a sеam.
lеss stLrdy. Systеrnаtists rarеly саrry out itltеrЬrееding triаls.
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Until 1970 most еvolutionists assumеd tlrаt fossils с<luld sа,v r,егy l ittlе
original about spесiation' TЬеn Еldrеdgе and Gould (197z) сhallеngеd thе
сonsеnsus with thеir thеory of еvolution Ьy punсtuatеd еqtri l iЬria. Еldrеdgе
and Gould tеrmеd thе standard viеwpoint phуlеtiс grаduаlism. It assumеd
that еvolving linеagеs Wеrе сhanging at vaгiаЬlе ratеs (Figurе 4A) Ьut wеrе
сhanging morе oг lеss сontinuoоs|у (апаgепсsls/. Spесiation r'vas sееn as a Ьy-
pгoduсt of this proсеss сlf сhangе: soinеtiп,еs l inеagеs haс.l Ьесomе so diffеr-
еnt from thеir starting points that thеy haс] еvolvеd into ir nеw spесiеs (thе
сhroпospес:ies сonсеpt). Spесiation Ьy splitting (сlаdogeпеsi.s/ сould аlstl hаp-
pеn, Ьut thе proсеss Was no slowеr or fastеr than normal ratеs of l inеagе
еvolutiоn.

Thе opposing viеwpoint' еvolution Ьу puпсtttаtеd еquil ibritl (Figr-rrе 48),
proposеd that rapid morphologiсal сharrgе аt сladogеnеsis, rathеr than alrа-
gеnеsis, Was thе most important proсеss. Tlrе normal statе Of a l inеagе was
s/asls (no сhangе), аnd fronr timе to timе spесiаtion would hаppеrr, Ьut suсh
spесiation еvеnts wеrе rapid and rеvolutionarY. Thе punсtuаtеd-еquil iЬrium
modеl makеs two сlaims: thаt rаtеs of сhangе ;rlong a l inеаgе аrс' plrnсtuatеd'
аnd that rapid сhangе is сorrеlatеd witlr s;lесiation еvеnts. Thе lattеr сlairn
was thе most сontrovеrsial, Ьut it has Ьееn rеgardеd as thе kеy, dеfining еlе-
mеnt of thе punсtuatеd-еqullrbrium modеl L.'y its suppoгtеrs.

Еldrеdgе and Gould Ьasеd thеir nеw modеl on two oЬsеrvations:

1. Stаsis is сommon in thе fossil rесord. Fossils сan геmаin сonstant ln
apPеaranсе thrtlr 'rgh mаny mеtеrs of sесiimеnt (i.е.' thotrsаnds or
mill ior-rs of yеars), and thеn еvеrything sееms to сhangе'

2. If most spесiation happеns ассording to Mayr's аllopаtriс (gеographiс-
splitting) modеl, thеn it would appеar as a rapid еvеnt in rhе fossil
rесord. Thе dеtail of thе gгadual divеrgеrrсе of two is<llatесl populations
would not Ье sеen.

|\,4oгphoIo9y

F-igurе 4. Соntrasting еxpесtatiorrs of spесiеs.lеvеl еr.сllution il l thе с[lsьiс
plrylеtiс-grасlr'talisn-r modеl (A) and tl-rе punсtuаtеd-еquil iЬгiuш modеl 1B).
Dеgrее of nltlrphologiсal сlrаngе is indiсаtесl on thс х-ахis, tit-t.lс t.lt.t thе 1,-1y1,.
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Thе punсtuatеd-еquil iЬгium vеrsus pЬylеtiс-gгаdualism dеЬatе of thе
|970s and 1980s was hugе fun for all сonсеrnеd' nоt lеast Ьесausе thе pro-
tagonists kеpt shifting ground and rеvising thеir сlaims. Thе first phasе wаs
Ьasеd on thе idеas in Еldгеdgе and Gould's еssays' From 1975 onward sеv-
еral supportеrs of punсtuatеd еquil iЬria еxtеndеd thе modеl to еspousе a nеw
idеa of spесiеs sеlесtion, a highеr_ordеr proсеss in whiсh spесiеs wеrе sortеd
and' in somе modеls, сould evеn undеrgo sеlесtion of ..emеrgеnt'' highеr-
ordеr сharaсtеrs. Spесiеs sеlесtion сould, in thеory, oссur indеpеndеnt of,
and еvеn in opposition to' natural sеlесtion (Stanlеy 1975). This lеd to thе
idеa of an ..ехpаnsion'' of еvolr.rtionary thеory to many hiеrarсhiсal lеvеls
(Gould \990), with hints of an apparеnt rеjесtiоn of aspесts of thе nеo-
Darwinian viеw. Suсh еxtrеmе positions wеге aЬаndonеd fairly rapidly Ьy
most еnthusiasts, and palеoЬiologists сontinuеd thеir staunсh adhегеnсе to
natural sеlесtion during thе latе 1980s and 1990s. Spесiеs sеlесtion is gеnеr-
ally сonsidеrеd to Ье thеoгеtiсallу possiЬlе Ьut ехtrеmеly fееЬlе and unlikеly
to rеsult in signifiсant adaptations of thе typе that oссur in thе natural sеlес-
don of individuals. Нowеvеr, thе notion of stasis stuсk: too muсh fossil еvi-
dеnсе pointеd to its imp<lrtаnсе, аnd qllantitativе gеnеtiс modеis wеrе found
to ехplain it (Landе 1986).

A plеthora of саsе studiеs wаs аssеmЬlеd and puЬlishеd from 1975 to
|99О that purportеd to tеst thе phyletiс-gradualism vегsus punсtuatеd_
еquiliЬrium viеws. Еarly еfforts wеrе oftеn inadеquatеly doсumеntеd and did
not providе еnough еvidеnсе aЬout thе aссuraсy of dating and thе possiЬil ity
of migrations of taхa in and out of thе study arеa. It soon Ьесamе сlеar that
what was a gradual anаgеnеtiс pattегn to onе pеrson was аn oЬviously
stеppеd, punсtuationаl pattеrn tO anotЬег. Somе studiеs (е.g., 

.Will iamson

1981; Shеldoп |987) involvеd hundrеds of thousаnds of spесimеns and an
intеnsе foсus on finе-sсalе dating and statistiсal analysis of hugе samplеs' Ьut
thеy wеrе sti l l suЬiесt to сгitiсisnr. For ехаmplе, ShеldоnЪ (1987) study of
triloЬitеs showеd a grеat dеаl of anagеnеsis and stasis' Ьut his samplеd linе-
agеs just  d id not spес iatе. .Wi l l iamson ( i981) Ьеl iеvеd that hе had doсu-
mеntеd a numЬеr of punсtuational spесiation еvеnts) Ьut thеy wеrе gеnеrаlly
interprеtеd as morе likеly to Ье еxamplеs of ecopheпotуpic сhangе, that is,
nongеnеtiс сhangе in shаpе rеsulting from tеmporary еnvironmеntal strеssеs.

Thе fossil rесord dеmonstratеs thе widеsprеad oссurrеnсе of stasis. Еrwin
and Anstеy (1995) summarizеd thе rеsults of 58 studiеs of spесiation pat-
tеrns in thе fossil гесord puЬlishеd Ьеtwееn 1972 and 1995. orgаnisms
rangеd from radiolaria and foraminifеra to ammonitеs and mammals' and
stratigraphiс agеs rаngеd from thе Сambrian to thе Nеogеnе, with thе ma-
jоrity сonсеntrating in thе Nеogеnе' thе past 25 mill ion yеагs of thе history
of thе еarth. of thе 58 studiеs, 41 (71%) showed stasis, assoсiatеd еithеr
with anagеnеsis (15 сaseц З7oЬ) or with punсtuatеd pattеrns (26 сasеs;
63%),|t sееms сlеar, thеn, that stasis is сommon in speсiеs_lеvеl еvolution,
and it had not bееn prеdiсtеd from modеrn gеnеtiс studiеs.

What thеn of thе punсtuatеd-еquil iЬrium vеrsus phylеtiс-gradualism dе-
batе? As еvеr' thе pгotagonists on еithеr sidе sought to dеmonstrаtе thе
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uЬiquity of thеir modеl, and yеt сommon sеnsе Suggеsts that thеrе arе сlеar
Ьiologiсal rеasons that еaсh modеl prеvails undеr pаrtiсulaг сirсumstanсеs.
Bеnton and Pеarson (2001) notеd that spесiation is a сonsеquеnсе ofrеpro-
duсtivе isolation, and hеnсе thе frеquеnсy of spесiation in a grсlup is l ikеly to
bе rеlatеd to thе еasе with whiсh rеpгoduсtivе Ьarriеrs аppеаr. At onе ех-
trеmе thеrе arе organisms suсh as planktoniс protists that livе in hugе pсlpu-
lations that sеldom еnсountеr Ьarriеrs to dispеrsal, and that do not possеss
сomplеx bеhaviors assoсiated with rеproduсtion. For thеsе, gеnеtiс isolation
of populations is a rarе еvеnt, and spесiation, whiсh pеrhaps oссLlrs rarеly' is
probaЬly gеnеrally long tеrm and gradual, lasting pеrhaps half а mill ion
yеars. At thе othеr еxtrеmе arе organisms suсh as frеshwatеr fishеs that livе
in spatially struсturеd and oftеn-transiеnt еnvironmеnts. Неrе spесiation might
bе so сommon that еvеry lakе and rivеr has its own rеproduсtivеly isolatеd
population of a partiсular typе <lf fish, Ьut thеsе populаtions might nеithеr Ье
vеry distinсtivе nor last vеry long. In Ьеtwееn might l ie thе mаjority of invеr-
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timе spесiating in a punсtuational way as a rеsult of a major pеrturЬation in fТr
thе еnvironmеnt. | "GAUss"

A finе еxamplе of spесiation in a marinе protist is sееn tn Rhizosoleпiа' a
planktoniс diаtom that oссurs today in hugе aЬundanсе in thе еquatoriаl Pa-
сifiс (Sorhannus еt al. 1998)' Thе sil iсеous valvеs of this gеnus havе aссumu.
latеd for mill ions of yеars on thе sеaЬеd, and thеy havе Ьееn samplеd Ьaсk to
3.4 mill ion yеars ago from сorеs. Hugе samplеs of thе valvеs сan Ье takеn
еvеry fеw mill imеtrеs through thе sеdimеnt pilе' and thеsе сan Ье datеd aссu-
rаtеly. Today thеrе arе two spесiеs of Rhizсlsoleпiа|lving sidе Ьy sidе in thе
oсеans' R. bergoпii and R. prаеbergoпii, аnd thеsе сan Ье trасkеd Ьaсk for
somе 2.6 mill ion yеars. Thеn, from 2'6 to З.1 mill ion yеars ago, thе mor-
phologiеs of the two spесiеs сonvеrgе and fusе, and thеrе is apparеntly only
a singlе l ineagе Ьеforе thаt timе (Figurе.5). This splitting еvеllt is rеported
from еight diffеrеnt sеaЬеd сorеs' and thе morphologiсal divеrgеnсе oссurs
in sеvеral morphologiсal сharaсtеrs, so it was еvidеntly not a loсal еvеnt Ьut
oссurrеd throughout thе еquatorial Paсifiс. Diatoms gеnеrally rеproduсе
asехually, Ьut thеy oссasionally produсе sехual offspring. Pеrhaps thе соm-
Ьination of a gеnеrally аsеxual rеproduсtivе modе and thе Ьarriеrlеss Paсifiс
Oсеan еxplains whу Rbizosoleпiа speciatеd phylеtiсally and ovеr a span of
somе 400,000 to 500,000 yеars.

It sееms proЬaЬlе that sехually rеproduсing animals thаt l ivе in variеd
haЬitats morе oftеn show punсtuational spесiation. Меtrаrаbdotos ls an as-
сophoran сhеilostomе Ьryozoan that is rеprеsеntеd today in thе СariЬЬеаn
by thrее spесiеs. Сoastal roсks of thе Dominiсan RеpuЬliс and еlsеwhеrе in
thе СariЬЬеan doсumеnt thе past 10 mill ion yеаrs of sеdimеntation in shal-
low sеas, and thеy yiеld aЬundant fossils of this Ьryozoan. Thе fossils show
tЬat Меtrаrаbdotos radiatеd dramatiсally from 8 to 4 million yеаrs а8o'
splitting intо somе 12 spесiеs' most of whiсh had diеd out Ьy thе Quatеrnary
(Figurе 6). Studiеs Ьy Chееtham and Jaсkson (1995) havе еstаblishеd a vari-
еty of protoсols for distinguishing spесiеs within Меtrаrаbdolos' taking into
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Magnetoсhron

Figurе .5. Grаdual spесiation in thе diatom Rhizosolеniа. Onе of sеvеral
morphologiсal сhаraсtеrs, thе Ьеight of thе hyalinе аrеa' that diffеrеntiatе thе
two living spесiеs R. bergoпii and R. prаеbеrgonii. This plot' from onе of еight
saшpling stations on thе floor of thе Paсifiс Oсеan, shows a long-tеrm
divеrgеnсе Ьеtwееn thе two spесiеs from 3.1 to 2.6 mill ion yеars ago, as the
populations slowly diffеrеntiatеd. Thе sеdimеntary rесord is сontinuous, and it
сan Ье datеd Ьy fossils and Ьy magnеtiс rеvеrsal mеasuгеmеnts, indiсated in thе
masnеtoсhron sсalе at thе Ьottom.

ассount thе gеnеtiсs and thе amount of morphologiсal diffеrеntiation of

rеlatеd еxtant spесiеs and thеn еxtеnding сomparaЬlе statistiсal tеsts of mor-

phologiсal diffеrеntiation to thе fossil forms. Linеagе splitting jn Меtrаrаb-

dolсls sееms to havе Ьееn rapid and punсtuational in сharaсtеr. Spесiаtion

was еspесially rapid from 8 to 7 mill ion yеars ago' with ninе nеw spесiеs ap-

pеaring in that timе, although sampling may Ье a proЬlеm in roсks of this

agе. Howеvеr, thе intеrval from 8 to 4 million yеars ago' rеprеsеntеd largеly

by information from Dominiсa, has Ьееn intеnsеly samplеd. So, although

thеrе arе quеstions ovеr thе origins of thе ninе Ьasal spесiеs within this intеr-

val, thе origins of thе rеmainder (teпие, nеw spесiеs 10, and nеw spесiеs 8)

arе morе сonfidеntly doсumеntеd аs Ьеing punсtuational.

Thе plurality of еvolutionary modеs (gradualism without stasis, gradual-

ism plus stasis, punсtuation plus stаsis) might Ье rеal, and thеrе might Ье еn-

vironmеntal сontrols that work in a somеwhat unеxpесtеd way. Shеldon
(I996) proposеd that gradualism might сhаraсtеrizе taхa that l ivе in staЬlе

еnvironmеnts and сhangе in linе with slow еnvironmеntal сhangеs, whеrеas
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Figurе 6. Punсtuational spесiаtion in thе Ьrусlzoan Мetrаrаbdo,os' Thе thrеe
living spесiеs аrе doсumеntеd Ьy fossils, Ьut a furthеr nine spесiеs arе еxtinсt.
Intensе сollесting throughout thе СariЬЬеan has rеvеalеd thе pattеrn of
spесiation. Sampling in thе timе from 25 to 8 rnil l ion yеars ago is sporadiс, Ьut
thе timе from 8 to 4 million yеars ago, thе Dominiсan Sampling Intеrval (DSI),
is еxtremеly wеll known' Ьasеd on a finе and сontinuous fossil rесord on thе
island of Dominiсa. Spесiеs distinсtions аrе Ьasеd on a сomЬinаtion of
morphologiсal and gеnеtiс studiеs.

stasis might bе a fеaturе of taxa that oссupy unstaЬlе еnvironmеnts' whiсh
сan vary rapidly and dramatiсally, Ьut thosе taхa do not еvolvе in l inе with
еvеry еnviгonmеntaI f l  uсtuat ion '

Quality

Thе quality of thе fossil rесoгd has oЬsеssеd and сontinuеs to oЬsеss palеoЬiol.
ogists. Еvеr sinсе Dаrwin (1859, 279) considеrеd thе ..impеrfесtion of thе gеo.
logiсal rесord,'' palеobiologists and othеrs havе osсillatеd in thеiг сonfidеnсе.
Somе havе сlaimеd, pеrhaps rathеr wildly, thаt еvеrything thе fossil rесord says
is сorrесt, whilе othеrs, pеrhaps еqually wildly, havе rеiесtеd thе fossil rесord
as bеing nеxt to usеlеss. Thе truth prеsumaЬly liеs somеwhеrе Ьеtwееn' and
most pеoplе taсitly vееr to thе positivе еnd of thе spесtrum. A numbеr of ma.
jor сhallеngеs havе arisеn rесеntiy' howеvеr, and I shall touсh on thеsе briеfly.
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A qualitativе aгgumеnt first, in favor of thе fossil rесord, is thаt sinсе 1859
nothing tnuсlr nеw has с<lпrе to l iglrt. In rhе histoгiсal сontехt, Сharlеs Lyеll
Was sti l l in 18.59 arguing for nonprogrеssion, that hе might еxpесt to find Sil-
urian rеptilеs and Dеvonian mammals, and that iсl-rthyosaurs might onе day
rеturn tO еarth. Darwin aгguеd for progrеssion of lifЪ forms thror-rgh timе, of
сoufsе' аnd hе knеw aЬorrt tri loЬitеs in thе Silurian, armorеd fishеs in thе Dе-
vonian, amphiЬiarls in thе СarЬt>lrifеrous. rеptilеs in thе Pеrmiаn, dinosauгs
in thе Triassiс, аnd maпrtnais and Ьirds in thе Jurzrssiс. In thе 150 yеars sitrсе
1859, and dеspitе thе input of mill ions of hours of sеarсhing, palеontologists
havе simply adjustеd thе rrrid-Viсtorian piсturе: thе origin of agnаthan fishеs
has Ьееrr pushеd Ьасk from thе Silurian to thе СаmЬrian, thе origin of am-
phiЬians from thе еarly СarЬonifеrous to thе latеst Dеvonian, thе origin of
rеptilеs fronr tlrе еarlу Реrmian to thе rrrid-СarЬonifеrous, arrd thе origin
of mammals from thе mid.Jurassiс to tlrе latе Triassiс. Thе origin of Ьirds
hаs rеmаinеd unсhangеd in thе latеst Juгаssiс. 

.!7еrе 
thе fossil rесord hopе.

lеssly r.rrrrеprеsеtltativе' r-rеw finds should providе mаjor surprisеs from timе
to timе.

Thе notiсln of a gotrd fossil rесoгd was сonfirmеd in quantitativе analysеs
Ьy Мaхwеll and Bеnton (|990) сlf thе vеrtеЬratе rесord arrd Sеpkoski (199З)

оf thе milrinе аnimal rесord. Thе first authors lookеd at thе aссumulation of
knowlеdgе frtlm ] .9 90 to 1987 , thе sесond аt сhаngеs from 1982 to |992. In
Ьoth сasеs thе sum totals of divеrsity through timе inсrеasеd, еssеntiаlly dou-
Ьling in 100 yеars, Ьut thе inсrеаsеs wеrе randomly distriЬutеd with rеspесt
to ti l1-lе, and stl thе ovеrаll pаttеrns of divеrsifiсations and ехtinсtions
rеmainеd unаffесtеd. In a furthеr study Bеnton and Storrs (1994) tеstеd
rvhеthеr rrеw fossil disсovеriеs tеnd to fi l l prеdiсtеd gaps or сrеatе nеW gaps'
Thе,v found thе formеr: in 25 yеaгs of study, nеw fossil f inds haсl improvеd
thе сomplеtеnеss of thе tеtrapod fossil rесord Ьy somе 5% Ьу plugging gаps
morе oftегt thаn сrеating llеw saps.

Тhеrе havе bееn two rnajor сhallеngеs to this somеwhat сomplасеnt viеw:
sampiing еffесts and mоlесular phylogеniеs. In both саsеs thе сritiсs aссеpt
that tlrе fossil rес<lrd as d<lсumеtrtеd is wеll undеrstood. Howеvеr' thеy high-
light thе fасt that thе fossil rесord itsеlf is a poor samplе of l ifе. So, howеr,еr
rvеll known it is, thе fossil rесord сan nеvеr doсurrrеnt thе еvolution of sott-
bodiесl oгganisr-rrs adеqtrаtеly, zrrrd сlthеr groups-pеrhaps miсrosсopiс' pеr-
haps l iving in unusual еnvironmеnts-mаy similaгly not Ье fossil izaЬlе.

Thе сгitiсisms of sampling, аltlrough linkеd, havе had diffеrеnt foсi. Smith
(2001' 2007) arguеd tlrat thе fossil rесord is сlosеly tiеd tсl thе sеdimеntary
roсk rесord, whiсh itsеlf is l inkеd to sеa-lеvеl сhangеs, and that many sup-
posеd ехtinсti l>n еvеnts аrе nothing morе thаn сlrengеs сrf еnvironmеnt. If
thеrе is a mаjor rеgrеssiсln (rеtrеаt of thе sеa), sh:rl low mаrinе organisms аp-
parеntly disappеar from sесtions. This сould Ье rесordеd аs an еxtinсtion'
but ir is mеrеIy а sеdinlеntаry аrtifaсt. Snrith (200t ,2007I poirrtеd out' how-
еvеf' that thе divеrsifiсation of l ifе in thе sеa durirrg thе last 250 mill ion yеars
is proЬablv rеal bесаusе sеa lеvеls wеrе fall ing duгing this timе: thе risе in di-
vеrsit1, is ntrt drivеn Ьy a гisе in sеa lеvеl.
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Pеtегs and Footе (2001,2002) wеnt onе stеp furthеr, arguing that virtually
all thе fossil rесoгd is сlosеly dеpеndеnt on thе sеdimеntary rесord. Supposеd
rxtinсtions' divеrsifiсations, and otlrеr Ьiolсlgiсal pattеrns arе аl1 apparеntly
drivеn Ьy thе volumе of pгеsеrvеd roсk. Thеsе authors found that thе divеr-
sity of l ifе apparеntly matсhеs thе numЬеr оf namеd roсk formations in
North Amеriсa. So, thеy arguеd, whеn lifе аppеаrs to Ье divеrsifying, it is
simply bесausе thеrе is morе sеdiпrеntary roсk and lrеnсе more fossils. IWhеn

a mass еxtinсtion is idеntifiеd' it is nothing morе than a loss of apprtlpriаtе
roсks in whiсh to prеsегvе fossils.

Thеsе viеws hаvе Ьееn sееn as pеrhaps rаthеr еХtrеmе (Bеnton 2003; Pе-
tеrs 2005). Thе сorrеlation of numbеrs of namеd formations and divегsity of
l ifе rеpoгtеd Ьy Pеtеrs and Footе (2001,2002) сould Ье rеvеrsеd: it is just аs
likеly that whеn lifе is divеrsе аnd fossils aге aЬundirnt' gеologists rесognizе
and namе morе formations. In gеnеral' of сoursе, as wе always tеасh oLlr stu.
dеnts, сorrеlatioп does not imply сausatiotl. Furthеr, assurning that roсk vol-
umе, or somе proхy for roсk volumе, is purе еrror in our undеrstanding of
thе fossil rесord and should thеn bе applied as a сOrrесtion fасtor is hеavy
handеd-maior Ьiologiсal еvеnts suсh as divеrsifiсatiсlns and mass ехtinс-
tions arе rеmovеd at a strokе. As Pеtеrs (2005) pointеd out' thеге ls no rеa.
son to rеjесt thе proposal that mаrinе roсk volumе and marinе divеrsity
might vary in сonсеrt with a third faсtor, suсh as sеa-levеl сlrаngе. AЬundant
marinе roсks аnd aЬundant marinе fossils might aсtually rеflесt high sеa lеv-
еls and aЬundant marinе lifе: in suсh a сasе' to dividе thе pеak in mаrinе
divеrsity Ьy thе pеak in marinе roсk voluпе would еffесtivеly rеmovе that
(truе) Ьiologiсal signal. Muсh morе work is rеquirеd to invеstigatе furthеr
why thе marinе roсk and fossil rесords arе с<rrrеlаtеd, Ьut thе tеrrеstrial roсk
and fossil rесord appеars not to Ье (Fara 2002).

Thе sесond major сurrеnt сhallеngе to thе informativеnеss of thе fossil
rесord сomеs from rnolесular studiеs аnd dеЬatеs aЬour thе tir-rrirrg of origins
of major groups. Somе molесular еstimatеs plасе thе origins of Меtazoa (an-

imal phyla), grееn plents, аngiospеrms, аnd modеrn ordеrs of Ьirds and
mammals at points up to twiсе as old аs thе oldеst rеprеsеntativе fossils (е.g.'

Wray еt aI. \996; Сoоpеr and Pеnny 1997;Kumar and Hеdgеs 1998; Wray
2001; Hеdgеs and Kumar 2004). Thе rangе of molесular еstimatеs for thе
origin of mеtazoans is 0.6 to 1.2 Ьil l ion yеars ago' witl-r гrrost еstimatеs сlosеr
to 1 Ьil l ion yеaгs ago than 600 mill ion yеars ago. Thе range of molесular еs-
timatеs for thе origin and bаsal split ing of plaсеntal mammals and modеrn
birds is 130 to 70 mill ion yеars ago' again with morе еstimatеs nеаrrеr 120
mill ion tЬan7О mill ion. Thе first fossils datе, rеspесtivеly' from around 600
and 70 mill ion yеаrs ago.

Thе mismatсh of first fossil datеs and first molесular datеs сould indiсatе
major еrrors in onе or thе othеr sourсе of data or Ьoth. Мany сommеntators
(е.g., Еastеa| 7999; Wray 2001; Hеdgеs and Kumаr 2004) havе arguеd that
thе fossil datеs аrе almost сеrtainly wrong' and thаt thе molесulaг datеs arе
сlosеr to thе truth. Othеrs (е.g., Bеnton 19991 Bromham and Неndy 2000;
Bеnton and Ayal:r 2003) havе suggеstеd potеntial proЬlеrns with both
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approaсhеs: fossil с.latеs arе always to() young, of сoursе (onе nеvеr finds thе
first fossil of a gror.rp), Ьut not outragеously too young' whilе thе molесulаr
datеs tеnd tсl Ье too old, somеtiпlеs Ьy a long way. Graur and Martirr (2004),
spеaking fronr thе rl-rolесular sidе, prеsеnt a roЬust attaсk on thе еvidеnсе for
molесuiirr agе douЬlirrg just notеd, whilе Неdgеs and Kuпrar (2004| dеfеnd
thеir position. orl balаrrсе, howеvеr, thе nrolесular l indings that sееnlеd likе
a dеr,astаting eХp()surе of thе frаilt iеs of thе fossil rесord in 1996 havе norv
bееn shorvn to rеst on fаr wеаkег grouтld thаn was first assеrtеd.

Do thеsе dеЬatеs just rеduсе to irssеrtiсln and с()untеrassегtion? Сan wе
еvеr Ьridgе thе gap Ьеtwееn knowlеdgе of thе fossil rесord (whiсh is aссеptеd
to Ье good) аnd thе proЬlеm ofunprеsеrved l i fе of thе past? Pеrhaps th is  сan
bе donе to somе ехtеnt. ln a Ьril l iаnt ехamplе of latеral thinkrng, Norеll and
Novaсеk (|992\ rеalizеd that еvolutiolrists uniquеlv had thrее indеpеndеnt
sourсеs of dаta on thе history оf l ifе: fossils, сladistiсs, aпd rnolесular phy-
logеny. By fossils thеy mеant thе stratigrаphiс сlrdеr of oссurrеt-tсе of fossils
irr thе roсks. Сlaсiistiсs and nroiесular phylogеn1' rесOnstruсtiotr lrе rеlativеly
nеW approaсhеs to drаwing еvolшtiol-rary trееs' rvlrеtlrеr on thе Ьasis of lrr<lr-
phоiogiсаl oг mоlесulаr сharaсrеrs, аnd thеy aгe irrdеpеndеnt of stгatigraph1..
Norеll arrd Novaсеk (1992) proрosеd that аll thrее аpproасlrеs сould Ье
сompаrеd for сongгuеnсе (agrееmеnt). Up to thаt рoint no onе knеw rvhеthеr
thе fossils or thе trееs rvеrе itr any lфIаy сlosе to tlrе trutlr: without a timе ma-
сhinе, or оmnisсiетlсе, how сould onе tеll? Thеy arguеd, though, that if thе
fossil sеquеnсеs and thе sеquеnсеs of Ьrаnсhing points in thе trееs wеrе с()n-
gruеnt' thеn proЬaЬly thе fossil гесord did rеprеsепt thе truе pattеrn of thе
history of l ifе. Laсk of сongruеIlсе сould indiсаtе that еithеr thе fossil rесord
is wrong or thе trееs аrе Wrong' or Ьoth. Studiеs сan Ье dorrе group Ьy group,
and thеy show good сongrrrеnсе in аs mаrly аs 7 5,Ъ of сasеs (Norеll and No-
vaсеk 1'9921Bеnton and Stoгrs l994; I}еntorr еt al. 2000). Thеsс studiеs indi.
сatе that all gr<lu1.ls еxalrrinеd аге irЬ<lut еqtraliy wеll prеsеrvеd in tl.rе fossil
rесord, tlrat thеге is no suЬstаntiaI diffеrеnсе l-lеtwееrr marinе аnd ссltrtinеntаl
fоssil rесords, and thаt tlrеге is no timе Ьias (for Ьroаd_sсаlе phyltlgс'Ilеtiс
trееs plсlttеd арiаinst stagе-lеvеl divisions t;f timе),

Сonсlusion

Palеontology is an аnсiеnt suЬjесt, dating Ьaсk tсl thе siхtееnтh or sеvеn-
tееnth сеntttriеs. To п]any' it had its hеyday in Viсtorian timеs, and littlе has
happеnеd sinсе Ьеyond thе disсovеriеs of nеw dilrosаurs and lronrinids rе.
portеd wееklу l'n Sсiепсе aг'd Nаtltrе' In a sеnsе, as I havе ilrgttеd, thаt is trr.tе,
аnd thе faсt that (dеspitе tlrе сlain-rs) thеsе t-tеw disсtlvеriеs aге rtrrеly slroсk.
ing is stгоng еvidеrrсе that tlrе fossil rесord tеlls us solnеthinЕ] truthfr.l l ir lrtlut
tlrе histсtгy of Iifе.

But thе histoгy of l ifе is morе than just а nаrrativе of first onе fossil, thеn
anothеr' group A givil lg Wav to grсltrp B' and so On through to mankind. Thе
narrativе is important for what it tеlls us aЬout thе аstonishin!] invеntivеnеss
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of l ifе, its aЬil ity to еvolvе and do unprеdiсtаЬlе things. 
.$Иhiсh 

Dеvonian oЬ-
sеrvеr would havе prеdiсtеd that thе multi l imЬеd insесts that сrеpt round thе
watеrsidе plants would onе day takе to tlrе air? \Whiсh Jurassiс oЬsеrvеr
would havе guеssеd that thе insесts shе saw fl itting and danсing in tl-rе sun-
light around thе muddy lеgs of thе dinosaцrs would еvolvе soсiality i lrrd thеrr
drivе thеir Ьiodivеrsity and gloЬal Ьiomass t<> untold lеvеls? Сurrеt-tt Ьiodivеr-
sity is highеr thаn it еvеr has Ьееn. !Иhеrе пlight l ifе еvolvе nехt? Thеrе аrе in-
timаtions of miсroЬеs that livе in iсе and iп boiling Watеrs, and soпrе that livе
pегhaps thrее kilomеtеrs down within thе roсks Ьеnеath thе sеa floor. Thеsе
ехamplеs strain сrеdulity, but thеy havе happеned and arе happеning.

Thеrе is morе to thе study of thе history of l ifе, though, than mеrе doсu-
mеntation of fossils. Fossils rеprеsеnt ехtinсt groups. Dinosаuгs сannot Ье
prеdiсtеd from molесulеs, bшt thеy ехistеd arrd show us organisms tlrat did
what no living animal doеs. Somе dinosаLlrs wеrе 10 timеs thе nrass of thе
lаrgеst l iving maпrrlals. Somе ptеrosaurs Ьad wingspans thrее or four гimеs
thosе оf thе largеst Ьirds today. Somе ехtinсr arthropods wеrе largеr than
any alivе today. Thеsе organisms arе all truly wondеrful, and thеy posе in-
tеrеsting proЬlеms fсlr Ьiomесhaniсists and physiologists.

Divеrsifiсations and mаss ехtinсtions саn Ье prеdiсtеd (rеtrodiсtеd?) from
studiеs of modеrn phylogеniеs, Ьut thе dеtails lravе always rеmainеd mystеri-
ous. Palеontologists havе tlrе grеat plеаsurе of Ьеirrg aЬlе to dissесr suсh
еvеnts in finе dеtаil, and as fossil-сollесting tесhniquеs' thе prесisiorr of dat-
ing, and еnvironnrеntal analytiсal tоols iпrprоvе, thе lеvеl of undеrsranding
will inсrеasе.

Spесiation сan Ье studiеd in thе laЬoratory and in long.tеrm studiеs in thе
fiеld, Ьut thеrе is always a timе limit. Now' with improvеd сollесting and dat-
ing tесhniquеs, palеonrologiсal studiеs of spесiеs еvolution and spесiеs split-
ting сan Ье tiеd sеamlеssly to thе prеsеnt dаy, :rrrd we arе Ьеginning to sее for
thе first timе maсroеvolutiorr ir.r aсtion.

Nеw finds сapturе thе hеadlinеs, Ьut nеw insights into Ьioгnесhaniсs,
largе-sсаlе еvеnts, and maсroеvolution arе еvеn morе imprеssivе. Tlrе study
of thе history of l itЪ has nеvеr Ьееn morе ехсiting than it is now.

в | B L I o G R A P H Y

Bеnton, M. J. 1985. Маss ехrinсtiоn anlOng nоn-nrаrinе tеtrаpods. Nаturе 3|6:
811 -814 .

1987. Progrеss аnd сompеtition in l lr irсroеvolutitл. Bhklgiсаl Rс,t,iсtl ls 62-:
305-33 8.

1995. Divеrsi{iсation аnd ехtinсtion in thе history of |tfe. Sсieпсе 268:
52-s8.

1997. Modеls {or thе divеrsifiсаtion o| \ifе. Тrепds iп Есologу апd
Еuс.llutioп |2: 490-49 5'

|999 ' Еar|у оrigins of modеrn Ьirds and пrапrmals: Мolесulеs vs.
mоrphоlogy. BlсlЕss.:1's 21: 1043-1051.

2003. Thе qualitv of thе fossil rесord. lп P. C.-. .}. Donoghuе аnd М. P.
Sпrith, еds., TеIliпg thе Еuоlutioпаrу- Тiпtе: МtэIесulаr Сbсks апd t|lе Fсlssil
Reссlrd, 66-90. Boсa Raton, FL: СRС |)геss.

Bеntоn' N4. J.' and F. J
Bеnton'  М. J . ,  and D. -

l.ongman.
2О08. Iпtrodu

Blaсkwеll.
Bеntorr' М. l., аnd P. l

L|сrllсlgу аltd Еuol
Bеntсln, М. J., anсl G.

Palеontоlоgiсal kr
Bеnt<ln' \4. J. '  М. A. \

thrоugh timе. Nat
Brot-nhаrn, l-. D., and l

dаtеs to thе СamI
Ser iеs  B  267:104

Сhееtlrаm, A. H., аnd
sеlесtion vеrsus га
Еrwin  and R.  L . .д
Rессlrd, 184_20 t-.

Сonway Мorr i s ,  S .20
СamЬridgс: Сamt

Сoopег, A., and D. Pеl
Теrtiary Ьоundari

Dzr rw in ,  С .  18 .59 .  oи
Еirstеir l '  S. 1999. ]Vtolе

B i r lЕssл1 ' s  21:  10:
Е ldredgе,  N. ,  r rnс l  S . . | '

grаduаl ism. In T.
Frаnсisсo: Frееmа

Еrwin, D. H.' and R. l
and R. L. Arrstсy,
11_28. Nеw York

F:rra, Fi. 2002. Sеa lеvс

.|rпrпаl of thе Gеt
Gou ld ,  S .  J .  1990.  Is  a

6 : 1 1 9 - 1 З 0 .
Gou ld ,  S .  J . '  and С .  B .

thе night. Pаlеobi'
Graur, D., аnd W. Мar

of еvolution аnd t
Hеdgеs, S. B., аnd S' К

Gеnetiсs 20:242-
Hеwzu l lа ,  D . ,  М.  с .  B

p21ttеrПs from mа:
Тrапsасtitllts t|-tl

Kumаr '  S . ,  and S .  B .  I -
Nа t u r е  З 92 : 9 | 7_

LaЬandеirа, С. С., anс
Sсieпсе 26|: 310-

Lаndе,  R .  1986.  l .hе  с
еvolution. Pаlеob,

Мi rх rvе l l , .W.  D. ,  аnd J
сorlrplеtеnеss оf t l

Маy,  R .  М.  1994.  Сor
divеrsity' Philoхl1



:taЬlе things. Whiсh Dеvoniаn oЬ.
limЬеd insесts that сrеpt round thе
thе air? \Иhiсh Jurassiс oЬsеrvеr
rw flitting and danсing in thе sun-
rrs would еvolvе soсiality and thеn
to untold lеvеls? Сurrеnt Ьiodivеr-
night lifе еvolvе nеxt? Thеrе аrе in-
L Ьoiling Watеrs' and somе thаt livе
roсks bеnеath thе sеa floor. Thеsе
ppеnеd and arе happеning.
y of lifе, though, than mеrе doсu-
inсt groups. Dinosaurs сannot Ье
l and show us оrganisms that did
Lrrs Wеrе 10 timеs thе mass of thе
rad wingspans thrее or four timеs
tinсt arthropоds wеrе largеr than
ru|y wondеrfu l .  and rhеy posе in-
lphysiologists.
n Ье prеdiсtеd (rеtrodiсtеd?) from
ails havе always rеmainеd mystеri-
urе of Ьеing aЬlе to dissесt suсh
g tесhniquеs' thе prесision of dat-
lprovе' thе lеvеl of undеrstanding

lry and in long-tеrm studiеs in thе
with improvеd сollесting аnd dat-

;pесiеs еvolution and spесiеs split-
ry, and Wе arе Ьеginning to sее for

nеw insights into Ьiomесhaniсs,
) еvеn morе imprеssivе. Thе study
lхсiting than it is now.

n-marinе tеtrapods. Nаturе З16:

:roеvolution' B iologiсаl Rеuiеtas 62:

thе history of |i|e, Sсiеnсе 268:

|lfe' Тrепds iп Есoklgу апd

d mammals: Мolесulеs vs.

tn P. С. J. Donoghuе аnd М. P.
: МоIесulаr СIсlcks апd thе Fossil
is.

Pаlеoпtologу аnd thе Historу of Life 10З

Bеnton, M. J., and F. |. Ayalа. 2003. Dating thе trее of | ife. Sсiепсе 30О: 1698_\70О.

Bеnton, N,I. J., and D. A. T. Нarpеr. 1997. tsаsiс Pаlеспtologу. Нarlow, Еssех' U.K.:

l ,ongmаn.
2008. Iпtrodl|сtioп to Pаlсobiсiogу апd thе Historу of Life, Oxford:

Blaсkwеll.
Bеnton' M. J., and P. N. Pеarson ' 2001 , Spесiation in thе fossil rесord. Тrепds iп

F'сologу апd Еurllиtklп 1 6: 4О 5-41 1'.
Bеnton, М. J., and G. 

.W. 
Stоrrs. 1994. Tеsting thе qual ity of thе fossi l  rесord:

Pаlеontologiсаl knowlеdgе is improving. Geologу 22z |t|_1\4'

Bеnttln, М.J., М. A. Wil ls, аnd R. Hitсhin. 2000. Quality of thе fossi l  rесord

through ttmе. Nаturе 4ОЗ: 5З4_5З7.
Brоmham, [-. D., and М. D. Hеndy. 2000. Сan fаst еarly ratеs rесonсi lе molесular

dаtеs tсl thе СamЬrian ехplosiоn? Proсееdiпgs сlf thе Roуаl Soсiеtу of Loпdoп,

Sеriеs B 267: "l'041-|047 .
Сhееtham' A. H., and J. B. с.Jaсksоn. 1995. Proсеss {rom pattеrn: Tеsts for

sеlесtiоn vеrsus random сhаngе in punсtuatеd Ьryozoan spесiation. In D. H.

Еrwir"r and R' I,. Anstеy, еds.' Neи, Аp1lrоасhеs to Spеciаtkп iп thе Fossil

Rессlrd, \84_207. Nеw York: СoluIтЬia Univеrsity Prеss.

Соnway Мorris, s. 2003. Lifе's Solutioп: Iпеuitаblе Hиmапs iп а Loпеlу Uпiuеrse.

СаmЬridgе: СаmЬridgе Univеrsity Prеss.

Соopеr, A., аnd D. Pеnny. 1997. \4ass survival of Ьirds aсross thе Сrеtaсеous-

Tеrtiаrу Ьor-rndaтy: Molесulаr еvidеnсе. Sсieпсe 275: 1109-1'113.

Darrvin, с. 1tls9' Оп thе Оrigiп of Spесles. London: John Мurray.

Еastеal, S. 1999. iVlolесulаr еvidеnсе for thе еarly divеrgеnсе of plaсеntal mammals.

Bbl.ssays 21 : ' l  0.52-10-58.
Еldrеdgе' N., and S. J. Gould. 1972. Punсtuatеd еqui l iЬria: An altеrnativе to phylеtiс

grаdual ism. In T..|. M. Sсhopf, еd., МodеIs iп Pаleobiology, 82_115. San

Franсisсo: Frееman, Сoopеr.
Еrwin, D. Н., and R. L. Anstеy. 1995. Spесiation in thе fossi l  rесord. In D. H. Еrwin

аnd R. I-. Anstеy, еds., Nси Аpрrсlасhеs fu Spесiаtiсlп iп tbе Fossil Rеcord'

11_28. Nеw York: Сolumbiа Univеrsitу Prеss.
Fаrа, F]. 2002. Sеa lеvеl variat ions аnd thе qual ity of thе сontinеntal fossi l  rесord.

]сlttrпаI of the С}еologicаl Sсlсiеtу, Lсlпdoп 159:489491'.

Gould, S. .|. 1990.Is а nеw and gеnеral thеory of еvolution еmеrging? Pаleobiologу

6 :  1  I  9 - 130 .
Gould, S.J., and С. B. Сal loway. 1980. Сlаms and Ьraсhiopods-ships that pass in

thе night. PаIеobiologу 6: З8З-396.
Graur, D.' and \й/. Martin. 2004' Rеading thе еntrails of сhiсkеns: Мolесulаr timеsсаlеs

of еvolution and thе i l lusiоn of рrесision. Trепds iп Gепеtiсs 20: 80-86.

Неdgеs' S. B., and S. Кumar.2004. Prесision of molесular t imе еstimаtеs.Trеnds in

Gепеtiсs 2О: 242-247.
Hеwzulla, D., М. с. Boultеr, М. J. Bеnton, and J. M. Hal lеy. 1999. Еvolutionary

pattеrns from mass originatiоns and mass ехtinсtions. Phi losophiсаl

Trапsасtioпs of thе fuцаl Soсiеtу, Sеriеs B З54:46З-469.
Kumar, S., аnd S. B. Hеdgеs' 1998. A molесulаr t imеsсaiе {or vеrtеЬratе еvolution.

Nаtиrе 392 917_920.
LaЬandеira' C. С., and J. J. Sеpkoski lr. 1993. Insесt divеrsity in thе fossi l  rесord.

S с i е п с е  261 : 310 - 315
Lаndе, R. 19B6. Thе dynamiсs of pеak shifts and thе pаttеrn of morphologiсal

еvolution. Pаlеobiologу |2: З4З_3 54.
Mахwеll '  W. D., and М. J. Bеnton. 1990. Historiсal tеsts of thе absolutе

сomplсtеnеss of thе fossi l  rесord of tеtrаpods. Pаlеobiologу 16:322-3З5.

May' R. \4. 1994. Соnсеptual аspесts сlf thе quantifiсation of thе ехtеnt of Ьiologiсal

divеrsity. l,hilсlsophiсаl Тrапsасtit-lпs сlf thе Roуаl Soсietу, Sеriеs B 345:13-2О.



104 Pаleontologу апd the Historу of Life

Мaynard Smith, J., аnd Е. Szаthmirу. 1995. Thе Маior Trапsitions iп Еuolцtioп.
Oxford:.W. H. Frееman Spеktrurn.

Niklas, K.J., B. Н. Tiffnеy, and A. H. Knoll. 1983. Pattеrns in vasсular land plant
divеrsifiсation . Nаturе 3О3: 6\4-61 6.

Norеll ' М. A., and М. J. Novасеk. |992. Thе tЪssiI rесord аnd еvoluriоn:
Сomparing сladistiс and palеontologiс еvidеnсе for vеrtеbratе history. Sсieпcе
255 1690-1.693.

Pеtеrs, S. Е. 2005. Gеologiс сonstrаints on thе maсroеvоlutionаry histoгy of mаrinе
animаls. Proсeеdings of thе Natioпаl Асаdemу of Sсiеttсеs USА 102:
|2З26_1'23зI.

Pеtеrs, S. Е., and М. Footе.2001. Biodivеrsity in thе Phanеrozoiс: A rеintеrprеtation.
Pаlеo b io logу' 27 : 5 83-6О 1.

2002. Dеtеrminants of ехtinсtion in thе fossil rесord. Nаtиre 416: 420424.
Sеpkоski, J.J.' Jr. 1'984. А kinеtiс modеl of Phanеrozoiс taхonomiс divеrsity. III.

Post-Palеozoiс familiеs аnd mass eхtinсtions. Pаleobiologv \О: 246_267.
|992'Phу|ogenеtiс and есologiс pаttеrns in thе Phапеrozoiс history of

mаrinе Ьiodivеrsity. In N. Еldrеdgе, еd., Sуstеmаtiсs, Еcologу, апd thе
Biodiuеrsitу Сrisеs,77-100. Nеw York: Сolumbia Univеrsity Prеss.

1993. Tеn yеars in thе librarу: How сhangеs in taхonomiс data Ьasеs affесt
pеrсеption of maсroеvоlutionary pattеrn. Pаlеobiologу |9: 4З_5|.

1996. Сompеtition in maсroеvolution: Thе douЬlе wеdgе rеvisitеd. In D.
Jablonski, D. Н. Еrwin, and J. Н. Lipps, еds', Еuolutklпаrу Pаlеobiologу,
211-255. Сhiсаgo: Univеrsitv of Сhiсago Prеss.

Shеldon, P. R. 1987. Parаllеl gradualistiс еvolution of ordoviсian tri lobitеs. Nаtцrе
330 :561 -563 .

1996. Plus ga сhаngе-A mоdеl for stasis and еvolution in diffеrеnt
еnvironrnеnts. Pаlеogесlgrаpllу, Pаlеoсlinшtologу, Pаlесlесologу 127: 209-227.

Smith, A. B.200 l. Largе-sсalе hеtеrogеnеity of thе fossil rесord: Impliсations for
Phanеrozoiс biodivеrsity studiеs. Philosophicаl Trапsасtiсlns of tbе Roуаl
Societу, Seriеs B 356: 1-|7.

2007. Магinе divеrsity through thе Phаnеrоzoiс: PrоЬlеms аnd prospесts.
lournаl of thе Geologiсаl Sociеtу 164: 731_745.

Sorhannus, U., Е.J. Fеnstеr' L. Н. Burсklе, and A. Нoffman' 1998. Сladogеnеtiс
aпd anagеnеtiс сhаngеs in thе morphology of Rhizсlsolепiа prаеbеrgoпii
Мцkhina. Historicаl Biologу 1: 185-205

Stanlеy, S. М. 1975. A thеory of еvolution aЬоvе thе spесiеs |eуe|. Proсееdiпgs of thе
Nаtioпаl Асаdemу of Sсiеnсеs USА 72: 646-650.

2007 . Аn analysis of thе history of marinе аnimаl divегsity. Pаlеobiolog ,-
Меmoirs 4. Pаlеobiology 33 (Suppl.): 1-55.

Will iamson' P. G. 1981. Palеontologiсаl doсumеntation of spесiation in Сеnоzoiс
mollusсs froпr thе Turkana Basin. Nаture 29З: 4З744З.

\йИrаy, G. A.2001. Dating Ьranсhеs on thе Trее of Lifе using DNА. Geпome Biсllogу
3 :  t - / .

Wray, G. A.' G. s. Lеvinton, and L. H' Shapiro. 1996. Мolесular еvidеnсе for dееp
PrесamЬrian divеrgеnсеs among пlеtazoan pЬу|a. Sсiencе 274: 568_573.

Adaptr

Josеph T

What Is Adaptа

Тlrе fеаturеs ()f org

lifеstylеs. ln soпtе .

Ьrown, mottlеd m(

fusеlу shаdеd Ьrov

that ссlmЬinе tO pе

ing Ьird еggs hаv(

snakеs),  l louths w]

Ьraе Ьеhind thе nt

еmpty shеlls for е:

fundaпrеntа1 oЬsег

how rlrеsе matсhеs

gists want to solvе

Thе еаrliеst sсiе

tеstеd with oЬsеr.

еmеrgеd through :

wеrе сrеatеd Witl. l

priatе f()r thеir ра
Wеnt ехtinсt, lеtrvi

stanсеs. This thсol

or ехtinсtion tlf v.

loсations (е.g., Тo

n6ndеz Is lаnd: Е is

апd it sееmеd rеаs

othеrs through tl

that  naturе сOuld

Тhе tlrеorу of a

thе ссlnviсtiorr thс

intеrvеnеd throuр

thе fеilturеs of Pl.
and pеts Ьorе аm



,he 
Маjor Trапsitiсlпs iп Еuolutiсlп.

983. Pattеrns in vasсulаr land plant

Ъssi l  rесord aпd еvolutioп:
dеnсе for vеrtеЬratе history. Sсiепсе

maсгoеvolutionary history of marinе
lеmу oi Sсiепсеs IJSА |О2:

n tЬе Phanеrozoiс: А rеintегprеtаtion.

е fossil rесord. Nаture 416 420424.
anегozoiэ tаxonomiс divеrsity. III.
ns. Pаlеobiologу 10: 246-267.
ns  in  rhе  Ph lnеrozo iс  h i s tory  o f
уstemаtiсs, Ессllogу, апd thе
olumЬia Univеrsity Prеss.
angеs in taxonomiс datа Ьasеs аffесt
Pаleobiologу 19: 4З_5 1.
Thе douЬlе rvеdgе rеvisitеd. In D.
Js., Еuolutio паrу Pаl аl b iologу,
Prеss.
t ion of ordoviсian tr i loЬitеs. Nаtиrе

sis аnd еvolution in diffеrеnr
ftologу, Pаleoесologу 127 : 2О9-227.
.thе fossil rесord: Impliсаtions foг
biсаl Trапsасtioпs of thе Roуаl

anеrozoiс: ProЬlеms and prospесts.
-745.

lA .  Hof fmаn '  l998.  С lаdоgеnеt i с
' of Rhizosolепiа prаеbеrgoпii

vе thе spесiеs |eve|. Pr<lcееdiпgs of thе
6-650.
:inе аnimal divеrsity. PalеobioIogу
i .
lеntation of spесiation in Сеnozoiс
29З:4З744З.
: of Lifе using DNA. Gепomе Biologу

' 1996. Мo|ectrlar еvidеnсе for dееp
phуIa. Sciепсе 274: 568-57З.

Adaptation

Josеph Trаuis апd DаuidN. Rezniсk

What Is Adaptation?

Thе fеarurеs tlf orgzrnisпls arе wondеrfully suitеd to thеir еnvironmеnts and
lifеstylеs. In sonlе сasеs thе mаtсlr of fеaturе аnd еnvironmеnt is simplе: a
browтr, mсlttlес] moth is сryptiс to its prеdators whеn it is rеsting on a dif-
fusеly slradеd Ьг<lwn trее trunk. ln othеrs thе matсh involvеs sеvеral trаits
tlrat сonrl.l inе tсl pеrform an imptrгtаnt task: rat snakеs thаt spесializе in еirt-
ing Ьird еggs lrаvе uniquе jaws that opеn ехtraordinarily widе (еvеn for
snakеs), mouths with srтooth gr()Ovеs instеad of tееth, and spесiаlizеd vеrtе-
Ьraе Ьсhirld thе rrесk tl-rаt lrеlp pullсtl lrе еggshеlls and сгush and fold thе
еmpty shеlls foг ехpulsiсln. Thеsе matсhеs' whiсh wе сall аdаptаtioпs, are
frrndamеntzrl oЬsеrvations that Ьiologists Want to ехplain, and undеrstandirrg
how tlrеsе tnatсhеs аrе tnаdе is l fundаnrеntal pшzzlе that еvolutionаry Ьiolo-
gists wаnt tсl stl lvе.

Thе еагliеst sсiеntifiс схplanаtiоn-thаt is, an ехplanation that сould Ье
tеstеd rvith oЬsеrvаtior-r and ехpеrimеrrt-pсlsitеd that matсhеs l ikе thеsе
еmеrgеd through a proсеss of еlimination. In this viеw animals and plants
rvеrе сrеаtеd witlr а vаriеtу of fеatures; thosе spесiеs thаt hrrd fеaturеs аpрr()-
priatе f<lr thеir partiсulаr сiгсurrrstanсеs pеrsistеd, whilе thosе that did rrot
Wеnt ехtinсt, lеaving us rь.ith onlу thtlsе spесiеs wеll matсhеd to thеir сirсuln-
stanсеs. Тhis tlrсory wаs dеrivеd in pаrt fгom oЬsеrvatiоrrs of thе pеrstsrеnсе
or ехtinсtion of vаriеtiеs of doпrеstiс plents and animаls introduсеd to nеW
loсаtions (е.g., Townsеnс]'s 1786 dеsсription of gсlirts introduсеd to Juan Fег-
njndеz lsland: Еisеlеy l958). Sorrrе variеtiеs thrivеd, whilе othеrs languishеd'
and it sееmеd rеasсlnaЬlе to сonсludе that naturе sеlесtеd somе variеtiеs ovеr
othеrs tl lгсlugh thе ссrmlrinaтions of fеaturеs that distinguishеd tlrеm, alrd
that naturе сould sеlесt among spесiеs irr thе sarrrе way.

Thе tlrеory of аdaptation viа sеlесtivе fi ltеring trf spесiеs was prеdiсatеd on
thе ссlnr,iсtion tlrаt thе fеаturеs сlf a spесiеs wor"rld not сhаrrgе rrnlеss humans
intегvеnеd through сonсеntratеd sеlесtivе brееdirrg. Thеrе was no douЬt that
thе fеaturеs of plants and animals wеrе mallеaЬlе; сrop plirnts, farm animals,
and pеts borе ampIе lvitnеss that sеlесtivе brееding сould сhangе almost аny
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fеaturе of a plant or animal. But thеrе wеrе oЬvious l imits to mallеaЬil ity-
сhiсkеns саnnot bе Ьrеd to lаy two еggs pеr day evеry day of tlrеir l ivеs-and
naturе sееmеd aЬlе to distingursh only suЬstantial diffеrепсеs among spесiеs
or stoсks (Provinе 1971; Rusе 1979)' Thеsе substantial diffеrеnсеs sееmеd
сapaЬlе of Ьеing produсеd only Ьy sеlесtivе Ьrееding of faгm stoсk (if naturе
Was sorting among variеtiеs of donrеstiс goats introduсеd to an isl:rnd) or
original сrеation (if naturе was sorting among spесiеs).

This еxplanation of adaptilt ion Ьесamе inсrеasingly сumЬеrsome аs morе
and morе fossil organisms wеl.е disсovеrеd. Foг onе thing, layеrs of roсk that
inсludеd fossil izеd spесiеs did not inсludе fossil izеd matеrial from еxtant
spесiеs; if naturе wеrе mеrеly fi ltеring spесiеs' whеrе Wаs thе еvidеnсе that
еxtant spесiеs had еvеr сoехistеd with ехtinсt onеs? For anothеr' although
many fossil organisms Ьorе l imlе rеsепrblanсе to еxtant onеs (е.g.' dirrosaurs),
othеrs sееmеd vеry similar to еxtant spесiеs (е.g.' fossil f loundеrs). It was un-
сlеar why onе spесiеs should havе gonе еxtinсt wlri lе anothеr with vегy simi.
lar fеaturеs should pеrsist.

Thе sсiеntifiс rеvolution in thе studу of adаptation is thе idеa of natural sе-
lесtion' as suggеstеd Ьy Сharlеs Darwin and Alfrеd Russеl wallaсе. Although
both mеn offегеd thе idеa, it wаs Dагwin who artiсulatеd it пrorе сomplеtеly
and intеgratеd it morе thoroughly into a largеr thеory of Ьiologiсal еvolu-
tion. As a rеsult, wе usе thе tеrm Dаrшiпiап еuolutiсlп to rеfеr to thе proсеss
through whiсh adaptations еmеrgе' a proсеss also саllеd еuolutioп bу паtиrаl
selесtiotl or аdаptiue euolutiсlп.

In Darwinian еvolution, natural sеlесtion, соuplеd with inhеritanсе of
small trаit diffеrеnсеs' is thе аgеnt of adаptation. Natuгal sеlесtion is a statis-
tiсal fi ltеring Proсеss; individuals with partiсular сharaсtеristiсs аrе morе
likеly to survivе or produсе morе offspring than individuals with othеr сhar-
aсtеristiсs. A morе formal dеfinition of natural sеlесtion is thе сausal аssoсi-
ation of a fеaturе or trait with fitnеss. Bу fitпеss wе mеan thе numЬеr of
offspring that an individual lеavеs Ьеhind; individuals that diе without rеpro-
duсing havе zеro fitnеss. The саusаl аssoсiаtioп of а feаture or trаit tuith fit-
ness mеans' opеrationally, that a fеaturе or vаluе of а rrait is dirесtly
rеsponsiЬlе for whеthеr an individuаl l ivеs or diеs or why somе irrdividuals
lеavе morе offspring than othеrs.

For еxamplе' many frogs brееd in tеmpоrary pсlnds thаt hold watеr for a
Ьriеf pеriod and dry еvеry sеason. Thе tadpоlеs in thеsе ponds must сoпrplеtе
thеir dеvеlopmеnt into juvеnilе frogs Ьеforе thе pond driеs and thеy arе
kil lеd. Tadpolеs with vеry slow ratеs of dеvеlopmеnt diе Ьесausе thеy сannot
сomplеtе mеtamогphosis Ьеforе thе pond driеs. Nаtural sеlесtiоn fi ltеrs indi-
viduals with diffеrеnt ratеs of dеvеlopmеnt so that only thosе with morе
rapid dеvеlopmеnt еmеrgе from thе pond.

This fi ltеring would havе no lasting effесt if irrdividuals who dеvеlopеd
rapidly wеrе not gеnеtiсally distinсt from thosе that dеvеloped slowly. Thе
еffесtivеnеss of natural sеlесtion еmегgеs from thе hеritaЬlе naturе of trait
variation; in thе nехt gеnеration thе gеnеtiс variаnts rеsponsiЬlе for thе fa-
voraЬlе trzrit valuеs wil l inсrеasе in rеlativе aЬundanсе. In tlrе frog ехaпrplе,
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thе gеnеs rеsponsiЬlе for morе rapid dеvеlopmеnt arе morе сommon than

thеy wеrе in thе prеvious gеnеration Ьесausе thе gеnеs rеsponsiЬlе for slowеr

dеvеlopmеnt diеd with thе tadpolеs that сarriеd thеm. Thе inсrеasе irr frе-

quеnсy of thе favсlrеd gеnеs сausеs thе avеragе valuеs of thе traits r.rndеr sе-

lесtion to inсrеasе; morе сopiеs of gеnеs for rapid dеvеlopmеnt mеan that on

avеragе thе nеxt gеnеrаtion of tadpolеs wil l dеvеlop fastеr. 
.Whеn 

nаtural sе-

lесtion oссurs сonsistеntly ovеr timе, thе avеragе valuеs of thе traits that arе

bеing sеlесtеd сhangе suЬstantiаlly. Thе longег and morе сonsistеntlу sеlес.

tion aсts or-r trait variаtion and thе morе gеnеtiс vaгiаtior-r in thе trait, thе

grеatеr thе сumulativе сhangе in trait valuеs.

An adaptation is any fеaturе of an organism that has еvtllvеd through gе-

nеtiс rеsponsе to a spесifiс есologiсal agеnt of natural sеlесtiсln. ln our ехаm.

plе' wе сall rapid dеvеlopmеnt ratе an adaptation to thе risk of dеsiссаtion in

tеmporary ponds. Adaptation is сеntral to Darwin's argumеnt for еvolution

bесausе it ехplаins thе matсhеs Ьеtwееn fеaturе and еnvironmеnt withоut in.

voking purposеful dеsign or spесial сrеation. It also providеs thе vital argu-

mеnt for how nеw spесiеs arisе; whеn adaptivе еvolution takеs diffеrеnt

populations down divеrgеnt paths, thе diffеrеnсеs Ьеtwееn thosе populations

Ьесomе so ехtеnsivе that thеy no longеr сan intеrЬrееd, and еaсh Ьесomеs a

sеparatе spес1еs.
Darwin's сritiсal ergumеnt Was that naturе's fi ltеr, his natuгаl sеlесtion,

сould indееd distinguish srтall diffеrеnсеs among individuals. Dr"rring his

trаvеls hе had sееn, timе and again, diffеrеnсеs in fеatuгеs аmong popula-

tions of thе sаmе plant or animаl spесiеs in diffеrеnt loсirtions. ln somс

сasеs thеsе diffеrеnсеs wеrе largе and dramatiс, as hе sаw in thе Galipagos

Arсhipеlago; in сlthеrs thеy wеrе smallеr and morе suЬtlе, аs in diffеrеnсеs

in thе samе Ьird spесiеs in diffеrеnt loсations in South Amеriсa. С)thеrs had

madе thеsе kinds of oЬsеrvations, Ьut Darwin intеrprеtеd thеm diffеrеntly.

Не saw all thеsе diffеrеnсеs as points along a сontinuum; rathеr than sееrng

naturе as fi ltеring еxisting largе diffеrеnсеs, hе saw naturе аs fi ltеring small

individual diffеrеnсеs that, ссluplеd with inhеritanсе and timе, produсеd

suЬstantial сumulativе сhangеs in fеаturеs and suЬstarrtiаl divеrgеnсс

among pоpulat ions.  Thе tеst ing of  Darwin 's  af !]umеnt,  that  is ,  thе геsolu.

tion of whеthеr natural sеlесtion сould Ье as powеrful as artif iсial sеiесti<rtl,

whеthеr trait diffеrеnсеs that wеrе undеr sеlесtiorr would provе hеritablе,

and ultimatеly whеther populations would dir,еrgе through diffеrеnсеs

in thеir sеlесtivе rеgimеs, has oссupiеd Ьiologists for nеaгly i1 сеntuгy and

a half.

Еvidеnсе for Adaptation through Sеlесtion

Biologists havе сontinuеd to dеsсriЬе thе matсh of tlrganism to еnvlron-

mеnt and hаvе ехtеndеd our knowlеdgе of that matсh to thе molесulаг

lеvе l .  Thеy havе a lso unсovеrеd str ik ing pattеrns in thosе matсhеs thаt

makе sсiеntifiс еxplanations tlthег than l)arwinian еvolution untеnilЬlе.
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And through oЬsегvаtional and еxpеrimеntal str-rdiеs thеy lravе providеd thе
answеrs to quеstions that Darwin and his pееrs сould сlnly pondеr.

vAR|  Ет |  Es  oF  ADAPтAт IoN

Naturе prеsеnts a widе variеty of adaptations. Сarnivorotts plаnts oссur in
nutrl.еnt-poor soil and usе thеir aЬil ity to сapturе and digеst insесts to oЬtain
thе nitrogеn that otlrеr plants aЬsorb through thеir roots. Сеrtаin fish and
сrustaсeans that oссur in tеmporary ponds and floodplаins havе еggs that
сan tolеratе соп-rplеtе drving аnd сan rеst in thе soil until f loodwatеrs Ьrеak
thе animals' еstivation and induсе hаtсhing. Sеvеral spесiеs of fish livе in polar
wаtегs that would fгееzе othеr irnimаls solid' rеlying on a spесializеd аntifrееzе
protеin that tnhiЬits iсе-сrystal formation within thеir bodiеs (Hосhaсlrka arrd
Somеro 2002).

Adaptаrions also сomе in lеss dramаtiс vаriеtiеs. Damsеlfly spесiеs in thе
genas Еnаllаgп1|l tь'at еnсountеr dragonfliеs as thеir primary prеdators
havе diffеrеnt pattеrns of movеmеnt and ЬеЬavioг than spесiеs that oссur
with fish as thе primary prеdator. Thе Ьеhaviсlrs thаt protесt against drag-
onfly prеdation fасil itatе fish prеdation аnd viсе vегsa' so thе Ьеhaviors arе
wеll matсhеd to thе prеvail ing prеdator (МсPееk 7995). Thе fungal
pathogеn Сollеtotrichиm liпdemцthiапttm grows on two сlosеly rеlatеd
spесiеs of Ьеan plants oftеrr foul-rd in thе szrmе loсаtions, Phаseolus tl lt lgаris
and P' сocciпus, and produсеs thе samе lеsions аnd sсarrirrg on еaсh spесiеs.
But thе fungal srrains on thе two htlst plants arе spесializеd at surmounting
еaсh host plant's сhеmiсal dеfеnsеs, just аs diffеrеnt spесiеs of damsеlfl iеs
arе spесiаrlizеd at ovеrсoming diffеrеnt prеdators (Siсard еt аl' 2007). Pop-
ulations of thе fish Fuпdulus heterсlclitцs from morе northегn li.rtitudеs
havе diffегеnt forms оf the еnzymе laсtatе dеhydrogеnasе than populations
from morе southеrly latitr.rdеs. Thе struсturе and thе rеgulаtion of еxpгеs-
sion of еaсh form is tunеd to thе prеvail ing thеrmаl rеgimеs to produсе sirn-
ilar rеaсtion rаtеs асross widеly diffегеnt tеmpеraturеs, whiсh allows thе
spесiеs to thrivе aсross а widе rangе of thеrmal еnvironmеnts (Sсhultе
2001) .

Bioсhеmiсal adaptаtions сan Ье partiсularly striking Ьесzrusе rhеy oftеn in-
volvе thе produсtion of diffегеt-lt molесulеs Ьy thе samе individual at diffеr-
еnt stаgеs of its l ifе, suсh as thе еxprеssiоrr of hеmoglobin in frogs. Irr most
vеrtеЬratеs thе hеmoglobin molесulе in thе Ьlood that сarriеs oxygеn to сеlls
is lеss ablе to hold oxygеn undеr aсidiс сonditions. This propеrty еnlranсеs
its funсtion; сеlls that arе starvеd fоr oхygеn arе aсidiс еnvironmеnts, and hе-
mogloЬin wil l rеadily gir,е up irs oxygеrr to thosе сеils. But many tadpolеs
that l ivе in warm, shallow ponds havе a hеmogloЬin molесulе with thе rе.
vеrsе propеrty: it holds tightly to oхygеn undеr morе aсidiс сonditiorrs. Thеsе
:rnimals l ivе in vегy aсidiс watеrs, and this hеmogloЬin faсil itatеs thеir aЬil ity
to еxtraсt oxygеn from thе Watеr еvеn whеn thеrе is littlе сlf it availaЬlе.
Thеiг сеlls aге lеss aсidiс thаn thе \^ratеr' so oхYgеn is rеadily rеlеasеd whеrе
it is nееdеd. Upon mrtamorphosis thе adult frogs, whiсh Ьrеathе air' ехprеss
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a diffеrеnt hеmogloЬin gеnе whosе protеin Ьеhavеs l ikе most vеrtеЬratе hе-
nroglobirr (Fеdеr and Brrrggгеn 1992).

Somе оf thе most striking patсеrns of adaptation involvе сonvеrgеnt or
parallеl adaptation. Сonvеrgеnt aс1aptation oссurs whеn thе samе adaptation
is found in unrеlаtеd organisп-rs; parallеl adaptation oссurs whеn rеlatеd or-
ganisms display thе samе adaptatiоn through indеpеndеnt origins. In Ьoth
сasеs adaptations rеflесt rеpеataЬlе matсhеs of оrg:rnism to еnvironmеnt. For
еxamplе, two unrеlatеd frogs that l ivе undеr similaгly dеrrranding hot dеsеrt
сonditions on two diffеrеnt сontinеnts' Phуllсlmеdиsа sаuuаgii in South
Amеriса aлd Сbirсlmаntis хеrаmpiliпа in South Afriсa еaсh eхсrеtе uriс aсid
гathеr than urеa' as do othеr adLrlt frogs; uriс aсid еxсrеtion rеqr-rirеs aЬout
onе-twеntiеth of thе watеr rеquirеd for urеa ехсrеtion and rеprеsеnts an
adaptivе solution tо thе nееd for wаtеr сonsеrvation (Sсhmidt-Niеlsеn 1990).

A drаmatiс ехarтplе of parallеl adaptation is thе сontrast Ьеtwееn thе lifе
historiеs of guppiеs from upstrеam and downstrеam loсations in Trinidad
that is rеpеatеd in sеvеrаl drairrаgеs from onе mоuntаitl гangе to anothеr
aсross thе island. Guppiеs from upstrеam loсations Ьесomе rеproduсtivеly
maturе at latеr agеs аnd largеr sizеs than guppiеs from downstrеаm loсa-
tions, аlnd upstrеam fеr-rralеs produсе fеwеr, largеr ЬaЬiеs in еaсh Ьrood.
Thеsе diffеrеnсеs arе matсhеd to thеir diffеrеnt еnvironmеnts; downstrеam
guppiеs suffеr muсЬ highег prеdation ratеs, havе lowеr poprrlation dеnsities,
and, in gеnеral, must сomplеtе thеir l ifе сyсlе quiсkly or not аt all. Guppiеs
from diffеrеnt drainagеs arе muсh lеss сlosеly rеlatеd than upstrеam and
downstrеаm guppiеs in tlrе sanrе гivеr, rvhiсlr indiсatеs that thе distinсtions
Ьеtwееn thе upstrеam arrd downstrеam populаtions havе еvolvеd timе and
again (Rеzniсk and Trаvis 1996).

D Е М o N s т R A т | o N s  o F  N A т U R A L  s Е L Е с т | o N

Мany Ьiology tехtЬooks sti l l епrploy н. B. D. Kеttlеwеll 's сlassiс study of in.
dustrial mеlanism to i l lustratе thе powеr of natural sеlесtion (е.g., Futuyma
2005). As trее trunks in Britain turnеd dark fror-n аir pollrrtion, thе сol.
oration of thе pеppеrеd moth' Bistсlп bеtulаriа, сhangеd from mottlеd to
Ьlaсk ovеr a largе arеa. Thе tехtЬooks usuаlly dеsсriЬе Kеttlеwеll 's oЬsеrvа-
tions of prеdation on tеthеrеd moths of diffеrеnt сolors on diffеrеnt Ьaсk_
grounds; prеdatогs found it еasy to dеtесt nrottlеd moths сln dark trее trunks
and Ьlaсk moths on liсhеn-ссllorес] trunks in unpollutеd forеsts. Although thе
valuе of thе oЬsеrvations on tеtlrеrеd пroths has Ьееn quеstionеd Ьy сritiсs'
thosе oЬsеrvations Wеге not thе сritiсirl еvidеnсе. Thе сonvinсing data
еmеrgеd from Kеttlеwеll 's mеtiсulous mark-аnd-rесapturе studiеs; hе
markеd largе numЬегs of moths of diffеrеnt с<llors, rеlеasеd thеm, irnd
сountеd thе numЬеr of rесapturеs of еaсh typе of moth in diffеrеnt loсations.
Тlris work demotrstrаtеd tЬаt thе diffеrеnt сolor typеs had diffеrеnt nrortаlity
IatеS' and that thе matсh Ьеtwееn motlr сolor and baсkground was Ьеing
moldеd by sеlесtion (sее thе alphaЬеtiсal еntry ..Industrial mеlanisrn'' in this
volumе).
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Thеrе arе thсlusands of dеmсlnstrаtions of rratural sеlесtion in aсtion. A
widе variеty of есologiсal forсеs сrеаtе diffеrеnсеs in mortality ratеs or lеvеls
of rеproduсtivе suссеss among individuals with diffеrеnt trait valuеs or dif-
fеrеnt сomЬinations of fеaturеs. Frсlm prеdators and pаthogеns tсl сold strеss
and drought' frсrm studiеs of snаils in British fсlrеsts to Darwin's finсhеs in
thе Gal6pagos' thеrе is no room to quеstion thе rеality of natural sеlесtion
(Hеrеford еt al. 2004).

That natural sеlесtion oссurs is сlеar, Ьut сan it Ье a сlriving forсе of еvo-
lution? Thеrе arе twtl quеstions aЬout natural sеlесtion thаt arе сruсiаl to еs-
taЬlishing thе validity of Darwiniаn еvolution. First' сan sеlесtion among
individuals Ье suffiсiеntly strong and сonsistеnt to mоld thе fеаtr.rrеs of or-
ganisms? Sесond, is thеrе еnough gеnеtiс vаriation f()Г traits undеr sеlесtion
to produсе suЬstantial сhangеs in thosе fеaturеs? Two linеs of еvidеnсе an-
swеr Ьoth quеstioтls in thе affirmativе.

Thе first l inе of еvidеnсе сapitalizеs on еnvirсlnmеntal аltеrations madе Ьy
humans and thе rеsponsеs of organisrns to thosе altеrаtions. Thе dеvеlopmеnt
of antiЬiotiсs in thе 1940s and 19.!0s allowеd humans to сrеatе novеl еnvi-
ronmеnts for Ьaсtеrial pathogеns. To a Ьaсtеrium' an аntiЬiotiс is а toхin; to
survivе, it must sеquеstеr thе ttlxin Ьеforе it pсlisons thе сеll сlr dеnaturе it and
rеndеr it harmlеss. This situаtion сrеаtеs а powerful sеlесtivе forсе fсlr altеr-
nativе bioсhеmiсal pathwаys within thе сеll; individuаls thаt сould dеlay or
stymiе thе toxin's еffесt would dividе аnd rеproduсе morе oftеn than thosе
that сould not. Slowly at first, Ьut at an aссеlеrating paсе, spесiеs aftеr spесiеs
of Ьaсtеrial pathоgеn еvolvеd fеatuгеs that еnaЬlеd thеm to takе onе or an-
othеr path towаrd surviving in thе prеsеnсе of antiЬiotiсs. Although thе сеlls
of Strеptсlссlсcиs |ook thе samе as thеy did in thе 

-l 
930s, thеir Ьiсlсhеmistry

аnd сеllular mеtaЬolism arе vеry diffеrеnt (Dzidiс еt al.2008).
SuЬstantial Ьioсhеmiсal еvolutitln in rеsptlnsе to mсrdеrn сhеmistгy is not

сonfinеd to Ьасtеria. ovеr 1,000 spесiеs of insесts havе еvolvеd Ьioсhеmiсal
rеsponsеs to insесtiсidе (Roush and МсKеnzie 1987) аnd wееdy plant spесiеs
havе rapidly еvсllvеd rеsistаnсе to hеrЬiсidеs, еvеn glyphosatе' thе .,onсе in a
сеntury'' hеrЬiсidе (Powlеs 2008). Many aquatiс organisms hаvе еvсllvеd
adaptаtions to anthropogеniсаlly produсеd hеavy mеtals in wаtеr (Klеrks
and \й/еis 1987) ald many spесiеs of plants havе undеrgone ехtеnsivе Ьio.
сhеmiсal and morphologiсal еvolution in rеsponsе to thе prеsеnсе of hеavy
mеtals in thе soil produсеd Ьy thе еffесts of rr-rining, lеаdеd gаsolinе, and еvеn
thе zinс in galvаnizеd fеnсing (MaсNаir 7987I.

In thе sесond linе of еvidеnсе, Ьiоlogists havе studiеd hundrеds tlf сasеs in
whiсh individuals оf thе saпrе spесiеs from diffеrеnt ltlсations ехhiЬit rеаdily
oЬsеrvаЬlе diffеrеnсеs in сoloratior.r, m<lrphology, l ifе history, or fеaturеs of
Ьioсhеmistry аnd physiology Ьut rеmain сapaЬlе of intеrЬrееdirrg. Thеy havе
shtlwn that thеsе diffеrеnсеs arе hеritaЬlе and, through a variеty of ехpеri-
mеntai approaсhеs (oftеn dirесtly ехсhanging irrdividuals Ьеtwееn loсаtions),
havе dеmonstratеd that divеrgеnt sеlесtiсln in thе diffеrеnt lсlсаtitlns ls rе.
sponsiЬlе for maintaining thosе diffеrеnсеs (Rеzniсk arrd Travis 1996; Tгavis
and Rеzniсk 1998; Rеzniсk аrrd GhаlamЬor 200l) .
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In thе most thorough studiеs Ьiologists havе rе-сrеatеd thе prеsumеd еvo-
lutionary trajесtory of thе diffеrеnсеs. Thе Trinidаdian guppiеs offег onе of
thе most thoroughly studiеd еxarnplеs. Rесall that upstrеаm guppiеs, rеgard-
lеss of strеam or mountаin rangе, l ivе lсlngеr, maturе lаtеr and largеr, and
havе fеwеr' largеr offspring at еaсh Ьor-rt of rеproduсtiorr than thеiг сlosе rеl_
ativеs downstrеam. Thе magnitudе of thеsе diffеrеnсеs is not trivial; fеmalеs
in upstгеam loсations сar-r Ье morе than 20"Ь |argеr at mаturity, havе fеwеr
than half as many offspring as downstrеam guppiеs, and produсе individual
nеwЬorns that arе 50_75% largеr than tЬosе produсеd Ьy downstrеam gup-
piеs' Thеге arе a numЬеr of upstrеam loсations aЬovе suЬstantial watеrfalls
in whiсh guppiеs arе aЬsеnt. Jolrn Еndlеr аnd Dаvid Rеzniсk ехploitеd this
opportunity by introduсing downstrеam guppiеs into somе of thеsе loсa.
tions, in еffесt rеpliсаting tlrе l ikеly сoursе of guppy сolonizаtion of upstrеam
habitat (Rеzniсk et a|.1.997). Thе introduсеd guppiеs followеd an еvolution-
ary path thаt in lеss than siх yеars produсеd trait valuеs сomparaЬlе with
thosе sееn in naturаl upstrеarn populаtions. Natural sеlесtiorr in thе up-
strеаm еnvironпrеnt' aсting on thе gеnеtiс variation that was produсing small
diffеrеnсеs amoпg individual downstrеam guppiеs trаnsplantеd upstrеam'
moldеd nеw populations of upstrеam gtrppiеs irr vеry short ordеr. [t was thе
ехpеrimеnt that Darwin would havе likеd to do.

How Dо.Wе Rесonstruсt Adaptivе Еvolution?

Although studiеs of sеlесtion and rеsponsе dеmonstratе that Darwintаn еvo-
lution oссurs, thе full piсturе of adaptation еmеrgеs whеn stцdiеs of sеlесtion
arе joinеd with painstaking work in gеrrеtiсs, dеvеlopmеnt, arrd pаlеontol.
ogy. of сoursе' the piсturе is nеithеr сomplеtе nor pеrfесt; Ьiologists havе
not studiеd еvеrv striking fеaturе of еvеry organism, and еvеn for somе of thе
most sсrutinizеd сasеs' thеrе is sti l l muсh to lеarn.

Thе tеaturеs that dеfinе thе modеrn еquids, horsеs and zеbras, offеr a par-
tiсulаrly strong ехаmple (MасFaddеn 1992). Palеontology has rеvеаlеd thе
sеquеnсе of fеaturе appеaranсе from thе еlongation of thе lowеr l imЬs, thе
rеduсtion of toеs, and thе еmеrgеnсе of hoovеs to thе inсrеasing hеight of
thе rnolars. BionrесhаniсaI studiеs havе pоinted to thе аdvаntagеs offеrеd Ьy
partiсular fеaturеs; еlongatеd limЬs faсil itatе rapid running for еxtеndеd pе-
riods, and highеr molars arе Ьепеfiсial for grazing touglr, si l iсa-сontaining
vеgеtation likе grass. Plaсing thеsе сhangеs in thе сontеХt of a сhanging сli_
matе and thе еmеrgеnсе of savatrnas and plains, wе сan rесonstruсt thе еvo-
lutionary pathwаy through whiсh small anсеstгal Ьrowsеrs produсеd а
family of graztng dеsсеndants mtlldеd Ьy living irr opеn сOuntry аnd Ьеing at
risk from a variеty оf largе prеdators.

Suсh а гесonstruсtion pгеsumеs tlrat thе transitions wе rесonstruсt, l ikе thе
еlоngation of thе limЬ and thе rеduсtion in thе numЬеr of digits in thе foot,
arе dеvеlоpmеntally possiЬlе. That is, thе rесtlnstruсtion Prеsumеs that a dе-
vеlopmеntai nrесhanisп-r ftlr produсing suсh сhаngеs саn Ье dеsсriЬеd, and
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thаг thе gеnеtiс vаri:rtions in tlrе еlеrnеnts сhrсlr-rglr wlriсh thаr mесhаtlism
сtltrld асt r'"'t luld hаvе Ьееn rеadily аvailaЬlе. Although Wе сanllor tеst thеsе
prеsumptions irr схtinсt spесiеs, W-с сilIl асquirе insights frtlm str-rdiсs of ехist-
ing spсс iеs.

A4сlst tеrrеstrial vеrtеЬrаtеs havе fi l,е digits сln thе fосlt at tlrе еnd of еaсh
limb, Ьut thе position of thosе digits on thе foс.tt, thеir геlativе sizе, and еvеn
thеir nr-шnЬеr с,.1n vаiv. Stuс1iсs сlf ftlсlt and сligit dеvеltlpr-nеrrt i l] traсtaЬlе ех-
pеrimеnt:rl аnimals l ikе salamandеrs аnd сhiсkеns havе shown that thе num-
Ьсr, sizе, and position of digits arе dсtеrminеd Ь}, molесtrlаr sigr-rals ехсharrgеd
Ь1, еmЬryoniс сеlls с]urirrg еaгl,v l imЬ dеvеl<lpпrеnt (ShtrЬin 2002)' Rеlativеly
small сl iffегеnсеs in rhс timing, intеtrsity, and pattеrrring of thosе signals
сhаrrgе thе sr.rЬsес1uеllt pattеrn of digit dеvеloprrlеnt. Dеlays in signaling lvil l
it-l lpеdе thе forrт;rtiсln of thе third, fotrгth, and fifth digits, and if thеy dсl dе-
vеlсlp, tlrosе digits сan Ье quitе sпrаll. Dеlаys irr signaling, сoшplеd with
gr()\^,,th in thе foot itsеlf, wil l дltеr thе рositi<ln oГ digits on thе fсlot. Thr"rs аl-
thtlr' lgh Wе саnn()t rеtгaсе thе prесisе t1еvеltlpnlеntal pаth that lеd to а hсrof in
fossil еquids' Wе сl111 сlffеr :r plausiЬlе rnodеl through whiсlr сumulativе
сhllrtgеs in signaling аrrd gеnе ехprеssiсltt сor'rlсl l-ravе trltrrsformсd a fivе_t()еd
ftlot inttl :r si l lglе-toеd hoof.

\Хzilulсl gеlrеtiс vаriаtion f<lr tЬе kеy dеvеl<lpmеntаl еiеmеnts havе llееn
аvаil irЬlе? T.hе Ьеst аllalog,v с()l l lсs frtl lr l stuсliеs of rеlativе lrindllnlЬ lеngth.in
frogs. Frtlg spесiеs vary еnormously in thе lеngtlr tlf thе hiпdliпlЬ ссlmparеd
with th:rt сlf thе Ьody; сriсkеt frogs hаr,е hindlimЬs suЬstantiall1, longеr tlran
tЬеiг Ьtld1. lеrlgths, r'r,hсrеаs spadеfсlor-ttlad lrindlimЬs arе raгеly moге than
:rЬout lrаlf thе Ьсldy lеngtlr. Еvеn сlosеly rеlatеd spесiеs l ikе thе Ьarking trее
frog аnd gгееl1 trее frog сlf thе sсlutlrеlrstсrn Urritсd Stаtеs сan hаr,е suЬstаn-
tiallr- diffегеrlt геlativе hindllmЬ lеngths. Thеsе diffеrеt-lсеs аrisе from diffеr-
еnсеs in thе timing of l imЬ-Ьud initiаtion and thе ratе of l imЬ.Ьud growth in
thе tirс1p<llеs (Blouin |99 I). Gеnеtiс vlrriatiorr ti lr thе rеlativе lеrrgth of thе
hiпс]limЬ appе:rrs rеadily аl' ir i laЬlе е\,еп in sitlglе frog populаtions (Blсluin
1992I. This work suggеsts that thе raw matеrial for hindlimЬ еvolutitln in
fr<lgs rr.аs pгoЬnlrlv not сliff iсult foг sеlесtiсln to find in tl-rе past arrd, Ь,- ех-
tеnsitln, suggеsts а silnilaг ссlrrсlusion fсlr othеr anin-rals.

lt is еаsy to сritiсizе ссlnсlttsions аlrout adаptation in htlrsеs whosе prе-
sllnlpti()ns сl111 Ьс tеstеd onl\, tlrr<lugЬ ехpеriп-lеtltаl studiсs oп Ьirds or fгogs.
Suсh ехtrapolаtion u'i l l alwа1,s Ье nесеssary wlrеn wе attеmpt t() rесonstruсt
adaptation orr a largе sсalе, suсh as might Ье f<lund in thе fossil rесord. It is
alstl еasy rt> сritiсizс' tЬе gеnеrality rlf сonсlrrsions аilсlut ada1rtatiсln dегivеd
frсlпl а study on a snrall sсаrlе, suсh as thе сasе tlf industrial шеlаnisrn. Тсl a
сritiс, thе rарid сlrаIrgе in thе frеquеnсr, of altегrrativе forms of :r singlе gеnе
ftlг ссllсlratiсln is lraгdly еvidеnсе thаt naturi-l l sеlесtiсlt-l сan dгivе profound
transformаtions in orgаnismiс fе:lturеs-сl(l сharrging сolсlr pаttеrns in moths
tеll rrs еntluglr tсl undеrstand h<lw еvolrrtiсln molс]s fish musсlеs ir-rto еlесrriс
()rgаns <lr tгаnsfсlгn]s plant lеavеs itlto tгaps ftlг сatсlring and digеstiпg in-
sесts? Тhе diffiсulty of Ьalanсing what сan Ье aсhiеvеd еxpеrimеrrtallv at
smallеr sсаlеs ig:ri l lsr thе l:rrgеr. sсalеs of thс rrlost importаnt еvolutiсlrlary
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quеstions has inspirеd and sustainеd сonsidеraЬlе сontrovеrsy аЬout Darwin-
ian еvolution' еvеn among sсiеntists who study it.

Сontrovеrsiеs in thе Study of Adaptation

| s  тHЕ  RAW MAтЕRIAL  FoR  ADAPтAт |oN
RЕAD lLY  AVA l LAвLЕ?

At first glаnсе thе answеr to thе quеstion whеthеr thе rаw nrаtеriаl for аdаp.
tation is rеadily availaЬlе would sееm oЬvious. Thе study оf thе transplantеd
guppiеs offеrs сompеll ing еvidеnсе that thе gеrrегiс variation rеquirеd for
suЬstantiаl adaptivе еvolution wаs avаilaЬlе. This doеs not appеar to Ье an
ехсеptional сasе; hundrеds of studiеs of a variеty of сharaсtеrs, ranging from
сеllular сonсеntrations of alсohol dеhydrogеnasе in fl iеs and thе rеlativе
hindlimЬ lеngth of fгogs to thе сolor of swallowtail Ьuttеrfly pupaе, havе
found apprесiaЬlе lеvеls of gеnеtiс variation for individual traits among indi.
viduаls within a singlе population.

But thе ехistеnсе of hеritaЬlе variation in singlе сhaгaсtегs doеs not imply
that natural sеlесtion сan mold fеatцrеs arЬitrarily. Diffеrеnt сharaсtеrs сan
sharе dеvеlopmеr.rtal pathways that сausе partiсulаr сomЬinаtions of trait
vаluеs to Ье inhеritеd togеthеr and thеrеЬy сonstrain thе immеdiatе rеsponsе
to sеlесtion. In sеvеral spесiеs of pсlесil i id fish-thе fаmily of guppiеs, rnol-
i ies, swordtails' arrd mosquito fish-thе proсеss of mаturation is govегnеd Ьy
an еndoсrinе pathwаy that rеduсеs growth ratе as it aссеlеratеs sехual dеvеl-
opmеnt (Kallman 1989). Thе gеnеtiс variation in this pathway сrеatеs an as-
soсiation Ьеtwееn rapid nraturation ratе anс] sm:rll Ьody sizе at mаturity.
This assoсiation mеans that thе rеsponsе to a sеlесtion pfеssurе that favors
largеr Ьody sizеs at maturity wil l inеvitаЬly inсludе slowеr maturation rаtеs.
If slowеr maturation ratеs arе dеtrimеntal for anу rеason' thеrе is no oЬvious
sоlution; thе gеnеtiс variation for thе сomЬination of largе sizе and rapid
maturation is not inrrnеdiаtеly аvailaЬlе.

Thе kеy point rеvolvеs around thе word immediаtе'lу; doеs suсЬ a сon-
straint hold in thе long run? Ч/еrе wе to watсh suffiсiеr-rtly сlosеly and wait
suffiсiеntly long, would Wе sеe mtltаtioпs in individual gеnеs that dissoсiаtе
thеsе traits? If sеlесtion aсtеd with suffiсiеnt сOnsistеnсy' would thеsе nеW
mutations faсilitatе thе еvеntual еmеrgеnсе of thе сornЬinatiorr of largе sizе
and rapid maturаtion? 

.Wе 
hаvе no simplе answеrs to thеsе quеstions; al-

though it may wеll Ье that givеn еnough timе, a mutation of thе right kind
may arisе, it is impossiЬlе to prеdiсt if thе есologiсal сirсumstanсеs that
would favor suсЬ a mutation would sti l l prеvаil whеn it finally arosе.

Thе possiЬil ity of сonstrainеd gеnеtiс variation provokеs a rесonsidеration
of adaptations that aге Ьuilt on assoсi:rtions Ьеtwееn individLrаl trаits. For
еxamplе, most сasеs of сryptiс сoloratiсln in animals work only if thе animal
bеhavеs in a partiсular fashion, wlrеthеr it is to геmain motionlеss or to as-
sumе а partiсulaг posturе or огiеntatioп. Мisrnatсhеs Ьеtwееn bеhаvior and
сoloration arе failurеs. TЬе aгdеnt advoсatе of Darп,inian еvolution might
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arguе that natural sеlесtion hаs assеmЬlеd thе сomponеllts of suсh adapta.
tions via mеtiсulous molding of individual fеi1turеs until thе Ьеst сomЬina-
tion еmеrgеd from all thе possiЬil it iеs. At thе othеr ехtrепlе оnе rтiglrt агguе
that thе сonсегtеd inhеritanсе tlf thе сonrponеnts offеrеd natural sеlесtion a
limitеd rаngе of rarv mаtеrial frorr-r wlriсh only a fеw good matсhеs ttr сir-
сumstanсеs wеrе pоssiЬlе.

Thе samе argumеnt саn Ье prov<>kеd Ьy сonsidеring thе еvolution of аny
putаtivе rldapt:rtion that involr.еs пrultiplе сharaсtеrs, Ье it ;l Ьioсhеmiсаl
patЬWay or a suitе of assoсiatеd Ьеhavitlrs. Thе сontrovеrsy is not Whеthеr
suсh fеаturеs rеprеsеnt adаptllt iсrns; thе сontrovсrsу is оvеr гhе еxtеnt tо
whiсh adaptаtion is сonstrainеd Ьy thе naturе of thе аvailaЬlе raw matеrial.
This is L.lеing lrpproасlrеd frоп-l sеvегal pеrspесtivеs, froпr ехапrinirrg thе na-

turе of nеW mutations for kеy сharaсtеrs to dissесting thе аssoсietions among
individual fеaturеs of an adaptation inttl thеir gеnеtiс сontrсrl and sЬarеd dе.
vеlоpmеntal pаthwavs.

l s  ADAPтATIoN  PЕRFЕст?

Thе rrrarvеlous matсhеs of orgаnisrrr to еnvirtlnmеnt offеr a strong tеп]pta-

tion to сonсludе that adаptation is pеrfесt. Indееd, whеn сontеmplаting in-

triсatе adaptatiоns l ikе agе-spесifiс hеmogloЬin gеnе ехprеssion, thе amаzеd
sсiеntist is rr<lt vеr,v diffеrеnt frorn thе awеstruсk pсlеt or thе inspirеd
thеologiаn. Brrt thе sсiеntist must takе this quеstion es а tеstаblе idеа.
Thеrе arе two opеrationаl wаys in whiсlr wе rnight usе thе terпt pеrfесt; it

сould rеfег to whеthеr еvеry fеaturе of an сlrganism hаs adаptivе signifi-
сanсе аnd/or wlrеthеr tЬе matсl-r сrf orgirnism ttl еtlvirtlt lInепt is as gooсl as
poss iЬ lе.

Nсlt еvеry fеaturе of an organism is adaptivеly signifiсant. F.or olrе thing,
сonсеrtеd inhеritanсе of сharaсtеrs, as dеsсriЬесl prеviousl1,, mеаns thаt somе
fеaturеs with no adаptivе signifiсanсе may pеrsist Ьесausе thеy arе inhеritеd
throtrgh shаrеd dеvеlopmеntаl pathrvays rvith othеr fеаturеs that rерrеsеnt

an adaptation. Сonсеrtеd inhеritanсе саn also pr()tесt fеаturеs that аrе dеtri.
mеntal Ьy thеn-rsеlr,еs if thеy arе inhеritеd alorrg witЬ adVanta1Е]rous сhагaс.
tеrs and thе nеt fitnеss еffесt of tlrе соmЬination is pсlsitivе. This is thе

еssеIlсе of сrnе thеtlrу for thе еvolution of sеnеsсеnсе; gеnеs with dеtrimеntal
еffесts at latеr agеs. aftеr a suЬstantial rеproduсtivе pеriod, rеmairr in thе
population Ьесausе thеy сonfег a largе fitnеss аdvaпtagе еarly in l ifе, Ьеforе
or еаrly in an <lrgаnism's rеprodr-rсtivе pеriod.

Is thе mаtсЬ of fеaturе to еnvironmеnt as good as possiЬlе? OЬviously thе
answеr to this quеstion dеpеnds on lrorn, wе dеfirrе pсtssible. Aпd tlrеrеin l iеs
thе аnswеr, at lеast in part. Nаtural sеlесtiсln doеs not dеsign an orgаnism or
its fеatuгеs; it mеrеly fi ltеrs еxisting variation. Thе еnd produсt of Dаrwirrian
еvolution is аlways :ls good аs possiЬlе, Ьut hеrе pсlssiblе is dеfinеd as thе
Ьеst of thе availaЬlе options' whiсh arе dеtеrminеd in tuгn by thе gеnеtiс
variаtion that is availaЬlе аnd ц.hat thе сonstгurints on that vaгiati<lr-r might
Ье. Put anothеr way, adaptation is а сontingеnt proсеss; it сonstrttсts thе Ьеst
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possiЬlе solution сontingеnt on thе rаw matеriаl providеd Ьy mutation. Thе

Ьеst i l lustratiоns of this соntingеnсy oссur whеn diffеrеnt spесiеs or еvеn dif-

fеrеnt populatiсlns of thе sarrrе spесiеs rеsponс.l idiоsynсrаtiсally to tlrе sаmе

есologiсal сhallеngе. This has oссurrеd in еvolution of rеsistanсе to pеsti-

сidеs; diffеrеnt population of thе two-spottеd spidег mitе еvolvеd diffеrеnt

Ьioсhепriсal аnd plrysiologiсal mесhar-rsims to сopе witЬ thе samе pеstiсidе
(Маtsr.rmura anсl Voss 1964| and, on a largеr sсalе' whеrr diffеrеnt spесiеs of

еlесtriс fishеs сo.optеd diffеrеnt musсlеs for transformation into thе еlесtriс

organs (Bеnnеtt 1971).
Thе othеr part of thе аnswеr is morе suЬtlе: adaptatiоn is historiсal. Nat-

urаl sеlесtion filtеrs variation in fеaturеs that arе thеrnsеlvеs produсts of

prior еvolution' As a rеsult, thеrе is a signaturе of history on еvеry adapta_

tion, zrnd histor,v саn gеnеratе fеaturеs and ссlrnЬinations of fеaturеs that arе

proЬaЬly not wlrаt an intеll igent dеsignеr would produсе if thе orgаnism

wеrе Ьеing dеsignеd dе novo. For ехamplе, thе huпran еyе has a suЬstantial

Ьlind spot саusеd Ьy thе thrеаding of Ьlood vеssеls through thе rеtina. This

inеffiсiеnt struсtl lrе is a historiсal artifaсt of tlrе еyе's origin as a l ight-sеnsing

organ and suЬsес1uеnt еlаЬoration of thе rеtina as a Sсrееn for imagе rеsolu-

tion. An еasiеr and Ьеttеr dеsign would wind thе Ьlood vеssеls around and

not through thе rеtina.
Thеrе is anothеr way in wЬlcЬ perfесtioп iп adaptation has Ьееn сonsid-

еrеd Ьy еvolutionary Ьiсrlogists аnd сritiсs alikе. Сomplех adaptations-

fеaturеs of orgarrisms th:1t arе ЬuiIt fгom maпy сharaсtеrs thаt сombinе tсl

pеrform a spесifiс funсtion' l ikе thе vеrtеЬratе еyе, with suЬsеts of сharaсtеrs

that саpturе and foсus l ight, that dеtесt Ьrightnеss аnd сolor, and that rеsolvе

molесulаr signurls into an aссuratе iпrаgе of rhе ехtеrnal world-havе long

Ьееn сonsidеrеd ехamplеs of naturе's ..pеrfесtion.' ' Еxplaining thе еvolution

of thеsе сomplеx traits has always Ьееn a сеntrаl сhallеngе for thе сhampions

of Dагwiniаn еvolution, anс] thе answеrs to th;rt сhallеngе il lustratе nеarly

еvеry thеmе in tl.rе study of adaptation.

сAN  DARW|N|AN ЕvoLUт loN  RЕALLY

Е Х P L A | N  с o M P L Е x  т R A l т s ?

Darwin himsеlf apprесiatеd thе сh;rl lеngе posеd Ьy сomplех traits. Thе

dilеrrrrnа is tlrаt all suсlr fеaturеs, whеthеr аn organ likе thе еyе оr а mеta.

Ьoliс pathway likе thе Krеbs сyсlе usеd Ьy сеlls to produсе еnеrgy' arе a сom-

positе of many individual adaptations' all of whiсh n-rust Ье pгеsеnt and

propеrly intе €]гatеd for thе adaptatiоn to funсtiorr. Нow саl-l natural sеlесtion

Ьring sо many things togеthеr all at onсе and makе thеrn work propеrly? Thе

natural thеologian's answеr in thе ninеtееnth сеntury was that it сannot' thе

samе position takеr-r Ьy moс1еrn proponеnts of Intеll igеnt Dеsign' Thе сonsis-

tеnt thеsis offеrеd Ьy Darwin's сritiсs, thеn аr-rс1 now, is tlrat thе ссlrnplеxity of

thе еyе or thе KrеЬs сyсlе is too grеat to havе Ьееn Ьuilt by mutation аnd sе-

lесtion. Сhanging thе сolrrr of moths is onе thir-rg. Ьut Ьuilding аn е}.е is quitе

anothеr (Ayala 2006).

,  t . )
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But is it? Dаrwin arguеd that ni]tural sеleсtiolr сoulс1 produсе сtlrrrplех adap-
tations if thеy еvolvеd through a sеriеs of srтall stеps, еilсh of whiсh had sоmе
аdaptivе advantagе ovег its prеdесеssor. Thе еv<llr.ltitln of thе е1-е ссltrld onlv Ье
геvеalеd Ьy rесonstгuсting thе hist<lriсal sесluеtlсе of thеsе smаll сhangеs, and
an undеrstanding оf lvhy an еyе lсlсlks as it doеs rеquirсs an ttndеrst:rnding of
tlrat sar.nе signaturе of history (.Wеlrеr and Dеpеw 2004). To thе modеrn еvolu-
tionary Ьiologist, thе ferilurе to apprесiatе thе сonringеnt and historiсаl naturеs
сlf adaptation is thе signal w,еаknеss in thе arЕ]ulnеnts tilr Intеlligеnt Dеsign.

Darwin i l lustratеd lris argшmеnt fсlr thе еvе Ь1, pointing otrt thе divеrsity of
pЬotosеnsitivе struсturеs in diffеrеnt spесiеs tlf gastropods (snaiIs, пrussеls,
squid, and oсtоpusеs). Thеsе struсturеs rengе frot.n сlr-rstеrs of сеlls in soпrе
сlams that сan disсrimirrаtе Ьеtwееn light аlld daгk to tЬе sоpЬistiсatеd,
саmеra-likе еyеs of an Oсtopus' with a rаngе of phсltosеnsitir,е oгgаns of in-
сrеasing соmplеxitv in Ьеtwееn. Dаrr,vin агgrrеd L.l1. аnаlogv, аssеrting that
tlrе modеrn divеrsity of phоtсlsеnsitivе tlrgans in gastropods il lustratеs thе
stеps thаr сould hаvе oссцrгесl froпr anсеsror t() dеsсеndant to Ьuild tlrе most
сompliсetеd of thеsе orgаns' thе oсtopus еyе, with a сomparaЬlе pсlssiЬil ity
for Ьuilding thе vеrtсЬratе е}lе. In this аrЕ]umеllt sn-rall сhangеs agсrinst thе
Ьaсkground of what hаs ссllте Ьеforе саn aссumulаtе into a rеrrrarkalrlе
trirnsforrrration of сеlls аnd tissuеs.

Dar."vin's argumеrlt, whilе rеvеaling his grеat knowlеdgе of anirтаl divеrsity
and his Ьrеathtaking сrеаtivity' did rrсlt соnvinсс thе сritiсs апd, in f;.rсt, dсlеs
ntlt lеrrd itsеlf to a пrodеrn еvсliuti<;nary irnalysis. Thе spесiеs invсllvеd in the
argumеnt arе too distantly rеlatеd tO onе аnothrг for skеptiсal t:rstеs; thе fоssil
гесord arrd thе inrpliсatiоns оf сomplrrativе r-nolесular dаta slrяgеst that it hаs
Ьееn tеns of mill ions of yеars sinсе many of thеm sharеd а сommon anсеstor
(prеsumirrg thаr onе еvеn gir'еs сrесlеnсе гo thе idеa оf сvоltrtion). Thе еvсllu.
tiс>nary Pathway to thе Oсtoplls еyе has long sinсе Ьееn lost. ]Wе would hаvе t-to
bеttеr luсk traсir-rg thе pаthwirv to tlrе vеrtеЬrаtе е1'е; nаtшrе nсlrv tlffеrs а largе
group of organisms tlrat all lravе wеll-dеvеlopеd еyеs ехсеpt foг thosе living in
vеry dаrk еnvir<lnmеtrts that sеепl to havе sесonс]аrilу еvolvес] rеduсеd еyеs.
Еvеn in vегteЬгаtеs thе progrеssiolr from simplе to сtrtl lplех еyеs oссurrеd irr
somе unknown sеt of ilnсеsttlrs that livеd ovеr 400 milliсln yеаrs ag().

Thе сli lеrnпra for rrndеrstarrding thе еvtllutiol-l of сtlпlplехity is that it oс-
сurs on a timеsсalе that is vеry long сonrparеd rvith thе timеsсalе on whiсh
mutationаl vаriаtion irl а sirrglе сhirraсtеr аrisеs or natLrral sеlесtion ехhausts
thе аvailaЬlе variation in a singlе сharaсtеr. But еvеn whеn wе rеsort to
brоad сornpаrisons <lг indiгесt infеrеnсеs, it is oftеп tlrе саsе tЬаt wе сarl
makе sсlmе vеry strong infеrеnсеs in partiсular саsеs. !7е rеviеw two сlf thosе
сasеs Ьес:rusе thеy il lt lstrаtе htlw ш,е сan сomЬinе dаtа fr<lnl diffеrеrrt l ifе-
sсiеnсе disсiplinеs to dеvеiop insights int<l thе tlrigin of сor-nplех stгuсturеs'
еvеn thоLlgh this origin is not dirесtly oЬsегvaЬlе.

Ехаmplе 1': Froш gill аrсhes to eаr ossiсles апd jашs

An old infеrепсе frtlm thе fсtssil гесtlrd is thаt vсrtеЬIitе jаr'vs wеrе dеrivеd
from thс gil l аrсhеs tlf j:rwlеss fish (rеprеsеntеd toсlаy Ьy lan-rprеys аnd
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hagfish). A sесond infеrеnсе is that thе singlе middlе-еar ossiсlе of amphiЬ-
ians' геptilеs, аnd Ьirds rvas dеrir,еd trom an еlеmеnt of thе jaw suspеnsion of
fish, and thе additional twtl middlе-еar ossiсlеs of mammals wеrе dеrivеd
fronr Ьonеs аssoсiаtеd with thе |aw joint of tЬеir rеptil ian anсеstors (F-igurе l )'
Тhеsе would Ье rеmarkaЬlе еvolцtionary еvеnts in whiсh mutation and sеlес-
tion drovе thе wlrolеsalе transformation of сharaсtеrs' molding еntirеly nеw
shapеs and сrеating еntirеly nеw funсtions (!7akе 1979; Radinsky 1987; Luo
2007\.

But thе diffеrеnсеs in funсtion rrrakе sцсh a progrеssion sееm fаnсiful at
Ьеst. Gil l aгсhеs arе а сompositе of Ьonеs, musсlеs, and nеrvеs that funсtion
as a Ьеllows. Fish usе thеm to еxpand and сontraсt thе volumе of thе oral
саvity. 

.!7hеn 
a fish opеns its mouth, thе Ьеllows еxpands, thе volumе of thе

oral саvity inсrеasеs, and watег is drawn irr. !7hеn a fish сloses its rrrouth, thе
bеllows сontraсts and rеduсеs thе volumе of thе oral сavity as thе fish ехpеls
Wаtеr through tlrе gil l sl its. ln l iving iawlеss fishеs (and prеsumaЬly in thе аn-
сеstors of all jawеd vеrtеЬratеs), this pump is a fееding dеviсе' drаwing wa-
tеrЬornе partiсlеs into thе mouth that adhеrе to a stiсky suЬstanсе produсеd
in thе oral сavity, whiсh is thеn сonvеyеd to thе gut. Thе еntirе apparatus
also funсtions аs a rеspiratory orgаn. Thе tissuеs that l inе thе gil l aгсhеs arе
wеll suppliеd with Ьlood; thе pump passеs frеsh, oxygеnаtеd watеr ovеr
thеm, and thе tlrin tissцеs tlrаt l inе thе arсlrеs allоw oхygеn to Ье trаrrsportеd
from thе watеr into thе Ьlood vеssеls. By сontrast, thе struсturеs supposеdly
dеrivеd froпl thе gill аrсhеs lravе mrrrе сiгсumsсriЬеd funсtions. Thе jaws
grasp and proсеss food. Thе first rniddlе-еar ossiсlе in tеrrеstrial vеrtеЬratеs
еnhanсеs thе transmission of thе еnеrgy in sound wavеs fronr thе еardrum,
on thе outеr surfaсе of thе Ьody, to thе innеr еar, whiсh is in thе tеmporal rе-
g ion of  our skul ls .

L{ow сan suсh divеrsе struсturеs' not all of whiсh arе prеsеnt in all vеrtе-
Ьratеs, Ье еvolutionarily l inkеd to ol1е anothеr? Thе iaws in thе еaгly jawеd

fish arе pаrt of a rеpеatеd sеriеs of Ьonеs that inсludеs thе gil l arсhеs. Thе
rnusсlеs that opеn and сlosе thе jaws funсtion in a similar fashitln to thosе
that ехpand and сontraсt thе gil l arсhеs. In somе living spесiеs of fish, thе gil l
arсhеs havе thе funсtiollal еquivalеlrt of tееth and funсtion as do our jaws Ьy
grаsping and grinding food. Givеrr thе pattеrns of musсlе аnd innеrvаrion,
thе transformation from gil l arсh tO jaW suggеstеd Ьy thе fossil rесord is not
so dramаtiс as to sееm an unlikеly сurrrulativе еffесt of small, attain:rЬlе
сhangеs.

Thе transformation from jаw support in rеptilеs to еаr ossiсiе in maпrп.rals
is iеss dramatiс than it might appеаr from соmparisorrs of only thе ехisting
spесiеs. Тhе fossil rесord offеrs striking pattеrns of сlrаngе aсross thе organ-
isms that rеprеsеnt a transition Ьеtwееn rеptilеs and mammals (Figurе 1). In
thе rеptilеs that appеar to Ье anсеstrаl to пrammals' tlrе lowеr jаw wаs a
сompositе of sеvеn Ьonеs and thе artiсulation Ьеtwееn thе lowеr jaw and thе
skull was formеd by thе artiсular bonе on thе lowеr jaw and thе quаdrаtе
Ьonе on thе skull (Figurе 1A). In mammals thе lowеr jaw is a singlе bоnе, thе
dеntary, arrd аrtiсulation of thе jаи. tlsеs thе dеntary Ьonе itsеlf аnd thе
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Figr-rrе 1. This f igurе, modif iеd from Luo 2007, i l lustratеs thе еvolution t lf thе
manrmаlian jaw, сlегivесl from :r sеriеs of ft lssi ls in thе synаpsid l inеagе (thе l inеagе ir l
wЪiсh mаmm:rls сmеrgсd) аnd froп.l thе еmЬryсlniс dеvеlt lpmеnt of tЬе l iving maЬrтals.
Thе сlrawings on t l-rс lеft (A-D) rергсsеnt thс l<lwеr lеf i  vеrrtral (ЬOttom) suriасе of t lrе
сгaniuп.t, as i l lustrаtсd in thе drawing in thе lowег-lеft сornег at thе Ьottt lrn of thе f isurе.
Thе f igurеs t ln thе r ight (Е_H) rсprеsеnt thе mеdial ( irtnеr) аnd vеrrtral surfaсеs of гlr.е
lt lu.еr jаw. Тhе numЬсrs rеprеsеl lt rеlаt ivе agсs, witЬ t lrе lowеr numЬеrs indiсaring oldеr
fсlssi ls and thе highсr numЬеrs indiсаting rесеnt mammals.

(А) PrlЙаiпrlgпаthl ls wаs а iatе Triassiс Synapsid thаt is r.rot in t l-rе diгесt anсеstral l inе
to mammаls; thеrе was a сt lп.rplех art iсulatit lr.r of lt lwеr j irw аnсl сrаniunr involving thе.,mаllеus' '  (t l-rе rтodif iсd art iсLl lаr Ьorrе) сln thс lowег jaw and t lrс .. inсus' '  (thе rnodif iеd
quirсirаtе Ьorrе), quirdгatojrrgal, апd squamosаl Ьonеs of thс uppсr jаw,.

(I\| Расh1'gепelиs rеpгсsеnts a diГfеrеrrt Ьrаnсh of thс Syriа;ls ids thаt datеs tсl thе lаtе
Triаssiс_еаrlуJurassiс pеrioсl. This group ht-rd а dui l l  аrt iсulаtion in whiсh thе ..n-ra]lеus',

On thе loWеr j irrv art iсulаtеd with thе .. inсus' '  on thе Llpреr jaw and thе dеntary on thе
lowеr jaw art iсrr latес1 with thс squaпrosal on thс uppег jаw. Thеrс Wils l1o с1uadrаtсljugal
Ьonс .
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squаmosal Ьonе on thе skull. Somе of thе advаnсеd nonmammalian Synap-

sids (thе sсiеntifiс tеrm for thе ехtinсt group of mammal-likе rеptilеs) havе

jaw hingеs that сonsist of a сomЬination of thе dеntary and thе artiсular on

thе lowеr jaw and thе quadratе and thе squamosal on thе uppеr jaw (Figurе

1B-Е). This dual artiсulаtion of thе jaw, in сomЬination with many othеr

fеaturеs of thе skеlеton' indiсatеs that thеsе animals formеd a Ьridgе Ьеtwееn

rеptilеs and mammals. In thе сasе of thе jaw joint, it appеars that thе dеntary

and squamosal Ьоnеs first wеrе inсludеd in thе jaw joint and thеn сomplеtеly

rеplaсеd thе artiсular and quadratе Ьonеs as thе jaw joint.

onсе thе artiсular and quadrаtе Ьonеs wеrе rеdundant in thе artiсulation

of jaw and skull, thеy wеrе availaЬlе for othеr purposеs. Thе еvidеnсе from

fossils and from thе еmЬryoniс dеvеlopmеnt of thе most anсiеnt l iving mam-

mals indiсatеs that thеsе Ьonеs Ьесamе rеduсеd in sizе' altеrеd in position

and oriеntation, and сonvеrtеd into thе middlе-еar ossiсlеs, thе artiсular

(С) Brаsilithеrium rеptеsents a third linеagе of Synapsids' found from thе latе
Triassiс through thе latе Сrеtaсеous' that had thе samе dual artiсulation as
Pасhуgеnelиs (B) Ьut rеtainеd a quadratojugai.

(D\ Sinoсoпсldon was a mеmЬеr of a fourth Synapsid linеagе, known only
from thе еarly Jurassiс, tЬat had a dual artiсulation likе thаt of Pаnуgeпеlus even
though thе individual Ьonеs hаd diffеrеnt sizеs аnd shapеs than in Pапуgеnelus.

(Е\ (Lеft) Мorgаnucodoп rеPrеsеnts a fifth Synapsid linеagе, known from thе
latе Tгiassiс through thе mid-Jurassiс, that also had a duаl artiсulation, Ьut with
a grеatly rеduсеd partiсipation of thе ..inсus'' and no jugаl.

To thе right сlf еaсh of thеsе figurеs is a dеtailеd diagram of thе ..inсus.' ' Notе
that thе stapеdial proсеss is prеsеnt in (C) and (Е) Ьut aЬsеnt in thе othеrs. This
proсеss artiсulatеs with thе stapеs' whiсh is thе third middlе еar ossiсlе.

(BI вigha TЬis is a vеntral and latеral viеw of thе lowеr jaw of
Мorgапuсodoz, i l lustrаting ..Mесkеl's еlеmеnt,' ' whiсh is assосiatеd with a
sеriеs of Ьonеs inсluding thе есtotympaniс, thе mallеus, and thе inсus. Thеsе
Ьonеs havе a diffеrеnt еmЬryoniс origin from thе othеr jawЬonеs in living
animals and thеy сan also Ье сlеarly rесognizеd in somе fossils. Thе
есtotympaniс is a ring of Ьonе that suppqrts thе еardrum, whiсh is thе intеrfaсе
Ьеtwееn thе outsidе world аnd thе middlе еar ossiсlеs.

(F) Thеse arе adult and еmЬryсlniс jaws of thе duсk.bil lеd platypus' gеnus
ornithorhупсhus.In thе еmЬryo, thе Месkеl еlеmеnts arе attaсhеd to thе
mеdial surfaсе of thе lowеr jaw' as in Мorganuсodon. Latеr in dеvеlopmеnt thе
eсtotympaniс, malleus, аnd inсus sеparаtе from thе lowеr jaw and produсе thе
сonfigurаtion sееn in thе middlе еar of thе аdult.

(G) Thе lowеr drawing is a vеntral viеw, thе upPеr onе a mеdial viеw of thе
adult jaw of Yапoсoпodon, an еаrly mammal that datеs to thе еarly Сrеtaсеous.
Thе сondition of thе Месkеl еlеmеrrts aге similar to thosе сlf an еmbryonlс
duсk-bil lеd platypus.

(H) Thе lowеr drаwing is thе mеdial viеw of thе еmЬryсlniс lowеr jaw of thе
opossum' Мсlпodelphus, whilе thе uppеr drawing is thе adult jaw. Тhе
emЬryоniс jaw is vеry similаr to thе adult jаw сlf Мorgапuсodon and
Yапoсoпodoп, with thе Месkеl еlеmеnts Ьеing attaсhеd to thе mеdiаl surfaсе of
thе lowеr jaw, whilе thе adult сondition is typiсal of l iving mammals' with thе
Месkеl еlеmеnts Ьеing сomplеtеly dеtaсhеd from thе lowеr jaw.
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into what is now сallеd thе rтallеus and thе quadratе into what is rrow сallеd
thе inсus.

Thе drivеr for this transformation would havе Ьееn natural sеlесtiсln's fa-
voring еnhanсеd aЬil ity to dеtесt viЬrations. Rеsеarсh suggеsts that thе jaw in
thеsе transitionai animals transmittеd viЬrations from thе ground to thе mid.
dlе еar, as it doеs in somе modеrn snakеs-think of a small, nсlсturnal animal
that piсkеd up viЬrations Ьy touсhing its jaw to thе ground and transmitting
viЬrations from thе jaw to thе stapеs. Thеsе viЬrations would havе travеlеd
through thе artiсular (mallеus) and quadratе (inсus) Ьonеs to thе stapеs. In
two linеagеs of nonmammalian Synapsids, nеithеr of whiсh is anсеstral ttl
mammals, thе inсus has an outgrowth сallеd a stapеdial proсеss' whiсh is a
lеvеr arm that transmits thе forсе of thе sound wavеs from thе inсus to thе
stapеs. Its prеsеnсе in thеsе two linеagеs stlggеsts that Ьoth of thеm wеrе
еvolving an еnhanсеd саpaсity to transmit sound from thе jaw to thе stapеs
and thеn to thе innеr еar.

Thе arrangеmеnt of btlnеs in thе linеagе that inсludеs mamrnals is diffеrеnt
than in thеsе othеr l inеagеs Ьut doеs inсludе аn inсus with a stapеdial pro-
сеss. Tlrе final stagе of сoursе is thе sеparation of thе ossiсIеs from thе jaw it-
sеlf. \й/hеn thе ossiсlеs Ьесamе sеparatеd from thе jaw' thеy сould transmit
sound viЬгations еffiсiеntly from thе еaгdrum to thе middlе еar. Thе сom-
plеtе fossil rесord rеvеаls that, rathеr than thеrе Ьеing a dirесt transforma-
tion from the primitivе synapsid ссlndition to thе mammal сondition, thеrе
was a divеrsity of arrangеmеnts сlf Ьоnеs in thе jaw-еar rеgion and a divеrsity
of rеarrangеmеnts ovеr timе. Thе anatomy оf l iving rеptilеs аnd mammals
rеprеsеnts two еndpoints of а transformation that followеd divеrsе paths in
Ьеtwееn, with most of thе variants having gonе ехtlnсt.

Although thе fossils Suggеst thе progrеssion of fеaturеs in this transforma-
tion, dеvеlopmеntal Ьiology offеrs us twсl important additional lirrеs of еvi-
dеnсе. First, whеn thе ossiсlеs first аppеar in mammalian еmЬryсls, thеy arе
part of thе jaw assеmЬly. During dеvеlopmеnt' thеy sеparatе and f<lrm thе fa-
miliar struсturеs of thе middlе еаr (Еigurе 1F-H). Whilе thе notion thаt an
organism's dеvеlopmеnt rесapitulatеs its еvсrlutionary history has Ьееn dis-
сrеditеd in gеnеral, this is a сasе in whiсh dеvеlopmеnt offеrs a сluе to an
еvolutionary history that is othеrwisе traсеaЬlе in thе fossils.

Sесond, gil l arсhеs, jaws, and еar ossiсlеs havе a сritiсаl rеlationship to
onе аnothеr that sets thеm apart from othеr fеaturеs of thе skull. Thе vеr-
tеЬratе Ьody is a сompositе of thrее diffеrеnt layеrs of tissuе, thе есtodеr-
mal (outеr), mеsodеrmal (middlе), and еndodеrmal (innеr) layеrs. Thеsе
thrее layеrs arе еas i ly  d ist inguishеd from onе anothеr еar ly in dеvеlopmеnt
Ьut Ьесomе Ьlеndеd in many parts of thе Ьody as dеvеltlpmеnt progrеssеs.
Most of thе vеrtеЬratе skеlеtсln is dеrivеd frtlm thе middlе, Or mеsodеrmаl'
lаyеr of tissuе. Howеvеr, thе Ьonеs assoсiatеd with tlrе gil l аrсhеs, jew, and
middlе-еar ossiсlеs havе a сomlnon dеvеlopmеntal origin diffеrеnt from
that of most of thе skеlеton; thеsе Ьonеs arе dеrivеd from spесializеd сеlls of
thе outеr, or есtodеrnral, layеr of tissuе. Likеwisе, thе musсlеs аnd nеrvеs
assoсiatеd with thеsе Ьonеs arе rеlatеd to onе anothеr in thеir origin; thе
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musсlеs assoс iatеd with thе g i l l  arсhеs '  jaws,  and middlе-еar oss iс lеs аrе a l l
dеrivеd from what is сallеd tЬe brапсhiomеric sеriеs of musсlеs, and thе
nеrvеs that sеrvе thеsе musсlеs all dеvеlop from thе samе group of сranial
nеrvеs.

All thеsе oЬsеrvations support thе аrgumеnt thаt jaws arе dеrivеd from gil l

аrсhеs and that thе middlе-еar ossiсlеs arе dеrivеd from jaws, and thus thаt
mutation аnd sеlесtion сan indееd m<lld сomplех fеaturеs from simplе сom-
ponеnts. But how and why would suсh a transition oссur? Frangois JaсoЬ
(1977\ onсe dеsсriЬеd еvolution as a proсеss of tinkеring rathеr thаn еngi-
nееring; a tinkеr usеs whatеvеr is at hand and modifiеs it to sеrvе nеw funс-

tions, whilе an еnginееr dеsigns somеthing nеw from sсratсh. JaсoЬ mеant

that adaptation is a historiсal proсеss Ьесausе it involvеs modifying еxisting
struсturеs for nеw funсtions. In this сasе gil l аrсhеs Ьеgаn with onе funсtion
(еffiсiеnt fееding) аnd faсil itatеd a sесond (rеspiration). As vеrtеЬratеs еvolvеd
into largеr, morе aсtivе animals' rеspiration Ьесamе an inсrеasingly impor-

tant lunсtion of thе pharyngеal pump. Thе antеriormost gil l аrсhеs rеtainеd

аn assoсiation with fееding. Thе Ьonеs' musсlеs, and nеrvеs that powег thе
phaгуngеal pump havе thе samе aсtion pattеrn as thosе that opеn and

сlosе thе jaws, sо thеy wеrе rеаdily modifiеd to spесializе in onе or thе othеr
funсtion.

Although thе transition fr<rm jaws to middlе.еаr ossiсlеs is harder to un.
dеrstand, thе assoсiation Ьеtwееn thе jaw joint and hеaring is еasy to i l lus-

tratе. Stiсk your fingеr in your еаr and thеn opеn and сlosе your mouth. You

will sее that thе jaw joint is right nеХt to your outеr аnd middlе еar so thаt
yoll сan fееl thе joint movе аs you opеn and сlosе your mouth. Somе living

vеrtеЬratеs, inсluding small nосturnal mammals, сеtaсеans, and snakеs, all
appеar to piсk up viЬrations from thе ехtеrnal еnvironmеnt through thе jaw

and thеn to transmit thеm through thе jaw tо thе middlе and innеr еars. Thе

snakеs and small mammals that rеly on this mесhanism for piсking up viЬra-
tions аrе noсturnal and do so through thе tip of thе jaw. Thе rесyсling of еl-

еmеnts of thе jaws to Ьесomе sound-transmission Ьonеs in thе middlе еar is
largеly a сonsеquеnсе of thе proximity of thе jaw joint to thе innеr еаr and
thе prior rоlе that thе jаw playеd in transmitting sound from thе ехtеrnal еn-
vironmеnt to thе innеr еаr.

Ехаmple 2: Florаl euolution in moпkeу floшеrs (IvЦimulus)

our sесоnd еxampIе, whilе dесidеdly lеss swееping in sсopе, rеvеals how gе-
nеtiс analysеs сontriЬutе to undеrstаnding thе arсhitесturе of сomplех adap-
tations (Sсhеmskе and Bгadshaw 19991' Bradshaw and Sсhеmskе 2003). Hеrе
wе foсus оn shapе and сolor of flowеrs. Although еvеryonе apprесiatеs flow-

еrs for thеir Ьеauty and fragranсе, from an еvolutionary pеrspесtivе thеy arе
rеproduсtivе struсturеs that arе spесializеd to produсе and dissеminatе
pollеn (thе malе gamеtе) and rесеivе and dеlivеr pollеn to thе ovulе (thе fе-
malе gamеtе).

Thе flowеrs that inspirе our grеatеst affесtion arе thosе spесiаlizеd to attraсt

animai poll inators l ikе Ьееs oг hummingЬirds. Thеsе flowеrs arе aсtually

1 2 1

hе quadratе into what is now сallеd

rld hаvе Ьееn naturаl sеleсtion,s fa.
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lratе (inсus) Ьonеs ttl thе stapеs. In
Js, nеithеr of whiсh is anсеstral to
Lllеd a stapеdial proсеss, whiсh is a
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сomplех сomЬinations of сharaсtеrs that togеthеr arе an adaptation for dis-
pеrsing and сollесting pollеn. Flowеrs poll inatеd Ьy animals are сompara-
tivеly largе' сolorful, and shapеd in ways that faсil itatе thе transfеr of pollеn.
Somе flowеrs arе highly spесializеd to attraсt spесifiс pollinators, usually Ьy
a сolor and/or fragranсе that аrе partiсularly attraсtivе to a pollinator. Thе
sugary nесtar is thе rеwаrd offеrеd Ьy thе flowеr to thе pollinat,or, a rеward
that draws thе poll inator's intеrеst to thе insidе of thе flowеr and sеts thе pol-
l inator in plaсе to piсk up and dеposit pollеn. Мany flоwеrs havе mаrkings
that diгесt thе visitor toward thе nесtar, somе of whiсh aге visiЬlе only to an-
imals l ikе insесts that sее in thе ultraviolеt (Ьlaсk-light) frеquеnсiеs. othеrs
havе modifiеd pеtals or sеpals thаt sеrvе as a soft of landing strip on whiсh
thе poll inator сan геst' аnd somе spесiеs hаvе spесializеd struсturеs to attaсh
thе pollеn to thе poll inator.

Two сlosеly rеlatеd spесiеs of monkеy flowеrs, Мimulus letaisii and М.
саrdiпаlis, oссur along riparian hаЬitats in thе wеstеrn Unitеd Statеs (Figurе 2).
Thеy sеgrеgаtе Ьy еlеvation, with М. lеtuisii oссurring at highеr еlеvations,
and thеrе is а narrow rangе of еlеvation in whiсh thе spесiеs ovеrlap. Gеnеtiс
analysеs show that еaсh spесies is morе сlosеly rеlatеd to thе othеr than еi-
thеr is to any othеr spесiеs of monkеy flowеr, so any diffеrеnсеs Ьetwееn
thеm еvolvеd aftеr thеy last shаrеd a сommon anсеstor.

Thе two spесies havе quitе diffеrеnt flowеrs. Thе spесiеs at thе highеr еlе-
vations' М. lешisii, is pollinatеd primarily Ьy Ьееs. It has pink flowеrs that
arе rеlativеly widе and whosе pеtals form а horizontal landing strip; yеllow
struсturеs on thе landing strip appеar to guidе Ьееs to thе appropriatе part of

Figurе 2. Studiеs of thе сolor, sizе, shapе, and fеaturеs of thе flowеrs of two
сlosеly rеlatеd spесiеs of Мimulus hаvе il lustratеd thе gеnеtiс соntrol of
ссrmplех adаptations. Lеft: TЬe Ьluе flowег of М. letuisii, whiсh fеаturеs a..landing plаtform'' for thе insесts thаt transfеr pollеn Ьеtwееn flowеrs and..guidеs,' that dirесt thе insесts toward thе nесtar and thе rеproduсtivе
struсturеs of thе flowеr. Right: Thе rеd flowеr ot М. саrdiпаlis, whiсh is a long,
narrow' tuЬular flowеr with nесtaг аt thе Ьasе, rеaсhaЬlе Ьy thе tonguеs of thе
hummingЬirds thаt sеrvе as thе poll inators.
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sесond gеnеration of so-сallеd Ьасkсrossеd plants with a variаЬlе mix of
gеnеs from еaсh original spесiеs. Thеy thеn turnеd to molесular Ьiology' еm-
ploying molесular markеrs thаt enaЬlеd thеm to аssoсiatе pагtiсular varia-
tions in floral сlraraсtеrs as sееn in thе vаrious сornЬinations of plants with
diffеrеnсеs in molесular maгkегs on spесifiс loсаtions of сhromosomеs. Thе
diffеrеnсеs on thе сhromosomеs rеflесt thе loсations of gеnеs that сontriЬutе
to thе vагiаtion in thе flowеrs'

Twеlvе individual сharaсtеrs wеrе idеntifiеd arrd studiеd with this mеthod,
whiсh rеvеalеd that thе truth rvas indееd somеrvlrеrе Ьеtwееn thе гwo еx-
trеmе idеаs :rЬout gеnеtiс сontrol. A singlе gеrrе dеtеrminеd whеthеr thе
flowеr was геd or pink. By plaсing f.lowеring hyЬrids and Ьaсkсrossеs in na-
turе, Sсhеmskе and сollеaguеs found that thе сolor diffеrеnсе аlonе had an
еnormous impaсt on whеthеr thе flowеr would Ье visitеd Ьy a Ьее or a hum-
mingЬird. 

-I.hе 
sсiеntists also found that whilе anothеr singlе gеnе madе a

largе сontгiЬr.rtion to thе diffеrеnсеs in 9 of thе 12 floral traits, thеrе wеrе
many gеnеs tlrаt madе smаllеr сontributions to onе or a small suЬsеt of thе
traits.

From thеsе rеsults Wе сan offеr somе plausiЬlе rесonstruсtions of this сom-
plех adaptation. Thе еffесt of flowеr сo1or oп visitations suggеsts that a
сhangе in a singlе 8еnе' that fоr сolor, сould initiatе thе еvolution of a spе-
сialized flowеr. Diffеrеnt pollirrators attraсtеd to thе diffеrеnt сolors would
ехеrt diffеrеnt sеlесtion pressurеs on thе rеmainirrg trzrits. Although it is un-
сlеar whеtlrеr thе largе sirrglе-gеnе effесt on ninе traits prесеdеd oг followеd
thе сhangеs in thе many othеr gеnеs that affесtеd onе or a fеw traits' thе
ovеrall piсturе is of a singlе, simplе gеnеtiс сhangе (сolor) initiаting a stеp-
wisе proсеss of modifiсation and rеfinеmеnt whosе еnd produсts arе thе two
сomplеx adаptations that wе now sее. Thе matсh of fеaturе to сirсumstanсе
was not built qrritе as еasily as сhanging thе сoloration of moths Ьut did not
rеquiге so mеtiсulous a molding as to strain сгеduliry'

A finаl notе аЬout thе historiсal naturе of irdaptаtion is that it doеs not
sееm pоssiЬlе that thе сhangеs in floral shаpе and rеpгoduсtivе сharaсtеrs
сould havе prесеdеd thе сolor сhangе. 

.!Иithout 
variation in сolor аnd thе rе-

sultant diffеrеnсе in spесiеs of poll inators, thеrе would havе Ьеen no сonsis-
tеnt sеlесtion prеssurе to mold divеrgеnt vаluеs of thе othеr сhагасtеrs. But
onсе thе сolor diffеrеnсеS аppеarеd, tlrе divеrgеnt foraging of Ьееs and hum_
mingЬirds proЬaЬly сata|уzed a rаpid divеrgеnсе' This ехamplе i l lustratеs thе
сontingеnсy inhеrеnt in thе еvolution of сomplеx fеaturеs in whiсЬ a singlе
сhangе in a fеaturе сan promotе а сasсadе of suЬsеquеnt сhangеs that rеfinе
its adaptation to nеw сirсumstanсеs. To rеturn to thе сritiquе bf Intеll igеnt
Dеsign, wiсhout apprесiating thе rolе of history, wе would Ье hаrd prеssеd to
ехplain how аnс{ why thеsе flowеrs divеrgеd so sulrstаntially.

W H A т  с A N  I N D l V | D U A L  s Е L Е с т | o N  N o т  Е X P L A | N ?

Our disсussion of adaptation hаs еmphasizеd how thе fеаturеs of individr'rals
arе moidеd Ьy thе aсtion of sеlесtion on thе aviri laЬlе gеnеtiс V;rri i1tion.
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A fundаmеntаl tеnеt of Dагwinian еvtllution is that sеlесtion favors сharaс-
tеrs thаt еnhanсе thе fitrrеss of individuais; it doеs not nесеssarilу еnhanсе thе
wеll-Ьеing of a spесiеs. Indееd, thе notion thilt еvolution hаs d<lnе anything
in pаrtiсul:rr for thе good of thе spесiеs is, as а fundапrеntаl pгinсiplе, long
gonе frсlrn sсiеrrtif iс disс<lursе; arry Ьеnеfit to thе spесiеs is а siсlе еffЪсt of thе
Ьеnеfit to thе individual.

But аltlrtlr"rgh this may Ьс. a usеful first prirlсiplе, it сannot Ье thе сOrrесt
ехplanation ftlr all Aеaturеs of organisms. Tlrе mtlst striking сlrzrl lеngе ttt i l l-
dividual sеlесtitln сomеs from thе s<lсial insесts' ants' Wasps' Ьееs, and tеr-
mitеs, in rvhiсh nеlrrly all mеmЬеrs of thе сolony forgo геproduсtion еntirеly.
It is diffiсult to rесOnstruсt hoW sсlесtioll 11l-t1()tlЕ] individuals wсluld far,or аn
indivrduаl with a fitnеss сlf aЬso|utе zеro, whiсh is whаt happеns if onе сloеs
not rеproduсе.

Thе kеy t<l rеsolvirlg tlris paradoх fоr Ьееs' aпts, and wаsps is to apprесiаtе
that thе сolony w<lrkегs arе raising thеir niесеs and nеphеws. It appеars that
thе saсrifiсе in inс]ividual fitnеss is ссltтpеnsatеd Ьy thе еnhаnсеd aЬil itу to
rаisе tlrе offspring оf а siЬling, providеd that пrсlst indil. iduаls sustain this
сommitmеnt. Thеrе arе many ехanrplеs of lеss ехtrеlтlе forms of аltruism,
from thе сoopеrаtivе rеaring of offspring Ьy sistеrs in l ion pridеs to thе аid
providеd Ьy oldеr offspring tсl thеir pаГеnts irr raising y()ungеr offspring, as
has Ьееrr oЬsеrvесl in sеvеrаl spесiеs of Ьirds.

Thеsе саsеs arе ехamplеs <lf sеlесtion аt thе lеvеl of thе family, or kin selес.
tion. In kin sеlесtiorr individuаl sirсritiсе is firr,orеd rvhеrr it еnhаnсеs thе pгo-
duсtion сlf rеlatеd individtra[s' with thе dеgrее of saсгifiсе proportional to thе
сomЬinаtion of numЬеr and rеlatеdr-rеss of thе individrrals that Ьеnеfit from
thе saсrifiсе. This is a polr'еrful ехplanation fi lr nrirn1'fornrs of soсiaIity (sее thе
main еssav ..Soсiаl Bеhаvior and S<lсioЬiolсlgy'' Ьy Daniеl RuЬеnstеin and
thе alphaЬеtiсal еntriеs ..Altruism'' and ...W. D. Hаmilton'' in this volumе).

In faсt, kin sеlесtion is or-rе сlf sеvеrаl vaгiеtiеs of sеlесtion thаt arе nаnrеd
for thе lеvеl at rt,hiсh tlrеy oссur. T'hеsе variеtiеs of sеlесtion еmеrgе whеn
thеrе is а саus:rl rеlationship Ьеtwееll fеaturеs ехprеssеd at a partiсuiar lеvеl,
suсh as tlrе familv lеvеl, anсl tlrе suссеss of thе units ar thаt lеvеl. Ье thеv fаnr-
i l iеs or lаrgеr groups of r-rnrеlatеd individuаls. Thе сonditions for kin аnd
group sеlесtion t() oссur hаvе Ьееn еxplorеd еxtеnsivеly in a v:rriеty of so.
phistiсаtеd thеl>riеs, аnсl гhе сritiсzrl issuе in nlodеrn еvolrrtionary Ьiology is
to diаgrrosе how <lftеn thе соnditiolls that promotе sеlесtion аt lеvеls оthеr
than thаt of thе individual irrе mеt.

A widе vаr iеty t l f  fеаt l rгеs appеаr ехрl iсaЬlе onlv Ь1,sе lесt ioI- l  аt  lеvе ls
othеr thаn that Of thе i r rd iv iduаl ,  i r r rd th is  is  а vеry aсt ivе topiс of  modеrn
rеsеarсh.  Bеs idеs thе many сasеs of  rеprоduсt ivе а l t ru ism, thеrе аrе с:rsеs
of  gror ' rp l iv ing ar-rd сoopегat ivе Ьеhаvior  (sсе tЬе mаin еssaу . .Soс iа l  Bе-
hаvior  i rnd Soс i<lЬ io logy ' '  Ьy Daniе l  RuЬеnstе in аrrd thе а lphaЬеt iсa l  еrr t ry
. .Group sе lесt ion ' '  in  th is  vo lumс).  Sе lесt ion at  sеvеra l  lеvе ls  p lays а сг i t i -
сa l  ro lе in r tndеrstаnding t l - rе еvolut i r l r rarу intеrасt ions Ьеtwееl- l  pathс lgеns
and hosts (sее t l rе main еssay , .Еv<l lut iс lnary B io logv of  Disеаsе and Dar-
rv in ian Mеdiс inе ' '  Ьy Мiсhaеl  Anto l in аnd thе a lphaЬеt iса l  еntry . .Host

I  ! . \
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parаsitе еvolutiot-t' ' in this volumе); a pathogеn tlrat nrultipliеs too quiсkly
аnd kil ls its lrost tсlo quiсklу Ьеforе it сan bе trаr-rsmittеd to аnothеr host
losеs out Ьесausе sеlесtion among familiеs Or groups (rеprеsеntеd Ьy thе
pathogen populаt iorr  wi th in an indiv idual  host)  ovеrwlrе lms sе lесt ion
among indiv iduals  (геprеsеntеd Ьy thе strugglе for  pro l i fеr i r t ion with in аn
indiv idual  host) .

A R Е  s т U D l Е s  o F  M l с R o Е V o L U т l o N  R Е L E V A N т  т o
U N  D Е R s т A N D I  N G  M A с R o Е v o L U т | o N A R Y  P A т т Е R N s ?

[t is сonvеniеnt to сharасtеrizе thе produсts of evolution as еithеr mlсroеvo-
lution or maсroеvсrlutirln. МiсroeuoLutioll rеfеrs ttl small-sсirlе сhangеs that
arе dirесtly oЬsегvaЬlе, l ikе many o{ thosе disсtrssеd еагliеr (mеlanism irr
moths, disеasе rеsistanсе in Ьaсtеriа, or insесtiсidе rеsistanсе). As wе havе
disсussеd, miсroеvolution has Ьееn vеry thorouglrly doсurтеntеd and has
Ьееn studiеd irr ways thаt mееt any tеst of sсiеntifiс rigi<lr. As а rеsltlt, it is nоr
сontrovеrsial, еvеn among n-rany faith-Ьasеd сritiсs of еvolution (sее thе main
еssay ..Amегiсan Antiеvolutiсlnism: Rеtгospесt and Prospесt,' Ьy Еugеniе
Sсott  in th is  vо lumе).

Маcrсleuollttioп rеfers to thе Iargеr-sсalе еvеnts tl,rat wе attriЬutе to еvolu-
tion, suсlr as tlrе origin of nеw spесiеs, thе diffеrеntial prtl l ifеrarion or diffеr-
еntial ехtinсtion of сеrtain typеs of spесiеs, and thе еmеrgеnсе of highеr
lеvеls of thе tаxonomiс hiеraгсhy. This is thе aspесt of еvolution that is сon-
сrovеrsial Ьесаusе it rеprеsеt-tts еvеnts that oссtrr on a timеSсll lе thаt is п-ruсh
longеr than our l ivеs :lnd hеnсе not dirесtly oЬsеrvaЬlе. As wе havе dis-
сussеd, sсiеntists must turn to indirесt mеthods to draw infеrenсеs aЬout thе
undегlying mесhanisms that сausе maсrоеvolution.

Thе most rеvolutionary fеаturе of Darwin's Оп thе Оrigiп of Spеcies
(1859) was to pгoposе naturаl sеlесtion as thе singlе unif1'ing mесhanisrn
thаt сausеs Ьoth miсro- and maсroеvolutiсln. Dаrwin arguеd that mасroеvo.
lution is just miсroеvolution writ largе, or that thе pгoсеss Wе sее аnd study
as thе сausе of miсroеvolution will, givеn suffiсiеt.lt titnе, аlso сausе еvеry-
thing that wе attriЬutе to maсroеvоlution. Hе erguсd thi.rt nаrural sеlесtion,
whiсh сalrsеs thе еvolution of thе ad:rptations disсussеd throughout this еs-
say, is also rеsponsiЬlе for thе origin of :r1l lеvеls of biologiсal сorrrplехity and
for thе origin of Ьiologiсal divеrsity, or all thе spесiеs that havе Ьееn found
on thе еarth thгoughout its history.

otrr inaЬil ity to oЬsеrvе mасroеvoltlt ion in асtion has inspiгеd сontrovеrsy
ovеr whеthеr nаtural sеlесtion rеally is thе unifying mесlrаnism of all еvolu-
tionаry сhangе. Stеphеn J. Gould and Nilеs Еldrеdgе arе thе аuthors of whаt
is сurгenсly thе most prominent sсiеntifiс аrgulnеnt against nаtural sеlесti<ln
as a singlе, unifying сausе of miсro- and nrасroеvolution (Еldrеdgе and
Gould 1972; Gou\d and Еldrеdge 1977). Thеsе authors Wеrс motivatеd Ьy
thе pаttеrrr of сhangе rесordеd in thе fossil rесord. If wе look аt thе fossil his.
tory of thе еvolution of most orgаnisms, suсh аs thе inсrеasе of Ьody sizе in
horsеs or Ьrain sizе in thе hominid l inеagе lеading to our spесiеs, wе o[tеr-l
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sее that thеrе arе long intегvals whеn thе tгait in quеstion сhangеs littlе or
not at all ' thеn Ьriеf intеrvаls wlrеn thе tr:l it еvolvеs rapidlv. Gсlr-rld апd Еl-
drеdgе dеsсriЬеd thе long, staЬlе intеrvals as stasis or еquil iЬrium and thе
short intеrr.iris as punсtuаtions. Thеv also pointеd out that tlrеrе is oftеn an
assoсiatiоrr Ьеtwееn punсtцations :rnd thе сlrigin of nеw spесiеs and сoinеd
thе tеrm punctuаted equilibrium to dеsсriЬе thе еntirе pattеrn. Еldrеdgе and
Gould aгguеd that Ьoth phasеs of pr'rnсtuatеd еquil iЬrium arе inсons,istеnt
rvith naturаl sеlесtion as a singlе urrdеrlying сausе. Тhеir argtlmеnt и,аs Ьasеd
on thе prеmisе that if sеlесtion wеrе suсh а unifying сausе' wе should oЬsеrvе
a prеdominаrlt PаttеГn of graduаI. сotrtinuous сhangе in сhагaсtеrs. Stаsis in
сharaсtеrs suggеsts rеsistanсе to сhangе. Thе disсontinuity of punсtuations
suggеstеd to thеm that somеthing happеnеd to Ьrеak this rеsistanсе and сausе
а suЬsеquеnt pulsе сlf aссеlегatеd еvolutiorr.

AlthougЬ Gould аnd Еldгеdgе's argumеnts hаvе еvolvеd during thе dеЬаtе
rhat еnsuеd eftеr thеir first с.ssay, thеir argumеnts havе two unifying fеaturеs.
First, natшral sеlесtion is pсlsitеd аs Ьеing еffесtivе only in fir-rе_tuning organ-
isп-rs to smirl l-sсalе сhangеs in thеir еrrvironmеnt. Sесоnd' somе proсеss othеr
thаn naturirl sеlесtion must сomе into plaу to сausе punсtll i lt ions. Thе frе_
quеnt assoсiаtion Ьеtwееrr punсtuirtions arrd thе appеaranсе of nеw spесiеs
suggеsts to Gоuld and Еldrеdgе thаt this proсеss' whаtеvеr it is' сausеs Ьoth
plrеnomеna, Ьut rhеy lravе аltеrеd tlrеiг prtlpоsеd mесhаnism tor this proсеss
during thе 36-yеar history of punсtuatеd еquil iЬrium as an idеa.

Thе сountеrargumеnt in favor of natural sеlесtiсrn as a unifying Proсеss
has thrее parсs. First, wе hаvе еmpiriсal еstimatеs сlf сhе r:rtе at whiсh еvoiu-
tion Ьy natural sеlесtion саn oссur' and wе know that it сarr Ье muсh fastеr
thаn thе ratеs assoсil ltеd with punсtllаtions irr thе fossil rесord' For ехamplе,
Gal6pagos finсhеs сan еvolvе a |0"Ь сhangе in avеragе Ьody sizе or Ьil l sizе
in a populartion in a singlе vеar in rеsponsе to еithеr droughts or hеаvy rain-
fall. In drought yеlrrs ftlod avаilaЬil ity is low' thе Ьiгds mrrst rеly orr largе
sееds with thiсk sееd сoats and individuals rvith widе, hеavy Ьil ls arе morе еf-
fесtivе at harvеsting suсh sееds and arе morе likеly to survivе and rеproduсе.
Bесausе rhеге is ir gеrrеtiс Ьаsis t<l Ьil l sizе :rnd shapе' tlrе nехt gеnеrаtion of
finсhеs ехlriЬits lаrgеr, hеаviеr Ьil ls. This is сlassiс miсroеvolution. If wе wеrе
tо put this гatе of еvolution on thе samе timеsсalе as what we sее in thе fos-
sil rесord, it is 10'000 ()r morе tiпrеs fastеr than wlrаt Gould and Еldrеdgе irr-
tеrprеt as punсtuations. Thе apparent suddеnnеss of punсtuations is thus not
inсonsistеnt witlr tlrе ratе of еvolutiсln thаr is attainаlrlе undег naturаl sеlес_
tion. If anything' wе migl-rt ask wlry еvolr-rtiсrn appеars to Ье so slоw in thе
fossil rесoгd.

Sесond, sеlесrion is сapaЬlе сlf саusing suЬstаnгiаl сhаngеs in orgltrl isms.
Тhis, of сoursе' is thе fundamеntal сhallеngе wе rеviеwеd irr еarliеr sесtions'
Ьut hеrе it is inrpoгtant Ьесausе Gould and Еldrеdgе аrguе tЬat nаtural sеlес-
tion сan only nr.rkе finе сrdjustnrеnts to orgаnisnrs. and tlrat stasis' tlrе геsis-
ti lnсе to сhangе, nrust Ье Ьrokеn Ьy somе othеr proсеss.'Wе сan follow onе <l1
Dаrwin's l inеs of arЕ]umеnt' alЬеit lvith morе informаtion. Gеnеtiс dаta indi-
саtе thаt сlomеstiс dogs wеrе dеrivеd from wolvеs, Ьеginning tеns of tlrсlusands
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of yеars ago. Thе fiгst appеaranсе of morphologiсally distinсt domеstiс dogs
datеs to around 10,000 yеаrs аgO (Savolainеn еt al. 2002). Еrom suсh rесеnt
Ьеginnings wе havе Ьrееds that rangе in sizе from thе Сhihuahua to thе mas-
tiff аnd in shapе from thе Pеkinеsе to thе lгislr wolfhound. If wе foсus on
Ьody wеight alonе' thе rangе of avеragе wеights аmong Ьrееds is fгom around
1 kilogram for Сhihuahuas to 80 kilograms for mastiffs. This rangе еХсееds
thе еntirе rangе of Ьody sizеs оf othеr spесiеs in thе family Сanidaе' whiсh
inсludеs dogs, wсllvеs, foхеs, and othеr doglikе сarnivorеs (Finarеll i and
Flynn 2006). It talls slroгt of wh:rt wе sее in thе ordеr Сaгnivora, whiсh in-
сludеs thе family Сanidaе along with othеrs' suсh as thе Fеlidaе (сats) or Ur-
sidaе (Ьеars). Tеn thousand yеaгs of artif iсial sеlесtion havе thus Ьееn
suffiсiеnt to gеnеratе a rangе сlf morphologiсal variation that is еquivalеnt to
thе rangе wе Sее wlrеn wе loоk thrее or fottr stеps up thе tirхonomiс hiеrar-
сhy (spесiеs' gеnus' family, ordеr, сlass' phylunr, kingdom).

Third, wе must сoIlsidег whеthеr thе prеsеnсе of stаsis' or long intеrvals
сlf l itt lе or no сhangе, сan Lrе ехplainеd Ьy natural sеlесtion. Thе Gal6pagos
finсhеs again providе a good ссlnсеptual altеrnativе to ехplain why thеrе
might bе long intеrv:rls of no apparеnt сhangе in thе fossil rесord. In
drought yеars thеrе is intеnsе sеlесtion for inсrеasеd Ьil l and Ьody sizе. In
thе гаiny yеars that aссompаnv Еl Nino еvеnts' thе rеsourсе Ьаsе сhаngеs
Ьесausе thеrе is an аЬundanсе of small, thin-shеllеd sеeds from diffеrеnt
spесiеs of plants. Sеlесtion now favors smаllеr individuals with narrowег,
morе forсеps-likе Ьil ls. This mеans that pеriods of sеlесtion for inсrеasеd
Ьil l sizе altеrnatе with pеriods of sеlесtion for dесrеasеd Ьil l sizе, and in
somе yеars thеге is in faсt nсl sеlесtion at all (GibЬs аnd Grzrnt 1987). ovеr
thе nеarly thrее dесadеs in whiсh thеsе Ьirds hаvе Ьееn studiеd, thеrе has
Ьееn no nеt сhangе in thе Ьil l sizе of thе populaгion in spitе of strong еvi_
dеnсе for intеnse sеlесtion and rapid еvolution on a yеar-to.yеаr Ьasis (sее
.!Иеinеr 

1994 for а nontесhniсаl rеviеw of studiеs of Dаrwin's finсlrеs). Thе
fossil rесord сould rеprеsеrrt a frаgmеntеd, long-tеrm history of suсh short-
tегm fluсtuating sеlесtion. Thе fossil rесord doеs nсrt rеpгеsеnt еaсh аnd
еvеry yеar' and, in faсt, a dеfinесl pеriod in thе fossil rесord will rеprеsеnt a
random rniхturе of thеsе diffеrеnt еpisodеs of sеlесtion. TЬе aсtual rаtе of
еvolution that wе sее in thе fossil rесord is a long-tеrm avеragе of thе in-
сrеasеs and dесrеasеs and will inеvitaЬly undеrеstimatе thе true rаtе at
whiсh orgаnisms сan еvolvе. A fоssil rесord of thе Gal6pagоs finсhеs may
wе| |  l ook  l i kе  s t a s i s .

In tlrе final аnalysis thеrе is nothing in thе fossil rесord that inhеrеntly сon.
tradiсts Dаrwin's daring idеa that natural sеlесtion is thе unifying mесhа-
nism. Organisms сап еvolve muсh morе гapidly tlran tlrеy appеar to еvolvе
during punсtuations, and thе сapaсity of organisms to сhangе undеr sеlесtion
far еxсееds thе сonstraints that arе apparеnt during stasis. Thе aЬsегrсе of
сhangе during stasis пlay instеad Ье a statistiсal artifaсt of flrtсtuating еvolu-
tion thаt traсks a fluсtuating еnvironnlеnt. But our argrrmеnts do not provе
that maсroеvolution is miсroеvolution writ largе; thеy mеrеly support thе vi-
aЬil ity of naturаl sеlесtion as a singlе, ovеri1rсhing ехplаnation. Thе rоot of
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thе сontrovегsy rеrnains tlrе difIiсulty of rесonсil ing wlrat Wе сan study in thе
short tеrm rvith thе еnormously сliffеrеnt tirтеsсalе of thе miri<lr pattеrns Wе
sееk to ехplаin, аr-rd thе с]ividе Ьсtwееn miсro. апd nl:lсrсlеr,oir'rtion rеmаit-ts
an ullsеttlес] frontiеr of thе disсiplinе of еvolutionary Ьioltlgy.

Hоrizons in thе Study of Adaptation

Adaptаtion is Ьеing stuсliеd аt lеast as intеnsеly as еvеr. Althtlugh thе rеality
of adaptatiolr is е', ' idеnt, trrtrn1, fi1сg15 of it rеrnain unсlеаr. Foг схittт1llе, rr,е
arе Ьеginnirrg to dissесt thе gеnеtiс Ьasis of аdаptatiоns' ;lartiсularlv сorrrplех
adaptatiоns..й/е hlrr,е а fец.сlassiс studiеs l ikе tlrosе ()n thе mоnkеy flоwеrs,
Ьut wе сannot ссlr-rсludе whеthеr thе pi-lttсrns that Sсlrеrnskе аnd сollеagr'rеs
found arе gеnеral. Gеnomiс and protеomiс nrеtl-rods arе aссеlегating this rс_
sеarсh, and a vеrsion of tlris еsslr1. wгittсt-r a dссаdе frсttlt norr, rrrаy сlffсг sorrrс
vеrv diffеrеnt сtlnсlusiсlns aЬout this tсlpiс.

Tlrе сtlnstгаrints on thе raw mаtеriаl f<lг adаptlrtion аге Ьеing sttrdiеd in dif_
fеrеnt ways. In somе сasеs Ьiologists aге studying thе pr<lpеrtiеs of nеw mu'
tаtiOns. Ir-r othеrs tlrеy arе еxarтir-ring wlrеthеr сhirraсtсгs thаt tlссuг ttlgеthеr
in ttаturе с1сl so Ьесаusе thry arе с<lntroIlеd Ьy thс san1е gеl1еs tlr Ьесаusе thе
individual gеnеs that produсс сonсеrtеd inhеritаnсе :rrе аlignеd irr suсh а wav
thаt thеl' аrе inhеritеd аs units сlr lrloсks сlf gеnеs. Although it nla1' sееtlr i ln-
plausiЬlе tсl posit ехtеnsivе l inkagе of gеnеs that сontrol сorrеlatеd сhareсtеrs'
in faсt thеrс. arе а fеrv studiеs that show a surprising lеvсl of suсh linkagеs (sее
thе mzrin еssay ..Еvсllution of thе Gеnorrrе'' Ьy Brian Сlrirгlеsworth аrrd DсЬo-
rah Сhаrlеsworth lrnd thе alphaЬеtiсal еrrtry ..Minriсry' ' in this volurnс). This
stlggеsts tlrаt thе gеnonlе itsеlf сirn Ье а prodtrсt of Dilгwirri l ln еvolr.lt it ln atlс]
nоt mеrеly a сonstraint agаinst whiсh suсh еvolution п-rust opсratе. Tl.ris is :rn
important с1r'rеstion that hаs аttraсtеd mаnv sсiсl-lt ists.

our сollесtivе viеw сlf sеlесtiсlrr at lеvеls othеr than thosе сlf tlrе individr.rаl
has сhangсс l  markеdly in thе past  З0 yеars.  Мult i lсvе l  sе lесt iс ln is  с lеar ly  im.
poгtant foг undеrstandirrg mаrr1' l ldаptirtions iп divеrsе systсlтls; rеsсаrсh itr
this arеa is lеading to faг morе nuanсеd and sophistiсatеd intеrprеtati()ns ()f

thе еvolrrti<lrr of soсiаlitr,, rlf pllthogеn-lrost rеlаtionships, аntl еvсn of r.сг},
largе phеnoпrеnir suсh as multiсеllularity and pегhaps thе сеll itsеlf. Indееd,
thе еvolution <lf thе сеll аrld thе с]ivеrsitl. of сеll struсttlrеs аrе ехtrеmеly i.tс-
t ivе arеas of  rеsеаrсh (\й/t lеsе 2004; Kur lаnd еt  a l .2006).  Thе nr<l lесulа.rr
rеvtllution has еrlirЬlеd long-standing qtlеstions to Ье lrnswсrеd аnd еntirеly
nеw onеs to Ье аrskеd. Тlrс spесi:rl izеd rrаturе сlf thе nrеthtlds Ьсirrg еrrrployес1
and thе diffiсulty of app|ying пlulti lеvеl sеlесtion thеory ttl а phеnоtnеnon
that happеnеd сlvег a Ьil l iсl l l yе2lrs ag() tl lakе pгoerеss slowеr thаn it is for
othеr topiсs' Ьut in а dесildе Or two our knowlсdgе of сеllr.rlar еvоlution аnсi
our apprесiation of multi lеvеl sеlесtion trs a сritiсi l l еvtl l ltt ionагv forсе rvil l Ье
vеrу diffсrеnt tlri lrr thеy ilrс tod.ly.

Thе study сlf Dаrwiniаn еvolutiorl rеm:rins а viЬrаnt topiс nеarly 150 yеаrs
aftеr Оn tha Оrigitt tlf Spс,сiеs арlреlrrеd. AlthtlLrgh Dаru,it-t lаiсl out thе

l 2 L )

lhologiсally distirrсt domеstiс dogs
nеn еt al. 2002). From suсh reсеnt
ze from thе Сhihuаhua to thе mas-
е Irish wolfhound. If wе foсus on
lights among Ьrееds is from around
ns for mаstiffs. This rangе еxсееds
:сiеs in thе family Сanidaе, whiсh
doglikе саrtrivorеs (Finarеll i and
in thе order Cагnivora, whiсh in-
гs, suсh аs thе Fеlidaе (сats) or Ur-
гtifiсial sеlесtion havе thus Ьееn
4iсal va;:iаtion thаt is еquivalеnt to
)ur stеps up thе taхonomiс hiеrar_
rylum, kingdom).
rеsеnсе of stasis, or lorrg intеrvais
nаtural sеlесtion. Thе Gal6pagos
аltегnativе to ехplain why thеrе
сhangе in thе fossil rесord. In

'r inсrеasеd bil l and Ьody sizе. In
эvеnts' tlrе rеsourсе Ьasе сhangеs
thin-shеllеd sееds from diffеrent
nаllеr individuаls with narrowеr'
эеriods of sеlесtion for inсrеasеd
ln for dесrеasеd Ьil l sizе, and in
l l l  (Gibbs аnd Grant 1987).  ovеr
irds havе Ьееn studiеd, thеrе has
populаt ion in sp i tе of  strоng еv i -
ution on a yеar-to-yеar Ьasis (sеe
studiеs of Darwin's finсhеs). Thе
, long-tеrm history of suсh short-
lrd doеs not rеprеsеnt еaсh and
r thе fossil гесord will rеpгеsеnr a
:s of sеlесtion. Thе aсtual ratе of
is а long-tегm аvегagе of thе in.
. undеrеstimatе thе truе ratе at
rd of thе Galdpagos finсhеs may

: fossil rесoгd that inhеrеntly сon-
sеlесtion is thе rrnifyirrg mесha-

Lpidly than thеy appеar to еvolvе
чanisms to сhangе undеr sеlесtion
rnt during stasis. Тhе aЬsеnсе of
ltiсal artifaсt of fluсtuating еvolu-
But our аrgumеnts do not provе
largе; thеy mеrеly Support thе vi-
аrсhing еxplаnаtion. Thе root of
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argumеnt in Ьroad outl inе, it fеl l  to his suссеssors to disсovеr whiсh еlеmеnts

of his argumеnt Wеrе possiЬlе in thеory, whiсh wеrе dеmonstraЬlе in praс-

t iсе, and whiсh wеrе roЬust to variаt ions among spесiеs and сirсumstanсеs.

T'hat so muсh of his original аrgumеnt геmains standing is a tr iЬutе to his gе-

nius; that so muсh rеmains to Ье disсovеrеd is a tr iЬutе to thе mаrvеls that

adaptation offеrs and thе divеrsity of naturе th:rt it has сatzrlyzеd.
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Molесular Еvolution

Frаnсisсo J. Aуаlа

Molесular biology hаs madе it possiЬlе to rесonstruсt thе сontinuity of suс-
сеssion from thе original form of l ifе, anсеstral to all l iving organlsms' to
еvеry spесiеs now living on еarth. Thе univеrsal trее of l ife, whiсh еmЬrасеs
all known sorts of organisms, inсludеs thrее sеts of Ьranсhеs' Baсtегia, Ar.
сhaеa' and Еukarya' whiсh all еmеrgеd from onе form of l ifе, LUСA (Last
Univеrsal Сommon Anсеstor; Figurе l). Al1 l iving organisms arе rеlatеd Ьy
сommon dеsсеnt from a singlе form of lifе, rеprеsеrrtеd Ьy thе trее trunk in
thе figurе. Lifе may havе originatеd morе than onсе on our planеt-wе
prеsеntly do not know-Ьut only onе form of lifе prospеrеd and lеft dеsсеn-
dants, thе organisms that nоw populatе thе еarth.

Baсtеria and Arсhaеa arе prokaryotiс miсrosсopiс сlrganisms. Еukarya arе
organisms with сomplеx сеlls that сontаin sеvеral orgаnеllеs, onе of whiсh'
thе nuсlеus, inсludеs thе hеrеditаry DNA. Most еukaryotiс organisms аrе
singlе сеllеd and miсrosсopiс. Animals, plants, and fungi arе multiсеllular or-
ganisms, thrее of thе many Ьrаnсhеs of thе Еukaryа sеt.

Тhе main Ьranсhеs of thе univеrsаl trее of l ifе from LUсA, sеvеral Ьil l ion
yеars ago' to thе prеsеnt havе Ьееn rесonstruсtеd on thе wholе and in many
dеtails. Morе dеtails аЬout morе and morе Ьranсhеs arе puЬlishеd in sсorеs
of sсiеntifiс artiсlеs еvеry month. Thе virtually unlimitеd еvolutionary infor.
mation еnсodеd in thе DNA sеquеnсе of l iving organisms allows еvolution-
ists to rесonstruсt any еvolutionary rеlationships that havе lеd to prеsеnt-day
organisms, or among thеm, with as muсh dеtail as wаntеd. Invеst thе nесеs-
sary rеsouгсеs (timе and lаЬoratory ехpеnsеs), and you сan hаvе thе answеr
to any quеry with as muсh prесision as you want.

Мolесular Еvolution: Uniformity and Divеrsity

In its unvеil ing of thе naturе of DNA and thе workings сlf organisms at thе
lеvеl of еnzymеs and othеr protеin molесulеs, molесular Ьiology hаs shown
thе unity of l ifе. Мorеovеr, molесular Ьiology has shown that thеsе molе-
сulеs, DNA and protеins, hold informаtion aЬout an organism's anсеstry.

t . ) z

PUrpIe bасteг iа

Сyаnobасteriа

Flavobaсtеria

Thermotogа |es

Figurе 1. Thе univеrsal trее
Baсtеria, Arсhaеa, and Еuk.
oгganisms arе rеlatеd Ьy сo
Ьy thе trее's ..trurrk' ' (thе st
using slоw-еvolving riЬсlson

This has madе it possiЬlе l
ously unknown and to сor
Thе prесision with whiсh l
еvidеnсе from molесular b

Тhе molесular с<rmpon'
naturе of thе сomponеnts'
аnd usеd. In aI|  Ьaсtеr iа,  аr
sists of a diffегеnt sеquеn(
sеntеd as A' С, G, and T; Fl
сontainеd in thе DNA of t
thе samе in all organisms
sorts of organisms arе syntl
variaЬlе lеngth, of thе sam
егal  hundrеd orhег aminо i
of bioсhеmiсal rеaсtions-
еnеrgy and to makс up thс

This unity rеvеals thе g
ganisms. Thеrе is no othеl
formity whеn numеrous
likеly. Thе gеnеtiс сodе st
thrее nuсlеotidеs in thе пu
ехaсtly thе samе amino z
than i t  i s  for  а |anguаgе t t
sеnt а paгt iсu|aг objесr .
plаnеt, trее' woman-ar(
diffеrеnt Ьоoks, onе сan b
of сommon origin.



вAстЕRlA

Gгаmpositives

Gгееn nonsuIfur
bасteriа

ARсHAЕA
Euryаrсhaeotа

^/|еthanosarСina
N4eth0bасteri Um

Mеthanoсoссus

Мolесulаr Еuolutioп l З З

ЕUKARYA

Animа|s
Fung i

S l ime molds

Еntamoеbaе
P|аnts

СiI iate5

Тriсhomonads

utl0n

to rесonstruсt thе сontinuity tlf suс-
аnсеstra l  to aII  I iv ing organisms, ro
tnivеrsal trеe of l ifе, whiсh еmЬraсеs
thrее SеtS of Ьranсhеs, Baсtегia, Ar-
from onе fоrrn сlf lifе, LUСA (Last

. All l iving organisms arе rеlatеd Ьy
lifе, rеprеsеntеd Ьy thе trее trunk in
norе than onсе on our planеt-wе
lrm of l ifе prospеrеd and lеft dеsсеn-
thе еarth.
miсrosсopiс organisms. Еukarya arе
ain sеvеral organеllеs, onе of whiсh,
tJA. Мost еukaryotiс organisms arе
llants, and fungi arе multiсеllulаr or-
thе Еukarya sеt.
ее of l ifе from LUCA, sеvеral Ьil l ion
'nstruсtеd on thе wholе and in many
orе Ьranсhеs arе puЬlishеd in sсorеs
rtually unlimitеd еvolutionary infor.
lf l iving organisms allows еvolution-
'ionships that havе lеd to presеnt-day
:h dеtail as wantеd. Invеst thе nесеs-
еnsеs)' and you сan havе thе аnswеr
you want.

'y and Divеrsity

nd thе wоrkings of organisms at thе
есulеs' molесular Ьiology has shown
Ьiology has shown that thеsе molе-
ation aЬout an оrganism's anсеstry.

Purp е bасtеriа

(yаnobaсtеriа

ГIavobaсtеria

Thеrmotоgа|еs

Т. сеlеr
Crenаrсhaeotа

Тhermoproteus

Pyгodiсtium F|аgа||ates

|\4iсrosporidiа

DipIomonаds

Figure 1. Thе univеrsal trее of l ifе. Тhе thrее major groups of organisms,
Baсtеria, Arсhaеa, and Еukarya' arе rеprеsеntеd Ьy thе thrее mаin Ьranсhеs. All
organisms arе rеlatеd Ьy сommon dеsсеnt from a singlе fоrm of lifе, rеprеsеntеd
by thе trее's ..trunk'' (thе straight.up linе аt Ьottom). This trее was сonstruсtеd
using slow-еvolving riЬosomal RNA gеnеs. (Adaptеd from 

.Woеsе 
1998.)

This has madе it possiЬlе to rесonstruсt еvolutionary еvеnts that wеrе prеvi-
ously unknown and to сonfirm and adjust thе viеw of еvеnts alrеady known.
Тhе prесision with whiсh thеsе еvеnts сan Ье rесonstruсtеd is onе rеason thе
еvidеnсе from molесular biology is so сompеll ing.

Thе molесular сomponеnts of organisms arе rеmarkaЬly uniform in thе
naturе of thе сomponеnts' as wеll as in thе ways in whiсh thеy arе assеmЬlеd
and usеd. In all Ьaсtеria' arсhaеa' plants, animals, аnd humans' thе DNA сon-
sists of a diffеrеnt sеquеnсе of thе samе four сomponеnt nuсlеotidеs (rеprе-

sеntеd аs A, с' G, and T; Figurе 2). Thе gеnеtiс сodе, Ьy whiсh thе information
сontainеd in thе DNA of thе сеll nuсlеus is passеd on to protеins' is virtually
thе samе in all organisms (Figurе 3). Thе еnormously divегsе protеins in all
sorts of organisms arе synthеsizеd from diffеrеnt сomЬinations, in sеquеnсеs of
variaЬlе lеngth, of thе samе 20 amino aсids (listеd in Figurе З), although sеv-
еral hundrеd othеr amino aсids еxist. Similar mеtаЬoliс pathways-sеquеnсеs
of Ьioсhеmiсal rеaсtions-aге usеd Ьy thе most divеrsе organisms to produсе
еnеrgy and to makе up thе сеll сomponеnts.

This unity rеvеals thе gеnеtiс сontinuity and сommon anсеstry of all or-
ganisms. Thеrе is no othеr rational Way to aссount for thеir molесular uni-
formity whеn numегous altеrnativе struсturеs arе in prinсiplе еqually
likеly. Thе gеnеtiс сodе sеrvеs as an еxamplе. Еaсh partiсular sеquеnсе of
thrее nuсlеotidеs in thе nuсlеar DNA aсts as a pattегn for thе produсtion of
еxaсtly thе samе amino aсid in all organisms. This is no moге nесеssary
than it is for a languagе to rrsе a partiсular сomЬinаtion of lеttеrs to rеprе-
sent a partiсular oЬjeсt. If it is found that сеrtаin sеquеnсеs of lеttеrs-
planеt, trее' Woman-arе usеd with idеntiсаl mеanings in a numЬеr of
diffеrеnt Ьooks, onе сan Ье surе that thе lаnguagеs usеd in thosе Ьooks arе
of сommon origin.
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Еigurе 2. Thе douЬlе.strandеd hеliсal соnfiguration of thе DNA molесulе. Thе
molесulе сonsists сlf two polynuсlеоtidе сhains. Thе outward ЬaсkЬonе of thе
molесulе is madе tlf altеrnating dеoхyriЬosе sugаrs (S) and phosphаtе groups
(P). Nitrсlgеn Ьasеs сonnесtеd to thе sugаrs projесt towаrd thе сеntеr of thе
molесulе. Thе two nuсlеotidе сhains аrе hеld togеthеr Ьy hydrogеn Ьonds
bеtwееn сomplеmеntirry purinе-pyrimidinе Ьаsеs. Adеninе (A) аnd thyminе (T)
fсlrm two hydrogеn Ьonds; сytosinе (С) and guaninе (G) form thrее.

Gеnеs аnd protеins arе long molесulеs that сontаin information in thе sе-
quеnсе of thеir сolтponеnts in muсh thе samе way in whiсh sеntеnсеs of thе
Еnglish languagе соntain information in thе sеquеnсе of thеir lеttеrs аnd
words. Thе sеquеnсеs thаt makе up thе gеnеs arе passеd on from parеnts to
offspring and arе idеntiсal from gеnеration to gеnеrаtion' еxсеpt for oсса.
sionаl сhangеs introduсеd Ьy mutations. Сlosеly rеlatеd spесies havе vеry
similar DNA sеquеnсеs; thе fеw diffеrеnсеs rеflесt mutations thаt oссurrеd
sinсе thеir last ссlmmon аnсеstor. Spесiеs that arе lеss сlosеly rеlatеd to onе
anothеr ехhiЬit morе diffеrеnсеs in thеir DNA than thosе morе сlosеly rе-
latеd Ьесausе morе timе has еlapsеd sinсе thеir last соmmсln аnсеstor. This is
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Figurе 3. Thе gеnеtiс сodе: сorrеspondenсе Ьеtwееn thе 64 possiЬlе сodons in
messеngеr RNA аnd thе amino aсids (оr tеrminаtion signals, ..stop''). Thе
nitrogen Ьasе thyminе doеs not ехist in RNA, whеrе urасil (U) tаkes its plaсе;
тhе othеr thгее nitrogen Ьasеs in mеssеngеr RNA arе thе sаmе аs in DNA:
adеninе (A), сytosine (С), and guaninе (G). Thе 20 amino aсids that makе up
protеins (with thе thrее-lеttеr and onе-lеttеr standard aЬЬrеviations) arе alaninе
(Ala, A), argininе (Arg, R), asparagine (Asn, N), aspartiс aсid (Asp, D), сystеinе
(Сys, С), glyсinе (Gly, G), glutamiс aсid (Glu, Е)' glutaminе (Gln. Q), histidinе
(His, H), isolеuсinе (Ilе, I), lеuсinе (Lеu, [-)' lysinе (Lys' K), mеthioninе (Меt'
М), phеnylalaninе (Phе, F)' prоlinе (Pro, P), sеrinе (Sеr' S), thгеoninе (Thr' Т),
ryrosinе (Тyr, Y), tryptophаn (Trp' W), аnd vzrlinе (Val' V).

thе rаtionalе foг thе rесonstruсtion of еvolutionary history, whosе mеthods
and outсomеs will Ье rеviеwеd latеr.

As an il lustrасion, lеt us assumе that wе arе сomparing two Ьooks. Both
Ьooks arе 200 pagеs lorrg and сontain tlrе samе numЬег of сhaptеrs. Closеr
ехamination rеvеais thаt thе two Ьooks arе idеntiсal pagе for pagе and word
for word, еxсеpt thаt an oссasional word-say, 1 in 100-is diffеrеnt. Thе
two Ьooks сannot havе Ьееn writtеn indеpеndеntly: еithеr onе has bееn
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сopiеd froпr thе othеr, сlr Ь<lth havе Ьееn сopiеd, diгесtly or indirесtly, from
thе samе oгiginal Ьook. ln l iving Ьеings, if еaсh сomPoilеnt nuсlеotidе of
DNA is rеprеsеntеd Ьy onе lеttеr, thе сomplеtе sеqtlеnсе of nr-rсlеotidеs in thе
DNA of a lrighеr organisnr ц,,orrld rеquirе sеvеrаl lruпdrеd Ьсlсlks, еaсh with
hundrеds of pagеs, witl.r sеvеral tlrсlusаnd lеttеrs tln еirсh pаgе. 

.Whеn 
thе

..pagеs'' (or sеquеnсеs of nuсlеotidеs) in thеsе ..Ьоoks'' (gеnomеs) arе ехant-
inеd onе Ьу onе, thе сorrеspondеnсе in thе..lеttеrs' ' (nuсlеotidеs) givеs un-
rnistakaЬlе еvidеnсе of сot-nlrron origirr.

Мolесulаr biology offеrs two kinds <lf argumеnts fсlr еvoltrti<ln, Ьirsеd on
two diffеrеnt grounds. Using thе alphaЬеt arralogy, thе first аrgumеnt sa}'s
that languagеs that usе thе samе alphaЬеt (thе samе hеrеditаry molесulе, thе
DNA mаdе r"rp of thе sаnrе four nuсlеtltidеs, and tlrе sanrе 20 atlrino aсids in
thеiг protеins), as wеll аs thе samе сliсtionary (tlrе sаmе gеllеtiс сodе), сarrrrot
Ье of indеpеndеnt origin. Thе sесond argumеnt с()nсеrlls similarity in thе sе-
quеnсе of nuсlеotidеs in thе DNA (and thus thе sеquеnсе of amino aсids iп
thе protеins); it says thаt Ьooks with vеry similar tехts сannot Ье of indеpеn-
dеnt сlrigirr.

Informational Мaсromolесulеs

Nuсlеiс aсids and prorеins havе Ьееn сa||ed iп|'ormаtioпаl пшсromolесtllеs
Ьесaцsе thеy arе long linеar molесulеs madе up tlf sеquеnсеs of units-
nuсlеotidеs in thе сasе of nuсlеiс aсids, amino асids in thе саsе сlf prсltеins_
tirat rеtаin сoirsidеr.rЬlе аmoLlnts of еvolutionary itrfсlrmirtion. Сomparisor-l
of thе sеqцеnсе of thе сomponеnts in two mасгomolесulеs еstaЬlishеs thе
numЬеrs that arе diffеrеnt. Bесausе еvolution usually oссuгs Ьy сhanging onе
unit at a tiпlе' thе numЬеr of diffеrеr-rсеs is an ir-rdiсation of tlrе rесеnсy of
сoшmon аnсеstгy.

Thе dеgrее of similarity in thе sеquеnсе of nшсlеotidеs or tlf amino асids
сan Ье prесisеly quantifiеd. For ехamplе, in humans and сlriшpanzееs thе
protеin molесulе сallеd сytoсhromе_с. whiсh sеrvеs а vitаl funсtion in rеspi-
rat ion with in се l ls '  сons ists  of  thе samе ]04 аmino ас ids in ехaсt lv  thе samе
ordеr. It сliffеrs, horvеvеr, frоm thе сytoсhroп-tе_с of rlrеsr.rs rnonkе1.s Ьy
1 amino aсid, from that of horsеs Ьy 11 additiоnаl amino aсids, and from
that of tuna Ьy 21 additional amino lrсiсls.

Thе dеgrее of similaritу rеflесts thе гесеnсy сlf сommon аnсеstгy. Thus in-
fеrеnсеs from сomp.rгilt ivе enаtопrr' аnd othеr сlisсiplinеs ссlnсеrtl ir-rg еvсllu.
tionary history сan Ье tеstеd in molесular studiеs of DNA аnd protеins by
еxamining thеir sеquеnсеs of nuсlеrltidеs and aminо aсids. TЬе authority of
this kind of test is ovеrwlrеlming: еirсl-r of thе thor"rsands of gеnеs irnd thorr-
sаnds of protеins сontаinеd in an orgаnism pгоvidеs an indеpеndеrrt tеst of
that organism's еvolutionary histor1'.

Molесular еvolutionаry studiеs havе thrее notaЬlе advаntagеs ovеГ сompar-
ilt ivе anatoпly and thе tltlrеr сlassiсal сl isсiplinеs. onе is that thе informаtion
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еstaЬlishеd whеn thе sеquеnсе of units is known for a givеn maсromolесulе in
diffеrеnt organisms. Thе sесond advantagе is that сomparisons сan Ье madе
еvеn Ьеtwееn vеry diffеrеnt sorts of organisms. Thеrе is vеry littlе that сom-
parativе anatomy, for еxamplе, сan say whеn organisms as divеrsе as yеasts'
pinе trееs, and human Ьеings arе сomparеd, Ьut thеrе arе numеrous DNA and
protеin sеquеnсеs that саn Ье сomparеd in all thrее. Thе third advantagе is
multipliсity. Еaсh organism possеssеs thousands of gеnеs and prоtеins, whiсh
all rеflесt thе samе еvolutionary history. If thе invеstigation of onе partiсular
gеnе or protеin doеs not satisfaсtorily rеsolvе thе еvolutionary rеlationship of
a sеt of spесiеs, additional gеnеs and protеins сan Ье invеstigatеd until thе
mattеr has Ьееn sеttlеd to thе satisfaсtion of thе invеstigator.

Мorеovеr, thе widеly diffеrеnt ratеs of еvolution of diffеrеnt sеts of gеnеs

opеn up thе opportunity of invеstigating diffеrеnt gеnеs for aсhiеving diffеr-
еnt dеgrееs of rеsolution in the trее of еvolution. Еvolutionists rеly on slowly
еvolving gеnеs to rесonstruсt rеmotе еvolutionary еvеnts but inсrеasingly
fastеr-еvolving gеnеs to rесonstruсt thе еvolutionary history of morе rесеntly
divеrgеd organisms.

Gеnеs that еnсodе thе riЬosomal RNA molесulеs arе among thе slowеst-
еvolving gеnеs. Thеy havе Ьееn usеd to rесonstrцсt thе еvolutionary rеlation-
ships among groups of organisms thаt divеrgеd vеry long ago: for еxamplе,
among Ьaсtеria, arсhaеa, and еukaryotеs (thе thrее major divisions of thе liv.
ingworld), whiсh divеrgеd morе tЬan2 Ьil l ion yеars ago (sее Figurе 1); or
among thе miсrosсopiс protozoa (e.g., Plаsmodiиm, wЬiсh сausеs malaria)
сomparеd with plants and animals, thе thrее of whiсh arе еukaryotiс groups

of organisms that divеrgеd aЬout 1 Ьillion yеars ago. Сytoсhromе-с' mеn.

tionеd еarliеr' whiсh еvolvеs slowly, Ьut not as slowly as thе riЬosomal RNA
gеnеs, is usеd to dесiphеr thе rеlationships within largе groups of organisms,
suсh as among humans' fishеs, and insесts. Fаst-еvolving molесulеs, suсh as
thе fiЬrinopеptidеs involvеd in Ьlood сlotting, arе appropriatе for invеstigat-
ing thе еvolution of сlosеly rеlatеd animals, for еxamplе, thе primatеs:
maсaquеs' сhimpanzееs, and humans.

Мolесular Phylogеniеs of organisms

DNA and protеins providе information not only aЬout thе Ьranсhing of linе-

agеs from сommon anсеstors (сladogеnеsis) Ьut also about thе amount of gе-

nеtiс сhangе that has oссurrеd in any givеn linеagе (anagеnеsis). It might
sееm at first that quantifying anagеnеsis for protеins and nuсlеiс aсids would
Ье impossiЬlе Ьесausе it would rеquirе сomparison of molесulеs from organ-
isms that livеd in thе past with thosе from living organisms. Organisms of thе
past arе somеtimеs prеsеrvеd as fossils, bцt thеir DNA and protеins havе
largеly disintеgratеd. Nеvеrthеlеss, сomparisons Ьеtwееn living spесiеs pro-
v idе infoгmat ion aЬout anаgеnеs is .

As a spесifiс ехamplе, сonsidеr thе prеviously mеntionеd protеin сyto-
сhromе-с, whiсh is involvеd in сеll rеspiration. Thе sеquеnсе of amino aсids in
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this protеin is krrown for many оrganisms, fгom Ьасtеria and yеаsts to insесts
and hunrans; in animals' сytoсhromе_с сollsists of 104 amiпo aсids. Whеn thе
amino aсid sеquеnсеs of humans and rhеsus monkеys arе сomparеd' thеy arе
found to Ье diffеrent at position 58 (isolеuсinе in humans' thrеoninе in rhеsus
monkеys), Ьut idеntiсal at thе othеr 103 positions. Whеn humаns arе сom-
pared with horsеs, 12 amino aсid diffеrеnсеS are found, and whеn horsеs arе
сomparеd with rhеsus monkеys, thеrе arе 11 amino aсid differеnсеs (Figuге 4).
Еvеn without knowing anything еlsе aЬout thе еvolutionary history of mam-
mals, onе would сonсludе that the linеagеs of humans and rhеsus monkеys di-
vergеd from еaсh othеr muсh morе rесеntly than they divеrgеd fгom thе horsе
linеagе. Мorеovеr, it сan Ье сonсludеd that thе amino aсid diffеrеnсе Ьеtwееn
humans and rhеsus monkеys mr-rst havе oссurгеd in thе human linеаgе aftеr its
sеparation fгom thе rhеsrrs monkеy linеagе (sее Figurе 5).
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Figurе 4. Amino aсid sеquеnсе of сytoсhrоmе-с protеins in humans, rhеsus
monkеys, and horses. Thе sеquеnсе сonsists of 104 amino aсids, еaсh
rеprеsеntеd by a lеttеr. A dot indiсatеs thе samе amino асid as in humаns. Sее
Fisurе 3 for thе namеs of thе аminо aсids.
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Figurе 5. Thе еvolution оf сytoсlrromе-с among hurnans, monkеys, and horsеs.
Thе numbегs indiсаtе thе аmino :rсid rеplaсеmеnts that havе tаkеn pl:rсе in еасh
Ьranсh of thе phylogеny.
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Еvolutionary trееs arе modеls or hypothеsеs that sееk to rесonstruсt thе
еvolutionary history of taxa (i.е., spесiеs or othеr groups of organisms, suсh
as gеnеra' familiеs, oг ordеrs). As pointеd out е:lrl iеr' thе trееs еmЬгaсе two
kinds of information rеlatеd to еvolutionary сlrangе' сladogеnеsis and anаgе-
nеsis. Figurе .5 i l lustratеs both. Thе Ьrarrсhiпg геlаtionships of thе trееs геflесt
thе rеlativе rеlationships of anсеstry, or сlаdogеnеsis. Thus in thе right sidе
of thе figurе, hunrаns and rhеsus monkеys 21ге sееn to Ье morе сlosеly геlatеd
to еaсh othеr than еithеr one is to thе horsе. Statеd anothеr way' this trее
shows that thе last сommon anсеstor to аll thrее spесiеs l ivеd in a morе rе-
motе past than thе last сommon anсеstor to humans and monkеys.

Еvolutionary trееs may also indiсаtе thе сhangеs that havе oссurrеd along
еaсh linеagе, or anagеnеsis. Thus in thе еvolution of сytoсhromе-с siпсе thе
lаst сomnron zlnсеstor of humans and rlrеsus monkеys, сlr-rе arтino aсid
сhangеd in thе linеagе that Wеnt to httmаns Ьut none in thе linеаgе thaс Wеnt
to rhеsus monkеys' This ссlnсlusion is drаwn from thе oЬsеrvation (Figurе 4)
that at positiоn 58, monkеys and horsеs (as wеll аs othеr animals; sее
Figurе 4) havе thе samе amino aсid (thrеoninе)' whilе humans havе a diffеr-
еnt onе (isolеuсinе), whiсh thеrеforе must hirvе сhangеd in thе human linеagе
aftеr it sеparatеd frolrl thе monkеy linеagе.

Мolесular Rесonstruсtion of Еvоlutionary History

Sеvеral mеthods еxist for сonstruсting еvolutionary tгееs. Somе wеrе dеvеl-
opеd for intеrprеting morphologiсal data, othеrs for interprеting rnolесular
datа; somе сan Ье usеd with еithеr kind of data. Thе main mеthods сurrеntly
usеd in molесulaг еvolution arе сallеd distапсе. maхimum parsimony. and
maximum l ikе l ihood'

D l s т A N с Е  М Е т н o D s

A ..distanсе'' is thе numЬеr of diffеrеnсеs Ьеtwееn two kinds сlf organisms. Thе
diffеrеnсеs arе mеasurеd with rеspесt to сеrtain traits (e.g., morphologiсal
data) or to сеrtain maсromolесulеs (primarily thе sеquеnсе of amino aсids in
protеins or thе sеqttеnсе of nuсlеotidеs in DNA or RNA). Thе trее illustratеd
in Figurе 5 was oЬtainеd Ьy taking into aссount thе distanсе, or numЬеr of
amino aсid diffегеnсеs, among thrее orgагlisms with rеspесt to а Pаrtiсular
protеin. Thе аmino aсid sеquеnсе of a protеin сontаins morе intЪrmаtion thаn
is rеflесtеd in tlrе numЬеr of аmino aсid diffегеnсеs Ьесausе in somе сasеs thе
rеplaсеmеnt oi onе amino aсid Ьy anothег rеquirеs no morе thurn onе nu-
сlеotidе suЬstitution in thе DNA that сodеs for thе protеin, whеrеas in othеr
сasеs it rеquirеs at lеast two nuсlеotidе сhangеs. TaЬlе 1 shows thе minimum
numЬеr of nuсlеotidе diffегеnсеs in thе gеnеs of 20 sеparatе spесies that is nес-
еssary to ассount for thе amino aсid diffеrеnсеs in thеir сytoсhromе-с. An еvo-
lutionary trее Ьasеd on tlrе data in TaЬle 1, shorvirrg thе minimum nuшЬегs of
nuсlеotidе сhangеs in еасh Ьranсh, is i l lLrstгatеd in Figurе 6.
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Sсlurсe: Aftеr Fitсh and Mаrgtl l iasЬ 1967 .
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Figurе 6. Phylоgеny of 20 <lrganisms, Ьasеd on diffеrеnсеs in thе anrin<l aсid
sеquеnсе of сytoсhrome-с. Thе minimum numЬеr of nuсlеotidе suЬstitutions
rеquirеd for еaсh Ьranсh is shown. Although frасtionаl numЬеrs of nuсlеotidе
sцbsсituгiоns саnnot oссur' thе nuпrbегs shown аrе thosе thаt fit Ьеst thе data in
Tablе 1. (Aftеr Fitсh and Мargolia sh 1967 .)

The rеlationships Ьеtwееn spесiеs as shown in Figurе 6 сorrеspond fair|у
wеll to thе rеlationships dеtеrminеd from othеr sourсеs' sllсh as thе fossil
rесord. Aссording to thе figurе, сhiсkеns arе lеss сlosеly rеlаtеd to duсks and
pigеons than to pеnguins, and humans and monkеys divеrgеd from thе othег
mammals Ьеforе thе marsupial kаngaroo sеparatеd trom thе nonprimаtе pla-
сеntals. Although thеsе еxamplеs аrе known to Ье еrronеous rеlationships,
thе powеr of thе mеthod is apparent in that a singlе protеin yiеlds a fair|у aс-
сuratе reсonstruсtion of thе еvolutionary history of 20 organisms that startеd
to divеrgе morе than 1 Ьil l ion yеars ago.

Thе most сommon proсеdurе to transform a distanсе matrix into a
phylogеny is сallеd сlustеr analysis. Thе distanсе matrix is sсannеd for thе
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smallеst distanсе еlеmеnt, and tlrе two taхa involvеd (say, human and mon-
kеy in TaЬlе 1) arе joinесl at an intеrnal nodе, or Ьranсhing point. Thе matriх
is sсannеd аgain fоr thе nехt-smаllеst distirnсе, аnd thе two nеlv tахa (sаy'
horsе zrnd donkеy) arе сlustеrеd. Thе proсеdurе is сontinuеd until аll taxa
havе Ьееn joinес1. .!fhеn 

a distanсе involvеs a taxon thаt is alrеady }rert of a
pгеviсlus сlustеr, thе avегagе dist:inсе is oЬtаiirесl Ьеtwееn thе nеш'tахon irnсl
thе prееxisting сlustеr (say, thе avеragе сlistanсе Ьеtwееn humurn and horsе
and monkеy anсl horsе). This simplе prtlсеdurе аssllmеs thаt thе ratе of еvo.
lution is uniforrn alorrg :rl l Ьranсl.rеs.

Othеr distanсе mеthods (inсluding thе onе usеd ttl сonstruсt tlrе trее in
Figurе 6) rеlax thе сondition of r"rniform rаtе and il l low for rrnеquаl ratеs of
еvolr.rtion alсlng thе brirnсhеs. or-rе of thе most ехtеnsivеl1, usеd ll-rеthods сlf
this kirrd is сallеd nеighЬor-joining. Thе шеthod starts' as Ьеforе, Ьy idеntify-
ing thе smallеst distanсе in thе mаtrix and linking thе two tахa involvеd. Thе
nехt stеp is to геmovе thеsе two tахa аnd сalсul:ltе a nеw mаtri-х in whiсh
thеir distanсеs to othеr taхa arе rеplaсеd Ьy thе distanсе Ьеtwееn thе nodе
that l inks thе tw.o taxa and all otlrеr taхa' Thе smallеst distаnсе in this nеw
matrix is usеd for making thе nехt сonnесtion' rvhiсh wil l Ье Ьеtwееn trvсl
othеr taхa or bеtwееn thе prеvious nodе and a nеW taхon. Thе proсеdurе is
геpеаtеd until all taxа havе Ьееn сonnесtес] with Ollе an()thег Ьy intсгvеning
nodеs.

МAx l  MUr .4 .PARs l  МoNY M ЕтнoDs

Мaхimum-parsimony mеthods sееk to rесonstruсt thе trее that rеqrrirеs thе
fеwеst (i.е., most parsimorrious) numЬеr of сhаngеs stlnrmеd ltlong аll Ьгаrrсhеs.
This is а rеasorraЬlе assumption Ьесausе it usually wil l Ье tlrе rnost Iikеly. But
еvolution may not nесеssarily havе oссurrеd follorving a minimum path, Ье-
саusе thе sarnе сlrangе irrstеad nray havе <lссurrеd irrdеpеndеntlr'alorrg dif-
fеrеnt branсhеs, and somе сhangеs mav havе involvеd intеrmеdiatе stеps.

Not all еvolutionary сlrangеs, еvеn thosе that invоlvе a sirrglе stеp, may Ье
еquil i ly proЬa blе. For ехampiеt аlnong tlrе t<lur rrr.lсlесltiсlе Ьаsеs irr DNA, сy-
tosinе (С) and thyminе (T) arе mеmЬеrs of a family of rеlatеd molесulеs
сallеd pyrimidirrеs; l ikеwisе, adеr-rinе (A) аnd guaninе (G) Ьеlсlng to a family
of rrrolесulеs сallеd pr-rrinеs. A сhangе withir-r a DNA sеqllеnсе Ггom onе
pyrimidinе to аnothеr (С *T) or from onе purinе to anothеr (A *' G)' сallеd
а transition, is morе likеlv to oссur than a сhangе fгom a purinе to а pyгimi.
d inе or thе сс lnvеrsе (G or A. 'С or T),  сa l iес l  a t rаnsvегs iс ln.  Pаrs imonr '
mеthods takе into ассount diffеrеnt proЬaЬil it iеs of oссurrеnсе if thеy arе
known.

Махimum-parsimony mеthods arе rеlatеd to сlаdistiсs' a vеry formalistiс
thеory of tахonomiс сlassifiсation that is ехtеnsivеly usеd with morphologi.
сal аnd palеontologiсal dl.rta. Thе сritiсаl fеaturе iп сladistiсs is thе idеntifi.
сation of dеrivеd sharеd traits, саllеd syn:1pomorphiс traits. A synapomorphiс
trait is sharеd Ьy somе taхa Ьut nсlt othеrs Ьесаl.lsе thе formеr inhеritеd it
from а сommon аnсеstor thar асquirеd tlrе trait irftеr its l irrеagе sеperatеd

from thе linеagеs that .
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from thе linеages that wеnt to thе othеr taхa. In thе еvolution of сarni-
vorеs, for ехamplе, domеstiс сats' tigеrs' and lеopards arе сlustеrеd to-
gеthеr Ьесausе they possеss rеtraсtaЬlе сlaws' a trait aсquirеd aftеr thеir
сommon anсеstoг Ьranсhеd off from thе linеagе that lеd to dogs, wolvеs,
аnd сoyotеs.

M A x l M U M - L | K Е L | H o o D  М Е т H o D s

Mахimum-likеlihood mеthods sееk to idеntify thе most likеly trее, givеn thе
avаilaЬlе data. Thеy rеquirе that an еvolutionary modеl Ье idеntifiеd that
would makе it possiЬ1е to еstimatе thе pгoЬabii ity of еaсh possiblе individual
сhangе. For еxamplе, as is mеntionеd in thе prесеding sесtion' transitions arе
morе likеly than transvегsions among DNA nuсlеotidеs, Ьut a partiсular
proЬaЬil ity must Ье assignеd to еaсh. Ali possiblе trееs arе сonsidеrеd. Thе
proЬaЬilitiеs for еaсh individual сhangе arе multipliеd for еaсh trее. Thе Ьеst
trее is thе onе with thе highеst probaЬil ity (or maхimum likеlihood) аmong
all possiЬlе trееs.

Мaхimum-iikelihood mеthods arе сomputationally ехpеnsivе whеn thе
numЬеr of taхa is largе Ьесausе thе numЬеr of possiЬlе trееs (for еaсh of
whiсh thе proЬаЬil ity mцst Ье сalсulated) grows faсtorially with thе nцmbеr
of taхa. 

.!7ith 
10 taхa, thеrе arе aЬout 3.6 mill ion possiЬlе trееs; with 20

taхa' thе numЬеr of possiЬlе trееs is aЬout 2 followеd Ьy 18 zeгos (2х1018).
Еvеn with powегful сomрцtеrs' mаximum-likеlihood mеthods сan bе pro-
hiЬitivе if thе numЬеr of tахa is largе, Ьесausе of thе сonsidеrаЬlе сompцtеr
timе геquirеd. Hеuristiс mеthods еxist in whiсh only a suЬsamplе of all pos-
siЬlе trееs is еxаminеd, аnd thus an еxhaшstivе sеarсh is avoidеd.

s тAт I sт | сAL  APPRAIsAL  oF  ЕVoLUт|oNARY  тRЕЕs

Thе statistiсаl dеgrее of сonfidеnсе of a trее сan Ье еstimatеd for distanсе
and maхimцm-likеlihood trееs. Thе most сommon mеthod is сallеd Ьoot-
strapping. It сonsists of taking samplеs of thе data Ьy геmoving at lеast onе
data point at random and thеn сonstruсting a trее for thе nеw data sеt. This
random sampling proсеss is rеpеatеd hundrеds or thousands of timеs. Thе
bootstrap valuе for еaсh nodе is dеfinеd Ьy thе pеrсеntagе of саsеs in whiсh
all spесiеs dеrivеd from that nodе appеar togеthеr in thе trееs. Nodеs with
Ьootstrap valuеs aЬoуe 90oЬ arе rеgardеd as stаtistiсally strongly rеliaЬlе;
thosе with bootstrap vаluеs Ьelow 70oЬ arе сonsidеrеd unrеliаblе.

Мolесular Phylogеny of Gеnеs

Thе mеthods foг oЬtaining thе nuсlеotidе sеquеnсеs of DNA havе еnor-
mously improvеd in rесеnt yеars аnd havе Ьесomе laгgеly аutomatеd. Many
gеnеs havе Ьееn sеquеnсеd in numеrous organisms' and thе сomplеtе gеnomе
has bееn sеquеnсеd in many spесiеs, ranging from humans to Ьaсtеria. Thе
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usе of DNA sеquеnсеs has Ьееn partiсularly rеwarding in thе study of gеnе

dupliсations. Thе gеnеs that сodе for thе hеmсlgloЬins in humans and сlthеr
mammals providе a good еxamplе.

Knowlеdgе of thе amino aсid sеquеnсеs of thе hеmogloЬin сhains and of

myogloЬin, a сlosеly rеlatеd protеin, has madе it possiЬlе to rесonstruсt thе

еvolutionary history of thе dupliсations thаt gavе risе to thе сorrеsponding
gеnеs. But dirесt еxamination of thе nuсlеotidе sеquеnсеs in thе gеnеs that

сodе for thеsе protеins has shоwn that thе situation is moге сompleх, and

also morе intеrеsting, than it appеars from thе protеin sеquеnсеs.
DNA sеquеnсе studiеs on human hеmogloЬin gеnes havе shown that thеir

numЬеr is grеater than prеviously thought. Hеmoglobin molесulеs arе

tеtramеrs (molесulеs madе of four suЬunits) that сonsist of two polypеptidеs
(rеlativеly short protеin сhаins) of onе kind and two of anothеr kind. In еm-

Ьryoniс hеmogloЬin Е, onе of thе two kinds of polypеptidе is dеsignatеd с; in

fеtal hеmoglogin F, tt ls Т; in adult hеmogloЬin A, it is F; and in adult hеmo-

gloЬin A,, it is 6(hеmogloЬin A makеs up аЬout 98"Ь of humаn adult hеmo-

globin, and hеmogloЬin A, aЬout 2"Ь|. Thе othеr kind of polypеptidе in

еmЬryoniс hеmogloЬin is (; in Ьoth fеtal and adult hеmogloЬin, it is a. Thе

gеnеS that сodе for thе first group of polypеptidеs (е, y, 0, and ф аге loсatеd

on сhromosomе 11; thе gеnеs that сodе for thе sесond group of polypеptidеs
(( and a) arе loсatеd on сhromosomе 16.

Thеrе arе additional сomplехitiеs. Two y gеnеs eхist (known аs G,and A/'

as do two 0 gеnеs (сt' and a,). Furthеrmorе, thеrе arе two B psеudogеnеs
(уB, and VF,) and two gpsеudogеnеs (уa,and {{х,), as wеll as a (psеudo-

gеnе. Thеsе psеudogеnеs arе vеry similаr in nuсlеotidе sеquеnсе to thе сorrе-

sponding funсtional gеnеs, Ьut thеy inсludе tеrminating сodons and othеr

mutations that makе it impossiЬlе for thеm to yiеld funсtional hеmogloЬins.

Thе similarity in thе nuсlеotidе sеquеnсеs of thе polypеptidе gеnеs and

pseudogеnеs of Ьoth thе a and B gene familiеs indiсatеs that thеy arе all

homologous-that is' that thеy havе arisеn through various dupliсations and

suЬsеquеnt еvolution from a gеnе аnсеstral to all. Morеovеr, homology also

ехists Ьеtwееn thе nuсlеotidе sеquеnсеs that sеparatе onе 8еnе from anothеr.

Thе еvolutionary history of thе gеnеs for hеmogloЬin and myogloЬln is sum.

marizеd in Figurе 7.

Nlultipliсity and Ratе Hеtеrogеnеity

сytoсhromе-с сonsists of only 104 аmino aсids, еnсodеd Ьy 312 nuсlеotidеs.

Nеvегthеlеss,  th is  short  protе in storеs еnoгmous еvоlut ionary informat ion '

whiсh madе possiЬlе thе fairly good approхimation' shown in Figurе 6, to
thе еvolutionary history of 20 verу divеrsе spесiеs ovеr a pеriod longеr than
1 Ьillion yеars. Сytoсhromе-с is a slowly еvolving protein. Widеly diffеrеnt

spесiеs havе in сommon a largе proportion of thе amino асids in thеir

сytoсhromе.с, whiсh makеs possiblе thе study of gеnеtiс diffеrеnсеs Ьеtwееn

organisms only rеmotеly rеlatеd. Foг thе samе rеason, howеvеr, соmparison

myogIobin gепеs
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hemoglobin gеnеs

myogIobin gеnеs

1,100 N/Y

Figurе 7. Еvolutionary history of thе glоЬin gеnеs. Thе forks indiсatе points at
whiсh anсеstral gеnеs dupliсаtеd, giving risе to nеW gеnе linеagеs. Thе
appr.oхimatе timеs whеn thеsе dupliсations oссurrеd arе indiсatеd in millions of
yеars (МY) ago. Thе timе whеn thе dupliсation of с' and сr, oссurrеd is
unсеrtaln.

of сytoсhrome-с molесulеs сannot dеtеrminе еvolutionary rеlationships bе-

twееn сlosеly rеlatеd spесiеs. Fоr ехamplе, thе amino aсid sеquеnсе of

сytoсhromе-с in humans and сhimpanzееs is idеntiсal, although thеy di-

vеrgеd 6_8 mill ion yеars ago; Ьеtwееn humans and rhеsus monkеys, whiсh

divегgеd from thеir сommon anсеstor З5_40 million yеars ago' it diffеrs Ьy

only onе amino aсid rеplaсеmеnt.

Ч p
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Protеins that еvolvе morе rapidly than сytoсhromе-с сan Ье str'rdiеd in or.
dеr to еstaЬlish phylogеnеtiс rеlationships Ьеtwееn сlosеly rеlatеd spесiеs.
Somе protеins еvolvе vеry fast; thе fiЬrinopеptidеs-small protеins that arе
involvеd in thе Ьlood-сlotting proсеss-arе suitaЬlе for rесonstruсting thе
phylogеny of rесеntly еvolvеd spесiеs' sцсh as сlosеly rеlatеd mammals.
othеr protеins еvolvе at intеrmеdiatе ratеs; thе hemogloЬins, for еxamplе'
сan Ье usеd to rесonstruсt еvolutionary history ovеr a fairly Ьroad rangе of
timе (sее Figurе 8).

Onе grеat advantagе of molесulаr еvolution is its multipliсity, as notеd
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Мolесиlаr Еuolutioп

еaгliеr. Within еaсh organism afе tЬousands of gеnеs and protеins; thеsе
еvolvе at diffеrеnt rаtеs, Ьut еvеry onе of thеrrr rеflесts thе sаnrе еvolutionary
е\.еnts. Sсiеntists сan oЬtain grеatеr and grеatеr aссuraсy in rесonstruсting
thе еvolutionary phylogеny of any group of organisms Ьy inсrеasing thе
numЬеr of gеnеs invеstigatеd. Thе rangе of diffеrеnсеs in thе ratеs of еvolu-
tion Ьеtwееn Е]еI.lеs opеns up thе opportunity of invеstigating diffеrеr-rt sеts of
gеnеs foг aсhiеvil-lg diffеrеnt dеgгееs of rеsсllutiorr in thе trее of l itЪ; slowly
еvolving Е]еnеs саn bе usеd to study rеmotе еvolutionary еvеllts. Еvеn gеnеs
that еnсоdе slorvly еvоlving protеins сan Ье usеful for rесonstruсting thе еvo-
lutionary rеlationships Ьеtwееn сlosеly rеlatеd spесiеs Ьy ехaminаtion of thе
геdundant сodon suЬstitutions (nr.rсlеotidе suЬstitr'rtions that do not сhangе
thе еnсodеd аmino aсids), thе intrоns (nonсoding DNA sеgmеnts intеr-
spеrsеd among thе sеgmеrrts tlrirt сodе foг аmino асids), or othеr nonсoding
sеgmеnts of tlrе gеnеs (suсh as rlrе sеquеnсеs that prесеdе and tollow thе еn.
сoding portions сlf gеnеs); thеsе gеnеrally еvolvе muсh fastеr than thе nu-
сlеotidеs that spесify thе amino aсids.

Thе Мolесular Сloсk of Еvolution

onе сonspiсu()tls attriЬutе of molесular еvolution is thаt diffеrеnсеs Ьеtwееn
homologоus molесulеs сan rеadih'Ье quantifiеd and еxprеssеd as, for еХam-
plе, propоrtions trf nuсlеotidеs oг amino aсids tlrat havе сhаngеd' Rаtеs of
еvolutiorrirrv сlrangе сan thеrеfoге Ье morе prесisеly еstaЬlishеd rvith rеspесt
to DNA оr pr<ltеins than witlr rеspесt to phеnot,vpiс trаits of forrrr and funс-
tion. studiеs o| molесulаr еvolution ratеs havе lеd to thе propсlsition that
maсromolесulеs may sеrvе аs еvolutionary сloсks.

It was first oЬsеrvеd in thе 
-l 
960s thаt thе nunrЬеrs of amino aсid diffеr-

еnсеs Ьеtwееn Ьtllntl logous protеil ls of аny twrl дiivеl-l spесiеs sееmес] to Ье
nеаrly proportiсlnаl to thе tirrrе of thеiг divеrgеnсе from a сolnmon anсеs.
tor. If thе ratе of еvolution of а protеin or gеnе Wеrе appro-\imatеly thе
samе in thе еvolutionary l inеagеs that lеd to diffеrеnt spесiеs, protеins and
DNA sеquеnсеs would providе a molесular сloсk of еvolution. Thе sе-
quеnсеs сould thеn Ье usеd to rесonstruсt not Onlv thе sеquеnсе of Ьranсh-
ing еvеnts ot a phylоgеrl1, Ьut аlso thе tiпrе whеn tlrе vilrious еvеnts
oссurrеd.

Сonsidеr, for ехamplе, Figurе 6. If thе suЬstitution of nuсlеotidеs in thе
gеnе сoding for сytoсhromе.с oссurrеd at a сonstant rаtе through timе, оnе
сould dеtеrminе thе timе that еlapsеd along any Ьranсh of thе phylogеny
simply Ьy ехarтirring thе nrrmЬеr сlf nuсlесltidе suЬstitutions alorrg that
Ьranсh. onе w<luld nееd onl,v to сaliЬratе thе сloсk by rеfеrеnсе tсl an outsidе
sourсе' suсh аs thе fossil rесord, that would providе thе aсtuаl gеologiсal
timе that еlapsеd in at lеast onе spесifiс l inеagе.

Thе molесul:rг еvolutionaгy сIoсk is not еxpесtеd to bе а nlеtronomiс
сloсk, l ikе a wаtсh Or othеr titr-rеpiесе that mеаsurеs timе ехасtly' Ьut а
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148 Мoleculаr Еuolutioп

stoсhastiс сloсk' l ikе radioaсtivе dесay. In a stoсhastiс сloсk thе proЬaЬil ity
of a сеrtain amount of сhangе is сonstant (for еxаmplе, a givеn quantity of
atoms of radium.226 is еxpесtеd' through dесay, to Ье rеduсеd Ьy half in
1',62О уears), although somе variation oссurs in thе aсtual amount of сhangе.
Ovеr fairly long pеriods of timе a stoсhastiс сloсk is quitе aссuratе. Thе
еnormous potеntial of thе molесular еvolutionary сloсk liеs in thе faсt that
еaсh gеnе or protеin is a sеpаrаtе сloсk. Еaсh сloсk ..tiсks', at a diffеrеnt
ratе-thе ratе of еvolution сharaсtеristiс of a pаrtiсular gеnе or protеin-Ьut
еaсh of thе thousands and thousаnds of gеnes or protеins providеs an indе-
pеndеnt mеasurе of thе samе еvolutionary еvеnts.

Еvolutionists havе found that thе amount of variation obsеrvеd in thе еvo.
lution of DNA аnd protеins is grеаtеr than is ехpесtеd from a stoсhastiс
сloсk-in othеr words, thе сloсk is ..ovеrdispеrsеd,'' or somеwhat еrratiс.
Тhе disсrеpanсiеs in еvolutionary ratеs along diffеrеnt linеagеs arе not ехсеs.
sivеly largе, howеvеr. So it is possiЬlе, in prinсiplе, to timе phylogеnеtiс
еvеnts with as muсh aссuraсy as may Ье dеsirеd, Ьut morе gеnеs or protеins
(aЬout two to four timеs as many) must Ье еxaminеd than would Ье rеquirеd
if thе сloсk wеrе stoсhastiсally сonstant. Thе avеragе ratеs oЬtainеd for sеv-
еral protеins takеn togеthеr Ьесomе a fair|у prесisе сloсk, partiсularly whеn
many spесiеs arе studiеd and thе еvolutiоnary еvеnts involvе long timе pеri.
ods (on thе ordеr of 50 mill ion yеars or longеr).

This сonсlusion is i l lustratеd in Figurе 9, whiсh plots thе сumulativе
nцmЬеr of nuсlеotidе сhangеs in sеvеn protеins against thе dаtеs of divеr-
gеnсе of 17 spесiеs of mammals (16 pairings) as dеtеrminеd from thе fossil
rесord. Thе ovеrall ratе of nuсlеotidе suЬstitution is fairly uniform. Somе
primatе spесiеs (rеprеsеntеd Ьy thе points bеlow thе linе at thе lowеr lеft of
Figurе 9) appеar to havе еvolvеd at a slowеr ratе than thе avеragе for thе
rеst of thе spесiеs. This anomaly oссurs Ьесausе thе morе rесеnt thе divеr-
gеnсе of any two spесiеs, thе morе likеly it is that thе сhangеs oЬsеrvеd will
dеpart from thе avеragе еvolutionary ratе. As thе lеngth of timе inсrеasеs,
pеriods of rapid and slow еvolution in any linеagе arе l ikеly to сanсеl onе
anothеr out.

Еvolutionists havе disсovеrеd, howеvег, that molесular timе еstimatеs tеnd
to bе systеmatiсally oldеr than еstimatеs Ьasеd on othеr mеthods and' in.
dееd, to Ье oldеr than thе aсtual datеs. This is a сonsеquеnсе of thе statistiсal
propеrties of molесular еstimatеs' whiсh arе asymmеtriсally distriЬutеd. Bе-
сausе of сhanсе, thе numbеr of molесular diffеrеnсеs Ьеtwееn two spесiеs
may Ье largеr or smallеr than еxpесtеd. But ovеrеstimation еrrors arе un-
Ьoundеd, whеrеas undеrеstimation еrrors arе Ьoundеd, sinсе thеy сannot Ье
smallеr than zеro. Сonsеquеntly, a graph of a typiсal distriЬution of еsti-
matеs of thе agе whеn two spесiеs divеrgеd, gathеrеd from a numЬеr of dif-
fеrеnt gеnеs' is skеwеd from thе normal Ьеll shapе, with a largе numЬеr of
еstimatеs of youngеr agе сlustеrеd togеthеr at Onе еnd and a long tail of
oldеr-agе еstimatеs trailing away toward thе othеr еnd. Thе avеragе of thе
еstimatеd timеs thus wil l сonsistеntly ovеrеstimatе thе truе datе (Figurе

10). Thе ovеrеstimation Ьiаs Ьесotnеs grеatеr whеn thе ratе of molесular
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Figurе 9. Ratе сlf nuсiеotidе suЬstitution ovеr palеontologiсal t imе. Еaсh сlf thе

]5 dots marks thе t imе аt whiсh a pair оf spесiеs divеrgеd from а сOmmon

anсеstor (horizoпtаl scаle) and thе numЬеr оf nuсlеotidе suЬstitutions, or

protеin сhangеs' that havе oссurrеd sinсе thе divеrgеnсе (uertiсаl sсаlе).Thе

sol id l inе drаwn from thе origin to thе ()utеrmost dot givеs thе avеragе ratе of

suЬstitution. (Aftеr Fitсh 1976.)

еvolution is slowеr, thе sеquеnсеs usеd arе shortеr, and thе timе Ьесomеs in-

сrеasingiy rеmotе.

Conсlusion

Мolесular Ьiology еmеrgеd as a disсiplinе 100 yеars аftеr Darwin' following

thе 1953 disсovеry of thе douЬlе-hеliх struсturе of DNA' thе hеrеditary

сhеmiсal. Molесular Ьiology providеs thе strongеst еvidеnсе of Ьiologiсal

еvolution and makеs it possiЬlе to rесonstruсt еvolutionary history with as

muсh dеtail and prесision as anyonе might want.

Molесular Ьiology provеs еvolution in two ways: first, Ьy showing thе

unity of l ifе in thе naturе of DNA and thе workings of organisms at thе lеvеl

of еnzymеs and othеr protеin molесulеs; sесond, and most importаnt for еvo-

lutionists' Ьy making it possiЬlе to rесonstruсt еvolutionary rеlationships

that wеrе prеviously unknown, and to сonfirm, rеfinе, and timе all еvolu-

tionary rеlationships from thе univеrsal сommon anсеstor up to all l iving

organisms.
As pоintеd out еarliеr in this сhaptеr, all organisms arе madе up of thе

samе Ьasiс сomponеnts, whiсh, morеovеr' are similarly assеmЬlеd and usеd.
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Figurе 10. Skеwing and agе Ьias in еstimating molесular datеs. Тhе insеt shows
thе trее topology for linеagеs A, B, and С; t.. and tт rеprеsеnt' rеspесtivеly'
сaliЬration and targеt timеs. Thе mаin panеl shows a fгеquеnсy distriЬution of
1,000 еstimatеs of thе divеrgеnсе timе Ьеtwееn linеagеs С and AB in thе insеt'
sеt to havе oссurrеd 3 bil l ion yеars ago and оЬtainеd with thе usе of a short (7.5
rеsiduеs), slow.еvоlving (onе rеplасеmеnt pеr sitе pеr 1010 yеars) protеin and
with thе usе of thе split Ьеtwееn A and B, sеt to 300 mill ion yеars ago' as a
сaliЬratiсln point. T and M rеprеsеnt aсtual (3 Ьil l ion yеars) and еstimаtеd mеan
(4'084 Ьil l ion yеars) timеs. (Мodifiеd from Rоdriguеz-Trеllеs еt a|.2002.|

In all organisms' from Ьaсtеria to humans, thе instruсtions that guidе thе dе-
vеlopmеnt and funсtioning of organisms arе еnсasеd in thе samе hеrеditary
matеrial, DNA, whiсh providеs thе instruсtions for thе synthеsis of protеins.
Thе thousands of divеrsе protеins that еxist in organisms сonsist of thе samе
20 amino aсids in all organisms, from Ьaсtеria to plants and to animals. Thе
gеnеtiс сodе, Ьy whiсh thе information сontainеd in thе DNA of thе сеll nu-
сlеus is passеd on to protеins, is sharеd Ьy all sorts of organisms. All organ-
isms usе similar mеtaЬoliс pathways-sеquеnсеs of Ьioсhеmiсal rеaсtions-to
produсе еnеrgy and to makе up thе сеll сomponеnts. Thе unity of l ifе rеvеals
thе gеnеtiс сontinuity and сommon anсеstry of all organisms.

Thе dеgrее of similarity in thе sеquеnсе of nuсlеotidеs in thе DNA (and
thus thе sеquеnсе of amino aсids in thе еnсodеd protеins) makеs it possiЬlе
to rесonstrцсt еvolutionary history. Еaсh of thе thousands of gеnеs and thou-
sands of protеins prеsеnt in аn organism providеs an indеpеndеnt tеst of thе
organism's evolutionary history. Thе еvolutiоnary геlationships among all
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МoIеculаr Еuolutioп

organisms' froпr baсtеria and protozoа to plаnts, anirnals, and humans сan
now bе rесollstruсtеd with as muсh dеtail as wantеd Ьy mеans of molесular
Ьiology. Darwin сould not havе hopеd for morе.
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Сhangеs in thе gеnеtiс information storеd in thе gеnomе arе thе ultimatе Ьa-
sis of еvolution. Мuсh of еvolцtionary Ьiology involvеs studiеs of thе oЬ-
sеrvaЬlе сharaсtеristiсs of organisms and thе hеritaЬlе сhangеs on whiсh
thеir еvolution dеpеnds. But gеnomеs thеmsеlvеs also еvolvе. Thе gеnomеs
of сontеmporary spесiеs rеflесt Ьil l ions of yеars of еvolution, and thеy arе
still еvolving, oftеn surprisingly rapidly. Data on gеnomе organization havе
Ьееn aссumulating sinсе thе еra of сlassiсal gеnеtiсs, starting with thе dis-
сovеry that gеnеs are сarriеd in thе сhromosomеs of сеlls and сan Ье
mappеd gеnеtiсally and physiсally to spесifiс loсations in thе сhromosomеs.
Thе latеr disсovеry that сhromosomеs arе madе of nuсlеiс aсids has lеd to
inсrеasingly finе.sсalе physiсal maps of gеnomеs' most rесеntly thе сomplеtе
sеquеnсеs of (parts of thе) gеnomеs of (singlе individuals from) inсrеasing
numЬеrs of spесiеs, now inсluding sеvеral spесiеs of animals (e.g', С. еle-
gапs Genomе Sеquеnсing Projесt 1'9991 International Human Gеnomе Sе-
quеnсing Сonsortium 2001; Мousе Gеnomе Sеquеnсing Projeсt 2002;
Drosopbilа 12 Gеnomеs Сonsortium 2007) and plants (е.g., Thе AraЬidop.
sis Gеnomе Initiative 2001), as wеll as ovеr 80 Ьaсtеrial spесiеs (Sharp еt al.
2005). Gеnomеs of many morе spесiеs wil l сеrtainly Ье sеquеnсеd in thе
nехt fеw yеars, givеn thе rapid advanсеs Ьеing madе in sеquеnсing tесh-
nology.

This information has gеnеratеd rеnеwеd inrеrеst in gеnomе еvolution,
whiсh сan now bе dеsсriЬеd in unprесеdеntеd dеtail, and two major Ьoоks
havе rесеntly Ьееn dеvotеd to it (Burt and Trivеrs 20О6;LуnсЬ 2007). !иith
suсh еxtеnsivе data in hand, Wе сan hopе to idеntify somе of thе main pro.
сеssеs involvеd in gеnomе еvolцtion. Modеls of many of thеsе proсеssеs ех-
ist, and somе gеnеral thеmеs arе сlеar. Gеnomе еvolution oftеn involvеs
various opposing forсеs, So that thе organization of thе gеnomе of a givеn
spесiеs, or of a givеn gеnomiс rеgion, may dеpеnd оn situations that wеakеn
or strеngthеn onе forсе or anothеr. Partiсularly intеrеsting situations arisе
whеn thе еvolutionary intеrеsts of individual gеnomе fеaturеs сonfliсt with
sеlесtion that асts on thе organisms thеmsеlvеs. Bесausе of thе сomplех

I J Z



Gеnomе

Еuolиtion of thе Cenomе 15З

intеrplay of diffеrеnt forсеs' сhangеs oftеn oссur in onе dirесtion (е.g., аn in-

сrеasе in Е]еnomе sizе) and thеn latеr rеvеrse.

As with othеr typеs of еvolutionary сhangе, wе nееd to undеrstand Ьoth

thе typеs of сhangеs in gеnomе оrgаnization and сomposition thаt arisе

within individuals (mutations and othеr molесular сhangеs that arе thе raw

matеrial of еvolution) and alsсl how a trait сarriеd initially Ьy onе individuаl

сan sprеad through thе wholе population, lеading to еvolution of thе gеnomе

of thе spесiеs. Thеrе arе tWO main сausеs of this sprеаd, just as for othеr еvo-

lutionary proсеssеs. First, dеtеrnrinistiс forсеs, partiсularly natural sеlесtion,

may сausе individuals with a givеn trаit to lеavе morе dеsсеndants than avеr-

аgе; as wе shаll sее, suсh Daгwinian natuгal sеlесtion at thе lеvеl of individu-

als is not thе only dеtеrministiс forсе that aсts on gеnomеs. A sесond faсtor

is thе random proсеss of gепеtiс drift, wЬicЬ is еspесially rеlеvant for сompo-

nеnts of gеn()mеs that do not affесt orgаnismal funсtions. Bесausе popula-

tions arе finitе in sizе, gеnеtiс variants that arе suЬjесt to suffiсiеntly wеak

dеtеrministiс forсеs wil l ехpеriеnсе random fluсtuations in thеir frеquеnсiеs

ovеr gеnеrations, somеtimеs сausing an initially rarе vаriant to Ьесomе еs-

taЬlishеd (fiхеd) in all individuals of a spесiеs. Thе ratе of gеnеtiс drift is сon-

troliеd Ьy thе еffесtiuе poplilаtioп siee, whiсh is usually muсh smallеr than

thе nunrЬеr of Ьrееding individuals in a spесiеs (Kimura 1983). Еvеn dеlеtе.

rious variаnts сan Ьесomе fiхеd Ьy drift if thе intеnsity of sеlесtion is of thе

ordеr of thе rесi;lrсlсal of tЬе еffесtivе population sizе or lеss (Kimura 1983).

Тhе rеlativе magnitudеs of drift and dеtеrministiс forсеs thеrеforе сontrol thе

dirесtion and spееd of еvolutionary сhangеs irr gеnomеs; this hаs rесеntly

Ьееn strongly еmphasizеd as а сausal faсtor in gеnomе еvolution Ьy l,ynсh

(2007).
Bеforе dеsсriЬing ехamplеs of hypothеsеs аnd tеsts, wе first outlinе somе

important fеaturеs tlf gеnolте orgаnization аnd sizе and thеn disсuss еvolu-

tionary faсtors that may havе sЬapеd thеsе propеrtiеs.

Thе Сomposition and Sizе of thе Gеnomе

т H Е  G Е N Е т | с  M A т Е R | A L

Thе сhеmiсal Ьasis <lf thе gеnеtiс matеrial-a gеnomе's most Ьasiс fеaturе-

is a long strand of polynuсlеotidе' in whiсh four diffеrеnt nuсlеotidе bases

linkеd Ьy sugar and phсlsphatе groups storе thе gеnеtiс information (Lеwin

200s). In all сеlluiar organisms, from Ьaсtеria to mammаls, thе poiynu-

сlеotidе is douЬlе-strandеd DNA (thе famous douЬlе hеlix), Ьut in virusеs it

mаy Ье douЬlе-strаndеd DNA (е.g., thе T4 virus thаt infесts Ьaсtеria), singlе-

strаndеd DNA (suсh as anothеr Ьaсtеrial virus, tpХ174), or RNA (е.g., in-

fl lеnza virus). Thе twсl strаnds of douЬlе-strandеd DNA molесulеs arе

сoпrplеmеntary: whеrе thе Ьasе prеsеnt in thе sеquеnсе of onе strand is adе.

ninе' thе othеr strand has thyrninе, and whеrе thе first strаnd has guaninе,

thе сomplеmеntary strand has сytсlsinе. Thе сomposition of onе strand сan

thus Ье dеsсriЬеd in tеrms of thе frеquеnсiеs of thе four nuсlеotidе Ьasеs

d
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(A, T' G, and С), whilе that of thе douЬlе strцсfurе is spесifiеd Ьy thе frе.
quеnсiеs of the Ьasе pairs AТ and GС. RNA is gеnеrally single strandеd, with
a diffеrеnt sugar rеsiduе from that in DNA and with uraсil Ьasеs instеad of
thyminеs'

Although thе origins of thе gеnеtiс сodе arе unknown' sеlf-rеpliсatirrg
RNA molесulеs may havе Ьееn thе еarliеst form of ..lifе,'' Ьut thе transition
to gеnomеs that usеd thе muсh morе stablе DNA oссurrеd long ago (Joyсе
1989). DoцЬlе-strandеd DNA also allows damagе to Ье сoгrесtеd Ьy сopying
from thе undamagеd сomplеmеntаry strand. Sinсе DNA largеly laсks RNAs
ability to aсt as a сatalyst, this сhangе must havе gonе along with thе еvolu-
tion of a mеans of transсriЬing onе stгand of a gеnе's DNA into RNA. In
prеsеnt-day organisms thе sеquеnсе of basеs in thе ..mеssеngеr' ' RNA tгan-
sсriЬеd from a gеnе dеtеrminеs thе sеquеnсе of thе amino aсids in thе protеin
сhain еnсodеd Ьy thе gеnе (Figurе 1). Thеrе arе also many RNA molесulеs of
dirесt funсtional signifiсanсе, whiсh аrе transсriЬеd (сopiеd) frоm DNA Ьut
not translatеd into an аmino-aсid sеquеnсе.

o R G A N l z A т | o N  o F  т H Е  G Е N Е т | с  M A т Е R | A L

Мany prokaryotеs' gеnomеs (Ьaсtегia and virusеs) сonsist of just a singlе
DNA or RNA n-rolесulе, oftеn сirсtrlar (TaЬlе 1). Somе Ьaсtеriа (suсh as
Borelliа, thе сausе of Lymе disеasе) lravе sеvеral sеParatе molесulеs; although
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Figurе 1' Chromosomеs, showing thеir major fеаturеs and thе Ьanding pаttеrns
that сan Ье sееn with stаining mеthods. Thе figurе аlso shows a sсhеmatiс of a
rеgion of thе сhromosomе сontaining thrее gеnеs' thе mеssеngеr RNA produсеd
Ьy thеm, and thе individuaI protеins еnсodеd by thе mеssеngеr RNA.
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virus gеnomеs aге trsually singlе nrolесulеs, somе RNA virusеs (suсlr as in-
fluеnza) paсkagе sеvеrаl diffеrеrrt RNA rrrolесulеs that саrц, diffегеIlt gеnеs
into thе samе virus partiсlе. Otlrеr RNA virusеs (е.g., alfalfa rr-rosaiс virus)
havе diffеrеnt RNAs paсkagеd into sеparatе virus partiсlеs. Thеsе virusеs сan
thus сomЬinе diffеrеnt portions of thеir gеnomе from diffеrеnt parеnts dur-
ing multiplе infесtions, a primitivе typе of sеxualitY.

Humans and othеr аnimals, plants, fungi, and man,v singlе_сеllеd or!]an-
isms Ьеlong to гhе еukaryotе division of l ifе' whiсh is dеfinеd Ьv hаving thе
DNA organizеd into l inеar сhromosomеs сarriеd within thе rrLrсlеi insidе
сеlls (F.igurе 1). Thе сhromos<rtnеs havе spесializеd rеgions (tеlomeres) to
dеal with thе proЬlеm of rеpliсating thе еnds of dоuЬlе-strandеd DNA molе-
сulеs, and сentromеres that arе геquirеd for сorгесt сhromosomе tгi1nsmis-
sion to tlrе daughtеr сеlls dr"rring сеl1 divisiorr (Lеwin 2008). N,{arry pгinririvе
еЦkaryotеs' sLtсh as thе grееn a|ga Сhlаmуdonюпаs, havе a prirl lari ly hаploid
gеnomе' with ;ust onе сopy of еасh of thе diffеrеrrt сhrоmosornеs. Whеn сеlls
matе' thеrе is a Ьriеf diploid stagе, With a сhrоmosomе sеt сontriЬutеd Ьy
еaсh mating partnеr. This undеrgoеs a spесial foгrrr of сеll divisiоrr (mеiosis)

TaЬlе 1. Gеnorrrе sizеs

Organism Gеnomе Gеnе numЬеr ( 'еnomе sizе

ssRNA
ssRNA
dsRNA
ssDNA
dsDNA
dsDNA

dsDNA
dsDNA

З00 Ьp
l3 . .5  kЬ

2з  kb
5.4  kЬ

)  К l ]

187kЬ

4.6  МЬ
0.6  МЬ

12Мb
100МЬ
140 МЬ
400MЬ

90,000 МЬ
3,000МЬ

100 Мb
.i,000 МЬ

L20,000 MЬ

0
12
22
11
6

.100.+ |Е

4,400
500

6,000
19,000
14,000
22,000 (?)
30,000 (??)
20,000 (?)
27,000
.r0,000 (??)
27,000 (?? l

+#

lr fеaturеs and thе Ьanding pattеrns
figurе also shows a sсhеmаtiс of a
gеnеs' the mеssеngеr RNA produсеd
d Ьy thе mеssеr-rgеr RNA.

Nofe: AЬЬrеviations: bp, basеpаirs; ss, single strаndеd; ds, douЬlс strаndеd; kb,
ki lоbasеs; МЬ' mеgаЬasеs.

? mеаns thаt thе gеnе numbеr is сlnll' аpproximatеly knоlvn froпr thе gсnolrrе sеqllеnсс'
?? that it is Ьasеd oгr inсompletс сvidеrrсе or analсlgу rvitЬ sеquеnсесl gсl lt l t-t-tеs <lf simi-

lаr оrsanisrns.



1.'6 Еuolutirп of tbе Gепomе

to rеstorе thе haploid statе. In this division' gеl1еs from thе Parеntal сеlls аrе
rесOmЬinеd through rесiproсal еxсhangеs of poгtions of thеir сhromosomеs
(crossiпg ouеr: Sеe Lеwin 2008 аnd Figurе 2). In animаls and highеr plants
thе diploid stagе prеdominatеs, аnd thе haploid sti. ltе is oftеn just a Ьriеf part
oI rhе rеprсlduсtivе proсеss'

Chromosomе numЬеrs in thе haploid sеt vary widеly among diffеrеnt
spесiеs: 16 in thе сasе of Сhlаmуdomoпаs,5 in Drosophilа,2З in humans,
but somеtimеs just a singlе сhromosomе (in a spесiеs of ant and an Аsссtris
roundworm). Сharrgеs Ьеtwееn spесiеs in сhгomosomal stгuсturе arе сom-
mon, involvtng dtlpliсаtion.s аnd dеIеtit.l lts of gеnetiс matеrial, inuеrsioпs of
parts of сhromosomеs (Figurе 3), and trапslocаtiсlпs (ехсhangеs of matеrial
Ьеtwееn diffеrеnt сhromosomеs). Сhromosomе rеarrangеmеnts oссur infrе-
quеntly in еvolution (roughly onе pеr gеnomе pеr 10 million yеars in mammals,
although somе gгoups, suсh аs rodеnts, havе rаtеs 10 timеs highеr: Еiсhlеr
and Sаr-rkoff 2003). Ovеr еvolutionary timе) tlrе rlrdеr of gеnеs within a сhro-
mosomе gradually Ьесomеs sсramblеd Ьy suссеssivе invегsions. Sеvеrаl
human сhromosotnеs sееm to havе rеmainеd unсhanяеd in gеrrе сontеnt

Сrossing over
ABсD

Pаrenta I
сhromosome

rеpeated gеnеs

Figurе 2. Тop: Сrossing ovеr in a rеgion of a сhгomosomе сontaining f ivе gеnеs,
A to Е, shсlwing thе rеsult ing rесomЬinant сombinations of thе gеnеs (indiсatеd
Ьy uppеr. and lowеrсasе lеttеrs аnd аlso Ьy Ьlасk аrrd grаy l inеs for t lrе twсl
diffеrеnr parеlrtal сЬromosonrеs). Bottom: Сrсlssing ovеr in a геgion rrf
сhromosomе сontaining two dupliсatеd gеnеs that аrе similar еnor.rgh that thеy
may mispair, lеading тo unеqual сrossing ovеr.

\

f

Unequa| сrossing ovеr betwеen dup|iсated or

Figurе 3. A сlrromсlsomt
сhromosomе, and thе aр
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othеr way аrttund from

(though not ordеr) ovе

madе up <l f  sеpararе Ь l

с o D | N G  A N D  N

Gеnomе s izе is  dеf inеd

loid gеnomе. A gеnom

аrе trаnsсr iЬеd inro mt

quеnсеs (Lеwin 2008

qиепсes ar'd iпtroпs.h

transсriЬеd but arе rеr

latеd; in еukаryotеs, ir

as thе spliсе<lsotпе. |л

that arе rеsponsiЬlе fo

and timing of mеssеng

сoding Ьuг f t lnсr ionаl
Еvеn with сomplеtе

gеr lеs Ьесаirsе сoding

quеnсеs.  Thе task is  а

portion of сoding sеqt

I
Y



)n' gеllеs from thе paгеntal сеlls arе
s of portions of thеir сhromosоmеs
re 2).In animals and h ighеr p lants
aploid statе is oftеn just a Ьriеf part

l sеt vary widеly among diffеrеnt
зs, .5 in Drosopbilа,23 in humans,
(in a spесiеs of ant and an Аsсаris

n сhromosomal struсturе arе сom-
ls of gеnеtiс matеriаl, iпuеrsiсlпs of
lпsloсаtioпs (ехсhangеs of matеria]
osomе fеarrangеmеnts oссur infrе-
nе pеr 10 miiliorr уеaгs in mamrnals,
havе гаtеs 10 tiпrеs highеr: Еiсhlеr
lе' thе ordеr of gеnеs within a сhro-
Ьy suссеssivе invеrsions. Sеvеral

rainеd unсhangеd in Е]enе сontеnt

Parentа I
сhromosome

t:i

up|iсated or repеated genes
-

Wж3Е-

жWE

сlrromosomе сontaining f ivе gеnеs,
lmbinations of thе gеnеs (indiсatеd
llaсk and gray linеs f<lr thе two
rossing оvеr in a rеgion оf
,s that arе similar еnouglr that thеy
tr.

Еuolutioп of tbe Genomе 157

invertеd rеgion

non-invertеd region

Figurе 3. A сhrt lnlosomе invеrsion. Thе diagram shorvs thе Ьаnding pattеrn of a
сhromosomе, and tЬе appеaranсе whеn thе top pаrt of thе сhromosomе has
Ьеегl rеarrangеd so that part Of thе gеtrorте in thе гight-hand сhromosomе is thе
othеr Way around from thе orсlеr in thе lеft сlnе.

(though not ordеr) ovег thе сoursе of somе 70 mill ion yеars, Ьut othеrs arе
madе up of sеparatе Ьloсks dеrivеd from diffеrеnt atrсеstral сhromosomеs.

с o D I N G  A N D  N o N с o D I N G  s Е a u Е N с Е s

Gеnomе sizе is dеfinеd as thе numЬеr of Ьasеs in a singlе strand of thе hap-
loid gеnomе. A gеnomе has two main сomponеnts: сoding sеquеnсеs (whiсh

arе transсriЬеd into mеssеngеr RNA and еnсodе protеins) and nonсoding sе-
quеnсеs (Lеwin 2008). Nonсodirrg sеquеnсеs inсludе Ьoth intеrgеll ic sе.
quеnсes and iпtrсlпs' Introns arе sеgmеnts of sеquеnсеs within gеnеs that arе
transсriЬеd Ьut aге rеmovеd Ьу spliсiпg Ьеforе tlrе mеssеngеr RNA is trans-
latеd; in еukaryotеs, intron spliсing involvеs a protеin.RNA maсhinе known
as tЬe splicеosorпе' Intеrgеniс sеqllеnсеs and somе introns inсludе rеgions
thаt aге rеsponsiblе for сontroll ing gе11е еxpгеssion by dеtеrmining thе lеvеls
аnd timing of rrrеssеngеr RNA produсtion fronr rrеarby gеnеs. Thеsе arе non-
сoding Ьut fur lсt ional  parrs o[ gеnоmеs.

Еvеn with сomplеtе gеnomе sеquеnсеs' it is diffiсult to сount a gеnomе's
gеnеs Ьесausе сoding sеquеnсеs arе almost indistinguishaЬlе from othеr sе-
quеnсеs. Thе task is a nееdlе-in-tЬе-haystaсk proЬlепr Ьесausе of thе low pro-
poгtiоn сlf сoding sеquеnсеs in thе gеnomеs of man1. nrultiсеllr"rlаr orgаnisms
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(еstimаtеd to Ье aЬout 1.5% of hunran DNA; sее Intег11i1tional Human
Gеnomе Sеquеnсing Сonsortium 2001). Thе triplеt gеnеtiс сodе usеd Ьу
mеssеngеr RNA, i lr whiсЬ thгее ad jaсеnt nuсlесrtidеs (сodoпs) сorrеspond to
еaсh amino rrсid of thе prсltеirr еnсodеd' and сеrtain triplеts-rhе sfoдr
сodсlпs-stgnify tЬе еrrd of traIlslation, сan sllggеst сandidаtеs for sеquеtlсеs
thаt еnссldе amino асid sеquеrrсеs. Thе rrrrсlеotidеs in thе third pсlsitions of
many сodons do not аffесt thе aпrino aсid еnсodеd, sitrсе sеvеral diffеrеnt
сodons с<lrrеsptlnd tсl ir givеn amino асid (thе сtldе is dеgurcrаtе) (l-1.псh

2007; I-еwin 2008). If thе sеqшеnсе of e givеn gеntlmе rеgion is сomparеd Ье.
twееrr diffегеt-tt spесiеs, ir prеdomirranсе of diffеrеnсеs at еvеrv thirс1 position

сan rеvеal сoding sеquеnсеs; in nоnсoding sеquеnсеs no suсh pattеrn rvil l
appеar. Nеvегthеlеss, еstiпratеs of gеnе nunrЬеrs rеmаin unсеrtain for thе
gеnomеs of mr"rltiсеllular organisms' and thеsе еStin1atеs 1rе сollstаntlv Ьеing
updatеd.

Gеnonrе sizеs o[ diffеrеnt typеs of <lrgаnisms diffеr rvidеly Ьotlr in thе
numЬеrs and lеngtlrs сlf сoding sеquеnсеs and in thе aпrount of еaсh typе of
nonсoding sеquеnсеs (TaЬlе 1). Totаl gеnе ntlnlЬегs gеnеrall1, сorrеlаtе with
thе numЬеrs аnd sizеs of intrсlns and thс amount of intеrgеniс DNA (Lynсh

ar-rd Сor.rеry 200З; Lynсh 2007). Tlrе smаll gеnomеs oi prokar,votеs lravе vеry
littlе spaсе Ьеtwееn adjaсеnt gеnеs, and thеy laсk spliсеosomirl introns, al-
though thеir сoding sеquеnсеs mа1' Ье intеrruptеd Ьy mobilе sеquеnсеs that
сan spliсе thеmsеlvеs or-rt of tlrе mеssagе (Lеu,in 2008). Uniсеllulаr еukаry-
otеs witlr сompaсt gеnomеs' suсh as yеast' hаvе gеnеs with fеw, small introns
and littlе iпtегgеniс DNA' In с()ntrl lst) thе largеst Еlеn()mеs of еukaгvotеs tеrrd
to havе largе introns and muсh intеrgеniс DNA (l,ynсh and Сonегy 200З;
Lynсh 2007).

R E P E т | т | V Е  s Е Q U Е N с Е s  l N  N o N с o D I N G  R E G | o N s

In addltion to fur-rсtional sеquеnсеs suсh аs proш()tеrs and еnhanсеrs in-
volvеd in thе r:еgulirtion tlf gеnе асtivity ([,еwin 2008), nсlnс<ldirrg rеgiоns сlf
gеnomеs also inсludе sеquеnсеs that sееm lеss l ikеly to hаvе imptlrtant funс-
tiorrs for thе сеlls, еspесiallv sеqllеrrсе typеs that oссLlr rеpеatеdly in thе
genomе. Wе rд,i l l с()nсеntratе hеrе on thе two rnajor с<lmponеnts of gеntlmеs
of multiсеllulаr organisms arrс] wil l not с.lеsсribе othеr typеs of rеpеats, suсh
as nrinisаtеll itеs and miсrosаtеll itеs (sее B. Сhаrlеsw()rth еt a|. |994|.

SаtеIIitе DNA
Satеll itе DNA сonsists of long tandеm аrrаys of highly rеpеatеd, n()ntran-
sсгiЬеd sеquеnсеsl thе r.rnits in suсlr aгrаvs vary in lеrrgtЬ from fivе to sе\.егal
hundrеd Ьasе pairs  (Ьp) аnd arе usuаl ly  r iсh in t l rе Ьasеs A and T.  Sаtе l l i tе
DNA forms thе n-rаjor с()mp()nеnt с>i hatеroсЬromаtiп' tlrе Ьloсks ot unrtsu-
allу dееply staining matеriаl visiЬlе in dividing сеlls' сhromosomеst usually
сonсеntratеd nеar thеir сеntl:olтlеrеs аnсl (in somе spесiеs) tеlomегеs (Jtlhn

and Мik los 1988; Е lg in and Grеwаl  200з).  T l rеy с l tn rnakе up astonish i r rg
amounts of thе DNA o[ somе <lrganisms. For ехanrplе, onе сhrorтosomе of
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thе fruit f|у Drosrryhilа melапogаster (thе X chromosotttе, inуolrved in sеx dе.

tеrmination) has aЬout 20 mill ion Ьasеs (MЬ) of satеll itе DNA, aЬout half of

thеm сomposеd of a bloсk of rеpеatеd 359 Ьp units. Funсtional gеnеs arе

sparsеr in hеtеroсЬromatin than in thе rеst of thе gеnonre (tЬe eиchromаtiп)'
Thе amount and sеquеnсе сompositiorr of satеll itе DNA may vary widеly

among diffеrеnt spесiеs. For instanсе, aЬout 4О"Ь of thе DNA of D. uiri l is is

mаdе up of fotrr short satеll itе sеquеnсеs' whiсh arе quitе diffеrеnt from

thosе of its distant rеIativе D. mеlапogаster zlnd сontriЬutе to its muсh largеr

gеnomе sizе (Jolrn and Мiklсls 1988; Drosс,rphilа 12 Gеn<rmеs Сonsoгtiцm

2007). Diffеrеnt kangaroo rat spесiеs (Dipodоmys) vary in gеnomе sizе Ьy a

faсtor of 1.6 (a rangе similar to that in mammals as a whоlе), mainly bесаusе

of diffеrеnсеs in thе amounts of thrее short геpеats (John and Miklos 1988).

Variation among spесiеs in tlrе amount of sаtеli itе sеquеnсеs саn сhus сausе

largе diffеrеnсеs in gеnomе sizе, whiсh irrе unrеlatеd to diffеrеnсеs in gеnе

numЬеrs (Сavаl iеr-Smith 1985).

Trапsposаb Iе еlerпепts
SuЬstantial proportions of thе gеnomеs of many spесiеs сonsist of largеr rе-

pеats (200 Ьasеs-10 kilobasеs), with а morе sсattеrеd distriЬution aсross thе

wholе gеnomе tlrirn satеll itе sеquеnсеs. Thеsе rеpеats arе largеlу trапspos-

аblе еlеnrcпts (ТЕs), whiсh сaIr insеrt nеw сopiеs of thеmsеlvеs into novеl lo-

саtions in thе gеnomе (trапsposition) . |п D. mеlапogаster, the rrеmatodе

worm Саeпorhаbditis еlеgаtts, and thе pIant Аrаbidopsis thаliапа, aЬout

5-10% of thе total gеnomiс DNA сontеnt is madе up of TЕs (Tablе 2). In

humans thе figurе is aЬout 45% (Intегnational Human Gеnomе Sеquеnсing

Соnsortium 2001)' and sсlntе plants, suсh as matze' havе еvеn highеr TЕ

aЬцndanсеs (Lynсh and Сonеry 2003; Lynсh 2007).
Sеvеral major typеs of TЕ arе rесognizaЬlе in thе gеnomеs of a widе rangе

of organisms (Tablе 2); thеsе diffеr in thеir transposition mесhanisms.

Within еaсh of thе major сatеgoriеs, thе еlеmеnts in а givеn spесiеs сan Ьe

сlassifiеd into diffеrеnt familiеs, within whiсh thе TЕ sеquеnсеs arе vеry sim-

ilar. Unlikе thе othеr typеs of rеpеtitivе DNA' most 
.ГЕ 

familiеs inсludе at

lеast somе mеmЬеrs with onе or moге gеrrеs that сodе for protеins rеquirеd
for thеir trarrsposition, but ntany also h:rvе mеmЬеrs with dеlеrions or othеr
mutations in tlrеir sеquеnсеs. Of thеsе, some сan Ье tгansposеd in thе prеs-

еnсе of сomplеtе еlеmеnts tlrat providе thе transposition maсhinеry' whilе

othеrs arе frаgmеr-rts whosе tгansposition is disaЬlеd еntirеly. Мuсh of thе

human gеnomе is madе up of suсh fragrrrеnts of TЕs.

Just as with sаtеll itе sеquеnсеs' largе gеnomе-sizе diffеrеnсеs Ьеtwееn rе-

latеd spесiеs сan Ье duе to diffеrеnсеs in thе amount of TЕ-dеrivеd DNA,

without majoг diffеrеnсеs in gеnе numЬеrs. For ехanrplе, D. melапogаster

split from its relаtivе D. silпtl lапs only аЬout 3 mill ion yеаrs аЕ]o Ьut has

aЬout thrее tinrеs as many ТЕs (Viеira et a|.20О2). Maizе has nruсh largеr

amounts of thеsе sеquеnсеs than its сlosеst rеlativеs (Bruggmann еt al. 2006),

and onе diploid riсе spесiеs has douЬlе thе DNA сontеnt of othеrs Ьесausе of

thе rrrultipliсation of a fеw TЕ typеs (Piеgtl еt аl. 2006).
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Sсlurсcs: Humаn dаt:r frсln.r [пtеrnаtiсlnir l  Humаn Gеnсlnrе Sequеnсing Сonstlrt ium
(200 l); Drсlsсlphi l ir сlаtа irom Kaminkеr еt аl. (2002).

Аbbrеuiаtiсlпs: LТIt сIсrrlсnts, [-сlng Tсrmrnirl Rсpеat с|сп.rеrrts (еlеmеnts with rеpеatеd
sсqLlсIlссs at сaс|-r сnd, ir i  thс sаrтlс сlr iсntatiсln, whiсh rсpl iсаtс t l-rrсlrrgh rсvеrsс trаnsсrip.
t iс ln intсl DNA сlf аn RNA ссlpy of thеir DNA sеquепсе); SINЕs, SЬtlrt Iпtеrspеrsесi
Nuсlе:rr Еlеt-nеrits (еlеrrrеlrts<.500Ьp 1ong, whiсh rеpl iсаtе throtrglr аn RNA intеrmеdiаtе
Ьut lасk rеpеаts :1nd rеli, оn LINЕs to prоvidе thе еt-tzyпrе nееdеd for thеir rеvеrsе trаn-
sсгiptiоn); I- lNЁ, l-оrrg lntеrspеrsеd Nrrсlеar Еlеmеnts (similаr to LТR еlеmеnts, Ьut
> lkb long аr-rd laсking thе tеrnrir-rаl rеpеаts); DNA еlеmеrrts (еlеmеnts that rеpl iсatе
withtlr:t usе сlf аn RNA lntеrmеdiatе, rrsuаl ly with shсlrt invеrtесl rеpеаts at еaсh еnd).

Most TЕs arе found in intеrgеniс DNA оr (to a lеssеr еХtеnt) in introns. In
stlmе rеgions of thе gеnomе' ТЕs саn Ье vеry dеnsеly paсkеd, with multiplе
еlеmеnts insеrtеd witЬin onе anothеr. Thе portion of thе D. mеlапogаstеr
lrеtеroсhromatin that irdjoins thе еuсhromatin is largеly mаdе up of matеrial
dеrivеd fronr TЕs (John and Мiklos 1988); thе rеgions around thе сеn-
tromеrеs of А. thаliап.l сhrom()somеs (!7right еt al.200З) and many intеr-
gеniс rеgions in maizе (SanMiguеl еt al. 1996) arе sirтilar.

G Е N o М Е  A D D | т | o N s

Еarly gеnornеs must havе Ьееn vеrv small, Ьut today's organisms havе largе
nunrЬеrs of gеnеs with divеrsе funсtions. An important' though infrеquеnt,
proсеss is addition сlf gеnomеs or Е]еnеs from othеr organisms. Baсtегiа геgu-
larly асquirе novеl gеnеs fr<lm othеr Ьaсtеrial spесiеs (С)сhman еt al. 2000).
Еukaryotе сеlls сontain orgarrеllеs with thеir own gеnomеs, as wеll аs thе nu-
сlеar gеnomеs. Grееn plants and grееn algaе havе сhloroplasts, and rеd algaе
havе similar plastids; plant and animal сеlls Ьoth сontain rnitoсhondria (I,ynсh

2007). Thе gеnomеs сlf thеsе сlrganеllеs аrе of prokaryotе origin and arosе еarly
in thе еvolutiсln of еukaryotеs, whеn a Ьасtеrial сеll was еngulfеd intсl a еukary-
otе сеll аnd took up rеsidеnсе thеrе аs an еndosynrЬiont. Sеquеnсеs of gеnеs
from сhl<lroplast gеr-romеs arе siп-rilаr to thOsе of photosynthеtiс сyanoЬасtеria
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(bluе.grееn algzrе) and proЬaЬly еvolvеd around 800 mill ion yеаrs ago, whilе
mitoсhondria еvolvеd muсh еarliеr from a group of Ьaсtеria known as с-
protеoЬaсtеria (Gгay 1'999).

Lаtеr еndosymЬiont еvеnts havе also oссurrеd. Thе apiсomplеxan рroto-
zoa (malaria parasitеs and thеir rеlаtivеs) and dinоflаgеllatеs сontain plastids
dеrivеd from rеd algaе; prеsumаЬly a protozoаn сеll еngulfеd a rеd algal сеll.
МеmЬеrs of thе сhromophytе group of algaе also сontain a rеd-algal-dеrivеd
сhloroplast, whiсh has rесеntly Ьееn shown to rеprеsеl.lt a wholе rеd algal
сеll. As wеll as thеir plastid gеnomе, mеmЬеrs of thе сryptomonаd suЬgroup
still havе a vеstigial nuсlеar gеnomе dеrivеd from thе rеd algal anсеstor (with

ovеr 400 gеnеs) arrd thus possеss four gеnomеs. inсluding thе mitoсhondriа
and thе truе nuсlеar gеnomе (Douglas еt аl. 2001).

G E N E  D U P L | с A т I o N  A N D  G Е N Е  L o s s

Мorе frеquеntly, inсrеasеs in gеnе numЬеrs сomе fronr gеnе dupliсations.
Nеw gеnеs arisе from dupliсations of parts of thе gеnomе or of wholе
gеnomеs (Еiсhlеr and Sankoff 2003; Lynсh 2007). Singlе gеnе dupliсations
сan oftеn Ье rесognizеd Ьесausе thеy fгеquеntly oссur as tаndеm duplicа-
tioпs с|ose to thеir progеnitor gеnе (Baumgartеn еt al. 2003). Thе sizеs of
suсh arrays саn thеn сhangе furthеr Ьy unеqual сrossing ovеr. An ехсhangе
Ьеtwееn two diffеrеnt rnеmЬеrs of an array сrеаtеs onе dеsсеndant with thrее
сopiеs оf thе sеquеnсе and onе with a singlе сopy (sее Figurе 2).

Somе dupliсatеd arrays of gеnеs proЬаbly еvolvеd undеr sеlесtion that fa-
vorеd largе amounts of thе gеnе prodttсt' for ехamplе' thе largе arrays of
gеnеs that еnсodе thе RNA сomponеnts of thе protеin translation mесha-
nism (riЬosomеs) and thе еxpandеd aггays of sonrе insесtiсidе-rеsistаnсе
gеnеs (Ranson еt al' 2002). Oftеn, howеver, highеr gеrrе dosagе has no ad-
vantagе' so that natural sеlесtion will not aсt to prеsеrvе thе funсtions of du-
pliсatеd gеnеs. Givеn еnough еvolutionary timе, an inaсtivе mutant сopy of
onе of thе dupliсatе gеnеs may Ьесomе fixеd in thе spесiеs Ьy gеnеtiс drift.
onсе a dupliсatеd gеnе has lost its funсtion, fLrrthеr mutations may oссuг ln
it and Ье fixеd in thе population Ьy drift. Еvеntuаlly thе gеnе may losе its
protеin-сoding aЬil ity Ьy mutations сrеating сodons' and it thеn Ьесomеs a
rеmnant pseиdсlgeпе; еvеntually delеtions оf gеnеtiс nlаtеrial mаy rеnrovе all
or part of it. Nеwly dupliсatеd gеnеs arе thеrеforе oftеn ехpесtеd to Ье
quiсkly lost fronr gеnomеs (Walsh 1995; Lynсh 2О07). Loss of gеnе dupli-
сatеS mеans that' aftеr a timе' wholе gеnomе dupliсations arе diffiсult to dis-
tinguish from partial dupliсations; in еithеr situаtion only a fraсtion of thе
gеnomе is rесognizаЬly dupliсatеd (IJ7ong et a|.2002). \Х/ith сornplеtе gеnomе
sеquеnсе data that providе largе gеnomе strеtсhеs of сlеarly similar gеnе сon.
tеnt, dupliсatе rеgions саlr Ье rесognizеd, еvеn whеn most of thе gеnеs within
thе strеtсhеs hаvе returnеd to thе singlе-сopy statе. Chromosomе геarrangе-
mеnts wil l, howеvеr, еvеntually еrasе all traсеs of dupliсation.

Somеtimеs' howеvеr' dupliсatеd gеnеs may gain nеrv funсtions Ьy mr-rtation
Ьеforе inaсtivating mutations oссur. For instаnсе, an еnzymе that сatalyzes a

.-rсhronratiс !]еn()Пlеs
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givеn rеасti<ln stеp in a Ьioсhеmiсal pаthrп,ay mаy gain а nеw irЬil ity tO aсt on
thе produсt of thе rеасtion and gеnеratе a nеw produсt. S()mе gеnеs еnсodе
protеins with two or morе funсti<lns, and irraсtiv:rting trrutirti<lrrs thаt аffесt
only onе funсtion may lеad to survival of Ьoth dupliсatеs, еaсh with just сlnе
of rhе initiаl funсtiсlns (Lvnсh :rnd Ссlnеry 2003; Lvnсh 2007|. This inсrеasеs
thе numЬеr of funсtional gеnеs in thе gеnomе. Familiеs of gеnеs that havе
arisеn by dupliсation arе importаtlt сOmp()nеnts оf gеnomеs, and somеtimеs
havе many mеmЬеrs rд,ith rеlirtеd kinds of funсtions, suсh as mammals' odoг-
аnt rесеptors (MomЬaеrts 2001) or planг disеаsе.rеsistanсе gеnеs (Baum-
gartеn еt al. 2003). Nеw gеr-rеs ma1, аlso form Ьy fusion rlf parts of tw() gеnеs
if part of thе mеssеngеr RNA of onе gеnе is transсriЬеd Ьaсk into DNA аnd
insегtеd into thе сhгotrrosoпrе within or adiaсеnt to anothеr gеnе (Lorlg
2001). Suсh rеvеrsе transсription and transposition into thе gеrrсlп-tе сan also
сrеаtе nonftlnсtional сlupliсatеs wiсhorrt intrсlns (1lrсlсеssеd psаldogеllеs)
(Lynсh 2007; l,еwin 2008).

R Е с o М B I N A т l o N  R A т Е s  A N D  R Е G | o N A L  D I F F Е R Е N с Е S
W I т H l N  G Е N o M Е s

An important influеnсе On sоmе of thе pattеrns just dеsсriЬеd is variation
in thе ratе of gеnеtiс rесomЬination (сrossing ovеr) aсross thе gеnomе'
Thеrе is еssеntiаlly no сrossing сlvеr in hеtеroсhromatin. RесomЬination
frеquеnсiеs alstl var,v withiп еuсhromаtin. Rесoпrl.l irration is fгеquеntlv
almost aЬsеnt nеaf thе junсtion with thе сеntromеriс hеtеroсhromatin Ьut
is пruсh mоrе fгеquеnг irr othег parts оf thе сhгoпrсrsсlnrе (B' Сharlеsworth
et a| .  1994).In somе spес iеs,  suсh as Drosophi lа and many p lants,  rесom.
Ьinat ion is  supprеssеd nеar thе t ips of  сhronrosс lnrеs (B.  Сhar lеswoгth еt  а[ .
1994), Ьut ratеs risе sharply nеar thе tеlomеrеs in hurnаn malеs (Intеrna-
tionаl Hun-ran Gеnomе Sеquеnсing Сtlnsortium 2001). In С. еlеgаns, lvhiсh
has no wеll-dеfinеd сеntromеrеs' rесomЬination mainly oссurs nеar thе
сhromosotnе еnds and rarеlv in thе сеntгal rеgions of thе сhromosomе
arms (Bаrnеs еt  a l .  1995).  In manrmаl ian gеnomеs, t l rеrе is  а lso f inе-sсa lе
variation in сrossovеr ratеs, and vеry loсzrlizеd hot spots, with unusually
h igh rесomЬinаt ion rаtеs '  arе sсattеrеd aсr()ss thе gеnr lmе (Kauppl  еt  a l '
2003; Мyеrs еt  a l .  2005).

Sеx сhromоsolnеs havе pагtiсularly striking rесol.nЬination diifегеIrсеs. In
spесiеs with sеparatе sеxеs and highlv еvolvеd mесhаnisms оf sех dеtеrmina-
tion (animirls l ikе humаrrs and fruit t1iеs, and somе plants), thе sех of аl-r in-
dividual is dеtеrrninеd Ьy gеnеs on а pair of sех сЬromosomеs. Most oftеn
fеmirlеs hаvе two X сhromоsonrеs, wlri lе mаlеs hаr,е an Х frorn thеir пrothеr
and а morphologiсally distinсtivе Y сhromсlsomе inhеritеd from thеir malе
parеnt (in сontrast, in Ьirds arrd Lеpidoptеra, fеmalеs arе thе sеx with thе
norrmatсhing сlrromosomе pair). All or mсlst of tЬе Y сhromosomе dсlеs not
сross ovеr with thе Х irnd is thеrеforе еffесtivеlv inhегitеd as an asеxual
bloсk of DNA (D. Сharlеsworth еt al. 200.'). 
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Although it is rrot knowlr how rесomЬinаtion-ratе diffеrеnсеs arе сon-
trollеd' sеvеral gеnomе fеаturеs havе Ьееn found to сorrеlatе with thе rесom-
Ьination ratе. onе suсh assoсiation is Ьasе сompositiсln (ехprеssеd in tеrms
of thе frеquеnсy of GС vеrsus AT Ьirsе pаirs, mеntionеd еаrliеr). In thе hu-
man gеnomе tlrе mеan GС сontеrrt is aЬout 41"Ь,Ьut thе сontеnt variеs rе-
gionally from about ЗО"Ь to 657" (Intеrnationаl Humаn Gеnomе Sеquеnсing
Сonsoгtium 200l). Thе GС сontеnts of gеnеs and intеrgеniс sеquеnсеs vаry
сonсordantly Ьеtwееn rеgions. Altlrough nonсoding DNA tеrrds to Ье nrцсh
morе AT riсh than сoding sеquеnсеs' thе GC сontеnt of third сoding posi-
tiоns (whеrе most mutations do not affесt protеin sеquеnсе) usually сorге-
latеs to somе ехtеnt with that of adjасеnt nonсoding sеquеnсеs. Nonfunсtional
sеquеnсеs' suсh as psеudogеnеs and dеfесtivе transposaЬlе еlеmеnts, arе par-
tiсularly intеrеsting Ьесаusе thеy rеvеal thе GС сontеnt that wil l ехist purеly
Ьесausе оf thе ir-rput of mutations (without rratural sеlесtion), аnd thеy rеtlесt
thе faсt that thеrе is oftеn a mutation prеssurе toward AT and away from GС
(Lynсh 2007)' Iп thе human, С. еlеgапs, and Drosopbilа genomеs, GC сon-
tent is highеst for suсh sitеs in сhromosomе rеgions whеrе сrossovеr ratеs aге
high (Intеrnational Human Gеnonrе Sеquеnсing Сonsortium 2001; Marais
and Piganеau 2002).

Anothеr сorrеlatе of rесomЬirrarior-r is irrtron lеrrgrh; this tеnds to Ье lowег
in high-rесomЬination rеgions (Сomеron ar-rd Krеitmаn 2000; Intеrnаtionаl
Human Gеnomе Sеquеnсing Сonsortium 2001). In addition, in humans and
А. tbаliаtzа (lntеrnational Нuman Gеnomе Sеquеnсing Сonsoгtium 2001;
!Иriglit еt al. 2003) gеnе dеnsitiеs arе highеst in thеsе rеgions, Ьut tn С. еlе-
gаns tЬe oppositе is found (С. еlеgапs Gеnomе Sеquеnсing Projесt 1999).

TransposaЬlе.еlеmеnt dеnsitiеs also varу rеgionally within gеnomеs. In
Drosophilа low_rесomЬination rеgions hаvе muсh highеr numЬеrs of TЕ in.
sеrtions than high-rесomЬination геgions (Kaminkеr et aL. 2О02|. Humans
havе a morе сomplех pattегn: LINЕ еlеmеnts (TaЬlе 2) arе assoсiatеd with
iow-rесomЬination AТ.riсh rеgions, аnd SINЕ еlеmеnts with GС-riсh (high-

rесomЬination) rеgions (Intеrnаtional Нuman Gеnomе Sеquеnсing Сonsor-
t i um 2001) .

Еvolutionary Faсtors that Contrоl Gеnomе Sizе
and Organization

F A с т o R s  т H A т  A F F Е с т  т н E  N U M в E R  o F  G Е N Е s
l N  A  G Е N o М Е

Among rеlatеd spесiеs' unusually small gеnomеs arе assoсiatеd with ways of
l ifе (parasitism or intrасеllular symЬiosis) whеrе most of thе геsourсеs rе.
quirеd for survivаl arrd rеproduсtion аrе providеd Ьy thе host. Foг ехamplе,
Ьaсtеria that nrаkе their l iving as intraсеllular symЬionts or parasitеs havе
muсh smallеr 8еnе numЬеrs than frее-living rеlаtivеs (Мoran 2003). Morе
ехtrеmе rеduсtion hаs oссurrеd in organеllе gеnorrrеs, whiсh arе muсh
smаllеr than еithеr Ьaсtеrial or nuсlеar gеnomеs; thеy сarry only gеnеs nееdеd

16з

hwа1.mаy gаiп а nеW aЬil ity to асt on
tе a nеW prсlduсt. Sorrrе gеnеs еnсodе
rnd inaсtivating nrutations that affeсt
of Ьoth dupliсаtеs, еасlr lvith just tlnе
эrv 200З; Lуnсh 2007). This inсгеasеs
gеnomе. F.arnil iеs of gеnеs that havе
nponеnts of Pеnomеs, and solnеtimеs
of funсtions, suсh as nrammаls' odor-
rlant disеasеtrеsistanсе gеnеs (Baum-
l forrn Ьy fusion of parts of two gеnеs
:nе is transсriЬеd Ьaсk into DNA and
or adjaсеnt to anothеr gеnе (Long

ransрosition ir-rto thе gеnomе саn аlso
)Llt introns (proсеssеtl pseиdogепеs)

R E G l o N A L  D I F F Е R Е N с Е s

е pаttеrпs just dеsсriLrеd is vzrriаtiorr
(сrossing ovеr) aсross thе gеrrome.
in hеtеroсhromatin. RесomЬinаtiсln
nаtin. RесorrrЬinatiсln is frеquеlrtiy
.hе сеntromеriс hеtеroсhromarin Ьut
lf thе сhromosomе (B. Сharlеsworth
Drosсlphilа аnd manv plаnts, rесom-
сilromos<lп-tеs (B. Сhаrlеsworth еt al.
tеlomеrеs in huпrаn rnalеs (Intеrna-
nsoгt ium 2001).  Iл С.  е lcgапs '  whiсh
oпrЬinatiorr mainly oссurs nеаr thе
сеntrai rеgiоns of thе сhromosomе
liaгl gеnomеs, thеrе is also finе_sсаlе
loсalizеd lrot spots, with unusually

ld aсross thе gеnomе (Kаuppi еt al.

;triking rесombinаtion diffеrеrrсеs. In
volvеd mесhаnisms of sех dеtеrmina-
s, аnd somе plants)' tЬе sех of аr.r in-
аiг of sех сhroп-tosontеs. Nzlost oftеn
Lе malеs hаvс an Х from thеir пrothеr
гOпlosomе inhеritеd fгom thеir malе
optеrа' fеnrirlеs аrе thе sех r,vith thе
most of thе Y сhromosomе doеs not
е еffесtivеly lnhеritеd as an asехuаl
2005). Wе dеsсгiЬе thе еvoltrti<lnаry
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for thеir own геpliсation and prtltеin synthеsis and fсlr a fеw spесializеd or-
ganеllar funсtions. Мany gеnеs еssеntial for organеllе fr-rnсtiсlns havе Ьееn
trаnsfеrrеd to thе nuсlеus (Gray 1999). ongoing gеnе trаnsfеr hаs Ьееn dе-
tесtеd frorn plant organеllе gеnomеs, аs wеll as transfеrs thi1t сrеatе nonfunс-
tional psеudogеnеs of orgаnеllе gеnеs in thе nuсlеar gеnomеs of many spесiеs
(G ray  1999 ;  Bеnsasson  е t  a l '  2001) .

Gеnome-sizе еvolution involvеs sеvеrаl prеssurеs. Thеrе may Ье advan-
tagеs сlf smallеr gеnomе sizе, Ьесausе ir rеduсеd gеnomе саn rеpliсatе fastеr,
allowing fastеr сеll division; this сarr oссLlr through dеlеtions of gеnеs that
arе no longеr nееdеd, or of intеrgеniс and introniс sеquеnсеs. Thе finding
that сompaсt gеnomеs oftеn havе ovеrlapping gеnеs, in whiсh thе samе
strеtсh of DNA is transсriЬеd in two diffеrеnt rеading frаmеs (Douglas еt al.
2001; l,еwin 2008), suggеsts that sеlесtion fаvorеd sizе rеduсtiorr in thеsе
сasеs. But loss of somе sеquеnсеs may Ье sеlесtivеly nеutral, so that dеlеtions
сan Ье fixеd Ьy gеnеtiс drift, as outlinеd еarliеr for rеdundant gеnе dupli-
сatеs. In nonrеpеtitivе sеquеnсеs that arе unсonstrainеd Ьy sеlесtion, thе
amount of DNA tеnds to dесrеasе ovеr timе Ьесausе rеpliсation rnistakеs
sееm to сausе small dеlеtions rnorе oftеn thаn insеrtions of Ьases (Grеgory
2004; Lynсh 2007).If sеlесtivе сonstraints on gеnеs эrе rеmovеd, thеy v'.i l l
thеn gradually dесlinе in sizе ovеr timе аs morе dеlеtions than insеrtions Ье-
сomе fiхеd Ьy gеnеtiс drift. PrtlЬaЬly Ьoth sеlесtivе and nonsеlесtivе prо-
сеssеs hаvе Ьееn opеrat ing.

M U т A т | o N  R A т E S  A N D  т H Е  N U M B Е R S  o F  G Е N Е s

Мost mutations with еffесts on an organism's funсtions rеduсе survival or
fеrti l ity (fitnеss, for short). Unlеss sеlесtiсln is vеry wеak, thеrе wil l Ье a Ьal-
anсе Ьеtwееn thе mutational input of nеw dеlеtеrious variants into a populа-
tion and thеir еliminatiсln Ьy sеlесtion. Thе prеsеnсе of thеsе mutаtions
rеduсеs avеragе fitnеss, ссlmparеd with a mutation-frее populatiоn; this mu-
tаtioпаl loаd depeпds on thе totаl numЬеr сlf nеw dеlеtеrious mutations that
arisе pеr lndividual еaсh gеnеration, suсh that thе nе!]ativе of thе natural log-
аrithm of thе mеan fitnеss of a poprrlatiсln is еqual to thе lоad (Сrow 199з|.
For a givеn mutation ratе pеr gеnе, thеrе wil l thus Ье a grеatеr load if thе
numЬеr of gеnеs in a gеnomе is largег. RNA gеnomеs laсk еrror-сorrесting
meсhаnisms and havе ехtrеmеly high mutatiсln rаtеs pеr gеnomе pеr rеpliсa-
tion, dеspitе thеir small gеnomе sizе: around 1 nеw mutation pеr rеpliсatiсln
сyсlе for thе influеnza virus (Drakе еt al. 1998). Suсh gеnomеs сannot' thеrе.
forе, havе largе numЬеrs of gеnеs, Ьесausе thеir {itnеss woLrld Ьесtlmе vеry
low. DNA-Ьasеd gеnomеs havе еrror-сorrесting mесhanisms that givе thеm
muсh lowеr, Ьut not zеro' mutаtion ratеs; theЕ. сoli !]еnomе is еstimаtеd to
havе a mutation ratе of around 10_r0 pеr nuсlеotidе pеr rеpliсation and a mu-
tation rаtе pеr gеnomе of only 0.0025 (Drakе еt al. 1998).

Мultiсеllular сlrganisms havе largе gеnе numЬеrs аnd many сеll divisions
еaсh gеnеration. Bесausе еrrоr сOrrесtion сlrn nеvеr Ьe pеrfесt, and thе muta-
tion ratе pеr nuсlеotidе pеr сеll division is quitе similar to that in Ьaсtеria,
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thе mutation rаtе pеr nuсlеotidе sitе pеr gеnеration is muсh highеr than in
baсtеria. For ехamplе, in humans it is еstimatеd to Ьe aЬout 2x10 8 (Kon-

draslrov 2003)' Givеn thе numЬеr of sitеs that сodе for amino aсids in thе hu-
man gеnomе, this translarеs irrto a mutation гatе pег 8еnomе foг сhаngеs in
protеin sеquеnсе of aЬout 0.82 nеw пltltаtions pеr individual еасh gеnеra.
tion, and around 80"Ь of thеsе arе l ikеly to Ье slightly dеlеtеrious, yiеlding a
nеt mutation ratе to dеlеtеriоus amino aсid mutations of aЬout 0.66. An еvеn
largеr numЬеr of dеlеtеrious mutаtions is l ikеly to Ье сilusеd by mutаtions in
thе nonсoding portions of tlrе human gеnomе (Asthаna et aI.2О07), Ьringing
thе еstimatе of thе human dеlеtеrious mutation ratе to wеll aЬovе 1.

Нigh dеlеtегious mutation гatеs and thе rеsulting low population fitnеssеs
(Сrow 1993) may limit possiЬlе gеnomе sizеs for multiсеllular oгganisms.
Thеorеtiсаl modеls of thе еvolution of gеrrеs that сorrtrol mutatiol-l ratеs indi-
сatе that mutational load favors a rеduсеd mutation ratе (Sniеgowski еt al.
2000).  Howеvеr.  thеге is  an oppos ing prеssurе: thе сosts of  еrroг-сorrесt ing
mесhanisms, whiсh slow down DNA rеpliсation and сonsumе сеllular rе-
sollrсеs. Thе oссurгеnсе of irdvantagеous mutations аlso disfаv<lrs rеduсing
ratеs to zеro' Ьut in sеxually rеproduсing spесiеs with gеnеtiс rесombination
Ьеtwееn gеnеs, allеlеs that inсrеаsе thе mr'rtаtion ratе will not rеmain assoсi-
аtеd with favoraЬlе mutations that thеy happеn to induсе' and so thеy gain
littlе аdvarrtagе. Mutati<ln rаtеs of sехuаlly rеproduсing lrighеr еukaгуotеs
arе thus l ikеly tо rеflесt thе еvolutionary Ьаlanсе att:rinеd whеn thе сost of
rеduсing thе mutation ratе еquals thе advantagе of rеduсing thе mutational
load (Sniеgowski  еt  a l .  2000) '

In сontrast, in oгganisms thаt геproduсе largеly without any еvolutiorrarily
еffесtivе gеnеtiс rесomЬirrаtiсrn, suсh as asехual and highly inЬrееding
spесiеs, an allеlе that inсrеasеs thе mutation ratе wil l rеmain pеrmanеntly as-
soсiatеd with any favoraЬlе шutations it сausеs, and will thus inсrеasе in frе-
quenсy as thе mutation sprеads in thе population. This may promotе highеr
mutation ratеs than in sехual spесiеs. Tlris is an еxanrplе of gепetiс hitсhhik-
iпg and is oЬsеrvеd in Ьaсtеrial populations that arе suЬjесt to intеnsе novеl
sеleсtion prеssuгеs (Sniеgowski еt al. 2000).

G Е N o M Е  s | z Е  l N  R Е L A т | o N  т o  т H Е  A М o U N т
o F  N o N с o D | N G  D N A

Gеnomе.sizе diffегеnсеs among rеlatеd taхa of higher еukаryotеs oftеn in-
volvе largе diftЪrеnсеs irr amounts сlf highly rеpеatеd, nonсoding satеliitе
DNA, with orrly minor diffеrеnсеs in gеnе numЬеr (Сavaliеr-Smith 1985;
Lynсh 2007). In somе сasеs DNA amounts сlеarly сorrеlаtе with diffеrеnсеs
in l ifе history arrd есology. For ехаmplе, slowly dеvеloping spесiеs tеnd to
havе morе satеll itе and othеr typеs of nоrrсoding DNA tl.rаri fastеr-dеvеlоping
onеs, suggеsting that thе sizе of thе nonсoding portion of thе gеnоmе is not
nеutral with rеspесt to sеlесtion (Сavaliеr-Smith 1985). A modеl of opposing
foгсеs (l ikе thе Ьalanсе Ьеtwееn proofrеaсling and mutation dеsсriЬеd еar-
l iеr) providеs a plausiblе and tеstablе еxplarration of thеsе pаttеrns. Sеvеrаl

1 6 5

ynthеsis and for a fеw spесializеd or-
ial for organеllе funсtions havе Ьееn
). ongoing gеnе trаrlsfеr has Ьееn dе.
; rvеll irs transfеrs tlrаt сгеatе nonfunс_
l thе nLrсlеar Е]еnoll lеs of mаny spесiеs

еral prеssurеs. Thеrе may Ье aс.lvan-
r rеdrr.^еd 8еnomе сan rеpliсаtе tаstеr,
lссur through dеlеtiсlns of gеrrеs that
and intror-riс sеquеnсеs. Thе tinding

еrlapping gеnеs, in whiсh thе samе
iffеrеnt rеading franrеs (Douglas еt al.
сtiorr fаvorеd sizе rеduсtion irr thеsе
lе sеlесtivеly oeutfell, so that dеlеtions
rеd еar l iеr  for  rеdundant gеnе dupl i -
arе unсonstrainеd Ьy sеlесtitln, thе

'еr tinlе bесausе rеpliсation пristakеs
геn thаn insеrtions оf Ьаsеs (Grеgory
llnts on gеnеs аrе rеmovеd' thеy vyil l
as morе dеlеtions than insеrtions Ье-
Ьotlr sеlесtivе :ttlс{ ntlnsеlесtir,е pro-
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ganisш's funсtions rеduсе survivаl or
tion is vеry wеak, thеrе wil l Ье a Ьаl-
еw dеlеtеrious variаl-lts into a ptlpr' l la-
.n.  Тhе prеsеnсе t l f  thеsе mut i l t ions
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r nr.rс[еotidе pеr rеpliсаtion :rnс{ а mu-
Drakе еt  a l .  1998).
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proсеssеs tlrаt invo|vе еrr()rs in DNA rеpliсаtion irrrd rtnеqual сrossin!] ovеr
саn amplitr, аrri l\rs bу multiplеs сlf rvhсllе rеpеаtеd units, sо thеrе аrе forсеs
thаt inсrеasе сopy numЬеr' somеtimеs adding DNA to thе gеnonrе of an in-
dividrrаl; gеnеtiс drift сan tlrеn сausе it to sprеad to fixation (B. Сhaгlеswсlrth
еt аl. ] 994;' LуncЬ 2007). Sеlесtiсln against high сopy nuпrЬеr will oftеn op-
posе this proсеss' Ьut suсh sеlесtion is lеast еffссtivе in spесiеs with а small
еffесtivе populаtiсln sizе (Kimr.rrа 198з). This suggеsts thаt thеrе should Ье а
rеlаtion Ьеtwееn thе еffесtivе sizе оf a spесiеs (whiсlr сan Ье еstimatесl froпl
its lеr.еl of DNA sеqllеnсе с.l ivегsity; 11,nсЬ 2007) and thе сontгiЬutirln oi
rеpеtitivс sеquеnсеs ttl its gеnomе sizе. Broаd сomparisons aсross diffегеnt
taхa suPport this prеdiсtion (l-ynсh 2007). Hor'vеvеr, spесiеs suсh as D' uir-
ilis and D. mеlапсlgаstеr diifer сonsidеrably in thеir аmount of rеpеtitivе
DNA Ьuг sееm to havе similar еffесtivе рopulation sizеs (Drrlsophilа 72
Gеnomеs Сonstlrtium 20О7I. Тhis suggеsts thаt othеr faсtors must plav
a гсllе.

A l ikеli" disadvantagе of a largе anlount of sаtеll itе DNA is a slolvеr dеvеl-
opnlеllt timе, sinсе сеll с]ir,isions wil l Ье slow lf it takеs longеr to геpliсatе
gеn()mеs with largе DNA аnlсtunts (Cavaliеr-Smith 1985). \Whеn rapid dеvеl-
opmеnt is important, thе Ьalanсе is tippеd towаrd lowеr сopy numЬеr, but i{
slow dеvеlopmеnt is not disfavorеd Ьy sеlесtion' sеlесtion against thе aссu-
mulаtiоn of rеpеtitivе DNA ц,il l Ье wеakеr, аnd sr.rсlr sеquеnсеs сan aссLlmLl-
lаtе (F igtrrе 4).  Thus largе DNA сontеnt d<lеs not nесеssar i ly  imph,t l rаr
sеlесtiotl hаs favorеd nroге DNA (Pagеl and Jсllrnsttrnе 1992'B. Сhirrlеsworth
е t  a l .  1994) .

Of сoursе, it might somеtilnеs Ье advantagеotls to havе morе nonсoding
DNA. For instanсе' morе DNA pеr nuсlеus might еnaЬlе organisms with
largе се l ls  to movе RNA morе rapid ly into thе сvtoplasm (Саval iег-Snr i th
1985). Нсlш. сan onе distingtrislr Ьеtwееn thеsе possiЬil it iеs? Ехpеritrrеnts
thаг altеr thе i.rпrount of hеtеroсhrolnatin in D' пrclапogLlstеr hardly rrffесt
viaЬil itr, сlr dеvеlopmеnt ti lr-rе' suggеsting tlrat largе сhangеs in сopy num-
Ьеrs (miI l ions of  Ьasеs) hаr 'е at  most vеry s l igЬt advantagеs or d isаdvan-
tagеs (John and Miklos 1988). Vеry slight fitnеss diffеrеnсеs сan, howеvеr,
Ье importаnt in еvсllution, so this is not сonсlusivе' In сomparativе tеsts
thаt еxаnrinе dеvеlopmеnt tiпlеs and gеnomе sizеs irсross diffеrеnt spесiеs,
thе bаlаnсе rrrodеl prеdiсts thilt а rеlationship wil l Ье fсlund еvеn аftеr st..t-

5ma|| insеrtion5, inс|uding sаtе|litе rереat аdditions -..--->
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tistiсal сorrесtions for diffеrеnсеs in nuсlеar volumе and сеll sizе, whеrеаs
this is not expесtеd if thеrе is an advаntagе of more DNA. Сorrесtеd data
from salarnandеrs and nеWts sti l l show a signifiсant rеlation (Pagеl and

Johnstonе 1992).
Сan wе sее thе footprint сlf a mutational prеssurе that inсrеasеs аrray

sizеs, as assumеd еarliег? Thе distriЬution of sаtеll itе DNA, with a strong
сonсеntration in rеgions of infrеquеnt gеnеtiс rесomЬination, suggеsts that
wе сan. Thе аrgumеnt involvеs a simplе modеl in whiсh a tandеm rеPеat ar-
ray undеrg<lеs unеqual сrossing ovеr (ехplainеd еarliеr for tandеm gеnе du-
pliсations). Unеqrral еxсhangе doеs not сhangе avеragе nuпrЬеrs of unit
соpiеs in thе array, Ьцt it inсrеasеs thе rеpеat numЬеr rangе. If rеpеаt nunr-
Ьеr is nеithеr advantagеous noг disadvantagеous' gеnеtiс drift may сirusе thе
spесiеs to bесomе fiхеd for just a singlе сopy. Bесausе unеqual сrossing ovег
rеquiгеs multiplе сopiеs, a rеgion that rеaсhеs thе singlе-сopy statе wil l thеrе-
aftеr remain singlе сopy (unlеss a nеw dupliсation oссurs). Howеvеr, еxtra
сopiеs сan Ье lоst agаin Ьy unеqual ехсhangеs. In thе aЬsеnсе of othеr forсеs
that affесt array sizеs' thе сomЬinеd еffесrs of drift and unеqual еxсhangе on
a tandеm aгray thus produсе an asymmеtry: thеrе is an inсrеasing proЬaЬil.
ity ovеr timе that thе population finds itsеlf with just a singlе сopy' еspе_
сially if unеqual ехсhangе is frеquеnt. If thеrе is somе sеlесtion аgainst
individuals with high arгay sizеs, an еquil iЬrium disrriЬution of array sizеs
rеsults. Laгgе arrays arisе only if сrossing ovеr is еxtrеmеly infrеquеnt
(B. Сharlеsworth еt aI. 7994). Thе сlЬsеrvеd аssoсiation of satеllitе аrrаys with
low-rесomЬination gеnomiс rеgions thеrеforе suppoгts thе hypothеsizеd wеak
forсе that pushеs rеpеat numЬеrs upwагd; wе sее its еffесts only whеn thе
forсе that aсts in thе oppositе dirесtion (unеqual сrossing ovеr) is rеmovеd.

No funсtionаl аdvantаgе to hаving largе Ьloсks of tandеrnly геpеatеd
DNA sеquеnсеs is thus nесеssary in ordеr to ехplain thе main fеaturеs of
thеir distriЬution within gеnomеs and among diffегеnt spесiеs. Morеovеr, ге-
latеd spесiеs oftеn diffеr grеatly in thе typеs and amounts of satеllitе sе-
quеnсеs' whiсh also strongly suggеsts that no sеlесtion is involvеd (John and
Miklos 1988; Drosophilа 12 Gеnomеs Сonsortium 2007). Howеvеr, this
doеs not mеan that satеll itеs nеvеr hаvе nесеssary fцnсtions in organisms' In
DrosophiIа, portions of thе hеtеroсhromatin arе еssеntial for сorrесt сhro-
mosomal Ьеhavior at mеiosis, and human o-satеll itе sеquеnсеs sееm to Ье in-
volvеd in сеntromеrе funсtiоn (Sull ivan et al.2001). But thеsе funсtions
proЬaЬly did not сaцsе thе еvоlution of thеsе sеquеnсеs in thе first plaсе;
morе likеly, thеsе arrays wеrе first еstaЬlishеd Ьy thе proсеssеs modеlеd еar_
liеr and wеrе latеr сo-ontеd for сеll funсtions.

т R A N s P o s A в L Е  Е L E M Е N т s

Most typеs of transposaЬlе еlеmеnts (TЕs) (TaЬlе 2) can insеrt сopiеs of
thеmsеlvеs into nеW positions ir-r thе gеrromе' oftеn without lоss of thе origi.
nal сopy. Thеsе transpositions also сrеatе a prеssurе toward inсrеasеd еlе-
mеnt numЬегs ovеr timе unlеss somе othеr forсеs kеep TЕ numЬеrs in сhесk.
For ехamplе, in D. mеlапogаstеr it is еstimatеd thаt on avеragе аt lеast onе
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nеw TЕ is addеd to a haploid еuсhromatiс gеnomе еvеry 10 gеnеrations in
laЬoratory сonditions whеrе sеlесtion is rеlaxеd (Мasidе еt al. 2000). Thеrе
arе aЬout 1,000 fairly сomplеtе TЕs in thе gеnomе (Kaminkеr еt al. 2002), so
thе mеan transpositiсln rаtе pеr pсltеnгially aсtivе еlеmеnt is aЬout 10 a pеr
gеnеration.

\й/hat rеgulatеs thе aЬundanсе of TЕs in thе gеnomе? Thеrе arе two сon-
trasting viеws (B. Сharlеsworth еt al. 1994). First, TЕs сould Ье maintainеd
Ьесausе thеy arе advantagесlus foг thеir host organisms; for instanсе' thеy
might oссasionally induсе favorаЬlе mutations Ьy insеrting into gеnеs or rеg-
ulatory sеquеnсеs. A proЬlеm with this idеа is that insеrtions mostly сausе
harmful, not advantagеous' еffесts, disrupting сoding or rеgulatory sе-
quеnсеs. Many known spontanеous dеlеtеrious mutations' inсluding somе
human disеasе mutations' аrе duе tо insеrtions into сoding sеquеnсеs (os.
tеrtag and Kazazian 2001). Suсh strongly dеlеtеrious mutations are usuallv
rapidly еliminatеd from populations, and аs mеntionеd еarliеr, it is indееd
oЬsеrvеd that in thе gеnomе sеquеnсеs of highеr organisms TЕs arе largеly
absеnt from ссlding sеquеnсеs' indiсating that insеrtions thеrе arе harmful
(Intеrnational Human Gеnomе Sеquеnсirrg Сonsortium 200l ; Kaminkеr
еt a|.20О2; \Х/right еt al. 2003). F.urthеr еvidеnсе that TЕ movеmеnt is disad-
vantagеous to thе host is that marry spесiеs, suсh as yеast' thе mold Neи-
rosporсt, maizе, and Drosophilа' Ьaуe mесhаnisms that rеstriсt thе ratе of
movеmеnt of TЕs (Sеlkеr 2002; Aгavin et aI. 2ОО7). Мorеovеr, thе viеw that
TЕ insеrtions arе advаntagеous for thеir hosts' futurе еvolution rеsts on thе
idеa that thе long.tеrm survival of a spесiеs is еnhanсеd Ьy thе pгеsеnсе of
TЕs, and it doеs not ехplain how TЕs Ьесomе еstaЬlishеd in thе first plaсе.

Sесond, TЕs сould Ье maintainеd Ьy thеir aЬility to sprеad by sеlf-rеpliсation
within thе gеnomе, сouplеd with transmissiсln of nеw ссrpiеs to thе offspring
during sехual rеprоduсtion, еvеn if thеy usually havе hаrmful еffесts on thеir
hosts (thе selfish DNА hypothеsis). on this viеw TЕ aЬundanсе will dеpеnd
on thе Ьalanсе Ьеtwееn transposition that сausеs inсrеasеd сopy numЬеr vеr-
sus sеlесtion against individuals with largе сopy numbеrs (B. Сharlеsworth
et a|. 7994; Lynсh 2007). This Ьalanсе impliеs thаt thе rеduсtion in fitnеss
сausеd Ьy аn еlеmеnt insеrtion musr on avеragе еqual thе сhanсе that an еlе.
mеnt transposеs. Еstimatеs of this ratе arе around 10_a pеr gеnеrаtion in
Drosophilа, showing that this sеlесtion prеssurе must Ье wеak. This hаs Ьееn
tеstеd furthеr in D. mеlапogаster Ьy dеtеrmining еlеmеnt positions on thе gi-
ant сhromosomеs of larval salivary glands. Thе frеquеnсiеs of TЕ insеrtions
in thе population arе nеarly always vеry low at a givеn plaсе on thе сhromo-
somе, again implying that insеrtions arе disadvantagеous. Thе strеngth сlf sе-
lесtion сan Ье infеrrеd from thе frеquеnсiеs, аnd it agrееs with thе еstimatеd
transposition ratе (B. Сharlеsworth еt аl. 1994|.

\Х/hat is thе naturе of this sеlесtion? \iИе havе alrеady disсussеd sеlесtion
against largе gеnomе sizе, and harmful еffесts of transpositions on thе host.
Anothеr disаdvantagе сomеs from сr:ossing ovеr Ьеtwееn еlеmеnts in diffеrеnt
gеnomiс loсations (ecto|liс ехсhапge) , This сausеs сhromosomе invеrsions,
transloсations, dеlеtions, and dupliсations (B. Сharlеsworth еt al. 1994). Somе
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rеarrangеmеnts havе fеw or no harmful еffесts and саn sprеad in populations
bесausе of gеnеtiс drifl, thеrеЬy сorrrriЬuting to еvolutionary сh:rr-rgе in сlrro-
mosomе struсturе. But many rеarrangеmеnts disrupt gеnе funсtions аnd аrе
highly dеlеtеrious: nrany humаn gеnеtiс disеаsеs аrе сausеd Ьy сhromosomе rе-
аrrangеmеnts (gепсlmiс disеclsеs), inсluding mаny саnсегs (Dеiningеr еt аl.
2003). If this is аn importalrt disаdvurntаgе tо having high TЕ aЬundanсе, it
prеdiсts thаt TЕs sЬould aссltmulatе mainly in gеntrmiс геgions rvith low ге-
сomЬinаrtion rаtеs' sinсе tlrеy arе tlrеп lеss likеly tсl саusе harnrful rеarrangе-
mеnts аnd will thеrеforе not Ье rеmovеd Ьy sеlесtion against thе produсts o{
есtopiс еxсhangеs' As mеntiсltlеd еarliег, this is oftеn truе' For ехanrplе, a largе
pгоportion of tlrе Y сhromсlsоmеs of many spесiеs сonsists of ТЕ-dеrivеd sе_
quеnсеs (B. Сharlеsworth еt a|. |994|. Howеvеr, thеrе arе othеr possiЬlе еx-
planatiоns for this pattеrn' srrсh as thе геduсеd еffiсiеnсy of sеlесtiоrr in rеgitlns
of thе gеrromе witlr rеduсеd rесoпrЬinаtion (sее lаtеr disсr"rssiorr).

TЕs miry somеtimеs induсе favoraЬlе mutations or сhromosomе rеarrangе-
mеnts' and sеlесtion will thеrl sprеad thеm throughout thе pсlpulation. Son-rе
ТЕ-dеrived sеquеnсеs аppе21r to rеgulаtе gеnе асtivity (Dеiningег еt аl. 200З)
or сonfеr othеr Ьеnеfits on thеir hosts (Brookfiеld 2003). As wе arguеd for
satеll itе sеquеnсеs' howеvеr, a prеsеnt-day Ьеnеfit doеs not impl,v that sеlес-
tion prсlmotеd tlrе initial sprеаd of tlrеsе sеqtlеnсеs. lr is possiЬlе thаt rеgulа_
tory or еr,еn сodin8 funсtions havе Ьееn aсquiгеd by suсh TЕs long aftеr tlrеy
wеrе insеrtеd into thеir Prеsеnt loсations and fiхеd in thе population.

M A s s I V Е  т Е  A с с U М U L A т | o N  A N D  P o P U L A т | o N
s I z Е  D I F F Е R Е N с Е s

Although thе ratе of inсrеаsе of TЕs Ьy trаnsposition in spесiеs suсh as
D. melаnogаsle/ sееms low (onе nеw еlеmеnt in thе haploid gеnomе еlеmеnt
гoughlv еvеry 10 gеnегations)' сopl,numbеr lvil l inсгеasе rapidl,v ovеr еvolu-
tionary timеsсalеs if no oppсlsing foгсе opеrаtеs: for еxаlmplе, with thе ratе of
transpositiсln еstimatеd еarliеr, a tеnfold inсrеasе woLlld takе only 2з,000
Drosopbilа gеnеrirtiotls, lеss tlran 2,000 yеars. Lаrgе diffеrеnсеs in TЕ аЬLrrr-
danсеs among rеlаtеd spесiеs, аs in thе maizе and riсе ехamplеs dеsсriЬеd
еarliеr, aге thus rеadily ехpliсaЬlе if sеlесtion prеssuгеs against thеm аrе
sоmеtimes rеlaхеd. Arrothеr ехamplе is proviсlеd Ьу Drosсlphilа mirаndа, itl
whiсh art autos()nlе Ьесаmе attaсhеd to thе Y сhromosomе аЬout 1 mill ion
yrars ago; this hаs sinсе Ьееn transmittеd only from fаthеr to son, сausing
this gеnomе геgion to stop rесomЬining Ьесаusе rессrmЬirrаtion doеs not oс-
сur in Drr,,sophilа ma|еs. Тhе rеgion has sinсе thеn aссumulatеd a high dеn-
sity of TЕ insеrtions into nonсoding sеquеnсеs (Baсhtrog 2003)' Gеnomеs of
somе spесiеs (е.g., lrumаns arrd mаizе) lrаvе a vеry higЬ ovеrаIl TЕ aЬundarrсе
(Тablе 2), and at many сhromosomal sitеs, TЕs may bе prеsеllt at high fге-
quеnсiеs (or еvеn in all individuals) (Ostеrtag and Kazazian 2001)' сontrast-
ing lvirh thе low insегtiсln frеquеnсiеs in Drosсsphilа.

\fhy arе thеrе suсh largе diffеrеnсеs Ьеtwееn spесiеs? Pеrhaps thе пruсh
largеr аnrounts of intеrgеniс DNA and largеr introns in humans than in

1,6L)

lt lс gеnomе еvеry 10 gеr-rеrations in
rеlaхеd (Мasidе еt al. 2000). Тhеге
е gеnomе (Karninkеr еt al. 2002), so
Llly асtivе еlеmеnt is aЬсlut 10_a pеr

in thе gеnomе? Thеrе i1ге two сon.
94). First, TЕs сould Ье maintainеd
. host orgarrisпrs; for instаrrсе. thеy
rtiorrs Ьy insеrting into gеnеs Or rеg-
idеa is tЬat insеrtions f]lostly сatlsе
srllрting сoding or геgulatoгУ sе_
еtеrious mutations' inсluding somе
sеrtions into сoding sеquеnсеs (os-
|y dеlеtегioLrs mutаtions аrе usuall1,
d as mеntionеd еarliеr, it is indeеd
эf highеr organisms TЕs arе largеly
g tЬаt irrsеrtions therе аrе harmful
с ing Сonsort ium 2001; Kamirrkеr
:vidеnсе that TЕ movеmеnt is disad-
lсiеs, suсh as уеаst' rhе nrold Nсzl-
lесhanisms th:lt rеstriсt гhе ratе of
r aL. 2007). Мorеovеr, tЬе viеw tЬat
hosts' futr:rе еl.o]ution геsts on thе
сiеs is еnhanсеd Ьy thе prеsеnсе of
:omе еstaЬlished in thе Iirst plaсе.
ir aЬil it1' to sprеerd Ьy sеlf-rеpliсation
ssion of nеw сopiеs to thе offspring
rsually havе harmful еffс:сts on thеir
h is  v iеrд, ,TЕ aЬundanсе wi l l  dеpеnd
t сattsеs inсrеasеd сopy rrumЬеr vеr-
gе сopy numЬеrs (B. Сlrarlеsworth
mpliеs that thе rеduсtion in fitnеss
vеrаgе еqual tl-rе сhanсе thаt an еlе-
аrе around l0-a pеr gеnеrat ion in
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19941.
Vе lrаvе alrеady disсussеd sеlесtion
[fесts of transpositions on thе host.
g ovеr bеtwееn еlеmеnts irr diffеrent
h is  саusеs сhr<lmоsontе invеrs io l rs ,
(B. Сharlеsworth еt al. 1994). Somе
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Drosophilа п1еаn that insеrtions hаvе lеss risk of сausing harmful mutations
(although this would not Ье tгuе if intеrgеniс rеgions' sеquеnсеs oftеn сontrol
genе aсtivity). A morе intеrеsting possiЬil ity dеpеnds on thе wеaknеss of sе-
lесtion against еaсh nеW TЕ insеrtion. If TЕs rarеly ехсisе from a sitе, gеnеtiс
drift сan somеtimеs lеad tо a sitе Ьесoming iгrеvеrsiЬly fiхеd for an еlеmеnt.
In spесiеs with low population sizеs, suсh as humans, sеlесtion against еlе-
mеnts is lеss еffесtivе in opposing gеnеtiс drift ' and this possiЬly allows thе
prеssrrrе for еlеmеnt Ьuildup to prеdominatе (Lynсh 2007I. Nеw insеrtions
into аlгеady_оссupiеd sitеs woшld flot Ье prеvеntеd Ьy sеlесtion (thеrе would
Ьe no direсt hаrmful еftесts, just a slightly grеatеr risk of есtopiс еxсhangе),
and so еlеmеnts сould snowЬall ovеr timе. This may aссount for thе fixеd еl-
еmеnts in mаnrmalian gеnomеs' Ьut rrot for thе vеry high TЕ aЬundanсе in
maize, a spесiеs whosе high DNA sеquеnсе vaгlaЬil ity indiсatеs a largе pop-
ulation sizе (Tenail lon еt al. 2002I. RесomЬination in maizе may Ье largеly
сonfinеd to gеnеs' so that TЕs in intегgеniс sеquеnсеs сould not Ье rеmovеd
Ьy есtopiс ехсhangе. Thus еlеmеnts would Ьuild up Ьеtwееn gеnеs' as oЬ.
sеrvеd (SanМiguеl еt a|. 1.996)' Нowеvеr, thе сausаtion сould Ье thе othеr
way round: TЕs may simply rесomЬiпе lеss than l. lost sеquеnсеs.

т H Е  Е V o L U т I o N A R Y  с o N s Е o U Е N с Е s  o F  G Е N Е т I с
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Sеlесtion against TЕs is only onе Way in whiсh small population sizе and laсk
of rесomЬination сan Ье importаnt for gеnomе еvolution. RесomЬination
rаtеs play important гolеs in numегous еvoluгionаry proсеssеs' еspесially thе
еvolutionary advantagеs and disadvantagеs of sехual rеproduсtion. Sеvеral
diffеrеnсеs among gеnomе rеgions аrе сonnесtеd with rесomЬination ratе
diffеrеnсеs' аnd thе еffесts of low rесonrЬination rаtеs arе similar to thosе of
small еffесtivе populаtion sizе (Gоrdo arrd Chaгlеsworth 2001).

Sеx and rесombinаtiorr аllow sеlесtion to aсt indеpеndеntly on diffеrеnt sitеs
within thе gеnomе. This inсrеasеs thе еffiсiеnсy of sеlесtion. For ехample,if fa-
vorаblе mutaсions arisе indеpеndеntly, but vеry rаrеly' at two sitеs, thе popu-
lаtion will rarеly сtrntain any individuals that сarry douЬlе mutants' еvеn if this
is thе fittеst сomЬination (unlеss thе populаtion sizе is so hugе that thе sесond
mutation еvеnt happеns Ьеforе sеlесtion fiхеs the first favoraЬlе mutation). Gе-
nеtiс rесombination allows thе douЬlе-mutant сomЬination to Ьe formеd.
Whеn thеге is littlе or no eеnеtiс rесomЬination' or whеn rеproduсtion is asеx-
ual, sеlесtioп on onе gеnе thus impеdеs sеlесtion aсting on othеr gеnеs' making
fаvoraЬlе mutations lеss likеly to sprеad and dеlеtеrious mutаtions (suсh as
amino aсid сhаngеs in prоtеins) moге likеly to Ье fiхеd Ьy gеnеtiс drift, paгtiс-
ularly whеn population sizеs arе low (Gordo and Сharlеsworth 2001). This

Proсеss proЬaЬly сontriЬutеs to gеnon-lе rеduсtion in symЬiotiс Ьaсtеria that
livе within inseсt сеlls (rесomЬination bеtwеen Ьасtеria of thеsе spесiеs is prе-
vеntеd by isolаtion); thеsе rеduсеd gеnomеs also havе fastеr amino асid sеquеnсе
еvolution' as prеdiсtеd givеrr thе lowеrеd aЬility of sеlесtion to еliminatе muta-
tions with wеakly disаdv:rntagеous еffесts (Мoran 2003).
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Gеnеs in gеnomе rеЕ]ions tlrat lасk gеnеtiс rессlmЬinatiсln should r.rndеrgo
similar еvolutionirrv proсеssеs thar iпrpеdе sеlессion аrrсl lеаd tсl rеduсеd lеv-
еls of аdaptation. This may also сontгiЬutс to thе Ьuildup of TЕs in nonrе-
сomЬining сhromosomal rеgions and to thеsе rеgions' inсrеasеd intron sizеs
(pеrhaps аlso irr p2rrt сausеd Ьy ТЕ-dеrivеd matсrial). Y sех сlrгomos<lntеs
strikingly i l lustratе thе disastrous сonsеqttеnсеs сlf not rесomЬining
(D. Сharlеsworth еt al. 200.5). Thе mammаliаn Y and Х сhromosomеs shurге
somе gеnеs' Ьеtr..rving thеir сomnlon dеsсеtlt fr<lm а nсlrmal сhгomсlsoп-tе
pair, Ьut thе Y lасks most сlf thе morе than 1,000 gеnеs on thе Х-it has lost
thе gеnеtiс informatiоrr onсе shаrеd with thе X' This is jr'rst as prесliсtеd fсlr :r
nоnrесoпrЬining сhrсlmosorrrе: sеlесtion aсting tltl hur-rс]rеds of gеrrеs wilI irn-
pеdе thеir aЬil ity tсl maintaiп adaptation. Y-linkеd gеnеs should thus еvolvе
festеr thar.r thеir X-linkеd сountеrparts if thе аЬil ity of sеlесtion to rеmOVе
disadvаntаgесlus r,ariants is irnpеdесi; tlrеy slrould еvolvе r-rrorе l ikе psеtldo-
gеnеs than likе normal gеnеs. Fastеr Y еvolutiсln is indееd dеtесtеd in analy-
sеs of  sех. l inkеd gеnеs in mаmmals (Gеrrard and F i latov 2005) and Ьirds
(Fгidolfssсln arrd Еllеgrеn 2000). A siпrilаr aссеlеration is oЬsеrvеd f<lr tlrе
gеnеs addеd to thе Y сhrontosomе of D. mirапdа, and pоlymorphism dlrta
сonfirm that this is сluе to inеffесtivе sеlесtion against dеlеtеrious аmino aсid
п1utаtions (Bartolсlmё аnd Сhагlеsrvorth 2006).

Similar Ьut mildеr еffесts arе oЬsеrvеd whеn wе сolтlparе otЬеr gеnomе rе-
gions with diffеrеnt rесomЬination rаtеs. Gеnеs oftеn disproportiсlnatеly usе
сodons that еnd in G or С ratlrеr tharr tlrosе thаt еnd in A сlr Т' so the GС
сontеnt of third сoding positions tеnds to Ье highеr tharr that of thеiг intrtltrs
or thе adjaсеnt nonсoding sеquеnсе. In Ьaсtеria, D. mеlапсlgаstеr, С. еlе-
gапs' and А. tllаliаltа' thеrе is сonr,inсiIrg еvidеrrсе thilt tlris сodсrn usagе Ьiаs
rеflесts thе aсtion of sеlесtion, proЬаЬly Ьесаusе GС-еnding сodons allow
fastеr and/or morе aссuratе translation of thе mеssеngеГ RNA ir"rto thе pro-
tе in sеquеnсе (Akаs l r i  еt  а l .  1998; Shагp еt  а l .2005).  T l"rе sе lесt io l l  рrеssL l rе
is, howеvеr' vеry small сomparеd ll,, ith that xсting on most сhlrngеs to thе
protеin sеquеnсеs' so that thеrе is orrly a stаtistiсal tеndеnсy fсlr СiС to Ье
prеfеrrеd or,еr AT. In an orgаrrism likе D. mеlапсlgаslсr, r'r,ith а srrЬstirntiаl
сomponеnt of thе gеnomе in rеgions nеar thе сеntromеrеs and tеl<lrnегеs
rvhеrе rесomЬination is infrеquеnt, tЬе aЬil ity of sеlесtioll to maintаin ()Pti-

mаl  сodon usаgе might Ье lеssеnеd sr"r f f iс iеnt l1, thаt gеrrеs in tЬеsе геgi t l l l s
would Ье lеss Ь iasеd thаn е lsеwhеrе in thе gеnomе. T l r is  aссounts for  part
of thе oЬsеrvеd rеIatiсlnship Ьеtwееn rесor-nЬination гatеs аnd thе GС
сontеnt of  сoding sеql lеnсеs ln Drosophi la ( iV lагa is  i rnr l  P igаr lе i l t r  2007) '
and for thе wеakеning of sеlесtion fсlr сodor-r usagе Ьias that has Ьееn dе-
tесtеd for thе gеnеs addеd to thе Y сhromosolте inD. mirапda (Bartolorn6

аnd Сharlеsrvorth 2006).
Howеvеr, thе GС сontеnt сlf nonсoding sеquеnсеs in D. mеlапtlgаster ttnd

С' еlеgапs also сorrеlatеs with rес<lmЬination rаtеs' аnd GС сontеnts of сod-
ing sеquеrrсеs and nonсodirrg sеquеnсеs arе сoггеlatеd rvith еaсh Othеr, aS
mеntionеd еarliеr (Мarais 2003; Lyrrсh 2007\. Nonsеlесtivе fсlrсеs, suсh as
ratеs and dirесtions of mutatiсln, thus prоЬaЬlу аlstl varr, with rесomЬin:rtion
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ratеs. сеrtainly, not all mutаtions oссLlr еqually frеquеntlv' As аlrеady mеn-
tionеd, thе rеlativеly high AТ сontеnt of nonсoding DNA is сausеd by muta-
tional biаs toward AT. A proсеss that may opposе this is biаsеd geпе
сonuеrsion; Ьесausе of thе molесular mесhаnism of gеnеtiс rесomЬination'
whеn onе gеnomе has GС at a sitе and thе samе sitе in thе othег has AT, rе.
сomЬination сan pгoduсе a vеry slight ехсеss of GС in thе daughtеr gеnomе
(Мarais 2003). This wil l inсгеasе GС сontеnt in Ьoth сoding and nonсoding
sеquеnсеs' сausing GСs to Ье fiхеd moге frеquеntly than ATs' just as though
GСs wеrе favorеd by sеlесtion. Bесausе it is paгt of thе rесomЬination pro-
сеss, Ьiаsеd gеnе сonvеrsion is еxpесtеd to aсt mainly in rеgions with high
ratеs of rесomЬination, lеading to a highеr GС frеquеnсy in suсh rеgions.
Thiгd positions of сodons will havе an аdditionаl еnhanсеmеnt of GС from
thе еffесts of sеlесtion for сodorr Ьias' Statistiсal analysеs of thе GС сontеnt
of thе gеnomе of D' mеlаnogаstel" supPort this hypothеsis, as do data from
thе highlу rесomЬining parts of sеx сhromosomеs of nrammаls (Мarais
200З ).

Соnсlusions

Gеnomе еvolution, likе othеr еvolutionаry сhangеs, is opportunistiс. Сhangеs
in gеnomе fеaturеs hzrvе сonsеquеnсеs of two kinds. First, сhangе may lеad to
fuгthеr сhangеs. For instanсе, сhr{rmosomе rеaгrangеmеnts affесt rесomЬina-
tion. A gеnе сan movе into a rеgion of lowеr or highеr rесomЬination, affесt.
ing thе Ьаlаnсе Ьеtwееn Ьiasеd gеnе сonvеrsion that pushеs GС сontеnt up
vегsus mutation Prеssurе in thе othеr dirесtion, So that GC сontеrrt will start
сhanging. If a rеarrаngеmеnt rеduсеs rесomЬinаtion, as happеns whеn a сhro-
mosomе arпr is joinсd to a Y сhromosomе, thе dесrеasеd aЬility of natrrrаl sе-
lесtion to еliminatе wеaklу disadvаntagеous сhangеs may ultinratеly lеad to
thе loss of funсtionality' or еvеn thе physiсal prеsеnсе' of gеnеs from this сhro-
mosomе' as indееd has hаppеnеd in D. пtirапdа (D. Сharlеsworth еt al. 2005).

Sесond, еvеn whеn a gеnonlе fеaturе еr,olvеs witlrout Ьеing favorеd Ьy in-
dividual sеlесtion, thеге сan oссasionаlly Ье pоtеntially advantagеous effесts
for organismal funсtions. For ехamplе, TЕs that сontain sеquеnсеs that сon-
trol thе ехprеssion of thеir own gеnеs саn аlso аffесt thе aсtivity of gеnеs
сlosе to thеir insеrtion sitеs. Initially parasitiс sеlfish DNA (sprеading purеly
as a сonsеquеnсе of sеlесtion for thе sеquеnсеs' own aЬil ity tо rеpliсatе) сan
bесomе ..domеstiсatеd'' as a part of thе gеnomе of a spесiеs, prеsеnt in all in-
dividuals аnd funсtioning in its host, rathеr l ikе thе organеllеs' whiсh wеrе
onсе indеpеndеnt organisms (Broоkfiеld 2003). This possiЬil ity is often ovеr-
lookеd, Ьut it is important to avoid thе naivе attitudе that prеsеnt.dav Ьеnе.
fits сan ехplain thе origin of irl l gеnomе fеatuгеs.

Genomе еvоlution is far morе сomplех than straightforward adaptivе еvo-
lution Ьy natural sеlесtion, and many fеaturеs may havе hаd a long history in
gеnomеs Ьеforе аny Ьеnеfiгs t<l thе organism еvolvеd. It has еvеn Ьееn
suggеstеd that introns may initially havе sprеad within gеnomеs whеn popu-
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lаtion sizеs dесгеаsеd аs rrruIriсеllrrlаг orgаnisпrs еvolvеd. Thе prеsеlrсе of in-
trons ехposеs gеnеs to ехtrа hаrmful mutations in addition to thosе that
сhangе thе pгotеir-r and ссlrrtгoll irrg sеquеnсеs (Ьgсдu5g siгеs rеquirеd for
spliсing must Ье сonsеrvеd). It is ptlssiЬlе thаt thеir prеsеnсе сan Ье rеsistеd
Ь,v sеlесtion only irr spесiеs rvith vеry l:rrgе pсlpulations. IГ somе rlrutational
prеssurе inсrеirsеs intron nunlbеrs. this соuld aссOllnt for introns' rarity in

рrokaryotеs and prеsеrrсе in multiсеlltrlar еuk:rryotеs (Lynсh and Сonеry
2003; Lynсh 2007). SеIесtion mау аlstl f irvoг small рrokarvotе gеllomе slzе
for othеr rеasons' l lut in prinсiplе all rrpposing forсеs must Play somе rolе.

Again, horvеvеr, it sеепrs unlikеly tlrаt n.rutirtiсlпаl prеssllrе ехplains thе
prеsеnсе of аll intгons in gеnеs of l iving multiсеllular еukaryсltеs, еspесially
Ьесausе intron sizе and nunlЬеrs сan dесrеаsе, аs wеll as itrсrеasе (this has
happеnеd. frrr instаnсе, in thе smаll gеnomе of thе plant А. tbаliапа;.Wright
еtal.2002). \й/hаtеvеr thе сausеs of thеir initial origins, introns havе еvolvеd
to Ьессlt-l-tе dоrnеstiсаtеd аnd l-rаvе асqrrirеd сеllulаr funсtiсrns' as wе lrevе
suggеstеd for othеr gеn()mе fеaturеs, and thеrе is inсrеasing еvidеnсе for sе-
lесtivе сonstrail-tгs tltr intгtln аrrd <ltlrеr kirrds of nonсoсling sеquеnсes iIl еu-
karyotе Е]еnomеs (Hall igаn and Kеlghtlеv 20061Asthаna et al' 20О7).

Furthеr progrеss in undеrstandirrg thе сausaI proсеssеs involvеd in gеnсlmе
еvolutiсln is to Ье ехpесtеd аs moге ilnd morе dеtailесl сomparisons of gеrromеs
Ьесomе possiЬlе. Thе Twеlvе Gеnomеs Projесt, irr whiсh largе parts of thе
gеnomеs of 1) пiеrrrЬеrs <lf thе gеtrtls Drosс;pbilа have Ьееn sеquегlсеd, is a
stеp in this dirесti<ln (Droso1lЬilа l2 Gеrromеs Сonsortium 2007). Although
thе сonstаnt сhаngеs in gеnсtnlеs mаkе it ditfiсult tо undеrstand thе сarrsеs сlf
partiсulirr еvеnts il-t gеnOmе еr,olution' suffiсiеntly dеtailеd сomparisons of liv.
ing spесiеs sh<luld аlIow us tсl disсеrn pattегns in gеnоmеs аnd tсl infег thе main
саusеs of mаnv сh;rngеs. Bесausе gеnomе сhangеs arе frеquегtt, it should Ье
possiЬlе tO сomparе indеpеndеnt сasеs ot simi[аr сhangеs and t<l disсovеr сom-
mon fасtors, similar to tЬе proсеduгеs wiс]еlv usеd for sttrdying othег typеs of
еvolutionary сhangеs (е.g., Наrvеу and Pagеl 1991I. Thеsе providе morе rigor-
ous геsгs оf hypothеsеs tlrаn Ьr<laсl сoInparisсlns amolrg distаntly rеlаtеd гaхa.
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17.1

еquаlly frеquеntly. As alrеаdy mеn-
nonсoding DNA is саusеd Ьy mutа-
: mаy opposе this is biаsеd gепe
:сhanism of gеnеtiс rесomЬination,
1е samе sitе in thе othеr has AT, rе-
:сеss of GС in thе daughtеr gеnomе
ltеnt in Ьoth соding and nonсoding
tiеquеntly than AЪ, just аs though
it is part оf thе rесomЬination pro-
to aсt mainly ir-r rеgions with high
hеr GС frequеnсy in suсh rеgions.
dditional еnhanсеmеnt of GС 1rom
.ltistiсаl analysеs of thе GС сontеnt
'rt this hypothеsis, as do data from
lromosomеs of mammals (Мarais

, сhаngеs' is opportunistiс. Сhangеs
wo kinds. First, сlrangе may lеad tо
lе rеaгrangеmеnts affесt rесomЬina-
vеr or highеr rесomЬination, affесt-
vеrsion thаt pushеs GC сontеnt up
сtion' so that GС сontеnt will start
lЬination, as happеns whеn a сhгo-
l, thе dесrеasеd ability of naсural sе-
)us сhangеs may ultimatеly lеad tо
al prеsеnсе, of gеnеs from this сhro-
,апdа (D, Сharlеsworth еt аl. 2005).
,.olvеs without Ьеing firvorеd Ьy in-
Ье potеntially advantаgеous еffесts
Еs that сontain sеquеnсes tЬаt сon-
tn аlso affесt thе aсtivity of gеnеs
sitiс sеlfish DNA (sprеading purеly
еnсеs'own aЬil ity to rеpliсatе) сan
nomе of a spесiеs' prеsеnt in all in-
rеr likе thе оrganеllеs, whiсh wеrе
003). This possiЬil ity is oftеn ovеr-
' ivе аttitudе that prеsеnt-day Ьеnе-
aturеs.
гhan stгaightforwаrd adaptivе еvo-
lrеs may havе had a long history in
аnism еvolvеd. Iг hаs еvеn Ьееn
эrеad within gеnomеs whеn popu.
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The Pattern and Process
of Speciation

Margaret B. Ptacek- dnd Shala J. Hank"ison

Tl-re essential bit  of evolut ionary theor\.which is concerned rvjth the ori-

gin and nirture of spet: ies remains r.rt ter ly rnyster ' , .rut.  
*.  Batcso. (192r)

Speciation, the evolutionary process by which new and distinct l ineages arise

and mirintain their independent traiectories, has been a perplexing phenome-

non ever since Dirrwin (18-59) first proposed that all l iving organisms have

diver:sif ied frorn shared ancestors. There are several reasons why unclerstand-

ing how speciat ion oceurs is  chel lcnging.  F i rs t .  most  speci r r ion tvcnts hrvc

occurred in the past, leaving only the end products, species, :rs a signattrre of

their occurrence. Species, l.r<tth exrant and extinct tornts, [re,rr the cher,rctcris-

tics rlssociated with their divergence from conlrlon ancestors' but in addi-

tion, they also carry unique phenotypic and genotypic changes that have

occurrecl since speciation. Disentangling the characteristics associatecl rvith

the speciation process frclm those thzlt have evolved since divergellce can be

particularly dif6cult.

Second, new species arise through r'r variety of evolutionary mechrrnisms

(e.g., natural selecticln, sexual selection, genetic drift, anci mutatioll), and

therefore, f inding a unifying definit ion that describes and cle fines all sf- 'ecies is

an impossible challenge. Thus much clebate has occurred al'rout the nature of

species characteristics and how scientists can distinguish species for taxo-

nomic, systelratic, and conservatiorr purposes.

Finaily, speciation is a series of processes, with :r beginning stage of init ial

divergence, a middle stage wherein species-specific characteristics are refined

bv vari<,rus forces of evolutiotr, and an end point at which ir new species be-

comes a completely separaCe evolutionary l ineage on its 1;wn trajectqry of

evolutionary change with the potential for extinction or further diversif ica-

rion into new li leages (Figure 1). Knorving the locirt ion of ur species alor-rg this

continuum oi speciation has proved to be a perplexing ;lroblem ftlr evolu-

tionary biologists who wish to understand how new species :rrise. Despite

th is  hurd le,  the study of  speciat ion is  one of  the most  importarr t  ancl  exc i t -

ing areas of el,olutionrrr,v biologv. A resursence of interest in speci:rt ion by
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Figurе 1. Thе proсеss of speсiation is a соntinuum. InitiaI divеrgеnсе Ьеtwееn
populatiоns is followеd Ьy а pеriod of anаgеniс сhangе within еaсh nеw linеagе
whеrеin spесiеs.spесifiс сharасtеristiсs arе rеfinеd Ьy various forсеs of еvolution.
In somе spесiеs long pеriоds with l ittlе еvolutionary сhangе (stasis) may ()ссur.
onсe formеd, spесiеs may further divеrsify into nеw linеagеs (сladogеnеsis) or
may Ьесomе ехtinсt. Thе сhallеngе in thе study of spесiation is unсovеring
whеre along this сontinuum a spесiеs aсtually еxists.

еvolutionary Ьiologists ovеr thе past 15 yеars has lеd to mаny ехсiting ad-
vanсеs. Thеsе inсludе thе disсovеry of sеvеral spесiаtioп gепеs that сonfеr rе-
produсtivе isolation, a Ьеttеr undеrstanding of thе importanсе of sympatriс
spесiation (spесiation withоut gеographiс isolation); and a геsurrесtion of in-
tеrеst in how natural sеlесtion сan lеad to thе formatiсln of nеw speсiеs as Ьy-
produсts of adaptivе diffеrеntiation.

In this еssay wе outlinе somе of thе major сhallеngеs in undеrstanding spе.
сiation and showсasе еxamplеs that i l lustratе thе major advanсеs in thе study
of thе origin and divеrsifiсation of spесiеs. wе start with thе proЬlеm of
dеfining spесiеs, and how an undеrstanding of thе undеrlying meсhanisms
that lеad to thе formation of nеw spесiеs may Ье the Ьеst approaсh in at-
tеmpting to dеfinе what a spесiеs rеally is. Nехt, wе outlinе thе various rypеs
of isoIat ing Ьаrr iегs than саn in i t iаtе '  promotе.  and сomplеtе thе spес iaг ion
proсеss. Finally' wе disсuss thе еvolutionary mесhanisms thаt drivе thе spесi-
ation proсеss. Outlining thе rеlativе rolеs thаt natural sеlесtion, sеxual
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sеlесtion, gеnеtiс сlrift, and mutаtion plаv in prom()titlg phеnotypiс and
gеnot1,piс diffеrсnсеs Ьеtwесn populations is сritiсal to our undеrstanding of
how ar-rd why nеw spесiеs arisе. Our gсlal is not t() сovеr еvеry potеntial way
in whiсIr lrеw spесiеs аrе formес.l Ьшt rathеr tсl i l lustratе with ехаmplеs thе
primary mеans Ьy whiсh nеw s1-lесiеs arе f<lrrnеd irnd rrr:rintаin thеir indеpеn-
dеnt еvolutionаry pаthwаys. Through suсh studiеs, еvсllutionary Ьiologists
havе Ьеgun to rеsolr,е thе ..mystеriеs of spесiation'' (Batеson \922)'

Thе Naturе of Spесiеs

Spесiеs сOnсеpts' a sеt of rulеs tlr сharасtегistiсs usеd to dеfinе a sPе1'igs'
abotrnd in thе litеratuге (N[ir,vdеn |997;ТaLl|e l)аnd hilr,е Ьееn a srrЬjесt of
long.stаnding dеЬаtе among еvсllr"rtionary Ьiсllogists. Tlrе naturе of rhis proЬ-
lеm is сеntеrеd arоund a disagrееnrеnt Ьеtwееn еv<llutionary Ьiologists on
pattеrn.oriеntеd or proсеss-oriеr-rtеd dеfinitiolrs, whiсh, in turn, lеads to dif-
fеrеnсеs of opini<ln сltl whеrе in tlrе spесiation proсеss а dеfinition is most ap-
pliсaЬlе (Figurе 2). Pattеrn-oriеntеd dеfinitiсlns usе rulеs or сritеria to dеfinе
spесiеs. F.or ехamplе, thе Biologiсal Spесiеs Сonсеpt (Bsс), first artiсulatеd
Ьy Thеodos ius Dt l l l zhanskу 19з7) аnd latеr  сhampionеd Ьy Еrnst  Мayг
(1942, 196.3), сlеfinеs spесiеs сln thе Ьasis tlf геprrlduсtivе isolаting mесha-
nisms. Rеproduсtivе isolatiorr п1ay Oссur thr<lugh prеmаting or posrmating
Ьarriеrs to suссеssful rеproduсtion.

Proсеss.oriеntеd dеfiniti<lns do not usе sрlесifiс сharасtеristiсs (isolating

mесhапisms, phеntltv1.l iс сharaсtегs) to dеfinе i1 spесiеs Ьut гathеr rrsе а сritе-
rion of somе lеr,еl of divеrgеrrсе (еvсllutionаry or есolсlgiсal) that sеpaгatеs
spесiеs into distinсt еntitiеs. }.<lr-ехamplе, thе Есolсlgiсal Spесiеs Сonсеpt
(van Valеn 1976) dеfinеs spесiеs Ьy thеir uniquс niсhе, thе suЬsеt оf есologi-
саl rеquirеmеnts atld adaptations pсlssеssесi Ьv a spесiсs that hаs divеrgеd
from othеr spесiеs through irrtеrspесifiс сotnpеtitiоn, prеdatiorr, lrrrd othеr
есolоgiсal сhar:rсtеristiсs that <rrganizе сtlnrtrrunitiеs of spесiсs. Thе .,dеmo-

graphiс еxсhangеaЬil ity' ' part of thе Сohеsiсln Spесiеs (iсlnсеpt propоsеd Ьy
Alаn Tеmplеton (1989) proviс1еs a siп.ri lаr с]е{inition of spесiеs as hаving
uniquе есoitlgiсirl pгopеrtiеs thаt sеParаtе thеrn tronr tlt lrеr spесiеs.

Еr.сllutior-rary Spесiеs Сorrсеpts dеfinе spесiеs on thе Ьasis of uniquе and
sеparatе еvolutiсlnary trajесtoriеs (е.g., Simpsсл 1'961); аgain, an еmphasis
on proсеss' that is, еvolutionirrv t1ivеrgеnсе, is usеd to dеfir-rе spесiеs. Atr еvo-
lutionаry l inеagе dеfirrit ion wirs first propсlsесl b1, Еd Wilе1, 0978) zrrrd lras
sinсе Ьееn formalizеd with tlrе usе of phylоgеnеtiс infеrеnсе Ьy Jоеl Сгaсraft
and сo l lеaguеs in thе Phylogепеt iс  Spес iеs Сonсеpt (Сraсraft  198з,  1989).
Spесiеs arе dеfinесj ets sеparetе еvolutitlnary l inеagеs or пronophylеtiс сladеs
thаt rеsult frrlrl сl ivегgеnсе frtl l-tl l l с()mmOn l]Ilсеstor. Tlrtrs еvtllutitltrоry
spесiеs do not Ьес()mе diаgnсlsаЬlе until gсlrе flow witlr all сlthеr l inеl-rgеs has
сomрlеtеly сеasеd (Figurе 2).

What do wе dсl rvith all thеsе diffеrеnt dеfinitions, and why do wе nееd to
dеfinе spесiеs anу'ur.аv? Thе сlгgаlrisms that lr-rаkе up t..l isсrеtе еntitiеs that
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Tablе 1. Spесiеs сonсеpts' thеir dеfinitions' and rеfеrеnсеs

Spесiеs
сonсеpt Dеfinition Rеfеrеnсеs

Patternoriеntеd Biologiсal

Proсеss oгiеntеd Сohеsion'.

Groups сlf intеrЬrееding
natural populations thаt
аrе геproduсtivеly isolatеd
from othеr suсh groups.

Сohеsion', Thе most inсlusivе group
of organisms hаving thе
potеntial for gеnеtiс
and/or dеmogrаphiс
еxсhangеаЬil ity.

Phеnеtiс A sеt of organisms thаt
look similar to еасh othеr
and arе distinсt fтom othеr
suсh sеts.

Rесognition A sеt оf populations that
shаrе a сOmmon
fеrtilization systеm
( spесi fi с mJtе-rесOgn itit-ln
systеm).
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Thе most inсlusivе group Tеmplеton 1989
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t989

Есologiсаl A sеt сlf organisms аdаptеd
to a singlе есologiсаl niсhе,
еvolving sеparatеly from
linеаgеs outsidе its rаngе.

Еvolutionary A singlе lrnеagе
(an anсеstral-dеsсеndant
sеquеnсе of pоpulations)
еvolving sеparatеly from
othеrs and with uniquе
еvolutionary tеndеnсiеs
and its own historiсal fatе.

Phylogеnеt iс  Thеsmal lеstd iagnоsaЬlе
сlustеr of individual
organisms within whiсh
thеге is а parеntаl pаttеrn
оf anсеstry аnd dеsсеnt.

".  Pаrts оf dеf in i t ion сonsidеr Ьoth pаttеrn and prоссss с l f  spесiat ion.
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sсiеntists сall spесiеs sееm to know thеir own Ьoundariеs' еvеn if biсl lоgists
саnnot sееm to agrее. Thеrе arе, howеvеr' somе vеry impоrtant геаsons ftrr
hav ing somе foгm of dеf in i t ion that sс iеnt is ts  саn usе гo гесognizе spес iеs,
еven if diffЪrеnt speсiеs rеquirе different сritеria for dеfining thеir Ьound-
ariеs. First, dеfining Ьiologiсal еntitiеs аs spесiеs providеs a svstеmatiс man-
nеr in whiсh to сlаssify divеrsity and is thе Ьаsis of modегn taхonomy.
Sесond, dеfining diagnosaЬlе groups as spесiеs соrrеsponds to thе disсrеtе
еntitiеs that ехist in naturе. Third' onе сannot study thе proсеss of how nеw
spесiеs arisе without having somе dеfinition сrf what a spесiеs is in thе fiгst
plaсе. Forrгth, spесiеs, аs thе lеast inсlusivе саtеgory of сlivеrsity, rеprеsеnt
thе еvolutionary history of organisnrs' Finаlly, Ьiodivеrsity is gеnеrally mеa-
surеd Ьy thе numЬеr аnd kinds of l iving organisпrs, and thеsе еstimаtеs arе
usually madе at thе spесiеs lеvеl. Thus for a variеtу of геasons, inсluding
сatеgtlrizing and сonsеrving divеrsity, as wеlI аs undеrstanding its oгigitls'

Figurе 2. An illustr:rtion of lrorv diffеr:еnt spесiеs сonсеpts dеfi.rе spесiеs at
diffеrеnt points in thе spесiation proсеss aftеr thе splitting of a siфlе l inеаgе
into two. lfhеrr divеrgеnt linеagеs dispеrsе into diffеrеnt ЬaЬitats'ihе ЕсоtЬgiсal
Spесiеs Ссlnсеpt (ЕсSС) will dеfinе tlrеrn аs sеpаrаtе spесiеs. Thе еvolutiоn of
rеproduсtivе isolation (ISM1 or ISM2) Ьеtwееn thе two linеаcеs wil l сlеfinе
sерaratе spесiеs undеr thе Biologiсal Spесiеs Сorrсеpt (BSС). i inеagеs must
rерrеsеnt monсlphylеtiс сiadеs (all p<rpulаtiсlr.rs irге dt-sсеndе.i frсlm а singlе
сommon anсеstоr)  l rеfr l ге Ьеing rесt lgr l i zеd аs spес iеs unt lег thе PhyIogеnеr iс
Sресiеs Сonсеpt (PSС).
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dеfining spесiеs as disсrеtе Ьiologiсal еntitiеs is еssеntial to our undеrstand-
irrg of thе pr<lссss of spесiatiсln and thе pattеrns of Ьiologiсal divеrsity. No
onе spесiеs сonсеpt wil l aссomplish all thеsе purpсlsеs. Еvolutionаry Ьiоlo-
gists should think aЬout thе naturе of thеir quеstion with rеgard to thе
..spесiеs proЬiеm,'' as wеll as thе natural history of thеir organism of intеrеst,
and thеn сhсrosе thе сonсеpt that appliсs Ьеst ttl thе solving сlf that pаrtiсular
proЬiеnr.

Thе Naturе of Isolating Barriеrs

Thе importanсе of isolating Ьarriеrs is nеarly univеrsal rеgardlеss of thе
spесiеs сonсеpt Ьеing appliеd. Although thе link Ьеtwееn rеproduсtivе isola-
tion and tlrе BSС, whiсh dеfinеs spесiеs on thе Ьasis of Ьаrriеrs to intеrЬrееd.
ing, is сlЬviсlus, isoiatirrg Ьarriеrs also providе thе mеans through whiсh
pсlpulatiсlrrs Ьеgin to divеrgс through dесrеasеd gеnе flow, thе first stеp in
spесiation. Thus еvеn m()rе Proссss-oriеntеd сonсеpts may Ье linkеd indi-
rесtly tO thе еffесts of isolating Ьarriеrs Ьесausе thеsе Ьarriеrs may at somе
pсlint play tr rolе in сеssation сlf gеnе flow Ьеtwееn еvolutionаry l inеagеs'

Thеrе аrе nuпlеrous Ways to сlassify isolating Ьагriеrs; htlwеvеr' onе of thе
rnost widеly usеd divisions is Ьеtwееn prеmаting and postmating bаrriеrs.
Thеsе Ьаrriеrs inсludе thosе that arе duе to ехtrinsiс faсtors, suсh as есolog-
iсal сlr Ьеhaviоral rтесhanisms, and thosе that arе duе to intrinsiс faсtors,
suсh as еgg/spеrm inсompatiЬil it iеs сlr gеnеtiс inсоmpatiЬil it iеs Ьеtwееn hy-
Ьrid gеntlmеs (TaЬlе 2).

Prеnlating Ьerriегs inсludе thosе thаt prеvеnt or dесrеаsе thе likеlihood of
mating Ьеtwееn taхa. In еffесt, prеmating Ьarriеrs prеvеnt taхa (or thе ga-
mеtеs from thosе taхa) from mееting. In есologiсаl isоlation potеntial mаtеs
dtl ntlt meеt Ьесausе of diffеrеnсеs in haЬitat usе. For ехamplе, many insесts
arе lirnitеd to fееding, сourting, mating' and ovipоsitioning on spесifiс plant
hosts. Thus diffеrеrlt spесiеs erе prеvеntеd from intеrЬrееding Ьy thе rеstriс-
tion of сaсh ttl а spесifiс host plant (Futuyma et a|. 1994). Altеrnativеly, indi.
viduals may Ье tеmporally isolatеd' diffеring in thеiг timing of rеproduсtion.
For ехamplе, thе sympatriс сoral spесiеs Мoпtаstrаеа tlппulаris, М. fаuесllаtа,
and М. frапksi arе tеmpoгally isolatеd through diffеrеnсеs in pеak spawning
timеs, and diffеrеnсеs сlf only 1 to 2 hours Ьеtwееn spawning еvеnts providе
еnough timе to dilutе gamеtеs and prеvеnt intеrspесifiс hyЬridization (Knowl-

ton еt al. |997).In othеr сasеs individuals of diffеrеnt spесiеs may Ье prеsеnt
at thе sаmе timе and plaсе arrd sti l l avoid intеrЬrееding. Poll inator isolation is
tlnе suсh mеthod. Сharaсtеrs suсh as flowеr shapе, rеwагd (pollеn vеrsus nес-
tar), and сolor attraсt diffеrеnt typеs of poll inators (е.g., moths' bееs, hum-
mingЬirds) that rrray prеfеrеntiallv visit only сеrtain flowеr tуpеs, еnsuring
thаt pоllеn is trarrsfеrrеd only within а spесiеs.

A {inаl typе of ехtrinsiс isсllating Ьarriеr rеliеs Ol-l Ьеhavioral diffеrеnсеs as
prеmаting Ьаrriеrs. Сlosеly rеlirtеd spесiеs oftеn diffеr in partiсular traits thаt
funсtion as signirls in thе mating proсеss. Thr-rs еvеrr spесiеs that ехhiЬit no

ТаЬlе 2. Isolating Ьarriе
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TaЬlе 2. Isolating Ьarriеrs (Ьoth prе- and postmаting)

Typе of Ьarriеr Dеfinition

Prеmating

Postmating,
prеzygotlс

Postmating,
postzy8otiс

Есologiсal isolation

Tеmporal isolation

Poll inator isolation

Bеhavioral isolation

Месhaniсal isolаtion

Еgg-spеrm rесognition

Сonspесifiс spеrm
prесеdеnсе

HyЬrid inviabil ity

HyЬrid stеrility

Dесrеasеd hyЬrid
fitnеss

Spесiеs arе sеparatеd Ьy
diffеrеnt hosts or
miсrohaЬitats.

Rеprоduсtion oссurs at
diffеrеnt timеs.
Di ffеrеnг spесiеs аttrасt
diffеrеnt poll inators, or pollеn
of diffеrеnt spесiеs is сarriеd
on diffеrеnr Ьody parts.

Bеhaviors usеd as mаting
signals diffег Ьеtwееn spесiеs.

Spеrm transfеr сannot takе
plaсе Ьесausе gеnitalia arе not
сompatiЬlе (or pollen doеs not
adhеrе) Ьеtwееn different
spесiеs.
Propеrtiеs of thе gamеtеs
(oftеn surfaсе proteins) are
not сompatiЬlе Ьеtwееn
spесiеs and prеvеnt
fеrti l ization.
Hеtеrospесifiс spеrm arе
outсompеtеd Ьy сonspeсifiс
spеrm' rеgard lеss of  mat ing
ordеr.

HyЬr ids d iе Ьеfoге rеасhing
sеxual maturity.
HyЬrids arе inсapaЬ1е of
rеproduсing.

HyЬrids havе lower fitness
than е i thеr parеntа l  spес iеs
and аге sеlесtеd аgаinst.

othеr prе- or postmating isolating Ьarriеrs (e.g., sympatriс or synсhronous
brееding) may avoid intеrЬrееding Ьесausе of prеfеrеnсеs for partiсular mat-
ing signals that rеstriсt thеir mating options to mеmЬеrs of a singlе spесiеs.
ЕlaЬoratе malе ornamеnts аnd сourtship displays that diffеr Ьеtwееn сlosеly
rеlatеd spесiеs arе oftеn thought to rеsult in Ьеhаvioral isolating Ьarriеrs
(Andеrsson 1994\.

Dеspitе thе inhеrеnt appеal of Ьarriеrs that prеvent diffеrеnt taхa from
mating at thе outsеt' many isolating Ьarriеrs oссur postmating and may hap-
pеn Ьoth prе- and postzygotiсally. As impliеd Ьy thе nаmе' mating may Oссur
in taхa with postmating, prеzygotiс Ьarriеrs, but fеrtilization doеs not takе
plaсе. For ехamplе, in Ьoth plants and animаls сonspесifiс spеrm (pollеn)
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prесеdеnсе is сommonly fоund, whеrе, dеspitе multiplе mаtings, thе fеmalе
(or fеmalе struсturе of plаnts) only irсссpts spеrm (or pсll lеn) from сon.
spесifiсs, or, altеrnativеly, сonspесifiс spеrm outсompеtеs hеtеrospесifiс spеrm
for fеrtilizаtion. Anita Diaz arrd Мark Maсnair (1999| studiеd сonspесifiс
pollеn prесеdеnсе in thе monkеyflowеrs Мimиlus guttсltL|s and М. паsutus. Оn
М. guttаtus сonspесifiс pollеn-tuЬе growth was fastеr than hеtеrospесifiс
pollеn-tuЬе growth' еnsuring сorrspесifiс fеrti l ization аnd сonfеrring rеpro-
duсtivе isolation Ьеtwееn thеsе spесiеs.

Postmating' postzygotiс Ьarriеrs rеprеsеnt а finiri сatеgory of isolating Ьаr-
riеrs. Although this is a fairly сOп1mon mесhanism of rеproduсtivе isolаtion,
Dаrwin Wаs сonсеrnеd with this isolating Ьirrriеr Ьесausе it is thе Ьasis for
thе produсtion сlf stеrilе hyЬrids. His dilеmmа, simply statеd, was this: if two
taха еvolvеd from a сommon anсеstor' how сould thе сomЬination of thеsе
taхa form a stеrilе hyЬrid? 

.Would 
that not imply stеril ity аt somе timе in thе

еvolution of tахa anсеstral to prеsеnt-day spесiеs? Today wе know, howеvеr,
that although hyЬrid stеril ity is oftеn an important isсllаting Ьarriеr, it is far
frсlm thе only form of postzygotiс isolation, and a Ьеttеr undеrstanding сlf gе-
nеtiсs has yiеldеd a solution to Darwin's proЬlеm of stеrilе hyЬrids.

As with thе study of many еvolutionary proсеssеs in Ьiology, Drosophilа
spесiеs havе provеd еxtrеmеly usеful in undеrstanding postzygotiс Ьаrriеrs.
In a сlassiс study of postzygotiс Ьаrriеrs, Alfrеd sturtеvаnt (1920) showеd
that сrossing D. mеlапogсlster fеmalеs with malеs of thеir sisгеr spесiеs
D. simulаns yiеldеd only fеmalе hyЬrids, witlr malеs dying at thе larval to pu.
pal transition. Мorеovеr' thе rесiproсal сross gavе risе to only hyЬrid mаlеs
bесausе thе fеmalеs diеd as еmЬryos. This study providеd not onlY еvidеnсе
of postzygotiс barriеrs to hyЬridizаtion Ьut also еvidеnсе that thеsе Ьarriеrs
сan appеar at diffеrеnt dеvеlopmеntal stagеs, that thе dirесtion of thе hyЬrid
сross сan bе influеntial, and that hyЬrid inviaЬil ity сan span thе rаngе from
partial to сompletе (Сoynе and Orr 2004).

Although thе postzygotiс Ьarriеrs just disсussеd providе еvidеnсе of thе
variеty of intrinsiс postzygotiс inсompatiЬil it iеs, thеy givе us only a rudimеn-
tary undеrstanding of thеsе Ьarriеrs аnd thеir rеlationship to spесiation; that
is' thеy tеll us what might happеn' Ьut not why or how thеsе Ьаrriеrs еvolvе.
For that, Wе must turn to gеnеtiс modеls of postzygotiс isolation.

Darwin Was unawarе of gеnеs or gеnе intеrасtions, Ьut his сonсеrn aЬout
stеrilе hyЬrids was onе that trouЬlеd еvоlutiсlnary Ьiologists for somе tiпrе.
Thе quеstion of how two spесiеs сan еvolvе from а сommon anсеstor yеt'
whеn matеd, form stеrilе hyЬrids without at lеast onе of thсlsе spесiеs passing
through a maladaptivе form was quitе pеrplехing. A solution to this dilеmma
is providеd Ьy thе DoЬzhansky-Мullеr n-rodеl (although, аs notеd Ьy orr
11996]' Batеson еssеntiаlly solvеd this samе prсlЬlеm 25 yеars еarliеr). Thе
solution dеpеnds upon undеrstanding that gеnеtiс inсompatiЬil it iеs that lеad
to unfit offspring mаy Ье amеlioratеd Ьy mr.rlti loсr.rs intеraсtions. ln thе sim-
plеst modеl, сonsidеr two loсi, AABB (Figurе З). In сlnе spесiеs a mutation
сausеs thе ..а' ' allеlе to appear and Ьессlmе fiхеd, rеsr-rlting in thе аaBB gеno.
typе. In thе sесond spесiеs a mutation lеads to a ,.Ь'' аllеlе (again Ьесoming

(speсies 2)

Figurе З. Thе DoЬzhansky
dеmonst rа tеs  how spес ia t i l
intеrmеdiatе hyЬrid stagе.
that possess thе variant al lr
taхon rеsults in spесiatron
inсompatiЬlе' mating Ьеtw
inviaЬlе, or othеrwisе lеss ]
gеnе in tеrас t ion  сomеs f ro l

fiхеd) and thе AAЬЬ gеn
with thе anсеstral allеlе (с
spесiеs nееd pass througl
and ..Ь', allеlеs arе inсom
dif fегеnt l inеagеs mаtе '  pr
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( inviable/ster i  le hybrid)
AaBb

(speсies 2) (speсies 1)

AABB
(аnсestrа| spесies)

Figurе 3. Thе DoЬzhansky-Мullеr modеl of irrtrinsiс postmating isolation
dеmonstratеs how spесiаtion сould proсееd unhindеrеd Ьy a dеirimental
intегmеdiatе hyЬrid stage. Тhe anсеstral speсiеs divеrgеs into two sеParatе taxa
that possеss thе vаriant allеlеs ..a', аnd ..Ь.' ' Fiхation of thе nоvеl аlЬlеs in еaсh
taхon rеsults in spесiаtion (spесiеs 1 and spесies 2). Sinсe..a' ' and ..Ь'' arе
inсompatiЬlе, mating Ьеtwееn thе two spесiеs rеsults in a hybrid tlrat is stеrilе'
inviaЬlе, oг othеrwisе lеss fit thаn thе parеntal spесiеs. Support for this modеl of
gene intеraсtion сomеs from str"rdiеs с>[ Drosophilа (Сoynе and orr zo04).

fiхеd) аnd thе AAЬЬ gеnotypе. In еithеr саsе thе nеw allеlе is сompаtiblе
with thе anсеstral allеlе (е.g., Ьoth AaBB and AABЬ arе viaЬlе). Thus nеithеr
speсiеs nееd pass through a sеlесtivеly dеtrimеntal stаgе' Howеvеr, thе..a' '
and ..Ь'' allеles arе inсompatiЬlе whеn thеy сo-oссur. If individuals from thе
diffеrеnt l inеagеs matе, produсing an AaBЬ hvЬrid, it сould Ье stеrilе (or oth.
еrwisе lеss fit) bесausе thе..а' ' and..Ь'' allеlеs, whеn in thе samе gеnеtiс
baсkground' arе inсompatiЬlе and form a postmating isolating Ьarriеr. Al-
though this proсеss mаy sееm unlikеly, multiplе еxamplеs, еspесially in post.
mating barriегs among Drosophilа spесiеs, show that thеsе typеs of
multi lосus gеnеtiс inсompаtibil it iеs rnаy in fасt Ье quitе сommoп (orr 1995).

Anothеr important arеa of study in postzygotiс isolation has foсusеd on an
oЬsеrvаtion Ьy J. B. S. Нaldanе (1922) that thе hеtеrogametiс sеx (thе onе
with two diffеrеnt sех сhromosomеs, suсh as mаlеs, ХY, in mammals, and fе-
malеs, ZW, in Ьirds) is thе onе most Oftеn affесtеd Ьy hyЬrid stегil ity or invi-
aЬility. Сallеd Haldanе's rulе, this oЬsеrvation has сonsistеntly Ьееn supportеd
in a variеty of taхa (Сoynе and orr 20О4| regardlеss of whiсh sех is hеt-
еrogamеtiс. Haldanе's rulе appеars to funсtion еarly in thе еvolution of
postzygotiс isolаtion (Сoynе and orr 2004), sinсе rеlativеly rесеntly divеrsеd
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taхa arе morе likеly to еxhiЬit Нaldanе's rulе; сlldеr taхa oftеn show svm-
mеtriс hуЬrid proЬlеrns that аffесt Ьorh sехеs.

Although Haldаnе's rulе has primarilv Ьееn oЬsеrvеd to rеsult in hybrid
stеril ity or inviaЬil ity of thе hеtеrogamеtiс sеx, soпlе еvidеnсе suggеsts that
hеtеrogamеtiс hyЬrids rтay suffег dесrеasесl fitnеss tlrrough a variеty of othеr
mесhanisms as wеll. For ехaпrplе, Nеal Daviеs anсl ссll lеaguеs showеd tlrаt in
thе Nеotropiсаl Ьuttеrfli es Aпаrtiа fаtimа and А. аmаtbеа strong assсrrtlrtivе
mating оссurrеd within еaсh spесiеs' Ьur whеn thеy wеrе сrossеd artif iсiаlly,
fеmalе hyЬrids showеd геduсеd tЪrti i ity, сonsistеrrt with Наldanе's rr-rlе (tЪ-
malе Ьuttеrfl iеs arе hеtеrogаnlеtiс; Dаviеs et aI' 1997). In addition to this
morе typiсаl rеsult, howеvеr, hyЬrid fеmalеs from thе А. аmаtbеа (fеmalе)xА.

fаtitпа (malе) сross showеd а rеdr'rсеd tеnсlеnсy to miltе (Dаviеs et a|. 1997),
Тhis study providеs еvidеnсе that Haldarrе's rulе mzry еxtеnd Ьеyond thе typ-
iсal oЬsеrvation of hyЬrid stеril ity or inviaЬil ity, and that hyЬrid {itnеss may
Ье dесrеasеd through Ьоth prеmating and postmаting Ьarriеrs'

A сomplеtе gеnеtiс undеrstаnding of postzygotiс isоlating Ьаггiегs is n.rцсh
mоrе сomplеx than Нaldanе's гulе alоnе impliеs. Of partiсular intеrеst is thе
сonсеpt of speсiаtirл gеnеs. Speсiation gеnеs arе gеnеs that diffеr Ьеtr-l,ееn
taха and саusе rеproduсtivе isolation Ьеtrvееn thеn-r. A gеnе саllеd Оd1,55g'',
for ехamplе, shows еvidеnсе of rapid еvolution in sсrmе fruit fl iеs, dеspitе rеl-
ativеly slow еvolution in other organisms. This gеnе appеars tсl Ье rеsponsi-
Ьlе for stеril ity in hyЬгid malеs Ьеtrvеen D. simцlаlus аnd D. mouritiапa (Ting
еt al. 1998). Likе oсlysseиsJ Е]еnеs that ехpеriеnсе rаpid еvolшtion (аt lеilst in
somе taхa) may Ье likеly to саusе gеnеtiс inсompatiЬil it iеs Ьеtwееn taхa and
thus Ье good сandidatеs for spесiation gеnеs. МuсЬ of thе wсrrk сln sPесla-
tion gеnеs rеmains thеorеtiсurl; howеvеr, еvolutiоrr:rгy Ьiоlogists аrе addrеss-
ing ехсiting quеstiorrs suсh as whеthеr partiсulaг gеnеs arе gеnеrally rnorе
likеly to lеad to rеproduсtivе isolation, or whеthеr gеnеs assoсiatеd with сеr-
tain funсtions arе Ьеttеr саndidatеs for spесi:rtiоn gеnеs thаn tltlrеrs.

Thе Proсеss of spесiation

Еvolutionary mесharrisms suсh as natural sеlесtion, sехual sеlесtion, and gе-
nеtiс drift сan promotе diffеrеrrсеs Ьеtwееn populations in phеnotypеs and
thеir undегlying gеnotypеs' еvеl1 to thе ехtеrrt thаt diffеrеnt ;lopuiatiorrs Ье-
сomе fixеd for сontplеtеly diffеrеnt аltеrnativеs. Why, thеn, is not еvеry
сlеarly diffеrеntiatеd populatiсln соnsidеrеd a diffегеnt spесiеs? Thе сruх of
thе proЬlеm геsts on two issuеs. First' htl.,v muсh gеnе flow сlссurs Ьеtr-l,ееn
diffеrеntiасing populаtions? Gеnе flow :rсts to honrоgеnizе populatiorrs both
phеnotypiсally and gеnеtiсally; hеnсе it works against sеlесti<ln and drift in
promoting аdaptivе or randсrtт diffеrеntiation' rеspесtivеly. Sесond, lrow
muсh diffеrеntiation is еnoLrgh? This issuе is thсlrIriеr and points tO thе im-
portanсе оf rеproduсtivе isolation in thе spесiаtion proсеss. Although divеrg-
ing populations do not hаvе to еvolvе intrinsiс Ьarriеrs to rеproduсtion, somе
bаrriеr to rеprоduсtivе ехсharrgе mllst Ье prеsent to stoр gеIrе florv and
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сomplеtе thе spесiation proсess. For allopatriс populations' whiсh do not
ovеrlap in gеographiс rangе' thе physiсal distanсе imposеd Ьy gеography сan
sеrvе as а strong Ьarriеr to gеnе flow. Нowevеr, for divеrging populations
whosе rangеs ovеrlap (sympatry) or arе adjасеnt to onе anothеr (parapatry),

or whеn prеviously isolated allopatriс pоpulations сomе into сontaсt (sес-

ondary сontaсt), intrinsiс or ехtrinsiс Ьarriеrs to gеnе flow that prеvеnt intеr-
Ьrееding Ьесomе nесеssary to сomplеtе thе spесiation proсеss. Thus thе
importanсе of rеproduсtivе isolating Ьarriеrs has Ьееn paramount in studiеs
o{ spесiation, and muсh of our undеrstanding of thе proсеss of spесiation is
сеntеrеd on thе mесhanisms that favor thе еvolution of rеproduсtivе isolation
bеtwееn spесiеs.

Сlassiс modеls of thе spесiation proсеss foсusеd on thе gеographiс distri-
Ьution of pоpulations undеrgoing divеrgеnсе аnd thе rеlativе сontriЬution of
gеographiс isolation to thе formation of nеw spесiеs (Figurе 4). Although the
dеgrеe of geographiс sеparation Ьеtwееn divеrging populаtions is сеrtainly
an important сontriЬutor to thе disruption of gеnе flow, morе rесеnt studiеs
of spесiation havе foсusеd on thе importanсе of еvolutionary mесhanisms
(natural sеlесtion, sеxual sеlесtion, gеnеtiс drift, and mutation) in promoting
divеrsifiсation and spесiation еithеr in allopatry or in sympаtry.

т H Е  R o L Е  o F  N A т U R A L  s Е L Е с т I o N  l N  s P E с | A т l o N

Thе impоrtanсе of adaptivе divеrgеnсе in thе spесiation proсеss (tеrmеd eсo-
logiсаl spесiаtioп) was fiгst notеd Ьy thе gеnеtiсist Thеodosius DoЬzhansky
in thе 1940s in dеsсriЬing spесiation in Drosophilа. DoЬzЬansky (1946) Ье-
liеvеd that spесiation ln Drosophila oссurrеd mаinly through thе еvolution of
divеrgеnt physiologiсal сomplехеs that wеrе suссеssful in diffеrеnt еnviron-
mеnts. Еrnst Мaуr (1942) Was thе first to point out that many of thе ассumu-
latеd gеnеtiс diffеrеnсеs Ьеtwееn populations' partiсularly in physiologiсal
and есologiсal adaptations to partiсular еnvironmеnts' Wеrе also potеntially
rеproduсtivе isolating mесhanisms. Suсh ..Ьy-produсt' ' еvolution of rеpгo-
duсtivе isolation is thе driving forсе Ьеhind Мayr's сlassiс modе оf viсarianсе
allopatriс spесiation (Figurе 4).

Morе rесеntly thе importanсе of есologiсal divеrgеnсе in promoting rеpro-
duсtivе isolation еithеr in allopatry or in sympatry has Ьееn rесognizеd, and
an important rolе for natural sеlесtion in a variеty of routеs to spесiation has
Ьесomе сlеar. LaЬoratory ехpеrimеnts (rеviеwеd in Riсе аnd Hostеrt 1993)
havе сonfirmеd that есologiсal spесiation сan oссur; ехpеrimеntal studiеs
that raisеd fruit fliеs (D. melаnogаstеr or D. psеudoobsсurа) in diffеrеnt еn-
vironmеnts (varying tеmpеraturеs or food sourсеs) havе dеmonstratеd that
somе lеvеl of prеmating rеproduсtivе isolation еvolvеd Ьеtwееn linеs raisеd
in diffеrеnt еnvironmеnts, whilе no prеmating isolation еvolvеd Ьеtwееn in-
dеpеndеnt l inеs raisеd in thе samе еnvironmеnt. Thеsе ехpеrimеnts dеmon-
stratе how thе proсеss might also work in naturе.

In thе simplеst modеls of есologiсal spесiation, rеproduсtivе isolation
еvolvеs Ьеtwееn populations inсidеntally as a Ьy-produсt of adaptation to



Viсаrianсe AlIopatriс

,a\(A)
\ ",. " ."/
\i/

188 Тhе Раttеrп t lпd Prсlсеss r lf Spесiаtklп

PeripheraI lsoIаtes or
Founder Еffeсt

/б-* /B О\((\/-
\7

altеrnativе sеlесtiоn rеgrп
tivе isolation has Ьееn rе1
Thesе Ьirds arе onе of th,
and havе evolvеd an im1
funсtion, in ассordanсе v
havе сomе to oссupy. Lo
(Grant et aL. 1976) ar'd tl
Darwin's finсhеs has еvo]
spondеnсе to сhanging ес
intеrspес i  6с сompеt i r ion.
tions Ьеtwееn Ьеak morp
nеnг of  mat ing s ignals  in
bеhavioral rеproduсtivе i
Darwin.s f inсhеs.  Thе pг
(pitсh) and tеmporаl pr
сhаngеs in Ьеak gapе; h.
vary as a funсtion of Ьеаl
thе struсturе of song aп
finсhеs on Santa Сгuz Is
Ьеaks adaptеd foг сrushiл
Iowег гatеs of  sy l lаЬ lе rе1
sресiеs with smallеr Ьеak
сausе song plays a сеntra
this l inkagе Ьеtwееn Ьеak
its сonсomitant influепсе
plеs of Ьy-produсt еvolut
portanсe in spесiаtion of

P A R A L L Е L  s P Е с | l
o F  Е с o L o G | с A L  l

Para l lеI  еvolut ion of  s imi
ronmеnts strongly impliсl
spес iat ion саn rеsuIt  fгon
produсtivе isolation that
rеlatеd populations as a t

would Ье rapid in suсh fou
сould rеsult in gеnеtiс rеor1
iso lat ion and rеsulr  in rapi t
prrpulations that ovеrlаp rn
spесiation whеrе rеproduсt
not geographiсally sеparatс
aссompaniеd Ьy assortativt

Sympatriс

I-. igr-rrе 4. Сlassiс modеls (сlr rтodеs) t l f spесiatit ln аrе Ьasеd on thе dеgrее of
gеographiс sеpаration аs tЬе driving foгсе of spесiation. In viсarianсе al lopаtry,
аnсеstrаl pоpulations of a onсе-сontinuous, largе rangе of a spесiеs аrе
sеparatеd Ьy а viсаriаrrсе еvеnt (е.g., mountains, r ivег, oсеan). Diffеrсnсеs in
еnvironmеntal сondit ions on еithеr sidе of thе Ьarriеr to dispеrsаl pronrotе loсal
adaptation and Ьy-prсlduсt rеprt lduсtivе ist l l i l t ion, 1еading to thе formаtion сlf
nсw spссiсs (Мayr 1942). Thе pеriрhеral- isolatеs or foundеr-еffесt modеl of
spесiatiсln p()stulаtеs gеnеtiс drift as thе prirтаry mесhаnism that prсrmotеs

divеrgеnсе аnс1 spесiаtion. Pеriphеral isolatеs or foundеr сvеnts r lссur whеrt

рсlpr.r lat iс lr.rs ехpirrrd Outward from thе еdgеs of thеir distr iЬutions to OссuPy
nеw l-raЬitats, сrr lvhсn ir sп.ral] numЬеr of ir-rdividLrаls dispеrsе to а nеW loсatior-r
аnd еstаЬl ish a nеw population. Мayr (1954) prt lpсlsесi that gеnеtiс сhangе
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altеrnativе sеlесtion геgimеs. A rесеnt ехamplе of suсh Ьy-produсt rеproduс-
tivе isolation has Ьееn rеportеd irr Darwin's finсhеs of thе Galdpagos Islands.
Thеsе Ьirds arе onе of thе most сеlеbrated il lustrations of adaptivе radiation
and havе еvolvеd an imprеssivе 21rraу of spесializations in Ьеаk form and
funсtion, in aссordanсе with thе divеrsе fееding niсhеs that diffеrеnt spесiеs
havе сomе to oссupy. Long-tеrm fiеld studiеs Ьy Pеtеr and Rosеmary Grant
(Gгаrrt еt aI. 1'976) and thеir сollеaguеs havе showrr thаt Ьеak morphology in
Dаrwin's finсhеs hаs еvolvеd Ьy nrеans of natural sеlесtion in prесisе сorrе-
spondеnсе to сhanging есologiсal сonditions, inсluding food availaЬil ity and
intеrspесifiс сompеtition. Jеffrеy Podos (2001) tеstеd for potеntial сorrеla-
tions bеtwееn Ьеak morphology ar-rd song struсturе. Song is a major сompo-
nеnt of mating sigrrals in Ьirds, and diffеrеnсеs in Ьirdsong lеad to prеmаting
bеhаvioral rеproduсtivе isolation in a variеty of spесiеs of Ьirds, inсluding
Darwin's finсhеs. Thе produсtiоn of Ьirdsongs with variation in frеquеnсy
(pitсh) and tеmporal propеrtiеs (е.g., syllаЬlе rеpеtitions) rеquirеs rapid
сhanges in Ьеak gapе; hеnсе voсal pеrformanсе сapaсitiеs arе prеdiсtеd to
vaгy as a funсtion of Ьеak morphology. Podos tеstеd this idеa Ьy сompаring
thе stгuсturе сlf song аnd Ьеak Inoгpholog1' in еight spесiеs of DarwinЪ
finсhеs on santa Сruz Island (Figurе 5). Hе found сhаt spесiеs with largе
Ьеaks adaptеd for сrushing hard sееds hаd еvolvеd songs with сomparativеly
lowеr rаtеs of syllaЬlе rеpetition and narrowеr frеquеnсy rangеs than thosе
speсiеs with smallеr Ьеaks еvolvеd for fееding on smallеr, softer sееds. Bе-
сausе song plays ir сеIrtral rolе in rеPгoduсtivе isolation in Darwin's finсhеs,
this l inkagе Ьеtwееn Ьеak morphоlogy sеlесtеd for fееding pеrformanсе and
its сonсomitant influеnсе on song struсturе i l lustrаtеs onе of the Ьеst еxam-
plеs of Ьy.produсt еvolution of rеproduсtivе isolation and its potеntial im-
portanсе in spесiatiоn of Darwin's finсhеs.

P A R A L L Е L  s P Е с I A т | o N  A s  A  s | G N A т U R E
o F  Е с o L o G I с A L  s P Е с | A т I o N

Parallеl еvolution of similar traits in populations that inhaЬit similar еnvi-
tonmеnts strongly impliсatеs natural sеlесtion аs i] сausativе agеnt. Pагаllеl
speсiation сan rеsult from thе paгallеl еvolution of trаits that dеtеrn-linе rе-
produсtivе isolzrtion that еvolvе геpеatеdly in indеpеndеntly dеrivеd, сlosеly
rеlatеd populations as a Ьy-produсt of adaptation to diffеrеnt еnvironmеnts

would Ье rapid irr suсh founding ptlpulatiсlns Ьесausе сlf gеnеtiс drift. This
сould rеsult in gеr-rеtiс rеoгganizаti<lпs that сould inсidеntаlly yiеld rеproduсtivе
isоlation and rеsult in rapid spесiatiоn. Sympatriс spесiation oссurs bеtwееn
populations that ovеrlap in gеogrаphiс distriЬution. It is thе only modеl of
spесiation whеrе rеproduсtivе isolation еvolvеs Ьеtwееn populations that arе
notgеogrаphiсallv sеpirratеd. It is usuаll,v assoсiatеd with а host oг haЬitаt shift
aсс<lmpaniеd Ьy assortativе nratirrg on thе nеw lrost or in thе nеw haЬitat.
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Figurе 5. An il lustrаtion of Ьv-produсt rеproduсtivе isolirtion as a геsult of
adаptivе divеrgеnсе in Ьеak lnсlгphology oссurs in Dаrlvil l.s finсhеs. Bеak
morphology and rеprеsеntаtivе sound spесtгogrаms of solrgs fror.rr еight
Dilrwirr's fiлсh spесiеs otl Santa Сгrrz lslаnd (frоm пry trl btltttl l lt: Gеospizа
tltаgпirostris, G. iortis' (}. Iuligiпоsа, С. sсапt]еlts' Сашаrhупсhus pаruиlus'
С. psittасulа, С. pаllidа' С. tlliuасеа) arе shown. Sglесtrogrаm fгеquеnсy
rеsolution, 98l{ц sсalе Ь.lr, 0.5s. Intеrspссifiс vаrrзгiсlrl is l lppэrеnt in Ьoth
rr.r<lгphology and song stгuсturе. Spесiсs with largе Ьеаks (е.g., G' mаgпirostris\
havе lowеr ratеs of syllaЬlе rеpеtition and nаrrowеr frеquеnсy rangеs than thosс
spесiеs with smallеr Ьеaks (е.g., С. oliuасeа). (From Poсlos 2001.)
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(Sсhlutег and Nagеl 1'995). Thе Ьеst ехamplеs of parallеl spесiation сomе
from sympatriс spесiation еvеnts whеrе indеpеndеnt сolonizations of partiс-
ular еnvironmеnts havе lеd to similar, rеpеatеd pattеrns of сharaсtеr divеr-
gеnсе in adaptivе traits assoсiatеd with diffеrеnt niсhеs and thе parallеl
Ьuildup of аssortativе mating Ьy selесtivе еnvironmеnt Ьasеd upon diffеr-
еnсеs in thosе adаptivе trаits (Figurе 6).

Thе thrеespinе stiсklеЬack (Gаsterostеus асuleаtus) Ьas Ьесomе a modеl
systеm for thе study of pаrallеl spесiation. Thе anсеstral thrееspinе stiсklе-
Ьaсk is a marinе fish found aсross a widе gеographiс distriЬution from
Alaskа and British Сolumbia through lсеland, Sсotland, Norway, and Japan.
This spесiеs is аnadromous, Ьеing spawnеd in frеshwatеr strеams, spеnding
thе juvеnilе stagе in mаrinе еnvironmеnts, nnd migгating Ьaсk to strеaпls as
adults to Ьrееd. lndеpеndеnt сolonizations of strеam еnvironmеnts havе lеd
to multiple strеam-rеsidеnt stiсklеЬaсk populations that no longеr migratе to
thе oсеan. In addition, in British СolumЬia and Alaska indеpеndеnt сolo_
nizаtions Ьy mаrinе stiсklеЬaсks of postglaсial frеshwatеr lakеs formеd aftеr
thе rеtrеat of thе glaсiеrs at thе еnd of thе Plеistoсеnе havе lеd to thе indе-
pеndеnt еvolution of lakе forms (Ьеnthiсs аnd limnеtiсs) in multiplе fгеshwa-
tеr lakеs. Spесiation in stiсklеЬaсks has involvеd thе rеpеаtеd сolonization of
nеw еnvironmеnts and thе aссomparrying сhangеs in adaptations, primarily
Ьody.sizе diffеrеrrсеs and numЬеr and sizе of gil l rakеrs (spinеs on thе gil l
p|аtеs usеd to 6ltеr food paгtiсlеs), аssосiatеd with есologiсlrl diffеrеnсеs in
еaсh еnvironmеnt. Havе thеsе adaptivе сhangеs lеd to rеproduсtivе isolation
Ьеtwееn diffеrеnt stiсklеЬaсk есotypеs?

In a rесеnt study Jеffrеy МсKinnon and сollеaguеs (МсKinnon еt al. 2004)
found strоng еvidеnсе of assortativе mating Ьy sizе through diffеrеntial fеmalе
prеfеrеnсеs for пralе Ьody sizе in altеrnativе strеam and mаrinе еnvironmеnts.

Figurе 6. Parallеl spесiation сtrn rеsult from thе parаllеl еvolution of traits that
dеtегminе reproduсtivе isolаtion thаt еvolvе repеаtеdly as a Ьy-pгoduсt of
adaptаtion to diffеrеnt еnvir<lnmеnts. Solid lines are usеd to show matings
bеtwеen есotypеs from thе samе habitat with a grеatеr degrее of сompatiЬility
(width inсrеasеs with inсrеаsеd сompatiЬility). Dаshеd liпes tndiсate matings
Ьetweеn diffеrеnt есOtypеs with a lorv dеgrее of mаting сompаtibility.
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Anadromous marinе populations arе laгgеr in Ьody sizе than strеam-rеsidеnt
populations, prеsumaЬly an advantagе in thе long-distanсе migrations that
marinе populatiоns undеrgo. Mating сompаtiЬility Was morе than tr,l,o timеs
highеr whеn fеmalеs Wеге pairеd with malеs from thе sаmе есotypе (from

British СolцmЬia оr Japan) than whеn thеy wеrе pairеd with malеs from a
diffеrеnt есotypе. To tеst thе importanсе of Ьody sizе as thе Ьasis for аssor-
tativе mating Ьy есotypе, МсKinnon and сollеaguеs (MсKinnon еt al. 2004)
rеarеd stiсklеЬaсks from strеam-rеsidеnt and marinе populations in thе laЬo-
ratory and manipulatеd thеir Ьody sizеs Ьy сhаnging thе lеngth of thе grow-

ing sеason. This produсеd еithеr largе-Ьodiеd or small-Ьodiеd fish of Ьoth
sеxеs in Ьoth mаrinе and strеam-rеsidеnt есotypеs. In mating trials with thеsе
ехpеrimеntally manipulatеd fish, thеy found that malеs and fеmalеs had
highеr mating сompatiЬil it iеs whеn thеy wеrе matсhеd for sizе, rеgardlеss o{
their eсotypе of origin. Thеsе rеsults dеmonstratе thе importanсе of a singlе
phеnotypiс trait, Ьody sizе, in adaptivе divеrsifiсation in stiсklеЬасks and
suggеst that divеrgеnt natural sеlесtion on this trait in diffеrеnt еrrvirontnеnts
also makеs a primary сontriЬution to rеproduсtivе isolation that lеads to
spесiаtion.

т H Е  R o L Е  o F  N A т U R A L  s Е L Е с т l o N  l N  H o s т
s H I F т s  A N D  s Y M P A т R | с  s P E с l A т | o N

Thе oссurrеnсе of sympatriс spесiation, spесiation with<lut gеographiс isola-
tion (Еigurе 4), has bееn сontеntious Ьесausе thе сonditions undеr whiсh

sympatriс populations сan еsсapе thе homоgеnizing еffесts of gеnе flow wеrе
thought to Ье rarе and rеquirе eхсеptional сirсumstanсеs. Morе rесеntiy thе
rесognition of disruptivе natural sеlесtion aссompaniеd Ьy strong assoгtativе
mating of divеrgеntly sеlесtеd phеnotypеs (Figurе 7) as a l ikеly modеl for thе
origin and divеrsifiсаtion of sympatriс spесiеs hаs сonvinсеd many еvolution-
ary Ь io logrsts thаt sympаtr iс  spес iet ion is  аn impoгtаnt аnd еvеn pr imary

typе of spесiation in сеrtаin groups of organisms. Impliсit in thе proсеss of
sympatriс spесiаtion is rapid еvolution of rеproduсtivе isolatiсln Ьеtwееn di-
vеrging forms Ьесausе gеography сannot sеrvе as thе prirrrary Ьarriеr to gеnе
flow, as it doеs for divеrgеnt allopatriс populаtions. Onе сonrmon way in
whiсh suсh rеproduсtivе isolation саn rapidly еvolvе is thrtlugh host shifts Ьy
parasites or phytophagous insесts that spесializе in partiсular host spесiеs.

Guy Bush providеd thе first potеntial ехamplе of a sympatriс spесiаtion
еvеnt initiatеd Ьy a host shift with his studiеs (|966,1969) of thе host raсеs
of hаwthorn аnd applе maggot flies (Rhаgolеtis |lomoпеllrl) . HawtЬorn trееs
arе nativе to North Amеriсa, and thе hawthorn raсе of R. pomoпеlla is thе
anсеstor of thе applе host rасе. Applе maggot fl iеs wеrе first disссlvеrеd on
introduсеd, domеstiс applе trееs in thе Hudson Vallеy rеgiсln of Nеw York in
thе mid-1800s. Bush and his сollеaguеs havе Ьееn studying diffеrеnсеs Ье-
twееn thе nаtivе hawthorn raсе and thе applе raсе sinсе thе mid-1960s and
havе doсumеntеd a numЬеr of phеnotypiс diffегеnсеs in l ifе history and rе-
produсtion that havе faсil itatеd spесiatiсln Ьеtwееn thе two host raсеs. onе
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Disruptive seleсtion

Assortativе mati ng within
phеnotypеs or habitats

Figurе 7. Sympatriс spесiation сan Oссur whеn disruptivе natuгal sеlесtton
faсi l i tatеd Ьy host or hаЬitat shifts is aссompaniеd Ьy assortativе mating Ьy thе
divеrging phеnotypеs. Thе sympаtriс modеl сlf spесiation rеquirеs that
rеproduсtivе isolatiсln еvсl lvеs аs a rеsult of аssortativе mating оf .. l ikе' '

individuаls on thс nеw host or in thе nеw hаЬitat in oгdеr to init iatе thе
spесiatiсln pr()сеss withtlut gеogrаphiс isolation.

primary сharaсtеristiс that promotеs sympatriс divеrgеnсе assoсiatеd with
host shifts tл Rbаgolеti.s and othеr phytophagous insесts is that thеy fееd and
Ьrееd on thе samе host spесiеs; thus dispеrsal Ьеtwееn diffеrеnt host plant

spес iеs is  low. Fоr ехamplе.  fеmalеs of  hawthorn or ig in аrе avеrsе to ov ipos i t -
ing еggs on applе trееs, whеrеas applе-origin fеmalеs prеfеr apple trееs for
oviposition sitеs. This strong host fidеlity l imits intеrhost movеmеnt of adцlts
Ьеtwееn hawthоrn and applе trееs. In addition, gеnеtiс diffеrеnсеs havе aс-
сumulatеd sinсе thе initial host switсh that promotе сhangеs in Ьrееding phе-
nology, suсh as timing tlf mating, pupation and diapausе' and есlosion of
adults (е.g., Fеdеr 1998). Thеsе сhangеs arе thought to hаvе Ьееn favorеd Ьy
natural sеlесtion as thе diffеrеnt host raсеs of fl iеs adaptеd to diffеrеnсеs in

fruiting phеnology Ьеtwееn hawthorn аnd applе hosts. Suсh loсally adaptеd

diffеrеnсеs Ьy еaсh host raсе сontriЬutе to rеproduсtivе isolation bеtwееn
thе host raсеs аnd augmеnt host fidеlity through fеmalе oviposition prеfеr-

еnсеs. Thus tЬе Rhаgolеris fl iеs providе а fundamеntal ехamplе of есologiсal
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divеrgеnсе whеrе сomplеtе gеogrаphiс isolation is not аlways rеquirеd to ini-
tiatе spесiation.

Although phytophаgous insесts offеr sеvеral wеll-doсumеntеd ехamplеs of
sympatriс spесiation though host shifts, a rесеnt study providеs at lеast onе
ехаmplе of thе potеntial for sympatгiс spесiation via a host shift in a vеrtе.
Ьratе' Afriсan indigoЬirds (gеnus Уiduа) arе host-spесifiс Ьrood parasitеs,
laying thеir еggs in thе nеsts of firеfinсhеs (gеnus Lаgonostiсtа)' and diffеrеnt
indigobird spесiеs spесializе in pzrrasitizing diffеrеnt spесiеs of firеfinсhеs. In-
digoЬird nеstlings arе rеarеd along with thе host young and mimiс thе mouth
markings of thеir rеspесtivе hosts, thus lowеring thе proЬaЬility of Ьеing rе-
jесtеd Ьy thеir host fostеr parеnts. In addition to this uniquе mimiсry adaptа-
tion Ьy young indigobiгds, as adults, malе indigoЬirds mimiс thе song that is
sung Ьy thеir host spесiеs sirе, and fеmаlеs rеarеd by a spесil iс host spесiеs of
firеfinсh prеfеrеntially matе with malе indigoЬirds that sing thеir natаl host-
spесifiс song. This faсilitatеs host-assortativе mating and lеads to rеproduс.
tivе isolation among diffеrеnt spесiеs of indigoЬirds that parasitizе diffеrеnt
host spесiеs of firеfirrсhеs. A rесеnt phylogеnеtiс study Ьy Мiсhaеl Sorеnson
and сollеaguеs (Sorenson еt al. 2003) that сomparеd n-litoсhondrial DNA sе-
quеnсеs for a numЬеr of diffеrеnt spесiеs of indigoЬirds and thеir rеspесtivе
firеfinсh hosts dеnronstrаtеd that diffеrеnt indigoЬird spесiеs that parasitizе
diffеrеnt firеfinсh hosts arе gеnеtiсally diffеrеntiatеd from onе anothеr, a
finding сonsistеnt with assortativе mating of indigoЬirds rеarеd Ьy a partiсu-
lar firеfinсh host spесiеs. Thеse rеsults suggеst that divеrgеnсе through loсal
adaptations in nеstling mouth markings, adult nrаlе song сopying, and fе-
malе prеfеrеnсеs for host spесiеs song typе has lеd to positivе assortativе
mating Ьеtwееn diffеrеnt host-spесifiс spесiеs of indigoЬirds. This pattеrn of
host-spесifiс adaptations l inkеd with positivе assortativе mating within a
host typе is сonsistеnt with sympatriс spесiation irr Afriсan indigoЬirds
through host switсhеs in thе firеfinсh spесies whosе nеsts thеy parаsitizе.

R Е P R o D U с т | V Е  l s o l A т l o N  M A Y  B Е  R E | N F o R с Е D
вY  NAтURAL  sЕLЕст |oN

Natural sеlесtion сan aсt to dirесtly inсгеasе thе аmount of prеmating isola-
tion bеtwееn two divеrging populations by sеlесting against hyЬrids formеd
Ьеtwееn thеm. This proсеss' first proposеd Ьу Thеodosius Dobzhansky
(19з7) and tеrmеd rеiпforcemeпl by Frank Blair (1 955 ), сan oссur in arеas of
sесondary сontaсt whеn prеviously allopatriс populations сomе into сontaсt
and intеrЬrееd. Whеn hyЬrids Ьеtwееn formеrlу allopatriс populations arе
partially infеrtilе, rеinforсеmеnt саn сomplеtе thе spесiation proсеss. Rеin-
forсеmеnt was а popular сonсеpt аftеr thе modеrn synthеsis Ьесausе it allows
natural sеlесtion to drivе spесiatiоn dirесtly, Ьut its еmpiriсal dеmonstration
has Ьееn diffiсult, and its ехistеnсе as an important сomponеnt of есologiсal
spесiation has Ьееn сontrovеrsiаl (е.g', Noor 1999; Мarshall еt al. 2002).

Most of thе еvidеnсе for rеinforсеmеnt сomеs fгсlm сomparisons Ьеtwееn
allopatriс and sympatriс populаtions in thе strеngth of fеnralе mating
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prеfеrеnсеs for сoгlspесifiсs. For ехirmplе, fеmalеs dеrivеd from populations
of Drosсlph ilа 1lseudotlbsсt,lra svrrrpatriс with D . persimilis сlisplay grеatег rе-
luсtanсе to nlatе with hеtеrospесifiс mаlеs than do fеmalеs 1rorn aIlopatгiс
populations (Noсlr 1995)' F1 hyЬrid malеs arе stегilе, Ьut hyЬrid fеmalеs arе
fеrti lе, allowing fсlr gеnе ехсhangе and sеlесtion against hyЬrids.

onе of thе Ьеst-doсumеntеd ехirmplеs of rеinforсеmеnt oссurs in thе Ьеn-
thiс and limnеtiс есOtYpеs found in lakе populations of thе thгееspinе stiсklе_
baсk.  Howаrd Rundlе and Dolph Sсhlutеr (1998) dеmonstrаtеd Ьoth in
laЬoratory сrossеs аnd in F1 lrr.brids dеtесtеd in wild populations that hy-
Ьrids suffеr a foraging disadvаntagе rеlativе to thеir parеntal spесiеs in thе
parеntal еnvirсlnmеnts. In thе laЬoratory F1 hybrids rеarеd in a сommon еn-
viгonmеnt with ar-rrplе aссеss to food showеd growth ratеs similar to thosе of
paгеntal spесiеs. Howеvеr, in fiеld studiеs F1 h,vЬгids rеarеd in еitlrег typе of
parеntal еnvirсlnmеnt, l ittoral :rnd limnеtiс zonеs of lakеs' had lowеr growth
ratеs and wеrе smаller at maturity than еithеr purе parеntal spесies. HyЬrids
Wеrе poorеr at сatсhing Ьеnthiс invеrtеЬratеs and plankton in thе diffеrеnt
fiеld еnvironmепts Ьесausе of intегmеdiatе gil l-rakеr numЬеr and Ьody sizе.
In аdditiсln, Ьеrrtlriс fеmаlеs from svmpatriс poptrlаtions wеrе rrruсh lеss
likеly to mаtе rvith intеrmеdi:rtе-sizеd F1 hyЬrid mаlеs than rvеrе Ьеnthiс fе-
malеs from allopatriс populatiсlns whеrе limnеtiсs did not oссur. Thеsе rе-
sults support a modеl of rеinforсеmеnt of sizе-assortativе mating prеfеrеnсеs
through natural sеlесtiсln against intеrп-rеdiatе-sizеd hyЬrids that havе lower
fitnеss in еithеr pаrеntаl environmеnt.

How irrrpoгtant has rеinf<lrсеtnеnt Ьееn in саsеs of есologiсаl spесiation?
Thе proЬlеm is that rеinforсеrnеnt is not thе orrly ехplаnation for oЬsеrvеd
pattеrns of strongеr divеrgеnсе in mаting prеfеrеnсеs in sympatriс popula-
tions. Imaginе that two sympatriс populations had alrеady еvolvеd a high dе-
gгее of rеproduсtivе isolation wlri lе sti l l in allopatrv. Thеsе populations wil l
l ikеl,v сontinuе tO сOехist, whilе formеrlv allopаtriс populations with low lеv-
еls of rеproduсtivе isolation n121y Ье lost еithеr tlrr<rugh gеnе Ilow and fusion
or thе ехtinсti<ln of thе rarеr population. Tlrus thе only poprrlatiоns (or
spесiеs pairs) that wе сlЬsеrvе living in sympatry in naturе arе thosе. that
еvoivеd a high сlеgrее of isolation in allopatry, not Ьесаusе of rеinforсеmеnt
follоwing sесondагv сontaсt. In addition, rесonrЬir-ration Ьеtwееn loсi in-
volvеd in mаrting dесisions аrrd thе сhаraсtеr(s) ir.rfluеnсing hyЬrid fitnеss urr-
dеrminеs thе prосеss of rеinforсеmеnt. In ordеr fог rеinforсеmеnt to propеrly
promotе divеrgеnсе in rnаtе prе[еrеnсеs, gеnеs that сodе for mating dесisions
must Ье tightlv l inkеd with gеnеs that сodе for hyЬrid infеrti l ity or inviaЬil.
ity. Thеsе rеquiгеmеnts may not oftеn Ье mеt in nаtural populatiolls.

Thеsе argumеnts do not shоw that rеinforсеmеnt l.rаs not opеrаtеd irr сom_
plеting thе spесiаti<-ln proсеss during есologiсal spесiation. Tlrеy only suggеst
that thе еvidеrrсе for thе widеsglrеad importanсе <lf rеinforсеmеnr is inсonсlu-
sivе. of thе twсl proсеssеs that сan promotе rеproduсtivе isolation assoсiatеd
with есоlogiсal spесiation-divегgеnсе with isolаtion as a Ьy_produсt аnd
геinforсеmеnt-thе first is wеll doсumеntеd аnd almost сеrtainly irnportant in
spесiatiorr; tlrе importanсе сlf thе sесond sti l l rrееds furthеr strЬst:rrrtiation.
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Sеxual sеlесtion' a forсе that aсts on traits that inсrеasе mаting suссеss' сan
Ье influеnсеd Ьy thе еnvironmеnt and' as suсh' miry сontriЬutе to есologiсal
spесiation. Sеxuаl sеlесtion that lеads to spесiаtion irs a rеsult of divеrgеnt sе-
lесtion Ьеtwееn еnvironmеnts сiln rеsuit fronr spаtial vагiation in sесondaгy
sеxual traits, suсh as сlinal variation in malе plumagе or сoloration in rе-
sponsе to a vaгying еnvironmеntal gradiеnt. For ехamplе, сlinal variation in
thе availaЬility of foods high in сarotеnoids that lеаd to Ьright rеd and or-
angе сoloration in malе Ьirds has Ьееn suggеstеd as thе primary сausе for di-
vеrgеnсе in plumagе among populаtions in malе lrousе finсhеs, Саrpodасus
mехiсапus (Hil l 1994). A rr-roс{еl that dеmonstratеs thе importanсе of pаrailеl
сl inal variation in fеmаlе mаting prеfеrеnсеs as a геsult of еnvironmеntal
variation in malе signаling traits was first proposеd Ьy Russеll Landе (1982),
Ьut good ехamplеs of сlinal variation that lеads to spесiation via sеxual sе-
lесtion arе laсking.

Natural sеlесtion through variation in fеaturеs of thе еnviгonmеnt whеrе
mating signals arе propagаtеd саn геsult in divеrgеnt sеxual sеlесtion of malе
mating signаls' suсh as сourtship displays or nuptial сoloration' lеading to
prеmating isolation Ьеtwееn populations from divеrgеnt signaling еnviron-
mеnts (Ryan and Rand 199З; Boughman 2ОО2). Natural sеlесtion сan also
aсt upon thе sеnsory systеm of fеrтalеs as wеll, lеаding to sеnsory Ьiasеs for
сеrtain propеrtiеs of mаlе signals (е.g', brightеr сoloration, largеr sizе, loudеr
and longеr durаtion of voсаlizations). Partiсular fеaturеs of lосal еnviron-
mеntal сonditions сould altеr sensory Ьias or mаkе somе malе traits Ьеttеr at
ехploiting biasеs in сеrtain еnvironmеnts than in othеrs. In addition, fеmalе
mating prеfеrеnсеs for malе traits that arе indiсators of supеrior quality сan
also Ье influеnсеd Ьy thе signaling еnvironmеnt' For еxamplе, if partiсular
mаlе traits arе morе rеliаЬlе indiсatoгs of quality in somе еnvironmеnts than
in othеrs (Sсhlutеr and Priсе I99З), divеrgеnсе irr prеfеrеnсеs bеtwееn еnvi-
ronmеnts for thеsе malе traits сould lеad to prеmating rеproduсtive isolation
Ьеtwееn thеm. Thus diffеrеnt сoеvolutionary paths of signals аnd prеfеrеnсеs
in diffеrеnt еnvironmеnts сould Е]еnеratе spесiatiorl.

Thе Ьеst еxamplеs of an importirnt rolе for sехual sеlесtion in prolnoting
spесiation as а rеsult of varying signaling еnvironпrеIrts сomе from spесiеs
that l ivе in environmеnts that vary in l ight irrtеnsiry or transmission propеr-
tiеs that influеnсе thе spесtral quality of signals (i.е.' whiсh сolors irrе Ьеst rе-
flесtеd Ьy partiсular еnvironmеnts). For еxamplе, allopatriс populations of
Aпolis cristаtеllцs lizards oссur in two diffеrеnt еnvironmеnts (хеriс and
mеsiс) that diffеr with rеspесt to l ight intеnsity and thе spесtral quality of
сolors thаt аrе Ьеst геflесtеd. Маnuеl Lеаl and Lеo Flеishman (2004) havе
shown thаt malе anolеs frorrr thе two еnvironпrеnts diffеr in thе сolor and
pattеrn of thеir dеwlaps (folds of skin undеr thе throat that arе distеndеd in
malе displays usеd aS tеfritorial аnd mating signals) in thе dirесtion that in-
сrеasеs signаl dеtесtaЬil ity in еaсh haЬitat. Мalеs fгom thе xеriс еnvironmеnt
havе darkеr and slightly rеddеr dеwlaps that mахiпrizе сontrаst whеrе thе
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baсkground radianсе is rеlаtivеlу high (i.е., thеy will appе?1г darkеr than thе
ovеrаll Ьrightnеss of thе Ьaсkgrоund), whilе rтalеs from thе mеsiс еnvtrtln-
mеnt havе еvolvеd Ьright dеwlaps Ьесausе of thеir rеlativеly higЬ геflесtanсе
and transmission аt all wavеlеrrgths. Suсh mаlеs arе morе dеtесtaЬlе in mеsiс
hаЬitats, whеrе thе bасkgrounсl haЬitat l ight lеvеls arе low. Tlris divеrgеnсе
in dеwlap signals would minimizе gеnе fltlw Ьеtwееn haЬitats, Ьесausе malеs
with thе Wrong dеwlaр сolor pattеrn would Ье lеss dеtесtаЬlе Ь,v сonspесifiсs
and hеnсе lеss l ikеlу t() sесurе a tеггitory or oЬtаin nlаtings.

т H Е  R o L Е  o F  s Е x U A L  s Е L E с т | o N  I N
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Modеls of sехu;rl sеlесtion, partiсtrlarly mtldеls of thе еvollttioll сlf fеmаlе
mating prеfеrеnсеs f<lr mаlе trаits (Mеad anсl Arnold 2004I, slrсlw that pop-
ulаtions сan divеrgе in thеsе prеfеrеnсеs, prсlrrroting rеprodtrсtivе isoiation
and spесiation. Supеrfiсially, this proсеss mirrors that oЬsеrvеd in ессllogiсal
spесiation' ехсерt that instеаd of natural sеlесtion promoting divеrgеnсе in
пaiе mating signirls through sеlесtion against hуЬrids or rтatсhing of signаl
propеГtiеs to thе signaling еnr,ir<lnnrеl1t' thе sеlесtivе forсе is sехual sеlесtion,
prсlmotеd thror.rgh divеrgеnt [еrтаlе mating pгеfеrепсеs.

onе modеl of fеmalе сhoiсе that nray lеаd to spесiation is thе Fishеrian
runawаy proсеss (or ..sеxy sons''), first proposеd Ьy Ronald Fishеr (19З0).
Fishеrian proсеssеs arе oftеn сitеd as thе Ьasis for thе еvolutiсlrr of somе of
tlrе nrost ехtrеmе maIе traits, suсlr аs thе еlаЬoratе pltrmagе of malе Ьirds of
pаradisе or thе bright сolors of mаlе tropiсal tishеs. Thе ехrrеmе ехaggеra-
tion of thеsе traits arisеs as a rеsult сlf thе gеnеtiс сorrеlаtion Ьеtwееn gеnеs
that еnсodе thе аttraсtivе malе trait and gеrrеs tЬаt еnсtldе fеrrralе prеfеrеnсеs
for thаt trаit. Fislrеr's runаWаy Pr()сеss has Ьееl-l modеlеd п-rathеrnatiс:rl ly,
alrd thеrе is aЬundarrt еmpiriсаl еviсlеnсе fсlr thе rсllе of Fishеrian sеlесtiсln in
promoting tlrе еvolution of ехаggеratеd rnalе traits within spесiеs (Andеrss<lrr
1994); howеvеr, studiеs that support its еxсlusivе rolе in spесiirtion arе diffi-
сult to pinpoint. Onе potеntial ехarnplе involvеs artif iсial sеlесtioll tlf еyе-
span lеngth in stalk-еyеd fliеs (Суrtodiopsis dаImсlпni) , |л thе lаЬorаtсlry
Gеrald \Wilkinsoп and Paul Rеil lo (1994) сrеatеd two linеagеs of fl iеs from
wild fl iеs, a short-еyе-sparr l irrе irnd a long-еvе-span linе. Attеr l3 gеnеratiorls
of sеlесtion, thеy found a gеnеtiс ссlrrеlation Ьеtwееn nralе еyе spаn' a sехu-
ally sеlесtеd malе trait, and fеrnalе prеfеrеnсе for еyе-span lеngth. }.еmaiеs
from tЬе linе sеlесtеd fсlr short tlalе еyе spaпs prеfеrrеd to matе with malеs
rvith short еyе spans' and fеmalеs from thе linеs sеlесtеd for long еyе spans
prеfегrеd rrr:rlеs with iong еvе spаns. Suсh сiivегgеnсе in fеп-r:rlе mаting prеf-
еrеnсеs for еyе-span lеngth rrright aссount for sресiаtion аlrlonц spесiеs оf
stalk-еyеd fl iеs that diffеr in еyе-span lеngth.

Sехual sеlесtiоn may also aсt on indiсator trаits (also known as grlod
gепеs). Undеr this modеl of fеmalе сhoiсе, еxaggеratеd malе traits providе thе
fеrпаlе with infсlrInatiorr аЬсltrt rhе l]еtlеtiс quality of thе maIе. all<lu.ing hеr to
makе mating dесisions Ьasеd on informati<ln that wil l potеrrtiаlly providе
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supеrior quality to hеr offspring. Although this mесhanism may potеntially
lеad to spесiation if thе indiсator traits diffеr Ьеtwееn populations, l ikе run-
away sеlесtion, еmpiriсal еxamplеs arе rarе. Somе еvidеnсе indiсatеs that a
good.gеnеs mесhanism may promotе diffеrеnсеs in mаlе gеnitalia that lеad
to divеrgеnсе in somе insесt taхa, although this hypothеsis is still undеr dе-
Ьаtе (Нoskеn and Stoсkleу 2004).It should Ье notеd that for Ьoth indiсatоr
and Fishеrian traits' thе laсk of сonсlusivе еmpiriсal еvidеnсе doеs not mеаn
that divеrgеnсе is unlikеly to Ье a produсt of thеsе mесhanisms; rathеr, it is
oftеn diffiсult to distinguish whiсh mесhanism may hаvе opеrаtеd in thе past.

An additional rolе of sехual sеlесtion in spесiation сan Ье traсеd to undеr-
standing thе mесhanisms assoсiatеd with sехual сonfliсt. Sехual сonfliсt
arisеs whеn thе Ьеst stratеgy for сlnе sеx is diffеrеnt (or еvеn dеtrimеntal)
сomparеd with thе Ьеst strаtеgy in thе othеr sех. This antagonism is prе-
diсtеd to lеad to a сoеvolutionary arms raсе whеrе diffеring sеts of traits Ье-
twееn thе sехеs intеraсt to dеtеrminе thе naturе of malе-fеmalе intеraсtions
(Arnqvist and Rowе 2005). An ехamplе of within-spесiеs sехual сonfliсt is
thе еffесts of sеminаl fluid in Drosopbilа melаnogаstеr. Sеminal fluid has
Ьееn shown to Ье Ьеnеfiсial to malе fitnеss' rеduсing fеmalе rеmating and in-
сrеasing ovulation, Ьut it is toхiс to fеmalеs; thе morе sеminal fluid thеy rе-
сеivе, thе fastеr thеy diе. Sехual сonfliсt appеars to oссur aсross a widе rangе
of taxa (Arnqvist and Rowе 2005), Ьut prеdiсtaЬly, somе of thе Ьеst еvidеnсе
for a гo1е of sехual сonfliсt in spесiation сomеs from insесts (Arnqvist еt al.
2000). Bесausе sехual сonfliсt may lеad to rapid еvolutiоn in thе rеproduс-
tivе traсt, it follows that it may also inсrеasе thе paсе of rеproduсtivе isola-
tion Ьеtwееn populations.
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Sехual sеlесtion, Ьесausе of its rolе Ьoth in promoting thе еvolution of prе.
mating rеproduсtivе isolating Ьarriеrs and in сontinuеd divеrgеnсе Ьеtwееn
spесiеs, may havе а сonsidеraЬ1е impaсt on thе ratе of spесiation (rеviеwеd

by Panhuis еt al. 2001). For еxamplе, taхa with a widе rangе of sеnsory pеr-
сеption сapaЬil it iеs may bе partiсularly pronе to spесiation through sеxual
sеlесtion, sinсе thеy havе аn еlеvatеd aЬil ity to produсе or dеtесt a Ьroad
rangе оf signals, Ье thеy visuаl' aсoustiс, or phеromonal (Andеrsson 1994).
Spесiеs-riсh groups оf frogs' for instanсе, сan dеtесt a widеr rangе of
advеrtisеmеnt-сall frеquеnсiеs than thosе in lеss spесiosе linеagеs, potеntially
aссounting for why suсh linеagеs of frogs arе morе spесiosе сomparеd with
thosе with narrowеr frеquеnсy pеrсеption rangеs (Ryan 1986). In addition,
rеinforсеmеnt, as dеsсriЬеd еarliеr, сan сomplеtе thе spесiation proсеss upon
sесondary сontaсt Ьy еnhanсing divеrgеnсе of fеmalе mating prеfеrеnсеs.
Sеxual sеlесtion plays an important rolе in sympatriс spесiation as wеll. As-
sortativе matin8' thе propеnsity to matе with likе individuals, hаs Ьееn pro-
posеd аs onе way to quiсkly еvolvе rеproduсtivе isolation (Ссlynе and orr
2004) and is a nесеssary сomponеnt of thе sympatriс spесiation proсеss.
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Sехuаl sеlесtiorr has Ьееn linkеd tсl rеlativеly higlr rаtеs of spесiation, in
part Ьесausе of its dirесt еffесt on matе rесognition traits (Panlruis еt al.
200l). Spесiеs of Ьirds with highеr lеvеls of promisсuity, for ехamplе, arе
thouglrt to ехpеriеnсе strongеr sехual sс.lесtion than сlosеly rеlatеd, morе
moпogamous linеagеs; thеsе promisсuolls l inеagеs gеnеrally arе also morе
spесiosе (Мitra et al'. 1'996). othеr studiеs of Ьirds сoпform to thе prеdiсtion
of high spесiation ratеs in taхa with strong sеxual sеlесtion, inсluding сom-
parisons of diсlrromatiс (sехеs of diffеrеnt сolors; nralеs gеnеrally Ьright,
with fеmalеs dLrll) сladеs vеrsus monoсhromatiс (Ьotlr sехеs thе samе сolor'
usually Ьright) сladеs (Bаrraсlough еt аl. 1995) and сladеs with vaгying
amounts of fеаtЬеr ornamеntation (Мollеr and Сuеrvo 1'998). Similar trеnds
havе Ьееn oЬsеrr,еd in angiospеrnrs (аnd thеir assoсiatеd poll inatoгs), insесts
аnd othеr invеrtеЬratеs, arrd fishеs (rеviеwеd in Andеrsson |9941 Pаnhuis
еt  a l .2001).  A rесеnt еxamplе h ighl ight ing thе rapid ratе of  spес iat ion as а
rеsrrlt of sехual sеlесtion hаs bееn shown in Hawaiiаn сriсkеts in thе gеnus
Lаupаlа. Tamra Jv{еndеlson and Kеrry Shaw (200.5) usеd divеrgеnсе among
spесiеs at rnоlесular markеrs саliЬratеd with gеologiсаl еstimаtеs of thе rеla-
tivе agеs of thе diffеrеnt Hawaiian islands to show thаt thе ratе of spесiation
in onе сlаdе of thеsе сriсkеts from а singlе islаnd was сalсulatеd at ovеr four
spесiеs pеr mill ion yеars, thе highеst ratе еvеr сalсulаtеd for arthropods. Spе-
сiatioп iп tlris group appеars t<l bе promotеd Ьy diffеrеnсеs in mаlе сouгtship
song tri l l rаtе, whiсh fеmalеs usе in spесiеs rесognitiоn, Ьесausе thеrе do not
appеar to Ье arry есologiсally distinguislring fеaturеs that sеparаtе diffеrеnt
сriсkеt spесiеs. Thеsе and many othеr ехamplеs highlight how sехual sеlес-
tion саrr Ье аn irrrportаnt еvolutionary fсlrсе thаt lеads to raрid divеrgеnсе in
prеmating isсll irting barriеrs' rеsulting irr high ratеs of spесiation.
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Мutаtional сlrerngеs assoсiatеd with сhromosomal rеarrangеmеnts wеrе onсе
thought to Ье а primary nrесhanism of spесiation. For ехamplе, М. .}. D.
whitе (1978, 336) сonсludеd that сhromсrsomal rеarrаngеmеnts hаvе ..playеd

thе pгimary rolе in thе majоritv of spесiatiсln еvеnts..' Мorе rесеntly thе
ш,idеsprеad rolе of karyot,vpiс сhangе in spесiatiorr lras Ьееn qtlеstionеd, Ье.
саusе thе aссurnulation of сhromosomаl diffеrеnсеs Ьеtwееn populations is
thought to Ье largеly inсidеntal to spесiation (Sitеs and Мoritz 1987). The
proЬlеm with tЬе viеw that сhromosomal rеarrangеmеnts promotе spесia-
tiсln сеntеrs on thе diffiсulty оf аltеrnzrtivе rеаrrangеmеnts in divеrging popu-
lаtions rеaсhirrg fiхation. All modеls of сhromosomаl spесiation assumе that
altеrnativе rеarrangеmеnts impair thе fеrtility or viaЬility of intеrspесifiс hy-
Ьrids, thеrеЬу rеduсing gеnе flow and promoting fiхation of altеrnаtivе сhro.
mosomal rеаrrаngепlеrrts. Although tlris nrаy i ikеh' Ье truе in ехапrples of
ехtrеmе сhroпrсlsomal rеаrratrgеmеnts (suсh as lтutational еvеnts that rеsult
in сhangеs in сl.rromosomе numЬеr)' а numbеr of studiеs havе shown that
сhгomosomal rеarrangеmеnts Oftеn hаvе littlе еffесt on fеrti l ity аnd hеnсе
arе irrеffесtivе Ьaггiеrs tO gеl1е flow (Spiгito |998),
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Lorеn RiеsеЬеrg and сollеaguеs havе studiеd rесomЬinational spесiation in
sunflowеrs (Heliапtbus spp.) and thе еffесts of сhromosomal rеarrangеmеnts
in сontгiЬuting to thе spесiation proсеss. RесomЬinational spесiation oссurs
whеn two diploid spесiеs intеrbrееd and givе risе to a nеw linеagе that is
both fеrtilе and truе Ьrееding br.rt is rеproduсtivеly isolatеd from both
parеntal spесiеs. RiеsеЬеrg (2001) arguеs that сhromosomal rеarrangеmеnts
that arе hеtеrozygous in hyЬrids havе majоr еffесts on supprеssing rесomЬi.
nation Ьеtwееn сhromosomеs that сaггy thе rеarrangеd sеgmеnts and gеnеs
linkеd to thеsе sеgmеnts on thе сhromosomеs. Gеnеs unlinkеd ro thе сhгo-
mosomal rеarrangеmеnt sеgmеnts, еspесially those that arе nеutral' frееly in-
trogrеss Ьеtwееn the hyЬridizing parеnt,al spесiеs. Rеarrangеmеnts that
supprеss rесombination Ьut laсk a сausal еffесt on hyЬrid fitnеss сould aсt
synеrgistiсally with linkеd isolation gеnеs to еxtеnd thеir еffесts ovеr a largеr
gеnomiс rеgion. Thus сhromosomаl rеarrallgеmеnts proЬaЬly do play an im.
portant rolе in rеduсing gеnе flow aсross spесiеs Ьаrriеrs, Ьut not Irесеssarily
through thе mесhanisms of rеduсеd hybrid fitnеss traditionally еnvisionеd.
Thе hyЬrid sunflower spесiеs H' апomаlus, whiсh rеsults from hyЬridization
Ьеtwееn H. аппuцs and I.I' petiolаris, is thought to havе arisеn in suсh а
mannеr. In аddition, H. апomаlus has highеr fitnеss in novеl еnvironmеnts
whеrе Ьoth of its parеntal spесiеs pгogеnitors do poorly. Suсh аn adaptivе
rolе for hyЬridization in fostеring spесiation has bееn suggеstеd for a numЬеr
of plant and somе animal spесiеs (Arnold 19971Dow|tng and Secot 1997).

sPЕс lAт l oN  вY  PoLYPLo lDY

Polyploidization oссurs through thе dupliсation of еntirе sеts of сhromo-
somеs and is onе of thе fеw mесhanisms that сan produсе instantanеous spе-
сiation (polyploid spесiеs arе rеproduсtivеly inсompatiЬlе with thеir diploid
progеnitors). Polyploid spесiеs arе formеd еithеr tЬrough gеnomе dupliсa-
tion of a singlе diploid spесiеs (autopolyploidy) or through thе fusion of two
or morе diploid gеnomеs as a rеsult of intеrspесifiс hyЬridization (allopoly-
ploidy). Both mесhanisms of pоlyploidy arе сommon in fеrns' mossеs, algaе,
and virtually all groups of vasсulaг plants, partiсularly angiospеrms (StеЬ-
Ьins 1950; Lеv in 2002).

How polyploid spесiеs Ьесonrе еstаЬlishеd is not fully undеrstood. Sеvеral
сonditions, partiсulaгly сommon in plants, might еnaЬlе a nеw polyploid to
inсrеasе and form a viaЬlе population. Thеsе inсludе sеlf.fеrtilization' vеgе.
tativе propagation' highеr fitnеss than thе diploid progеnitor spесiеs, or
niсhе sеparation from thе diploid progеnitor spесiеs' Indееd, many polyploid
taxа rеproduсе Ьy sеlfing or vеgеtultivе propagation, аnd most diffеr from
thеir diploid progеnitors in haЬitat and distriЬution. lnсrеasеs in ploidy altеr
сell sizе, watеr сontеnt ratе' ratе of dеvеlopmеnt, and many othеr physiolog-
iсal propеrtiеs' so many polyploids may havе sеlесtivе advantagеS in nеw
есologiсаl niсhеs imnrеdiatеly upon thеir origin.

An цnusual сasе of polyploid spесiation in animals oссurs in thе gгay rrее
frog spесiеs сomplеx found throughout thе еastеrn Unitеd Statеs. Thе сomplеx
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сontains a diplкliсl spесiеs, Hуlа сhrу51lsсеlis (2N=24) and a tеtraplоid
spесiеs Нуlа uеrsicolor (4N=48). Both spесiеs oссupy laгgе rеgions of al.
lopatry (IJ .сhr lsosсe l is inthеsouthеrnhal f  of  thеrangе, H.uers iсo lor i r r thе
northеrn half), Ьut thеy also ехist irr Sympatry in multiplе loсalit iеs whеrе
thеir rаngеs ovеrlap. Diploids and tеtraploids rеproduсе sехually and arе rе-
produсtivеly isoIatеd from сlnе anothеr through Ьoth prеmating (mаting sig-
nal diffеrеnсеs) аnd postmating (tгiploid hyЬrids arе stеrilе) Ьarriеrs to
intеrЬrееding. Malеs produсе advегtisеrтеnt сalls thаt diffеr in thеir tri l l
ratеs, rvith thе сliploid H. cЬr\,sсlsсеlЬ аlrvays produсing сil l ls with fastеr tri l l
ratеs than tlrоsе of the tеtraploid H. uеrsiссllсlr (Gеrh:rrdt 2005). Studiеs Ьy
Сarl Gеrhardt аnd сollеaguеs havе shown that fеmalеs of Ьoth diploids and
tеtraploids arе highly sеlесtivе (еsресially in sympatriс populations) whеn
еvaluating сall сharaсtеristiсs of malе advеrtisеmеnt сalls, strongly disсrimi-
nating against саlls with thе tri l l rate of thе ..wrong'' spесiеs.

A rесеnt study Ь,v Aliсia Hollowаy аnd сollеаguеs (Hollowау еt al. 2006) has
dеmonstratес] аn unusuаl pattеrn of p<llyplоid spесiation in thе tеtraploid
spесiеs H. L'еrsiсoklr. Using DNA sеquеnсеs frоm Ьoth mаtеrnally inhеritеd
mitoсhondrial gеnе rеgions and Ьiparеntally inhеritеd rruсlеar gеnе rеgiorrs,
this study shсlwеd that at lеast thrее diffеrеnt diploid pгogеnitor Spесiеs сon.
triЬutеd to multiplе origins of thе tеtraploid gray trее frog H. uеrsiсolor (Figurе

8). Two of thе tlrгее diploid progеnitсlг spесiеs arе from ехtinсt linеagеs' as
suggеstеd Ьy thе ()ссurrеnсе of uniqrrе аllеlеs found in tеtrаploid l inеagеs Ьut
not in thе liviпg diploid l irrеagеs ехaminеd. Tlrеsе rеsults suggеst thаt
tеtraploids 21rosе сhrough rесurrеnt allopolyploid spесiirtion еvеnts involvirrg
diffеrеnt diploid anсеstors. Intеrеstingly, diffеrеnt linеagеs of tеtraploids thаt
arosе fгom diffЪrеnt diploid anсеstors frееly intеrЬrееd whеrе thеy oссur rn
sympаtry. Bесausе thе diffеrеnt tеtraploid linеagеs arе not rеproduсtivеly iso-
latеd from onе irn<rthеr, thеy arе sti l l сonsidеrеd a singlе tеtгaploid spесiеs' H.
уеrsiсolrэr. Polypltliс1iz;rtiсlrr in this spесiеs п-lay havе lеd to pгеdiсtаЬlе and сon-
sistеnt сlrirngе iп thе аdvеrtisеrrrеrrt сall, pегhaps аs ..r dirесt геsult of inсrеаsеd
сеll sizе, whiсlr hаs Ьееn shown tсl ссlrгеlatе with dесrеаsеd trill ratе in artifi-
сially produсеd аutоtriploid gray trее frоgs (Kеllеr and Gеrhardt 2001). Thus
сhangеs in trill ratе as a rеsult of pоlyploid еvеnts havе lеd to rеproduсtivе ссln-
tinuity Ьеtwееn linеagеs rеprеsеnting diffеrеnt origins of tеtraploids Ьut Ьavе
rеinforсеd tri l l-ratс diffеrеnсеs Ьеtwееn diploids and tеtгаploids. Spесiation in
gray trее frogs i l lustгatеs thе сслтplс'x tт]annеr in whiсh polvploid spесiеs сan
arisе and ftrгthеr shсlws how сlr:rrrgсs in isolating Ьilrriеrs, suсh as advеrtisе-
mеnt сalls, с:ln Ье dirесtly affесtеd Ьy hyЬridization and polyplоidy.

т H E  R o L Е  o F  G Е N Е т | с  D R | F т  | N  s P Е с | A т I o N

In thеory, gеnеtiс drift should pronlotе spесiation as populations ехpand
outwerd fror-r-r tlrе еdgеs of thеir distriЬutions tO oссtlpy nеrv hаЬitats' or
whеn a srrr:rl l rrцmЬеr of individuirls dispеrsе to a nеw loсation and еstаЬlish
a nеw populаti<ln. In praсtiсе' ho'uvеvеr, l ittlе еmpiriсal support еxists for thе
formation of nеw spесiеs solеly through random gеnеtiс сhangеs promotеd
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Figurе 8. A modеl of tеtraploid origins from diploid anсеstors i l lustratеs multiplе

allopolyploid origins for thе gray trее frog Hуlа uersiсolor. Thе rеlationships of

diploid gray trее frogs аnd a rеlаtеd spесiеs, H. аuiuoса, arе dеpiсtеd at thе

Ьotto- of thе trее. Ехtinсt diploids (2N), l-/. sp. A and H. sp. B, wеrе infеrrеd

from tеtraploid аllеlе linеagеs. Tеtraploid gray tгее frogs, H. uersiсolor (4N),

wеrе formеd multiplе timеs from еxtinсt diploid anсеstors (AxB, AхС' and

B x С). Tеtrаploid gray trее frogs from diffеrеnt linеagеs (е.g., NЕ, NW) arе
intеrfеrtilе and thus form a singlе Ьiologiсal spесiеs thаt sharеs a divеrsе gеnе

pool of multiplе anсеstrаl progеnitor spесiеs. (From Holloway еt аl. 2006.)

Ьy gеnеtiс drift. Thе idеa of fouпder-effeсt spесiаtioп (Figurе 4) was hrst pro-

posеo o'y йnsт йЬyr 1i-У}.+i ,Ьt6..; retrnеu' pz?rijъtri "if.tсittiлt1\.ltl "r';ъ.
Ьasеd on his oЬsеrvation that in manу Ьirds and mammals, populations pе-

riphеral to thе distribution of a proЬablе..parеnt' ' spесiеs wеrе oftеn highly

divеrgеnt, to thе point of Ьеing сlassifiеd as diffеrеnt spесiеs. Maуr proposеd

that gеnеtiс сhangе would Ье vеry rapid in suсh loсalizеd founding populations

t
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diploid аnсеstors i l lustratеs mLrltiplе
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bесausе of rarrс]om fixаtitrrr <lf allеlеs Ьy gеrrеtiс drift ' rеsulting irr а bгеakup
of аnсеstral сoadaptеd gеnе сomplехеs arrd thе formаtion of nеw onеs that
would lеad to thе potеntial f<lr natural sеlесtion to favor diffеrеnt i l ltеraсting
sеts of gеnеs in thе nеw founс]еr еnvirotlгnеnts. Suсh Е.еnе rеorgаll izаtions
сould inсidеlrt:rl ly yiеld rеproduсtivе is<llation and lrеnсе proviсlе аl1 avеnuе
for rapid spесiation. Although gеnеtiс сlrangеs assoсiatеd with gеnеtiс drift
prоЬaЬlу do oссttr in foundеr populations, l ittlе еvidеnсе for thе typеs сlf mа-
jor gеrrе rеorganizations Proposеd Ьy Мayг (1954) and lаtеr Hаnlpton Саr-
sorr  (1975) and Alаn Tеrrrp lеton (1980) еx ists .

onе potеntiаl ехamplе of spесiation pгOmotеd Ьy сhangеs duе tо gеnеtiс
dгift, howеvеr' сomеs from spесiеs diffеrеnсеs in сhirality (thе ссli l ing dirес-
tiorl of shеlls) Ьеtwееn diffс.геnt spесiеs of thе Japаrrеsе land snаil in thе
geлus Еuhаtlr.r. Тhеsе snаils l ivе in sпrirl l populatiorrs with l iпritесl dispеrsal
Ьеtwееn thеm. Сhirality is сlеtеrminеd Ьy a singlе gеrrе loсus with twсl allеlеs,
with dеxtral (right-hаndеd) сoil ing muсh morе сommon than sinistrаl (iеft-
harldеd) сtri l ing. Bесаusе of thе physiсal diffiсulty i l l tw<l-way ссlpr.rlatiorr
(гhеsе sпails aгс lrеrnlaphr<lditеs) Ьеtwееn srr:ri ls froru populatitlrrs thаt аrе
fiхеd for oppсlsitе сoil ing dirесtions' thеsе populatiorls arе rеproduсtivеly iso-
lаtеd from onе anothеr and so аppеar tO rеprеsеnt distinсt spесiеs. Sinсе сlp-
positе сoil ing typеs arе sеlесtс.d against whеrr thеy arе raге witЬin populations,
gеnеtiс drift is l ikеly tсl hаvе plаyеd a rolе i lr thе appеаranсе of nеrv ссli l ing
t\'pеs among populations. Gеnеtiс modеls havе dеrrlсlnstratеd tlrаt gеnеtiс
drift is thе most plausiЬlе пtесhanism for а switсh frсlm dехtral to sinistral
сhirality (van BatеrrЬurg and GittеnЬеrgеr 1996) and thе pаrallеl spесiаtion
of аt lеаst four i l-rсlеpеndеntlу с]егivеd sinistгal spесiеs lras Ьееn dеnloпstrаtеd
through phylogеnеtiс anаrly5i5 of mitoсhondrial DNA haplotypе vаrietiorr
(Uсshima аnd Asami 200З).

Соnsеquеnсеs of Spесiation

Thе Ьulk of this еssay has foсr"rsеd on ехamplеs of l iving spесiеs and thе veгioLts
mесlranisms Ьy lvlriсh thеу arе thought tсl lravе spесiаtес.l. Yеt spесiati<lrr has rе.
sultеd in tlrе еnormous divеrsity of norv-ехtinсt animirls, plants, irrld rтiсroЬеs
unсovеred in tl-rе fossil rесоrd as wеll. Dеtеrmining proсеss frorrr pattеrn is
сhallеnging; hеnсе most studiеs tlf thе spесiation prtlсеss foсus сln living ехаm-
plеs. Although n-ruсh dеЬatе has сеntеrеd On thе modе llnd tеmpo t>f spесiаtion
аs illustratеd Ьy thе fossil rесord (phуlеriс gгаduirlisnl, tlrе slсlrv trаr-rsitiorr of
onе spесiеs into anothеr' vеrsus punсtuatеd еqr'ri l iЬriurrr' rapid еvolutionary di-
vеrsifiсation and spесiation followеd Ьy long pеriods of stasis), еvolutionar,v Ьi-
ologists gеnеrallv agrее that thе samе еvolr'rtionary пlесhanisms that proпrotе
divеrgеr-rсe todа1, аnrong populаtitlns of l iving spесiеs (nriсroеvt>lutiolr) аrе rе_
sponsiЬlе fсlr sресiation еvеnts (mасroеvtllution), Ьotlr сlngoing ar-rd in thе past.

Thе tеmpo of spесiation vaгiеs dramiltiсally among diffеrеnt taхa. Somе
groups' suсh as hоrsеshoе сraЬs (gеnus l-imulus), havе rеmаinеd unсhangсd
for ovеr l 50 mill ion vеars, w,hilе othеrs' sr' lсЬ аs Hаr'r.аiian сriсkеts (gеnus

Еxtinоt
yla sp. A
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Lаupаlа), havе spесiatеd rapidly, with up to 4.17 spесiеs pеr mil l ion yеars
(Меndеlson and Shaw 2005). Thus spесiation сan oссur quiсkly or slowly,

undеr а variеty of есologiсаl сondit ions, and with or without thе еvolution of
rеproсiuсtivе isolation.

Unravеl ing thе mystеriеs of how nеw spесiеs arisе is onе of thе nrost еxсit-
ing аrеas of еvolutionarу Ьiology' and although wе havе madе muсh progrеss

in undеrstanding spесiation sinсе Wil l iam Batеson's еarly сonсеrns, futurе

studiеs promisе to yiеld еvеn morе nеw and fasсinating disсovеriеs. Thе hopе
of thе futurе, in prеsеrving and protесting our plaпеt's Ьiodivеrsity, liеs in an
r.rndеrstanding of thе proсеss of speсiation and а сommitmеnt to saving thе
produсts of this proсеss: thе spесiеs that ехist on еаrth today and thosе that

hаvе yеt to еvoivе in thе ftrtr-rrе.
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Еvolution and Dеvеlopmеnt

Grеgorу A. Wrау

Thе intеllесtual histсlriеs of dеvеlopпrеntal and еvolutiсlnaгy Ьiology havе

Ьееn intеrtlvinеd alr.l-rost frolrr thе ЬirtЬ of Ьiology as a distiIlсt sсiеntifiс dis.

с ip l inе (Мavr 1982; Riсhards 1992). .Гhе rеast lns аrе not d i f f iсu]t  t t l  1 ind.

Both еv<llution аnd dеvеlсlpmеnt arе tеmporаl proсеssеs, and еvегy individ.

uаl's dеvеlopmеtltirl lr istory is еmЬеddеd within, anс1 rеflесts, a muсh dееpет

еvoluti<tnary history. This tеmporal parallеl forrns thе Ьаsis fсlr thе сorrсеpt

<lf rесapitulаtitln' thаt еn-rЬryoniс dеvеlopmеnt l itеrally rеplays еvolutitlnar1'

hisroгy. Rесirpitulаtitln is onе of thе с,ldеst and most pеrsistеnrl1,сontrovеI.

siаl сonсеpts in еvtllr 'rtionzrry dеvеlopmеntal Ьiology' Ьut not its mоst i l lumi-

nat ing (G<rr.r ld 19771P.af f  1996; Wi lk ins 2002).

Thе rolе оf dеvеlopmеnt in tratlstrruting gеllotypе irrto phеnotypе providеs

a morе fruitful аpproaсh to undеrstanding thе intеraсtions bеtwееn еvolu.

tit lnary and dеvеlopпrеntal proсеssеs (Rаff апd Kaufirran 198З; Wilkins

2002). Thе еvolution of thе gеn()ll lе and tl-rе еvoluti<rrr of oгgirrl ismal plrеnо.

typе, whiсh havе oftеn Ьееn trеаtеd аs ifthеy Wеrе sеparatе prосеssеs, arе in.

еxtriсаЬly Ьtlund togеthеr Ьy thе proсеssеs of dеvеlopnrеnt (Figurе 1). Thе

\\,l ly аl1 еmЬryo funсtitlns has аs пruсh ttl do with есolсlgiсal ссlIrtехt аnd

ph,vlogеnеtiс history as it doеs with gеnеraring а pаrtiсular plrеnotvpiс out.

соmе. Ссlnvеrsеly, tlrе еvolutionary fatе of a gгoup сlf rеlatеd spесiеs сan Ье

influеnсеd lrs muсlr Ьy dеvеloprrrеllt lrl сhаraсtеristiсs as it is Ь1. ldult anatсlmr.'

phтs i o |оgv .  nnс l  Ьеh . r v i o г .

Tеmporal Parallеls

Rссapitulаtion has by ttlгl1s еrrl ightеnеd, еntеrtailrеd, lrnd ехаspеratеd gеrrеr.

аt ions с l f  Ь io logists  (dе Bееr 1940; G<lu ld |977;СЬurсhi l l  1980).  Thе rесog.

nition of parallеls Ьеtwееn еmЬrуologiсаl еvеt-lts аlld rеlationships among

spесiеs prсdatеd thе сonсеpt tlf lriologiсal еvtl lutitln, at [еast in its modеrn

sеtrsе of trаnsmtltation irеtwееn spесiеs. Indееd, thе rvords еuriutiсlп and dе.

uеlopпtепt wеrе usсd intеrсhangеaЬly to rеfеr tсl thе unfolding of Ьoth indi.

vidual dеvеlopn-rеnt arrd plrуlеtiс сllangе until tЬе Lrеginning rlf thе tц.еntiеth

208

/Ft
bitэtgenoryрe lntе

Figuге 1. Gеnotypе to p
gеnеtiс information into
Ьеhavior, and physiolog'
whеre thеy influеnсе sur'
еvolutionary mесhanism
suссеssivе gеnеration. A
how proсеsses opегаtе а1
link in our knowlеdgе w

сеntury (Hall 1992; Ri

proсеssеs wеrе сonsidеl
Еarly desсriptions o{

сast in tеrms of thе sса

emЬryos of morе сomp

sеmЬlеd s implеr onеs

tееnth-сеntury prеforп

thе sаmе pгoсеss.  Dur i

tors notеd that сhiсkеn

that сontain fеaturеs of

for instanсе, thаt humа
w i th  l imЬs  аppеa r i ng  i

sti l l.
Karl Еrnst von Baеr'

vations of divеrsе аnirг

tion (Hall 1'992i RicЬal

thе еmЬryos of vеrtеЬrr

rеpгеsеnt adults of oth

lowеr spесiеs do not a

sеnсе of fins in thе еmЬ

Ьryos of distinсt group



ev0li"rtr0nary
meсhаПisms

Еuolutioп апd DeueloDmепt 209

g
t
i)еvеlopmеnt

biосhemiсal deve|орmеntal
interaсt|Ons рrOсess8s

оrgantsmaI
рnenolypё

ntal and еvoiutitlnary Ьiolсlgy havе
lf Ьiology as a distinсt sсiеntifiс dis-
hе rеasons аrе not diffiсult to find.
nporal proсеssеs, and еvеry individ-
within, and rеflесts' a muсh dееpеr

rllеl forms thе Ьasis for thе сonсеpt
,pmеnt l itеrally rеplаys еvolutionary
еst аnd most pеrsistеntly сontrovеr-
rtal Ьiol<lgy, Ьut nсlt its most i l lumi-
20021.

lg gеllotypе into phеnotypе providеs
ing thе intеraсtions Ьеtwееn еvolu-
Ratf and Kaufiтan 1983; Wilkins
thе еvolutior-r of orgаnismal phеno-
thеy wеrе sеParatе Гroсеssеs.  аrе in-
;sеs of  dеvеlс lpmеnt (F igurе 1).  Thе
to do with есoiogiсal сontехt and

сrat ing а pагt iс t r l l r  phеnсl typ iс  ouг-
of a group o{ rеlatеd spесiеs сan Ье
Lraсtеristiсs as it is Ьy adult anatсlmy,

еntеrtainеd, аrrd еxaspеratеd gеrrеr-
J  19771Сhurсhi l l  1980).  Thе rесog-
:al еvеnts аnd rеlаtionships among
;al еvolution, at lеast in its modеrn
Indееd, thе words еuolutioп aлd dе-
l rеfеr to thе unfolding of Ьoth indi-
until thе Ьеglnning of thе twеntiеth

genOtype

Figurе 1. Gеnotypе to phеnotypе. Thе proсеssеs of dеvеlopmеnt transmutе
genеtiс information into organismal phеnotypе, whiсh inсludеs anatomy'
Ьеhavior, and physiolоgy. Thеsе traits, in turn' intеraсt with thе еnvironment,
whеrе thеy influеnсе survivоrship and rеproduсtion. Naturаl sеlесtion and othеr
evolutionary mесhаnisms сhangе thе rеlativе frеquenсiеs of gеnotypеs in еaсh
suссеssivе gеnеration. A сomplеtе undеrstanding of еvolution rеquirеs knowing
how proсеssеs opеratе at еaсh сlf thеsе stеps. Until quitе rесеntly, thе wеakеst
link in our knowlеdgе was dеvеlopmеnt.

сеntury (|1a|| 1992 Riсhards 1992)..sИhat wе rесognizе today as distinсt

proсеssеs wеrе сonsidеrеd inехtriсaЬly intеrtwinеd.
Еarly dеsсriptions of parallеls Ьеtwееn dеvеlopmеnt and еvolution wеrе

сast in tеrms of the scаlа nаturа (сhain of Ьеing). Aristotlе rесognizеd that

еmЬryos of morе сomplех сrеaturеs passеd through stagеs in whiсh thеy rе-

sеmЬlеd simplеr оnеs (Gould 1977|. For Сharlеs Bonnеt, an еarly-еigh-

tееnth-сеntury prеformationist, еvolution and dеvеlopmеnt Wеrе litеrally

thе samе proсеss. During thе latе 1700s and еarly 1800s sеvеral invеstiga-

tors notеd that сhiсkеn and human еmЬryos pass through a sеriеs of stagеs

thаt сontain fеaturеs of ..lowеr'' or ..infеrior'' animals. Johann Mесkеl, notеd,

for instanсе' that human еmЬryos сontain gil l sl its and a tail at еarly stagеs'

with l imЬs appеaring aftеrwards' and dеfinitivе mammalian fеаturеs latеr

sti l l.
Karl Еrnst von Baеr' who madе ехtеnsivе and mеtiсulous firsthand oЬsеr.

vations of divеrsе animal еmЬryos, ехpliсitly rеjесtеd thе idеa of rесapitula-

tion (Hall 19921RiсЬards \992). Hе сitеd thе prеsеnсе of uniquе fеaturеs in

thе еmЬryos of vеrtеЬratеs, suсh as thе yolk saс) as еvidеnсе that thеy did not

rеprеsеnt аdults of othеr spесiеs; сonvеrsеly, hе notеd that somе fеaturеs of

lowеr spесiеs do not appеar in thе еmЬryos of higher onеs, suсh as thе ab-

sеnсе of fins in thе еmЬryos of Ьirds (Baеr 1 82 8 ). Baеr also notеd that thе еm-

bryоs of distinсt groups of animals did not pass through stagеs rеprеsеnting
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othеr Onеs: ..TЬе еmЬryil tlf а vеrtеЬratе is at tЬе Ьеgirrrring alгеасlу a vеrtе-
Ьratе'' (translation from Riсhards |992, 59).

Dеspitе Baег's potеnt сritiсisnrs, support for thе nсrtiоn of rесapitulation
pеrsistеd for anothеr сеntury. Rесapitr.rlation thеory rеасlrеd its zеnith in thе
rvгitings of Егrrst Haесkеl (1866, l875), whosе sгatеmеnt that ..ontogеny rеса-
pitrrlatеs phylсlgеny'' (..diе ontogеniе wеitеr niсhts ist als еinе kurzе Rесapitu-
lation dеr Phylogеniе''; 1866,2,7) еr,еn tсlday еrrсapsulatеs fсlr rтany Ьiologists
thе rеlаtionships Ьеtwееn еv<llutiоn аnd dеvеlсlpmеnt. Haесkеl, а strс>lrg sup-
portеr of Darwin, viеwеd dеvеlopnrеnt as an ехhiЬit of phylоgеnеtiс history'
with thе adults of anсеstors displayеd in sеquеnсе during thе dеvеlopmеnt of an
individual. His rvoоdсuts сlеpiсting thе progrеssivе divеrgеrrсе сlf initially simi-
l;rr vertеЬratе еmЬryos into distinсtivе fish, turtlе, Ьird, and humаn еnrЬryos
havе Ьесomе iсons of latе-ninеtееnth-сеntury еvolutionary dеvеlopmеntal Ьiol
ogy (Figurе 2). Lеss widеly apprесiatеd is Haесkеl's viеw of rесapitulirtion as
thе irсtual mесhilnism that prodtrсеs еv<llutionаry сlrangе rаtlrеr thаn sirnplу a
pirssivе rесord of suсh сhirngе. Hе сonsidеrеd tЬis mесhanism to сonsist of two
proсеssеs: tеrminal addition of new fеaturеs onto thе еnd of dеvеlopl-rrеnt and
сondеnsаtion of еxisting fеaturеs into еvеr morе .lЬbrеviаtес] еarliеr st;lgеs.

Haесkеl гесognizеd tlrе ехistеnсе of ехсе1rtions to striсt rесаpitulаtion
(1875) '  inс luding thе oЬjесt ions ra isеd Ьy Baеr (1828).  Hе са l lеd thеm
сепrlgeпеtic fеаturеs and rеgardеd thеm in mr.rсh thе sarте light that most
phylogеnеtiсists viеw h<lrr-roрlasy (fеaturеs thаt havе ссlnvеrgеd in fttrrrr Ьut
without сommon anсеstry) today, as an ann()ying oЬfusсation of еv()lution-
ary history. }Iaесkеl idеntifiеd two kinds of сеnсlgеnеtiс fеaturеs: hеte-
rochroпу' or a сhangе in thе ordеr of dеvеlopmеnt еvеntsJ tlлd bеtеrсltopу, or
a сhangе in thе gеrm lirуеr giving risе to а struсturе. BotЬ tеrms arе now usеd
in rnuсh morе gеnеrаl sеnsеs, to rеfеr to any сl.rangе in thе timing or loсation
of a dеvеlopпrеntal proсеss, rеspесtivеiy (Raff 1996; KlingеnЬеrg 1998).
Ironiсally, and not a l iсtlе сonfusinglу. thе сurrеnt, morе gеnеral usаgе of thе
tеrл1 Ьеtеrochronу encotтpassеs stгiсtly rесapitulatory tеmporal сhаngеs, as
wеll as Haесkеl's original, nonrесаpitulatory onеs.

Bаеr was not thе onl,v pеrson to attaсk rесapitulatiоn thеoryJ nor Was
Haесkеl its only apologist. RеrrrarkаЬly, dеЬirtеs aЬorrt rесapitulаrtion wеrе
stil l going str()ng during thе 1930s as thе modеrn synthс.sis was undеr waY;
they may havе сontriЬutеd to thе сordial mutr.rаl аpathy that arosе Ьеtwееn
еvoltlt ionaгy arrd dеvеlсlpnrеntal biology aЬtlut this timе аnd lastеd trrrti l thе
lаtе 1980s (Gould 1977; Wi lk ins 2002).  A l though thе inf luеnсе of  rесapi tu-
latitln еvеntuаlly fadеd, сomparativе еmЬryology сontinuеd to plау аn im-
pOrtant rolе in еvolutionarv Ьiоlogy.

ЕmЬryos as Еvidеnсе of Еvolution, Phylogеny'
and Homology

If еmЬryos do not infall iЬly rесapitrrlatе еvolutionary history, thеy ntlnеthе-
lеss providе еvidеnсе of thе prосеss of еvolution. оf phylogеnеtiс rеlationships
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Figurе 2. Rесapitrrlаtitln as еnvisiоnеd Ь1. Haесkсl. Thе grеat сomparativе
anatсlt-t-tist Еrnst Наесkсl was tlnе of tЬе strongеst ProPonеnts of tЬе notion that
thе еvoIutionаr,v history of 'r spесiеs is rеplavеd drrгing its еп-rЬryоlogiсal
dеvеloрmеnt (Haесkеl -l tl66). His famoцs il lustratiоns of vеrtеЬratе еmЬryсls,
onе of whiсh is shown hеrе, сlеpiсt prоgгеssivе divеrgеnсе in ovеrali similaritiеs
amоng spесiеs as сlеvеlopnlеlrt proсесds. Thе еmЬryos arе (from lеft tсl right)
thosе оf a 6slr, arrrphiЬian. tr-rrtlе, Ьird, pig, сow, rzrЬll it, and huпrаt-t. Notе that
all tlrе еmЬryos lrаvе gill slits аt an еаrlу Stagе (top rслu) and thаt thе Ьumаn
еmЬrvohаsаtа i|  (middlеrotu,r ight)  t l - rat is lаtеr\ost(bottomrс lш,r ight) .I t
Was thе prеsеllсе tlf thеsе pЬуlt>gеnеtiсaIlv аnсiеnt fеаturеs in еrrrlrryos, dеspitе
tlrеir аЬsеnсе irl аdults, thaг strопgl}.iп.rрrеssеd Hаесkеl. (Frсlm Наесkеl 1866.)

amollg taха' al1d of thе lristory of spесifiс сharirсtеrs. Тhеsе thrее prасtiсal
appliсations wеrе all f irst proposеd during thе ninеtееnth сеntury, Ьut for
somеrvhat diffеrеrrt rеasons thеy rеmairr important todаy.

N()t mаnу rеadеrs of tlris Ьoсlk lvi lI nееd to Ье pеrsuadеd that thе proсеss
of еvolution takеs plaсе. Antiсipatirrg a rathеr diffеrеnt audiеnсе, Dаrwin
mаrshalеd all thе еvidеnсе hе сould fiпd to support thе сonсеpt of trаnsmu-
tation i]mong, spесiеs whеn lrе wrotе oll the Оrigiп of Spесiеs (1859). \Whеrе

Baеr, who rеjесtеd thе noti<ln of еvolr"rtion, spokе of ..gеnеrаl' ' and .,spесifiс' '

dеvеlopmеntal trаits, Dаrwin intегprеtеd similaritiеs among еmЬryos as сom-
pеll ing еvidеnсе of сommon dеsсеnt' ..ЕmЬrуology is to mе Ьy far thе
strongеst singlе сIаss of faсts irr fаvor of сlrangе of forms,'' lrе l,vrotе in a lеt-
tеr to Asil Graу (SеptеmЬеr 10, 1860) shortlу after thе publiсаrion of tl-rе ori-
glи (Burkhardt еt al. 199з, 350). ЕmЬryologiсal similaritiеs rеmаin pеrsuasivе:
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traits not manifеst in adult anatomy' suсh аs thе prеsеnсе of gil l sl its and a
tail in hurrratl еmЬr1'<ls, arе tangiЬlс еvidеnсе оi dеsсеnt w,ith modifiсаtiоn.

A sесolld praсtiсal appliсation of сomparativе еmЬryology is irl phylogегrе-
tiс analysis. Darwin pointеd out in thе Оrigiп thаt ..сommunity in еmЬryoniс
struсturе rеr,еаls сtltnmtrnitv of dеsсеrrt' ' (18.i9,449). Sysrеmаtisrs havе Ьееn
applying this сonсеpt еnthtrsiastiсally еvеr sinсе. Sеvегal signifiсant insights
into phylogеnеtiс rеlаtionslrips сamе aЬout through usе of this approaсh'
suсh as thе disс<lvеr},that Ьаrnaсlеs аrе arthгopods гаtlrеr thаrr rnоllr"rsks
(Darwin 1854) and thе rеalization tЬat asсidians arе сlosеly rеlаtеd to vеrtе-
bratеs (Gаrstang 1928). In Ьoth сasеs' adults аrе highly сlеrivеd anatomiсallY,
Ьut larvaе providе сlеаr phуlogеnеtiс l inks. Sirrri laгitiеs irr еmЬryсls or lаrr.ае
providеd thе first еvidеnсе for phylogеnеtiс rеlationships among mаny Othеr.
lvisе anatomiсаlly distinсt taхa and oftеn rеm:rinеd thе only dirесt еvidеnсе
r-rrrti l thе :ldvеnt of rr-rolесulаr data sеts. Thе nаrrlеs оf mаrry сladеs аrе Ьаsеd
on thеsе еmЬryologiсal сritеria, suсl] as Spirаlia (for thе spirаl gеomеtry of
еmЬryoniс сеll divisions found in somе aniпrals) and rnonoсots (for thе singlе
сotylеdon tlrat noшrishеs thе еmЬryo of somе flowеring plants). 

.s7ith 
tlrе

widеsprеad аppliсation of DNA sеquеnсеs ir-r phylogеnеtiсs, еlrrЬryologiсal
traits play a lеss important rolе in idеntifying сlаdеs today, Ьut thеy сan pгo-
vidе an iшрortant rеаlity сhесk whеrr rrеw rеlatiсlnships arе proptlsеd.

Тhе sеquеnсе of еmЬrytllt>giсal еvеnts has аlso Ьееn invokеd аs а Ьasis for
polarizing сharaсtеr-statе transftlrmаtion in fornral phylogеnеtiс analysеs
(Nеlson \978). Тhis сlпtrlgе|tеtiL. сrit('ri(,tl l is Ьzrsеd on ir l itеrаl ге:rding of
Bаеr's laws: that еаrliеr еvеnts duгing dеvеloprrrеnt i1rе morе gеnеral ;rnd
thеrеforе arosе еarliеr during phylogеnеtiс history than latеr onеs. Thе util ity
o i  th is  сг i tег ion hаs Ьееn quеst ionеd on f i rs t  pr inс ip lеs (dе Quеir t lz  1984),
аnd i t  с lеar ly  fa i ls  in rnany rеa l -wor ld сasеs (MaЬее 1989; Raff  l996).  out-
group сomparistln is far morе widеly usеd today, аnd thе ontogеnеtiс сritе-
riсln is intеrеsting pгinrarily as :rn ехamplе of thе pегsistеnсе оf rесaglirr-rlationist
thinking a сеnturY aftеr Hаесkеl.

Thе third praсtiсal appliсation of сomparativе еmЬrytllogy is аs а сritеrion
сlf homolсlgy aпlon €] spесifiс сharасtеrs. of thе tlrrее аppliсаtions rrrеntionеd
lrеrе, this rеmains Ьy thе far thе most impoгtant todау (Hаll 1994; Wilkins
2002). Riсhard owеn originally proposеd thе tеrms homologу and апаlogу
in 184З with rеfегеnсе to his l loti()n ot thе arсl-rеtypе' а gеnеrаlizесl Ьсldy or-
ganizatiсl l-l sharеd among spесiеs rvithin a largе gгottp (Palrсhеn 1994).
Owеn, who was ostеnsiЬly strongly opposеd to thе idеir of еvoltlt ion, intro-
duсеd thе tеrms t() сontrаst Ьеtwссtl two kirrds tlf аrrаtomiсаl sinri lагitv
among spесiеs: homology for сorrеsponсling pаrts of atl arсhеtypе and аnlrl-
ogy for nonhomologous traits with siпrilаr funсtions (Owеn 1848). Btlth tеrms
wеrе soon ехpropri:rtеd Ьy еr,olutitlnarl ' Ьiсl logists (Pаnсhеrr I994) ltnd arе sti l l
trsеd to distinguisЬ Ьеtwееп two funсlаrmеntallv diffеrеnt lristoriсal hypothеsеs:
сommon vеrsus indеpеndеnt еvtllutionary оrigins of a trait (Hall 1994).

Distingшishing Ьеtwееn homсllogоr.rs and аrralogous struсturеs is <lftеn
straightforward, Ьut in mаll1, саsеs it is ехсееdingly difl iсLrlt. A pегsistеnt сhal-
lеngе' for instanсе, is distinguishing ш,hеthеr thе appеndagеs, Ьodv sеgmеnts'
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and sеnsе organs prеsеnt in diffеrеnt animal phyla arе dеrivеd 1rom а сommon
anсеstor or arosе indеpеndеntly (Мсlorе and lr)Иilmеr 1997; Niеlsеo2ОО2\. t
similar еmЬryologiсal origin has long Ьееn сonsidеrеd а сritеrion of lromology'
sinсе сorrеspondеnсеs in anаtomiсal оrganization arе oftеn сlеarеr (Нall
1994). ЕmЬryologiсal сompаrisons havе idеrrtifiеd somе initially surprising ho-
mologiеs, suсh as thе oгigin of nrаmrrralian еar ossiсlеs from jawbonеs аnd thе
origin of vеrtеЬratе jaws from gill arсhеs. This approaсh сontinuеs to Ье usеful'
as еvinсеd by thе rесеnt dеЬatе aЬout digit homologiеs among arсhosaurs
(Burkе and Fеduссiа 1997;Wagner arrd Gauthier 1999). Although еxсеptions
сan oссur (dе Bееr 1971; Roth 1984), similarity of еmbгyologiсal origin rе.
mains onе of thе rnost usеful сritеria of homology in anatomy'

In rесеnt yеars thе еmЬryologiсal сritегion of lroпrology has Ьееn ехtеndеd
to thе ехprеssion of dеvеlopmеntаl rеgulatory gеnеs. This appliсaгion is
basеd on thе oЬsеrvаtion that thе samе rеgulatory protеin is oftеn prеsеnt
during thе dеvеlopmеnt of horrrologous struсturеs еvеn whеn thеy give risе to
highly divеrgеnt anatomiеs and еvеn in distаntly rеl:rtеd taхa (Holland and
Hollаnd \999). For instanсе, musсlе сеlls throughout thе animаl kingdom
еxprеss rrot only thе struсtural protеins that еndow thеm with tlrеir spесifiс
funсtion (myosin, асtin' аnd сr-асtinin) Ьut also rеgulаtory protеins that сon-
trol thе transсription of thеsе struсtural gеnеs (МyсlD and MЕF.2). Thе oЬ-
sеrvation that dеvеlopmеntal rеgulat<lry gеnеs arе ехprеssеd in similar
pattегns forms thе Ьasis of сontrovеrsial prоposals that еyеs (Quiring еt al.
1994), lеgs (PanganiЬan et a|. 1997\, and sеgmеntation (Holla nd et a|. 1997)
arе homologous in arthropods and сhordatеs. Framing suсh argumеnts сon-
vinсingly rеquirеs соnrpаring orthologоus gеnеs (i.е., сorrеsponding mеm-
bеrs of thе sаmе gеnе family) and сritiсally assеssing altеrnativе hypothеsеs,
suсh as spurious similarity in gеnе ехprеssion (AЬouhеif еt, a|' 1997; David-
son 2001). Rigorous appliсations of gеnе-ехprеssion сritеri:r to idеntifyirrg
homologous struсturеs inсludе сompaгisons of thе сеntгal nеrvolls systеm
among dеutеrostomе groups (Will iams and Holland 1998; Lowе еt al. 200.3)
and of Ьody sеgmеnts among divеrgеnt groups of artlrropods (Avеrof аnd Pa-
te| 1997i AЬzhanov et a|. 1999\'

Hеtеroсhrony

Мany еvеnts during dеvеlсlpnrеnt happеn in а partiсular sеquеnсе and at a
partiсular pасе Ьесausе thеу aге triggеrеd by, or dеpеndеnt upon, еarliеr
еvеnts; еvеn dеvеlopmеntal еvеnts that arе not сausally rеlatеd oftеn unfold
in a сonsistеnt sеquеnсе Ьесausе of gloЬal сoordination or simply Ьесausе
еvеn largеly indеpеrrdеnt proсеssеs аrе еасh tighrly сorrtroliеd. As a rеsult, al_
most any сhangе in onе aspесt of dеvеlopment wil l altеr thе ratе or sеquеnсе
of othеr aspесts (Raff 1996). Thе rеsult is a bеterсlсhroпу' an еvolutionaгy
сhangе in tlrе tinring of dеvеlopmеntal proсеssеs. This simplе сonnесtion hаs
lеd to thе viеw thаt all еvolutionary сhangе in dеvеlopmеnt is fundamеntally
hеtеroсhroniс (Gould 1977; МсKinnеy and МсNamara 1991|'
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Mсldеrn idеas aЬout еvolutionary сhangеs in thе timing of dеvеlopmеnt
grеW Out сlf rесapitr.rlation thеory. Thе aссumulating wеight of ехсеptions
stеadily еrodеd thе gеnеrality of Нaесkеl's tеrminal addition and сondеnsa-
tion as еvolutionary mесhanisms. Howеvеr, thеrе wеrе two additional faсtors

that brought aЬout thе dowrrfall of rесapitulation thеory: a сlеar undеrstand-
ing of thе mесhanisms that undеrliе hеrеdity and thе rесognition that natural

sеlесtion саn aсt tЬroughout thе lifе сyсlе (Goшld 1977;kaff 1996; \Wilkins

2002). By thе 19З0s it was widеly aссеptеd that thе Ьiogеnеtiс law is nеithеr

a mесhanism of еvolutionary сhangе nor an aссuratе dеsсription of it. Еvеn

thе most voсifеrous сritiсs of rесapitulatitln thеory rесognizеd, howеvеr, that
par:.rl lеls frеquеntly do ехist Ьеtwееn еvolutionаry history and еmЬryologiсal

еvеnts. out of thеsе dеЬatеs сamе nеw and ultimatеly mсlrе rеwarding pеr-

spесt l  Vеs.
Onе important insight Was that сhangеs in thе timing of dеvеlopmеntal

еvеnts сlftеn rеprеsеnt adaptati()ns rathеr than Ьy-prсlduсts of сhangе. 
.!7аl-

tеr Garstаng, a pugnaсious and witty сritiс of rесapitulation, assеrtеd that
..ontogеny d<lеs nсlt rесapitr-rlatе phyitlgеny, it сrеatеs it ' ' (Garstаng 1922,

82). Garstang nеatly invеrtеd thе Нaесkеlian viеw сlf ontogеny as a rесord

of phylеtiс history ar-rd arguеd instеad that nаtural sеlесtion aсts on dеvеl-

opmеnta l  t iming,  thеrеЬy produсing сhangеs in anatomy. Не intеrprеtеd

many sg lес i f iс  еvolut ionary сhangеs in еar ly dеvеlopmеnt as adaptat ions,  in-

с luding intеrpolat ions and lossеs t l f  larva l  stagеs,  сhаngеs in mеthods of
mеtаmorphosis, and altеrations in thе timing of rеproduсtiоn (Garstang

1922,1929).  Stеphеn Jay Gould took up th is  thеmе in oпtr lgепу аnd Рhу.

logeпу 0977), rvhiсh tiеd hеtеroсhrony to thе сlassiсаl есologiсal frаmе.

work of r-sеlесtion and K-sеlесtion (r-sеlесtion prоduсеs adaptatiсlns' suсh
:rs rаpid growth and еarly rеproduсtion' for suссеss in unprеdiсtaЬlе еnvi-
ronmеnts;  K-sе lесt ion produсеs thе сonvеrsе adaptat ions in morе staЬlе

еnivtlnmеnts). Мany authсlrs havе еmphasizеd thе links Ьеtwееn hеtе-
roсhrony аnd suсh lifе.history traits as fесundity, timing of rеproduсtion,

аnd adul t  Ьody s izе (е.g. ,  МсKirrnеy and МсNаmarа 1991; Ryan and Sеm-
l i tsсh 1998).  Thе inзportant lеsson that еmеrgеd from th is  WOrk is  that  s im-
plе сhangеs in dеvеlсlpmеntal timing сan prсlduсе сhirngеs in organismal
phеnotypе that arе есologiсa l ly  rе lеvant.

A sесond, rеlatеd insight Was that еvolutionary сhangеs in dеvеlopmеntal

timing сan ()ссur throughout thе lifе сyсlе. As еarly as 189.5 Frank Lil l iе sug-
gеstеd that adаptatitltts саn arisе in thе еarliеst еvеnts of еmЬryogеnеsis.
(iarstang (1922) arguеd that nеw traits сould appеar at аny point in dеvеl-

opmеnt (not just thе tеrminal addition advсlсatеd Ьy Haесkеl), and that suЬ-

sеquеnt modifiсations сould shift thеir tin-ring еithеr еarliеr оr latеr (not just

Hаесkеl's сondеnsation, involving progrеssivе shifts to an еarliеr position in

ontogеny). Dеvеlopmеntal Ьiologists wеге losing intеrеst in еvolutionary pеr-

spесtivеs аt thе timе' howеvеr, and thе fеw еvolutionary Ьiologists whtl wеrе

studying hеtеroсЬrсlny foсusеd on latе l ifе-history stagеs rathеr than еmbryos

and larvaе. Most studiеs of hеtеroсhrony thеrеfсlrе еmphasizеd сhangеs

in dеvеlopmеntal tiпring rеlativе to adult аnat()my or to sеxual maturity, a

pеrspесtivе that was soli
and N4сNamara 1991')'
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pеrspесtivе that was solidifiеd Ьy influеntial Ьooks (Gould 1977;МcKinneу
аnd МсNamara 1991).

Неtеroсhrony in еarly dеvеlopmеnt аttraсtеd rеnеwеd intегеst as thе rеuni-
fiсation of dеvеlopmеntal and еvolutionary Ьiology gathеrеd paсе during thе
1980s and 1990s' Dеvеlopmеntal Ьiologists ехaminеd hеtеroсhrony in еm-
bryos and in сomplех l ifе сyсlеs, whilе palеorrtologists doсumеntеd hеtе-
roсhrony in thе fossil rесord (Raff and Wray 1989; МсKinnеy and МсNamara
1991). Dеvеlopmеntal biologists Ьеgarr to apply thе сonсеpt of hеtеroсhrony
to srrсh proсеssеs аs mсrrphogеnеsis, сеll l inеagе, аrrd gеnе ехprеssion. Сom-
parisons of gеnе ехprеssion among сlosеly rеlated spесiеs rеvеalеd many tеm-
poral сhangеs' somе in thе aЬsеnсе of oЬvious anatomiсаl сorrеlatеs (е.g.,
Diсkinson 1988; Сavеner 1992) and otlrеrs сorrеlatеd with phеnotypiс trans-
formаtions (е.g., Wray and Bеly 19941 tverot and Patеl |997).It Ьесamе
сiеar that hеtеroсhrony, likе othеr kinds of phеnotypiс transformations'
сould aгisе through a variеty of еvolutionary mесhanisms.

A third important insight was а shift to viеwing hеrеroсhrony аs pattеrn
rathеr than proсеss (kaff 1996). Until quitе rесеntly hеtеroсhrony Was somе-
timеs сonsidеrеd to Ье an еvolutionary mесhanism that produсеs phеnotypiс
сhangе (Gould 1977; МсNamаra 19B8), a сurious pеrsistеnсе of НaесkеlЪ
original сonсеption. To thе ехtеnt that dеvеlopmеntal proсеssеs arе hеritaЬlе
traits, howеvеr, hеtеroсhrony is an aspесt of phеnotype likе any othеr and
сannot сausе сhangеs in phеnotypе (Raff 1996). Hеtеroсhrony nonеthеlеss
еnсompassеs a riсh arraу of phеnotypiс transformations. Gavin dе Bееr's
Еmbrуos апd Аncestors (1940\ was thе first attеmpt at a ссlmprеhеnsivе сlas-
sifiсаtion of modеs of hеtеroсhrony, arrd sеvеral othеrs havе followеd (Gould
7977; А|Ьеrch еt al. 79791Raff and 

.Wray 
1,989I. Тhеsе analysеs еmphаsizеd

thе variеty of tеmporal сhаngеs that arе possiЬlе in dеvеlopmеnt and pro-
vidеd a prесisе voсabulary for dеsсriЬing thesе сlrangеs.

Hеtеroсhrony has fadеd somеwhаt as a сеntral thеmе in studiеs of dеvеl_
opmеntal еvolution, in part Ьесausе tеmporal сlrаngеs in dеvеlоpmеnt arе so
pеrvasivе that doсumеnting anothеr сasе is no longеr surprising (Raff 1996
Wilkins 2002i' Thе еmphasis has shiftеd to undеrstanding thе gеnеtiс Ьasis
for еvolutionary сhangеs in phеnotypе, thе есologiсal сontехt in wlriсh suсh
сhangеs arisе, and how thе organization of dеvеlopmеnt Ьiasеs thе еvolution
of phеnotypе.

Dеvеlopmеntal Сonstгaint and DissoсiaЬility

A сеntral goal of еvolutionary Ьiology is undеrstаnding how сhangеs in gеno-
typе produсе сhangеs in phеnotypе. Еvolutionary gеnеtiсists havе foсusеd at-
tеnt ion on сharасtеr iz ing gеnеt iс  var iаt ion with а pЬеnotypiс impaсt ,
idеntifying whiсh сomponеnts of this vaгiation sеlесtion opеratеs upon, and
еstaЬlishing thе numЬеr and rеlativе impaсt of mutаtions that undеrliе mod-
ifiсations in traits' Thеsе quеstions havе Ьееn addrеssеd largеly without rеf-
еrеnсе to thе dеvеlopmеntal пrесhаnisпrs that l ink gеnotypе to phеnotypе
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sinсе thе sсhism Ьеtwееn еvolutionary and dеvеlopmеntal Ьiology during thе
1930s and 1940s (Мayr |9821Wilkins 2002), Еvolutionary and population
gеnеtiсists havе gеnеrally trеatеd dеvеlopnrеnt as a Ьlaсk Ьox whosе сontents
havе littlе to сontriЬutе toward undеrstаnding еvolutionary proсеssеs.

Thе validity of this approaсlr has Ьееn сhallеngеd rеpеatеdly. Сharlеs.Whitman, 
an еarly еvolutionary 8еnеtiсist' wondеrеd whеthеr ..thе laws of

dеvеlopmеnt ехсlrrdе somе linеs of [phеnotypiс] variation аnd favor othеrs' '
(19|9,11).  By thе 1980s sеvеra l  еvolut ionary Ь io logists  Wеrе prеparеd to аn-
swеr in thе аffirmativе (Мayr 1982; Holdеr 1983; Мaynard Srтith еt al.
1985; Aгthur 1988; AlЬerсh 1989I. Thе notion that thе orgаnization of dеvеl-
opmеnt imposеs Ьiasеs on thе prrrduсtion of phеnotypеs sееms rеasonaЬlе-
to Ьеliеvе othеrwisе is to assumе that еvеry posslЬlе phеnotypiс outсomе is
еqually l ikеly, whiсh is manifеstly not thе саsе (AlЬеrсh 1989; \Х/ilkins 2002).
Thе truе сhallеngе has Ьееn idеntifying thе undеrlying sourсеs and lоng-tеrm
сonsеquеnсеs of suсh dеvеlopmеntal сonstгaints.

Еvidеnсе of dеvеlopmеntal сonstraint has сomе from two sourсеs. onе is
forbiddeп morphologies, phеnotypеs that onе сan imaginе and thаt sееm
funсtionally rеasonaЬlе Ьut arе nеvеr oЬsеrvеd. Thе sесond is thе rеstriсtеd
rangе of phеnotypеs that еmеrgе following natural or ехpеrimеntal pеrturЬa-
tion of devеlopmеnt. In Ьoth сasеs somе of thе Ьеst ехamplеs сomе from
tеtrapod d ig i t  pattеrns (F igurе 3) (Holdеr 198З; A lЬеrсh and Galе 1985).

Although thesе approaсhеs сonvinсingly dеmonstratе that thе produсtion
of phеnotypеs сan Ье Ьiasеd, thе сausеs of thеsе Ьiasеs hаvе rеmainеd еlusivе.
A phеnotypе сould Ье ..missing'' bесausе it is diffiсult to produсе dеvеlop-
mеntally, or Ьесausе of a physiсal or gеomеtriс l imitation, a laсk of gеnеtiс
variation, or an unrесognizеd fitnеss сost. Distinguishing among thеsе possi-
Ьil it iеs has provеn quitе diffiсult. Еvеn whеn it is possiЬlе to infеr thе еxis-
tеnсе of dеvеlopmеntal сonstrаints Ьy pгoсеss of еlimination' idеntifying
what aspесts of dеvеlopmеnt Ьias phеnotypiс vагiаtion reisеs furthеr сhal'
lеngеs, and fеw сlеar ехamplеs ехist.

A rеlаtеd quеstion is why suсh Ьiasеs ехist. onе ехplanation is that dеvеl-
opmеnt is aсtivеly ..Ьuffеrеd'' to produсе сonsistеnt phеnotypiс outсomеs in
spitе of gеnеtiс or еnvironmеntaI pеrturЬations. This idеa was сarеfully artiс-
ulatеd Ьy Сonrad \Х/addington (7957), who nаmеd it сапаlizаtitlи. Dеvеlop-
mеntal biologists havе long rесognizеd a similаr phеnomеnon thеy саll
regulаtioп: thе aЬil ity of an еmЬry() to сonvеrgе on a normal phеnotypе fol-
lowing ехpеrimеntal manipulation. \й7addington bеliеvеd саnаlizаtion to bе
thе produсt of gеnеtiс assimilation' a proсеss whеrеЬy a phеnotypе that was
initially invokеd Ьy thе еnvironmеnt is suЬsеquеntly gеnеtiсally fiхеd through
sеlесtiсln to maintain that phеnotypе. Ivan Sсhmalhausеn (1949) proposеd
that staЬil izing sеlесtion produсеd muсh thе samе rеsult. othеr possiЬlе
sourсеs of dеvеlopmеntal сonstraint arе a progrеssivе loss of flехiЬil ity аs thе
proсеssеs of dеvеlopmеnt Ьесomе Ьurdеnеd Ьy historiсal lеgaсiеs (.Wimsatt
1986) and thе likеlihood that modifiсаtions in еarly dеvеlopmеnt wil l hаvе a
Ьroadеr phеnotypiс impaсt thаn latеr modifiсations (Arthur 1988; Gould
1989\.
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Figurе .3. Biasеd produсtiсln o1 phеnotypеs. Tlrе orgzrnizаtiоn of dеvеlopmеnt
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If dеvеlopmеnt somеtlmеs aсts as a сonstraint on еvolutionаry сhangе,
how do modifiсations in dеvеlopmеnt arisе? Josеph Nееdham (19З3) pointеd
out that fundamеntal dеvеlopmental proсеssеs' suсh аs сеll division' mor-
phogеnеsis' and diffеrеntiation, сan oftеn сontinuе indеpеndеntly aftеr ех-
pеrimеntal pеrturЬations. Hе сallеd this phеnomеnon dissoсiаbilitу and
assеmЬlеd a long list of ехamplеs. Thе undеrlying basis for dissoсiaЬil ity may
diffеr in dеtail from саsе to сasе' Ьut a сommon gеnеral fеaturе is proЬaЬly
modularity, thе pгopеrty of partial or сomplеtе funсtional indеpеndеnсе Ье-
twееn dеvеlopmеntal pгoсеssеs (Gеrhart and Kirsсhner 19971Hansеn 2003).
Thе еvolutionary signifiсanсе of dissoсiaЬility is that it allows modifiсations
in partiсular aspесts of dеvеlopmеnt without fata||у сompromising thе еntеr-
pгisе (Gеrhart аnd Kirsсhner 1997).

In gеnеtiс tеrms dissoсiaЬility is roughly еquivalеnt to сirсumsсriЬеd
plеiotropy (Wilkins 2002).In an influеntial Ьook Ronald Fishеr (1930) ar-
guеd that mutations of small effeсt are far morе likеly tо form thе gеnеtiс Ьa-
sis of phеnotypiс сhangе; his argumеnt turnеd on thе intuitivе assumption
that Ьroadеr plеiotropy is' in gеnеral, morе likеly to rеsult in а nеt nеgativе
fitnеss сonsеquеnсе. Fishеr's viеw has Ьееn rеfinеd (Оrr 2002) Ьut rеmains a
Ьasiс еxpесtation for most еvolutionary gеnеtiсists.

Dеvеlopmеntal pгoсеssеs аrе somеtimеs strongly dissoсiatеd from еvolu-
tionary сhangеs in аdult anatomy. Striking instanсes of divеrgеnсе in dеvеl-
opmеntal mесhanisms with no oЬvious impaсt on adult morphology havе
Ьееn doсumеntеd in sеvеral diffеrеnt сladеs, inсluding nеmatodеs (Goldstеin
et a|. 1998; F6liх and Stеrnbеrg 1998I, arthropods (Patеl еt a|. 1994; GrЬtc
et a|.1998), and sеa urсhins (Hеnry and Raff 1990; Wrаy and Raff 7990|.
Somе of thеsе саsеs involvе сhangеs in lifе history' suggеsting that thе way
dеvеlopmеnt proсееds, rathеr than its adult produсt, has Ьееn thе targеt of
sеlесtion, as disсussеd latеr in this еssay.

If somе ways of organizing dеvеlopmеnt limit сhangе, othеr ways of orga-
niztng it may faсilitatе сhangе. Thе propегtiеs of dissoсiaЬility and сanalriza-
tion may сontriЬutе to thе еasе with whiсh modifiсations arisе in dеvеlopmеnt
(Gеrhart and Kirsсhner 1997; Stеrn 2000). Somе authors havе arguеd that
сhangеs in thе organizatton of dеvеlopmеnt' or in its gеnеtiс Ьasis' сan Ье kеy
еvolutionary innovations with far-rеасhing еffесts. Тhе Ьasiс idеa of a kеy
еvolutionary innovation is that a novеl fеaturе еlеvatеs thе ratio of spесiation
to еxtinсtion, pеrmits аn еxpansion of anatomiсal disparity, or Ьoth' ovеr
maсroеvolutionary timеsсalеs (Lеvinton 2001). PossiЬlе dеvеlopmеntal ех-
amplеs inсludе thе ехpansion of Hoх gеnе numЬег еarly in vеrtеЬratе еvolu-
tion (Holland 1'992) and thе appеaranсе of holomеtabolous dеvеlopmеnt in
insесts (Yang 2001). Thеsе hypothеsеs arе diffiсult to tеst' sinсе еaсh rеprе-
sеnts a uniquе historiсal еvеnt' Ьut thеy raisе thе possiЬil ity that thе organi-
zation of dеvеlopmеnt might havе а long-tеrm positivе impaсt on thе
evolutionary fatе of а сladе.

.s7е 
arгivе at a proЬlеm that has not Ьееn adеquatеly addrеssеd: is сanal-

izatjon an impеdimеnt to or a faсilitator of еvolutionary сhangе? on thе onе
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within a population Ьy minimizing its immеdiatе phеnoгypiс impaсt On аny
givеn individr-ra[; rlrе inсrеasеd gеnеtiс variatiotl rnight latеr Ьесot-t-tе gгist for
thе mill of sеlесtiorr under altеrеd еnvironmеntal сiгсumstanсеs or irr diffеr-
еnt gеnеtiс Ьaсkgrounds (GiЬson and Dworkin2004). On thе othеr hаnd, gе-
nеtiс variants that might othеrwisе produсе phеnotypiс сonsеquеnсеs and
thеrеby bесonrе visiЬlе to sеlесtion might bе maskеd and thеrеforе еffесtivеly
drift аs nеutrаl аllеlеs. Wе sti l l havе only ir l imitеd undеrstanding of thе dе-
grее to whiсh sеlесtion еstaЬlislrеd rnесhanisms rhat Ьuffеr phеnotvpiс veria-
tion and thе dеgrее гo whiсh suсh mесhanisms limit сlr Ьias thе еvсrlutionaгy
fatе of сladеs (\йiеst-ЕЬеrhard 2003).

Еvolutionary vеrsus Dеvеlopmеntal Gеnеtiсs

Thе fiеld of еvoIutionary gеnеtiсs, as notеd еarliеr, largеly ignorеd thе quеs-
tiоn of how gеnotypiс diffеrеnсеs pгoduсе phеnotуpiс diffеrеnсеs. Will iam
BatеSOn' who сoinеd thе tеrm gепсtiсs, Was Onе of tЬе first Ьiologists t() сotl.
sidеr thе bаsis fсlr plrеrrotypiс vаrilrtion and diffеrеrlсеs amOng spесiеs. His
МаtеriоIs for tЬе Studу of Vаriаt jrп Тrеаtеd шitЬ F|spесiаl Rеgаrtl tо Disсoп-
tiпuitу itl thе Оrigiп of Spесiеs (l894) еmphasizесl thе rolе of сhаrrgеs that
are homeotiс (anothеr tеrm hе сoinеd, to dеsсriЬе s;latial transpositiсlns аnd
dupl iсat ions in аni l tomy).  Batеson (\902) latеr  arguеd that Меndеl ian gе-
nеtiсs providеs а stlffiсient ехplanatiсlr.r for thе hеrеditr. dеrrrandеd Ь1. Dar.
win's hypothеsis of nаtural sеlесtiсln. Durilrg thе l930s arrсl l940s thе
nrodеrn synthеsis сoпrplеtеd this histсlriс intеllесttrаl mrrgеr' and thс еarly
nеo-Darwinians postulatеd a dominant rolе fсlr mutations of srrrall phеnсl-
tvp iс  еf fесt  (F ishеr 1930).

Riсhard GoIdsсhmidt (1940) Ьuсkеd thе trеnd of tl.rе timеs to аdvtlсatе a
donrinаlrt rolе fсlr n1асr()l11Lltаtions. Еvеn аt thе timе, thе gеllеtiс mесЬlrrrisп-ts
that hе proposес1 lеd to ..hopеful rrronstеrs' ' (Goldsсhnlidt 1960, .3 )6) sееlnеd
implausiЬlе. It wirs not until thе 1980s that Goldsсhmidt's сonсеpt сlf mасro-
mutations gainеd intеllесtual traсtion, alЬеit in сonsidеraЬly altеrеd guisе
(\fi lkins 2002). Tlrс way Was prеpi1lеd Ьy sеvеral ir.rfluеntial r-nolесulаr Ьiol-
оgists' who aгguеd tlrаt phеnotуpiс i l iffеrеnсеs аmol1g spесiеs erе lагgсlv a
rеsult сlf mutаtiorrs in gеnе геgr.rlzrtion rathеr than protеin flttrсtiсlt-t (JaсoЬ

аnd Мonod 196 l ;  Br i t tеn аnd D:rv idson \9691Kirrg and \й/ i lson l97 '5;  Wi l -
son 1975). Thе risе of dеvеlopmеrrtal gеnеtiсs during thе sr-rЬsеquеnt dесadе
highlightеd thе potеntial rсllе of rеgulatсlry gеrrеs in mеdiating dramlltiс phе-
notуpiс transformirtions (Raff and Klrr'rfmen 1983)'

Dеvеlоpmеnral геgulаttlr1' gеnеs сaptuгеd thе imirgir-ration of еVoltlt i()l lаry
Ьiologists for sеvеrаl геasons. Tlrе most famous rеgulаtoгy gеnеs Ьеlong t<l thе
bithorох aтrd Апtеппаpediа comp|еxеs in Drosophilа mеlап<lgаstcr (Lеwis

1978; Sсott еt al. 1983). Spесtасulаr rтlutant phеnсltypеs in thеsе gеrrеs rесall
Batеson's (1894) Ьonrеotiс diffеrеrrсеs, transforming' for instanсе, l l l]tеnnaе
into lеgs (Figurе 4). A rеmarkaЬlе fеatrrrе of tl lеsе t-tltttirгions is tlrеir сlrсum-
sсribеd plеiotrop\': thеir plrеrrotv1.l iс impасt is oitеrl quitе l iпrirес1 сlrrtsidе thе
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Figurе 4. Hоmеotiс mutations. Thе fruit {|у DrosophiIа melапсlgаs,er hаs Ьееn
an important rеsеarсlr suЬjесt for Ьoth еvolutionar,v and dеvеlopn-rеntаl
Ьiologists. Hоmеotiс mutаtions in this spесiеs arе aпlong thе mсlst famоus and
spесtaсular mutаtions thаt havе Ьееn rесovеrеd from any organism. (A) Hеad of
a fly that is homozygous for wild-typе i-rllеlеs attЬe Апteпnаpеdiа loсus. Notе
thе smаll, fеathегy аntеnnl]е (шhitе аrrrлt,). (B) Hеad oi a f ly that is homozygous
for Aпteппаpеdiа |oss-of-funсtion al lеlеs. This mr.rtаtion transforms thе
antеnnaе in into еnormolls '  nеarly pегfЪсt lеgs. A rеmarkaЬlе fеaturе of this and
many othеr homеotiс mutations is thеiг highly loсal izеd phеnotypiс еffесts.
(Photos Ьу Itudi Turnеr.)

homеotiсall,v transformеd organ. This еffесt is ir gеnеtiс manifеstation of
Nееdhаnr's сonсеpt of dissoсiation and' wе now know' a rеsult of tlrе way
gеnе ехprеssion is rеgr.rlatеd (Wray еt al.200З). Anothеr intеrеsting fеаttrrе
of thе fly homеotiс loсi is thе rеsеmЬlanсе of mutant phеnotypеs to thе
anatomiеs of distantly rеlatеd insесt spесiеs. For instanсе, somе mutations in
(ibх produсе four-rvingеd fiiеs, rесiriliпg аrr апсеsсrаl anatoIl1у сhас has bееn
aЬsеnt in diptеrans for rnorе thаn 200 million yеzrrs (Lеwis I97s).

Dеvеlopmеntal gеnеtiсists havе idеntifiеd hundrеds оf loсi whosе mutant
phеnotypеs indiсаtе kеy rolеs in dеvеlopmеnt. During thе 1990s loсi wеrе
disсovеrеd in plаnts that геsеmЬlе thе homеotiс gеnеs of aninrаls in sеvеrаl
rеgards: thеy produсе dramatiс transformations of floral оrgаn idеntity' tlrеir
phеnotypiс impaсt is gеnеrally сirсumsсriЬеd' and somе mutаtions prсlduсе
flowеrs that геsеmЬlе thе floral organizаtion of Ьаsal angiospегms (Jaсk еt al.
1992; Ror:nslеy еt al. 7995)' Not all dеvеlopmеntal rеgulаtory gеnеs produсе
homеotiс phеnotypеs whеn thеy аrе mutаtеd. Sеvеral loсi in thе nеmatodе
Саenorbаbditis elеgапs produсе hеtеroсhгoniс phеnotypеs (AmЬros and
Horvitz 1984). Мany mutations arе known that аffесt dеvеlopmеntal pro.
сеssеs; thеy dеlеtе speсifiс organs сlr сеll typеs, аltеr Ьody propoгtions'
сhangе thе timing of rеpгoduсtion сlr feсunditv, modify сoloг pattеrns or
othеr intеgumеntary struсturеs' and сrеatе a host of othеr spесifiс phеno-
typеs (Wilkins 199З; GilЬеrt 2006|'

As soon rrs it Ьесаmе possiЬlе to сhaгaсtеrizе thеsе gеnеs at tlrе molесular
lеvеl, it wаs сlеar thаt most еnсodе protеins rvitlr rеgulatory funсtions (Gеr-
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hart irrrd Kirsсlrrrеr 1997; Wilkins 2002). Somе arе trаnsсriptiсln tl lсtors'
protеins that rеgulatе thе ехprеssion of othеr gеnеs; othеrs аrе involvеd in
сommuniсation alnong сеlls (signals' reсеptors, аnd thе пrасhinеry tЬat
tгаnsduсеs a pеrсеivеd signal); e.tпd somе геgrrlatе kеy сеllular pгoсеssеs, suсЬ
as mitosis anсl сеll dеаth. 

.Whеn 
thе holrrеotiс gеnеs of thе Drr;sr4lhilа bitho'

rах ald Апtеппаpеdllz сomplеxеs Wеrе isolatеd, for instanсе, thеy wеrе all
found to сtlntein i l sеquеnсе motif сhагасtеristiс of сеrtain DNA-Ьinding
protеins. In а lristoriсal nсlсl to Batеs<tn, this rrrсltif Ьесаt-nе known as thе
hоmеobсlх, аnd пrеmЬеrs of this gеnе firrnily arе с:rl lеd Нox gеnеs. Thе prе-
pondеranсе of loсi that еnсodе rеgulatory protеins among thе gеnеs idеnti-
fiеd in lтutаnt sсгееns wаs iгrtеllесtrral|,v sаtisfving Ьесausе it rеflесtеd
prесisеly what dсvеlopmеntаl Ьiologists сonsidеr tlrе сorе proсеssеs of dеvеl.
opmеnt: сtlmmuniсаtiоn among сеlls еndows thеm with distirrсt fatеs, whiсh
in turn асtivatеs diffеrеnt Ьirttегiеs of gеnеs that mеdiatе thе proсеssеs
growth' n-rorplrtlgе nеs is, anсi di f fе rеrrtiirtiсln.

Тhе rvеalth of information that has еrnеrgеd frorn dеvеloprnеntal gеnеtiсs'
most of it during thе past 25 yеаrs, hаs sеvеral imp()rtant еvolutionaгy im-
pliсations. First' thе PrOсеssL]s сlf dеvеlсlpmеnt tlftегt l imit plеiotropy. It is
not unusual foг plrеnotypеs to Ье сirсtrmsсriЬеd tсl а pаrtiсLllаr аnatonriсal
stluсturе or сеll tvpе (!Иilkins l 993). Еvеn nrutations that altеr еvеnrs in
еarly епrЬryсrs soшеtimеs do so without сrеating havoс in latеr dеvеlopmеn-
tal еr,еnts. This irrrpliеs tlrat n1utations thаt аffесr tlrе dеvеloprrrеrrt of striсtly
dеlimitсd aspесts of anatorrry сan arisе witlrin nаtural populations (Stеrn

2000 ).
Sесond, many mutilt ions rnilrriс diffеrеrrсеs am()llg spесiеs iп nnatomy' l ifе

historу, or matinЕ. systеms (Raff and Kaufmarr 1983; Fitсlr |997., Cеrhart
and Kiгsсhnеr 1997|' Whеthеr or not thеsе mutations also rnimiс thе gеnеtiс
Ьasis foг suсh diffегеnсеs, anсl whеthеr ()r not individuals that Ьeаr thеsе rnu-
tations would п'piсally sLrгvivе irr thе ц'i ld (poinrs disсussеd lаter), thеy do
dеmonstratе that еvеn simplе mutations саn prodLlсе profound сhangеs in аs-
pесts of phеnotypе that arе есologiсirl ly rеlеvant; Goldsсhmidt's hopеful
monstегs sееm lеss farfеtсhеd, at lеast :]t a gеnеtiс lеvеl, tЬan Wе onсе
thought.

Third, and pегhaps пrost gеnеrally, dеvеlopmеntal gеnеtiсs has thrсlwn
opеn thе Ьlaсk Ьrlх that еvolutiсlnary Ьiolсlgists laгgеly ignorеd for half а сеn-
turу. Utlti l quitе rесеrrtl1, population gеl1еtiсists' t]tlal]titаtivе gеnеtiсists, and
еvеn' t() somе ехtеnt' еvсllurionary gеrrеtiсists trеiltсd gеnеs for tlrе most part
as abstraсt еntitiеs; fеw thought dееply abсlut how diffеrеnt kinds of gеnеs
and mrrtlrtiоns might сontriЬtltе to phеnotvpiс еvсllrrtion. Ссlr-rvеrsеly, dеvеl-
oprrrеntal gеnеtiсists thought a lot aЬсlLtt thеsе issltеs, Ьut гzrrеly in an еvсllu.
tionar1. сontехt. Thе intеrsесtion Ьеtrvееn thеsе pеrspесtivеs has lrаd a
profourrd and pсlsitivе impасt сln Ьoth dеvеiсrpmеntal аnd еvolutiorrаrу Ьiol-
ogv' Trlday, thеrе is widеsprеad intеrеst irr undегstanding r,vЬаt kinds of
gеnеs аrе suЬjесt to positivс sеlесtior-r (Niеlsеn еt al. 200.i; Haygood еt al.
2007\.
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Body Plans and thе Hoх Paradoх

Тhе rеunifiсation сrf dеvеlopmеntirl and еvolutionary Ьiology was wеll undеr
way by thе еaгly |99Оs. A foгtuitous сomЬinаtiorr сif еvеnts-thе еarliег puЬ-
liсation of insightftrl Ьooks (Gould 1977; Rаff and Кaufп-rаn 19sЗ)' tесhniсal
advanсеs (most notably thе infusion сlf molесular tесhniquеs into virtually
еvеry faсet of Ьiologv), improvеmеnts in аnаlytiсal tсlсl ls (еspесially phylogе-
nеtiс mеthods), and a sеriеs of ехсiting disсovеriеs (nrorе on thеsе latеr)_
prоpеllеd thе mеrger forwаrd. Мuсh of thе initial ехсitепrеnt rеvсllvеd
around thе еvolution of animal Ьt>dy plans.

As thе first dеvеloprnеntal rеgulator,v gеnеs wеrе сhаrraсtеrizесl at а rnolес-
ular lеvеl, a majoг suгprisе еmеrgеd: homologous dеvеlopmеntal rеgulator.v
gеnеs arе shаrеd among organisп-rs with vеry diffеrеnt Ьody plarrs. Thе first
сlеar instanсе was thе геаlizаtion tЬat l iп-12, Notсh, аnd ЕGЛl , impoгtаnt
rеgulatory gеnеs indеpеndеntly idеntifiеd in nеmatodеs, arthropods, and
сhoгdatеs,  arе hornologous (Grееnwаld 1985; Yoсhеm еt а l '  1988).  But th is
finding was quiсkly ovеrshadowеd Ьy thе disсovеry thаt vеrtеЬrаtеs сontain
Ёlox gеnеs homоlogous to thosе in l1iеs, and thаt thеy arе сlustеrеd in thе
gеnomе in thе samе rе lаt ivе ordеr (Akarт 19s9).I}y thе mid-1990s thе l i s t  of
rеgulatory gеnеs sharеd among thе mlljtlr modеl systсn1s of dеvеloprnеntal
Ьiologv ran to sеvегal dozеn (Raff 1996; Gегhart аnd Kirsсlrnеr 1997). Sur.
vеys of othеr phyla rеvеalеd a rеmarkirЬly Ьroad phylogеnеtiс distriЬution,
irrсluding Ьasal nrеtаzс)аn groups (suсh as сnidаrians :rnd сtеnсlphсlrеs) arrd
anatomiсally ехotiс onеs (suсh as есЬinodеrms ilnd rnollr:sks). It Ьесamе
сommonplaсе to spеak of a shаrеd ,.toсllkit ' ' of аrrimal dеvеlopmеnt (Сarroll
е t  a l . 2 0 0 1 ) .

All of this was сomplеtеly unеxpесtеd. Animals in diffеrеnt phyla arе so
anatomiсaily distinсt that idеntifying hопlologoLls srruсtufеs and dеtеrmin.
ing phylogеnеtiс rеlationships rеmain сontеntious (NiеIsеn 2oo2). This phе-
notypiс distinсtnеss hаs foгmеd onе сlf thе сеrrtrаl tlrеmеs of сomp.rrativс
аnatomy for as long аs thе fiеld hаs ехistеd (HalI l992: Raff 1996\, Thе no-
tion оf a Ьody plan is that еaсh phylum of ar-rimals has а uniquе ссlmЬination
of аnаtomiсal trаits, most of whiсlr аrе аrсhitесгural (suсlr аs Ьoсiy s1,пrmе.
try), еmЬryologiсаl (suсh as tlrе gеomеtry of сеll division), or Ьoth (suсh as
thе nunrЬеr <lf prirnary gеrnr layеrs). Тhе Ьoсiy-plаn сonсеpr has с1ееplv influ.
еnсеd idеas аЬout thе divеrsifiсаtiсln tlf animаls up tO thе prеsеnt (GouId
1989; Hal l  |992; ka i i  1996; Arthur |997).  Dеvеlopmеr.r tа l  Ь i<l lоg ists ,  for
thеir paгt, hаvе lсlng rесognizеd rтаnv prtlftlr.rnd diffеrеnсеs in thе wlry in
whiсh Ьasiс proсеssеs of pattеrnirrg and mсlгphсlgеrrеsis tlссLlr in еmЬrvos of
diffеrent phvlа (GilЬеrt anсl Rаtrniо 1997). No otrе pгеdiсtеd гhаt пrаrry oi
thе samе Ьasiс sеt of gеnеs would turn ollt to rеgulatе dеvеlt;prnеlrt thrоugh-
oLlt thе animal kingdom.

Yеt it is so. Сontеmporarу tеxtЬсloks <lf dеvеl<lpmеntirl or еvоlutionarv Ьi-
ology usually ссlntairr an il lustration that shows thе sirnilar gеnсlrniс organi.
zation and ехprеssirln of Hoл gеrlеs in Drоsrlphilа аnсl tttousе: this imаgе hаs

bесomе an iсon of еvolu
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bесomе an iсon of еvoiutiсlnary dеvеlopmеntаl Ьiоlogy (Figurе 5). Nеarly all
thе knсlwn gеnе farnil iеs that еnсodе transсription faсtors arrd сеll signаlirrg
systеlns in animals datе Ьirсk at lеast to thе anсеstоr o{ all Ьilatеrians, and
manv to tlrе uniсеlIulаr аnсеstor of plarrts and :lnirnals (Gеrlrart and
Kirsсhnеr 1997.,Сarroll еt al.2001; wilkins20О2). Thе сurrеnt dеvеlopmеn.
tаl rolеs of tlrеsе rеgulatory protеins in rlodеl organisшs suсh аs Drсlsopbilr,t
and Аrаbidсlpsls arе сlеarly diffеrеnt from thеir original funсtions in proto-
zoans.

Реrhaps еvеn morе rеrnаrkaЬly, sonrе of thеsе сonsеrvеd rеgulаtory pro-
tеins arе ехprеssеd in roughly sinri lar rеgions of еmЬrvos that Ьеlong to dif-
fеrеrr t  phyl i l  (Gеrhаrt  anс l  K i rsс l rner 1997. ,  Саrro l l  еt  a l .200 1).  Тhе Hox
gеnеs providеd thе first irnd sti l l thе most dramatiс ехamplе, Ьut many
othег orthсllogor-rs rеgulаtory gеllеs shorv similar ехprеssion amсlng dis-
tantly rеlatеd animal phyla (Figurе 5). In all thе еxсitеmеnt it has Ьееn еasy
to ovеrlook thе fасt thаt п.lсlst dеvеlopmеntal rеgulаtory gеnеs do zol hаvе
similar dопrains сlf ехprеssion irr diffеrеnt phyla; this oЬsеrvation suggеsts
that thеir dеvеlоpmеntal гolеs havе еvolvеd сonsidеraЬly during thе divеrsi.
fiсation of irnimals (Daviсison 200 l; '0Иilkins 2002). Thе sorrrеtimеs.striking
similaritiеs in gеnе ехprеssion thаt arе sharеd Ьеtwееn arthropods and vеr-
tеЬrаtеs havе Ьееn usеd to rесonstruсt thе аnаtorny of thе Ьilаtеrian аnсеs-
tor  (DеRoЬеrt is  and Sasai  1996; Сarro l l  еt  a l .  2001).  Rесonstruсt ing
long-ехtinсt l]nсеstors solеly on tlrе Ьаsis of gепе-ехprеssion similaritiеs in-
volvеs many аssulnptions аnd muсh guеsswork, howеvеr, and thе anatoшy
of thе Ь i l iаtеr ian anсеstoг rеmains unсеrta in (Еrwin and Davidson 2О02з
\)flilkins 2002).

LHх2
Dlх

Hoх-t

Оtd
е|nS

Ap
DП

BMP4
t:hoпlin

Nkr2.2
Msх
lG-Hз

Figurе 5. ТЬе Hoх pаradoх. Homсllogous gеnеs pi]ttеrn tЬе еmЬrvos of fruit
f l iеs аnd miсе dеspitе thе plrylogеrrеtiс distanсе аnd phеrrotypiс dispаrity сlf
thesе animаls. Thе mсlst fаmous of thеsе аrе gеnеs сlf thе Hoх ссlmplеx, whiсh
еstaЬl ish posit ion of l .odу rеgions а|ong thе аntегoPostеrior ахis. Mаnv othеr
honr<llogous gеnеs pаttеrn thе Ьrаins, hеаrts, еyеs, and l imЬs of arthroрсlds and
сhordаtеs. Tlrеsе htlnrоlogol. ls gеl lеs arе ехprеssеd in roughly similar pattеrns
during dеvеlr lpmеnt Ьut ргoduсе r,еry diffегеnt phеnor1'pеs (Gеrhart ar-rd
Kirsсhnеr 1997; Wilkins2ОО2). Tlr is Ьasiс rеsr.r lt suggеsts ехtеnsivе ..rеwiring' '

of dеvе,lopmеrltal gеnе nеtworks drrr ing thе сoursе of еvolution (sее tеxt). (From
lfray 2003.)

Dп
hh
Ap



224 Еuolutioп апd Dеuеlopmепt

What is сlеar at this point is that thе samе Ьasiс сomplеmеnt of dеvеlop-
mеntal rеgulatory gеnеs' somе of whiсh arе ехprеssеd in roughly thе samе rе-
gions of thе еmЬryo' сan produсе a widе divеrsity of аnimal Ьody plans.
Figuring out how this сlссurs is onе of thе grand сhallеngеs of еvolutionary
dеvеlopmеntal Ьiology (Gегhart and Kirsсhner 1997; Сarroll еt al. 2001;
Davidson 2001). A dеtailеd rеsolution of this Hoх paradoх liеs many yеars
in thе futurе, Ьut сhangеs in thе organization of dеvеlopmеntаl gеnе nеt-
works arе l ikеly to foгm an importаnt part of thе solution (Сarroll еt al.
2001; Wi lk ins 2002; 

.Wrаy 
еt  а l .  200З).

Two Ьasiс kinds of rеwiring within gеnе nеtworks havе Ьееn doсumentеd,
roughly сorrеsponding to quantitativе and qualitativе сhangеs. Thе first, or
quantitаtivе' сatеgory involvеs a сhangе in thе loсation or timing of ехprеs-
sion of a rеgulatory gеnе. Suсh сhangеs сan arisе whеn a nеtwork is altеrеd
upstrеam of thе gеnе of intегеst. Thе loсation or timing of thе dеvеlopmеntal
proсеssеs thе gеnе сontrols wil l сhangе as a rеsult, potеntially altеring organ-
ismal phеnotypе. For еxamplе, thе spatial еxtеnt of Hoх gеnе еxprеssion dif-
fеrs in ways that сorrеspond to sеgmеnt idеntity in сrustaсеans (Avеrof and
Pate| 1997) and to vеrtеЬrаl anatomy in tеtrapods (Burkе еt al. 1995). Thе
sесond, or qualitativе, kind of nеtwork rеwiring еntails a сhangе in whiсh dе-
vеlopmеntal proсеssеs arе rеgulatеd. Thеsе сhangеs сan oссur whеn a nеt.
work is altеrеd dоwnstrеаm of thе gеnе of intеrеst. For instanсе, signaling via
thе rесеptor Notсh геgulаtеs spесifiсation of nеurоnal сеll fatе in insесts and
spесifiсation of whitе Ьlood сеll fatе in vеrtеЬratеs (Hеitzlеr and Simpson
1991; Guidos 2002), involving two vеry diffеrеnt sеts of еffесtor gеnеs. Sim.
ilarly, thе tгansсription faсtor Ьraсhyury rеgulatеs notoсhord dеvеlopmеnt in
urсhordatеs and сhordatеs Ьut plays no suсh rolе in othеr phyla, whiсh laсk
this struсturе; instеad, it rеgulatеs dеvеlopmеnt of thе gut and othеr struс-
turеs (Tесhnau and Sсholtz 2003).

Dozеns of сasеs аrе now known whеrе an еvolutionary сhangе in thе еx-
prеssion prоfilе or downstrеаm targеts оf a rеgulatory protеin has altеrеd
anatomy. Somе сasеs еnсompass сhangеs at thе sсalе of еntirе Ьody plans,
suсh as thе transition from rаdial to Ьilatеral symmеtry during еarly mеtа-
zoan еvolution (Martindаlе еt al. 2002) and thе latеr transition Ьaсk to radial
symmеtry in есhinodеrms (Lowе and 

.Wray 
7997). Othеrs involvе modifiсa-

tions in organs' suсh as thе tгansition from fin to l imЬ during thе origin of
tеtrapods (ShuЬin et a|.7997), or еvolutiоnary innovations, suсh as arthro.
pod wings (Avеrof and Сohеn 1997). Еvеn subtlе diffеrеnсеs in anatomy arе
oftеn thе rеsult of modifiсations in gеnе nеtworks: ехamplеs inсludе diffеr-
еnсеs in Ьristlе pattеrns in fl iеs (Stеrn 1998; Skaеr and Simpson 2000) and
сolor pattеrns on Ьuttеrfly wings (Brakеfiеld et a|. 1996i Brunеtti еt al. 2001;
Gompеl  еt  a l .  2005).

How do сhangеs in dеvеlopmеntal gеnе nеtwoгks arisе? Thеrе arе many
ways in whiсh this сan happеn-any spесifiс intеraсtion Ьetwееn maсromol.
есulеs is a link in a gеnе nеtwork' and any diffеrеnсе in intеraсtions altеrs thе
nеtwork. Thе two most сommon and important kinds of nеtwork сhangеs
arе proЬaЬly intеraсtions Ьеtwееn protеins and intеraсtions Ьеtwееn protеins
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and геguli lt()ry sеqttеnсеs in DNA (Davidson 200 l). Crеating, rnodifvirrg' or
aЬolishing suсh intеraсtions сan <lссur with thе sirnplеst and most сommon
of mutations' singlе Ьasе suЬstitr-rti<lns (Gеrhаrt аnd Kirsсirnег 1997 wraу
еt al. 200З). Many protеins аssoсiatе spесifiсally with othеr protеins or witlr
nuсlеiс aсiсls, and sr.n:rl l сhangеs in Ьinding affinity or spесifiсit,v сan produсе
dranratiс еffесts. Сhаngirrg а singlе аnrirro i lсid саn сrеаtе a spесifiс intеraс-
tion or altеr affinity dramatiсally; similarly' сhanging а singlе nuсlеotidе
сen сrеаtе сlr nrodify а Ьinding sitе fоr а tr.lnsсripti()n faсtor i lr a rеgulatoг1'
rеglon.

Сhаrngеs iп dеvеlopmеntal gеnе trеtwoгks сlеaгly hаvе had a profound im_
paсt On thе histсlry of l ifе. As disсussеd nеxt, hоwеvеr, undеrstandirrg how
аnd ц,hy gеnе nеtwоrks аrе ..rеwirеd'' rеrnains a сеntrаl сhallеngе.

Frоm Maсroеvolution to Мiсroеvolution

Рhеnotypiс сЬangеs, inсluding еvt>lutionaгy сhangеs in сlеvеloprrrеnt, Ьеgin аs
varii.ttion within populatiсlns. Rеlаtivеly fеw str.rdiеs hаvе addrеssеd dеvеlop-
mеntal еvolution at this miсroеvolutionary sсalе. As а геsult, wе know littlе
aboLrt thе gеnеtiс Ьаsis fсlr nrodi6сatiоr-rs in dеvеlopпrеntal gеnе nеtrvorks irr
wild pоpulations (as opposеd to What induсеd mutations сan aссOmplish in
thе laЬ) or aЬotlt wЬаt kinсls of еvolutiсlrrary mесl-r:rnisпls s()rt gеnеtiс \,зriа-
tion in nеtwork funсtion (аs opposеd tсl simply oЬsеrving tlrаt сhаn{:еs сaIr
happеn ovеr long tirnеsсalеs) (Purugganaгr 2000; Wrаy еt al. 200З).

This pauсity of informаtion dеrivеs from tw<l historiсаl trеrrds in rеsеarсlr.
Dеvеlopmеntal Ьiоlogists, in thе first instanсе, lravе stгivеn to еliminatе thе
influеnсеs of gеrrеtiс агrd еrrvironmеrrtаl vаri:rti<lп frorrr thеir аrralу'sеs anс.l
havе workеd largеly with modеl systеms that arе so phylogеrrеtiсally divеr-
gеnt that сomparisons уiеld l ittlе infсlrrrrаtion аbotrt еvolrrtiсlnary r-nесhа.
nisms. Foг thеir part' popr-rlation gеnеtiсists havе largеl1, ignorеd dеvеl<lpmеnt
and havе foсr"rsеd pгimarily on еnzymеs ralthеr thirn dеvеlopmеntal rеgtllatory
protеins, рrotеin struсturе rаtlrеr tharr gеnе еХprеssil ln, alrd singlс gеngs
rathеr than gеnе intеraсtiсlns.

Thеrе arе' of с<lursе, ехсеprions. Sеvеral stl ldiеs hitvе еxirnlinеd gеnегiс
vаriаtion in thе сtldirrg аnd сls-rеgulatсlry sеquеnсеs oI dеvеlopmеntal rеg-
u latory gеnеs (е.g. ,  Ayala and Hart l  199З; I-uс1wig and Krе i tmаn 199.5).
Thеsе population-lеvеl arralysеs providе a glirr-rpsе сlf thе n.1turе and lеvеl
of sеgrеgating variirtion ftlr а fеw rеgul:ltory gеnеs. Ссlmparisons of dеvеl_
oрrnеnta l  ntесhanisms aшonЕ] с l<lsе ly rе latеd spес iеs with с l is t inсt  l i [е h is-
tor iеs (е.g. ,  lй/ray and Raff  1990; Swal lа and Jеf fеrv 1996; GrЬiс еt  a l .
1998),  or  aп]ong popr-r lat iс lns rv i th d ist inсt  пrorpholс lg lеs (е.g. '  S l rap i ro
еt a l .  2004) '  саn rеvеal  how spес i f iс  dеvеlс lpmеnta l  r r rесhаnisms rеspond to
сhangеs in sе lесt iсrn.  Ovеra1l ,  t l rough, thе gеnеra l  laсk t l f  inforп lat iоn
aЬout populаt ion gеnеt iсs and sпra l l .sсa lе еvоlut iorrаry сh: lngеs in dеvеl-
opment rеmains a g laг ing gаp in thе rеrtn i f iсat ion of  еvolut ionary rrnd dе_
vеlopпtеr-rti.rl Ьiology.

22.t
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Onе unrеsolvеd Ьut rathеr Ьasiс quеstion is what kind of gеnеtiс variаtion
сontriЬutеs to еvolutionary сhangеs in dеvеlopmеnt. Thе largе-еffесt muta-
tions Ьеlovеd Ьy dеvеlopmеntal gеnеtiсists аltеr phеnotypе in dramatiс ways,
somеtimеs mimiсkins diffеrеnсеs among spесiеs. Thеsе mutations arе proЬa-
Ьlу not gеnеrally good mоdеls for thе gеnеtiс Ьasis of еvolutionary сhangе, in
part Ьесausе thе phеnotypеs arе rarеly Wеll intеgratеd in tеrms of organismal
funсtion (Budd 1999; Сarroll еt al. 2001). This doеs not mеan that mutations
of iargе еffесt play no rolе in thе еvolution of dеvеlopmеnt, Ьut dеtесting
thеir influеnсе is a signifiсant сhallеngе. At thе pоpulation sсalе, variants of
largе еffесt arе ехpесtеd to Ье еxсееdingly rarе, and mutations of small еffесt
arе еxpесtеd to prеdominatе in thе wild; еvеn at thе lеvеl of сlosе intеrspесiеs
сompаrisons, multiplе mutations arе typiсally fiхеd at еaсh loсus' and dis-
sесting out thеir individuаl сontriЬutions is ехсееdingly diffiсult (\Х/ilkins

2002).
Anothеr Ьasiс quеstion is how muсh gеnеtiс variation that influеnсеs dе-

vеlopmеnt is prеsеnt in natural populations. Additivе gеnеtiс variation that
undеriiеs a spесifiс aspест of anatomy providеs an indirесt mеasurе' sinсе it
must at somе lеvеl rеprеsеnt modifiсations in dеvеlopmеnt. But Ьy itsеlf '
quantitativе gеnеtiсs providеs no information aЬout what kinds of gеnеs arе
rеsponsiЬlе foг trait diffегеnсеs, nor how mutаtions in thosе gеnеs altеr dе.
vеlopmеntal proсеssеs. Rесеntly, thе quantitаtivе gеnеtiсs of gеnе ехprеssion
has attraсtеd аttеntion аs a Way to bеgin Ьridging this gap. It has beсomе
сlеаr that natural populations harЬor abundant gеnеtiс variation that affесts
gеnе ехprеssion (е.g., olеksiak et a|.2ОО2i Roсkmаn and \Wгay 20О21\Yttt-
kopp еt a\. 20О4). Howеvеr, еstаЬlishing a сonnесtion Ьеtwееn gеnеtiсally
Ьаsеd d i f fеrеnсеs in 8еnе ехprеss ion and оrganismal  phеnotypе posеs i ts  own
сhallеngеs. Molесular and quantitativе gеnеtiсs prсlvidе ways of tеsting this
l ink, and сonvinсing сasеs arе Ьеginning to appеar (Brеm еt a\.2002; Shapiro
et a|. 20О4; Gompеl еt al. 2005).

A third Ьasiс quеstion is what еvolutionary mесhanisms opеratе on gеnеtiс
variation that influеnсеs dеvеlopmеnt. Thе long-tеrm сonsеrvation оf еm-
Ьryos that forms thе Ьasis of Baеr's laws is famous, Ьut it is unсlеar whеthеr
its сausе is dеvеlopmеntal сonstraint or pеrsistеnt nеgativе or staЬil izing
sеlесtion. A numЬеr of studiеs havе impliсatеd partiсular еvolutionary mесh-
anisms that opеratе on dеvеlopmеntal proсеssеs' inсluding rеlaхеd nеga-
t ivе sе lесt ion (Str iсk lеr  еt  a l .  2001),  сharaсtеr d isp laсеmеnt (Wraу 1996;
GrЬiс еt  aL.  |998),  sехual  sе lесt ion (Kopp еt  a l .2000) '  and dг i f t  (Truе and
Hаag  2001) .

During thе past fеw yеars dеvеlopmеntal gеnе nеtworks havе аlso Ьееn im-
pliсatеd in spесiation. Thе DoЬzhansky.Mullеr modеl of spесiаtion proposеs
that gеnеtiс isolаtion сan arisе Ьесausе of inсompаtiЬil it iеs in intеraсtions
among gеnеs at many loсi (DoЬzhanskу 79З6; Мullеr 1942|. Bесausе thеy
involvе so many intеraсtions' dеvеlopmеntal gеnе nеtworks arе good сandi-
datеs for suсh inсompatiЬil it iеs (Johnson and Portеr 2000; !Иilkins 2002).
Sеvеral loсi involvеd in геproduсtivе isolаtion havе bееn сharaсtеrizеd at thе
molесular lеvеl. and most еithеr еnсodе transсriotion faсtors оr rеsidе within
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сls-rеsulаtсlrv rеgions (orr and Prеsgravеs 2000), w,hilе survеys of mаny
gеnеs suggеst thar ехprеssion diffеrеnсеs play аr гсllе in геpr<lсluсtivе isсllation
(Мiсhalak and Noсlr 2003).

Есоlоgiсal Devеlopmеntal Еvolutionary Biology

Lеigh van Vаlеn (1973, 488) nсltеd that ..еvolution is the сontгol of dеvеlop-
mеnt Ьy ессllogy..' Тhе sirnpliсitу tlf this statеmеnt Ьеliеs tlrе divеrsity of in-
tеraсtions Ьеtwееn what havе Ьееn studiеd trаditionally аs thrее sеpararе
disсiplinеs withirr Ьiology (V/еst-ЕЬеrlrаrd 2003). f)еvеlopmеrrt not orr[y
must rе-сrеatе a funсtioning adult organism еvеry gеnеration Ьut nrust do so
in a rrlаnnеr сonsistеnt witlr srrrvivаl. In othеr rvords, сlеvеlopmеnt is lrot just
a mсans to dеstination; it is a partiсular routе to that dеstinаti<ln. Although
Ьoth аspесts of dеvеlopmеnt arе сlеarl1. inrportant' tlrе sесond has rесеivеd
far lеss attеntion (GilЬеrt 2001; wеst-ЕЬеrhаrс1 200З). Thеrе is l ittlе rесogrri-
tion in the dеvеlopmеntal Ьiology litеri1turе tlrat altеrnativе dеvеlсlpmеntal
roLltеs to thе sanrе phеnorypiс OLltсomе еvеn ехisг. Altеrnativе dеvеlopmеrrtal
routеs arе aсtually quitе сommоn, howеvеr, and thе imprint of natural sеlес-
tion orr dеr,еlopmеrrt pеr sе' rathеГ thаn tlrгotrgh its produсt, is еvidеrit in sеr,-
еral phеnomеna.

Dеvеlоpn-rеnt in m:rny еttkаryotеs is indirесt: аltегr-rating hаploiсl-diploid
gеnerations and с()ntrasting larval-adLrlt morphologiеs arе two widеsprеаd
dеvеlopmеntal digгеssi<lns from а dirесt routе that l inks zуgot'е to sехually
rеproduсtivе аdult. Irr pгinсiplе, сomplех l ifе сyсlеs ссluid Ье еithеr thе rеsult
of nаtural sеlесtion for a partiсular dеvеlopmеntal rсlutе or historiсal Ьаg-
gagе (fеatLrrеs that hаvе lost thеir ftlnсtiсln Ьut сannot Ье dеlеtеd Ьесausе
othеr aspесts of organismal funсtion arе Ьuilt around thеm)' Although Ьoth
arе pгoЬaЬlv truе t() somе еxtеnt' rnany fеaturеs of ссtmplех l ifе сyсlеs аPPеаr
tо bе adaptivе (Gаrstang 1929; Strathnrann 1985). F<lг instаnсе, larvaе пrаy
aid irl dispегsаl, providе ассеss to fсlod, еvadе prеdatoгs, or minimizе risks of
loсal еxtirrсtion (N{сЕdlv:tгd 1995). lvletny spесiеs with iarvае аrе сlosеly rе_
latеd to spесiеs that laсk thеm, and ехtеnsivе diffеrеnсеs in еarly dеvеlop-
mеnt саn 2lссompаny this l ifе-historv с()l ltrast (е.g., 

.W.re,v 
аrrd Raff 1990;

Grbiс еt a|. 199\ tsесkham еt al. 2003). Suсh саsеs dеmonstratе tlrat Ьuild-
ing ir pаrtiсtrlаr аdr"rlt Ьod,v plаn с]сlеs not rеquiге а partiсulaг dеvеlopmеntаl
routе (Strathmann 198.5). Manу сlf thеsе сasеs arе сorгеlatеd with есologiсаl
shifts in ways that еnhanсе orgar-rismаl funсtion' suggеsting thаt nаtural sе-
lесtion has tlpеratеd on tlrе undеrlying dеvеlсlрnrеntаl rnесhаnisms.

Altеrnativе dеvеlopmеrrtal routеs to thе samе phеr"rоtypе соmmonly ехist
ц,ithin a spесiеs. RhaЬditid nеrтiltodеs pгovidе а partiсulаrlу wеll-srudiеd еx-
amplе: adults dеrivеd from nortnal сlr dauеr l:rrval stаgеs arе anаtonriсally
idеntiсal, Ьut undеrlying dеvеltlpmеIrtаl pr()сеssеs саn Ье с1uitе diffегеl-lt
(Fёliх 2004). (Dauеr stagеs' froпr thе Cеrrnan word пrеaning ..еnduгing,' ' irге
an altеrnаtivе stagе takеn in unfavоraЬlе еnvirоrlmеnts, еnaЬling thе oгganisn]s
to survivе until сonditi<ltrs improvе.) Asехuа[ rеproduсгion аnd rеgеnеraгion



228 Еuolutioп апd Deuеlopmеnt

providе additionаl ехamplеs. Both phеnomеnа аrе сommon and arе prеsеnt
in phylogеnеtiсally divеrsе multiсеllular orgаnisrns; Ьoth dеn-ronstrаtе how
vаstly diffеrеnt dеvеlopшеntirl r<lutеs саn сonvег € lе on сolnmon еnd points.
In spесiеs whеrе Ьoth сlсlnirrg anс] sеxual геprodtrсtitlI1 oссur] adults arе l itеr.
ally indistinguishаЬlе dеspitе having stirrtеd сlеvеlopmеnt in vеry с]iffеrеnt
ways. Likе thе lifе-l i istory сhangеs disсussеd in thе prесеding paragraph. rе-
generation and аsехuаl геproduсtion arе dеvеlopmеntal adаptаtions gеnегаlly
assoсiatеd with partiсular еnvirоnmеntal сirсumstаnсеs. Asеxuаl rеproduс-
tion may еvolvе from rеgеnеration (Bеly and lVr:ty 2001), and геgеnеration
may еvolvе as an еlaЬoration of wound-hеaling mесhаnisms.

Dеvеlopmеnt is rаrеly lrаrdwirеd. Most multiсеllLrlаr organisms shсlw
sorrrе dеgrее of phеnоtypiс pl:rstiсity in rеsponsе to thе еnvironmеnt thеy ех.
pеriеnсе during dеvеlopгr-rеnt (Sсhliсting irnd Pigliuссi 1998; 

.Wеst-ЕЬегlrard

2003)' Thеsе rеspol.lsеs in somе сasеs аrе simph,sidе сffесts of pеrturЬation
that arе not Ьuffеrеd Ь,v сanalization, Ьut in tnany tlthеr сasеs rеsponsеs to
thе еnvironmеnt arе adаrptivе. Ехаmplеs inсludс' thе growth haЬit and lеаf
shapе of many plants, irrduсiЬlе dеfеnsеs ir-r many plants and animаls, and
partitioning rеsourсеs Ьеtwееn growth and rеprodLrсtion in many plants аnd
anirnals (Haгvеll 1990; Sсlrl iсting and Pigliuссi 1998; \Х/еst-Еbеrhard 200З).
Dranrаtiс сasеs of phеnсltr,piс plastiсity involvе sех dеtеrminаtion, whiсh is
tеt-l-\рerаture dеpеndеnt in sonlе turtlеs and стoссlсli l iаrrs (Сrеws еt al' 1994)
and is sеt Ьy soсial сolltеxt in somе fishеs (Grldwil.r еr al. 2003).

Pоlyphеnism is a sttЬsеt of phеnotypiс plastiсitv whеrе disсrеtе morphs dе.
vеlop in Геsponsе to еnvirсrnmеntal сuеs. Pсllyphеnism has Ьееn partiсularly
wеll studiеd in insесts: rnany Ьuttеrfl iеs and аphids havе sеasonal morphs,
somе watеr stridеrs produсе wingеd and nonwingеd rnorphs dеpеnding on wа-
tеr lеvеl, and, pеrhaps most spесtaсularly, thе sсlсiаl irrsесts dеvеlсlp into dis-
tinсt саstеs (Niihout аnd 'rVlrееlеr 1982; 

.s7еst_ЕЬеrherrс1 
2003). In polyphеnisnl

tlrе sаrnе gеnotypе сan prodllсе two or mtlrе disti l-rсt phеrror1,pеs that аrе аt
lеast as diffеrеnt аs spесiеs within a gеnus аnd il-l somе сasеs a gсlоd dеirl
morе so.

Тhе еvolutionary oгigins and dеvеlopnrеntal Ьe.rsеs of phеnotypiс plastiсity

arе not wеll undеrstood (Sсhliсting and Pigliuссi 1998; wеst-Еbеrhаrd
200З). СonsidеraЬlе dеЬаtе has сеntеrеd around thе quеstiсlns whеthеr thеrе
arе distinсt ..plastiсity gеt-tеs' ' and whеthеr plastiсity is a produсt or Ьy.
produсt оf sеlесtion (Via еt аl. 1995; Sсhiiсting аnсl Pigliuссi 1998). Thе ех-
prеssiоn of mаny gеnеs is sеrrsirivе to еnvironmеnt:rl сotlсl it ions, and this
sеnsitivity providеs i l gеnегal mеans of transс]r-rсitlg ехtеrnаl сuеs into phеno.

typiс rеsponsеs аnd suЕ.Е]еsts that thеrе is no nееd to posit distirrсt plastiсitv
gеnеs (.!Vray et al.200З)' Diffеrеnсеs in gеnе ехprеssiсln aссompany thе dе.
vеlopmеnt of diffеrеnt саstеs in Ьееs and ants (Еvаns аnd Whееlеr 2001;
AЬouhеif and $Иrаy 2002)' whilе thе gеnеtiс Ьasis for polyphеnism hаs Ьееn
workеd out in dеtail for tlrе dauеr larvа оf thе nеrnatode Саепorhаbiditis еl-
еgаns (t|Ьert and Riddlе 1988). Thеsе approaсhеs suggеst that сhangеs in
gеl-lе еxprеssion may bе аt lеast аs important as сharrgеs in gеnе funсtiсln duг-
ing thе еvolution of plastiсity.
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lutionаry Ьiсllogists гесе
еnmеnt. Сontemporar1
imprint of еvolutiоnary
..toolkit ' ' of pгotеins th:
karyotеs, and сomparat
dеvеlopmеntаl gеnе nеt'
part' hаs Ьееn influеnсеt
opmеntz.rl Ьiologists ha.
tweеn gеnotypе and pht
of  s ing lе loс i  to modеl l
qui1ntitativе gеnеtiсs ts
funсtional anаlysis ratht
vеlopmеntal and еvolut
old p:rrtnеrs arе Ьасk wl
porг ivе rе lat ionship.

AсKNoWLEDGг '1 l

Thаnks to Dan МсShеа aпс
supрortеd Ьy thе National !
Spасе Administration.

E } I в L I o G R A P H Y

AЬouhеi f .  Е.  H. ,  N4. Akаm,
N .  H .  Pа tе | '  R .  A .  Rа t i '
dеvеlopmеntal gеnеs. T

AЬouhеi f ,  Е.  H. ,  аnd G. A. '
еvolution of wing poly1

AЬzhаl tov '  A. '  A.  Popadiс '  :
hornоlоgy of arthropod

Akаm, N,I .  1989. Hoх and F
vегtеЬrаtеs. Сell 57 : 34

Albегсh.  P.  l98c.  Thе lс lg iс
dеvеloprnеnt аnd еvolt- t l

AIЬеrсh ,  P . ,  and Е .  A .  Ga lе .
t rеnd:  D ig i tа I  геduсt iоn

A lЬеrсh ,  P . ,  S . J .  Gou ld ,  G .  J
о l l togеny and phy logеn

AlЬеrt, P. S., and D. L. Ridd
dаr.rеrl ikе |arуaе' Dеuеlt

AmЬгos, V., and H. R. Нorr
Саепсlrhаbditis еlеgапs'

Aг thur ,  W.  l988.  ATha l1 ,

John Wi lеy  and Soпs .



lеna arе сommon аnd arе pгеsеt1t

rganisms; Ьoth dеmonstratе how

сOnvеrgе On сommon еnd points.

:prсlduсtitln oссur' adults aге l itеr-

еd dеvеlopmеnt in vеry diffеrеnt

эd in thе prесеding paragraph, rе-

lvеlopmеntal adaptаtions gеnеrally

сirсumstanсеs. Asехual rеproduс.

.nd Wrav 200 l  ) .  а l ld rеgеnегаt iоn

а[ing mесhanisms.
lst multiсеllular organisms show

iponsе to thе еnviгl lnmеnt thеy ех-

Lrrd Pigliuссi 1 998; !Иеst-ЕЬеrhard

simply sidе еffесts of pеrturЬation

' in mаt-ty оthеr саsеs rеsponsеs to

inсludе thе growth haЬit аnd lеаf

in many ;l lants aгrd animаls, and

d rеpгсlсlr'rсtitln in rтаny plants arrd

l iuсс i  1998; lWеst-ЕЬеrhard 200З).

nvolvе sех dеtеrminаtion, rvhiсh is

rd сroсodi l ians (( i rеws еt  a l .  1994)

(Gоdwin еt  a l .  200З).

llilstiсity ц.lrеrе disсгеtе moгphs dе-

Polyphеr"rism has Ьееn pаrtiсularlу

and aphids havе sеasсlnal morphs,

onr,vingеd пrtlгphs dеpеnding on wa-

, thе soсial insесts dеvеlсlp into dis-
/еst-ЕЬеrhаrd 2003), In polyphеnism

roге distinсt phеnotypes thаt аrе аt

rus and in somе сasеs a good dеal

lеntal Ьi1sеs of plrеrrotypiс plastiсity

nd Pigliuссi 1998; \Wеst-ЕЬеrhard

агound thе quеstiоrls whеrlrеr thеrе

thег plastiсity is а prodr-rсt or Ьy-

r l iс t ing аnd P ig l iuсс i  1998).  Thе ех-

еnvironmеntal сonditions, аnd this

ansduсirlg ехtеrnаl сuеs irrt<l phеrro.

s no nееd to posit distinсt plastiсity

8еIlе ехprеssion aссompany thе dе-

nd ants (Еvаns and Whееlеr  2001;

rеtiс Ьasis for polyphеnism has Ьееn

of tlrе nепratodе ()0епorbаbiditis eI-

аpproaсlrеs suggеst that сlrangеs in

tаnt as сhаngеs in gеnе funсtion dur-

Еt,olutioп апd DеueloDmепt 229

Prospесts

Aftеr half a сеntury of largеly ignoring еасh othеr, dеvеlopmеntal and еvo-
lutionary Ьiologists rесеntly еntеrеd a phasе of prоfound rесiproсal еnlight-
еnmеnt. Сontеmporаry dеvеlopmеntal Ьiology Ьеaгs an unmistakaЬlе
imprint of еvolr-rtionary сonсеpts: phylogеnеtiс mеthods rеvеаlеd thе sharеd
..toolkit ' ' of protеins that rеgulatе dеvеlopmеntal proсеssеs throughout еu-
karyotеs' and сomparativе mеthods arе now routinеly usеd to сharасtеrizе
dеvеlopmеntal gеnе nеtwоrks. Сontепrp<lraгy еvolutionаry biology, for its
part' has Ьееn influеnсеd by thе pоwегful funсtional pеrspесtivе that dеvеl-
opmеntаl Ьiologists havе Ьrought to undеrstanding thе rеlationship Ье-
twееn gеnotypе аnd phеnotypе: attеntion is shifting from aЬstraсt modеls
of singlе loсi to modеls of gеnе nеtworks Ьasеd on rеal organisrns, and
quantitativе gеnеtiсs is now viеwес1 as thе first stеp in idеntifying loсi for
funсtional analysis rather than аs an еnd in itsеlf. Thе rеintеgration of dе-
vеlopmеntal and еvolutionary Ьiology is not yеt сomplеtе, Ьut thеsе two
old partnеrs arе Ьaсk whеге thеy Ьеlong: in а сonsеnsual  аnd mutual ly  sup-
portivе rеlatiоnship.
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Soсial Bеhavior and
Soсiobiology

Dаniеl l. Rubenstein

Most аnimals l ivе solitary l ivеs' Apart from сoming togеthеr to matе' most
individuаls foragе, movе aЬout, anсl аvoid prеdatoгs on thеir own. Yеt as
highly soсial animals oursеlvеs, Wе aге fasсinatеd by spесiеs that dеvеlop
long.tеrm rеiationships and livе soсial livеs. 

.Wе 
want to know why suсh

spесiеs livе in groups and why thе groups takе thе form that thеy do. 
.!Иe

want to know why somе groups pеrsist, whеrеas Othеrs arе morе transitory.
Wе want to know why сoopеrаtion сomеs in many typеs and why сoopеra-
tivе and сompеtitivе tеndеrrсiеs shаpе most rеlationships аnd thus сoехist in
mаny soсiеtiеs. \Wе also want to know why partiсular rolеs Ьеtwееn individ-
uals and thе sехеs dеvеlop and why somе appеar univеrsаl, whilе othеrs do
not. Answеrs to thеsе quеstions сontinuе to еmегЕ]е' Ьut sinсе wе oftеn look
to animals to lеаrn aЬout oursеlvеs' thе аЬil ity to foсus thе lens of sсiеnсе on
answегing thеsе and other quеstions about human soсiality has Ьееn сloudеd
Ьy proЬlеms. Bеhavior, l ikе all othег fеaturеs of thе phеnotypе, еvolvеs, and
thе fеar that what аnimals do, humans must also do has oftеn сausеd pеoplе
to shy away from asking' or at timеs еvеn bеing allowеd to ask' quеstions
about thе adaptivе valuе of soсial bеhavior.

Foundations in Natural History

Undеrstanding why spесiеs ехhibit thе pattеrns of soсial Ьеhavior thеy do rе-
quiгеs drawing idеas from еvolution, есology, and еthology. During thе past
half сеntury thesе idеas, еaсh spun fгom diffеrеnt modеS of thought, havе
bееn wovеn into а сohеrеnt Ьut lеngthеning сonсеptual сloth. Fiгst, Ьеhav_
iorists had to сlаrify how thеy еxplainеd thе appеаranсе of a Ьеhavior. From
thе mundanе to thе fasсinating' thе Ьеhavior of animals induсеs thе сurious
to ask, ...!Иhy arе thеy Ьеhaving in this way?'' In а sеminal artiсlе TinЬеrgеn
(1963) proposеd that thеrе wеrе four ways of answеring thеsе ..why'' qrrеs-
tions. Thrее wеrе stаndard farе that foсusеd on issuеs сlf immеdizrtе сausation,
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ontogеnеtiс dеvеlopmеnt' аnd еvolutionary history. What hе addеd was a
fourth that foсused on unravеling a Ьеhavior's funсtion Ьy idеntifying how it
augmеntеd an aсtor's survival or rеproduсtivе valuе. This еmphasis on еx-
plaining Ьеhavioг in tеrms of sеlесtivе Ьеnеfits to individuals hеlpеd movе ех-
plаnations of soсial funсtions away from what is good for groups to what is
good for thе individuals that сomposе thоsе groups (\й/il l iams 1966). TinЬеr-
gеn's insights idеntifiеd a сonfusion that oftеn pеrvadеs thе study of Ьеhavior,
namеly, that therе arе Ьroadly two typеs of ехplanations: proхimatе and ul.
timatе. Idеntifying triggеrs, or rеlеasеrs, of a Ьеhavior or thе timing of its ap.
pеaranсе during ontogеny yiеlds proximatе ехplanations Ьесausе thеy foсus
on thе maсhinеry within animаls thаt gеnеratеs thе Ьеhavior. Idеntifying
how a bеhavior altеrs an individual's fitnеss or thе way in whiсh historiсal
antесеdеnts dеtеrminе what matеrial сonstitutеs thе rеpеrtoirе of a spесiеs
yiеlds ultimatе еxplanations; thеy foсus on thе еvolutionary roots and сonsе-
quеnсеs of Ьеhavior. of сoursе' this diсhotomy is Ьlurry sinсе mесhanistiс
pattеrns havе funсtional сonsеquеnсеs, and as a rеsult thеy too еvolvе. But
for thе most part' kееping thе lеvеl of ехplanations сlеar whеn aссounting for
why animals Ьеhavе thе way thеy do was a major Ьrеаkthrough. If this praс-
tiсе had Ьееn aссеptеd widеly, many of thе argumеnts that havе plaguеd thе
study of soсial Ьеhaviоr, еspесially as it rеlatеs to humans, сould havе Ьееn
avoidеd.

Sесond, sеarсhing for a Ьеhavior's funсtion, or adaptivе valuе, nесеssitatеs
assеssing its rеlationship to thе еnvironmеnt. Long Ьеforе Darwin, Ьiologists
intеrprеtеd morphologiсal traits in rеlation to thе еnvironmеnt. 

.W.hat 
Dar.

win did Was dеmonstratе that suсh adaptations сould arisе without a сrеator'
thus сompеlling еarly naturalists to sеarсh for еnvironmеntal prеssurеs thаt
сould servе as sеlесtivе, or shaping' аgеnts. onе of thе еarliеst and most сom-
pеll ing studiеs that dеmonstratеd that the adaptivе valuе of еntirе soсial sys-
tеms сould Ье еxplainеd Ьy diffеrеnсеs in есology Was Сrook's (1964a,
1964ь) study of wеavеrЬirds. By еxamining thе foraging, nеsting' grouping,
and mating Ьеhavior of ovеr 100 spесiеs of Afriсan Wеavеrs that oссupiеd
haЬitats ranging from tropiсal forеsts to grasslands and sаvannas, Сrook was
aЬlе to dеmonstratе that есologiсal faсtors assoсiatеd with thе distriЬution of
food and prеdators Wеrе rеsponsiЬlе for thе Ьroad soсial diffеrеnсеs that thе
spесiеs еxhiЬitеd. Thosе spесiеs that l ivеd in forеsts tеndеd to Ье solitary' in-
sесtivorous, tеrritorial, draЬly сolorеd' and monogamous. Crook arguеd that
thеsе traits сovariеd bесausе insесts wеrе hard to find. Sinсе fееding young
rеquirеd frеquеnt visits to thе nеst Ьy fathеrs and mothеrs, monogamy and
pairwise dеfеnse of arеas whеrе insесts would rеаppеar lеd to monogamy
and tеrritoriality. Сrook also suggеstеd that Ьuilding сryptiс nеsts within tеr-
ritoriеs and thе еvolution of draЬ сoloration would rеduсе prеdation. Сon-
vеrsely, thosе spесiеs that l ivеd in savannas and othеr opеn landsсapеs
tеndеd to Ье soсial, еаtеrs of sееds' сolonial, and polygynous' with malеs сov-
еrеd in Ьrightly сolorеd fеathеrs. Sinсе sееds oftеn arе сlumpеd, Crook Ье-
liеvеd that Ьеnеfits аssoсiatеd with groups Ьеing aЬlе to sеarсh foг sееds ovеr
widе arеas lеd to thе еvolution of soсiality and that соlсlniality еmеrgеd

bесausе safе nеst sitеs .
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Ьесausе safе nеst sitеs wеrе rarе, induсing mаny pairs to nеst togеthеr in thе
safеst trееs. !Иith opportunities for сuсkoldry prеvalеnt, Сrook argued that
polygyny and Ьright malе сoloration wеrе also favorеd. Over thе yеars soсi-
еtiеs of many othеr groups of animals havе bееn analуzеd by usе of this сom.
parаt ivе lеns (Laсk |968i larnan1974i  Kruuk 1975; Fr iсkе 1975).  A l though
mеthods of сatеgorizing Ьеhavior and сlassifying еvolutionary rеlationships
among spесiеs havе Ьееn rеfinеd Ьy ovеrlaying Ьеhavioг on phylogеniеs, thе
сomparativе mеthod Ьy itsеlf, with its rеlianсе on statistiсal сorrеlations
among Ьеhavioral outсomеs аnd eсologiсal forсеs, сould only providе a
Ьroad-Ьrush undеrstanding of thе еvolution of animal soсiеtiеs. To movе Ье-
yond what сritiсs (е.g., Lеwontin 1979) с|aimеd wеrе ..just.so storiеs' ' and
gain a mесhanistiс undеrstanding of есologiсal сausation, а Ьеttеr gгаsp of
why partiсular soсiаl rеlationships among individuals dеvеlopеd in spесifiс
сirсumstanсеs was nееdеd, and this rеquirеd thе dеvеlopmеnt of thеoriеs to
ехplain individual dесision mаking.

Еmеrging Thеorеtiсal Framеworks

Two diffеrеnt thеoriеs еmеrgеd, onе from soсial thеorists and onе from есol-
ogists. Why animаls should hеlp others, oftеn аt thе еxpеnsе of rеproduсing
thеmsеlvеs' is a quеstion that pегplехеd biologists for сеnturiеs. Еvеn Darwin
was puzzlеd aЬout why so mаny soсial insесts wеrе stеrilе. A major Ьrеak-
through oссurrеd whеn Hamilton (1,964) proposеd thе idеa of hiп sеlесtioп.
Until thе mid-1960s thеrе was сonfusion аЬout thе units of sеlесtion. Wynnе-
Еdwards (1962) сhampionеd thе viеw that soсial Ьеhavior еvolvеd as a
mеans of rеgulating populations; hеnсе gгoup Ьеhavior wаs whеre sеlесtion
opегаtеd. \(i l l iams (1966) сritiсizеd this viеw Ьy dеmonstrating that most so-
сial intеraсtions augmеntеd thе fitnеss of individuаls that еngagеd in thеm.
Hеnсе sеlесtion aсtеd on individuals. Br'rt if bеnеfits of bеing soсial aссruе to
individuals' thеn aссounting for thе еvolution of altruistiс aсts that dеmon-
straЬly hеlp rесipiеnts Ьut aссruе no dirесt Ьеnеfits for altruists bесomеs a
proЬlеm. Нamilton's insight was that individuals сan pass on thеir gеnеs noт
only dirесtly thr<lugh offsprirrg Ьut alsо ir"rdirесtly via thе offspring of сlosе
rеlаtivеs. Thе сornЬination of thеsе two Ьеnefits produсеs an individual's ln-
сIusiuе fitпess and providеs a fitnеss aссounting for thе еvolution of altruism.
Еvеn stеrilе сasts of insесts сan еvolvе if thеy сan suffiсiеntly еnhanсе thе rе-
produсtion of rеlаtivеs. But thе dеvil is in thе dеtails of what сonstitutеs ,.suf-

fiсiеnt,'' and Hamilton providеd a сalсulus for dеtеrmining this with thе
сrеation of the kiпship сoeffiсiепt. His rulе that thе nеt rеproduсtivе Ьеnеfit
dеrivеd by a rеlativе must Ье grеatеr than thе сost inсuгrеd Ьy thе altruistiс
rеlativе dеvaluеd by thе rесiproсаl of rhе kinship сoеffiсiеnt providеd the kеy
for undеrstanding thе еvolution of thе rnost fundamеntal soсial Ьеhaviors
and hаs Ьееn supportеd Ьy many studiеs on insесts and vеrtеЬratеs.

That Ьеnеfits aIrd сosts arе аffесtеd Ьy kinship also сrеatеs thе сonditions
for thе dеvеloDmеnt of сonfliсt within familiеs and Ьеtwееn thе sехеs (Trivеrs
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1972ь, 19741Trivеrs and Harе I976). Sinсе parеnts arе rеlatеd еqually to all
thеir offspring, Ьut offspгing arе morе сlosеly rеlatеd to tlrеmsеlvеs than to
thеir siЬlings, сonfliсt ovеr еХpесtеd invеstmеnt Ьy parеnts wil l oftеn еmеrgе.
In gеnеral, offspring will attеmpt to prеvеnt parеnts from еqually sprеading
rеsourсеs among all thеir offspring. Howеvеr, thе rеlаtionship bепveеn parеntal
invеstmеnt and sехual сompеtition nray havе Ьееn thе most profound ехtеn.
sion of kinship thеory for shaping thе study of soсial еvolution. Armеd with
thе rеsults of Batеman,s (1948) study of fruit fl iеs that showеd that rеproduс-
tion Ьy malеs and fеmalеs was limitеd by diffеrеnt faсtors, Trivеrs proposеd
that whеn onе sех invеsts morе in thе rеaring of оffspring than thе othеr,
mеmbеrs of thе lattеr will сompеtе for mеmЬеrs of thе formеr. In еssеnсе, thе
sеx that invеsts morе in rеaring Ьесomеs a l imiting rеsourсе' and thе sех with
..ехсеss'' rеsourсеs should invеst hеаvily in mating асtivitiеs, inсludirrg find.
ing and guarding mеmЬеrs of thе paгеnting sеx.

Thе sесond thеory еmеrgеd 1rom есology. Pionееring work Ьy Orians,
Vеrnеr' and 

.Willson 
showеd that thе mating systеm of rеd-wingеd ЬlaсkЬirds

dеpendеd on how есologiсal сonditions affесtеd thе sехеs in diffеrеnt ways
(Orians 1969). Thеy slrowеd that within onе population Ьoth polуgyny and
monogamy сould сoехist, and that thе Ьеlravior of fеmalеs induсеd this
mating-systеm variation. Thеy arguеd that on landsсapеs with rеsourсе
patсhеs that variеd in quality, malеs on those of thе highеst quality сould dе-
fеnd еnough rеsourсеs to suPport thе сlutсhеs of m:rny fеmalеs. on thosе of
lowеr quality, howеvеr, tеrritorial malеs would Ье luсky if thеy wеге :rЬlе to
sесuге еnough rеsourсеs to support thе offspring сrf onе tЪmalе. 

.Whаt 
madе

thеir modеl uniquе was that it dеpеndеd on assеssmеnts Ьy fеrrralеs-thе
polygyny thrеshold-to dеtеrminе whеthеr mating polygynously or monoga-
mously was in a fеmalе's Ьеst еvolutionary intеrеst'

Тhе undеrlying prеmisе that fitnеss dеpеndеd orr what othеrs wеrе doing
sеt thе stagе for Мaynaгd Smith's (|977) insight tlrat thе еvolution of thе
fouг major mating systеms is a gаmе in whiсh what is Ьеst for onе sеx dе-
pеnds on what is Ьеst for thе othеr. Maynard Smith proposеd tlrat whеthеr
Onе sех should invеst in геaring сurrеnt offspring should dеpеnd on how
likеly thе othеr sех Was to сontinuе rеaring thosе offspring. Sinсе parеnts' in-
tеrеsts arе similar Ьut not always idеntiсal, Maynirrd Smith showеd that
thеrе was a pair of strаtеgiеs' onе for thе mаlе and onе tЪr thе fеrrralе, thаt,
whеn pеrformеd togеthеr, would lеad to an еvolutionarily stаЬlе stratеgy
(ЕSS). Suсh a stratеgy would oссur only if it did not pay еithеr parеnt to dе-
part from his or hеr stratеgy. Thus it was possiЬlе for Ьiparеntal сarе, uni-
parеntal сarе proffеrеd Ьy еithег sех' or no parеntal сarе at all to Ье an ЕSS
undеr spесifiс есologiсаl сonditions. IWhat thе еnviгonmеnt dеtеrminеs is thе
ехtеnt to whiсh paгеntal сarе is nееdеd to rеаr offspring. If only onе parеnt is
nееdеd, thеn the likеlihood of еitlrег partnеr dеsеrting dеpеnds on thе еasе of
finding an additiоnal matе. For fеmalеs in partiсr'rlar' this likеlihood is also
affесtеd Ьy thе еxtеnt to whiсh pаrеnting rеduсеs hеr fеrtility in futurе rеpro-
duсtivе еpisodеs. Foг thе first timе soсial aspесts of mating Ьеhavior сould Ье
сhaгaсtеrizеd аnd tiеd to srlесifiс sеlесtivе forсеs. Sехuzrl asvmпrеtгiеs
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providеd thе lеns for idеntifying how rеsourсеs and prеdation affесtеd par-
еnting options. And whеn only onе pаrеnt wаs rеquirеd for rеaring, dеtеr-
mining whiсh sех thaг should Ье dеpеndеd on tradе-offs shapеd Ьy Ьoth
еvolutionary history and сцrrеnt есologiсal сirсumstanсеs.

!7hilе thе soсial thеorists Wеrе ехpanding thе Ьеhavioral dесision-making
part of thе polygyny-thrеshold modеl to aссount for thе еvolution of thе full
rangе of mating systеms' есologists wеrе ехpanding thе modеl to aссount for
а widеr rangе of есologiсal dеtегminаnts. For Еmlen аnd Orling (1977), the
potеnti:rl fоr polygyny dеpеndеd on Ьoth thе spatial and tеmporal distriЬu-
tion of thе limiting sеx. If fеmalеs wеrе widеly sсattеrеd' thеn malеs would
find it diffiсult to сontrol morе than onе fеmalе. Altеrnativеly, if tЪmalеs livеd
in groups, or rеsourсеs wеrе сlumpеd so that fеmalеs сould tеmporarilу ag-
gгеgatе without inсurring muсh сompеtition, thеn polygyny сould rеsult. But
as in thе Мaynагd Smith modеl' muсh would dеpеnd on thе Ьеhavior of fе-
malеs; if fеmalеs wеrе rесеptivе mostly at thе samе timе, thеn thе potеntial
for polygyny сould not Ье rеalizеd.

Еmеrgеnсе of a Synthеtiс Thеory

Thе еlеmеnts of а synthеtiс thеory wеrе сrystallizing (Rubеnstеin аnd 
.!Vrang_

ham 1986). Fеmalеs wеrе viеwеd as thе driving forсе of soсial еvolution Ье-
сausе thеir soсial rеlаtionships rеflесtеd thеir bеst rеsPonsе to mееting thе
dеmarrds of thе physiсal еnvironmеnt, and, as Alехandе r (|974) arguеd in his
sеminal rеviеw, thеsе largеly fеll into two сatеgoriеs: rеsourсе distriЬution
and prеdation Prеssurе. Maхimizing rеproduсtivе suссess Ьy fеmalеs dе-
pеndеd mostly on solving proЬlеms posеd Ьy aсquiring rеsourсеs or finding
safе sitеs for thеmsеlvеs or thеir young rathеr than on finding or sесuring
matеs. only аftеr assoсiatiorrs among fеmаlеs and thеir distribuгions on
landsсapеs wеrе detеrnrinеd did malе stratеgiеs assoсiatеd with сompеting
for mating opportunitiеs сomе into pIay' SuЬsеquеnt rеsponsеs Ьy fеmalеs to
асtions by brееding mаlеs and, in turn, rеsponsеs Ьy Ьrееding malеs to fеmalе
bеhavioг ultimatеly lеd to an еvolutionarily staЬlе mating systеm. But aсtions
by suЬadults and dеvеlоpmеnt of rеlationships among mеmЬеrs of diffеrеnt
gеnеratiоns also сamе into play as soсial struсturеs dеvсlopеd in сomplеx so-
сiеtiеs (Rubеnstеin 1986, 1994).

Thе synthеtiс modеl prеdiсtеd that in еnvironmеnts in whiсh rеsolJrсеs
wеrе abundant, еspесially whеn thеy wеrе еvеnly distriЬutеd, сompеtition
would Ье low еnough to pеrmir fеmаlеs to aggrеgatе. If suffiсiеntly lаrge for-
aging оr antiprеdator Ьеnеfits сould Ье dеrivеd Ьy thеsе aggrеgating fеmalеs,
and thе Е]roups that formеd wегe not too largе, thеn thеsе groups сould Ье
dеfеndеd Ьy singlе nralеs, and so сailеd harеrn_dеfеnsе polygvny would rе-
sult. Howеvеr, if rеsоurсеs Wеrе morе patсhily distriЬutеd, so that сompеti-
tion among fеmalеs was pеriodiсally intеnsifiеd, thеn fеmalе group sizеs
would vаry, arrd fеmalе assoсiations would Ьесomе morе tratrsitоry. Rathеr
than dеfеnding unstaЬlе groups of fеmаlеs, malеs instеad would attеmpt to
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dеfеnd rеsourсе patсhеs sought Ьy fеmalеs. In thеse systеms of rеsourсе-
dеfеnsе polygyny thе most aЬlе malеs would dеfеnd thе Ьеst patсhеs and thus
gain aссеss to thе largеst numЬеr of fеmalеs for thе longеst pеriods of timе. If
rеsourсеs wеrе distriЬutеd not only patсhily Ьut in patсhеs that wеrе largе,
wеrе widеly sеparatеd' and fluсtuatеd sеasonally in aЬundanсе, thеn сompе-
tition among fеmalеs would Ье low. This would faсilitatе thе formation of
largе groups providеd that fеmalеs сould rangе widеly and follow thе shifting
loсations of pеaks in food aЬundanсе. Мalеs would thus Ье forсеd to еithеr
follow thеsе largе groups and сompеtе for' and thеn tеnd' onе rеproduсtivе
fеmalе at a timе (tllаndering polуgупу) or position thеmsеlvеs at thе intеrsес.
tion of fеmalе migratory routеs and wait for fеmalеs to visit tЬem (lekking
polуgупfl.In еithеr сasе intеnsе malе-malе сompеtition would gеnеratе a
mating systеm Ьasеd on malе-dominanсе polygyny, and in thе lattеr сasе fе.
malеs would Ье affordеd thе ехquisitе opportunity of simultanеously сom-
paring many malеs Ьеforе сhoosing with whom to matе. 

.$Иhеnеvеr 
rеsourсеs

wеrе sparsеly Ьut somеwhat еvеnly distriЬutеd, high lеvеls of сompеtition
would prеvеnt fеmalеs from forming groups. As a rеsult, individual fеmalеs
would dеfеnd individual tеrritoriеs, thus еnsuring a rеgular supply of a rе-
nеwing rеsourсе. Sinсе solitary individuals who wеrе sеarсhing for mеmЬеrs
of thе oppositе sех would faсе hеightеnеd prеdation risk' pairs would оftеn
shаrе tеrritoriеs, and monogamy would rеsult.

Until еmpiriсal studiеs on antеlopе (Jarman 1974) and Ьats (Bradbury and
Vеhrеnсamp 1977a,1977Ь) showеd how есology aсtually shapеd fеmalе dis-
triЬutions' many of thе undеrlying assumptions оf this modеl wеrе supportеd
only Ьy anесdotal сorrеlations. Jarman,s сlassiс study of Afriсan antеlopеs i l-
lustratеs how еnvironmеntal forсеs intеraсtеd with physiologiсal сonstraints
to shapе thе mating systеm of а spесiеs. By shоwing how Ьody sizе affесtеd
thе ways in whiсh diffеrеnt spесiеs pеrсеivеd and thеn rеspondеd to thе dis-
triЬution and aЬundanсе of foragе and prеdators on grasslands, Jarman
showеd why partiсular soсial systеms inсrеasеd survival and rеproduсtivе
prospесts for partiсular spесiеs. Hе arguеd that thе smallеst-Ьodiеd spесiеs,
suсh as did-dik (Маdoquа hirhii)' duikеrs (Сеphаlophиs sPP., Sуluicаprа
spp.), suni (Neotrаgus mosсhаtus), and klipspringers (ОreotrаgL|s orеotrа-
gиs), геquirеd limitеd amounts of high-quality vеgеtation. But Ьесausе of
thеir small sizе, suсh food itеms oftеn appеarеd to Ье widеly sсattеrеd. High
lеvеls of сompеtition and intеnsifiеd risks of prеdation madе tеrritoгiality
and monogamy appеar thе Ьеst stratеgiеs. Pairs gеnеrally livеd in woоdеd or
shruЬ-riсh arеas whеrе moisturе еnaЬlеd vеgеtation to grow and rеnеw itsеlf
wеll into thе dry sеason. By signaling tеrritorial ownеrship via sсеnt rathеr
than Ьy mеans of sound or visual displаy, thеsе small-Ьodiеd spесiеs rеduсеd
thе сhanсеs that any of a largе numЬеr of сarnivorеs would prеy upon thеm.

As spесiеs inсrеasеd in Ьody sizе' Ьoth physiologiсally dеtеrminеd diеtary
nееds and thе way aссеptablе foragе bесamе distributеd on thе landsсapе
сhangеd. Sinсе сrypsis Ьесamе an untеnaЬlе antipгеdator stratеgy for largеr
and morе widеly ranging spесiеs, forming groups bесamе thе Ьеst strаtеgy
for suсh spесiеs to lowеr prеdation risk. Fortunatеly, with largеr sizе also
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сamе an aЬil ity to suЬsist on morе aЬundant, lowеr-quality vеgеtation. .i7hеn
it was patсhily distriЬutеd' as Was thе саsе for impala (Aеpуcеrсls melаmpus),
гееdЬuсk (Reduпса spp.), and sоmе gаzеllеs (Gаzеllа spp.), malеs dеfеndеd
thе Ьеst patсhеs thаt fеmаlеs prеfеrrеd. !Иhеn thе vеgеtation was morе еvеnly
distriЬutеd, whiсh oftеn rеsultеd simply from thе faсt that largеr spесiеs suсh
as еland (Tаurotrаgus orvх) and Сapе Ьuffal o (Sупcеros cаffer) сould usе
еVеn thе lowеst-quality items, largеr groups formеd. Bесausе thе largеst
spесiеs viеwеd lаrgе сontinuous swards of a landsсapе as aссеptaЬlе, rе-
souгсе сompеtition was virtually еliminatеd, аnd many malеs сould assoсiatе
rvith many fЪnralеs. With suсh high lеvеls of rnale_nralе сompеtition' dеfеnsе
of a smal] suЬgгоr'rp of fепralеs Ьесanrе impossiЬlе, and dominanсе dеfеnsе
sуstеms dеvеlopеd.

Thе samе sorts of сonnесtions bеtwееn сhanging есologiсal сirсumstanсеs
and Ьеhavioral dесisitln making shaреd thе typеs of soсiality еxhiЬitеd in
othег taхa. A Ьriеf survеy of mammals i l lustratеs somе of thе morе gеnеral
pattеrns. For thе еquids, thе сlosе assoсiation Ьеtwееn food and watеr еn-
aЬlеs horsе (Еquus саbаllus) and plains zeЬra (Еquus burсhelli) fеmalеs of
diffеrеnt rеproduсtivе statеs to assoсiatе pеrmanеntly. Thus malеs arе aЬlе to
dеfеnd suсh groups, аnd so-сallеd harеms form. 

.Whеn 
thеsе two rеsourсеs

arе widеly dispеrsеd, as foг Gгеvy's zеЬra (Еquus grеuуi) and thе Asiatiс wild
ass (Еquus hеmioпous), fеmalеs of diffеrеnt statеs arе prесludеd by mеta.
Ьoliс сonstraints from foraging togеthеr. As a геsult, mаlеs сompеtе for tеrri_
toriеs along trаvеling routеs that takе fеmalеs from fееding arеas to watеring
points (RuЬеnstеin 1986, 1994\'

In fеlids, fеmаlеs rеmain sеparatеd whеn food is sсarсе and haЬitats arе
dеnsеly woodеd Ьесausе in suсh сirсumstanсеs individuаl prеy сan bе сaught
and соnsumеd Ьеforе сompеtitoгs сan intеrvеnе. In morе opеn haЬitats and
whеrе Ьoth prеy and сompеtitors arе lаrgе arrd muсlr morе numеrous, сoali-
tions of fеmalеs fоrm to help hold on to kills until thеy arе сomplеtеly dе-
vourеd (Paсkеr 19s6). If thеsе fеmalе сoаlitions arе thеmsеlvеs largе, thеn
thеrе is prеssurе for malеs to аggrеgаtе to сontrol rеproduсtivе aссеss to fе-
malеs. Thus thе only higЬly soсial fеlid is thе sаvanna-living |ton (Pаnthеrа
Ieo) ' In this plеntiful landsсapе thе lеoparсi (Pаnthеrа pаrdus) rеmains soli-
tary Ьесause it сan safеly сaсhе its laгgе prеy in trееs.

For сanids, monogamy is thе rulе. But variations do oссur: small-Ьodied
foхes (Vulpеs spp.) somеtimеs ехhiЬit polygyny, and largе_Ьodiеd hunting
dogs (Lусаrlп piсtus) arrd tirnЬеr wоlvеs (Сапis lupus) dеvеlop polyanсlry
(Мoеhlman 19s6). Typiсally сanids nееd hеlp from norrЬrееding foгagеrs
to hеlp nоurish laсtating mothеrs. Fоr thе midsizеd iaсkals. suсh as thе sil-
vеrЬaсk 1aсka| (Сапis mesomelаd, thе hеlpеrs arе young from prеvious l it.
tеrs thаt сannot thеmsеlvеs find suссеssful Ьrееding loсations. For thе
smallеst spесiеs, howеvеr, prеpartum invеstmеnt in young is rеlativеly
small for a fеmalе; thus hеr matе providеs all thе hеlp that is nееdеd. In
yеars whеn prеy rеsourсеs arе vеry high, сompеtition Ьеtwееn mothеrs and
thеir soon-to-Ье-fесund daughtеrs is low, and thеir dаughtеrs arе not forсеd
to dispеrsе. Thеy thеrеtЪrе providе nеighЬorirrg mаlеs with additionаl mating
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opportunitiеs, and polygyny rеsults. For thе largеst-Ьodiеd spесiеs, how-
еvеr, fеmalе prеpartum invеstmеnt is vеry high, and thеy nееd all thе hеlp
thеy сan gеt. To еnlist thе support of othеr adult malеs that must hunt сo-
opеrativеly to сapturе largе prеy' a dominant fеmalе not only kil ls thе off-
spring of othеr fеmalеs in thе group Ьut also matеs with thеir matеs so that
thеsе malеs Ьеhavе as if thеy arе thе sirеs of thе dominant fеmalе's young.
HеnсЁ, dеpеnding on sizе-dеtеrminеd mеtaЬoliс investmеnts and nееds' so-
сial systеms of сanids сan vary from polygyny to polyandry, and thеy somе-
timеs usе thе sеrviсеs of juvеnilе or аdult nonЬrееdеrs to hеlp rеar
offspring.

As thеsе еxamplеs illustratе, thе сomparativе mеthod Ьеnеfitеd trеmеn-
dously Ьy thе dеvеlopmеnt of soсioесologiсal thеory that еmphasizеd thе
importanсе of fеmalеs and thеir rеlationship to thе еnvironmеnt in struсtur-
ing soсiеtiеs. But aspесts of kinship and dеmography also сomе into play. As
Нamilton's rulе illustratеs, thе strongеr thе dеgrее of rеlatеdnеss among
rеlativеs, thе morе likеly altruists arе to еnhanсе thе rеproduсtivе opportu-
nitiеs of kin whilе inсurring сosts assoсiatеd with diminishеd pеrsonal rе-
produсtion. Thus in thе prеvious еxamplеs, it is not surprising to find that
thе сoalitions that form among lionеssеs whеn thеy arе protесting kil ls and
among male lions whеn thеy arе dеfеnding mating opportunitiеs with fе-
malеs arе formеd most oftеn among full siЬlings (Paсkеr 1986); nor is it sur-
prising that thе hеlpеrs jaсkal adults kееp to rear additional offspring are
thеmsеlvеs thе full siЬlings of thе offspring Ьеing raisеd (Moеhlman 1986).
In gеnеral, strong kinship lowеrs thе thrеshold for thе appеaranсе of altruis-
tiс and сoopеrativе Ьеhavior and may suЬstantially affесt thе сosts of living
in groups.

Thе struсturе of jaсkal soсiеtiеs not only highlights thе importanсе of kin
sеlесtion Ьut also i l lustrates thе faсt that mаny soсiеtiеs сonsist of adults of
diffеrеnt gеnеrations' somе of whiсh сarе for offspring that arе not nесеssar.
ily thеir own. Мany insесts in thе ordеrs Hymеnоptеrа and Isoptеra and
aЬout Зу" of birds and mammals show srrсh systеms сomposеd of сoopеra-
tivе brееdеrs (Еmlеn 1997)' Up to this point thе еmеrging synthеtiс thеory of
soсiality has largеly trеatеd all adult fеmalеs and malеs as indеpеndеnt dесi-
sion makеrs; rеsponding tо есologiсal сonditions shapеd thе Ьеst rеsponsе
for fеmalеs, whiсh in turn сonstrainеd thе Ьеst rеsponsеs of malеs. But in
many soсiеtiеs mature offspring rеmain and help parеnts rеar additional off.
spring. Ultimatеly, undеrstanding why individuals forgo pеrsonal rеproduс-
tion to hеlp сlosе rеlativеs rеproduсе pгovidеs insights into how thе Ьalanсе
bеtwееn dеspotiс and еgalitariаn soсial rеlationships, as wеll as thе dynamiсs
of familiеs, is dеtеrminеd Ьy intеraсtions аmong есology, kinship, аnd domi.
nanсе (Еmlеn 1'995).

In most spесiеs, offspring lеavе homе Ьеforе Ьrееding. But in many soсial
insесts, primatеs, and othеr mammals and Ьirds, onе sеx rеtаins tiеs to par-
еnts, somеtimеs pеrmanеntly' сrеating multigеnеrational familiеs. Gеnеrally,
offspring postponе dispеrsing whеn Ьrееding opportunitiеs arе limitеd еlsе-
whеrе. Есоlоgiсal сonstraints assoсiatеd with l imitеd Ьrееding sitеs, matеs'
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or food rеsourсеs oftеn makе thе option of stаying homе and hеlping parеnts
produсе additional siЬlings Ьеttеr than dispеrsing еarly and almost сеrtainly
fail ing to produсе any offspring. Thus marry family groups will Ье unstaЬlе,
forming whеn сonditions i lre poor and disЬаnding whеn сonditions аге good.
But whеn thеy form, intеrgеnеrational сoopеration should Ье сommonplaсе,
as many studiеs havе shown.

If family сonrposition сhangеs, howеvег, thеn soсial dynamiсs сan also
сhangе. Bесause сlosе inЬrееding oftеn has dеlеtеrious еffесts' rеtаirrеd off.
spring rarеly attеmpt to matе with a pаrеnr or сlosе rеlativе of thе оppositе
sех. Thus сompеtition with thе samе-sеxеd parеnt for rеproduсtivе opportu-
nitiеs rеmains low. If, howеvеr, a parеnt diеs and is rеplaсеd Ьy a nonrеlativе,
thеn fгom thе pеrspесtivе of nondispеrsing adults, nеw mirting opportunitiеs
will l ikеly produсе сonfliсt. Similarly' if a nondispегsing adult aсquirеs а
matе and rеmains in thе group and limitеd rеsourсеs arе сonsuпled Ьy thе
offspring of this pair, thеn сompеtition wi1l Ье hеightеnеd. In еithеr сasе thе
dеgrее to whiсh thе rеproduсtivе aсtivitiеs of thе nondispеrsing adult arе tol.
еratеd will dеpеnd on thе stгеngth of thе dominanсе-suЬordinrrtion rеlation-
ship Ьеtwееn thе two. Reproductiue sheц, desсriЬеs thе distriЬution of
rеproduсtion among Ьrееding adults within familiеs and сan rаngе from a
valuе of l whеn thе Ьrееdеr in сhargе garnеrs all rеproduсtion to a valuе of 0
whеn Ьrееding is сomplеtеly egalitariаrr. Thе dеgrее to whiсh sharing ot rе-
produсtiоn oссurs wil l dеpend upon four сonditions: (1)thе Ьеrrеfit dеrivеd
Ьy dominants if suЬordinatеs stay; (2) thе rеproduсtivе suссеss of subordi-
natеs if thеy lеаvе; (3) thе gеnеtiс rеlatеdnеss among potеntial сoЬrееdеrs;
and (4) thе mаgnitudе of thе domirranсе rеlationshiр bеtwееn potеntial сo-
brееdеrs. \ff/hеn opportunitiеs for thе suЬordinatе to Ьrееd еlsеwhеге aге
high, thе dominanсе diffегеnсе among Ьrееdеrs is small, kinship is low' and
thе Ьеnеfits of having hеlpегs to thе dominant аrе high, thеn thе dominant
Ьrееdеr will Ье seleсted to pay а high stауi?lg inсеntiuе and pеасе ittсепtiz,е
(Rееvе and Rаtniеks 1993) to еnsurе that a hеlpеr hеlps sinсе l-rеlpеrs havе
options еlsеwhеrе and, Ьесausе of nеarly еqual fighting aЬility, сan infliсt
damagе on thе еstaЬlishеd Ьrееdеr. As studiеs on Ьее-еatеrs (Еmlеn and
Wrеge 1992), Groovе-Ьil lеd anis (Vеhrеnсamp 1978), Galipagos Hawk
(FaaЬorg et a|. |995|, and mongоosеs (Crееl аnd \Wasеr 1991; Kеanе еt al.
1994) Ьave shown, dominant Ьrееdеrs making ..сonсеssions'' to hеlpеrs is
l ikеly whеn hеlpеrs arе not сlosе kin sinсe thеy gain l ittlе indirесt Ьеnеfit viа
kin sеlесtion.

But as might bе еxpесtеd, variants to this sеt of rulеs that shаpе staying
and lеaving dесisions of hеlpеrs oссur. Сlutton-Broсk and сollеaguеs havе
quеstionеd whеthеr dominants havе full сontrol ovеr rеproduсtion within
gloups (Сlutton-Broсk еt al. 2000). Thеir studiеs hаvе shown that in сoopеr_
ativе Ьrееding soсiеtiеs of mееrkats, lеvеls of сonсеssions do rrot fit prеdiс.
tions basеd on kinship and thе nееds of dominants' As a rеsult, othеr fасtors'
suсh as mutualisms that еnhanсе rеproduсtion for еvеry group mеmЬеr and
that еmегgе as mееrkat groups gеt lаrgег (Сlutton-Bгoсk еt аl. 2002.), maу
сomе into play.
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Additional Soсial Gluеs

As mееrkats illustratе, not all soсiеtiеs nееd Ье hеld togеthеr Ьy thе gluе of kin-

ship. Rеlationships Ьuilt around сoopеration rathеr than altruism or Ьasеd

on mutualism and rесiproсity сan havе just as strong an еffесt and providе

thе opportunitiеs for diffеrеnt typеs of soсiеtiеs to еvolvе. Rеlationships arе

Ьuilt upon rеpеatеd intеraсtions that сan involvе сompеtitivе and сoopеrativе

еlеmеnts. Manipulating thе naturе of pеrsonal rеlаtionships and thosе of

сompanions should also dеtеrminе thе еxistеnсе and сharaсtеristiсs of many

soсiеtiеs.
Trivеrs (1972a) Was thе first to suggеst that rесiproсity сould play an im-

portant rolе in shaping soсiеtiеs. If individuals Wеrе to aid a strangеr Ьy in-

сrеasing its survival or futurе rеproduсtion at somе сost tO sеlf in tеrms of

diminishеd rеproduсtion' thеn suсh Ьеhavior сould only Ье maintainеd in a

population if thе rесipiеnt wеrе to еvеntually rеpay thе сosts inсurrеd by

thе altruist. This сonсеpt has Ьееn formalizеd as thе prisoner's dilemmа,

whеrе two individuals havе two altеrnativеs-сoopеratе or dеfесt. Мutual

сoopеration, usually Ьy staying truе to еaсh othеr dеspitе attеmpts Ьy au.

thoritiеs to сajolе onе Partnеr to tufn on thе othеr, providеs a highеr rе-

ward (R) than if thеy both dеfесt and arе punishеd /P/. If only onе partnеr

turns on thе othеr' hоwеvеr, then thе sizе of thе tеmptation (T) nесеssary to

Ьrеak thе partnеrs' сoopеration еnaЬlеs thе сhеat to do Ьеst of all. Сon-

vеrsеly' thе partnеr who rеmains сoopеrativе to thе еnd is thе suсkеr and

rесеivеs thе lowеst rеward (S/. As long as payoffs arе ordеrеd Т > R > P > s,

dеfесting is favorеd sinсе it providеs thе grеatеst short.tеrm Ьеnеfit. If,

howеvеr, suсh situations oссur frеquеntly and thе nцmЬеr of individuals in

a soсiеty is small, thеn pairs of individuals wil l f ind thеmsеlvеs intеraсting

timе and again. In suсh a sеtting, dеfесting is no longеr thе Ьеst stratеgy.

Rathеr, сoopеration doеs bеst' and thе taсtiс thаt oftеn providеs thе grеat.

еst long-tеrm rеWard is tit-for.tаt (TFT; Aхеlrod and Нamiltorr 1981)' in

whiсh intеraсtants сoopеratе initially and сontinuе to do so until a partnеf

dеfесts. If dеfесtiоn oссurs' thеn thе othеr partnеr dеfесts and сontinuеs to

matсh thе Ьеhavior of thе initial dеfесtor. If thе initial dеfесtor again сoop-

еratеs' thеn thе rеspondеr is instantly forgiving and сoopеratеs as wеll. TFT

сan rеsist invasion Ьy a stratеgy of purе dеfесtion. But sinсе it is еqually as

rеwarding as a stratеgy of always сoopеrating, TFT сan Ье supеrsеdеd by

suсh a stratеgy via drift. Sinсе a purеly сoopеrativе stratеgy саn Ье invadеd

by thе sеlfish stratеgy of dеfесtion, thе stratеgy of tit-for-tat сannot Ье truly

an ЕSS, Ьut it сomеs сlosе.
Thе logiс of this argumеnt suggеsts that struсturing soсiеtiеs on rесl.

proсity alonе will Ье diffiсult. Kinship сan always providе a strong foun.

dation sinсе it rеduсеs thе nееd of fully rеpaying dеlayеd Ьеnеfits. By

сoopегating mutually to solvе сommon proЬlеms, partnеrs may Ьеnеfit to
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a suсkеr doеs Ьеttеr  than a dеfесtor . .Wеst-ЕЬеrhard (1989) tеrms th is
bу-produсt mutuаlistп Ьесаusе сoopеration is univеrsаlly Ьеst rеgardlеss
of  what a partnеr doеs.

Studiеs on a variеty of spесiеs suggеst that mutualism сan shapе soсiality.
Long-tеrm sttrdiеs of l ions Ьy Paсkеr (Paсkеr and Ruttan 1988; Sсhееl and
Pасkеr 1'991') and Standеr (1992) showеd that only Ьy hunting togеthеr and
by adopting individuаl rolеs wеrе lions l ikеlv to Ьгing down lаrgе prеy. Sim_
ilarly, strong rеlаtionships among fеmalеs to protесt сuЬs from attaсks Ьy in-
fantiсidаl malеs or to hold on to prеy in thе faсе of othеr marauding
prеdаtors providеd simultanеous Ьеnеfits that сoцld not Ье obtainеd Ьy aсt-
ing alonе.

Soсial Variants and Altеrnativе Stratеgiеs

As thе ехamplеs of fаmiliеs with сoopеrаtivе brееdеrs show, high population
dеnsity and thе intеnsifiеd сompеtition it еngеndеrs in thе sеarсh for sr.ritaЬlе
tеrritories with suffiсiеnt food or haЬitaЬlе Ьurrows is thе faсtor ultimatеly
rеsponsiЬlе for favoring thе еstaЬlishmеnt of сoalitions аnd thе rесruitmеnt
of hеlpеrs. Thus dеmographiс fасtors, suсh as populаtion dеnsity, as wеll as
sеx ratio and agе stгuсturе that rеsult frorn diffеrеnсеs in phenotypе-spесifiс
vital ratеs, wil l shapе pattеrns of soсial organization and lеad to within-
spесiеs variation as есologiсal сirсumstanсеs сhangе. If mortality, for еxаm-
plе, wеrе agе spесifiс and highег for prеrеproduсtivе fеmalеs than for malеs'
thеn high Ьrееding sеx ratios (malеs/fеmalеs) wоuld rеsult, and mating rеla-
tiorrships would gеnеrally Ьесomе morе polyandrous. If sех.spесifiс pattеrns
of mortality wеrе rеvеrsеd, howеvеr, thеn polygyny would Ьесomе morе
сommon. Sinсе soше of thеsе nrortality сonсеrns wеrе also rеsponsiЬlе for
thе vаriation irr сarrid soсiаl struсtuге dеsсriЬеd еarliеr' thеsе mortality sсhеd-
ulеs сan hаvе iпrpoгtant сonsеquеnсеs.

Thе synthеtiс modеl of soсiality that is еmеrging shows that a variеty of
еnvironmеntal fеаturеs influеnсе thе pattеrns of soсiаlity еxhiЬitеd Ьy ani-
mals' ]n many сasеs thеsе pattеrпs arе flеxiblе, and spесiеs сan vary in thе
systеm of soсial organization thеy ехhiЬit dеpеnding upon еnvironmеntal
сonditiоns. In еquids' for ехamplе, although fеmalе assеs typiсally l ivе in
transitory groups whosе mеmЬеrship сhangеs (RuЬеnstein 1986,1994) wЬen
populations movе from arid to mеsiс arеas, soсial rеlationships сan also
сhangе. As was found on an island off thе сoаst of thе southеastеrn Unitеd
Statеs' whеrе food and Watеr arе aЬundant and сlosе togеthеr, fеmalеs with
diffЪring nееds сan сoalеsсе into pеrmanеnt groups. Мalеs, whiсh in arid
arеаs arе forсеd to еstaЬlish tеrritoriеs along routеs to and from watеr, rе-
spond Ьy dеfеnding thеsе groups muсh likе malеs of horsеs, thеir сlosе kin,
and harеmlikе soсiеtiеs еmеrgе.

Soсiаl variation, howеvеr' is not l imitеd to diffеrеnсеs among populаtions.
Vаriаtion in soсial stratеgiеs сan еvolvе within populations sinсе not all indi-
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viduals arе еqual; diffеrenсеs in ownеrship and past ехpеriеnсе сan affесt thе
outсomе of intеraсtions. If individuals irrtеraсt rеpеatеdly, thеn thе naturе of
thеir intеraсtions will сhangе ovеr timе so th?1t сontеsts еnd morе quiсkly and
pеaсеaЬly, with suЬordinatеs suЬmitting to dominants. In small or modеratеly
sizеd groups, hiеrarсhiеs form and soсial rolеs Ьесomе сodifiеd. Although all
individuals' rеgardlеss of rаnk, Ьеnеfit whеn sеrious fighting is rеduсеd Ье-
сausе Ьoth winnеrs and losегs bеnefit Ьy rеduсing wastеd tinrе on outсomеs
that аrе virtually assurеd, dominants typiсally dеrivе thе grеatеst rеproduс-
tivе Ьеnеfits. In ехtеndеd fаmiliеs of сoopеrativе Ьrееdеrs, dominanсе plays
an important rolе in dеtеrmining whеthеr rеproduсtion is morе or lеss
еqually apportionеd among adult group mеmЬеrs.

!0hеn dominanсе is еxtrеrтlе and kinship is low, rеproduсtivе options for
adults arе l imitеd as thеy Ьidе thеir timе proсееding along normаl ontogеnе-
tiс trajесtoriеs еn routе to rеproduсing. In suсh situations shortсuts to Ьrееd-
ing arе oftеn favored, еspесially if mortality ratеs of adults arе sizе or agе
spесifiс and arе grеatеr for largеr and oldеr malеs. Trading off longеvity with
low ratеs of rеproduсtion for сopious rеproduсtion ovеr a slrort pеriod сan
lеad to disсrеtе sizе polyrnorphisms-so-сallеd altеrnativе rnalе mating
stratеgiеs-within sехеs within populаtions. oftеn thе typiсal stratеgy
adoptеd Ьy oldеr and largег malеs of dеfеnding harеms or rеsourсеs yiеlds
thе most rеproduсtivе gains during a Ьrееding sеason' Ьut it oftеn inсurs a
high сost as wеll. Bесausе displaying' fighting, attraсting thе attеntion of

Prеdators, and dеlaying rеproduсtion whilе gгowing arе all сostly aсtivitiеs,
malеs that adopt lеss it.tstаntanеously suссеssful bцt also lеss сostly taсtiсs
сan flourish.

Thе maintеnanсе of suсh altеrnativе mating pattеrns is сommon among
many spесiеs of insесts, fish' amphibians, Ьirds, and mamnrals. For ехam.
plе, in Ьluеgil l sunfish (Lepomis mасroсbirus) malеs typiсally dеfеnd nеst
sitеs whеrе thеy display' attraсt fеmalеs' i:rrrd thеn fегti l izе аnd guard thе
еggs thеy lay (Gross and Сharnov 1980). Sinсе only thе largеst malеs havе
thе aЬil ity to dеfеnd nеst sitеs, thеy must dеlay Ьrееding for ovеr sеvеn
yеars. As a rеsult' smallеr and youngеr malеs havе еvolvеd various сuсkold-
ing stratеgiеs that may in fасt Ье еqually suссеssful еvolutionarily. In onе,
thе so-сallеd snеak Ьеgins Ьrееding at two yеars of аgе' Although vеry
small, suсh snеaks arе virtually all tеstеs and bесausе of thеir inсonspiсu.
ousnеss сan divе from thе surfaсе just as a mating pair rеlеasеs spеrm and
еggs. By еxuding largе volumеs of spеrm' somе fеrti l izе a fеw еggs. In thе
othеr, malеs dеlay Ьrееding for as long as do fеmalеs. By Ьеing thе samе
sizе and сoloг as fеmalеs, thеsе malеs join thе mating pair and apparеntly
fool thе displaying пrаlе ir-rto thinking that hе is сourting two fеmаles rаthеr
than just onе. As thе original pair rеlеаsеs its gamеtеs' thе fеmalе mimiс
doеs too, thus fеrti l izing somе of thе fеmalе's еggs. For thеsе two stratеgiеs
to Ье еqually suссеssful altеrnativеS' thе сosts and Ьеnеfits of еaсh must
vary invеrsеly with thе frеquеnсy of individuals that adopt thеsе taсtiсs. Al.
though thеy somеtimеs do, as in thе сasе of thе Ьluеgil l sunfish, in othеr
spесiеs thеy do not.
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Undеrlying Месhanisms: From Hormonal
Сontrol tо Sеlf-organization

Dесision rnаking undеrliеs thе еmегgеnсе of arrimal soсiеtiеs. Although сom-
parisons trf сosts and bеnеfits providе thе ultimatе ехplanation of whеn par.
tiсulаг soсial variations аге fаvorеd Ьy sеlесtion, thе wаy irrformation is
proсеssеd and usеd in making soсia1 dесisiоns rеquirеs foсusing on a diffеr-
еnt lеvеl of anerlysis. In thе pаst, studiеs of sосiality foсusеd on only onе sсa|е:
еithеr why individuаls intеraсtеd thе wаy thеy did or on how suсh Ьеhavior
was triggеrеd. Morе rесеntly' studiеs havе Ьеgun moving aсross sсalеs, сom-
Ьining thе two to providе а lтlorе intеgrаtеd undеrstаnding of thе сausеs of
soсial Ьеhavior.

onе form of intеgration ехaminеs how informаtiorr withir-r organisms or-
ganizеs Ьеhaviсlr. Sinсе nluсh of Ьеhavior is сonditioned on fеatrrrеs of thе
physiсal or soсial еtrvironmеnt' еnsuring that appropriatе Ьеhaviors appеar
at thе right timе, in thе right сOntеХt' and in thе prеsеnсе of thе right рartnеrs
rеquirеs сoordination. Hormonеs arе сoоrdinators par еxсеllеnсе. \й/hеn two
animаis aге rеady t() ll1аtе' thеy mr-rst Ьoth Ье in thе right mоod; whеn thеy
matе, maturе gamеtеs mr"rst Ье rеаdy and waiting; and whеn thе agе oг sizе
for thе trаnsition frсrm suЬadult to rnaturе adult is rеaсhеd, many phenotypiс
fеaturеs mrrst Ье rеorganizеd. \Хihiсh suЬstanсes сontrol what proсеssеs and
whеthеr thеy aсt оrr thе Ьrain or othег organs сan vary' Ьut initiating and
thеn сoordinating and intеgratirrg many aspесts of soсiаl bеhavior rеquiге in-
formation flow. Ultimatеlv thе proсеssеs involvеd сonstrain what Ьеhavior is
possiЬlе.

Arrothег typе of irrtеgration involvеs undеrstanding how сollесtivе Ьеhav-
ior еmеrgеs from thе aсtions of individuals (Lеvin |999). Oftеn pattеrns ot
bеhavior viеwеd at onе sсаlе appeаr imposеd fгom aЬovе' whеrеas at аnothеr
sсaiе thеy appеar to еmеrgе from Ьеlow as if sеlf.organized. Thus animals
may assеrnblе in partiсuizrr hаЬitats Ьесausе of prеvaii irrg еnvirontnеntal сon-
ditions, Ьut whеthеr or not thеy form tightly knit groups of partiсular shapеs
and sizеs dеpепds on how thеy intеraсt with еaсh othеr. Simplе rulеs of rе-
pulsion, attгасtion, and alignmеnt аssoсiatеd with intеrасtion zonеs сan aс-
сount for thе sizе, shapе, сomposition, and dirесtion of group movеmеnts.
Using a sеt of hiеrirrсhiсаl dесision rules thаt Ьalanсеd repulsion to avoid
сompеtition and attraсtion to rеduсе risks of prеdation, Guеron and сol-
lеaguеs (I996) showеd that groups displayеd a widе variеty of shapеs and
tеndеnсiеs to fragmеnt and sеlf-sort bv phеnotypе. All that wаs rеquirеd to
induсе thеsе transitions was information aЬout thе spееd and position of
сlose nеighЬors. Mrrсh dеpеndеd on thе ехistеnсе of а rrеutral zonе whеrе thе
effесts of nеighЬors did not altеr intrinsiс tеndеnсiеs. Similar models in thrее
dimеnsions, Ьut whеrе thе pгеsеnсе of a nеutrаl zonе allowеd individuals to
align with thе oriеntirtion of a nеаrеst nеighЬor, rеvеalеd how small сhangеs
in individuаl Ьеhavior сould dramatiсally сhangе thе shapе of sсhools of fish
and floсks of Ьirds (Сouzin аnd Krausе 2003). Dеpеnding on tlrе strеngth of
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oriеntation, groups сould movе from disorganizеd swarms to highly polar.
izеd сonformations. In faсt' strеngth of alignmеnt playеd a сritiсal rolе in un-
dеrstanding lеadеrship, information transfеr' and сonsеnsus dесision making
within groups еvеn whеn informеd individuals did not know thе quality of
thеir information or whеthеr thеy wеrе in thе majority or minority (Сouzin
еt a l .  2005).

From Animals to Pеoplе

Humans arе animals, so it sееms sеlf-еvidеnt that еvolutionary proсеssеs
should shapе human soсiality. First prinсiplеs, еspесially thosе that undеrliе
thе synthеtiс modеl of soсiality in nonhuman animals, havе stimulatеd and
organizеd thе study of human soсial Ьеhavior. Not surprisingly, сonnесtions
among partiсular fеaturеs of soсial еvolution and partiсular aspесts of hu-
man naturе havе Ьееn idеntifiеd. Nowhеrе is this morе apparеnt thаn in thе
arеa of matе сhoiсе. In rodеnts gеnеs assoсiatеd with thе majоr histoсompat-
ibility сomplех (MHС) affесt сеll rесognition and immunе funсtion. During
еstrus fеmalеs assoсiatе with malеs that diffеr gеnеtiсally from thеmsеlvеs'
whеrеas whеn thеy arе prеgnаnt, thеy assoсiatе with fеmalеs that arе gеnе-
tiсally similar. Assеssmеnt is via odor and suggеsts that MHС-speсifiс assoсi-
ations arе еvolutionarily adaptivе. Divеrsifying thе genе pool of offspring
should improvе thеir immunе funсtion, and assoсiating with сlosе kin during
prеgnanсy should rеduсе сosts and inсrеasе Ьеnеfits assoсiatеd with soсiality
(Pеnn and Potts 1999). Whеn 

.sfеdеkind 
and сollеaguеs (1995) pеrformеd a

study to sее if human fеmalеs showеd similar sехual prеfеrеnсеs, hе found
that womеn in thе fеrtilе phasе of thеir сyсlе idеntifiеd thе odor of T-shirts
from malеs with whom thеy sharеd МHС gеnеs as lеss ..pleasant' ' than thosе
of malеs with whom thеy sharеd fеwеr gеnеs. Apparеntly thе samе undеrly-
ing forсеs and mесhanisms еmployеd Ьy animals may Ье opеrating in hu-
mans whеn it сomеs to сhoosing matеs. But Ьy no mеаns do thеsе rеsults
dеmonstratе that proсеssеs that shapе thе soсiosеxual Ьеhavior of animals
will nесеssarily shapе thе Ьеhavior of humans in similar ways. Unfortunatеly,
thе links Ьеtwееn animals and pеoplе arе oftеn prеsеntеd as univеrsally truе
whеn in faсt thеy show variation dеpеnding on thе naturе of sеlесtivе forсеs.
By ignoring thе сontingеnсy of sеlесtion, сlaims of univеrsality of human so-
сial institutions and thеir immutaЬlе naturе arе likеly to Ье falsе. As many of
thе ехamplеs of animal soсiality ехplorеd еаrliеr havе dеmonstratеd, partiсu-
lar typеs of soсial rеlationships and soсial systеms thrivе only undеr a limitеd
sеt of еnvironmеntal сonditions. Why, thеn, should Wе еxpесt that only onе
sеt of human rеlationships or only onе typе of soсiеty should еvolvе?

It is somеwhat ironiс that politiсal thеory itsеlf is a human сonstruсt with
еaсh prediсatеd on a diffеrеnt sеt of assumptions aЬout human naturе. Сon-
sеrvativе philosophiеs oftеn dеpiсt humans as fundamеntally sеlfish, сompеt-
itivе, and somеwhat invariant, whilе morе liЬеral philоsophiеs oftеn assumе
that humans arе flеxiЬlе and adaptablе. As is thе саsе with all animals, thеrе
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is no onе animal naturе. Aggrеssion and dominanсе arе offsеt to varying dе-
grееs lry сooperation and altruism. What sеts human soсiеtiеs аpaгt from
thosе of most оthеr animals is thеir сornplехity. Moге lеvеls of orgenizatiorr
and morе variеtiеs of rеlationships сan form, thus making intеraсtions morе
diffusе' But this doеs not mеan thе rulеs that struсturе animal soсiеtiеs do
not apply to thosе of humans. Pеrhaps thеy arе insuffiсiеnt, Ьut thеу arе not
nесеssarily invalid.

onе of thе most сompеll ing ехamplеs whеrе еvolutionаry гulеs of soсiality
сan ехplain а novеl sеt of human rеlаrionships is thе so_сallеd mothеr's
brothеr's phеnomеnon, in whiсh mеn invеst in thеir sistеrs' сhildrеn as op-
posеd to thеir own сhildrеn (Alеxandеr 1979a, 1979ь)' At first glalrсе this
stratеgy appears to violatе thе most Ьаsiс rulеs сlf kinship. All еlsе Ьеing
еqual, a parеnt sharеs on аvеragе twiсе as many gеnеs with its own offspring
as with a siЬling's offspring. But in somе soсiеtiеs ntlt all еlsе is еqual. This is
espесially truе in marry 

.Wеst 
Afriсan soсiеtiеs, suсh as that of tlrе Tongir

(Flinn 1981; Irons 1981). Thе land upon whiсh thеsе hortiсulturalists l ivе is
riсh, and as a rеsult, fеmalеs саn dеrivе еnough rеsourсеs from thеir laЬor to
raisе thеir сhildгеn witlrout thе aid of thеir husЬаrrds. In suсh сulturеs fеmalе
philandеring is high' and fеmalеs сan initiatе divorсе. As a rеsult, сuсkoldry
is сommon' and mеn arе not l ikеly to Ье fathегs of thеir putativе сlri ldrеn.
Еvеn if offsprir.rg arе only half siЬs, mеn will Ье mоrе сlosеly rеlatеd to thеir
sistеr's сhildren than to thеir own pцtativе offspring. Thus, aссording to kin-
ship tЬеory, mеn аrе Ьеhaving еvolutiоnаrily rationаlly sinсе thеy arе making
thе bеst of a Ьаd job and invеsting in thе сlosеst gеnеtiс rеlаtivе аvаilaЬlе.

Applying сost-Ьеnеfit and gеnе-aссounting prinсiplеs to thе study of hu_
mаn soсiаl Ьеhаvior is thе сornеrstonе of soсioЬiology. Мuсh of еаrly soсio-
bioiogy sought to ехplain humar"rity's soсial roots аnd thus studiеd thе soсial
Ьеhavior of ехisting сultures minimally impaсtеd Ьy lrVеstеrn soсiеtiеs. Thе
hopе was sеlесtivе prеssurеs that сurrеntl1, opеratеd Wеrе thе sаmе as thosе
that had opеratеd in tlrе past. Although thе assumption of сontinuitv is un-
likеly tо bе truе, it doеs not invаlidatе thе undеrlying soсioЬiologiсаl sеarсh
for idеntifying how еnvironmеntal prеssurеs shapе htrnran rеlatitl lrships
among and Ьеtwееn sехеs and within and Ьеtwееn familiеs' Morеovеr, аs irr
most animal soсiеtiеs, individuals in thеsе non-!Иеstеrnizеd soсiеtiеs arе tiеd
сiosеly to thеir еnvironпrеnt. Тhus есоlogiсаl, soсial, аnd геpгodr-rсtivе vаri-
aЬlеs сan Ье пrеasurеd to idеntify pattеrns of саusаtion.

Регhaps spurrеd on Ьy thе Darwinian invеstigation of human soсiality,
psyсholоgists aiso Ьеgaп ехаnrirring hunrаn soсial Ьеhavior from an аdaptivе
pеrspесtivе' Ьut thеir approaсh was fundamеntally diffеrеnt Ьесausе thеу
sought to idеntify how natural sеlесtion shapеd thе human psyсhе Ovеr еvo-
lutionary tiпrе. For psyсhologists, thе r.rlt imatе quеstion wаs, ,.Arе thе mесh-
аnisnrs that our Ьrains usе to makе dесisions aЬout сhoosing lnatеs or
ostraсizing сhеats thе onеs that wе woulс] ехpесt if thеy wеrе .dеsignеd' to
so lvе suсh proЬlеms? ' '  (Barrеtt  еt  a l .2002).  Thus whi lе soс ioЬio logists  fс l -
сusеd on rеpгoduсtivе outсomеS to mеasurе adaptation and oftеn igrrorеd thе
mесhаnisms that undеrliе assеssmеnt and dесision making' еvolutionary
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psyсhologists foсusеd on idеntifying tlrе mесhanisms of assеssllеnt аnd in-
formation proсеssing with littlе геgard for rеproduсtivе ouссomеs. Just as an
intеgratеd approасh tсl thе study of soсial Ьеhavior has еmеrged withirr thе
biologiсal tradition' аn approaсh that intеgratеs mесhanistiс and funсtional
quеsts for undеrstanding thе zrdаptivе valuе of thе hurnan mind аnd thе roiе
it plays in shaping soсial Ьеhavior would Ье thе Ьеst of Ьoth worlds. It would
сut aсross sсalеs and pгovidе nrоrе сonrplеtе insights i lrto whу humаns Ьe-
havе thе way thеy do.

Although humans аrе animals, thеy arе еХсеptional animals in many ways.
The languаgе thеy usе is morе сomplех thаn tlrе сommuniсation systеms of
othеr animals; thе ways in whiсh thеy manipulatе and dесеivе :rnd givе sup-
port to аnd еliсit it from othеrs arе morе suЬtlе than in any othеr spесiеs; ernd
oniy humans havе dеvеlopеd сultural noгms and trаditions thаt сan Ье nrod-
ifiеd and passеd on t<l сhildrеn. Еvolutionary rulеs will havе muсh to say
aЬout thе adaptivе vаluе of tЬеsе Ьеhaviors. And whilе wе sеarсh for l inks
Ьеtwееn partiсular hutnan prасtiсеs and partiсulаr сirсltmstanсеs' Wе slrсluld
not abandon thе sеаrсh for univеrsals that might undеrliе thе organization of
human  soс i a l i t у .

Human soсiеtiеs oltеn Ьесornе suЬdividеd into сollесtivеs сoпrposеd of in.
dividuals who arе similar gеnеtiсally or phеnotypiсally. Pеrhaps this is Ье-
сarrsе simiiаrity tightеns сonnесtions and rеpеatеd intегaсtiсlns strеngthеn
soсial rеlationships. Thе samе tеndеnсiеs for individuals to assoсiаtе with oth-
еrs l ikе thеmsеlvеs arе oftеn sееn in animal soсiеtiеs as thеy gеt laгgеr (RuЬеn-
stеin аnd Haсk 2004). Diffеrеrrt еnvironmеnts will сontinuе to favor сеrtаin
typеs of intеraсtion ovеr othеrs, Ьut farniliarity will rеduсе unсеrtainty and in-
сrеasе thе likеlihood that сoopеration, whеthеr Ьаsеd оn altruism, rесiproсity,
or mutualism, will Ье strong. Languagе is a tool thаt humans usе to rеinforсе
сonnесtions' to mеtе out punishmеnt, and to Ьroadсast thе ехploits of сoop-
еrators. In gеnегal, idеas-thе mеmеs of Riсhard Dawkins (1976)-сan Ьe
transmittеd among gеnеrations just likе gеnеs, with good onеs sprеading and
Ьad onеs disappеaring' Thе еvolution of soсial norms that ехtol virtuе may Ье
thе ехtra piесе of thе еquаtion rhat diffеrеntiatеs humarrs frоm Inost othеr so-
сial spесiеs. Tеsting this proposition is еssеntial lf wе аrе еvеr to know what
сonnесts and sеts us apart from othеr spесiеs, Ьut it wil l bе madе virtually im-
possiЬlе if it is intеrtwinеd with pоlitiсaI agеndas.
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mесhanisms of assеssmеnt and in-
. rеprоduсtivе Outсomеs. Just as an
l Ьеhаvior has еmеrgеd withirr thе
еgratеs meсhanistiс аnd funсtional
uе of thе human mind and thе rolе
)е thе bеst сlf Ьoth worlds. It would
llеtе insights into why humans Ье-

ехсеptional animals in many ways.
han thе сommuniсation systеms of
rnipulatе and dесеivе and givе sup-
uЬtlе thаn in any othеr spесiеs; and
rns and traditiotls thаt сan Ье mod-
эrrary rulеs will havе rnuсh to say
ors. And whilе wе sеarсh 1Ъr |inks
)artiсular сirсumstanсеs, wе should
t might undеrliе thе organization of

lеd into сollесtivеs сomposеd of in-
phеnotypiсally. Pеrhaps this is Ье-
d rеpеatеd intеraсtions strеngthеn
or individuals to assoсiatе with oth-
.l soсietiеs as thеy gеt largег (RuЬеn-
nеnts will сontinuе to favor сеrtain
Lаrity wiIl rеduсе unсеrtainty and in-
еr l lеr  Ьasеd on а l t ru ism. rес iproс i ty ,
; a tool that humans usе to rеinforсе
d to Ьroаdсast thе еxploits of сoop-
I Riсhard Dawkins (7976)-сan Ье
,еnеs, with good orrеs sprеading and
oсial norms that ехtol virtr.rе may Ье
:ntiatеs humans from most othег so-
sеntial if wе arе еvеr to know what
:iеs, Ьut it wil l bе madе virtually im-
rgеndas.

ri bеhavior. Аппttаl Rеuiеtu сlf Есologу

т. Sеаttlе; Univеrsity of Washingtorr

t. Сhagnon аnd 1X/. Irons, еds.'
;,оr:. Ап Ап ! |t п tpo lоgi са l Рсrs pссtit'е'

еl,oiution of сoоpеrarion. Sсiеnсе 211:

Sсlсiаl Bеhаuior апd Soсiobiologу 25.]

Barrеtt, L., R. DunЬar, аnd J. L.vсеtt. 2002. Hцmап Еuсllutiсlпаrу Psусhсllсlgу.
Pгinсеton' NJ: Prinсеton Univеrsity Prеss.

Batеman, А. J. 1948. Intra-sехual sеlесtiоt- l in Drosоphilа. Hеrеditу 2:349_368.
BrаdЬrrry, J. W., аnd S. L. VеЬrеnсamp. 1977a. Soсial сlrganization and foraging

in еmЬаllonurid Ьаts. III '  Мating systеrтs. BеbаuiorаI Ессlklgу Sсlсiсlbiologу
z ' -  l - t / -

1977ь. Soсiаl organizаtion and foraging in еn-rЬal lonurid Ьаts. IV. Parеrrtаl
invеstllеnt рirttеrns. Bеh аu iorаl Ессllсlgу Soсiobiolog"l 2: 19_29.

Сlutton-Brосk, T' H', I, '  N. М. Brothеrton, М. '|. o'Riain, A. S. Gritf in, D. Gaynor,
L .  SЬarpе,  R .  Kаnsky ,  М.  B .  Маnsег '  аnd G '  М.  МсI l rа th .2000.  I r ld iv idua l
сontriЬltt ions to bаЬysitt ing in э соopеrэtivе mongoosе' Sиriсаtа suriс,аttа.
Proсееdings сlf thе furyаI Soсietу of Ltlпdoп, Sеriсs I1 267: З01_3О5.

Сlutton-Broсk, T' Н', A. F-. Russеl l , L. L. Sharpе, A. J. Young' Z. Bаlmforth, and
G. M. MсIlrath. 2002. Еvolutiоn аnd dеvеlopnrеnt сlf sеx diffеrеnсеs in
сoopеrit ivе Ьеhаvior in mееrkats. Sсiепсе 297:25З-256.

Соuzin, I. D., and J. Krausе. 2003. Sеlf-orgаnization аnd сol lесtivе Ьеhаvior of
vеrtеЬrаtеs. Аdt,аttсеs in thе Studу of Bеhаuior ЗZ: 1_67.

Сouzin, I. D., J. Krausе, N. R. Frаnks, аnd S. A. Lеvin. 2005. Еffесtivе lеadеrship
аnd dес i s ion  mаk ing in  an ima l  g roups  on thе  movе.  Nаturе  433:513-5 l6 .

Сrееl, S. R., аtrсl P. M..Wlsеr. 1991. Fai lurеs of rеproduсtivе supрrеssion in dwarf
mongoosеs (HеlogаIе pаruнlа): Aссidеnt or adaptation? Bеhаuiсlrаl Есologу
2 : 7 - 1 5 .

Сrook' J. Н. 1964a. Thе еvolution of soсial orgаnisation and visrral сommuti iсation
in t lrе rvеаvеr Ьirds (Plсlсеinaе|. Bеhаuiour, Suppl. 10: 1-178'

|964Ь. Fiеld ехреrimеllts on thе nеst сonstruсtion аnd rеpair Ьеhaviour of
сеrtаin wеаvеr Ьirds. Prсlсcеdiпgs of tbе Zoсllogiсаl Soсietl of l'rlпdсlп 142:
217155.

Dawkins, R. 1976. Thе Sеlf ish Gсrс. Nеw York: oxford Univеrsity Prеss.
Ешlеп, S. T. 1995. An еvolutiоnaгy thеOry of thе fаmily. Prсlсееdiпgs of tbe

Nаtiг-паl Асаdemу of Sсiеnсеs USА 92:8092.8099.
1997.Prediсt ing family dуnzrmiсs in soсial vеrtеЬrаtеs. In l . R. KrеЬs аnd

N. B. Dаviеs' eds., Bеbаuit lurаl Е,сologl: Alt Еuolutioпаrу Аpproасh'228-253.
oхford: Blасkwеll Sсiеntif iс.

Епrlеrr, S. T., аnd L. W. orl ing. |977.Есo|ogу' sехuаl sеlесtion, and thе еvolution of
mаting systеms. Sсieпсе 197 l 21' 5_223.

Еrnlеrr, S. T', аnd Р. Ll. Wrеgе. 1992'Parent-оffspring соnfl iсt and thе rесruitmеnt
of hеlpеrs аmong Ьее-еatеrs. Nаturе 356: 331-333.

FаaЬorg, J., P. G. Pаrkеr, L. DеLay' T. dе Vriеs, J. С' Bеdnirrz, S. М' Paz, J.
Nагanjo' and T. A. Wаitе. 199.5' Ссlnfirtnation of сooреrativе pоlvandry in thе
Galapagos Hawk (Butеo gаlаpаgсlепsis) using DNA fingеrprtлtlпg. Bеhаuiorаl
Есr>logу апd Soсiobiologт З6: 83-90.

Fl inn, NI. 1981. Utеrirrе vs. agnaтiс kinship vаriаЬi l i t ,v and assoсiatеd сross-сousin
mаrriаgе prеfеrеnсеs: An еvtl lut iс lnary biologiсаl analysis. In R' D. Alехandег
and D. W. Тinklе' eds,' Nаturаl Sеlесtirlп апd SoсiаI Bеhаuiсlr: Rесеttt Rеsеаrсh
апd Nеu,, Thесlrу, 439-47 5. Nеw York: Сhiron Prеss.

Friсkе, Н. \x/. 1975. Еvo|ution of soсiаl systеms throrrgh sitе attaсhmеnt iп f ish.
Zеitsсhrift fiir Тiarpryсholоgiе (Еtbolоgу) 39z 2О6_210.

Grоss, М. R., аnd Е. L. Сhаrnov. 1980' Altеrnativе malе l i fе historiеs in Ьluеgi1l
surrfish. Pпrcееdiпgs сlf tЬе Nаtiсlпаl Асаdеm1' rlf Sсiепсеs USА 77:6937-6940.

Guеron '  s . ,  s .  A .  Lеv in ,  аnd D.  I .  RuЬеnstе tn .1996.  Thе с lynamiсs  o f  mammal ian
hеrds: From ir ldir, iduаl to aggrеgаtiot: 's. JrлtrпаI of ТbeorеtiсаI Biologу 182:
8.5-98.

Напilton. !и. D. 1964. Thеgеnеtiсаt еvolution of sосiаl Ьеhаviour: l  and II '  Jсlurпаl
of Thеtlrеtiсаl Bitllt,g1, 7: 1_52,



2.'4 Sociаl Bеhаuior аnd Soсiobiolсlgу

Irons, !И. 19ti1. \Хihy l inеаgе ехtlgапry? In R. D. Alехirndеr and D. Iй7. Tinklе, еds.,
NаtнrаI SеIесtitlп аlld Soсiаl Bebаuior: Raсепt Rеsеаrсh ttпс! Nеш 

-Гbеorу'

477-4з8. Nеw York: Сhiron Prеss.

Jarman' P.J. 1974. Thе soсial organisation of anrеIopе in rеlation to thеir есology.
Bеbаuior 48 215_267.

Kеаnе, B., Р. M. 
.Wasеr, 

S. R. Сrс.еl, N. М. Сrееl, L. F'. Еl l iott, аnd D..|. Minсhеl la.
1994. SuЬordinatе rеproduсtion in dwаrf mсlngooses. Aпimаl Bеhаuior 47:
65-7 5 .

Kruuk, H' 1975. Funсtiorr ir i  аsPесts сlf soсial lrrrnting Ьy саrnivorеs. ln G. Bаеrеnds.
С. Bееr, and A. Мanning, еds. ' Fuпсtioп апd Еuolutioп of Bеhаuit lur, 119_141,
Oxford: Сlаrеndon Prеss.

Laсk, D. 1968. Ессllсlgiсаl Аdарtаtioпs for Brееdiпg Birds. Londоn: Сhapman and
Нa l l .

Lеvin, S. А. 1999, Frаgilе Domiпiс>ll: Сomplехitу аlt,l thе Сommoпs. Rеading, МA:
Pеrsеtls Bol lks.

Lеwontin, R. С. 7979. SoсioЬiologу as an adaptаtionist program , BеhаuiorаI Sсiеnсе
24: 5-14.

Maynard Smith, J. 1977.Parental invеstmеnt: А prospесtivе аnalysis. Апimаl
Behаuior 2.5: 1-9 '

l4oеhlman, P. D. 1986. Thе есologv of сoopеrаtion ir-r сanids. In D. I. RrrЬеnstеin
and R. W. Y/rangham' еds., Ессliсlgiсаl Asресts o|'Sсlсiаl Еuсllutiсltt: Biтds апd
Моtппшls, 64_86. Pritrсеtot-t, NJ: Prinсеton Univеrsity Prеss.

Oriаns' G' 1969. on thе еvоlution of mаting systеms in Ьirds and mаmmаls.
Аmеriсап Nаturаl ist 103: 589_60З.

Paсkеr, с. 1986. Thе есology оf soсial ity in fеl ids. In D. I. RuЬеnstеin аnd
R. 

.W. .Wranghаm, 
еds., Еcсllсlgiсаl Аspесts о|.Sсtсiаl Еuolutiсlп: Birds апd

Маmmаls, 429_451. Pгinсеton, NJ: Prir-rсеtоn Univеrsitу Prеss.
Pасkеr, С', аnd l-. Ruttan. 1 98 8. Thе еvolutior-r оf ссlсlpеrativе lrrrnting. Amеriсаl l

Nаturаl ist 1 32: 1 59-1 98.
Pеnn, D., and \W. Potts. 1999. Thе еvolution of mаting prеfеrеnсеs arrd major

histoсompatibility сomplех genеs. Ашеriса|1 Ndturаlist 1 5 3 : 14 5_|64.
Rееvе' H. K., and F. l-. W. Rаtniеks. 1993. Quееn.quееn сonfl iсt in рolygynous

soсiеtiеs: Mutuаl tolеranсе :rrrd rеproduсtivе skеrv. In L. Kеl lеr, еd., Q,ueеп
Number апd Sсlсiаlitу iп lпsесts' 4.5-8.'. Oxfоrd: Oхford LInivеrsit1' Prеss.

RuЬеnstеir-r, D. I. 1986. Есologv and soсial ity iг l  lroтsеs and zеЬras. Irr D. I.
RuЬеnstеin and R. W. 

.Wrагlghаm' 
еds,, Есologiсаl Аspесts of Soсiаl Еuolutioп:

Birds апd Маmmаls, 282-З02. Prinсеton, NJ: Prinсеton Univегsity Prеss.
1'994.Thе есology of fеnralе soсial Ьеhаvior in horsеs, zеЬras аnd assеs. In

P. Jarman :rnd A. Rossitеr, еds., AпimаI Soсiеtiеs: lпdiuiduаls, Iпtеrасtioпs апd
Оrgапisаtit'lпs' 13_28. Kyoк): Кyoto Univеrsit,v Pгеss.

RuЬеnstеin' D. i . '  аnd M. Haсk. 2004. Natuгal аr-rd sехual sеlесtit ln and thе
еvolutiorr of mult i- lеvеl sсlсiеt iеs: Insights frorn zеЬras with сonlparisons to
primatеs. In P. Kappеlеr аnсl С. P. van Sсhaik. e ds., Sехuаl SеIесtiсlп iп
Primаtеs: Neш апd Сompаrаtiuе Pеrspесtiuеs' 266_279. СamЬridgе: СamЬridgе
Univеrsity Prеss.

RuЬеnstеin, D. I., and R. W. Wгarrglrаm. 1986. Soсioесology: Origins :rnd trеnds. In
D. I. Rubеnstеin аnd R. W. Wrаngham, еds', Еюbgiсаl Aspесts oi Soсial
Еuolutiсlll: Birds апd Матllrlпls, З_20. Prirrсеttln, NJ: Prinсеtоn Univеrsity Prеss.

Sсhееl, D., аnсl С. Paсkеr. 1991. Group hunting Llеhaviour of l ions: A sеаrсh for
сoopеration. Апimаl Bеhаuior 41 697_709.

Standеr' P. Е. 1992. Сoopеrativе hr.rnting ir-r l iоns: Thе rolе of thе indi l , iduаl.
Bebаuiorаl Есologу Soсiobkiogу 2.9: 445_454.

Тinbеrgеn, N. 1963. On aims аnd nrеthods оf еthologl'. Zсitsсhrift fiir T'iеrps1'сhologiе
(Еt h сl I o gi 20: 4 1 0-4'].].

Trivеrs, R. L. 1972а. Тl:
Biсllogу 46: 35_57.

|97zь. Pilrеntаl
Sеleсtioп апd tЬe D

1"97 4 . Parent-of
Trivеrs' R. L.' and H. H

Sсiепсе ,l'91':249-2

Vеhrеr-rсаmp, s. L' 1978
Ьil lеd anis (Сrotopl
4:  1-33.

IiИеdеkind, С., Т. SееЬес
prеfеrеnсеs in hum:
260:245-249.

Wеst.ЕЬеrhard, M. J. l9
Rеuiеtu сlf Есoltlgу

Wi l l iams, G.  С.  |966. А
Univеrsity Prеss.

Wynnе-Еdwаrds, V. С.
ЕdinЬurgh: olivеr e



. D. Alеxаnсlеr and D. W. Tinklе, еds.,
\.еcепt Rеsеаrсb апd Nеtu Thеorу'

lf аntеlopе irr rеlatior-r to thеir есоlogy.

)rееl, L. F. Еl l iott, аnd D. J. MinсhеlIа.
rf mongoosеs. Апimаl Behаt, ir lr 47:

l huntiпg Ь.v саrnivorеs. In G. Bаеrеnds,
ч апd Еuolиtiсlп of Behаuiour, 11'9-141.

|rееdiпg Bilzl.s. London: Сl-r:rpman аrrd

lехitу апd tbе Соmmoпs. Rеading, MA:

Japtаtiоnist program. BebаuЙlrаl Sсieпсе

tt: A ргospесtivе аnalysis. Апimаl

)еrаtion in саrrids. In D. I. RuЬеnstеin
Аspесts сlf Soсiаl t.,uolutiсlп: Birds апd
эton Univеrsitу Prеss.
g systеms irr Ьirds and пraпrmаls.

n fеl ids. In D. I. RuЬеnstеin arrd
lесts оi Soсittl Еuolutiсlп: Birds апd
' inсеton Univеrsity Prеss.
: ion of сoopеrativе huпting. Aпtеriсап

l of mаting pгеfеrеnсеs and major
'r iсаn NаturаIl 'sr 1.53: 145_164'

Quееn-quееn сonfl iсt in рolуgynous
псtivе skеw. In l,. Kеllеr, ed., Queеп
i. oхfоrd: oхtЪгd Univеrsity Pгеss.
ty in horsеs atrd zеЬrals. In D. I.

, Еcologiсаl Аspeсts of Soсiаl Еuolutirlп:
on, N'J: Prinсеton Univегsiгy Pгеss.
bеhaviоr in horsеs, zеЬras and assеs. In
i Soсiеtiеs: Int]iuiduаls, Iпtеrаctioпs апd
nivеrsity Prеss.
ural and sехual sеlесtion and thе
lts fr. ' tr l  zеЬras with соmpаrisсlns tо
Sсhаik, еds. ' Sехuаl Sсlес!i, ' tt in
есtiuе s, 266-27 9' СamЬridgе: СamЬridgе

)86. Soсioесоlogy: Origins and trеnds. In
n, еds., ЕсologiсаI Aspeсts of Soсiаl
Prinсеton, N.|: Рrinсеtorr Univеrsity Prеss'
rt ing bеhaviour o{ l ions: A sеагсh for
-709.

r l ions: Тhе rolе of t lrе indiviс]uаl.
45454.
lf еtЬology. Zеitsсhrift fйr Tiеrpsусbologiе

Soсiаl Bеhаuior апd Sociobiologу 255

Тrivеrs' k. L. |972a. Тlrе еvolution оf rесiproсal altruisпr. Quаrtеrlу Ret'iеu, of
Biologу 46z З5-57.

1972ь. Parеntаl invеstmеnt and sехuаl sеlесtion. Iп B. СampЬеlr|, ed', Sехuа|
Sеleсtioп апd thе Dеsсепt of Мап' |З6-179. Сhiсago: Aldinе-Athеrtсin.

197 4. P arent-offspring сonfl iсt. Аmеriсап Zoolo gi st |4: 249_264.
Trivеrs, R. L', and H. Harе. 1976,Нap|odiploidy аrnd thе еvolution of soсiаl insесts'

Sciепсе 191:249_26З.
Vеhrеnсаnrp' S. L. I978. Thе adаptivе signifiсanсе of сommunal nеsting in Groovе.

Ьillеd аnis (Спltophаgа sulсirostris). Bеhаt,iorаl Еcologу аnd Sociobiolrэgl,
4: 1-33.

!Иedеkind, С., T. SееЬесk, F. Bеttеns, and A. J. Pаеpkе. 1995. MFlс-dеpеndеnt mаtе
prеfеrеnсеs in humаns. Proсееdiпgs of the Roуаl Sсlсiеtу сlf Lсlпdoп, Sеriеs B
26О:245_249.

Wеst-ЕЬеrhard, М. .J. 1989. Phеnotypiс plastiсity and thе origins of divеrsity. Aпnuаl
Rеuiеtu of Есologу апd Sуstеmqtiсs 2О:249-z78.

'Williams' G. С. 1'966. Аdаptаtioп апd Nаturаl Sеlесtioп. Prinсеton, NJ: Prinсеton
Univегsity Prеss.

Wynnе-Еdwards, V. С. |962' Апimаl Dispеrsklп iп Rеlаtion to Sсlсiаl Bеhаuюиr.
ЕdinЬurgh: Olivеr and Boyd.



Human Еvolution

Непrу Iv4. NIсIfеnrу

Тlrе riсhnеss of thе human fossil rесord аllows rеasonaЬlе сonfidеnсе in rе-
сonstruсting <.lur еvolutiсlnary history' This rесord dеmonstrаtеs that humаn.
like forms appеaгеd Ьy aЬout 6 mill ion yеars ago and aссumulatеd morе
atrd morе human сhаraсtеristiсs through timе. As Darwin and his сontеm-
porагiеs prеdiсtеd, thе human linеagе shows сlеаr еvidеnсе of dеsсеnt with
modifiсation. Pеrhаps thе Ьеst dеmonstrаtion of tlris is thе еxpansion of thе
Ьrain through timе (TaЬlе 1)' Fossil spесiеs that wеrе сlеarly humanlikе in
Ьody and dеrrtition 6 to 3 mill ion yеars ago had аpе-sizеd br:rins that Wеrе
orrе-third thе sizе of thosе of nrodеrn lrumans. Just aftеr 2 rl i l l ion yеars ago
somе fossils show an inсrеasе to aЬout half thе sizе of Homo sаpiепs, and
ovеr thе pаst half mill ion yеars, modеr:rr Ьrаin sizе appеаrs in thе fossil
rесord (Сonroу 200.5; Sсhwi1rtz and Tаttеrsall 2002, 200з, 2005; Dеlson
еt a l .  2000).

Although Darwin аnd othеr еarly еvolutionists wеrе kееnly interеstеd in
hunl . rn еvolur ion аnd n ladе g,геаr str idеs i r l  intеrprеt in8 сompаrаt ivе mor-
phology fгom an еvсllutionary point of viеw, vеry fеw prеmodеrn humаn fos-
sils werе known in thеir day (Huxlеy 1863). By thе turn оf thе twеntiеth
сеntury' Ьits оf Nеandеrtals аnd ..Java п1аn'' еntеrеd thе сonsсiousnеss of
еvolutionary Ьiologists (Kеith 1915). B1,thе turn of thе twеtltу-first сеntury'
thousands of prеmodеrn fossils had found thеir wаy into thе world's musе-
ums, and knowlеdgе of humаn еvolutiorl had grown spесtaсularly (Dеlson
еt а l .2000: Сonroy 2005; K lе in 1999; Sсhwartz i rnd Tattеrsa l l  2002'200з '
2005; Holloway еt aL.2004). Thе riсhnеss of thе rесord is duе to thе intеll i-
gеnсе' skil l, zrnd dil igеrrсе of thе fiеldwсlrkеrs who find thе fossils and dеtеr.
minе tlrеil Ьiologiсаl and gеоlogiсal сoIrtеxts.

our Plaсе in Naturе

It was сlеar to Dаrwin and his сontеmporariеs that pеoplе sh:.rrеd a сommon
anсеstor with l iving apеs morе сlosеly thzrn with any othег anirnal' Thomas
Huхlеy (1863) Was a partiсularly strong advoсatе ftlr an apеlikе anсеstry of
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thе human linе, and Haесkеl (1s6s) imaginеd and namеd a spесifiс sеriеs of

forms from apеlikе to humanlikе.
Сuriously, thеir apе-man thеory (as it was latеr сallеd) was sеriously сhal-

lеngеd during thе first sеvеn dесadеs of thе twеntiеth сеntury. Thеsе сhal-

lеngеs inсludеd thе viеw thаt thе last сommon anсеStor wе sharеd with thе

animal world rеsеmЬlеd thе tarsiеr morе сlosеly than any apе (Jonеs 1918,

|926, |929). other еarly twеntiеth-сеnqury sсiеntists rесonstruсtеd thе last

сommon anсеstor as morе monkеylikе than apеlikе (Straus 1949) or as somе

kind of ..prе-apе'' without long fingеrs and uppеr.Ьody spесializations of l iv-

ing apеs (е.g., Napiеr and Davis 7959I. Bесausе modеrn humans appеar to bе

so divеrgеnt in shapе and bеhavior from othеr аnimals, thе timе of divеr-

gеnсе of thе human еvolutionary linеagе was oftеn givеn as quitе anсiеnt.

Thе ninеtееnth-сеntury ..apе.man'' thеоry сontinuеd to havе sцpPortеrs
(е.g., Grеgorу \9 |6, 1926, 7927 a, 1927ь, 1'928, 19 З 41 sИashЬurn 1 95 1 ), Ьut

until thе last thrее dесadеs of thе twеntiеth сentuгy thеsе wеrе rеlativеly

lonеly voiсеs (Flеaglе and Jungеrs 1982).

Among thе many important сhangеs in viеw and mеthod in human еvolu-

tionary studiеs during thе last fеw dесadеs of thе twеntiеth сеntury was thе

appliсatiоn of molесular Ьiology. Immunology providеd thе first insight. By

сomparing thе strеngth of thе immunе systеm,s rеsponsе Ьy onе spесiеs to

proteins of anothеr spесiеs, Goodman (1963\ quantifiеd an еstimatе of gеnе-

tiс rеlatеdnеss among primatе spесiеs. Thе rеsults wеrе shoсking at thе timе

to most сomparativе anatomists. Contrary to prеvail ing undеrstanding at thе

timе, humans wеrе morе similar to Afriсan apеs (сhimpanzее and gorilla)

than Afriсan apеs Wеrе to thе Asian grеat аpе (orangutan). Monkеy spесiеs

wеrе far morе distantly rеlatеd. Morе sophistiсatеd immunologiсal mеthods
(Sariсh and.!Иilson 1966) and DNA hyЬridization (Hoyеr et a|'. 1964) con-

firmеd thеsе еarly rеsults and rеvеalеd that сhangеs in somе maсromolесulеs
(е.g., alЬumin) wеrе rеlativеly сonstant through timе (Sariсh and 

.Wilson

1967). Сonstanсy of сhangе pеrmittеd еstimatеs of timе of divеrgеnсе of еvo-

lutionary l inеagеs as long аs thе ratе сould Ье сaliЬratеd Ьy a known datе of

divеrgеnсе and thus providе a Ьasis for dеvеlopmеnt of a ..molесular сloсk.' '

Sariсh and 
'Wilson 

(\967) usеd thе datе of 60 mill ion yеars for thе divеrgеnсе

of sеvеral mammalian ordеrs to сalсulatе thе ratе of сhangе in alЬumin.

From this thеy сalсulatеd that thе divеrgеnсе of thе linеagеs that lеd to hu-

mans and Afriсan grеat аpеs oссurrеd 4.2 mill ion yеаrs ago. SuЬsеquеnt rе-

finеmеnts plaсе thе datе somеwhеrе Ьеtwееn 10 and 5 million yеars Ьy most

сurrеnt еstimatеs (Kumar and Hеdgеs 1998; Kumar еt al. 2005; Holmеs еt al.

1989; Сhеn and Li 2001; Arnason еt al. 2000; PilЬеam and Young 2004;Pat-

tеrson еt a|.2006; Glazko and Маsatoshi 2003; Stauffеr еt al.200]). !7ith

thе advеnt of DNA sеquеnсing it is now сlеar that humans arе vеry сlosеly rе-

latеd to thе Afriсаn grеat apеs) and thе timе of divеrgеnсе of thеir еvolution.

ary l inеagеs is rеlativеly short from thе pеrspесtivе of mammаlian еvolution.

A sесond important сhangе in thе latеr pаrt of thе twеntiеth сеntury was in

thе mеthods of сomparing morphology of spесiеs. Molесular approaсhеs

сannot Ье appliеd to fossiis muсh oldеr than 70'000 yеars (Krausе еt al.
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ТаЬlе 1. Speсiеs, datеs, Ьody size, Ьrain sizе, аnd postеrioг tootЬ sizе in еarly hominids

Мassз
Datеs2 Ma1е Fеmalе Mаlе

Staгurеa
Fеmalе ЕсV5

Brain Postсanine
wеight6 tooth arеa7 ЕQ'Taхonl MQ,

Рап troglodуtes
Sаh еlапthr opu s tсh аdeпsts
Оrroriп tugeпепsis
Ardip itb e сus kаdа |э|эа
А u st rа lo p i t ll е с us апаmепs is
A u st rа l o p it h t' с и s а [а r е n s i s
Аus tr аlop it l l е cus аfr i саnu s
Pаrаnthr opus аeth iop iсus
Pаrапthropus boisеi
Pаr аnth r opи s rt:l bustus
Aиstrаlop itb e с п s gаrb i
Hrllllo Ьаbilis
Hсlmo rudolfeпsis
Homo ergаstеr
Homo ereсtus
Horпo bеidelЬеrgeпsis
Late H omo nе.lпdеrtb.llепsis

Homo floresieпsis
Homo sаpieпs

0.09-0.01 29
Ехtant 58 49

Еxtant
7-6
6

5.2-5.8
4.z_З.9
3.9-3.0
З.0_2.4
1 - 7  1 1

2 'З_I .4
1 .9-1.4
2 . 5 -

7 . 9 - r . 6
2 .4-1 .6
1 .9-1 .7
1 .1-0 .01
o.6-0.2
o-2-o.o3

49

+ l

;
45
4 l

49
40

- ) /
60
66
66
77
77

41,

t +

.)z

;
l J l

1 5 1
1 З 8

1 з 7
132

1 3 1
1 6 0
1 8 0

, . -
t o  /

775

й
115

r24
110

100
150
160

зЗ
29
30

;
51
56
56
56
66 . l  

58

З65

4 ;
452
41О
521
530
4s0
6 1 2
752
871.

I , 0 5 0
1 , \ 9 4
7 , 4 1 4

З95

4;
448
4О7
5 1 4
523
446
601
7з6
849

1,01.9
\ , 1 5 6
7 . з62

294

329
.)Ч /
428
460
516
688
756
588

478
572
-) /  /
402
3 8 9
33-5

t06 380
t61

з78
1 '350 ЗЗ4

:Y

2..4 1.7
2 .7  2 .О

2 . 7  2 . 7
3 .0  2 .2

з . 6  1 . 9
-1 .1  1 .5
3 .З  0 .9
4 .0  1 .0
4 .2  0 .9
4 .7  0 .7

2 . 6  1 . 8
5 .8  0 .9

1. Taхtlnomr, Ьаsеd on Klеin (1999) rvitЬ аddit ions from Brunеt еt al. (2002), Sеnut еt al. (2001)' Brown еt al. (2004), and HаiIе-Sе|assiе еt аl. (2004).
2. Dаtеs (in mil l ions of yе:rrs аgо) аrе from Кlеin \1999)' wiгh аddit ions frorn Brunеt еt al. (2002), Sеnut еt аl. (2001), Br<lr- l ,n еt a|, (2004) anсl Hai lе-Sеlаssiе

е t  a l '  (2004) .

З. Body пrass еstimatеs (in kg) arе from МсНеnrу 0992\ ехсеpt for thе fol lor- l , ing: o. tugепепsis is frorn Nаkatsukаsa еt al. (2007)' whеrе 4] is thе mid-
point of thеir rа llgе аnd thеy did not spесify sех; А. апаmепsis malе is from Lеа kеy еt al. ( 1 99.5 ); А. апаlпепsis fеmalе is сalсul:rtеd frсlm thе rаtio of lrlаlе and



Aи str а l op it h е сus апаmeп.si s
Аustrаlop ith eсus аfаrеnыs
Аиstr аlop ith e сu s аfr i с апu s
Раrапth rсlpиs аеth iop iсus
Pаrапthropиs boisei
Pаrапthropus robustus
Аustr аlop ith есus gаrh i
Homo hаbilis
Homo rudolfепsis
Homo еrgаster
Homo еrectus
Homo hеidelbеrgensis
Late Homo neапdertb аlеnsis

Нomo floresiепsis
Homo sсIpieпs

0.09-0.01 29
Еxtant 58 49

1 0 6  3 B 0  З 7 8
16,| '  1,350 ЗЗ4
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3.9-3.0
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2.7-2.2
2 .3 -1 .4
1 .9 -1 .4
2 .5 - ?

1.9-r .6
2.4-1.6
r .9-r .7
1 . 1-0.0 1
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2 .7  2 .7
3 .0  2 .2

r*
1 1 5

1 2 4
1 1 0

;
1 3 8

1 з 7
t -'tL

J J

29
30

-)a
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1,194
1,414

4З4
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5 \ 4
52з
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6О1
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1. ,362

+ L 6

460
516
6 8 8
756
s 8 8
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572
З77
402
З89
3 3 5

l . a

2 .4  1 .7
2 .7  2 .0

з . 6  1 . 9
3 . 1  1 . 5
3 .3  0 .9
4 .0  1 .0
4 .2  0 .9
4 .7  0 .7

2.6  . l  .8
s .8  0 .9t 75

1. Taxtlnсlmy Ьаsеd on Klеin (1999) with аddit ions fronr Brunеt еt al. (2002), Sеnut еt аl. (2001), Brown еt al. (2004)' and Hailе-Sеlаssiе еt аl. (2004).

2. l)atеs (in mil l iс lns <lf yеаrs аgо) аrе from KIеin (1999), ц, ith addit iс lns from Brunеt еt al. (2002), Sеnut еt al. (2001), Brrlwn еt al. (2004) and Hаilе-Sеlаssiе

е t  а l .  (2004) '

З. Bodу mаss еstimаtеs (in kg) arе fгсlm МсHеnrу (|992-) eХсеpt for thе fol|оwing: О. tugепепsis is fr<lm Nаkаtsukаsa еt al. (2007)' whеrе 41 is thе rrr id-

point <lf thеir rangе and thеy did not spесify sех; А. апаmепsis mаlе is from Lеakеy еt al. (1995); А. апаlпепsis fеmalе is саlсulatеd from thе rаtio of mаlе and

fеmаlе in А. аfаrеtlsis; Н. еrgаstеr' H. еrесtиs, H. heidеlbеrgеzsш, and |ate H. пеапdеrthаIепsis аrе from Ruff et al. (1998); and H. florеsiеzsis is from Brоwn еt

а l .  (2004)
4. Stаturе еstimаtеs (in сn.r) arс from МсHеnrу (991) ехсеpt for О. tugeпeпsis' whiсh is from Nаkаtsukаsa еt al, |20О7)' whеrе 13l is thе midpoint of thеir

rаngе and thеy did nсlt spесify sец Н. еrgаstеr, whiсh is from Ruff аnd 
.Walkеr (1993); H, еrесtus, H. hеidеIbеrgeиsls, and latе Н. пеапdеrthаlепsis' whiсh аrе

fronl Ruff еt аl. (1998); and H. | lorеsieлsis, whiсh is frсln.r Brown еt al. (2004).

5. ЕсV is сraniаl саpaсity in сс froпr sourсеs l istеd in MсHеnry (1994a;1994Ь) u,ith thе addit ion of S. tсhаdепsls (Zol l ikofеr еt а1. 2005); А,L.444-2 (540

сс) to А. аfаrепsis (Кimbеl, реrsonаl сommuntсatiоn); Stw 505 (51.5 сс) to А. аf l . iсапus (Ссlnrсly еt аt. 1998); P. аеthi<.lpiсus (Walkег еt al. 1986); KGA 10-525

(545 сс) to P. bоisеi (Suwа еt a|. 1997|; and BOU-VP-12/1 З0 (4.50 сс) to А. gаrhi (Аsfaw ct aI. |999). Н' еrесtus, H. hеidеlbеrgеиsls, and |ate Н. пеапdетthаl-

епsis arе from Ruff еt а1. (1998), and H. | loresiеzsls is from Brсlwn еt аl. (2004).

6. Brаin wеight is сalсulatеd from formula (6) in Ruff еt al. (1998).

7. Postсaninе tootЬ arса (in mm2) is thе sum of prоduсts of buссal- l ingual аnd пrеsio-distаl lеrrgths of l , . , М', аr"rd M. irnd is takеn from MсHеnrу |1994Ь)
with thе аddit ion of S. tchаdепsis еstimаtеd from TM266-02-154-1 reportеd in Brunеt еt аl. (2002); (). tugепепsis frсlm Sеnut еt al. (200.lI; '  Ar. kаdаbbа from

Наilе-SеIаssiе еt al. (2004); Аr. rаmidus frt lmliИhitе еt al. (1994); А. апаmепsis from I,еаkеy еt аl. (1995); H. еrесtus, H. hеidеlbеrgеиsls, аnd latе Н' nеап-

dеrthаIепsis frorn Wоlpoff (1971,1982I; and H. |lorеsiеиsis from Brown еt al. (2004).

8. ЕQ is thе еnсеphаl ization quotiеnt сalсulatеd аs Ьrаiгt mаss dividеd Ьy (11.22xbody mass(). '6) from Mаrtin (1981).

9. MQ is thе mеgadontial quotiеnt dеrivеd as рostсаnit-tе tooth arеа dividеd by (12.1.5хbody mass()86) from МсHеnry (1988).
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2О071Оr|ando еt аl. 2006), so morphology is thе only guidе tсl undеrstand-
ing rеlationships. Сlosе еvolutionary rеlationships сan Ье infеrrеd from simi-
larity in morphology (sее Figurе 1)' Ьut not withоut сarеful analysis of thе
сausеs of rеsеmЬlanсеs. Еvolutionary Ьiologists havе always Ьееn awarе of
this, of сoursе, Ьut a formal approaсh to makе сomparisons of form only
took hold in thе latеr part of thе twеntiеth сеntury.

Will i Hеnnig (I966) formalizеd thе approaсh to сomparing morphology of
spесiеs Ьy noting that rеsеmЬlanсе of form did not nесеssarily imply сlosе
phylogеnеtiс affinity. Similaгity may Ье duе to sharing primitivе сhаraсtеriу
tiсs that arе not hеlpful in dеtеrmining Ьiologiсal rеlationships. Aspeсts of
thе dеntition of thе 28-million-yеar.ol d Propliopitbесus, for ехamplе, rеsеm-
Ьlе thosе of modеrn humans morе than thosе of modеrn apеs (Kurtеn 1972),
but thеsе arе duе to thе rеtеntiсln of anсеstral traits and not to thе еvolution
of uniquе traits sharеd only Ьy dеsсendants and not presеnt in othеr сlosеly
rеlatеd spесiеs. Somеtimеs similaritiеs аrе duе to parallеl or сonvеrgеnt еvO.
lution rathеr than dеsсеnt from a сommon anсеstor. Thе wings of Ьirds' Ьaв,
and Ьuttеrfl iеs arе similar, Ьut not Ьесаusе thеy еvolvеd from thе samе
wingеd anсеstor. Thе tеrm homoplаsу is usеd to dеsсriЬе thе phеnomеnon
whеrе organisms sharе uniquе traits that еvolvеd indеpеndеntly in sеparatе

(flaked stonе
агtifаds

unknown)

б--\
Sahelanthropus

tсhadensis

Figurе 1. A working hypothеsis of еvolutionаry rеlationships within thе human
fossil rесord, rеdrawn from R. G. Klеin.
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linеs of dеsсеnt. Homoplasy is pеrvasivе in human еvolution (МсHеnry
1996|.Becausе Hеnnig's mеthod foсusеs on thе сharaсtеristiсs of еvolution-
ary divеrgеnсе, it is oftеn rеfеrrеd to as сlаdistiсs' А сlаdе in this voсaЬulary
is a uniquе еvolutionary Ьranсh оf thе trее of l ifе dе6nеd Ьy shаring uniquе
traits that arе not shаrеd in сlosеly rеlatеd Ьranсhеs. Неnnig сallеd suсh
sharеd uniquе traits ..synapomorphiеs,' ' whiсh is usually translatеd as
..sharеd dеrivеd.' '

Thе powеr of this logiс pегvаdеs еvolutionary Ьiology (Hull 1988) and
hеlps rесonсilе thе findings of molесular Ьiology with thе intеrprеtаtion of
thе fossil rесord. As a rеsult, thе tеrms usеd to сlassify our biologiсal rеlativеs
now rеflесt our truе gеnеtiс rеlationships. Thе old tradition plaсеd grеat apеs
(orangutans' goril las, and сhimpanzееs) into thе family Pongidaе and hu-
mans into Нon-rirridaе' but thе tгuе gеnеtiс affinitiеs forсе a rесlassifiсation
that rесognizеs thе Asian grеat apе as thе family Pongidaе and thе Afriсan
сladе as thе family Hominidае. \Х/ithin thе family Honrinidaе arе thе suЬ.
familiеs Gоril l inaе (goril la), Paninaе (сhimpanzее), and Homininaе (hu-
mans). It is a usеful rеmindеr that wе arе tightly nеstеd in thе ЬLrsh of l ifе's
oгganiс forms and that thе origin of our uniquе linеagе is vеry rесеnt.

Bеforе Hоminins

our сlosе gеnеtiс rеlationship to thе Afriсan grеat apеs impliеs an Afriсan
origin of our еvolutionary l inеagе. Fossil disсovеriеs сonfirm this. Unfortu-
natеly' thе fossil гесord of thе origin of thе Afriсan сladе (goril lаs, сhim-
panzееs' and hunrans) is poorly doсumеntеd. Thе Asian сladе of our family is
Ьеttеr known. Disсovеriеs in thе foothills of thе Himalаyas arе partiсularly
rеvеaling. In sеdimеnts that datе Ьеtwееn aЬout 12 and 8 mill ion yеars ago'
forms appеar thаt rеsеmЬlе tlrе ofangutan in mаny spесifiс faсial fеaturеs
(PilЬеam 1982|. Siuаpithеcus is thе gеnus namе that inсludеs fossils with thе
uniquеly orang-likе fеaturеs of narrow spirсе Ьеtwееn thе еyеs, ..prowlikе',

profi lе of thе faсе Ьеlow thе nosе' сonstruсtion of thе palаtе, and matly othеr
fеatuгеs that among thе living spесiеs oссur in thе оrаnguta n (Pongсt) '

Thе faсе of thе Asian сIade (Siuаpitheсlts and Poпgсl| сontrasts with that of
thе Afriсan сladе (gоril las, сhimpanzееs, and humans), Ьut thе rеsеmЬlanсе
of thеsе living spесiеs may Ье duе to sharing primitivе сharaсtеristiсs and
may not' Ьy thе logiс of сladistiсs, Ье usеful in dеtеrmining truе rеlationships.
Мost palеontologists aссеpt thеsе rеsеmЬlаnсеs as suffiсiеntly r"rniquе to
qualify Еuropеan fossil gеnегa suсh as Drуopithесus (8_13 mill ion yеaгs
ago), Ourаnopitheсus (9_10 million yеars ago), and pеrhaps Piеrolаpitheсиs
(12.5-1З mill ion yеars ago) (Moyi-Soli et a|' 2004; Bеgurl and rwаrd 2005)
as part of thе Afriсan сladе (Bеgun 1994;F|eag|e 1999). Thе fossil rесord in
Afriсa for Мioсеnе mеmЬеrs of Hominidaе (Afriсan apеs and humans) is
sparsе' Ьut diligеnt attеmpts сontinuе to promisе nеw disсovеries' Кenуа.
pitbесus (16 to 74 mill ion yеaгs ago) and rеlatеd gеnеra (Еquаtoriиs, 16 to
i5 mill ion yеars ago) appеar to Ье part of thе Afriсan сladе with l iving nrеm-
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bеrs, Ьut еaсh has its own spесializations that mаkе thеm lеss attrасtivе as

сandidаtеs for anсеstry of l ivirrg spесiеs of Нominidае (МсСrossin and Bеnе-

Еt 1997\.
T.hе palеoеnvironmеnt within whiсh our аnсеstors еvolvеd was influеnсеd

profoundlу Ьy drаmatiс fluсtuations irr world сlimatеs ovеr thе past 7 mill ioп

yеars (VrЬa et a|. 19951Bromagе and Sсhгеnk 1999; Potts 2007; Piсkford

2006; Bеhrеnsmеyеr 2006).Intеnsе pеriods of сold tеmpеraturеs in highlati.

tudеs rеsultеd in еpisodеs of drought in thе tropiсs' Thesе appеаrеd :rt 16_13'

6.5-5, аnd 2.8 mill ion yеars ago' and Ьеginning at 2.5 mill ion yеars ago' thе

еarth еХpеriеnсеd 21 сyсlеs of glaсiation in highеr еlеvations and lаtitudеs

aссompaniеd Ьy rеduсtion in rainfall in еquatorial lands, еspесially Afriсa.

HaЬitats fаvorеd Ьy hominids (anсеstors of thе Afriсan apеs and humans)

сontraсtеd and еxpandеd. Thе fossil rесord of hominids in thе Мiddlе аnd

Latе Мioсеnе is frustratingly inсomplеtе, and almost nothing is known of thе

linеagеs thаt lеd to сhimpanzееs and goril las. Suгprisingly, muсh more is

known of thе fossil rесord of our own Ьrаnсh, thе Homininaе.

Thе Еarliеst Hominins

Rесogr-rition of thе еаrliеr mепrЬеrs of Homirrinaе is guidеd by undегstanding

gainеd from molесtrlаr Ьiology and сladistiсs. Thе molесular сloсk Ьraсkets

thе гimе of divеrgеnсе somеwhеге Ьеtwееn 10 and .5 mill ion yеars Ьy most

сuгrеnt еstimatеs. By thе logiс of сladistiсs, thе еarliеst aпсеstor of humans

сan Ье rесognizеd Ьy thе prеsеnсе of traits uniquе to thе linеagе. This is ob-

vious Ьut is еasily сonfusеd Ьy naivе viеws of prе-Hеnnigiаn сomparativе

morphology that сontinuе to plaguе human еvolutionary studiеs. If it looks

likе an apе' it is not nесеssаrily ехсludеd from thе human rеalm. 
.W.е 

now

know оf аn ехtraordinary rесord of an apеlikе-Ьесoming-lrumanlikе sе-

quеnсе of fossils. Thе еarliеst mеmЬеr of this sеquеnсе loсlks vеry apеlikе. By

сlаdistiс logiс, that is ехaсtly what onе would ехpесt.

Thе еarliеst сandidatе for mеmЬеrship in thе suЬfarrri ly Hoпlininaе Ь

Sаhеlаnthropus tсhаdепsis (Brunеt et a\. 2002). This prесious fossil skull

frorrr Сhad was found in sеdirnеnts that сontil inеd fаuna linkеd with datablе

sеdimеnts in Еthiopia аnd North Afriсa 7 to 6 mill ion yеars ago. Its ovеrall

appеaranсе is quitе apеlikе' inсluding an еstimatеd Ьrain sizе slightly Ьеlow

thе avеrаgе for l iving сhimpanzееs (TaЬlе 1). But Ьy thе logiс of сlаdistiсs,it

sharеs with latеr hominins uniquе tгaits that dеfinе our l inеagе. Thе most im-

poгtant of thеsе is thе сanir-rе that, unlikе that of аpеs and primatеs in gеn-

еrаl, doеs not projесt or wеar against its lowеr prеmolar. This is a signifiсant

fеaturе thаt wаs rесognizеd as an important diffеrеnсе Ьеtwееn apеs and

pеoplе Ьy many, inсlшding Darwin \|872\.
Small саninеs arе signifiсant. Darwin (|872) notеd that whеn human аn.

сеstors first stood еrесt' thеy frееd thеir hands and сould Ьrandish wеаpоns

foг thrеat аnd fight, thus no longеr rеlying <rn largе сaninеs. Small саninеs

сarry spесial signifiсanсе, Ьut it is not too diffiсult to imaginе othег rеasons
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for sеlесtion thаt favоrs rеduсtion to rеliеvе thе еxpеnsе of growing suсh dag-
gеrs. Anothеr hominin novеlty sееn in S. tсbаdensis is thе forward plaсеmеnt
of thе foramеn magnum' In ovеrall morphоlogy (Zoll ikofеr еt al. 2005),
howеvеr, Sаbеlапthroprzs is apеlikе, as Ьrfits a spесiеs сlosе to thе origin of
thе human linеagе. Its Ьrain is minusсulе сompаrеd with that of modеrn hц_
mans. It has еnormous brow ridgеs that аrе еvеn largеr than thosе of modеrn
apеs or еarliеr mеmЬеrs of thе gеnus Homo whеrе Ьrow ridgеs appеar aftеr
having Ьееn lеss dеvеlopеd in еarliеr spесiеs of our l inеagе.

Thе disсоvеrу of Sаhеlапthropus is duе ttl the pеrsistеnсе, skill, and сlеvеr-
nеss of Miсhеl Brunеt and his tеam' inсludiпg DjimdoumaЬayе Ahounta' thе
Сhadian studеnt who found thе skull. Its loсation 2'500 km wеst of thе Еаst
Afriсan Rift, whеrе almost аll thе othеr еaгliеst hominins wеrе found, rе-
minds us to Ье mindful of thе limitеd ехtеnt of ouг sаmplе.

Almost all of thе vеry еarliеst fossil rесord of our еvolutionary history
сomеs from thе Afriсan Rift Vallеy. Bесausе of еxtraordinary gеologiсal
еvеnts' many latе Mioсеnе to Rесеnt tеrrеstrial fauna arе prеsеrvеd in sеdi-
mеnts layеrеd Ьy volсaniс ashеs that сan Ье datеd by thе radioaсtivе dесay of
naturally oссurring potаssium-40 to argon-4O. Fossils Ьuriеd bеnеath layеrs
of ash in Еthiopia, Kеnya, and Tanzаnia pгovidе most of thе еvidеnсе for
thе еarly paгt of thе stoгy of human еvolution arrd thе сonteхt in whiсh it
oссurrеd.

Thе first сhaptеr in this story сoпlеs from fossils Ьеnеath ash layеrs datеd
to just lеss than 6 mill ion yеars ago in thе Tugеn Hil ls of Kеnya (Sеnut еt al.
2001; Piсkford еt al. 2002; Sawada еt al. 2002). Namеd Оrrorin tugепeпsis,
this spесiеs сomЬinеd apеlikе tееth and forеlimЬs with humanlikе thighs that
appеar to bе adаptеd to Ьipеdality (Piсkford еt al. 2002; Riсhmond and

Jungеrs 2008).
Slightly latеr in timе (5.8_4.4 mill ion yеaгs ago) is thе сollесtion of thе

Еthiopian spесinrеns rеfеrrеd to as Аrdipithеcus (Hal|е.Sеlаssiе 2001; Woldе-
GaЬr iе l  еt  a l .2001; Hai lе-Sеlass iе еt  а l .2004; Whitе eta l r .  |994, t995).  As
witЬ Оrroriп tt,tgепепsis and as ехpесtеd in аn еarly anсеstor' it is apеlikе in
most rеspесts, Ьut it doеs sharе сеrtain kеy traits with latеr hominins. Among
thеsе is a сaninе tooth that is lеss projесting and lеss pointеd than that of fos-
sil or modеrn apеs and a сraniаl Ьаsе that is shortеr. Its toеs apparеntly had
thе aЬil ity to hypеrехtеnd likе thosе in Ьipеdal humans (Hailе-Sеlassiе 2001).
It l ivеd in a сlosеd woodland еnvironmеnt (WoldеGaЬriеl еt аl' 1994.200t\.

AшstrаIopithecus and othеr Hominins
4.2_2.5 Мillion Yеars Ago

Thе fossil еvidеnсе for hominin Ьipеdality is hintеd in intеrprеtations of
Sаhеlапthropus tchаdeпsis, orrorin, and Аrсlipithесus' ЬutЬу 4.2_З.9 million
yеars ago thеrе appеar in thе fossil rесord fossils attriЬutеd to Austrаlopithe-
сus апаmensis thаt PoSsеSs a shinЬonе with nut-tlеrous Ьipеdal spесializations
(Lеakеy еta|.  |995,1998; !7ard еt  a l .2001; Whitе еt  aL.2006).  This  spес iеs
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rеtains numеrous apеlikе сharaсtеristiсs, l ikе its prеdесеssor' Ьut shаrеs сеr-
tаin еvolutionary novеltiеs with all latеr hоminins that aге not pгеsеnt in thе
more primitive Ardipithеcus' Мost сonspiсuous is thе thiсkеning of еnamеl

that Ьесomеs сharaсtеristiс of all lаtеr hominins. Its uppеr сanine has thiсk-

еnеd enamеl on thе сhееk sidе of its apех. Thе molars аrе ехpalrdеd from

sidе to sidе, and thе first and sесond molars arе not markеdly diffеrеnt in

sizе. Thе еаr tuЬе is morе humanlikе. Its dесiduous lowеr first molar is rе.
poгtеd to Ье intеrmеdiatе Ьеtwееn thosе of Аrdipitheсus and A. аfвrensisin
sizе and shapе. In thе rеst of thе skеlеton it is vеry muсh likе latеr hominins
(fеw dеtails of Аrdipithесus ate puЬlishеd), еspесially its еlbow, knее, and
anklе.

Thе samplе of А. аfаreпsis (3,6_2.9 million yеars ago) is Ьеst known from

Laеtoli (Tanzaniа) and Hаdar (Еthiopia), is latеr in timе than А. апаmeпsiц

and sharеs dеrivеd сharaсtеristiсs with latеr hominins suсh as an еar tubе that
is more roundеd in outlinе, а сaninе with a shortеr сrown аnd highеr shoul-

dеrs, a morе humanlikе lowеr first dесiduous molar and pеrmanеnt prеmolar'

and a lеss sloping сhin. Also, onе of thе wrist Ьonеs (thе сapitatе) is lеss prim.

itivе (although not fully modеrn) (Johаnson еt al. 1982; Lеakеy eta|'\995,

1998; Whitе et a|. 2006; Alеmsеgеd еt al. 2006; KimЬеl et aL.2006)'
Kепуапthropus plъtуops (3.5-3.3 mill ion yеars ago) ovеrlaps in timе with

A. аfаrепsis Ьut appеars to Ье quitе distinсtivе irr its moгphologv (Lеakеy

еt al.2001). In somе rеspесts it is moге primitivе than its сontеmporary. tоr

еxamplе, it laсks a pеtrous сrеst on thе tympaniс Ьonе and has a narrow eх-

tеrnal еar ttrЬе with a small apеrtuге morе likе that in еarliеr hominins and

not likе that in А, аfаrеnsis. In othеr respесts it rеsеmЬlеs muсh lаtеr ho-

minins' partiсularly H. rudolfепsis, in having a rеlагivеly flat faсе, tall сhееks,

smаll molars, and forward faсing сhееkЬonеs. Thеsе lattеr traits arе rеlаtеd

to mastiсation that' aссording to Lеakеy еt аl. (2001,437), ..suggеsts a diеt-

drivеn adaptivе radiation among horninins in this timе intегval.' ' It is possiЬlе

that thе rеsеmЬlanсеs Ьеtwееn H. rudolfeпsls and K. plаtуrlps arе duе to
phylogеnеtiсаlly indеpеndеnt еvеnts drivеn Ьy adaptations to similar situa-

tions and arе, thеrеЬy, onе morе ехamplе of thе pеrvasivеnеss of homoplasy'
It is еqually possiЬlе that thе rеsеmblanсеs rеprеsеnt truе homology and im-

ply a сladе that l inks К. plаtуops with H. rudolfепsis' Lеakеy еt al. (2001) fa.

vor thе lattеr viеw, whiсh suggеsts transfеrring H. rudolfeпsls to thе gеnus

Keпуаnthro1lus (i.e., K. rudolfепsls). Although thе fасе of Kепуапthropus ap-

pеars similar to that of H. rиdolferz'sls, somе or all of this rеsеmЬlanсе may Ье

duе to ехpаnsion сraсks that havе distortеd Kenуапthropиs сonsidеraЬly
(Whitе 200з).

Thе nехt-oldеst hominin spесiеs is А. gаrbi (2.5 nril l ion yеars ago). It has

somе sharеd dеrivеd traits with latеr and сontеmporary hominin spесiеs rеl-

ativе to А. аfаrепsis (Asfаw et a|' 1999\. Rеlativе to А. аfаrепsls, ir sharеs

with А. аfriсапus and thе ..roЬust'' australopithесinеs aЬsolutеly and rеlа-

tivеly largеr сhееk tееth. Its uppеr third prеmolaг is rеportеd to havе a morе

oval outlinе аnd nо mеsioЬuссal l inе eхtеnsion. Its prеmolars arе Ьеginning

to show somе еХpansion (molarization), and its еnamеl is thiсkеr. Its uppеr

inсisor roots arе no l
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inсisor roots arе no longеr latеral to thе nasal apеrturе' as thеy arе in
А. аfаreпsis. Тhе rеlativе sizеs of thе postеrior tеmporalis аnd pariеtomastoid
anglе arе Ьеginning to rеduсе, as thеy do in all othеr spесies of post-аfаrепsis
hominin ехсеpt P' аеthiopiсus.

Thе South Afriсan spесiеs' A. аfricапus (3_2 mill ion yеars ago), is roughly
сonteпporary with А. gаrhi and latеr in timе than А. аfаrensis. It possеssеs
somе traits that appеar to Ье dеrived and sharеd witЬ Homсl rеlativе to thеsе
spесiеs (Asfaw et aI. 1999)' Thеsе inсludе uppеr latеral inсisor roots that arе
mеdial to thе nasal apеrturеJ а flаttег сlivus сontour, rеduсеd suЬnаsal prog-
nathism' rеduсеd inсisor proсumЬеnсy' and rеduсеd Ьipartitе latеral anteгior
faсiai сontour.

Thе ..RoЬust'' Australopithесinеs

In 1938 RoЬеrt Broom гесognizеd a mostly unantiсipatеd сhaptеr in human
еvolution Ьy his dеsсription of whаt hе сa||еd Pаrапthropиs (Bгoorn 193s).
Its tееth, jaws, and faсе wеrе massivеly Ьuilt (hеnсе thе namе robustus\, and
Broom and suЬsеquеnt authors rеgardеd it аs a sidе Ьranсh of human еvolu-
tion (Robinson 1972). Howеvеr, in many important rеspесts Pаrаnthropиs
sharеs many dеrivеd fеаturеs witЬ Homo (Skеlton and МсHеnrу 1992) and
may Ье сlosеly rеlatеd to ouг gеntls. It is сomnron to lump lагgе_tooth ho-
minins togеthеr as ..roЬust' ' australopithесinеs, Ьut this grouping may Ье in-
appropгiatе. Тhе еarliеst of thе ..roЬust' ' austгаlopithесinеs, P. аethiopiсus
(2.7-2.З mill ion yеars ago), sharеs r.еry fеw dеrivеd сharaсtеrs with latеr ..ro-

Ьusts' ' or Homсэ tlrat arе not rеiаtеd to hypеrmastiсаtion (Grinе 1988). It has
massivе сhееk tееth and сhеwing appаratlrs Ьut rеtains thе primitivе skull
сharaсtеristiсs of А. аiаrепsis (!Иalkеr et aI. 1986), Thе latеr ..roЬust'' spесiеs,
P. robustus (2_1 mill ion yеars ago) arrd P' boisei (2'З-I.4 mill ion yеars ago),
do sharе apparеnt еvolutionaгy novеlties with Нoпo rеlativе to othеr aus-
tralopithесinеs, suсh as a paraЬoliс dеntal arсadе shapе, dееp antеrioг depth
of thе palatе' rarе or absеnt diаstеma betwееn thе uppеr inсisors and сaninе,
a variаЬlе to wеak саninе jugum and fossa, rеduсеd sr-rЬnasal pгognаthism'
and еnlaгgеd Ьrain (Skеlton and N{сHеnrу 199\ Strait еt a|.7997i Strait and
Grinе 2004).

Origin of Homo

onе might dеspair at thе apparеntly сonfliсting еvidеnсе for thе origin of thе
geпls Homo, Ьut from thе pеrspесtivе of the ассumulation of sharеd dеrivеd
traits' thе fossil rесord is lеss pеrplехing. Brains ехpand, and сЬееk tееth rе-
duсе' In onе spесiеs, H, hаbil is (2.з_1.6 mill ion yеars ago), thе Ьody appеars
to rеmain l ikе that of АltstrаIopithecиs, small with rеlаtivеly long forеarms
and powеrfully Ьuilt shouldеrs (Haеuslеr and МсHеnrу 2007).If onе aссеprs
thе assoсiаtion of thе hindlimb fossils found at thе samе sitе and timе as thе
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сrаniodеntal rеmains of H. rиdolfeпsis (-1.9 mill ion yеars ago) as Ьеlongiпg
to that spесiеs' thеn the morе humanlikе Ьody proportions and hip arсhitес-
turе first appеar in this spесiеs just aftеr 2 million yеars ago (MсHеnry and
Сoffing 2000). Both of thеsе spесiеs arе transitional, with somе primitivе and
somе dеrivеd сharaсtеristiсs of latеr Homo. Postсranial assoсiations arе сrit-
iсal hеrе Ьесausе Ьody sizе appеars to Ье vеry diffеrеnt. Homo hаbilis was
vеry small Ьodiеd (35 kg), and H. rudolfensis was lаrgе (55 kg) (МсHеnry
1'994ь|. Sсaling сhееk-tooth sizе to Ьody wеight shows that thеy Ьoth had rе-
vеrsеd thе trеnd of еvеr-inсrеasing сhееk-tooth sizе. Rеlativе Ьrain sizе еx-
pandеd, еspесially in H. bаbil is'

AЬsolutе Ьrairr sizе ехpands furthеr with thе appеaranсе ol 17. ergаsterlеrес-
tus Ьу at lеast 1.8 mill ion yеars аgo, Ьut Ьody sizе also inсrеasеs, so rеlаtivе
brain sizе apparеntly Was not dramatiсally ехpandеd (lХ/аlkеr and Lеakеy
1'99З). Thе еarly Afriсan form of this spесiеs is oftеn rеfеrrеd to as thе spесiеs
H. еrgаster to сontrast it with thе wеll-known Asian samplе of H. ereсtus
(.!Иood 1991; Spoor et a|. 2ОО7|. Body size and еspесially hindlimЬ lеngth
rеaсh modеrn proportions in this spесiеs (Ruff and 

.Walkеr 
199З). othег

synapomorphiеs with |ater Homo inсludе a furthеr rеduсtion in prog-
nathism, a rеduсtion in thе postglеnoid proсеss that is fusеd with thе tym-
paniс platе, and rеduсtion in thе aЬsolutе and rеlativе sizе of thе сhееk tееth.
Brains сontinuе to еxpand, and сhееk tееth get progrеssivеly smallег during
thе еvolution оf thе gеnus Homo.

First Dispеrsal out of Afriсa

Thе first appеaranсе of human populations outsidе Afriсa appеars to havе
oссurrеd soon аftеr thе appеaranсе of еarly Homo in Afriсa. Fossil Hoиo rе-
mains from thе Dmanisi sitе in thе RеpuЬliс of Gеorgia arе most l ikеly oldег
than 1'.7 million yеars and arе vеry muсh likе thosе found in Afriсa attrib.
utеd to H' erесtцs/bаbilis (GaЬunia and Vеkua 1995; GaЬunia еt al. 2000;
Vеkua et al. 2002; Lordkipanidze еt a|. 200 5, 2007 ). Нomo еrесtus oссupied
parts of tropiсal Asia pеrhaps аs еarly as 1.8 mill ion yеаrs ago (Swishеr еt al'
|994). Thе ехaсt сhronology is still unсеrtain, Ьut somеtimе aftеr this and
bеforе 0.5 mill ion yеars ago some populations hаd adaptеd to l ifе in thе tеm-
pегatе сlimatiс zonе of northеrn Asia (Ant6n and Swishеr 2001).

An arсhaiс spесiеs of Homo lеft tools on thе island of Florеs, Indonеsia, as
еarly as 800,000_700,000 yеars ago (Brumm еt al. 2006; Morwood еt аl.
1998)' and in surprisingly young sеdimеnts (95,000-12,000 yеars ago) a nеw
spесiеs, H. floresiепsls, has Ьееn rесovеrеd (Brown et a|. 2004; Mоrwood
et a|. 2О04,2005; Мorwood and vаn Oostеrzee 2007).It has a small Ьody
(29 kg)' minutе еndoсranial volumе (380 сс), and arсhaiс Ьody (Larson еt al.
2007; Toсhеri еt al. 2'007).It is most l ikеly a dеsсеndant of an еarly dispеrsal
of arсhaiс Homсl that undеrwеnt insular dwarfism (Brown еt al. 2004), al-
though sоmе сhallеngе this intеrprеtation (Arguе et a|. 2О06; JaсoЬ еt al.
2006; Hеrshkovi tz  et  a| .2О07) '
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Thе gеоlogiсally latе oссurrеnсе of suсh a primitivе spесiеs of Homo
dеmonstratеs the fallaсy of rеgarding human еvolution as passing through
pтogrеssivе stagеs. Populations adapt to loсal сonditions and divеrgе from
othеr populations unlеss сhесkеd Ьy gеnе flow.

Arсhaiс Horпo to Horno sаpieпs

Largеr-Ьrainеd spесiеs of arсhaiс Нomo Ьеgin to appеar in Afriсa Ьy
600,000 yеаrs ago and in Еurasia somеwhat latеr (Сlark et a|. 1'994). The
Nеandеrtаls dominatе Еuropе and wеstеrn Asia from approхimatеly
300,000 to 40,000 yеars ago (K lе in 2003; Kuhn 2007; Krausе еt  a| .2007).
Н. sаpieпs appеars first in Afriсa somеtimе Ьеforе 100,000 yеars ago (Klеin

1999, 2000). Thе еarliеst traсеs of Uppеr Palеolithiс tool tесhnology that
latеr Ьесamе thе hallmark of еarliеst mеmЬеrs of H, sаpieпs first аppеаr in
suЬ-Saharan Afriсa Ьеforе aЬout 90,000 yеаrs ago (Brooks et a|. 19951
МсBrеarty and Brooks 2000). By aЬout 50,000 yеаrs ago populations of our
spесiеs sprеad out of Afriсa to Asia and thеn Еuropе, apparеntly rеplaсing or
gеnеtiсally swamping loсal arсhaic Homo populations (Anikoviсh 2007;
GoеЬеl 2007). Thе sprеаd Was apparеntly rapid in Asia, as еvidеnсеd Ьy
early (50,000 46,000 yеars old) arсhaеologiсal traсеs in Australia that proЬ-

aЬly bеlongеd to modеrn H. sаpiепs populations found thеrе in sеdimеnts as
old as 40,000 yеars (Bowlеr еt al. 2003). Amеriсa Was sеttlеd Ьy immigrants
from Asia who migratеd aсross a land Ьridgе that сonnесtеd SiЬеria and
Alaska pеrhaps 20,000 to 15'000 yеars ago' Ьut thе suссеssful сolonization
of most of thе Amеriсas bеgan aЬout 12,000 yеars ago (Dil lеhay 2003;
GoеЬеl еt al. 2008). Pеoplе first rеaсhеd somе of thе Paсifiс islands sеvеral
thousand yеars ago from thе еast, arriving at thе Мarquеsas Islands Ьy aЬout
д.o. 300 and Nеw Zea|and Ьy aЬout д.о. 1200 (Lum and Сann 1998; Finnеy
2007; Hunt and Lipo 2006).

Tесhnologiсаl dеvеlopmеnt in human еvolution appеars to Ье еrrariс in
paсе' Ьut it сеrtаinly shows a pattеrn of aссеlеration (Klеin \999). Relativе|y
сrudе stоnе tools pеrsist for ovеr 1 .5 mill ion yеars. Finеly workеd Ьladе tools
arе muсh morе rесеnt. Нumans havе had agriсulturе' сitiеs, and writing for
less than 0.25% of thеir еvolutionary dеvеlopmеnt as a sеparatе mammalian
linеagе.

Thе historiсal distriЬution of human gеnеtiс variаtion аppеаrs to havе dе-
vеlopеd only in thе past 40'000 to 50,000 yеars whеn populations of H. sаpi-
сиs еquippеd with Uppеr Рalесll ithiс tool tесhnology sprеad out of thеir
Afriсan homеland' first to Asia and Ьy at lеast 30,000 yеars ago throughout
Еuropе (Klеin 1999). This reсеnt сolonization ассounts fоr thе rеmarkaЬlе
gеnеtiс homogеnеity found among living mеmЬеrs of our spесiеs сomparеd
with that of our own сlosеst Ьiоlogiсal rеlativеs, Pап and Gorillа' whеrе thе
dеgrее of gеnеtiс hеtеrogеnеity within еaсh spесiеs is manу timеs grеatег than
that in Homo sаpiеl1s (Gagnеuх et a|. 1999; Ruvolo 1997). Rapid adapta-
tions to loсal сonditions and thе random sеnеtiс сhaneеs that саn oссur in
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small isolatеd populations havе lеd to sеvеral сonspiсuous phеnotypiс
сhangеs, suсh as skin сolor, hair form and сolor, and Ьody proportions' Ьut
thеsе diffеrеnсеs appеar to Ье rеlatively rесеnt altеrations. Thе gеographiс
distriЬution of skin сolor is сlosely сorrеlatеd with thе intеnsity of solar radi-
ation suсh that tropiсal pеoplе in Afriсa, Asia, and thе Amеriсas havе grеat
dеnsity of mеlanin pigmеnts in thе skin for protесtion аgainst tissuе and
mеtaЬoliс damagе. Highеr-latitudе pеoplе arе dеpigmеntеd most l ikеly Ье-
сausе ultraviolеt radiation from thе sun сatalyzеs thе synthеsis of vitamin D
in thе skin and Ьесausе of othеr faсtors (JaЬlonski and Сhaplin 2000). Dе-
pigmеntation of thе skin in high-latitudе pеoplеs appеars to Ье truе of Nеan-
dеrtals (Сulotta 20О71 Lalueza-Foх et a\. 2007). Body proportion variеs
gеographiсally aссording to tеmpеrаturе' so that pеoplе in hot сlimatеs havе
longеr l imЬs and lеss gloЬular trunks to allow grеatеr hеat dissipation
through thе skin (Ruff 1994). Ехсеptions to this pattеrn сan oftеn Ье ех-
plainеd Ьy thе prеsеnсе of сultural аdaptations that allow prеfеrеntial sur-
vivаl and rеproduсtivе suссеss indеpеndеnt of gеnеtiс аdaptations. Thе first
H, sаpiепs in Еuropе, foг еxamplе, had Ьody Ьuilds сharaсtеristiс of tropiсal
pеoplе (thеy сamе from Afriсa), Ьut thеy had tесhnologiеs far supеrior to
thosе of thе loсal Nеandеrtаls. Tесhnologiсal innovation is oftеn thе rеason
for population еxpansion and plays a pгofound rolе in dеtеrmining why сеr-
tain physiсal variеtiеs of H' sаpiens oссupy gеographiс rеgions and displaсе
еarliеr indigеnous pеoplе (Diamond 1997).

Еvolution of thе Human Brain

Thе aссumulation of еvolutionary novеltiеs through timе rеvеals thе сontinu-
ity of human еvolution. Thе dеmonstration of this сontinuity is a triumph of
еvolutionary Ьiology. It furthеr сonfirms Darwin,s viеw of dеsсеnt with mod-
ifiсation. Thе ехpansion of thе Ьrain in thе hominin linеagе is onе of thе most
dramatiс dеmonstrations of this. Absolutе and rеlativе Ьrain-sizе еxpansion
follows timе rеmarkaЬly wеll, as shown in ТaЬlе 1. Thе еarliеst speсiеs for
whiсh Ьrain sizе is known, А. аfаreпsis' has an avеragе еndoсrаnial volumе
of 4З8 сс (Ьased on 4 spесimеns), сomparеd with modеrn сhimps at 400 сс'
goril las at 500 сс' and H' sаpiепs at 1,350 сс. Thе еndoсranial volumе for А.
gаrhi \1 spесimеn) is rеportеd to Ье 450 сс, for А. аfricапus (7 spесimеns)'
452сс, for  P.  boisе i  (1 spес imеn) ,521 cc, for  P '  robustиs (1 spес imеn) '  530
сс, for H. hаbilis (6 spесimеns), 6|2 сc, for H. rudolfепsis (1 spесimеn), 752
сс' and for Н. ergаster (З spесimеns), 871 сс. Howеvеr' at lеast onе spесiеs of
Homo (H. |loresiепslsl managеd to survivе on a rеmotе island until 18'000
yеars ago with аn еndoсranial volumе of only 380 сс (Brown et a|.2О04).

Brains eхpand during thе Plеistoсеnе from 914 сс Ьеtwееn 1.8 and 1.2 mil-
l ion yеars ago to 1,090 сс Ьеtwееn 550,000 and 400,000 yеars ago' 1,186 cс
bеtwееn 300,000 and 200,000 yеars ago' and aЬovе 1,300 сс aftеr 150,000
yеars ago (Ruff еt aL. 1998). Rеlativе to еstimatеd Ьody wеight, thе fossil
spесiеs go from slightly aЬovе thе sizе sееn in modеrn apеs to 5.4 timеs thе
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mammalian avеragе (thе сolumn laЬеlеd ЕСV in TaЬlе 1). Not all pсlpula-
tiоns kеpt up with Ьrаin ехpansion, аs is dramirtiсally shown Ьу H. flrlrеsien-
sls (Brown еt al. 2004), Ьut all ехtant populations of H. sаpieпs arе fully
еndowеd with modеrn Ьгairrs. Unfortunatеly thе fossil rесord is mutе ()n thе
suЬjесt of Ьrain rеorganizаtion, whiсlr is а pity Ьесаusе thеrе wеrе prеsum-
aЬly profound сhаrrgеs that aссompаniеd thе dеvеlopmеnt оf spеесh and
othеr uniquеly hurrran faсultiеs. A strong сi1sе сan Ье madе for a major gеnе-
tiс сhangе that еnaЬlеd H. sаpiепs to spеak аnd pеrform modеrn human Ье-
haviors Ьеginning aЬout 50,000 yеаrs ago (Klеin and Еdgar 2002).

Еvolution of Human Walking

Bipеdalism is tlrе first major gradе shift in hominin еvolution, Ьr.rt thе vеry
first hominins wеrе most l ikеly gеnеralizеd hominoids with rathеr аpеlikе
Ьodiеs without thе spесializations foг Ьipеdаlism that latеr Ьесamе thе hall-
mark of our linеagе (Thorpе et a|. 2007). Thеy wеrе part of thе Afriсirn and
possibly Еuropеan radiation of latе Мioсеnе hominoids that сamе, in Dar-
win's words, ..to l ivе somеwhat lеss on trееs and morе on thе ground'' duе to
..a сhangе in its mаlrnег of proсuring suЬsistеtlсе' or to a сhangе in thе сon-
ditions of its nativе сountry' ' (Darwin 7872, p. l.]5)' Тhе fiгst memЬеrs of
thе human сlirdе proЬaЬly wil l Ье rесognizеd in thе fossil rесord Ьy suЬtlе
еvolutionary novеltiеs. Thе major gеnеtiс/dеvеlсlpmеntal transformаtions
that produсеd thе Ьipеdally adaptеd trunk аnd hindlinrЬ morphology that
dеfinе thе human gradе proЬаЬly appеarеd latеr. Thе pгесisе sеquеnсе of
transformations of thе trunk and hindlimЬ may nеvеr Ье known from thе
fossil rесord. It may Ье that parts of thе Ьipеdal Ьody сhangеd at diffеrеnt
ratеs so that thе lеngth of thе pеlviс Ьladеs rеdr'rсеd еarliеr than thе adduсtion
of thе hallux. Thе ехtil-lсt and distinсtlу nonhonrinin Мioсеne ape oreo-
pithесus appеars to hаvе had a rеduсеd pеlviс lеngth but rеtаirrеd a divеrgеnt
Ьig toе (Kohlеr and Moyi-So|Ь' 1997). Тlrе full analysis oi Аrdipithесus
rаmidus wil l hеlp сlаrify our undеrstanding of thе naturе of thе traI-rsition to
bipеdality in our l inеagе.

Еarly еvolutionists, inсludirrg Lаmarсk (1809)' Darwin (7872\, and
Нaесkеl (1868)' prеdiсtеd that Ьipеdality prесеdеd the ехpansion of thе
brain. How, why, arrd in what haЬitat an apеlikе anсеstor adoptеd this
uniquе posturе is a favoritе topiс of spесulation (Kingdon 2003; MсНеnrу
2004)' It is possiЬlе that many apеlikе spесiеs in thе Мioсеnе zrdoptеd
bipеdality' givеn thе fасt that thе apе bodv plаn is аdaptеd to nroving in trееs
with forеlimЬ sr-tspеnsion and not to еf6сiеnt quadrupеdal walkirrg. onсе
Ьipеdal, this body plan сan movе with an еnегgеtiс еffiсiеnсy еqual to that of
quadrupеdal mammals and muсh grеatеr than thаt of quadrupеdal apes
(Rodman and МсНеnry 1980; Soсkol  et  aL.  2ОО7|.

Thеrе has bееn .r pесuliar polarization of viеws aЬout thе mеaning of thе
primitivе trаirs rеtainеd in thе postсrаniа of еаrly spесiеs of Аustrаlrlpithесus.
onе polе еmplrasizеs thе bipеdal spесiаlizations (Lovеjoy 200.5а, 2005Ь), and
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thе othеr polе саlls attеntion t() tl. lе many primitivе сharaсtеristiсs (Stеrn

2000). Viеwеd in gгand pеrspесtivе, thе divеrgеnt intегprеtatiоl1s сan Ье sееn
as diffеrеnсеs irr еmphasis. Both сamps agrее that all spесiеs of AustrаIo-
pitheсus wеrе Ьipеdal. Тhat impliеs thаt thеsе spесiеs did not сlimЬ likе apеs.
Thеy did, howеvеr, rеtain morphologiсa1 fеaturеs аssoсiatеd with arborеal.
ism for at lеаst :r пril l ion yеars аnd a hip arсhitесtuге diffеrеnt froпl that of
latеr spесiеs of Homсl. That impliеs soше diffеrеnсе froп-t mсldеrn humans in
gait and сlinrЬing аЬil ity, Ьur thеy did not walk :lnd сlimЬ likе аpеs.

Thе publishеd hominin fossil rесord doеs not yеt havе a truе intеrmеdiatе

stagе Ьеtwееn an apеlikе and a humanlikе Ьody (МсHеnry and Jones 2006I.
Thе postсrаniur-lr of Аustrаlсl1litheсиs rеtаins mally primitivе apеlikе traits
Ьut is fundamеntally rеorganizеd and highly spесializеd for Ьipеdality, unlikе
that of any apе (МсHеnry 1986). Тhеrе is a profound altеratiorr iIl thе gеnе-

tiс tеmplatе that produсеd thе short pеlviс Ьladе, adduсtеd halluх, and othеr
Ьipеdal traits of this hominin.

Thе diffеrеnсе Ьеtwееn Aиstrаlopitheсиs's positional and loсomоtoг Ье-
havior аnd that sееn in latеr spесiеs of Homo Ьес;rmе сlеarеr with thе disсov.
егiеs of postсraniаl fossils assoсiatеd witЬ Н. еrgсtstеr/ereсtиs (]il/illrkеr and
Lеakеy 199З|, partiсularly thе ..Strаpping Yoшth'' (KNM WT 15000). Thеrе
arе striking diffеrеnсеs Ьеtwееn thе pеlvis and fеmur of all spесiеs of Аus-
trаIopithесus and those of H. ergаster/еreсtиs, with thе laftеr appеaring
muсh morе humrrnlikе (MсНеnrv and Сoffing 2000). This proЬaЬl,v rеgistеrs
a nrajor shift in adaptation Ьеtwееl-l Аиstrаlopitbесtts and Homo. From this
pеrspесtivе' Аustrаlopitheс,/s appеаrs tо Ье :l Ьipеd with frее hirnds ftlr сarry-
ing Ьut Ьеst аdaptеd to short distanсеs and rvith a hеalthy аpprесiation of
trееs for safеty, fееding, and slееping. Thе longеr fеmora and mсlrе human-
likе pеlvеs thаt appеar Ьу 1.9 mill ion yеars a!]o witЬ Нomo mark thе Ьеgin.
ning of an impoгtant сhangе.

From thе сurrеntly availaЬlе fossil еvidеnсе' thеГе аppеar to Ьe two gradе

shifts in thе postсranial еvolution of thе hurrrzrrr Ьody. Thе first Was thе tran-
sition from gеnеralizеd hominoid to hominin Ьipеdalism that is doсumеntеd
in А. апаmепsis' А. аfаreпsis' А. аfriсапus, and А. gаrhi (Ward 2002). Thе
diffеrеnсеs in postсrаnial morphology among thеsе spесiеs arе diffiсult to as-
sеss Ьесаusе of tlrе inсomplеtеnеss of thе fossil rессrгd. All sharе с]еrivеd fеa-
turеs with H{lnlсl, Ьut onl1' А. zlfаreпsis arrd А. аfriсапus arе сomplеtе еnough
to makе dеtаilеd сompaгisons. [n somе rеspесts thеsе spесiеs arе rеmarkaЬly
similar rеlativе to othеr spесiеs of Hominoidе;r. For еxamplе, thеy sharе a

similar miх of apеlikе, humanlikе, and uniquе fеaturеs in thеir wrists, hips,
and knееs (MсHеnry 1986). Thе,v apparеntly diffеr in thе ratio of forеlimЬ to
hindlimЬ joint sizеs, howеvеr, with А' аfriсаnus аppеaгing to Ье moге :rpеlike
еvеn though it is latеr in tirrrе аnd morе Holпo-|tke in сraniodеrrtal fеaturеs
(N4сHеnry and Bеrgеr 1998; Grееn et a|.20О7). Both spесiеs appеаг to sharе
а сomЬination of spесializеd Ьipеdal traits, Ьut not еxaсtly l ikе thosе of mod-
еrn humans, in fеaturеs of thе forеlimЬ аssoсiatеd with сlimЬing (Stеrn

2000). Thе sесoпd gradе shift in postсranial еvolution took plaсе аЬout
1.9 mill iсln yеars ago with tlrе 21ppеaranсе сlf rnr.rсh moге humaпlikе hips that
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arе uniquеly Homсl (BramЬlе and LiеЬеrmaп 2004)' Long fеmoгa and rеla-
tivеly еnlargеd hip joints mark a signifiсant сhangе in loсomotion thаt is pеr-
haps rеlatеd to long-distanсе, еffiсiеnt striding morе likе that sееn in modеrn
H. sаpieпs. Thе disсovеrу of А' gаrhi revea|s thе сomplехity of postсranial
еvolution in thаt it has a humanlikе ratio of fеmur to humеrus Ьut an apеlikе
rеlativе forеarпr lеngth (Asfаw et a|, 1999).

Thе Еvolution of Human Мastiсation and Diеt

Ехсеpt for rеlativеly small сaninе tееth' thе еarliеst hominins had tееth simi-
lar to thosе of many of thе Мioсеnе apеs (Ungar 2007). Thеsе еarly mеmЬеrs
of our sr'rЬfamily l ivеd in woodland haЬitats (Piсkford 2006). PrеsumaЬly
thеir diеts wеrе similar as wеll. But Ьеginning aЬout 4 mill ion yеаrs ago and
сlima-хing with thе appеaranсе of Pаrапthropus boisеi (2.З_1.4 mill ion yеars
ago), thе сheеk tееth ехpand through timе (Сonstantino and .il7ood 2007).
AlthougЬ Darwin and his сontеmporariеs prеdiсtеd muсh of what thе human
fossil rесord would еvеntually rеvеal, no onе antiсipаtеd thе disсovегy of ho-
minin mеgadonts. Afriсan apеs and modеrn humans havе small сhееk tееth
rеlativе to Ьody sizе. But еаrly hominins had rеlativеly hugе molars and prе-
molars with сonсoп-litantly gigantiс jaws, alvеolar bonе, Ьuttrеssеd faсе and
сhееks' and attасhmеnt arеas for thе сhеwing musсцlaturе. Thеrе is аn аp-
proхimatе trеnd thгough tiпrе in suссеssivе spесiеs of inсrеаsing rеlativе
сhееk-tooth sizе from small in Аrdipithecus rаmidus to modеratе iп А. апа-
mеnsis and А. аfаrепsis, Ьig in А. аfricаnus, P. robustt'ts, and А. gаrhi, and
hugе in P. boisеi and P. аethiсlpiсus. Thе trеnd rеvеrsеs in thе Homo linеagе
so thаt from H. bаbilis and H. rudolfеnsis to modеrn H. sаpiепs, thе rеlativе
sizе Ьесomеs progгеssivеly smallеr. Onе way to еxprеSs thеsе trеnds is with
rеlativе сhееk-tooth sizе, as is shown in thе last сolumn of ТaЬlе 1. Thе
rnеgadontial qr-rotiеnt is simply thе aЬsolutе sizе of thе lowеr sесond pгеmo-
lar and first two molars dividеd Ьy thеir ехpесtеd sizе dеrivеd from thе
spесiеs Ьody wеight. It is not intеndеd to Ье а prесisе indех Ьut mеrеly a gеn-
еral indiсation of rеlativе sizе. It is rеasonaЬlе to assumе that thе inсrеasе in
nrеg;rdontia through timе is rеlatеd to diеtaгy spесializations (i.е., thе aЬil ity
to proсеss grеatеr quantitiеs of low-nutriеnt and tough-tеxturеd foods). Thе
rеvеrs;rl of thе trеnd in mеgadontia in thе еvolution of Нomo may Ье rеlatеd
to Ьoth diеtary сhangе (i.е., lеss геlianсе on tough-tехturеd foods аnd thе in-
сorpoгаtion of пrorе mеat in thе diеt) аnd thе proсеssing of foods with tools
bеfоrе mаstiсаtion.

Rеmаining Мystегiеs

Тhе divеrsity оf l iving mеmЬегs of thе supеrfamily Нominoidеa is impovеr-
ishеd геlativе to whаt it was in thе past. Еvеn with thе limitеd fossil samplе,
ir is сlеаг that thеге Wеre many kinds of apеs and hunrаns long ago. Мorе
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sресiеs await disсovеry. Thеrе wеrе proЬaЬly many еvolutionary еxpеrimеnts
in thе variеd haЬitats of thе Afгiсаn Мioсеnе to Рlеistoсеnе (Suwa еt al.
2007). Although thе сurrеnt sanrplе of fossil hominins lеads somе to thе im.
pression that thеrе wеrе only a fеw hominin linеagеs (.!fhitе еt al. 2006), it Ь
far morе likеly that our family trее wil l turn out to Ье quitе Ьushy (Sarmiеnto

et a|.2007). Spесiеs namеs may nееd to multiply to aссommodatе thе divеr.
sity, although a Ьalanсе nееds to Ье maintainеd Ьеtwееn еxсеssivе splitting
and lumping.

It wil l bе wondеrful to rеsolvе thе quеstion of knuсklе-walking in human
еvolut ion (Riсhmond and Stra i t  2000,200l;  R iсhmond еt  a l .2001).  L iv ing
spесiеs of thе Afriсan сlаdе of Hominoidеа inсludе thrее knuсklе-walkеrs
and a Ьipеd. Thе odds arе that thе first hominin Was also a knuсklе-walkеr,
Ьut thе еarliеst hominins known so far arе Ьipеds and сlimЬеrs without spе-
сializations for knuсklе-wаlking. Pеrhaps thеrе аге funсtionаl and dеvеlop-
mеntal proсеssеs that pгеdisposе largе-bodiеd apеs to Ьесomе knuсklе-walkеrs
whеn thеy adapt to haЬitats that rеquirе morе tеrrеstriality. If so, that appar-
еntly odd gait may have еvolvеd in parallеl irr two oг more linеagеs.

Thеrе may hаvе Ьееn sеvеral ехpansioпs of populations out of Afriсa dur-
ing favoraЬlе сlimatiс сonditions that populatеd parts of Еurasia and thеn
Ьесamе еxtinсt. It is sеduсtivе to ir-rraginе only onе triumphаnt pulsе of mi.
gration that sprеad humanity for thе first timе throughout Еurasia' Thе
sprеad of H. sаpieпs appеars to havе happenеd in a short amount of gеologi-
саl timе' Ьut аrсhaiс spесiеs of Hсlmo wеrе pгoЬaЬly muсh lеss adaptablе
and morе vulnеraЬlе to thе sеvеrе сlimatiс shifts that oссurrеd еvегywhеrс
ovеr thе past sеvеral mill ion yеars. Loсal еxtinсtions may havе bееn сommon
throughout thе сhanging gеographiс rangе of еarly hominins. Bеfоrе 50,000
yеaгs ago humirns Wеrе an insignifiсantly sпrall part of thе vеrteЬratе fauna.

It is tеmpting to swing to еxtrеmе viеws of pеssimism or optimism. Thе hо-
minin fossil rесord is l imitеd and inсоmplеtе, Ьut it is also riсh and сonsis-
tеnt. Its ovеrall quality is сonsistеnt with Darwin's viеw of dеsсеnt with
modifiсation. It makеs it vеry unlikеly that, for еxamplе, signifiсаnt еn.
сеphalizаtion Ьеgan Ьеforе thе еvolution оf Ьipеdalism in ouг l inеagе. Соn.
fl iсting intеrprеtations wil i always Ье paгt of thе sсiеnсе, but dеЬatе is a sign
of intellесtual hеalth and hеlps ensurе that idеas arе groundеd in aссuratе
oЬsеrvations of пratеrial еvidеnсе and prесisе logiс.
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Еvolutionary Biology of Disеasе
and Darwinian Меdiсinе

Мiсhаel F. Аntolin

Symptoms

A young Ьoy in Kansas, in thе midwеstеrn Unitеd Statеs, dеvеlops a sеvеrе
rash with fеvеr, swollеn lymph nodеs, and approaсhing dеlirium. A quiсk
сhесk rеvеals that thе Ьoy lrаs survivеd thе typiсal сhildhood infесtions
(сhiсkеn pox) and has up-to-datе vaссinations and no history of allеrgiеs.
Thе family sеldom travеls far from homе, and all its mеmЬеrs appеar to bе
hеalthy, if sl ightly ovеrwеight in thе typiсal Amеriсan way. This family has a
haЬit, howеvеr, оf kееping intеrеsting pеts аnd for his Ьirthday gavе thе Ьoy
a young Ьlaсk-г:ri lеd praiгiе dog, onе of thosе lovaЬlе, smallеr-sized rеlativеs
of groundhogs found on thе Grеat Plains. This pеt was сapturеd in thе wild,
and pгairiе dogs arе known to сarry sеrious infесtious pathogеns likе plaguе
and tulаrеmiа (raЬbit fеvеr). Thе Ьoy's symРtoms inсludе swollеn lymph
nodеs that сould indiсatе plаguе or tularеп-tiа, Ьut thе pцstular rash points in
a diffеrеnt dirесtion.

As it happеns, thе suspесt prairiе dog саmе from a pеt faсil ity nеar
Сhiсago, whеrе it Ьесame thе sourсе for morrkеypoх virus that natuгally сir_
сulatеs in wild аnimals half thе world away in wеstеrn Afriсa. Thе pathogеn,
a сlosе rеlativе of thе drеadеd smallpox Vаriolа, еntеrеd thе Unitеd Statеs in
a shipmеnt of GamЬian rats irnportеd for thе еХotiс pеt trade. Thе rats and
prairiе dogs had Ьееn housеd togеthеr in a warеhousе, аnd thеrе thе final
link in thе сhain of infесtiоn from Afriса to thе Aпrегiсan Мidwеst was
forgеd (СDС 200З; Guarnеr еt аl. 2004), Aftеr trеatmеnt thе Ьoy rесovеrs,
though his Ьеlovеd prairiе dog doеs not. Thе rеst of thе family аnd loсal
hеalth workегs arе trеatеd with smallpoх vассinе Ьесausе it stimulatеs im-
munity agair-rst пronkеypox as wеll.

Thе сasе of this pаrtiсular family is pаrt fiсtion Ьut is Ьasеd on an aсtual
monkеypoх оutЬrеak in six midwеstеrn statеs in 2003 that infесtеd 7I per-
sons who сamе in сontaсt with GamЬian rats or prаiriе dogs from thе samе
pеt fасii ity (CDс 2003) . Аt |0% сasе fatаlity, monkеypoх is not zls dеadly as
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smallpoх, Ьut thе rеsеmЬlanсе of thе monkеypoХ virus to its сousin, whiсh is
widеly Ьеliеvеd to havе Ьееn еradiсatеd from thе wild by a wоrldwidе vaссi-
nation сampaign in thе 1970s, is frightеning. Thе сasе also rеvеals how mod-
еrn mеdiсinе and publiс hеalth usе thе framеwork of еvolution to solvе
potеntial hеalth сrisеs. This has Ьееn сallеd Darwinian mеdiсinе (sее Ьoх) Ье-
сausе diagnosis and trеatmеnt dеpеnd on mеthods of еvolutionary Ьiology to
slеuth thе undеrlying сausеs of immеdiatе symptoms (\й/illiams and Nееsе
1991'; Stearns 1999).Infесtion with monkеypox was сonfirmеd Ьy viral iso-
lation' еpidеmiologiсal invеstigation, and finally DNA analysis, and family
rеsеmblanсеs among poх virusеs traсеd this partiсular virus Ьасk to Afriсa.
A similar story сan Ье told aЬout thе сoronavirus that сausеs sеvеfе aсutе
rеspiratory syndromе (SARS) and sparkеd a puЬliс hеalth paniс in
2002_2004 whеn infесtions sprеad from hospitals in Asia to North Amеriсa.
In a mеrе еight months gеnеtiс аnalysis of thе nеwly еmеrgеd SARS virus first
lеd to its idеntifiсation, thеn to intеrmеdiatеs in сivеt сats sold in wild-gamе
markеts in Сhinа (Ruan еt al. 200З), and еvеntually to potеntial rеsеrvoirs in
Ьats (L i  еt  a l .2005;.W.ang еt  a| .20О6).  on a t ragiсa l ly  muсh largеr sсa lе thе
human immunodеfiсiеnсy virusеs (НIVs) that сausе AIDS havе also Ьееn
traсеd by gеnеtiс analysis to wild primatе populations in Afriсa (Нahn еt al.
2000; Kееle еt  a l .  2006).

Еtiology

Darwinian mеdiсinе sеarсhеs for thе еvolutionary origins of siсknеss-thosе
things that makе lifе nasty, Ьrutish, аnd short. Darwiniаn mеdiсinе suссееds
Ьy looking for disеasе origins in Ьiologiсal adaptations of humans and thе
miсroЬеs that plaguе thеm-thosе traits that allow sоmе to survivе and rе-
produсе bеttеr than othеrs. Onе Ьasiс tеnеt of Daгwinian mеdiсinе сomеs
from adaptationist thinking, that disеasеs arisе Ьесausе humans ехist in а

Darwinian mеdiсinе dеsсribеs аn еvolutionary approaсh to сaring for
the siсk, and for publiс hеalth in gеnеral. In this sеnsе, Darwinian mеd-
iсinе looks to thе adaptаtions' and maladaptations' of Ьoth humans and
thе miсroЬеs that сausе disеаsе. For miсroЬеs in partiсular' Darwtntan
mеdiсinе must aссount for rеlativеly rapid gеnеration timеs of patho-
gеniс miсroЬеs, and high ratеs of mutation and gеnеtiс rесomЬinatlon
that lеad inеxoraЬly to novеl adaptations and thе еmеrgеnсе of nеw dis-
еasеs. Both pathogеn and host, howеvеr, also must Ье undеrstood in
tеrms of еvolutionary history' homology, and phylogеnеtiс сonstraints
on adaptation. Dаrwinian mеdiсinе, thеn, takеs a dynamiс viеw of Ьoth
infесtious and gеnеtiс disеasеs, whеrе sеvеral еvolutionary historiеs сon-
vеrgе within individцal patiеnts on thе onе hand, and in human popula-
tions on thе othеr.
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mismatсh Ьеtwееn thе сurrеnt world and thе world in whiсh our spесiеs
еvoivеd and adаptеd, and that lrumans sr.rffеr from а sеriеs of trаdе-offs Ье-
twееn high fitnеss in thе past and rеduсеd fitnеss irr thе prеsеnt (.Williams arrd
Nееsе ]991; Swvnghеdar'rw 2004; Gluсkпrаn and Hanson 2006). OЬеsitv'
hеart disеasе (Swynghеdauw 2004), tуpe-2, diaЬеtеs (Dianrond 200З), Ьrеаst
and prostatе сanсеr (Grеavеs 2002\, goitеr' iodinе dеfiсiеnсy, and Ьirth dе-
fесts (GlLrсkmаn аnd Hаnson 2006), аnd aging (\Will iams and Nееsе 1991)
havе Ьееn primary targеts of this kind of thinking.

Thе rесеnt worldwidе inсrеasе in typе-2 diaЬеtеs providеs a сompеll ing ех-
аmpiе that prеr,ious sеlесtiorr fсlr tolеrating starvzrtion rrrily havе sеlесtеd foг
gеnеs thirt сausе diaЬеtеs in a food-riсh еnvironmеnt (Diamond 2003). In rе-
ality, horvеvеr, fеw сasеs doсumеnt ongoing natuгal sеlесtion in humans tr-t
rеlation tсl disеasе: thе саsе of siсklе-сеll anеmizr, low-fur.rсtioning o hеmo-
gloЬin, and malаria rеsistanсе in suЬ-Saharan Afriсa is еssеntiallv thе only
onе, and thе storу doеs not hold up gеnеrallv outside a fеw wеll-doсumеntеd
populatiоns (Hil l and Моtulsky \999). As wil l Ье showrr latеr' Ьoth gеnеtiс
and infесtious disеasеs havе multiplе сausеs that inсludе nutrition and othеr
аspесts of thе еnviгonment' gеnеtiс sLlsсеptiЬil ity, еmЬrvoniс dеvеiopmеnt,
immunе rеsponsеs' and pathogеrr divеrsity (Burnес and \Х/hitе 19721 Stearns
1999;sИеiss and MсМiсhaеl2004; Graharn еt  a l '  2005; Gluсkman and Han-
son 2006). Firrding thе сausеs of disеasе rеmairrs a diffiсult сhallеngе.

Although I aсknowlеdgе that natural sеlесtion is thе most powеrful еvolu-
tiоnary forсе that lеаds to adaptation, I t:rkе a diffеrеnt tасk for Dirrwinian
mеdiсirrе that rеquirеs lеss spесulatiсln aЬout whirt may or may not hаvе Ьееn
adaptivе in humаns in thе past. Еvеn so, еvolutionary Ьiology has muсh to
offеr thе lvorld of mеdiсinе via undеrstаnding not onlv adaptations Ьy nаtu-
ral sеlесtion Ьut also hопrologiеs, traits thаt arе shаrеd Ьy organisrns Ьесausе
of сommon dеsсеnt from thеir anсеstors (Will iams and Nееsе 1991; Stеarns
1999;Bu|I and Wiсhmаn 2001). Сlеarly Ьoth gеnеtiс and irrtЪсtious disеаsеs
arе mali ldaptivе to humаns in that morЬidity and mortality rеduсе fitnеss.
Disеasе, lrowеvеr, is an inеsсapaЬlе сonsеquеnсе of an еvеr.сhаnging Ьiolog-
iсal world in whiсh adaptatior-r irrrd fitrrеss аrе not aЬsolr.rtеly tunеd to sornе
idеal Ьut arе rеlativе to what might oссur in a world of сonstrainеd possiЬil-
it iеs. This Was thе point of thе farтous сritiquе of thе adaptationist PгOgгаln
by Gould and l,еwontin З0 yеars ago (Gould and Lеwontin 1979). For ir-r_
stanсе' wе сan undеrstand thе sеvеn vеrtеЬraе in our nесks in a funсtional
sеnsе, in thе аdaptivе traс.lе-offs tlr:rt kееp our Ьorry skulls :rnd nеrvous sys-
tеm upright at thе top (fгont) of our Ьodiеs whilе mainti.rining 11ехiЬil ity of
movеmеnt that doеs not damagе our spinal сord. But this doеs not tеll trs
why lvе lrаvе sеvеn vеrrеЬгае' гrot six сlr еight (Will iaпrs аrrd Nееsе 1991).
Thе answеr to this quеstion rеsidеs in our еvolutionary history as сhordаtеs
and vеrtеЬratеs atld in thе dеvеlopmеntal Program еnсodеd in thе DNA wе
inhеritеd fiom tlur anсеstors. Sеvеn nесk vеrtеЬr:rе may lrаvе rеpresеntеd аn
adaptivе nuпrЬеr in thе past, Ьut this сausе is lost in history, and thе rеsult is
passеd Ol1 to us i ls a plrylogеnеtiс сonstraint of our Ьody plans (sее Gould
аnd Lеwontin |979\.
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Thе viеw of Darwinian mеdiсinе I еspсlusе ссlnsidеrs thе еvolutiсrn of dis-
еasе as a sеrlеs of ongoing еvеnts in populatiоns that еxpеriеnсе Ьoth naturаl
sеlесtion and rand<lm forсеs l ikе mutation within a framеwork of phylogеnе-
tiс сonstraints. In othеr words, I wаnt doсtors to Ьеgin thinking likе popuia-
tiorr Ьiologists, l ikе tlrosе of us who oЬsеss aЬout variablе populatiсlns of
orgаnisms, Ье thеy humans or thеiГ miсroЬеs, in an есologiсal sphеrе that
сhаngеs in timе аnd spaсе (Burnеt and \й/hitе 19721LederЬеrg 2000; w. An-
dеrson 2004; Purssеll 2005). F.urthеr, mеdiсal sсiеnсе will grеatly Ьеnеfit
frоm thinking of populаtions at sеvеral lеvеls, from human populatiсlns that
inhaЬit onе plасе or anоthеr to populations of miсroЬеs that l ivе within onе
tissuе or anothеr within patiеnts (l,еvin еt al. 1999; Stеarns and ЕЬеrt 2001;
Grеnfеll et aL.20О4).l Ьеgin Ьy looking аt two aspесts of thе сurrеnt human
сondition with rеspесt to disеasе: human pсlpulation sizе and еvolutiоn of
patho!]еns, and human population sizе rеlativе to our own gеnеtiсs and
mutations.

ADAPтAB l L | тY  oF  PAтHoGЕNs

Likе othеr parts of nаturе' humans rеprеsеnt a rеsourсе foг miсroЬial
growth. With thе hеlp of modеrn mеdiсinе thе human populаtion has grown
fourfold in thе pllst сеntury' surpessing 6 Ьil l ion in thе past dесadе, and hu-
mans n()W сonstitutе a suЬstantial part of thе planеt's Ьiomass and usе a
lаrgе fraсtitln <lf thе planеt's есologiсal outpllt (Vitousеk еt al. 1986; Daily
еt al. ] 997). Тo a largе ехtеnt' human populations havе ехpandеd Ьесausе
vaссinatiorr arrd antimiсroЬial drugs protесt us from thе miсroЬial world,
with thе dirесt Ьеnеfits of lowеrеd infаnt mortality and longеr l ifеspan
(R. M. Andеrson and May 1991; LederЬеrg 2000). Thе othеr sidе of thе
growth еquation is agriсulturе and protесtion of food. But add to this thе
grеat divеrsity of thе miсroЬial world and thе provеn aЬil ity of virusеs, Ьaсtе-
ria' protozoa, and singlе-сеllеd fungi to adapt to nеW еnvironmеnts. Summеd
togеthеr' humаns and thеir сompanion animals and plants сonstitutе а vast
rеsouгсе with еvеr-inсrеasing moЬility and сontасt with wild rеsеrvoirs of
miсroЬial pаthogеns.

Thе outсomе is inеvitaЬlе: pathogеns will rеgularly сirсumvеnt our entimi-
сrtlЬiаl dеfеrrsеs, and wе will Ье сolonizеd again and again Ьy miсroЬеs that
adapt thеir transmissitln сyсlеs to оur haЬits and movеmеnts. For еxamplе,
rhе rесеnt еmеrgеnсе of SARS inсludеs gеnеtiс ir-rtегmеdiatеs Ьеtwееn сoron-
avirusеs in Ьats, сivеt сats in wild-gamе markеts in Сhina, and humans: it аp.
pеars that SARS jumpеd to huпrans aftеr somе еvolution in сivеt саts' not
dirесtly frсlm Ьаts tсr humans (\Vang еt al. 2006). Мuсh of this сan Ье prе-
diсtеd frсlm thе fraпrеwtlrk оf Dаrwinian mеdiсinе via thе adaptivе potеntial
of пriсroЬеs аnd thе еvolutionary history of pathogеns (l-еdеrЬеrg 2000). Mi-
сroЬеs, with muсh shortеr gеnеration timеs than ours, havе Ьееn shown timе
and agаin to adapt to novеl еnvironmеnts Ьy natural sеlесtion and pгovidе
sсlmе of our Ьеst modеls for ехpеrimеntаl studiеs of еvolution (ЕЬеrt 1998;
МасLеan 200.5).
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A primary ехamplе is thе shitl ing antigеns (surfaсе protеins that stimulatе
immunе rеspollsеs via spесifiс antiЬodiеs) of influеnza A virusеs. \Vе аrе all
familiar with anrrual flu outЬrеaks' though pеrhaps not with thе pandеmiс
Spanish flu of 1918-|919 tЬat kil lеd morе than 40 mill ion individuals. Flu
outЬrеaks oссur worldwidе еaсh yеar On a lеss dramаtiс sсalе as thе virusеs'
еvеr-сhanging surfaсе antigеns avoid immunity stimulatеd Ьv prеvious infес-
tions and nесеssitatе сonstant updаting of flu vaссinеs (Bush et al.1999;Fer-
guson еt al.200З). lnf]uеnzа virusеs аrе rеmarkаЬly sirrrplе: еight RNA

strаnds сodе for intеrnal protеins thаt surround thе RNA, an ехtеrnal pro.

tеin сapsulе, polymеrasеs (еnzymеs) foг viral rеpliсation, and 3 protruding
protеins that aсt as antigеns' 1 1 protеins in all. Thе 3 surfaсе protеins arе
hеmagglutinin (HA) foг Ьinding to host сеlls, protеin сhannеls that aid RNA

invasion into thе host сеll (M2), and nеurаminidasе (NA) to hеlp nеwly
formеd Partiсlеs еsсaPе thе host сеll. Gепеs сoding for HA and NA arе еspе-
сially prorrе t() mutаtion' and Ьotlr НA arrd NA arе rеprеsеntеd Ьy multiplе
antigеniс suЬtypеs within grorrps of rеlаtеd hosts. For instаnсе, watеrfowl,
shorе Ьirds, and poultry, thе main rеsегvoir and spil lovеr hosts for thе in-

fluеnza A virusеs, havе at lеast 16 HA and 9 NA antigеniс suЬtypеs (olsеn

et a|, 2006). Thе сurrеnt virulеnt avian influеnza suЬtypе is thus dеsignatеd
H5N1 .

lfithin еaсh suЬtypе, howеvеr, HA аnd NA gеnеs arе subjесt to rеgular

antigеniс drift in that flu virusеs ассumulаtе еnоugh mutаtions to bесomе
lеss еasily rесogr-rizеd Ьy thе imnrunе systеms of prеviously infесted or vaссi-
natеd individuals (Bush еt' a|. 7999: Fеrguson еt al. 200З). Thе impliсa-

tions for human hеalth arе еnormous, Ьoth in tеrms of prеdiсting how long

vaссinеs wil l rеmain еffесtivе (D. J. Smith 2006) and in thе possiЬil ity of
mutations or antigеn shuffl ing ЬеtwееI-l virus suЬtypеs, whiсh сould lеad to
сhangеs in virulеnсе and transmission Ьеtwееn hosts (Baigеnt and Мс.
Саuley 200З; Kuikеn еt аl. 2006\. Тhе grеаt fеar, r>f сollrsе' is that thе H5
hеmagglutinin wil l сhangе influеnza's tгаnsmissiЬil ity in humans, for in-

stanсе) Ьy еvolving HA affinity frorn сеlls dееp in thе lungs tо сеlls that l inе

our throats and nosеs. Rathеr than sсаttеrеd сasеs assoсiatеd with ехposurе
to infесtеd watеrfowl or poultry, a nеw form of HSN1 сould Ье transmittеd
Ьy dirесt сontасt Ьеtwееn pеoplе, lеading to disеasе outЬrеaks in human
populations.

G Е N Е т l с s  o F  M U т A т l o N

Many wеll-known human disеasеs rеsult from mutarions in our gеnomеs.
Мutation is also inеvitaЬlе, a сonsеquеnсе of mistakеs in сopying thе DNA
that for thе most part kееps thе rесoгd straight during сеll сyсlеs that rеnеw
our Ьodiеs and makе our еggs and spегrrr. Soпtе mutations :rге spontanеous'
somе arе еnvironmеt-ttally сaused, Ьut геst ;rssurеd that mutation nеvеr slеeps.
Individual mlltаtions оссur at rеlаtivеly low гatеs, Ьut thе numbеrs arе ti ltеd
in favor of mutаtions appеaring in high absolutе frеqr.rеnсy. Prеvalеnсе of

сommon gеnеtiс disеasеs l ikе diaЬеtеs, musсular dystrophiеs' and сanсегs сan
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Ье undеrstood in thе framеwork of еvolution viа thosе inехoraЬlе mutations
and thеir inhеritanсе within familiеs and еthniс groups (Frank 2004; Tishkoff
and Kidd 2004). At thе Ьasе lеvеl mutаtions аrisе in somewhеrе Ьеtwееn 1 in
10'000 and 1 in 100,000,000 DNA rеpliсations. Givеn а human population
of morе than 6 Ьil l ion pеrsons' еaсh with 30,000 gеnеs and 6 Ьil l ion Ьаsе
pairs of DNA' novеl mutations will arisе еaсh gеnеration Ьy thе thousands, if
not millions. SuЬsеquеntly, novеl mutation саn Ье traсеd and prеdiсtеd within
familiеs Ьy pеdigrееs Ьut сan also сomе to diffеr in frеquеnсy bеtwееn pсlpu-
lations with highеr or lowеr proЬaЬil ity of inhеritеd disеasе.

Thе vаst majority of mutations wil l disrupt gеnеs and Ье harmful. Сon-
sidеr phеnylkеtonuriа (PKU), thе gеnеtiс disеаsе сausеd Ьy thе inaЬil ity to
mеtaЬolizе thе amino aсid phеnylalaninе Ьесausе of mutations in thе PАH
gеnе (Sсrivеr and !Иatеrs 7999). Thе disеasе has variaЬlе phеnotypеs' of
whiсh mеntal rеtаrdation is onе of thе wоrst, Ьut it сan Ье avoidеd if phеny-
lalaninе is еxсludеd from thе diеt of affесtеd individuals (сarеfully rеad thе
laЬеls of your low-сaloriе soft drinks). Morе than 400 mutant PАH allеlеs
that еnсodе malfunсtioning еnzymеs havе Ьееn idеntifiеd in various human
populations. Routinе nеonatal sсrееning for unusually high phеnylalaninе
lеvеls and dеfесtivе PAH еnzymе now providеs a rapid tеst for diagnosis and
trеatmеnt Ьеforе thе most sеvеrе symptoms dеvеlop.

On thе othеr hand, somе positivе surprisеs arе hiddеn in thе human
gеnomе as wеll. A numЬеr of individuals of northеrn Еurсlpеan dеsсеnt in-
fесtеd with HIV-1 havе nеvеr dеvеlopеd AIDS, and many of thеm arе ho-
mozygous (havе thе samе allеlе on Ьoth сhromosomеs) for a mutation in thе
сytokinе rесеptor ССR5 on thе surfасе of СD4+T сеlls of thе immuпе sys-
tеm (Dеan et a|. 1996). HIV.1 usеs thе ссR5 rесеptor to еntеr СD4+T сеlls
and еvеntuаlly ovеrwhеlms thе population of hеlpеr T сеlls that nоrmally rе-
spond to invadеrs in thе body, lеading to a сollapsе of thе immunе systеm
and AIDS. This mutation is сallеd СсR5-^З2 Ьeсausе of a dеlеtion of 32
Ьasе pairs in thе gеnе, lеading to a nonfunсtional protеin that prеvеnts
HIV-1 from Ьinding and invading СD4+T сеlls. ССR5-AЗ2 is found in 5%
to 15Y" of northеrn Еuropеans Ьut is еssеntially aЬsеnt from Еast Asian'
Afriсan, and Nativе Amеriсan populations (Dеаn еt aL.2,002).

Bесausе it is impossiЬlе that AIDS sеlесtеd for inсrеasеd frеquеnсy of
ссR5-^32 within a singlе gеnеration' it has Ьееn suggеstеd that high frе.
quеnсy of ССR5-A32 rеsultеd from strсlng sеlесtion in thе past, еspесially
from infесtion Ьy plaguе or smallpox, whiсh wеrе Ьoth сommon and dеаdly
in Еuropеan pоpulations during mеdiеval timеs and until thе latе 1700s (Gal-
vani and Slatkin 200з). As is oftеn thе сasе with surmising sеlесtion in thе
past' othеr еvidеnсе doеs not nеatly fit thе plaguе or smallpox hypothеsеs. In
miсе infесtion Ьy thе plaguе Ьaсtеrium is as ссlmmon in ССR5-dеfiсiеnt
stra ins as in ССR5*stra ins (Mесsas еt  a l .  2004; Е lv in еt  a l .  2004) '  in human
populations sеvеral othеr nonfunсtional allеlеs of thе ССR5 rесеptor also ех-
ist in high frеquеnсy (Blаnpain еt al. 2000), and thе ссR5-^32 mutant аllеlе
has Ьееn rесovеrеd from Bronzе Agе (2,900 yеars ago) skеlеtons from sеvеral
plасеs in Еuropе long Ьеforе plaguе is thought to havе invadеd (Hummеl еt
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al. 2005). Rеgardlеss, sеvеral othеr mutаtions in thе ссR5 rесеptor also pеr-
sist, and it appеars that sеlесtion via rеsistanсе to infесtions, rathеr thаn gе-
nеtiс drift ' providеs а plausiЬlе еxPlanation for thе high frеquеnсy of mutant
allеlеs (Blanpain еt al. 2000; Galvani and Slatkin 2003; Novеmbrе еt al.
2005; SaЬеt i  еt  a l '  2005).

Finally, infесtions and gеnеtiс disеasеs oftеn сo-oссur within thе samе pa-
tiеnts, and Darwinian mеdiсinе сan also еnсompass this Ьroаdеr pеrspесtivе
on human hеalth. Patiеnts may Ье siсkеnеd Ьy pathogеns, Ьut othеr aspесts
of thеir gеnеtiсs and еvolutionary history (еthniсity) сan makе individuals
prеdisposеd to infесtion or to grеatеr pathсlgеnеsis and morе sеvеrе disеasе
onсе infесtion sеts in (Сookе and Hil l 2001; \Wеiss and MсN4iсhael 2004).
For instanсе, sоnrе аllеlеs oi HLA gеnеs of thе immunе systеm inсrеasе sus.
сеptiЬil ity to a wholе variеty of pathogеns, inсluding thosе that сausе lеp-
rosy, tubеrсulosis, malaria' and AIDS (Hil l and Motulsky 7999; Dеan еt al.
2002)' Еvеn morе profound is that disеаsе fгom сommon human maladiеs
likе dеnguе' influеnzа, malaria, and tuЬеrсttlosis геsr'rlts not only from diгесt
danagе from thе pаthogеns bцt also froпr ovеrrеасtion of thе immunе sys.
tеm whilе attaсking thosе pathogеns (Graham еt al. 2005). Thus thе roots of
disеasе arе сomplех and in many instanсеs grow from dееp in our gеnеtiсs
аnd iпrmunе rеsponsеs to infесtions, аppropгiatе or not.

Diagnоsis

What aspесts of сarе for thе siсk and for publiс hеalth distinguish thе Dar.
winian approaсh to disеasе? Thе largеst distinсtion is ехtеnding mеdiсal сarе
Ьеyond individual patiеnts to сonsidеr human populations in thе сonteхt of
thеir сonnесtions with thе miсroЬial world аnd thе patiеnts' gеnеtiс and еvo-
lutionary history. This сan bе donе without сompronrising immеdiаtе trеat-
mеnt to allеviatе pain and sLrffеring and in many сasеs сan providе morе
rapid diagnosis, tгеatmеnt' and rесovеry. A typiсal ехanrplе aгisеs ln trеat.
mеnt of fеvеr and iron dеfiсiеnсv in patiеnts rvith infесtions, Ьесausе Ьoth of
thеsе may rеprеsеnt part of an adaptivе dеfеnsivе rеsponsе to slow thе
growth of baсtеriа (Will iams and Nееsе 1991; Nееse and.!7il l iams 7994).
Trеating thе symptoms of infесtеd patiеnts сould havе thе undеsiгеd еffесt
that infесtions pеrsist longеr, with grеatеr potеntial for tгansmission.

Thе following dесision trее slrows рatЬwаys through this Ьroadеr сontехt
and hopеfully сan lеad physiсians not only to diagnosе and trеat disеаsе onсе
thе Ьasiс symptoms and сausеs arе known Ьut also toward а gloЬal undеr-
standing of disеasе:

1. Is this an infесtion or a соrrgеnitаl сondition?
2. If it is an infесtion, is this pеrson othеrwisе hеаlthy?

a. If othеrwisе unhеalthy, is thе patiеnt сompromisеd Ьy poor
еnvironmеnt (е.g.' pooг diеt and nutrition, smoking, or oссupational
hazards) ?
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Ь. If othеrwisе unhеalthy Ьut with a good еnvironmеnt, сould thе
patiеnt bе gеnеtiсаlly prеdisposеd to infесtion (е.g., poor immunе
systеm)?

с. If othеrwisе hеalthy, should symptoms Ье trеatеd (е.g., nausеa, fеvеr,
nasal сongеstion)' or should this infесtion Ье allowеd to run its
сoursе with minimal intеrvеntion?

3. If it is an infесtion' is this pathogеn uniquе andlor сommon in humans,
or is thе pathogеn's sourсе from othеr animals (сallеd zooпotiс diseаsе;
sее thе rеviеw Ьy 

.$Иolfe 
et a|. 2О07|.

a. 
.\iИhеrе 

did this patiеnt сontасt thе infесtious sourсе' and how was
thе pathogеn transmittеd (..g., Ьy dirесt сontaсt or Ьy an arthropod
vесtor l ikе a mosquito, flеa, or tiсk)?

b. How сontagious is thе pathogеn: should patiеnts Ье isolatеd until
thеy arе nо longеr infесtious?

с. Do wе know thе infесtious miсroЬе's сlosеst rеlativеs? lй/il l thеraoiеs
to fight thosе infесtions hеlp this patiеnt as wеll?

d. Aftеr wе idеntify whеthеr thе pathogеn is a Ьaсtеrium, a virus, a
protozoan' or a fungus, doеs thе infесtious agеnt havе rеsistanсе to
antimiсroЬials?

4. If this is a сongеnital disordеr' what is this pеrson's family history and
еthniсity?
a. Is thе individual from a small population with a history of marriagеs

bеtwееn сlosе rеlativеs (е.g., first сousins or сlosеr)?
Ь. Is this disеasе highly prеvalеnt in othеr pоpulations with thе samе

еthniс origins?
5. !иill a thеrapy or intеrvеntion havе an еffесt Ьеyond this patiеnt?

a. 
.!7ill 

thеrapy sеlесt for highеr pathogеniсity or virulеnсе in thе
miсroЬеs (е.g., еffесts of impеrfесt vaссinеs)?

Ь. 
.lfhat 

kind of sеleсtion prеssurе will antimiсroЬials сrеatе, and what
will Ье thе tradе-off Ьеtwееn intеrvеning with a drug now and
failurе of thеrapiеs in thе futurе if drug rеsistanсе еvolvеs?

Еffесtivе usе of this dесision treе prеsupposеs a tесhnologiсal world whеrе
laЬoratory diagnostiсs Ьasеd on modеrn Ьioсhеmistry and gеnomiсs are
availaЬlе for rapid sсrееning.lThis trее also prеsumеs that mеdiсal and
hеalth profеssionals lеarn thе naturаl history аnd есology сlf pathogеns and
parasitеs in thе arеa whеrе thеy praсtiсе, and that thеy undеrstand thе еthniс
divеrsity of thе population thеy sеrvе.

Thе work of Dr. D. Holmеs Morton аmong thе Amish of Pеnnsylvania
and Il l inois providеs а сlеar сonnесtion Ьеtwееn Ьiomеdiсal rеsеarсh and
сliniсal praсtiсе (Bеlkin 2005). Мorton and сollеaguеs first diagnosеd and
thеn idеntifiеd thе undеrlying сausеs of prеtzеl syndromе, a form of сеrеЬral
palsy with Sеvеrе mеntal rеtardаtion and thеn еarly dеath in аffесtеd сhildrеn
(Strauss еt al. 2003). Similar tо PKU, prеtzеl syndromе is glutariс aсiduriа
(GA1)' сausеd Ьy m'-rtations in thе dеgradation pathwаys of thrее amrno

aсids (lysinе, hydro
triсian, Ьut in his сl
first dеtесt GA1 via
a gеnеtiс tеst Ьasеd
whеrе thе Amish or
of Еuropеan dеsсеn
rеduсеd among Am

Rесognizing this
сinе. In part this kir
sionals undеr thе st
thе silvеr_Ьullеt yеa
in thе 1930s and 1j
rеdisсovеry of this t
thеrapiеs and thе rс
losis that wеrе thol
Andеrson 1999)'

Trеatmеnt and.

Darwinian mеdiсint
thе patiеnt in front
prеdiсtivе and prееr
thе mеdiсal world,
еmbraсе Ьoth natur
thе proсеss that trа
translation humans
nесtions to thе natu
sсiеnсе of еvolution
dеvеloping trеatmеr
Ье sееn latеr, somе .
thе сost оf ignoring
сasеs.

ADAPтAт |oN

If onе сonsidеrs miс
сausе rеsistanсе to i
rееmеrgеnсе of prе.
Andеrson 19991 L<
multiplе-drug rеsist:
Ьy aсquiring drug rс
This is truе for Nels
gonorrhеa and dirес
Similarly' multidгug



Еuolutionаrу Biologу oi Diseаsе аnd Dапuiniап Меdiсine

асids (lysirrе, hydгoхylysinе, and tryptophan). Morton is primarily a pеdia-
triсian, but in his сliniс in сеntral Pеnnsylvarria hе pursuеd thе tесhnology to
first dеtесt GA1 via nondеgrаded protеins in цrinе samplеs and thеn dеvеlop
a gеnеtiс tеst Ьаsеd on miсroсhips. Thе mutation has Ьееn traсеd to Еuropе,
whеrе thе Amish originatеd, and oссurs at low frеquеnсy within populations
of Еuropеarr dеsсеnt. \With sсrееning and diеt, disеasе prеvalеnсе has Ьeеn
rеduсеd among Amish to a third of thе prеtrеatmеnt ratе.

Rесognizing this Ьroаdеr сontехt is an intеgral part of Darwinian mеdi-
сinе' In part this kind of training was at onе timе providеd to hеalth profеs-
sionals undеr thе suЬjесt of gеographiс mеdiсinе, Ьut it was swеpt asidе in
thе silvеr-Ьullеt yеars immеdiаtеly aftеr thе disсovеry of antimiсroЬial drugs
in thе 1930s and 1940s (Burnеt and Whitе |972;W. Andегson 2ОО4).Тhe
rеdisсovеry of this Ьranсh of mеdiсinе сomеs on thе hееls of failurеs of drug
thеrаpiеs and thе rееmеrgеnсе of infесtious diseasеs l ikе polio and tuЬеrсu-
losis tlrаt wеrе thought to havе Ьееn сonquеrеd (Gаrrеtt 19941 Lеvin and
Andеrson 1'999).

Trеatmеnt and Thеrapy

Dагwinian mеdiсinе asks hеаlth profеssiorrаls to look Ьеyond symptoms of
thе patiеnt in front of thеm and to praсtiсе mеdiсinе in a way that is Ьoth
prеdiсtivе and pгееmptivе (Zеrhouni 2005; Сull iton 2006)' Thе сhallеngе to
thе mеdiсal world, inсluding Ьiomеdiсal rеsеаrсh and drug disсovеry' is to
еmЬrасе Ьotlr rratural sеlесtiorr and сommon dеsсеnt (horn<llogy) as pаrt of
thе proсеss thаt translatеs Ьiomеdiсal rеsеагсh to сliniсal praсtiсе. In this
translation humirns сannot sеt thеmsеlvеs apart from thеir еvolutionary сon.
nесtions to thе natural world, inсluding thеir own gеnеtiсs and Ьiology. Thе
sсiепсе of еvolution is highly pгеdiсtivе, and it is unеthiсal for thosе who arе
dеvеloping trеi1tmеnts to ignorе knowlеdgе of еvolutionarv Ьiology. Аs wil l
bе sееn latеr, somе of thеsе pitfalls сan only Ье disсovеrеd in retrospесt, Ьut
thе сost of ignoring еvolutionаry Ьiology in mеdiсinе has Ьееn high in somе
сaSеs.

ADAPтAт |oN

If onе соnsidеrs miсroЬеs' thе idеa of natural sеlесtion is еasily aссеptеd Ье-
саusе rеslstanсе to antimiсroЬial drugs has гapidly еvolvеd and rеsultеd in
rееmеrgеIlсе of prеviously сontroilеd pathogеns (Gаrrеtt |994; Levin and
Andеrson 1999; LederЬеrg 2000). In somе сasеs Ьaсtеria havе еvolvеd
multiplе-drug rеsistanсе, partly Ьесausе of novеl mutations Ьut just as oftеn
Ьy aсquiring drug rеsistanсе viа DNA ехсhаngе from othеr Ьaсtеrial spесiеs.
This is truе foг |'Jеisseriа, thе Ьaсtегium rеsponsiЬlе for sехually transmittеd
g<lnorrhеa аrrd dirесtly trarrsrnittеd Ьaсtеrial mеningitis (Snydеr еt al. 2005).
Similarly, multidrug rеsistanсе has еvolvеd in thе flеsh-е ating Stаpbуlocoссus
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аurеus' whiсh is oftеn aсquirеd in hospitals. In its nеw and impеrvious form
this сommon skin Ьaсtеrium сausеs sеvеrе disеasе of skin and soft tissuеs'
somеtimеs lеading to dеath (Diеkеma еt al. 2001; Еady and Сovе 2003).

on thе othеr hand, it is implausiЬlе that humans will еvolvе nеw mесha-
nisms of disеаsе rеsistanсе, at lеast in thе aЬsеnсе of somе kind of rеgular and
сatastrophiс сhallеngе that would sеvеrеly rеduсе fitnеss of thosе who laсk
gеnеtiс prеdisposition for fighting infесtions. Again' this is not to say that
humans havе always Ьееn unaffесtеd Ьy thе powеr of natural sеlесtion-
rесеnt gеnomiс analysеs show ongoing sеlесtion in Ьrain sizе (Mеkеl-BoЬrov
еt al. 2005) and rесеnt sеlесtion for adцlt laсtosе mеtaЬolism in Еuropеan
and Afriсan populations (Tishkoff et a|. 20О7). But thе disparity of gеnеra-
tion timеs of miсroЬеs аnd hцmans spurs natural sеlесtion in favor of mi
сroЬеs, whiсh will еxpеriеnсе sеlесtion at multiplе lеvеls: within individual
hosts, Ьеtwееn human hosts, and Ьеtwееn humans and pathogеn rеsеrvolrs
in сommеnsal or wild populations of othеr animals.

An intriguing possiЬility is that our immunе systеms arе сurrеntly undеf
sеlесtion via immunopathology, disеasе саusеd Ьy ovеrrеsponsе Ьy our im.
munе systеms to What сould othеrwisе Ье mild infесtions (Graham еt al.
2005). our immunе systеms сould Ье sееn as a sеriеs of tradе-offs Ьеtwееn
rесognition of sеlf and nonsеlf, dеfеnsе against invading pathogеns, and thе
potеntial damagе to noninfесtеd tissuеs whеn сlеaring invadеrs from infесtеd
tissuеs. In this сasе sеlесtion would Ье toward an intеrmеdiatе phеnotypе
that Ьalanсеs tradе-offs. Gеnomiс analysеs of immunе-systеm gеnеs' сom-
Ьinеd with ехpеrimеnts in modеl systеms that furthеr dеmonstratе how thеsе
kinds of tradе-offs funсtion, will providе an aсtivе arеa of rеsеarсh for yеars
to сomе (Graham еt al. 2005).

Thus modеrn mеdiсinе still finds itsеlf on a shifting landsсapе, and wе сon-
tinuе to writе thе сhaptеr in human history suggеstеd Ьy Joshua LеdеrЬеrg
(2000)' whiсh hе сalls ..our !Иits vеrsus Thеir Gеnеs.' ' Еvolution in miсroЬеs
will nеvеr stop, Ьut wе arе Ьеginning to apply stratеgiеs spесifiсally dеsignеd
to halt thеir transmission, slow rеsistanсе to antimiсroЬials, and improvе
vaссinеs. Thе first issuе is pеrhaps thе simplеst: hygiеnе сan halt pathogеn
transmission. This was immеdiatеly apparеnt from thе famous еpidеmiologi-
сal slеuthing by Dr. John Snow in London, who in 1854 rеmovеd thе handlе
of a puЬliс watеr pump on Broad Strеet in Soho and provеd that a loсal
сholеra еpidеmiс сamе from a сontaminatеd wаtеr supply (!7il ls 1996). Sim.
ilarly, plaguе and thе Blaсk Dеath' сartsеd Ьy thе baсtеrium Yеsiпiа pеstis
and rеsponsiЬlе for somе of thе most infamous human pandеmiсs, havе
largеly wanеd as human disеasеs in arеas whеrе rodеnts and thеir flеas arе rе-
movеd from human living quartеrs (Gagе and Kosoy 2005). In tеrms of еvo.
lutionary Ьiology, hygiеnе сirсumvеnts thе opportunity for sеlесtion for
pathogеns by simply rеmoving сhains of infесtion and prеvеnting transmis-
s ion (Galvani  2003).

Slowing еvolution of antimiсroЬial rеsistanсе is onе of thе largеst publiс
hеalth сhallеngеs wе faсе, Ьut most work in this arеa is hypothеtiсal Ьесausе
сritiсal data that сould distinguish whiсh stratеgiеs would Ье most еffесtivе
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arе not yеt aviri laЬlе (Lipsitсlr 200l). Rеgardiеss, mathеmatiсаl modеls and
simulation studiеs indiсatе th;rt in l iеu of attirсking еaсh miсгoЬе with a sin-
glе drug until геsistanсе rеaсhеs a lеvеl that сompromisеs puЬliс hеalth, thе
grеatеst hеalth Ьеnеfits wil l Ье gainеd by dеploying сomЬinаtions of drugs in
thе samе pаtiеnts at tЬе sаmе timе or targеting for сontrol thosе pathogеns
rvith thе lowеst transmissiс.lt-t rzrtеs (BonhoеftЪr еt a|. |997: Lеvin and Andеr_
soo1,999 Bul l  аnd Wiсhmarr 2001; L ips i tсh 2001; D. L.  Smith еt  a l .  2005).
Аgаin, possiЬ1е Outсomеs lravе еnоugh сontingеnсiеs that orrly timе, сarеfully
сontrollеd humarr trials, and laЬoratory ехpегimеnts with modеl systеms wi1l
pгovide dеfi nitivе 11llswеrs.

As notеd for influеnza A' kееping еffесtivе vассinеs orr hand сan Ье diffi_
сult' although sеvеral vaссinеs havе rеmainеd еffесtivе еvеn aftеr dесadеs of
usе (е.g., mеaslс.s vассinеs). T.his quеstion has arisеn again bесausе of thе
possiЬil ity thаt H5N1 avian influеnza сould еmеrgе as a dirесtly transmittеd
huпrаn pаthogеtr, irпd it is not fе:rsiЬlе to providе pеrfесtly matсЬеd vaссinеs
for widеsprе:rd usе. Thus thе hopе is thаt еvеn an impеrfесtly matсhеd vaс-
сinе wil l providе somе lеvеl of protесtion аnd slow virаl transmission. Un-
fortunatеly, this doеs not takе into aссount that pathogеns undеrgo
sеlесtion within lrosts that сtluld favor morе virulеnt pаthogеns (dеfined Ьy
high ratеs of pathogеn rеpliсаtion сalising сеll оr tissuе damagе). Spесifi-
сally' impеrfесr vaссinеs mav сalrsе pathogеns to еvolvе Ьoth fastеr trans-
rnission to еsсаpе protесtеd irrdividuals and highег virulеnсе in unprotесtеd
indiv iduals  (Gаr-rdon еt  a l .2001; van Bovеn еt  a l .2005).  Again,  puЬl iс
hеalth impliсаtiotls of using virссinеs that only Partially pгoteсt individuals
must takе int() ассount that sеlесtion or-r perthogеns oссLlrs at sеvеral lеvеls,
and that wirlrin-host еvolution gеnеrаlly Sеlесts for grеatеr virulеnсе
(Stеarns and ЕЬеrt 2001; Galvani 2003). Rеlеasing partial vассinеs to stеm
loсal outЬгеaks ссluld havе thе unintеndеd risk of sеlесting for morе virulеnt
pаthogеns in thе futurе.

Finally, nrшсlr has Ьееn nrаdе оf thе еvolutiсln of virulеnсе and thе argu-
mеnt that pathogеns should еvolvе lowеr virulеnсе Ьесausе damagе to lrosts
slows transmission (Еwald 1994). Еmpiriсal support for thе optinral-
virulеnсе idеa сoп-tеs from a fеrv еxamplеs l ikе thе rеduсеd dеath ratе among
}-uгopеan rаЬЬits i lrfесtеd with nryхoma virus in Austгаliа in tlrе yеars aftеr
thе virus was introduсеd tс.l сontrol thе r:rЬЬits that wеrе rаvaging thе land-
sсapе. Lowеrеd virulеnсе in thе Ьасtеrium that сausеs diphthеria in humans
is a sесond ехanrplе (Еbеrt and Bull 200З). I}ut again, thе tradе-off hypothе-
sis that Ьalаnсеs virulеnсе and trаnsmission assumеs a rеlativеly simplе dеfi-
rrit ion of virшlеnсе, wlriсlr is асtually a fuIrсtion of pathogеn rеpliсation
within thе host' tохiсity of rhе pathogеn to thе host' immunе rеsponsе of thе
host, and, finally, whiсh tissuеs arе affесtеd. For instarrсе' thе Ьaсtеrium
|'lеisseriа meniпgitidis сausеs mеningitis whеn it infесts spirrаl tissuеs, Ьut its
transmission is from infесtions of thе uppеr геsPiratory trасt, whiсh arе usu-
ally asympt<lmatiс. Тhus virr.rlеnсе in N. mепiпgitidis is r-rnгеlatеd to trans_
mission and is асшаlly a spil lovеr оf infесtions within hosts. From thе idеa of
optimal virulеnсе сomеs thе notion that disеasе сould Ье avoidеd if pathogеn
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virulеnсе сould Ье сontrollеd. Thе quеstion thеn arisеs: whаt wil l Ье thе
targеt for sеlесtion? ЕЬегt аnd Bull (2003) suggеst tlrat sеlесtion should tar-
gеt virulеnсе dirесtly Ьy attaсking pathogеll toxiсity; vaссinеs against diph-
thеria and pеrtussis havе Ьееn dеsignеd to do just that, with thе rеsult that
surviving Strains arе lеss pathogеniс.

сo t " , lMoN DEsсЕNт

Idеas of сolnmon dеsсеnt and homology may havе grеatеr diffiсulty in Ьеing
aссеptеd in mеdiсal praсtiсе for thе samе rеasons that thе notion of сommon
dеsсеnt gеnеratеs сognitivе dissonanсе in thе gеnеral population. Thе сon-
сеpt of homology, that traits in diffеrеnt spесiеs havе сommorr еvolutionary
origins' is сritiсal to dеvеlopmеnt of pharnraсеutiсals, whiсh arе first tеstеd
on mammals l ikе miсе, rats, аnd dogs. Promising сandidatеs may thеn Ье
tеstеd on primatеs Ьеforе сliniсal trials with humаn voluntееrs. Thus Ьio.
mеdiсal rеsеarсh advanсеs Ьy undеrstanding that spесiеs phylogеnеtiсaily
сlosеst to hrrnrans havе thе most similar gеnеtiсS' physiology, :rnd immunе
systems to hurnаns аnd thus provе to Ье rеliaЬlе пrodеls for rеsеarсh and dе-
vеlopmеnt of trеatmеnt and thеrapy.

How badly сan things go if соmmon dеsсеrrt is disгеgardеd? onе poignant
сasе is that of BaЬy Faе, an infant Ьorn with an undеrdеvеlоpеd hеаrt who
rесеivеd thе hеart of a ЬaЬoon at Loma Linda Univеrsity Mеdiсal Сеntеr in
1984 (Bаilеy еt al. 1985). Thе ЬaЬoon donor wzrs onе of fivе that had bееn
tеstеd for irnmunologiсal sinli larity on thе lrasis of thrее HLА gеnеs. Thе Ьa-
Ьoon with lowеst rеaсtivity to thе infant's i l lmunе сеlls (lymphoсytеs) was
сhosеn as donor. BaЬy Faе survivеd for 20 days aftеr surgеry with thе hеlp of
thе immunosuppгеssivе drug сyсlosporinе Ьut еvеntually diеd from rеjесtion
of thе transplantеd hеart and othеr organ failurе. Еthiсal аnd proсеdural
quеstions asidе, a trouЬling part of thе story is that sеvегаl mistakеs dirесtly
rеsultеd from a rеjесtion of еvolutionary thinking.

Lеonard Bаilеy' thе lеad suгgеon for BaЬy Faе's opеration, admittеd to
Ьеing a fundamеntalist Сhristian during a radio intеrviеw for thе Aus.
tralian Broаdсasting Сorporation.2 Bailеy сhosе ЬaЬoons as donors Ьесаusе
thеir hеarts wеrе availaЬlе аnd thе right sizе. Askеd why hеarts of сhim-
panzееs' humans' сlosеst l iving primatе rеlativе, wеrе not сonsidеrеd, Bailе,v
answеrеd, ..Thе sсiеntists that arе kееn on the еvolutionary сonсеpt' that
wе aсtually dеvеlopеd sеrially from suЬhuman primatеs to humans, with mi-
toсhondrial DNA dating and that sort of thing, thе diffеrеnсеs havе to do
with mill ions of yеars. That bсlgglеs my mind sornеhow. I don't undеrstand it
wеll ' and I'm not surе thаt it mеans a grеat dеal in tеrms of tissuе homology.' '
Infant transplants Ьy Bailеv.s group at Loпra Linda suЬsеquеntly usеd only
human donors. Thе prospесt of using othеr spесiеs for transplantation сon-
tinuеs to Ье quеstionеd Ьесausе for most organs thе сross-spесiеs immunity
Ьarriеr is high, еvеn with immunosupprеssivе drugs, and Ьесаtrsе of thе risk
that novеl pathogеns сould Ье transfеrrеd to hr:nrans from thе dorror animаls
(Dеsсhamps еt al' 200.5)'
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Prognosis

.!7hеrе 
doеs Darwinian mеdiсinе takе us in thе futurе? Fiгst and forеmost, thе

grеatеst сhallеngе is that miсroЬеs havе an almost unlimitеd сapасity to аdapt

to сhаnging еnvironmеnts, and that humans in thе modеrn world arе onе of

thе largеst and most сonsistеnt еnvironmеnts аvаilaЬlе to thеm. But аrе

doomsday sсеnarios of disеasе pandеmiсs neсеssary? Not rеally, Ьut to ignorе

thе possiЬil ity would also Ье foolish' and many intеrvеntions сan Ье adoptеd

thatсould rеduсе disеasе sеvеrity (Purssеll 2005). Thе issuе is thatthе proсеss

of еvolution has many faсеs, with сhangе in thе futurе as thе only сеrtainty.

Givеn variation in pathogеn populations, with somе traits сonfеrring highеr

fitnеss and with inhеritanсе of trаit diffеrеnсеs, adaptation Ьy natural sеlес-

tion is a сеrtainty. Rеsponsеs to sеlесtion, howеvеr, somеtimеs h:lvе сoLlntеr-

intuitivе outсomеs Ьесausе sеlесtion асts in diffегеnt dirесtions at diffеrеnt

lеvеls. Thе possiЬil ity that еvolution oссurs at multiplе sсalеs is among thе

most important сontriЬutions еvolutionary Ьiology has madе to mоdеrn mеd-

iсinе (wil l iams and Nееsе 1991; Stеarns and ЕЬеrt 2001). Dеploying impеr-

fесt vaссinеs during puЬliс hеalth еmеrgеnсiеs, as disсussеd aЬovе, providеs a

potеntially alarming еxamplе, whеrе еpidеmiсs сould Ье slowеd rеgionally

whilе thе vaссinе sеlесts for highеr virulеnсе among surviving pathogеns, with

morе sеvеrе disеasе in suЬsеquеnt outЬrеaks (Gаndon еt al. 2001). Tradе-offs

aсross multiplе lеvеls lay at thе hеart of thе еvolution of pathogеn virulеnсе,

transmission, and rеaсtions of our immunе systеms to invadеrs (Will iаm and

Nееsе 1991; Еwald 1994;ЕЬert  and Bul l  200З; Gгaham еt а l .  2005).

Thе prognosis foг gеnеtiс сhangе that would rеduсе disеasе inсidеnсе in hu-

man populations is miхеd. Rapid advanсеs in gеnomiсs and gеnе disссlvеry

mеan that gеnеtiс sсrеening, prеnatаlly or soon aftеr Ьirth, will providе pеdia-

triсiаns with informatiсln nееdеd to trеat еvеn morе of thе mеtaЬoliс disеasеs,

l ikе PKU and GA1, сausеd Ьy mutations. Gеnеtiс sсrееning of adults, аnd whaг

сould Ье donе with that information, is a lnattеr of еthiсs thаt is still Ьеing dе-

Ьatеd, еspесially for thе risk of gеnеtiс disеasе, thе prеdispоsition of irrdividuals

for infесtions, and ratеs сhargеd for hеalth insuranсе. Sсrееning for nlutatit-'rls

that сausе gеnеtiс disеasе сould hеlp potеntial parеnts dесidе how ttl proсееd,

Ьut аgain, this is a mattеr of privaсy and еthiсs сlutsidе thе sсiеnсе of еvolution.

Progrеss in gеnе thеrapy-rеintroduсing funсtional gеnеs into thе gеnomеs of

patiеnts to сurе thеir disеasе sеt baсk aftеr a fatality in a gеnе thеrapy

triаl in Philadеlphia in 1999 (Thompson 2000) Ьut is Ьеing rеvisitеd with im-

provеd Ьiotесhnologiеs. But nothing in thе study of modеrn gеnomiсs and gе.

nеtiс disеasе сhangеs thе faсt of human population sizе' and that mutations in

largе populations oссur аt high aЬsolutе ratеs. Thus Wе сan still prеdiсt with

сеrtаinty thаt еugеniсs, thе disсardеd ntltion that sеlесtivе Ьrееding of humans

сould еradiсatе gеnеtiс disеasе, would do еvеn lеss now to allеviatе human mts.

еry than it did a сеntury аgo whеn еugеniсs programs wеrе first institшгеd.r

Thе proЬlеms that faсе Darwinian mеdiсinе arе thе samе onеs that шakе

еvolution fasсinatins to somе and frustrating to othеrs. \й/ithin thе rnoге сеrtain
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framеwork of inhеritarrсе and natural sеlесtion, еvolution is influеnсеd by
сhanсе еvеnts l ikе mutаtions, сhanсе еnсountеrs with an individual who
brings а nеw infесtion into а сommunitУ' or a rapidly altеrеd еnvironmеnt.
On thе onе hand' somе find сomfort in thе idеa from Darwinian mеdiсinе
that sonrе disеasеs сan Ье ..prеdiсtеd'' from tlrе maladaptatiс-ln сlf humаns to
thеir сurrеnt r,vоrld (Nееsе аnd 

.Williаms 
1994\. Orr thе othеr lrarrd, rvе rvould

fееl Ьеttеr aЬout Darwilrian mеdiсinе and looming plаguеs of mсldеrn timеs if
thе idеntitiеs of thе nехt pandеmiс-сausing pathogеns Wеrе morе prеdiсtaЬlе
(many would say that virusеs l ikе HSN1 or ЕЬola аrе most l ikеly; sее Сlеavе-
land еt a|.2007)..W.е сan takе grеatеr сomfort, howеvеr, from gеographiс еpi-
dеmiology, muсh as Darwin rnay havе found сomfort thгough his intеrеst in
gеographiс distriЬutions of populations аnd spесiеs (Burnеt аnd Whitе 1972;
LеdеrЬеrg 2000; W. Aгrdеrson 2004; Tishkoff and Kidd 2004). Thus wе
know that thе historiеs of populations wil l influеnсе thе prеvalеnсе of
сongеnital disordеrs, and wе know that disеasе organisms havе gеographiс
origins, zrs do thе resеrvoirs for disеasе and potеntial insесt vесtors for trans-
mission. By :rсknowlеdging tlrat humans livе :rs part of thе worldwidе есolоgy
of infесtious disеasе аrnd that еvoiutioгr of pathogеns is thе inеvitaЬlе out-
сomе' wе саn Ье еvеn moге prеparеd thе nеxt timе thе monkеypoх visits
Kansas.
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NoтЕs

1. А сavеаt must Ье mirdе hеrе: disеasе dеsсribеs thе physiсal damagе to а patiеnt'
whiсh is аn individual phеnопrеnon. Sсrееning саIr idеntify individuаls with part iсu-
lar gеnotv1.tеs or spесif iс infесtions, Ьut thеsе individuals wil l  nоt nесеssаri ly
dеvеlop disе.rsе. Nonеthеlеss' sсrееning сan pгеdiсt disеаsе' аnd disеirsе r isk сan Ье
undеrstotld at thе lеvеl of pсlpulations whеn ехposurеs to pаthogеns аnd/Oг
f rеqurnс iеs  о f  gеr lе t i с  mut . r t iоnь  r rе  h ig ,h .

2. original rаdio Ьroаdсаst on Junе 3, 198.5, during thе progr:lm Hеаlth Report.
3. Sее Haldanе (1964I for an amusing аnd rеadaЬlе еssay thаt dеfеnds

mathеmatiсal thеoriеs of population gеnеtiсs, inсlr 'rding rеfеrеnсе to t l-rе Ьаlanсе
Ьеtwееn Inutаtion аnd sеlесtion, аnd somе lovеly r.еrsе aЬout his с11д,.n I ifg.е'..| i .o
f ight with сolorесtаl саnсеr.
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Undеrstanding
Forms

Briаn Goodtlliп

Thе quеstion that I shаll ехаminе in this еssay is thе rеlation Ьеtwееn form
and funсtion in еvolution' and how thе оrigin of diffеrеnt forrтs is undеr-
stoоd. Form hаs пvo aspесts: slrаpе or struсturе' as in tlrе morphologv of or.
ganisms; and pattеrn in tinlе tlr Ьеlrirviсlr, suсh аs thе movеmеlrts of
individual orgarrisms (swimming' walking, flying) or thе spatial pattеrns of
сollесtivеs, suсh as floсks of Ьirds or fогaging сoloniеs of soсial insесts. Thеsе
сhагtrсtеristiсs of spесiеs аrе oftеn rеfегrеd to сollесtivеly as сhаraсtеrs' and
thеy havе аdirptivе, funсtiоnаl signifiс:.rnсе for tlrе survivаl of tlrе spесiеs.
Howеvеr, thеrе is a distinсtion Ьеtwееn undеrstanding thе origin <lf a form
(i.е., how thе form сan аrisе iп organisms during thеir еvolution) anсl thе pro-
сеss rvhеrеЬy natttrаl sеlесtiorr aсts tо сhangе thе rеlativе frеquеnсiеs of thе
diftегеnt forrrrs in а poprrli.rtiоn Ьесausе of thеir survir,аl vaIuе. N21tuгаl sеlес-
tiorr сannot еxplain how any form origir-ratеs, and it саn Ье usеd <lnly in еx-
plaining thе diffеrеntiаl aЬundanсе of сharaсtеrs' сonnесtеd with tlrеir
сontriЬution to thе fitnеss of огganisms'

Тhеrе is а tеndеnсy am()ng еvolutionirrv biologists tO аssumе thаt аIly ti)rnl
сan Ье gеnеratеd as a rеsult of random r,ltriation in tlrе gеnеs, rеsulting in lrл
indеfinitе divеrsity of possiЬlе forms for еvolution tсl work with. This is thе
assumption that I shall suggеst is mistаkеrr as a gеnеrаl prinсiplе, ol-r thе Ьa-
sis of two t,vpеs of еvidеnсе.Tlrе first оf. tlrеsе сtlmеs fгorт oЬsеrr,аtion сlf
spесiеs morphology, whiсh shсlws that fсlrtns gеnеratеd during еvolution fall
into distinсt, not сontinuous' сlassеs. An impliсation of this is that thеrе arе
сonstraints on thе possiЬlе forms of organisms and tlrеir Ьеhaviсlr, so that
sonrе forms саn Ье gеnеratеd, п,lri lе orhеrs сannot. TIrе сasе thаt I sЬаll ех_
trrrrinе in dеtаil соmеs fгorrr plant morpholсlgy, sinсе wе havе ехреrimеntal'
obsеrvational, аnd thеorеtiс:rl еvidеnсе fсlr distinсt sеts сlf pаttеrns irr this ех-
аm1.llе. All thrее arе rеqtrirеd to makе a сonvinсing саsе against thе assump-
tior.r of сontinuous vаriation as a Ьasiс prinсiplе in еvolutiсln. Thеrе аrе mаnу
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еxamplеs that сan Ье usеd fгorn animаl moгphoiogy alld сollесtive Ьеhavior
pattеrns' somе of whiсh I disсuss, Ьut thе plаnt ехamplе mаkеs thе gеrrеral
poiпts сlеarly and il lustratеs how thе argumеnt tЬat rеlatеs to morphology
сan Ье pursuеd in otlrеr с:rses.

Tlrе sесond typе сlf еvidеnсе that I prеsеnt fсlr сonstraints сln tlrе possiblе
forms availaЬlе for еvolution сomеs from tЬе nаturе i lf thе proсеssеS that
gеnеrаtе thе forms. Thеsе arе thе dynaпriс aсtivitiеs whеrеЬy diffеrеnt mor-
phologiеs and Ьеhаviors arе gеnеrаted Ьy intеraсtions within orgаnisms dur-
ing thеir dеvеlopmеnt and Ьеtwееrr.thеrn in prоdr.rсing Ьеhirvior pattеrns.
This involvеs somе еlеmеnt of thеorеtiсаl modеling, showing what typеs of
proсеssеS сor'rld givе risе to tЬе fсlгпrs аrrd rr,lry гhеsе геsult in disсrеtе, nol
сontinuous' variation in сharaсtеrs.

Thе viеwpсlint pгеsеntеd hеге in no sеl.lsе сhallеr.rgеs tЬе irr-rportanсе o{ nat-
ural sеlесtion irr еvolution. Whеthеr thе fсlrms оf organisms arе initiаlly gеn-
еratеd as distinсt pоssiЬil it iеs or as a сontinuum of variations, sеlесtion sti l l
opеratеs to influеnсе thе frеquеnсy of thе diffеrеnt forms асс<lrding tо the fit-
nеss that thеy сonfеr on thе individual mеnrЬеrs сlf a spесiеs. Thе important
point nrаdе is that tlrе gеnеrativе origins of Ьiologiсal strrrсturеs aпd pаttеrns
arе not to Ье undеrstood in thе saпrе Way as thеir diffеrеntial aЬundanсе in
diffеrеnt l,raЬitats.

.W.е 
arе sti l l tаг from hilving anything likе a сorrrplеtе dеsсription of thе

proсеssеs in organisms that undеrliе thе origin of thеir distinсtivе сharaсtеr.
istiсs. Hоwеvеr, I Ьеliеvе tlrat wе undеrstаnd suffiсiеntl,v wеll thе Ьasiс prin-
сiplеs of thеsе gеnеrativе aсtivitiеs to draw somе importаnt ссlnсlusions
aЬout Ьoth thе distinсtions and thе rеlatiсlnships Ьеtwееn form and funсtion
in Ьiology. on rhе Ьаsis of thе еxamplеs prеsеntеd :rnd thе gеr-rеrаl prinсiplеs
that govеrn nonlinеar dynamiсs, I shall aгguе that thе proсеssеs involvеd
havе thе сonsеquеnсе that somе ftrrпrs аге pсlssiЬlе, whilе othеrs are not. Un-
dеrstanding thе origins of thе forms that dеfinе diffеrеnt spесiеs thеrеforе rе-
quirеs thаrt wе ltndегstaпd thе dynаmiс proсеssеs that gеnеrаtе tlrеm, whiсh
аrе not th<lsе of natr.rral sеlесtion.

Phyllоtaхis as a Sеlf-organizing Growth Proсеss

A сlassiс ехamplе оf form in flowеring plants сonсеrns thе arrangеmеnt of
lеavеs alorrg thе stеn-r (phyllotaxis). It has Ьееn rесognized for lnany yеars that
thеrе aге o l l ly  rhrее рг imaг1. .  с() lnm()n Pаttеrns.  rhough thеrе аrе аIso somе in-
frеquеntly found arrangеmеnts. Thе rnajor arrangеmеnts аrе shown in Figure
1. Thе first of thеsе has thе forпr of a spirаl whеll onе looks dorvn on thе
plant, i l lustratеd hеrе Ьy yuссa. Suссеssivе lеavеs oссu1.ly p()sitions rotatеd
throrrgh а wеll.dеfinеd avеragе anglе (l37.5o) rеlativе to thе prеvious lеaf.
Thе sесond pattеrn is сallеd wlrorlеd, in rvhiсl-r two Or tnorе lеаvеs arlsе аt
еaсh nodе. Тhе lеavеs at еaсh suссеssivе nodе arе rotatеd so thаt thе lеavеs arе
loсatеd аЬovе tlrе gаps сlf tlrе prеviсlus rvhorl. Thе еxamplе slrown is fusсhia'
whiсh has two lеavеs at еaсh nodе' with rotation of suссеssivе rvhorls through

h
\
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Еigurе 1. Thе thrr..е typеs of phyllotaхis: spiгal' as in yuссa (/eЁ/; dесrrssаtе' as
in fusсlriа (midrlla); and distiсhсlus, as in rл,,lizе (right).

90.. Thе third pattеrn is knorvn lls сl istiсhоtrs, in r,l, lr iсlrthеге is a singlе lеaf at
еaсh nodе аlld еirсh suссеssivе lеаf is loсirtеd on thе oppositе sidе of thе sfеm
from thе prесеding сlnе. Thе gеnеratoГ сlf all thеsе pattеrns is tlrе lnеristеm,
thе growing tip of thе plant' whеге thе lеirvеs arе produсеd as distinсt struс-
turеs Ьy growth and diffеrеntiation сlf сеIls in intеraсtion with onе anothеr.

M o R P H o G E N E т | с  F I Е L D s  A s  G Е N Е R A т o R s
o F  М o R P H o L o G Y

A сomprеlrеtrsivе еxaminatitln of tl lе gеnеrativе proсеss in thе пrеristеm lеd
Douady аnd Сoudеr (1996) to synthеsizе thе сomponеnts of this proсеss intсl
a modеl that slrtlws how thе thrее typеs of phyllotахis сould oссur. Thе fun-
damеntаl idеa is that thе mеristеm is a doпlain of grоwth in whiсh a lеaf pri-
mordium will arisе only if thе сonсеntration of аn inhiЬitory fiеlсl in this
rеgion falls Ьеl<lw ll thrеshold valr-rе. Еaсh rrеw lеaf that doеs form aсts as a
sourсе of inhiЬition to nеighЬoring tissuе' prеvеnting anothеr lеаf from foгm*
ing. Howеvеr, thе irrlriЬit<lrу influеnсс dесrеasеs ц,ith inсrеasing distаrrсе, so
that as lеаvеs erсlrv irnd movе apаrt' thеге arе rеgions whеrе lеaf formation
сan Ье irrit iаtеd. ]t is thе pattегn of intеrlrсtions in this sеlf-orgаnizing proсеss
thаt rеsults in thе аrrangеmеnt of lеavеs. Dеpеnding on thе initial statе of thе
mеristеm and its gеomеtry' thе proсеss gеllerаtеs onе of thе thrее n-re jor pat-
tеrns of lеaf arraпgеmеnt as thе primary pattеrn and othеr pattеrns as sес-
ondary onеs. Thе tеrm usеd in Ьiology ro dеsсriЬе this typе of spаtial
pattеrning proсеss irr dеvеloping organisms is lttorpbogепеtiс fiеld. In tесhni-
сal tеrms' сасh of thе сliffеrеnt pattегns that arisеs from thе sеlf_orgirrrizing
dуrramiс proсеss ls сallеd an аttrL1сt()r, rvhiсl-r is thе staЬlе solutiс-l l l to thе
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morphogеnеtiс fiеld for partiсular initial and Ьoundary сonditions that pro-
duсеs a partiсular form.

What сan this modеl rеvеal aЬout distinсtions among thе thrее major phyl.
lotaхis сatеgoriеs? It is known that spiral pattеrns oссur in just ovеr 80% of
highег plant spесiеs. Thе initial lеaf pattеrn in thе sееdlings of all thеsе
spесiеs is еithеr onе storagе lеaf, as in monoсotylеdons, or two' as in di.
сotylеdons. 

.lfhat 
еmеrgеs from thе work of Douady and Сoudеr is that with

thеsе initial сonditions on thе fiеld organization of thе mеristеm, spiral phyl-
lotaхis is thе pattеrn that is most aссеssiЬle (it is thе attraсtor that l iеs onthе
main Ьranсh of thе dynamiс gеnеrator). Furthеrmorе' thе divеrgеnсе anglе
bеtwееn suссеssivе lеavеs сonvеrgеS on thе oЬsеrvеd anglе of 137.5. onthis
Ьranсh of thе pattеrn-gеnеration proсеss. Thе othеr spiral pattеrns oЬsеrvеd
infrеquеntly, with diffеrеnt divеrgеnсе anglеs' arе aссеssiЬlе, Ьut thеy rеquirе
that paramеtеrs in thе modеl havе spесifiс rangеs' as do rarе whorlеd рat-
tеrns. Diffеrеnt plant spесiеs сan thеrеforе havе diffеrеnt phyllotaхis pattеrns
as a rеsult of gеnеtiс influеnсеs on initial сonditions and paramеtеr valuеs in
thе mеristеm, Ьut thеrе is an ovеrаll Ьias in thе dirесtion of spirals, as ob.
sегvеd in nаturе-

М o R P H o G Е N Е т | с  F l E L D S  P R o D U с Е  F o R M s  W l т H
M A т H E М A т | с A L  R Е G U L A R | т l Е s

Plants with spiral phyllotaхis havе a сharaсtеristiс mathеmatiсal ordеr in
thе spatial rеlationships of thеir lеavеs. Somе ехаmplеs of thеsе arе givеn in
Figurе 2, whiсh shows thе spiral arrangеmеnts of lеavеs in Аrаuсаriа ехсelsа,
a mеmЬеr of thе Мonkeу Puzz|e family. Thе numЬеrs on thе lеavеs rеfеr to
thе sеquеnсе in whiсh thеy wеrе gеnеratеd, 1 Ьеing thе yоungеst lеaf or thе
last to Ье gеnеratеd, 2 tЬe prеvious lеaf, and so on. Thе spirals in this figurе
arе drawn through lеavеs that makе dirесt сontaсt with еaсh othеr. Now look
at thе diffеrеnсе Ьеtwееn thе numЬеrs of suссеssivе lеavеs along any spiral.
In Figurе 2atЬe diffеrеnсеs arе 8 along thе spirals dеfinеd Ьy dottеd linеsand
13 for diffеrеnсеs along spirals with solid linеs. This dеfinеs what is known as
(8' 13) spiral phyllotaxis. Thе othеr two еxamplеs in thе figurе havе (5, 8)
and (З, 5) spiral phyllotaхis (Figurеs 2Ь and 2с' rеspесtivеly). Thе numЬеrs in
thеsе pairs,3' 5, 8, and 13, Ьеlong to a wеll-known mathematiсal sеriеsdе-
finеd as Пi * 1= n + п _| еaсh suссеssivе numЬеr of thе sеriеs is thе sum of thе
two prесеding numЬеrs. Thе pагtiсulаr numЬеrs of thе sеriеs dеpеnd on thе
two numЬеrs that start it. If wе Ьеgin with thе numЬеrs 1, 1' thе sеriеs is 1, 1,
2,  з ,  5,8,  13,21,34,  55,  and so on.  Most p lants with sp i ra l  phyl lotaх is
Ьеlong to spirals dеfinеd by suссеssivе numЬеrs in this sеriеs, as wе saw ln
Figurе 2 for thе Мonkеy Puzz|e trее. Douady аnd Сoudеr (1996| showеd
that thеsе arе thе spirals that arisе on thе main Ьranсh of thе gеnеrativе pro-
сеss in thеir mоdеl. Нowеvеr, spirals with numЬеr diffеrеnсеs Ьеlonging to
othеr F iЬonaсс i  sеr iеs arе a lso found in naturе '  suсh as (2,2,4,6,10,16,
26 ,  .  .  . ) ,  ( 2 ,  5 ,  7 ,  12 ,  19 ,  4 \ ,  68 , .  .  .  ) ,  аnd  (З ,  4 ,  7 ,  10 ,  17 ,  27 ,  44 ,  .  ,  , ) .
Thеsе сan arisе from thе dominant spiral Ьranсh Ьy spесifying partiсular initiаl

Figure 2. Leaf arrangе
Arаuсаriа ехсеlsа. See



tl аnd Ьoundary сonditit lns that pro-

inсtions аrnong thе rhrее rrlajor phyl-
al pаttсrrls <rссur in just ovеr 8О"Ь с>|
)attеrn in thе sееdlings of аll thеsе
t nlоnoссltyiеdorrs, or two' аs in di-
k of Douadv and Coudеr is that with
nizаtion of thе mегistепr, spiral phyl-
iЬlе (it is thе attraсtor thаt l iеs on thе
).  Furг l rеrmоrе '  thе d ivегgеnсе аngIе
thе сlЬsеrvеd anglе of |З7.5" on tйis
;s. Thе othег spiral pattеrns oЬsеrvеd
nglеs, аrе ассеssiЬlе, Ьut thе}, rеquirе
:ifiс rangеs, as do rarе whorlеd pat-
lrе hаvе diffеrеnt phyllotаxis pattеrns
rl сonditions аnd paramеtеr valuеs in
ras in thе dirесtion oi spirals, as oЬ-

) D U с Е  F o R М s  W l т H
s

:haraсtеristiс mаthеmatiсal ordеr in
Somе ехamplеs of  thеsе аrе g ivеn in

]mеnts of lеаvеs in Аrаuсаriа ехсеlsа,
,. Thе numЬеrs on thе lеаvеs геfеr to
rtеd' 1 Ьеirrg thе yсlungеst lеaf or thе', 

and so on. Thе sрirals in this figurе
,сt сontасг with еaсh othеr. Now look
of suссеssivе lеavеs аlolrg any spiral.
.hе spirals dеfinеd Ьy dottеd linеs and
c linеs. This dеfinеs whar is knor,vn as'o ехamplеs in thе figurе hаvе (5, 8)
rnd 2с' rеspесtivеly). Thе nLrmЬеrs in
wеll.known mаthеmatiсal sеriеs dе.
lunrЬеr of thе sегiеs is thе sum of thе
numЬеrs of thе sеriеs dеpеnd on thе
:h thе nunrbеrs 1, 1, thе sеriеs is 1, 1'
Мost plants with sрiral phyllotaхis
tunrЬеrs iп t l l i s  sеr iеs '  аs wе sаw in
)ouadУ аnd Сoudеr (1996) showеd
: mаin brnnсh of  гhе gеnегаt ivе pгo-
th nlrrnЬеr diffеrеnсеs Ьеlongirrg to
naturе '  srrсh as (2,  2,  4,  6,  70,  76,
a n d  ( 3 ,  4 , 7 ,  1 0 ,  1 7 ,  2 7 ,  4 4 ,  .  .  . ) .
lranсh Ьy spесifying partiсular initial

Figure 2. Lеaf arrarrgеmеnts on Ьranсhеs of а
Аrаuсаriа eхcеlsа. Sее tехt for disсr.lssiorr.
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spесiеs of Мonkеy Puzzlе trее,
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сonditions and pаramеtеr vаluеs in thе mоdеl of Douady and Coudеr. Thе
rarе pаttеrns <lf r,vlrorlеd lеaf arrangеmеnts thаt arе distinсtivе to partiсular
spесiеs arе аlso gеnеrаtеd Ьy thе rnоdеl lvlrеrr spесifiс Ьoundаry сorrсlit ions
and paramеtег vаlшеs:rrе spесifiеd, f<lrсing tlrеsе modеs tсl аppеar' though
tlrеу aге lеss staЬlе tl-ran thе dtll lr ir lаnt onеs in tеrms of pасkiпg dеnsitу of
lе:rvеs.

R Е L A т | V E  s т A B I L | т Y  o F  D l F F Е R Е N т  P H Y L L o т A с т I с  F o R М s

Al l  thе pattеrns gеnеratеd in thе modеl  <l f  Douady and Сoudеr arе staЬlе
fсlr sсrmе rangе ()i Lroundary and initial сorrditions on thе morphogеnеtiс
fiеld in thе tnеristеm, l)tlt somе arе lеss sеnsitivе to сhangеs in thеsе than
othеrs '  Agаin,  thе с]onr inant рattеrns оf  F igurе l  arе thе onеs that arе lеast
sеnsitivе tо virгiаtiсlns in thе gеnеrativе сonditiсlns in thе modеl, aпd among
thеsе thе spiгal pattеrns arе thе most roЬust. This fiеld modеl of thе dy-
nаmiсs of lеaf pгoduсtion in thе mеristеm thus providеs us with a possiblе

ехplanation of how all thе diffеrеnt lеaf pattеrns сan Ье gеnеratеd in highеr
plants; thаt is, it givеs us a plausiЬlе piсttrrе of how thе diffеrеnt pattеrns

arе possiЬlе forms of thе samе dynamiс proсеss undеr variation in thе gеn.

еrativе сonditi<lns thаt сan Ье rеlatеd to diffеrсrtt gеnе aсrivitiеs and Ьound-
l l rv  сondi t ions с ln thе nrеr is tеm (m<lnoсс l ts  and d iсоts) .  I t  is  not nессssaryor
appropгiirtе tO tlsе thе сonсеpt tlf nаtuгal sеlесtion or diffеrеntiаl {itnеss of
thе сharaсtегs to ехplain how thе oЬsегvеd rangе of forms сould hаvе orig-
inatеd in p lants.  Whаt thе modеl  tе l ls  us is  that  with in somе pla l r t  l inеagе

сlr l inеagеs thеrе еvolvеd within thе mеristеrn a dynamiс proсеss with thе
gеnеrаtivе сharaсtеristiсs dеsсгiЬеd. This modеl gеnеratеs thosе arrd only
thosе pattегns сlЬsеrvеd in known plant sр-lесiеs. Thеrе arе many pattеrns

tЬat wе саn inragirrе thаt might Ье produсес1, suсh as a singlе lеaf at a nodе,
trvo rotatеd at 90" tO this i lt thе nехt nodе, tlrrее at thе nеxt rсltаtеd rеlativе
to thеsе t.uvo, irnсl thеn а rеpеat of this sес]uеnсе. Thеsе arе nеvеr oЬsеrvеd.
Biologiсal foгms arе not sеlесtеd froпr аny imaginablе sеt or i] сontinuum
of possiЬil it iеs. Nonlinеar dynamiс proсеssеs of thе typеs that oссr'rr in dе-
vеlopmеnt always gеnеratе a disсrеtе sеt Of forms aссеssiЬlе to thе dynamiс
proсеssеs involvесl. It is not natural sеlесtion that dеfinеs thеsе pоssibil it iеs,
Ьut thе intrinsiс сl,vnamiсs of thе gеnеrаtivе proсеss in thе dеvеloping or.
ganism. Undеrstаnding thеsе rnorphogеnеtiс proсеssеs is what providеs us
ц,ith аn undеrstаnding of thе origins сlf spесiеs аs distinсt forms aссеssiblе
witЬ in a l inеagе (Gсloс lwin 1994).

F | Е L D s  A N D  M o L Е с U L A R  G Е N Е R A т o R s

A rnodеl suсh as that of Douady and Сouсlеr shows what prinсiplеs arе rе.
quirеd t<l prсlvidе a сandidatе еxplanatiсln <lf phyllotaхis, Ьut it opеrаtеs аt
quitе a higЬ lеvеl oi аЬstraсtion. Rесеnt stuсliеs Ьy Rеinhardt еt al. (2003) in-
diсatе thе nаturе сlt thе rrrоlесulеs involvеd in gеrrеrating phyllсltaсtiс pattеrns

аnd rеvеа| а fiеId с1r.trirtrriс diffегеnt in dеtаil frorrr tlrat essumеd Ьy Douady

and Coudеr.  Thе |atге l
morphogеn from а lеa
nеw lеaf to form аt a
еvidеnсе prеsеntеd Ьy
duсt ion of  pr imordiur
auхin that gеts t ransp(
mation in its nеighЬоr
is thus rеplaсеd Ьy rеrт
inhiЬ i tory асt ion Ьy а
vегtеd so that instеad .

lеaf  format ion in a sс l
phogеn thаt induсеs l.
nеw lеaf and its bounс
nеw lеaf inititation irr
a fiеld of inhiЬition Ье
еrns whеrе thе pеaks o
port  of  thе morphogеn

Thе е lеgаnt studiеs
moгphogеnеtiс fiеlds iI
tions. Сlеarly thеy dо r
modеl of thе wholе а
dirесtional-fi еld сompt
t ia l  loсat ion of  аuхin 1
that is loсalizеd to thе
transport ing auхin аpi
vasсular сеlls of thе dе
еnсе that undеrliеs thе
to Ье explainеd in tеrm
morphogеnеtiс fiеld. lV
aсross сеll walls, сеll d
mегistеm to pгoduсе t l
oЬsеrvеd in lеaf phyllс
sееk to providе аn int

Proсеss.  C lеar ly any r
aсhiеvе thе samе rangr
аnd thеi r transt.ormarir

D Е v Е L o P M Е N т
в Е т W Е Е N  o R l (

I now turn to thе issuе
plaining aspесts of phy
usеd to dеfinе thе adaр
ism funсtions in a par
with othеr nrеmЬеrs o{
to thе сharасrers of  аn



modеl of Douаdy and Сoudеr. Thс
еnts th l t  l rе t] isг i l l с t ivе t t l  pаrt iсuIаr
I whеn spесifiс Ьoundary сonditions
.сing thеsе modеs to аppеaг, though
otlеs iп tеrпrs of paсking dеrrsity of

j R Е N т  P H Y L L o т A с т | с  F o R М s

: l  of  Dr luаdy and Сoudеr аrе staЬlе
al соnditions on thе пrсlrplrogеnеtiс
is sеnsirivе tо сhаngс.s in thеsе than
f Figurе 1 arе thе onеs thаt aге lеаst
сonditit lns iп thе rnodеi, arld aпlong
roЬust. This l iеld modеl of thе dy-
геm thus providеs rrs with а possiЬlе
f pаttеrns сan Ье gеrrеrirtеd in higlrеr
riсturе of how thе diffЪrеnt pattеrns
j  proсеss undеr var iat ion in thе gеn-
l diffеrеrrt gеnе aсtivitiеs аnd Ьound-
сlts and diсots). It is nсlt nесеssary or
ral sеlесtion оr diffеrentiаl fitnеss of
lvеd rаngе of fortns сouid havе orig-
us is  that  with in somе plant l inеagе
lеristеm а dvnaшiс ргoсеss with thе
his modеl gеnеrаtеs tlrosе аnd oniy
rrt spссiсs. Тhеге arе many pattеrns
lLrсеd,  suсh аs a s inglе lеaf  at  а nodе'
ldе, thrее аt thе nехt rotаtеd rеlativе
sеquеnсе. Tlrеsе arе nеvеr oЬsеrvеd.
anv  i r n l g i n lЬ |е  \е t  o r  i l  сo l l t i nuum

rсеssеs of tlrе typеs thаt oссur in dе-
:t of fсlrms ассеssiЬlе to thе dynаmiс
,сtion that dеfinеs thеsе possiЬil it iеs,
]аtlvе pГoсеss in thе dеvеlopirrg or-
]nеtiс proсеssеs is wlrаt providеs us.  spес iеs аs d ist inсt  forшs ассеss ib lе

ЕRAтoRs

эudеr slrows what prinсiplеs arе rе-
-'n ot phyllotaxis, Ьut it operаtеs at
tudiеs Ь1. Rеinlrardt еt аl. (2003) in-
d in gеr lеr l t ing phyl lotасt iс  pаttеrns
зtail from that assuпlеd Ьy Dоuady
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and Сoudеr. Thе lattеr assumеd an inhibitory influеnсе, possiЬly сarriеd Ьy amorphogеn from a lеaf primordium, that dесrеasеs with distanсе, allowing anеw lеаf to form аt а сritiсal distаnсе from a dеvеloping lеаf. Howеvеr' thееvidеnсе prеsеntеd Ьy Rеinhardt and сollеaguеs is that thе influеnсе is an in-duсtion of primordium formation Ьy auхin. A nеw lеаf асts аs a sink for
auхin tЬаt gеts tгanspoгtеd away from tЬе sitе, thus prеvеntin8 nеw lеaf for-
mation in its nеighЬогhood. Thе irrhiЬitio.' 

",.u,n.dЪy 
Dou,jy and Coudеr

is thus rеplaсеd Ьy rеmoval of an induсеr from thе nеw lеaf rathеr than dirесt
inhiЬitory aсtion Ьy a morphogеn. The fiеld rulе is thеrеforе еffесtivеiy in-vеrtеd so that instеаd of pеrmissivе rеgions of low inhiЬition that all<rw nеw
lеaf foгmation in a sсalar fiеId, wе havе сlomаins оf еlеvatеd auхin, a mor-
phogеn that induсеs lеaf initiation, and transport of аuхin аway fгom thе
nеw lеаf  аnd i ts  Ьoundаr iеs in thе nrег isгеm аs rhе lеaf  dеvеlop, .  p. .u.n. in8
new lеaf inititation in its nеighЬorhood. Thе dynami. i, -o.. .omplеx than
a fiеld of inhiЬition Ьесausе thеrе is now а dirесtionаl сolnponеnt that gov-
еrns whеrе thе pеаks of auхin оссur in thе fiеld, arisirrg from polarizеd trans-
port оf thе пrorphogеn.

Thе еlеgant studiеs of Rеinhardt аnd сollеаguеs tаkе thе quеstion ofmorphogеnеtiс fiеlds in plаnts in sonre vеry intеrеsting and сlrallеnging dirес-
tions. Сlеarly thеy do not ехplain phyllotaxis, whiсh йquirеs Ьoth а сohеrеnt
modеl of thе wholе and an еxpеrimеntally valid moЬсulаr dynamiс. Тhе
dirесtionаl-fiеld сomponеnt thаt undеrliеs аuхin flow is govегnеd Ьy thе spa-tial loсatiоn of auxin pumps in thе сеll mеmЬranе,,u.й u, PIN1, a protеin
thаt is loсalizеd to thе apiсal sidе of сеlls in thе orrtеr layеrs of thе mегrstеtn,
trаnsрorting auxin apiсаlly' Ьut oriеntatеd for Ьasa1 transport in dеvеloping
vasсular сеils of thе dеvеloping lеaf. Тhus thеrе is а fiеld of ..g,,l,to.y influ-
еnсе that undеrliеs thе produсtion and loсalization of PIN1 in сеlls and nееds
to Ье еxрlainеd in tеrms of molесular orgaпizing forсеs in ordеr to modеi this
moгphogеnеtiс fiеld. Modеling thе сlosе сoupling Ьеtwееn oriеntеd pumplng
aсross сеll walls, сеll diffеrеntiation, and ,.'"in flo- рattеrns througЬout thе
mеristеm to prоduсе thе сohеrеnt maсrosсopiс pattеrns of lеаf arraпgеmеnts
obsеrvеd in lеaf phyllottrxis prеsеnts аn intеrеsting сhallеrrgе for thosе who
sееk to providе an intеgratеd- r'rndеrstanding of tйi, .nbu,]t morphogеnеtiс
proсеss. Сlеarly аn1, modеl that sееks ro ехplain thеsе phеnomеnа ,nust
aсh,iеvе thе samе rangе of intеgratеd undеrstanding of phyllotaсtiс pattеrns
and thеiг transformations as thе modеl of Douady аnd Corrdеr does.

D E v Е L o P M Е N т  A N D  Е v o L U т l o N :  Т H Е  R E L A т I o N s H l P
BЕтWЕЕN oR lGINs  oF  FoR t " l s  AND тHЕ lR  FRЕaUЕNс lEs

I now turn to thе issuе of natural sеlесtion and what rolе it might play rn ех-plаining aspесts of phyllotaхis. Fitnеss tо haЬrtat is thе сonсеpt that Darwin
usеdto dеfinе thе adaрtivе.fеaturеs of organisms, that is, how wеll aп organ-
ism- funсtions in a partiсular еnvirоnmй. ,o that it survivеs tо rеproduсе
with othеr mеmЬеrs of its spесiеs and lеavе offspring. Fitnеss сan Ье applied
to thе сharaсtеrs of аn organism (е.g., pattегn of lеаvеs on thе stеm of hiяhеr
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plants' pigmеntation pattеrns and shapеs of lеavеs) and to thе lifе сyсlе as a
wholе. Natural sеleсtion is gеnегally takеn to dеsсriЬе thе proсеss whеrеЬy

organisms with сhirraсtеrs adaptеd to thеir haЬitat arisе in thе сoursе of еvo-
lution: organisms with diffеrеnt hеrеditary сharaсtеrs arisе as a rеsult of
gеnеtiс variation' and thе rnorе adaptivе (fittеr) сharaсtеrs inсrеasе in frе-

qrrеnсy in thе population rеlativе to thosе сharaсtеrs that arе lеss fit. Thе

сharaсtеrs oЬsеrvеd most frеquеntly in spесiеs arе thеrеforе rеgаrdеd as having

grеatеr funсtional valr.lе to thе organism' so that thе diffеrеntial aЬundanсе

of a сharaсtеr is takеn as a mеasurе of its adaptivе valuе to thе organism. If

wе apply this rеаsoning to thе frеquеnсy of phyllotaxis pattеrns in thе lеavеs

of highеr plants, Wе may сonсludе that spiral phyllotaхis is tlrе pattеrn with

highеst fitnеss or utility to thе lifе сyсlеs of highеr plant spесiеs, sinсе this is

thе most aЬundant pattеrn' takеn to Ье еstaЬlishеd historiсаlly Ьy natural

sеlесtion.
What is thе sеlесtivе valuе of lеaf arrаngеmеnts in plants? A rеasonablе

suggеstion is that lеаvеs sеrvе thе funсtion of сatсhing light for photosynthе-

sis: thе diffеrеnt pattеrns of lеavеs on a stеm havе diffеrеnсеs in thе еffiсiеnсy

with whiсh thеy сatсh photons' whiсh dеpеnds оn how muсh thеy ovеrlap

and shadе onе anothеr. Studiеs havе shown that thе spiral pattеrn illustratеd

Ьy yuссa in Figurе 1a has thе lеast mutual shading whеn light is сoming from

dirесtly ovеrhеad' sinсе lеavеs that aге arrangеd in rows nесеssаrily shadе

onе anothеf (Figurеs 1Ь and 1с). This сould bе a Ьasis foг undеrstandingthе
diffеrеntial aЬundanсе of lеaf phyllotахеs in tегms of natural sеlесtion and

funсtion. Howеvеr, whеn othеr faсtors arе сonsidеrеd, this proposal losеs its

strеngth. 
.sfhеn 

avеrаgеd ovеr thе сoursе of a day' with thе sun oссupуing all

angular positions rеlativе to thе plant' thе diffеrеnсеs Ьеtwееn diffеrеnt lеaf

arrangеmеnts with rеgard to shading Ьесomе minimal. Furthеrmorе, obsеr-

vation of spесiеs in diffеrеnt haЬitats shоws that thеrе is no сorrеlation

Ьеtwееn shadе plants and spiral phyllotaxis, as might Ье еxpесtеd if maxi-

mization of l ight сaPturе сorrеlatеd witlr spiral lеaf arrangеmеnt. Plant adap-

tation to shadе is largеly through vаriation in lеaf shapе аnd pigmеntation;

thе lattеr inсrеasеs aЬsorption of thе light frеquеnсiеs availaЬlе. Thе ovеrall

еvidеnсе is that phуllotaсtiс pattеrn is sеlесtivеly nеutral in plants, sinсе all

thе diffеrеnt pattеrns arе oЬsеrvеd in various light haЬitats. In this сasе dif-

fеrеntiаl aЬundanсе, thе prеdominanсе of spiral phyllotaxis in lrighеr plants,

dоеs not appеar to bе еxplainеd Ьy natural sеlесtion of a funсtional сharaс-

tеr. If thе сonсlusion is сoгrесt that all phyllotaсtiс pattеrпS work adеquatеly

for thе photosynthеtiс nееds of plants, thеn spirals prеdominatе Ьесausе thеy

arе dеvеlopmеntally morе aссеssiЬlе and staЬlе. Thеrе is nothing surprising

or proЬlеmatiс aЬout this сonсlusion. It mеans simply that wе nееd to takе

ассount of thе rеlativе dеvеlopmеntal aссеssibility and staЬility of diffеrеnt

morphologiсal pattеrns, whiсh will affесt thе frеquеnсy of сhara.tеrs in spесiеs

and nrury havе a primаry influеnсе in сasеs whеrе thе сhаraсtеrs arе sеlесtivеly

nеutral. 
'Wе 

сannot simply assumе that diffеrеntial aЬundаnсе is always ех-

plainеd Ьy natural sеlесtiоn. Of сoursе, it is аlways assumed that if a сhаraс-

tеr gеnеratеd in a spесiеs is not usеful' it will not inсrеasе in frеquеnсy, and if

i t  i s  a d isadvantаgе
tеrminеs сl iffЪrеnti ;

Сollесtivе Bеhа

Thе Ьеhаvioг pilttе
aspесt of thеir еvo|
sесts to ftrri.rgе fсrr
lеavеs in tЬе autum

Just as thеге arе di
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it is a disadvantagе, it wil l nсlt survivе. Howеvеr, it may not Ье util ity that dе-
tеrminеs diffеrеntial aЬundanсе.

Сollесtivе Bеhavior in Ant Coloniеs

Thе Ьеhavior pattеrns of orgarrisms arе сlеarly an important and intеrеsting
aspесt of thеir еvolution. Thе abil it iеs of fish to swim, of Ьirds to fly, of in-
sесts to foragе for food' and of plants in tеmpеratе сlimatеs to drop thеir
lеavеs in thе autumn all сontriЬutе signifiсantly to thеir сapaсity for survival.

Just as thеrе arе diffеrеnсеs Ьеtwееn spесiеs in thеir morphologiеs, so thеrе
arе diffеrеnсеs in thеir Ьеhavior pattеrns that allow us to rесognizе thеm as
signifiсant indiсators of thе distinсtivе l ifеstylеs and haЬits of diffеrеnt
spесiеs. I shall now takе a look at thе way Wе сan undеrstand Ьеhavioral pat-
tеrns as Ьiologiсal forms. For this I usе an еxamplе from thе study of dy-
namiс ordеr in an ant сolony. Thе quееn and thе young ants at all stagеs of
dеvеlopmеnt arе kеpt in a spасе within thе сolony сallеd thе Ьrood сhamЬеr.
In this сhambеr thеrе aге many workеr ants that tеnd thе quееn and thе
young' fееding and сlеaning thеm, moving thеm аЬout as thе young maturе'
and kееping thе Ьrood сhamЬеr frее of dеЬris. Rеsеarсhеrs who havе еХam-
inеd сoloniеs kеpt in laЬoratоriеs havе oЬsеrvеd thе oссurrеnсе of a rhythmiс
aсtivity pattеrn among thе workеrs in thе Ьrood сhamЬеr of сеrtain spесiеs
of ants. Whеn individual workеrs Wеrе oЬsеrvеd, еithеr in isolation from
thеir fеllows or at low dеnsity so that thеrе wеrе fеw intеraсtions Ьеtwееn
thеm, it was shown that thеir Ьеhavior was сhaotiс in thе tесhniсal sеnsе
of thе tеrm (Glеiсk 1998). Thе quеstion arisеs: how doеs a rеgular pеriodiс
rhythm throughout a сolony arisе from thе intеraсtions of сhaotiс individu-
als? Whеrе doеs thе ordеr сomе from?

Nigеl Franks and сollеaguеs (Franks et, a|' 1990) oЬservеd that thе workеrs
in a сolony of ants оf thе gеnus Lе|ltothorах who wеrе tеnding thе quееn and
thе young in thе Ьrood сhamЬеr еxhibitеd a wеll-dеfinеd rhythm in thеir
aсtivity-inaсtivity сyсlеs. Roughly spеaking, thе workеrs wеrе inaсtivе for
about 10 minutеs еvеry half hour. Thе first assumption wаs that еaсh ant is
individually pеriodiс in its aсtivity-inасtivity сyсlе, and that in thе Ьrood
сhamЬеr thеsе сyсlеs Ьесomе synсhronizеd through intеraсtions so that thе
wholе ехhiЬits a rеgular pеriodiс сyсlе. Suсh synсhronization is wеll known
in thе flashing of firеfl iеs or in fеmalе monkеys сoming into еstrus with thе
full moоn. Howеvеr, whеn Сolе (1991r\ еxaminеd thе Ьеhavior of individual
аnts from сoloniеs of a spесiеs сlosеly rеlatеd to that studiеd Ьy Franks еt al.
(1990)' whiсh also ехhibitеd rhythmiс Ьеhаvior in thе Ьrood сhamЬеr, hе
found that thеir aсtivity-inaсtivity сyсlеs wеrе tесhniсally сhaotiс: thеy ех-
hiЬitеd dеtеrministiс сhaos, without any sign of a rеgular rhythm. How'
thеn, doеs a rеgular pеriodiсity еmergе frсlm thе intеraсtion of сhаotiс indi-
viduals ?

This proЬlеm was studiеd Ьy Solё еt аl. (199З) Ьy сonstruсting a сomputеr
modеl of thе intеraсtion of ants in a Ьrood сhamЬеr. Еaсh individual modеl
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ant Wаs dеsсribеd in its aсtivity-inaсtivity bеhaviсlr as сhaotiс, in aссоrdanсе
with thе ехpеrimеntal еvidеnсе, and thе modеl ants intеraсtеd with еaсh
othеr by еХсitation, again in aссordanсе with oЬsеrvation: if an aсtivе ant in-
tеraсts with an aсtivе or an inaсtivе ant, Ьoth сasеs rеsult in inсrеasеd aсtiv-
ity. Thе modеl Was сonstruсtеd as a kind of moЬilе nеural nеtwork in whiсh
ants playеd thе rolе of ехсitаЬlе nеurons that сould movе arollnd on a grid
that rеprеsеntеd thе Ьrood сhаmЬеr. lt Was not possiblе to prеdiсt thе out-
сomе of thе modеl, sinсе thеrе Was no rеason to assumе that сhaotiс individ-
uals that intеraсtеd Ьy еxсitation would dеvеlop a сohеrеnt rhythm.
Howеvеr, that is prесisеly what oссurrеd. }.urthеrmorе, thе modеl also сon-
formеd to oЬsеrvations that wеrе not Ьuilt into thе modеl: a rеgular pеrio-
diсity еmеrgеs in thе ant сolony only whеn thе dеnsity of ants ехсееds a
сritiсаl lеvеl, as oЬsеrvеd Ьy Сolе (199|) in his ехpеrimеntаl studiеs. Thе pе-
riodiсity еmеrgеs quitе suddеnly aЬovе thе сritiсal dеnsity; in tесhniсal tеrms,
it has thе сharaсtеristiсs of a phasе transition, l ikе thе suddеn сondеnsation
of a gas to a l iquid at a сritiсal tеmperaturе, so that onе kind of ordеr sud-
dеnly rеplaсеs anothеr. It is intеrеsting to ask what kind of ехplanation of thе
еmеrgеnt propеrty this modеl givеs us.

s Е Е K l N G  A N  E Х P L A N A т I o N  F o R  т H Е  F o R М

Thе еmеrgеnt pеriodiсity in thе Ьrood сhamЬеr сannot Ье rеduсеd to thе bе-
havior of thе individual ants and thеir intеraсtions in any spесifiс сausal
sеnsе. That is, knowing aЬout Ьеhavior of individual ants and thе naturе of
thеir intеraсtions is not suffiсiеnt to prеdiсt thе pеriodiс Ьеhavior of thе
wholе сolony. Nеvеrthеlеss, this pеriodiсity is a сonsistеnt propеrty сlf thе
modеl aЬovе a сritiсal dеnsity of ants. Hеrе is a сasе of сonsistеnсy without
сausаl rеduсtion, whiсh is found in many сasеs of еmеrgеnсе in сomplеx sys-
tеms. It mаy wеll Ье that mathеmatiсal thеorеms will Ье disсovеrеd that al-
low onе to mаkе prеdiсtiоns aЬout suсh systеms. Howеvеr' thеsе wеrе not
known at thе timе thе modеl Was сonstruсtеd. 

.What 
thе modеl makеs сlеar is

thе nесеssary propеrtiеs for suсh an еmеrgеnt proсеss. Thе mathеmatiсal
funсtions usеd in thе modеl dеsсriЬе thеsе propеrtiеs without ехplaining
what thеir сonsеquеnсеs arе. This is typiсal of sсiеntifiс proсеdurе: models
oftеn dеsсriЬе without giving сausal еxplanations of thе phеnomеna.

Suсh modеls arе vеry usеful in сlarifying variоus aspесts of еmergеnt prop.
еrtiеs in сomplеx еvolving systеms. In partiсular, Wе сan ask what rolе natu-
ral sеlесtion might play in thе еrnеrgеnсе of rhythmiс aсtivity of workеrs in
thе Ьrood сhamЬеr. To еxplorе this' wе nееd to ask what funсtion rhythmiс
aсtivity has for thе сolony and how it sеrvеs its survival. Franks еt al. (1990)
suggеstеd what this might Ье. Hе and othеrs havе oЬsеrvеd that if an aсtivе
ant еnсountеrs an еmЬryo оr a larva that is alrеady gеtting attеntion from
othеr workеrs, thе aсtivе workеr will go to anothеr mеrnЬеr of thе Ьrood.
Thеrеforе, if workеrs in thе Ьrood сhamЬеr arе асtivе at thе sаmе timе, thеy
proЬaЬly distriЬutе thеir сarе сlvеr thе Ьrood and thе quееn so that thеrе is
l ittlе dupliсation of аttеntion. If thеir aсtivity pattеrns wеrе сhaotiс, thеn
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sonrе еmЬryos or lаrvaе might gеt morе attеntion than othеrs simply Ьy eссi-
dеnt of how thе workеrs wеге distriЬutеd in thе Ьгood сhamЬеr' Dеlgado and
5o16 (1999) havе shown that whеn this is modеlеd Ьy сomputеr simulation of
сolony aсtivity, pеriodiс pattеrns do indееd produсе morе еvеnly distriЬutеd
сaIе than сhaotiс pattеrns. So wе lravе a possiЬlе ехplanation of why rhyth-
miс сyсlеs of aсtivity in thе Ьrood сhаmЬеr arе bеnеfiсial аnd may Ье sе-
lесtеd: thеy еnhanсе thе survivаl сhanсеs of thе yourrg Ьy virtuе of good сaге
whеn thеy arе dеvеloping, and sсr inсrеasе thе fitnеss сlf thе сolony. This is
proЬaЬly why thеsе aсtivity сyсlеs arе сommonly oЬsеrvеd in suсh сoloniеs.

Howеvеr, it is сlеar that natural sеlесtion in no sеnsе ехplains thе origin
of thе rhythmiс aсtivity pattеrn in thе Ьrood сhamЬеr. Thе possiЬlе funс-

tiоn of thе rhythm plаyеd no rоlе in dеsigning thе modеl' whiсh providеs an

undеrstanding of how rhythпriс aсtivity pattегl]s сa11 еmеrgе in аn аnt сolony
with thе propегtiеs oЬsеrvеd. As statеd in thе сomprеhеnsivе volumе Seff-
orgапizаtioп iп Biologiсаl Sуstеms (Сamazinе еt al. 2001, 89): ..Onе of thе
rеvеlations of sеlf.organization studiеs is that thе riсhnеss of struсturеs oЬ.

sеrvеd in naturе doеs not rеquirе a сomparaЬlе riсhnеss in thе gеnomе Ьut сan

аrisе from thе rеpеаtеd appliсation оf sirnplе rulеs Ьy largе numЬеrs of suЬ-

units,'' Мodеling thе ant сolony as а сomplеx systеlll providеs a dеmonstгаtion
of thе possiЬil ity оf rhythmiс Ьеhavior in thе Ьrood сhamЬеr. Furtlrеrmorе, it

shows that thе dеnsity rеquirеd for rhythmiс aсtivity is quitе low (aЬout 20%

of maхimum dеnsity)' as oЬsеrvеd еxpеrimеntally, .rrrd thе rhythm аrisеs for

a widе rangе of еxсitaЬil ity of thе irrrгs. This is what is rеquirеd for а phе.
nomеnon to arisе in еvolution: it must сlссur fairly rеadily (Ье aссеssiЬlе) and
must Ье roЬust in thе sеnsе that thеге should Ье a сorrsidеraЬlе rangе of param'

еtеr vаluеs in thе пrodеl ovеr whiсlr thе phеnomеnon arisеs. This сoгrеsponds
to a widе rangе of gеnotypеs in whiсh thе propеrty сan arisе. In addition, thе
faсt that thе rhythnr аrisеs suddеnly as a phasе transition in thе сolony means

that it is not sеlесtеd gradually, with progrеssivеly inсrеаsing dеfiniгion, аs
thе gгadualist viеw of еvolution would havе it. 

.Wе 
сеrtаinly сannot say that

all Ьiologiсal propеrtiеs arisе in this suddеn, unеxpесtеd mannеr' as do phasе

transitions, Ьut сomplехity thеory is dеmonstrating that this is a сommon
fеaturе of thе way Ьiologiсal organization еmеrgеs (sее Goodwin 19941 So1ё

аnd Goodwin 2000).

Е M Е R G Е N т , . o R D Е R  F o R  F R Е Е ' '

It is thеsе spontanеOus' roЬust еmеrgеnt propеrtiеs that Kauffman (1'993,

1995) сallеd ..ordеr for frее'' in еvolr-rtion: thе proсluсtion of somе orgаnis-
miс morphology or Ьеlravior madе рсlssiЬlе Ьy thе oссurrеnсе of сonditions
in сomplех l iving systеms thаt allow thе propеrty to Ье gеnеrated. Thеsе сon-
ditions аrisе Ьy a random sеarсh of possiЬil it iеs that rеsult from spontanеous
divеrsifiсation within organisms Ьoth of gеnеs and of dynamiс possiЬilitiеs,
inсluding thе oссurrеnсе of сhaotiс aсtivity' as wе havе sееn in ants' and
from divеrsifiсation of еnvironmеntаl ссlnditions outsidе thе organism. Thе

variation of сonс]itions within organisms and irr tlrеir еnviroпl-nеnts is what
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Dzrrwin аssuпrесl t() gеllеratе hеrесlit irrl ' ! 'ariеty within popr-rlаtions аnd thе
hаbitаt vаriеty t<l rvlriсl.r thеy сan adapt. N:rtuгal sеlесtion mav ехplain thе
diffеrеntial frеquеnсiеs аmong spесiеs of various forms that hаvе аrisеn in
еvolution, suсh as thе oссurrеnсе of rhythmiс асtivity pattеrns in thе Ьrood
сhanrЬеr of various spесiеs of ant. Нowеvеr, thеrе arе situatiоns in whiсh dif-
fеrеntial aЬundanсе mav l. 'е ехplainеd in tегms of thе dynamiсs of tlrе gеnеr-
ativе pгсlсеss and thе rеllrtivе staЬil it iеs of thе diffеrеnt forms produсеd. In
ordег to urrdеrsгаnd thе phеtronrеnа of еvolution, wе nееd to urrdеrstand
Ьoth thе gеnеrativе с1yrrаmiс proсеssеs thаt produсе thе distinсtivе сharaсtеr-
istiсs of spесiеs in thе 6rst plaсе (tlrigins) аrrd thе еffесts of nattrral sеlесtion
Olr thе frеquеnсiеs of tl-rе various сhаraсtеrs. Thе intеgration of thеsе arеas of
sttrdy, dеvеlopmеnt anс.l еvсllution, into a сtlhеrеnt dynamiс piсturе of thе
еvolutiоnаry proсеss is l-low саllеd еvolrrtionarу dеvеlopnrеntal Ьiologv.

Summary and Соnсlusions

Form and funсtion hilvе always Ьееn сеntral сonсеpts usеd in Ьiology to
urldеrstаnd orgаnisms ar-rd thеir еvolution. 

'Гhе 
partiсular thеorу of еvolu-

tion dеvеlсlpеd Ьy Dаrwin inсludеd Ьoth, Ьut thеrе has Ьееn a tеndеnсy to
епrplrasizе thе rolе of ftrr-rсtion in dеsсriЬing holv organisms arе sЬapеd and
thеir Ьеlrаvior is mсlldеd lry l.tаtural sеlесtiсln. A lrasiс assumption lras Ьееn
tlrаt biologiсal fort-rrs vilry сontinLlousl,v irs l l rеsult of random vаriаtion in
gеnеs, arrсl it is naturаl sеlесtion thаt ..dесidеs'' whiсh partiсular torms survivе
аnd arе favorеd. Any disссlntinuitiеs of fсlrm Ьеtwееn еxisting spесiеs arе thеn
rеgardеd as a rеsult of this sеlесtion proсеss' whiсh thеn Ьесomеs tЬе sсulptor
in еvolution.

TЬе viеwpсlint dеsсriЬеd hеrе diffеrs fr<lm this Ьy prеsеnting еvidеnсе that
tl.rс пrtlгphologv and Ьеllаvior pattеrns с>f tlrgarrisms oftеn arisе аrs distinсt
f<lrms аrrd do not Ьеlсlrrg to a сontinuLlrn сlf pоssiЬil it iеs. Furtlrеrlnоге' thе in-
rrinsiс frеquеnсiеs аnd stаЬil it iеs of thе fornrs pгoduсеd сan сontriЬutе to thе
rеlativе frеquеnсy of thе diffеrеnt forms' s() thаt natural sеlесtion is not thе
only faсtor involvеd in ехplaining thеir diffеrеntial aЬundanсе. This еvidеnсе
с()l11еs from oЬsеrvation of morphology, frс>п-t еxpеrimеntal study, аnd from
mtlсiеls that dеsсriЬе hсlrv diffеrеnt morpht>logiеs and Ьеhavior pattеrns саn
aгisе fгtltп dynamiс proсеssеs rvithin аnd ЬеtrvееIr tlrtanisms.

Тhеrе is nсl diffiсtrlty irr сomЬining nаttlrаl sеlесtion wirlr a disсrеtе sеt of
pсlssiЬil it iеs for еvolLrtion to woгk with. Distinсt forms sti l l nееd to Ье tеstеd
ioг thеiг survival valr"rс, аnd disсrimination геgarding funсtion сiln Ье mаdе
among whatеvеr forms arе gеnеratеd, rеsulting in diffеrеnt frеquеnсiеs of thе
fсrгms сorrеlating with diffеrеnt haЬitats. l lowеvеr, undеrstanding thе pri-
milr,v gеnеrativе origins of thеsе forms nееds tо Ье distinguishеd from sесond-
аг,v sеlесtion pr()сеssеs. Ftlr геedеrs who wirnt to pursuе thе issuеs furthеr,
goоd ovеrviеw с.l isсttssiсlns inсludе Сirt.nzrzitrе еt al. (200l), Arthur (2002),
Wilkins (2002), anсl N1inеll i (2003). A nсlц,-сlаssiс disсussion of сonstrаints is
Мayrrard Smith еt al. (l985). Phyllotaхis is disсussеd in Snow and Snоw
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(\952), Мitсhison (\972), and Jеan (1994), Soсial insесts and thеir organiza-
tion arе disсussеd in Сolе (|99|), Sееlеy (1995)' and Goгdon (1999). Еvolu-
tionary dеvеlopmеnt (also сolloquially known as еvo-dеvo) is thе topiс of
GilЬеrt et aL' (1996). I disсuss thеsе issuеs, trying to put thеm into a Ьroadеr,
еthiсal pеrspесtivе, arguing for a holistiс pеrspесtivе that rеquirеs a rеthinking
of сonvеntional sсiеnсе tо aсhiеvе truе есologiсal harmony and sustainaЬility,
inNаtиre's Due: НеаIiпg Оur Frаgmeпted Сulture (Goodwin 2007).
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Philosophy of Еvolution arУ
Thought

Kim Sterеlnу

Thе dеvеlopmеnt of еvolutionary Ьiology sinсе 1858 is onе of thе grеat intеl-
Iесtual aсhiеvеmеnts of sсiеnсе. Thе living world prеsеnts sсiеnсе with two
major сhallеngеs: how is its immеnsе divеrsity aсross timе and at any givеn
rimе to Ье ехplаinеd, and how is thе ехtraoгdinаry adaptivе fit Ьеtwееn or-
ganism and еnvironmеnt to Ье explainеd? Thеrе is no douЬting thе sсalе of
thеsе сhallеngеs. Thеrе arе no rеliaЬlе mеasurеs of thе divеrsity of today's
Ьiota (еspесiаlly if wе takе into aссount thе divеrsity of miсrooгgаnisms), Ьuг
thеrе arе сеrtainly mill ions of ехtant spесiеs of organisms (Сraсгaft and
Donoghuе 2004; Dawkins 2004). Likеwisе, thе adaptivеnеss of organisms is
somеtimеs Ьrеathtaking in its сomplexity and its еxquisitе prесision (Dawkins
\996),Еven so' wе now havе at hand, in Ьroad outlinе, an ехplanation of Ьoth
divеrsity аnd adаptation. In Ьrutal summary, sеlесtion drivеs thе аdaptation
of organisms in a population to thеir еnvironment, and Ьесаusе еnvironmеnts
diffеr, it drivеs diffеrеntiation too, taking advantagе of whatеvеr variation
arisеs in thе population. Мorеovеr' sinсе thе Ьiologiсal еnvironmеnt is аn im.
poгtant paгt of any organism's world, thеrе is positivе fееdЬасk in thе proсеss
of diffеrеntiation. Diffеrеntiation Ьrееds diffеrеntiation Ьy inсrеasing еnviron-
mеntal hеtегogеneity'

Еvolutionary Ьiology has mаny important opеn quеstions. Somе of thеsе
сollсеrn еxplanations of partiсular еvеnts. !Иеrе thе dinosаurs rеally drivеn
to ехtinсtion by a mеtеor impасt, or Wеrе thеy on tlrеir way out anyway?
Was thеir еxtinсtion a nесеssary prесondition for thе еvolution of thе mam-
mals? Somе сonсеrn Ьroad pattеrns in thе еvolution of l ifе' Нas divегsity in-
сгеasеd morе or lеss srnoothly ovеr timе, or havе thеrе Ьееn long pеriods
whеn it staЬil izеd or еvеn droppеd? Somе сonсеrn mесhanisms. Нow impor-
tant has mаss еxtinсtion Ьееn in thе history of l ifе? Arе thе sеlесtivе mесha_
nisms that 8еnеratе adaptation importantly сonstrainеd Ьy thе mесhanisms
that produсе variаtiоn? What arе thе rеlativе rolеs of sеlесtion and сhanсе in
еvolutionary сhаngе? How important arе sеlfish genеtiс еlеmеnts, and how is
it that suсh еlеmеnts arе usually nеutralizеd in огganisms' gеnotypеs? As

t 1 . t
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othеr essaуs wil i havе madе сiеar' thеsе arе important and diffiсuit quеstions'
Ьut thеy sееm to Ье еmpiriсal quеstions. Sinсе philosоphегs do nоt сollесt
data, what сould philosophеrs havе to say aЬout еvolutionary Ьiology thаt
hеlps us undеrstand it? Нow сould irгlswеrirrg suсlr quеstiot1s as thеsе Ье rеl-
еvant to philosophеrs'сoге proiесts? My prсliесt in this еssay is to ?lnswеr
thеsе quеstions. I Ьеgin with thе rеlеvanсе of philosophy tO еvolutionaгy Ьi-
ology; I сorrсludе with thе rеlеvanсе of еvolutionary biology to philosophy.

Fеrmеnt in Еvolutionary Biоlogy: Сonсеptual
Innoсеnсе Lost

Тhе nеo-Daгwiniаn synthеsis w:rs dеvеlоpеd Ьy thе Ronald A. Fishеr
(1930)-J .  B.  S.  Hаldanе (1931)_Sеwаl l  Wr ig l r t  (\9З|,1932) t r iumviratе in
thе еarly 1930s and was сomplеtеd in Amеriсa Ьy Thеodosius DoЬzhansky
(1937),  Еrnst  Mayr (\942),  Gеorgе G. S impson (1944, 1953),  and G. Lеd-
yаrd StеЬbins (1950) and in Britain Ьy Е. B. Ford and his sсhooi (е.g., Fishеr
and Ford |947; Сain and Shеppard 1950, 1'952, 1954 Kеttlеwеll t955,
1956) Ьеforе, during, and aftеr \Х/orld.!Иar II. It bесamе thе rесеivеd viеw of
еvolutionaгy Ьiology. lt was individualist, miсroеvolutionary, gradualist, and
sеlесtiorrist. Thе synthеsis foсusеd on individual orgаnisnrs: сompеtirivе in.
tеraсtions takе plaсe Ьetwееn individual organisms in loсal populаtions, not
Ьеtwееn groups or spесiеs. Individual organisms arе morе or lеss fit;
individuals prospеr or fаil. Thе synthеsis was miсroеvolutionafy: thе lаrgе-
sсalе сhаngеs visiЬlе irr thе fossil rесord arе nothing Ьut thе aссumulаtion of
small-sсale сhangеs in loсal popul:rtions. Thе synthеsis wаs gradualist: еvolu-
tionary сhangеs in loсal populations arе slow and inсrеmеntаl. Нorsеs lost
thеir toеs and grеw thеiг tееth l ittlе Ьy l ittlе and ovеr long pеriods. And it was
sеlесtiorrist. Сhanсе еvеnts piay :-t гoie in evolutionary сhangе. A potеntiаlly
favoraЬlе mutation might simply just nоt happеn, or it might happеn to an
organism that is fit Ьut unluсky. But aссording to thе synthеsis, natural sеlес-
tion is thе сlominant сatlsal faсtor that drivеs thе еvolutionary dynamiсs of
populations.

Thе synthеsis lеft foгmidaЬlе tесhniсal proЬlеms unsolvеd, Ьut thе thеory
of еvolution сonсеivеd this way sееmеd rеlativеly сonсеptually unproЬlеm-
atiс. This сonсеptual сlirrity was not сomplеtе. For ехаmplе' undеrstanding
thе naturе of spесiеs sееmеd a pаrtiсuiarly prеssing proЬlеm, for thе vеry
gradualisnr of thе synthеsis sееmеd to srr!]gеst that thе appеaranсе of wеll-
dеfinеd spесiеs might Ье an illusion gеnеratеd Ьy thе lеngth of our lifе spans.
Thеy sееm staЬlе and wеll dеfinеd only Ьесausе wе do not l ivе long еnough
to seе linеagеs сhangе and diffеrеntiаtе. If wе had Ьееn around to sее thе an-
сеstral сat population gradually сhangе and diffеrеntiatе into its array of
modеrn forms, pеrhaps wе would not think of lеopards, jaguars, panthеrs'
and snow lеopards as distinсt, namеaЬlе units of naturе. Thеrе wеrе othеr is-
suеs too. for еxamplе, whеthеr еvolution is а gеnuinеly indеtеrministiс pro.
сеss Ьесausе of thе rolе of сhanсе. not iust in thе sеnеration of variation Ьut
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also in sеlесtion. 
.Гhе 

fittеr organisms in a population arе morе likеly to Ье
suссеssful, Ьut thеy аrе not сеrtain to Ье morе suссеssful. Thus thсrе ',vеrе

puzzlеs aЬout thе ll: lturе of fitnеss аnd its сausurl rсllе in еvolutiсln. fсlr thе
synthеsis rlеpеnсlеd on а distinсtion Ьеtrд,ееrr асtlrаl аnd ехpeсtеd fitnеss, and
yеt it Was unсlеar just how this distinсtlOn Was to Ье drаwn (SoЬег 1984).

Thus thе synthеsis of еvolutiсlnary thеory did posе сonсеptual qtlеstions.
Nonеthеlеss, thе сonсеptual gеogrаphy сlf еvolutionary Ьiology Ьесatlrе muсh
morе intraсtaЬlе in thе 1970s and 1980s as thе synthеsis сamе undеr firе
within Ьiology. Thе most systеmatiс сhаllеngе to thе synthеsis has bееrr to its
individualism, to thе idеa thаt the targеts of sеlесtion arе, ехсlusivеly' inс1ivid-
ual organisms. For еx:rmplе, G. С. Will iапls (|966| and Riсhагd Dirr'"'kirrs
(1976) arguеd сhаt sеlесtion doеs not rеаllу aсt оrr iгrdividual orgenisr-ns аt all.
\i l i l l iams аnd Dawkins сlaimеd that tlrе gradualisnr of thе sуnthеsis rtndег-
minеs its individrrаlism. Сomplех Ьiologiсаl adaptations-sеllsoгy systеms'
thе formidaЬlе wеаpons of prеdatсlrs, thе powеr аnd strеanrlining of grеat
pеlagiс vеrtеЬratеs-arе Ьuilt inсrеmеntally' оnе small stеp at a timе. Sеlес-
tion Ьuilds сomplеx systеms сumulativеly Ьv prеsеrving smаll improvеmеnts
that form thе platforrn for furthеr small improvеmеnts. So thе targеts of sеlес-
tion must Ье linеаgеs of nеar-pеrfесt сopiеs-fсlr only thus сan smаll ас1vlrn-
tаgеs Ье prеsеrvеd-thilt pеrsist thrсlugh many сvсlеs <lf sеlесtion.

Yеt orgtrnisnls сltr nt>t form linеagеs' Мl' daughtеr is not i1 сoP}. tlf mе, nor
would shе bе еvеl' l if I wеrе аn asехuаl сrеаturе rеproduсing [rу сIoning.
A сlonе of mе wсlrrld not Ье a nеar-pеrfесt с()py' for l ifе's aссidеnts пrark mе,
and thеsе marks do not rеappеar on a сlonе' As a rеsult of a сhildhood aссi-
dеnt, I havе just сlnе еyе: a сlсlnе would havе two. In сontrast' though' mаny
thousands of gеnеs irr my daughtеr arе сopiеs of gеnеs in mе; l ikеwisе' rтost
of thе gеnеs I сarry аrе сopiеs of parеrrtal gеnеs. Gеnеs, unlikе orgаnisnls, .trе
сopiеd, thаt is, rеpIiсatесl, and thеy do forrn pеrsisting linеagеs. Thеsе lirrе-
agеs rеflесt thе diffеring suссеss сlf gепеs: s()rтtе arе dееp аnсi Ьtlshy. lasting
manygеnегations irnd ехisting in man'v сo1rjg5 in еaсh gеnеratiotl. othеrs arе
short and thin. Foг tЬе most pаrt' thеsе diffЪrеnсеs arе no aссidеnt: gеllеs аrе
not just rеpliсatoгs, thеy arе aсtivе rеpliсators. Thеir own сh:rraсtеristiсs in-
fluеnсе thеir prospесts for repliсation, normally through thеir influеrrсе сln
bodiеs, thе vеhiсlеs in whiсh thеy ridе. Thе гight Wаy to think aЬout tlrе his-
tory оf l ifе is to sее it :ls a giant struggle Ьеtwееп linеagеs сlf gеnеs, еaсh try-
ing to sесurе thе rеsourсеs nееdеd f t l r  rеp l iсat ion (Wi l l iams 1966, |9921
Dаwkins |976. |982\.

Тhis l inе of thorrght has гaisеd vег,v diffiсu|t issuеs indееd that аrе сеntral
to muсh сontеnrPorarу philosophy of еvolutionary Ьiology. In whаt sеnsе is
gеnе sеlесtiсln a gеnuinе altеrnativе ttl thе individualism of thе s1'nthеsis?
Thеrе sееm to Ье at lеast thrее answеrs to this quеsti()n' and thе dеfеnсlеrs of
gеnе sеlесtion hаvе nеvеr rеally piсkеd thеir rеspоnsе. Тhе simplеsr and
сlеаnеst rеsponsе wtltrld Ье to insist thаt gеnе sеlесtion is an еmpiriсаllr ' dis-
tinсt and supеrior altеrrrаtivе to individualism. Thor-rgh gеnеs normally irrr-
provе thеir rеpliсation prospесts Ьy hеlping tlrе сlthег gеnеs in an епrЬryo
Ьuild a wеil-аdaptеd Ьody that wil l сагrу thеm all intсl thе nехt Е.елеr.ltion'

l l . t
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Сonсеptual
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thеy do not always rеpliсatе so сoopеrativеly. For ехamplе, somе gеnеs сan
gеt to thе nеxt gеnеration only if thеy arе in an organism of thе right sеx. Thе
gеnеs in thе mitoсhondriа in my spеrm сеlls arе doomеd, for mitoсhondrial
gеnеs dеsсеnd only in thе fеmale l inе. Мy darrghtег's mitoсhondriаl gеnеs аrе
all сopiеs of gеnеs in hеr mothеr. In many сirсumstаnсеs organisms arе fittеst
if thе sех ratio of thеir offspring is 50-50 or thеrеabouts. But gеnеs that dе-
sсеnd via only onе sеx havе no intеrеst in thе Ьody of whiсh thеy arе a part
having offspring of thе othеr sеx, and thеsе gеnеs arе undеr sеlесtion to dis-
tort thе sеx ratio in thеir favor, еvеn though this is maladaptivе for thе or-
ganism of whiсh thеy arе a part. Many suсh sеx-ratio distortеrs arе known
(Burt and Trivеrs 2005). Sех-ratio gеnеs and othеr so-сallеd gеnеtiс outlaws
prompt thе following rеsponsе: gеnе sеlесtion is prеdiсtiuеlу differепt from
thе synthеsis. Gеnе sеlесtion prеdiсts that phеnotypеs that ехprеss thе fittеst
gеnеs wil l Ьесomе morе сommon ovеr timе; thе synthеsis prеdiсts that phе.
notypеs thаt сhаraсtеrizе thе fittеst organisms Ьесomе more сommon ovеr
timе. Although thеsе prеdiсtions ovеrlap suЬstantivеly, thеy arе not idеntiсal.

Мany havе rеspondеd Ьy aссеpting that whеn gеnеs arе outlaws' Wе
should indееd sее thеm as targеts of sеlесtion, Ьut thеy takе thеsе to Ье еx-
сеptional сasеs that do not undеrminе thе gеnеral validity of individualism.
Sеlесtion doеs асt on gеnеs' Ьut only in vеry spесial сonditions. So a sесond
way of dеfеnding gеnе sеlесtion is to aссеpt that it is, fсrr thе most part' prе.
diсtivеly idеntiсal to thе synthеsis, Ьut that it appеals to distinсt undеrlying
сausal struсturеs. Twсl thеoriеs сan lеad to thе samе prеdiсtions aЬout oЬ-
sеrvaЬlе outсomеs еvеn whеn thеy posit distinсt undеrlying сausаl proсеssеs.
Еlliott SoЬеr and David \7ilson, in thеir сhallеngе to thе synthеsis, aссеpt
that individualist viеws of thе еvolution of сoopеration сan makе thе right
prеdiсtions, Ьut thеy arguе that thеsе misidentify its сausal Ьasis. Сoopеra.
tion, thеy say, еvolvеs only whеn and Ьесausе сoopеrativе aсts еnhаnсе thе
fitnеss of thе groups that сontain сoopеrativе agеnts (SoЬеr and Wilson
1998). Likеwisе, with rеgard to gеnе sеlесtion, fit gеnеs arе fit Ьесausе thеy
асt on thеir еnvironmеnt in ways that еnhanсе thеir proЬaЬil ity of rеpliсa-
tion. Thе usual mеthod gеnеs havе of еnhanсing thеir rеpliсation prospесts is
by tеaming up with othеr gеnеs to produсе vеhiсlеs, whiсh in turn rеproduсе'
rеpliсating thе gеnеs thеy host. Most of thеsе vеhiсlеs arе organisms, Ьut pеr-
haps they сan Ье hivеs, nеsts, and symЬiotiс all ianсеs too. Fit gеnеs makе
wеll-adaptеd vеhiсlеs, whiсh in turn rеpliсatе thеir Ьuildеrs. Thе faсt that
gеnеs typiсally adopt this indirесt Stratеgy of rеpliсation Ьrings thе prеdiс-
tions of gеnе sеlесtion into l inе with thosе of thе synthеsis, Ьut thе various
piсturеs of thе сausal struсturе of sеlесtion (gеnе' individual organism) rе-
main distinсt.

A third l inе is to аrguе that gеnе sеlесtion hаs hеuristiс advantagеs ovеr thе
synthеsis. Striсtly spеaking, it is rrot a diffеrеnt viеw of thе сausal struсturе o{
еvolutionary proсеss; instеad, it еnaЬlеs us to sее possiЬil it iеs and proЬlеms
that thе synthеsis сonсеals. Dawkins took this l inе in Thе Ехteпded Phепo-
tуpe (7982), his most important dеfеnsе of gеnе sеlесtion. Hе gavе many еx-
amplеs of еvolutionary phеnomеnа that arе simply morе saliеnt whеn wе
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tlrirrk o{ thе Ьiolоgiсzrl tlnivеrsе as аn еnsеmЬlе of сompеting gеnе linеаgеs.
onе suсh phеnomеnon is thе еvolr-rtion of thе organism itsеlf. Why do gеnе
linеagеs mostly rеpliсatе indirесtl,v, via thе сoopеrаtivе сonstruсtion of vеhi-
сlеs? Givеn that thеy do' why do vеhiсles hаvе thе distinсtivе сhaгaсtеristiсs
o[ organisms, in partiсular, a l ifе сyсlе that involvеs rеproduсtiotr via a
s inglе-се l lеd stаgе? Dawkins points Out that i t  i s  еas1,  to imaginе othеr l i fе
сyсlеs, аlld, indееd, sonrе of thеsе аltеrnаtivеs irrе геal, rhough unсommon. It
is possiЬlе tсl foглrulatе this quеstion аЬout thе oгigin of organisms and thеir
сharaсtеristiс l ifе сyсlе from withirl thе pеrspесtivе of thе synthеsis, Ьut gеnе
sеlесtion makеs that quеstion inеsсapaЬlе, and Dawkins givеs marry othеr
еxamplеs of thе аdvаntagеs of thе gеnе-sеlесtion pеrspесtivе.

Tlrе issuе of gепе sеlесtion and its rеlation to individuаlism is iust Onе as-
pесt of thе dеЬаtе aЬout thе units of sеlесtion that is now сеntral to thе phi-
losophy of evolutionary Ьiology. F,volutionary Ьiologists havе сonrе to sее
that ссloperation is сеntral to thе еvolution of соmplеxity. Сomplех biologi-
саl systеms arе сonlposеd of individuals, and thеsе :rrе oftеn undеr sеlесtion
to Ьеhavе in wаys tlri lt undеrminе thе intеgration of thе сollесtivе. A kеy
quеstiol1' thеn, is lrow nеw lеvеls tlf oгganizatiolr еvolvе in thе faсе of sеleс_
tion on thе individuals thаt makе tlrеm up to go thеir own way. Еll iott SoЬеr'
David lf i lson, Stеphеn Jay Gould, and othеrs havе agrееd that sеlесtion doеs
aсt on individuals' Ьut thеy havе arguеd that it aсts as wеll on groups and on
spесiеs (SoЬеr and !Иilson 1998; GoLrld 2.002). Furthеrmorе' iust as tlrе indi-
viduаlism of thе syntlrеsis has гаisеd diffiсult соnсеptш:rl issuеs, so too hаs its
gradualism. Aссording to thе syntlrеsis, laгgе-sсalе pаttеrns in thе history of
l ifе arе just aggrеgations сlf small-sсalе сhangеs. Biologists сan aсtually ob-
sеrvе еvolution in aсtion in loсal populations: thеy сan oЬsеrvе сhangеs in
rаЬЬit immunе systеms as rаЬЬits arе ехposеd to a nеw virus, or finсh Ьеaks
bесonring largег in drv sеasons. Aссording to thе graduzrlism of thе syr-rthеsis,
all thе пrесhanisnrs tlf еvolutionar1. сhangе arе аrt rvork in loсal populаtions
tЬat arе сhanging in small Ways ovеr a fеw gеnеrаrtiсlns. !Ие just nееd spaсе
and lots of timе to aссumulatе thе rеsults of thеsе mесhanisms into thе pat-
tеrns of thе fossil rесord.

In a famous 1972 essaу Nilеs Еldrесlge and Stеphеn Gould arguеd tlrаt thе
fossil rесord doеs not sLlpport this ..ехtrirpolationist' ' 

рiсtr.trе' In partiсulаr,
thеy maintainеd thirt thе trее of l ifе doеs not сhangе еnough ovеr tiпlе for ех-
trapolаtionism to Ье truе (Еldrеdgе and Gould 197z|. Thеy arguеd thаt most
spесiеs do not сhangе signifiсаntly ovеr most of thеir l ifе spans. Instеad,
spесiеs сomе into еxistеnсе rеlativеl,v quiсkly and tlrеn do not сhаngе until
thе1'split into dаughtеr spесiеs or Ьесomе еxtinсt. Tlrе ехtеnt to whiсh this
doеs dеsсriЬе tlrе typiсаl l ifе histtlr,v of a spесiеs is sti l l t>pеn to dеЬаtе (Сar-

rolr| 1997|. But if Еldrеdgе and Gould arе right, tlrеir piсturе doеs сhallеngе
ехtrapolationisrn. If еvolutionary pilttеrns аrе nothing Ьut thе aggrеgatе of
сhangеs in loсаl populations, wе w<luld ехpесt tO sее gradual сhangе rathеr
than long pеriods without сhangе intеrruptеd Ьy sudсlеn spесiеs formаtion. It
is trr-rе that thеrе arе loсal prсlсеssеs th:lt саn rеsult in stasis in partiсr.rlаr
сasеs; populations сan trасk tlrеir lrаЬitat Ьv shiti ing gесlgraphiсаlly rathеr
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than adapting in plaсе; adaptations сan Ье Ьеhavioral rathеr than morpho-
logiсal and hеnсе саn Ье invisiЬlе to us. Еvеn so, if thе fossil rесord is nothing
Ьut population-lеvеl еvolution summеd ovеr largе quantitiеs of spaсе and
timе, wе would not еxpесt stаsis trl Ье its dominаnt pаttеrn (Еldrеdgе 199.5;
Gould 2002).

Gould has dеvеlopеd a nrorе radiсal сritiquе of еxtrapolationism that rе-
jесts Ьoth its individuаlism and its gradualism. In a сlassiс artiсlе Lеwonтin
dеfinеd thе idеa of a Dаrшiпiап populаtioи: a populatiоn of individuals that
diffеr onе from anothеr and еxpеriеnсе diffеrеntial rеproduсtivе suссеss,
and in whiсh dеsсеndants inhеrit thеir anсеstors' distinсtivе traits. Suсh
populations еvolvе undеr natural sеlесtion (Lеwontin 1970). Gould arguеd
that spесiеs groups form Darwinian populations (Gould 2002; Gould аnd
LIoуd 1999). Spесiеs havе dеtеrminatе origins and еndpoints. Dаughtеr
spесiеs rеsеmЬlе thеir anсеstors: rесonstruсting phylogеny would Ьe impos-
siЬlе if this wеrе not so. Spесiеs arе diffеrеntially suссеssful. \Within a rе-
gional Ьiota somе spесiеs l inеagеs wil l diffеrеntiatе riсhly, radiating into
many niсhеs' whеrеas othеrs wil l rеmain rеstriсtеd in numЬеrs and есоlogi-
сal pеnеtration. Gould doеs not еХpесt spесiеs-lеvеl sеlесtion to ехplain thе
adaptations of organisms, for ехamplе, thеir pеrсеptual systеms, Ьut hе
thinks that sеlесtion will ехplain сharaсtеristiсs of spесiеs thеmsеlvеs: suсh
propеrtiеs аs gеnеtiс variation, population struсture' аnd gеographiс rangе
arе visiЬlе to spесiеs-lеvеl sеlесtion and hеnсе саn Ье thе targеt of spесiеs-
lеvеl sеlесtion.

Gould's idеas aЬout spесiеs sеlесtion faсе sеrious proЬlеms. For onе thing'
thеrе arе no сonvinсing сasе studiеs of spесiеs sеlесtion in aсtion. Morеovеr,
thеrе arе sеrious thеorеtiсal сhallеngеs to his idеas. It is Ьy no mеans сlеar
that thе inhеritanсе сondition on Darwinian populations is satisfiеd. It is
truе that thе organisms in a daughtеr spесiеs rеsеmЬlе thе organisms in thе
parental spесiеs. But thе spесiеs-lеvеl propеrtiеs of thе dаughtеr-its distri-
bution and population struсturе-may not rеsеmЬlr thosе of its parеnt at
all. Furthеrmorе, in thinking of spесiеs suссеss and failuге, wе mаy not Ье
ablе to distinguish drift from sеlесtion. Thе suссеss or failurе of indiuiduаl
orgаnisms is not always thе rеsult of sеlесtion. Somе mortality is thе rеsult
of unhappy aссidеnt rathеr than il l dеsign. Somе оrganisms arе fесund Ьy
luсk, dеspitе thеir dеsign flaws. Hеnсе rеalizеd fitnеss diffеrs frorrr ехpесtеd
fitnеss. Suссеss duе to systеmatiс fеaturеs of thе population's еnvironmеnt is
suссеss in virtuе of ехpeсtеd fitnеss, as whеn a swallow dodgеs a hawk. Suс-
сеss duе to frеak aссidеnts-Ьеing Ьlown Ьy a storm to а frеightеr that is
hеading in thе right dirесtion-is drift. But thе distinсtion Ьеtwееn ехpесtеd
and frеak сausеs of mortality dеpеnds on thе ехistеnсе of a population of
еvеnts that is largе еnough for thеrе to Ье pilttеrns in thosе еvеnts. Howеvеr,
spесiеs population sizеs arе so small and сyсlеs of sеlесtiоn аrе sо fеw that
Wе may not Ье aЬlе to draw thе distinсtitln Ьеtwееn sеlесtivе and aссidеntal
mortality.

I hopе thаt thеsе ехamplеs havе Ьеgun to еxplain thе rеlеvanсе сlf philoso-
phy to еvolutionary thеoгy. It is rеlеvant Ьесаusе tlrе еmpiriсal issuеs in-
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volvеd in rеthinking thе synthеsis arе not сlеarly sepaгatеd from thе сonсеp-
tual issuеs. Thе nеxt sесtion makes thе samе point in disсussing onе impor-
tant proЬlеm aЬout thе rеlationship of еvolutionary thеory to dеvеlopmеntal
biology.

Еvolution within thе Lifе Sсiеnсеs

In thе past dесadе or so a furthеr issuе has Ьесomе inсrеasingly saliеnt: thе
intеgration of еvolutionаry Ьiology with the rеst of Ьiology. Thе prоЬlеm is
multifaсеtеd. It аrisеs with есology in idеntifying thе transmission Ьеlt thаt
сonnесts еvеnts in loсal populations with thе еvolution and diffеrеntiation of
spесiеs. It arisеs in dеvеlopmеntal Ьiology, a domаin of thе lifе sсiеnсеs that
plаyеd littlе rolе in thе сonstruсtion of thе synthеsis in thе nriddlе of thе
twеntiеth сеntury. As a сonsеquеnсе' thе naturе of еvolutionary devеiopmеn-
tal biology rеmains highly сontеstеd. It arises for humаn Ьiology, for humаns
arе Ьoth еvolvеd animals and еnсulturеd agеnts: thе pеrspесtivе of thе Ьio-
logiсal sсiеnсеs and thе pеrspесtivе of thе soсiаl sсiеnсеs arе both valid, and
thеy nееd somеhow to Ье part of a singlе unifiеd framеwork for thinking
aЬout human aЕ.еnсy (Stеrеlny 2003). It аrisеs for molесular Ьiology, and
I shall Ьriеfly introduсе onе aspесt of this сasе.

!0hat is a gеnе? This quеstion is сhallеnging Ьесausе thе rеlationship Ье-
twееn thе сlassiсаl gеnеtiсs of Меndеl and his twеntiеth-сеntury suссеssors
аnd molесular Ьiology has turnеd out to Ье vеry сomplех indееd. Thе сlas-
siсal gеnе of thе fruit-fly ехpеrimеnts Ьoth lrad a wеll-dеfinеd phеnotypiс

еffесt and was transmittеd as a singlе unit. Thеrе may bе no DNA sе-
quеnсеs with Ьoth of thosе propеrtiеs' for thе dеvеlopmеntal import of a
DNA sеquenсе-how and whеn it is transсriЬеd-has turnеd out to Ье vеry
sеnsitivе to thе loсal gеnеtiс еnvironmеnt. Gеnеs сan Ье switсhed оn and
off аnd сan еvеn Ье rеad in diffеrеnt ways, dеpеnding on thе prеsеnсе or
aЬsеnсе of rеprеssors and promotеrs еlsеwhеrе in thе gеnomе. Sinсе thеsе
rеgions nееd not Ье adjaсеnt to thе DNA strеtсh thеy influеnсе' thеy mау
not Ье passеd on whеn that DNA sеquеnсе itsеlf is rеpliсatеd (Griffiths and
Nеumann-HеLd 19991 Griffiths 2002). Еvolutionary Ьiologists oftеn aЬ-
straсt away frorn thеse molесulаr dеtails of gеnе сopying and еxprеssion
and instead think of gеnеs as infoгmation Ьеarеrs. Еvolution requirеs inhеr-
itanсе: unlеss sцссеssful organisms arе apt to transmit thе сharaсtеristiсs
thаt mаkе thеm sцссеssful to thеir offspring' a population сannot сhаngе
adaptivеly ovеr timе in rеsponsе to sеlесtion. Inhеritanсе is mеdiatеd Ьy thе
flow of aссuratеly сopiеd gеnеs from onе gеnеration to thе nехt' and еvolu-
t ionary Ь io logists  of tеn th ink of  thеsе gеnеs аs instгuсt ions,  as саrry ing in-
formаtion aЬout thе organism of whiсh thеy arе a part. Sinсе thе flow of
gеnеs is еditеd by natural sеlесtion, with stritaЬlе onеs making it tо thе nеxt
gеnеration and unsuitaЬlе onеs bеing dеlеtеd by thе dеаth of thеir сarriегs,
Wе сan think of thе population gеnе pool аs сarrying information dirесtly
about orяanisms аnd indirесtly aЬout thе еnvironmеnts in whiсh thosе
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oгgаnisms havе livеd and rеproduсеd. Thе suссеss of somе gеnеs and thе
failurе of othеrs is a signal аЬout thе natrrrе of thosе еnvironmеnts (.!7illiams
19921 Мaуnard Smith 2000a).

This piсturе of сross-genеrati<ln gеnе flow as a flow of instгuсtions has gеn-
еratеd vigorous dеЬatе. Paul Griffiths, Russеll Gray, Susan oyama, and othеr
dеvеlopmеntal-Systеms thеorists think thаt it is wгonghеadеd in two rеspесts
(Griffiths and Gray 1994; Оуama 1985). First, thеy arguе that this piсturе
ovеrstatеs thе importanсе of gеnе-Ьasеd inhеritanсе. No onе dеniеs that
thе flow of gеnеs Ьеtwееn gеnеrations is onе of thе mесhanisms that arе
rеsponsiЬlе for thе rеsеrnblanсеs bеtwееn parеnts and offspгing. But thе
dеvеlopmеntal-systеms thеorists arguе that mаny othеr mесhanisms аrе impor-
tant too: symbiotiс miсroorganisms, сhеmiсals in сеll сytoplasm' food traсеs in
matеrnal milk tгansmitting thе mothеr's food prеfеrеnсеs' Ьеhavioral imprint-
ing on thе natal sitе' and many morе. There arе mаny intеraсting mесhanisms,
thеy arguе, that arе responsiЬle for сross-gеnеration similarity, and a good еvo-
lutionary dеvеlopmеntal Ьiology сannot Ье Ьuilt if thеsе othеr аspесts of inhеr-
itanсе arе nеglесtеd (oyama еt al.2001).

Mоrеovеr' although gеnеs arе сеrtainly important, dеvеlopmеntal-systеms
thеorists douЬt whеthеr gеnеs сarry information in any distinсtivе sеnsе.
Gеnеs undеniaЬly саrry predictiue information aЬout phеnotypеs. Holding
еnvironmеntаl faсtors сonstant' if you know thе gеnеs an organism has
inhеritеd' in prinсiplе you сan prеdiсt its phеnotypе. But all faсtors сausally
rеlеvant to dеvеlopmеnt сarry prеdiсtivе information. Thе plаnt on whiсh
thе Ьuttеrfly lays its еggs prеdiсts fеaturеs of thе Ьuttеrfly phеnotypе, namеly'
thе plant spесiеs on whiсh insесts likе this kind of Ьuttеrfly will lay its еggs.
Thе tеmpеraturе of thе tuatara's nеst prеdiсts thе sех of its offspring. Thus
although gеnеs do indееd prеdiсt phеnotypеs, thеy arе not alonе in doing so.
Moreovеr, if information is just a сovariation Ьеtwееn signal and souгсе that
еnablеs us to prеdiсt fеaturеs of thе sourсе from thе signal, information саn-
not Ье misrеad or misusеd. It would mаkе no sеnsе to say of thеsе ..instruс-

tions'' that thеy wеrе ignorеd or misrеad. In сеrtain dеvеlopmеntаl сoпtеxts
typiсal human gеnotypеs prеdiсt thаt thе rеsulting phеnotypе has vеstigial
limЬs: in those сontехts thеy сovary with that outсomе. But \X/illiams, Мay-
nard Smith, and othеrs do not think that humаn gеnеs сarry instruсtions to
grow vеstigial l imЬs if сonfrontеd with thalidomidе or thаt aсorns сarry
gеnеs that tеll thеm to rot just Ьесausе most aсorns prеdiсtaЬly rot. Thеy
nееd an altегnativе notion of information that makеs sеnsе of thе idеa that
gеnеs аnd only gеnеs dirесt dеvеlopmеnt along prеdiсtaЬlе trajесtoriеs whеn
thе dеvеlopmеntal proсеss opеratеs as dеsignеd, Ьut also makеs sеnsе of thе
faсt that gеnеtiс information is misrеаd whеn thе gеnе-rеading systеm mal-
funсtions. It has provеd surprisingly hard to dеvеlop suсh an aссount (sее еs-
pесially thе сommеntаriеs to Мaynard Smith 2000a: Godfrеy-Smith 2000;
Sаrkar 2000; Stеrеlny 2000; and thе rеply Ьy Мaynard Smith 2000Ь). Thus
thеrе is still work to Ье donе to show that thе еvolutionary сonсеption of
gеnеs and gеnеtiс inhеritanсе intеgratеs smoothly with molесular сonсеp-
tions of thе gеnе.
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Why Biology Mattеrs to Philosophy

I havе Ьееn disсussing сhallеngеs to thе nеo-Darwiniаn synthеsis. Philosophy
is rеlеvant to thеsе сhallеngеs, for thеге is no singlе е-хpеrimеnt оr prеdiсtion
thаt lvould sеttlе (fсlr ехаmplе) thе fatе of Gould's viеw, of thе rеlations Ье-
twееn mасro- and nriсroеvolr.rtirln or сlf Dаrvkins's viеw of tlre rtl lе of gеnеs in
еvolution. onе rolе for philosoplrу is to Ьring thеsе viеws into sharp foсus: to
spесify ехaсtly what they сlаim aЬout l ifе and its histсlry. Just as philosophy
is rеlеvant to еvolutionаry thеory' tlrat thеory is rеlеvant to philosophy. In-
dееd, it is rеlеvant iI-r аrt lеast four wavs: (1) Еvolutionilry Ьiology 1rеlps sеt thе
ехplanatory agеnda for tlnе majoг tтrovеmеnt of twеl-ltiеth-сеntury philoso.
phy. (2) It providеs а сruсial sеt оf еxamplеs tсl wlriсh philosophiсаl thеoгy
nrust rеspond. (З) It provides an important sеt of tools that philosсlphy сan
adapt for its own proЬlеms. (4) It is аn ехеmplar of sсiеnсе in aсtion, Ьut it is
vеry diffеrеnt from thе usual modеls on whiсh philosophy of sсiеnсе hirs Ьееn
Ьasеd. I  shal l  d isсuss (1),  (2) ,  and (3) in th is  sесt i ()n аnс l  spеnd thе most т imе
on (4) in thе following sесtion.

l. Lеt mе Ьеgirr with thе ехplаrrаtory agеndа. onе major movеmеnt of
twеntiеth-сеntury philosophy has Ьееn naturalism: sееing humans аs wholly
part of thе natural world. In tuгn, naturalism gеnеratеs a diffiсult philosophiсal
proЬlеm: tо what ехtеnt is our ordinаry' сommonsеnsе piсturе of or.rrsеlvеs
and our world сompatiЬIе with thе fасt that wе arе ntrtЬing morе thаn сOm-
plех еvolvеd Ьioсhеmiсal maсhirrеs? С<lmmon sеt-tsе viеws humаns ils a!]ents:
Wе аrе sеlf-awarе; dеliЬеrativе nlakеrs of rеal сhсliсеs; rеflесtivе; oftеn ra-
tional; and awarе of moral сonsidеrагions and somеtimеs rеsponsivе to thеm.
Реrhaps this piсtr.rrе is undеrminеd Ьv an еvolutionаry pеrspесtivе that sееs
us i ls Е]еnе-rеpliсatiпg mасhinеs: as vеlriсlеs Ьuilt Ьy and for gеnеs. what сould
сhoiсе' гirtionality' oг l-noгality Ье Ьut i l lusions if thаt is tlrе truth irЬ9ц1 1152
СompatiЬil ist n:ltl lrаlists arguе thаt thе two piсrLrrеs lге сonsistеtrг, th<lr-rgh
thеy pеrhaps rеquirе somе геvisions of сommon sеnsе. Thus Daniеl l)еnnеtt
hаs dеfеndеd thе idеa that еvolvеd сrеaturеs l ikе us nonеthеlеss nrakе rеal
сhoiсеs (Dеnnеtt 2003). But сompatiЬil ism is сеrtаinly not unсhallеngеd. For
ехatrrpiе' in еthiсs MiсhаеlRusе (1986, Z0О7) and Riсhагd Joyсе (2006) hаr,е
аrguеd that tlrе rrarural histor1' of lrumаn сoоpеrzrtiot-t shоws us tlrat ..еtiriсai

truth'' is an il lusion. Тhеrе arе no пroгаl fасts for lrunrаns to Ье rеsptlпsivе to.
Moral Ьеliеf systеIlls ехist mегеly Ьесausе thеy induсе сtlopеration and damp
down thе dеstruсtir.е pursuit of sеlf-intеrеst; rесognition of moral truth has
nothing tсl do with it ' Humans with сoopеratiоn-induсing morаl systеms sot to
Ье anсеstors; tltЬеrs did not (Joyсс 2006)' So Ьiologv is inrportant to plri lt lstl-
phy Ьy сranking r"rp thе tеnsion Ьеt'nvееn oшr folk sеlf-ссlnсеpt and <lltr sсiеntifiс
sеlf-portrait.

2. Еvolutionary Ьiology is also important as a sourсr tlf rеal-world еxаm-
plеs. Мuсh philosophy rесyсlеs a l inritеd sеt <lf ехar-nplеs, and thеsе ilrе аl-
most аlwаys thougЬt еxpеrimеnts' Thought еxpегinlеnts havе а гolе in
philosophy, just аrs thеy do irl tlrе sсiсnсеs. All tlrеoriеs mirkе сlirirns аЬсlut
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hе srtссеss of somе gеrrеs and the
"е <lf thosе еnvironntеnts (!7il l iams

w as a flow of instruсtions has gеn-
sеll Gray, Susan oyama, and othеr
it is wronghеadеd in two rеspесts
First, thеy argllе that this piсturе
ir-rhеritanсе. No onе dеniеs that

; onе of thе mесhanisms that arе
:n parеnts and offspring. But thе
mаl]). orhег mесhanisms arе impor-
:als in сеll сytoplasm, food trасеs in
od prеfеrеnсеs, Ьеhavioral imprint-
э arе many intеraсting mесhanisms,
nеration similarity, and a good еvo-
Ьuilt if thеsе othеr аspесts of inhеr-

inrportant, dеvеloprrrеntal-systеms
)rtnаt ion in any d ist inсt ivе Sеnsе.
ration aЬout phеnotypеs. Holding
(now thе gеnеs an organism has
phеnotypе. But all faсtors сausally
inforrnation. Thе plant on whiсh

oi thе Ьuttеrfly phеnotypе, namеly,
s kind of Ьuttеrfly rvil l lay its еggs.
diсts thе sех of its offspring. Thus
pеS, thеy arе not аlonе in doing so.
ion Ьеtwееn signal аnd sourсе that
-. fronr thе signal. infornrаtion сan-
] no sеnsе to say of thеsе ..instruс-

In сеrtain dеvеlopmеntal сontеxts
: rеsulting phеnotypе has vеstigial
that outсomе. But Will iams, Мay-
humаlr  gеnеs сarry i t l s t ruсt ions to
thalidomidе or thаt aсorns сarry
nost aсorns prеdiсtaЬly rot. Thеy
. that makеs sеnsе of thе idеa that
rlong prеdiсtaЬlе trajесtoriеs whеn
lignеd, but also makеs sеnsе of thе
lhеn thе gеnе-rеading systеm mal-
гo dеvеlop suсh an aссount (sее еs-
nith 2000a: Godfrеy-Smith 2000;
,Ьy Maynard Smith 2000b).  Thus
at thе еvolutionaгу сonсеption of
sпloothly with molесular сonсеp.
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сountеrfaсtual сasеs' and so it is appropriatе to ссlnsidег сountеrfaсtual sсе-
nаrios. Bцс thеrе arе good rеasons for morе sеriсlus :rttеntioll to геal plrе-
nomеna as wеll. First, thought еxpеrimеnts arе oftеn undеrdеsсriЬеd. Thеy
аЬstraсt аway from thе riсh dеtail of rеal саsеs. Morеovеr' marry of thеsе
thought ехpеrimеnts lеaсl to а сl:rsh of irrtr.rit ions, partly bесausе intuitivе
judgmеnt is sеnsitivе to just how сlnе dеsсriЬеs thе thought е-хpеrimеnts.
onе sеt of thеsе imаrgеd sсеnarios involvеs Stаr Тrеh-stylе tеlеtransportеIs
and sееnrs to sh<llv that pеrsonal ссlntiriuit,v is not thе sаmе as thе сontinu-
ity of our physiсal Ьodiеs. But whilе it is еasy to tеll thеsе storiеs so thаt
tеlеtransporting sееms to Ье a way of aсtually travеling whilе lеaving onе's
old Ьody Ьеhind' it is also еasy to rnаkе rhеп.t sееm likе kil l ing nraсhinеs
thаt rеplrrсе thе dupеd trаvеlеr with an impostor. Tlris sеnsitivity to thе
modе of prеsеntаtiOn suggеsts that thе dеtails mattеr. Vаry thе sеtting' аnd
you vary tlrе jirdgnlеnt. But if Gсrd is in thе dеtаils, notlring Ьut thе rеаl
wi l l  do.

Morеovеr, philosophеrs havе oftеn not fully сonsidеrеd thе rangе of aс.
tuаl саsеs. AЬsеnсе is oftеn еvidеnсе. Dеnnеtt's u,ork is importаnt irr this rе.
spесt. Hе shows how ignorirrg rеality has allowеd philоsophеrs to rеpеаtеdly
slidе into suЬstituting a diсЬotomy for a сontirruum Ьy nеglесting thе rаngе
of rеа l  сasеs.  For еxamplе,  in th ink i r lg aЬout rаt ionаI agеnсy,  phi lоso-
phеrs hаvе oftеn сontrastеd ration:rl intеntional agеl-lсy with mегеly mе-
сhaniсal sYstеms. Our flеxiЬlе, informationаlly sеnsitivе rеsponsе to otlf
rvoгld is сontrastеd rvith thе rigid ar:torтatiсiгy of artifaсts аnd ilrsесts. Dеn.
nеtt points out that еvolutionary Ьiology shows that thеге must bе a rangе of
intеrmеdiatе agеntsl for informational sеnsitir, ity is a сomplеx adaptation,
аnd сomplех adaptаtions do rrot arisе from rigid systепrs in a singlе stеp
(Dеnnе t t  |995 '  200З\ .

З. A furthеr important rolе for Ьiology within philosophy is as a sourсе of
tools  аnd idеas.  Thus David Hul l  (1988) has аppl iеd еvolut ionагv mоdеlsto
thе dynamiсs of  sс iеnсе i tsе l f ,  and Rцth Mi l l ikan (1989a, 1989b),  David Pa-
pinеau (2003)' and оthеrs havе attеmptеd tсl usе thе Ьiologiсal notion of
funсtion to solvе ollе сorе pгoЬlеm of рhilosopЬy: thе naturе of mеrrtal sym-
Ьols. Bеliеfs and prеfеrеnсеs arе rеprеsеntаtior-rs of thе world. But what in thе
physiсal rvorld is a rеprеsеntation? I Ьеliеvе that tigегs arе thе most hand-
somе mеmЬеrs of tlrе сat fanrily. Btrt what mаrkеs mУ tigеr thor'rghts aboиl
tigеrs? What makеs сеrtаin nеural struсturеs within n-ry Ьrain a sуmbol of
tigеrs? Historiсally this was sееn as a Ьig proЬlеm for any physiсalist thеory
of mind Ьесirusе pеoplе сan think aЬout nonеxistеnt oЬiесts and аbstraсt ob-

iесts. Mеaning саnnot Ье a physiсаl rеlationship Ьеtwееn nrind and thе
rvorld, Ьесausе thеrе arе nо physiсаl rеlationships to angеls or numЬеrs.
Мorе rесеntly pЬilosophеrs of mind lrirvе notiсеd that tough proЬlеms arisе
еvеn foг simplе саrsеs l ikе rhoughts irЬout spidеrs' for thеrе is nсl simplе rеla-
tionship Ьеtwееn spidеr thoughts and spiders Ьеing pгеsеnt to thе thinkеr'
Pеtеr сan lravе spiсlеr thouglrts withor'lt spidеrs, for hе сirn tаkе а nroth for a
spidеr; and hе сan fail to hirvе spidеr thoughts еvеn in thе prеsеnсе of a spidеr
Ьy thinking that а spidеr is ir moth.

Sо thosе whо thirrk t
naturаl woгld nееd to е-
ship Ьеtwееn а syпrЬоl ;
and his еllvironment п
nr ind is  а s1 ' r l iЬo l  for  sp i '
to this quеstion. An intr
targеts in thе world. Pе
dеrs. This is a nаttrгаl s
grams. Howеvег, almos
to Ье oЬjесtivеly sin-ri lаr
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othеr thor'rghts muсh m
somе mеntаl statеs аге
not imagеl ikе.  
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pегсеption. Lots of my
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possiЬlе for us еvеr ttl г
araсhnophoЬiс, аnd hrs
will oftеn think ..Spidеr
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symЬol-ta гgеt rеlatiсinsL
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еgory of spidеr look-ali
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tors tO spr l t  agаinst  гуpi .
to lrаtсh than thosе tnа
makеs it truе to sа1y that
On any partiсular еgg t
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So thosе who think that humans arе Ьoth thinking Ьеings and part of thе
natural wсlrld nееd to ехplirin thе nаturе of mеrrtаl symbols аnd thе rеlation-
ship Ьеtwееn a syrnЬol and its targеt. Y/hat faсts аЬout Pеtеr's Ьrain, his l ifе'
and his еnvirоnmеnt mаkе it truе that a partiсulаr intеrnal fеaturе of his
mind is a sylnЬol for spidеrs? Philosophеrs havе еxplorеd a rаngе of rеsponsеs
to this quеstion. An intuitivеly appеaliпg idеa is that symЬols rеsemblе their
targеts in thе world. Pеtеr's mеntal statе is aЬout spidеrs if it rеsеmЬlеs spi-
dеrs. Tlris is a natural su8gеstion if thtlughts arе l ikе imаges, maps, or dia-
graпrs. Howеvеr, almost сеrгainly it Will not do. Меntal imagеs do rrot sееm
to bе oЬjесtivеly similar to еnduring thrее-dimеnsional physiсal animals; thе
appеаranсе of rеal similarity Ьеtwееn piсturеs and things is an il lusiсln gеnеr'
atесl b1'thе wav lrumans irrtегpгеt piсturеs. Pеtеr's spidеr imagе wili rеsеmЬlе
оthеr thоughts muсh morе than it геsеmЬlеs any animal. Мorеovеr, еvеn if
somе mеntal statеs arе l ikе imаgеs, surеly most mеntal rеprеsеntatlons arе
not imagеlikе. Whirt is thе inragе that сoггеsponds to thе thorrght ..Aristotlе

Was thе foundеr of logiс, arrd Еuсlid tlrе foundеr Of gеomеtry''?
So thе rеlation Ьеtwееn symЬol and targеt is not a rеsепrЬlanсе rеlation-

ship. But pеrhaps it is a саusa] rеlationship. Somе еvеnts аrе natural signs of
оthеrs. Think in partiсulаr of instrurтеnts. An instrumеnr is а fuеl gaugе if
thеrе is a rеliaЬlе геlatiorr Ьеtwееn thе rеading on thе gаugе and thе fuеl in
one's tank. That is what makеs a symЬol on thе gauge mеan ..quartеr full. ' '
So an intеrnal statе t>f Pеtеr is ir spidеr syrrrlrol only if it геliaЬly сovariеs with
thеrе bеing a spidеr in his viсinity. Thе symЬol-targеt rеlationship is thе rеlа-
tionship Ьеtwееn аn innеr struсtrrrе and its еnvironmеntal сorrеlation: thе
featurе of thе еnvironmеnt that сausеs thе innеr struсturе to l ight up. But this
wil l proЬаЬly not do еithеr. [n thе first instanсе, this piсturе appliеs i1t Ьеst to
pеrсеption. Lots of my winе thоughts oссur prесisеly Ьесausе thеrе is no
winе aЬout. But thе сrunсh proЬlеm is that this piсгurе sееms to makе it im-
possiЬlе for us еvег to mаkе r-t-tistakеs, уеt surеly wе do. If Pеtеr is somеwhаf
araсhnophoЬiс' arrd his friеrrds plaguе him with сlеvеr imitаtion spidеrs, hе
rvil l oftеn think ..Spidеr!!' ' whеn thеrе is no spidеr around. Hе is misrеprе-
sеnting his еnvironmеnt. Yеt aссording to thе сovariation piсturе t.,f thе
symbol.taгgеt rеlationship' lrе would noс Ье misrеprеsеntirrg at all, ftlr his
..spidеr' ' thoughts сovаry with thе сatеgory of spidегs or imitation spidеrs.
Hеnсе thеy arе n()t symЬols of spidеrs atiеr аll; thеir targеt is thе Ьroadеr сat-
еgory of spider look-аlikеs (inсluding rеal spidеrs, гuЬЬеr spiders, аnd so
forth). And sinсе Реtеr thirrks..Spidеr!!' ' only in thе faсе of spidеr look-
alikеs, hе has madе no mistakе.

David Papinеau and Ruth Mill ikan hirvе suggеstеd an altегnativе viеw of
thе rеlationship Ьеtwееn syrrrbols and rhеir targеts thаt is Ьzrsеd on Ьiologiсаl
funсtion. Thе Ьiologiсal funсtion of, say, thе pattеrn on oystеrсatсhеr еggs is
сonсеaImеnt. Thosе еggs are саmouflаgeсl. Еggs that wеrе diffiсult for pгеda-
tols to spot against typiсаl ЬaсkgгoLrnds of sand аnd dеЬris wеге morе likеly
to hatсh than thosе that wеге еаsiеr to find. Tlris sеlесtivе histoгy is what
makеs it truе to say that thе Ьiologiсal funсtion of thе pattеrn is сamouflаgе.
on any partiсular еgg thе pi1ttеrn has that Ьiofur-rсtion еven if it doеs not



з24 Рbilosoph1' сlf Еuolutirlnаrу Tbtlught

havе thаt еffесt. T'hе pattеrn is supрсlsеd to сorrсеаl tlrе еgg еvеn if thе egg rssееn anyway, and еvеn if thе egg is vеry еаsily sееn Ь..;;;. thе parеnt haslaid it on whitе sand irgainst *ьi.ь it stands out. Similarlv, thotrghts havе bi-ologiсal funсtions' Thеir fr-rnсtion is to diгесt Ьеhаvior thаt adapts an orgаn-ism to a spесifiс fеaturе of its еnvironmеnt. Vervеt monkеys hаvе distinсtivесalls and fеsponsеs trl thе siglrt of a |еoрard, and thеiг lеopard-rесognition
thoughts are аbout lеopards Ьесаusе thеir funсtion is to ada.pt vеrvеt bеh.rv.tor to thе prеsеnсе of leopards in tlrеir еnvirсltrmеnt. Тhosе u..u.., with a dis.positiorr to sсramЬlе to thе top of trееs wЬеn thеy hаd а distinсtivеlylеopardy visual ехpегiеnсе wеrе rrrorе l ikеly to l ivе than thosе without it. Sothе lеoрard rеsponsе mеans ..lеoparсl' ' 

еvеn whеn it is a falsе alarm' for thatdisposition irr thе vеrvеt ехists аs a геsult of selесtion ro. t.opn.а аvoidanсе.Тhis viеw of mеaning, of thе symЬol-world геlationship, ho, ,., ' ' . vеIy at.traсtivе fеaturеs. [tехplаins why wе Wa,'t tO say of thе vеrvеt thаt it is afraidof lеopards rathеr than Ьеing afraid of lеopi.rrds аnd lеopard look.аlikеs еvеnthough (I ltavе rro с]ouЬt) vеrvеts would ..,p.,nd th. ."-. Wаy to dummylеopards сonstгrtсtеd Ьy Ьеhavioral есologists. }.or lеtrpаrd dummiеs havеplayеd no part in thе еvolution сrf vеrvеts and thеir еsсapе bеhaviors, sovеrvеt alarm сalls arе aЬout lеopards, not lесlpard look-аlikеs. Тhis viеw ofsymЬols eхplains how it is possiЬiе t<l misrеprеsеrrt. Misгеprеsеrrtatron is fai[-urе of funсtion. 1r)7hеn а сhiсkеrr's lrawk rеsp<lnsе is triggегеd Ь1. a duсk ovеr-lrеad, and it flееs in ti. ight, thе сhiсkеn Ьas misrеprеsеntеd its еnvironmеnt.Тhе сhiсkеnЪ intеrnаl statе is not pеrforming its sеlесtеd roiе of hаwk avoid-аnсе. This last point is r,еry irnportarrt. Мany irr гhis fiеld havе thoшglrt thatmisrеprеsеntаtion is а fatal stumЬling Ьloсk for nаturalizеd viеrvs of tlrought.Thе сlаim is that егror' or пrisrеprеsеntation, is a пormаtiuеnоtion, and nor.nrаtivе сlаims сannot Ье dеfinеd in faсtuаl tеrlns. A tl '.o.y of -.,ni',g th,.imports funсtionаl сonсеpts-fronr Ьiology еsсapеs this proЬlепr. Funсtiоnаlfaсгs arе tЪсts aЬout thе sеlесtivе histo".у of that Orgаn. Thеv аrе nаturalfaсts.

Sсiеnсе and thе Mirror оf Physiсs

Until thе l970s (pеrhaps еvеn latеr) рhilosoрhy of sсiеnсе rvas сlominаtеd byехanrplеs drawn tгom thе physiсai sсiеnсеs, еspесially physiсs' Thе stаndardехamрlеs of thеoг1, сhаngе inсludеd tlrе Сopеrrriсan rеvolution, the transitionfrom Nеwtoniаn ссlnсерtions of spaсе аnd .i ' ' . to rеlаtivist .on..p.ion,, ondsomеtimеs thе rеvolution in atomiс physiсs that sаw thе еstaЬlisl-rmеnt ofquantllm mесhaniсs. Thеsе wеrе rrot thе only ехamples of sсiеnсе in thе wild,Ьut thеy wеrе stoсk eхamplеs, and rnarr,, оthеrs w... .l.a*,, frorn tlrе physi-сal sсiеnсеs too. Thеsе ехirmplеs ., '.o..,"g.d thе idеа tЬat а сorе lеаturе ofsсiеnсе was thе fоrmulation of gеnеral l,-.. 
" 

smаll sеt oГ ехсеptronlеss gеn-еrаl prinсiplеs tlrаt сhаraсtеrizе a sсiеntifiс dtlnrain.

.Within thе епrpiriсist tradition еxеmplifiеd Ьy Nаgеl,s сlassiс .l.hе 
Strtlсturеof Sсiепсе (Nagеl |961), tlrеrе was 
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thеsе gеnеral prinсiplеs: dеЬatе aЬout whеthеr thеy Wеrе aссuratе dеsсrip.
tions of naturе as it rеally is, or whеthеr thеy wеrе Ьеttег undеrstood as
highly сornpaсt sunrmariеs of tlrе phеnomеna. Notwithstanding thеsе diffеr-
ing сonсеptions of gеnеralizations, though, it was сommon grоund that sсi-
еnсе tradеd in thеm. Thе aim of sсiеnсе Was to find and rеfinе suсh
gеnеralizations. Мorеovеr, this foсus еnсouгagеd a сеrtain piсturе of thе
еpistеrnology of sсiеnсe: sсiеntil iс warrant dегivеs from thе faсt that thеsе
gеnеralizations, t<rgеthеr with appгopriаtеly spесifiеd Ьoundary сonditions,
dеlivеr quantitativе and oftеn vеry prесisе prеdiсtions. Somеtimеs thеsе arе
thе rеsult of spесifiс еxpеrimеntаl manipulations. Somеtimеs they arе thе rе-
sults of natцral еxpеrimеnts, as in thе сеlеЬrаtеd disсovеry of Nеptunе Ьv in-
fеrring its loсzrtion from pеrturЬаtions in thе orbit of Uranus. Еithеr way,
еvidеntial wеight dеpеnds on quantitativе prеdiсtion. Firrally, this foсus on
physiсs еnсouragеd a partiсular piсturе of thе unifiсation of sсiеnсе. Physiсs
is tЬe bаse саsе: tЬе thеory of еvеrything' Thеoriеs of spесifiс sсiеntifiс
domirins-сhеmistгy and Ьiolсlgy-arе just spесial сasеs of physiсаl systеms'
and thеir gеnеrаlizations wil l turn Out to Ье spесia1 сasеs of physiсal gеnеral-
izations. onе of thе еarly triumphs of Nеwtonian mесhaniсs was thе dеmon-
stlation that Kеplег's laws of planеtary motion wеrе morе or lеss a spесial
сasе of Nеwtоnian nrесhaniсs, and this ехamplе was takеn to Ье an ехеmpli-
fiсation of thе rеlati<lnship Lrеtwееn spесifiс, domain-limitеd sсiеnсеs аnd
physiсs.

From thе latе 1960s thе еmpiriсist tradition in philosophy of sсiеnсе сamе
undеr widе-ranging firе (sее Lakаtos and Мusgravе 1970)' But this foсus on
thе physiсal sсiеnсеs Was onе сOlnmon еlеmеnt irr thе сompеting aссotrnts of
sсiеnсе that fouglrt ovеr its сorpsе. Karl Poppеr (1959,,|96З),Imr6 Lаkаtos
(1970I' and thе tradition thеy еstaЬlishеd tradеd in ехamplеs from physiсs:
Lakatos's ..dеgеnегating rеsеarсh programs'' did not foсus on thе idс:irl ist
morphology of Riсlrard Owеn ( l 848, 1849) in thе mid-ninеtееnth сеntr]ry or
thе British rеsistаnсе to сlаssiс gеnеtiсs in thе еаrly twеntiеth сеnruгy.
Thomas Kuhn сut his tееth on thе Сopеrniсan rеvolution (1957), arrd his
training as a historian of physiсs pеrvadеs Ьis Structurе of Sсiепtфc Reuolи-
/loиs (Kuhn 1962)' Thе falsifiсationist trаdition, Kuhn' and thе irasсiЬlе аnd
ессеntriс Paul FеyегaЬеnd (1975) сhaiiеngеd muсh irr thе nеopositivist trаdi-
tion of thinking аЬout sсiеnсе. In partiсular, thеir piсturе of sсiеnсе :rnd its
history еmphasizеd disсontinuity rathеr than smooth inсrеmеntal inсrеasеs.
In suссеssivе sсiеntifiс rеvolutions old thеoriеs аrе rеfutеd, supеrsеdеd' аnd
rеplaсеd. Brrt rhеsе сгitiсs of nеopositivism did rlot сhallеngе its prеoссupа-
tion with physiсs and physiсal сhеmistry, rror (with thе pаrtial ехсеption of
Kuhn) did thеy сhallеngе thе prеoссupation with univеrsal gеnеralizations
and prесisе and quantitativе prеdiсtion.

Yеt tlris piсturе fails to fit Ьiology and еspесially еvolutionary Ьiology.
Wholе_оrganisrrr Ьiol<lgy doеs not sееm to tradе in small sets of еxсеptionlеss
gеrrегal prinсiplеs that dеlivеr prесisе prеdiсtions of Ьiologiсal phеnomеna.
Есology and еvolutionary Ьiology аге ехplаnatorily powеrful: thеy ехplain,
for ехamplе, thе vrrlnегаЬil ity of Nеw Zеaland's nativе Ьiгd l ifе to introduсеd
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Ьirds еvolvеd in аn еnvironmеnt frее of any tеrrеstrial pгеdator
аnd frее of any prеdator at аll that finds its prey Ьy smеll. But есology and
еvolutionary biology rarеlу еnablе us to makе prесisе quantitativе prеdiс-
tions. Thеrе arе gеnеralizations in Ьiology, and onе of thеm is thе fragil ity of
island есosystеms and thе vulnеraЬil ity of island Ьiota to ехtinсtion. But gеn-
еralizations of this kind arе nеithеr ехсеptionlеss nor quantitativе: thеy Ьеar
littlе rеsеrnЬlanсе to Boylе's law. Biologists sееm to disсovеr сausal mесha-
nisms: natu[al sеlесtion' сompеtitivе ехсlusion' есologiсal suссеssion, and
gеnе rеpliсаtion arrd transсription. But thе еffесts of thеsе сausal mесhanisms
arе сontеxt spесifiс, and thosе сontеxts vaty ovеr spасе and timе. So thе dis-
сovеry of mесhanisms doеs not translatе into ехсеptionlеss rеgularitiеs that
arе thе сonsеquеnсеs of thе opеration of thosе mесhanisms. Thеrе arе gеnеr-
alizations about еvolution on islands: largе animals tеnd to gеt smallеr' and
small аI-rimals tеnd to gеt largеr. But thеrе arе many exсеptions to this gеnеr-
a l izat ion.

Мorеovеr, thе sirnplе piссuге of thе unifiсаtion of sсiеnсе fits Ьiology
poorlу. Сhеmiсal propеrtiеs l ikе aсidity indеxеd, or Wеrе thought to indех' a
singlе undеrlying physiсal propеrty that was itsеlf rеsponsiЬlе for thе phе.
nomеnologiсal propеrtiеs of aсids. Еvеn in сhеmistry it is likеly that thе rеla-
tionship bеtwееn сhеmiсal and physiсal propеrtiеs is vеry oftеn сomplех
indееd. But this сomplеxity fiгst Ьесamе oЬvious in Ьiology, for сеll Ьiology
and molесrrl:rr Ьiology do Ilot сoIrform to thе modеl of rеduсtion suggеstеd
Ьv aсidity (Kitсhеr 200з). Сеlls аге not mirасlе faсtoriеs: thеir biologiсal aс-
tivitiеs arе сonstrained Ьy physiсal prinсiplеs. To that ехtеnt physiсs rеаlly is
thе thеory of еvеrything. Bur thе геlationship Ьеtwееn' say' thе сonсеpt of a
dominant gеnе and thе undеrlying molесular mесhanisms rеsponsiЬlе fоr thе
phеnotypiс silеnсе of onе of a pair of hеtеrozygous allеlеs turns out to bе
vеry сomplех indееd. Finally' thе history of Ьiology is not a sеriеs of rеvolu-
tions and rеplaсеmеnts. Thе history of Ьiology oftеn sееms to manifеst inсrе-
mеntаl improvеmеnt. All sсiеnсеs havе thеir rеvisions and falsе trails, but thе
history of сеll Ьiology, plrysiology, gеnеtiсs' or еvеn еvolutionary Ьiology
doеs rrot aЬound with major rеvеrsals of сorе doсtrinеs сomparaЬlе with thе
rеvolution in platе tесtoniсs in thе еarth sсiеnсеs. In short, it is hard to Ьoth
takе Ьiology with full sеriousnеss as a sсiеnсе and aссеpt a сonсеption of sсi.
еnсе dеrivеd from thе physiсal paradigms. Philosophеrs hаvе gonе Ьoth ways
on this. Alех RоsеnЬеrg is thе пlost prominеnt of thosе who hаvе aссеptеd
tlrе physiсists'сonсеptiоn of sсiеnсе and as 2l сonsеquеnсе havе aссеptеd thе
viеw that somе сomponеnts of Ьiology arе not quitе up to snuff (RosеnЬеrg
7994). John Dupr6 is thе most prominеnt сontеmporary who rеjесts thе im-
agе of sсiеnсе in thе physiсist's mirror on thе grounds that it fails tсl fit Ьiol-
ogy (Dupr6 2002). Most of thosе who work in philosophy of Ьiology arе
сlosеr to Dupr6 than to RosеnЬеrg on this issuе: thеy think that еvolution-
аry Ьiology is a parаdigrrr of a suссеssful sсiеnсe, and hеnсе thе physiсs-
Ьasеd сonсеption of sсiеnсе is too narrow. Thеrе is no сonsеnsus' howеvеr,
on ехасtly what is Wrong with thе physiсs modеl, or on how it nееds to bе
еxtеnded.
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In сonсlusion, philosophy of еvolutionary Ьiology aсts as a typе of two-
Way pump. It pumps philosophy into еvolutionary thеory, for thеrе arе
many diffiсult proЬlems of intеrprеtation' сlarifiсation, and integration that
arisе out of thе еxtraordinary dynamism of thе lifе sсiеnсеs ovеr thе past
сеntury. And it pumps еvolutionary Ьiology into philosophy: a strеam of ех-
amplеs, tools, and modеls that сan pеrhaps Ье adaptеd to drivе forwаrd phi-
losophy's own projесts. If you want to rеad morе, I suggеst you turn first to
thе wгitings of Riсhard Dawkins: The Ехteпdеd Phеnotуpe (1982) is his
finеst and most suЬtlе dеfеще of gеnе sеlесtiоn; Сlimbiпg Мount Improbа-
ble (1996) is a sustainеd and сonvinсing dеfеnsе of grаdualism. Both are
Ьеautifully writtеn' though Thе Ехtепded Phепotуpe is quitе tесhniсal. For
Gould's viеws, see Tbe Structure of Еuolutionаrу Tbeorу Q002),It is аp-
pall ingly long Ьut rеasonably rеadaЬlе, and a good dеal of thе purеly histor-
iсal matеrial сan Ье skipped. Dаrtuiпism Еuoluiпg' Ьy David Dеpеw and
Bruсе \WеЬеr (1995), is a good оvеrviеw of thе historiсal dеvеlopmеnt of
synthеsis and post-synthеsis еvolutionary Ьiology. Two Ьooks Ьy Dan Dеn-
леtt' Dаrluiп's Dаngеroиs Ideа (1995) and Freedom Еuoluеs (2003), arе
splеndid ехamplеs of valuе of еvolutionary insights within philosophy itsеlf.
Sех апd Deаth: Ап lпtroductioп to tbе Philosophу of Biologу' Ьy mе and
Paul Griffiths \1999), сovеrs many of thе issuеs of this еssay and othеr top-
iсs in muсh morе dеtail.
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Еvolution and Soсiеty

NIаnfrеd D. Lаиbiсhlеr аnd

Jаnе Маiensсhеin

Еvolution and soсiеty arе сonnесtеd in many diffеrеnt ways. First and forе.
most' humans' as a pгoduсt of еvolution, l ivе in divегsе soсiеtiеs. Thеsе arе
an outсomе of еvolution, alЬеit in morе сomplех and oftеn morе indirесt
ways than thе еvolцtion of dirесt morphologiсаl аnd physiologiсal adapta.
tions. Sесond' thе initial dеvеlopmеnt of еvolutionary thеory oссurrеd in а
spесifiс soсial miliеu сonduсivе to this pаrriсular intеllесtual endеavor, and
suЬsеquеnt dеvеlopmеnt of еvolutionary thеory has also rеflесtеd its еvolving
historiсal sеttings. Еvolutionary thеory, likе any othеr sсiеnсе, has thus Ьееn
thе produсt of a partiсular human soсiеty. Finally, and as proЬaЬly thе most
visiЬlе сonnесtion of еvolution and soсiеty, еspесially in thе Unitеd Statеs, wе
find surprisingly pеrsistеnt dеЬatеs aЬout whеthеr еvolution or somе form of
сrеationism aссounts for thе origin of spесiеs (аs Еugеniе С. Sсott disсussеs
in thе main еssay ..Amеriсan Antiеvolutionism: Rеtгospесt and Prospeсt' ' in
this volumе).

At somе timеs, in somе plaсеs, and in somе wаys' soсiеty has еnthusii lsti-
сally еmЬraсеd еvolution; at othеr timеs аnd plaсеs and in othеr waуs, soсi-
еty has not. In thе proсеss euolиtioп has mеant diffеrеnt things, as has
soсietу..Wе thеrеforе start with dеfinitions and thеn look at soсiеty's impaсt
on еvolution in two ways: thе way in whiсh soсiеty in thе sеnsе of soсial' сul-
tural, and intеllесtual сontехt has shapеd еvolutionary thеory, and also thе
soсial rесеption of еvolution. Thеn wе turn thе dirесtion of influеnсе around
and addrеss how еvolutionary thеory today and in thе past has сontriЬutеd
to ехplanations of soсiеty. In сonсlusion wе disсtlss сurrеnt rеlations bеtwееn
еvolution and soсiеty in a forwаrd-looking way.

.Wе 
do not foсus on muсh-disсussеd rеlzrtionships suсh аs standard irrtеrprе-

tations of soсial Darwinism or rеtraсе thе lristory of ways in whiсh soсial
сommеntators havе usеd (and misusеd) еvolr.rtion. Thеrе is suсh а riсh litеra-
turе in thеsе gеnеral arеas that any gеnеral Googlе or Amazon sеarсh will
yiеld dozеns of offеrings, of whiсh Сarl Dеglеr's Iп Seаrсh of Hиmап Nаturе:
The Decliпе апd Rеuiuаl of Dаrtuiпism iп Аmеriсаn Soсiаl Thoиght (1992| or
Riсhard Hofstadtеr's Soсiаl Dаrшinism iп Amеriсап Тhought (1959) arе just
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two wеll-known and diffеrеnt typеs of ехamplеs. Rеadеrs сan look to HеrЬert
Spеnсеr, Pеtеr Kropotkin, Andrеw Сarnеgiе, and othеr popular еxamplеs of
soсial thinkеrs who invokеd еvolution, or they сan takе up thе еvolution сhap-
tеrs in suсh rесеnt Ьooks as Bеrnard Lightman's Viсtoriаn Popиlаrizеrs of Sсi-
eпсе: Desigпi11g l\Iaturе fсlr |'treш Audieпcеs (2007) for an introduсtion to lеss
familiar populaгizеrs. Again, it is nоt on this wеll-trod ground that wе roam.
Rathеr, wе ехplorе lеss familiаr aspесts of thе intеrsесtions of еvolution and
soсiеty Ьy asking aЬout thе rеlationships in a variеty of ways.

Dеfinitions

Bу euolutioп wе mеan thе еvolutionаry thеory of Ьiologists rathеr than gеn-
еrаl еvolutionary idеаs, thаt is, naturalistiс, matеrialistiс еxplanations of thе
сhange of populations ovеr timе suсh that inhеritеd variations arе prеsеrvеd
and lеad to divеrgеnсе of forms and thе origin of nеw spесiеs that arе
adaptеd to thеir еnvironmеnts. This proсеss сan happеn morе or lеss gradu-
ally' with variаtions of various sorts' inhеritanсе working in сomplеХ ways'
and spесiеs and populations dеfinеd diffеrеntly. Nonеthеlеss, thеrе aге сon-
stant thеmеs: all aссounts of еvolution Ьеgin with naturalism rathеr than su-
pеrnaturalism as a сorе assumption. Al1 assumе that organisms еxist in an
еnvironmеnt that in еffесt favors somе variations ovеr othеrs sinсе thе fa-
vorеd arе Ьetter аdа|lted' 1rnd all vеrsions assumе that it is inhеritеd varia-
tions that mattеr for еvolution, though inhеritanсе may сomе сulturally with
lеarning Ьеtwееn gеnеrations' as wеll as Ьiologiсally through gеnеtiс trans-
mission.

!Ие also sharе thе viеw of Еrnst Мayr and othеrs that thе Darwinian thе-
ory of еvolution is сomposеd of a variеty of sеparatе thеoriеs, and that аt
somе timеs in the сoursе of thе history of еvolutionаry Ьiology onе or thе
othеr of thеsе thеoriеs dominаtеd thе dеbatеs (Mayr 1982I. Variatiоn, hеrеd-
ity, strugglе and сompеtition, and еmеrgеnсе and prеsеrvation of thе nеw аrе
all part of еvolutionary thеory. Indееd, еvоlutionary thеory is сomplех and
сonsists of intеrсonneсtеd сomponеnts that we еxplоrе in diffеrеnt ways in
this еssay.

Bу societу wе dеsignatе a variеty of kinds of soсial groups. In somе сasеs
thе rеlеvant еlemеnt of soсiеty сеnters on lеadеrs who makе dесisions that af-
fесt many othеrs. In othеr сasеs thе rеlеvant soсial group is morе loсal, сon-
tingеnt' and populist, as whеn сiviс lеadеrs may agгее that еvolution should
Ье taught in thе sсhools in any сivil izеd soсiеty' Ьut a voсal popular group dе-
mands a сrеationist antiеvolution aссount of thе oгigin of man. Diffеrеnt so-
сial сohorts play diffеrеnt rolеs, oЬviously, аnd wе will look at diffеrеnt
groups as wе go along. Similarly, whеn wе disсuss еvolutionary ехplanations
of (human) soсiеtiеs, wе follow an еqually сatholiс approaсh; soсietу Ьere
mеans any group of animals or humans that intеraсt with еасh othеr in a
struсturеd wаy and whosе survival dеpеnds on thеsе intеraсtions (.lfilson
1975; Boyd and Riсhеrson 1985; Kupеr 1994).

аnd

rny diffеrеnt ways. First and forе-

livе in divеrsе soсiеtiеs. Thеsе аrе

сomplех and oftеn morе indirесt

l logiсal and physiologiсal adapta-

еvolutionary thеory oссurrеd in a

rtiсular intеllесtual еndеavor, and

rеory has also rеflесtеd its еvolving

lе any othеr sсiеnсе' has thus bееn

Finally' аnd as proЬaЬly thе most

, еspесially in thе Unitеd Statеs, wе

мhеthеr еvolution or somе form of

сiеs (as Еugеniе С. Sсott disсussеs

nism: Rеtrospесt and Prospесt'' in

omе Ways' soсiеty has еnthusiasti.

nd p laсеs and in othег ways '  soс i -

as mеant diffеrеnt things, as has

s and thеn look at soсiеty's impaсt

h soсiеty in thе sеnsе of soсial, сul-

еvolutionary thеory, and also thе

n thе dirесtion of influеnсе around

ay and in thе past has сontriЬutеd
.е disсuss сurrеnt rеlations Ьеtwееn

3 way.
donships suсh as standard intеrprе-

rе history of ways in whiсh soсial

olution. Thеrе is suсh a riсh litеra-

ral Googlе oг Amazon sеarсh will

эg|er,s Iп Seаrсh of Hиmап Nаtиrе:

Аmеriсаn Soсiаl Thought (1'992) ot

Americап Thought (1959) arе just



ЗЗ2 Еuolutklп апd Societу

Еvolutionary Thеоry Shapеd Ьy Soсiеty

Еvolutionary thеory еxists in сеrtain soсiеtiеs аnd is dеvеlopеd Ьy mеmЬеrs
of thеsе soсiеtiеs. That muсh is oЬvious. Darwin is thе mоst visiЬlе сеntral
playеr, and historiаns havе shown thе signifiсanсе of thе fасts that soсially
Darwin wаs uppеr middlе сlass and a Viсtorian Еnglishman. For ехamplе,
thе British gеntlеman would prеsumaЬly havе found it еasiеr than thе poor

son of a long-poor working-сlass family to сomе to Darwin's viеw of inhеri.
tanсе as a pгogгеss ivе аnd pos i t ivе forсе in prеsеrv ing vаr iаt ion oг to sее
hеrеdity as еnaЬling rathеr than сonstraining. Thе way Darwin saw thе
world from Н.МS Beаgle was surеly shapеd Ьy his сontехt and valuеs, as his-

toriаns havе shown (Dеsmond and Мoorе 1991; Browne 1'995,2003; Нodgе
and Radiсk 2003). His world Was thе riсhly Ьut gеntly еntangled Ьank of an
Еnglish gardеn rathеr than аn arid dеsert, a divеrsе and pungеnt rain forest,

or an Alpinе tundra, еасh of whiсh might havе lеd him to diffеrеnt quеstions

and еmphasеs.
Furthеrmorе, as Darwin sсholars havе dеmonstratеd сlеarly, thе British

сontехt of natural thеology shapеd еvolutionary thеory. 
.sИilliam 

Palеy saw
еaсh organism and еaсh typе as adаptеd to its plaсе in thе world. Of сoursе'
it was Palеy's Angliсan God thе Crеator who had donе thе adapting in that

сasе, but thе fit of lifе form to еnvironmеnt сarriеd ovеr nеatly to Darwin's

viеw of lifе. Truе, a Thomas RoЬеrt Malthus might point to thе human есo.
nomiс dilеmmas intrinsiс in thе tеndеnсy of еvеry individual to inсгеasе into

a population that rapidly outgrows availaЬlе rеsourсеs. But Мalthus did not

сall into quеstion that humans wеrе adaptеd to thеir еnvironmеnt. Indееd,

thе tеndеnсy to produсе too many individuals just givеs naturе thе opportu-
nity to сhoose somе ovеr othеrs. Or, as Malthus suggеstеd, pеrhaps man

сould do thе сhoosing with wisе population сontrol. At any ratе, soсial viеws
shapеd thе еvolutionary thеory that еmеrgеd, and thе rеsults wеrе optimistiс.
For Мalthus, population сontrol would makе lifе Ьеttеr for еaсh pеrson and
for soсiеty as a wholе. For Darwin, only thе ..hеalthy, vigorous, and happy''

would survivе and rеproduсе. A happy piсturе indeеd (Rusе 1979,2003;
Hodgе and Radiсk 2003).

Anothеr part of Darwin's Viсtorian miliеu that was ехtrеmеly important
for his еvеntual formulation of thе thеory of natural sеlесtion as an ехplana-

tion of еvolutionary сhangе was his сlosе сontaсt ovеr many yеars with many

animаl and plant brееdеrs (Brownе 2003). Indееd, thе сlosе сompаrison Ье-

twееn artifiсial sеlесtion (with morphologiсal and Ьеhavioral сhangеs in pop-

ulations that сould Ье induсеd Ьy сontinuеd Ьrееding) and natural sеlесtion
(сhangеs that would Ье a rеsult of thе ..strugglе for ехistеnсе'' in naturе) is a
major part of Darwin's ..long argumеnt''

Thе Gеrmаn intеllесtual movеmеnt Nаturphilosophiе, with its romantiс

сonсеption of naturе, Ьrought othеr pеrspесtivеs that shapеd еvolutionary

thеory as it playеd out in Gеrmany. Johann Wolfgang von Goеthе's organi-
сism that saw an unfolding of form' Friеdriсh Sсhеlling and Gеorg Hеgеl's
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assumptions of unity of naturе, and Karl Маrх's sеarсh for an unfolding of

soсiеty sharеd thе zrssumptions of еmеrgеnсе or of form from nonform and of
сhаngе ovеr time that lеads to irlprovеmеnt:rnd progress (Rusе 1996; Мoсеk

2002; Riсhards 2002)' Thеsе soсial and philosophiсal thrеads hеlpеd shapе

thе intеllесtual еnvironmеnt into whiсh еvolution arrivеd. Еrnst Haесkеl's
pаrtiсular vеrsion of еvolutionary thеory in Gеrmany sharеd thе positivе and
progrеssivе impliсаtions of еvolutionary сhangе and dеvеlopеd thе idеas in

an еxpliсitly and ессеr\triсally mаtеrialistiс wаy thаt hаd tгеmеndous soсial

impaсt, just as soсiеty had shapеd thе sсiеntifiс idеas.
What was sееn as an ..eсlipsе of Darwinism', at thе еnd of the ninеtееnth

сеntury also rеflесts impaсts from outsidе sсiеnсе itsеlf on еvolutionary thе-

ory (Bowlеr 198з), shifting away from rеlianсе orr what Dаrwin hаd sееn as

randomly arising variations. Меndеlism intгodцсеd gеnеs, hеritаblе units'

and a foсus on thе intеrnal woгkings of thе oгganism morе than on thе or-

ganism in its еnviгonmеnt. This brought a shift from thе morе organiс intеr-

рrеtations that appеaled to Мarх and othеr latе ninеtееnth.сеntury soсial
rеformеrs who wеrе сall ing for natural сhangе. Instеad, wе sее a risе of gеnе-

tiс dеtеrminist or lrеrеditariаn thinking, whiсh in turn influеnсеd еvolution-

arу thеory' аrrd thе dеtеrminism of whiсh appеalеd to diffеrеnt soсial groups.

If thе hеritaЬlе variations wеrе gеnеtiсally dеtеrminеd, thеn еvolution сould
prеsumaЬly Ье influеnсеd Ьy modifying thеsе gеnеs.

.Wе 
сannot ovеrеmphasize tЬat this is not simply a mattеr of sсiеnсе affесt-

ing soсiеty, though that has Ьееn rhе primary foсus of historiсal disсussion.

Hеrе thе point is that iorсеs within soсiеty wеrе affесting sсiеnсе' shaping

еvolutionary thеory, and influеrrсing thе сhoiсеs madе aЬout whiсh quеstions

to ask and whiсh assumptions to makе in a сomplех thеorеtiсal arеna of un.

сеrtainty whеrе sоmе assumptions must nonеthеlеss Ье madе. Soсial faсtors,

as wеll as intеrnal sсiеntifiс dеvеlopmеnts, shаpе whiсh mеthods to usе to

sгudy еvoluг ion: natura l is t iс  f iе ld wоrk and dеsсr ipt ior l  or  ехpег imеnrа l  сon-

trol and manipulation of variaЬlеs, and study of populations or individuals,

wholе organisms, parts of organisms, invisiЬlе parts likе gеnеs' or еmеrgеnt
parts likе Ьеhaviors and othеr traits.

August 
.W.еismarrn 

providеd аn inhеritanсе-Ьasеd еvolutionary thеory. Нis

|892 Кеimplаsmа сorтtainеd sеquеstеrеd gегmplasm that was protесtеd from

еnvironmеntal influеnсе. This was thе matеrial of inhеritanсе аnd thе raw ma-

tеrial of еvolution, providing suЬstanсе for еvolutionary сlrangе thгough сom.

pеtitiоn among his hypothеtiсal ids, dеtеrminants, and idants' all arrangеd

along visiЬlе сhromosomеs. Thе rеlеvant population, that of thеsе inhеritеd

matеriаl units, wаs rrow insidе thе individual organism, and this raisеd nеw

quеstions about how far thе aсtion of natural sеlесtion сan takе us and aЬout

thе finе dеtails of the mесhanisms of еvolutionary сhangе. For 
.sИеismann, 

who

Was part of a sсiеntifiс tradition that foсusеd on сеll Ьiology' dеvеlopmеnt, and

miсrosсopiс oЬsеrvation' thе important natural sеleсtion took plaсе insidе

еaсh organism, and tlrе еnvironmеnt was thе intеrnal еnvironmеnt.
'Wеismantr's 

еvolutionary thеory disаllowеd dirесt еxtеrnal еnvironmеntal
impaсt on thе inhеritеd сhromosomеs. His dеrrial that Lamarсkian usе and
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disusе of partiсular parts сould havе any еffесt on еvolution is takеn in rеtro-
spесt as putting that idеa to rеst' though it did nоt aсtually do so. Instеad,
nеo-Lamarсkism сontinuеd to find a plaсе in soсial and politiсal сontеxts
that еmphasizеd thе importanсе of сhangе through еffort and will, suсh as
thаt of Riсhard Sеmon еarly in thе twеntiеth сеntury аnd with a l inе of lеss
wеll-known suPportеrs through suЬsеquеnt gеnеrations (Sеmon 1908). By
thе sесond half of thе twеntiеth сеntury' politiс4l figurеs suсh as T. D.
Lysеnko gainеd сonsidеraЬlе authority in thе Stalinist Soviеt Union' and not
solеly for distortеd politiсal rеasons. Lysеnko's nеo-Lamarсkism appеalеd to
thе hopе that if only sсiеntists сould сultivatе sееds in thе right еnvironmеnt,
thеy сould produсе еnough grain to savе thе pеoplе from starvation. Thеrе
was trеmеndous Ьеliеf in thе powеrs of sсiеnсе, and еvеn though nеo-
Lamarсkian idеas havе latеr Ьееn idеntifiеd with Soviеt-stylе matеrialism, at
lеast initially many of thеsе proposals еmphasizеd thе rolе of сultuге and thе
soсial еnvironmеnt in shaping thе fatе of human soсiеtiеs.

Somе would insist that this was сlеarly Ьad sсiеnсе, and for thosе fully fa.
miliar with сontеmporary sсiеntifiс paradigms, it was. But for thosе for
whom еvolution was not a сеntrаl part of thеir еduсation and worldviеw,
suсh an еvolutionary thеory that would plaсе thе сausеS of variations dirесtly
in usе and disusе in rеsponsе to thе еnvironmеnt madе sеnsе. It was not a
long strеtсh from Darwinian еvolution to sееing tеmpеraturе сhangеs as a
sorrrсе of nеw variations through mutation and sеlесtion and thеrеforе as thе
sourсе and сausе of thе origin of spесiеs. Lysеnko's vеrsion of nеo-Lamarсkism
promisеd a spееdiеr еvolution, and sinсе еvolution Was sееn as progrеssivе, it
thеrеforе offеrеd a fastеr routе to progrеss and improvеmеnt. Soсial nееds
shapеd sсiеnсе' whiсh thеn playеd out in soсiеty (Todеs 7989\.

.sИе 
sее anothеr ехamplе in thе so-сallеd modеrn еvolutionary synthеsis of

thе latе 1940s and aftеr. Partiсipants at kеy mееtings, suсh as tЬe |947
Prinсеton mееting' saw this as a timе of optimism for еvolutionary Ьiologists
(Mayr and Pгovinе 1980). Thе prеwar tеnsions in Еuropе and thе Unitеd
Statеs may wеll havе еnсouragеd thе sort of synthеsis that Julian Huxlеy, as
a politiсal aсtivist with thе Unitеd Nаtions, sought in Ьis Еuolutioп: The
Мodern Sупtbеsis (1942). Huхlеy was not a major intеllесtual shapеr of the
pеrсеivеd synthеsis Ьut а сеntral voiсе in сonсеiving of it in that way (Smo-

сovitis 7996). Howеvеr, еvеn whilе еvolutionаry Ьiologists suсh as Еrnst
Mayr and Gеorgе Gaylord Simpson еagеrly еmЬraсеd thе idеa of synthеsis
with еvolution at thе сorе, alrеady othеr Ьiologists wеrе pushing in сountеr-
dirесtions. Сеll Ьiologists and gеnеtiсists саrеd morе aЬout thе intеrnal work.
ings of сеlls and thеir сontеnts than aЬout thе biggеr piсturеs of еvolution.
Rapidly inсrеasеd funding for mеdiсal rеsеarсh and mеdiсal dеmands of wars
hеlpеd drivе wеdgеs Ьеtwееn spесialtiеs within thе Ьiologiсal сommunitiеs.
Еvolutionary Ьiologists oftеn found thеmsеlvеs as сompаrativе spесialists in
natural history musеums' whilе morе rеduсtionist rеsеarсh programs gainеd
priority in many univеrsitiеs and еspесially in mеdiсal sсhools.

DеЬatеs aЬout thе еffiсaсy of adaptation rеvеal similar soсial shaping of
еvolutionary thеory. Stеphеn Jay Gould, Nilеs Еldrеdgе, and othеrs Ьеgan in

tЬe 1970s to quеstiоn
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thе 1970s to quеstion how far natural sеlесtion сan rеally еffесt сhangе
(Еldrеdgе and Gould 1,972).Is еvolution rеally allgradualism and slow aссu.
mulation of morphologiсal diffеrеnсеs? Or сould сhangе Ье ..punсtuatеd''

with morе suddеn ..ехplosions''? Pеrhaps somе сhangеs сould еnaЬlе many

othеrs, as passing through a Ьottlеnесk to thе opеning Ьеyond сan do. Or
ехtеrnal faсtors might lеad to punсtuation. Еvolutionary thеory сould sup-
port сompеting intеrprеtations gf mесhanisms' thеsе rеsеarсhеrs fеlt, though
thеir viеws wеrе intеrprеtеd Ьy antiеvolutionary сrеationists as сhallеnging
thе validity of еvolution.

A сеntral point hеrе is that this сritiquе and thе rеvisions in еvolutionary
thеory that rеsultеd wеrе, in part, shapеd Ьy thе soсiеty in whiсh thеy

appеarеd. old.sсhоol adaptationism and gradualism providеd a slow proсеss

for сhangе. Not сoinсidеntally, thosе who wеrе сalling for punсtuation wеrе
young and fanсiеd thеmsеlvеs soсial rеformеrs who favorеd rapid soсial

сhangе. This doеs not mеan that thеy wеrе wrong sсiеntifiсally any morе

than thosе who favorеd graduаlism. Nor doеs it mеan that thеir сhallеngеs
havе not had trеmеndous positivе impасt on еvolutionary thеory gеnеrally.

Thеy havе. our point hеrе is that thе soсiеty and thе soсial valuеs thе sсiеn-

tists aЬsorЬеd havе shapеd thе еvolutionary thеory signifiсantly.
Today Wе sее anothеr transformation of thе adaptationist paradigm in

еvolutionary Ьiology in thе form of a mеrgеr of dеvеlopmеntal and еvolu.
tionary Ьiology. Population gеnеtiс modеls havе еmphasized gеnеtiс сhangеs
within population. But gеnеs do not intеraсt with thе еnvironmеnt, organ-
isms do' and thе Way gеnеtiс variations rеlatе to сorrеsponding phеnotypiс

variations has important impliсations for our undеrstanding of еvolutionary

сhangеs. Two notions, in partiсular, that arе part of this nеw paradigm also
havе widеr soсiеtal impliсations, namеly, thе idеas of сonstraints and of
intеraсtions (Мaynard Smith еt al. 1985). Thе idеa of сonstraint еmphasizеs
that not all variations arе еqually likеly or еvеn possiЬlе. It statеs that thе dе-
vеlopmеntal and physiсal Ьoundariеs of an оrganism limit thе ways gеnеtiс

variations сan Ье trаnslatеd into phеnotypiс variаtions Ьесausе of thе prop-

еrtiеs of thе dеvеloping systеm. Thеsе arе, of сoursе, a сonsеquеnсе of multi-
plе intеraсtions among gеnеtiс' сellular' and еnvironmеntal faсtors that
togеthеr сontriЬutе to organismiс dеvеlopmеnt. Thе nеw synthеsis of еvo-
dеvo (short for еvolutionarу and dеvеlopmеntal Ьiоlogy) thus also еmpha-
sizеs an еpigеnеtiс and intеraсtivе viеw of Ьiology.

This pеrspесtivе has many sсiеntifiс, сultural, and soсiеtal rеsonanсеs; thе
idеa of l imits on what is possiЬlе within thе Ьoundariеs of a nаtural systеm
was first madе popular in thе сontеxt of thе worry about a ..population

ЬomЬ'' and thе еnvironmеntal movеmеnt. Similarly, thе growing еmphasis
оn intеraсtions' еvеn Ьеtwееn distant parts of a largе есosystеm' has found its
fiгst manifеstations in this сontеxt. But today thеsе сonсеpts arе also sееn as
rеlеvant within dеvеlopmеntal and еvolutionary biology, whеrе, quitе ironi-
сally' thе сomplеtion of thе many gеnomе proiесts-in mаny ways thе сцlmi-
nation of thе gеnеtiс paradigm-has lеd to insights into thе highly intеraсtivе
and еpigеnеtiс naturе of Ьoth dеvеlopmеnt and еvolution (Hall 1,998)'
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That еvolutionary thеory has not Ьееn insulatеd from soсial influеnсеs is
no surprisе to historians of sсiеnсе' Ьut it is oftеn surprising to sсiеntists who
sее sсiеnсе as rеlativеly insulatеd and progrеssing aссording to its own intеr-
nal logiс and rеsponsеS to opportunitiеs. It is also surprising tо somе soсial
historians' who rarеly study thе history of sсiеnсе and who tеnd to takе sсi-
еnсе as givеn and to sее it as shaping soсiеty on oссasion rathеr than to sее
thе intеraсtions in both dirесtions. Darwinism. as Dеsmond and Мoorе
(1991) and Brownе (1,99 5 , 2003 ) havе shown сlearly, is iust as muсh a story
of Darwin in soсiеty as of Darwinism in soсiеty.

Soсiеty's Rесеption of Еvolution

Historians havе long dеsсriЬеd thе rесеption of Darwinism, in partiсular, to
show thе variations in rеaсtion. 

.sИhy 
is еvolution takеn as a сhallеngе to еs-

taЬlishеd valuеs in somе сountriеs or loсal soсiеtiеs and not in othеrs or to
somе rеligions and not othеrs? \й/hy havе somе groups rеadily еndorsеd thе
naturalism at thе сorе of еvolutionary thеory, as Germany did in thе latе
ninеtееnth сеntury, whilе thеrе is hostility at somе timеs and in somе groups
to thе apparеnt randomnеss and laсk of purposе that thеy sее in еvolution?
To what ехtеnt is thе rеsponsе shapеd Ьy loсal сontingеnсiеs of dominant in-
fluеntial individuals, pеrhaps' and to what ехtеnt doеs thе rеaсtion flow from
thе logiс of thе values and assumptions within thе сultuге? Thе answеrs to
thеsе quеstions arе сomplех and involvе dеtailеd aссounts of thе soсial' сul-
tural, есonomiс, and politiсal history of thеsе soсiеtiеs and сountriеs. For а
morе dеtailеd aссount, thе rеadеr should сonsult thе suЬstantial Ьody of lit-
еraturе in this arеa (foг еxamplе, Нu|| 197З1Kohn and Kottlеr 1.985; 

.$7assеr-

sug and Rosе 1984).
Hеrе wе want to point to just onе aspесt' namеly, how diffеrеnt soсiеtiеs'

rесеption of еvolutionary idеas сontriЬutеd to thе fцrthеr dеvеlopmеnt оf еvo-
lutionary thеory. \Within Darwin's innеr сirсlе Thomas Llеnry Huxlеy most
visiЬly еmphasizеd thе importanсе of еvolutionary thеory to promotе a liЬеral
and matеrialistiс agеnda. To him, еvolution impliеd that thеrе is no intrinsiс
valuе in heritagе and pеdigrее, and thаt all that should сount arе thе aЬilitiеs
of pеoplе. As a сonsеquеnсе, hе promotеd sсiеnсе as a profеssion rathеr than
a voсation and fought a сonstant Ьattlе аgainst rеligion as thе stalwart of rе-
сеivеd valuеs (Dеsmond 1997)' Similarly, Еrnst Haесkеl foсusеd on thе matе-
rialistiс impliсations of еvolutionary thеory, whiсh hе ехpandеd into a wholе
systеm of monistiс philosophy. Nеithеr Huхlеy nor Haесkеl thought highly of
natural sеlесtion as a mесhanism of еvolutionary сhange. Rathеr, еaсh inсor-
poratеd thе prinсiplе of еvolution into his sсiеntifiс disсiplinе (mostly mor.
phology) and his highly suссеssful tеaсhing. In tеaсhing thеy Ьoth intеraсtеd
with and shapеd сurrеnt trеnds within thеir rеspесtivе soсiеtiеs' whilе thеir
sсiеntifiс сontriЬutions influеnсеd sеvеral gеnеrations of Ьiologists.

A similar pattеrn сan Ье sееn in Russia, whеrе idеаs and oЬsеrvations
aЬout symЬiosis and сoopеration also сhallеngеd thе dominanсе of natural
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sеlесtion as an еxplanation of еvolutionary сhangе (Todеs 1989; Aсkеrt

2007|. Anothеr influenсе in Russia was thе prеsеnсе of a strong tradition of

natural history and есology, whiсh laid thе groundwork for suЬsеquеnt stud-
iеs of еvolutionary сhangеs within loсal populations (Adams 1994). Меan-

whilе, in Viеnna еmphasis on ехpеrimеntal work within physiology and

dеvеlopmеntal mесhaniсs pairеd with foсus on an organism's lifе history in

thе work of thе Ьiologistg who workеd in thе Vivarium. This providеd an

еxpеrimеntal Ьasis for proposals that quеstionеd thе thеn-еmеrging gеnеtiс

сontехt in favor of a dеvеlopmеntal (inсluding nеo-Lamarсkian) pеrspесtivе

on еvolution (PrziЬram 1904).
All thеsе ехamplеs show that thе rесеption of еvolutionary thеory in a so-

сiеty nеvеr was just a onе-way strееt. In all сasеs this was a highly intеraсtivе

rеlationship that in turn сontriЬutеd to thе furthеr dеvеlopmеnt of еvolution-

ary thеory in intеrеsting ways.

Еvolutionаry Thеory Ехplaining Soсiеty

Thеrе arе no a priori limits on what сan Ье thе subjесt of an еvolutionary еx-

planation as long as сеrtain Ьasiс сonditions apply. From monad to man' a

multitudе of diffеrеnt lifе forms and thеir Ьеhaviors, as wеll as thеir soсial
and есologiсal intеraсtions, havе all bееn shapеd by еvolutionary forсеs
(Rusе 1996). OЬviously thеrе arе diffеrеnсеs bеtwееn thе сoordinatеd movе-

mеnts of slimе molds that arе forming a fruiting Ьody and thе mеmЬеrs of an

orсhеstra who arе playing a Bееthovеn symphony, Ьut Ьoth arе ultimatеly

thе rеsult of thе intеrplay of сomplеx Ьеhaviors that ехist in aссordanсе with

thе framеwork of еvolr.rtionary thеory. In ordеr to undеrstand this last statе-
mеnt' kееp in mind thе ways in whiсh any fеaturе, morphologiсal or Ьеhav-
ioral, сan Ье сonsidеrеd thе produсt of еvolution.

Natural sеlесtion favors variants with highеr fitnеss, namеly, thosе that

managе to inсrеasе thеir rеprеsеntation in thе nеxt gеnеration. This proсеss

is dеsсriЬеd Ьy thе univеrsal rеpliсator еquation that mathеmatiсally dе-

sсriЬеs thе сonsеquеnсеs of natural sеlесtion and that appliеs to all objесts
that сan rеproduсе thеmsеlvеs (Dawkins 1'976; HofЬaцеr and Sigmund
1998). Thе rеpliсator еquation doеs not speсify what propеrtiеs of thеsе ob-
jесts aсtually сontriЬutе to fitnеss diffеrеnсеs; it only prеdiсts that whatеvеr

variaЬlе fеaturеs arе rеsponsiЬlе for thеsе еffесts, thеsе will еvеntually rеaсh

a (loсal) optimum as long as еnvironmеntal сonditions do not сhangе. Fur-

thеrmorе, thе rеpliсator еquation doеs not spесify how thosе variants man-

agе to rеproduсе thеmsеlvеs. All that is rеquirеd for natural sеlесtion is that
rеproduсtion happеns with a suffiсiеnt dеgrее of aссuraсy that thе favorablе
propеrtiеs do not disintеgratе too fast. Мany diffеrеnt struсturеs сan thus Ье
potеntial and aсtцal rеpliсators, or units of sеlесtion. Thеsе inсlude molе-

сulеs, gеnеs, сеlls, сlonеs (in thе Ьotaniсal sеnsе), groЦps' inсluding soсial
groups' and idеas, so-сallеd mеmеs (Dawkins 1982; Brandon and Burian

1984; SоЬеr and.!7ilson 1998).
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Thе rеpliсator еquation spесifiеs thе Ьroad limits of what kind of propеr-
tiеs сan еvolvе-thosе that еithеr inсrеasе thе fitnеss of thеir сarriеrs or thosе
that arе nеutral with rеgard to fitnеss (thosе' howеvеr, arе thе suЬjесt of a
diffеrеnt dynamiсs; sее Kimura 1983). If wе now ask in what way a spесifiс
nеw phеnotypе suсh as a morphologiсal fеaturе or a form of Ьеhavior сan Ье
thе produсt of еvolution, wе havе to addrеss an аdditional quеstion. Bеforе

suсh novel phеnotypеs сan сontriЬutе to fitnеss, thеy must first еmеrgе within
thеir сarriеrs; that is, thеy must thеmsеlvеs Ье produсts of еvolution. In othеr
words, thе molесular' сеllular, and dеvеlopmеntal сontехt of organisms is thе
first part of thе ехplanation of any nеw fеaturе. Only thosе phеnotypiс vari-
ants that arе possiЬlе at all сan Ьесomе thе raw matеrial for natural sеlесtion,
Ьесаusе phеnotypеs dеtеrminе thе fitnеss of thеir сarriеrs. Thе faсt that dе-
vеlopmеnt plays a сruсial ro1е in this gеnеration of variation has rесеntly
Ьееn thе suЬjесt of inсrеasеd attеntion (Raff 1'996; Hall 1998).

For our disсussion of еvolutionary еxplanations of soсiеtiеs' a diffеrеnt
aspесt of thе еvolutionary proсеSs is also of intеrеst. As wе havе sееn, all that
is rеquirеd for natural sеlесtion to aсt is thе availaЬility of aссuratеly trans-
mittеd variation in fitnеss. This rеlationship is сommonly mеasurеd Ьy hеri-
taЬility of a сharaсtеr. HеritaЬility is aсtually dеfinеd as thе сorrеlation Ьеtwееn
parеnts and offspring' and еvеn though in many сasеs thе rеason for this
сorrеlation will Ье gеnеtiс' it is not limitеd to thе еffесts of gеnеs (Falсonег

1989). This aspесt of hеritabil ity is espесially important in thе сontехt of
disсussions aЬout сultural еvolution. Not only сan idеas or mеmеs Ье intеr-
prеtеd as rеpliсators, Ьut in thе сontехt of human, as wеll as animal, soсi.
etiеs lеarnеd Ьеhaviors сan Ье transmittеd to thе nехt gеnеration. From this
aЬstraсt pеrspесtivе thеrе is thus no сontradiсtion Ьеtwееn thе intriсatе
pattеrns of human history rеflесtеd in thе сhangеs and transformations of
human soсiеtiеs and thе Ьasiс prinсiplеs of evolutionary Ьiology. Thеrе arе,
of сoursе, many additional faсtors Ьеsidеs gеnеs that сontributе to human
history. Nothing lеss would Ье еxpесtеd from thе viеwpoint of еvolution-
ary thеory Ьесausе morе сomplеХ systеms add many diffеrеnt lеvеls and
dеgrееs of frееdom' Ьut all this happеns within thе сonfinеs of еvolutionary
prinсiplеs.

It is important to notе that this pеrspесtivе doеs not imply any foгm of
Ьiologiсal reduсtionism; rathеr, thе еvolutionary analysis of сomplеx sys-
tеms, suсh as human soсiеtiеs, rеquirеs that wе simultanеously сonsidеr еffесts
at all diffеrеnt lеvеls of сomplеxity. Indееd, in еvolutionary Ьiology thе most
intеrеsting quеstions always arisе in situations whеrе any simplе ехplanation
rеaсhеs its limit and whеrе wе find a сonfliсt Ьеtwееn diffеrеnt еntitiеs. Thеsе

arе thе ..major transitions in еvolution'' dеsсriЬеd Ьy thе late John Maynard
Smith and Есirs Szathm6rу tЬat Ьring aЬout somеthing fundamеntally nеw,
suсh as thе first multiсеllular organisms or thе first human soсiеtiеs (May-

nard Smith and Szathm6rу 1995).In ordеr to survivе, thеsе nеw еntitiеs nееd

to ..сontrol'' thе Ьеhavior and sеlfish intеrеst of thе parts; in highеr organ-
isms, сеlls havе to givе up thеir own rеproduсtivе intеrеsts, and in a сomplеx

soсiеty with a high dеgrее of division of laЬor' thеsе aсtivitiеs also nееd to Ье
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сoordinatеd. How thеsе rеgulations сomе about and еvolvе is onе of thе most
fasсinating proЬlеms of еvolutionary Ьiology (Margulis 1981).

Thеsе Ьriеf tесhniсal сommеnts aЬout the Ьasiс assumptions of еvolution-
ary thеory also hеlp us sее thе long-standing сontrovеrsy ovеr naturе vеrsus
nurturе in a diffеrеnt light. In thе сontехt of еvolutionary Ьiology this dis-
tinсtion is onе only of dеgrее and not of kind. Thеrе is no сlеar.сut sеpara-
tion Ьеtwееn naturе (or Ьiology) and nurturе (or сulturе and soсiеty).
A multitudе of faсtors, Ьoth Ьiologiсаl аnd сultural, сontriЬutе to thе dеvеl-
opmеnt and formation of any human Ьеing; indееd, our dеvеlopmеntal pro-
gram rеquirеs all thеsе diffеrеnt stimuli as сruсial inpцts.

As wе havе lеarnеd from еvolutionary Ьiology, сomparеd with our сlosеst
rеlativеs, wе arе Ьorn prеmaturеly (Portmann 1951). Onе сonsеquеnсе of
this faсt is that in human infants thе dеvеloping Ьrain is stimulatеd Ьy a mul-
titudе of еnvironmеntal аnd soсial faсtors. In addition, wе havе lеarnеd that
in our еvolutionary history thе еmеrgеnсе of soсial skills, inсluding thе еvolu-
tion of languagе, was muсh morе important than aссumцlatеd gеnеtiс diffеr.
еnсеs (Diamond 19921Kupеr 1994). Of сoursе, prесisеly thosе сharaсtеristiсs
also еnaЬlе lеarning and thе transmission of aсquirеd knowlеdgе. In сonсlu-
sion, all еvidеnсе thus far points to highly intеraсtivе rеlationships among
diffеrеnt faсtors (Ьiologiсal and сultural) in human еvolution. Сonsеquеntly,
in ехplanаt ions of  humаn еvolut ion аnd soс iеty Wе саnnot g ivе pг ior i ty to
any onе of thеsе faсtors ovеr all thе othеrs. This rеalization shoцld also hеlp
us avoid thе naturalistiс fallaсy; knowing thе еvolutionary history of somе
aspесts of оur Ьеhavior and soсial organization doеs not imply any valuе
judgmеnt aЬout thеsе propеrtiеs. But rеalizing thе еvolutionary rеasons for
thеsе Ьеhaviors doеs hеlp us if wе want to еnforсе soсiеtal гolеs, a faсt that is
inсrеаs ingly rеа l izеd Ьy a gгowing сommunity of  lеgal  sсholars.  есonomists .
and managеmеnt сonsultants.

our Ьriеf analysis of thе rеlationship Ьеtwееn еvolutionary thеory and so-
сiеty notwithstanding, it is also truе that throughout thе history of еvolution-
ary Ьiology thе majoгity of аttеmpts to apply еvolutionary prinсiplеs to
еxplanations of human soсiеtiеs havе Ьееn grandiosе failurеs (Hofstadtеr

1959). Sееn through historians' еyеs' thеsе сasеs arе primе еxamplеs of thе
mutual rеlationship Ьеtwееn sсiеnсе and soсiеty disсussеd in thе first sесtion;
at сеrtain timеs speсifiс soсiеtal Ьеliеfs and assumptions rеsonatе with еlе-
mеnts of the thеn-сurrеnt statе of еvolutionary thеory and Ьесomе thе foun-
dation of widе-ranging ..ехplanations,' of naturе and soсiеty. Sееn through
thе еyеs of an еvolцtionary biologist, thеsе сasеs takе on a diffеrеnt mеaning.
on thе onе hand, onе might аrguе that thеsе сasеs arе a rеflесtion of thе
thеn-inсomplеtе status of еvolutionary thеory, at lеast whеn сomparеd with
our prеsеnt undеrstanding. Takеn at faсе valuе, this viеw is proЬlеmatiс Ье-
сausе it impliеs a rathеr nаivе сonсеption of sсiеntifiс progrеss. Anothеr oЬ-
sеrvation an еvolutionаry Ьiologist would makе, looking Ьaсk at prеvious
сasеs of еvolutionary ехplanations of soсiеty, is that all thеsе proposals tеnd
to еmphasizе only onе or a fеw еlеmеnts of whаt Еrnst Мayr аnd othеrs havе
idеntifiеd as thе multiplе elеmеnts of еvolutionary thеory (Mayr 1982).

ъ
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This obsеrvation allows uS to сomЬinе historiсal сontеxtualizаtion of еvo.
lutionary ехplanations of soсiеty (what was thе sсiеntifiс, soсial, politiсal,
and есonomiс сontехt of thеsе proposals?) with еvaluation in tеrms of thеir
sсiеntifiс mеrit (what wеrе thе proЬlеms with and wrong assumptions of
thеsе proposals? what was lеft out' and what was ехaggеratеd?). This ap-
proaсh allows us to analyzе thеsе various proposals Ьoth in rеlation to thеir
historiсal сontеxt аnd with rеgard to thеir sсiеntifiс сondеnt. Unfoгtunatеly'
Wе do not havе thе spaсе to disсuss thеsе idеas in dеtail, Ьut wе want Ьriеfly
to prеsеnt a fеw eхamplеs of how еvolutionary idеas wеrе appliеd to human
soсiеtiеs in thе past Ьеforе сonсluding with a skеtсh of how prеsеnt-day еvo-
lutionary biology approaсhеs thе issuе of human soсiеtiеs.

It will сomе as no surprisе that as soon as thеrе was еvolutionary thеory, it
was appliеd to ехplain aspесts of human soсiеty. НеrЬеrt Spеnсеr' a popular
philosophеr and advoсatе of idеas similar to thosе of Darwin, сoinеd thе
tеrm sLlruiuаl of tbe fittest to dеsсriЬе thе сonsеquеnсеs of natural sеlесtion.
Dеtaсhеd from its striсtly Ьiologiсal mеaning' this tеrm сould Ье (and was)
appliеd to a variеty of soсial сontехts. It сould Ье takеn to support a сonsеr-
vativе status quo whеn it was сomЬinеd with idеas and oЬsеrvations that
еvolution favors сonsеrvation of еxisting traits and Ьеhаviors. In this way
еvolutionary thеory providеd a naturalistiс and matеrialistiс еxplanation of
soсial diffеrеnсеs Ьy dеmonstrating how some pеoplе arе morе suссеssful Ье.
сausе thеy arе fittеr in HеrЬеrt Spеnсеr's sеnsе. Thеir variations arе Ьеttеr
adaptеd to thе сompеtitivе soсial еnvironmеnt in whiсh thеy livе, and thеy
thеrеforе naturally еnough risе to thе top.

Not surprisingly, it was thе grеat industrialist Andrеw Сarnеgiе who most
еnthusiastiсally еmЬraсеd this intеrprеtation of еvolutionary thеory as ех-
plaining soсiеty. But thе idеa of natural sеlесtion was аlso usеd in support of
radiсal transformation of soсiеty, as thе initial positivе rесеption of Darwin
Ьy l\4arх, Еngеls, and othеr lеading soсial dеmoсrats attеsts. Thеy, of сouгsе'
еmphasizеd thе transformativе powеrs of natural sеlесtion rathеr than thе
сonsеrvativе onеs.

\й/hat all thеsе initial appliсations of еvolutionary thеory to soсiеty havе in
сommon is that thеy foсus mostly on сompеtition' strugglе' and a progrеssivе
intеrprеtation of (еvolutionary) history, as wеll as a hiеrarсhiсal notion оf
diffеrеnt soсial сlassеs and raсеs. Furthеrmorе' thеir notion of сompеtition is
morе or lеss dirесt or hands-on. Strugglе was oftеn seеn as a сonsеquеnсе of
diffеrеnt strеngths of individuals, groups, statеs' or raсеs. Indееd, thе еarly
yеars of thе twеntiеth сеntury Ьrought sеvегаl attеmpts to adapt Darwinian
logiс to work as a guidе to intеrnational affairs and politiсs (Zieg|er 1918).
\й/hat all thеsе appliсations of еvolutionary thеory to soсiеty missеd was аn
undеrstanding of thе intеrnal сonditions of organisms and thе modеs of
transmission of hеrеditary matеrial ' whiсh wеrе' aftеr all, сruсial еlеmеnts of
Darwin's thеorу.

Thе сеntrality of hеrеdity to thе thеory of еvolution Was not missеd Ьy
Darwin's сoцsin Franсis Galton. Inhis l-Iеrеditаrу Gеnjus (l869) hе rеalizеd
that thе сumulativе еffесt of natural sеlесtion. *...,i.u for sradual еvolu-

tion' сruсially dеpеn
hеrеditary matеrial.
Galton saw possiЬil i
еvolution and thе fu
thе Viсtorian progr€
сausе and сontrol it
Ьrееding with thе nе

In Мап аnd Superi
progrеssivе intеrprеl
that somе arе naturi
soсiеty is сurrеntly
no informеd Ьrееdin
fесtions now and als
pеrmеn.

Indееd, еugеniсs l
Amеriсan visionariе
joinеd thе сall for go.
gradually did sсiеntil
dеrgirdеd thе еugеni
еugеniсs was not as
tors in rеtrospесt. S
еugеniс programs Ьa

Еugеniс idеas' tog.
raсial hygiеnе' сontr
natе ..unworthy lifе,'
сoalition formеd to <
logiсal dеfinition of
mеnt on raсе. This
antidisсrimination pr
rathеr than Ьiologiса
сonsistеnt with studi
еnсеS among humans
nеtiс diffеrеnсеs in m
populations havе аls
nеalogiсal rеlationsh-
our spесiеs in Еast A
suЬjесt of gеnеtiс dif
find a growing сonsе
of mankind сan Ье i
dеvеlopmеnts in thе 1
iсal trеatmеnt on thе

Thе two most imp
and human) Ьеhavior
tion of sееmingly altr
tions, and hеrе еspес
and othеrs (Hamilton



Еuolution аnd Soсietу

tion, сruсially dеpеndеd on Ьoth thе аvailaЬil ity and thе staЬil ity of adеquatе
hеrеditary matеrial. Foсusing on inhеritаnсе and stabil ity aсross genеrations'

Galton saw possiЬil it iеs for сontroll ing populations and thеrеЬy сontroll ing
еvolution and thе futurе of human populations. This was an еntiсing idеa to
thе Viсtorian progrеssivist. Not only сould wе havе progrеss, Ьut wе сould
сausе and сontrol it through Ьiology, Galton suggеstеd with his сall for good

brееding with thе nеgativе.and positivе sеlесtions of еugеniсs.
In Мап аnd Supеrmап (190З), Gеorgе Bеrnard Shaw also rеflесtеd a morе

progrеssivе intеrprеtation, though sti l l vеry muсh groundеd in assumptions
thаt somе arе naturally bеttеr than othеrs. !(/hy not aсknowlеdgе that our
soсiеty is сurrеntly wеakеr than it сould and should Ье Ьесausе wе havе
no informеd Ьrееding program' Shaw suggеstеd. 

.!7е 
сan ехplain our impег-

fесtions now and also sееk to improvе, gеnеrating a soсiеty of mеn and su-
pеrmеn.

Indееd, еugеniсs Ьrought hopе for progrеss еspесially to Еuropеan and
Amеriсan visionariеs in thе еarly twеntiеth сеntury. Lеading genеtiсists
joinеd thе сall for good Ьrееding and for Ьеttеr soсiеty through Ьiоlogy. only
gradually did sсiеntists aссеpt how littlе solid sсiеntifiс knowlеdgе rеally un-
dеrgirdеd thе еugеniс assumptions' so that in thе 1910s and into thе 1920s
еugеniсs Was not as ridiсulously unsсiеntifiс as it has sееmеd to сommеnta-
tors in rеtrospесt. Soсial sеlесtivе prеssurеs rеinforсеd thosе who adoptеd
еugеniс programs Ьasеd on biologiсal сlaims (Kеvlеs 1985; Paul 1995).

Еugеniс idеas, togеthеr with a Ьiologiсal сonсеpt of raсial supеriority and
raсial hygiеnе, сontriЬutеd to thе Nazi gеnoсidеs' thе сampaign to ехtеrmi-
natе ..unworthy lifе,'' and finally thе Holoсaust. As a сonsеquеnсе' a growing

сoalition formеd to сountеraсt what was pеrсеivеd as an inappropriatе Ьio-
logiсal dеfinition of human raсеs, сulminating in thе 1950 UNЕSСO statе-
mеnt on raсе. This statеment thеn Ьесamе thе foundation for furthеr
antidisсrimination poliсiеs and laws. Thеsе dесlarations еmphasizеd еthniс
rathеr than Ьiologiсal diffеrеnсеs Ьеtwееn human populations, whiсh sееmеd
сonsistеnt with studiеs that showеd that thе vast maiority of gеnеtiс diffеr-
еnсеs among humans oссur within populations. Howеvеr' in rесеnt yеars gе-

nеtiс diffеrеnсеs in mitoсhondrial and Y-сhromosomal DNA Ьеtwееn human
populations havе also Ьееn usеd to i l luminаtе migrarion pattеrns and gе-
nеalogiсal rеlationships Ьеtwееn hцman populations' inсluding thе origin of
our spесiеs in Еast Afriсa aЬout 130'000 yеars ago. Today, еvеn though thе
suЬjесt of gеnеtiс diffеrеnсеs Ьеtwееn human populations is sti l l touсhy, wе
find a growing сonsеnsus that nеithеr thе Ьiologiсal nor thе сultural history
of mankind сan Ье ignorеd. This is еspесially truе as sеvеral tесhnologiсal
dеvеlopmеnts in thе postgеnomiс agе inсrеasе our aЬil it iеs to сustomizе mеd-
iсal trеatmеnt on thе Ьasis of thе gеnеtiс сonstitution of patiеnts.

Thе two most important thеorеtiсal insights into thе еvolution of (animal

and human) Ьеhavior wеrе Hamilton's notion of kin sеlесtion as an ехplаna-
tion of sееmingly altruistiс Ьеhavior and thе аppliсation of gamе-thеorеtiс no-
tions, and hеrе еspесiаllr thе сonсеpt of stratеgiеs, Ьy John Мaynard Smith
and othеrs (Hamilton 1|64;Мaуnard Smith |9s2). Thеsе idеas rеprеsеntеd a
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major сhangе in еvolutionary ехplаnations of Ьеhavior and sеt thе stagе for
thе dеvеlopmеnt of rigorous mathеmatiсal modеls.

Thе thеory of kin sеlесtion аnd of inсlusivе fitnеss foсusеd thе dеЬatе on
thе appropriatе units of sеlесtion in ехplanations of Ьеhavior. Rathеr than
just looking at onе individual's fatе as thе solе dеtеrminant of fitnеss, thе thе-
ory of kin sеlесtion сhangеs thе wаys in whiсh еvo/utionary aссounting is
donе. 

.sИithin 
thе framеwork of population gеnеtiсs сhangеs, еvolution is rеp-

rеsеntеd as сhangеs in gеnе frеquеnсiеs. Whаt Hamilton rеalizеd Was that
thеrе is morе than onе way in whiсh a spесifiс gеnе in a spесifiс individual
сan makе it into thе nехt gеnеration. It сan Ье passеd on to its offspring
dirесtly or through thе геproduсtivе suссеss of сIosе rеlativеs, who will sharе
thе samе gеnе with a сеrtain proЬaЬil ity (.5 for siЬlings, .125 for сousins). In
сalсulating thе fitnеss of a spесifiс gеnе' onе thus has to foсus on thе inсlusivе
fitnеss, whiсh is thе sum of all thе diffеrеnt mеans Ьy whiсh a spесifiс gеnе
сan сomе to Ье rеprеsеntеd in thе nехt gеnеration.

Prеvious vaguе notions, suсh as thе idеa that a Ьеhavior сan еvolvе Ье-
сausе it is good for thе spесiеs or thе group' wеrе rеplaсеd Ьy сonсеpts that
aссordеd with thе prеdiсtions of population gеnеtiсs and thе thеory of natu-
ral sеlесtion. Howevеr, it is also important to notе that thеsе notions Wеrе
highly aЬstraсt, and whеn thеy wеrе first proposеd, sсiеntists did not rеally
know anything aЬout how thеsе proposеd gеnetiс rеpliсators aсtually сould
сausе thе rеspесtivе Ьеhaviors. At this timе thе argumеnts wеrе lаrgеly thеo-
rеtiсal: if a gеnе/rеpliсator сausеs altruistiс Ьеhavior, it сan Ье favorеd by
natural sеlесtion as long as thе сost to thе individual aсting sеlflеssly is
smallеr than thе Ьеnеfit to its rесipiеnts multipliеd Ьy thе сoеffiсiеnt of rеlat-
еdnеss Ьеtwееn thosе individuals. A similar approaсh guidеd thе many
gamе-thеorеtiс сonсеpts, suсh аs thе prisonеr's dilеmma and idеas aЬout rе.
pеatеd gamеs and rесiproсal altruism that wеrе usеd to ехplain many asPесts
o f  an ima l  Ьеhav io r .

Thе appеal of thеsе nеw idеas Was еnormous, and Ьiology sееmеd сapaЬlе
of еxplaining muсh of soсial Ьеhavior. Thе idеas providеd an important
Ьoost to many disсiplinеs, suсh as Ьеhavioral есology, Ьut also invitеd far-
rеaсhing gеnеralizations and in turn gеnеratеd many' оftеn polеmiсal' сontro.
vеrsiеs. Thе most visiЬlе of thе sсandals еruptеd with thе puЬliсation of Е. o.
.lf i lson's 

Soсbbiologу tn 7975.In this еnсyсlopеdiс tomе.й/ilson' an ехpеrt
on ants and soсial insесts' сollесtеd an еnormous amount of еmpiriсal data
on what Was thеn known aЬout animal Ьеhavior and organizеd it in thе
сontеXt оf thе nеW thеorеtiсal framеwork. In thе final сhaptеr hе appliеd
thеsе idеas to human Ьеhavior and thе еvolution of human soсiеtiеs. Fur-
thеrmorе, hе proposеd that this nеw synthеsis would lеad thе soсial sсiеnсеs
to Ье intеgratеd within thе framеwork of thе Ьiologiсal sсiеnсеs. Thе rеaс-
tion was vivid. Howеvеr' еnsuing dеЬatе foсusеd mostly on thе fearеd politi-
сal impliсations-Wilson's most voсal сritiсs Ьеlong tо thе Lеft-аnd on thе
сonsеquеnсеs of thе rеduсtionism impliсit in lй/ilson's еmphasis of gеnеtiс ех.
planations and in his modеl of thе rеlations amoпg t\sсiеnсеs. Surprisingly
littlе attеntion wаs paid to thе Ьulk of thе Ьook. thе еnormous amount of
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enrpiriсаl datа and thе rigorous appliсation of еvolutionary prinсiplеs to ani-
lnа l  аnd humаn Ьеhаvioг.

Thе soсioЬiology dеЬatе rеsеnrЬlеd thе many othеr attеmpts to аpply еvo-
lutionary ехplanations to human soсiеtiеs in that it ovеrеmphasizеd just onе
of thе many dimеnsions of еvolutionary thеory. 

'Wilson's 
gеnеtiс rеduсtion-

isr-l-l, supportеd Ьy his ехpеriеnсе with soсiаl ants' as wеll as thе statе of pop-
ulаtion gеnеtiсs at this timе, lеft Iittlе гoom for othеr faсtors or for thе morе
intеraсtivе pеrspесtivе that has еmеrgеd morе rесеntly. \Vilson' his support-
еrs' and his сritiсs Wеrе all produсts of thеir soсial and politiсal, as wеll as
sсiеntifiс, еnvironmеnts (at that timе dominatеd Ьy thе rесеnt suссеssеs of
molесular Ьiology). This lеd to a rathеr polarizеd сlimatе within thе lifе sсi-
еnсеs of that timе, whiсh in pаrt ехplains thе сonfrontational tonе of thеsе
dеЬatеs.

Today, morе than 30 yеars аftеr thе puЬliсation of Sociobiology, еvolu-
tionary еxplanations of soсiеty and disсussions of сцltural еvolution arе still
popular within Ьiology. Howеvеr, the сonсеptual, as wеll as thе еmpiriсal,
Ьаsis for this rеsеarсh has Ьесomе muсh morе pluralistiс. Thеrе is still сonsid-
еraЬlе dеЬаtе and сontrovеrsy, еspесially surrounding еvolutionary psyсhol-
ogy. Yеt somе of today's approaсhеs to undеrstanding human (аnd animal)
sосiеtiеs Ьеttеr rеflесt thе insights of еvolutionary thеory skеtсhеd еarliеr.
Мany diffеrеnt fiеlds of еvolutionary Ьiology сontriЬutе' and indееd thе
study of thе еvolution of сomplех soсial systеms has Ьесomе a paradigmatiс
сasе for intеrdisсiplinary rеsеarсh. As suсh, it faсеs all thе сhallеngеs of this
kind of rеsеarсh,; as еaсh spесiаlty tаkеs on onе аspесt of soсiеty and human
bеhavior, it is in dangеr of ovеrеmphasizing that part. And thе еnsuing dе-
Ьatе, еvеn if sсiеntifiсally produсtivе, is rесеivеd Ьy a soсiеty that is unеasy
aЬout еvolution in gеnеral.

Conсlusions

Еvolutionary thеory is unquеstionaЬly thе foundation of Ьiology. And of all
thе sсiеnсеs, Ьiology has thе largеst impaсt on today,s soсiеtiеs. Biotесhnol-
ogy and biomеdiсinе сarry thе hopеs of Ьil l ions that thеir, or at lеast thеir
сhildrеn's, lot wil l impгovе, whilе еnvironmеntal sсiеnсеs warn almost daily
aЬout thе nеgativе сonsеqцеnсеs of our own aсtions. Nothing lеss than thе
fцturе of human soсiеtiеs-somе might сall it thеir еvolutionary fatе-sееms
to Ье at stakе. Biology offеrs Ьoth gloom and glory, utopian drеams and сon.
sеrvativе longings for an idеalizеd past, and еvolutionary Ьiology with its fo-
сus on thе history of l ifе, аs wеll as thе mесЬanisms of сhangе' is at сеntеr
stagе.

It sееms almost inеvitaЬlе thаt today's rapid sсiеntifiс dеvеlopmеnts and
assoсiatеd transformations of soсiеty and human (sеlf-)undеrstanding might
triggеr rеaсtion Ьy fundamеntalists' with thеir dеsirеs for surе answеrs. In thе
сontехt of еvolution an| soсiеty, thе popularity of fundamеntalist movе-
mеnts highlights inrportant fаilurеs in сommuniсating what is promising in
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thе fundamеntal prinсiplеs of еvolutionary thеory and in ехploring impliсa-
tions and limitations of thеsе sсiеntifiс insights for our сurrеnt soсiеtiеs and
for human sеlf-undеrstanding (sее thе main еssays ..Еvolution and Rеligion''
Ьy David N. Livingstonе and ..Amеriсan Antiеvolutiоnism: Rеtrospесt and
Prospесt'' Ьy Еugеniе C. Sсott in this volumе). lй/е thus of{er a fеw rеmarks
on futurе dirесtions.

Еvolutionary analysis of human Ьеhavior and soсial organizations will rе-
main an important rеsеarсh arеa within еvolutionary Ьiоlogy and will havе a
high potеntial for insights, as wеll as for сonfliсt. Еvolutionary mediсinе is al-
rеady transforming thе ways wе undеrstand and trеat сеrtain disеasеs (sее
thе main еssay ..Еvolutionary Biology of Disеasе and Darwinian Меdiсinе''
Ьy Мiсhaеl F. Antolin in this volumе). Еvolutionary psyсhology offеrs in-
sights into thе history of human Ьеhavior and our potеntial to modify and
сontrol Ьеhavior, inсluding possiЬlе transformations in our lеgal systеms and
praсtiсеs (sее thе main еssay ..Soсial Bеhavior and SoсioЬiology'' Ьy Daniеl I.
RuЬеnstеin in this volumе). Thе mеrging of есonomiс thеory with еvolution-
ary thеory Ьеnеfits Ьoth fiеlds and has givеn еvolutionary thеory пеW сOnсеP-
tual and mathеmatiсal tools, suсh as gamе thеory and thе notion of stratеgiеs.
It has also introduсеd nеw quеstions Ьy rеplaсing traditional idеas of an ..in-

visiЬlе hand'' with thе Ьеhavior of individual aсtors shapеd Ьy thеir еvolu-
tionary history and сonstraints. Appliсations of еvolutionary thеory еvеn
transform сеrtain fiеlds of еnginееring and сomputеr sсiеnсе as thе prinсiplеs
of еvolutionary dеsign and of gеnеtiс algorithms havе opеnеd nеw vеnuеs for
solving сomplеx optimization proЬlеms, suсh as thе dеsign of airplanе wings
(Rесhеnbеrg 197 Зi Ho|Iand 1 995 ).

Thе rеlationship Ьеtwееn еvolution and soсiеty also providеs an important
сasе study for intеraсtions Ьеtwееn sсiеnсе and soсiеty morе gеnеrally. Thе
history of еvolutionary thеory is among thе Ьеst-studiеd arеas in thе history
of Ьiology and has rеvеalеd intеrеsting ways in whiсh sсiеntifiс rеsults еmеrgе
in a сomplех intеrplay Ьеtwееn sсiеntifiс invеstigations and what сan Ье
сallеd thеir soсial and сultural сontехts. Although thеsе studiеs havе lеd to
insights aЬout how sсiеnсе happеns and thus havе сontriЬutеd to popular un.
dеrstandings of sсiеnсе, thеy also сhallеngе philosophеrs of sсiеnсе to rеthink
somе fundamеntal assumptions aЬout thе naturе of sсiеntifiс еvidеnсе and
how historiсally сontingеnt еxpегimеntal and thеorеtiсal praсtiсеs сan lеad
to inсrеasingly ..aссuratе'' rеprеsеntations of natural phеnomеna. Somе еvеn
go so far as to dеsсribе this ..soсial'' proсеss of finding thе ..truth'' in sсiеnсе
in еvolutionary tеrms' thus сoming full сirсlе.

But thе most important aspесt of thе ongoing intеraсtions Ьеtwееn еvolu-
tion and soсiеty liеs in thе ways in whiсh еvolutionary thеory transforms our
sеlf-undеrstanding as Ьoth Ьiologiсal and soсial/сultural Ьеings. As propo-
nеnts of сultural еvolution suggеst' thеrе is no inhеrеnt differеnсе Ьеtwееn
thе ways our Ьodiеs and Ьеhaviors and our soсiеtiеs and сulturеs еvolvеd. In-
dееd, thе rigorous appliсation of еvolutionary thеory to suсh arеas аs thе
еvolution of languagе and of сultural transmissiоn.has allowеd thеsе propo-
nеnts to formulatе a thеory of human soсiеty and сulturе that is matеrialistiс
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without Ьеing r"rrrdulУ gеnе сеntеrеd and rеduсtionistiс. Thе insight that so-
сiаl organization and сultuгal tгanstnission aге govегnеd Ьy the samе gеnеral
prinсiplеs of thе rеpliсator еquirtion impliеs (1) that not еvеrything that is thе
produсt of еvolution has to Ье gеrrеtiсally dеtеrminеd and (2) that many phе-
nomеna (suсh as thе еvolution of сoopеration) that rеmain puzzling whеn
studiеd within iust onе lе/еl of analysis (gеnеtiс or soсial/сultural) сan Ье rе-
solvеd whеn thеy arе approaсhеd from Ьoth dirесtions. \Х/ithout douЬt this
сurrеnt еxtеnsion of еvolutionary theory to soсiеty wil l Ье an important and
сontrovеrsiаl сontinuation of thе long history of еvolution аnd soсiеty.

of сoursе, all this сan Ье takеn too faг. 
.!Йе 

must kееp in mind that еvolu-
tionary thеorу might providе an ехplanation for soсiеty' Ьut it саnnot prо-
vidе a justifiсation. Еvolution also сannot providе an еpistеmiс justifiсation

for еthiсal thеory, for ехamplе, dеspitе thе numеrous attеmpts to do so. ..Is' '

сannot lеad to ..otrght.'' Еvоlution сannot tеll us how soсiеtiеs ought to Ье-
havе, ехсеpt insofar аs it follows that soсiеtiеs mцst aссеpt еvoltrtionary thе-
ory as good sсiеnсе if thеy аgrее to aссеpt sсiеnсе irt all.
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Еvolution and Rеligion

Dаuid N. Liuingstonе

Еvеr sinсе thе mythiс еnсountеr Ьеtwееn ..Soаpy Sаm'' \trilЬеrforсе, thе Ьishop
of oхford, and Thomas Hеnry Huхlеy, ..Darwin,s Ьulldog,'' at thе 1860 mееt.
ing of thе Bгitish Assoсiation for thе Advanсеmеnt of Sсiеnсе' thеrе has Ьееn a
widеspгеad sеnsе of an ongoirrg and inеvitaЬlе сlash Ьеtwееn еvolution and rе-
ligion. Thе lristoriсal narrаtivе of tlris еnсOulltеr' howеvеr, provеs to Ье гаthег
lеss сlеar-сut that suсh irnprеssionism miglrt suggеSt. In thе pagеs that follorv
wе еxaminе thе rеligious viеws of Darwin himsеlf and somеthing of thе histo-
riography of thе dеЬate Ьеforе introduсing Сatholiс, Protеstаnt' Jеwish, and
Islamiс rеsponsеs to his thеory. A numЬеr of rесurring thеmеs еп1еrgе from this
historiсal survеy' and a rеviеw of thеsе issuеs сorrсltldеs this еss:ly.

Darwin's Rеligious Еvolution

Syms Covirrgton Was }lМS Bеаglе's fiddlег, ship's Ьoy, and odd'joЬ man. For
just ovеr siх yеars hе was also Сharlеs Darwin's sеrvаnt. Bесаusе hе was thе
evеr-prеsеllt aссеssory to Darwin's gеogrаphiс arrd sсiеntifiс travеls, it is
hardly surprising that this virtually invisiЬlе Darwinian adjunсt would
soonеr or latеr сatсh a novеlist's imaginаtion. Thе final fеw sеntеnсеs of
Rogеr МасDonald's fiсtionirl aссount of С<lvirrgton tn Мr. Dаrtuin's Shootеr
(1998' 410) сrystall izе an irrrlЬiguity at thе hеart of any aссoDnt t>f thе геlа-
tionship Ьеtwееn еvolution and rеligion: ..Hе saw Darwirr on his knееs, aпd
thеrе was no diffеrеnсе Ьеtwееn prayеr and pull ing a Worп from thе grass.

As for Мr Сovington, hе prayеd in thе old-fashionеd way.' ' Thе еlision Ье-
twееn thе transсеndеntal аrrd thе aеsthеtiс tlrat is сapturеd hеrе rеsonatеs
with Miсhaеl Rusе's сonсlusion to his rесеnt i lссount in Dаrtuitl апd Dеsigп.
Fully irwirге of Darwin's rеpеatеd rеsort tO thе languagе of Ьеаuty and worrdег
in thе nаtural ordеr, Rusе (2003, 335) rеn-linds his rеaders ..of thе gеnuinе
lovе and joy''-an ..ovеrwhеlming еxpеriеnсе'' touсhing on thе spiritual-
that еvolutionists sеnsе in thеir еnсountеrs r'vith thе organiс rvorld. Hеrе wе
arе alеrtеd tсl thе Dаrwin who brеathеd ..Hosannah'' in intoхiсаrtеd dеlisht
at thе suЬlinrity of thе primеval Bгаzil iаn rаin frlrеst.
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Givеn thе сompliсаtions that сlЬsегvations of this сlass introduсе, not to
mеntion Thomas Hеnry Huхlеy's rеmark to Сharlеs Kingslеy in 1860 that a
..dееp sеnsе of rеligion is сompatiЬlе with thе еntirе aЬsеnсе of thеology''
(quotеd in Brownе 2002, З10), it is not surprising that opinions diffеr on thе
naturе of Darwin's owi rеligious сonviсtions. Did hе losе faith еntirеly? If so'
at what point? Did his thеory of еvolution Ьy natural sеlесtion havе anything
to do with it? Did hе undеrgo a dеathЬеd сonvеrsion? Еvolutionists and
antiеvolutionists alikе havе a stakе in thе fаtе of Darwin,s soul.

Thе idеa that Dаrwin movеd inеxoгaЬly from Ьеliеf to agnostiсism hаs Ьееn
сontеstеd by thosе who arе сonvinсеd that hе rеmainеd а ..muddlеd thеist
to thе еnd'' (Мoorе 1985' 438). Similarly, a vаriеty of supposеdly diagnostiс
spiritual momеnts havе Ьееn idеntifiеd: thе matеrialism disсеrniЬlе in notе-
Ьooks dating from thе latе 18З0s; his growing douЬts aЬout thе adеquасy of
!Иilliam Palеy's aссount of сrеation with its roЬust сonfidеnсе in divinе dе-
sign; and thе pеrsonal moral dilеmmas hе suffеrеd ovеr thе ..damnaЬlе doс-
trinе'' of еtеrnal rеtriЬution with thе loss of his father and thе sеnsеlеss, сruеl
dеath of his dеlightful daughtеr Anniе (Мoorе 1989, 797). 

.ГЬеre 
arе' too'

thosе who insist that an intеrеst in сultivating a naturаlistiс aссount of spесiеs,
mind, and еmotion сannot Ье сonstruеd аs еvidеnсе of еithеr thoroughgoing
athеism or mеtaphysiсal mаtеrialism (Gil lеspie |979) еvеn though Darwin
himsеlf turnеd away from Сhristianity. Rеgardlеss, thе imagе of Darwin as
сrusading sесularist fails to do justiсе to thе сomplехitiеs of thе сasе.

Sinсе irrеsolution on Darwin's spiritual statе sееms to bе thе сollесtivе

1udgmеnt of thеsе portrayals, thе languagе of сеrtainty аnd prесision in sееk.
ing to diagnosе Darwin's spiritual сondition is misplaсеd. AmЬiguity and
hеsitanсy arе morе appropriatе' all thе morе so sinсе thеy сonvеy thе sеnsе of
wavеring to whiсh Darwin himsеlf gavе voiсе. In an 1860 lеttеr to Asa Gray,
for ехamplе, hе wrotе: ..\Иith rеspесt to thе thеologiсal viеw of thе quеstion;
this is always painful to mе.-I am Ьеwildеrеd.-I had no intеntion to writе
athеistiсally. But I own that I сannot sее' as plainly аs othегs do, & as I shd.
wish to do, еvidеnсе of dеsign & Ьеnеfiсеnсе on all sidеs of us . . . on thе
othеr hand I сannot anyhow Ье сontеntеd to viеW this wondеrful univеrsе &
еspесially thе naturе of man, & to сonсludе that еvеrything is thе rеsult of
brutе forсе'' (Burkhardt and Smith 1985_2005, 8:224)' Thеn agаin his sеnsе
of vaсil lation surfaсеd in his shifting judgmеnts aЬout whеthеr hе was wisе to
..truсklе'' to puЬliс opiniсln аnd rеfеr to thе Pеntatеuсhal term сrесltion io Оп
the Оrigiп of Speciеs (1859), thoшgh hе aсtually usеd it аnd its сognatеs ovеr
100 timеs. Aссount too must Ье takеn of his сommеnts in an 1870 lеttеr to

Josеph Dalton Hоokеr that ..my thеology is a simplе muddlе'' and thеn in an
1879 пote to J. Fordyсе that on thеologiсal mattеrs ..my judgmеnt oftеn fluс-
tuatеs'' (quotеd in Brсlwn 1986,25, З1). Suсh rеmarks сonfirm Brown's
(1986, 27) сonсlusion that Darwin's rеligious Ьеliеfs ..nеvеr еntirеly сеasеd
to еЬЬ and flow . . . At low tidе, so to spеak, hе was еssеntially аn undog-
matiс athеist; at high tidе hе Was а tеntativе thеist; thе rеst of thе timе hе was
basiсally agnostiс-in Sympathy with thеism Ьut unaЬlе oг unwill ing to сom-
mit himsеlf tln suсh impondеraЬlе qttеstions.' '
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З.'0 Еuolutioп апd Religion

Thе impaсt of rеligion on Darwin, howеvеr, сannot Ье rеstriсtеd to fluсtu-
ations in his spiritual tеrnpеraturе. Thе influеnсе of Palеy's Nаturаl Thеolrlgl'
(1802), for ехamplе' l irrgеrеd long. Thе сonnесrions Palеy Ьеliеvеd hе сoLrld
disсеrn Ьеtwееn divirrе сrеаtivity аnd human agеllс), providеd Daгwin with
an aЬsorЬing ar-ralogy: natural sеlесtion' Nature, Dаrwin judgеd, was in-
volvеd in thе sеlесtion of organiс forms rathеr l ikе thе mannеr in whiсh pi-
gеon fanсiеrs piсkеd out thе most promising variations. As hе lrimsеlf
famously put it: ..Natural sеlесtion is daily and hourly sсrutinizing' through-
out the world, еvеry variation' еvеn thе slightеst; rеjесting that whiсh is Ьad,
prеsеrving and adding up all that is goоd'' (Darwin' |959, 168-169).In
somе wаys Darwin's Naturе took on thе attriЬutеs of Palеy's God. Tо this wе
пright add thaс suсh сonсеpts as organiс adaptation and thе harmony of nа-
turе wеrе as сепtral to Palеy's сosmogony as thеy Wеrе to Darwiп's. Yеt Dаr-
win's сognitivе indеbtеdnеss to thеology сi1llt lot Ье limitеd to arсhitесtural
есhoеs of Palеy. Sorте of his most profound сonviсtions еmеrgеd in dialoguе
with-or in dеfianсе of-соnvеntional Сhristian doсtrinе. His сritiquе of
natural thеology, it has Ьееn suggеstеd, was umЬiliсally сonnесtеd to his
growing сonviсtions about thе links Ьеtwееn hunran and animal-how сoLrld
thе produсts of an adv:rnсеd monkеy-mind Ье trustеd? His allеrgy to thе
miraсulous was inflamеd Ьy a rеading of Palеy's ЕL,ideпсes of Сhristiаltitу
(\794);  h is  sеns i t iv i t ,v  to sr . r f fer ing,  as Dоnald F lеmirrg (1961.231) spесu-
latеd, may havе owеd its intеnsity to a ..yеaгning aftеr a Ьеttеr God than
God''; and his douЬts aЬout tеlеology wеге nurturеd Ьy an inaЬil ity to rес-
onсilе thе doсtrinе of divinе providеnсе witlr l ifе's daily dеtails (Brookе
1985). Takеn ovеrall ' sсiеnсе and rеligion wеrе, in onе Wаy or anothеr' thor.
oughly intеrtwinеd in Darwin's lifе and thought.

Сlеaring thе Grоund

On thе faсе of it, Daгwin's thеory posеd сlrallеngеs of еpiс propoгtioпs to
Сhristian Ьеliеf at еvеry turn. It mythologizеd tlrе Мosaiс narrаtivе of spесial
сrеation; it smashеd through thе praсtiсе of using ЬiЬliсal gеnеalogiеs to datе
еarth history; it rеmoved thе idеa of divinе dеsign from naturе Ьy dеmon-
strating how spесiеs сamе aЬout through thе оrdinary, humdrum proсеssеs
of natцral sеlесtion; it rеvеalеd that humans wеrе! in somе fundamеntal
sеnsе) no diffегеnt froп-r aninrzrls; it rootеd morаl sеnsibil ity not in thе hun-ran
suЬjесt dignifiеd as God's imagе Ьеагеr Ьut in thе pгimitivе irnpulsе of a
strugglе foг survival; it wаs nехt-door nеiglrЬor to thе Frеnсh m:rtеrialism
thаt had Ьееn infi ltr:rting into Britain through Lamarсkian-еnthusеd mеdiсal
radiсals who moЬilizеd it to attaсk thе Angliсan-Tory еstaЬlishmеnt. Not
surprisingly, thе idea of a protraсtеd Ьattlе Ьеtrvееn sсiеnсе and rеligion rе-
сеivеd its grеatеst impеtus from ninеtееnth-сеntLlry trеatisеs that сhartеd, as
in thе сasе of сhеmist-tLrrnеd-historian John Dгаpеr, tЬe Historу of tbе Сoп-
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prеsidеnt of Сornеll Univеrsity, A Historу of thе Wаrfаrе of Sсieпсe luith
Тhеologу iп Сhristeпdom (\896). Thе vеry titlеs of works likе thеsе did
muсh to сonfirm thе imprеssion of a monumеntal dеath strugglе Ьеtwееn thе
forсеs of еnlightеnеd sсiеnсе and Ьеnightеd rеligion.

But thе сrisp сlarity оf this rесеivеd imagе suЬstitutеs monoсhromе ab-
straсtion for historiсal tесhniсolor. Thеrе is a riсhеr narrativе to Ье unсov-
еrеd. For a start' at lеаst sinсе Аugustine, many Ьad read thе сrеation ,,days',

of thе Gеnеsis rесord symЬoliсally rathеr than litеrally. Various harmonizing
stratеgiеs to maintain сonсord Ьеtwееn Gеnеsis and gеology had long Ьееn
еlaЬoratеd, and thе idеa of a lеngthy еarth history was wеll еstaЬlishеd in thе
minds of еarly Viсtorian Сhristian gеntlеmеn.gеologists. Natural thеology
took a variеty оf forms' somе lеss susсеptiЬlе to Darwin's antitеlеologiсal
сhallеngе' and of сoursе thеrе wеrе traditions, likе сеrtain strands of high
Angliсanism and striсt unsеntimеntal Сalvinism, for whiсh thе signifiсanсе of
thе dеsign argumеnt was nеgligiЬlе. And thеrе wеrе thosе likе John Hеrsсhеl
and William !Иhеwеll whosе rеligious outlook prеdisposеd thеm to strеss
сrеation Ьy natural law rathеr than Ьy divinе intеrvеntion' a movе that
opеnеd thе door to thе idеa of еvolution as God's mеthod of сrеation. Thе
ways in whiсh еvolution and religion сould Ье madе to fit onе anothеr havе
takеn, and сontinuе to takе, myriad forms.

lfhat furthеr сompliсatеs mattеrs is that whеn сonfliсt Ьеtwееn еvolution-
ists arld rеligious Ьеliеvеrs did oссur, thе сampaign was oftеn wаgеd from
thе sidе of sесular zеalots as muсh as from thеologiсal rеaсtionariеs. Takе
Thomas Неnry Нuхlеy, a kеy mеmЬеr of that Darwinian gingеr group, thе Х
сluЬ, who dеdiсatеd thеmsеlvеs to driving out of powеr Palеyitеs and parsons
alikе' No soonеr did hе hеar of thе Сatholiс St. Gеorgе Mivart's advoсaсy
of еvolution than hе fеrrеtеd out a сopy of Franсisсo Suarеz's Sсholastiс thе-
ology to insist that еvolution was in ..сomplеtе and irrесonсilaЬlе antago-
nism to that vigorous and сonsistеnt еnеmy of thе highеst intеllесtual,
moral, and soсial l ifе of mankind-thе Сatholiс Сhurсh'' (quotеd in Brookе
1991, 308). Thеn, in irritation at thе stratеgiеs of thosе whо rеad Gеnеsis
through gеologiсal spесtaсlеs, hе dесlarеd his dеtеrmination to ..provе that
rapе, murdеr 6( arson'' wеrе ..positivеly еnjoinеd'' in thе old Tеstаmеnt
(quotеd in Dеsmond and Moorе 1991, 472). Bеsidеs, hе was forеvеr talking
aЬout thе ..sсiеntifiс priеsthood,' ' prеaсhing ..lay sеrmons,' ' singing ..hymns

to сrеation'' ' dеnominating himsеlf a ..Bishop'' of thе nеw ессlеsiology, or-
daining friеnds to ..thе сhurсh sсiеntifiс,' ' and ехpounding his ..molесular

tеlеologу.''
At thе samе timе advoсatеs of сonfliсt historiеs havе also had thеir own so-

сial agеndas in dеlivеring pugil istiс ассounts of sсiеnсе and rеligion. In thе
сasе of Drapеr' who rеmarkеd that sсiеnсе was thе twin sistеr of thе Rеfor-
mation' thе real oЬjесt of opproЬrium Was thе Romаn Сatholiс Сhurсh; thе
doсtrinе of papal infalliЬility еnunсiated in 1 8 70 appallеd him and lеd him to
prоphеsy that it would Ьring thе Сatholiс Сhurсh into сonfliсt with hithеrto-
friеndly govеrnmеnts. As for 

.W.hitе, 
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.1 - \  I
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Сornеll Univеrsity had attraсtеd from сlеrgymеn strеngthеnеd his геsolvе to
kееp sсiеnсе at thе forefront of thе сurriсulum; Сornеll would Ье an asylum
foг sсiеnсе liЬеratеd from thе striсturеs of rеligiоus dogma. It was manеuvеrs
of this kind that promptеd somе historians to rесonсеptualizе thе so-сallеd
warfarе Ьеtwееn sсiеnсе and rеligiоn in Viсtorian soсiеty as a soсial strugglе
Ьеtwееn two сontеnding intеllесtual еlitеs-namеly, thе old-fashionеd par-
son and thе nеwly professionalizеd sсiеntist (Turnеr 1978|.In this sсеnario
dеbatеs aЬout sсiеntifiс knowiеdgе in gеnеral and еvolution in partiсular sim.
ply Ьесamе a furthеr arеna in whiсh tusslеs for сultural suprеmaсy wеre
played out.

Howеvеr alluring grand narrativеs may Ье, storiеs of thе еnсountеr Ье-
twееn еvolution and rеligion that tradе in systеmiс сonfliсt or, for that mat-
tеr' сoopеration sасrifiсе historiсal intriсaсy tо linеar simpliсity. In faсt,
rеligious Ьеliеvers rеspоndеd in vastly diffеrеnt Ways to еvоlution, and thеir
stanсеs do not follow any straightforward taxonomy of thеologiсal oriеnta.
tion' dеnominational affi l iation, or doсtrinаl prеoссupation. Bеsidеs, еvolu.
tionary thеory Was nеvеr еnсountеrеd in a сultural vaсuum' and dеЬatеs
aЬout it routinеly Ьесamе a mеans of giving voiсе to a rangе of othеr anхi-
еtiеs. Somеthing of thе divеrsity of thеsе еngagеmеnts mаy Ье glеanеd from
thе following thumЬnail skеtсh.

Thе Viеw from Romе

Сatholiс opinion on еvolution has long Ьееn dividеd. From thе еarly days thе
opposition of a group of Jеsuit thinkегs Ьrought togеthеr Ьy Popе Pius IХ to
сomЬat thе forсеs of modеrnity Was ехprеssеd through thе pagеs of La
Сiuiltd Саttolicа' an outlеt that ехеrtеd vеry сonsidеraЬlе influеnсе among
ItalianJеsuits. Thus in thе еarly 1860s thе nесеssity of maintaining thе fiхity
of spесiеs against Lamarсkian idеas of transformism was vigorously promul-
gatеd by G. B. Piаnсiani in its pagеs (Brundеll2001). By сontrast' thе еfforts
of thе Еnglish сomparativе anatomist St. Gеorge Jaсkson Мivart' a Сatholiс
сonvеrt' to Сhгistiаnizе еvolution through a Lamarсkian rеading of transmu.
tation in his 1871 volumе Оп the Geпеsis of Species was praisеd in thе
Catholiс prеss. Huxlеy might snipе that Mivart сould not Ье a sturdy sоldiеr
of sсiеnсе and a loyal son of Romе, Ьut Popе Pius IХ аwardеd him thе dеgrее
of doсtor of philosophу ln 1876, and the Bеlgian Ьishops prеssеd him to takе
up a сhair аt thе Univеrsity of Louvain in 1884, although hе latеr fеll into
disfavor on aссount of сеrtain thеologiсal writings.

Howеvеr voсifеrous thе opponеnts of еvolution undoubtеdly wеrе, thе of-
fiсial сustodians of Catholiс dogma did not takе any aсtion against Catholiс
еvolutionists until thе 1890s whеn attitudеs Ьеgan to hardеn as thе aging
Popе Lеo ХIII, hithеrto a forсе for modеration, lost ground to thе inсreasing
influеnсе of Roman Jеsuits and thе maсhinations of thе СiuiltЙ Саttoliса сo-
tеriе. So whilе Мivart's еfforts еsсapеd at lеast for a timе thе сеnsurе of thе
Vatiсan' othеr Сatholiс еvolutionists did not farе so favoraЬly' notaЬly thе
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Frеnсh Dominiсan priеst M.-D. Lеroy, author of L'ёuolutioп des espёсеs
orgапiques (1887), and thе Amеriсan Jоhn Zahm, who playеd ir signifiсant
rolе in thе dеvеlopmеnt of thе Univеrsity сlf Notrе Damе in Indiana and pub-
|isЬed Е,uolutioп апd Dogmа in 1896.

Both thеsе writеrs suppoгtеd thе thес;logiсal aссеptaЬil ity of еvolution' al-
Ьеit within сеrtain l imits' Lеroy's apologia, еrесtеd foursquarе on Mivart's
foundations, was dirесtеd against both аthеistiс rеnditiorrs of еvolution and
thеologiсal еnеmiеs of thе thеory. But Ьесausе hе hintеd that thе human Ьody
might Ье thе produсt of еvolutionary forсеs, thе сardinal prеfесt of thе
Saсrеd Congrеgation of thе Indеx of ProhiЬitеd Books issuеd thе judgmеnt

that ..еvolution thеory is tеmеrarious and anti-Сhristian whеn аppliеd to thе
human Ьody'' (quotеd in Brundеll 2001' 88). Although thе finding that his
Ьook was сеnsurеd Was сonvеyеd to him privatеly' Lеroy was dеvastаtеd and
spееdily rеtraсtеd in thе pagеs of Le Мondс in Мarсh 1895. Latеr hе triеd to
find ways of rеvisiting thе wholе issuе Ьy prоduсing a nеw' сorrесtеd vеrsion
of thе Ьook, Ьut it too fеll foul of thе аuthoritiеs.

It was muсh thе samе with Zahm, who had alrеady aсhiеvеd widеsprеad
rесognition for his Sottпd апd Миsiс (1892) and Саtholiс Sciеnсe апd
Саtholiс Scieпtists (1893). Although hе had еarliеr сondеmnеd Darwin's De-

sсеnt of Мап as thе сausе of soсial inеquity, his purposе in writing Еuolutioп
апd Dogmа was to dепlonstratе its thеologiсal aссеptaЬil iry. Indееd hе found
muсh in it ..to admirе' muсh that is еnnoЬling and inspiring,' (Zahп-l, |896,
xх). Likеwisе groundеd in Мivart's sуstеm' Zahm engagеd in dеtаilеd patris-

tiс еxеgеsis to justify a tеlеologiсal rеndеring of еvolution. Thе Ьook was an
intеrnational suссеss' and an Italian translation rapidly appеarеd, Ьut rеadеrs
of a fuming СiuiltЙ Саttoliса wеrе assurеd that it was all a tissuе of liеs' rеdo-
lеnt with rесklеss assеrtions' and hopеlеssly сompromisеd Ьy duЬious as-
sumptions. Thе Сongrеgation of the Indех dеnounсed tt in 7897, foсusing
vеry largеly on tЬе mаttеr of human origins. To traditionalists' Zalrm's еvo-
lutionism was part of a paсkаgе of radiсаl proposals tlrat inсludеd thе adop-
tion of tеxtual сritiсism and thе ir-rсrеasing sеgrеgation of асаdеmiс and
ессlеsiastiсal affairs. Likе Lеroy, ZaЬm withdrеw his еfforts dеspitе thе fa-
voraЬlе rеviеw hе rесеivеd from thе Еnglish Ьishop John Hеdlеy, who' for his
pains, prеsеntly сamе undеr thе whiplasЬ of СiuiltЙ Саttoliса tonguеs.

Various faсtors playеd thеir parts in thеsе intriguеs. A fеar of .,Amеriсan-

ism''-thе tеndеnсy on thе part of Amеriсan Catholiсs to display intеllесtual
indеpеndеnсе аnd to adapt Сatholiсism to arr Amеriсan сOntеYt-was onе
suсh fоrсе. This indiсаtеs that Darwinian сontrovеrsiеs anlong turn-of-thе-
сеntury Сatholiсs wеrе oftеn lеss aЬout sсiеnсе than aЬout issuеs of idеntity
with whiсh immigrant сommunitiеs wеrе grappling. Anothеr suitе of сon-
сеrns rotatеd around thе routinе сonflation of Dаrwinism and modеrn sсhol-
arly trеnds, notaЬly thе nеw ЬiЬliсal сгitiсism. Rеaсtions to еvolutionary
Ьiology Wеrе thus oftеn all of a piесе with rеsponsеs to widеr сhallеngеs
to еstablishеd ways of thinking. Сritiсаl too Was thе mattеr of intеllесtual
аuthority and who hаd thе right to intегpгеt thе traditionЪ rесеivеd сanon.
Thosе who found еvоlution in thе writings of Aquinas аnd Augustinе wеrе



З54 Еt,olиtioп апd Religioп

arrogantly fail ing to pay duе dеfеrеnсе to thе history of nеosсholastiс
сommеntary. Latеr, fеаrs of Darwinian-inspirеd еugеniс poliсiеs playеd their
rolе in shaping Сatholiс еvaluations of еvolution (ApplеЬy 1999\'

Dеspitе thеsе pеrsistеnt anхiеtiеs, Huxlеy's еfforts to prosсriЬе Мivart's
Сatholiс Darwinism' and thе diffiсultiеs that Lеroy andZaЬm ехpеriеnсеd at
thе hands of thе Сongrеgation of thе Indех, a suссеssion of Саtholiс sсholars
havе сontinuеd to dеfеnd thе thеologiсal propriеty of Darwinian biology.
During thе final dесаdеs of tlrе ninеtееnth сеntury, thе Сatholiс astronomеr
Gеorgе Searlе dесlarеd that thе thеory of еvolutiorr еnjoyеd a strong faсtual
Ьаsis and that human еvolution would not jеopardizе Сatholiс thеology. At
thе samе timе thе Harvard anatomist Thomаs Dwight insistеd that thеrе was
no сontradiсtion bеtwееn еvolutiorr and tеlеology. Thе thеologiаn John
Gmеinеr addеd his sllpport in 1884 whеn, in Мoderп Sсiепtific Viец,s апd
Сhristiап Doctri ltеs Сompаred, hе wеnt so faг аs to сlaim that Augustinе
had aсtually proпlotеd a vеrsion of еvolutionary thеory and suggеstеd that
Darwin сould arguaЬly Ье сonsidеrеd his disсiplе.

Pеrhaps thе most сonsidеrеd Сatholiс statеmеnt оn thе suЬjесt in tlrе еarly
dесadеs of thе twеntiеth сеntury appеarеd in Frеnсh tn 1927 (and in Еnglish
transiation Ьy Еrnеst Меssеngег thе following yеaг) Ьy thе dirесtoг of thе Gеo-
logiсal Institutе at thе Univеrsity of Louvain, Сanon Hеnri dе Dorlodot, who
dеfеndеd not just thе lеgitimaсy Ьut thе intrinsiс doсtrinal plausiЬility of Dar-
winism. Not only Wеrе thеrе no sсriptural argumеnts against thе thеory' hе in-
sistеd in Dаrtuiпism апd Саtholiс Thought, Ьut thе ..tеaсhing of thе Fаtlrеrs of
thе Сhurсh is vеry fаvouraЬlе to thе thеory of AЬsolutе Еvolution'' (Dorlodot

|922,4)' Сеntral to Dorlodot's diagnosis was his dеvеlopmеnt of thе сonсеpt
of what hе сallеd Сhristian naturalism. Сonсеivеd as an antidotе to athеistiс
and matеrialistiс еvolution' as wеll as to thе intеrvеntionist stanсе оf figurеs
likе Gеorgеs Сuviеr and Alсidе d'oгЬigny, this сonсеpt еmphasized thе imma-
nеnt workings of thе сrеator through nаtural proсеssеs. So еmphatiс was Dor-
lodot in this judglrrеnt that hе pronounсеd it lеgitimatе for Catholiсs to go еvеn
furthеr than Darwin had donе whеn hе attriЬutеd thе initial origirr of living
things to аn aсt of spесial divinе intеrvеntion. Сatholiс thеology, hе main-
tainеd, prеdisposеd its adhеrеnts to an advanсеd systеm of transformism and
еven oЬligеd thеm to ассеpt thе idеa thаt all l iving bеings wеrе dеrivеd from
a fеw еlеmеntary organisrns' All of this was rеpoгtеdlу in kееping with tlrе
tеaсhing of thе сhurсh fathеrs. St. Grеgory of Nyssa's aссount of origins, for
ехamplе, was paradеd as a thеory of ..aЬsolutе еvolution'' that lеft nO room
for spесial intеrvеntion ..еvеn at thе origin of l ifе' ' (Dorlodot 1922,79)'

Givеn Меssеngег's rolе as translаtor of Dorlodot's volumе' it is nor sur-
prising that hе himsеlf turnеd in 1931 to a dеtailеd analysis of thе thеologiсal
propriеty of еvolution that Ьuilt on Dordolot's ..Ьril l iant piесе of woгk''
(Mеssеngеr 193 1, xxiv). Stagеd in thе introduсtory еssay Ьy Сharlеs Souvay
as poisеd Ьеtwееn thе ..noisy аdvoсatеs of Protеstant Мodеrnism'' аnd thе
..stuЬЬorn ranks'' of Protеstаnt Fundamеntalism, Mеssеngеr's volumе undеr-
t<lok аn ехtеnsivе arсhaеologiсal tгаwl through сhurсh history to vindiсatе
аn еvolutionary aссount of humаn origins (Меssеngеr 1931, xvii i, хix)' Thе
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сlаssiсal writings of Еphrеm, Basil, Grеgory' Сhrysostom, Ambrosе, Aquinas,
and thе likе on thе origin of l iving Ьеings, partiсularly thе human raсе' Wеrе
sсourеd, as was thе work of lаtеr Sсholastiсs l ikе Suarеz, Aеnеаs Sylvius, and
Rodrigo dе Arriagа. Thеsе еxсavatlons Wеrе marshalеd in support of а num-
Ьеr of spесifiс сonсlusions-that spontanеous gеnеration Was taught in Sсrip-
turе and that ..Сhristian naturalism'' undеrlay thе proсlamations of many of
thе сhurсh fathеrs on thе passivе modе of divinе сгеation. Сеrtainly Меssеn-
gеr rеmindеd his rеаdеrs that standard manuаls of Сatholiс dogma routinеly
сondеmnеd еvolution as thеologiсally falsе and philosophiсally aЬsurd, Ьut
hе rеmainеd сonvinсеd that thе еvolution of plants, animals, and thе human

body-though not thе soul, whiсh rеquirеd a dirесt aсt of сrеatiсln-was
fully сompatiЬlе with Сatholiс orthodoхy.

It would Ье mistakеn to think that Dorlodot and Меssеngеr wеrе lonе

voiсеs. Takе, for еxamplе, thе сasе of Sir Bеrtгam Windlе, FRS, dеan of mеd-
iсinе in Birmingham, prеsidеnt of Quееn's Сollеgе Сork, and, latеr, prоfеssor

of anthropology in St. Miсhaеl's Сollеgе' Toronto. A сonvеrt to Catholiсism
and a сorrеspondеnt of Thomas Hardy, Windlе sесurеd a signifiсant rеputa-

tion as a Catholiс apologist through his publiсation of works |lke Tшеlue

Саtholiс Мeп of Sсiепсе (|912). Not surprisingly, еvolution сamе undеr dе-

tailеd sсrutiny in his work TЬе СЬцrсh апd Sсiепcе, whiсh first appеarеd in
1917. \Х/riting at a timе whеn Darwinism was in есlipsе bесаusе of thе rеdis-
сovеry of Mеndеl and thе availaЬil ity of various non-Darwinian еvolutionary
proposals, Windlе was aЬlе to ехploit to thе full his inсlinations toward a
Сatholiс vеrsion of nеo-Lamarсkisпr.

Dеspitе thеsе еfforts and thе sustainеd suссеssion of еvolutionary apolo-
gеtiсs from thе Frеnсh Jеsuit and palеontologist Tеilhard dе Сhardin during
thе mid-twеntiеth сеntury that sеrvеd as somеthing сlf a rallying point for
Сatholiсs sympathеtiс to Darwin, Сatholiс support for еvolution has at.
traсtеd advеrsе rеaсtions. Mеssеngеr rеportеd thе antagonism of suсh
Сatholiс thеologians as Janssеns, Pignataro, Hugon, and Van Noort. Simi.
larly, Tеilhard dе Chardin Was on thе rесеiving еnd of prе*Vatiсan II disap-
proval and was prohiЬitеd from spеaking puЬliсly on сеrtain suЬjесts. No
lеss did his work еliсit thе Ьiting сеnsurе of a pгofoundly unsympathеtiс Pе-

tеr Mеdаwar \7967), thе NoЬеl Prizе*winning immunologist, who disdain-
fully dismissеd the Phепсlmепo|1 of Мап as a work of philosophiсal fiсtion.
Among thеologiсal сritiсs dеЬatе has routinеly сongrеgatеd around thе gеnе-

sis of thе human spесiеs, a prеoссupation that сonfirms that anthropologiсal
сonсеrns' whеthеr сrvеr polygеnism or human anсеstry' Wеrе morе unnеrving
to Сatholiсism than еithеr uniformitarian gеology or thе prinсiplе of natural

sеlесtion pеr sе Ьесausе thе сonsanguirrity of thе human raсе had to Ье rе-
tainеd аt all thеologiсаl сosts (Astorе 1996). Thus various twеntiеth-сеntury
papal pronounсеmеnts havе Ьееn сonсеrnеd to prеsеrvе thе spесial сrеation
of thе human soul Ьy dirесt divinе intеrvеntion.

Сonsidеr Pius ХII's еnсyсliсаl Humапi cепеris (1950). Hеrе Сatholiс
thinkеrs wеrе warnеd of thе dangеr of too еagеrly еmЬraсing sсiеntifiс novеl-

tiеs. So whilе rеsеarсh ..intсl thе origin of thе human Ьody as сoming fгom
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prе-ехistеnt and living mattеr' ' was allowеd' anv suggеstion that thе humаn
raсе Was оf plural origins was aЬsolutеly сondеп-rnеd Ьесausе of its impliсa-
tions for thе doсtrinе of original sin. A similar stipulation pеrtainеd to thе
origin оf thе lruman sor.rl, whiсlr Pius insistеd was Ьеyond tlrе rеасh of еvоlr'r-
tionary transformisnr: ..Thе Сatholiс faith oЬligеs us to hold that souls arе
immеdiatеly сrеatеd Ьy God'' (Popе Pius ХII 1950' ч[ 36).

Мorе rесеntly Johrr Pаul II addrеssеd a plеnаry irssеmЬly of thе Porrtif iсal
Aсadеmy of Sсiеnсеs in OсtoЬеr 1,996 r>n thе suЬ jесt of еvolution and its sig.
nifiсanсе for undеrstanding thе human agеnt. Rесall ing Pius ХII's еnсyсliсal
and noting that evolution had now gonе Ьеyond thе status of a mеrе hvpoth-
еsis, hе сonсеdеd thе likеlihood that thе humаn Ьody had originatеd fronr
prееxistеnt l iving mаttеr, Ьut hе sti l l rеstatеd thе tгаditiсlnаl сrеationist-
as opposеd to trаduсiаnist-doсtrinе of rlrе оrigin of thе human soul irr ordеr
to sustain what hе сallеd ..thе ontologiсal lеap'' Ьеtwееn humanity and its
forеЬеars. By this movе mеtaphysiсal mаtrеrs roti lt ing around morality, сon.
sсiеnсе, frееdom' aеsthеtiс аpprесiation, and spiritual ехpеriеnсе wеrе dеlе-
gаtеd to phiiosopЬiсal anаlysis rathеr than to еvolutionary Ьiologv Ьесausе
tЬе ..momеnt of transition to thе spiritual' ' was simply not opеn to еmpiriсal
..oЬsеrvation'' (Popе Joannеs Pаulus II 1996, II 6).

Not surprisingly, this statеmеnt has attrасtес] thе аttеntion of Сatholiс
сommеntators. on thе morе rеaсtionary sidе, John MсСarthy oЬsеrvеd that
thе addrеss had gеnеratеd dismay and сonfusion among thе faithful. Hе
thеrеfоrе workеd hаrd to minimizе any opеnnеss to еvolution that thе pгo-
nounсеmеnt might foster Ьy thе introduсtion of a numЬеr of sеrpеlrtinе in-
tеrprеtations and Ьy rеminding his rеadеrs that mеmЬеrs of thе Pontifiсal
Aсadеmy of Sсiеnсеs wеrе сhosеn rеgardlеss of геligious сrееd. By сontrast'
in 1998 thе Vatiсan astronomеr Gеorgе V. Сoynе Warnlly еmЬrirсеd thе
pope's announсеmеnt of evolution's faсtual status and wеnt on to urgе that
sinсе еvolution wаs tlrе mеthod of divirrе сrеаtion' thе idеa of ..сontinuous

сrеation'' Was thе Ьеst way to сonсеivе of thе еmеrgепсе of thе human
spесiеs (Сoynе 1998, |60).

Thе Protеstant Мosaiс

Protеstarrt rеsponsеs to еvolution Wеfе no lеss divеrsе. From thе еarliеst days
thеrе wеrе thosе who sеnsеd in еvolution thе mеthod of God's modus
opеrandi in naturе. Angliсan pi1rson' novеlist' and Сhristian soсiаlist Сharlеs
Kingslеy, for ехarrrplе' Was еnthusiаstiс about the Оrigiп irnd wrotе to Daг-
win tеll ing him that although thе thеory mеant that hе must givе up many of
thе things hе Ьеliеvеd, it was ..just as notaЬlе a сonсеption of Dеity, to Ье-
liеvе thаt Hе сrеatеd primаl forms сapaЬlе of sеlf-dеvеlopmеnt'' (Brrrkhardt

and Smith 1985_2005, 7: 380). Simllarly, Frеdеriсk Tеmplе, latеr to Ьесomе
arсhЬishop of CаntеrЬury, ехpгеssеd his support as еarly as 1860, сontеnd-
ing that a world mаdе to makе itsеl{ aсttrаllу епhirnсеd thе Сrеator's noЬil itу.
To suсh figurеs, a univеrsе govегnеd Ьy lratural law was nrorе dignifying thaп
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thе imagе of а divinе сonjurеr who mаgiсkеd nеw spесiеs into еxistеnсе. By
сontrast, Samuеl 

.!7ilЬеrforсе 
thought that Darwin's thеory was Ьoth еmpiri-

сally and philosophiсally unsound and famously pourеd sсorn on it at thе
1860 mееting of thе British Assoсiation for thе Advanсеmеnt of Sсiеnсе.
Franсis Orpеn Мorris' Viсtorian ornithologist and Angliсan rесtor in York-
shirе' who authorеd a sеquеnсе of pamphlеts with titlеs likе Diffiсulties of
Darшiпism (1'869) and The Demаnds of Dаrш,iпism oп Сredulitу Q890),
thought that Darwinism dеsеrvеd only uttеr сontеmpt and dеrision. Aсross
thе Atlantiс thе сlеrgyman Luthеr Traсy Townsеnd, who taught ЬiЬliсal lan-
guagеs in Boston Thеologiсal Sеminary, plaсеd Ьеforе his rеadеrs thе stark
сhoiсе еnсapsulatеd in thе titlе of his traсt F,uolutioп or Сreаtioп (1896).
Меntion too should Ье madе of thе Prinсеton thеologian Charlеs Hodgе,
doyеn of Amеriсan PrеsЬytеriаns, who answеrеd his own quеstion in.Whаt ls
Dаrtuiпism? (1874| with thе tеrsе quip ..It is athеism''' though this was morе
a judgmеnt on Darwin's antitеlеologiсal stanсе than on thе prinсiplе of еvo-
lution itsеlf.

Thе swееp of opinion rеprеsеntеd hеrе сould Ье rеpеatеd many timеs ovеr.
Thе Еnglish Nonсonformist and сofoundеr of thе Еvangеliсal Allianсе,
Thomas R. Birks, took up thе сudgеls against еvolution, partiсularly in its
Spеnсеrian form, in Ьooks likе Мodеrп Phуsiсаl Fаtаlism апd tbe Doctrinе of
Еuolutioп puЬlishеd in \876. Thе Sсotsman.lfi l l iam Millеr fеlt that human-
ity's ultimatе сhoiсе was' to usе thе titlе of his 1897 volumе' God, or Nаturаl
Selесtioп. His fеllow сountryman Hеnry Drummond' on thе othеr hand, vigor-
ously sought to Darwinizе thеology inhis Nаturаl Lаш, iп the Spirituаl World
(1883). Lеss spесulativе and morе traditionally Сalvinist, Jamеs МсСosh,
who took up thе prеsidеnсy of thе Сollеgе of Nеw Jеrsеy (latеr Prinсеton
Univеrsity) in 1868, told thе 1873 Nеw York mееting of thе Еvangеliсal
All ianсе that instеad of dеnounсing the thеory of еvolution, Сhristian philos-
ophеrs would Ье Ьеttеr еmployеd in ехpounding its rеligious dimеnsions. His
fеllow Sсotsmеn' thе thеologians RoЬеrt Rainy, Gеorgе Мathеson, Jamеs lvеr-
aсh, and Hеnry Сaldеrwood, all addеd thеir voiсеs in support of somе form
of thеistiс еvolution. Latеr thе Amеriсan Baptist thеologian A. Н. Strong
insistеd in thе first dесadе of thе twеntiеth сentury that thе prinсiplе of еvo-
lution was simply anothеr namе for Сhrist.

This patсhwork of Protеstant opinion from thе thеologians in thе dесadеs
around 1900 is matсhеd Ьy thе pattеrn of rеsponsе аmong sсiеntists who
Wеrе сonnесtеd with various Protеstant dеnominations. In Britain Darwin's
own mеntor, thе Angliсan сlеrgyman.naturalist John Stеvеns Неnslow, еx-
prеssеd еarly opposition' as did thе СamЬridgе gеologist Rеv. Adam Sеdg-
wiсk and thе Sсottish natural philosophеr David Brеwstеr. Thе Irish
mathematiсal physiсist at Glasgow, \й/il l iam Thomson (Lord Kеlvin), whosе
physiсal сomputations of thе agе of thе еarth sееmеd to dеny Darwin thе
timе nееdеd for the opеrations of natural sеlесtion, rеmainеd antagonistiс.
And infamously thе Plymouth Brеthrеn naturalist Phil ip Hеnry Gossе, a сoг-
rеspondеnt of Darwin and admirеr of lй/allaсе' was implaсaЬly opposеd to
еvolution and rеliеd on thе idеa hе put forward tn ОmphаIos (1857) (thе
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Grееk word f<>r паuеl) thаt God had сrеatеd a maturе univеrsе with thе sеm-
Ьlanсе of agе-proсhronism, as hе саllеd it. Aсross thе Atl:rntiс thе Swiss gе-
ologist and physiсal gеographеr at РrеsЬytеriarr Рrinсеtorr, Arnold Guyot,
and his Сanadian сollntеrpart Jolrn Vil l iam Dawson, prеsidеnt of МсGill
Univеrsity, also sеt thеir faсеs against Darwinism. In thе mid 1880s Guyot
advoсatеd a kind of prе-Darwinian сlеvеlopmеntalism that, in thе fashion of
thе Sсottish stonеmason Hugh Мillеr, rеad thе gеologiсal еpoсhs into thе
dаys of Gеnеsis, whilе Dawson Ьalkеd at Darwinisп]'s antitеlеologiсal
stanсе. By сontrast thе Llarvard Ьotanist, Congrеgationalist, and сonfidant
of Darwin Asa Gray foLrnd Ьoth Нodgе's and Dawson's oЬjесtions odd
and workеd hard to fit еvolution into tеlеologiсal garmеnts Ьy arguing thаt
it was rnistakеn tо rеstriсt thе idеа of dеsign to thе suddеn flashing of a
Palеyitе wаtсh into ехistеnсе. Anothеr Сongrеgationlist' thе OЬеrlin gеolo-
gist Gеorgе Frеdеriсk Wright, also gavе еvolution his еndorsеmеnt in thе
еarly 1880s' еvеn if hе wavеrеd lаtеr in l ifе, i.rnd wеnt so far as to draw a sеt
of rеll ing analogiеs Ьеtwееn Calvinism and Darwinism, сonсluding that Dar-
winism was ..the Сalvinistiс intеrprеtation of naturе'' (\Х/right 1882, 255).
othеr suppсlrtivе сommеntariеs. though with varying dеgrееs of еnthusi-
asпl' wеrе foгthсoming from suсh sсiеntifiс praсtitionеrs as thе Сalifornia
gеologist Josеph LеСontе, thе Yalе minеralogist Jamеs Dana' thе Miсhigan
gеoIogist Alехandеr 

.sИinсhеll, 
and thе Prinсеton сlеrgyman.Ьiologist Gеorgе

Мaсloskiе' Indееd, figurеs l ikе thеsе did a good dеal to kееp linеs of сom-
muniсation opеn bеtwееn spесialist sсiеnсе and rеadеrs of dеnominational
magаzinеs.

A сata log of  suсh part iсu lar i t iеs сould Ье е laЬoratеd ad l iЬ i tum, Ьut as an
ovеrall gеrrеrаlization' most Protеstant thinkеrs Ьеliеvеd that еvolution
сould Ье еmЬraсеd without aЬandoning doсtrinal еssеntials. Thе majority
found ways of aссommodating thеir thеology to morе or lеss rеvisеd vеr-
siorrs of еvolutionary thеory. As wеll as сhallеnging widеsprеad assump-
tions of systеlтliс hostil it iеs Ьеtwееrt еvolutiol-l and rеligion, this trаjесtory
sеrvеs to сall attеntion to a numЬеr of sееming inсongruitiеs. Thus num-
Ьеrеd among thе writеrs of Thе Fuпdаmeпtаls, a sеquеnсe of 72 pamphlеts
issuеd Ьеtwееn 1910 аnd 1915 that gavе voiсе to еаr l .v  Fur-rdamеnta l ism,
Wеrе sеvеral writеrs, inсluding G. F. Wright and thе Sсottish thеologian

Jamеs Orr, who advoсatеd еvolution in onе form or anothеr. There is also
thе саsе of thе Prinсеton thеologian B. B. 

.Warfiеld, 
сustodian of thе сonfеs-

sioгral standards of trаditional Саlvinism and rnodеrn aгсhitесt of thе doс-
trinе of biЬliсal inеrгanсy, a mainstay of thе Amеriсan Fundаmеntalist
movеmеnt. Brought up on a Kеntuсky stoсk farm' 

.!Иarfiеld 
knеw firsthаnd

aЬout inhегitеd variation irr animal Ьrееding arrd latеr musеd that hе was
аlrеady a ..Darwinian of thе purеst watеr' ' bеforе thе сoming of Jamеs
МсСosh to Prinсеton (\Wаrfiеld \976, 652). In 1915 hе сlаimеd that
Сalvin's doсtrinе of сrеаtion was in faсt a ,.vегy purе еvolutionary sсhеmе''
(Warf iе ld 1915,209\.

Dеspitе this plurаlism aсross thе dеnominational spесtrum' сеrtain sес-
tarian strands in Protеstantism rепrainеd staunсhly rеsistant to Darwinian
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infi ltration. Tо a сonsidеraЬlе dеgrее thе еmеrgеnсе of modеfn сrеation
sсiеnсе сan Ье trасеd to thе еnеrgеtiс aсtivitiеs of thе Sеvеnth-Dаy Advеn-
tist Gеorgе МсСrе:rdy Priсе, author in ] 906 of Il logiсаl Geologу: Tbе
Wеаkеst Point in the Еuolиtioп Theorу and irr 192З of Thе Nеш Gеologу'
His flood gеоlogy ехprеssеd thе -lr4osaiс sсiеnсе of thе movеmеnt's сhiеf
apologist, Еllеn Vhitе, whosе doсtrinе of thе SaЬЬath was groundеd in a
litеralist intеrprеtatiоn of thе сrеation narrativе. Priсе, of сoursе' wаs not
alonе, and hе rесеivеd еnсoriragеmеnt from thе PrеsЬyterian ministеr and
sеlf-stylеd rеsеarсh sсiеntist Harry Rimmеr and thе ]V1innеsota Baptist pаs-
tor 

.Will iam 
Bell Rilеy. Support, though from a diffеrеnt idеologiсal staЬlе,

was also forthсoming from Will iam Jеnnings Bryаn' thrее timеs Dеmo-
сratiс сandidatе for thе prеsidеnсy of thе Unitеd Statеs and сommittеd
paсifist' whosе fеаrs about thе sееming all ianсе Ьеtwееn Darwinism and
Gеrmаniс militarism еnсouragеd him to tirkе up thе proseсution's саsе in
thе сеlеЬratеd Sсopеs trial of |925.|t еarnеd for him thе rеputation of mo-
ron ехtraordinairе сourtеsy of thе polеmiсs of his fеisty opponеnt' Сlarеnсе
Darrow. of сoursе, this is not to say that mattеrs of politiсal idеology wеre
aЬsеnt from thеsе othеr сontrovеrsialists. Priсе, for instanсе, issuеd a pam-
phlеt tit lеd Poisoпiпg Demoсrасу 1921) in whiсh hе nеttеd soсialism and
еvolutionism togеthег as thе mainspring of modеrn-day il ls. His loathing of
еvolutionary trаnsfortnisnr was thtls mr-rlridirrrеrrsional-biЬliсal, sсiеntifiс,
and politiсal. In Britain thе Еvolution Protеst Мovеmеnt' undеr thе lеadеr-
ship of AmЬrosе Flеming, FRS, profеssor of еlесtriсal tесhnology at Uni-
vеrsity Сollеgе Lоndon, laсkеd thе vitriol of its Amеriсan сountеrpart and
allowеd for thе possiЬil ity of somе divinеly guidеd еvolutionary сhangе.
Indееd, in Flеming's own сasе hе was еvеn prеparеd to rеаd aspесts of thе
сrеаtion of thе ЬiЬliсal Adam in thе light of various palеoanthropologi-
сal findings, a movе that сertainly ruЬЬed thе anatomist Arthur Kеith thе
wгong Way.

!Иhatеvеr thе sourсеs of thеsе sеntimеnts' this flurry of сrеationist сom-
motion dесlinеd fairly dramatiсally in thе yеars aftеr thе Sсopеs trial,
though it prornptеd thе puЬliсation of Е. T. Brеwster's 1,927 Сrеаtioп:
А Historу of Noп-еuolиtioпаrу Thеoriеs to Ьalanсе thе ..amplе and сompе.
tеnt and up-to-datе l itеraturе of Еvolution.' ' Сrеationist agitation Wеnt into
abеyanсе until thе 1950s whеn thе hydrauliс еngineer Неnry Morris and thе
biЬliсal thеologiаn John WhitсomЬ joinеd forсеs to produсе in 196l what
Ьесamе thе foundational tеxt of thе modеrn сrеation sсiеnсе movеmеnt' Тl2e
Genеsis Flood. It l imitеd gеoiogiсal histoгy to no morе thаn 10,000 yеагs
and rеassеrtеd сrеation in six l itеral dаvs. Thе tгaiесtory of this movеmеnt'
its various еduсational maсhinations, аnd its lеgal Stratagеms arе сhartеd
еlsеwhеrе in this volumе. It suffiсеs hеrе to add that dеspitе its аggrеssivе
polеmiсs and intеrnational suссеss' it would Ье mistakеn to think that siх-
day сrеationism has dominatеd сonsеrvativе Protеstant thought morе gеnеr-
ally. In faсt' thе thеory of еvolution, in onе vеrsion or аnothеr, has
сontinuеd to Ье dеfеndеd Ьy Protеstant thеologiаns and sсiеntists aсross thе
dеnominationаl rarrgе.
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In thе Light of Меnorah and Qur'an

Rеligious rеsponsеs to еvolutionary thеory wеrе oftеn Ьound up with Ьroadеr
issuеs that сonfrontеd thеologiсal сulturеs and faith сommunitiеs, not lеast
qшеstions of how to еngagе with a thrеatеning wider soсiеty or how to rеtаin
or rеfashion idеntity in the faсе of еxtramural сhallеngеs. Jеwish dеЬatеs aЬout
Daгwinism in latе ninеtееnth-сеntury Amеriсa arе illustrativе, for thеsе wеrе
part and parсеl of a suitе of dеliЬеrations on thе futurе shаpе that Amеriсan

Judaism should takе (Swеtlitz 1,999). Traditionalist, Мodеratе Rеform, and
Radiсal Rеform raЬbis еaсh had a stakе in how thе Jеwish сommunity should
rеspond. on thе radiсal wing еvolution was еmЬraсеd Ьесausе it сould Ье mo-
Ьilizеd to undеrwritе progrеssivism and tгansformation. Thus thе rеadеrs of
Kaufmann Kohlеr's various pronounсеmеnts during thе 1870s and 1880s
lеarnеd that еvolution appliеd to thе spiritual rеalm and that Jеwish ritual
and сеrеmonial nееdеd to Ье rеfashionеd to kееp in stеp with modеrn sсiеnсе.
To him and othеrs likе him, еvolutionary dеvеlopmеnt сonfirmеd thе prinсiplе
of progrеssivе rеvеlаtion; adaptation to thе prеvailing еnvironmеnt appliеd
to organiс and rеligious сommunitiеs alikе. From thе samе thеologiсal staЬlе

Josеph Krauskopf, in a sеquеnсе of lесturеs ttt|ed Еuolиtioп аnd Judаism and
puЬlishеd in 1887, rеadily appliеd еvolution to thе growth of rеligion, thе
tеxtual history of sсripturе' primitivе Soсiеty' thе idеa of God, and thе dеvеl-
opmеnt of Jеwish worship.

Traditionalists, Ьy сontrast' еithеr rеjесtеd Darwinism or ln somе сasеs
moЬilizеd it to support traditional Jеwish thеology. on thе onе hand, Samuеl
М. Isaaсs usеd his position as еditor of thе letuish Меsseпger to launсh at.
taсks on еvolution, whilе AЬraham dе Sola' a Сanadian immigrant, mаr-
shaled thе сritiсisms of thе Montrеal gеologist John William Dawson to
attaсk thе thеory. Thomas Mitсhеll, an advoсatе of thе viеw that God had
сrеatеd thе world in siх 24-hour days, told readеrs of his 1887 artiсlе..Еvo.
lution and Judaism'' for Мeпorаb that thеrе was not a shrеd of еvidеnсе for
human antiquity or еvolutionary сhangе. On thе othеr hand, the traditional-
ist еditors of tЬe Amеriсап Hebrеш' a good numЬеr of whom wеrе trainеd in
sсiеnсе or mеdiсinе, workеd to сultivatе a thеistiс vеrsion of еvolution along
thе linеs of Asa Gray. Traditionalists too appеalеd to thе gradualism of еvo-
lution to opposе rapid сhangе and any swееping ovеrthrow of inhеritеd insti-
tutions. Thе tеnaсious еnduranсе ovеr сountlеss gеnеrations of traditiоnal
сеrеmonial tеstif iеd to its valuе in thе Jеwish strugglе for survival against
innumеrаЬlе advеrs i t iеs.

Intеrnal rivalriеs thus did muсh to govеrn raЬЬiniс еnсountеrs with еvolu-
tion еvеn though pro- and anti-Darwinian sеntimеnts nеvеr dirесtly mappеd
onto thе сommunity's vаrious faсtions. This mеans that the sсiеntifiс dimеn-
sions of еvolutionary thеory wеrе rarеly addrеssеd; rеsponsеs wеrе mеdiatеd
through сonсеrns aЬout thе supposеd influеnсе that matеrialism had on low-
еring synagoguе attеndanсе' on еvolution's impliсations for thе naturе of
mind and morality, and on what advoсatеs Ьеliеvеd its aссеptanсе еntailеd
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for rеligiоus institutions and сustoms. \й/hat was oftеn at stakе in thesе dе-
batеs was thе naturе of Judaism itsеlf.

Somеthing of thе samе spесtrum of rеaсtions is also disсеrniЬlе in Islam,
though in thе Islamiс сasе a rathеr morе prеvailing litеralistiс hеrmеnеutiс of
thе Qur'аn has mеant thаt advoсatеs of еvolution arе lеss сommon. Nеvеrthе-
lеss' Islamiс support for еvolution is not еntirеly aЬsеnt. Мuhammad IqЬal,
for ехamplе, has сlaimеd that thе idеa of еvolution originatеd in mеdiеval
Islam, whilе thе LеЬanеsе sсholar Нossеin al-Jisr insists that thе thеory is еn-
tirely сompatiЬlе with Qur'aniс thеology (Majid 2002).In thе сasе of Ahmеd
tfzaa| (7996), who likеwisе сontеnds that ..thе thеory of еvolution sprouts
from thе Holy Qur'an itsеlf,'' a сruсial distinсtion is prosесutеd Ьеtwееn Dar-
winism and еvolution. Thе formеr hе finds unaссеptaЬlе on aссount of thе
limitеd appliсability of nаtural sеlесtion, whеrеas thе prinсiplе of еvolution
..fits pеrfeсtly in thе ovеrall sсhеmе of God's сrеation as dеsсгiЬеd in thе Holy
Book.'' Indееd' dеploying thе standard soul-Ьody dualism, Аfzaa| arguеs for
an еvolutionary aссount of thе human spесiеs that alloсatеs physiсal dеvеlop-
mеnt to naturаl proсеssеs and thе еmеrgеnсе of sеlf.сonsсiousnеss to divinе
сrеation. In this movе inсrеasingly humanoid forms-Homo hаbilis, Homo
еrесtus, and so on-dеvеlopеd to a point whеrе ..Almighty Allah (S!ИТ) sе-
lесtеd a singlе pair-a malе and a fеmalе-and еndowеd thеm with thеir spir-
itual souls.'' Not surprisinglу, Аfzaa| found inspiration in thе antimесhanistiс
aссounts of figurеs likе Tеilhard dе Сhardin and Hеnri Bеrgson.

Dеspitе thеsе irеniс еfforts, vigorous opposition has Ьееn forthсoming
from writеrs likе T. H. JanaЬi who сlaim that еvolution is without еmpiriсal
warrant and is promotеd for soсial and politiсal rеasons. Similarly, Sha-
habuddin Nadvi issuеd а rеfutation of еvolution in his 1987 aссount of thе
сrеation of Adаm, whilе Adеm Tatli's Еuolutioп: А Bапkrupt Theorу 0990)
inсorporatеd mattеr originally prеsеntеd to thе Turkish govеrnmеnt. But pеr-
haps thе most influential Islamiс сritiс of Darwinism is Harun Yahya, rеport-
еdly an еminеnt Turkish sсholar, who has Ьееn so prolif iс in produсing
antiеvolutionary traсts (\tke Wbу Dаrluiпism ls Inсompаtible шith thе Qur'ап)
that his opponеnts сlaim that thе works arе aсtually thе produсt of a group
of writеrs. In any сasе, in tЬe \999 Ьook Thе Еuolutioп Dесeit Yahya hit out
at thе ..dishonеst philosophy'' of ..matеrialism'' that ..sееks to aЬolish thе Ьa.
siс vаluеs on whiсh thе statе and soсiеty rеst' ' (Yahya 1999, 7). Daгwinism,
thе traсt urgеs, providеd a mythiс foundation for matеrialism's сlaims to sсi-
еntifiс status, thеrеЬy ехplaining why Мarx rootеd dialесtiсаl matеrialism
in natural history. In anothеr 2001 rеhеarsal of ..thе disastеrs Darwinism
Ьrought to humаnity,'' Yahya has attriЬutеd war, povеrty' pain, and mas-
saсrе to thе malign influеnсе of ..thе selfish and pitilеss world viеw'' of Dar-
winism on figurеs l ikе Stalin' Trotsky, Мao, Pol Pot, Нitlеr' and Mussolini
(Yahya 2001). Translatеd into mаny languagеs' thе output of thе Harun
Yahya mind-sеt, partiсularly in Turkеy, has Ьееn rеportеd as immеnsе, with
сrеationist Ьooks Ьесoming morе influеntial than standагd tехtЬooks in сеr-
tain plaсеs (Koеnig 2001). To Ье surе, thеsе movеs havе Ьееn rеsistеd Ьy a
numbеr of Turkish Darwinians, notaЬly thе Ьiologist Aykut Kеnсе and thе
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mеdiсаl gеnеtiсist Isik Bбkеsoy. But marshaling support for Darwinian еvo-
lution has provеd diffiсult in a сontехt whеrе politiсal fоrсеs havе fostеrеd
thе tеaсhing of сrеationism in sсhools and whеrе dirесt support has Ьееn pro-
vidеd Ьy Amеriсan Protеstant сrеationists (Еdis 1994).

Rесuгring Thеmеs

Various historiсal modеls havе Ьееn сanvassеd in thе attеmpt to gеt a handlе
on thе rеlations Ьеtwееn sсiеnсе and rеligion. Our travеls thus far сonfirm that
any simplе portrayal of thе rеlations Ьеtwееn еvolutionary thеory and rеligious
Ьеliеf is doomеd to fall foul of thе mеssinеss of history, Ьut a numЬеr of pеrsis-
tеnt thеmеs havе rесurrеd, alЬеit in diffеrеnt wаys in diffеrеnt sеttings.

Quеstions of sсriptural hermeпeutiсs havе routinеly surfaсеd in disсussions
of еvolution. Somе adhеrе to a l itеralistiс еxegеsis of сrеation narrativеs,
whilе thosе who arе intеrеstеd in сonсordism havе strеssеd thе rolе of mеta-
phor and сultural сontеxt in thе intеrprеtation of partiсular statеmеnts.
Thosе who arе willing to rеlеgatе thе Мosаiс narrativе to thе rеalm of prim-
itivе mythology havе Ьееn еngagеd no lеss in a hеrmеnеutiс undеrtaking.
Еithеr Way' quеstions of ехеgеsis havе pеrsistеntly oЬtгudеd. Philip Hеnry
Gossе's wholе systеm of proсhronism was dеsignеd to prеsеrvе thе litеral aс-
сuraсy of thе BiЬlе's timеsсalе. By сontrast, thе Oriеntal and ЬiЬliсal sсholar
\и. H. Grееn rеliеvеd сеrtain strands of соnsеrvativе Рrotеstantism of thе
Ьurdеn of Usshеr-typе сhronology (whiсh famously datеd thе world's origin
to 4004 B.с.Е.) whеn hе dеmonstratеd in 1890 that old Tеstamеnt gеnеalo-
giеs сould not Ье rеliеd on to datе primеval timе on aссount of thеir stratеgiс
omissions from thе rесords. That gavе somе thеistiс еvolutionists thе
hеrmеnеutiс room thеy nееdеd. Again, thе Сatholiс writеr Dorlodot dеvotеd
сonsidеraЬlе spaсе to еluсidating Сatholiс thеoriеs of inspiration in ordеr to
allow for his сonviсtion that thе thought-forms of sсгipturе wеrе aссommo-
datеd to thе сultural сonditions of thе timе. And thе Islamiс еvolutionist
Ahmеd Аfzaa| urgеd thе lеgitimaсy of еxplaining ..thе rеlеvant Qur'aniс
vеrsеs in tеrms of a mеtaphor or paraЬlе'' and spokе of ..thе 

Qur'aniс lеgend
of thе .Fall ' ' '  (t{zaa| 1996). In onе Way or anothеr' еvolution thеory has
pеrsistеntly rесallеd attеntion to hеrmеnеutiс mattеrs in thе intеrprеtation of
anсiеnt saсrеd tехts.

From its еarliеst days Darwin's thеory сonfrontеd hеad-on thе issuе of tеlе'
ologу. As Darwin himsеlf put it at onе point, ..Thе old аrgumеnt from dеsign
in nаturе, as givеn by Palеy whiсh fоrmеrly sееmеd to mе so сonсlusivе' fails,
now that thе law of natural selесtion has Ьееn disсovеrеd'' (Darwin 1888, 1:
309). Thе сonsеquеnсеs Wеrе potеntially monumеntal, for natural thеology
had undеrsсorеd thе fundamеntally moral сharaсtеr of naturе' еnthusing Ье-
liеvеrs, сurЬing sесtarian tеnsions' end inspiring mеn and womеn to study
God's handiwork. !Иhеthеr from thе pеn of \Х/illiam Palеy, a modеratе 

.!0.hig,

whosе Nаturаl Thеology (1802) was dеvourеd Ьy Darwin, or in thе multi-
volumе Bridgeшаter Trеаtises (1833_1 836), whiсh sеt out to dеmonstratе
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divinе wisdom and powеr in сrеation, thе natural thеology еntеrprisе undеr-
wrotе inquiry into thе natural ordеr. Darwin dеstaЬil izеd this wholе uni-
vеrse. In rеsponsе' numеrous writеrs workеd hard to intеrprеt еvolution
tеlеologiсally. In gеnеral, thosе who wеrе sti l l еnthusiastiс aЬout Palеy's vеr-
sion had a morе diffiсult task than thosе who found dеsign in arсhеtypal
plans and thе opеrations of natural law. Thus Jamеs МсСosh, alrеаdy an еn-
thusiast for thе way Argyll's Тbе Reigп of I-аtu rеloсatеd divinе dеsign, found
divinе wisdom morе in homologiсal struсturеs than in spесifiс adаptаtions.
Thе Dutсh Сalvinist' foundеr of thе Frее Univеrsity of Amstеrdam, and turn-
of-thе-сеntury primе ministеr AЬrаham Kuypеr аnd latеr dеvotееs likе thе
zoоlogist Jan Lеvеr (1958, 229) spoke of ..divinе еvolutionistiс сrеation'' '
whiсh сonсеivеd of naturе unfolding aссording to a prеdеtеrminеd plan. of
сoursе' this doеs not mеan that advoсatеs of Palеy's mесhaniсal vеrsion еn-
tirеly disappеarеd. Thе nеoсrеаtionist Intеlligеnt Dеsign movеmеnt that has
surfaсеd in rесеnt timеs sееks to idеntify ехtеrnally dеrivеd purposе in what
has Ьееn сallеd iгrеduсiЬlе сomplехity, namеly, сеrtain Ьiologiсal systеms of
an all-or-nothing variеty whose funсtions сannot Ье rеduсеd to simplеr opеr-
ations on whiсh natural sеlесtion сan work. In its соnсеptual struсturе, if not
in its statistiсalrwizardrу, this rеads l ikе Palеy rеdivivus. In аny сasе thе im-
pliсations of Darwin for dеsign havе геmainеd a kеy arеna of dеЬate. That
thеrе сontinuеs to Ье philosophiсal milеagе in this wholе mattеr is сlеar from
thе diffеrеnt positions adoptеd Ьy suсh еminеnt philosophеrs as Alvin Plan.
tinga (1991),who dеfеnds divine intеrvеntionism in thе history of naturе, and
Еrnan MсМullin (1991)' who inсlinеs moге toward God aсting through nat-
ural law. Thе faсt that Ьiologists havе frеquеntly tradеd in tеlеologiсal.
sounding voсaЬulary urging ..that еvolution is .opportunistiс', that it proсееds
Ьy .trial and еrror', that it rеaсhеs .dеad еnds' or aссomplishеs .Ьrеakthroughs'

by snеaking through .loopholеs', or that natural sеlесtion .сan rеmodеl pro-
tеins in ordеr to improvе intеraсtions' '' adds yеt furthеr сompliсations to thе
wholе issuе (Grееnе 1989'  408).

Aсross thе rеligious rangе opponеnts of Darwinism havе Ьееn hauntеd Ьy
thе spесtrе of mаteriаlisz. Islamiс opposition springs in part from a sеnsе
that еvolution is еrесtеd on a matеrialist сrееd that dесonstruсts humanity's
moral naturе and has сultivatеd a dесadеnt 

.Wеstеrn 
сulturе. Сhristians of

various strands havе also Ьееn trouЬlеd Ьy similar сonсеrns. Bеrtram.!Иindlе,
for instanсе' thе Catholiс advoсаtе of еvolution and author of Wbаt ls Life?
А Studу of Vitаlism апd Neo-uitаlism (\908), ехprеssеd sympаthy for thе
outlook of thе ехpеrimеntal physiсist and spiritualist Olivеr Lodgе and for
thе antirеduсtionism ехprеssеd tn The Uпseeп Uпiuerse of Bаlfouг Stеwart
and P. G. Tait, whiсh first appеarеd anonymously in 1875 immеdiatеly aftеr

John Tyndall 's infamous Bеlfаst addrеss. An еvolutionist of Lamarсkian in-
сlinations, Windlе was attraсtеd to thе idеa of a Vital Powеr that anrmatеs
matter' and hе rеmainеd сhary of sсiеntifiс inсlinations toward a purеly mе-
сhaniсal univеrsе. By сontrast, numеrous writеrs havе usеd thе doсtrinе of
sесondary сausеs-that God works through natural agеnсiеs-to arguе for a
form of matеrialism сonsistеnt with thе Judеo-Сhristian hеritagе. 

.lfarfiеld, 
for
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еxilmplе, insisсеd that,,a сomplеtе systеm of naturаl сausation'' was еntirеly
сonsistеnt with tеlеology and tlrat еvеry ..tеlеologiсal systеm impliеs a сom-
plеtе .сauso-mесhaniсal' explanation as its instrrrmеnt'' (quotеd in Livingstonе
and Noll 2000,301). Diffеrеnt though all thеsе rеsponsеs undouЬtеdly arе,
thеy Ьеar witnеss to matеrialism as a rесurring loсus of dеЬatе.

Сlosеly сonnесtеd with thеsе сonсеrns is a sеt сlf quеstions thаt сongrеgatе
aror.rnd thе impliсzrtions of еvolutiorr for thе псltLlrе аnd morаlitу of the
hшmап аgeпt. Vaгious stanсеs havе Ьееn adoptеd on thе issuе of whеthеr
human Ьеings bаuе sods or arс souls. Somе havе optеd for thе viеw that thе
soul is always thе rеsult of an aсt of divinе сrеation. Thus thе Сatholiс еvolu-
tionist Еrnеst Меssеngеr oЬsеrvеd in his 1931 ассount Еuolutioп апd Theol.

ogу tЬ,at ..no Cаtholiс thеologian or philosophеr сould possibly allow that
thе spiritual soul of man has еvolvеd from a brrrte soul, muсh lеss from inor-
ganiс mattеr. Thе soul is immatеrial, and сan only сomе into ехistеnсе Ьy a
dirесt aсt of сrеation'' (Меssеngеr 19З\, 14З)' Othеrs havе thought that thе
idеа of thе soul еmеrging in somе way from еarliеr forеЬеаrs is еntiгеly сom-
pаtiЬlе with thеir thеology. As for thе еthiсal rеpеrсussions of Darwinism,
somе havе гесoilеd at thе suggеstion that moral sеnsiЬil itу has Ьееn shapеd
Ьy thе impеrativеs of a strugglе for survival. In suсh a sсеnario, as \William

Jеnnings Bryаn, thе ..Grеat Сommonеr,' ' madе сlеar, thеrе is no rеason to
еxpесt humans dеsсеndеd from animals to Ьеhavе any diffеrеntly from ani-
rnals. Othеrs' еnthusеd with thе possiЬilitiеs of ссlsmiс еvolution, hаvе sоught,
l ikе Hеnry Drummond, to usе thе languagе of еvolution to makе sеnsе оf
еthiсal and spiгitual dеvеlopmеnt. Again, although diffеrеnt rеligious сom-
mеntators havе takеn diffеrеnt positions on thе quеstion, thе issuе of еthiсs

and еvolution has pеrsistеntly manifеstеd itsеlf.
Howеvеr amЬiguous in Darwin's own thinking, thе idеas of progress and,

in сеrtain strands of rеligious thor-rght, its thеologiсal nеxt-door nеighЬor
еsсhаtologу havе frеquеntly еntеrеd thе disсцssion. Somе of thеsе assoсiations
wеrе idеntifiеd Ьy Еrnst Bеnz in L-,uolutioп апd Сbristiап Hopе (1966), whiсh
assеssеd thе rеlationship Ьеtwееn Dаrwinism and a variеty of futurе-oriеntеd
idеologiеs-Мarхist and matеrialist historiеs of salvation, Niеtzsсhе's futur-

istiс doсtrinе of thе UЬеrmеnsсh, zrnd spесulations on еvolution and thе fu-
turе of humanity in thе writings of thе Hindu Sri AuroЬindo. Within thе
.Wеstеrn 

Christian traditiоn hе fсlсusеd on thе еvolutionizеd еsсhatology of
Teilhard dе Сhardin' who сonсеivеd of еvоlution as impell ing all l ifе toward
an ..Omеga Point.' ' Thе writings of Jamеs MсСosh, Hеnry Drummond, and
Gеorgе Frеdеriсk Wright also сatnе within thе arс of this analysis. Indееd,

thеrе is muсh to Ье said for сoггеlzrting attitudеs to еvolution with еsсhаto.
logiсal stanсеs. Postmillеnаrians, witlr thеiг гoЬust сonfidеnсе in tlrе trans-
forming powеr of Сhristian сivil izаtion, havе routinеly Ьееn favoraЬly

disposеd toward еvolutionary prсlgrеssivism, whilе prеmillеnnialists, who Ье-
liеvе that thе world wil l сontinuе to dеgеnеratе until thе millеnnium is ush.
еrеd in, typiсally find еvolution rеpugnant. Thus ir is not surprising that thе
modеrn foundеr of сrеation sсiеnсе, Gеorgе МсСrеady Priсе, fеlt that bеliеfs
aЬout thе Ьеgir-rning and еnс] of timе wеrе umЬiliсаlly сonnесtеd, and that hе

told tlrе rеadеrs of his 1
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told thе rеadеrs of his 1923 Sсiепсe апd Religiсlп iп а Nlltshеll tЬat it was
..usеlеss to еxpесt pеoplе to Ьеliеvе in thе prеdiсtions givеn in thе last сhap-
tеrs of thе BiЬlе, if thеy do not Ьеliеvе in thе rесord of thе еvеnts dеsсriЬеd in
its first сhaptегs' ' (Priсе 1923Ь, 13).

Thе rеalization that thе prinсiplеs of Darwinism might Ье appliеd to thе
tехtuаl еuolutioп сlf sсripturе and to the еmergепсе of religion itsеlf has Ьееn
a furthеr point of issuе. Thе idеa of soсial еvolution, of сoursе' prеdatеd thе
puЬliсation of Darwin's origiп, and thе suggеstion that thе tеxtual history of
thе BiЬle had to Ье intеrprеtеd in thе light of soсiеty's stаdial dеvеlopmеnts
was widеly adoptеd Ьy tехtual сritiсs in thе ninеtееnth сеntury. Indееd, thе
prinсiplе of еvolutionary сhangе was so dееply ingrainеd in thе doсumеntary
hypothеsis еmanating from Gеrmаn highеr сritiсism that Darwin's inгегvеn-
tion сrеatеd no stir whatsoеvеr in that Old Tеstamеnt sсholarly сommunity
nor among thosе еnthusiastiс aЬout the puЬliсation of Еssауs аnd Rеuieшs.
By thе samе tokеn, as wе hаvе sееn' thе геalizаtion that еvolution сould Ье
аppliеd to Ьоth thе institutional and thе ritual history of Israеl was rеlеvant
to thе way in whiсh Darwin's сhallеngе was rеad among ninеtееnth-сеntury

Jеws. Suсh usеs of еvolutionary thought forms, of сoursе, havе bееn disturЬ-
ing to many. Gеorgе Frеdеriсk 

.Wright's 
lаtеr wаvеring on Darwinism sprang

in good part from his сonсеrns aЬout its impliсations for thе BiЬlе's doсu-
mеntary history. In Sсotland thе promulgatiоn of ЬiЬliсal сritiсism Ьy
will iam RoЬеrtson Smith with its dеploymеnt of еvolutionary anthropology
spookеd сonsеrvativе Сalvinists so muсh that Dагwin's own thеoгy of spесiеs
сhangе sееmеd rathеr tamе in сomparison (Livingstonе 2004). Onсе again,
attitudеs to Darwinism wеrе mеdiatеd through what was takеn to Ье thе
thеory's rеlеvanсе for Ьroadеr сultural affairs.

Putting Еvolution and Rеligion in Thеir Plaсе

Rеlations Ьеtwееn еvolution and геIigion havе nеvеr Ьееn straightforward.
Attitudеs, morеovеr' do not map nеatly onto dеnominational сontours' сon-
fessional traditions, or loсations on thе сonsеrvativе.l iЬеral spесtrum. In thе
light of this rеalization wе might justifiaЬly pausе to wondеr whеthеr thе tеrms
еuсllиtioп and religioп traсk any transсеndеntal еssеnсе in thе thеologiсal,
soсial, or sсiеntifiс worlds. At thе vеry lеast thе widе-rаnging usеs of thеsе
lаЬеls in diffеrеnt loсations and thеir dеploymеnt in a host of disсoursеs-
politiсal, есonomiс' moral' and soсial-alеrt us to thе faсt that in spеaking of
thе rеlationship bеtwееn еvolution and rеligion wе aге handling rathеr triсky
bundlеs of idеas. A lеss transсеndеntal and morе loсal approaсh to partiсular
еpisodеs might thеrеforе provе еnlightеning. For ехamplе' whеrеas Tyndall's
attaсk on thе сlеrgy in his Bеlfast addrеss of 1874 madе it diffiсult for loсal
PrеsЬytеrians to read еvolution thеory sympathеtiсally, thе prеoссupation
with thе thrеats of ЬiЬliсal сritiсism at thе samе timе in Sсotland mеant that
PrеsЬytеrians thеrе wеrе lеss ехеrсisеd aЬout Ьiologiсal mattеrs. In Nеw
Zea|and геsponsеs wеrе shapеd Ьy thе politiсs of Maori.sеttlеr rеlations, and
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in thе Amеriсan South raсial quеstions prеdominatеd, though with diffеrеnt
outсomеs in еaсh сasе. Тhе way in whiсh Amеriсan Сatholiсs rеspondеd to
soсial Darwinism in thе yеars аround 1900 wаs shapеd Ьy thе soсial niсhе
thеy oссupiеd: Amеriсan Catholiсism Was vеry largеly a woгking-сlass rеli.
gion of nеwсomеrs struggling to maintain thеir idеntity in а nеw еnvironmеnt.
In all thеsе instanсеs thе partiсulars of gеographiс loсation and soсial spaсе
had а hugе rolе tсl play in what сould Ье said аЬout еvolution and, just as
important, what сould Ье hеard aЬout it.

From thе momеnt Darwin put forward his thеory of еvolution Ьy natural
sеlесtion, thе dеЬatе was еngagеd on its signifiсanсе for a widе rangе of
rеligious issuеs. Thе faсt that сontеmporary еvolutiсlnary Ьiology, as a сom'
prеhеnsivе worldviеw and as thе mastеr narrativе of gеnеtiс еnginееring,
сontinuеs to raisе quеstions of morаlity and mеaning dеmonstratеs thе pеrsis.
tеnt intеrtwining of sсiеntifiс inquiry with mattеrs of soсial, polit iсal, еthiсal,
and rеligious сonсеrn.
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Amеriсan Antiеvolutionism:
Rеtrospесt and Prospесt

Еugепiе С. Sсott

Antiеvolutionism in thе Unitеd Statеs is еntеring its sесond сеntury. Bеgin-
ning in thе еarly twеntiеth сеntury and сontinuing today, with no sign of
rеlеnting, antiеvolutionists h:rvе protеstеd thе tеасhing of еvolution to сhil-
drеn in puЬliс sсhools. Thе сontrovеrsy has waхеd and wanеd irr strеngth
in dirесt rеsponsе to thе аmount of еvolution thаt is taught in thе сlassroom
and found in tехtЬooks. It is a сonrplеx сontrovеrsy with a long history and
dееp roots in disti l lсtivеly Amеriсarr аttitudеs toward rеligion' еduсatioгr, and
sсtе11се.

Thе History of Antiеvolutionism

в A N N I N G  Е V o L U т l o N

To undеrstand Amеriсan antiеvoIutionism, onе must undеrstand thе history
of this сontrovеrsy' whiсh сan Ье dividеd into thгее timе pеriods (Sсott
7997). Thе first сonsists of thе еfforts to Ьan еvolution from thе puЬ[iс sсhool
с]assroom. 

.!7еll 
Ьеforе thе sесond dесadе of thе twеntiеth сеntury, еvolution

had found its wа1, into high_sсhool tехtЬooks and tlrеrеЬy into the сutrlсu-
lum. Aссording to Larson, a dеnrographiс trеnd in urЬan populаtion growth
triggеrеd thе first round of аrrгiеvolutionism in thе Unitеd Statеs (Larson
2003). High sсhоols at that timе wеrе largеly an urЬаn phеnomеnon, and thе
populations of сitiеs-fuеlеd Ьotlr Ьy сhanging есonomiс сonditions that
pгomptеd thе movеmеnt of pеoplе from farms into сitiеs and Ьy forеign
imnrigration-Wеrе irrсrеasing' As a rеsult, morе studеnts Wеrе аttеnding
high sсhool Ьy thе sесond dесаdе of thе twеntiеth сеntury than еvеr Ьеforе.
Although еvolution had Ьееn part of high.sсhool Ьiology for ovеr а dесadе, it
did not Ьесomе an issuе until morе сhildrеn Wеrе еxposеd to it. onсе that
happеnеd, сonsеrvativе Сhristiarr animosity toward еvolution promptеd
еfforts to rеmovе еvolution from thе сurriсulum.

.з70
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That animosity is foundеd on a strongly hеld геligious сonviсtion that aс-
сеptanсе of еvolution (or ..Ьеliеf'' in еvolution, аs it is сommonly put) сar'rsеs
сlri ldrеn to aЬandon thеiг faith in God. In this viеw' if a сhild losеs faith in
God, thеn that сhild is lost to sаlvation, a sеrious issuе to сonsеrvativе Сhгis-
tians. Furthеrnrorе, сhildгеn who laсk Ьеliеf irr God will hаvе no moral rцddеr
to guidе thеm and tlrLrs will hаvе no rеason to Ьеhavе propеrly to tlrеir fеllow
сitizеns. Soсiеty wоuld suffer grеatly, all Ьесаusе of ..Ьеliеf' ' in еvolution. A
сommon сrеationist сlaim rеlatеd to Ьеhavior is that if сhildrеn arе taught that
thеy arе animals, thеy will Ьеhavе likе animals rathеr than сrеaturеs madе in
thе imagе of God. ln аddition to thеsе praсtiсal rеasons for rеjесting еvolu-
tion, thеrе arе thеologiсal rеаsons as wеll. Gеnеsis is sееn as thе foundation
fоr Сhristian Ьеliеfs: if Adaпr and Еvе Wеrе not rеal flеsh-аnd-Ьlood individu-
als' spесiaily сrеаtеd Ьy God, whosе sin of disoЬеdiеnсе сausеd thеrn to Ье
сast out frоm thе Gzrrden of Еdеn, thеn lrurnаrrkind is not inhеrеntly sinful. If
Wе arе not inhеrеntly sinful Ьесausе of thе Fall, thеn Christ's saсrifiсе аrrd rеs.
urrесtion' thе pivotal еvеnts for Сhristiаnity, wеrе unnесеssary. In thе opinion
of сonsеrvativе Сhristians, thе Ьook of Gеnеsis thus must Ьe intеrprеtеd ех-
aсtly as writtеn, аnd еvolution is rеjесtеd bесaltsе it is inсompatiЬlе with mоst
forms of Ьibliсal l itеrаlisrn. Nееdlеss to say' this is not thе only Christian viеw;
Сatholiсs and mainstrеam Protеstants (Еpisсopalians, mеmЬеrs of thе Unitеd
Сhuгсlr of Сhrist, most Mеthodists, most PrеsЬytеrians, mеmЬеrs of thе Еvan.
gеliсal Luthеrаn Сhr"rrсh in Amеriсa, arrd othеrs) arе thеistiс еvolutionists who
Ьеliеvе that Gоd сrеаtеd through еvolutiorr.

Thе hеyday of this fiгst pеriod was approximatеly 1919 to 1927, when
attеmpts wеrе madе in sеvеral statе lеgislaturеs to Ьan thе tеaсhing of еvolution.
Thе bеst-known геpеrсussion of thеsе еfforts WaS thе famous 1925 Sсopеs trial.
Tеnnеssее tеaсhеr John Sсopеs was triеd for Ьrеaking a statе law that prohiЬ-
itеd thе tеaсhing of еvolr"rtion in thе puЬliс sсhools. Thе trial of thе сеntury, so
сallеd Ьесausе of thе hithеrto-unеxpегiеnсеd сoast-to-сollst radio and print nlе-
dia puЬliсity thzrt it еngеndеrеd, rеsultеd in thе сonviсtiоn of Sсopеs (ovеrtuгnеd
on a tесhniсality Ьy thе Tеnnеssее Suprеmе Соuгt). Dеspitе thе puЬliс pеrсеp-
tion of thе trial as a dеfеat for Fundamеntalisnr (as еnсouragеd Ьy thе plаy and
ft|m Inhеrit thе Wiпd), in its aftеrmath сamе thе gradual diminishmеnt of
еvolution in tехtЬooks and thегеforе in thе сurriсulum of puЬliс sсhools.

Indееd, aссording to onе сommеntator, еvolrttion was еffесtivеly removеd
from thе сurriсulum Ьy thе 19З0s, and it did not rеturn for sеvеral dесadеs
(Laгson 2003). Еvolution rеturnеd to thе сlassгoonr only in thе latе 1950s
and еarly l960s, whеn pгofеssiorr:rI sсiеntists wоrking with thе fеdеrally
fundеd Biologiсаl Sсiеnсеs Сurriсulum Study (BSСS) wrotе tехrЬooks that
mattеr.of-faсtly irrсludеd еvolution. Сommеrсial tехtЬooks suЬsеquеntly еm-
ulatеd thе сontеnt <lf thе popular BSСS Ьooks, and Ьy thе latе 1960s and
ear|у |970s evolution was usually, though not amply, inсludеd in most of thе
tехtЬooks Ьеing sold in thе Unitеd Statеs. Thе rеturn of еvolution to thе сur-
riсulum stimulatеd tlrе sесond wavе of antiеvolutionism in thе Unitеd Statеs:
thе pегiod of сrcаtilпt sсiсttс.е.
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Whеn еvolution rеturnеd to tехtЬooks in thе mid- to lаtе 1960s, сonsеrvativе
Сhristian antiеvolutionists again fеlt thе nееd tо protесt thеir сhildrеn from
lеarning what thеy bеliеvеd tсl Ье an antiгеligious idеa. Not only had еvolu-
tion Ьееn rеturnеd to thе сurriсulum, Ьut also as a rеsult of сourt dесisions
(partiсularly Еppеrsoп u. Arkапsаs, 1987), еvolution соuld no longеr Ье
Ьannеd. Pеrhaps, thеn, thе BiЬlе сould Ье taught alongsidе еvolution;
аntiеvolutionists bеliеvеd that if еqual timе wеrе givеn to Gеnеsis in thе сlass-
room, fеwеr studеnts would aссеpt еvolution.

But thе еstaЬlishmеnt and frее-еxеrсisе сlausеs of thе First Amеndmеnt to
thе U.S. Сonstitution rеquirе that puЬliс institutions, suсh as sсhools, Ье rеli.
giously nеutral: thеy may nеithеr promotе nor inhiЬit rеligion. To tеaсh thе
сontеnts of thе BiЬlе as faсtuаlly сorrесt (as opposеd to tеaсhing сompara-
tivеly aЬout rеligion) would promotе a sесtarian rеligious viеw, prosсriЬеd
Ьy thе еstaЬlishmеnt сlausе. Thе еffort to rеquirе that thе BiЬlе Ье taught as
a Ьalanсе to еvolution in sсiеnсе сlassеs thus had only a Ьriеf history: it was
forеordainеd for rapid rеjесtion Ьy thе Suprеmе Сourt. \n 197З thе statе of
Tеnnеssее passеd а law thаt rеquirеd tеХtЬooks that inсludеd еvolution to
сarrу a disсlaimеr stating thаt еvсllution was a ..thеory'' that was ..not rеprе-
sеntеd to Ье sсiеntifiс fасt.' ' (Thе BiЬlе was spесifiсally dеfinеd as a rеfеrеnсе
Ьook rathеr than a tехtЬook and thus did not havе to display a disсlaimеr.)
In 1975 an appеals сourt struсk down this law in Dапiеl u. Wаters on thе
grounds that it violatеd thе еstaЬlishmеnt сlausе. Thе distastе of Сhristian
сonsеrvativеs for еvolution Was not a valid rеason еithеr to Ьan еvoiution or
to prеsеnt a sесtarian viеw suсh as ЬiЬliсаl l itеralism in thе сlassroom. ..Thеrе

is and сan Ье no douЬt that thе First Amеndmеnt doеs not pеrmit thе Statе to
rеquirе that tеaсhing and lеarning must Ье tailorеd to thе prinсiplеs or prohi-
Ьitions of any rеligious sесt or dogma,', Wrotе thе judgе in Dапiel.

If еvolution сould not Ье Ьannеd, and thе BiЬlе сould not Ье taught along-
sidе it tо amеlioratе its prеsumеd nеgativе еffесts, what rесoursе did antiеvo-
lutionists havе? Rеligion сould not Ье advoсatеd, but altеrnativе sсiеntifiс
viеws сould: if thе сrеation story of Gеnеsis сould Ье suppоrtеd Ьy sсiеn-
tif iс еvidеnсе' сrеationists rеasonеd, thеn it would Ье сonstitutiсlnal to prеs-
еnt that еvidеnсе alongsidе еvolution. In faсt, еvеr sinсе еightееnth-сеntury
disсovеriеs in gеology rеfutеd thе litеral Flood story and dеmоnstratеd
an anсiеnt аgе of thе еarth' сonsеrvativе Сhristian ..sсriptural gеologists'' havе
fought a rеаrguard movеmеnt' arguing fоr a young еarth and spесial сrе-
ation (Lynсh 2002.\' Сrеation ..sсiеnсе'' wаs Ьuilt upon thе shouldеrs of thеsе
viеws.

Thе truе giant of сrеаtion sсiеnсе, howеvеr' wаs hydгauliс еnginееr Hеnry
M. Мorris' who еvеn Ьеforе hе еntеrеd graduatе sсhool Ьеgan writing Ьooks
thаt prеsеntеd what hе viеwеd as sсiеntifiс еvidеnсе for thе spесial сrеation of
thе univегsе' еaгth' and living things. Aftеr a сarееr in Ьusinеss and aсadе-
mia, in 797О he lеft thе сhairmanship of thе Сivil Еnginееring Dеpartmеnt аt
Virginia Tесh to lrеlp еvangеlist Tim [,aНayе found Сhristiаn Hеritagе
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Соllеgе. |n1972 hе formеd thе Institutе for Crеation Rеsеarсh (IСR) as a sсi-
еntifiс сrеationism unit within thе сol1еgе. In 1980 hе and LaHayе agrееd,
apparеntly amiсaЬly' on a sеparation, and Morris took thе IСR to nеarЬy
Santее, Сalifornia, as an indеpеndеnt nonprofit orgаnization (NumЬеrs

\992|' tfter Morris's rеtirеmеnt in 1996, thе IСR сontinuеs todаy undеr thе
dirесtorship of his son, John Morris.

Morris's 1961 Ьook Thе Geпesis Flood' сoauthorеd with thеologian John
.WhitсomЬ Jr.' pгoposеd that thе еarth's gеologiсal fеaturеs сould Ье еx-
plainеd Ьy сatastrophiс еvеnts dеsсriЬеd in thе BiЬlе' еspесially Noah's flood.
But rаthеr than mеrеly positing thеologiсal rеasons for Ьеliеving this, lfhit-
сomb and Morris сlаimеd that sсiеntifiс thеory and еvidеnсе supportеd thеsе
idеаs. Crеation sсiеnсе was Ьorn.

Сrеation sсiеnсе Was еnthusiastiсally еmЬrасеd within thе сonsеrvatrvе
Сhristiаn сommunity, though sсiеntists undеrstandaЬly ignorеd it. It сon-
sists mоstly of nеgativе statеmеnts purporting to disprovе еvolution, offеr-
ing (in its purеst form, at lеast) no еxplаnation for thе univеrsе othеr thаn its
aЬrupt appеaranсе in its prеsеnt form. Мorris proposеd variеtiеs of сrеation
sсiеnсе that wеrе to Ье dеployеd in diffеrеnt еnvironmеnts. Biblicаl cre'
ationism, to Ье taught in сhurсhеs, was up-front about thе spесial-сrеatlon
roots of сrеation sсiеnсе, frееly adrтitting a Ьеliеf thаt thе stars, thе galахiеs,
and thе еarth and its l iving things appеarеd at onе timе in thеir prеsеnt form
as a rеsult of сrеativе aсts Ьy God. In bibliсаl sсiепtifiс сrеationism еvidеnсе
from Ьoth sсiеnсе and thе BiЬlе was to Ье usеd. |n tЬe sciепtifс сrеationism
proposеd to Ье taught in thе puЬliс sсhools, God was not to bе mеntionеd;
only sсiеntifiс еvidеnсе Was to Ье usеd (Morris 1980). Thе hopе Was that Ьy
stripping rеfеrеnсеs to God and Gеnеsis from unaЬаshеd ЬiЬliсal сrеation-
ism, сгеation sсiеnсе would Ье mаdе lеgally suitaЬlе for instruсtion in puЬliс
sсhools.

Еvе and Нarrold (199\) сontеnd that сrеation sсiеnсе has a partiсular ap-
pеal to еduсatеd Сhristiаn сonsеrvаtivеs who arе l iving and working in thе
modеrn ..knowlеdgе есonomy'' ' Ьut who sti l l еmЬraсе prеmodеrnist soсial
valuеs that еmphasizе ..authоrity, tradition, and rеvеlation of Gtld's truth
through thе BiЬlе' ' (1991,109). Сrеation sсiеnсе allows thеm thе Ьеst of
both worlds: thеy сan еmЬraсе sсiеnсе yеt rеmain faithful to thе сonsеrvatlvе
religious and soсial valuеs undеrgirdеd Ьy Ьеliеf in a l itеrally rеad BiЬlе.

Inspirеd Ьy Mсlrris's tеaсhings, North Саrolinian Paul Еllwangеr draftеd
modеl lеgislation that would mandatе thе tеaсhing of сrеation sсiеnсе if еvo-
lution wеrе taught. In timе-honorеd Amеriсan grassroots politiсal fashion,
hе сiгсulatеd it to friеnds in a variеty of statеs, who thеmsеlvеs passеd it on
to сonsеrvativе statе lеgislators. Suсh ..еqual.timе'' Ьil ls wеrе introduсеd in
statе lеgislaturеs сlf at lеast 23 statеs during thе mid- to latе 1970s and еarly
1980s (Sсott 20О4); sсiеntists and tеaсhеrs vigorously opposеd thеm. Two
еqual-timе Ьil ls passеd аnd wеrе immеdiatеly сhallenged. Arkansаs Bil l 590
was сhallеngеd Ьy a сoalition of rеligious orgаnizations and еduсators, with
a Prеsbytеrian ministеr, thе Rеvеrеnd Bil l МсLеan, аs lеad plaintiff. Thе rе.
sulting highly puЬliсizеd 1981 trial, МсLеап u. Arkапsаs, was inеvitaЬly
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Ьillеd as ..Sсopеs II' ' Ьy thе prеss' although during the 1'925 trial no сlaims
wеrе mаdе for thе sсiеntifiс validity of spесial сrеation.

МсLeап Was a rеsounding dеfеat for сrеation sсiеnсе. Thе plaintiffs arguеd
a straight еstaЬlishmеnt сlausе position: сrеation sсiеnсе Was not sсiеnсе, and
thеrеforе thеrе was no sесular purposе for tеасhing it in puЬliс sсhool sсiеnсе
сlassеs. Its tеaсhing would thеrеforе rеsult in thе statе promoting rеligion, in
violation of thе First Amеndmеnt. Thе statе'S witnеssеs (thе сrеation sidе)
had littlе сrеdiЬlе sсiеnсе to prеsеnt' and thе dеfеnsе Was еmЬarrassеd whеn
thе history of thе Ьil l,s passagе providеd сlеar еvidеnсе that thе Arkansas
еqual.timе law was proposеd and passеd for thе purposе of singling out onе
topiс' еvolution, from all othеr сurriсular suЬjесts Ьесausе it offеndеd thе rе-
ligious sеnsiЬil it iеs of somе сitizеns. Thе law Was struсk down. Sо firm was
thе dесision that thе statе dесlinеd to appеal to a highеr сourt.

Thе nехt еqual-timе law to Ье еnасtеd Was a vеry similar Ьil l passed in
nеаrЬy Louisiana. Thе distriсt-соurt judgе dесidеd on summary judgmеnt

(that is, on thе Ьasis of doсumеnts fi lеd Ьy Ьoth sidеs, without a trial) that thе
Louisiana еqual-timе law violatеd thе еstaЬlishmеnt сlausе. Thе statе also
lost on appеal and thеn rеquеstеd a hеaring from thе Suprеmе Сourt, whiсh
aссеptеd thе сasе. |n a 7987 dесision thе Suprеmе сourt agrееd 7-2 (Justiсеs

Antonin Sсalia and 
.!Иilliam 

Rеhnquist dissеnting) with thе lowеr соurts that
сrеаtion sсiеnсе was an inhеrеntly rеligious position' and thus its tеaсhing
unсonstitutionаlly would promotе геligion. Thе Suprеmе сourt сhosе not to
сommеnt on whеthеr or not сrеation sсiеnсе was sсiеntifiс, Ьеliеving that its
еSsеntial rеligiosity was suffiсiеnt to Ьar it from thе сlassroom. Thе dесision
in Еdшаrds u. Aguillаrd statеd:

Thе Aсt impеrmissiЬly еndorsеs rеligion by advanсing thе rеligious Ье-
liеf that a supеrnatural Ьеing сrеatеd humankind. Thе lеgislativе history
dеmonstratеs that thе tеrm ..сrеation sсiеnсе,' ' as сontеmplаtеd Ьy thе
statе lеgislaturе, еmЬraсеs this rеligious tеaсhing. Thе Aсt's primаry pur-
posе Was to сhangе thе puЬliс sсhool sсiеnсе сurriсulum to providе pеr-
suasivе advantagе to a partiсular rеligious doсtrinе that rеjесts thе
faсtual Ьasis of еvolution in its еntirеty. Thus, thе Aсt is dеsignеd еithеr
to promotе thе thеory of сrеation sсiеnсе that еmЬodiеs a partiсular re-
ligious tеnеt or to prohiЬit thе tеaсhing of a sсiеntifiс thеory disfavorеd
Ьy сеrtain rеligious sесts. In еithеr сasе, thе Aсt violatеs thе First Amеnd-
mel:t. (Еdшаrds u. Аgиillаrd, 578)

Сrеation sсiеnсе's lеgislativе stratеgy thus сamе to a halt at thе foot of thе
Suprеmе Court's stеps. But сrеation sсiеnсе itsеlf did not withеr; instеad, it
еxpandеd during thе 1990s and shows no sign of diminishing during thе
twеnty.first сеntury. In Januаry 2005 sB 2286 was introduсеd into (although

it failеd to pass) thе Mississippi statе lеgislaturе, proposing that ..puЬliс

sсhools within this statе shall givе Ьаlanсеd trеatmеnt to thе thеory of sсiеn-
tif iс сrеationism and thе thеory of еvolution.' ' Сlassiс сrеation sсiеnсе сan Ье
found in thе еxtеnsivе wеЬ prеsеnсеs of thе IСR and its sistеr organization,
Answеrs in Gеnеsis (AIG). as wеll аs in thе indеpеndеnt сrеation sсiеnсе
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еvangеlism ministriеs of Kеnt Hovind (until his rесеnt inсarсеration on fеd-
еral сhargеs of fail ing to pay payroll taxеs [..Kеnt Нovind sеntеnсеd to 10

уears', 2О07|, lfaltеr Brown, John МaсKay, and Сarl Baugh, among othеrs.
Spеakеrs from thеsе ministriеs and othеrs arе сonstantly сrissсrossing thе
сountry' spеаking at сhurсhеs' сollеgеs, and еvеn publiс sсhools-anywhеrе
thеy сan find an audiеnсе to l istеn to thе antiеvolution gospеl. InnumеraЬlе
individual wеЬsitеs promotе сrеation sсiеnсе, and tеlеvangеlists frеquеntly
invokе сlassiс сrеation sсiеnсе argumеnts to attaсk еvolution. Thе IСR has a
musеum that сlaims thousands of visitors annually, and in thе spring of 20О7
AIG оpеnеd a 90,000-squarе-foot puЬliс musеum nеar its headquartеrs in
northеrn Kеntuсky. 

.!7ithin 
thе first sеvеn months of its opеning, AIG had al-

rеady ехсееdеd its ехpесtеd annual attеndanсе' drawing ovеr 300,000 visi-
tors in its first yеar (..Сrеation Мusеum Unеxpесtеd Suссеss'' 2008). A
сrеationist Мusеum of Еarth History, whiсh will foсus on Flood gеology, is
plannеd to opеn nеаr thе popular Branson, Missouri, tourist dеstination.
Thеrе is, thегеforе' plеnty of opportunity for thе Amеriсan puЬliс to Ье еx.
posеd to сгеation sсiеnсе through thе movеmеnt's various puЬliс outrеaсh
aсtivitiеs' puЬliсations, сlassеs' and rеvivals. As two spесialists in еvolution
еduсation wryly rеmark' ..Мany studеnts havе hаd amplе formal and in-
formal еduсаtional oppoгtunitiеs to misundеrstand еvolution'' (Altеrs and
Nеlson 2002\.

N Е o с R E A т l o N I s M

Nеoсrеationism rеfеrs to thе post-Е dшаrds rеpaсkaging of сrеation sсiеnсе
largеly to avoid its lеgal proЬlеms (Sсott |997). It inсludеs proposing allеgеd
..altеrnativе sсiеntifiс ехplanations'' to еvolution, suсh as Intеlligеnt Dеsign
(ID), and/or proposing to сountеr еvolution not with an altеrnativе sсiеnсе
but Ьy allеgеd evidеnсе against еvolution. Thеsе approaсhеs wеrе еnсour-
agеd Ьy thе wording of tЬe Еdшаrds dесision itsеlf, Ьut thеy prеехistеd in
сгеation sсiеnсе.

,,АItеrnаtiue sсiеntifiс tbеories,' : IntеIligеnt Dеsign
\n the ЕЙuаrds dесision Justiсе \Х/illiam Brеnnan Wrotе that сrеationism
сould not Ье advoсatеd as an аltеrnativе to еvolution Ьесausе of its rеligious
сontеnt) Ьut that ..tеaсhing a variеty of sсiеntifiс thеoriеs about thе origins of
humankind to sсhoolсhildrеn might bе validly donе with thе сlеar sесular in-
tеnt of еnhanсing thе еffесtivеnеss of sсiеnсе instruсtion.'' Hе also Wrotе that
tеaсhеrs сould tеaсh ..all sсiеntifiс thеoriеs aЬout thе origins of humankind''
(Еdшаrds u. Аgиillаrd, 59З_594). In faсt' thеrе arе no sсiепtфc altеrnativе
thеoriеs to еvolution, Ьut Brеnnan's сommеnt invitеd сrеationists to proposе
thеir еxistеnсe and providеd a lеgal foundation for arguing to prеsеnt thеm in
publiс sсhoоls. Сrеаtion sсiеnсе Was thе original sсiеntifiс аltеrnativе to еvo-
lution; with its failцrе to сonvinсе thе sсiеntifiс сommunity or thе сourts, it
rеquirеd rеpaсkaging. Thе most important rеpaсkaging of сrеation sсiеnсе
into an ..аltеrnativе sсiеntifiс thеory'' is Intеlligеnt Dеsign.
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TЬe Еdшаrds dесision took a long timе to work its way through thе сourts,
Ьut еvеn ЬеtЪrе thе Suprеmе Court's dесision wаs issuеd in thе summеr of
7987, manу antiеvolutionists had sееn that thе antiеvolution movemеnt would
havе to go Ьеyond сгеation sсiеnсе and еspесially Ьеyond thе young-еarth
сrеationism (YЕс) of Hеnry М. Morris and thе IсR if it wеrе to еxpand and
Ье suссеssful. Thеy sought а form of antiеvolutionism thаt Ьoth would havе
morе sсholarly rеspесtaЬility and would avoid thе First Amеndmеnt ProЬ-
lеms of сrеation sсiеnсе. 

.!7hаt 
was Soon to Ьe саllеd Intеll igеnt Dеsign was

еnсouragеd Ьy Jon Buеll ' а ministеr who dirесtеd (аnd sti l l dirесts) a Tеxas
nonprofit organization сallеd thе Foundаtion for T.hought and Еthiсs (FTЕ).

Buеll еnсouragеd fеllow antiеvolutionists to downplay ЬiЬliсal l itеralism and
Gеnеsis imagеry and to invokе a vaguеr form of spесial сrеation to ехplain
highly сomplеx natural phеnomеna. In this apprсlaсh God thе Dеsignеr
would not Ье rеfегrеd to, and thе inaЬil ity of еvolution to ехplain сomplехity
would Ье strеssеd.1 Buеll еnсotlragеd thе puЬliсation of The Муsterу сlf Lifе's
origiп (Thaхton et a|' 1984), whiсh was writtегr Ьу thrее sсiеntists assoсi-
atеd with FTЕ. Although thе Ьook сonсеntratеs only on allеging wеak-
nеssеs in thеn-сuгrеnt thеoriеs of thе origin of lifе, sсrupulоr"rsly rеlеgating
disсussion of dеsign to an еpiloguе' it is now rеgаrdеd аs a founding doсumеnt
of ID.

Муstеrу сontеndеd that thе origin of lifе was an ехamplе of a сlass of phе-
nomеna that wеrе too сomplеx foг ехplanаtion сhrough nасurаl сausеs. Тhis
was сatеgoriсally so and was not thе rеsult of inсor-nplеtе knowlеdgе. Thе ori-
gin of lifе was not only a diffiсult sсiеntifiс proЬlеm, it was an unsolvaЬlе onе
if onе rеstriсtеd onеsеlf only to natural сalrsеs. Narr-rral сausеs Wеrе еqui1tеd
with сhanсе, and suсh сomplехity as that ехhiЬitеd in thе struсturе of thе first
сеll сould not Ье еxplainеd Ьy thе random joining of сеllular struсturеs. Suсh
diffiсultiеs сould Ье ovеrсomе' Thaхton аnd his сoauthors сlaimеd, on[y Ьy
inсluding thе асtions of аn intеll igеnt agеnt in а sсiеntifiс ехplanation.

Муstеrу prеsеntеd thе possiЬil ity thаt thе agеnt was matеrial (suсh as in.
tеll igеnt аliеns), Ьut it optеd for a transсеndеnt agеnt..Ьеyond thе сosmos''
(Thaxton et a|. 1984,200)-God. In thе еpiloguе of thе Ьook thе aцthors
spokе frееly of spесial сrеation and thе nееd to еxpand sсiеnсе to inсludе
suсh сausation as a mеans of oЬtaining а сomplеtе viеw of truth.

Муstеrу had littlе impaсt on thе sсholarly world. An Institutе for Sсiеntifiс
Information (ISI) сitation сount notеS only a fеw rеviеws, largеly in philosо-
phy and rеligion journals, and a total оf only 28 сitations Ьеtwееn 1984 and
2008. In сomparison' anothеr popular i lссount of thе origin of l ifе, A. G.
Сaiгns-Smitlt,s Sеueп Сluеs tсl thе origiп of Lifе, puЬlishеd in 1985, had 95
сitations during this samе timе pеriod. Although uninfluеntial in thе woгld of
sсiеnсе' Муstеrу is rеvеrеd in сrеationist сirсlеs, whеrе adjесtivеs l ikе ..сom-

pеll ing'' and ..impoгtant' ' arе irrvariaЬly usеd to dеsсriЬе it.

ЕSТABLISFIING ID. onе of thе authors of Муstеrу, historian and сhеmist
Сharlеs Thaхton, promotеd thе nеw ID nrovеmеnt Ьy organizing сonfеrеnсеs
of fеllow Сhristiаn аntiеvolr.rtionists. Thе first wаs hеld in thе samе yеаr that
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Муstеrу was puЬlishе d, 1'984, and was titlеd ..Going Ьеyond thе Naturalistiс
Mindsеt: origin of Lifе Studiеs.'' It was followеd Ьy ..Sourсеs of Information
Сontent in DNA'' in 1988. Othеr grandly namеd ID сonfеrеnсеs, undеr diffеr-
еnt sponsorship, followеd 1992 Ьrought ..Darwinism: Sсiеntifiс Infеrеnсе or
Philosophiсal Prеfеrеnсе?,';1995,..Thе Dеath of Matеrialism and thе Rеnеwal
of Сulturе''1 1996,,,Мere Сrеation''; and7997,..Naturalism, Thеism, and thе
Sсiеntifi с Еntеrprisе.''

Somе of thе faсеs at thеsе сonfеrеnсеs would havе Ьееn familiar to anyonе
who follows thе antiеvolution movеmеnt' inсluding a fеw young-еarth сrе-
ationists' suсh as Paul Nеlson, who had workеd with thе Мinnеapolis-Ьasеd
BiЬlе.Sсiеnсе Assoсiation and latеr with Studеnts for Origin Rеsеarсh. Тhе
lattеr organization Ьеgan as a group of prеdominantly young-еarth сrе-
ationist studеnts at thе Univеrsity of Сalifornia at Sаnta BаrЬara and latеr
morphеd into an ID advoсaсy organization with thе odd namе Aссеss Rе-
sеarсh Nеtwork. Most of thе сonfеrеnсе partiсipants, howеvеr' wеrе assoсi-
atеd with an old-еarth viеw, suсh as Hugh Ross, an astronomеr who foundеd
and dirесts thе Rеasons to Bеliеvе ministry, and youngеr antiеvoluгionists,
suсh as mаthеmatiсian/philosophеr lХ/illiam DеmЬski' philosophеr Stеphen
С. Mеyеr, and thеologian and Ьiologist Jonathan \й/еlls. Thеsе сonfеrеnсеs, a
fеw of whiсh inсludеd dеfеndеrs of еvolution' wеrе a mеans for thе young
movеmеnt to dеvеlop its idеas and, morе important, to honе its mеssagе and
stratеgy fоr thе outside world.

Еvеn in thе Ьеginning, ID advoсatеs aimеd thеir еfforts at thе puЬliс sсhool
сlassroom (Sсott and Мatzkе 2007). Bеginning in thе еarly 1980s Buеll еn-
сouragеd thе writing and markеting of a tехtЬook intеndеd as a supplеmеnt
to hrgh-sсhool biology tеxtЬooks. Part of thе rеason for thе dеlay in puЬliсa-
tion was that Buеll sought a sесцlar rathеr than a rеligious puЬlishеr; thе lat-
tеr would make thе Ьook far lеss salaЬlе in thе puЬliс sсhool markеt (Sсott
1989). Undеr thе auspiсеs of FTЕ, in 1'989 Pегсival Davis and Dеan Kеnyon
сoauthorеd Оf Pапdаs апd Pеople, a Ьriеf Ьook that in typiсal ID fashion
was long on сritiсisms of еvolution and short on spесifiсs of what might rе-
plaсе it. FTЕ attеmptеd to promotе it to sсhool Ьoards for adoption, Ьut thе
Ьook was widеly rеjесtеd Ьy Ьoth tеaсhеrs and sсiеntists.

In 1991 a law profеssor from thе Univеrsity of Сaliforniа at Bеrkеlеy'
Рhillip Johnson, puЬlishеd thе first widеly rеаd ID Ьook, Dаrшiп oп Triаl.
Although The Муsterу of Lifе's Оrigiп and Оf Pапdаs апd People attraсtеd
sсarсеly any notiсе in thе sсiеntifiс сommunity, Johnson's Ьook rесеivеd widе
notiсе from thе gеnеral prеss and Was еvеn rеviеwеd Ьy а notеd еvolutionary
Ьiologist, alЬеit in a popular sсiеnсе journal (Gould 1992). This was likеly
Ьесause of thе novеlty of a pгofеssor from a major sесular univеrsity author-
ing an antiеvolution Ьook. Antiеvolutionism had prеviously Ьееn assoсiatеd
only with privatе organizations suсh as IСR that wеrе marginal to thе aсa-
dеmiс world; Johnson's involvеmеnt сrеatеd a flurry of mеdia intеrеst and ar-
guaЬly put ID on thе map. Thе Ьook itsеlf сonsistеd of a rеworking of many
standard сrеationist argumеnts and was roundly сritiсizеd Ьy sсiеntists for its
еrrors.
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Thе nеxt major ID puЬliсaгion was Dаrxaiп's Blасk Boх Ьy Lеhigh Univег-
sity bioсhеmist Miсhаеl Behe (1996), puЬlishеd Ьy thе Frее Prеss. Dаrшiп,s
Blасk Boх marks a high point in ID's effort to сast itsеlf as a sсiеnсе. Thе
prеmisе of this Ьook was similar to that of Муsterу: somе phеnomеna in nа-
turе aге simply too сomplех to Ье ехplainеd through nаtural сausеs. Spесil i-
сally, Bеhе pointеd to moleсular struсturеs suсh аrs thе Ьaсtеrial flagеllunr
and proсеssеs suсh as thе Ьlood-сlotting сasсadе аs Ьеing too сoпrplеx ro Ье
ехplainaЬlе through inсrеmеntal natural sеlесtion. Bеhе,s Ьook rесеivеd
somе rеviеws in thе sсientifiс litеraturе-whilе Johnson's book did not-
pеrhaps Ьесausе hеrе again Was thе novеlty of a professor from a seсular uni-
vеrsity puЬlishing an аntiеvolutionism Ьook, this timе from a mainstrеam
press' Dаrluiп's Blаck Box also rесеivеd morе attеntion from sсholars than

Johnson,s Dаrшiп oп Triаl Ьесаusе it attеmptеd to providе a sсiеntifiс argu-
mеnt. Howеvеr' thе rеviеws Ьy sсiеntists wеrе аlmost uniformly nеgаtivе
( Сoynе |9 9 Q D orit 1 997; Blaсks tone 1997 i Саvаliеr-SmitЬ 1997 1 Thornhil l
and Ussеry 2000).

Bу 7998, whеn philosophеr and mathеmatiсian \Иil l iam DеmЬski puЬ-
lishеd his first Ьook, Tbe Desigп lпferепcе, thе Ьasiс struсturе of ID had
Ьееn еstaЬlishеd. In Тbe Desigп Inferепсe and othеr puЬliсations DеmЬski
prеsеnted a proЬaЬil ity-Ьasеd еxplаnation foг thе furrdamеntal idеa of ID:
that somе natural phеnomеna arе too сomplех to Ье ехplainеd through nat-
ural сausеs and thеrеforе rеquiге ..intеll igеnсе'' for thеir еxplanation. Invok-
ing an ..еxplanatorу hlter', (p. З7) of inсrеаsing improbabil ity, DеmЬski
сlaimеd to Ье aЬlе to removе natural сausеs and сhanсе as potеntial е-хplа-
nations of сomplеx phеnomеna, lеaving dеsign as thе rеsidual ехplanation.
Dеmbski has had a diffiсult timе сonvinсing fеllow philosophеrs and proЬa-
Ьil ity thеorists of his viеw and has Ьееn quitе unsuссеssful at pеrsuading Ьi-
ologists that his сonсеpt of сomplех speсфed informаtiсlп has any utiliry for
undеrstanding Ьiologiсal phеnomеnа (Fitеlson et aL. |999; Shanks 2004;
Wilkins аnd ЕlsЬеrry 2001; Rosеnhousе 2003; Pеnnoсk 1,999,20О\ Еlsbеrry
and Shаl l i t  2003).

THЕ сONTЕNт oF INTЕLLIGЕNT DЕSIGN. In сontеnt' Intеlligеnt Dеsign dif-
fеrs fгom сrеation sсiеnсе primarily in its rеluсtanсе to makе spесifiс faсt
сlaims' 

.s(hеrеas 
сrеation sсiеnсе makеs сlaims aЬout thе agе of the eaгth

(only a fеw thousand yеars old) and thе origin of gеographiс fеaturеs (сata-
strophiс сгеation' suсh as Grand Сanyon's Ьеing formеd Ьy Noаh's Flood),
ID is mutе aЬout thе history of thе univеrse Ьесausе ID intеnds to Ье a Ьig
tеnt that wil l housе all antiеvolutionists' and Ьесausе insidе this Ьig tеnt аrе
pеoplе with dесidеdly inсompаtiЬlе idеas (Sсott 2001). Мost of thе ID advo-
сatеs arе old.еarth сrеationists, Ьut thеrе arе young-еarth сrеationists who
arе aсtivе supporters of ID. Similаrly, as do thе young-еarth сrеationists, ID
advoсatеs allow for еvolution within сrеatеd kinds, Ьut thеrе is no сonsеnSus
in thе litеraturе of еithеr сan1p on what a ..kind'' is, thе l imits of gеnеtiс vаri-
abil ity thаt rеstriсt еvolution outsidе thеsе сrеatеd kinds, or what dеtеrminеs
thеsе limits. Miсhаеl Bеhе, a prominеnt spokеspеrson for ID, onсе dеsсriЬеd
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himsеlf as Ьеliеving in God-guidеd еvolution (Bеhе 2000)' although othеr
proпrinеnt ID tlrеoгists havе dесlаrеd that ..ID is no fгiеnd of thеistiс еr,olu-
tion'' (DеmЬski 1995, 3). In пrany ways, Bеhe stands apart from оthеr ID ad-
voсatеs, inсluding in his aссеptanсе of сommon anсеstry for l iving things
(Bеhе 2007).

As Phil i ip Jolrrrson has rесommеndеd, ID advoс:rtеs try to l irrrit thеmsеlvеs
to thеir сhiеf сonсеrn, whiсlr is whеthег naturе саn Ье еxplainеd solеly
through rratural proсеssеs or whеthеr intеll igеnt-in praсtiсе, supеrnatuгal-
intеrvеntion is rеquirеd. This idеa undеrliеs ID's сorе сlaim: somе natural
phеnomеna arе dеsignеd Ьy аn intеll igеnсе rathеr tlrаn havirrg сomе aЬout
through naturаl proсеssеs. Tlrе sесondary, though sсiеntifiсally сritiсal' сlaim
is that it is possiЬlе to distinguish intеll igеntly dеsignеd phеnomеna from
сomplех phеnomеna of nаtur:rl origin. Typiсally, Ьut гrot alwаys, thеsе arе
Ьiologiсal phеnonrеna, vеrу oftеn thе sаmе phеnoпrеnа sеlесtеd for sсrurirry
Ьy сrеаtion sсiеnсe.2 Thе mеthodology prоposеd involvеs a сonсеpt Ьasеd on
proЬaЬil ity and information thеory dеvеlopеd Ьy DеmЬski.

DеmЬski hаs с()ntеndеd thаt low-proЬaЬil ity еvеnts of a partiсular type
(..spесifiеd'' in advanсе Ьy sidе information) arе assignaЬlе to thе сatеgory of
things that havе Ьееn intеll igеntly dеsignеd. Сomplеx spесifiеd information
(СSI)' it is сlaimеd, idеntifiеs a nеwly disсovеrеd сlass of phеnomеna that rе.
quirе thе aсtion of intеll igеnсе for thеir origins. Harking Ьaсk to Thахton
and сoauthсlrs'сontеntion inThе Муstеrlt of Life,s origiп that tl.rе origin of
l ifе wаs too сompliсatеd to Ье ехplainеd Ьy natural саusе' DеmЬski usеs СSI
to idеntify a сlass of phеnomеna not only unеxplainеd Ьut unеxplainaЬlе Ьy
naturаl' that is, sсiеntifiс, proсеssеs.

Мiсhaеl Bеhе's idеa of irrеduсiЬ1е сorrrplехity (IС) of biologiсzrl stгuсturеs
is similarly usеd to arguе against еvolution. Bеhе сlаimеd in Dаrшin's Blасk
Boх (1996) that сегtain Ьioсhеrniсal proсеssеs or сеllular struсturеs Werе not
еxplаinаЬlе Ьy nаtr.rrаl sеlесtion. Hе сontеnс]еd that somе struсtl lrеs' sr-rсЬ as
thе baсtеriаl flagеllum, rеquirе thе assеrnЬly in final Opеrating ordеr of all of
thеir many сomponеnts Ьеforе thеy сan bе funсtional. By dеfinition' any Prе-
сursor of an irrеduсiЬly сomplех struсturе is nonfunсtional. Bеhе's viеw of
nаturаl sеlесtiсln-though not thаt of еvolutionary Ьiologists-is thаt it oреr-
atеs on onе сomponеnt of a struсtrrrе at а timе, rathеr l ikе adding сharms to
a сhaгm Ьraсеlеt. Bеhе arguеs that if natural sеlесti<rn rеquirеs sеlесtivе valuе
for еaсh addition of еaсh сomponеnt of an IС struсturе' Ьut all tЬе соmpo_
nеnts hаvе to Ье аssепrЬlеd Ьеtorе thеrе is аny sеlесtivе vaiuе, inсrеmеntal
natural sеlесtiorr сannot еxplain irrеduсiЬly сomplеx struсturеs. This is a
misundеrstanding of thе proсеss сlf natural sеlесtion, and сritiсs havе pointеd
out a numЬеr of ways thаt natural sеlесtion сould opеratе to produсе сom.
plех struсtшrеs' еvеn so-саllеd IС onеs (Thornhil l and Ussеrv 2000; Dorit
1997.. Оrr 1996\.

ID As SсHOLARSHIP. Bесausе ID сonfusеs r' lnsolvеd proЬlеms with unsolvaЬlе
onеs' thеrе is t[rе risk that ID might Ье disprovеd Ьl,an irrеduсiЬly сomplех
struсtЦrе that was disсovеrеd to havе a plar"rsiЬlе naturаl ехplanatiorr. Howеvеr,
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this doеs not sееm to Ье an aсtual diffiсulty, for ID proponеnts сan always al-
low that thеy wеге wrong aЬout thе irrеduсiЬlе сomplехity of thаt struсtuге
and сomе up with anothеr. Ironiсally, thеy sееm to ignorе struсtuгеs that arе
irrеduсiЬly сomplеx, suсh аs thе mammalian middlе еar or thе avian wrist
сomplех, Ьut whiсh in faсt havе a wеll-undеrstood еvolutionary history (Gish-
tiсk 2004). From a sсiеntifiс standpoint, of сoursе, thе inaЬility tо rеfutе IС Ьy
disproving сlaimеd еxamplеs is not a strеngth Ьut a wеaknеss. Sсiеnсе pro-
grеssеs Ьy еliminating ехplanations that arе disprovеd' not Ьy proving ехplana-
tions in somе аЬsolutе sеnsе.

Intеll igеnt Dеsign proponеnts havе produсеd a largе numЬеr of Ьooks
sinсе thе appеaranсе of Thе Муstеrу of Life's Оrigiп' thе Ьulk of thеm sinсе
tЬe 1996 puЬliсation of Bеhе's Dаrluiп's Blасh Boх and DеmЬski's 1998
Thе Desigп Iпfеrепсе. Мost of thеsе Ьooks, howеvеr, must Ье сlassifiеd as
rеligious or philosophiсal in naturе rathеr than sсiеntifiс; it is rеvеaling that
most aге puЬlishеd Ьy sесtarian puЬlishегs suсh as IntеrVarsity Prеss, Bakеr
Book Housе, аnd Brazos Prеss.з Тhis is сurious' sinсе ID's сlaim to Ье aЬlе
to idеntify intеll igеntly dеsignеd biologicаl struсtures would imply that its
adhеrеnts intеnd lD to answеr qцеstions that arе Ьеing invеstigatеd in thе
Ьiologiсal sсiеnсеs. Thе plaсе to do this would Ье in sсiеntifiс journals, еspе-
сially in thе fiеlds of сеllular and molесular Ьiology, Ьut hеrе ID has Ьееn
aЬsеnt. Еvеn Bеhе, an aсadеmiс sсiеntist аt a sесular univеrsity (Lеhigh)
who has puЬlishеd in mainstrеam sсiеntifiс journals on sсiеntifiс topiсs un-
rеlаtеd to ID, doеs not appеar to Ье puЬlishing or attеmpting to puЬlish rе-
sеarсh that makеs a positivе саsе for ID. Thе most prominеnt [D аdvoсatеs
appеаr to prеfеr to publish in popular Ьooks rathеr than sсiеntifiс journals.

DеmЬski has сommеntеd: ..I'vе 
iust gottеn kind of Ьlas6 aЬout suЬmitting

things to journals whеrе you oftеn wait two yеаrs to gеt things into print.
And I find I сan aсtually gеt thе turnaround faster Ьy writing a Ьook аnd
gеtting thе ideas ехprеssеd thеге. Мy Ьooks sell wеll. I gеt a royalty. And thе
matеrial gеts rеad morе'' (MсMurtriе 2001' 8).

Normally, nеw sсiеntifiс idеas arе first pгеsеntеd аt aсadеmiс сonfеrеnсеs
and, aftеr profеssional fееdЬaсk and somе gеnеral disсussion, arе rеfinеd to
thе point whеrе artiсlеs arе suЬmittеd to sсiеntifiс journals, aftеr whiсh thеy
may or may not join thе sсiеntifiс сonsеnsus. Aссording to an artiсlе in thе
Сhroпiclе of Highеr Еduсаtioп, whеn askеd why hе is not Ьuilding his
irrеduсiЬlе-ссlmplехity idеa and thе ID model at profеssional mееtings of сеll
Ьiologists and Ьioсhеmists, ..Mr. Bеhе rеsponds that hе prеfеrs othеr vеnuеs.
.I just don't think that largе sсiеntifiс mееtings arе еffесtivе forums foг prе-
sеnting thеsе idеas,' hе says'' (MсMurtriе 2001, 8).

Again parallеling сrеation sсiеnсе, ID proponеnts сontеnd that thеir viеws
arе systеmatiсally kеpt out of sсiеntifiс journals Ьесausе thеy rеjесt thе stа-
tus quo. Yet unorthodoхy is not routinеly Ьanishеd from puЬliсation (as thе
historiеs of thе rесеption of еndosyrnЬiоsis and punсtuаtеd еquil iЬria wit-
nеss), although unusual сlaims rеquirе morе than thе usual amount оf sup-
port and takе longег to еstaЬlish. A morе plausiЬlе rеаson for thе dеarth o{
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ID artiсlеs in thе sсiеntifiс litеraturе is thе сonstraints that arе imposеd on
doing sсiеnсе by ID's foundational сlaim, whiсh is that natural сausеs сan-
not produсе (sоmе) natural phеnomena. Sinсе sсiеnсе еxplains through nat-

ural сausеs, thе thеory thаt undеrliеs ID makеs it rathеr diffiсult to do any
aсtual rеsеarсh. 

.lfhat 
would ID rеsеarсh in Ьiology (rathеr than thеology)

look likе othеr than attеmpting to show, as сrеation sсiеnгists attеmptеd to
show, that natural proсеssеs suсh as thosе involvеd in еvolution arе inadе-
quatе to aссount for thе origins and histoгy of l ifе? Thеrе is no historiсal
sсеnario prеsеntеd Ьy ID advoсatеs' so thеrе arе no faсt сlaims to tеst. If thе
thеory Ьеhind ID disсouragеs sсiеntifiс aсtivity and thеrе arе no faсt сlaims,
thеrе should Ье no surprisе that thеrе arе no artiсlеs in thе sсiеntifiс l itеra-

turе. DеmЬski himsеlf has сommеntеd, pеrhaps with somе frustration, on

thе laсk of progrеss in produсing a sсiеntifiс foundation for ID and suggеsts
еmploying a vaguе ..dеsign-thеorеtiс framеwork'' suсh as сomparing a modеl
of tесhnologiсаl innovation dеvеlopеd Ьy Russian еnginееrs with Ьiologi.
сal systеms (DеmЬski 2002). Prеsumably DеmЬski аntiсipatеs that Ьiologi-
сal phеnomеna will rеsеmЬlе еnginееrеd systеms (dеsignеd), and that this

wil l in somе Way support ID, in dеfianсе of сopious l itеraturе that points

out that Ьiologiсal phеnomеnа arе organiс in сomposition rathеr than arti-
faсtual.

Although thе sсiеntifiс сommunity has paid morе attеntion to ID than to
сrеation sсiеnсе, thеrе is not an еxtеnsivе anti.ID litеraturе in sсiеntifiс jour-

nаls' primarily Ьесausе ID has Ьееn promotеd almost еxсlusivеly in Ьooks
writtеn for thе gеnеral puЬliс, DеmЬski's Thе Dеsigп Iпfеrепce bеing a no-

taЬlе ехсеption. As a rеsult, most of thе puЬlishеd сritiquеs of Dеmbski and
Bеhе arе Ьook rеviеws, as сitеd еarliеr, although thеrе arе a fеw artiсlеs in
philosophy or mathеmatiсs journals-rarеly in Ьiology journals-that dis-
сuss ID (Wilkins and ЕlsЬеrry 2001; Shanks 1999; SoЬеr 2002; Pеnnoсk
2003). Thеrе is a growing numЬеr of books Ьеing puЬlishеd that spесifiсally
сritiquе ID on sсiеntifiс and/or philosophiсa1 grounds (Pеnnoсk 1999,2ООI;
Forrеst and Gross 2004; Shanks 20041K. R. Mil lеr 7999iK. B. Мil lеr 2003;
Young аnd Еdis 20О4). Onе сan find tесhniсal analysеs and еvеn livеly dis-
сussions among ID advoсatеs and сritiсs taking plaсе on thе Intеrnеt, how-

еvеr (е.g., www.pandasthumЬ.org; Matzkе 2004; Gishliсk 2003; Еlsbеrry
aпd Shallitt 2003; \Wеin 2002).

For all thе сlaims that ID advoсatеs makе for thе sсiеntifiс validity of thеir
еntеrprisе, еvеn a Ьriеf сomputerized sеarсh of sсiеntifiс journals rеvеals that
no onе is applying thе сonсеpts of СSI or irrеduсiЬlе сomplеxity to undеr.
stand oг ехplain Ьiologiсal phеnomеna (Gilсhrist 1'9971 Forrеst and Gross
2004|. Thе Ьurdеn of proof rеmains on thе pгoponеnts to dеmonstrаtе that
thеir position is sсiеntifiсаlly valid and usеful. Mеanwhilе, rеsеarсh in еvolu-
tionary Ьiology appеars to Ье in a partiсulaгly produсtivе pеriod, with nеw

insights and undеrstandings Ьеing provided not only from thе disсovеry of
nеw fossil rеmains Ьut also from molесular Ьiology, еspесially as аppliеd to
dеvеlopmеntа l  Ь ioIogy.
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сULТURAL RЕNЕWAL. 
.William 

DеmЬski has writtеn, ..Intеlligеnt dеsign is
thrее things: а sсiеntifiс rеsеarсh program that invеstigatеs thе еffесts of in-
tеll igеnt сausеs; an intеllесtual mоvеmеnt that сhallеngеs Darwinism and its
naturalistiс lеgaсv; and a wav of undеrstanding divinе aсtion'' (DеmЬski

1999,1'3). Although thе sсiеntifiс rеsеarсh program of ID has Ьееn unsuс-
сеssful, thе Ьulk of thе еffort еxеrtеd Ьy thе ID movеmеnt is dirесtеd toward
tЬe сultиrаI rепеLuаI сomponеnt hintеd at in Dеmbski's sесond сlausе: thе еf-
fort to rеplaсе ..naturalism''-in thе ID worldviеw' tantamount to athеism-
with Сhristian thеism. As suggеstеd Ьy Ьoth thе inadеquaсy of its sсiеntifiс
rесord and thе titlеs of its organizing сonfеrеnсеs, thе ID movеmеnt is in faсt
primarily сonсеrnеd with thе Сhristian rеligion and its сonfliсt with matеrial-
ist philosophy-thе philosophy that thеrе arе only matеrial (mаttеr аnd еn-
еrgy) phеnomеna in thе univеrsе; thеrе is no supеrnatural rеality.

To dеfеat sесularism in modеrn soсiеty, thе ID movеmеnt attaсks sсiеnсе
through еvolution. Thе attaсk, signifiсantly еnough, is n.Jt primarily through
sсiеntifiс еvidеnсе Ьut through philosophiсal and еvеn statistiсаl argumеnts'
though thеsе argumеnts arе fеlt to Ье thin Ьy philosophеrs and proЬaЬil ity
thеorists. To undеrstand how thе ID advoсatеs rеason rеquirеs a short di-
grеssion intо thе natrrrе of sсiеnсе as it is praсtiсеd Ьy sсiеntists today.

Although philosophеrs of sсiеnсе rеadily arguе aЬout thе dеfinition of sсi-
еnсе and еvеn whether sсiеnсе сan Ье сlеanly distinguishеd from othеr wаys
of knowing, thеsе argumеnts arе not vеry important to thе асtual еntеrprise
of sсiеnсе as it is praсtiсеd Ьy sсiеntists' who tеnd not to think muсh aЬout
thе philosophiсаl niсеtiеs. It would Ье rеlativеly еasy to gеt sсiеntists (and
proЬaЬly еvеn philosophеrs of sсiеnсе) to agrее on a сouplе of Ьasiс еlеmеnts
that сharaсtеrizе sсiеnсе, еvеn if suсh еlеmеnts did not fully dеmarсatе sсi-
еnсе from othеr еpistеmologiеs. Sсiеnсе is an еffort to undеrstand thе natural
or matеrial world-thе world of mattеr and еnеrgy and thеir intеraсtion. It
is, therеforе, not сapaЬlе of еxplaining thе phеnomеnon of rеligion: the pur-
portеd еxistеnсе of a transсеndеntal rеality Ьy dеfinition not limitеd to thе
matеrial univеrsе. Sсiеnсе is in this sеnsе a limitеd еndеavor: it is limitеd to
matеrial phеnomеna.

Sсiеntists would also agrее that thе еssеnсе of sсiеnсе is testing еxpiana-
tions against thе natural world; an еxplanation Ьasеd only on inspiration.
rеvеlation, сrеativity' oг imagination would not Ье a sсiеntifiс ехplanation,
although a sсiеntifiс еxplanation might Ьеgin that way. Only after сonfirma-
tion through tеsting would it Ьесomе a sсiеntifiс ехplanation. Thе famous
story of how Friеdriсh Kеkul6 сamе to disсovеr thе сirсular struсturе of Ьеn-
zene aftet drеaming of a snakе сhasing its tail illustrаtеs this wеll: it took
vеrifiсation-tеsting thе еxplanation against thе natural world-to еstaЬlish
a sсiеntifiс ехplanation. Kеkцl6 did not stop with thе drеam. It is also likеly
that sсiеntists would agrее that a major сomponеnt of tеsting is holding сеr-
tain variablеs сonstant in ordеr to mеasurе thе еffесt <rf othеrs. Of сoursе,
sсiеntists and philosophеrs of sсiеnсе сan and do dеЬаtе othеr fеaturеs that
may or mаy not dеfinе sсiеnсе, suсh as thе various vеrsiоns of falsif iсation
and thеir appliсation, Ьut thе dеsсription prеsеntеd hеrе would suffiсе as a

minimalist dеfinition f.
nonеthеlеss сontains с}

Intеll igеnt Dеsign сrt
ural сausеs, known as r
iсal naturalism. Philosо
opposеd to Сhristian t
сould Ье Ьroadеnеd to l
uralism сould Ье aЬanс
is pеrсеivеd as its stror
(Мorеland 19941Scott
God (or ..intеll igеnсе''

joЬ, is a kеy goаl of ID
Тhеistiс sсiеnсе is Ьа

enсe and opеrаtion sсiе
mal,' ' mеthodologiсall.
sсiеntifi с ехplanations.
singular, unrеpеataЬlе
aЬout whiсh supposеdl
triЬution of сausality tс
еration sсiеnсе.a

Еvolution, thеn, is a
сausе of its matеrialist
mеthodologiсal and ph
as a thfеat to Сhristiaп
сlеarly is onе of thе m.
Dаrъuiп on Тriаl lvas tl

Johnson рromotеs a l
taсkеd as a mеans tс)
rееstaЬlishmеnt of а Сl
mony of thеistiс sсiеnс
also Ьееn instrumеntal
сommitmеnt to any faсl
a waУ of avoiding thе р
of The Муstеrу of Lifе'.
son сonсеntratеs on th
natural sеlесtion) to еx1

So thе quеstion is: ..[

you now sее full.flеd
important thing"-tl
Gеt thе BiЬlе аnd thе
not Want to raisе thе
mеnt in suсh a way tJ
in a way that tеnds tt
trating on, "Do you r
it on its own?'' аnd r



i  writtеn' .. lntеll igеnt dеsign is
lt invеstigarеs thе еffесts of in-
t сhallеngеs Dаrwinism аnd its
.ding divinе aсtion'' (DеmЬski
lгogrаm of ID has Ьееn unsuс-
D movеmеnt is dirесtеd toward
)еmbski's sесond сlausе: thе еf-
lviеw, trrntаmount to athеisn-l-
thе inadеquaсy <lf its sсiеntifiс

lсеsr thе ID пrovепrеnt is in faсt
'n and its сonfliсt with mаtеrial.
з only nratеrial (rnattеr and еn-
supеrnatural rеality.
,е ID n lovеlпеnt аttaсks sс iеnсе
nough, is not primarily through
and еvеn stаtistiсal argtrmеnts'
'y philоsophеrs and proЬaЬil ity
ltеs rе2tson rеquiгеs a short di-
сtiсеd by sсiеntists todаy.
rguе aЬout tl-rе dеfinition of sсi-
.distinguishеd from othеr ways
Iportаnt to thе aсtt|a l  еntегpг isе
l tеnd not tсl think muсh aЬout
ivеly еasy to gеt sсiеntists (arrd
'ее on a сouplе of basiс еlеmеnts
nrs d id nor [u l ly  dеmarсatе sс i -
еffort to undеrstand thе natural
еnеrgy and thеir intеraсtion. It

hеnomеnon of religion: thе pur-
Ьy dеfinition not limitеd to thе
imitеd еndеаvor: it is l imitеd to

;е of sсiеnсе is tеsting ехplana-
t ion Ьasеd оtr lv  оn inspi rat ion,
not Ье a sсiеntifiс ехplanation,
l that wаy. only аftеr сonfirma.
:ntifiс еxplanation. Thе famous
/еr thе сirсular struсturе of Ьеn-
tаil i l lustrаtеs this wеll: it took
tЬе natural world-to еstaЬlish
with thе drеаm. It is also l ikеly
ponеnt of tеsting is holding сеr-
thе еffесt of otlrеrs. of сouгsе.
Ld do dеЬatе othеr fеaturеs that
vаrious vеrsions of fаlsif iсation
.еsеntесl hеrе would suffiсе as a

Аmericаn Апtiеuolutionism 38з

minimalist dеfinition for virtually all sсiеntists. But this minimаl dеfinition
nonеthеlеss сontains сhаraсtеristiсs that arе opposеd by ID advoсatеs.

Intеll igеnt Dеsign сrеationists Ьеliеvе that thе rеstriсtion of sсienсе to nat-
ural сausеs, known aS nеthodologiса1 naturalism, lеads pеoplе to philosoph-
iсal naturalism. Philosophiсal naturаlism is, of сouгsе' thе еnеmy Ьесausе it is
opposеd to Christian thеism' If a powеrful сultural еntеrprisе likе sсiеnсе
сould Ье Ьroadеnеd to inсludе God's intеrvеntion' and if mеthodologiсal nat-
uralism сould Ье aЬandonеd, thеn philosophiсal naturalism would losе what
is pеrсеivеd as its strongеst support. Thе еstaЬlishmеnt of ..thеistiс sсiеnсе''
(Мorеland 1994; Scott 1998), whiсh pеrmits thе invoсаtion of thе hand of
Gоd (or ..intеll igеnсе'') whеn natural еxplanations arе inаdеquatе for thе
joЬ, is a kеy goal of ID сгеationism.

Thеistiс sсiеnсе is Ьasеd on thе сonсеpt of a diсhotoпry Ьеtwееn origiп sci-
eпсе and operаtion sсiеtlсе, thе lattеr Ьеing ID proponеnts'tеrm for thе ..nor-

mal' ' ' mеthodologiсally matеrialistiс sсiеnсе usеd in thе v:rst mаjority of
sсiеntifiс ехplanations. origin sсiеnсе is dеfinеd аs thе sсiеnсе usеd to ехplain
singular, unrеpеatablе еvеnts (thе origin of lifе, for еxample)' hypothеsеs
about whiсh supposеdly arе untеstaЬlе and thus r.rnfalsifiablе. Thеrеfore' at-
triЬution of сausality to God is aссеptaЬlе in origin sсiеnсе, though not in op_
еration sсiеnсе.a

Еvolution, thеn, is a stalking horsе for an attaсk upon sсiеnсе, whiсh Ье-
сausе of its matеrialistiс Ьasе (ID сrеationists do not distinguish Ьеtwееn
mеthodologiсal and philosophiсаl naturalism in any praсtiсal sеnsе) is sееn
as a thrеat ro Сhristiarr thеisnr. Thе ID advoсatе who nrakеs thеsе links most
сlеarly is onе of thе most prolif iс ID authors, Phil l ip Johnson, whosе 1991
Dаrluilt oп Тriаl was thе first ID puЬliсation to attraсt widе puЬliс notiсе.

Johnson promotеs a stratеgy he сalls thе ..wеdgе'' ' whеrеin еvolution is at-
taсkеd as a mеans to сhallеngе naturalism, thus paving thе way for thе
rееstaЬlishmеnt of а Сhгistiаn sеnsiЬii ity in Amеriсan сultuге and the hеgе-
mony of thеistiс sсiеnсе (Johnson 1997i Forrest and Gross 2004). Hе has
also Ьееn instrumеntai in promoting a puЬiiс Prеsеntаtion of ID that аvoids
сommitmеnt to any faсtual сlaims, suсh as a youn8 or old agе of thе еarth' as
a way оf avoiding the pitfalls of сrеation sсiеnсе. Instеad, as did thе aцthoгs
of Тhe Муsterу of Life's Оrigiп and Оf Pапdаs аnd Pеople Ьеforе him, John-
son сonсеntratеs on thе supposеd inadеquaсy of natural сausеs (еspeсially
nаtural sеlесtion) to ехplain thе origin arrd divеrsity of l iving things:

So thе quеstion is: ..How to win?'' Тhat's whеn I bеgan to dеvеlop what
you now sее full-flеdgеd in thе ..wеdge'' stratеgy: ..Stiсk with thе most
important thing''-thе mесhanism and thе Ьuilding up of information.
Gеt thе BiЬlе аnd thе Book of Gеnеsis out of thе dеЬate Ьесausе you do
not Want to raisе thе so-сallеd BiЬlе-sсiеnсе diсhotomy. Phrаsе thе argu.
mеnt in sцсh a way that you сan gеt it hеаrd in thе sесular aсadеmy and
in a way that tеnds to unify thе rеligious dissеntеrs. That mеans сonсеn-
trating on, ..Do you nееd а Сrеator to do thе сrеating' or сan naturе do
it on its own?'' and rеfusing to gеt sidеtraсkеd onto othеr issuеs, whiсh
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pеoplе arе always trying to do. Thеy'l l ask, ..W.hat do you think of
Noah's flood?,' or somеthing likе that. Nеvеr Ьitе on suсh quеstions Ье-
сausе thеy'l l lead you into a rrасklеss wastеland and you'l l nеvег gеt out
of it. (Kushinеr 2000, 40)

Bесausе it doеs not prеsеnt an altеrnative modеl to еvolution, and Ьeсаusе
of its rеluсtanсе to mаkе faсt сlaims, thе сontеnt of ID thus dеvolvеs to thе
rеitеration of argumеnts long ago raisеd Ьy thе young-еarth сrеationists: gaps
in thе fossil rесord, thе inadеquaсy of natural selесtion to produсе еvolution-
ary сhangе, thе ..proЬlеms'' of thе СamЬrian ехplosion, and sо on. As is thе
саsе with YЕс, ID appеars to Ье еrесting a ..с<rntrivеd dualism'' ' to quotе
МсLеап u. Аrkапsаs, in whiсh if еvolution сan Ье shown to Ье untruе, [D is
thus еstаblishеd.

Еuidence аgаiпst euolution
Aftеr thе Еdeuаrds dесision struсk down еqual-tinrе lаws, Wеndеll Bird, who
had arguеd Louisiana's position Ьеfore thе Suprеmе Сourt, gamеly advisеd
his fеllow сrеationists that сrеation sсiеnсе might still Ье lеgally taught if it
wеrе taught with a sесular purposе (IсR 1987). His pеrspесtivе was not
sharеd Ьy judgеs in distriсt and appеals сourts who intеrpretеd Еdъс,аrds as
not distinguishing Ьеtwееn сrеаtion sсiеnсе and сrеationtslп:. Еdшаrds Ьas
Ьееn сitеd Ьy fеdеral distriсt аnd appеals сourts in dесisions that havе struсk
down attеmpts by tеaсhеrs in lllinois and Сalifornia to bring сrеation sсiеnсе
into thе сlassroom.

A dissent to Еdъo,аrds, writtеn Ьy Justiсе Sсalia and signеd Ьy Justiсе Rеhn-
quist, suggеstеd an altеrnatе approaсh that was quitе сompatiЬlе with еxtant
сrеation sсiеnсе: ..Thе pеoplе of Louisiana, inсluding thosе who arе Сhгist-
ian fundamеntalists, arе quitе еntitlеd' as a sесulаr mаttеr' to havе whatеvеr
sсiеntifiс еvidеnсе thеrе may Ье against еvоlutiоn prеsеntеd in thеir sсhools,

iust as Мr. Sсopеs wаs еntitled to prеsеnt whatеvеr sсiеntifiс evidеnсе thеге
was for it,, (Еdtuаrds v' Аguillаrd,6З4). Thе ICR sеizеd upon this immеdi-
atеly aftеr tЬe Еdшаrds dесision was puЬlishеd. Есhoing Sсalia, it еnсour-
agеd tеaсhеrs to tеaсh thе еvidеnсе against еvolution: ..In thе mеantimе'
sсhool boards and tеaсhегs should Ье strongly еnсouragеd at lеast to strеss
thе sсiеntifiс еvidеnсеs and argumеnts against еvolцtion in thеir сlassеs (not

iust ar8umеnts againsг somе proPosеd еvolutionaгy mесlranism, Ьut against
еvolution pеr sе), еvеn if thеy don't wish to rесognizе thеsе ils еvidеnсеs and
argumеnts for сrеation (not nесеssarily as argllпlеnts for a partiсular datе of
сгеation' Ьut for сrеation pеr sе)' ' (IсR 1987).

Thе link Ьеtwееn сгеation sсiеnсе and ..еvidеnсе against еvolution'' is еasy
to find. Proponеnts of сrеаtion sсiеnсе сontеnd that thеrе arе only two possi-
Ьil it iеs: сrеationism' сonsisting of thеir spесifiс vеrsion of Сhristian spесial
сrеation, and еvolution, whiсh also inсludеs all thе otlrеr origin storiеs from
othеr rеligions and сultuгеs. Thеrеforе, to thеm it is logiсal to infеr that еvi-
dеnсе аgainst еvolution is еvidеnсе for сrеаtionism. Praсtiсi l l сonsidегаtions
arе aiso involvеd: thеrе аrе no сrеdiЬlе data that suPport thе spесial сгеation
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of thе univеrsе at onе timе, in its prеsеnt form, so сrеation sсiеnсе advoсatеs
arе forсеd to support thеir viеw with a nеgativе argцmеnt' that of allеgеd еv-
idеnсе аgainst еvolution. Thе сontеnt of сrеation sсiеnсе primarily сonsists of
a frеquеntly rеworkеd litany of argumеnts prеsеntеd as disproving еvolution,
suсh as gaps in thе fossil rесord, thе supposеd inсompatiЬility of thе sесond
law of thеrmodynamiсs with a gradually inсrеasing сomplехity of lifе' thе
impossiЬility of dеvеloping phylum-lеvеl Ьody-plan diffеrеnсеs through ran-
dom variation and natuгal sеlесtion, and thе ..vast information сontеnt of
l iving organisms'' (IСR 1'987).It pеrhaps goеs without saying that suсh ..еv-

idеnсе against еvolution,' gеneratеs Ьlank looks from еvolutionary Ьiоlogists,
who arе puzz|еd that unsolvеd arеas in sсiеnсе suсh as thе origin of lifе, thе
appеaranсе of СamЬrian Ьody plans, or thе rеlativе rolе of sеlесtivе and non-
sеlесtivе mесhanisms in еvolution arе сonsidеrеd wеaknеssеs in еvolutionary
theory or rеasons to rеjесt thе infеrеnсе of сommon anсеstry.

Tеaсhing thе ..еvidеnсе against еvolution'' avoids thе oЬvious еstaЬlish-
mеnt сlausе proЬlеm gеnеratеd Ьy ID, whiсh is ..\й/ho is thе dеsignеr?'' Thе
stratеgy is thеrеforе favorеd among thе morе sophistiсatеd аntiеvolutionists
who arе opеrating in thе еarly twеnty-first сеntury. The Disсovеry Institutе,
for ехamplе, has сomе to urgе sсhool Ьoards not to rеquirе tеaсhеrs to tеaсh
ID Ьut rathеr to tеaсh thе ..strеnsths аnd wеaknеssеs', of еvolution.

Thе Futurе of Antiеvolutionism

Sсott and Branсh havе rеfеrrеd to thrее thеmеs that havе run throughout thе
thrее pеriods of Amеriсan antiеvolutionism and сontinце to illustratе thе
сontrovеrsy today as thе ..pil lars of сrеationism'' (Sсott and Branсh 200З'
282). Аt any givеn timе in this history, thеsе thrее argumеnts havе Ьееn part
of thе сrеationist position:

1. Еvolution is wеаk or unsupportеd sсiеnсе that sсiеntists arе
aЬandoning in inсrеasing numЬеrs.

2. Еvolution is inhеrеntly antirеligious.
3. It is only fair to ..Ьalanсе'' thе tеaсhing of еvolution with сrеationism

or Intеll igеnt Dеsign. A vaгiant of thе ..fairnеss'' argumеnt is that it is
good pеdagogy to ..Ьalanсе'' thе tеaсhing of еvolution with
..wеaknеssеs'' or ..еvidеnсе against' ' еvolution ..and lеt thе сhildrеn
dесidе.' '

Thеsе thrее thеmеs will сontinuе to shapе thе сrеationism,/еvolution сon-
trovеrsy in thе futurе. 

.Wе 
сan illustratе thеm Ьy еxamining somе rесеnt сasе

studiеs of antiеvоlutionism. Although rеligion ovеrwhеlms all еlsе as thе
stfongеst motivation for antiеvolutionism' Ьесausе of lеgal dесisions of thе
1980s and еarly 1990s, сrеationists havе downplayеd thе sесond pil lar of
сrеationism in favor of thе first and third, at lеast whеn addrеssing thе gеn-
еral puЬliс and, еspесially, puЬliс offiсials suсh as sсhool-Ьoard mеmЬеrs.
Both сrеation sсiеnсе and ID proponеnts havе hammеrеd away at thе idеa of
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еvolution as wеak sсiеnсе and havе strеssеd thе importanсе of fairnеss' еspе-
сially in tеrms of tеaсhing ..еvidеnсе against еvolution.''

Anothеr trеnd has Ьееn thе ..morphing'' of YЕС to ID to ..еvidеnсе against
еvolution.,' In a numЬеr of сommunitiеs, pеoplе who arе young-еarth сrе-
ationists bеgan to idеntify thеmsеlvеs as ID supportеrs' thus avoiding thе
stigma of сrеation sсiеnсе, whiсh is at Ьеst сonsidеrеd a minority viеw, if not
a fringе pеrspесtivе' in Ьoth rеligion and sсiеnсе. Intеlligеnt Dеsign, on thе othеr
hand, is lеss wеll known to thе gеnеral publiс, and Ьесausе of thе vaguenеss
with whiсh it is prеsеntеd (making no сlaims aЬоut thе agе of thе еarth, fоr
еxamplе), it appеars lеss marginal than сrеation sсiеnсе. Latеr' as a сommu-
nity that is dеЬating еvolution еduсation Ьесomеs fanriliar with ID and its
sсiеntifiс stеrility and duЬious сonstitutionality, thе antiеvolutionists oftеn
rеtrеat to a fallЬaсk position of ..еvidеnсе against еvolulion,' ' usually por-
traying it as a сompromisе that should Ье aссеptaЬlе to аll. Morphing of
this sort oссurrеd during thе wеll-puЬliсizеd Kansas statе sсiеnсе standards
сontrovеrsy of 1999.

сAsЕ  s тUDY:  KANSAS

As a rеsult of еduсation rеform movеmеnts that bеgan in thе 1980s' most
Amеriсan statеs havе еstaЬlished еduсational standards for history, mathе-
matiсs, sсiеnсе, and other aсadеmiс suЬjесts. Aftеr thе fеdеral No Сhild Lеft
Bеhind Aсt of 2001 mandatеd pеriodiс high-stakеs tеsts for studеnts, statе
standards took on еvеn morе importanсе. Tеst topiсs would Ье Ьasеd on thе
standards; if еvolution wеrе inсludеd in thе standards, thеn it would Ье in-
сludеd in thе tеsts. Statеs that did not alrеady havе standards or framеworks
Ьеgan to dеvеlop thеm in thе 1990s; thе vast majority of thеm inсludе еvolu-
tion, though in varying dеgrееs of сompеtеnсy (Lеrnеr 2000). Мany statеs
that had ignorеd еvolution prеviously now rеquirе that thе topiс Ье taught.
A good dеal of thе antiеvolution aсtivity of thе past fеw yеars has Ьееn di-
rесtеd аt thе еstaЬlishmеnt of statе sсiеnсе еduсation standards: сrеationists
opposе thе inсlusion of еvolution in thе standards, or try to gеt ID addеd, or
try to gеt ..еvidеnсе against еvolution'' inсludеd. Muсh as thе rеturn of еvo.
lution to thе сurriсulum in thе mid-1960s gеnеratеd a сrеationist Ьaсklash'
so also has thе standards-Ьasеd rеquirеmеnt that еvolution Ье taught gеnеr-
atеd its own Ьaсklash.

Kansas undеrtook to writе sсiеnсе еduсation standards in 1999. А 27-
pеrson сommittее of mastеr tеaсhеrs and sсiеntists was appointеd Ьy thе
Kansas Dеpartmеnt of Еduсation and thе Kansas Board of Еduсation to draft
standards that thеrеaftеr wеnt out for puЬliс сommеnt' wеrе rеvisеd, and
wеrе ultimatеly suЬmittеd to thе Ьoard of еduсation for approval. This pro-
сеdurе was prolongеd, сontеntious, and Ьittеrly fought. A сonsеrvativе Ьloс
of fivе sсhool-Ьoard mеmЬers had сomе to powеr in thе 1996 state sсhool-
Ьoard еlесtion and сlashеd with thе fivе modеratе sсhool-board mеmЬеrs
ovеr many issuеs. Whеn thе sсiеnсе еduсation standards сamе up for сonsid-
еration. it was an еasy orеdiсtion that еvolution wоцld Ье a сontеntious issuе.
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Indееd, сonsеrvativеs on thе Ьoard lеt it Ье known rathеr еarly in thе proсеss
that thеy did not look kindly on thе inсlr-rsion of еvolution in thе first dгaft of
the standards (Сunningham 1999).

During thе spring and summеr of 1999 Kansas nеwspapеrs wеrе full of lеt-
tеrs to thе еditors аrguing for and against еvolution in thе sсiеnсе standards.
Inсlusion of еvolution was impoгtant: thе standards would bе usеd to dе-
vеlop quеstions for thе statе gr:rduаtion еxаms. If еvolution Was not inсludеd
in thosе еxams) it was a safе Ьеt that it would not Ье taught in thе сlass-
rooms. Tеaсhеrs and sсiеntists thеrеforе Wеrе vеry сonсеrnеd that еvolution
havе a prominеnt plaсе in thе sсiеnсе eduсаtiorr standards. The draft of thе
standards that wаs suЬmittеd foг puЬliс сommеnt in April 1999 paral|e|ed
thе National Sсiеnсе Еduсation Standards (NsЕs), produсеd Ьy thе Nationаl
Aсadеmy of Sсiеnсеs, and thе Arnеriсan Assoсiation for thе Advanсеmеnt of
Sсiеnсе (AAAS) Bеnсhmarks for Sсiеnсе Litеraсy, two doсumеnts that havе
Ьееn influеntial in shaping sсiеnсе standards aсгoss thе сountry. Both thе
NSЕS and thе Bеnсhmаrks trеat еvolution as an importurnt sсiеntifiс idеа and
inсludе it througlrout thе sсienсе сurriсulum.

In midsummer 1999 sсhool-Ьoard mеmЬеr Stеvе AЬrams сountеrеd thе
standards сommittее's draft with ir rеplaсеmеnt standards doсumеnt that had
largеlv Ьееn writtеn Ьy Tom Will is, thе hеad of thе Сrеation Sсiеnсе Assoсi-
аr ion for  Мid-Аnlег iсa '  а young.еаrth сrеаr ionist  orgаnizat ion opеrat ing r lut
of St. Louis. AЬranrs's standards inсlцdеd sеvеral provisions that any sсiеntist
or сapaЬlе tеaсhеr would сonsidеr highly quеstionaЬlе and of сoursе in-
сludеd muсh aЬout lrow еvolutiorr was unrеliaЬlе sсiеnсе. Aftеr a summеr of
puЬliс hеarings oftеn markеd Ьy Ьittеr сontrovеrsy' the Ьoard took thе final
draft of thе standards сommittее аnd thе AЬrams standards and produсеd a
сompromisе drаft that it aссеptеd as thе statе standards in August 1999. This
draft сompromised Ьеtweеn thosе who wantеd еvolution to Ьe taught aпd
thosе who wantеd thе Abrams draft Ьy rеmovirrg еvolution аnd rеlatеd top-
iсs suсh as thе Ьig Ьаng, соrrtinеntal drift, i.rnd radiomеtriс dating from thе
standards and adding somе languagе from AЬrams's draft aЬout thе naturе
of sсiеnсе.

A loud huе аnd сry еnsuеd, not only in Kansas' Ьut also in national nеws-
papеrs' tеlеvision' аnd radio. Kansas Ьесirmе thе butt of jokеs сln iatе-night
tеlеvision talk shоws, and еditorial сartoonists had a fiеld day with thе
Kansas Wizаrd сlf oz tсonogrаphy of Dorothy and Toto. Thе ridiсulе that
Kansas suffеrеd at thе hands of thе national prеss stung suffiсiеntly thаt in
thе nехt sсhооl_Ьoaгd еlесtion thе сonsеrvativеs lost thrее sеats. Thе modег-
atе majoгity swiftlv аЬandonеd thе сompromisе standards and on a 7-З vote
adoptеd thе final draft prоduсеd Ьy thе standards-writing сommittее whеn
thе nеw board took offiсе in FеЬruary 2001.

Thе Kansas сontrovеrsy i l lustгirtеs quitе сlеarly thе first of thе pil lars of
сrеationism' thе сlаim that еvolutiorr is wеak or inadеqiratе sсiеntifiс thеory.
ProЬaЬly Ьесausе thе most aсtivе antiеvolutionists in Kansas Wеrе young-
еarth сrеаtionists, and Ьесausе сrеation sсiеnсе had no сhanсе of Ьеing in-
сludеd in thе sсiеnсе standards, thе third, or fairnеss, pil lar did not еntеr into
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thе сontrovегsy. Howеvеr' timе nrarсhеs on, аnd sсhool boards сhangе сom-
pоsition: although in thе 2000 еlесtion modеratеs prеvailеd, in 2002 thе
Ьoard onсе again was dеadloсkеd with a 5_5 ratio of сonsеrvativеs to mod-
еfatеs. Thе sсiеnсе еduсation standards wеrе lеft alonе during tlrat tеrm, Ьut
thе prеsеnсе of a 64 сonsеrvаtivе majority aftеr thе 2004 еlесtions mеant
that thе sсiеnсе standards rеvision that took plaсе in 2005 was highly сon-
tеntious. Сrеationist-oriеntеd sсhool board mеmЬеrs Supportеd standaгds
that did not dirесtly сall for thе tеaсhing of сrеirtion sсiеnсе or ID, Ьut for thе
tеaсhing of lD_inspirеd сritiсisms of еvolutior.r. 

'Гhе 
standards wеrе passеd in

NovеmЬеr of 2005 (..Antiеvolution Standards Adoptеd in Kansas'' 2005)
and wеrе widеly сritiсizеd Ьy loсal tеaсhеrs and sсiеntists аnd national sсi-
еnсе and еduсational organizаtions, inсluding thе AAAS and thе National
Aсadеmy of Sсiеnсеs (..Ехposing tЬе Flaws of thе Kansas Sсiеnсе Standards''
2006). Thе nехt yеar, howеvеr' Was an еlесtion yеar, and two сonsеrvativе
Ьoard mеmЬеrs lost thеir sеats (..Thе Pеndulum Swings in Kansas'' 20О6).In
ear|у 2О07 thе rесonstitutеd, mоrе modеratе sсhool Ьoard rеsсindеd thе
2005 standards аnd adoptеd standards that nеithеr dеnigratеd еvolution nor
inсludеd somе form of сrеаtionism (..Еvolution Rеturns to Kansas'' 2007).

Kansas is also an ехаmplе of thе morphing of young.еarth сгеаtionists into
ID сrеationists. A numЬеr of antiеvolutionists who aсtivеly opposеd tЬe 1999
Kansas standards havе сast thеmsеlvеs as ID supportеrs. John Сalvеrt is a
good еxamplе: hе organizеd thе Intеll igеnt Dеsign Nеtwork (IDNеI), an or.
ganization thаt hаs sponsorеd arrnual сonfеrеnсеs promoting ID in Kansas
and in somе othеr statеs. Саlvеrt hаs Ьесomе a сirсuit ridеr for ID, travеiirrg

to ohio, Nеrv Меxiсo, Gеorgia, Wеst Virginia, аnd Montana to promotе iг.
Thе Disсovеry lnstitutе' howеvеr, has сomе to disсouragе thе promotion of
ID in thе сlassroom in favor of tеaсhing ..еvidеnсе against еvolution.'' Thе
Disсovеry Institutе has promotеd this approaсh sinсe tЬe 2ОО2 Ohio sсiеnсе
еduсation standards сontrovеrsy' during thе сontеrrtious 2005 rеvision of thе
Kansas stаndards. and еlsеwhеrе'

с A s Е  s т U D Y :  R o S E V | L L Е '  с A L l F o R N I A

Although statе Ьo:rrd of еdцсation сontrovеrsiеs аnd antiеvolutionism lеgis-
lation tеnd to gеnеratе morе Prеss сovеragе' thе majority of arrtiеvoiutionisrn
inсidеnts oссur аt thе loсal sсhool-Ьoard lеvеl' A сontrovеrsY in Rosеvil lе,
Сalifornia, similarly i l lustratеs thе pil lars of сrеаtionism, as wеll as thе mor-
phing of YЕС into ID into еvidеnсе against еvolution.

Rosеvil lе is a сommunity of approхimatеly 92,000 loсatеd 20 rnilеs north-

еast of Saсrаmеnto in north сеnrrаl Сalifornia. A suЬstantial сonsеrvativе
Christiаn сommunity thеrе tеnds to еlесt sсhool-Ьoard mеmЬеrs who shаrе
thеir viеws. Thеrе havе Ьееn many ..сulturе-war'' сontrovеrsiеs in Rosеvil lе
ovеr thе past sеvеral yеars' inсluding sех еduсatiоn as wеll as еvсllution. Thе
most rесеnt еvolution сontrovеrsy Ьеgan in thе sr'rmmеr of 2003 whеn high-
sсhool Ьiology tеxtbooks wеrе Ьеing rеviеwеd for adoption. A loсal сitizеn,
Larry Саldwеll, сomplainеd that thе tехtЬooks, all stаndагd сommеrсial
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puЬlishеr offегings, Prеsеntеd а onе-sidеd trеatmеnt of еvolution аnd did not
providе аny ..sсiеntifiс altеrnаtivеs.' ' Aссordirrg t<l a nеwspapеr aссount'
Сaldwеll first proposеd thаt ID Ьe inсludеd in thе сurriсulum аnd in thе tехt-
books (Rosеn 2003a). Rathеr quiсkly, howеvеr, Сaldwеll сharrgеd his pro-
posal to promotе tеaсhing ..idеas that сountеr еvolution'' (Rosеn 2003Ь). Hе
rесommеndеd a vidеotapе promotеd Ьy thе Disсovеry Institutе Ьasеd on

Jonathаn !Иells's Ьook lсoпs of Еuolutioп (2ОО2) plus anothеr lD-proпroting
video, Uпloсkiпg thе Муsterу oi Life (2002). Arrсlthеr сitizеn suЬmittеd a
YЕС diatriЬе Ьy Jonathan Sarfati at Answеrs in Gеrrеsis cal|ed Rеfutiпg Еuo-
Iution (1999). A uЬiquitous сrеation sсiеnсе Ьook puЬlishеd Ьy thе Jеhovah's
Witnеssеs, Life: Hoш Did It Get Hеrе? Bу Еuolutioп сlr Сreаtioиi (Wаtсh-
tоwеr BiЬlе аnd Tгaсt Soсrеty 1985) was also proposес1.

Instruсtional rnatеrials proposеd for сlassrootn usе in Rosеvil lе, :rs in lтrosг
сommunitiеs' пll lst Ье rеviеwеd Ьy a сommittее of tеaсhеrs and аdrninistra-
tors. Tо givе thеir opinion morе сrеdiЬil ity, thе tеaсhеrs askеd sсiеntists
fгom loсal univеrsitiеs to rеviеw Сaldwеll,s suggеstеd matеrials. T.hе сom-
mittее rеportеd to thе sсhool Ьoard that thе matеrials wеrе unsuitaЬlе for thе
Rosеvil lе сurriсulunr and, rеflесting tlrе sсiеntists' еvaluations, suЬstandard
sсiеnсе. In SеptеrrrЬеr 2003 thе Ьoаrd, stymiеd Ьy thе unitеd fronr prеsеntеd
by thе еvaluation сommittее, votеd to lеt thе individual sсhools dесidе
whеthеr or not tо use thе matеrials. Tеасhеrs сonsidеrеd this an еnd run that
might possiЬly rеsult in thе use of thе Ьooks in thе сlassroom' еvеn though
thеy had Ьееn rеjесtеd Ьy thе еvaluirtion сommittее'

Сrеаtionists on thе Ьoard аlso rесommеndеd tlrаt sсhсlol l iЬr:rriеs sеt up
evolution rеsourсе сеntеrs that would havе Ьooks, vidеos, and othеr matеri-
als сritiсizing еvolution. Thе Ьoаrd mеmЬеrs apparеntly rеasonеd that if
tеaсhеrs сould not Ье сompеllеd to tеaсh ..еvidеnсе against еvolution,' ' at lеast
studеnts сould go to thе liЬrary to gеt antiеvolution information. LiЬrarians
protеstеd thаt thеу hаd littlе еnough spaсе in thеir l iЬгаriеs fоr matеrials thаt
sцpport thе сr.rrriсulum-thе linritеd purposе of a sсhool l iЬrary; thеy did not
wаnt to wastе monеy or spaсе on what thеy сonsidеrеd a supеrf-lttous issuе
unrеlatеd to thе nееds of tеaсhеrs for сurriсular support. Thе еvolution rе-
sourсе сеntеrs Wеrе nеvеr еstaЬlishеd.

Сaldwеll nехt attеlтlptеd to havе thе Ьoard pass i l poliсy hе draftеd, whiсh
hе сallеd Quality Sсiеnсе Еdr-rсation (QsЕ). It would havе rеquirеd thе tеасh-
ing of ..strеngths аnd wеaknеssеs.' of еvolution-а сhoiсе of wording similar
to poliсiеs that hаvе appеarеd in somе othеr сomnrunitiеs. Сontгovеrsy ovеr

QSЕ сontinuеd ovеr thе wintеr and сulminatеd in a сontеntious mееting on
May 10, 20О4, in whiсh соmmunity mеmЬеrs dеЬatеd thе poliсy for ovеr
two hours. A pеtition signеd Ьy 28 of tЬe З2 sсiеnсе tеасhеrs in thе distгiсt
opposing thе poliсy was suЬпritrеd to thе Ьoard. In addition, tlrе rrrajority of
pеoplе who tеstifiеd at thе sсhool-Ьoard mееting opposеd QSЕ.

In Junе 2004 thе sсhool Ьoard votеd 3_2 against QSЕ, аnd thе issuе of
сrеationism in Rosеvil lе sееmеd to havе Ьееn dесidеd in thе nеgаtivе. Pеr-
haps Ьесausе of сonrplaints from Parеnts thаt thе Ьoаrd wаs Wasting timе
arguirrg ovеr сrеаtionism whеrr iпlportant issttеs of funding, ovеrсrowding,
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and othеr Ьrеad-and-ЬLlttеr сonсеrns wеrе rrot Ьеing addrеssеd, rhе tssuе wаs
not brought r.rp agаin, and in thе N<lvеmber 2-004 еlесtion morе modеratе
сandidatеs prеvailеd, putting an еnd to thе сurrеnt Wavе of antiеvolutionism
in Rosеvil lе. Somе tеaсhеrs' howеvеr, rеport that it is mеrеly a mattеr of
tiпrе until thе issuе of сrеationism аnd ..еvidеnсе against еvolЦtion'' risеs in
Rosеvil lе irgаin, at lеast as long irs rеligiotrsly сonsегvаtivе sсhool.Ьoard rnеm-
Ьеrs kееp gеtting elесtеd. In January 2005 Larry Сaldwеll suеd thе distriсt
and somе offiсials on thе grounds that his сonstitutionаl rights wеrе irrfringеd
during thе сontrovеrsy in Rosеvil lе. Dеfеnding thеmsеlvеs, thе distгiсt сlairтеd
on thе сontrary that Сaldwеll 's proposals had rесеivеd a full hеаring, and, in
faсt' an unduе amount of timе irnd еnеrgу Was spеnt on Сaldwеll.s issuеs.
A judgе sidеd with thеrn in Nor,еmЬеr 2007, and Саldwеll lost his sLlit
(Rosеnhall 2007).

М o R P H l N G  o F  с R Е A т | o N l s M s

Kansas and Rosеvillе illustгatе tlrе morphing phеnomеnon thаt has Ьееn tak-
ing plaсе for sеvеral yеars. Сommunity mеrnЬегs who arе idеntifiеd with or
hold YЕС positions гесast thеmsеlvеs as ID advoсаtеs. In truth, rhis is nor a
lеngthy jotrгnеy, Ьесausе all young-еarth сrеationists аrе supp()rtеrs of thе
dеsign viеw, although not all ID supportеrs arе young-еarth сrеationists. In
Rosеvillе, for еxamplе, Ьoth YЕС and ID rеsorrrсеs wеrе offеrеd to thе sсhool
distriсt. Thе lеgal advаlntagе of Ьеing idеntifiеd witЬ а positior-r' lD, that has
not alrеady Ьееn struсk down Ьy thе сourts is сlеar. Yеt ID is not without its
wеaknеssеs: thе phrasе iпtеll igeпt dеsigп сarriеs thе iпlpliсation of a dеsigner,
an agеnt, and it is no sесrеt tlrirt tl-ris agеnt is thе Сhristian God. Pеrhаps for
this rеason, thе Disсovеry Institutе aсtivists' fгom approхimatеly thе last half
of 2001, havе Ьееn arguing not fЪr thе inсlLlsion of ID in thе сurriсulum but
for  thе inс l t ls ion of  . .еv idеnсе аgainst  еvolut ion ' '  (or . .s t rеngths:rnd wеаk.
nеssеs of еvolution'' ' ..сritiсal analysis of еvolutiorr,' ' or simplу ..tеaсh thе
сontrovеrsy''). Tеaсhing ID is morе likеly to run afoul of thе еstaЬlishmеnt
сl:1Llsе than tеасhing ..еvidеnсе ag:rinst еvolution,' ' altl-rough thе nеt еffесt of
еnсouragilrg studеnts to aссеpt spесial-сrеation thеologу is сonrmon to еitlrеr
approaсh.

Parallеling thе IСR's diсtum that ..еvidеnсе against еvolution is еvidеnсе
for сrеation sсiеnсе.' ' Wiltiаm DеrтЬski hаs writtеn that ..l imitаtions on еvolv-
aЬility Ьy пratеrial rlесhanisms сonstitutе еvidеnсе foг dеsigl-t'' (DеmЬski

2002). Tеaсlring studеnts that еvolution is wеak or unsupportеd sсiеrrсе that
сannot еxplаin thе divеrsity of l ifЪ еnсourаgеs thе aссеptanсе of сrеationisnr:
if еvolution dt>еs not ехplаin l iving things, Ьy dеfault, сrеationism doеs.

Suсh morphing of YЕС to ID to ..еvidеnсе against еvolution'' has oссurrеd
in ir numЬеr оf сrеatitlrrism/еvolution сontrсrvеrsiеs ovеr thе pаst fеw yеars,
inсluding сontrovеrsiеs ovеr thе writing of sсiеt-tсе еduсation standaгds in
Kansas, Ohio, .й/еst Virginia, Nеw Мехiсo, and Minnеsota and in sсhool-
distriсt сontrovеrsiеs in DarЬy. Мontana. апd Dovеr. Pеnnsylvania. It is сlеar

that this is whеrе thе сrеatit
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that this is whеrе thе сrеationism/еvolution сontrovеrsy is hеadеd: away from
thе morе oЬvious еxprеssions of rеligion or сrеation sсiеnсе or Intеlligеnt Dе-
sign and towаrd thе lеss lеgally vulnеraЬlе stratеgy of tеaсhing ..еvidеnсе

against еvolution.''

P R Е D I с т | o N s  F o R  т н Е  ( N Е A R )  F U т U R E

Prеdiсtion is unсеrtain, еspесially aЬout thе futurе, as Yogi Bеrra is supposеd
to havе said, Ьut somе rесеnt еvеnts may rеshapе thе futurе of thе сrеation-
ism/еvolution сontrovеrsy in thе Unitеd Statеs. In January 2005 fеdеral
distriсt-сourt judgе Сlarеnсе Сoopеr tn Sеlmап u. Сobb Сouпtу School Dis-
trict struсk down a tеxtЬook disсlaimеr ordеrеd insеrtеd into Ьiology Ьooks
Ьy thе СoЬЬ Сoцnty, Gеorgia, Board of Еduсаtion. Thе disсlaimеr rеad:
..This tехtЬook сontаins matеrial on еvolution. Еvolution is a thеory, not a
faсt, rеgarding thе origin of living things. This matеrial should Ье approaсhеd
with an opеn mind, studiеd сarеfully, and сritiсally сonsidеrеd.''

Рarеnts in thе сommunity had suеd thе distriсt and thе Ьoard of еduсation in
2002' Ьut thе сasе took а long timе to сomе to trial. Thе plaintiffs arguеd that
thе sсhool Ьoard had a rеligious purposе and еffесt (of promoting sесtarian
Сhristianity) in rеquiring that thе disсlaimеr Ье plaсеd in tеxtЬooks, and that
furthеrmorе' undеr Gеorgia law' thе sсhool Ьoard's aсtion was unсonstitu-
tional Ьесausе it rеquirеd thе еxpеnditurе of statе funds to promotе rеligion.
Thе judgе struсk down thе praсtiсе Ьесausе it indееd had thе еffесt of promot-
ing rеligion. In thе dесision thе judgе took notiсe of law.rеviеw and othеr
sсholarly artiсlеs' as wеll as tеstimony that pointеd out that thе ..thеory' not
{aсt'' languagе was ..onе of thе latеst stratеgiеs to dilutе еvolцtion instrцсtion
еmployеd Ьy аntiеvolutionists with rеligious motivations'' (Sеlmап, 1308). Sin-
gling out еvolution from all sсiеntifiс thеoriеs for spесial nеgativе trеatmеnt
would havе thе еffесt of promoting thе favorеd altеrnativе to еvolution, whiсh
is сrеationism. Thе distriсt appеalеd thе сasе. Thе Fifth Сirсuit Сourt of Ap-
pеals vaсatеd thе ruling and sеnt thе саsе Ьaсk to thе Distriсt judgе for rесon-
sidеration or rеtrial. Thе grounds for rеturning thе сase to thе lowеr сourt did
not сonсеrn thе judgе's ruling pеr sе, Ьut rathеr a mеssy сourt rесord and miss-
ing еvidеnсе. In disсussions among thе judgе and thе two lеgal tеams, it was
agгееd to rеtry thе сasе. It Ьеgan to look unpromising for thе dеfensе whеn thе
plaintiffs' lеgal tеam rесеivеd pеrmission to rеopеn disсovеry and bring in еx-
pеrt witnеssеs, whiсh strеngthеnеd thеir сasе Ьеforе a judgе who alrеady had
rulеd in thеir favor. Thе plaintiffs' lеgal tеam was also Ьuttrеssеd Ьy thе addi-
tion of somе of thе attornеys and witnеssеs who had suссеssfully dеfеatеd a
sсhool Ьoard poliсy rеquiring ID in Dovеr' Pеnnsylvania; pеrhaps thе сomЬi-
nation of faсtors was suffiсiеnt to еnсouragе thе distriсt to sеttle out of сourt.
Thе sеttlеmеnt was vеry favoraЬlе to thе plaintiffs, howеver, with thе distriсt
agrееing nеvеr again to disсlaim еvоlution, whеthеr with tеxtbook stiсkеrs, or
orally, or in any othеr form. Thе distriсt also was rеquirеd to follow thе Gеor.
gia statе standards, whiсh сurrеntly rеquirе thе tеaсhing of еvolution, and to
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rеfrain from ехсising or rеdaсting matеrials On еvollltion from instrцсtional
rnatеriаls. This lattеr сonsrraint was stimulatеd Ьy an еarliеr praсtiсе in thе dis-
triсt in whiсh thе pages on еvolution in tехtl.looks routinеly wеrе сцt out to
prеvеnt studеnts from rеading thеm.

Had thе СoЬЬ Сounty distriсt lost on appеal' othеr ..thеory' not faсt' ' poli-
сiеs and disсlaimеrs would havе Ьееn еnсouгagеd, and I prеdiсt wе would
havе sееn an aЬundanсе. Disсlaimеrs arе popular with sсhool Ьoards Ьесausе
thеy providе thе appеaranсе that thе sсhool Ьoаrd is ..doing somеthing''
aЬout thе tеaсhing of еvolution without rеquiring сurriсulum сhange or thе
Ьothеr and ехpеnsе of rеviеw and purсhasе of nеw instruсtional matеrials.
Thеy satisfy a сonsеrvativе Сhristian сonstituеnсy without spеnding muсЬ
timе or monеy'

In Dесеmbеr 2О04, a month aftеr thе Sеlmап сasе Was triеd' a lawsuit was
filеd Ьy parеnts of сhildrеn in Dovеr, Pennsylvaniа' protеsting a poliсy of its
Ьoard of еduсation that would havе rеquirеd thе tеaсhing of ID and a variant
of ..еvidеnсе against еvolution.,' Thе Dovеr rеsolution, whiсh latеr was in-
sеrtеd into thе сurriсulr-rm, rеad: ..Studеnts will Ье madе awarе of gaps/proЬ-
lеms in Darwin's Thеory and of othеr thеoriеs of еvolution inсluding, Ьut not
limitеd to ID. Thе origins of Lifе is not taught.' ' In NovеmЬеr 2004' amid
сommunity rumors of a possiЬlе lawsuit' thе Dovеr Board of Еduсation is-
suеd a ..сlarifiсation'' that statеd that thе ID tехtЬook of Pапdаs апd Pеople
would Ье madе availaЬlе to srudеnts as a rеfеrеnсе for thе topiс of ID. Сon-
fusingly, thе сlarifiсation also statеd that tеaсhеrs wеrе not to tеaсh сrеation-
ism or Intеll igеnt Dеsign.

In thеir сomplaint plaintiffs arguеd that ID is a rеligious сonсеpt indistin-
guishaЬlе from сrеationism' and that its tеaсhing would violatе thе еstaЬlish.
mеnt сlausе. Thе triаl took plaсе ovеr a siх-wееk pеriod in thе fall of 2005.
Thе Disсovеry Institutе puЬliсly distanсеd itsеlf frorn thе lаwsuit, stating that
..although wе think disсussion of intеll igеnt dеsign should not Ье pгohiЬitеd,
wе don't think intеll igеnt dеsign should Ье rеquirеd in puЬliс sсhools' '
(..Lеading Intеlligеnt Dеsign Think Tank'' 2004). Although originally a num-
Ьеr of Fеllows of thе Disсovеry Institutе agrееd to tеstify as ехpеrt witnеssеs
on Ьеhalf of thе dеfеnse, all Ьut two withdrеw from thе сasе, Ьut not until it
Was too latе to add nеw ехpеrt witnеssеs. But thе two who rеmainеd,
Miсhaеl Bеhе and Sсott Minniсh' wеrе thе ID proponеnts with thе Ьеst sсi.
еntifiс сrеdеntials, and thus thе most qualifiеd to dеfеnd thе sсiеntifiс сrеdi_
bil ity of ID.

Thе kеy lеgal issuе in Kitzпil ler u. Douеr Arеа Sс'hool District 'vlas

whеthеr thеrе was ir valid sесulаг rеason to tеасh ID. Thе oЬvious rеligious
сonnotations of lD would not havе Ьееn suffiсiеnt groDnds to strikе down
thе poliсy had thеrе Ьееn a valid sесulаr purposе and еffесt for tеaсhing it.
Thе dеfеnsе, thеn, had to dеmonstratе that ID was a valid sсiеnсе, and that
tеaсhing it as an altеrnativе to еvolution would providе studеnts with an
ехсеllеnt сritiсal thinking еxеrсisе.

Thе plaintiffs had to сonvinсе thе judgе that ID was пot valid sсiеnсе, and
thеrеforе thе only rеason to tеaсh it was unсonstitl lt ionallv to Dromotе a
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rеligious idеа' Tlrе plaintiffs сolltеndеd that ID did not mееt important
dеfinitional сhаrirсtеristiсs of sсiеnсе (suсh as Ьеing rеstriсtеd to natural
саusеS and tlrus tеstaЬlе) and tlr:rt its faсt сlairns wеrе inсorrесt. Thеy pro-
posеd that Ьесaцsе ID was not :l sсiеnсе and its faсt сlaims wеrе rеfutеd,
thеrе was no pеdagogiсаl rеason to tеaсh it in a sсiеnсе сlass.

At thе еnd of a long trial ' thе plaintiffs wеrе rеwardеd with a dесision that
did not mеrеly strikе down thе Dovег poliсy, Ьut that also wеighеd in on thе
quеstion of wlrеthеr ID was sсiеntifiс. Thеrе wаs plеnty of еvidеnсе showing
that thе sсhool board unсonstitutionally intеndеd to promotе a sесtаrian rе-
ligious viеw, Ьut Judgе John Е. Jonеs III additionally сonsidеrеd thе argu-
mеnts for and against thе сlаim that ID was valid sсiеnсе. Judgе Jonеs wrotе
that hе did so ..ir-r thе hopе that it may prеvеnt thе oЬvious wastе of judiсial

аrrd otlrеr rеsourсеs whiсh would Ье oссasionеd Ьy a suЬsеquеnt triаl involv-
ing thе prесisе quеstion whiсh is Ьеforе us,, (Kitzmiller,7З5).

Although ID supportеrs from thе Disсovеry Institutе (Dе.!7olf еt al. 2006)
сritiсizеd the Kitzшiller dесision as unnесеssarily (and in thеir viеw, inсor-
rесtly) dесlaring ID was not a valid sсiеnсе, thе lеgal thеoriеs of Ьoth sidеs rе-
quirеd thе judgе to гulе on prесisеly this pоint: if ID was valid sсiеnсе, thеrе
сould bе a сonstitutionally admissiЬlе sесular rеason for tеaсhing it. Thе
judgе's dесision on whеthеr ID was sсiеnсе wаs rеlativеly straightforward:
witnеssеs for Ьoth sidеs tеstifiеd that Ьy thе standard dеfinition of sсiеnсе as
widеly usеd Ьy sсiеntists today, ID did not qualify as sсiеnсе. Thе diffеrеnсе
was that thе dеfеnsе wantеd to сhаrngе thе dеfinition of sсiеnсе to inсludе ID,
Ьut thе jirdgе disаgrееd thаr suсl.r a dесision should bе mаdе in thе high_
sсhool сlassroom.

Thе witnеssеs for thе dеfеnsе did not farе any Ьеttеr in thеir аttеmpt to
pеrsuadе thе judgе of thе validity of thе сlaims of ID (suсh as thе supposеd
irrеduсiЬlе сomplехity of thе Ьaсtеrial flagеllum and thе unеvolvеaЬil ity
of thе Ьlood сlotting mесhаnism). In thе еnd, thе plaintiffs got еvегything
thеy wantеd and morе: a dесision not only striking down thе Dоvеr Arеa
Sсhool Board dесision, but a dесision еvaluating ID as not qr-ralifying as
sсiеnсе-whiсh will Ье сitеd in any futurе attеmpt to rеquirе thе tеaсhing
of ID.

If thе Dovеr Arеa Sсhool Board lrad Won thе сasе' sсhool distriсts around
thе сountry woцld havе Ьееn еrrсouragеd to imposе similar ID poliсiеs, re.
gагdlеss of thе ехhortations of thе Disсovеry Institutе not to rеquirе thе
tеaсhing of ID by statutе. Intе[ligеnt Dеsign is widеly-and aссuratеly-
viеwеd as a form of сrеаtionism, and a lеgally suссеssful poliсy would еn-
сouragе thе Ьringing of сrеationism into thе сlassroom, alЬеit undеr a
diffеrеnt namе. Нowеvеr strong a dесision, tЬe Kitzlпiller ruling Was not ap-
pеalеd and tlrеrеfoге is prесеdеnt only in thе Мiddlе Distriсt of Pеnnsylvania.
ID proponеnts might attеmpt to find anothеr vеnuе in whiсh to tеst thе lеgal-
ity of an ID poliсy, with a diffеrеnt sеt of faсts and а diffеrеnt judgе. How-
еvеr, Ьесausе of thе Ьrеаdth of thе Kitzmillеr dесision аnd thе wеalth of
matеrial in thе triаl rесord' it is douЬtful that anothег trial would havе a suЬ-
stantialiy diffеrеnt outсoп1е.
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Thе most popular antiеvolutionist stratеgy in thе futurе, though' will Ье
dirесtivеs from sсhool Ьoards or statе Ьoards of еduсation for tеaсhеrs to
..balanсе'' еvolution with thе tеaсhing of ..еvidеnсе against еvolution.' '
It is not сlеar whеthеr judgеs wil l Ье pегsuadеd, as Was Judgе Сoopеr in thе
Sеlmап сasе, that ..еvidеnсе against еvolution'' is a сodе phrasе for сrеationism;
this rеquirеs an apprесiation of thе history of thе сrеationism/еvolution
сontrovеrsy. Bесausе сrеationists Ьеliеvе and loudly proсlaim that thеrе arе
only two altеrnativеs, сrеationism and еvolution, thеy еnсouragе tеaсhеrs to
tеaсh that еvolution сannot еxplain thе divеrsity of living things. \й/ith еvolu-
tion out of thе piсturе, thеy Ьеliеvе that studеnts will сonсludе that living
things wеrе spесially сrеatеd. During 2008 thеrе was a flurry of ..Aсadеmiс

Frееdom Aсts' ' introduсеd into sеvеral statе lеgislaturеs (Florida, Мissouri,
AlaЬama' Мiсhigan' and South Сarolina) that would pеrmit and еnсouragе
tеaсhеrs to tеaсh that еvolution is an еrronеous idеa. Boilеrplatе for suсh
..Aсadеmiс Frееdom Aсts'' is providеd Ьy thе Disсovеry Institutе on a wеЬ-
sitе (Aсadеmiс Frееdom Pеtition 2008). Rathеr t'Ьan direсtizg tеaсhеrs to
tеaсh thе tехtЬook vеrsion of еvolution and thеn сritiсizе this viеw, suсh Ьil ls
prosсribе aсtions Ьy sсhool distriсts that might pеnalizе thе tеaсhеr for do-
ing so. Rathеr than ovеrtly proposing that сrеationism bе taught, thе foсus-
or misdirесtion-is on thе aсadеmiс frееdom of tеaсhеrs to tеaсh ..strеngths

and wеaknеssеs'' of еvolution (as in thе South Сarolina Ьil l, sB 1386

[..Antiеvolution Lеgislation in South Сarolina'' 2008]) or thе ..full rangе of
sсiеntifiс viеws'' (as in Florida's SB 2692 f.,Аntiеvolution Bil ls Dеad in
Florida'' 2008]). But what suсh Ьil ls proposе is to protесt tеaсhеrs from сon-
sеquеnсеs of violating thе First Amеndmеnt. lй/hеthеr suсh ..gеt оut of jail
frее'' сards would Ье сonstitutional rеmains to Ье tеstеd, Ьut at thе timе o{
this writing (July 2008) nonе of thеsе Ьil ls havе pаssеd.

.!Иil l 
judgеs always strike down suсh poliсiеs? Lеgal еxpеrts notеd that Ьy

thе end of thе first tеrm of Prеsidеnt Gеorgе \W. Bush' ..all of thе 13 сirсuits
wil l havе a majority of RеpuЬliсan judgеs'' (Сarp еt aL.2О04,25). As Bush's
sесond tеrm сomеs to an еnd, ..Prеsidеnt Bush has namеd 294 judgеs to thе
fеdеral сourts' giving RеpuЬliсan appointееs a solid majority of thе sеats, in-
сluding a 6О"Ь.to-40oЬ edge ovеr Dеmoсrats on thе influеntial U.S. appеals
сourts' ' (Savagе 2008' A11). An analysis of dесisions of judgеs appointеd Ьy
thе last еight prеsidеnts shows that Prеsidеnt Bush's first-tеrm appointееs arе
partiсularly сonsеrvativе in сasеs involving сivil l iЬеrtiеs' among whiсh is-
suеs of sеparation of сhurсh and statе arе found. ..Only 28 pеrсеnt of thе
Bush сohort votеd on thе liЬеral sidе of issuеs pеrtaining to Bil l of Rights
and сivil rights mattеrs, thus giving thе prеsidеnt thе lowеst sсorе of any
modеrn сhiеf ехесutivе,' (Сarp et a|,20О4,26).It is not unfair to сonсludе
that thе lеgal сlimatе favoring thе еstаЬlishmеnt сlausе ovеr thе frее еxеrсisе
сlausе in еduсаtional affairs has wеakеnеd. It may Ье that thе lеgal safе-
guards that havе until now disсouragеd thе inсlusion of various forms of
сrеationism in thе puЬliс sсhool sсiеnсе сlassroom will bе morе diffiсult to
mustеr by thе sсiеntists and tеaсhеrs and parеnts who support еvolution
еduсation.
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to thе manusсript, whiсh suЬstantial ly improved it.

NoтЕs

l. Сrеаtion sсiеnсе had еarliеr Ьееn typifiеd Ьy a ..соntrivеd dualism,'' in the words
of Judgе !Иilliam Ovеrton in МсLеап u, Arkапsаs, whiсh assumеd that thеrе wеrе
only two altеrnаtivеs: еvolution or spесial сrеation. With only twо altеrnativеs,
сrеation sсiеnсе аdvoсatеs arguеd that еvidеnсе against еvolutiot-t was ipso faсto
еvidеnсе for сrеаtionism; ID likеwisе rеliеs on disproving еvolution to Support thе
altеrnаtivе of сrеation Ьy an intеlligеnt agеnt.

2. In kееping with thе Ьig-tеnt stratеgy' ID also wеlсomеs thosе who sее rоom fоr
divinе aсtion in thе rеalm of сosmology; disсussions of thе anthropiс prinсiplе and
finе-tuning аrgumеnts аrе not unсommon in thеir puЬliсations. It is Ьеyond thе
sсopе o{ this disсussion to сorrsidеr thеsе; sее Мanson 2003 fсlr rеprеsеntation pro
аnd сon and Stеngеr 20О4 for an ехtеndеd argumеnt аgаir-rst.

3. Ехamplеs inсludе DеmЬski 1998Ь, 1999; Johnson 2002; Мorеland 1'994;
Huntеr 2001; and.Wikеr 2002.

4. In truth, origin sсiеnсе rеduсеs to thosе issuеs in thе historiсal sсiеnсеs of
astronomy' gеology, Ьiology, and anthropology that havе impliсations for Сhristian
thеology: thе Ьig Ьаng, thе origin оf l i fе, thе оrigin сlf thе ..kinds' '  of aпimals, and
thе origin of humans.

в | в L I o G R A P H Y

Aсadеmiс }.rееdom Pеtit ion. 2008. Disсovеry Institutе. http://www
.aсadеmiсfrееdompеtition.сom/frееdom.php (ассеssеd Мaу 22, 2008|,

Altеrs, B. J., and С. Е. Nеlson. 2002. Pеrspесtivе: Tеaсhing еvolution in highеr
еduсat iоn .  Еuo lu t i с . lп  56 ,  no .  ]  0 :  l891-190 l  .

Аntiеvolution Ьi l ls dеаd in Florida. 2008. Nаtional Сеntеr fсlr Sсiеnсе Еduсation,
May З. http://www.nсsеwеЬ.org/rеsourсеs/nеws/2008lFLl739'antiеvolutiсln

_Ьil ls_dеad_in_fl_5_3_2008.аsp (aссеssеd Мay 23, 2008).
Antiеvolution lеgislat ion in South Сarol ina. 2008. National Сеntеr for Sсiеnсе

Еduсation, Мay 1 5. http://www.nсsеwеЬ'org/rеsourсеs/nеws/200 8/Sс/
53'5_аntievolution_lеgislat ion_in_s_5_15_2008.аsp (aссеssеd May 22, 2008).

Antiеvolution standards adоptеd in Kansas. 2005. Nationаl Сеntеr for Sсiеnсе
ЕJuс аtiоn. Nоч<mЬеr 1 7. http://ъ.ъ ъ..n;sсrr еЬ.от g/теsоuт;еs/nеrчr/]00 5 /KS/ 3 ]6

_аntiеvolution-standards_adoptе_1 1_10_2005.asp (aссеssеd Мay 15' 2008).
Bеhе, М. 1996. Dаrшiп's Blасk Boх: Thе Biochеmiсаl Сhаllепge to Еuolиtюп.

Nеw York: Frее Prеss.
2000. [untitlеd artiсlе]. Опliпe Sсiепсе Маgаzinе, http://www.sсiеnсеmag

.org/сgi/еlеttеrsl288l 5467 1813#165 (aссеssеd July 7, 2000).
2007. Thе Еdgе of Еuolutklп: Thе Sеаrсh for tЬе Limits of Dаrшiпism.

Nеw York: Frее Prеss.
Blaсkstonе, N. !и. 1997. Argumеntum ad ignorantiam: A rеviеw of Dаrluiп's Blасk

Boх: Thе BioсhеmiсаI СhаIlепgе tсl Еuolutklп. Quаrtеrlу Rеuiеt,tl of Biologу 72,
no. 4: 445-447.

Сairns-Smith, A. G. 1 985 . Sеuеп Сlttеs to thе Оrigiп of Lifе. СamЬridgе: Сambridgе
Univеrsity Prеss.



З96 Аmer i с ап Апtiеt, o lиt iс.lпt srп

Сrrrp, R. A., K. L. N1anning, and R. Stidharт.2004. Тhе dесision-mаking Ьеhavior
of Gес-lгgе W. BLrsh.s judiсial арроiIrtn.rеnts, .|udiссtturе 88, nсr. 1: 20-28.

Саval iеr-SmitЬ,т. |997. Thе Ьl irrr.] Ьioсhеmist. Тrеltr]s in Есolсlgу апd Еuolиtioп
12:  162_|6З.

Сoynе, .|.  ̂ .  1996. God in thе dеtaiIs. Nаturе 383:227-228.
Сrеation musеum unехpесtеd sllссеss. 20О8. Floridа tsаptist Witпеss, Aрril 17.

http://www.floridaЬaptistwit lrеss.сom/8688.art iс lс (:rссеssеd Маy 15, 2008).
Сur-rningham, D, L. 1999. Сrеаtiсlnist tоrnаdo rips еvolLrt iоrr out of Kаnsаs sсlеnсе

standards. Rеprlrts oi thе Nаtionаl Сеntеr fоr Sсiеnсе Еduсаtit lп l9, no. 4:
1  0-14.

Davis, P. 
.!7., 

and D. Н. Kеnyon . 1993. Оf Pапdаs апd Pесlplе.2nd еd. -Dal las, TХ:
Haughton.

DеmЬski, W. 199.5. What еvеry thеologian should knоrv аЬout сrеatiоn, еvolution'
and dеsign. Сeпtеr for lntеrdisсipliпаrу Studiеs Trаltsасtioпs З: 1_8.

1998a. Thе Dс'sigп Iпfеrепсе: Еliпtinаtiпg Сhсlпсе thrсlugh Smаll
Probаbilitiеs, Nеw York: СamЬridgе Univеrsitt. Ргеss.

-l еd. 1998Ь. Мerе Сreаtioп: Sсiепсе, Fаith апd lntеlligепt Dеsigll. Dсlwnеrs
Grovе, Il-: Ir-rtеrVarsity Prеss.

1'999, Iпtеlligепt Dеsigп: Tbe Bridgе bеttuееп Sсiепсе апd Tbеoklgу'
Downеrs Gr<lr,е, IL: IntеrVarsitу Prсss.

2002. Bессlrnirrg а disсipl inеd sсiеnсе: Рr<lspесts, pitfal ls, and rеаl itr '  сhесk
for ID' lrttp:/lwww.dеsigniпfегеnсе.сom/doсrrпlеnts/2002.10.27.Disсipl inсd

_Sсiеnсе.Ьtrn (aссеssеd Januа11 15' 2005).
Dе!7o1f, D. K.' J. G. 

.W.еst, 
С. I,uskiri, and J. Witt. 20О6' Тrаi1lsit1g iпto Еt'оlutkm:

Iпtеlligепt Dеsigп апd thе Кitzmillеr v. Dovеr Dесisirlп. Sеаttlе: Disсovеry
Institutе.

Dorit, R. 1997. Мсrlесular еvoluсion аnd sсiеntif iс inquirу, mispеrсеivеd. Апtеriсап
Sсiепtist 8.5 (Sеptеnrbеr-Oсtоl lеr): 474-47 5.

ЕlsЬеrry, W., аnd J. Shal l i t . 200tj. Infсlrmation thеOr),, еvolutionary сOnlрutetiol l '
and DеmЬski 's ..сomplех spесif iеd informаtion.. '  NovеmЬеr 23. http://www
.antiеvolution.org/pеoplе/wrе/pirpеrs/еandsdеmЬski.pdf (aссеssеd .|ar-ruаry 1.5'
200s).

Еvе, R., and F-. B. H:rrrold. |991.Thе (-'rеаtkпist Мouепlеnt in Мсldеrп Аlпеrrcа.
Boston: Twa1'nе Pr'rblishеrs.

Еvolution rеturns to Кansаs. 2007. Natiсlnal Cеrrtеr. for Sсiеnсе Еduсаtion, FеЬruary
14. http:/hr.ww.nсsеwеb.сlrg/rеsouгсеs/t"tеwsl20О7lKSl286_еvolutiсlп-rегurns_to
_kansas_2_14_2007.asp (aссеssеd May 15, 2008).

Ехposing thе f laws of thе Kansas sсiсnсе standards. 2006. Natiоnal Сеntеr for
Sсiеnсе Еduсation, July 19. httр:/iwww.nсsеWеЬ.Org/rеsourсеs/nеws/2006lKSl
172-ехposing_tlrе'f laws_of_thе-kans 7_19_2006.zts;l (aссеssеd Мay 1.5, 2008).

Fitеlson, B., С. Stерhеrrs' and Е' SсlЬеr. l999. Ноw псlt to dеtесt dеsign: A rеviеw сlf
\William A. DеmЬski's TЬе Dasign lпfеrепсе. PhiIсlst-lpЬу of Sсiепсс 66: 472488'

Forrеst, B., and P. Gross. 2ОО4' Сrсi lt iг lпism'sTrojап Llorsе. Nеw York: Oхford
Univеrsity Prеss.

Gi lсhrist, G.w.1997. Thе еlusivе sсiеntif iс Ьasis of Inгеl l igеnt Dеsign Thеory.
Rеports of thе Nаtir.lnаl Сепtеr iсlr Sсiепсе Еduсаtitltt 17, no. 3: 14_1.5.

Gishl iсk' A. D. 200.]. Iсons of еvсl lut ion? Why muсh of rvlrаt jonathan Wеlls и'r itеs
аbout еvolution is wrong. Nаtionаl Сеntеr for Sсiеnсе Еduсatit l l l .  lrttp://www
.nсsеwеЬ.org/iсons/ (aссеssеd .Januar.y l .5' 2005)'

2004. Еvolutionarу Paths tсl irrеduсiЬly сomplсх systеms. ln М. Yоurrg and
T. Еdis, еds., V(/Йy lпtеlligеnt Dеsigп Fаils: А Sciепtifiс Сritiquе of thc Nеш
Сrеаtioпism,.58-7l . Nеw Brunsп,iсk, Nl: Rr.rtgеrs Urrivеrsity Prеss.

Gсluld, S. J. 1992.Irтpеaсhing a sеlf-а1-lpointсd judgе. Sсiспti| iс Аmеriсап,Iu|у:
I  1 U - 1 2 1 .

Ht tn tеr ,  С .  G .2001.  D. l
Rаpids, N{I: Brlrzt ls

1 с:r>пs сlf Еuolutitпl. 200
Produсtions.

Institutе for Сrеation Rr
mеаning. lСR l lпpс
.htm.

Jсllrrrsor-r. P. Е. 1991 ' D"'
1,997. Dеiеаtin1

IntеrVarsity Pгеss.
2ОО2. Тhе Righ

Grovе' IL: IntеrVаr
Kеrrt Hоvind sеntеnсеd

.[:-rnuаry 24. httр://r.

_sсntеnсеd_to_tеt-t_
Kr-rshinеr, J. M. 2000. B
Larson '  Е .  l .2ОО3.  Тr iа

Еuolutioп. Зrd сd. .
I,е:rding Intеl l igеnt Dеsi;

for it to Ье ц.ithdra
sсriрts/viеwDB/inсlt
%'20and9,Ь2ONеws

l 'е rnеr ,  l , .  S .  2000.  Gor ;
$7ashington, DС: T

[,ynсh, J. 2002. Сrеаtitlt
Тhoеmmеs Prеss.

М: lnsоn,  N.  A . ,  еd .200
Sсiепсе. Lonс]on: R

Ntatzkе, N. 2004. Iсоn r.l
http://www.tаlkori1

МсMurt r iе ,  B .  200 l  .  D l
DесеmЬеr  21 '  8 .

M i l l е r ,  K .  B . ,  еd .  200. i .
Ееrdmаns.

]vl i l lеr, K. R. 1999' Flnс
\,Iсlrеl:rnd' J. P., еd' l99

IntеrVarsity Prеss.
N{оrris, Н. R. 1980. Тhr
Nt tпrbеrs ,  R .  |992.  Тhе
or r ,  H .  A .  1996.  Dаr rv i
TЬе pеndulum slvi l lgs r l

August 2. httр://wu
swings-in kaпsas

Pеnnосk, R. T. 1999. Т(
СаmЬridgе, МA: lv

еd.2О01. IпtсIl,
МIT Prеss.

2003. Crеationi
Hltmап Cеttеtiсs 4:

Rosеn, l , . 2003a. Dагwi
.. lr.rtеl l igеnt Dеsigrl.

2003Ь.  Rosеv i I l
tеасhеs Dагwrп l lrrt

. |L r l у  3 .



1. Thе dесision.making Ьеhavior
d iса turе  88 ,  no .  1 :20_28.
.епds itl F'сologу апd Еuolutiсlп

:227-228.
dа Bаptist 

'V/itnеss' April 17.
rtiсlе (aссеssеd Маy 1.5, 2008).
s еvolution out of Кansаs sсlеnсе
, Sсiепсе Еduсаtioп 19, no. 4:

s апtl Pесlple .2nd еd. Dal las, TХ:

l know aЬout сfеation' еvolution,
i,еs Trаnsасtiсlпs 3: 1_8.

1 Сhапсе thrсlttgh Smаll
ity Prеss.
апd Iпtеlligеltt Dеsigtl. Downеrs

uееn Sсiепсе апd The olсlgу.

)spесts' pitfalls, and rеality сhесk

rmеnts/2002. 1 0.27.Disсipl inсd

2О06. Trаipsiпg illto Еuolutiсlп:
D е сisirп. Sеattlе: Disсovеry

с inquiry, mispеrсеivеd. Аmеriсап

еory' еvol utionary сomputatron'
on.', NovеmЬег 23. http://www

еmЬski.pdf (ассеssеd January 1.5,

! МtluсlпсttI iп |tI l 'dсrп Аmсriса.

ttег for Sсiеnсе Еduсаtion, FеЬruary
| 2007 lKS l 28 6 _еvolutiоn-rеturns-to
2008) .
ds. 2006. National Сеr-rtеr for

wеЬ.org/rеsо urсеs/nеws/2006/KS/

_2006.asр (aссеssеd May 15, 2008).

)w not to dеtесt dеsign: A rеviеlv of

Philostlphу of Sсiепсе 66: 472488.
,ojаll Hоrsе. Nеw York: oхford

i of Intеlligеnt Dеsign Thеоry.

Еduсаtk lп  17 ,  no .3:  14-15.
luсh of what Jonathan 

.Wеlls 
writеs

or Sсiеnсе Еduсation. http://www
00s).
сomplех systеms. In I\4. Young and

А Sсiепtifiс Сritiqие of tbе Nеtu

l.utgеrs Univеrsity Prеss.
udge' Sсiепtifiс Аmеricап, lu|у:

Amеriсап Аntiеuolиtioпism З97

Нuntеr, с. G. 2001' Dаrшiп's God: Еuсllutioп апd thе Problеm of Еuil. Grand
Rrrpids, МI: Bгazos Prеss.

Icoпs of Еuolutioп' 2ОО2, B. Boorujy, diгесtоr. DVD. 75 minutеs. N.p.: Randolph
Produсtions.

Institutе for Сrеation Rеsеarсh (IсR)' 1987. Thе Suprеmе Сourt dесision and iтs
mеaning. lСR lmpасt no. l70 (August). http://www.iсr.org/puЬs/irnp/imp-170
.htm.

Johnson' P. Е. 1991. Dаrul in t lп Тriаl..Washington' DС: Rеgnегy Gatеway.
1997. Dеfеаtiпg Dаrшiпism bу Оpепiпg Мiпds. Downетs Grovе, IL:

Ir.rtеrVarsity Prеss.
2О02. Thе Right Quеstil.ltts Trиth, Меапiпg апd Publiс Dеbаtе. Downеrs

Grоvе, IL: IntегVarsity Prеss.
Kеnt Hovind sеntеnсеd to 10 yеаrs.2007. Nаtional Сеntеr for Sсiеnсе Еduсation,

January 24. http://r,vww.nсsеwеЬ.org/rеsourсеs/nеwsl2ОО7lFLl789_kеnt_hovind

_sеntеnсеd_to'tел у 1 _24 _2007.asp (aссеssеd Мaу 22, 2008|.
Kushinеr, J. М. 2000. Bеrkсlеy's radiсa]. Toцсhstoпе 15, nо. 5: 40.
Larson' Е. J. 200з. Triаl апd Еrror: Thе Аmеricап Ссlпtrсluеrsу ouеr Сrеаtiсlп апd

Еuсl lut ioп,3rd еd. Nеw York: Oхfоrd Univеrsity Prеss.
l ,еading Intеl l igеnt Dеsign think tаnk саl ls Dovеr еvоlution pol iсy ..misguidеd,' '  сal ls

for it to Ье withdrаwn ,2004, Disсovегy Institutе. http://wrvw.disсovеry.org/
sсripts/viеwDB/indех.php ?ссlmmand=viеw&program=СSС%20- %20Viеws
,,/"20 and,,/" 2ОNеws &id=2 3 4 -l ( aссеssеd DесеmЬеr \ 4, 2004|,

I-еrnеr, L. s. 2000. Good Sсiепсе, Bаd Sсiепсе: Tеасhing Еuollltioп iп thе Stаtеs..Wаshington, 
DС: Thсlmas B. Fordhаrn Foundatiсln.

Lynсh' J. 20О2. Сrеаtirпism апd Sсriptиrаl Gеologу, 1817-1 8.\7, London: Bristol
Thoеmmеs Prеss.

Мansсln, N. А.' еd. 2ООЗ. God апd Dеsigп: TЬе Tеlеologiсаl Аrgumеnt апd Мodеrп
Sсiепсе. London: Routlеdgе.

Matzkе, N. 2004. lсon of oЬfusсаtion. Talkorigins Arсhivе, updatеd January 23,2004.
http://www.talkorigins.оrg/faqs/wеl ls/ iсonoЬ.html (aссеssеd Jаnuary 14' 2005 ).

МсMurtriе, B. 2001. Dаrwin undеr attaсk. Сbroпiсlе of Highеr F'duсаtioп'
Dесеmbеr  21 ,  8 .

Мillеr, K. B', еd. 200З. Pеrspесtiuеs сlп ап Еu<lluiпg Сrеаtiсlп. Grand Rаpids, МI:
Ееrdn.rans.

Mil lеr '  K. R. 1999. Fiпdiпg Dаrtuiп's Col. Nеw York: НarpеrСol l ins.
Моrеlаnсi' J. P., еd' 1'994. Thс Сrеаtioп Hуpсlthеsis. Downеrs Grсlvе, IL:

IntеrVirrsity Рrеss.
i lz lorr is, H. R. l980. Thе tеnеts of сIеationism. lmpасt1.|uly: 1_4.
NumЬегs, R. 1992. Thе Сrеаtiсlttisfs. Nеw York: Krrоpf.
orr, H. ^. 1996. Dаrwin vs. Intеl l igеnt Dеsign (again). Bostсlп Reuieш,28_31.
The pеndulum swings in Kans:rs. 2006. National Сеntеr tЪr Sсiеnсе Еduсation,

August 2. http://www.nсsеwеЬ.org/rеsсlurсеs/nеwsl2ОО6lKSlЗ95_thе_pеndulum
swings_in_kansas.8-? 2006.аsp (aссessеd Мay 15' 2008).

Pеnnoсk, R. T. 1999. Тoшеr of Ваbel: Thе Еuidеnсе {1gаiпst thе Nеtu Сrеаtiсlпism.
Саmbridgе, МA: МIT Prеss.

-l еd. 200l . Iпtеlligепt Dеsign Сrеаtirlпism апd Its Сritiсs. СamЬridgе, MA:
МIT Prеss.

2003. Сrеationism аnd Intеl l igеnt Dеsign. Аппиаl Rеuiеtu of Gепomiсs апd
Hиmап Gепеtiсs 4: |4З_|6З.

Rosеn, l , . 2003а. Darwin faсеs a nеw rivаl: A Rosеvi l lе High Sсhool parеnt urgеs that
.. lntеl l igеnt Dеsign' '  аlso bе taught in Ьiоlоgy. Sасrаmепtrl Bee, Junе 22,1-,2.

2003Ь. Rosеvi l lе st iсks with еvolutit ln: Sсhool trustееs OK a tехt thar
tеaсhеs Dаrwin Ьut nliry add nrаtеrial dispr-rting lris thесlry. Sасrаmепto Beе'
Iu lv  3 .



З98 Аmеriсаtt Апtieu<llutionism

Rosеnhall , L. 20О7, Judgе tossеs out еvolution lаwsuit. Sасrаmепto Beс, SеptеmЬеr
1з .  B2 .

Rosеnlrousе, J. 200.]. ProЬaЬil i tv, optimizаtiorr thеory, аnd еvolution , Ь-uolиtkп 56,
no . 8 :  7 721 - 1722 .

Sаrfati, J.1999. Rеfutiпg Еuolutioп. Grееn Forеst, AR: МastеrЬооks.
Savagе, D. G. 200t]. Сonsеrvativе сourts l ikеly Bush lеgaсy: Thе prеsidеnt's suссеss

in gеtt ing judiсiаl nominееs сonfirmеd givеs thе fеdегal Ьеnсh а dесidеd GoP
t i l t .  Los  Aпgе lеsТ imеs ,Jan la ry  2 '  A11.

Sсott '  Е. с. 1989. Nеw сrеationist book on thе Way. Reptlrts of tbе NаtioпаI Сепtеr

fсlr Sсieпcе Еduсаtioп 9 , лo. 2: 21 .
1997. Аnrlеуolutionism and сrеationism in thе tJnitеd Statеs. Аппиаl

Rеuiеtu of Апthropolсlgу 26: 26з_289,
1998. ..Sсiеnсе and rеl igion, ' '  . .CЬrist ian sсholarship' ' '  and ..thеistrс

sсiеnсе'': Somе сomparisorrs. Reporls of the Nаtiottаl Сепter for Sсiеnсе
Еduсаtioп 18, no. 2: 3О-32. http://www.nсsеwеЬ.org/rеsourсеs/art iс lеs/6149

_sсiеnсе_and-rеl igion.сhгis_3_1'1 998.аsp.
2001. TЬе Ьig tеnt and the саmеl's nosе. Rep()r/s oi thе Nаtiсlnаl Сeпtеr for

Sсieпсе Еducrtt ioп 21, no' 2: З9_41 .
20О4. Сrеаtioпism us' Еuolutioп: Ап lпtroduсtiolz. 

'Wеstport, 
СT: Grееnwood

Prеss.
Sсott, Е. С., and G. Brаnсh.200.]. Antiеvoltrt iс lnism: Сhangеs and сorrt irruit iеs.

Biсlsсieпсе '53, no. З: 282_285.
Sсott, Е. С., аnd N. J. Маtzkе. 2007. Biologiсаl dеsign in sсiеnсе сlаssrоoms.

Proсеediпgs of thе Nаtiсlпаl Асаdemу сlf Sсiепсes 104 (Suppl. |): 8669-8676.
Shаnks, N. 1999. Rеdundаnt сornplеxity: A сrit iсаl anаlysis оf Intеl l igеrrt Dеsign in

Ьioсhеmistry. PЬilosoplry of Sсiепсе 66: 268_298 '
20О4. God, thе Dеuil, аnd Dаrшiп: А Сritique of Iпtеlligcпt Desigп Tbесlrу'

Oxford: Oхford Univеrsity Prеss.
SoЬеr, Е. 2002. Intеl l igеnt Dеsign and prоbаЬil i ty rеasоning. Iпtеrпаtit lnаl Joиrпаl

for Phi losophl '  оf Rеl igiсlп 5), t- lо. 2: 6'5_80.
Stеngег' У.2004.Is thе univеrsе f inе-tunеd for us? In N{. Young and T. Еdis, еds..

'V/hу 
lпtеIligеnt Dеsigп Fаils: A Sсiепtifiс Сritiquе сlf thе Nеtu Сrеаtiсlпtsm,

172-784. Nеw Brunswiсk, NJ: Rutgеrs Univеrsity Prеss.
Thахton' с. B., W. L. Bradlеy, irnd R. L. olsеn. 1984. Thе Мvstеrу сf I, i fс 's Оrigit l:

Rеаssеssiпg Сиrreпt Thеrlriеs. Nеw York: PhilosopЬiсаl LiЬrarr'.
Thornhi l l ,  R. Н., and D. Ussеr,v. 2000. A сlassif iсation of possiЬlе rotrtеs of

Darwinian еvolution. Jounшl of Thеorеtiсаl Biologу 2О3: 111_1|6.
Uпloсkiпg thе Муstеrу of Life . 20О2. L. Al lеrr, dirесtor. DVD. 67 minLrtеs. Lа

Habra, СA: I l lustra N{еdiа.
.W,atсhtowеr 

BiЬlе аnd Traсt Soсiеty. 1985.I-ife: Hotu Did lt Gеt Неrei Bу
Еuolutioп or bу Сreаtiozi Brooklyn, NY: \)Иatсhtowеr BiЬlе аnd Traсt Soсiеty
of Nеw York.

.W.еin, 
R. 2002. Not а frее lunсh Ьr'rt a Ьoх of сlrосolаtеs: A сrit iquе of Wil l iam

DеmЬski 's book No Frее Luпсh. Thе Talkorigins Arсhivе (uрdatеd Apri l  2.3,
20О2). Ьttp:l lwww.talkorigins.org/dеsign lfaqslnfll (ассеssеd January 24, 200 5).

.!ИhitсomЬ, 
J. С., аnd H. R. Mоrris. 7961. T'hе Gепеsis Flood: Тhе Bihliсаl Rесord

апd lts Sсiепtifiс Impliсаtiolts, PhillipsЬurg, NJ: PrеsЬvtеrian аnd Rеformеd.
wikег, B. 2002. Мorаl Dаru,iпism: Нсlu', \Yе Bесаmе Hеdoпists, Downегs Grоvе. IL:

IntеrVarsity Prеss.
Wilkins, J. S., and lif. R. ЕlsЬеrry. 2001. Thе advantаgеs of thеft ovеr toil: Thе dеsign

infеrеnсе and arguing frоm ignoranсe. Biсllogу апd I,Ьilosсlphу 16:711_724.
Young, М., and T. Есlis, еds. 2004. Whу lпtеlligепt Dеsign FаiIs: А Sсiепtifс

Сritiquе of thе Neш Сrеаtiсlпism. Nеп, Brunswiсk' NJ: Rutgегs LJnivеrsity
Prеss.

с o U R т  o P | N | o

Dапiеl U. w,tters. U.S. (]с
Еdшаrds u. Аguillаrd. 48
Еppеrsoп u. Аrkапsаs. 3,
Kitzmiller u. Douеr Аrеа
МсLеаn u. Arkапsаs Bо.l
SеImап t ' '  Сobb Сt l t tпtу !



\|slit. Sdсrаmeпto Bее, SеptеmЬеr

еory' аnd еvolution. Еuoluti l>п 56,

', AR: Nlastеrbooks.
rsh lеgaсy: Thе prеsidеnt's suссеss
.hе fеdеral Ьеnсh a dесidеd GoP

аy. Rсprlrls tlf thе Nаtioltаl Сепter

in thе Unitеd States. Аnпuаl

sсholаrshiр, ' '  irnd ..thеist lс

N,ltkпаI Сеntеr for Sсiепсе
зwеЬ.org/rеsourсеs/art iс lеs/6 149

Rеports of thе Nаtiсlпаl Сеntеr for

эduсtioп..!7еstpоrt, СT: Grееnwоod

i sm :  Сhаngе s  аnd  с t ' n t i n u i l i е s .

lеsign in sсiеnсе сlassrooms.
спсes  1О4 (Supp l .  \ ) :8669-8676.
:al аnalysis of Intеl l igеnt Design in
-2.98.

"itiquе of Iпtеlligепt Dеsigп Thесlrу.

y rеirsоning. lntеrпаtkпаl J ou'rnаl

s? In М. Young аnd T. Еdis' еds.,
it iquс о[ thс Nсш Сrсаtiсlпism'
vеrsity Prеss.
1984.Thе Муstсrl, of l-ifе's origiп:
hi losophiсal Library.
сation of possiЬlе routеs of
| '  B i с l l с lgу  203:  111_116.
irесtor. DVD. 67 minutеs. Lir

Нсlш Did lt Gсt Hеrе? 8y
7atсhtowеr Biblе and Traсt Soсiеty

сlсolatеs: A сrit iquе of Wil l irrn-r
)r igiпs Arсhivе (updatеd Aрri l  23,
qs/nfl/ (aссеssеd January 24, 200 5I.
Эеnеsis Flood: T.he Bibliсаl Rесord
NJ: PrеsЬytеriаn аnd Rеformеd.

саmе Hеdoпisfs. Downеrs Grovе, IL:

r'antаgеs of thеft оvеr toil: TЬе dеsign
эgу опd Ph i l r l soph l  |6 :771-724.
,епt Dеsigп Fаils: А Sсiепtifiс
nsrv i сk .  NJ:  Rutgеrs  Un ivеrs i ty

Americап Апtieuolutioпism З99

с o U R т  o P | N | o N s  с | т Е D

Dапiеl u. Wаtеrs. U.S. Сourt of Appеals, Siхth Сirсuit. 515 F.2d 485 (1975).
Еdшаrds u. AgиiIIаrd.482 U.S. 578 {,1987I.
Еppеrsс lп u.  Аrkапsаs,393 U.s.  97 (|968\,
Kitzmil!еr u. Douеr Аrеа Sсhool Distriсt' 400 F. Supp. 2d 707 (М.D. Pa. 2005).
МсLеап u. Arkапsаs Boаrd of Еduсаtion.529 F. Supp. (Е.D. Ark. 1982)
Sеlmап u. Сobb Сoltlttу Sсhoсll Distriсt.390 F' Supp. 2d (N.D. Gа. 2005).





ALPHABЕтlсAL GUlDt



Adaptаtio|| Cl,||t

This Ьook, puЬlis
.!7il l iams, 

is onе o]

thоugh nеo-Darwi
lishеd paradigm
сommittеd to thе t

сious imprеssions.
thе есologist Vеro

Soсiаl Behаuiсlur
grouр ovеr thе inс

possiЬil ity of grou1

ought to alwаys pl

vidual еffесts and l

In making his сu
groundЬrеaking p
(1964a ,1964Ь) ,  ш
(ants, Ьееs, and w

known as kirr sе

сhanсеs by raising
produсtion.

Anothеr topiс a
progrеss' thеn mu

Rusе 1996).  
. !7 i l l i

progrеss' pointing

ity) arе oftеn vеr.
tаkеs dеvеlopmеn.
сrеdiЬly сomplех
plех is Ьеttеr. A jеt

propеllеr еnginе,
lattеr.

Thе main thrusl
and genеrally suffi

sсorn Was rеsеrvе(
lесtion. С. H. Wa

similation, whеге
fliеs. 

.\Х/illiams 
hас



Аdаptаtion аnd Nаturаl Selection (Gеorgе C. Williams)

This Ьook, puЬlishеd iл 1966 Ьy thе Amеriсan iсhtlryologist Gеoгgе С'
Will iams, is onе of thе grеat dеЬunking works irr thе history of sсiеnсе. Al-
though nеo.Darwinism, or thе syrrthеtiс thеory of еvolution, was thе еstaЬ-
lishеd paradigm in еvolutionary studiеs, Will iams (who was dееply
сommittеd to thе tlrеory itsеlf) fеlt that it was infесtеd Ьy a numЬеr of falla-
сior.rs imprеssiсlns. Ivlost signifiсant of thеsе Was the Ьеliеf, promulgatеd Ьy
thе есologisr Vеro С. 

.Wynnе-Еdrvards 
in Апimаl Dispеrsiotl in Rеlаtiotz to

Soсiаl Bеhаuioцr (|962\, гhat stlrnеtimеs naturаl sеlесtion сan favor thе
group ovеr thе irrdrvidual. Although hе did not want to dеny thе outright
possiЬil ity of group sеlесtion, Y/il l iams fеlt that on gгounds of simpliсity onе
ought to always prеfеr thе hypothеsis that group еffесts аrе сausеd Ьy indi-
vidual еffесts аnd tlrirt sеlесtion thегеforе rnust Ьеnefit first thе individual'

In making his сasе, Wiil iarns was onе of thе first tO makе rеfеrеnсе to thе
groundЬrеaking papеrs of thе tlrеn-graduatе studеnt \Х/il l iam Нamilton
(I964a, 1964ь), r,vho had shown how thе stеril ity of hymеnoptеran rvorkеrs
(ants, Ьееs, and w.asps) сould Ье ехplainеd as a rеsult of what has Ьесomе
known as kin sеlесtion. Thе workеrs аre improvil lg thеiг rеproduсtivе
сhanсеs Ьy raising fеrti lе rеlativеs instеad of putting еfforts into thеir owt] rе-
produсtion.

Anothеr topiс attaсkеd with rеlish Ьy \Х/il l iams wаs that of еvolшtionary
progrеss' thеn mrrсh favorеd Ьy pеoplе l ikе Julian Huxlеy (7942; sее аlso
Rusе 1996). \Will iams was withеring in his сritiquе of various notions of
progrеss, pointing out that populaг сritеria of improvеmеnt (l ikе сomplех.
itv) aге oftеn vеr1' rrrislеading. Аp:rгt from thе faсt tlrat gеnеrally lro onе
takеs dеvеlopmеnt into aссount (thе livеr flukеs rhаt affесt shееp hаvе an in-
сrеdiЬly сomplех l ifе history), it is Ьy no mеans oЬvi<lus that thе morе сom-
plеx is Ьеttеr. A jеt еnginе is сlеarly supеriсlr to a gasolinе-fuеlеd, motor.drivеn
propеllеr еnginе, апd yеt in prinсiplе thе formеr is lеss сomplеx than thе
lattеr.

Thе mairr thrust of thе Ьook, holvеvег' is tlrсrt ni1tural sеiесtion is thе main
and gеnеrally sr-rffiсiеnt ехpiarration of еvolutionary сhаngе. Неnсе раrtiсular
sсorn Was rеsеrvеd for thosе who would rеplaсе or othеrwisе supplеmеnt sе-
lесtion. С. Н. Waddington (1957\ had intrсlduсеd thе notion of gеnеtiс as-
similation, whеrе lrе was aЬlе to sit-nulatе Laпrarсkian-typе еffесts irr fruit
fl iеs. Will iams haсl no rэЬjесtirln to thе еrnpiriсаl findings, Ьut thought tlrаt in-
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fеrеnсеs аЬout thе irradеquaсy of sеlесtion as suсh arе simplу not wеll tаkеn.

For him, and for his пrany еnthtlsiastiс rеzrdеrs' a str ippеd_down' purе Dar-

winism is not only aеsthеtiсal ly morе attraсtivе' it is sсiеntiI iсal ly supеrior-

a point lost on thе phi losophy of Ьiology сommunity, whiсh has spеnt a

h,ppy nеar-half сеntury wrir ing papеrs and Ьooks rеfuting kеy сlаinrs оf

\filliaпrs's work.
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Agassiz, Jеan Lоuis Rоdоlphe $8a7_t873\
Born in Switzеrland in 1807, l,ouis Agassiz as a Ьoy Was a kееn naturalist. Hе
studiеd Ьiology at sеvеral Gеrman univеrsitiеs, еarning an advanсеd dеgrее in
narural history \n 1829. Hе soon еarnеd a rеputatioll as a bril l iant rеsеarсhеr'
thanks to Ьooks dеsсriЬing spесiеs of fislr' living and fossil' and to his сarеful
studiеs of Alpinе glaсiеrs (Agassiz 1833_1843' 1840) (sее figurе). Bеginning in
1837 hе аssеmЬlеd еvidеnсе for а surprisirrg nеw thеory aЬout an Iсе Agе,
whеn a thiсk lаyеr of iсе had ссrvеrеd northеrn Еuropе. Aftеr moving to thе
Unitеd States in 1846,Ьe Ьесamе onе of Amеriсa's lеading sсiеntists, founding
thе Мusеurn of Сomparativе Zoology at Harvard in 1859.

A сharismatiс lесturеr' Agassiz сhaгmеd thе puЬliс as wеll as his studеnts
with dеsсriptions of rесеnt disсovеriеs in еmЬryсllogy' palеontology, and
anatomy. Likе Riсhаrd Owеn in Lоndоn, Agassiz еmphasizеd thе pattеrn of
rеsеmЬlanсеs сallеd hornolоgv. Althouglr it had long Ьееn known that tlrе
struсturе of an animal's organs is геlatеd to thеir funсtion, not until thе ninе-
tееnth сеntury did hiologists сonfront thе faсt that divеrsе сrеaturеs sееm to
bе modifiсаtions of а сommon Ьluеprint or typе. VеrtеЬratеs arе onе sllсh
typе' Ьесausе thе samе layout of Ьonеs and othег organs сan Ье traсеd in a
fish, a frog, a Ьat, and a humаn. Agassiz imprеssеd his audiеnсеs with unfa-
miliar ехamplеs of tlrе samе prinсiplе: thаt Ьееs, spidеrs, and loЬstеrs arе 2rlso
honrologous to otlе anothеr' аs arе oсtopusеs, snails, and сlams, or stirrfish,
jеllyfish, sеa urсhins, and сorаl polyps. F.ollоwing Gеorgеs Сuviеr, hе сallеd
thеsе four gгoups vеrtеЬratеs, i lrtiсLllatеs, mollusks, and radiаtеs. In his Еssay
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Louis Agassiz was a mastеr at rесonstruсting fossil fish. Тlris Dartiсlrlar
s.pесimеn' Сусlopomа spin(,sum, wаs giving him diffiсulty and th.n hе hаd а
drеam in whiсh hе sаw thе full form. 

.Whеn 
hе еvеntuаlly сomparеd thе skеtсh

that hе had madе from mеmory with thе aсtuаl еmЬеddеd speсimеn. thе two
сorrеspondеd ехaсtly. It is dеsсriЬеd in Agassiz 18з3_184J' vo|. 4. Сtёnijides.
20-2r .

oп Сlаssifcаtion (1859) Agassiz arguеd that homologiеs, whiсh ехtеnd
aсross еmЬryoniс forms and Ьaсk thrоugh thе fossil rесord, arе еvidеnсe of
thе ехistеnсе of ..one Suprеmе Iпtеlligеnсе'' who hаd сonсеivеd thеsе rеsеm_
blаnсеs Ьеforе hе сrеatеd thеm. This aгgumеnt is quitе distinсt from thаt of
Will iam Palеy, whosе Nаtцrаl Thеologу (1s02) сomрarеd God to а Wаtсh-
makеr or еnginееr who Ьuilds maсhinеs that arе сlеvеrly adaptеd to thеiг
purposе. Agassiz's God is l ikе а musiсiаn or arсhitесt who еnjoys playing sеv_
еral variations on a fеw Ьasiс thеmеs.

Agassiz arguеd that еaсh spесiеs was thе produсt of a сlistinсt aсt of сrе-
ation and сannot сhangе, Ьut hе цndеrstood gеologiсal timе and firmly rе-
jесtеd thе ЬiЬliсal story of сrеation. His сonсеpt of spесiеs was sеvеrеly
сhallеngеd whеn hе еnсountеrеd pеoplе of Afriсаn dеsс.,'t, and his rеsponsе
doеs him no сrеdit. Не insistеd that human raсеs arе aсtually distinсt spесiеs,
an opinion wеlсomеd Ьy slavе ownеrs'

Darwin's on tbe Оrigin of Spеcies was a sеrious thrеat to Agassiz's intеr-
prеtation of naturе. Pointing to thе samе phеnomеna сitеd Ьy Agassiz, Dar-
win arguеd that homology and Ьiogеography are еvidеnсе of dеsсеnt from a
сommon anсеstor, whilе thе adaptеdnеss of form to funсtion is еvidenсе for
naturai sеlесtion. Bеfоrе long Agassiz's students and пrost of his сollеaguеs
aссеptеd еvolution, if not natural sеiесtion, Ьut Agassiz nеvеr did. Travеling
to Brazil in 1855 and to thе Galjpagos Islands in 1872 did nothing to сhangе
hls mind. Hе diеd in 787З.
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Alеxandеr, Riсhard D. (b. |929\

Riсhard D. Alехandеr was trainеd as an еntomologist at ohio Statе Univеr-
sity. Soon aftеr rесеiving his PhD ш'1954, hе r<lok a position at thе Univеr-
sity of N4iсlrigan Мusеltm of Zoo|<lgу, whеrе hе rеmainеd fсlr thе rеst of his
сarееr (hе Ьесamе а Profеssor еmеritus in 2001). Еarly in his сarеег hе сon-
сеntratеd his rеsеarсh еfforts on сOmmuniсation in thе singing insесts-thе
сriсkеts, katydids, and сiсadas. Не was thе first Ьiologist to usе insесt songs
to rесognizе spесiеs' and hе madе а numЬеr of mеthodologiсal innovations
foг thе study of insесt songs. Hе dеsсriЬеd 426 new spесiеs and gеnеra of in-
Sесts аnd hе dеsсriЬеd thе longеst and most сompliсatеd hyЬrid zonе еvеr
known in thе truе katydid, Ptеropbyllа саmеllifoliа' Hе also was a pionееr in
thе study of Ьеhavior and madе important сontriЬutions to thе undеrstand-
ing of how Ьеhavior еvolvеs. Hе foсrrsеd on insесt songs' maring Ьеhavior,
aggrеssion, and tеrritoriality in his studiеs of insесt Ьеhavior. Vith a numЬеr
of сollеaguеs hе dеvеlopеd important thеorеtiсal idеas aЬout thе еvolution of
еusoсiality in mammals, idеas that wеrе сonfirmеd with thе disсovеry of еu-
soсiality irr nakеd molе rats.

In thе еarly 1970s, Alexandеr turnеd his attеntion to thе еvolution of hu-
man Ьеhavior. In his Ьook Dаru-,iпism сzпd Hиmап Affаirs (1979) hе showеd
how сulturе сan Ье sееn as thе produсt of soсial intеraсtion among individual
human Ьеings who havе еvolvеd to mаximizе thеir inсlusivе fitnеss in аnсеs-
tral еnviгonmеnts. In this Ьook hе rеviеwеd а largе amount of anthropologi-
сal data to сlarify and support his thеory. |n The Biologу of Мorаl Sуstеms
(1987) hе prеsеntеd thе thеory that thе human sеnsе of morality is a prodrrсt
of a history of intеrgгor.rp сompеtition in human groups' whiсh favоrs any
trait that hеlps humаn Ьеings to form latgеr and Ьеttеr-unitеd soсial gгоups.
Не suggеstеd that a basiс faсt of human еxistеnсе, as with аll sexually rеpro-
duсing organisms' is сonfliсt of rеproduсtivе intеrеst among individuals. As
groups Ьесomе largеr аrrd сonsist mostly of gеnеtiсally unrеlarеd pеoplе, prе-
vеnting сonfliсts from Ьrе:rking uр thе group Ьесorrrеs morе diffiсult. Alеxаn-
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dеr hypothеsizеd that morality as a form of indirесt rесiproсity hеlps to prе-
vеnt this sort of соnfliсt and allows thе formation of largеr, Ьеttеr.unitеd
groups. In сonnесtion with this idеa, hе ехpandеd Niсholas Humphrеy's
(1983) idеa that human intеll igеnсе has еvolvеd Ьесausе of thе advantagеs it
сonfеrs in сomplеx soсial intеraсtions. Alехandеr has dеvеlopеd wеll-
thought-out thеoriеs aЬout a nunrbеr of human traits. Тhеsе inсludе rеlativе
hairlеssnеss in adults, fеmalе orgasm' sеxual dimorphism, есologiсal domi-
nanсе and its impliсations for soсiality, soсially imposеd monogamy, thе
сomЬination of high patеrnity сonfidеnсе and multi.malе soсial groups'
group.group сompеtition as a form of plaу, thе assoсiation of low patеrnity
сonfidеnсе and an еmphasis on utеrinе kinslrip, and сross-сousitl mаrriagе, to
mеntion a fеw. Thеsе thеorеtiсal idеas arе thе foundation of mrrсh сurrеnt rе-
sеarсh by human Ьеhavioral есologists.

Riсhard Alехandеr has rесеivеd a numЬеr of important honors: thе
Amеriсan Assoсiation for thе Advanсеmеnt of Sсiеnсе Award (1961), tЬe
Daniеl Giraud Еll iott Меdal Ьy thе National Aсadеmy of Sсiеnсеs (197I),
thе Dагwin Award in Insесt Bеhavioral Есology Ьy thе Florida Еntomolog-
iсаl Soсiеty (\986), and Distinguishеd Animal Bеhaviorist Ьy thе Animal
Bеhavior Soсiеty (z00z). Hе Ьесamе a mеmbеr of thе National Aсadеmy
of Sсiеnсеs in 1974, and has Ьееn еlесtеd a Fеllow of thе Amеriсan Assoсi-
ation for thе Advanсеmеnt of Sсiеnсе, thе ohio Aсadеmy of Sсiеnсеs, and
thе Animai Bеhavior Soсiеty. Hе was еlесtеd prеsidеnt of thе Human Bе-
havior and Еvolution Soсiеty in 1995 and rесеivеd its Distinguishеd Sсiеn-
tif iс Award in2О07. Hе has puЬlishеd four Ьooks and ovеr 130 sсiеntifiс
artiсlеs, and has trainеd 32 studеnts, most of whom now arе making im-
portant сontributiоns to thе еvolutionary study of Ьеhavior.

в | в L I o G R A P H Y

Alеxandеr, R.D. 1979' Dапtliпism апd Huntаn Аffаirs. Sеаttlе: Univеrsitу of
Washington Prеss.

1987 ' The Biologу of Мorаl Sуstems. Hawthornе, NY: Aldinе dе Gruytеr.
1990. Ilot,tl Did Нumапs Еuoluе? Reflесtions oп thе Uпiquеlу Uпiquе

Spесiеs. Ann ArЬor: Univеrsity of Мiсhigan N4usеum o|,Zoo|ogу, Spесiаl
PuЬliсation 1.

Humphrеy, N. 1983. Сoпsсiot.tsпеss Regаinеd: Сhаpters in thе Dеuеlopmепt of
Мiпd. Оxford: Oхford Univеrsitу Prеss'

ottе, D., and R. D. Alехandеr. 1'983. -Гbe Austrаliап Сriсhеts (orthoptеrа:
Grуllidаe) . Philаdеlphia: Aсadеmy of Nаtural Sсiеnсеs of Philadеlphia. -w. t.

Altruism
Thе ехistеnсе of altruism in animаls and humans has posеd onе of thе most
profоund сhallеngеs in еvolutionary Ьiology, and thе еvolutionary еxplanа-
tions for altruism havе influеnсеd psyсhologists, soсiologists, philosophеrs,
аnd еvеn есonomists. 

.!Иhilе 
еvolutionary thеоry and empiriсal studiеs havе

il luminatеd thе undеrstanding of altruism, it rеmains an aсtivе suЬjесt in
mоdеrn еvоlutionary Ьiology and psyсhology.
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Thе proЬlеm of аltruism is dividеd into two sеparatе Ьut rеlаtеd issuеs: Ьi.
ologiсal altruism and psyсhologiсаl altruism. In Ьiologiсal altruism, an or-
ganism pеrforms аn altruistiс aсt whеn thе aсt Ьеnеfits anothеr organism at a
сost to itsеlf. Bеnеfits and сosts arе mеasurеd in tеrms of rеproduсtivе fitnеss.
Suсh altruism is wеll doсumеntеd in many spесiеs. Vеrvеt monkеys аnd
prairiе dogs havе sеntriеs at thе outskirts of сoloniеs that alеrt mеmЬеrs of
thе сolony of approaсhing pгеdators, oftеn at thе сost of Ьесoming thе tar-
gеts of thosе prеdators. Psyсhologiсal altruism, whiсh is thе сolloquial sеnsе
of thе tеrm, is intеntionally pеrforming an aсtion at onе's own сost in ordеr
to Ьеnеfit anothеr. Thе Ьеnеfits and сosts for psyсhologiсally altruistiс aсts,
howеvеr, nееd not havе anything to do with rеproduсtivе fitnеss. An еxamplе
of a psyсhologiсаlly altruistiс aсt woцld Ье to plant a slow-growing trее,
knowing full wеll that you will not Ьеnеfit from its shadе or fruit'

Although Ьiologiсal and psyсhologiсal altruism arе sеparatе proЬlеms, thе-
orists havе offеrеd Ьiologiсal undеrpinnings for psyсhologiсal altrцism. Thе
proЬlеm of altruism, Ьoth Ьiologiсal and psyсhologiсal, is at thе сеntеr of
grounding a thеory of morality within Ьiology. I wil l disсuss thе two kinds of
altruism in turn.

Altгuism sееms to Ье a prоЬlеm for еvolutionary thеory whеn looking at sе-
lесtion from an individual pеrspесtivе (i.е., sеlесtion that oссuгs on thе lеvеl of
organisms). If altruistiс organisms livе among sеlfish organisms' thе sеlfish оr-
ganisms will always Ье morе fit than thеir altruistiс сountеrparts. ovеr timе,
altruistiс individuals will Ье sеlесtеd out in favor of sеlfish onеs. For ехamplе,
sеntry monkеys lowеr thеir fitnеss Ьy alепing othеrs to thе prеsеnсе of а prеd-
ator. ovеr timе, sеlfish monkеys, onеs that do not takе thеir turn on watсh'
would produсе morе offspring and еvеntually еliminatе any altruistiс gеnеs.

Сharlеs Darwin' tnThе Desceпt of Маn (7871)' notiсеd this proЬlеm and
hintеd at a solution: ..although a high standard of moгality givеs Ьut a slight
or no advantagе to еасh individual man . . . an inсrеasе in thе numЬеr of
wеll_еndowеd mеn and advanсеmеnt in thе standard of morality wil l сеr-
tainly givе an immеnsе advantagе to thе group,, (p. 1'66). Darwilr сontinuеs
by suggеsting thet groups that сontain morе altruistiс individuals will out.
сompеtе groups сomprisеd mainly of sеlfish individLrals. From this pаssagе, it
appеars that Dаrwin Was suggеsting that sеlесtion сan oссur at thе lеvеl of
groups' a radiсal dеparturе from his сorе afgumеnt aЬout thе importаnсе of
sеlесtion among individuals.

Еvolutionary Ьiologists havе vaсillatеd in thеir aссеptanсе of this so-сallеd
group sеlесtion argumеnt. Darwin's influеnсе gavе it grеat сrеdеnсе for dе-
сadеs. It fеll from favor in thе 1960s undеr thе influеnсе of Gеorgе C.
IWill iams's writings (e.g., 1966| aЬout sеlесtion and adaptation Ьесausе
group sеlесtion for any attributе сamе to Ье сonsiderеd a Ьiologiсal rarity.
onе of thе main proЬlеms with the group sеlесtion argumеnt is that сompе-
tition within a group will always favor thе sеlfish individuals, so that еvеn if
groups of altruists arе morе fit as a group than groups of sеlfish individuals,
thе groups of altruists will suffег suЬvеrsion from within. Rесеntly, lrowеvеr,
group sеlесtion nrodеls havе rесеivеd a spiritеd dеfеnsе. SoЬег arrd 
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(|998) arguе that' undег сеrtain сonditions, altгuism сan Ье promotеd Ьy sе-
lесtion. If thе avеrаgе fitnеss of groups prеdominatеd Ьy altruists is grеatеr
than thе avеragе fitnеss of groups prеdominatеd Ьy sеlfish individuals, thе nеt
fitnеss сonsеquеnсеs of Ьеing an altruist may Ье positivе. Groups сan main-
tain a prеdominantly altruistiс population and dеfеnd thеmselvеs аgаinst
subvеrsion from within if thеrе arе pеriodiс migrations of individuals Ье-
twееn groups. Althorrgh thе mathеmatiсs for group sеlесtion havе Ьееn
workеd out and thе plausiЬil ity of thе thеory сonfirmеd with ехpеrimеntal
studiеs of florrr Ьееtlеs, it is lеss oЬvious that thе rеquirеmеnts of thе group
sеlесtion modеl arе mеt oftеn in naturе and thus that thе modеl will aссu-
ratеly еxplain natural phеnomеna. Furthеrmorе' grouP sеlесtion modеls сan-
not ехplain how altruists, whеn initially rarе (as would happеn through
mutation in Ьеhavioral traits), avoid Ьеing еliminatеd by sеlfish individuals
Ьеfoге thеy Ьесomе nutnеrous еnough to сгеatе a group sеlесtivе advаntagе.

A sесond rеason for thе есlipsе of group sеlесtion еxplanations is thе im-
paсt of Will iam Нamilton's famous pаpеrs (|964a,1964ь) dеsсribing what
has сomе to Ье known as kin sеlесtion. Нamilton arguеd that if altruistiс Ье-
havior is gеnеtiсally Ьasеd, thеn organisms that wеrе altruistiс toward rеla-
tivеs, with whom thеy shаrе gеnеtiс matеrial, would promotе thе sprеad of
altruistiс gеnеs through thе Ьеnеfits to thе rеlativеs that саrry thosе gеnеs.
With this еxplanation, group sеlесtion was not nееdеd to ехplain altruism.
From a gеnе's-еyе viеw it would bе sеlесtivеly nеutral for a mothеr to sасri-
fiсе hеrsеlf for thе livеs of two сhildrеn Ьесausе еaсh сhild possеssеs onе-half
of hеr gеnеs. But thе Ьеnеfit of saving thrее offspring morе than сompеnsatеs
for thе сost of sеlf-saсrifiсе.

Kin sеlесtion apPеars сommonly in thе biologiсal world (just think of
mothеrs dеfеnding thеir young). Onе potеntial proЬlеm for thе kin sеlесtion
ехplanation is that it rеquirеs organisms to idеntify not only family mеmЬеrs
but lагgеr fаmilial rеlationships, Ьeсаusе сlosеr геlativеs arе morе valuaЬlе
than distant onеs. \iИhilе many organisms саn idеntify thеiг kin through vi-
sual or olfaсtory сuеs, thе kin sеlесtion argumеnt works еvеn if othеr сuеs arе
еffесtivе proxiеs for rеlatеdnеss. A hеuristiс rulе likе ..sharе with organisms
that arе сlosе Ьy'' will work whеn family mеmЬеrs tеnd to aggrеgatе in spaсе.
Suсh aggrеgation сan oссuг еvеn in animals without advanсеd soсial systеms
if dispеrsal from thе homе sitе is limitеd.

But how сan wе ехplain altruistiс Ьеhavior Ьеtwееn organisms that arе not
rеlatеd if group sеlесtion is not thе answеr? A proposеd solution to this quеs-
tion was artiсulatеd Ьy RoЬеrt Trivеrs (|97|) and has сomе to Ье known as
rесiproсal altruism. Aссording to Trivеrs, an organism Ьеhavеs altruistiсally
toward othеr organisms in thе ехpесtation that othеrs will hеlp it in rеturn.
This еxplanation doеs not prеSupposе a сonsсious dесision oг еvеn mеntal
statеs in animals. A standard ехamplе of гесiproсal altruism is found in thе
Ьеhavior of vampiге Ьats. Vampirе Ьats сan survivе only a day or two with-
out fееding; howеvеr, vampirе Ьats that find prеy сan feеd in еxсеss of thеir
individual nееds. Vampirе Ьats will oftеn sharе morе, and morе oftеn, with
bats who havе rесеntly sharеd with thеm.
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Rесiproсal altruism has thе advantagе ovеr kin sеlесtion in еxplaining al-
truistiс bеhavior toward unrеlatеd individuals. onе quеstion, howеvеr, is
whеthеr rесiproсal altruism is rеally altruistiс. It сould Ьe arguеd that thе al-
truist is not paying a rеal сost Ьut only dеlaying its rеward fоr hеlping othеrs
(imaginе a sсеnario whеrе two businеssеs сoopеratе with еaсh othеr in ordеr
to maхimizе thеiг own util ity). This proЬlеm and а sеriеs of morе сompli-
сatеd faсеts of altruism, еspесially rесiproсal altruism, havе bееn ехplorеd
еxtеnsivеly Ьy thеorеtiсians using gamе thеory, and gamе thеorеtiс trеat-
mеnts hаvе Ьесomе a fertilе arеa foг dеvеloping nеw idеas about altruism
and making nеw prеdiсtions aЬout Ьеhavior in nаturе. (Plеasе sее thе alpha-
Ьеtiсаl еntry ..Gamе thеory'' foг a morе thorough trеatmеnt of thе issuе.)

Biologiсal altruism сan Ье usеd аs a foundation for studying psyсhologiсal
altruism. Thе major diffеrеnсе Ьеtwееn thеm is that altruistiс traits manifеst
thеmsеlvеs as psyсhologiсal traits in humans, as opposеd to Ьеing prеsеntеd
as Ьеhaviorаl traits in thе nonhuman Ьiologiсal world. Darwin suggеstеd that
psyсhologiсal altruism, or morality morе gеnеrаlly, сould Ье ехplainеd by thе
еmotion of sympathy, whiсh may havе Ьiologiсal roots. Similar еmphasis on
thе role of еmotions in еthiсal Ьеhavior сan Ье found in thе work of thе ohi-
losophег Dаvid Нumе.

Howеvеr, onе nееd not havе а Ьiologiсal еxplanation of psyсhologiсal al-
truism. Мorality, for eхamplе, may Ье a produсt of rationality and not Ьiol-
ogy. Furthеrmore' thеrе arе а numЬеr of quеstions aЬout psyсhologiсal altruism
that arе not Ьiologiсal but philosophiсal in naturе. For ехamplе, doеs psyсho-
logiсal аltruism ехist аt all? Еgoism, thе viеw that all Ьеhаviors havе sеlfish
roots' is dirесtly opposеd to psyсhologiсal altгuism. In this viеw, individuals
who fееd thе starving massеs arе sеlfish Ьесausе it givеs thеm plеasurе and
sеlf-satisfaсtion to do so. Howеvеr, Aristotlе (among othеrs) notеd that sim.
ply Ьесausе a fеeling of sаtisfaсtion ассompaniеs ..аltruistiс'' aсts, it doеs not
follow that thе aсt Was pеrtormеd in ordеr to aсhiеvе thе dеsirеd {ееlinя.
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lr|varcz,.Wаltеr (ь. t9 40)

!Иaltеr ,Ц|varez, thе gеologist son of NoЬеl Prizе_winning physiсist Luis Al-
varez aпd grandson of wеll-known Сalifornia physiсian 

.lfaltеr 
С. Alvarеz,

was Ьorn Oсtobеr З, 1940, in Bеrkеlеy, California. Hе еarnеd his BA from
Сarlеton Сollеgе io |962 and his PhD from Prinсеton ln 1967 with a dissеr-
tation on thе struсturе of thе Andеs Мountains. А|уarez workеd in orogеny'
arсhеоlogiсal gеology' volсaniсs' tесtoniсs, and palеomagnеtism Ьеforе turn-
ing to thе study of mass ехtinсtions. Hе hаs spеnt thе Ьulk of his сarееr at thе
Univеrsity of Сalifornia at Bеrkеlеy and has rесеivеd numеrous awаrds and
honors, inсluding thе Gеologiсal Soсiеty of Amеriсa's Pеnrose Меdal, and
еlесtion to thе National Aсadеmy of Sсiеnсеs and thе Amеriсаn Aсadеmy of
Arts and Sсiеnсеs. In 1985, thе planеtary sсiеntists Gеnе and Сarolyn Shoе-
makеr namеd a minor planеt for him. А|уarez is Ьеst known for his thеory
attriЬuting thе еnd-Сrеtaсеous mass еxtinсtion to thе impaсt of an ехtratеr-
rеstrial oЬjесt. 

.\Widеsprеad 
rеspесt for how thе thеory hаs hеld up undеr

ехtеnsivе tеsting and сorrесtion has Ьolstеrеd aссеptanсе of othеr nongradual
ехplanations for еvеnts in еvolutionary history and promotеd nеoсata-
strophism.

Alvarеz's signal соntriЬution liеs not in originating thе idеa of еxtratеrrеs.
trial сausеs for еxtinсtion-suсh suggеstions go Ьaсk hundrеds of yеars.
Rathеr, hе gavе thе thеory a logiсal struсturе and еvidеntiary Ьasе that has
allowеd еarth and planеtary sсiеntists as wеll as Ьiologists to tеst thе many
subsidiary hypothеsеs gеnеratеd.

First puЬlishеd in 1980 ln Sciепсe, thе Alvarеz argumеnt grеw out of
anomalous datа сollесtеd to tеst а diffеrеnt hypothеsis (L. !и. Alvarеz еt al.
1980; sее also 

.s7. 
А|varеz et a|. 1984|. Thе palеontologiсal сommunity had

long rеgardеd thе ехtinсtion of dinosaur l inеagеs as a gradual proсеss. Nеv-
erthеlеss, in gеologiсal timе thеir dеmisе appеarеd rathеr aЬrupt. This appar-
еnt rapidity сould havе Ьееn ехplainеd by unusually slow sеdimеntatron ratеs
at thе еnd of thе Сrеtaсеous. trf sеdimеntation wаs vеry slow, a thin layеr of
sеdimеnt would rеprеsеnt a largе sliсе of timе. To tеst this, Alvarеz proposеd
mеasuring thе amount of iridium prеsent in thе Сrеtaсеous-Tеrtiary (K-T)

Ьoundary layеr. Iridium' a vеry hеavy еlеmеnt of thе platinum group, is al-
most еntirеly aЬsеnt in thе еarth's сrust; thе only sourсе is thе tiny Ьut stеady
rain of сosmiс dust from spaсе. An inсrеasе in thе prеsеnсе of iridium in thе
K-T Ьoundary sеdimеnts would indiсatе a slowеr than usual rаtе of еarth
sеdimеntation. Samplеs takеn in |979 from thе ехposеd K-T layеr nеar GuЬ-
Ьio, Italy, showеd an iridium spikе far in ехсеss of anything attriЬutаЬlе to
slowеd sеdimеntation. Aссordingly, А|varez invеstigatеd thе possiЬility that
an ехtratеrrеstrial impaсt had сontriЬutеd thе iridium.

Alvarеz and his group' inсluding Luis Alvarеz and сhеmists Frank Asaro
and Hеlеn Мiсhеl' stгuсturеd thеir argumеnt in thrее parts. Thеy mustеrеd
gеologiсal еvidеnсе that an astеroid or сomеt had indееd struсk thе еarth аt
thе еnd of thе Сrеtaсеous. Thеn' thеy assеmЬlеd thе сasе that numеrous linе-
agеs of tеrrеstrial and marinе organisms had indееd Ьесomе еxtinсt at that
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timе. Having еstaЬlishеd thе two еvеnts and thеir synсhrony, thеy еlaЬoratеd
thе есologiсal impliсations-that a largе impaсt hаd сausеd a dust сloud to
еnсirсlе thе еarth, сutting off photosynthеsis and making it сold and dark for
a suffiсiеntlv long pегiod so that virtuallv all land animals ovег 50 pounds
diеd' along with somе 7 5"Ь of marinе organisms-and drеw thе infеrеnсе
that thе impaсt had сausеd thе ехtinсtion of a largе fraсtion of spесiеs 65
million years ago' inсluding thе ехtinсtion of dinosaurs.

Alvarеz's framing of thе issuеs providеd a Ьroad Ьasis for analysis in di-
vеrsе fiеlds. His original artiсlе has Ьееn сitеd thousands of timеs in hundrеds
of sсiеntifiс journals from Ьiology and gеology to mеdiсinе and nuсlеar
physiсs. Thе original hypothеsis has bееn strеngthеnеd Ьy furthеr disсovеriеs,
most dramatiсally by dirесt еvidеnсе of thе impaсt providеd Ьy thе Chiсxu.
lub сratеr and its uniquе сhеmiсal signaturе. Furthеr, thе thеory has сapturеd
thе popular imаgination, inсrеasing intеrеst in sсiеntifiс invеstigation and
promoting undеrstanding of thе unity of sсiеnсе. Ь1уarez has himsеlf writtеn
a popular aссount of thе disсovеry of thе ехtratеrrеstrial impaсt and its im-
pliсations for lifе on еarth in Т. Re.lс апd the Сrаter of Doom (1,997).
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AmphiЬians

LimЬеd vеrtеbratеs arosе morе tЬan 37 5 million yеars ago in thе Dеvonian
pеriod and thеy arе gеnеrally сallеd amphiЬians. This was a vеry divеrsе as-
sеmЬlagе of aquatiс and tеrrеstrial animals, ranging from thе sizе of a sala-
mandеr to largеr than an alligator. Somе of thеm еvеn Ьесame limЬlеss. But
by thе еnd of thе Palеozoiс pеriod and thе grеat Pеrmian ехtinсtion, aЬout
300 million yеars ago' most of thе linеagеs Wеrе ехtinсt. A fеw thrivеd in thе
еarly Меsozoiс pеriod Ьеforе thеy, too, disappеarеd. Rесеnt amphiЬians and
thе amniotеs rеprеsеnt thе living dеsсеndants of this еarly radiation. Thеrе arе
thrее vеry diffеrеnt kinds of living amphiЬians. Pеrhaps thе most familiaг and
сеrtainly thе most numеrous and widеsprеad arе thе frogs, whiсh arе found
on еvеry сontinеnt ехсеpt Antarсtiсa and еvеn on a fеw oсеaniс islands (sее
figurе). Thе salamandеrs arе wеll known to inhaЬitants of thе north rеmpеratе
zonе, Ьut only onе linеage has aсhiеvеd any suссеss in thе tropiсs. In сontrast'
thе rеlativеly unfamiliar and sесrеtivе сaесilians arе rеstriсtеd to tropiсal rе-
glons.

Rесеnt amphiЬians diffеr dramatiсally fгom еaсh othеr in struсturе and way
of lifе. All hаvе moist skins, howеvеr, and rеspiration is largеly сutanеous.
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Тhе еastегn spаdеfoot toad, Scаphiopus bolbrookii, is а сommorr Ьuг littlе_
notiсеd inhaЬitant сlf thе southеastеrn Unitеd Statеs' Spadеfoot toads Ьrееd
ехplosivеly in thе spгing in еphеmеral ponds aftеr hеavy rains; thе tadpolеs
grow ra;lidly and mеtamorphosе in aЬout thгее wееks. Thе juvеnilеs and adults
fееd сlrr insесts аr-rd tlthеr smаll аnimals in thе littеr layеr of forеsts arrd Ьurrow
into sandy soil to аwait thе nехt oppсlrtr-rnity to еmrrgе and Ьrееd. This spесtеs
is рart of an old l inеagе of frogs with rеprеsеntativеs in thе southwеstеrn Unitеd
Statеs, r.l ' lrosе tаdpolеs сan сoп-rplеtе dеvеlopmеnt in еphеmеral pools in thе
dеsеrt in аs l ittlе as 10 dаys.

Мost sаlаmandеrs, a fеw fгogs, and onе саесil iаn laсk lungs еntiгely.
Although amphiЬians arе assoсiatеd with moisr haЬitats' many spесiеs nеvеr
еnтеr watеr.

Frogs (Anura), with moге than 5,500 spесiеs, havе vеry short Ьodiеs. no
tail, аnсl wеll dеvеlсlpеd limЬs, еspесially long hind limЬs tlrаt havе foцr main
suЬdivisions. Мaпy frogs arе сapaЬlе of prodigious lеaps. Сarnivorous as
adults, thеy сatсh prеy with projесti lе tonguеs. Fгogs display divеrsе l ife his-
toriеs' Ьut thе most gеnеral аnd familiar is onе in wlriсh rhе sехеs сongrеgatе
in porrds in thе spring, witlr fеmalеs sеlесting malеs as mаtеs Ьasеd on thе
qualitiеs of thе mаlе сall. Mating involvеs еxtеrnal fеrti l ization of еggs,
whiсh arе gеnеrallv Iaid in сlustеrs сlr strings. Еggs dеvеlop into thе distinс_
tivе tadpolе, a lаrval forrrr uniquе to Гrogs. Tаdpolеs typiсally l ivе for onе
sеаson' during whiсh timе thеy сonsumе primary produсtivity in thе form of
algaе or vеgеtation' Howеvеr, thеrе аrе many variаtions on this l ifе lristory.
Тadpolеs may livе more than onе yеar Ьеforе nrеtamorphosing into froglеts.
Маny frogs havе nсl larval stagе at all Ьut lаy largе еggs in small numЬеrs
that dеvеlop dirесtly into miniaturеs of thе adult. othеr frogs havе tadpolеs
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that may Ье Ьroodеd in spесial сompartmеnts thаt form in thе skin of thе
baсk, in spесializеd pouсhеs on thе Ьaсk, in thе voсal saсs of malеs, or in
divеrsе есologiсal settings suсh аs arЬorеal Ьromеliads. A fеw frogs arе vivip.
arous' with еggs dеvеloping in thе fеmаlе rеproduсtivе traсt' whеrе thеy rе-
се ivе nour ishmеnt.

Salamandеrs (Сaudata), with morе than 560 spесiеs' rеsеmЬlе anсiеnt am-
phiЬians morе сlosеly than do frogs or сaесil ians. Thеy arе gеnеralizеd in
struсturе' with a Ьody of modеratе lеngth, a wеll-dеvеlopеd tail, and two
pairs оf l imЬs, with thе hind limЬs Ьеing only a l ittlе longеr than thе forе-
limЬs. Неads of salamandеrs arе rеlativеly smаllеr than thosе of frogs, Ьut
Ьoth groups havе wеll-dеvеlopеd еyеs and ехсеllеnt vision. Salamandеrs of-
tеn gathеr in ponds to Ьrееd Ьut mаlеs havе no сalls. Larvaе arе сarnivorous
rathеr than hеrЬivorous) and mеtamorphosis is far lеss dramatiс than in
frogs. Somе spесiеs rеmain in а pеrmanеntly larval or sеmilarval statе and
somе lаrvaе Ьесomе vеry largе. Мost сladеs оf salamandеrs havе somе variа-
tion of thе Ьasiс l ifе histoгy, Ьut thе most suссеssful аnd numеrorrs salaman-
dеrs, in thе family Plеthodontidaе, havе dirесt dеvеlopmеnt' and it is only
thеsе that havе suссеssfully invadеd thе tropiсs (rеstriсtеd to tropiсal Amеr-
iсa). A fеw spесiеs of salamаndеrs arе vivipаrous.

Caес i l ians (Gymnophiona) arе l imЬlеss and еxtrеmеly е longatе,  wi th е i -
thеr a vеry short tail or no tail. Thе hеad is aЬout thе samе diametеr as thе
strongly sеgmеntеd trunk, and thе еyеs arе inсonspiсutlus or invisiЬlе. A
uniquе sеnsory organ, thе tеntасlе, is formеd from сomponеnts of thе nosе
and еyе and providеs еnvironmеntal information to thеsе mainly Ьurrow-
ing animals. Somе сaесil iаns havе aquatiс larvaе Ьut m()st havе еithеr di.
r е с t  dеVе lopmеnt  o r  a rе  v i v i pa rous .  Among  thе  mаny  v i v i pа гous  spес i е s
arе forms that arе ехс lus ivе ly аquat iс .  Thеrе arе approх imаtе ly 170 сaе-
с i l ian spес iеs.

Amphibians play impоrtant Ьut gеnеrally undеrapprесiatеd rolеs in
есosystеms. Frogs arе important prеdators as adults, Ьut thеir larvaе сan bе
important сonsumеrs in equatiс systеms. Rеmoval of tadpоlеs from strеams
сan quiсkly lеаd to ovеrgrowths оf algaе and forrтation of largе algal mats.
Although salamandеrs arе сryptiс and lеss oЬvious than frogs, in somе
есosystеms thеy сan Ье ехtrеmеly numеrous. As сarnivorеs, thеy сontriЬutе
to rеgulation of tеrrеstrial food wеЬs. MеmЬеrs of thе soil сommunity' сaе-
сil ians arе major сonsumеrs of еarthworms, Ьut thеir есologiсal rolе is lеss
wеll undеrstood than that of frogs and salamandеrs.

AmphiЬians havе rесеivеd attеntion Ьесausе of сonсеrns aЬout еvidеnt dе-
сlinеs and ехtinсtions сlf populations as wеll as spесiеs throughout thе
world. A rесеnt assеssmеnt of thе stаtus of amphiЬian spесiеs aсross thе
gloЬе found that a highеr proportion (morе than onе-third) Wеrе at risk of
ехtinсtion than for any of thе othеr vеrtеЬratе taхa. Еspесially trouЬling
Was thе finding that a largе pеrсеntagе of thе dесlinеs Wеrе from unknown
сausеs. 

.Whilе 
most amphiЬian dесlinеs douЬtlеss arе rеlatеd dirесtly to

habitat dеstruсtion аnd modifiсation Ьy humans, thеге arе also othеr impсlr-
tant faсtors. Onе infесtious disеasе, a сhytrid fungus that аttaсks thе kеratin
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of thе skin and lеads to dеhydration, is rеsponsiЬlе for wеll-doсumеnted dе-
сlinеs in spесiеs l iving in protесtеd arеаs in Сеntral Amегiсa, Australia, and
Сalifoгnia, whеге еpidеmiсs havе Ьееn rесordеd. Thе disеasе sprеads rap-
idly, and thеrе is no known Way to stop it. GloЬal сlimatе .h".'g. аlso is im-
pliсatеd in thе dесlinеs of many frogs in tropiсal montanе forеsts. Othеr
faсtors inсludе еffeсts of introduсеd spесiеs (е.g., for sport fishing), pollu-
tion from pеstiсidеs and fеrtilizеrs, and synеrgistiс intеraсtions of somе of
thеsе faсtoгs and othеrs suсh as ultraviolеt гadiation (UVB). Howеvеr, in
many parts of thе planеt amphiЬians rеmain aЬundant, adding to the puz-
zlеmеnt оvеr thе dес1rnеs'

Tоday's living amphiЬians arе rеmnants of a vеry anсiеnt linеagе; еaсh ma-
jor group сan Ье traсеd Ьaсk аЬout 200 mill ion yеars. Altho,.gh й,.,y appеar
to Ье dеliсatе, thеy wеrе ruggеd survivoгs of many е*tin.tio., еvеnts. lt is
trouЬling that amphiЬians that l ived happily with thе long-ехtinсt dinosaurs
should bе faсing еxtinсtion on oцr watсh'
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Andеrson, Еdgar (ts97 -|969)
Еdgar Andсrson is rеgardеd as onе of thе lеading sсiеntists of plant еvolu-
tionаry Ьiology during thе twеntiеth сеntury. A produсt of а numЬЪr of divеrsе
intеllесtuai traditions, Andегson wаs aЬlе to synthеsizе nеwеr dеvеlopmеnts
in gеnеtiсs and сytology to hеlp a.ddrеss morе traditional proЬlеms in plant
systematiсs. Hе is Ьеst known for his invеntivе studiеs mеasuring variation in
naturаl settings and foг his artiсulation of thе сonсеpt of 

-i't.og..,,'u.

hyЬridizatiоn' a proсеss Ьy whiсh nеw gеnеtiс matеrial is introduсеd through
hybridization and Ьaсkсrossing. Muсh of this work was formalizеd in
1949 with the publiсation of а smаll volumе tit\ed Iпtrogrеssiuе Нуbridizа-
tion. The Ьook was widеly rеаd and immеdiatеly .есog.'i,.d as an original
сontriЬцtion to plant gеnеtiсs that сould shеd light o' , g..'","l thеory of
еvolution.

Andегson, Ьoгn in Forеstvillе, Nеw York, wаs thе son of an еduсational
administrator and a pianist. His fathеr Ьесamе a prоfеssor of dairy sсiеnсе at
thе Мiсhigan Agriсultuгal Сollеgе and movеd his family to Еast Lansing whеn
Andегson was threе. Fronr аn еarly аgе, Andегsоn wаs fasсinаtеd Ьy plаnts.
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4 1 6 Аndеrson

Hе was a kееn studеnt and in 1914 еntеrеd Miсhigan Agriсultural Сollеgе'
whеrе hе studiеd Ьotany and hortiсulturе. In |9|9 he еntеrеd thе graduаtе
program at Harvard, working at thе Bussеy Institution under thе supеrvision
of notеd agriсultural gеnеtiсist Еdward Murray Еast. His rеsеarсh Was on thе
gеnеtiсs of sеlf-inсompatibility in Nicotiаnа' thе toЬaссo plant, Ьut hе wаs
also fond of arеas l ikе есonomiс Ьotany and gravitatеd to Oakеs Ames' thе
notеd есonomiс Ьotanist at Harvard and ехpеrt on orсhids. Aftеr gradua.
tion, Andеrson aссеptеd a position as gеnеtiсist at thе Мissouri Botaniсal
Gardеn and was appointеd assistant profеssor at Washington Univеrsiry in
St. Louis. |n 1929 hе aссеptеd a National Resеarсh Fеllowship to study in
Britain's John Innеs Hortiсultural Institution, working with сytogеnеtiсist
С. D. Dаrlington' statistiсian R. A. Fishеr, and gеnеtiсist J. B. S. Haldanе.
Aftеr rеturning from Britain, hе was influеnсеd Ьy Harvard gеnеtiсist
Karl Sax.

Мuсh of Andеrson's rеsеarсh was spеnt dеvеloping novеl visual and quan-
titativе mеthods to mеasurе gеographiс variation in natural populations, thе
Ьеst known of whiсh is thе idеogranr. Anderson is also known for his dе-
tailеd studiеs of thе pattеrns of variation in thе сommon Ьluе f|ag, Iris uеrsi-
сolor, a|ong thе Мississippi dеlta and what thе pattеrns rеvеalеd aЬоut
meсhanisms of spесiation in plants. This study rесеivеd reсognition in thе
ear|у 1940s, an intеrval of timе important in thе history of еvolutionary Ьi-
ology, bесausе it fuеlеd thе movеmеnt known аs ..nеw systеmatiсs' ' (or

biosystеmatiсs), whiсh sought to Ьring intеrdisсiplinary insights from gеnе-
tiсs and есology to morе traditional taxonomy. As a rеsult, Andеrson
еmеrgеd as onе of thе lеadеrs sееking gеnеral prinсiplеs of plant еvolution.
Hе was invitеd to givе thе prеstigious Jеsup Lесturеs at СolumЬia Univеrsity
along with avian systеmatist Еrnst Mayr in 1941. Andеrson Was to providе
thе plant sidе of thе nеw systеmatiсs. Although hе gavе thе lесturеs, hе did
not сonrplеtе thе rеquirеd mаnusсript for a Ьook Ьasеd on thеm. Thе сom-
plеtion of this manusсript would havе plaсеd Andеrson within thе сirсlе of
arсhitесts of thе еvolutionary synthеsis of twеntiеth-сеntury еvolutionary Ьi-
ology. Thе rolе of Ьotaniсal arсhitесt еvеntually fеll to his сlosе friеnd, G.
Lеdyard StеЬbins.

Andеrson's failцrе to сomplеtе thе manusсript was part of his еrrаtiс pеr-
formanсе pattеrn. Hе was а nonсonformist who fгеquеntly еngagеd in variеd
intеrеsts that сompеtеd foг his timе. Не did makе notaЬlе сontribuгions to
arеas in hortiсulturе and еvеn Ьесamе thе dirесtor of thе Missouri Botaniсаl
Gardеn. In thе 1940s, hе inсrеasingly turnеd to quеstions important to un-
dеrstanding hyЬridization in maizе, with his intеrеsts diгесtеd toward есo-
nomiс Ьotany.

A talеntеd individual with a strong pеrsonаlity, Andеrson lеft his imprint
on thе history of plant еvolution. For thе lattеr part of his l ifе hе was
plaguеd with еm<ltional pгoЬlеms for whiсh hе wаs hospitalizеd. Hе was
marriеd to Dorothy Moorе' a fеllow Ьotаnist, and had onе сhild. Hе diеd in
Сlеvеland Avеnuе Gatеhousе, loсatеd on thе grounds of thе Missouri Botaniсal
Gardеn.
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Aпimаl Spесies аnd Their Еuolшtioп (A.J. Сain)

A. J. Сain's Аnimаl Spеcies апd Thеir Еuolutiсltt (1954) offеrеd orrе of tlrе
first сomprеhеnsivе disсussions of thе naturе of spесiеs аftеr thе initial flow-
еring of thе so.сallеd modеrn synthеsis. Сain drеw idеаs from palеontology,
Ьiogеography' taxonomy, and population gеnеtiсs. Hе сomЬinеd thеm into а
сohеsivе tгеatmеnt of spесiеs сonсеpts' сlassifiсation mеthods, spесiation,
and thе rolеs of natuгаl sеlесtion, history, аnd gеnеtiс drift in сrеating pat-
tеrns of сharaсtеr variation. Sornе of thеsе topiсs had Ьееn сovеrеd in еaгliеr
books; howеvеr, it was thе сomЬination of topiсal Ьrеadth and sеaпrlеss syn-
thеsis that madе Сain's trеatmеnt stand apart. Thе ехаmplеs and сasе studiеs
pгеsеntеd in this slim volumе сovеrеd a staggеring rangе' from oгсhids to
oaks and from sеa urсhins to shгеws (sее figurе).

Саin trасеs an аrс fronr сlzrssiсal idеas to novеl onеs. Не Ьеgins by dis.
сussing traditional idеas of Ьiologiсal nomеnсlatuге, mеthods of сlassifiсa-
tion, and taxonomiс rank. Сain thеn turns to thе naturе of spесiеs, whiсh hе

P. ictеrotis

Тhe graduаl variation that саn Ье sееn in adjoining populations of organisms is
takeп as one of thе Ьеst piесеs of evidеnсе for gгadual еvсllution. This piсtr'rrе, of
gеogгаphiсal vаriаtion in Rosеllаs' is tаkеn from Сirirr |954,61 .
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dеsсriЬеs as сollесtions of populations that display variation in many сharaс-
tеrs aсross thе spесiеs'gеographiсal rangе. Сain disсussеs how this variation
is promotеd and maintainеd in somе сasеs Ьy diffеrеnt sеlесtion prеssurеs in
diffеrеnt loсations and in othеrs Ьy gеnеtiс drift. Hе arguеs that thе uЬiquity
of intraspесifiс variation of this typе oЬviatеs thе сlassiсal dеfinitions of
speсiеs; in faсt, he arguеs that no singlе dеfinition of spесiеs is adеquatе foг
thе еnormous natural divеrsity of organisms. Cain disсussеs fivе typеs of
spесies that rеflесt fivе diffеrеnt spесiеs сonсеpts' from thе Ьiologiсal spесiеs
сonсеpt сhampionеd by Еrnst Мaуr (1942) to what Сain сalls agamospесiеs,
сollесtions of similar individuals that rеproduсе asехually. Hе also disсussеs
modеs of spесiеs formation, offеring onе of thе first attеmpts to link diffеrеnt
typеs of spесiеs with diffеrеnt modеs of spесiation. Thе finаl сhaptеr of thе
Ьook is a prеsсiеnt disсussion of sympatriс spесiation, spесiation without a
gеographiсal sеparation Ьеtwееn forms. Thе ovеrall argumеnt is that a
spесiеs is nеithеr a сollесtion of idеntiсal individuals nor a fixеd еntity' Ьut
rathеr a dynamiс sеt of populatiоns that arе waуpoints on a sеriеs of еvolu-
t ionary rrajесtor iеs.

If thе Ьook's mеssagе is obvious to thе modеrn rеadеr, it is Ьесausе thе
book madе so pеrsuasivе a сasе. Сain's influеnсе would ехtеnd from есoiogiсal
gеnеtiсists to systеmatists. Sеvеrаl topiсs raisеd in thе Ьook, suсh as thе
adеquaсy of thе Ьiologiсal spесiеs сonсept or thе inadеquaсy of сеrtain mеth-
ods in systеmatiс infеrеnсе for сapturing thе rеlationships among sеts of
еvolving spесiеs' would rееmеrgе rеpеatеdly ovеr thе еnsuing yеars. Although
Сain's сonсisе trеatmеnts of thеsе topiсs is oЬviously not informеd Ьy thе
wеalth of data now at our сommand' his trеatmеnts rеmain among thе most
luсid and сritiсal disсussions of many important quеstions сonfronting еvolu-
tionary biologists who think aЬout what a spесiеs is and how spесiеs arе rе-
latеd to onе anothеr.
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Antonoviсs, Janis (ь. 1942)

Whilе thе study of plаnts has shapеd many faсеts of еvolutionary Ьiology.
fеw sсiеntists havе usеd plants to illuminatе so mаny important issuеs as has

Janis Antonoviсs. Antonoviсs has lеd a sеriеs of rеsеarсh programs in natural
plant populations that havе unсovеrеd somе of thе myriad ways in whiсh
natural selесtion shapеs thе fеaturеs of organisms аnd the divеrsity of thеir
populations.

Thrее сontributions stand out among many. His еarly work, pеrformеd
with his doсtoral advisor at thе Univеrsity Collеgе of North 
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in еvolving tolеranсе to hеavy mеtal dеposits in thе soil, lrad also еvolvеd par-
tiаl rеproduсtivе isolаtion froпl сlosеlу adjaсеnt populаtions thаt wеrе not on
mеtal-ladеn soil (Antonoviсs and Bradshaw l970; Antonoviсs 2006). This
was a striking dеmonstration of inсipiеnt isolation in thе faсе of сonsidеraЬ1е
gеnе flow Ьеtwееn populations' In arrothеr projесt, Antonoviсs and his stu.
dеnts pеriormеd еlеgant ехpеrimеnts to show that individuals that produсеd
gеnеtiсаlly divеrsе offspring through sехual rеproduсtion had grеatеr fitnеss
in a spatiall,v variaЬlе and сot-rrpеtitivе еnvironmеnt (Antonoviсs and Еllstгand
1984). Whilе thеoгiеs for thе origin of sеxuаl rеprodr.rсtion had postulatеd
suсh an аdvаntagе' thеrе was littlе' if any, еmpiriсal work that addrеssеd prе-
сisеly whiсh есologiсal fеaturеs of thе еnvironmеnt wor"lld faсil itatе it. In a
third, far-rеaсhing projесt' Antonoviсs and his studеnts havе shown that thе
сoursе of an infесtious disе:rsе is dеtеrminеd Ьy a Ьalanсе Ьеtwееn thе loсal
Ьattlе of pаthogеn аr-rd host in an individual population and thе movеmеnt of
pathogеns' hosts, аnd thе gеnеs for viгulеnсе аnd rеsistanсе among popula-
tions aсross thе landsсapе (е'g.' Alеxandеr and Antonoviсs 1988).

Two thеп-lеs еmеrgе from Antonoviсs's work. First, rrаtural sеlесtion is a
strong forсе in naturе that еmеrgеs from a vаriеty оf есologiсal fасtors. Тhе
physiolоgiсal strеss of hеavy mеtals in thе soil may sееm an oЬvious agеnt of
adаptatioll-mutations that сonfеr tolеrаnсе of hеavy пrеtals аrе not сom-
mon among plant spесiеs-Ьut Antonoviсs and his сollеaguеs havе found
othеr agеnts of sеlесtiоn, from soil minеral profilе to сrowding of othеr
plants to prеdatoгs and pathogеns. Sесond, to undегstаnd how sеlесtion
molds divеrsity, onе must undеrstarrd thе spatial sсalе оn whiсh thе prеssurеs
of sеlесtion сan vaгy and thе spatial sсаlе at whiсh individuals (or thеiг gеnеs)
movе rеadily. Thе intеrplay оf thеsе two sсalеs dеtеrminеs how divеrsity
еmеrgеs in spaсе аnd, ultimatеly, thе еasе With whiсh speсi:lt ion oссurs.
Thеsе thеmеs arе еmЬraсеd Ьy Antonoviсs's thеsis that есоlogy and еvolu-
tionary Ьiology arе intеrtwinеd disсiplinеs.

In additiсln to thеsе rеsе:rrсh programs' Arrtonoviсs hаs auth<lrеd or сoau-
thorеd a numЬеr of highly influеntial еssays' еaсh of whiсh еxaminеd an im-
portant topiс, posеd nеw quеstions aЬout it, and inspirеd nеw rеsеarсh
dirесtions. Thеsе papеrs irrсludеd disсussions of adаptivе gеnеtiс variаrtion
(Antonoviсs |976I, thе dynamiсs of infесtious disеasеs in natural populations
(Loсkhart еt al. ] 996), and thе potеntial for rесiproсal gеnеtiс influеnсеs
аmong intеraсtirrg spесiеs (Antonoviсs 200З). Нis appro:rсh to еvсllцtionary bi-
ology has influеnсеd innumеraЬlе othеr sсiеntists for ovеr forty yеars and that
irrfluеnсе is visiЬlе tlrroughout thе disсiplinе.
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Arcbаeoptеrух

Аrсhаеopteryr (anсiеnt Ьird, or Gеrman Uruogеl) is thе gсnеriс nalnе givеn
to 10 skеlеtal spесimеns (as rvеll as:r sесondаry fl ight fеathеr disсovеrеd in
1860) of thе еarliеst known Ьird' from lаtеst Jurassiс l ithogrаphiс l imеstonе
dероsits knо.,vn as thе Sоlnhofеn Limеstonе, loсatеd lust to thе nоrtl.i of thе
сity of Мuniсh in southеrn Gеrmаny. Dating to approxinratеly 150 rnil l ion
yеars old, thе dеposits Wеrе in a hypеrsаlinе l i lg()on that was сlсlsеd off to
opеn sеa Ьy сorаl rееfs. Althсlugh thе disсovеry of thе skеlеtons spаnnеd somе
145 yеars, thе two most famous spесimеns arе thе first two disсovеrеd, thе
Londorr  аnd Bеr l in spес iпrеns,  d isсo l 'еrеd in 186l  and 7877, rеspесt ivе iy.
Thе last rесovеrеd speсimеns arе thе Solnhofеn (thе largеst at 1096 largеr
than thе London),  d isсovеrеd in a сo l lесt ion in 1987, and thе f ina l  spес i -
mеn) thе Thеrmopolis spесimеn' dеsсribеd in 2005. Althоtrgh сonsidеraЬlе
vaгiаtion еxists, thе first sеvеn spесilr1еns arе gеrlеrallv rеfеrred tO as a sll. l-
g1е spесiеs' Arсhаеopter1,х l ithogrаphicа, wЬ1|e thе 199З ехamplе (Aktiеn-
Vеrеin) is distinсtivе in many fеaturеs аnd is rеfеrrеd to as a nеW spесiеs'
Arсhаеoptеrух bаt,аriса. [t is thе onl1's1-lесimеn tсl show аn ossifiеd stеrnum'
and thе proportions of thе legs arе qll itе diffеrеnt from thе othеrs, сlеаrly in.
diсating arЬorеal haЬits.

Thе сеlеbratес] Bеrlin spесimеn (sее figurе) has Ьееn саllеd а vеritaЬlе
Rosеtta stonе of еvolution Ьесausе it is сomplеtе aгrd Ьеаutifull1, prеsеrvеd
with outstrеtсhеd wings. It i l lustratеs аn almllst pеrfесt intеrmеdiatе Ье-
twееn two major сlassеs сlf vеrtеЬratеs: Ьirds and rеptilеs. Аrсhаесlptеrух
fulfi l ls thе Dагwirriаn еxpесtation of :r missing link Ьеtwееn mаjor vеrtе-
brаtе groups. Its еll iptiсal wings in profi lе arе similar to tl-rosе of а modеrn
woodland Ьird, with modеrn fl ight fеathеrs virtuаlly idеntiсаl to thosе of l iv-
ing Ьirds' еvеn dсlwn to гhеir tтiсrostruсturе' as shown Ьy еlесtron mi-
сrosсopy. Fеаthег stгtlсturе' onсе il l 'u'еntеd, rеrrrаinеd r'rгrсlrаngеd in any
major way for 150 mill ion yеars. Tl-rе primary and sесondary fl ight fеathеrs
arе аnсhorеd to thе wing аs in rnodеrn Ьirds, аnd thе fl ight fеаthеrs ехhiЬit
asymnrеtriс vanеs that prodr"rсеd indiviсlual airfoils' indiсating aеrсldynamiс
fur-rсtion. Mоst palеontologists Ьеliеvе tЬ,at Аrсhаeopterj'х was a саpaЬlе al-
though primitivе powеrеd fl iеr, and thе sсapula and сorасоid arе primitivе
Ьut join at a 90" anglе' as in mсldеrn Ьirds. Thе avian wings еnd with thrее
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Thе most fаmous fossil of thеm all, Аrсhаeoptеrух lithogrаpbiса, A,rst
disсovеrеd еаrly in thе 1860s in Solnhofеn, Gегmany. This is thе ..Bеrlin

spесimеn,' ' disсоvеrеd in 1877.

rеptil ian fingеrs with sharp' highly rесurvеd сlaws that сlosеly mimiс thosе
of modеrn trunk-сlimЬing mammаls and woodpесkers, indiсating that Ar-
chаеopterух may lravе Ьееn a trunk сlimbеr. Thеrе is rесеnt еvidеnсе that
Аrchаесlptеrуx аlso possеssеd handlеg wings, аs arе prеsеnt in thе Сhinеsе
еarly Сrеtaсеous miсroraptors. Thе Uruogеl's fееt arе Ьirdlikе, with thе first
toе rеvеrsеd as a halluх and highly rесurvеd pеdal сlaws. A сapaЬlе pеrсhеr,
it was lеss at homе on thе ground. lts long rеptil ian tail of 2З сaudal vеrtе-
braе had a pair of tаil fеathеrs сoming off еaсh vеrtеЬra. Thе trunk and
saсrum arе quitе rеptil ian. lt laсkеd thе Ьinding unсinatе proсеssеs of thе riЬ
сagе ехhiЬitеd Ьy modеrn Ьirds, Ьut thе puЬis was rеtrovеrtеd as in modеrn
Ьirds. Thе skull of Аrchаеoptery,с Was Ьoth rеptil ian and avian, having rеp-
ti l ian tееth' Ьut with an avian quаdratе and сrаniаl kinеsis. Thе Ьrain and
innеr еar wеrе quitе similar to modеrn Ьirds, indiсating a sophistiсatеd fl ight
aЬil ity.

Although Аrсbаeoptеryx rеmains thе oldеst known Ьird, more Mesozoiс
fossil Ьiгds havе Ьееn disсovеrеd in thе last two dесadеs tharr from thе 1860s
to thе 1970s. Most сomе from thе l-owеr Сrеtaсеous of Сhina, and thеy rеp-
rеsеnt various typеS of primitivе Ьirds, inсluding thе Аrchаеoptеrух-|ike lе-
holorпis' whiсh sports a long tail with 27 сauda| vеrtеЬrае, аnd an anatomy
muсh likе that of thе famous Gеrman Ilruo'!еl.
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Aristotlе (З84_З22 B.С.Е.)

Aristotlе is propеrly гесognizеd as thе originator of thе sсiеntifiс study of
l ifе. Hе сonsidеrеd it a сеntrаl сonсеrn of thе thеorеtiсal study of naturе' His
trеatisеs Historу of Аnimals, oп tbe Pаrts of Аni?п.-lls, and Оп tbе Geпеrсt-
tion сlf Апimаls (and a nuпrЬеr of morе spесiаlizеd studiеs) pгovidе a thеo-
rеtiсal dеfеnsе of thе propеr mеthod for Ьiologiсal invеstigation and thе
rеsults of thе first suсh investigation. Thеrе Was nothing of siпri lar sсopе and
sophistiсation until thе еightееntlr сеntury. Irl 1837 thе grеаt аnаromist
Riсhard Owеn dесlarеd that ..Zoologiсal Sсiеnсе sprang from his [Aristo-
tlе's] laЬours' Wе may almost say, l ikе Minеrva from thе Hеаd of Jovе, in a
stаtе ()f noЬlе аnd splеndid пraturity' ' (С)wеn 1992' 91I. Bеfoге ехamining
this rеmarkaЬlе irсhiеvеmеnt. a fеw words about its сrеаtor аrе in ordеr.

L I F E  A N D  W O R K

Aristotlе was born in Stagirа on thе northеrn Aеgеan сoast in 384 в.с.в. His
fathеr, Niсоmaсhus' Was physiсian to King Amyntas of Мaсеdon, and his
mothег Was Of а wеalthy family from tlrе island of ЕuЬoеa. Hе was sеnt at
thе agе of 17 to Atlrеns' whеrе hе str-rdiеd in Plato's Aсаdеrny for 20 yеars'
until Plato's dеath in 347. Bу thеn lrе had dеvеlоpеd his own distinсtivе
philosophiсal idеas, inсluding his passion for thе study of naturе. Hе joinеd a
philosophiсal сirсlе in Assos on thе ссlаst of Asia Minor' Ьut soon movеd to
thе nеarЬy islarrd of LеsЬos whеrе lrе mеt Thеophrastus' 21 уOЦng mаn with
similar intеrеsts in natural sсiеnсе. Bеtwееn thе two сlf thеnr thеy oгigirratеd
thе sсiеnсе of Ьiology, Aristotlе сaгrying out a systеmаtiс invеstigation of an-
imals, Thеophrastus doing thе samе for plants.

In З4З Phil ip II of Maсеdon askеd Aristotlе to tutor his son Alехandеr, Ьut
Ьy 3З5 hе had rеturnеd to Athеns, now undеr Alеxandеr's сontrol. \й/ith

Thеophrastus hе foundеd a sсhool known as thе Lyсеum. Hе hеadеd thе
Lyсеuirr until Alехаndеr tlrе Grеаt's dеаth in З2З. With anti-Масеdoniаn
fееlings running high in Athеns, Arist<ltlе rеtirеd to his mothеr's Ьirthplaсе.
Hе d iеd thеrе in З22 в.с 'ь '
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Thе surviving сoгpus of Aristotlе dеrivеs from mеdiеval manusсripts Ьasеd
on a first сеntury в.с.в. еdition. Thе first printеd еditions and translations
datе to thе lаtе fiftееrrth сеntury. Thеsе works сovеr a rеmaгkaЬlе rаngе оf
suЬjесts, Ьut for the purposеs of this еssay I wil l foсus on his animal studiеs,
whiсh сonstittlte 25DЬ of thе еxisting сoгpus.

A R l s т o т L Е , s  P H l L o s o P H Y  o F  s с I Е N с Е

Aristotlе was aЬlе to aссomplish what hе did Ьесausе hе had givеn a grеat
dеal of thought to thе naturе of sсiеntifiс inquiry. Нow doеs onе pгogrеss
from thе supеrfiсial and unorganizеd statе of еvеryday ехpеriеnсе towаrd or-
ganlzed sсiеntifiс undеrstanding? To answеr this quеstion' you nееd а сonсеpt
of thе goal to Ье асhiеvеd' and Aгistotlе dеvеlopеd suсh a сonсеpt in his Prior
апd Postеrior Апrzlуtiсs. Thе goal of irrquiry, hе arguеd, was а systеm of сon-
сеpts and propositions organizеd hiеrarсhiсally, ultimatеly rеsting on knowl_
еdgе of thе еssеntial naturеs of thе oЬjесts of study and сеrtain othеr nесеssary
first prinсiplеs. Thеsе dеfinitions and prinсiplеs form the Ьasis of сausal ехpla-
nations of all thе othеr univегsal truths abоrrt thе suЬjесt of study.

Thе sесond Ьook of tЬе Posterior Aпalуtiсs disсussеs how to aсhiеvе this
gоal. Plato had fornrr.rlatеd a famous paradox of inquiry in his dialoguе
Мепo: either you know thе oЬiесt оf y<luг inquiry, in whiсh сasе inquiry is
unnесеssaгy' oг you don't knоw thе oЬjесt of your inquiry' in whiсh сasе in-
quiry is impossiЬlе. Aristotlе rеminds us of this pаrаdoх in thе first сhaptеr of
the Postеrior Anаlуtics, Ьut his full геply is in Ьook II.

Thеrе hе arguеs thаt pеrсеptual еxpеriеnсе givеs us a grasp of thе targеt of
inquiry that doеs not сount as knowlеdgе, Ьut doеs providе suffiсiеnt infor-
mation to dirесt furthеr inquiry. His еxamplеs in thе Postеrior Апаlуtiсs are
familiar phеnomеna likе thundеr' есtipsеs, and sеasonal shеdding of lеavеs,
Ьut wе сan sее his nrеthod at work in his sу'stеmatiс inquiriеs into thе
anatomy and dеvеlopmеnt of animаls геPortrd iп Historу of Aпimаls (Нisto-

riа апimаliurп)' on the Pаrts of Aпimсtls (De pаrtibиs апimаliuтn), and Оn
thе Gепеrаtiott сlf Апimаls (De geпеrаtionе апimаlium)' From hеrе on wе
will rеfеr to thеsе Ьy thе shorthand HА, PА, and GА.

B l o L o G | с A L  I N o U l R Y  A N D  B I o L o G | с A L  K N o W L Е D G Е

For Aristotlе, systеmatiсs-thе organization of irrformation aЬout animals-
srrvеs thе goal of сausal ехplanation, аnd еxplanation Ьy rеfеrеnсе to goals
and funсtions is fundamеntal. Thе following rеmark, intгoduсing his system.
atiс prеsеntation of information aЬout :rnimals' strеssеs thе first point: ..In

thе first instanсе wе should grasp thе attriЬutеs and thе diffеrеnсеs prеsеnt in
all animals. Aftеr wе havе dоnе this wе should attеmpt to disсovеr thеir
сausеs. This is thе rratural way to сarry out thе invеstigation, Ьеginning with
inquiry (historiа) аЬout еaсh thing; for it Ьесomеs apparеnt from suсh in-
quiriеs aЬоut whiсh things and from whiсh tl i ings thеrе ought to Ье dеmon-
strat ion ' '  (НА | '  6.49|a7_14\,
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.W.е 
Ьеgin with a study of thе similaritiеs and diffеrеnсеs that wе oЬsеrvе in

the animal kingdom; only аftеr this informаrion is systеmаtiсally gathеrеd and

organizеd arе Wе in a position to pursuе сausаl dеmсlnstrations. HА Ьеgins Ьy

outlining kinds of similarity (in form' in kind, Ьy analogy) that onе firrds

among animals and thеn prеsеnts tЬe foиr cаtеgoriеs of differenсе hе will usе:

in parts, aсtivitiеs, ways of lifе, and сharасtеr. This disсussion pr<lvidеs his

framеwork: Ьooks I-IV disсuss similaritiеs and diffеrеnсеs among parts'

V-VIII among асtivitiеs and ways of lifе, аnd IХ among trаits of сhаraсtеr.

Among parts, Aristotlе distinguishеs Ьеtwееn uniform and nonuniform parts
(tissuеs and organs, as wе would say) and Ьеtwееn ехtеrnal and intеrnal parts,

moving systеmatiсally through thеsе сatеgoriеs in ninе groups of .,grеat kinds.''

Thе ..Ьloodеd kinds'' (сorrеsponding to our vеrtеЬratеs) arе Ьirds, fish,

сеtaсеans' four-lеggеd livе-Ьеaring animals, and fсlur-lеggеd еgg-laying ani-

mals; thе ..Ьloodlеss' ' arе thе hаrd-shеllеd (tеstaсеous mсll lusks), soft-shеllеd
(сrustaсеans), soft-Ьodiеd (сеphalopods), and insесtеd animals (insесts). Aris-

totlе usеs a proсеss of ..division and сorrеlation'' tс-l еstaЬlish rеlаtionships of

similarity and diffеrеnсе at various lеvеls of gеnеrality, using thе aЬovе ..kinds''

as an аid in this prосеss. Hе notеs that many animаls (inсluding human Ьеings)

do not fall into his ..grеat kinds.'' Taxonсlmiс tidinеss is not his primary goal;

thеsе сatеgoriеs help in idеntifying lсlсi of systеmatiс сtlrrеlations, and thеsе

will aid in thе disсovеry of thе сausаl rеlationships among animal diffеrеntiaе.

Primary among сausal rеlationships arе thosе that еxplain a part's diffеrеntiаl

attriЬutеs Ьy rеfеrеnсе to thе funсtionаl dеmands <lf an animаl's way of lifе.

Оп thе Pаrts of AпimаIs presents Aristotlе's attеmpt to providе suсh сausal

undеrstanding. It Ьеgins with a dеfеnsе of thе propеr mеthods for Ьiologiсal

study. It arguеs for thе priority of tеlеologiсal еxplanatiоn (ехplanatiсlns that

idеntify what a fеaturе is for) ovеr matеrial аnd еffiсiеnt сausal ехplanation
(what thе featurе is mаdе from and how it is prtldtlсеd) and for сonditional
пеcessitу, whеrеЬy matеrials and proсеssеs arе ехplainеd Ьy Ьеing shown to

Ье nесеssary for a goal. (Notiсе this rеinforсеs thе priоrity of tеlеology.) This

viеw of nесеssity and ехplanаtion prеsupposеs that animals irrе unifiеd сom-

positеs of bodily parts with funсtional сapaсitiеs, whiсh Aristotlе rеfеrs to as

thеir matеrial аnd formal natuгеs. ..Form'' in Ьiologiсal сontехts rеfеrs to thе

Ьasiс сapaсitiеs of nutrition, rеproduсtion' l<lсtlmсltion, and сognition, whiсh

Ar istot lе refеrs to as thе аnimаl 's  soul .
This first Ьook also dеfеnds a mеthod of multifaсtoriаl division, whеrеЬy

many univеrsal diffеrеntiaе аrе dividеd in pаrallеl in ordеr to сharaсtеrizе

сorrеlatеd variations within kinds, and it also dеfеnds a mеthod for еstab-

lishing thе kinds that arе prеsuppсlsеd Ьy this mеthod. PА II-IV attеmpt Ьoth

to еstaЬlish сausеs and to providе сausаl ехplanаtiоns thаt parallеl thе first

four Ьooks of HА. Thе third of thеsе lаrgе wсlrks is GА, whiсh providеs

сausаl ехplanations for thе suЬjесt mattеr oгgаnizеd irr HА V_vII.

т н E  M E т H o D  A т  W o R K

Thе following quotation from НА initiatеs Aristotlе's disсussion of thе intеr-
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!Ие hаvе spokеn' thеrr, of thе ехtеrnal pагts of rhе Ьloodеd animals-
how many thеy аrе, of what sort and in what ways thеy diffеr from onе
anothеr' Nехt wе nееd to disсuss thе arrangеment of thе intеrnal parts,
first off in Ьloodеd animаls-for it is Ьy somе Ьеing Ьloodеd and othеrs
bloodlеss that thе grеat kinds diffеr from onе anothеr. . . .

Now all that arе four-lеggеd аnd livе-Ьеаring havе an еsophagus and
windpipе, positionеd in thе samе Way as it is in humаn Ьеings; l ikеwisе
too in all of thе four-lеggеd animals that lay еggs, and in thе Ьirds. But
thеy [еaсh of thе kinds nrentionеdl diffеr in tЬе сonformation of thеsе
parts. Put gеrrеrally, all and only thosе that, Ьy taking in air, inhalе and
ехhalе havе a lung, windpipе and еsoph:rgus; and thе plасеmеnt of thе
еsophаgus and windpipе is similar' Ьr.lt thе orgаns аrе not; whilе in thе
сasе of thе lurrg nеithеr is thе organ sirnilar nor is it positionеd simi-
laгly. ' . .

Not аll thе Ьloodеd arrimais havе a lr-lng; for ехamplе, fish do not' nor
do any othеr animals that havе gil ls. (ехсеrpts from HА II. 505b24_
506a12)

In his rеviеw of what has Ьееn aссomplishеd, hе notеs that thе пumber, сhаr-
асter and diffеrentiаtiozs of thе ехtеrпаl parts of Ьloodеd animals havе alrеady
bееn disсussеd. Не is now turning to tЬe iпtеrпаl parts of thе sаmе groups. Hе
first lists thе kinds that havе Ьoth windpipе and еsophagus, and thеn gеnеral-
izеs to a сoехtеnsivе сorrеlаtion-аll tЬat inЬalе and ехhalе air havе thеsе trдro
oгgans and a lung' !Иhy did hе not start hеrr? Bесausе thеrе is no ..grеat kind''
at that lеvеl; this соrrеlatiсln rangеs ovеr Ьiгds' humans, four-lеggеd livе.
Ьеaring animals, and fouг-lеggеd еgg-laying irnimals. \Why not ..Ьloodеd''? Bе-
сausе of thе fish, whiсlr aге Ьloodеd, Ьut havе rronе of thеsе organs-this
nеtwork of organs doеs not сoinсidе with thе Ьloodеd animals еither.

This disсussion is rеmarkaЬlе in its сomЬination of aссuraсy and gеnеral_
ity. In disсussing thе snakеs hеrе hе notеs that ..thе геst of thе intеrnal parts
arе thе samе [in snakеs] as in thе lizards, ехсеpt that owing to thеir lеngth
and narrowness thе visсегir arе long and narrow . . . for ехamplе thе wrnd_
pipе is vеry long and thе еsophagus еvеn longеr' ' (508a13_19). Thе сеtaсеans
(whalеs and dolphins), though mеntionеd in his opеning list of Ьloodеd ani.
mals (50.5Ь30) and disсrrssеd еxtеnsivеly whеn thе асtivities аnd ways of i ifе
of animаls arе irr foсus in Ьooks V_VПI, lrеrе arе sцЬsumеd undеr his widе
gеnеraliz,ations without сommеnt.

It is еqually important tO notiсе whаt is tzot said in HА. There are пo
саusаl eхplапаtiсlпs on offеr; univеrsal сorrеlations aЬound, ЬUit пo reс|sons
arе givеn for thеrn. Aristotlе rеfrains trom сlaiming that thеsе сorrеlations
arе nесеssary and says noгhing irЬout why tlrеsе animals hаvе or do not havе
thеsе parts. Thе lапguаgе of паturе, mаttеr, fortп, nесеssitу, саusе aпd
essе|1cе' so сепtrаl to Aristotle's pbilosophу of паture, is саrеfttllу аuoidеd.

Now сontrаst thе disсLlssion of thе saпrе сorгеlations in PА IП. З:

Nоt all animals havе а nесk, Ьut only thosе with thе parts for thе sаkе of
шhiсh the nесk is паturаllу prеsеnt-thеsе arе tlrе windpipе and thе part
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known as thе еsophagus. NoW thе larynx is prеsеnt bу nаturе fсlr the sаke
o/Ьгеathing; for it is through this pаrt that animаls draw in and ехpеl аir
whеn thеy inhalе and еxhalе. 

.Гhis 
is шhу tЬose without а lung havе no

nесk, е.g. thе kind сonsisting of thе fish' Thе еsсlphagus is thе part through
whiсh nourishmеnt proсееds to thе gut; so thаt animals without nесks
manifеstly do not havе an еsophagus. But lr ls пot neсеssаrv to havе thе
еsophagus for thе sаhе of nutrition; for it сonсoсts nothing. And furthеr' it
ls possiblе for thе gut to Ье plaсеd right nехt to thе p<lsition of thе mouth'
whilе for thе lung this is irпpossible. For tЬerе пееds first to Ье sonrеthing
сommon likе a сonduit, Whiсh thеn dividеs in two and through whiсh thе
air is sеparatеd into раssagеs-in this way thе lung mау bеst aссonrplish
inhalation and еxhalation. So, thеn, thе organ сonnесtеd with Ьrеathing

from neсessiry has lеngth; thеrеforе it is песеssаry for thеrе to Ье an еsoph-
agus Ьеtwееn thе mouth and thе stomасh. Tlrе еsophagus is flеshy, with a
sinuous еlastiсity-sinulous so thаt it maу dilatе whеn food is ingеstеd, yеt

flеshу so thаt ttis soft and yiеlding arrd is not danrаgеd whеn it is sсгapеd
Ьy thе food going down. (PА ПI. З,664a14_35; еmphasеs addеd)

I havе highlightеd thе languagе of natttrе, nесеssity, possiЬil ity (аnd impos-
siЬil ity), and tеlеology in this passаgе in ordеr to сontrast it with tЬе disсus-
sion of thе samе organiс сorrеlаtions in our HА passagе. Hеrе thе go:rl is
ехplanation-parts arе prеsеnt and havе thе сharaсtеr thеy do primarily Ье.
сausе of thе сonditional nесеssity imposеd Ьy thе oгgаnism's funсtional ге-
quirеmеnts. Onе sееs hеrе thе Aristotlе that so imprеssеd thе grеat Frеnсh
naturalist Gеorgеs Cuviеr: Aristotlе is nоt only systеmatiсally disсussing thе
adaptivе funсtions of еaсh of thеsе organs; hе is also showing thе anrazing wаy
in whiсh thе intеrnal parts of animals сonstitutе an orgаniс sуStеm.

с o N с L U s l o N

How sеlf-сonsсious was Aristotlе of thе rеvolutionary naturе of wlrat hе was
doing? ln Оп Rеspirаtioп, аftег сritiсi l l ly rеviеwing thе еrгсrrs of prеvious
writеrs, hе rеflесts on thе rеason for thеir failurеs: ..Thе nrost basiс rеasоn
that prеvious invеstigators havе not disсussеd геspiration propеrly is a laсk
of ехpеriеnсе with thе intеrnal parts аnd а failurе to grasp what nаturr
makеs thеm all for; for Wеrе thеy inquiгing what геspiration is prеsеnt in an-
imals for, and wеrе thеy doing so whilе inspесting thе parts suсh zrs gil ls and
lung, thеy would havе disсovеrеd thе сausе quiсklу,, (71Ь24-29|.

Spесulation on thе purposеs trf оrgаns without doing dissесtion and
anatomy' or doing dissесtions without thinking about funсtion, is dоomеd to
fail. Propеr biologiсal inquiry rеquirеs that onе ask the funсtional quеstion
whilе doing thе еmpiriсal work. Suсh work сan Ье vеry unplеasant. Nеаr thе
сlosе of his philosophiсal introdr"rсtion to thе study oi l ifе, PА I, Aristotlе аd-
monishes us to kееp our еyе on thе prizе:

Еvеn in thе study of аnimals disagrееaЬlе to pеrсеption, thе natuге that
сraftеd thеm likеwisе providеs ехtraordinary plеasurеs to thosе who arе
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aЬlе to know thеir сausеs and arе Ьy naturе philosophеrs. Surеly it

would bе unrеasonaЬlе, еvеn aЬsurd, for us to еnjoy studуing likеnеssеs

of animals-сln grounds that wе аre at thе samе timе studying thе art,

suсh as painting or sсulpturе, that madе thеm-whilе not prizing еvеn

morе thе study of things сonstitutеd Ьy naturе' аt lеast whеn wе саn bе-

hold thеir сausеs. For this rеason wе should not Ье сhildishly disgustеd

at thе ехamination of thе lеss valuaЬlе аnimals. For in аll nаtural things

thеrе is somеthing mаrvеlous. (PА I. 5, 645a7 =1'7)

on FеЬruаry 22, 1'882, Ьеdriddеn aid nеar dеath, Сharlеs Darwin rеаd

thеsе words in а nеw translation sеnt to him as a gift Ьy Will iam oglе a

month еarliеr. In a thank-you notе to Oglе, Darwin wrotе: ..From quotations

I had sееn I had a high nоtion of Aristotlе's mеrits, Ьut I had not thе most rе-

motе notion what a wondегfr.rl man hе was. l, innaеus and Сuviеr havе beеn

my two gods, though in vеry diffеrеnt ways, Ьut thеy wеrе mеrе sсhool-boys

to old Aristotlе.' ' Oglе rеpliеd just thrее days Ьеforе Darwin diеd: ..Thank

you for your kind and еulogistiс lеttеr rе .thе parts of animals'. It gavе mе

muсh plеasurе. I am glad also to havе addеd a third pеrson to your gods and

сomplеtеd thе Tгinity.' ' As a studеnt of Ьoth of thеsе grеat naturalists, ir givеs

mе grеat satisfaсtion to know that Aristotlе affordеd Darwin, during a pе.

riod of grеat suffеring) somе momеnts of plеasurе.
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Еnglish translations of all of Aristotlе's biоlоgiсal trеatisеs сan Ье fоund in Harvard
Univеrsity Prеss's LоеЬ Сlassiсаl LiЬrarу. In addition, for translations I
rесommеnd:

Aristotlе. 1949. Prbr апd Postеrior Апаlуtiсs..$7. D. Ross, еd. Oхford: Сlarеndon
Prеss.

1992. Aristotlе's Dе l,аrti|:lиs AпimаIium I and De Gепеrаtioпе Аnimаlium
I. D. М. Balmе. trar.rs. Oхford: (]lаrеndon Prеss.

2001'. Оп thе Pаrts сlf Апimаls. Books l-IV. J. G. Lеnnoх, trirns. oхford:
Сlarеndon Prеss.

For furthеr disсussion of Aristotlе,s Ьiologiсаl works and thеir signifiсаnсе' sее:
Gоtthеlf, A., and J. G. Lеnrroх, еds. 1987. Philosophiсаl lssuеs iп Аristotlе's

Bioklgу, СаmЬridgс: СаmЬridgе Univеrsity Prеss.
Kullmаnn, 

.W., 
and S. Follingеr, eds. 1'997. Аristсltеlisсhе Biologiе. Stuttgart: Franz

Stеinеr'
Lеnnoх,J. G.2001. Аristrltlе's Philosophу сlf l|iсllogу: Stttdiеs iпthе Оrigiпs of Lfе

Sсiепсе. СamЬridgе: Сambridgе Univеrsity Prеss.
owеn, R. 1'992. Тhе Huпtеriап Lесtиrеs iп Сompаrаtiue Апаtt mу. P. R. Sloan, еd.

Сhiсago: University of Сhiсagсl Рrеss.
Pеllеgrin, P. 1986. Аristotlе's Сlаssifiсаtiсlп of Апimаls: tsiologу апd thе Ссlпcеptиаl

I.Jпitу сlf tbе Aristсltеliап Сorpиs. Anthonv Prеus' trans. Bеrkеlеy: Univеrsity оf
Саlifornia Pгеss.

Finally' thеrе is a fasсinating disсussion of Dаrwin's thoughts on Aristotlе in:
Gotthеlf,  ̂. |999. Darwin on Aristotlс. Jourпаl сlf thе Historу of tsiologу 32:

3_З0. -1.G.r,.
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Thе Arkansas сrеation Trial

Thе mоdеrn сrеationist movеmеnt datеs from thе puЬliсation in 1 961 of The
Genesis Flood, сoauthoгеd Ьy ЬiЬliсal sсholar John С. lil/hitсomЬ and hy.
drauliсs еnginееring profеssor Hеnry M. Morris (NumЬеrs 2006). This
..young еаrth'' aссount of сrеation attraсtеd supPort and grеw in strеngth
during thе 1970s, thirnks to thе pгosеlуttzing work Ьy formеr Ьioсhеmist Du-
anе T. Gish, author of Еuolиtioп: Tbe Fossi/s Sсy No/ (|97З|' Sinсе thе
Sсopеs triсr[, tlrе lеgal situation hаd сharrgеd. No longеr was it possiЬlе to еx.
сludе еvolutiorr from sсh<lols. Thе proЬlеm now Was to gеt thе BiЬlе in. Nаt-
urally, thе сrеаrionist supportеrs wantеd to gеt thеiг idеas taught in thе
Ьiology сlassеs of statе.supportеd sсhools, so thеy dеvisеd a variant-
сrеation sсiеnсе-that supposеdly madе no rеfеrеnсе to thе BiЬlе and was
Ьasеd on purеly sсientifiс еvidеnсе, Ьut just so happеned to support a young-
agе еarth' siх days Of сrеation, with humаns last, and somеtimе thеrеaftеr a
massivе worldwidе flood.

In 1981 thе statе of Arkansas passеd a law mаndating thе balanсеd trеat.
mеnt in sсhool Ьiology сl:rssеs of еvolutionary idеas :rпd сrеirtion sсiеnсе' Im-
mеdiatеly, thе Amеriсan Сivil LiЬеrtiеs Union (AсLU) supportеd a suit
сlaiming tlrat thе l:rw was unсonstitutiorral Ьесirusе it Ьrеaсhеd thе sеparation
of сhurсh аnсl st.ltе. Thе trial was hеld in Littlе Roсk in DесеmЬег 1981, with
AсLU еxpеrt witt-tеssеs inсluding philosophеr Мiсhаеl Rusе, palеontologist
Stеphеn Jay Gould, and population gеnеtiсist Franсisсo J. Ayala. Thе сasе
Was madе that сrеation sсiеnсе is far from Ьеing traditional Сhristianity, Ьut
is rathеr an idiosyllсratiс pеrvеrsion of ninеtееnth-сеntury Amеriсan Protеs-
tantism; that it is rlot gеnuinе sсiеnсе Ьut rеligion drеssеd as sсiеnсе; that thе
еmpiriсal fасts аnd thеorеtiсal hypothеsеs spеak against it; and that it is еn-
tirеly inаppropriatе tЬat Ьiology сlassеs should prеsеnt indiffеrеntly diffеrеnt
positions simply Ьесаusе vаrious mеmЬеrs of soсiеt-v havе strongly held dif.
fеrеnt pt-lsitions.

Aftеr a tw<l-wееk trial, Judgе Will iam R. Ovеrton rulеd firmly that thе [аw
was indееd unсonstitutiona1 and should Ье disсardеd. Thе stаtе dесidеd not
to appеal thе dесision. In сoming to his сonсlusion, Ovеrton arguеd that sсi-
еnсе follows сеrtаin fixеd rulеs of mеthodology-it appеals to unЬrokеn law,
it opеns itsеlf to сomparison agаinst thе findings from thе еmpiriсal world
(falsifiсation), anсi it is always tеntativе in its сonсlusions-and that сrеation
sсiеnсе fails on all of thеsе sсorеs. Aftеr thе trial, sonrе philosophеrs oЬjесtеd
strеnuously that rro сгitегion of dеmarсation сan propегly sеparatе sсiеnсе
from rеligiсln. Altlrouglr tlris oссasionеd еxсitеd disсussion in pгofеssional
сirсlеs, gеnеrirl thinking in thе sсiеnсe сotntrl ltnity' not to mеntion tlrе world
сlf journalisrn :rnd puЬliс opinion, sidеd lvith ovеrton and this sееmеd tO Ье
thе еnd of mаttеrs.

Сrеationists thеmsеlvеs arguеd that thе right way to pursuе thеir еnds was
not through laws that arе oЬviously opеn to attасk' Ьut at thе grassroots
lеvеl, prеssuring sсhool Ьoards and individuаl tеaсhеrs. This sеt thе pattеrn

for thе nехt dесade'
Amеriсan sсiеnсе-rеli i
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for thе nехt dесadе, unti l  thе lntеl l igеnt Dеsign disсussion Ьеgаn аnd thе
Amеriсan sсiеnсе-rеl igion quarrеl gainеd nеw l i fе.
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Artifiсial Lifе programs and еvolution
Еvolution is thе dеfining propеrty and сrеativе pгoсеss of l itЪ, on еarth and
whеrеvеr it may oссur. Thе сhееtah running down its prеy' thе humming-
bird poll inаting a flowеr, and thе drama сlf thе human mind arе all prod-
uсts of еvolution' Lifе hаs сomplеtеly rеshаpеd thе srrrfaсе of our plаnеt
and is bеginning to proЬе thе rеst of our solar systеm. Sinсе Dаrwin and
Wallaсе unrаvеlеd thе mystеry of еvolution' many sсiеntists havе studiеd its
dеtails. A rеlativеly nеW approaсh to thе study of еvolution is to сrеatе nеw
instanсеs of еvolution' an approaсh that hаs Ьееn сallеd Artif iсial Lifе.

!Иhilе mill ions of l iving spесiеs сurrеntly еxist on еarth' it is Ьеliеvеd that
they all traсе Ьaсk to a сommon anсеstor' Ьil l ions of yеars аgo; thus thеrе is
only a singlе trее of l ifе on еаrth. From this pеrspесtivе, our еnriге sсienсе of
biology and our еxpегiеnсе with еvolution is Ьasеd on a samplе sizе of onе. A
truly сomparаtivе Ьiology аnd а tгuly Ьroad pеrspесtivе on еvolution would
rеquirе knowlеdgе of othеr instanсеs of lifе and its gеnеrativе proсеss' еvolu-
tion. It is Ьеliеvеd thаt l ifе еxists on many planеts throughout thе untvеrsе
Ьut, unfortunatеly, thеy arе out of our rеaсh'

In its еssеnсе, thе proсеss of еvolution involvеs sеlf.rеpliсating еntitiеs with
gеnеtiс variаtion аnd diffеrеntial survival, whrсh lеads to сhangеs in thе сhar-
асtеristiсs of thе population of еntitiеs ovеr thе сoursе of gеnеrations. [,ifе on
еаrth is thе produсt of еvolution inhаЬiting thе mеdium of сarЬon сhеmistry;
howеvеr, thе proсеss of еvolution сan opеratе in othеr mеdia as wеll.

Thеrе has Ьееn somе spесulation among physiсists that thе univеrsе itself
may bе thе produсt of еvolution. Somе havе suggestеd that Ьlaсk holеs givе
birth to nеw univегsеs, and that thе fundamеntal сonstants of physiсs may
vary amonЕ] univеrsеs. Univеrsеs that produсе morе Ьlaсk holеs havе a highег
Darwinian fitnеss, lеading to thе еvolr'rtion of thе fundamеntal сonstants of
physiсs, whiсh govеrn tlrе сharaсtеristiсs of univегsеs.
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Spесulation asidе, wе hаvе disсovеrеd that еvolution сan inhaЬit thе
mеdium of digital сomputation. If wе aссеpt that еvolution is thе dеfining
propеrty and сгеаtivе proсеss of l ifе, thеn instanсеs of digitаl еvolution may
also Ье сonsidеrеd instanсеs of l ifе, alЬеit dramatiсally irl iеn l ifе. If wе had
thе opportunity to obsеrvе lifе on othеr plаnеts, it l ikеly would Ье сarЬon-
Ьasеd lifе and thus would havе thаt muсh in сommon with l ifе on еarth. Ar-
tifiсial lifе in thе digital mеdium sharеs only thе еvolutionary proсеss itsеlf in
сommon with l ifе on еarth' and so is morе aliеn than lifе on сlthеr planеts.

Thе digitаl сomputational mеdium is not a physiсal/сhеmiсal mеdiium; it is
a logiсal/informational mеdium. Thus thеsе nеw instanсеs of еvolution arе
not suЬiесt to thе samе physiсal laws as organiс еvolution (е.g.' thе laws of
thегmodynаmiсs), arrd thеrеforе thеy еxist in whаt amounts to anothеr uni-
vеrsе' govеrnеd Ьy thе ..physiсal laws'' of thе logiс of thе сomputеr. Thеy
nеvеr ..sее'' thе aсtual matеrial from whiсh thе сomputеr is сonstruсtеd; thеy
sее only thе logiс аnd rulеs of thе СРU and thе opеrаting systеm. Thеsе rulеs
arе thе only ..natural laws'' that govеrn thеir Ьеhavior. Thus thеy livе in a
radiсally aliеn univеrsе. Inoсulating еvolution into thе digital mеdium givеs
us a Ьroadеr pеrspесtivе сln what еvсllution is and what it doеs.

Onе of thе most suссеssful approaсhеs for сrеating digital еvolution is to
writе sеlf-rеpliсating сomputеr progrems, whiсh havе Ьееn сallеd ..digital or-
ganisms'' or simply ..сrеaturеs,' ' and run thеm on a сOmPutеr with a Dar-
winian opеrating systеm. A Dаrwinian opеrating systеm managеs a populаtion
of rеpliсating digital organisms in suсh а Way that whеn nеw сrеaturеs arе
Ьorn, oldеr onеs diе to frее spaсе in thе mеmоry inhaЬitеd Ьy thе programs.
Thе Darwinian opеrating systеm also introduсеs mutation Ьy fl ipping Ьits
(Ьеtwееn zеro and onе) in thе сodе of thе сrеaturеs. Thе random mutations
сausе gеnеtiс variаtion in thе population' with thе rеsult that sсlmе individu-
als arе aЬlе to rеproduсе Ьеttеr thаn othеrs, wl.riсh lеаds to а natural proсеss
of Darwinian еvolution in аn artif iсial digital mеdium.

Although this produсеs a dramatiсally aliеn instаnсе of еvolution, it is
found to havе somе striking parallеls to organiс еvolution on еarth. Pеrhaps
thе most signifiсant finding is that thе digital organisms еvolvе adaptations to
thе pгеsеnсе of othеr digitаl organisms in thеir еnvironmеnt. A digital есol-
ogy еmеrgеs, whiсh Ьесomеs thе main driving forсе of еvolution.

A сomputеr сan Ье sееdеd with a singlе sеlf-rеpliсating digital organism,
whiсh will quiсkly rеproduсе and fi l l thе mеmory of thе сomputеr with а
population of сrеaturеs. Thе сrеaturеs arе thеn a vеry prominеnt fеaturе of
thе еnvironmеnt and Ьесomе an important sourсе of sеlесtivе forсеs. Pаrа-
sitеs arе onе of thе first things that typiсally еvсllvе, and thеy sеt off an
есologiсal-еvolutionary dynаmiс that lеads to an ongoit-tg sеriеs of еvolution.
arу innovat ions.

.sfhatеvеr 
kind of сrеaturе is most сommon Ьесomеs a targеt for ехploita-

tion Ьy othеr сrеaturеs. Or if parasites Ьессlrnе с()mm()n' thеy drivе othеr
сrеaturеs to еvolvе dеfеnsеs. A typiсal sсеnаrio would Ьеgin with thе еvolu-
tion of parasitеs' followеd Ьy thе еvolution of immunity Ьy tlrеir hosts. This
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сyсlе сan rеpеat sеvеral timеs Ьut may progrеss to thе еvolution of ..hypеr-

paгаsitеs' ' that aсtually аttaсk parasitеs, stеaling thеir еnеrgy.
Somеtimеs, whеn onе kind of сrеаturе сomplеtеly d<lminatеs thе mеmory'

suсh that аll thе сrеaturеs arе сlosеly rеlаtеd, thеy will еvolvе а kind of so-
сiality in whiсh irrdividuаl сrеatr'trеs l iving in isolation arе not аblе г<l rеpro-
duсе, Ьut сrеatцrеs l iving in groups arе аblе to rеproduсе. Thе сrеaturеs in
this kind of digital world arе typiсally аsеxuаl in thе sеnsе tЬat thеy do not
matе to produсе young Ьut rеproduсе individuаlly, сopying only thеir own
gеnеtiс matеrial into thеir offspring. Howеvеr, it was disсovегеd that еvolu_
tion сontinuеd еvеn whеn mutirtions wеrе turnеd off. This was Ьeсausе thе
сrеaturеs had inventеd a kind of primitivе sехuality in whiсh offspring wеrе
produсеd сontaining miхtuгеs of gеnеtiс matеrial from morе than сlпе par_
еnt. It involvеs a kфd of sех with thе dеad, in whiсh offspring inсludе thе gе-
nеtiс mаtеrial from thеir parеnt, miхеd with somе gеnеs from сrеaturеs that
havе diеd.

!Иhilе thе есologiсal сoеvolutionary dynamiс dеsсriЬеd abovе is thе main
driving forсе for evоlution' thеrе is also pеrpеtual sеlесtion for еffiсiеnсy.
onе form of еffiсiеnсy involvеs rеduсing thе amount оf timе it takеs to pro-
duсе an offspring. This is usually aссomplishеd Ьy rеduсing thе sizе of thе

8еnomе that dеsсriЬеs thе сlrganism, thеrеЬy rеduсing thе timе that it takеS to
makе a сopy. Нowеvеr' somе optimizations havе Ьееn aсhiеvеd through thе
еvolution of morе сomplех сomputеr ссldе.

Thе еvolution of mоrе сompleх сodе is a tantalizing ехamplе of thе holy
grail of Aгtif iсial Lifе. Еvolution transformеd simplе molесulеs into thе сom-
plех аnd bеautiful lifе foгms thаt wе 6nd on еarth today. It is thе aЬility to
gеnеratе соmplехity that is thе sourсе of еvolution's powеr. It rеmains an
unrеalizеd goal of Artif iсiаl Lifе to produсе an агtif iсi ir l systеm that ехhiЬits
opеn-еndеd еvolution' lеading to еvеr mоrе сompleх artifiсial lifе forms, suсh
as oссurrеd on еaгth.

Lifе appеarеd on еarth rоughly 3.5 Ьil l ion yеars ago' Ьut rеmainеd in thе
form of singlе-сеllеd organisms until aЬout 600 mill ion yеars ago. At thаt
point in timе, l ifе madе аn aЬrupt transformarion from simplе miсrosсopiс,
singlе-сеllеd forms laсking nеrvous systеms to l;rrgе and сomplеx multiсеllеd
forms with сomplех anatomiеs, physiolсlgiеs, есologiеs, and nеrvous systеms
сapaЬlе of сoordinating sophistiсatеd Ьеhavior. This transfoгmation oс-
сurrеd so aЬгuptly thаt еvоlutiсrnary Ьiologists rеfеr to it аs thе ..СamЬrian

ехplosion of diversity.' '
Somе havе put forth a vision of a digital nаtllrе' a kind of Ьiodivеrsity rе.

sегvе for digital organisms, pеrlrаps distriЬuгеd aсross thе Intеrnеt. Pеoplе
сould сontriЬutе somе of thеir mеmory and CPU сyсlеs to thе digital naturе
prеsеrvе' and digital orgаnisms сould l ivе in tЬе spaсе' migrating from сom.
putеr to сomputеr' fееding on unusеd Inеmory and CPU сyсlеs. Thе idеa is
that if a largе and сompleх rеgioгl of сyЬerspaсе сould Ье sеt asidе for digital
naturе' thеn a digital СamЬrian ехplosion of divеrsity and сomplехity might
oссur thеrе.
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Humans havе Ьееn managing thе еvolution of othеr spесiеs for tеns оf thou-
sands of yеars through thе domеstiсation of plants and animals. It forms thе
Ьasis of thе agriсulturе that undеrpins our сivilizations. 

.Wе 
managе еvolution

through Ьrееding' thе аppliсation of artifiсial sеlесtion to сaptivе populatiоns.
Similar approaсhеs havе Ьееn dеvеlopеd for working with еvolution in thе

digital domain. It forms thе Ьasis of thе fiеlds of gеnеtiс аlgorithms and gеnе'

tiс programming. Howеvеr, Ьесausе digital еvolution has not yеt pаssеd
through its vеrsion of thе CamЬrian еxplosion, thеrе еxists thе possiЬil ity to
usе a radiсally diffеrеnt approaсh to ..managing'' digital еvolution. 

.!Ие 
nееd

not limit oursеlvеs to using еvolution to produсе superior versiоRs of.qхisting
softwarе appliсations. Rathеr, wе should аllow еvolution to find thе nей ap-
pliсations for us. To sее this proсеss morе сlеarly' сonsidеr how wе managе
appliсations through organiс еvolution.

Somе of thе appliсations providеd Ьy organiс еvolution arе riсе' сorn'
whеat, сarrots' Ьееf сattlе' dairy сattlе' pigs, сhiсkеns, dogs, сats' guppiеs, сot-
ton, mahogany' toЬaссo, mink' shееp, silk moths, yеast, and pеniсillin mold.
If wе had nеvеr еnсountеrеd any onе of thеsе organisms' Wе would nеvеr havе
thought of thеm еithеr. 

.Wе 
havе madе thеm into appliсations Ьесausе wе rес-

ognizеd thе potеntial in somе organism that was spontanеously gеnеratеd
within an есosystеm of organisms еvolving frееly Ьy natural sеlесtion.

Мany diffеrеnt kinds of things oссur within еvolution. Brееding rеlаtеs to
еvolution within thе spесiеs, produсing nеw and differеnt, possiЬly ..Ьеttеr,''

forms of ехisting spесiеs. Howеvеr, еvolution is also сapaЬlе of gеnеrating
spесiеs. Еvеn morе signifiсantly, еvolutiоn is сapaЬlе of сausing an ехplosivе
inсrеasе in thе сomplеxity of rеpliсators, through many ordеrs of magnitudе
of сomplехity. Thе СamЬriаn еxplosion may havе gеnегatеd a соmplехity in.
сrеasе of еight ordеrs of magnitudе in a span of 40 mill ion yеars. Harnеssing
thеsе еnormously morе сrеativе propеrtiеs of еvolution rеquirеs a сomplеtеly
diffеrеnt approaсh.

.Wе 
know how to apply artifiсial sеlесtion to сonvеrt poсlr-quality wild

сorn into high-yiеld сorn. Howеvеr' wе do not know how to Ьrееd algaе into
сorn. Thеrе arе two Ьasеs to this inaЬil ity: (1) if all wе know is algaе, wе
сould not еnvision сorn; and (2) еvеn if wе know all aЬout сorn' Wе do not
know how to guidе thе еvolution of algaе alоng thе routе to сorn. our ехpе-
riеnсе with managing еvolution сonsists of guiding еvolution of spесiеs
through vаriations on ехisting thеmеs. It doеs not сonsist of managing thе
gеnеration of thе thеmеs thеmsеlvеs.

An altеrnativе is to lеt natural sеlесtion do most of thе work of dirесting
еvolution and produсing сomplеx softwarе. This softwaге will Ье ..wild,' ' l iv.
ing frее in thе digital Ьiodivеrsity rеsеrvе. In ordеr to rеap thе rеwards and
сrеatе usеful appliсаtions, wе will nееd to domеstiсatе somе of thе wild digi-
tal organisms, muсh as our anсеstors Ьеgan domеstiсating thе anсеstors of
dogs and сorn thousands of yеars ago.

This vision of digital naturе is сurrеntly unattainaЬlе, and may always rе-
main so. Sti l l, mаny геsеarсhеrs in thе fiеld of Artif iсiаl Lifе arе sti l l working
toward an opеn-еndеd еvolution in thе digital mеdium.
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фаlа 4ЗЗ

Although thе vаst inсrеasеs in сomplеxity еnvisionеd for digital nаture arе
out of rеtrсh' mo[е modеst inсrеasеs in сon,rplеxity havе Ьееn aсhiеvеd. onе
approaсh has Ьееn to fееd numЬеrs to digitаl organisms аnd rеward thеm for
pеrfоrming сomputations on thеm; grеatеr rеwards arе givеn for morе сom-
plех сomputations. This аpproaсlr has lеd to the еvolution of quitе сomplех
algorithms ar-rd has Ьееn usсd as a dеtnonstrаtion of thе aЬil ity of сvolutiоrl
tо produсе whаt appеar to bе ..irrеduсiЬly' ' сomplех stгuсturеs.

Studying organiс еvolution сan Ье frustrating Ьесausе it is a proсess that
oссurs ovеr vast sсalеs of timе and spасе. Artif iсial Lifе is an еxсiting ap-
pгoaсh to thе stl ldy ф еvolution Ьесausе it providеs an opportunity to oЬ-
sеrvе thе proсеss of evo'lution in aсtion, gеnеrating novеlty, есologiеs, and
modеst сonrplехity. Also,.it Ьroadеns our pеrspесtivе on lifе and еvolution Ьy
allowing us to know thе еvolutionary proсеss in a nonorganiс mеdium.
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Ayala, Franсisсo J. (b. 1934)

Franсisсo J. Ayala was Ьoгn in Madrid' Spain, on Marсh 12, 1'9З4. A distin-
guishеd mеmЬеr of thе intеrnationаl sсiеntifiс сommunity, hе has bееn aс.
krrowlеdgеd for hls studiеs in еvolurionary Ьiologv and thе philosophy of
sсiеnсе. Hе has bееn Donald Bren Profеssor of Biologiсal Sсiеnсеs at thе Uni-
vеrsity of Сalifornia at Irvinе sinсе 1987 аnd Univеrsity Profеssor of thе
Univеrsity of Сalifornia sinсе 2003'

Ayala,s сarееr has сoinсidеd with and' to a largе еxtеnt' has lеd thе risе and
ехpansion of molесr.rlаr еvolution аnd thе philosophy of Ьiology. Indееd, hе
hаs Ьееn :r lеadеr in Ьoth fiеlds for many yеars. Aftеr his еarly invеstigаtions of
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thе proсеss of spесiation and thе rolе of gеnеtiс variation in еvоlurion, pеr-
formеd using traditional gеnеtiс mеthods whilе hе was a graduatе studеnt, hе
saw that thе dеvеloping tесhniquеs of molесular еvolution mаdе possiЬlе a
morе powеrful approaсh to thеsе issuеs. Latеr in his сarееr, Ayala usеd molес-
ular mеthods to еluсidatе thе еvolutionary origin and population struсturе of
Trуpаtьosomа' Plаsmodillm, and othеr human parasitеs. Thе impaсt of Ayala's
сontriЬutions to thе philosophy of Ьiology startеd in еarnеst with his ..Biology

as an Autonomous Sсiеnсе'' \Аmеriсаn Sciеntist, 1968) and his ..Tеlеologiсal

Ехplanations in Еvolutionary Biology,, (Philosophу of Sсiепсe, 1970).
As a youth, Ayala was intеrеstеd in sсiеnсе and dесidеd to study physiсs at

thе Univеrsity of Мadrid. Latеr' as а rеsult of his philosophiсal and rеligious
inсlinations, hе immеrsеd himsеlf for fivе yеars in thеоlogy at thе Univеrsity
of Salamanсa. tуala nеxt dесidеd to Ьесomе an еvolutionist, сoming to,thе
Unitеd Statеs in 1961iЬe Ьесamе an Amеriсan сitizеn tn 1977.

Undеr thе adviсе of his formеr Spanish tеaсhеrs, gеnеtiсists Fеrnando
Ga16n and Antonio de Zulueta, Ayala studiеd еvolution from a gеnеtiс pеr-

sРесtivе with Thеodosius DoЬzhansky, thе Russian-Ьorn Amеriсan gеnе-

tiсist, at Columbia Univеrsity in Nеw York Ьеtwееn 7961 and 1964' During
his thrее yеars as a graduatе studеnt at Сolumbia hе сarriеd out invеstiga-
tions aЬout thе proсеss of spесiation in Australian Drosophilа and disсov.
еrеd сryptiс spесiеs and intеrmеdiatе stagеs of spесiation. Не introduсеd nеw
mеthods for mеasuring population fitnеss and dеmonstratеd that thе гatе of
еvolution сorrеlatеd with thе lеvеl of gеnеtiс variation. Thеsе studiеs wеrе
publishеd in 1965-1966 in a sеriеs of papегs in Sсiепcе' Genetics' Еuolиtioп,
Аmеricаn Nаturаlist, aпd Pасifiс Iпsесts.

In 1,965, as a postdoсtoral fеllow' Ayala introduсеd еlесtrophorеtiс tесh.
niquеs for dеtесting prоtеin polymorphisms in Dobzhansky's lаЬoratoгy at
Roсkеfеllеr Univеrsity. Hе Ьесamе an assistant profеssor thеrе in 1967.With
thеsе morе powеrful tесhniquеs, hе now аpproaсhеd thе еarliеr proЬlеms of
mеasuring gеnеtiс variation (polymorphism) and how this impaсtеd thе ratе

of еvolцtion. Hе also initiatеd a сomprеhеnsivе invеstigation of thе gеnеtiс

сhangеs сonсomitant to thе spесiation proсеss and thе еvolution of rеpro-

duсtivе isolation. Invеstigations сomЬinеd laЬоratory ехpеrimеnts with thе
invеstigation of natцral pоpulations of Drosophilа шillistonl and rеlatеd
spесiеs of the Amеriсan tropiсs. Не puЬlishеd thе first сomparative data ana-
lyzing gеnеtiс diffеrеntiation as a funсtion of taхonomiс lеvеl in Drosophilа

spp.' as wеll as in various othеr animal groups.
In сollaЬoration with DoЬzhansky, Ayala сonfirmеd thеorеtiсal prеdiс-

tions aЬout thе distriЬution and adaptivе signifiсanсе of gеnеtiс variaЬility in

natural populations. onе main сontriЬution to еvolutionary Ьiology was his
dеmonstration that thеrе is muсh morе gеnеtiс polymorphism in natural
populations than prеviously thought. Не Ьесаmе а lеading partiсipant in thе
сontrovеrsy rеgarding whеthеr molесular polymorphisms Wеrе adaptivеly
nеutral or drivеn Ьy natural sеlесtion. Hе arguеd forсеfully for thе lеading rоlе
of natural sеlесtion Ьasеd on thе distriЬution of ехtеnsivе, Ьut gеographiсally
fairly uniform' gеnеtiс polymоrphisms in natural populations of Drosophilа in
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thе An-razon Ьasin anсl tlrroughout thе Caгibbеan islands. Не dеsignеd labo-
ratоry еxpеrimеrrts tЪг mеasuring tlrе еffЪсt thе amount of food, livirrg spасе,
and сlther еnvironnrеntaI faсtors hаd on population fitnеss. Rеsults сorrfirmеd
that natural sеlесtion Was thе driving faсtoг impaсring gеnеtiс polymor-
phisnr. Hе dеvеlopеd IaЬoratory mеthods for mеasuriIlg dеnsity.dеpеndеnt
and fгеquеnсy-dеpеndеnt nаtural sеlесtion.

In |97|, АyаIa and DoЬzlrаnsky movесl to thе Dеpагtmеnt of Gеnеtiсs at
tlrе Univеrsity of Саlifоrnia at Davis. At UC Davis, Ayala сollaЬoratеd with
palеontologist Jamеs \W. Valеntinе irr а sеriеs of invеstigations publislrеd in
thе 1970s that involvеd divеrsе organisms, inсluding tropiсal Тrid,асnа
сlams; Antarсtiс, tеmpеrаtl, and tropiсal oсеaniс shrimp; and dееp-oсеan
starfish, sеa urсhins, and Ьraсhiopods. Tlrе invеstigations dеmonstratеd that
thе amсlunt оl gеnеtiс vаriaЬrlrty с1еpеndеd not On thе abundanсе of rе-
sourсеs' Ьut on еnvironmеntal staЬil ity, whiсh allows gеnеtiс variants to bе-
сomе adaptеd to diffеrеnt еnvirоnmепtal fеaturеs and rеsourсеs. Thе rеsults
promptеd nеw hypothеsеs to ехplain thе major ехtinсtions oЬsеrvеd in thе
fossil rесord.

Duгing thе 1980s' rvorkirrg аt UС Dаvis and latеr at thе Univеrsity of Сal-
iforniа аt lrvinе, Ay:rlа studiеd TrуpLl'Iosomа сruzi, thе agеnt of Сhаgas dis-
еasе, whiсh is a sеvеrе disеasе еndеnriс in many South Amеriсan сountriеs.
Hе showеd that it rеproduсеs сlonally, rathеr than sехually, as gеnеrally
thougl-rt at thе timе. Ayale and сollaЬor;rtor Мiсhеl TiЬayrеnс formulаtеd thе
сlonal tlrеory of parasitiс protozoa. Тhеy proposеd that thе population struс-
turе of thеsе parilsitеs is prеvail inglv сlonal, еvеn though thеsе pеrvаsivе hu-
mа11 sсourgеs rеtain thе сapасity for sеxual rеproduсtion.

Мorе rесеntly, Ayala has rесonstruсtеd thе еvolution of Plаsmodium fаIсi-
pаru|п' thе аgеnt of malignant malaria' and rеlatеd spесiеs. Hе has shown
that thе world ехpansion of P. fаlсipапltzz throughout thе tropiсal rеgions is
rесеl1t' starting from :r singlе Afгiсan propagulе аrrrund 5,000 yеаrs ago, and
tlrat thе spесiеs is gеrrеtiсally largеly uniform, ехсеpt for mutations rесеntly
еvolvеd in rеsponsе to thе human imt-nunе systеm and to mеdiсinеs.

In addition to his еssays on Ьiology as an autonomous sсiеnсе, thе сonсеpt
of Ьiologiсal progrеss' and thе idеа of tеlеology, Ayala has еxplorеd thе dis-
tinсtivе сharaсtегistiсs of thе sсiеntifiс rrrеthod. Hе has m:rdе othеr сontгiЬu-
tions to thе philosophy of sсiеnсе, inсluding еxplorarions of how thе proсеss
of r-ratural sеlесtion providеs a сausаl ехplanation of tlrе еvolution and dеsign
of l iving forms. \й/ith ехtеnsivе knowlеdgе of thе history of Ьiology and, par-
tiсuIirrly, еvolutionаry thеoriеs, hе has сontributеd ехtеnsivеly to thе Popu-
larization of еvolutitlnаry thеory as thе сеntral сorе of biology. Hе has
forсеfully arguеd thirt tlrе tlrеor'l ' of еl,olution, as wеll as sсiеnсе in gеnегal,
nееd not Ье in сorrtrzrdiсtion with rеligious Ьеliеfs.

Ayala hаs ехtеndеd DoЬzhansky's rеnownеd phrasе ..nothing in Ьiology
makеs sеnsе ехсеpt in the light of еvolution'' with thе phrase ..nothing in
еvolution makеs sеnsе еxсеpt in thе ligЬt of gеnеtiсs.' '

Frаnсisсo J. Ayala is thе author of пroге thаn 900 spесializеd artiсlеs as
wеll аs thе author or еditor of mсlrе thаn 20 Ьooks. Не is a mеmЬеr оf thе
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National Aсadеmy of Sсiеnсеs, thе Amеriсan Aсadеmy of Arts and Sсiеnсеs,
thе Amеriсan Philosophiсal Soсiеty, thе Сalifornia Aсadеmy of Sсiеnсеs, thе
Russian Aсadеmy of Sсienсеs, thе ltalian Aссadеmia Nazionalе dеi Linсеi,
and aсadеmiеs of othеr сountriеs' inсluding Меxiсo, SеrЬia, and Spain. Hе
has sеrvеd as prеsidеnt of thе Amеriсan Assoсiation for thе Advanсеmеnt of
Sсiеnсе, thе Sigma Хi Thе Sсiеntifiс Rеsеarсh Soсiеty, and thе Soсiеty for thе
Study of Еvolution. Hе has rесеivеd numеrous honors and awards, аnd hе
has Ьееn dеsignatеd Doсtor Honoris Саusа Ьу univеrsitiеs in Argеntina,
Сzесh RеpuЬliс, Grеесе, Italy, Мехiсo, Spain, and Russia. In 2002 hе rе-
сеivеd thе National Меdal of Sсiеnсе, thе highеst sсiеntifiс award in thе
Unitеd Statеs, from Prеsidеnt Gеorgе W. Bush.
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Baсtеrial еvolution

Thе Miсro!е-is so vеry small
You сanfot makе him out at all
But ma{ly sanguinе pеoplе hopе
To sее him thrоugh thе miсrosсopе.

Aсtually, Hilairе Bеlloс, who wrotе thеsе amusing linеs, Was sеvеral сеnturiеs

out of datе. МiсroЬеs wеrе first sееn in 1674 Ьу Antoni van Lееuwеnhoеk,

lоoking at sсrapings from his tееth through а simplе miсrosсopе. Thеy wеrе

laЬеlеd bасtеriа in 1828 Ьy thе Gеrman Ьiologist Сhristian Gottfriеd Еhrеn-

bеrg, from thе Grееk Word mеaning ..small stiсk.' ' In suЬsеquеnt yеars' biol-

ogists disсovеrеd thе еnormous divеrsity of Ьaсtеria. Thе strugglе to

undеrstand that divеrsity, its еvolutionary history, and thе сontinuеd rapid

еvolution of Ьaсtеria is onе of еvolutionary Ьiology's most сhallеnging and

ехсiting arеas of study.
Baсtеria arе rеlativеly simplе, onе-сеllеd organisms' laЬеlеd prokaryotеs'

mеaning that thеy do not havе a spесial сompartmеnt' or nuсlеus, in whiсh

thе gеnеtiс matеrial is housеd. Thеrе arе two typеs of gеnеtiс information in a

Ьaсtеrial сеll. First, thеге is a small, usually сirсular сhromosomе within thе

сеll that primarily сarriеs thе gеnеs rеsponsiЬlе foг Ьuilding thе сеll and its

сomponеnts. Sесond, thеrе arе a numЬеr of gеnеs floating in thе сеll that arе

primarily involvеd with rеgulating thе сеll's mеtaЬoliс proсеssеs. Baсtеria dо

not havе morе sophistiсatеd сеll parts (organеllеs) suсh as mitoсhondria (usеd

for powеr gеnеration) or сhloroplasts (usеd' е.g.' Ьy еukaryotеs-organisms

with сеlls that do havе nuсlei-for phоtosynthеsis). Thеy do hаvе riЬosomеs,

organеllеs usеd for Ьuilding protеins frоm thе instruсtions givеn Ьy RNA.

Тhеy rеproduсе Ьy simplе сеll division; onе сеll dividеs into two daughtеr сеlls

and еaсh daughtеr сеll is a сlonal rеproduсtion of its rnothеr сеll.

Likе all organisms' Ьaсtеria arе opеn to еvolution through natural sеlес-

tioп: сеlls with advantagеous fеaturеs prolifеratе fastеr than thosе without

thеm. Advantagеous fеaturеs arisе in Ьaсtеrial сеlls through thгее avеnuеs.

First, thе gеnеs of Ьaсtеria сhangе spontanеously, or mutatе, and сlonal di-

vеrsity сan aссumulatе rapidly. Sесond' somе Ьaсtеria arе сapaЬlе of a kind

of sеxual rеproduсtion through thе ехсhangе, Ьеtwееn сеlls' of somе of thе

gеnеtiс matеrial on thеir сhromоsomеs. This gеnе ехсhangе plaсеs mutants

that havе arisеn in onе сеl1 linе into othеr сеll linеs. Third, Ьaсtеrial gеnеs that
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afе not on thе main сhromosomе сan oftеn Ье transfеrrеd dirесtly from onе
сеll to anothеr. This proсеss' сallеd hсlrizontal gеnе transfеr, сan faсil itatе thе
rapid sprеad of a gеnе throughout a Ьaсtеrial сolсlny and сhangе thе сharас-
tеristiсs of tlrе сolony quiсkly. Bесаusе prokaryсltеs aге sirnplеr than eukary.
otеs, thе natural assumption is that thе formеr еvolvеd Ьеforе thе lattеr, and
that thе lattеr еvolvеd from anсеst<lrs that rеsеmЬlеd thе formеr. This assump-
tion sееms tсr Ье bornе out Ьy fossil rесords, Ьy thе naturе of сеll funсtion, and
Ьy сomparativе studiеs, pаrtiсularly thosе at thе molесulаr lеvеl. Thе еarth is
around 4.5 Ьillion yеars old and during its еarly yеars thе surfaсе wag faт tоо
hot tо sustаin lifе. Thе first plausiЬlе traсеs of fossil lifе datе Ьaсk to around
3.75 Ьil l ion yеars ago. At around З.5 Ьil l ion yеars thеrе is solid еvidеnсе of
Ьасtеrial gх!51gngg-сyanoЬaсtеria, othеrwisе known as Ьluе-grееn algaе.
Thеy сlustеrеd togеthеr in shееts known as stromatolitеs and livеd in thе sеа
аlong thе сOasts. Shоwing that сhangе is not a nесеssary сondition of l ifе on
еarth, Ьluе-grееn algaе of thе sanrе rесognizaЬlе form still flourish today.

Thanks partiсularly to thе 'uvork of thе Amеriсan miсroЬiologist Сarl
!7oеsе, it is thought that thе last univеrsal сommon anсеstor-thе parеnt of
аll l iving things past and prеsеnt-was aЬout 3..5 Ьil l ion yеars ago. !Иoеsе,
howеvеr, strеssеs that it is probably Wrong to think in tеrms of just а singlе
organism giving Ьirth to all othеrs. In faсt, thе trее of l ifе is rеally a piсturе of
how lifе еvolvеd aftеr rеproduсtion аnd inhеritаnсе through сеll division
еmеrgеd and Ьесamе prеdominant ovеr rampant horizontal gеnе ехсhangе
and transfеr. Bеforе thеn, it was l ikеly that thе foсus of .thе еvolutionаry pro.
сеss was on thе prolifеration of individual gеnеs аnd small сlustеrs of gеnеs.
Thе disсrеtе linеagеs rеtraсеd thrсlugh phylogеnеtiс mеthods wеrе not likеly
in ехistеnсе among thе еarliеst сеlls. It is Ьеttеr, and morе aссuratе' to think
in tеrms of a group or population of anсеstors, all of whom would havе Ьееn
important. 

.Woеsе 
аnd his group rеvеаlеd a morе aссuratе piсturе of thе trее

of l ifе than hithеrto, and onе of thе most astounding findings is that thе
prokaryotеs сonsist of two vеry diffеrеnt groups: thе Ьaсtеria (or truе baсtе-
riа or еuЬaсtеria) and arсhaеa (оr, as thеy havе Ьееn сallеd, ArсhaеЬaсtеria).

Thеrе arе signifiсant diffеrеnсеs Ьеtwееn Ьaсtеriа and аrсhaеa. Most im-
portant is that arсhaеa arе morе likе thе еukaryotеs in thе way thеy rеad and
usе thе information of thе DNA molесulеs. This appеаrs to Ье thе first major
split that wе сan rеtraсе Ьеtwееn thе Ьaсtеria and thе сomпlon anсеstor of
thе arсhaеa and thе еukaryotеs (sее Figurе 1 in thе main еssay ..Мolесular

Еvolution'' by Franсisсo J. Ayala in this volumе). Мany arсhaеa arе сapaЬlе
of or nееd to l ivе in еxtrеmе сonditions (for ехаmplе, hot or salty). This had
lеd to spесulation that thеy may rеsеmЬlе somе of thе еarliеst l ifе forms, еs-
pесially if ' as many now supposе, thе еarliеst l ifе was found in vеry hot, dееp-
sеa vеnts. Somеwhеrе along thе linе' thеrеforе, Ьасtеria Ьеgan to losе thеsе
aЬil it iеs, or thеy wеrе univеrsally lost and thеn rеgainеd.

Thе еvolution of Ьaсtеria saw nrajоr сhangеs in thе ways in whiсh еnеrgy
сan Ье oЬtainеd and usеd. In partiсular' as сan Ье dеtеrminеd from molесu.
lаr studiеs as wеll as rеmains in thе gеologiсal rесord, thе first Ьaсtеria wеrе
oЬligatorily anaеroЬiс, meaning that thеy сould not survivе in signifiсant
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сonсеntrаtions of oхygеn. Thеy found thеir еnergy Ьy nonoхygеn mеans; onе
of thе most сommon mеans was Ьy fеrmеntation. Of сoursе, for thе first half
of thе еarth's еxistеnсе' thеrе wеrе no signifiсant сonсеntrations of oхygеn
availaЬlе. As thе еarth sustainеd сhеmiсal сhangеs, oхygеn lеvеls Ьеgan to
risе and sеlесtion prеSsurе toward oxygеn-tolеrant (aеrotolеrant) organisms
Ьеgan. Nехt, oхygеn-tolеrant organisms Ьеgan to usе oxygеn to prodцсе еn-
еrgy. Thе first еvidецсе. oJ thе faсultativе aеroЬiс organisms-organisms that
сould switсh frбm onе form of еnеrgy produсtion (without oxygеn) to an.
othеr (usinglоxygеn)-сan Ье traсеd to aЬout 2.5 Ьil l ion yеars ago. Oхygеn
lеvеls сontiriuеd to risе until thеy wеrе aЬolt 1oЬ of today's prеsеnt lеvеl of
20%. AЬout 2.25 Ьil l ion yеars ago' еxсlusivеly oхygеn-using organisms (aеr-
oЬеs) appеarеd.

Еukaryotеs appеarеd shortly aftеr thе еmеrgеnсе of oЬligatе aеroЬеs. It is
now Ьеliеvеd, thanks to thе Ьrilliant hypothеsis of Amеriсan Ьiologist Lynn
Margulis, that еukaryotеs Wеrе formеd through symЬiotiс intеraсtions
among various prokaryotеs. Somе miсroorganisms, prеsumaЬly arсhaеalikе,
aЬsоrЬеd othеr miсroorganisms, somе of whiсh wеrе Ьaсtеria. \Whilе thе
DNA on thе nuсlеar сhromosomеs of еukaryotеs indiсatе thеir affinity with
arсhaеa' it appеars that thе mitoсhondria-thе powеr plants of еukaryotiс
сеlls-arе dеsсеndеd from thе suЬgroup protеoЬaсtеria. (Еsсheriсhiа сoli is
today's wеll-known protеoЬaсtеria; it livеs in thе guts of all mammals, inсlud-
ing humans.) Thе сhloroplasts of plants, thosе сеllular struсturеs that drive
photosynthеsis, also appеar to havе a symЬiotiс origin. Thus еukaryotеs arе
truly сhimеras, whiсh arе thе orgаnisms сarrying gеnеtiс instruсtions from
many diffеrеnt typеs of anсеstors.

Thе symbiotiс rеlationships that formеd thе еukaryotеs havе есhoеs in thе
сomplеx rеlationships that modеrn еukaгyotеs havе with modеrn Ьaсtеria.
Baсtеria today arе ubiquitous and othеr organisms сannot l ivе without thеm.
Мany plants dеpеnd on Ьaсtеria to еxtraсt thе nitrogеn from thе air so that
thеy сan usе it thеmsеlvеs. Aiding this proсеss is thе aim of many artifiсial
fеrtilizеrs, and it is wеll known that tоday аgriсulturalists arе working hard
to modify plants gеnеtiсally so that, thanks to gеnеs transfеrrеd in from Ьaс-
tеria, thеy сan thеmsеlvеs сrеatе usaЬlе nitrogеn. Мammаls usе many Ьaсtе-
ria in thеir stomaсhs and intеstinеs, usually сallеd gut flora, to digеst thеir
food. Baсtеria in thеsе plaсеs also havе othеr funсtions, l ikе prеvеnting сеr-
tain disеasеs or stopping various potеntial allеrgiеs. Мorе gеnеrally, humans
usе Ьaсtеria for thеir own еnds, as in fеrmеntation. Todаy, Ьaсtеria arе еvеn
usеd in сlеaning up oil spil ls.

Unfortunatеly, it is oftеn diffiсult to livе with Ьaсtеria. Many disеasеs of
animаls (еspесially humans) and of plants arе duе to Ьaсtеria. Rеvеrting Ьaсk
to history, tooth dесay is duе primarily to four kinds of Ьaсtеria found in thе
mouth: Streptoсoссus sаnguis, S' sobrinus, S' mitis, and S. mцtап.s. Othеr un.
plеasant Ьaсtеrial disеases in humans arе lеprosy (Hansеn's disеasе), сausеd
Ьу Муcobасterium leprаe; whooping сough, сausеd Ьу Bordеtеllа pеrtussis;
сholеra, сausеd Ьу Vibrio сholorае; and tuЬеrсulosis' сausеd Ьу Муcobас-
tеrium tubеrсцlosis. Rесеntly, pеptiс ulсеrs wеrе found to Ье сausеd Ьy
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Heliсobаctеr pуlori. Сеrtain intеstinal disеasеs, suсh as Crohn's disеasе, aге
thought to Ье thе rеsult of thе Ьody's failurе tо rесognizе its own Ьaсtеrial gut
symЬionts.

Baсtеria arе known to Ье rapid еvolvеrs. Pеrfесt ехamplеs of natural sеlес-
tion in aсtion, thеy gеnеtiсally put up Ьarriеrs against human prеvеntativе
mеasurеs quiсkly. Antibiotiсs, еspесially pеniсillin, wеге thе grеat mеdiсal
disсovеriеs of thе twеntiеth сеntury Ьесausе thеy еntirеly dеstroyеd.targеtеd
baсtеria without affесting thе human host. Unfortunatеly' thanks to muta-
tion, high ratеs of rеproduсtion, and horizontal gеnе transfеr, Ьaсtеria dе-
vеlop natural rеsistanсеs to antiЬiotiсs. For instanсе, almost as soon as
pеniсillin was introduсеd during !7orld 

.War 
II' it was found t'Ьat Stаphуlo-

coсctts сturеиs was dеvеloping gеnе-dirесtеd Ьioсhеmiсal mеthods of dеfеnsе.
Thе samе is truе of othеr Ьaсtеria. Notoriously' vеnеrеal disеаsе usеd to Ье
сurеd with just onе shot of pеniсillin. Now it takеs a сoсktail of drugs to
сomЬat it. It doеs not hеlp that humans do many things that еnсourаgе rеsis-
tanсе dеvеlopmеnt' suсh as whеn prostitutеs kееp thеmsеlvеs on сontinuous'
rеlativеly low dosеs of antiЬiotiсs. Baсtеria sееm to find this a сhallеngе, find.
ing ways to survivе and thrivе.

Thе сapaЬility of rapid еvolution in Ьaсtеria also prеsеnts a сhallеngе for
undеrstanding thеir еarliеst еvolutionary history. 

.Wе 
arе attеmpting to rе-

traсе еvеnts that bеgan at thе dawn of lifе, сhanging rapidly and through
mесhanisms likе thе horizontal transfеr of gеnеs with signaturеs not еasy to
traсе. ]t4odеrn advanсеs in molесular Ьiology arе сhanging our undеrstand.
ing, and thе study of Ьaсtеrial еvolution is among thе most сhallеnging and
ехсiting topiсs in modеrn еvolutionary Ьiology.
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Baеr, Karl Еrnst von (1792_1876)

Karl Еrnst von Baеr was pеrhaps thе most еminеnt morphologist and еmЬry-
ologist of his day. Hе was Ьorn in Еstonia to a Gеrman noЬle family. Hе at-
tеndеd thе nеw univеrsity in Dorpat and сontinuеd mеdiсal studiеs in Bеrlin
and Viеnna. Мorе intеrеstеd in thе thеorеtiсal aspесts of thе sсiеnсе, hе pur-
suеd postdoсtoral study at.!(i irzЬurg (1815), whеrе thе rеsidual influеnсе of
Friеdriсh Sсhеlling (-]"775_1854) сould still Ье fеlt, transmittеd thrоugh thе
gеnial hands of Ignaz Dбll ingеr (1770_184I). In 1817 hе movеd to Kбnigs-
Ьеrg to Ьесomе assistant to Karl F-riеdriсh Burdaсh (1776-1847). Baеr's
soЬеr еxpеrimеntal approaсh to anatomy lеd him to shеd muсh of his еarliеr
еnthusiasm for a morе romаntiс and aеsthеtiс intеrprеtation of natural phе.
nomеna. In 1826 hе Ьеgan studying thе foгmation of thе vеrtеЬratе еmЬryo
and initially сonсеrnеd himsеlf with thе origin оf thе еgg in mammals' whiсh
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had Ьееrr assumеd to Ье idеntifiеd with thе Graafian folliсlеs of thе ovirriеs or
with а fluid еmittеd Ь,v tlrе foll iсlеs. Irr thе sprir-rg of thе nехt yеar hе saсrifiсеd
his dirесtor's pеt dog аnd loсatеd minutе yеllow еggs in its foll iсlеs' a disсov-
еry with ц,|riсlrhis.rrzrmе would lrеrrсеfoгtlr Ье assoсiatеd. Hе сontirruеd his
еmЬryolфiсal studiеs, puЬlishing thе two parts оf his mastеrwork, Die Еn-
tшiсkеlипgsgеsсll iсhtе der Тhiеrе (Тhе dеvеlopmеnral history of animals), in
1828 and l837. In 18.34 hе ассеptеd a сhair in St. PеtеrsЬurg, whеrе hе un-
dertсlсlk vaгious kinds of апthropologiсal and еthnographiс studiеs for thе
Russian Еrnpirе' In his latеr yеars hе Ьесamе a modеratе еvolutionist' al-
thor"rgh also a dесidеd opponеnt of Darwiniаrr thеory.

l-ikе Gеorgеs Сuviеr (1769-118З2), Baеr hеld that thе anirnаl kingdom сould
Ье sеparatеd intсl lЪur distiIrсt arсhеtypеs: thе radiata (е.g., salrfish and sеа
urсhins), thе mollusсa (е.g., сlams and oсtopusеs)' thе artiсцlata (е.g., insесts
аnd сraЬs), and thе vегtеЬr.lta (е.g.' f islr аnd humarr bеings). Hе dеniеd rесa-
pitulation thеory-thе idеa tlrat thе еmЬryos of morе соmplех аnimals passеd
through nrorphologiсal stagеs сoпrparaЬlе with thosе of thе adult forrns of or.
ganisms lorvеr in thе hiеrarсhy of lifе. Hе maintainеd that thе еmЬryo of an аn-
imal еxеmplifiеd from thе Ьеginning of its gеstation only thе arсhеtypе or
Urform of that partiсr"rlаr organisnl. ..Thе еmlrryo of thе vеrtеЬratе,'' hе as-
sеrtеd,  . . i s  a l rеady at  t l rе Ьеginning a vеrtеЬratе ' '  (1828_1 8З7,1:220).  So a hu-
man fеtus, Ье hеld, w<>uld movе through stagеs in whiсh it would takе on thе
forпr of a gеnеralizеd vеrtеЬratе' a gеnеrirlizеd mamпral, a gеnеralizеd primatе,
and finally a partiсulaг humаn Ьеing. Tlrе fоrm of thе growing fеtus movеd
fгom thе gеnеrаl to thе spесifiс. Thе human еmЬryo in its еarly stagеs' thеrе_
forе, nеvеr assumеd thе mаtuге form of arr invеrtеЬratе or of a fish.

Dеspitе Bаеr,s rеiесtion сlf striсt rесapitulation, hе did allow thаt spесiеs
within a givеn arсhеtypе displayеd virtually iс]еntiсal struсturеs during thе
еarliеr stаgеs of еmЬryogеnеsis. In a famоus passagе that Darwin mistakеnly
аttriЬutеd to Loшis Agаssiz (1s07-187З)' Baеr mеntionеd that hе had two lit-
tlе еmЬryos that hе hаd fсlrgоttеn to laЬеl: ..Thеy might Ье lizаrds, small
birds' or vеry young lrrаmmаIs. Тhе foгmation of thе hеаds аnd trunks in
thеsе anin.rals is quitе similar. Thе ехtrеrnitiеs аrе not yеt prеsеnt in thеsе.еm-
bryos. Brrt еl,еn if thеу wеrе in thе fiгst stаgеs of dеvеlopmеnt, thе1. would not
indiсatе anything; sinсе thе fееt of l izards and mammals, thе wings and fееt
of Ьirds, аs l,l,еll аs thе l.rands and tЪеt o[ mеn dеvеlop fгorrr thе sаmе funda-
mеnta l  form' '  (1828_1 837'  I :221).

Though hе Ьесаmе wаrv of thе romаntiс Nаturpbilсlsophiе ехhiЬitеd Ьy
manv Gеrman morpl-rolсlgists, Baеr rеtainеd сеrtain mеtaphysiсal idеas that
сonnесtеd lrirт ш.itlr tlrе tгaditiсln сlf transсеndеntal idеаlism thаt was inaugu-
ratеd Ьy Sсhеll ing. Hе sееms nеvеr to havе aЬandonеd thе сonviсtion, for ех-
anrplе, tlrаt thе :rrсhеtypе of thе organism, as а kind of ехtraphysiсal еntity'
guidеd thе сrеaturе's morphologiсal dеvеlopmеnt. ..Thе typе of еvеry ani-
mаl,' ' hе dесlarеd, ..Ьtlth Ьесomеs fixеd in thе епrЬryo at thе Ьеginning and
govеrns i ts  еnt i rе dеvеlopmеnt, '  (1 828-18 З7,  1:  22О) '

Baеr oЬjесtеd to rlrе transmutаtionzrl thеory th21t Was quiсkiy Ьесoming
rootеd in Gеrmаn Ьiology. Hе undеrstсltld that idеas of rесapitulation and of
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spесiеs еvolцtion gavе sеduсtivе suссor to onе anothеr) and hе firmly op-
posеd thеm Ьoth:

Onе gradually lеarnеd to think of thе diffеrеnt animal forms as dеvеlop'
ing out of onе anothеr-and thеn shortly to forgеt that this mеramor-
phosis was only a modе of сonсеption. Fortifiеd Ьy thе faсt,thаt in thе
oldеst layеrs of thе еarth no rеmains from vеrtеЬratеs Wеrе to Ье found,
naturalists Ьеliеvеd thеy сould provе that suсh unfolding of thе diffеrеnt
animal forms was historiсally groundеd. Thеy thеn rеlatеd with сom-
plеtе sеriousnеss and in dеtail how suсh forms arosе from onе anothеr.
Nothing was еasiеr. A fish thаt swam upon thе iand wishеd to go for a
walk, Ьut сould not usе its fins. Thе fins shrunk in Ьrеadth from want of
ехеrсisе and grеw in lеngth. This wеnt on through gеnеrations for a сou-
plе of сеnturiеs. So it is no wondеr that сlut of fins fееt havе finally
еmеrgеd. (1828_1837, |: 200)

Thе сommunity of Gеrman zoologists l ivеd along sеvеral сonсеptual fis-
surеs. Somе, l ikе thе rеdouЬtaЬlе Baеr, rеjесtеd thе notion of rесapitulation
and thе supportivе doсtrinе of spесiеs dеsсеnt. Gеorg Hеinriсh Bronn
(1800_1862)' Darwin's first Gеrman translator, thought that spесiеs pro-
grеssivеly appеarеd on thе еarth ovеr vast pеriods of timе aссording to a di-
vinе plan. Hе rесognizеd that еmЬryoniс dеvеlopmеnt Ьorе a strong analogy
to thе morphologiсal dеvеlopmеnt of spесiеs; Ьut pеrhaps fеaring thе сonsе.
quеnсеs of thе rесapitulational idеa, hе strеssеd thе analogiсal сharaсtеr of
thе parallеl and rеaffirmеd thе Ьoundаriеs of еmЬryogеnеsis that Baеr had
еstaЬlishеd. Othеrs, l ikе thе romantiс Lorеnz Оkеn (1779_1s51) and thе
aеsthеtiсally drivеn Gеorg Gustav Сarus (1789_1869), unhеsitatingly ad-
vanсеd thе thеory of thе аrсhеtypе and its attеndant notion of rесаpitula-
tion, whilе thе еmЬryоlogists Friеdriсh Tiеdеmann (1781_1861) and Johann
Friеdriсh Mесkеl (1781*1833), undеr thе influеnсе of Jеan-Baptistе Lamarсk,
aссеptеd thе doсtrinе of spесiеs transformation. Darwin adoptеd rесapitula-
tion thеory dеspitе Bаеr's striсturеs. Hе agrееd that thе еmЬryo passеd from
a gеnеralizеd to a morе partiсulaг morphologiсal statе. Hе simply hеld that
thе phylogеnеtiс anсеstor was of a gеnеral typе-for instanсе, that thе еvo-
lutionary progеnitor of man was a gеnеralizеd vеrtеЬratе whosе form would
Ье rесapitulatеd in thе human еmЬryo. ..Thus thе еmЬryo,' ' Darwin oЬ-
sеrvеd in Оп the origin of Speсies (1859, 3З8)' ..сomеs to Ье lеft as a sort of
piсturе, prеsеrvеd by naturе, оf thе anсiеnt and lеss modifiеd сondition of
еaсh animal.' '

By thе еarly 1870s thе еvolutiоnary thеsis had swеpt through Еuropе' lеav-
ing only thе most rесalсitrant in its wakе. Baеr undеrstood thаt thе kind of
еmpiriсal еvidеnсе Darwin сitеd, еspесially from Ьiogеography and palеon-
tology, pointеd in only onе dirесtion, Ьut hе would not сountеnanсе Dar'
win's dеviсеs of spесiеs сhangе-сhanсе variation and natural sеlесtion,
whiсh сould not aссount for thе tеlеologiсal struсturе of organisms. If Dar-
winism wеrе сorrесt, intеrmеdiatе forms should bе produсеd Ьy sеlесtion,
Ьut nonе wеrе found. Сhanсе variation. whiсh thе thеorу assumеs. should
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fluсtuatе in botlr positivе and nеgativе dirесtions' thwartirrg еvolutionary

advanсе. Morеovеr, sеlесtеd traits would, through random mating, Ье
swampеd out. Baеr rathеr suppоsed that thе grеat сlassеs of animals and
plants appеarеd suddеnly in anсiеnt timеs, as thе gap-riddеn fossil rесord in-
diсatеd, and that intеrtral, tеlеologiсal laws lrad to dеtеrminе еvolutionary

tгаrrsitions within еaсh of thе largеr groups of arrimals-fish' rеptilеs, Ьirds'
mаmmals-all..arсhing toward partiсLllаr goаrls and diminishing iгt ptlwеr as

thе prеsеnt timе .wzls approaсhеd. Bаеr offеrеd his spесifiс hypothеsis only
tеntativеly Ьut hopеd that hе had awаkеnеd in thе rеadеr rесognition that
..for a truе undеrstanding of naturе' Wе сannot dispеnsе with a govеrning

intе l l igеnсе ' '  (1876,2: 47З|.  Rеmеmbеr ing h is  еar ly work in еmЬryology,
еvolutionists and antiеvolutionists alikе rеvеrеd thе яrеat Kагl Еrnst von

Baеr.
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1876. Uеbеr Dаrшiпs Lеhrе.InЬis Stи,liеп аиf dem Gеbiеtе dеr
Nаtиrtuissепsсhаfteп, 2 vоls.' 2: 23 5_480. St. PеtеrsЬurg: Sсhmitzdorff.

[1886] 1986. Autobiogrаphу of Dr. Kаrl Еrпst uoп Bаеr.2nd еd. J'
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Bartholоmещ Gеorge (ь. |91.9), and
Sсhmidt-Niеlsеn, Knut (\9I5 -2007 )
Although not mainstrеam еvolutionаry Ьiologists, Gеorgе Bartholomеw аnd
Knut Sсhmidt-Niеlsеn Wеrе еnormously influеntial for thе study of adapta-
tion. Bartholomеw аrrd Sсhmidt-Niеlsеn, with thеir сollеaguеs and studеnts,
pionееrеd thе study of physiologiсal and Ьioсhеmiсal traits of animals as
adaptatiоns to spесifiс еnvironmеntal сonditions. Thе rеsеarсh programs

thеy dеvеlopеd аskеd how animals funсriсlrr irr сhallеngirrg sitr:arions. For ех-

amplе, onе of Sсhrrridt_Niеlsеn,s projесts zrskеd how dеsеrt аrrinrаls mаintain
watеr and salt Ьalar-rсе. Thеsе typеs of quеstions lеd to Ьroadеr сomparisons

among spесiеs that showеd how wеll diffеrеnсеs in physiolоgiсal and bio-
сhеmiсal propеrtiеs wеrе matсhеd to diffегеnсеs in partiсular еnr,ironmеntal
variaЬlеs. onе of Bагtholomеw's proiесts ех:rminеd how populаtiorrs of spar-
rows living in salt nrarshеs wеrе aЬlе to obtain watеr Ьy drinking sеawatеr'
а сapаЬil ity not shilrеd in populations of tЬе sanrе spесiеs that do llot l ivе in

salt marshеs. Thе сumulаtivе rеsults of thеir work, along with thе work thеy
inspirеd, rеvеal how wеll thе funсtional svstеms of diffеrеnt spесiеs' and еvеn
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diffеrеnt populаtions of thе sairrе spесiеs' lravе Ьееn moldеd tO mееt diffеrеnt
еnvironmеntal сirсumstаnсеs' prеsеllting a formidaЬlе сasе for thе powеr and
prес is i t ln of  adapгar ion.

Bаrtholomеw аnd Sсhmidt-Niеlsеn wеrе сOntеnrporariеs; Barthоloпrеw rе-
сеivеd his PhD in 1947 fгom Gеorgе Clarkе arrd Sсhrnidt-Niеlsеn rесеivеd his
DPhil from NoЬеl Laurеatе August Кrogh tn 1946' For ovеr 40 yеars thеy di-
rесtеd сritiсal studiеs in plrysiology that wеrе аnimatеd Ьy есologiсаl and
еvоlutionary pеrspесtivеs and thе сonviсtion thаt аnimаls wеrе funсtionally
intеgratеd, mеaning onе hаd to undеrstand thе еndreЪnirnаl in its еnviron-
mеnt. Both sсiеntists studiеd a widе rangе of proЬlеms in a divеrsity of ani-
mаls in many еnvironmеnts. Barthоlomеw's Ьеst-known studiеs rеvolvеd
around tеmpеr.aturе rеgulation and еnеrgy mеtаrЬolism' topiсs that appliеd to
survival in еxtrеmе сlimatеs, hiЬеrnation, anс] thе еnеrg'еtiсs of 1lying in
Ьirds. Sсhmidt-Niеlsеn is Ьеst rеmеmЬеrеd for his ехaminations of watеr and
sаlt Ь:rl irnсе in с]еsеrt аnd rrrаrinе aninrals аs rvеll аs his latеr work оn thе
sсaling of mеtаrЬoliс ratеs and thе еnеrgеtiс сosts of loсomсltion in tеrrеstrial
vеrtеЬratеs. Еaсh is wеll known among gеnеrati()ns of studеnts for their stud-
iеs of сurious or сharismаtiс proЬlеms, suсh as Bzrrtholomеw's sсrutiny of thе
ad:rptations to diving in nlarinе iguаnas and Sсhmidt-Niеlsеn's study of thе
сamеl's adaptation to dеsеrt сonditions. Bartholomеw and Sсhmidt-Niеlsеn
Ьoth wеrе rеnownеd сlassroom tеaсhеrs, mеntors' and writеrs; Bartholomеw
has ovеr 1,000 irrtеllесtual dеsсеtrdants (studеnts zlnd studеnts of studеnts)
and Sсhmidt-Niеlsеn's tехtЬooks arе among tlrе most popular аnd appеaling
сollеgе tеxts еvеr writtеn. Еaсh influеnсеd Ьiologists far Ьеyond his irnmеdi-
atе disсiplinе' atld еaсh wаs influеntial in Ьuilding two of thе Ьеst zoology dе-
partmеnts in tЬе Unitеd Statеs, BаrtЬolomеrv аt UСLA and Sсhmidt-Niеlsеn
а t  Dukе  Un i vе г s i t у .

Thе intеllесtuаl lеgaсy <lf Bartholornеw and Sсhmidt.Niеlsеn сan Ье found
in murnv arеas, from thе str"rdy of Ьiсlсhеmiсal adaptation at thе molесular
iеvеl to thе сornparisolr сlf physiologiсa| prоpеrtiеs at thе populаtion аnd
spесiеs lеvеl. Thе mесhanistiс approaсh to adaptation thet еaсh promotеd
rеprеsеnts onе аIтlollg sеvеral mеth<rds usеd to r-rndеrstand this сеntrа.rl сon-
сеPt in Darwiniаrr еvoltlt ion'

B I B L I O G R A P H Y

Dаwsсln, !и. R. 200.5. Gеorgе A. BаrthсlIoпrе'nv's сontribLttions tсl it ltеgгlrtivе ltnd
сonlparativе Ьiology. I ltt с grаtiuе апd Сompаrаt iuе Bblog1, 4 5 : 219_2ЗО.

Sсhnlidt-Niеlsеn, K. 199[l. Tllе Саmеl's Nсlsе: Меmсlirs of а Сиrit>us Sсiепtist.
Washington' DС: Island Prеss. -].T,

Batеs, Hеnry Waltеr (L825_Т892)

Britislr naturalist Неnry Waltеr Batеs is сrеditеd with thе disсovеry of protес-
tivе mimiсrу. Today, thе sсеnario irr whiсh an tlrganisrr-l rеsеmЬlеs аn unrе-
latеd' unpalataЬlе spесiеs is сallеd Bаtеsian rтimiсгy. Although not thе first tо
notiсе sharеd appеaranсеs сrf spесiеs, Batеs rеinvеntеd thе suЬjесt in 1862.
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Hе turnеd сollесtoгs' odditiеs into i1 powеrful сasе study. Mimiсr1'Ьeсamе :l
сlаssiс ехamplе, and onе of thе most popular tехtЬook iIlustrations, of natu-
ral sеlесtion in aсtion.

As w:rs сommon in Viсtorian Еngland, tl,rе young Bаtеs' a сlеrk in thе
nranufасtuгing сity сlf Lеiсеstеr, pursuеd natural lristory as a largеly sеlf-
еduсatеd hоЬЬyist. Не was arr aпrЬitious it-lsесt сollесtоr and taхonomist,
puЬlishing fronr a yollng agе in natural history iournals. WitЬ his friеnd Al-
frеd RLrssеl !7allaсе, hе turnеd to pгofеssional сollесting. Thеy sЬarеd аn in_
tеrеst as wеll in tl1е thеorеtiсаl quеstions Ьеing raisеd in thе 1840s. Both
rеad rvidеly on spесiеsяnd wеrе dгawn to еarly disсussiоns of еvolution and
natural law. Thеir rеading trf trаvеlеrs' ассollnts of thе tгopiсs lеd thеm to
wоrk in Brazil.

In 1848, Bаtеs arld \Wallaсе Ьеgan an ехploration of thе Amazon, arrаngiлg
to sеll еxotiс spесimеns to сollесtors through an agеnt in London. Although
сollесting pLrid thеir way' thеy hopеd tсl Ьe aЬlе to tlsе thеir oЬsеrvations to
addгеss tlrе natцге and oгigin of spесiеs. Goir-rg sеparatе wаys in l850, Batеs
spеnt thе nеxt trinе yеars аlong tlrе Arnаzсll-l. Hе Ьесirmе wеll known through
his spесimеns alrd nоtеs оn Ьеhаvior and distriЬution. Knor,vrr as a taxonomiс
еxреrt on sеvеrаl groups of insесts, Batеs аlso еаrnеd сrеdiЬil ity Ьy Ьеing а
Ьold аnd talеntсd еxplorеr.

Batеs's fiеldwork stands out for its еаrlу intеrеst in distгibutionаl datа аnd
its attеntion to thе rеlations of spесiеs tсl еaсh othеr. Сorrеspondетrсе rеvеals
that Batеs and 

.\Х/allaсе 
disсussеd аt lеngth how sr'rсh faсts might addrеss thе

origin of spесiеs. Uporr his rеturn to Еnglarrd in 1859, Batеs usеd his ехpеri-
еnсе in a sеriеs of taхonomiс plrpеrs and spесiеs notеs, whiсh inсludеd his
есologiсal obsегvations. Сhаrlеs Darwirr aгguеd along linеs familiar to Batеs,
and Batеs Ьесamе аrr immеdiаtе' еnthusiastiс Daгlvinian aftеr rеading Оп tbе
Оrigilt of Spесiеs. Amtlng a sеriеs of papеrs on vаriatitln and gеographiсal
distribution of insесts' Bаtеs dеvеlopеd thе саsе сlf mimеtiс Ьuttеrfl iеs аs еvi-
dеnсе of еvolutionary сhаngе' Не prсlvidеd thе dеtails of an ехamplе of Dar-
winism in naturе, whеrе thе strugglе for еХistеnсе lеd to аdаptatioIl. It was a
stunning support Ьесausе no prеvious natlrrаlistiс еxplanation hаd ехisгеd
for suсh a strikir-rg glhеtromеnon'

Batеs was a rеspесtеd naturalist arrd а mеmЬеr of tl-rе rnajor sсiеntifiс soсi-
еtiеs' Ьut his сarееr path shows that Darwinians did not always or еasily in-
vаde thе old guard. Не appliеd Ьut failеd to sесurе a сtlrаtсrrial post at thе
British Мшsеum of Nаrural History. Hе wаs hampеrеd Ьy Ьis working-сlass
origins and lасk of sосial сonnесtions' аs rvеll аs Ьy sсiеntifiс politiсs. Hе Ье-
сamе аssistant sесrеtar}'of thе R<lyal Gеogrаphiсal Sосiеty, whеrе hе was rе-
sponsiЬlе for thе organization of sеvеrаl m;rior ехpеditiсlns. Batеs сontinuеd
to produсе a long sеriеs of taхonсlmiс papеrs. Hе also did сontraсttral work
{or othеr сollесtors, spесializing in sеvеral trtlpiсal insесt groups.

Along witlr mimiсry thеory, Batеs Ьесamе famous through his nаrrativе,
Тhe |Jаturаlist oп tbe Riuеr Аmаzons (786З), a сlаssiс sti l l in print today. An
immеdiatе suссеss' it was highly praisесl for its obsегvations' thеorеtiсai in-
sights, аnd skil lful portrayaI tlf tЬе trсlpiсs.
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Bеrgson, Hеnri (1859_Т94|)

Hеnri Bеrgson wаs a Frеnсh philosophеr who tаught for many yеars at thе
Сollёgе dе Franсе. Hе had grеat influеnсе in his сountry and in Britain (his
mothеr was Еnglish)'|n \927 hе was awardеd thе NoЬеl Prizе for l itеraturе.
Born of Jеwish pаrеnts' hе drеw сlosе to Сathоliсisnr Ьut rеfusеd to геpudiatе
his hегitagе. Не diеd at the Ьеginnirrg of thе Viсhy rеgimе from а сold саtrght
whilе waiti l lg for an idеntity с:rrс1'

Не еntеrs thе story of еvolutiсln Ьесausе of hts l-'Еuсllиtioп сrёаtriсe, first
puЬlishеd in |907 (Еnglish translation, Сrеаtiuе Еtlolцtioп, \911)' Bеrgson,
who was influеnсеd Ьy thе writings of НеrЬеrt Spеnсеr, always saw еvolution
as an upward progrеss to humаnkind, Ьut hе did not 21gfее with thе Darwin-
ian сlaim thаt a blind proсеss l ikе rrurtural sеlесtion соuld do thе joЬ. Apаrt
from anything еlsе, hе сould not sее how sеlесtiorr сould aссouпt foг thе fасt
that somеtimеs two quitе sеpаrаtе l inеs sееmеd to t:rkе thе samе еvolutionary
diгесt ions,  aсquir ing thе sаmе innovаt ions.

This lеd Bеrgson to introduсе his famous, or notorious' notion of a vital
spirit, what hе сallеd the ёlап uitаl (ёlапs uitсtuх in tlrе plural)' This is il forсе,
rаthеr l ikе a l ifе spirit of thе kind еndorsеd Ьy Aristotlе, that suрposеdly
guidеs and drivеs thе еvolutional.y proсеss. Although Bеrgson аpproасhеd
thе proЬlеm as ir philosophеr' hе found support froпr somе sсiеntists, notaЬly
thе Gеrman еmЬryologist Hans Driеsсh, who as a rеsult of his ехpеrimеnts
on dеvеloping organisms was likеwisе inсlinеd to a vitalist approaсh, сall ing
lris vеrsion of thе forсе t|te eпtelес|ll '.

Vitаlism Was i1nathеma to most Ьi<llсlgists, еspесiallу :rt thе beginning of
thе twеntiеth сеntury whеn mеn like Jaсquеs Loеb wеrе еndеavoгing to put
thе suЬjесt on a matеrialistiс and naturalistiс Ьаsis. Thosе attraсtеd tO Bеrg-
son's vitаl forсеs inсludеd a }'rеnсh Сathоliс priеst and palеontоlogist,
Fathеr Piеrrе Tеilhard dе Сhardin. His sсiеnсе-rеligion synthеsis of thе еvo-
ltrtionary piсturе, sееing upward progrеss to thе Godhеаd, thе omеgа Point,
сlеаrrly owеd mtrсh to Bеrgson. Arrоtlrеr influеnсеd Ьy Bеrgson was thе
Amеriсan populаtion gеnеtiсist Sеwall \iИright, although proЬaЬly in Ьis сasе
thе dirесt influеrlсе of Spеnсеr's writings Was morе signifiсant. A third еn-
thusiast Was thе Еnglish Ьiolсlgist Julian Huхlеy, grandson of Thomas
Hеnry Huxlеy аnd oldеr Ьrothеr of novеlist Aldоus Huxlеy. Sеarсhing for
a non_God-Ьаsеd rr-rеaning for l ifе' Jшlian Huхlеy for.rnd Bеrgson's idеas
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stirnulating. His first Ьook, Thе lпdiuiduаl iп tЬe Апiпtаl Кiпgdсlm (1912),
was opеnly influеnсеd Ьy Bеrgson's thinking. Bу 1942, whеn Huxlеy puЬ-
lishеd his massivе ovеrviеw, Еuolutiott: Thе Мodеrп 31,пthеsis, hе sadly сorr.
сludеd that vitalism is no Ьasis for sсiеnсе' Ьut hе sti l l saw thе еvolutionary
world аs progrеssing up to lrumankind, tгying to givе naгuгаlistiс bасking to
this supposition.

Today, fеw would oре.lly suЬsсгiЬе to an ёlап UitсIl' ьvt many suspесt that
еvolutionists who rеpudi.1tе striсt Darwinism in favor of аltегnаtivеs, suсh as
..ordеr for frее,' ' sесrеtly] harbor philosophiсal yеarnings against Ьlind аnd
mесhanistiс dеtеrrninisnr, thе saпlе dislikе that nrоtivаtеd Bеrgsoll. Тlris is
сlеarly thе motivation of thе mrrvеmеnt's lеadеr' Stuart Kauffп-ran, in his
Rеinuепtiпg th e Sасred.
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Biogеography

Biogеography is tо spасе as palеontology is to timе. Thе Ьiogеographеr is in-
tеrеstеd in tlrе ессllogy аnd еvolution сlf orgilnisms аs distributеd arouгrd thе
gloЬе; thе palеontologist is intеrеstеd in thе есology and еvolution of organ-
isms as rеvеaled through thе fossil rесord. Of сoursе, thеrе is muсh ovеrlap
Ьеtwееn thе two Ьесausе Ьoth arе intеrеstеd in how thе past influеnсеs distri_
Ьut ions of  organisms in thе prеsеnt.

Thеrе is a paradoх аЬout thе rеspесtivе statusеs of Ьiogеogгаphy and palе-
ontology. For thе laypеrson thinking aЬout еvolution, fossils сomе to mind'
to thе point that n-rany pеoplе thirrk thаt thе fossil rесord is viгtually thе only
thing that mattеrs' For thе еvolutionary Ьiolоgist sееking сonviсtion of thе
truth of еvolution, Ьiogеography is simply outstanding.

This wаs сеrtаinly thе сasе for Сharlеs Darwin and irlso for thе сodisсov_
еrеr of natural sеlесtion' Alfrеd Russеl \Х/allaсе. In his autoЬiographу, in talk-
ing of his turn to еvolr-rtion, Dаrwin highlightеd thе wау in whiсh sirnilar Ьur
diffеrеnt organisпrs suссееdеd еaсlr othеr as hе journеyеd down South Amеr-
iсa. Thеn, fi lmously' lrе spokе of thе organisms (tortoisеs and Ьirds) tlrat lrе
еnсountеrеd on thе Ga16pagos Arсhipеlago irr thе Pасifiс: similar Ьut slightly
diffеrеnt. Hе сould not sее how this сould Ье unlеss foundеrs had сomе fronr
thе mainland and thеn еvolvеd as thеy sprеad Out aсross tЬе islanсl group.

lfhеn Darwin саmе to prеsеnt lris thеory of еvсllution in Оп tbе Оrigiп of
Spеciеs (1859), pаlеontologl. was somеWhаt proЬlеmatiс-gaps in thе fossil
rесord, thе apparеnt aЬsеnсе of l ifе forms Ьеforе thе СamЬrian, and so forth.
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But Ьiogеographу rvas a triumph. Paгtiсulariy important for Darwin was tlrе
Way that thе inhaЬitants of islands arе so similaг to thе inhaЬitants of thеir
сlosеst сontinеnts and not to thе inhаЬitants of сlthеr сontinеnts farthеr
away. ..Thе most striking and impоrtаnt faсt for us in rеgard tсl thе inhaЬi-
tаnts of isl:rrrds, is thеir аffinity to th<lsе of thе nеагеsr rrrаinlаnd, rvitlrоtrt Ье-
ing aсtually thе sanrе spесiеs. Nunlеrous instanсеs сould Ье givеrr of this faсt.
I wil l givе only tlnе, that of thе Gаlapagсls Arсhipеlago, situatеd undеr thе
еquator' Ьеtwееn 500 аnd 600 milеs from thе shoгеs of South Amеriсa. Hеrе
almost еvеry produсt of thе lаnd and Watеr Ьеаrs гhе unmistakеaЬlе stamp of
thе Amеr iсаn сont inеnt ' '  (Darwin |859,416\.

.s7allасе 
was likеrvisе vеry sеnsitivе to thе signifiсаnсе of Ьiogеography. His

first papеr hinting аt еvolution (in 1855) fсlсusеd on thе ways in whiсh or-
ganisms sееm to pаttегn thеmsеlvеs аround thе gloЬе. Hе found that nеwly
arrivеd organisms sееt-n alwаys to сonneсt with l ivirrg organisms сlosе to
thеm...Еvеrу spесiеs lras сomе into еxistеnсе сoinсidеr-rt Ьoth in spaсе arrd
t imе rv i th a с losе ly a l l iеd spес iеs ' '  ( .Wal laсе 1855 [1871l ,25).  In Thе ceo-
grаphiсаl Distributiсl lt of Апiшаls (1'876) lй/allaсе turnеd to issuеs in Ьio.
gеograplry, loсlking Ьoth at thе spесial issuеs that suгround islands as wеll as
Ьroad qtrеstions of distгiЬution. \Vеll krrown is thе sсl-саllеd Vall i lсе's l inе
(sее figrrrе), а brеirk Ьеtwееn two vеrу diffеrеrrt sеts of organisr-ns, Asian and
Australasian, running гhrough thе Mаlay Arсhipеlago, Ьеtwееn Borneo аnd
Sulawеsi, and Ьеtwееn Bаli (wеst) and LomЬok (еast).

A majсlr quеry for thеsе ninеtееnth-сеntury еvolutionists Was ехilсtly how
orgаnisпrs gеt dispегsес]. Darwin spеnt сonsidеrablе tinrе running екpеri-
mеnts trying to shorv how things l ikе sееds anсl slrаils сould rvitlrstand sаlt
watеr аnd gеt сarriеd Ьy jеtsam or Ьy Ьirds. Hе disсussеd his rvork ехtеn-
sivеly in tЬe Оrigiп. A сliffеrеnt approeсh was takеn Ьy Darwin's сlosе friеnd,
Ьotanist  Josеph Dаl tоn Hookеr (185З).  Hе arguеd that p lant d isrr iЬut ions
wеrе Ьеrtеr еxplainеd Ьr, onсе_ехisting land Ьridgеs tlrаt havе now disap-
pеarеd thаnks to thе гising sеa lеvеls. This was а pаrt of a thеOry of сIimatе,
proposеd Ьy gеoIogist Сharlеs l-yеlt (1830-183З), whiсh supposеd that al.
though сontinеnts сannot movе sidеwаys' thеy arе alrvays сhanging shapе Ье-
сausе thе еarth's surfасе is forеvеr risirrg or fаll ing.

Bеtwееn Darwin's tirnе and thе frlrrr-ring of tlrе synthеtiс thеorу in tlrе
1930s' Ьiogеography took а Ьaсk sеat to palеontology as most еffort was di-
rесtеd toward thе trасing of еarth's history. !7hеn sеlесtion thеory сamе Ьaсk
into fashion' most attеntion was peid to пriсroеvolutionary саusal issuеs'
pаrtiсularl,v thе ways irr r' ',hiсh gеnеs s;lrеad and сhаrrgе in populariоrrs. Yеt
thеrе wаs somе rеvivеd intеrеst iп Ьiogеograplr,v. Partiсularlу impсlrtant Was
thе influеnсе of systеrтatist and ornithologist Еrnst Маyr. In his сlassiс Sys-
tеmаtiсs апd thе origil l of Speciеs (\942) hе disсussеd in dеtail issuеs to do
with distriЬution' most notaЬly highlighting thе irrrportanсе tlf ..rings of
raсеs.' ' Hеrе, onе hаs a rirrg of adjaсеr-rt аnd intегЬrееding pоpulations of а
spесiеs' lrut whеrе tlrе еnd points arе rеproduсtivеly isolatеd. Nlayr arguеd
that this is dеfinitivе еvidеnсе of thе formation of spесiеs in a grаdual rathеr
thаn a suddеn proсеss.
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!Иallaсе's linе. Whеn hе was сollесting spесimеns in thе Far Еast' Alfrеd Russеl
!Иallaсе realized that thеrе was a linе of sеparation Ьеtwееn tЬе organisms of
Asia and Australasiа. Hе disсussеd this and othеr Ьiogеographiсal phеnomеna
tnThе Gеogrаphiсаl Distributioп сlf Аnimаls (1876). Thе linе was first notеd Ьy
a voyagеr with Fеrdinand Мagеllan in 1521.

Aftеr thе synthеtiс thеory was wеll еstaЬlishеd, thе major еvеnt in thе his-
tory of Ьiogеography was thе сoming of platе tесtoniс thеory in thе еarly
1960s. Platе tесtoniс thеory offеrеd gеophysiсal еxplanations for thе idеa of
сontinеntal drift. It now Was possiЬlе to addrеss propеrly thе kinds of issuеs
that had сonсеrnеd thе ninеtееnth-сеntury еvolutionists. It was not a quеstion
of lost сontinеnts Ьut of сontinеnts that movе sidеways, сarrying onсе-joinеd
groups away from еaсh othеr. Biogеography rесеivеd a powеrful tool and at
thе samе timе gеology rесеivеd strong сonfirmation for its audaсious hy-
pothеsеs. A сlassiс еxamplе of thе two-way proсеss is givеn Ьy thе distriЬution
of Lуstrosаиrиs. This herЬivorous, mammal-likе reptilе, found morе than 200
million yеars ago' is fat, short, and squat. It is сеrtainly not a Ьеast that woцld
havе Ьееn a world travеlеr' rеgularly swimming aсross oсеans. Today, it is
found in thе samе fossil dеposits (Lowеr Triassiс) on thе сontinеnts of Afriсa,
(Southеast) Asia, and Antarсtiсa. This would Ье a miraсlе if it wеrе not for thе
faсt that, more than 200 milliоn yеars ago' all thrее сontinеnts toцсhеd whеn
thеy wеrе part of Pangaеa. Thе fossils support thе gеologiсal hypothеsis, and
thе gеologiсal hypothеsis makеs sеnsе of thе fossil distriЬutions (sее Figurе 27
in thе main еssay ..Thе History of Еvolutionary Thought,' Ьy A4iсhaеl Rusе).

Thе dеvеlopmеnt of platе tесtoniс thеory сoinсidеd with thе advеnt of
idеаs aЬout how to rесonstfuсt spесiеs phylogеniеs using a sеt of еxpliсit
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rulеs, that is, idеas aЬout сladistiсs. Thе fusion сlf thеsе сonсеpts lеd to thе
sсhool of viсarianсе Ьiogеography, artiсulatеd in thе 1981 volume Sуstem-
аtics апd Biogеogrаphу: Сlаdistiсs апd Viсаriапсe, еditеd Ьy Garеth Nеlson
and Noгmаn Platniсk. Viсariarrсе Ьiogеographеrs, following Vеnеzuеlan
Lеon Сroizat, еrrrphasizеd thе ir-nportanсе of sеaгсhing fсlr сomnron Ьiogеo-
graphiс pattеrns аmong unrеlatеd groups of organisms and diаgnсlsing thе
rolе of gеolсlgiсal еvеnts in сrеating thosе pattегns. For еxamplе, a сlassiс
viсarianсе analysis would idеntify thе сommon pattеrns of rangе limits and
distriЬutions сrf gеnеtiс variatitlrr аmong s<-ruthеаstеrn U.S. fish spесiеs, pat-
tеrns tied to Ьoundariеs аt major rivеrs' and diagnоsе thе formation of rivеrs
and thе ехistеnсе of old еstuariеs аnd sеa сhаnrrеls аs paramount еvеnts in
brеaking onсе-сontiguous distгiЬutions and сгеating prеsеnt-day pattеrns.
In сontrast, so-сallеd dispеrsal Ьiogеographеrs arguе that thе dispеrsal of
spесiеs aсross Ьroad rangеs and сhangеs in dispеr:sal ratеs aсross major fеa-
turеs l ikе mountains or rivеrs arе morе impоrtant for prеsеnt-day pattеrns.

Thе prсlpеr аnswеr is surеly a сomЬination of both viсariаnсе and dispеr-
szrl. Drift and tlrе suЬsеqr.rеnt Ьirrriеrs arе vеry imptrrtant. Howеvеr, no onе
truly сan say that сontinеnt:rl drift is thе only kеy fасtor in organiс dispеrsals.
Мassivе dispеrsals havе oссurrеd Ьеtwееn Nortlr and South Amегiсa as thе
land links havе Ьееn еstaЬlishеd Ьеtwееn thеm: thе ..Grеat Amеriсan Intеr-
сhangе'' (Маrshall et a\. \982 sее Figurе 26 in t-hе main еssay ..Thе History
of Еvolutionary Thought' ' Ьy Nliсlraеl Rusе in this volumе). This is thе rеa-
son marsupiаls, suсh as Opossllnls, еxist in Noгtlr Ar-rrеriсa and r<ldеnts аp-
pеar in South Amеriсa. (oЬviously, thе gеolоgiсаl сhаngеs havе Ьеегt in part
a funсtion of drift; it is diffiсult to kееp thе two faсtors apart.)

It is not orrly thanks to gеology thаt inсrеasing intеrеst is Ьеing takеn in
сausal faсtors in Ьiogеography. Еarly оn, population gеnеtiсists rеalizеd that
gеographiсal distriЬutions arе sigrrif iсant in thеiг str-rdiеs. A сlassiс саsе was
thе distriЬution irr Afriсa of siсklе-сеll аnеmia, a disеаsе in whiсh thе viсtiпr
usually diеs Ьеforе rеaсhing his or hеr fifth birtЬdаy. Why doеs it tlссur in
сеrtain paгts of thе сontinеnt Ьtrt not in othеrs? In onе dirесtion, it was pos-
siЬlе to pin thе disеasе down tсr thе possеssion of a сеrtain kind of gеnе-
homozygotеs for that gеnе show thе disеаsе-and it was shown that thе gеnе
сausеs thе сollаpsе оf rеd Ьlood сеlls. But why thе distriЬution? 

.Why 
in thе

Gold Сoast Ьut not in South Afriсa? Thе answеr сamе Ьесausе thе gеnеs in
singlе dosеs (hеtеrozygotеs) сonfеr a natural immunity to malariа, and thе
mosquito is а major pеst in thosе and only thosе arеas with thе gеnе. In othеr
words, thе distriЬution is l inkеd to sеlесtion sеtting up Ьarriеrs against infес-
tion (All ison 1'954a, Т954ь).

\й/ith thе advеnt of molесular nrеthods, population gеnеtiсists wеrе аЬ1е to
ехtеnd Ьаsiс Ьiogеographiсаl prinсiplеs to ехaminе largе-sсalе patrеrns of
gеnе distriЬutions in spaсе. Fron thеsе pattегl-ts, Ьiologists havе Ьееn aЬlе to
draw infеrеnсеs aЬout thе likеly loсations in whiсh a spесiеs or group of
spесiеs originatеd and thе history of dispеrsal into its prеsеnt rangе. Thеsе rе-
сonstruсtions of history, сallеd phylogеography, rеprеsеnt thе modеrn vеr-
sion of Darwirr's and !Иallaсе's piorrееring ехplоratiсlr-rs.
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A rrrаjor Ьiogеogгaplriсai сссllogiсal tlrеory аppеarеd in thе 1960s. Thеorеti-
сal Ьiologist Robеrt МaсArthur аnd insесt spесiirlisг (and futurе soсioЬiologist)
Еdward o. !7ilson (1967) aгguеd that spесiеs nцmЬеrs on islands-whеthеr is-
lаnds in thе sеa or Oasеs in thе dеsеrt-rеасh аn еquiliЬrium Ьепvееn spесiеs аr-
riving and spесiеs lеаving (pеrhirps through ехtinсtion). This Ьalanсе is ;-r
fur-rсtiсln of suсlr fасtors as tlrе distаnсе сlf tlrе islаnd froпr tlrе rr-rainiand аnd of
thе аrеa of thе islаnd itsеlf. In aсldition, МaсArthur and .й/ilson dеsсriЬеd how
сolonization and ехtinсtion сould сornЬinе to gеnеratе thе so-сallеd spесiеs-arеa
сurvе, a mathеmatiсal rеlationship thаt dеsсriЬеs how thе numЬеr of spесiеs
fouпd ir-r a loсation inсгёаsеs with tlrе arеa (sоuaге kilomеtеrs) of tl.lat loсаtion.
Spесiеs.аrеa сurvеЪ hаd Ьееn t]еsсribеd in tlrе,p:rst, Ьut MaсArthur and $Иilson
offеrеd thе first qtrаntitativе ехplаnation for thе shapе оf thosе сurvеs.

Thе есologiсal thеory inspiгеd a rеnaissanсе in Ьiogеography. Biologists
usеd thе thеory trl rеintеrprеt arrсl unify sееmingly disparate pattеrns, fron-l
thе distriЬution of spесiе's on isolаtеd mountаintops to thе сollsеquеnсеs of
сrеаting a fragnrеntеd haЬitat fronr сontinuоus forеst. Thе аttеmpt to tеst thе
сausal mесhanisnrs that сould сrеate spесiеs.агеa сurvеs lеd to thе disсovеry
of additional Ьiсlgеographiс pattеrns, suсh аs tlrе faсt that spесiеs with lаrgеr
rаngеs аlso tеnd to lrаvе highеr population dеnsitiеs.

Thеге havе Ьееrr sеvегаl inrportant еvolutiсlnilгy ехtеIlsions <lf thе есologiсаl
thеory of МaсArthur and \7ilson. 

.Wilson's 
studеnt, palеontologist J. John

Sеpkoski (1978, 1979,1984), appliеd thе thеory to сhanging divеrsity in timе,
arguing that at сеrtаin pеriods' suсh as thе Ьеgirlning of the СamЬriаn, Wе sее
еmptv пiсhеs that irге thеn сolonizс.d Ьy organisnls at rаtеs arrd with rеsults
that п1atсh thе prеdiсtions сlf tlrе Ьiogеograplriс thеory (sее thе main еssay
..Palеontology and thе History of Lifе' ' Ьy Мiсhaеl Bеnton in this volumе).
Thе thеory of thе taxon сyсlе, originally dеsсriЬеd Ьy !7ilson, is a partiсularly
striking ехtеnsion. In thе taxon с,vсlе, spесiеs dispеrsе through an arсhipеlago
and' tl l-t еaсh island on whiсh rhе1- pеrsist, undеrgo an еvolutionirry сyсlе of
initial populatiоll еxpansion, аdaptation tсl island сonditiсlrrs, and еvеntual
dесlinе and ехtinсtion undеr thе prеssurе of nеw ссllonists and сhanging сon-
ditions. It is, in еffесt, a l ifе сyсlе of island Ьiota. This thеory l inkеd есologiсal
proсеssеs with еvoltrtionary onеs аnd offеrеd an еxplanation for why еxtinс.
tiсlns aге сonstаrrtly oссшrring, аllrеit оn a vеry lorrg timеsсalе. Gеnеtiс studiеs
bу R<lЬеrt Riсklеfs and Еldridgе Bеrmingharrr (2007) rеvеаlеd thе signaturе of
this proсеss in sИеst Indian Ьirds and vеrifiеd 

.Wilson's 
insight into how есol.

ogy and еvolution сould Ье сonnесtеd through Ьiоgеography.
Tlrеsе сonnесtions arе also Ьеing madе Ьy сlеtailеd invеstigirtions of long-

stаr-rding Ьiogеogrаphiс pattеrns. For еxar-nplе, Bеrgmarrlr's rulе (1847) st:rtеs
thаt animals inсrеаsе in sizе with еithеr inсrе:rsing latitudе <rr еlеvation. This
pattеrn is еvidеnt in wаrm.Ьloodеd and сold-Ьloodеd animals and has its
ехplаnations nсrt in simplе thегmаl rеlationslrips (е.g., largеr animals hold
hеat morе еffесtivеly) Ьut in thе сotnplех rеlаtiсlnships among tеmpеraturе,
humidity, growirrg sеason' and еnеrgеtiс еffiсiеnсiеs.

I}iogеography сontinuеs to flсlurish, as it did in Darwin's day. It offеrs thе
сonсеptual undеrpinning for appliеd proЬlеms likе thе dеsign of naturе
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rеsеrvеs and сontinuеs tO play а kеу rolе in t lrе сonfirmatoгy support t l f еvo-

lutionary thеory.

в l в L I oGRAP l . | Y

All ison, A. С. 1954a. Protесtiсlt-t Ьу thе siсk|е.се]l trait аgainst suЬtеrt iаn пralаriaI
infесtion. B rit i s h М е di саl J r l иrпа l 1, : 2.L) О.

1954ь. Thе distr iЬutiоlr of thе siсklе-сеl l  trait in l]аst Afr iс:r arrd еlsеwhеrе
and its appаrеnt rеlationship to thе inсiс]еnсе оf subtеrt ian mаlагiэ.
Тrаnsасtioпs o| tЬе Rrll,аl ,\oсiеtу tli Тrtlpiсаl Мcdiсаl Hуgicпt, 48: З|2.

Avisе, J. с. 2000. Phуlogeogrаpl:y. СаmЬr.idgе, MA: Наrvаrd Univеrsity Prеss'
Bеrgmаnn, С. 1847. UЬer diе Vеrhi i l tnissе dеr wdrmеokonomiе dеr Thiеrе zu ihrеr

Grossе. Gёtt iпgсr Stиdiеп.]. no. 1: 59-5_708.
Darwin, С. l8.59. ()п thе Origiп of Spaсlс-.. Londoп: .)сlhn lvlurгаv.
Hookеr, J. D. 185.]. Iпtrсlduсtttу Еssау tсl tbе F|orа оf.Nеtu Zeаlаnd. l,ondot-t:

Lovеl l Rееvе.
Lomolino, М. V., B. R. Riddlе, ltnd J. H. Bгсlwn. 2ОО6. BiogeogrаpЫ.3rd еd.

Sundеrland, lr{A: Sinаuеr Assoсiatеs.
Lyеll, С. 1830_] 83З. Priпсiplс,s tf Gеolog1,: Bеiпg-ап Аttеmpt to Ехplаiп thе

Former Сhапgеs iп thе Еаrth's Surfасе bу Rеfеrепcе to Саиsеs Nola iп
Оpеrаtioп.3 vols. l-ondon: Jоhn Мurrаy.

МaсAгthrrr, R. Н.. аr-rс] Е. O. Wilsсln. 1967. Тhe Тhе<t\' tf Islапd Biogеogrаph1'.
Prinсеton, N.}: Prinсеton Uгrivеrsitу Prеss.

Мarshаl l , L. G., S. D. 
.!ИеЬЬ, 

J. J. Sеpkoski Jr., аnd D. М. Rаup. 1982. Мammаliаn
еvоlution and t lrе grеat AmеГiсan intеrсhаngе , Sсiеltсе 2l5: 1З.5 \_1з57.

Mayr, Е. 1'942' Sуstепtаtiсs апd thе Оrigiп tlf Spесiеs, Nеr,v York: (]olLrmЬiа

Univеrsity Prеss.
Nеlson, G., and N. Platniсk. 1981. Sуstеmtltiсs апd Biogеogrаphу: Сlаdistiсs апd

Viсаriапсе. Nеlv York: СolLrmbiа Univеrsitу Prеss.
Riсklеfs' R. Е., and Е. Bеrminglrа n. 2007, Thе саusеs оf еvсl lut ionаrv rаdiаtiоns in

arсhipеlagoеs: Pаssеritrе Ьirds in thе l-еssеr Anti l|еs. Аmеriсаl l  Nаturаl ist |69l.
285-297.

Sеpkoski, J.J., J.. 1978' А kinеtiс modеl of Phаrrеrоzсl iс taxonomiс divеrsity.
I. Analysis оf nrirr inе ordеrs. Pаlеrlbi<l l<lg1, 4:22З_251'.

|979.  ̂  kinеtiс modеl oi Рhаrrеrоzoiс taxot-tсlrniс divеrsitу. lI. Еarly
Pаlеozсl iс faпri l iеs and muItiplе еqui l iЬria. Pаl е o b i t l l  o gу 5 : 222-25 2.

1984. A kinеtiс modеl of Phanеrozоiс taxonomiс divеrsity. II l . Post-
Pаlеozoiс familiеs and mаss ехtinсtions. Pаlеobiсllсlgl, 10: 246_2-67.

.!(al laсе' 
A. R. 18.5.5 [l871]. Or-r t lrе law lvhiсlr lras rеgulаtеdthе introduсtion of nеw

spесiеs. Aппаls аnd Маgа:inе of NаtиrаI Historу 16: 184-196. Rеprintеd in
Сontributklпs tll thе TЬесlrу of Nаturаl Sеlссtioп. Lоndсln: Масmillan, 1_25.

|876. Thе Gеogrаphiссtl Distr ibutit l l l  с lf Апimаls.2 vols. Lсlndon:
Mасrni l lan.

1905. М1' l- i fе: А Rеаlrd сlf Еueпts аnd o1l i l t ions. Londоn; Сhapman аnd
Hаll. -I'Т. апd М.R.

Birds

Sinсе originating from small сarnivorous dinosaurs in thе Latе Jurassiс
(aЬout 150 mill ion yеars аgo)' Ьirds hаvе radiаtеd into sоmе 9,600 spесiеs
around thе gloЬе. Thеir сolors' songs' Ьеhavioгs, and есologiсal adaptations

arе еndlеssly сoпlplеx. What sorts of faсtors havе Ьееn kеy in thеir еvolu-
tionary radiаtion?
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Thе immеdiatе anсеstors of Ьirds wеrе small ' prеdatory, Ьipеdal dinosaurs
that rеsеmЬlеd animals suсh as Vеloсirаptor, Мiсrorаptr>r, aг'd Sаurorпit-
holestes. Fеathеrs, whiсh Wе usually think of as a diagnostiс fеaturе of Ьirds,

aсtually еvolvеd within саrrrivorous dinosaurs, first as a short fi lamеntous

сovеring in animals suсh as Siпosаuroptеrух, and thеn in inсrеаsingly morе

еlaЬoratе pinnatе shapеs as in BеipiаosаL|rus' Саиdiptеrух, and Protаr-

сhаеopterух. Thеir,рrimary funсtion was oЬviously not for flight' Ьut thеy
would havе sеrvеd a nеarly automatiс thеrmоrеgulatory rolе Ьy virtuе of

thеir insulatory propеrty. 
.Whеthеr 

thеy wеrе Ьrightly' сharaсtеristiсally, or

сryptiсally сolorеd would havе dеtеrminеd rolеs in display, spесiеs rесogni-

tion, оr сamouflagе; somе сolor Ьanding appеars in еarly fеathеrs, Ьut not

еnough еvidеnсе of сolor rеmains to indiсatе othеr rolеs. Thе prеsеnсе of long

fеathеrs on thе fingеrs of at lеast onе oviraptorid thеropod, СаudiptеrуХ' sug-
gеsts that thе fеаthеrs сould havе Ьееn sprеad ovеr thе еggs whеn nеsting-a
posturе prеsеrvеd in sеvеral fossil еxamplеs.

If thе prеsеnсе of fеathеrs did not automatiсally сonfеr flight, how did
flight еvolvе? Аrсhаeopterуx, univеrsally rесognizеd as thе first known Ьird,

is thе first animal in thе thеropod-Ьird l inе to havе fеathеrs largе еnough to

form a wing сapaЬlе of sustaining thе animаl in thе air, assuming thе rеqui-

sitе fl ight strokе and undеrlying mеtaЬolism Wеrе prеsеnt. Еvidеnсе of thеsе

fеaturеs is  ind i rесt  Ьut suggеst ivе.
Sinсе thе 1880s, two сompеting hypothеsеs for thе origin of Ьird fl ight

havе Ьееn pеriodiсally dеbatеd. Onе is that Ьird anсеstors сlimЬеd trееs

and usеd inсipiеnt wings fiгst to paraсhutе, thеn to glidе, and finally to flap.

Thе sесond is that Ьird anсеstors ran along thе ground and flappеd inсipi-

еnt wings to gain inсrеasеd hеight, еithеr in jumps aftеr prеy or away from
prеdators. Various modifiсations of thеsе idеas havе Ьееn proposеd, but
nеithеr hypothеsis is tеstaЬlе. Thеrе is no сonvinсing еvidеnсе that Ьird an-
сеstors сould сlimЬ trееs, Ьut most small animаls сan; howеvеr, arЬorеality

doеs not guarantее fl ight аЬil ity. It now appеars that Ьird anсеstors Wеге

tеrrеstrial Ьipеds and good runnеrs' Ьut wеrе thеy good еnough to aсhiеvе
liftoff?

Rесеnt rеsеarсh has shiftеd thе foсus from tгееs vеrsus ground to thе еvo-
lution of thе flight strokе itsеlf. This strokе had its origin in thе prеdatory

movеmеnt of thе forеlimЬs of small thеropod rеlativеs оf Ьirds' suсh as
Deinoпуchus and Velocirаptor. These dinosaurs sharеd a fеaturе that Ьiгds

inhеritеd: thе Ьonеs of thе wrist that сonnесt with thе palm (mеtaсarpal)

Ьonеs had modifiеd joints that swivеlеd nеarly 180. from sidе to sidе. In

thosе prеdatory dinosaurs, this joint pеrmittеd thе hands and fingеrs, whiсh

Wеrе grеatly еlongatеd, to Ье foldеd сlosе to thе Ьody whеn not in usе, muсh
likе Ьird wings. 

.Whеn 
nееdеd to dеlivеr a prеdаtory strokе, thеy сould Ье

whippеd forward and downward. It is nеarly this еxaсt strokе, with еlon-
gatеd fеathеrs, dеliverеd at a slightly diffеrеnt anglе, that сonstitutеs onе of

thе most frеquеntly usеd flight strokеs of Ьirds.
of сoursе, a fl ight strokе is usеlеss to an animal of thе sizе of thе thеro-

pod Deiпonусhus (aЬoоt 25 kg), Ьut thе first Ьirds Wеrе muсh smallеr;
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Аrсhаеtlptеrlх spесil-nеns ranЕ.е from pig,еon tO сl.ow sizе' Nеw woгk on thе
miсrostruсturе of Ьonе tissuеs in dinosaurs and еarly Ьirds shorvs that dinosaurs
as a group grеw quiсkly' at ratеs сomparaЬlе to th()sе of m<lst mammаls and
Ьirds' Howеvеr' thе bonе tissttеs o[ thе first Ьirds, suсh lls Сoпfuсittstlrпis'
rесord rеlatir.еly slowеr growth during just thosе stаgеs (juvеrli lе and suЬadult)
whеn typiсal dinosaurs grеw most quiсkly. As a rеsult, Ьirds еffесtivеly bесamе
mini:rturizеd аdr.rlts. At tlris smallеr sizе, thеу rvоuld lrаvе hаd а grеatеr ratio of
wirrg surfaсе arеa to Ьody mass, and this improvеd wing loаding would havе
Ьееn aеrodynamiсаlly :rdvantagеous.

Did thе first Ьirds lri lvе thе rrrеtabolisrrr nесеssarv for sustainеd fl ight?
Agаin, dirесf mеаsurеmеnt is impossiЬlе, Ьut thе growth dvnamiсs of еarly
Ьirds and thеir dinosauriаn rеlativеs havе Ьееn rесonstruсtеd from Ьonе tis.
suеs. Thе higlr ratеs of strstаinеd growth rеflесtеd in thе tissuеs makеs it diffi-
сrrlt to draw any сorrсlusiorr othеr thirn that dinosaurs, and thеiг avian
dеsсеndants, had rеlativеly high mеtaЬoliс ratеs. Thе prеsеnсе of fеаthеrs is a
furtlrеr indiсarion.

Part of tlrе shift to fl ight involvеd a rеorganization of thе lсlсomotorу mсld-
ulеs of Ьipеdal dinosatrrs. In thеsе dinosaurs, thе arms Wеrе not usеd iп loсo-
motion; thе lеgs propеllеd and sr.rpportеd thе animаl' аnd thе tail assistеd in
ioсomotion in an ir-rrportant way. Thе lоng musсular tail, lтorе l ikе a сroсo-
dilе tail than likе tails of Ьirds today' attirсhеd to thе spinеs and proсеssеs of
thе tail vеrtеЬraе, and insеrtеd toward thе tсlp of thе thigh Ьonе nеar tlrе hip
soсkеt. lts rolе in pr"rl l ing Ьaсk thе lеg, :rnсht>ring tlrе strokе :rgainst thе stabi-
l izing tail, would havе Ьееn suЬstantial. In thе dinсlsaurs сlosеst to Ьirds, thе
tail Ьесamе rеduсеd arrd stiffеnеd, and this musсlе fсlund a morе important
rolе irr сontгoll ing movеnlеnts of thе tаil in running аnd in fl iglrt. Thе forе-
limЬs, of сoursе' Ьесatnе wings; instеad of hаving :r two-modulе loсornotory
systеm in whiсh thе lеgs and tail workеd togеthеr, Ьirds еvolvеd a thrее-
mсldr"rlе systеl-tl in whiсlr tlrе wingеd forеlirr-rЬs, thе lеgs, and tlrе tail еeсlr pеr.
forrns sеparatе funсtiсlns in thе air and on thе ground. Phylogеnеtiс trеnds
show that in thе еarlу еvolution of Ьiгds, fеaturеs of thе fl ight mесhanism
(suсh as thе аlula anсl thе ftrsior-r оf Ьorrеs) еvolvес{ and rеfirrеd funсtions
more rapidlv thаn did fеаturеs of thе hindlimЬs (stlсh аs pеrсhing сlaws) and
othеr сharaсtеrs rеlatеd tсl fееding and loсomotion.

Judging frorrr thе disrriЬutiorr of fеаturеs in Ьirds and othеr dinosaurs, thе
first Ьirds proЬаЬly had largеr сlutсhеs than thе onе to four еggs of today's
Ьirds. Thеy wеrе likеly prессlсial rathеr than altriсial ' and thеy would havе
Ьuilt nеsts on thе grollnd rathеr than in rrееs; soпlе pаrеnt:rl сarе is l ikеly.
Somеtimе during tЬе Сrеtасеous, ЬеfoГе thе divегsifiсation of thе living
groups of Ьirds, growth ratеs appаrеntly inсrеasеd, so that adult stagеs wеrе
rеaсhеd mоrе rapidly. Birds tсldi.ry rеaсh ftl l l sizе ar intеrvals ranging from
sеvеn days (sparгow) to nеar l ,v  а yеar (ostr iсh).
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Buffon, Gеorgеs-Louis Lесlеrс dе (1707_t788)
..Thеrе is no сhaptеr of thе thеorу of organiс еvolution morе сonfusеd or
moге сontrovеrtеd thаn that whiсh rеlatеs to thе position of Buffon'' (Lovе-

ioу 1959,84). Lovеjoy is сorrесt. No еightееnth-сеntury sсiеntist or philoso-
phеr playеd as prominеnt a rolе in thе gеnеsis of еvolutionary idеas as
Gеorgеs-Louis Lесlеrс dе Buffon, Ьut then again, no othеrs wеrе quitе so
amЬiguous in thеir opinion of еvolution. Thеrе is a rеason for this: Buffon
wrotе at a timе whеn thе vеry idеa of organiс еvolution-whiсh, of сoursе, is
highly сomplеx-was not сiеarly dеfinеd. In сеrtаin rеspесts' Buffon was an
еvolutionist, in othеrs hе was not. From a historiсal pеrspесtivе' two diffеrеnt
quеstions nееd to bе distinguishеd aЬout Buffon and еvolution: (1) Was Buf-
fon an еvolutionist? (2) 

.sИhat 
rolе did Buffon play in thе еmеrgеnсе of thе

idеa of organiс еvolution? All histoгiсal data aЬout Buffon and еvolution
nееd to Ье еvaluatеd in thе light of thеsе two quеstions.

Buffon's work touсhеd an inrprеssivе гangе of donrains. |n 17З4 hе еntеrеd
thе Paris Aсadеmy of Sсiеnсеs as a mathеmatiсian. |n |739 hе bесamе supеr-
intеndеnt (hеad) of thе Jardin du Roi (Thе King's Gardеn), onе of thе two
oldеst sсiеntifiс institцtions сrеatеd Ьy thе Frеnсh monarсhy; thе othеr was
thе Collёgе dе Franсе. (During thе l;rеnсh Rеvolution' thе Jardin du Roi was
rеorganizеd and rеnаmеd thе Мuseum of Naturаl Нistory.) As hеad of thе

Jardin du Roi, Buffon dеvotеd morе and morе timе to natцral history. In
174| he translatеd Nеwton's postlrumously puЬlishеd Меthod oi Fluхioпs

|17З6). Hе also produсеd sеvеral original mеmoirs on proЬaЬil ity and dе.
mography. From ] 749 to thе еnd of his lifе, his сomplеtе works wеrе puЬ-
lishеd in tЬe 44 volumеs of his Hlsroire паturelle, gёпёrаIе еt pаrtiсиIiёrе

[Natuгal history, gеnеral and partiсularl, a sеriеs that hе partly wrotе in сol-
laЬoration with sеvеral brilliant sсiеntists of his timе, in partiсular DauЬеn-
ton and Guёnеau dе MontЬёliard (sее figurе). This gigantiс sum of work
dеals in dеtail with suЬjесts as diffеrеnt as сosmogеny' minеralogy, gеology,
appliеd mathеmatiсs, zoo|ogу, and anthropology. Buffon's viеws on organiс
еvolution (to usе thе modеrn word, whiсh саnnot Ье found with its prеsеnt
sеnsе in thе еightееnth-сеntury writings) arе dispеrsеd in many plaсеs. Thеy
arе oftеn сlosеly assoсiatеd with rеflесtions on thе morе gеnеral thеmе of thе
history of naturе, a сonсеpt that сamе to play an inсrеasingly important rolе
in thе сoursе of Buffon's work.

Although gеology Was сеntral to Buffon,s notion of thе history of na-
turе, it Was not gеology that first lеd him to thе notion of a gеrrеral and
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Piсturеs of a rhinoсеros and an еlеphant ,... *'rь", s Nаturаl Нistorу.The
many forms of animаls that wеге appаrеnt Ьy thе еightееnth сеntury fasсinatеd
thе savants and lеd thеm to spесulаtе aЬоut thе rеasons for thе divеrsity.

gradual еvolution (in thе sеnsе of an irrеvеrsiЬlе) history of naturе (Rogеr
1988). In Tbeсlrу of the Еаrth (1749), Buffon wаs mainly intеrestеd in thе
aсtual  сausеs '  whiсh,  Ьy thе i r  сOnstant aсt ion '  aссount fоr  a numЬеr of  gе-
ologiсal faсts (е.g., thе еtеrnal aсtion of watеr, whiсh aссounts fсlr major
aspесts of gеographiс rеliеf). It was only aftеr hе Ьеgan to еlaЬoratе his no-
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t ion of  spес iеs '  in thе пr id-1750s,  th i r t  Buffon Ьеgan to Ье sеr ious ly intеr-
еstеd in thе h istory of  naturе.  Thrее of  h is  idеаs p lаryеd a mаior ro lе i r r  th is
rеspесt. First' Butfon's сonсеpt of spесiеs was foundеd on intеrfеrti l ity and
dеsсеnt' with rеsеmЬlanсе Ьеing suЬordinatеd to thе сontinuity of l inеagеs.
This notion of spесiеs suggеstеd a gеnеral vision of thе unity of l ifе in
tеrms of tеmporal сontinuity rathеr th:rn in tеrms of еtеrnal typеs. Sесond,
Buffon еxpl iс i t ly  admittеd thаt ЬotЬ domеst iсatеd and wi ld speс ies сould
Ье modi f iеd Ьy thb aсt ion of  sеvеrа l  сausеs (е.g. ,  l rurrrаn aсt ion or с l imatе).
For instanсе, hе p'roposеd that thе аnimal spесiеs of thе old World had
thеir сounterpаrts in Amеriсa: thе lattеr dеsсеndеd from thе formеr, Ьut
should Ье сons idеrеd today as d ist inсt  spес iеs.  Third,  on thе Ьas is  of
DauЬеnton's  anaton] iсa l  work on аnimal  skе lеtons,  Buffon arguеd in
L 'Аsпe (|753) t l rat  thеrе Was an r . rndеr ly ing r-rrr i t1,of  typе of  rhе vеrtе_
Ьr2rtеs' and hе said that this uniry of rypе suggеstеd thе hypothеsis of a
сommon anсеstry.

Tlrеsе idеas had a massivе impaсt on еightееnth-сеntury natural historians.
on his thrее points, howеvеr, Buffon did not rеally adopt thе hypothеsis of
аn indеfinitе transmutation of spесiеs. Spесies соuld Ье modifiеd' Ьut only
to а сеrtain poirrt. Buffon proposеd to rеduсе tlrе numЬеr ot spесiеs of
qr"r:rdrupеds (200) to mеrеly 32, intеrprеting thе сurrеnt familiеs in tеrms of
еnlirrgеd spесiеs. But hе did not Want to go any furthеr. Мost of thе сurrеnt
spесies wеrе rеintеrprеtеd in tеrms of variеtiеs' Ьut tЬе limits of thе nеw еn-
largеd spесiеs сould not Ье ovеrstеppеd. Providеd tЬat thе naturаl spесiеs is
obsеrvеd at tlrе riglrt lеvеl, thеy ilrе .,pегduring еnгiriеs, as anсiеnt, as pегma_
nеnt' as Naturе hеrsеlf' ' (Sеcoпdе Vue' 1765). Similаrly, whilе Butfon сon.
sidеrеd thе hypothеsis of transmutation in his famous mеmoir on thе donkеy
(17 5З), whеrе hе providеd an inсrеdiЬly suggеstivе viеw of thе wholе animal
wоrld as desсending fгom a сommon anсеstor' hе rеjесtеd this hypоthеsis out
of hаnd for two rеasolls: (1)no true spесiеs is known to hirvе аppеагеd fгom
anothеr spесiеs :rnd (2) thе infеrti l itv сlf hyЬrids providеs а dеfinitе аnd pеr-
manеnt l inе of distirrсtion Ьеtwееn spесiеs. Buffon nеvеr сhangеd his mind on
thls point. Мost of thе allеgеd сOntradiсtions of his thinking rеsult from thе
faсt that hе progrеssivеly аdoptеd а l lotion of thе spесiеs that inсludеd not
only what wе would сall today a ..spесiеs' ' Ьut also еvегy possiЬlе taхon r'rp
to thе lеvеl of a ..ferrnily.' ' But Br'rfforr always nraintainеd an аЬsoltrtе distinс-
tion Ьеtwееn spесiеs аnd variеtiеs.

InEpoquеs dе lа паturе (7779), Buffon intеgratеd his idеas aЬout thе his-
tory of thе living world into a gеnеral vision of thе history of naturе. Hе
proposеd that thе еarth' aftеr hаving Ьееn gеnеrаtеd Ьy a сoll ision with a
сoшеt, hаd progrеssivеly Ьeсomе сoolеr' on thе Ьasis of еxpегimеnts on
Ьalls madе of diffеrеnt matеrials (еspесially iron), lrе сalсulatеd thаt at lеast
100,000 yеars had Ьееn nесеssary frlr thе еarth to сool to its prеsеnt statе
from an initia1 statе of fusion. (In anothеr manusсript, hе somеtimеs givеs
anothеr еstimation: 3 mill ion yеars; sее Rogег l988.) In Ёpoquеs, hе also
puts forward an aЬsolrrtе gеologiсаl сhronology on tl]е Ьasis of thе stеady
formation of sеdirnеntary roсks. Еp<tquеs gavе a massivе iпrpulsе tсl thе
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Сharlеs Darwin was far from thе first to usе thе piсtrrrе of thе trее of lifе as а
rеprеsеntation оr mеtаphor for thе histoгy оf l ifе on eаrth. Onе еаrliеr usеr was
Buffon. This diagгаm pl<lts thе frеquеnсies with whiсh he usеd thе trее mеta-
phor and othеr metaPhors' maps' and сhаins. Notе that thе usе of thе trее mеta-
phor in faсt dесlinеd with timе' possiЬly a funсtion of thе faсt that Buffon сamе
undеr rеligious prеssurе for his toying with evоlutionary spесulations' and, as
onе always keеn tо stаy on thе side of thе authoritiеs, hе modifiеd (or at least
сonсеaled) his thinking aссordingly. (Adaptеd from G. Barsanti, ..Buffon et
l ' imagе dе la naturе,' ' in Gаyon |992,290.I

еvolutionary viеw of naturе. This mеmoir also put forward a hypothеsis
aЬout thе origin of thе diffеrеnt animal and plant spесiеs. Lifе had appеarеd
as a сonsеquеnсе of thе spontanеous assoсiation of organiс molесulеs,
whiсh thеmsеlvеs had rеsultеd from natural сhеmiсal rеaсtions whilе thе
tеrrеstrial gloЬе was сooling. Diffеrеnt assoсiations of diffеrеnt organiс mol-
есulеs had gеnеrаtеd thе diffеrеnt l iving spесiеs. From thе onsеt' thеsе
spесiеs Wеrе as сomplех as thеy aге now. As a funсtion of thе physiсal сir-
сumstanсеs (i.е', сl imatе), spесiеs appеаrеd suссеssivеly' Ьut thеy did not dе_
sсеnd from еaсh othеr. All wеrе spontanеously gеnеratеd. Buffoп also
arguеd that thе various spесiеs migratеd from onе plaсе to anothеr as a
funсtion of сlimatiс сhangе, and thаt thеy Ьесamе ехtinсt whеn thе сirсum-
stanсеs wеrе no longеr favoraЬlе.

This final spесulation is сharaсtеristiс of Buffon. On thе one hand, his сon-
сеptions aЬout thе antiquity of thе еarth, its gгaduаl сhangе, thе influеnсе of
physiсal сonditiоns upon thе history of l ifе, and еxtinсtion look gеnuinеly
еvolutionist. But his сonсеptual sсhеmе for thе aЬrupt origin of sPесiеs, With
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no dеsсеnt with modifiсation and no room for inсrеasing сomplехity, is typi-
сally prе-еvoluфnist.

BuffoвЪ еvolutionism was a l imitеd еvolutionism. Hе aссеptеd thе modifi.
сation of spесiеs within narrow limits, thе l imits of what hе сallеd spесiеs.
This is prесisеly what Сhаrlеs Darwin аnd ninеtееnth-сеntury еvolutionists
rеjесtеd, so many historians lеgitimatеly аssеrt that Buffon was not an еvolu.
tionist in thе modеrn sеnsе of thе tеrm. (Sее thе figure сln pagе 458 for morе
insight into Buffon's vaсil lations aЬout еvсllutiоn.)
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Burgеss Shalе

Thе fossil rесord largеly сonsists of thе ruЬЬlе and sсrapings of anсiеnt |ifе.
Aln-rost invariaЬly, all that wе find аrе roЬust piесеs of skеlеton (Ьonеs and
shеlls) as wеll as traсks, trails, and othеr signs of aсtivity thе onсе living or-
ganisms imprintеd on thе sеdimеnt аnd arе now prеsеrvеd as traсе fossils.
Suсh еvidеnсеs arе sti l l сеntral pil lаrs in doсumеnting еvolution, Ьut suсh еv-
idеnсе also has its disadvantagеs. F.irst, many organisms, еvеn animals, lасk
prеsеrvaЬlе hard parts. For ехamplе, сonsidеr thе slug. Sесond' many traсе
fossils arе undiagnostiс as tсl thе original typе of animal, and еffесtivеly idеn-
tiсal traсеs сan Ье Ьuilt Ьy unrеlatеd animals.

All, howеvеr, is not lost. This is Ьесausе on oссasion nаturе throws opеn a
window into thе distant past. Thls is possiЬlе on aссount of ехсеptional
еpisodеs of fossil izatiсln. Thе rеsultant soft.Ьodiеd fossils not oniy givе us un.
parallеlеd insights into thе original divеrsity of anсiеnt l ifе' but thеy also havе
thе potеntial to rеsolvе fundamеntal proЬlеms in еvolution' of thе sеdimеn-
tary dеposits yiеlding еxсеptionally prеsеrvеd animals, arguaЬly thе most
important is thе Burgеss Shаlе (British СolumЬia, Сanada) and its сongеnеrs'
notaЬly thosе from sсluthwеst Сhinа and North Grееnland.

Thеrе arе sеvеral rеasons why Burgеss Shalе_typе faunas arе suсh a foсus
of intеrеst. In partiсular, thеy throw rеmarkaЬlе l ight on thе sсl-сallеd Сam-
brian ехplosion' thе sееmingly aЬrupt appеаrаnсе and еvolutionary гadiation
of thе animals. Thе ехplosion is sеlf-еvidеnt from thе dramatiс appеaranсе of
skеlеtаl fossils arrd thе divеrsifiсati<ln of trасе fossils, yеt it is now apparеnt
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that if wе hаd to rеly on thosе sourсеs of infoгmurtion alonе, оur un.{еrstand-
ing of this rеmarkaЬle еvепt would Ье gгеatly impovеrishеd. This is Ьесаusе
thе soft-Ьodiеd riсhеs of thе Burgеss Shаlе-ty1.lе faunas rеvеal tlrе ехtraordi-
nary divеrsity of СamЬrian marinе lifе and in doing so posе quеstions of ma-
jor еvolutionary intеrеst. \Х/hаt. if anything, triggеrеd this ехplosion of l ifе?
Dо wе nееd to сonsidеr novеl mесhanisms of еvtllr.rtion? lWhat was thе rolе of
есology, еspесially prеdation? All thеsе qЦеstions arе onеs of mаjor сurrеnt
dеЬatе.

Thе typе ехеmplar of suсh fаunas, thе Burgеss Shalе itsеlf, is from a loсal-
ity nеar Fiеld' British СolumЬia, Ьut numеrous Othеr loсalit iеs are knоwn in
thе wеstеrn Unitеd Statеs as wеll as еastеrn loсаlit iеs in Pеnnsylvаnia and
Vеrmont. Fuгthеr afiеld, kеy loсаlit iеs inсludе Pеarv Land, Gгееnland (Sirius

Раssеt fаunа)' southеrn Сlrinа (Сhеngjiarrg, Kаil i), and South Australiа (Kan-
garoo Islаnd)' Dеspitе thе rаngе of agеs (approximatеly 530 to 510 mill ion
yеars) and also еnvironmеntal sеttings that variеd suЬstantially in tеrms of
watеr dеpth and proЬaЬly oхygеn сontеnt' thе Burgеss Shаlе-typе faunas
show сonsidегаЬlе homogеnеitv. Thus thеy are dсlminatеd Ьy zrrthropоds,
altlrough thе wеll.known tгiloЬitеs form аn irrsignifiсant fгaсtion. Also
сommon аrе spongеs and var ious Worms (еspес ia l ly  thе pr i i rpulans),  whi lе
rarеr groups inсludе the сhoгdatеs and еvеn thе dеliсatе sеa-goosеЬеrriеs
(сtеnophorеs).

Thеrе arе sеvегal rеasons why Burgеss Shalе_tl,pе faunas arе of partiсular
еvolutionary inrportаnсе. First, tlrеy arе wеll known foг housing :r sеriеs of
supposеdly Ьizаrrе aniпrals, inсluding thе aptly namеd Hаllиcigеniа (sее fig-
urеs). In faсt, thе history of tlrе study of this p:rrtiсular animal ехеmplifiеs a
radiсal shift in sсiеntifiс thinking. Thе fundamеntal proЬlеm hаs Ьееn that
not only do somе of thеsе fossils look vеry strangе' but fitting thеm into any
sсhеmе of еvolr.rtion appеarеd proЬlеmatiс. Thе diffiсultiеs' howеvеr' Wеrе
largеly a rеfleсtior-r of inсomplеtе information and somеtimеs a laсk of imаg-
ination. Rеsolution of thеsе pгoЬlеms has dеpеndеd on sеvеral l inеs of in-
quiry. In partiсular' molесulаr Ьiology has tratlsformеd thе undеrstanding
of many aspесts of animal еvolution. 

.Whеn 
nеw phylogеniеs arе сomЬinеd

with rеintеrprеtations and frеsh disсovеriеs frоm thе Burgеss Shalе_typе
fаunas, it Ьесorrrеs appаrеnt thilt thеsе suppсlsеdly Ьizarrе СаrrrЬriаn ani-
mals arе sinrply staging posts in thе еvolution of major groups' usually rе-
fеrrеd to as pЬyla. Thеse fossils show us, thеrеfoге, how Ьoсly plans wеrе
assеmЬlеd and, just as importаnt, thе funсtionirl and ессllogiсa1 сontехts of
thеsе kеy stagеs in thе еmеrgеnсе of аnimals. It is еqually important to ap-
prесiatе, howеvеr, that thе Ьasiс proсеssеs of еvolution involvеd in thе
СarnЬrian ехplosiorr appеar to Ье no diffеrеnt froпr thosе Oреri1tiI1g eny-
whеrе еlsе. Again and again thе study of еvсllution appеars to pгеsеnt un.
ЬridgеaЬlе gulfs Ьеtwееn wildly disparatе forms. A соmmonly posеd
quеstion is: ..Нow on еarth col|d tbаt havе еvolvеd? \Х/hat stеps сould possi-
bly сonnесt thеsе organisms?'' Yеt' rеpеatеdly thе fсlssil rесord геr,еals a sе-
riеs of intеrmеdiar,v stagеs that Ьеаutifully display thе transition of form.
Almost invariаЬly tЬеsе missing links displау unехpесtеd anс] rrovеl fеatuгеs,
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Тhе аnimа1 Наlluсigепiа spdrsа, an inhаЬitаnt of thе Bureеss Shаlе.

Ьut thе rеmirrdеr Ьеге is thаt .raturе is ustrally a Ьеttеr tеaсhеr than tехt-
books.

Тhе еxquisitе prеsеrvation oГ thе Burgеss Shalе_typе faunas also rеvеals
ехtraordinarv insights into thе есology of еarly аnimаl сommunitiеs. i)rеdа-
tors transpirе to bе morе signifiсant thirn onсе thought, with dirесt еvidеnсе
of thеir aсtivitiеs ссlming from gut сontеnts' fе,oсioй-looking jaws, and Ьitе
mаrks. So too it seеms thаt onе of thе hаllmаrks of tt'е с"mйi,n е-хpiosion,
thе abrupt appеaranсе of hаrd shеlly parts' is lаrgеly a rеsult of thе nееd for
protесtion. A partiсularly striking Геaturе of somе hard parts is that thе oгig-
inal skеlеton formеd a sort of naturаl сhain mail that сomЬinеd stгеneth with
flеxiЬil ity.

Thе stoгy of thе Burgеss Shalе_typе fаunаs is Ьy no mеans сomрlеtе. In-
dееd, muсh rеmаins to Ье ассoпlplishеd. First, tlrеrе is а stеаdy strеam of nеw
disсovеriеs, rrotaЬly froпt Сhina. Pеrhaps thе most i.. 'pс,.ta.,t of rесеnt
finds wеrе thе еаrliеst-fislr, thе group frсlm whiсh h.,,. '". ', ultimatеly
еmеrgеd. So too, thеsе faunas rеinforсе our sеnsе of thе пragnitudе of thе
СаmЬrian ехplоsion' It is far from сlеаr whеthеr wе nеесl to ,..k a uniquе
trlggеr' mayЬе at thе gеnomiс lеvеl or pеrЬaps in tеrms tlf аtmosphеriс oxy-
gеn' or altеrnativеly to dismiss a singlе ехplаnаtion as sсiеntifiсаlly naivе and
look to multiplе саusations. Finally, what of thе аntесеdеnts? Arriпrals must
havе еvоlvеd frсlпl sсlmеtlring еlsе, Ьut tlrе naturе and gеologiсаl timing of
this trarrsition arе spесulativе. Thе СamЬrian ехplosion is prесеdеd Ьy thе in-
triguing Еdiaсaran assеmЬlаgеs, Ьut thеir с()nnесtlon to thе story of animal
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Rесonstruсting Наl luсigеniа spаrsа. Tlrе uppеr drаwing shor,vs thе f irst аttеrrrpt
at rесonstruсting f l '  spаrsа.lt is сlеpiсtсd as walking rln its spinеs. Thе lowеr

drawing shows а геvisеd rесonstrl lсt iOn, with thе spi l lеs n()W uppсrmost'
pеrhaps Ьеing usеd for dеfеnsе. Сorr-rparе this with Еdward Drinkеr Сopе's
rесonstruсtion of thе plеsiсlsaur, Еlаsmosаurus plаtуurus (sее figurе on pаЕ]е

487). !Иhеrеas Сopе got his animal Ьасk tt l  front' Ссlnr,t,аy Mоrris gоt his
upsidе down. This zr[[ goеs to shсlw thаt rссonstruсting thе рast rес1uiгеs
i lnаginatiсln and thеrlгy аs muсlr lrs l lrutе fossi] f inс]s (sее аlso thе гесOllstruсtеd
d inosаurs  shown in  F igurе  18 o i thе  ma in  сss i ry . .Thе H is tory  о f  Еv t l l r r t i t lnэ ry
Thought' '  Ьy Мiсlrаеl Rusе in this vсl lumе). Again' схpесtаtion аnd imаginarit ln
tr iumph ovеr faсt. Pеoplе thought oГ thе dinсlsаurs аs Ьrutish and сumbеrsomе,
so thеy rеinforсеd t lr is pгеjudiсе wit lr thеir modеls anсl еxprеssions l ikе ..аs

outd:rtеd аs a dinOsаur. ' '  Howеvеr' t l-rе dinсlsauгs thrivесl ior L.50 mil l iс ln vсаrs,
аrrrd thеir anсеstol.s аrе st i l l  f lv iпc аЬOut еvеrv'uvhеге.

еvolцtion in thе СanrЬr
Shalе_type faun:rs nray
thеy rеmаin a fегti lе fiеl
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еvolution in thе СamЬrian is sti l l largеly unrеsolvеd. In сonсlusion, Burgеss
Shalе_typе faunas may Ье a kеy сomponеnt in undеrstanding еvolution' Ьut
thеy rеmain а fеrtilе fiеld for all sсiеntists, and еspесially thе young.
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Bush, Guy (b. 19291

Guy Bush Was еduсatеd at Harvard Univеrsity and spеnt his working lifе at
thе University of Tехas (Austin) аnd thеn at Мiсhigan Statе Univеrsity at Еast
Lansing. At Harvard, Bush's intеrеsts wеrе sparkеd Ьy thе strong сlaims of
Еrnst Мayr, hеаd of thе Musеum of Сomparattve Zoo|ogу, that all spесiation
is allоpatriс, that is' dеmanding gеographiс isolation to oссuг. Bush сhal-
lеngеd this viеw Ьеliеving, as did Сharlеs Darwin in his oz thе Оrigiп of
Speсies, that it is possiЬlе for sympatriс spесiation (spесiation without gеo-
graphiс isolation) to oссur. Following Darwirr, Bush thought that it сould Ье
еnough to havе somе kind of есologiсal isolаtiоn, whеrе pеrhаps a spесiеs di.
vidеs Ьy spесializing on diffеrеnt foodstuffs еvеn though thеrе is physiсal ovеr-
lap. Hе has pursuеd this inquiry, with сonsidеraЬlе suссеss, for ovеr 4О уears.

Bush and his сowoгkеrs and studеnts havе foсusеd on Rhаgoletis
pomoпеllа, known as thе applе maggot fly Ьut somеtimеs сallеd thе rаilroad
worm. Onсе сonfinеd to thе hawthoгn Ьush' in the past 100 yеars oг so it has
sprеad widеly to сultivatеd applе trееs introduсеd from Еuropе. By ехamin-
ing haЬits of thе fl iеs in thе wild' as well аs through сontгollеd еxpеrimеnts,
Bush has Ьееn аЬlе to show that thе fl iеs arе Ьreaking into sеparatе spесiеs-
rеpгoduсtivеly isolatеd groups-simply Ьy dеvеloping adaptations to util izе
thеir rеspесtivе lrosts.

It turns out that сrdor is а major faсtor аt play. Thе fl iеs aге rеsponsivе to
thе rеspесtivе odors of thе fruits оf thеir hosts. Onсе a population sеttlеs on
onе host thеrе is rapid sеlесtion pеrfесting thе aЬility to rесognizе thе fruits
of this host and not of othеrs. Тhis сan oссur еvеn whеn thеrе arе othеr hosts
availaЬlе and othеr fl iеs uti l izing thеm. Rесеntly, Bush hаs Ьееn util izing thе
mеthods and findings of molесular Ьiology' Ьoth to trасk down thе partiсu-
lar gеnеs thаt arе involvеd and to usе this knowlеdgе to map prесisеly how
and whеn spесiation has oссurrеd.

Thе work of Bush and his аssoсiatеs is an еxсеllеnt ехamplе of a phе-
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nomеnon that сritiсs of natural sеlесtion oftеn dеmand Ьеforе Darwinian
thеory сan Ье takеn as provеn' namеly, an oЬsеrvеd group aсtually brеak-
ing into two diffеrеnt spесiеs. It would Ье niсе if thе work of Bush еndеd
this partiсular сritiсism forеvеr; howеvеr, sinсе so oftеn thе сritiсs arе mo-
tivatеd morе Ьy ехtrasсiеntifiс prеjudiсеs of a rеligious natrrrе rathеr than
Ьy thе faсts' onе douЬts that this wil l Ье thе final word on thе topiс.
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Сain, Arthur Jamеs (Т92|_|999)

A. J. Сain (hе always usеd only initials for profеssional puЬliсations) Was onе
of thе group of British еvolutionary Ьiologists who wеrе mеmЬеrs of Е. B.

Ford's есologiсal gеnеtiсs group at Oхford Univеrsity in thе еarly dесadеs af-
tеr NИorld War II. Thеy firmly еstaЬlishеd thе signifiсanсе of nаtural sеlесtion
as a major (thеy would havе said thе major| сausе of еvolutionаry сhangе.
Еduсatеd at Oхford Ьеforе thе wаr, Сain had еntеrеd a world whеrе natural

sеlесtion was rеgardеd with suspiсion, if not outright hostil ity. Most Ьiolo-
gists' l ikе Linaсrе Prсlfеssor оf Zoology Е. S. Goodriсh, did not lесturе at all

on еvoluti<ln, and whеn thе topiс Was mеntionеd altеrnativеs suсh as gеnеtiс

drift wеrе muсh favorеd. Not a fеw hаd fairly ovеrt геligious (at lеast vitalis-
tiс) rеasons for distгusting a purеly naturalistiс approaсh to origins, and this
l inе of thinking rесеivеd almost offiсial support with thе appointmеnt in
\946 of thе spiritualist Alistеr Hardy as suссеssor to Goсldriсh as thе Linaсrе
Profеssor of Zoсllogy (Сain and Provinе 1991; Rusе 1996).

Togеthеr with fеllow Oхoniаn Ьiologist Phil ip Shеppard, wоrking in thе
light of thеory Ьеing dеvelоpеd Ьy Ronald A. Fishеr and thе еxpеrimеntal ех-
аmplе of Ford, Сain sеt out to show that natural sеlесtion is a powеrful forсе
of naturе. Thеir most сеlеЬratеd and lasting work was on thе snat| Сеpаеа
пеmorаlis, widеly found in thе woods, mеadсlws, and hеdgеrows of thе сoun-
trysidе around oхford. Thе snail сomеs in many diffеrеnt ftrrms, with Ьand-
ing and with plain shеlls, and with pink аnd Ьrown and othеr сolors. It wаs
takеn to Ье a paradigmаtiс ехamplе of gеnеtiс drift; suсh simplе and vаrying
fеaturеs Wеrе thought far too insignifiсant to havе any truе adaptivе valuе.

Сain and Shеppard showеd that in faсt thе shеll сolсlrs arе tightly tiеd to
thе Ьaсkgrounds in whiсh thе snails aге found. A Ьеесhwс.lod forеst flooг, for
ехamplе, is diffеrеnt from a dapplеd ditсh Ьеsidе a hеdgе, and again diffегеnt
frоm thе grass of a fiеld grazеd Ьy саttlе. Thеy disсovеrеd that thе snails arе
a major еlеmеnt in thе diеts of Ьirds' thrushеs еspесially' and that aссording
to thе Ьaсkgrounds thе snails arе сapturеd and еatеn diffеrеntially. An in-r.
portant tool in mаking thеsе dеtеrminations was thе faсt that thrushеs usе
anvils (stonеs) on whiсh to smash thе snail shеlls, and hеnсе thе rеsеarсhеrs
сould сollесt and сount thе rеlativе numЬеrs of forms takеn Ьy thе Ьirds in

diffеrеnt loсalit iеs (Сain 1954; Саin аnd Shеppагd 1950, 1954). Сain's Аzl-
mаl Speсiеs апd Thеir Еuolution (1954) Ьесаmе a standard work on thе
suЬiесt.
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Lеаving Oxford, Сain еvеntually Ьесurrrrе profеssor at Livеrpool Univеrsitv
(whеrе Shеppard had rnovеd), a major сentеr of Britlsh еvolr.rtionary studiеs,

hеavily suЬsidizеd Ьy thе Nuffiеld Foundation in an attеmpt to show thе sig-

nifiсаnсе of еvolutionary studiеs fсlr mеdiсal issuеs, suсh as thе natural vari-

аbil ity of Ьlood type and tlrе сonsеquеnt susсеptiЬil itу to varior"rs ailmеnts. I}y

this timе Сain had lost intеrеst in frontlinе еrnpiгiсal rеsеarсlr, although hе

did сontinuе to work with сollaЬorators and studеnts (Саin and Сurry

796Зa, 196Зь)' Inсrеasingly, hе turnеd to thе history and philоsophy of his

disсiplinе. Hе wrotе еloquеntly and informativеly or-r suсh issuеs as thе nа-

turе of spесiеs and thе proЬlеms оf Linnaеаn tахonomy' pirtiсularly aЬout

its еvolutionarу undеrpinnings (Сain |959a,1959ь,1962). Although his ma-
jor сrеativе work сamе bеforе thе major сonсеptual еvеnts of thе 1970s (еs-

pесiаlly thе сorr-ring of сladism), Саin did muсh to raisе thе importanсе of

taxonomy ;rs a sсiеnсе in its own right and onе Worthy of thеorеtiсal study'
(Сain had spеnt a yеar еarly in thе 19.50s working in Amеriсa with ornithol-

ogist and systеmatist Еrnst Мayr. In itsеlf this shows how by mid-сеntury

Bгitish and Aпrеriсan еvolutionists Wеrе sеnsitivе to tlrе mеrits of intеllесtuаl

сгoss-fеrti l ization, and spесifiсally in Сain's сasе this was irтportant for his

own thinking about taxonomy.)
SuЬsеquеnt yеars havе shown, pеrhаps ехpесtеdly, that thе work of Саin

and Shеppаrd rrееds rеvision in l ight of other sеlесtion-сontrollеd faсtors
(Jonеs et a|' 1977). But thеir work sti l l stands аs а landmark in thе history of

еn"rpiriсal studiеs in Darwinian еvolutionary thеory.
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Сarson, Hampton Lawrеnсе (|9t4_2004)

TЬе rеsеarсh of Напrpton Lawrеnсе Cirrstltr has Ьееn сitеd as onе of the
most import:rrrt stцdiеs of twеntiеtlr-сеntury Ьiologv. His woгk on thе еvo-
lutionary Ьiologv of thе insесt family Drоsophil idае of thе Нawaiian Islands
has Ьееn сitеd ехtеnsivеly and is сonsidеrеd onе of thе suprеmе еХamplеs of
multidisсiplinary rеsеarсh. Basеd on dеtailеd ехаminаtion of thе Ьanding
pattеrns of thе giant pсllytеnе сhronrosomеs in thе Hawaiian Drosophilа,
Сarson dеvеlopеd a pсlrvеrful mеthOd of pоpulation studiеs that lеd to thе
tсlrrnulation of а nеw rnесhаnism ftlr ехplaining thе formаtion of nеw
spесiеs, Сarson's Foundеr-Flush Thесlry of Spесiаtion. Hе was instrumеntаl
in Ьringing togеtlrеr a tеam of ехpеrts in all aspесts of Ьiologiсal sсiеnсеs to
work togеthеr in unravеling ..that mystеry of mystеriеs' ' (Darwin 1859)' thе
origin of nеw orgalrisms on this еarth' Сarson and his сollеaguеs havе usеd
systеmatiсs and taхonсlmy, gеnеtiсs' есology, Ьеhavior, plrysiology, Ьotanу,
gеologv, Ьioсhеmistгy, and m<llесular Ьiologv to undеrstаtrd tlrе spесiation
proсеssеs witl-rin onе of thе mсlst rеnrarkаЬlе grotlps of orgаnisms in thе
Hаwаiian Arсhipеlago. Hе has madе mаjor сontriЬutions in еaсh of thеsе
arеas, еithеr Ьy his own work or Ьy Ьringing to l ight thе rеlеvant work of
othеrs. Hе has mсrvеd from onе aгеа tO anothеr as thе nееd for nеw ap-
proaсhеs arosе, and hе gеnеrously еnсouragеd thе paгtiсipation of сol-
lеaguеs with nеw аnd appropriatе skil ls. Thе Ьrеadth of his сr'rriosity and thе
flехibil ity of his irrtеIlесt, in e sеnsе' rеprеsеnt almost an аpothеosis of thе
multidisсiplinary approaсh to invеstigating thе еvoltlt ionary history of this
group of insесts.

Hampton Сarson was Ьorn on NovеmЬеr 5,1914, in Philаdеlphia, Pеnn-
sylvania. Не oЬtainеd Ьoth an undеrgгаduatе (AB' 19З6) and postgraduаtе
dеgrее (PhD' 1943) fгom thе Univеrsit.v of Pеnnsylvaniа. Hе was hirеd as an
assistant profеssoг of Ьiology at washington Univегsity in St. Louis, Мis-
souri, in 1943. С:rrson rеmainеd on thе faсulty as assoсizltе pгtlfеssor and full
profеssor. |n I97|, hе movеd to Hаlvaii to Ьесomе prсrfеssor of gеnеtiсs.-tг
thе Univеrsity of Hawaii 's John A. Br'rrns Sсhool of Mеdiсinе.

Саrson publishеd nеarly 300 sсiеntifiс artiсlеs in thе fiеld of еvolutionary
Ьiology and puЬlishеd a dеfinitivе Ьook in thе fiеld оf gеnеtiсs еntitlеd Hered-
ity,апdHumаn l-i iе ]96З). His papеrs аrе сited widеly' arld Ье is rесognizеd
as onе trf thе rrrost irrfluеirtiаl figurеs irr еvolutionary Ьiology during thе past
sеvеral dесadеs. In 1985' thе Plri lасlеlphia Aсаdеrrrv of Natuгal Sсiеrrсеs
awardеd Сarson thе Lеidy Mеdal for lris outstanding сontributions to thе nat-
ural sсiеnсеs, partiсularly his work on thе еvolutiсlnary Ьiсllogy of thе Hawai-
ian Drosoуlhila. Whilе Carson's wсlrk r>n thе Нawaiiаn insесts spannеd morе
than four dесаdеs, lris сontriЬutions ttl tl-rе natural sсiеnсеs Ьеgаn nеarly 30
vеаrs Ьеfсlrе his stLldiеs irr thе Hаwаiian Islands. In 1935, hе ptlЬlishеd a papеr
on mеdiсinirl hеrlls usеd Ьy thе LirЬradoг еskimсls. Thеn, in 1940, hе pub-
lishеd a papеr Ol-l thе rеd сrossЬil l, and in 1945 hе рublishеd a papеr on thе
latе fеrti l izаtion in a spесiеs of snakе. His intеrеsts in Ьiology had oЬviously
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Ьееn strongly irrflr.rеnсеd Ьy an intеrеst in naturll l history that Ьеgаn as a
young Ьoy Ьut Ьесat-t-tе fully dеvеl<lpеd as a vсrung сollеgе studеnt t-r-rеnlЬеr of
thе Dеlawarе Vаllеy Ornitholt>giсal СluЬ.

Although Сагson rеtirеd frсlm offiсial dutiеs at thе Univеrsity of Hawaii 's
Dеpartmеnt of Gеnеtiсs in 1985, hе was sti l l vеry aсtivе in rеsеarсh and сon-
tinuеd to makе signifiсant сontriЬutions to еvсll lttionаry Ьiologу. Hе is
сonsidеrеd to hаvе Ьееn onе of tlrе Urrivегsity of Hawaii 's most ешillеnt sсi-
еntists. Не was a mastеr tе:rсhеr whtt, in thе сoursе of his distinguishеd са-
rееr' gavе of l.rimsеlf unsеlfishly tс> his сollеaguеs and to his malrv studеnts.
Modеsty is a virtuе unparallelеd in this grеat sсiеntist. Onсе' whеn hе was
Ьеing intеrviеwеd Ьy thе nеws mеdia during a syrnposium hеld in honor of
his rеtirеmеnt, hе сommеntеd thаt..it 's vеry humbling. Sсiеnсе is a sсlсial еn-
dеаvor.  Thеrе is  r ro lеаdеr.  Idеаs сomе frс lm еvеry wlr iс l r  с l i rесt ion. . . .  T l rе
most gratifying part of all is to sее how it [thе Нawaiian Drosoplri la Projесtl
has affесtеd thе livеs сlf so many kamаaina [Harvaiiаn word for loсals] stu-
dеnts' ' (Hoпolulu Stаr Bullеtiп, .|unе 12, 1985). Indееd' Сarson's Hаwaiian
Drosophila Projесt has Ьееn an iпrportant trаining gгound for morе rhаn 400
undеrgraduatе, gr:rс1uatе' аnd postgrаduatе studеnts irr all аspесts of еvolu-
tionaгy Ьiology. Also, morе thatr 70 sеnior sсiеtltists frсlm all ovеr thе world
havе partiсipatеd in the projесt primarily Ьесausе of Сarson,s lеadеrship in
thе fiеld of еvoluti<rnary Ьiology аnd his aЬil ity tсl Ьring togеthеr thе Ьеst
minds in thе fiеld. Hе has Ьееn а fаthеr figurе wh<l has Ьееn aЬlе tсl motivatе
and сhallеngе thе rr-rinds of youngеr gеnеrations ttl r-trrloсk thе sссrеts сlf еvo.
lutionary Ьiologу. Hе пrotivагеd otllеrs to think аЬout horv knсlwlеdgе сan
hеlp pгеsеrvе thе natural hеritagе of ouг plаnеt. Тhеsе quatitiеs maсiе this
grеat sсiеntist tlrе humЬlе pеrson that hе was.
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Сastlе, William F,. (1867-1962)

!Иil l iam Е. Сastlе, a profеssor at Harvard Univеrsity аnd latеr at thе Bttssеy In-
stitl lt ion (an agгiсtrlrtrrаl arm of Harvаrd), сontriЬr'rtес] muсh tсl thе еilrlv yеars
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of gеnеtiсs. Likе nrany of his gеnеration, hе Ьеgan as an еmЬryologist, switсh-
ing to proЬlеms of hеrеdity whеn Mеndеl's work was rеdisсoverеd at thе Ье-
ginning of thе twеntieth сеntury. Сastlе workеd mainly оn mammals, although
hе was also thе first to usе thе fruit fly Drosophilа mеlапogаstеr, whiсh bесamе
thе еvolutionist's workhorsе in thе twеntiеth сеntury. Thomas Нunt Morgan
Won thе NoЬеl Prize for dесiphеring thе gеnеtiс naturе of this organism.

Сastlе's most famolls sеriеs of ехpеrimеnts Wеrе on rats of varying Ьlaсk
and whitе сoat сolors (sее figurе on pаgе 47О). |1е pеrformеd sеlесtion еx-
pеrimеnts thаt showеd how onе сould сhangе thе ovеrall rangе of huеs in a
population, from mixеd to virtually еntirеly whitе or Ьlaсk (Сastlе and
Phil l ips |91'4)..What was signifiсant aЬout this work wаs thаt onсе thе sеlес-
tion was finishеd, thе гаts' сoat сolors сontinuеd to hovеr аround thе final
point aсhiеvеd. In othеr words, Сastlе showеd what Сharlеs Darwin had
сlaimеd and what many сritiсs had dеniеd: selесtion сan havе lasting if not
pеrmanеnt еffесts on thе ovеrall naturе of a population of organisms. Сastlе's
work provеd that onсе sеlесtion is rеlaхеd, еvеrything dсlеs not rеvеrt Ьaсk to
thе starting point.

Throughout thе twеntiеth сеntury thеrе wеrе numеrous othеr ехpеrimеnts
showing that sеlесtion сan hаvе lasting еffесts. Paradoхiсally, howеvеr, al-
though Castlе's work is rightly hailеd as a major еxpеrimеntal stеp on thе
Way to modеrn еvolutionary thinking, hе himsеlf did not еntеr into thе ех-
pеrimеnt intеnding to slrow thе worth of sеlесtion. Rathеr, as a gеnеtiсist' his
first intеrеst was in thе nаturе of thе hеritaЬlе faсtors that Mеndеlism prе-

supposеs. Сastlе was trying to show that thеsе faсtors, what arе now сallеd
gеnеs' arе not еntirе and unсhangеaЬlе in thе сoursе of gеnеration' Ьut split
up as геproduсtion oссurs and rесomЬinе in nеw variations in thе сoursе of
timе. It was only aftеr Morgan's work was сompletеd in thе sесond dесadе of
thе сеntury that Сastlе сonсеdеd that hе had Ьееn wrong and that (apart

from variations сausеd Ьy spontanеous сhаngеs' or mutations) gеnеs arе
tгansmittеd unсhangес.

In thе сoursе of his long сarеег, Сastlе had many studеnts' thе most fa-
mous and important of whom Was gеnеtiсist and еvolutionist Sеwall \Х/right
(sее Provinе 1986).In anothеr paradox, Wright is propеrly known as onе of
thе foundеrs of modеrn еvolutionary thought, yеt thе Ьulk of his еmpiriсаl
rеsеarсh work was on thе pattеrns of hеrеdity as shown Ьy guinеa pigs' an in-
tеrеst that wеnt Ьасk to his studеntshio undеr Сastlе.
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Tbе Саuses of Еuolutioп (I. B. S. Haldanе)

J. B. s. Haldanе's (7892*1964) The Саиses of Еuсllutioп' puЬlishеd tn 1932,
is thе сapstonе tехt in thе origins of thеorеtiсal pоpulation gеnеtiсs. Саusеs is
hailеd primarily for its important, сritiсal disсussion of thе work of thе ar-
сhitесts of population gеnеtiсs' R. A. Fishеr (1930 [195s]), Sеwall \й/right

(1931), and Нaldanе himsеlf. It is lеss widеly, yеt just as dеsеrvеdly, hailеd as
a synthеsis of сlassiсаl gеnеtiсs, сhromosomal mесhaniсs' сytology, and Ьio-
сhеmistry with population gеnеtiсs. This is ironiс Ьесausе thе mathеmatiсal
disсussion is сonfinеd to an appеndiх addеd to original disсussions of Ьiolog-
iсal matеrial drawn from Haldanе's 19З1 lесturеs at thе Univеrsity of 

.W.alеs,

Abеrystwyth, еntitlеd ..A Rееxamination of Darwinism.''
Haldanе's proЬlеmatiс may Ье posеd as, ..What is thе naturе and signifi-

сanсе of natural sеlесtion in Mеndеlian populаtions?'' In this sеnsе, Haldanе
sharеs thе proЬlеmatiс of his сontеmporariеs Fishеr and \й/right. And in his
answеr, intеrwovеn with supporting еmpiriсal еvidеnсе, Haldanе in largе
part follows F.ishеr in thе viеw that сumulativе еvolutionary сhangе is mostly
duе to low sеlесtion prеssurеs асting on mutations of small еffесt. But Hal-
danе's support of Fishеr is not in thе form of an unсritiсal summary. Нaldanе
сarriеd thе mathеmatiсal ехploration of sеlесtion in finitе population sizеs,
сhanging еnvironmеnts, and multiplе dimеnsions furthеr thаn Fishеr had,
and in part as a сritiсаl сonsidеration of !Иright,s work on thе topiс. Morе-
ovег, and impсlrtantly, Haldanе emphasizеd thе problеm of thе units of sе.
lесtion, rесognizing that sеlесtivе forсеs aсting on gamеtеs' organrsms' Or
populations may сomе into сonfliсt.

Thеsе disсussions arе сarriеd orrt in thе middlе сhaptеrs and thе appеn-
diх of Сацsеs. Haldanе еmЬеds thеm in а riсh disсussion of thе gеnеtiс
сausеs of within- and Ьеtwееn-spесiеs diffеrеnсеs disсussеd in еarliеr сhap-
tегs and a Ьroad аssеssmеnt of thе sсiеnсе of еvolution as а wholе in thе fi-
nal сhaptеr.

\Vorking through еmpiriсal еvidеnсе amassеd from thе timе of thе rеdisсov-
еry of Mеndеlism in thе 1900s, Haldаnе dеmonstratеs thаt diffеrеnсеs within
and Ьеtwееn spесiеs arе duе to diffеrеnсеs Ьеtwееn individual gеnеs at сom-
paraЬlе loсi' diffеrеnсеs in numЬеr of individuаl сhromosomеs or sеts of сhro-
mosomеs' or of wholе сlrromosomеs. Antiсipating Thеodosius DoЬzhansky's
Gепetics апd thе origiп of Speсies (19з7), Haldanе usеs this еvidеnсе to ar-
guе that thе samе sorts of proсеssеs that aссount for thе gеnеtiс diffеrеnсеs
within spесiеs aссount for suсh diffеrеnсеs Ьеtwееn sресiеs. Furthеr, Haldanе
Ьroadеns thе Меndеlian сontеxt of еvolution.

Thе сonсlusion of Саusеs еmphasizеs thе progrеss madе in еvolutionary
thought sinсе Darwin and thе powеf of еvolutionary ехplanations of lifе. At
thе samе timе. Hаldanе is сlеar that whilе hе sееs natural sеlесtion as thе
dominant сrеativе еvolutionary саusе, hе doеs not сlаim that it is thе only
сrеativе сausе. ThrougЬout Саиses Haldanе highlights thе multiplе сausеs of
еvolution, inсluding dеvеlopmеntal сonstraints сln еvolution. Haldanе insists
that minds arе surely produсts of еvolution; thеy also arе in all l ikеlihood not

. sеlесtion for сoat сolor. Top
Мiddlе rop: sеlесtion for light
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pгoduсts of naturаl sеlесtion. Thе Ьroad disсussion in Haldаnе's сonсluding
сhaptеr is to еmЬеd thе sсiеnсе of еvolution in а distinсtly matеrialist philos-
ophy of sсiеnсе.

Haldanе, similar to Fishеr and 
.sfright 

Ьеforе him, aссomplishеd а гесon-
сil iation of natural sеlесtion and Mеndеlian hеrеdity. Нaldanе forgеd ahеad
of his prеdесеssors Ьy furthеr synthеsizing a widе swath of Ьiology with p<lp-
ulation gеnеtiсs. The Саuses of Еuolutioп is part and parсеl of thе origins of
thеorеtiсal population gеnеtiсs, forming what is сommonly сallеd thе mod.
еrn synthеtiс thеory оf еvolution. Howеvеr, it is grоundЬrеaking in its
grandеr synrhеt iс  v is ion.
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Cavalli-Sfо rza, Luigi Luсa (t. |922)

Luigi Luсa Cavall i-Sforzа сan Ье сonsidеrеd a modеrn rеinсarnati<ln of а Rе-
naissanсе sсholar. Нis major сontriЬution to еvolutionary Ьiоlogy еmеrgеd
from his knowlеdgе of аn unusually widе rangе of fiеlds that hе сuitivatеd at
thе profеssional lеvеl with a sinсеrе passion for undеrstаnding thе human
сondition.

Trainеd as a mеdiсal doсtor in Italy in thе 1940s, hе Ьriеfly praсtiсеd mеd-
iсinе. Hе thеn turnеd his сommitmеnt to rеsеarсh. Attraсtеd Ьy thе statistiсal
aspесts of gеnеtiсs, hе pursuеd his intегеst undеr thе guidanсе of R. A. Fishеr
at СamЬridgе Univеrsity. Almost at thе samе timе (in thе еarly 1950s), hе
was involvеd in pionееring woгk in Ьaсtеrial sеx, a highly innovativе topiс.
Hе soon foсusеd on humans. Hе сontriЬutеd lasting mеthodologiсal ad-
vanсеs suсh as thе sti l l-usеd Саvall i-Sforza_Еdwards gеnеtiс distanсе, an еs-
sеntial tool for phylogеnеtiс and phylogеogгaphiс studiеs (аnothеr fiеld hе
pionееrеd using a diffеrеnt namе, thе ..gеography of gеnеs'').

Hе сrеativеly dеvеlopеd ways to usе thе riсhnеss of historiсal rесords in
Italy (е.g., parish Ьooks and сonsanguinity dispеnsations) in human popula-

tion gеnеtiсs. Hе was among thе first еvolutionаry sсiеntists to Ьеliеvе that
drift was important in thе еvolution of human populаtiсlns. In 2О04, Сoп.
sапguiпitу, lпbreеdiпg' апd Geпetiс Drift iп ltаlу organically prеsеntеd thе
rеsults of his dесаdеs.long rеsеarсh еffort.

|n 1971hе lеft Italy to Ьесomе profеssor of gеnеtiсs at Stanford Univеrsity
in Сalifornia, whеrе hе is сurrеntly aсtivе еmеritus prоfеssor.

Сavall i.Sforza was a pionееr in thе usе of modеrn human gеnеs for rесon-
struсting thе nаtural history of man. The Historу апd Gесlgrаphу of Humаn
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Gепеs (1994) fittingly sll l.Ils thе Ьrеadth of lris еndеаvor. Hailеd аs а brеak.
through in thе urrdеrstanding of human еvolution, it offеrs thе first full-sсalе
rесonstruсtion of whеrе humаn populations originatеd аnd thе paths Ьy
whiсh гhеy sprеаd throughout thе world. By mapping thе worldwidе gеo-
graphiс distriЬution of gеnеs for ovеr 110 traits in ovеr 1'800 primaгily aЬo-
riginal populations' migгations weге сhartеd and а сloсk was dеvisеd to datе
еvoiutionаry history. Еssеntial information was соntriЬutеd by arсhеology.
In Thе Nеolithic Trапsitioп апd thе Geпetiсs of Popиlаtioпs iп Еurсlpe
(1984)' hе had addrеssеd thе quеstion of wЬеthеr сultural diffusion was duе
to thе spгеad of idеas or of pеoplе. Thе issuе was invеstigatеd at a world
sсalе wiгh spесial attеntion to thе link Ьеtwееn gеnеtiс divеrsity and lan-
guagе diffеrеntiation. Although linguists havе not rеirсhеd сonsеnsus on lan-
guagе сlassifiсation at а gloЬal sсalе' an intriguing ovеrlap bеtwееn thе
distriЬution of gеnеs and languagеs Was found at diffеrеnt gеographiс
sсаlеs.

Givеn thе brеаdth of his rеsеarсh intеrеsts, it is not surprising to find a
grеat dеal of woгk сollесtеd in a Ьook dеdiсatеd to thе ехploration of modеls
that miglrt hеlp us undеrst;rnd how сultur:rl traits trrе trаnsmitted (Сulturаl
Trапsmission апd Еuolutiсlи' сoallthorеd with М. w. Fеldman' 19s1).

Сavall i.Sforzа has еnjoyеd a rеmarkaЬly сrеativе sсiеntifiс longеvity. Rе-
сеntly his laboratсlгy dеvеlopеd nеw tесhniquеs for disсovегing DNA varia-
tion usеd to dеfinе nеw gеnеtiс markеrs of thе Y and othеr сhromosomеs.
Thе study of thеsе unipаrеntally tгansmittеd markегs tцrnеd out to Ье espе-
сially еffесtivе irr еluсidаting popr:lation origins.

Cavalli-Sforza has а natural gift for сommuniсating his passion for rе-
sеarсh. Hе is thе author of mаny gеnеral audiеnсе Ьooks and nеWspapеr
сoluпrns. Thе tехtЬook The Gепetiсs of Humшt Populаtioпs (сoauthorеd
with !И. Bodmеr, 1971| was awardеd a prize as thе most quotеd tехt in thе
f iе ld in 1 981 .
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СhamЬеrs, RoЬеrt (Is02_1s7 I)
RoЬеrt Сhambеrs Was ol-lе of tlrе most suссеssful Ьusinеssmеn in Viсtorian
Britain. Togеthеr with his Ьrothеr, William, hе had pullеd himsеlf up from
abjесt povеrty to found a thriving puЬlishing businеss. Thеy wеrе major
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innovators in thе usе of stеam prеssеs' and thеy wеrе at thе forе of thе pro-
duсtion of popular litеraturе and magazinеs. A wееkly puЬliсation, Сham-
Ьers,s lournal of Literаtиrе, Sсiепсе апd Arts, of whiсh RoЬеrt and William
wеrе сoеditors and to whiсh RoЬеrt сontributеd many smаll piесеs, Was vеry
suссеssful.

RoЬеrt СhamЬеrs was always rеady with his pеn. Hе wrotе Ьooks and
artiсlеs as wеll, mainly of a popular and (with an еyе to salеs) informativе,
gossipy naturе. Primе ехamplеs inсludеd guidеs to walks around Еdin.
Ьurgh, l isting plaсеs whеrе sеnsational murdеrs and othеr i l l dееds had oс-
сurrеd in past years-pеrfесt matеrial for a family faсеd with thе nееd to
fi l l thе long hours of yеt anothеr Sсottish Sundaу. As wеrе many othеr
half-еduсatеd mеmЬеrs of soсiеty, СhamЬеrs was also vеry intеrеstеd in
sсiеnсе, partiсularly gеology. In thе еarly 1840s, this lеd him to writе what
was to Ьесomе onе of thе sеnsational works of thе еra, Vеstigеs of thе Nаt-
urаl Historу of Сreаtioп (1.844), togеthеr with a sеquе1 titled Ехplапаtioпs
( 1 8 4 5 ) .

Apparеntly, СhamЬеrs had sеt out to writе a Ьook on phrеnology (thе sсi-
еnсе of Ьrain Ьumps), anothеr popular psеudosсiеntifiс topiс of thе day' Ьut
hе got sidеtraсkеd into writing a Ьook on еvolution. (Sее Figurе 3 in thе main
еssay ..Thе Нistory of Еvolutionary Thought'' Ьy Miсhaеl Rusе for dеtails of
thе way that СhamЬеrs сonсеivеd of thе еvolutionary proсеss.) Givеn thе
сontеnt of Vеstiges' it was сеrtainly not intеndеd as a сall to athеism, Ьut
morе an appеal to thе lawlikе naturе of thе world. (Although СhamЬеrs was
not kееn on rеgular сhurсhmеn, hе was always a Ьеliеvеr in a dеistiс way.) In
сommon with many othеr еvolutionists' his Ьook wаs a hymn оf praisе to
progrеss. As wе havе improvеmеnt in thе sосial world' so also do wе havе it
in Ьiology' and сonvеrsеly as wе havе improvеmеnt in thе Ьiоlogiсal world,
so also do wе havе it in thе soсial.

Bесausе of his Ьцsinеss and soсial position, СhamЬеrs wеnt to grеat
lеngths to сonсеal his authorship. Indееd, it was not rеvеаlеd offiсially until
1884, aftеr his dеath. It was proЬaЬly as wеll that hе hid his namе' Ьесausе
Vеstigеs was highly сontrovеrsial. Мany in thе sсiеntifiс сommunity wеrе еx-
trеmеly сritiсal, lеading Сharlеs Darwin, just thеn formulating his еvolution.
ary thеory' to kееp quiеt aЬout his own aсtivitiеs. Нowеvеr, thеrе wеrе many
who rеspondеd positivе|у to Vestiges, most notaЬly poеt Alfrеd Lord Tеn-
nyson. Не was сomplеting his long poеm ..In Меmoriam,'' a triЬutе to thе
mеmory of his dеar friеnd Arthur Hallam. Dеprеssеd by what hе saw as thе
еmpty nihilism of Lyellian uniformitarianism-no сhangе, no progrеss-hе
drеw сomfort from thе optimism of Vеstiges' with its support of progrеss.
Pеrhaps it was that thе dеad-too.young Hallam Was a supеrior Ьеing Ьorn
Ьеforе his timе. (Sее thе alphaЬеtiсal еntry on Vеstigеs for dеtails.)

Vestiges madе thе idеa of еvolution wеll knоwn in thе mid.Viсtorian еrа
and pavеd thе way for Darwin and his oп thе Оrigiп of Speсiеs. By thе timе
the origiп appеarеd, sсiеntists and laypеoplе wеrе ехhаustеd from arguing,
thе shoсk of thе idеa of еvolution WаS ovеr' and a morе Ьalanсеd aссount of
сhangе сould Ье graspеd and aссеptеd Ьy many.

в l в L I o G R A P н Y

ChamЬеrs '  R .  l844.  Vсs/ lдсs
|845.  ЁхpIапа l i , 'пs :

Darwin, с. 1859. Оп thе ()r

Rusе' М. 7996. Мoпаd to М

СamЬridgе, МA: Harva:

Sесoгd, J. A. 2000. viс!оriап

апd Sесrеt Аиthorship tl

Сhiсago: Univеrsitv of (

Tеnnyson' A. 1850. In Меm.

Аutb oritаtiuе Техt Bасk
Norton.

Chanсе and еvolutiо

Thе сonсеpг of  сhаnсе is  l

Thеsе assoс iаt ions rangе

tanсе to playing a сеntra

molесular Ьiology. Thrее

lutionary thеory arе disсr'

Darwin 1859, 131),  сhar

and maсroеvolution. Wit

disсussеd. Howеvеr, trеal

arе Ьеyond thе sсоpе of t

It is imPortant to not

dееp, mеtaphysiсal sеnsе

of сhanсе is most oftеn rl

suсh as in quantum mесl

fair сoin is prediсtеd stс

Thе rеsult has a сausal t

сoin fl ip arе not random

disсussions of сhanсе r

mесhanisms.
Natural sеlесtion is thr

lution. It was, in part, f

from rival thеoriеs and l

Iy ing on сhаnсе mUtаt io l

adaptivе сomplехity of t

spесiеs ехhibit сhanсе v

dеlеtеrious. Bеarеrs tlf s

thus thеy rеproduсе anr

ovеr timе, thе suссеssfu

gumеnt thаt сhаnсе vaI

struсturе as сomplеx as

o f  Da rw in i an  еvo lu t i on .

t1s19]) art iсu latеd th is

world that was a геsult



:Iеy Wеrе at thе forе of thе pro-

. A wееkly puЬliсation' Сham.

;, of whiсh RoЬеrt and \William

tеd many small piесеs, was vеry

r his pеn. Hе wrotе Ьooks and

l th  аn  еyе  to  sa l е s )  i n fo rmat i vе '

guidеs to walks around Еdin-

dеrs and othеr i l l dееds had oс-

r family fасеd with thе nееd to

Sundaу. As wеrе many othеr

еrs Was also vеry intеrеstеd in

840s, this lеd him to writе what

s of thе era, Vestigеs of thе Nаt-

l ith a sеquеl tit|ed Ехplапаtioпs

'е a Ьook on phrеnоlogy (thе sсi-

dosсiеntifiс topiс of thе day, Ьut

olution. (Sее Figurе 3 in thе main

t' ' Ьy Мiсhaеl Rusе for dеtails of

:volutionaгy proсеss.) Givеn thе

'tеndеd as a сall to athеism, Ьut

world. (Although СhamЬеrs was

ays a Ьеliеvеr in a dеistiс way.) In

.s Ьook was a hymn of praisе to

эсial world, so also do wе havе it

гovеmеnt in thе Ьiologiсal world,

sition' Сhambеrs wеnt to grеat

it was not rеvеalеd offiсially until

,,еll that hе hid his namе' Ьесausе

thе sсiеntifiс сommunity Wеге еx-

rst thеn fоrmulating his еvolution-

ivitiеs. Howеvеr' thеrе Wеrе many

st notaЬly poеt Alfrеd Lord Tеn-
..In Mеmoriam,'' a triЬutе to thе

Dеprеssеd Ьy what hе saw as thе

ism_no сhangе, no progrеss-hе

lges, with its support of progrеss.

{allam was a supеrior Ьеing Ьorn

on Vеstiges for dеtails. )
l l  known in thе mid-Viсtor iаn ега

t the origiп of Speciеs. By thе timе

lp lе wеrе ехhaustеd from arguing.

.r' and a morе Ьalanсеd ассоunt of

mаny.

Сhапсе апd L,uoltttioп 475

B I B L I O G R A P H Y

СhamЬеrs, R. l 844' Vеstigеs rlf the Nаturаl Historу сlf Сrеаtioп. London: Сhurсhill.
1845. Ехplапаtiсlпs: А Sequеl tсl .,Vеstigеs сlf Сrеаtkltt.'' London: Сhurсhill.

Darwin, с. 1859. Оп thе origin of Speсies. Lоndon: John Murray.
Rusе, М. 1'996. Мoпаd to Мап: Тhе Сoпсеpt of Prсlgrеss iп Еuolutioпаrу Biologу.

СamЬridgе, МA: Hаrvard Univеrsity Prеss.
Sесord'.I. A. 2000. Viсtсlriап Seпsаtiсln: Тhе Ехtrаordiпаrу Publiсаtioп, Rсссptitlп,

апd Sесrеt Authorshi1l сlf ,,Vеstigеs сlf thе NаtиrаI Historу of Сrеаtioп.''
Сhiсago: Univеrsity of Сhiсаgo Prеss.

Tеnnyson' A. 1850. In Меmoriаm. In R. H. Ross, еd., lп Меmсlr iаm: Ап
Аиthoritаtiuе Техt Bасkяrс-luпds апd Soиrсеs Сritiсism,3_90. Nеw York:
Nortоn. -М.R.

Сhanсе and еvolution

Thе сonсеpt of сhanсе is аssoсiatеd with еvolutiоnary thеory in sеvеral ways.
Thеsе assoсiations rangе from Ьеing оf historiсаl and philosophiсal impor-
tаnсе to playing a сеntral rolе within tесhniсal dеЬatеs in еvolutionary and
molесulаr Ьiology. Thrее gеnеra1 domains whеrе сhanсе is еmployеd in еvo-
lutionary thеory arе disсussеd: Сharlеs Darwin's usе of сhanсе (for еxamplе,
Darwin 1859, 131), сhаnсе and miсroеvolution (random drift)' and сhanсе
and maсroеvolution. Within еaсh саmp sеvеrаl finе-grainеd distinсtions arе
disсussеd. Howеvеr, trеatmеnt of thе morс tесhniсal aspесts of random drift
arе Ьеyond thе sсopе of this еntry.

It is important to notе that Ьiologists gеnеrally do not usе сhanсе in a
dееp, mеtaphysiсal sеnsе, suсh as mеaning ..Llnсаusеd.' ' Thе unсausеd sеnsе
of сhanсе is most oftеn raisеd in philosophiсal disсussions of indеtеrminism,
suсh as in quantum mесhaniсs. For ехamplе, thе randоm rеsult of fl ipping a
fair сoin is prеdiсtеd stoсhastiсally, Ьut it is dеtеrminеd Ьy physiсal laws.
Thе rеsult has a сausal story' so thе undеrlying proсеssеs thаt dеtеrminе a
сoin fl ip aге not random, or stoсhastiс, in a dееp sеnsе. Likеwisе in Ьiology,
disсussions of сhanсе rarеly еntail thе indеtеrminaсy of thе urrdеrlying
mесhаnisms.

Natural sеlесtion is thе privilеgеd mесhanism of сhangе in Darwinian еvo-
lution. It Was' in part' Darwin's usе of сhanсе that distinguishеd his thеory
from rival thеoriеs and worldviеws. Darwin dеsсriЬеd a natural proсеss' rе-
lying on сhanсе mutations and natura1 sеlесtion, whiсh сould aссount for thе
adaptivе сomplехity of thе Ьiologiсal world. In this proсеss' individuals of a
spесiеs еxhiЬit сhanсе variations, somе of whiсh arе Ьеnеfiсial and othеrs
dеlеtеrious. Bеarеrs of suссеssful traits arе moге fit thаn thеir сompеtitors,
thus thеy rеproduсе аnd pass on thеir gеnеs to offspring at a highеr ratе.
ovеr timе, thе suссеssful traits sprеad to аll mеmЬers of thе spесiеs. Thе ar-
gumеnt that сhаnсе variations сould offеr thе raw matеrial for еvolving a
struсturе as сomplех аs a vеrtеЬratе еyе sееmеd untеnaЬlе to the opponеnts
of Darwinian еvоlution. Thе famous Еnglish apologist Will iam Pаlеy (1802

[1819]) аrtiсulatеd this point of viеw whеn hе drеw thе сontrast Ьеtwееn a
world that wаs a result of сhanсе and natural proсеssеs or thе rеsult of a
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dеsignеr. To Pаlеy, thе сhoiсе was oЬvious; thе intriсatе сomplехity of fеa-
turеs suсh as thе еyе was inсompatiЬlе with anything Ьut a dеsignеr, a thеsis
сommonly rеfеrrеd to as thе Argumеnt from Dеsign.

Darwin's usе of сhanсе variations distinguishеd his idеas not оnly frоm
thosе of сrеationists Ьut also from othеr advoсatеs of сompеting thеoriеs of
еvolution, partiсularlyJеаn-Baptistе Lаmarсk (1809). Aссоrding to Lamarсk,
mutations arе dirесtеd toward an organism's nееds; thеy arisе with rеspесt tо
thе usе and disusе of an organism's parts. For еxamplе, giraffе nесks аrе еlon-
gatеd Ьесausе giraffеs strеtсhеd thеm to rеaсh trееtop foliagе. opposing this
modеl, Darwinian еvolution сlаims that mutations arе undirесtеd, сhanсе
еvеnts; mutations for long-nесkеd giraffеs wеrе just as l ikеly as mutations for
short-nесkеd giraffеs. Howеvеr, onсе nесk-lеngth mutations oссurrеd, thе
long-nесkеd giraffеs had a highеr fitnеss valuе, thus sprеading thеir long-nесk
gеnеs throughout thе population. Thе сritiсal point in Darwin's argumеnt is
that although mutations arisе Ьy сhanсе, it is not Ьy сhanсе that somе indi-
viduals survivе and rеproduсе whilе othеrs pегish. Natural sеlесtion distin-
guishes Ьеtwееn Ьеnеfiсia1 аnd dеlеtеrious mutations.

Есhoеs of thеsе argumеnts еmеrgе in modеrn сritiсisms of Darwinian еvo-
lution that arе foсusеd on thе sееming аЬsurdity thаt сhanсе variations
сould еvеr produсе intriсatе struсturеs or wеll-ordеrеd Ьioсhеmiсal pro.
сеssеs. Thеsе argumеnts arе Ьasеd on mistakеn idеas of thе rolе of сhanсе
that есho thе argumеnts in Darwin,s timе. Fiгst, сhanсе variations produсе
raw matеrial that is moldеd by natuгal sеlесtion; without natural sеlесtion
to sеt thе dirесtion and spееd of сhangе, сhаnсе variations сould not aссu-
mulatе with еnough spееd to produсе muсh mеаningful сhangе in any struс-
tuге or proсеss. Sесond, сhanсе aсtually has a spесifiс mеaning with rеspесt
to Darwin's сhanсе variations аnd thе gеnеtiс mutations thаt сausе thеm.
FIеrе, сhanсе mеans that spесifiс mutations oссur at random with rеspесt to
thе еnvironmеnt so that, unlikе thе l,amarсkian argumеnt' mutations arе
not dirесtеd Ьy еnvironmеntal fеaturеs or thе likеlihood that thеy will provе
usеful. Somе spесifiс mutations arе indееd morе likеly thаn othеrs-for еx-
amplе, somе mousе сoat сolor mutations arе morе likеly to arisе than
othеrs-Ьut thеir potеntial usеfulnеss has no Ьеaring on thеir l ikеlihood of
appеaring.

\Whеn сontеmporary Ьiologists raisе thе notion of сhanсе thеy likеly arе rе-
fеrring to rаndom drift. Random drift rеfеrs to thе сhangе in gеnеtiс сompo-
sition that oссurs in a population from onе gеnеration to thе nеxt Ьесausе of
thе random sаmpling of gеnеs that oссurs in a finitе population. A familiar
ехamplе of random gеnеtiс sampling is thе sех ratio within a family; in thе-
ory, half of thе сhildгеn in a family should Ье Ьoys and half girls, Ьut it is not
unсommon for a fаmily of four сhildrеn to сonsist of thrее Ьoys and onе girl
Ьесausе of thе random draw of thе sех сhromosomеs. Thе сlassiс i l lustration
of random dr i f t  was g ivеn Ьy Theс ldos ius DoЬzhansky (19з7,129) '  whеrе hе
dеsсriЬеd a sсеnario of Ьlindly drawing Ьalls fгom an urn. Thе Ьalls wеrе сol.
orеd diffегеntly, Ьut othеrwisе indistinguishaЬlе. If onе Ьlindly draws Ьalls
from an urn and plaсеs thеm in а sесond urn, it is l ikеly that thе samplе
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population of Ьalls diffеrs in frеquеrrсy' witЬ геgard to сolor, from the origi-
nal populаtion-Ьy сhanсе аlonе. In short, rarrdоm drift dеsсгiЬеs a sсеnario
whеrе thе gеnotypе frеquеnсy of a population сhangеs in thе :rЬsеnсе of sе-
lесtivе prеssurеs.

Тhеrе аге two gеnеrаl kinds of random drift: Ьiаsеd sаmpling as а rеsult of
a сatastrophе or Othеr norrsеlесtivе Ьiasing, and gеnеtiс drift. А сatastrophе'
suсh as а forеst firе' may kil l a largе portion of a population, Ьut in most
сasеs it doеs so indisсriminatеl1, rvith rеspесt to аny pаrtiсular гrаit in thе or-
ganisms. Thе sпrаll numЬег of survivors thаt arе lеft to produсе thе nехt
gеnеration may havе a diffеrеnt gеnеtiс сomposition than thе original popu.
lаtion. A sinrilar foгm of drift, thar is, аn аЬrupt сhаngе in gеnotypе frеquеn-
сiеs, сan oссur whеn a srnall gror.rp of organisms migratе from thе main
population and start a nеw onе' suсh as oссurs whеn an island is сolonizеd.
Thе migгаting group may only tаkе :r fraсtion of thе original gеnеtiс variaЬil-
i ty  with rhеm. T l rе uniquе gеnег iс  sггuсturе of  thе f i lunding popuIat ion сan
сrеatе a nеw popr"rlation that is гесognizaЬly distinсt fгom its oгiginal' main-
land progеnitors! еvеn though natuгal sеlесtioп mаy Ьavе playеd a minimal
rolе. Tlris proсеss has Ьееn сallеd thе foundеr еffесt, and argllmеnts for its
importаnсе arе l inkеd to thе influеnсе of Еrnst Mayr (1954)'

A sесond form of randorn drift oссurs grаdually, froпr onе gеnегаtion to
thе nехt, in all l imitеd populations through indisсrinrinatе gamеtе sampling
akin to DoЬzhanky's analogy of thе Ьalls in tlrе urn. Gеnotypе аnd allеlе frе-
quеnсiеs сhangе gгadually aсross Е]еnеrations' irnd, givеn еnough timе, onе
allеlе Ьесomеs tlrе only gеnе in thе populatiсln (that is, it is fiхеd). Fiхation
oссurs Ьесausе thе dirесtion of гandom gеnеtiс drift is dеtеrminеd Ьy thе al-
lеlе fгеquеnсiеs. Tvpiсally' a сommon аllеlе is l ikеlv to Ьесomе morе сom-
mon' and an unсommon onе is l ikеly to Ьесomе rarе. Еvеntually onе аllеlе
Ьесomеs ехtrеmеly сommon and thеn Aхеd. Thе сhanсе еlеmеnt rеmains Ье.
сausе allеlеs maу Ье еqually сommon' thus rrr:rking it impossiЬlе to prеdiсt
whiсh onе will еvеntually bесomе fiхеd.

Sеwall Wright, who along with J. B. S. Нaldanе and R. A. F.ishеr was rе-
sponsiЬlе for fusing Mеndеlian gеnеtiсs with Darwiniar-r еvolution' was thе
first to еmphasizе thе rolе that random drift plays in еvolution. Wright ar-
guеd that thеrе wоuld оftеrr Ье diffеrеnt сomЬinations оf gеnеs that would Ье
аdvantagеous for thеir сaгriеrs and that random drift would influеnсе whiсh
of thеsе сomЬirrаtions would еmеrgе and sprеad through a spесiеs (Ii7right's
..shifting Ьalanсе'' thеory of еvolution). Howеvеr' throughout his long сa-
rееr, 

.!7right 
would vaсil latе on thе importanсе of rаndom drift and in thе

1940s through tlrе 1960s hе dеlеgаtеd random drift to а minоr forсе in еvo-
lut ion (Prov inе 1986).

Thе most influеntial appliсation of gеnеtiс drift-and thе nrost sophisti-
саtеd аrgumеnt foг thе rolе of сh:rrrсе in еvоlution-is thе so-сallеd nеutral
thеory of еvolutiсln. As prоtеins and thе DNA sеquеnсеs that сodеd for thеm
wеrе disсovеrеd and ехplorеd, Ьiologists wеrе finding nrany variants of а sin-
glе prсltеin that sееmеd to hаvе еquivalеnt funсtionirrg. In somе сasеs' thеrе
Wеrе two or morе variants in :r singlе pоpulation and, in othеrs' diffеrеnt
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spесiеs wеrе fixеd for diffеrеnt vаriants. Мotoo Kimura rесognizеd that thеsе
oЬsеrvations wеrе faсеts of a singlе proЬlеm unitеd Ьy thе сonсеpt of gеnеtiс
drift. Hе еxtеndеd 

.$Иright's 
original mathеmatiсal work on modеling of gеnе-

tiс drift to show how thеsе pattеrns would еmеrgе (Kimura 1983). This work
lеd, in turn' to using DNA sеquеnсеs as ..molесular сloсks'' and to a rеvolu-
tion in undеrstanding how spесiеs, gеnеra' familiеs, and еvеn еntirе phylа arе
rе latеd (K imura 1983).

From a maсroеvolutionary pеrspесtivе' somе Ьiologists arguе that еvеnts
suсh as ехtinсtions, spесiеs divеrsifiсation' radiations, and inсrеasing сom-
plеxity сan Ьеst Ье еxplainеd stoсhastiсally, without rеfеrеnсе to a partiсular
саusal story. This is not to say that thеrе arе no undеrlying сausеs to
maсroеvolutionary еvеnts, Ьut that stoсhastiс mеthods sееm to сapturе thеsе
еvеnts Ьеttеr than dеtеrministiс mеthсlds (Millstеin 2000). For ехamplе, is
thе inсrеasing соmplеxity of thе organiс world duе to passivе or aсtivе
trеnds, that is, Ьy сhanсе or dirесtеd еvolution? Although it is diffiсult to pro-
vidе nесеssary and suffiсiеnt сonditions for Ьiologiсal сomplеxity, it is gеnеr-
ally agrееd that l ifе originatеd as simplе organisms and grаdually Ьесamе
muсh morе сomplех. Bесausе lifе Ьеgan nеar thе minimum Ьoundary o{
сomplеxity, rаndom variation alonе would produсе morе сomplеХ organ-
isms; this would Ье a passivе trеnd. An aсtivе trеnd would Ье ехеmplifiеd Ьy
dеvеlopmеntal routinеs or phеnotypiс novеltiеs that drivе еvolution toward
inсrеаsing сomplехity, Ьеyond that of сhanсe (Сarroll 2001).

A final sеnsе of сhanсе in еvolutionary thеory is that arriving at any paгtiс-
ular еnd point in еvolutionary spaсе is a сhanсе еvеnt. For еxamplе, Stеphеn
Gould (1,989) fаmously сlaimеd that humans arе an improbablе еnd point on
thе еvolutionary trее; many unrеlatеd (сhanсе) еvеnts сulminatеd in thе ехis-
tеnсе of humans. Gould did not imply that thеrе arе not sеlесtivе rеasons
(аmong othеrs) еxplaining thе еvolutitln of humans. Rathеr, hе arguеd thаt
humans arе a rеsult of a vast numbеr of improЬaЬlе еvеnts. This is thе sеnsе
of сhanсе, attriЬutеd to Aristotlе, whеrе indеpеndеnt сausal сhains сomЬinе
to produсе an unintеndеd еffесt. A сar aссidеnt, for ехamplе' is аn instanсе
of sеparаtе сausal сhains сomЬining and produсing an unintеndеd rеsult.
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Сharlеsworth, Brian (b. 1945)

Brian Charlеswoгth is onе of thе fЪrеrnost populаtion gеnеtiсisrs of thе iast
50 yеars. Hе is krrown primarily for his thеoгеtiсal work, although his ехpеr-
imеntal Work has Ьееn suЬstantial. Сharlеsworth's work hаs Ьееn influential
for sеvеral rеasons: а wil l ingnеss to takе on diffiсult proЬlеms' an appreсia-
tion of thе сonnесtion Ьеtwееn tlrеory аnd data, сlеvеr usе of mathеmatiсal
and numеriсal аpproaсhеs, honеst assеssmеnts of thе shoгtсomings of thе
work of othеrs, aпd an unusually Ьroad knowlеdgе of thе sсiеntifiс litеraturе.

Brian Сharlеsworth (B.С.) was born in Еngland in 1945 and oЬtainеd his
BA in Naturаl Sсiеnсеs from Quееn's Сollеgе, СamЬridgе, with first сlass
honors tл |966. Hе mеt his futurе wifе, DеЬorah Malrby (ь. |94З, now DеЬ-
orah Сhаrlеsworth' hеrеaftеr D.с.), in his first уеar at СamЬridgе. Upon
graduation, bсlth СharlеswoгtЬs Wеnt on to PhD studiеs at СamЬridgе, B.C.
studying undеr J. NI. Thoday.

Upоn rесеiving his dеgrее in |969, B.С. took a postdoсtoral fеllowship
with Riсhard Lеwontin at thе Univеrsity of Chiсаgo. At Сhiсago, B.С. shаrеd
an offiсе with Tеd Giеsеl, wЬo was simulating еvolution in agе-struсturеd
populations. B.C. realizеd thаt hе сould oЬtain analytiсal rеsults on thе proЬ-
lеm; this еffort produсеd a suЬstantial Ьody of work that showеd how to dе-
finе fitnеss and dеsсriЬе tlrе rеlationship Ьеtwееn gеnеtiс аnd dеmographiс
сhangеs. His Ьook' Еuolutiсllt iп Аgе-Strисtured Populаtioпs (1980, |994),
rеmains thе primаry sourсе on thе subjесt.

|п 1971B.С. wils hirеd аs a lесturеr at thе Univеrsity of Livеrpool and ini-
tiatеd ехpеrimеntal work on thе еvoiution of rесornЬination ratеs. Disсtls-
sions with D.С. lеd thеm tо study modifiеr thеory' whiсh сonсеrns gеnеtiс
сhangеs that affесt thе еvolutionary forсеs aсting on othеr loсi, suсh as mod-
ifiегs of rесomЬination, dominanсе' mating systеms, and nrutation rаtеs' Thе
immеdiаtе rеsll lt was a сollaЬorativе sеriеs of papеrs on Batеsian mimiсry
thаt launсhеd D.С.'s сarееr irr еvolutionarу biology.

Thе Сharlеswсlrths movеd to sussеx in |974, thanks to еfforts Ьy John
Мaynard Smith (B.С.'s РhD ехaminеr). A saЬЬatiсal yеar in Сhuсk Langlеy's
laЬ аt thе Nationirl Institutе of Еnvironmеntal Hеalth Sсiеnсеs in North Сar-
olina Ьеgan B.С.'s work on tri1nsposaЬlе еlеmеnts. Tliе Сharlеsworths' daugh-
tеr, Janе, Was born in 1981.

Aftеr attеnding a symposium at Сhiсago,s Fiеld Musеum on altеrnativеs to
nеo-Darwinism irr 1980, B.С. сoauthorеd a papеr with Monty Slatkin and
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Russ Landе that sharply сritiquеd сhallеngеs to nеo.Darwinism. Thеsе сhal-

lеngеs prinсipally stеmmеd from Stеphеn J. Gould's ехtеnsions of Nilеs Еl-

drеdgе and Gould's сonсеpt o{ punсtuatеd еquil iЬriunr. TЬis papеr hеlpеd

сatapult B.C. from a rеspесtеd ехpеrt on mathеmatiсal thеоry to a lеadеr in

thе f iе ld of  еvo|ut ion.  B.C.  hаs s inсе tаkеn many oг}portuni t iеs to сr i t iс izе

idеas outsidе orthodoх nеo-Darwinism' frоrn GaЬriеl Dovеr's suggеstion thаt

transposaЬlе еlеmеnts might play a сausal rolе in еvolution to rесеnt at-

tеmpts to еrесt a sсiеnсе of Intеll igеnt Dеsign.

Thе Chaгlеsworths movеd to thе Univегsity of Chiсago in 198.5, whеrе

B.C. was dеpartmеnt сhair fгom 1986 to \997' The Сharlеsworths' transi-

tion to thе study of molесular еvolution Was сеmеntеd Ьy thеir 1993 disсov-

еry, with Мartin Morgan' that dеlеtеrious mutations rеduсе thе аn.rоunt of

variation in parts of thе gеnomе with low rесоmЬination. This providеd a

novеl ехplanation foг a wеll-еstaЬlishеd pattеrn that was thеn asсriЬеd to thе

hitсhhiking еffесts of Ьеnеfiсial mutations.

|п t991, B.C. was namеd a Fеllow of thе Royal Soсiеty, whiсh faсil itatеd a

rеturn to thе Unitеd Kingdom via a Royal Soсiеtу Rеsеarсh profеssorship.

B.С. сontinuеs to work primarily in mоlесulаr еvolution and thе еvolLltion of

sех сhromosomеs.
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Сharlеswоrth' DеЬorah (b. L94з\

DеЬorah Сharlеsworth (nее МaltЬy) is a pionееr in the study сlf Ьrееding sys.

tеms and gеnomе еvolution. сonсеntrating on how еr'o|uriort molds sесtions

of thе gеnomе to allow thе gеnеs for сomplеx traits to Ье сo.inhеritеd so that

thе traits fцnсtion propеrly without thе disruption that rесоmЬination and

sеxual rеpгoduсtion might othеrwisе produсе.

DеЬorah Charlеsworth (D.с.) oЬtаinеd hеr undеrgraduatе dеgrее from

Сambridgе Univеrsity, whеrе shе mеt hеr husЬand, Brian Сharlеsworth

(B.с.). Aftеr taking hеr doсtoral dеgrее in Ьioсhеmiсal gеnеtiсs, D.С. wаs

not aЬlе to oЬtain a position in sсiеnсе and workеd аs B.С.'s unpaid assis.
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of Livегpool, D.с. Was еnсouragеd to work on thе еvolution of Batеsian

mimiсry Ьy thеir сollеaguе Phil ip Shеppard. onе of tlrе unsolvеd proЬlеms

in Batеsian mimiсry was how thе sеvеral gеnеs сontroll ing thе mimеtiс pat-

tеrn сor'rld Ье Ьrought tоgеthеr to Ье inhегitеd as a unit; disсussions with

B.С. lеd to a сollaЬorativе sеriеs of papеrs on this proЬlеm that launсhеd

D.С.'s саrееr in еvolutionary Ьiology (bеginning with Сharlеsworth and

Сlrar lеswоrth 1975).
Undегstanding thе сo-inhеritanсе of gеnеs has a сonvеrsе, whiсh is un-

dеrstanding how еvolution Ьrеaks up a сo'inhеritеd group. D.С. and B.C.

attaсkеd Ьoth fасеts in sеvеrаl pаpеrs' ехpanding to a morе gеnеral undеr-

standing of how gеnеs at onе sеt of loсi affесt thе еvolution of gеnеs at

othеr loсi. This work would еvеntually point toward thеir Ьroadеr work on

gеnomе еvolution.
D.С. pursuеd thе study of сo-inlrеritanсе to somе of thе plant world's

most striking proЬlеms, thе еvolution of molесular and morphologiсal poly-

morphisms that forсеd plants to outсross and not inЬrееd (Сharlеsworth

and Сh:rrlеswort|1 I979a, 1979Ь|. This work lеd naturally to studiеs of thе

Ьrееding systеm itsеlf and how thе еvolution of Ьrееding systеms sеrvеs

as a powеrful forсе guiding thе еvolution of gеnomе struсturе as a wholе

(Chaг lеswоrth 2006).
D.С.'s aсhiеvеmеnts and rеputation lеd to faсulty positions at thе Univеr-

sity of Сhiсago (1988-1997\ and thе Univеrsity of ЕdinЬurgh (1997-prеsеnt)

as wеll as a sеriеs of honors and rесognitiotls, inсluding hеr еlесtion as a Fеl-

low of thе Royal Soсiеty (2005) and prеsidеnt of thе Soсiеty for Мolесular

Biology аnd Еvоlution (2О07). Shе сontinuеs to study Ьrееding systems and

gеnoпе еvolution, partiсularlу thе еvolution of sеx сhromosomеs in plants,

and еnсouragеs studеnts to Ьеliеvе thеy сan aссomplish whatеvеr thеy sеt

thеir minds to aссomplish (Сharlеsworth 2007).
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Сhеtvеrikoъ sеrgеi Sеrgееviсh ( 1880_1959)

Sеrgеi SеrgееviсIr Сhеtvеrikov (sonrеtimеs spеllеd Tsсhеtwеrikoff) was a Rus-

sian еntomologist, an еХpеrt on Ьuttеrfl iеs' and a pionееr of population gе-

nеtiсs. Born into а wеll-еduсatеd, profеssional family' Сhеtvеrikov еntеrеd

thе Urrivеrsity of Мosсow in 1900, graduating six yеars latеr. Hе сontinuеd
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at thе univеrsity as а rеsеаrсh fеllow, rесеiving an advаnсеd dеgrее in |909.
Aftеrwards, hе taught еntomology at thе Highеr Sсhool for 

.W.omеn 
in

l\4osсow from 1909 to 1919 . In 7921,, Chеtvеrikov aссеptеd a rеsеarсh posi-
tion at thе Institцtе for Ехpеrimеntal Biology in Anikovo, nеar Мosсow. This
was run Ьy N. K. Kol'tsov. At thе institutе' Сhеtvеrikov сontinuеd his natu.
ralist сollесting, еspесially Ьuttеrfl iеs and moths. Hе also undеrtook ехpеri-
mеntal and thеorеtiсal rеsеагсh into thе diversity сlf lrrutations in natural
populations. At thе samе ti lтlе, hе tаught Ьoth gеr-rеtiсs aгld Ьiomеtriсs.
Chеtvеrikov wаs rесruitеd Ьy Kol'tsov for his krrowlеdgе of fl iеs. Thеsе ani-
mals wеrе rapidly Ьесoming thе standard organism in gеnеtiсs rеsеarсh.
Сhеtvеrikov playеd a kеy rolе in еstaЬlishing a Drosophilа resеarch group at
Kol'tsov,s Institutе wlrеn fly stoсks from Thomas Hunt Мorgan's famous laЬ-
oratory first arrivеd tn |922,

Сhеtvеrikov's rеsеarсh сarееr еffесtivеly еndеd in 1929, at its hеight. Не
was arrestеd, proЬaЬly for suspiсious orgаnizing асtivity' and Ьanishеd
from Мosсow. Hе was hеlpеd nеithеr Ьy a history of aгrеsts for antigovеrn-
mеnt disturЬanсеs whilе a studеnt nor Ьy сlosе affi l iаtions with thе Мorgan
sсhool of сhromosomal gеnеtiсs and Меndеlian gеnеtiсs. Josеph Stalin's iso-
lationist poliсiеs purgеd 

.Wеstеrn 
influеnсеs from Soviеt sсiеnсе and сulturе.

In gеnеtiсs, this purgе aссompaniеd thе risе of Trofirn Lysеnko and a thеory
of inhеritanсе that еnrphasizеd dialесtiсs Ьеtwееn оrganism and еnviron-
mеnt and thе inhеritаnсе of aсquirеd сharaсtеristiсs. Chеtvеrikov was onе of
hundrеds of ехpеrimеntal gеnеtiсists еithеr saсkеd, imprisonеd, ехilеd, or
murdеrеd.

In ехilе, Сhеtverikov movеd to Svеrdlovsk, working in a zoo unt1l 1932'
He thеn movеd to Vladimir to tеaсh mathеmatiсs in a junior сollеgе. In 1935
hе Ьесamе a profеssor of gеnеtiсs at thе Univеrsity of Gorky. Нis aсtivitiеs in
Gorky arе not wеll known as hе dеliЬеratеly kеpt a low pгofilе undеr thе
watсh of suspiсious authoгitiеs. Не did undеrtakе somе sпrall-sсalе rеsеаrсh
into natural sеlесtion using silkworms. In |948, at thе agе of 68, his positiorr
was offiсially tеrminatеd in anothеr Lysеnko-inspirеd purgе of gеnеtiсists
linkеd with 

.Wеstеrn 
idеas. Сhеtvеrikov rеmainеd mеntally aсtivе until his

dеath, although in his final yеаrs hе was hampеrеd Ьy povеrty and poоr
hеalth. His Ьrothеr Niсholas сarеd for him until his dеath аt thе agе of 78.

As an еvolutionary and population gеnеtiсist, Сhеtvеrikov arguеd that nat-
ural populations maintainеd a large rеsеrvе of rесеssivе gеnеtiс mutations'
soaking thеm up likе a spongе. In an еvolutionary сontехt' thеsе providеd
raw matеrial for nеw variеty. Thеy fuеlеd miсroеvolution. As an ехpеrimеn-
talist' Сhеtvеrikov usеd inЬrееding tесhniquеs to rеvеаl thе ехtеnt of divеrsity
in rесеssivе mutations. Нis idеas сhallеngеd traditional viеws that mutatiorrs
simply wеrе laboratory artеfaсts' Ьrokеn forms оf thе normal gеnеtiс infor-
mation. Instеad, populations сould Ье сonsidеrеd as pools in whiсh many al-
lеlеs swam. Thе frеquеnсy of еaсh allеlе shiftеd aссording to dеmographiс
сhangеs, suсh as migration, and through natural sеlесtion. Along thе samе
linеs, whеn hе wаs studying wild populations in thеir natural haЬitats,
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Сhеtvеrikov еmphasizеd thе importanсе of variation within polymorphiс

spесlеs.
Сhеtvеrikov is Ьеst rеmеmЬеrеd as thе authot of a |926 thеorеtiсal papеr'

translatеd in 1961 as ..on Сеrtain Aspесts of thе Еvolutionary Proсеss from

thе Standpoint of Мodеrn Gеnеtiсs.'' This is a сlassiс prеsеntation of funda-

mеntal сonсеpts in population gеnеtiсs' and it еarnеd him rесognition as thе

forgottеn fourth сontriЬutor tо a trio of mathеmatiсal population gеnеtiсists
(Ronald Fishеr' J. B. s. Haldanе' and Sеwall Wright) rеsponsiЬlе in thе 1920s

for сomЬining Меndеlism and Darwinian natural sеlесtion into a nеo-

Darwinian synthеsis. In his papеr, Сhеtvеrikov arguеd that (1) mutation is thе

sourсе of variation in еvolution; (2) inhеritanсе follows a partiсulatе (i.е.'

Меndеlian) pattеrn rathеr than Ьlеnding or dialесtiсs; (З) gеnеs should Ье un-

dеrstood as a sеriеs of variant allеlеs, and thе frеquеnсy of thosе allеlеs is kеy in

dеtеrmining thе ratе and dirесtion of еvolutionary сhangе; and (4) gеographiс

isolation сan havе an important impaсt on thе еvolution of populations.

Thе fatе of Сhеtvеrikov's writing is a good ехamplе of сommuniсation

barriеrs in sсiеnсе. Fеw rеad his papеr whеn it first appеarеd Ьесausе thе
journal itsеlf was poorly distriЬutеd outsidе Мosсow. Мorеovеr, еxсеpt for a

short summary in Еrrglish puЬlishеd in tandеm' thosе unaЬlе to rеad Russian

had to wait for Gеrman, Frеnсh' or Еnglish translations. Privatе translations,

howеvеr' сirсulatеd in sеvеral rеsеarсh сеntеrs outsidе thе Soviеt Union (е.g.,

J. B. s. Нaldanе in London). Sеleсtеd passagеs' translatеd Ьy Thеodosius

DoЬzhansky' first appеarеd in print only in 1959, ̂  full Еnglish translation

did not appеar until 1961. During his forсеd rеtirеmеnt' Сhеtvеrikov rеvisеd

his famous pаpеr' diсtating сorrесtions аnd сommеntary dеspite fail ing

hеalth; it was nеvеr puЬlishеd.
Сhеtvеrikov's widеst influеnсе сamе through his tеaсhing and his studеnts,

somе of whom еmigratеd to thе 
.Wеst' 

inсluding N. P. DuЬinin, N. V. Timo-

f6еff-Rеssovsky, B. L. Astaurov, D. D. Romashov, and S. M. Gеrshеnson.

Thеodosius DoЬzhansky сrеdits Сhеtvеrikov with introduсing him to Dro.

sophilа gеnеtiсs.
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Сlausеn, Jеns ( 1 891 _1969)

Jеns Сlausеn is rеgardеd as onе of thе pionееrs in thе есologiсal and еvolu-

tionary gеnеtiсs of plants as wеll as onе of thе forеmost Сalifornia botanists
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of thе twеntiеth сеntury. Hе is еspесially known for his synthеtiс and intеr-
disсiplinaгy attеmpts to undеrstand thе totality of proсеssеs involvеd in thе
origin of plant spесiеs at a сruсial timе in thе history of еvolutionary Ьiology.

Jеnsеn was Ьorn in Еskilstrup, Dеnmark, thе son of farmеrs and housе
Ьuildеrs. His formal sсhooling took plaсе Ьеtwееn thе agеs of 8 and 14,ter-
minating whеn hе had to takе on thе rеsponsiЬil ity of managing thе family
farm. Hе dеvеlopеd an intеrеst in gеnеtiсs and for aЬout еight yеars еduсatеd
himsеlf in thе Ьasiс sсiеnсеs with thе aid of a sсhooltеасhеr' Не Ьеgan to takе
an aсtivе intеrеst in thе nеw sсiеnсе of gеnеtiсs, studying Mеndеlian gеnеtiсs
along with Darwinian еvolutionary thеory. In 1913 hе еntеrеd thе Univеrsity
of Сopеnhagеn to study Ьotany, gеnеtiсs, and есology, сoming in сonraсt
with somе of thе shining lights in Sсandinaviаn sсiеnсе that inсludеd
Сhrеstеn Raunkiеr (his major profеssor in Ьotany), P. Boysеn Jеnsеn, Wil-
hеlm Johannsеn, and August Kгogh. At onе point hе еvеn studiеd physiсs
with Niеls Bohr. His еarly rеsеarсh on gеnеtiсs and есology in thе Violaсеaе
(thе pansy family) lеd to a morе dеtailеd undеrstanding of hyЬridization in
plants and thе phеnomеnon known as introgrеssion, whеrеЬy a smallеr num-
Ьеr of gеnеs аrе introduсеd through thе mесhaniсs оf hyЬridization. His РhD
dissеrtation on thе Violaсеaе' puЬlishеd in \926, was onе оf thе first mono-
graphs to сomЬinе systеmatiсs' есology, and gеnеtiсs in any plant group. Не
was suЬsеquеntly appointеd assistant profеssor to notеd gеnеtiсist Иjviпd
.Wingе 

at the Royal Agriсultural Сollеgе in Сopеnhagеn, Ьut his rеal Ьrеak
сamе with thе granting of a Roсkеfеllеr fеllowship in 1927_1928 that took
him to thе Univеrsity of Сaliforniа to work with Е. B. BaЬсoсk on thе gеnе-
tiсs of thе gеnus Сrеpis. Whilе thеrе, hе mеt with Harvеy Мonroe Hаll' a dis-
tinguishеd Сalifornia Ьotanist, who latеr invitеd him to partiсipatе in thе
nеw intеrdisсiplinary projесt hе was organizing with thе Сarnеgiе Institution
of 

.W.ashington 
to undеrstаnd morе prесisеly thе mеans Ьy whiсh nеw plant

spесiеs originatеd undеr natural сonditions using nativе Сalifornia flora.
(Hall had еarliеr сollaЬoratеd with есоlogist Frеdеriс Сlеmеnts on suсh a
projесt.) Aссеpting thе offеr' Сlausеn arrivеd in Сalifornia in 19З1, but in-
stantly found himsеlf thе lеadеr of thе nеw tеam that Hall had assеmЬlеd
whеn Hall diеd unеxpесtеdly.

Thе nеw intеrdisсiplinary tеam at thе Сarnеgiе Institution of !Иashington
that was assеmЬlеd at Stanford Univеrsity inсludеd taхonomist David Kесk
and physiologist \Х/il l iam Hiеsey. Until thе mid-1950s thе tеam of Сlausеn,
Kесk, and Нiеsеy (as thеy сamе to Ье known) dеsignеd a sеriеs of сlassiсal ех-
pеrimеnts to dеrivе gеnеral prinсiplеs for undеrstanding plant еvolution un-
dеr сontrollеd, Ьut natural сonditions. Adapting somе of thе сеlеЬratеd
mеthods of ninеtееnth.сеntury Еurоpеan workеrs suсh as Gаston Bonniеr,
and еarly-twеntiеth-сеntury workеrs suсh as Gd,tе Turеsson, who sought to
undеrstand thе proсеss of adaptation, Сlausеn, Kесk, and Hiеsеy pеrformеd
a numbеr of transplant еxpеrimеnts involving thrее distinсt loсations along
altitudinal gradiеnts in northеrn Сalifornia. Onе loсation Was at sеa lеvеl at
Stanford, anothеr at Mathеr (at aЬout 4,600 fееt)' and yеt anothег at TimЬеr-
linе in thе Siеrrа Nеvada mountain rangе (at aЬout 10,000 fееt). Pеrforming
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rеgiе Institution of \й/ashington

:ludеd taхonomist David Kесk
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sеts of rеlatеd ехpеriпrеntai studiеs on nativе Cаliforniа plants suсh as Potеtt-
ti l lа glапdulosа, Аchil leс spесiеs, and thе Madiinaе (thе hayfiеld tarwееd
family), Сlausеn, Kесk, and Hiеsеy ехplorеd hyЬridization and thе forпration
of есotypеs (gеnеtiсally distinсt есologiсal rасеs of plаnts). Thеy сhartеd thе
mесhanisms of spесiation and rеfinеd thе undеrstаnding of thе gеnеtiс and
есologiсal faсtors that lеd to thе origin of рlant spесiеs. Thеir wеll dеsignеd
and сarеfully еxесutеd transplant studiеs arе gеnеrally rеgardеd as laying to
rеst thе Ьеliеf irr thе irrhеritаnсе сlf aсquirеd сharасtеristiсs (oг Lanrarсkiarr
inhеritаnсе) Ьy showing thе distinсtnеss of thе gеnotypе and phеnotypе, and
by Ьringing to rеliеf thе importanсе of plrеnotуpiс plastiсity in thе plant
world. Morе narгowly within plant еvolution, tЬеir studiеs highlightеd thе
сomplеx intеrplay Ьеtwееn lryЬгidization, apomiхis, and phеnomеna suсh as
polyploidy (сhromosorrrе dоuЬling), all of whiсh Wеrе еssеnrial to dеriving a
gеnеral thеory of plant еvolution.

Тhroughout thе 19З0s аnd 1940s, Сlausеn' Kесk' and Нiеsеy puЬlishеd
thеir rеsults in a sеriеs of important papеrs and monсlgraphs with thе Carnеgiе
Institution. Thеir work was rеad widely Ьy othеrs inсеrеstеd irr mесhanisms of
spесiation and Ьy thosе intеrеstеd in applying this undеrstanding to dеvеlоping
a viaЬlе spесiеs dеfinition usеful ir-r fornrulating thе ..nеw systеmatiсs'' (сallеd
Ьiosystеmatiсs) that sought to intеgratе approасhеs and undеrstanding from
gеnеtiсs and есology to traditionаl taхonomy. Thеy influenсеd Thеodosius
DoЬzhansky and Gеorgе Lеd1,аrd StеЬЬins. StеЬЬins's Vаriаtitllt апd Еuol'utioп
in Plапts (1950) Ьrought Ьotany into thе еvolutionary synthеsis and organizеd
thе nеw fiеld of plant еvolutionary Ьiology.

Сlausеn's own synthеsis сlf plаnt еvolution appеarеd in 195] as Stаges iп
the Еuolиtiсlп of PIапt Spесiеs' An imaginativе and piоnееring work, it was
somеwhat Ьriеf and intгoduсtory in naturе Ьесausе it wаs Ьasеd on thе Mеs_
sеngеr Lесturеs hе had givеrr еarliеr at Сornеll Univеrsity. Thе Ьook has gеn-
еrally Ьееn ovеrshаdowеd Ьу StеЬЬins's morе сomprеhensivе еarliеr synthеsis,
Ьut nonеthеlеss rеmаins onе of thе сlassiс works in thе history of twеntiеth-
сеntury еvolutiсlnaгy Ьiology. Among its morе imporrant сontributions wes
thе viеw thаt еvolution Ьеlow thе lеvеl of thе gеnus is rеtiсulаtе duе to phе-
nomеna suсlr as hyЬridizatiсln ассompaniеd Ьy poIyploidy.

In 1951, Clausеn was appointеd profеssor of Ьiology at Stanford. Не rе_
tirеd in |956 and diеd in Pаlo, Alto, Саlifornia, in \969. Hе was survivеd Ьy
his wifе, Anna Har-rsеn, whoп-l hе rnarriеd in 192\ thеy had no сhildrеn' In a
rеsеarсh position for muсh of his lrfе' Сlausеn did not lеavе rnuсh of a lеgaсy
in tеrnrs of studеrrts, Ьut his insiglrtful studiеs, iпraginativеly dеsignеd аnd
mеtiсulously ехесutеd, Ьесamе сlassiс еxamplеs usеd in nеarly all introduс-
tory tеxtЬooks of gеnеtiсs' есоlogy, arrd еvolutiorr.
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Сopе, Еdward Drinkеr (1840_Т897)

-vB.s.

Еdward Drinkеr Сopе was onе of thе most aсtivе and сontrovеrsial palеon-
tologists of latе.ninеtееnth-сеntury Amеriсa. Hе plаyеd a lеading ro1е in
opеning up thе fossil Ьеds of thе \Иеst and dеsсriЬing thе nеw spесiеs disсov.
еrеd thеrе. Не was also a mеmЬеr of what is сallеd thе Anrеriсan Sсhool of
Nеo-Lamarсkism. Hе aссеptеd еvolution Ьut dismissеd Сharlеs Darwin,s sе.
lесtion thеory as inadеquatе to ехplain thе proсеss of сhangе. Hе optеd in-
stеad for a thеory in whiсh evolution was dirесtеd аlong prеdiсtаЬlе l inеs.

Сopе was born in Philadеlphia in 1840 t<l a wеalthy Quakеr family. Не
Was tгainеd in sсiеntifiс agriсulturе, Ьut soon aЬandonеd this for zoology
and thеn palеontology. Hе Ьеgan Ьy studying living fish and rеptilеs' thеn
movеd on to studying thеir fossil rеmains, еvеntually gеnеralizing his work
in palеontology to inсludе аll thе vеrtеЬratеs unсovеrеd Ьy his ехpеditions
in thе !Иеst. Не was finanсially indеpеndеnt until hе lost his fortunе in a
mining fraud in 1880, aftеr whiсh hе Ьuilt up links with thе Univеrsity of
Pеnnsylvania, Ьесoming profеssor of zoology thеrе in 1895. Hе diеd in
1897.

Сopе is rеmеmЬеrеd for his Ьittеr fеud with Othniеl Сharlеs Мarsh of Yalе
Univеrsity. Thе two сlashеd ovеr thе dеsсription and naming of nеw fossil
spесiеs, еaсh aссusing thе othеr of hasty work and numеrous mistakеs (sее
figurе). Thеrе wаs also fiеrсе rivalry Ьеtwееn thеir сollесting tеams, who
somеtimеs сamе to Ьlows ovеr aссеss to thе most produсtivе fossil Ьеds.
Еvеntually Marsh oustеd Сopе from his сonnесtions with thе U.S. Gеologiсal
Survey, whiсh grеatly l imitеd his aЬil ity tо сollесt in thе !Иеst. Thе ..fоssil

fеud'' Ьесamе puЬliс in 1890 through a vitrioliс ехсhangе in thе pagеs of thе
Neш Y<>rk Herаld.

Сope was an еarly сonvеrt to еvolutionism' Ьut сamе to thе thеory from а
diffеrеnt Ьaсkground than Dаrwin. A dееply rеligious man, hе Was сon.
vinсеd that God dirесtеd thе сoursе of organiс сhangе. In his 1868 artiсlе
..On thе Origin of Gеnеra,' ' hе dеpiсtеd еvolutiсln of еaсh group as thе un-
folding of multiple parallеl l inеs' еaсh advаnсing at a diffеrеnt ratе through
thе samе linеar sеquеnсе сlf stagеs. Еvolution was rесapitulatеd in thе dеvеl-
opmеnt of thе modеrn еmЬryo Ьесausе thе fсlrсеs сontrollirrg dеvеlopmеnt
simply addеd on nеW stagеs in a сonsistеnt dirесtion. Thе сhangеs wеrе non-
adaptivе and thе ovеrаll pattеrn was а produсt of thе divinе wil l.

In thе 1870s Сopе movеd to a morе naturalistiс intеrprеtаtiоn that сom-
Ьinеd orthogеnеsis and Lamarсkism. Forсеs intегnal to thе organism еn-
surеd that variаtion was dirесtеd, not random, and thus drovе nonadaptivе

Еvеn thе Ьеst of us сan
intuitivе sеnsе for rесor
wеnt wrong' thеy rеall)
plеsiosaur, Еlаsmosаur,
mi l l ion yеars ago).  Unfr
Ьody, not rеalizing that
in this piсturе is misintr
P latе 2.)
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сould rеsult from ada1
orgаnisms in a nеw еn

usе of thе Ьсldy in а nе
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Jеan-Baptistе Lamаrсk
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Еvеn thе Ьеst of us сan makе mistakеs. Еdward Dгinkеr Сopе had a Ьril l iant
intuitivе sеnsе for rесonstruсting thе monstеrs of thе p21st. But whеn things
Wеnt Wrong' thеy rеally wеnt Wrong. This piсturе shows his сonсеPtion of thе
plеsiosaur, Еlаsmosаurus plаtуurus, from thе latе Сrеtaсеous (aЬout 70
mill ion yеars аgo)' Uпfсlrtunаtеlу, Ссlpе Put thе hеad at thе wrong еnd of thе
Ьody, nсlt rеalizing thаt thе rеal аr-rinrаl had а trеmеndously long nесk' whiсh
in th is  p iсturе is  mis intеrprеtеd аs a t rеmеndously long ta i l .  (Frоm Сopе 1868,
P latе 2.)

еvolution along pгеdеtеrminеd linеs. A similar proсеss of parallеl еvolution
сould rеsult from adaptivе еvolution сontrollеd Ьy thе haЬits сhosеn by thе

organisms in a nеw еnvironmеnt-сharaсtеristiсs aсquirеd Ьy thе сonsisrеnt

usе of thе Ьоdy in a nеw Way wеrе passеd on to Suссееding gеnеrations. This
proсеss Ьесamе known as Lamarсkism, although Сopе WaS not awarе of

Jеan-Baptistе Lапrarсk's work whеn hе dеvеlopеd his idеa. Сopе arguеd that
thе lifе forсе thirt аllоwеd organisms to adapt wаs a manifеstation of God's
сrеаtivity in rratuге.
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Сrow, Jamеs Franklin (ь.1'916)

Ovеr thе сoursе of a сarееr that spans еight dесadеs, Jamеs Franklin Сrow has
madе sеvеral sеminal сontriЬutions to Ьoth thеorеtiсal (mathеmatiсal) and ех-
pеrimеntal population gеnеtiсs. Althоugh his primary rеsеarсh organisms
havе Ьееn fruit fliеs of thе gеnus Drosophilа' Сrow has also madе important
сontriЬutions to thе study of humans and agriсultural сrops. Although Сrow
has workеd on proЬlеms ranging from thе gеnеtiсs of DDT rеslstаnсе to ех-
amining gеnеs that violatе ]Vlеndеl's law of fair mеiosis to dеvеloping thеory
aЬout thе bеnеfits of sехual rеproduсtion, his most prominеnt сontriЬutions
rеvolvе around thе rolе of mutations in еvolution.

Born in January 1916 in Сollеgеvillе, Pеnnsylvania, Сrow grеW up mainly
in 

.liИiсhita, 
Kansas, whеrе hе rесеivеd his undеrgraduatе dеgrее from

Friеnds Univеrsity, a Quakеr sсhool. Iп 19З7, Сrow wеnt to thе Univеrsity of
Теxas at Austin for graduatе work, initially to study with prominеnt gеnе-
tiсist Hеrmann Josеph (H. J.) Мullеr, who would latеr win thе NoЬеl Prizе
for his studiеs of X-ray mutagеnеsis in Drosopbila. Mullеr, howеvеr, was
about to еmigratе to thе Soviеt Union' so John Thomas (J. T.) Pattеrson Ье.
сamе Сrow's major advisеr. Just prior to thе Unitеd Statеs' еntry into.!7orld
\War II tn 1941, Сrow landеd a faсulty position at Dartmouth Collеgе, whеrе
hе stayеd until 1948. 

.W.artimе 
and thе drafting of his сollеaguеs at Dart-

mouth lеd Сrow to add сoursеs as divеrsе as parasitology, navigation, and
еmЬryology to his initial tеaсhing rеsponsiЬilitiеs of gеnеral zoology and gе-
nеtiсs. In 1948, Сrow movеd to thе Univеrsity of 

'Wisсonsin' 
whеrе hе has rе-

mainеd for siх dесadеs.
Mutations arе not an unmiхеd blеssing. Although mutations arе thе ulti-

matе sorrrсе of vаriation and arе thus nееdеd for еvolution to proсееd, dеlе-
tеrious mutations far outnumЬеr Ьеnеfiсial mutations. Сrow and his studеnts
usеd thе gеnеtiс tесhniquеs availaЬlе in Drosophilа melаnogаstеr to mеasurе
thе input of nеw lеthal mutations appеaring on а singlе сhromosomе еaсh
gеnеration. From this valuе, thеy сalсulatеd that thе lеthal mutагion ratе pеr
gеnеtiс loсus (gene) pеr gеnеration was around thrее pеr mill ion. Мutations
nееd not havе lеthal еffесts to bе dеlеtеrious; in faсt, Сrow and his сollеaguеs
havе shown thаt nonlеthal, dеtесtaЬlе dеlеtеrious mutations arisе at lеast 10
timеs morе oftеn than lеthal mutations. Rесеnt studiеs suggеst that thе ratе
of mildly dеlеtеrious mutations is еvеn highеr than thosе mutations that havе
еffесts that сan Ье mеasurеd in thе laboratory.

Crow's group and othеrs havе shown that most dеIеtеrious mutations arе
almost сomplеtеly rесеssivе; that is, thе еffесts thеy havе in hеtеrozygotеs
are far smallеr than thе еffесts thеy havе in homozygotеs. Bесausе muta-
tions arе mostly rесеssivе, thеy arе largеly shеltеrеd from sеlесtion and thus
arе not еasily wееdеd out from thе population. Thеsе dеlеtеrious muta-
tions, whеther thеir еffесts arе lеthаl or mild, dесrеasе thе mеan fitnеss of
thе population that harЬors thеm. Мullеr сallеd this rеduсtion of fitnеss thе
gеnеtiс load of thе population. 

.With 
Мullеr and othеrs, Сrow invеstigatеd
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Ье surprisingly lаrgе. Thе аvеrаgе human harЬors thе еquivalеnt of sеvеral
lеthal nrutatiorrs. Thеsе lnutations аrе пrоstly rесеssivе, аnd thеir dеlеtеri-
ous еffесts arе not manifеst unlеss individuals inЬrееd Ьесausе unrеlаtеd in_
dividuals lrarЬor а diffеrеnt sеt of rесеssivе dеlеtеrious mutations. Thе
rесеssivе naturе of thеsе mutations is tlrr.rs thе Ьаsis of irrЬгееding dеprеs-
siоn. Сrow сontinuеs to havе an intеrеst in mutations and thеir еffесts in
hurrans.

Сrow was thе mеntor and longtimе сollaЬorator of Мotoo Kimura.
Kimura dеvеlоpесl thе nеutrаl thеory of molесular еvolution, whiсh arguеs
that thе vast majtlrity of rnolесr:lаr vаriants arе еithеr dеlеtеrious or nеutral
with rеspесt to sеlесtion. An impoгtant fеaturе of thе nеutral thеory is thаt it
еаsily gеnегatеs mаny tеstirЬlе prеdiсtions that саn allow Ьiologists to dеtесt
whеthеr and what forms of sеlесtion arе Opеrating at pаrtiсuiar gеnеtiс loсi.
Laying thе foundation for thе nеutral thеory was work that Kimurа did with
Сrow tсl dеtеrminе how muсh vаriation would Ье ехpесtеd, providеd that
this varii lt ion was thе rеsult of a Ьalanсе Ьеtwееn nеutral mutations addirrg
tо variatiоn and random gеnеtiс dгift еroding variation. |n \964, Kimura and
Сrow dеvеlopеd aл importi lnt mathеmatiсаl modеl in whiсh thеy assumеd
that еvеry mutation that arisеs is uniquе. In this so-сallеd infirritе allеlеs
пrodеl' thе ехpесtеd hеtеrozygosity (thе proportion of thе population that
rvas hеtеrozygotls аt a sitе) of rrеutr:al allеlеs r.rndеr mlltаtion/drift Ьalаnсе
еquals fсlur timеs thе produсt of tlrе еffесtivе population sizе аnd thе nеutral
n.lutation ratе. Сгow and Kimura also puЬlishеd a highly influеntial tехt-
Ьсlok, Аll [пtrodисtioп tсl Pсфиlаtiсlп Gепetics Thеorу, whiсh hаs Ьееn usеd
Ьy gеnеrations of studеnts and praсtitionеrs of populаtion gеnеtiсs sinсе its
appеаranсе in 1970,

In addition to his work on thе гolе of mutation in еvolution, Сrow lras
madе sеvеrаl othеr сontгiЬutions to еvolutionary gеnеtiсs. As a graduatе
studеnt r-lndеr thе tutеlagе of J. T. Pattегson аt thе Univегsity of Tехаs аt
Austin' Сrow was an еarly invеstigator of thе gеnеtiс Ьasis of rеproduсtivе
isolating Ьarriеrs Ьеtwееn Drosopbilа spесiеs. Сrow was among thе first to
study rhе gеnеtiс Ьasis оf hyЬrid fеmalе inviaЬil ity, firrding thаt this trait
mappеd largеly to thе Х сhromosomе in hyЬrids Ьеtwееn D. mцllеri and
D. аIdriсhi-2.

Сrow has alsо had аn асtivе inгеrеst in gеnеtiс сonfliсt and thе еvolution of
Меndеlism. Invеstigations of gеnеtiс systеms thаt violatе Mеndеl's law of
еqual sеgгеgаtion hаvе hеlpеd our undеrstanding of why Mеndеlism is in
part a fаir gamе. Thе Ьеst knowr.r and Ьеst сharaсtеrizеd of thеsе so-сallеd
nrеiotiс drivе systеms, sеgrеgation distortion on thе sесond сhromosomе of
Drosoуlbilа mеlапogаstеr, was disс<lvеrеd in СrowЪ lаЬorаtory Ьy his gradu-
atе studеnt, Yuiсhiro Hirazumi, during thе 1950s. In suЬsеquеnt yеars,
Сrow, his studеnts, and сollеaguеs havе workеd tln thе gеnеtiсs' molесular
gеnеtiсs' and еvolution of thе systеm.

Сrow's influеnсе on thе fiеld as a tеасher and mеntor is immеnsе. In addi-
tion to thе sсorеs оf graduatе studеnts and postdoсtorаl fеllows that hе has
dirесtly trainеd, Сrow hаs inf]uеnсеd thе fiеld with his various tехtЬooks and
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historiсal еssays. Along with \Х/illiam Dovе, Сrow has еditеd гhе ..Histсlriсal

Perspесtivеs'' sесtion Ьr Geпеtiсs sinсе 1987. (As oi mid.2008, Сгow Ьas
writtеn about 250 aгtiсlеs.) A longtimе mеmЬеr of thе National Aсadеmy of
Sсiеnсеs (NAS), Сrоw has сhairеd many сommittееs fоr thе NAS, inсluding
onе еxamining forеnsiс usеs of DNA fingеrprinting. Hе has sеrvеd as сhаir of
thе Dеpartmеnt of Gеnеtiсs and aсting dеan of thе Меdiсirl Sсhool аt thе
Univеrsity of Wisсonsin at Мadisоn, as wеll as prеsidеnt оf thе Gеnеtiсs So-
с iеty of  Amегiса.
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Сrustaсеans

Сrustaсеans arе a strЬphylum of arthropods' as arе uniramians (inseсts, rnilli-
pеdеs, and сеntipеdеs) аnd сhеliсеratеs (spidеrs' nrites, tiсks, arrd hсlгsеshое
сraЬs), аlthough' iп somе сlassifiсation sсhеmеs, arfhropods arе сonsidеrеd to
Ье polyphylеtiс (i.е., not dеsсеtrdеd from a singlе сommon anсеstor), and сrus-
taсеans аrе еlеvatеd to phylum stаtus. Thе sееmingly simplе quеstion' ..whirt is
a сrustaсеan?'' is suгprisingly diffiсultto answеr' and this is ехaсtly whatmakеs
this group of animаls so intriguing. As arthropods, сrustaсеans arе Ьasiсаlly
sеgmеntеd animals with jointеd appеndagеs and a stiff yеt flехiЬlе еxoskеlеton
madе of сhitin that must pеriodiсally Ье slrеd, or пroltеd, to aссommodatе
mеtamorphosis and growth. Yеt rеlativеly fеw fеatr"rrеs distinguish сrustaсеans
from othеr arthropods-a uniquе larval form сallеd a nauplius and a hе:rd rе-
gion сomprising fivе body sеgmеnts on whiсh arе fourrd two pаirs of аntеnnaе
(usually Ьiramous, or two-brаnсhеd), :r pair of m:rndibular appеndagеs' and
two paiгs of spесializеd fееding appеndagеs сallеd maxillaе-Ьut еvеn thеsе fеw
fеaturеs arе not сommon to all сrustaсеans. Likе somе othеr аrthropods, thе
сrustaсеan multisеgmentеd tгunk postеrior to tlrе hеad, or сеphalon, may or
may not bе furthеr rеgionalizесl into distinсt sесtions of fusеd sеgmеnts' suсh as
a thorаx (or сеphalothoraх) and aЬdomеn (е.g., a loЬstеr's ..tail ' '), and ap.
pеndagеs сan vary grеаtly in ntrmЬеr and dеgrее of spесializatiоn.
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Insесts' mollusks, and сhеliсеratеs ехсееd сrustaсеans with rеgard to num-
Ьеr of spесiеs, Ьut сrustaсеans arе unеquivoсally thе rnost morphologiсally
divегsе animal group on еarth. Тhе fеw, vеry gеnеral fеaturеs l istеd aЬovе in-
adеquatеly сonvеy thе rеmаrkaЬlе divеrsity of a grсrr-lp that inсludеs wеll.
known forms likе loЬstеrs, shrimp, сгaЬs, and Ьarnасlеs, as wеll as lеss
familiar amphipods, isopods' fairy shrimp' watеr flеas, and ostraсods (or
..sееd shrimP''), to namе Ьut a fеw (sее figurе). In fасt, thе familiar forms
сomprisе only а snrаll propt>rtion of thе roughly 68,000 known сrustaсеan
spесiеs. Thеy arе pгimarily a marinе groшp Ьut somе also oссupу frеshwatеr
or moist tеrrеstrial haЬitats (е'g., tеrrеstrial isopods, сommonly сallеd wood
liсе, pil l Ьugs, sow Ьugs' or ..roly-poliеs,' ' and tеrгеstrial сraЬs). Intегеstingly,
thе гoughly 150 rnil l ion rеd tеrrеstrial сrаЬs of Сhristmas Island in thе Indo-
Рaсifiс annually migratе from inland forеsts to thе sе:l to spawn; mаny morе
timеs that numЬеr of juvеrri lеs migratе in thе rеvеrsе dirесtion. Sonrе aquatiс
groups (е.g., largе Ьranсhiopods rеfеrrеd to as fairy, tadpolе, аnd сlam
shrimp) havе adаptеd to l iving in tеmporагv ponds or ..еphеmеral pools' ';
thеsе сrustaсеans undеrgo ur гapid i ifе сyсlе and pr<lduсе dorпrant еmЬryos
еnсystеd in a haгd pгotесtivе сasе that саn withstand ехtеndеd pеriods of
drying, only to еmеrgе and сontinuе thеir dеvеlopmеnt whеn a pond rеfi l ls.

Crustaсеans rangе in sizе from lеss than a mill imеtеr (minutе zooplankton
and Ьеnthiс spесiеs l iving within marinе sеdirnents) to thе Yеry largе. Japa-
nеsе spidеr сraЬs сan havе [еg spans ехсееding 3 mеtеrs, or roughly 9 feet,
and loЬstеrs havе bееn сaught that ехсееd 20 kilograms (40 pounds). It is an-
tiсipatеd that many сrustaсеans await disсovеry (at lеast as many spесiеs as
thе 68,000 spесiеs сurrеntly known), еspесiаll ly upon ftrrthеr ехplor:rtion of
vеry rеmotе hirЬitats l ikе frеshwatеr аnсl marinе сavе systеms and thе dееp
sеa-and nеw findings arе not nесеssarily ехpесtеd to Ье сonfinеd to mеrе
spесiеs. Aссordirrg tо Мartin and Davis (2001), almost 200 nеw familiеs
havе Ьееn dеsсгibеd in thе 20 vеars that lrаvе еlаpsеd sinсе thе lаst widеly
usеd сlassifiсation, that of Bowman arrd Abеlе (1982). RеmarkаЬly' an еn-
tirеly nеw сlass of сrustaсеans' thе Rеmipеdia' was disсovеrеd in a martnе
сavе in thе Bahаrnas as rесеntly as 1981, and nеw ordеrs (Spеlaеogгiphaсеa,
Thеrmosbaеnaсеa' Miсtaсеa, i lnd Boсhusaсеa) of minutе forms (0'5 to 2 mil-
l imеtеrs) of pеrасarid сrustасеаns havе Ьееn disсovеrеd in rеmotе сavеs and
the dееp sеa just sinсе thе mid-1950s. Not surprisingly, somе of tlrеsе nеwеr
ordеrs сomprisе only a fеw' rirrе spесiеs. \what is surprising is thе rеmarkaЬly
disjunсt distriЬution of somе of thеsе nеrvly disсovеrеd groups, suсlr as thе
spеlаеogriplrirсеans-only Гour spесiеs аrе known, disсovегеd in singlе сavеs
in Brazil ' South Afriсa, and nоrthwеstеrn Australia! It is suspесtеd that thеsе
populations геpгеsеnt rеliсs of an anсiеnt marinе group that was onсе morе
widеsprеad; сhangеs in sеа lеvеls might havе lеd to individuals Ьесtllrring еn-
trаirrеd in, and lаtеr adapting to, grounсlwаtег and сa'',е haЬitats.

сгustaсеans tееd and rеpr<lduсе in alrnost еvеry \4l1ly imаginaЬlе for ani-
mals. Somе arе fi ltеr fееdеrs and siеvе Ьaсtеria or tiny zooplankton from
thеiг Watеry еnvironmеnt' othеrs sсavеngе for thеir food, аnd пlany aге
prеdаtoгs. Тhе lattеr mer1, h:rr,е s()mе rеInагkаЬlе adаptаtions, srrсh as thе
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Rеprсsеntativеs of somе Ьаsiс сrr-rstaсеаn typеs. (а) Сoреpoda; (Ь) ostrасodа;
(с) Аnostraсa; (d) Notostraсa; (с) Сladoсегa; (f) Lеptostraсa; (g) Arraspidaсеa;
(h) Сirr ipеdiа; ( i) Stomirtсl1. lodа; (j) Мysida; (k) Tanaidaсеa; ( l) lsсlpoс1a;
(m) Amphipoda; (n) Еuplr;rusiaсеir; (сl) DеndrоЬrаnсhiatа; (p) Сaridеa;
(q) Astaсidеа; (r) Anomurа; (s) Aсhеlata; (t) Thalassinidеа; (u) BraсhyLrra;
(v) Polyсhеl ida. (From Poсlrе 2004, Figurе 2.)



s. (a) Сopеpoda; (Ь) Ostraссlda;
f) Leptostraсa; (g) Anaspidaсеa;
<) Tanaidaсеa; ( l) Isopodа;
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smash mollusks or spеar fish with grеat forсе and spееd. Anothеr typе of
сrustaсеan has a rnоdifiеd сlаw with pinсеrs that' whеn quiсkly Ьrought to'
gеthеr, produсе а loud snapping noisе (hеnсе thеir namе, ..snapping

shrimp''). Thе soшnd is assoсiatеd with a ..shoсk wavе'' strong еnough to
stun or еvеn kil l small prеy, suсh as fish. Somе spесiеs of snapping shrimp arе
alsсl notaЬlе for ехhiЬiting soсia1 Ьеhavior morе typiсal of ants, Ьeеs, and tеr-
mitеs. Numеrous offspring of a singlе fеmalе (а ..quееn'') wil l сoехist in a
spongе and form сastеs to сaге for thе yсlung and protесt thе сolony. This
phеnomеnon of еusoсiality in snapping shrimp wаs dеsсriЬеd rеlаtivеly rе-
сеntly Ьy Еmmеtt Doffу (996) and is a first among сrustaсеans.

Sехеs arе usually sеparatе (although somе hеrmaphroditiс spесiеs arе
known) and sехual rеproduсtion is thе typiсal modе. Somе сrustaсеans, suсh
as watеr flеas, will оссasionally rеproduсе asеxually via a mесhanism known
as parthеnogеnеsis, whеrеЬy fеmalеs will prсlduсе young (also fеmalе) that dе-
vеlop from unfеrtilizеd еggs. Сrustaсеan еggs may Ье rеlеasеd into thе aquatiс
еnvironmеnt or soп.еtimеs Ьroodеd, Ьut thе young usually еmеrgе as frее-
swimming larvaе that will undеrgo a sеriеs of molts and stagеs Ьеforе mеta-
morphosing into thе adult form (indirесt dеvеlopmеnt). Thе fеmalеs of fеwеr
spесiеs, suсh as frеshwatеr сraЬs, Ьrood thеir еggs until miniaturе аdults
еmеrgе (dirесt dеvеlopmеnt)' molting as thеy grow largеr.

Thе еarly СamЬriаn pеriod of gеologiсal history (approхimatеly 550 mil-
l ion yеars ago) saw thе еmеrgеnсе of numеrous multiсеllular animal phyla
ехhiЬitirrg an inсrеdiЬlе divеrsity of Ьody plans. Palеontologists now Ьеliеvе
this ..ехplosion'' of l ifе forms oссurrеd ovеr only 5 to 10 mill ion yеars (an as-
tonishingly Ьriеf amount of tiп"lе, еvolutionarily spеaking). Мany of thеsе
phyla hаvе long sinсе gonе ехtinсt, and nеvеr again in thе еarth's history has
an еquivalеnt Ьurst of еvolutionary innovation oссurrеd. Thе rеasсrn rеmalns
a topiс of dеЬatе and spесulation. PossiЬlе сontriЬutors to thе СamЬrian ех-
plosion of Ьody plans inсludе сhangеs in thе еarth's gеoсhеmistry (е.g.' pеr-
haps grеatеr oХygеn availaЬil ity favorеd marinе organisms with highеr
mеtaЬoliс rаtеs and lаrgеr sizеs) and suddеn, largе-sсalе gеnеtiс сhangеs (е.g.,
gеnе-dupliсation еvеnts and a rеshuffl ing of gеnе rеgulatory pathways in
what wеrе thеn rеlativеly simplе organisms). Thеrеaftеr' pеrhaps thе gеnеtiс
programs of animals had rеaсhеd a lеvеl of сomplехity that prесludеd furthеr
nonlеthal major сhangеs. Anothеr viеw is that thе prе-СamЬrian envlron-
mеnt сonstitutеd аn есologiсal taЬula rasа of еmpty niсhеs simply waiting to
Ье fi l lеd Ьy adapting organisms. Thеn' as now, suсh еnvironmеnts Dromotе
an adaptivе radiation сlf spесiеs.

Fossil еvidеnсе сonfirms that сrustaсеans Wеrе onе of numеrous arthropod
suЬphyla (oг arthropodous phyla) prеsеnt in thе СamЬrian and, morе no-
taЬly' onе of thе fеw that havе survivеd to this day. Еvеn morе striking is thе
еvidеnсе that сrustасеans had alrеady divеrsifiеd into sеvеrаl main l ineagеs Ьy
this timе. Thе сlassеs Ostraсoda (sееd shrimp), Branсhiopoda (Ьrinе shrimp,
or ..sеа monkеys''; fairy, tadpolе, and сlam shrimp; and watеr flеas), and
somе сlf thе Мaхil lopoda (spесifiсally thесostraсans [ЬarnaсlеsI and wormlikе



494 Сrustасеаns

parasitiс pеntastomеs) havе СamЬrian rеprеsеntativеs. Shrimplikе fossils of
thе сlass Мalасostrасa (сomprising thе familiаr shrimps, loЬstеrs, urnd сraЬs)
arе known from thе Dеvonian (apprсlximatеly 400 mill ion 1'еars ago). Rе-
markaЬly' pеrhaps thе oldеst surviving animal spесiеs is a сrustaсеan ..l iving

f<rssil, ' ' thе rаdpolе shrimp Triops сапcrifсlrпlis. This spесiеs appеаrs todаy irs
it did 22О mill ion yеelrs ago. Tlrе rеmаiгring сrustaсеan сlassеs (Rеmipеdia,

Сеphaloсarida), whilе primitivе in appеarаnсе' arе ptlorly rеprеsеntеd as fos-
sils. Thе virtually simultanеоus аppеaranсе in thе fossil rесord of most of thе
сrustaсеan сlassеs makеs rесonstruсtitln of tlrе еvttlutionarу rеlationships

among thеm from fossil еvidеnсе impossiЬlе; sсiеntists сannot dеtеrminе
whiсh of thе major сrustaсеаn groups or сlassеs arosе first' sесond, or third,
or whiсh major grоup spесifiсаlly gavе risе to anothеr.

Тwo fеaturеs of сrustaсеans-thеir anсiеnt origin and thеir Ьеwildеring
arraу of morphologiсal divеrsity (grеatеr than that of thе morе spесiosе
insесts)-add to thе diffiсulty ot infеrring thеir phylogеny (i.е.' thеir еvolr'r-
tionary intеrrеlatiorrslrips). Thе goal of еvolutionaly rесonstгuсtion is tсl dе-
сiphеr thе phylogеnеtiс pattеrn to dеtеrminе whiсlr group of organisms is

anсеstral to (that is, gavе risе to) anothеr group or groups of organisms. Tra-
ditionally, s,vstеmatists hаvе lookесl for pattеrns of shагеd morplrologiсal fеa-
turеs among groups of organisms to rесollstruсt a phylogеnеtiс (family) trее
that dеpiсts thе groups' еvoll lt ionary rеlationships. Bесausе thе major сrus.
taсеan linеagеs divеrgеd from а сommon anсеstor so Iong ago' l inеagеs hаvе
had a long timе during whiсh to еvolvе and tсl divегgе from еaсh othеr mor-
phologiсally. Disсеrning thе morphologiсаl fеaturеs that еxtаnt mеmЬеrs of
eaсh linеagе sti l l shaге, and that would indiсatе аn anсiеnt сommon anсеs-
tгy' is thеrеforе diffiсult. For ехamplе, Ьаrr-raсlеs wеrе long thouglrt to Ье
mollusks rаthеr than сrustaсеans (or еvеn аrthropods!). Thеir highIy dеrivеd
and spесializеd adult morphology Ьеliеs any affinity with сrust;rсеans, and it
wirs only whеn thе larvаl stаgеs of Ьarnaсlеs ш,еrе oЬsеrvеd in tlrе 1830s thаt
thеy wеrе rесognizеd as сrustaсеans. In faсt, Сharlеs Darwin himsеlf pro-
vidеd thе first сomprеhеnsivе rеviеw of Ьaгnaсlе taxonomy' and in doing so
hе Ьесamе morе assurеd of his yеt-unpuЬlislrеd idеas on еvolution. Phylogе.
nеtiс rесonstruсtion is furthег Ьampеrеd Ьy parasitiс сrustaсеan taхa (е.g.,

pеntastomid ..Worms'' ' and asсothoraсidans, rhizoсеphalans, and tanttrlo-
сarids) that ехhiЬit grеatly modifiеd morphologiеs that arе diffiсult to fit into
a ..natural сlаssifiсati<ln'' (i.е.' orrе that геflесts еvоlutionaгy rеlаtеdnеss) of
thе Сrustaсеa.

For all thеsе rеasons, l ittlе сonsеnsus has arisеn aЬout thе еvolutionary rе-
lationships аmong thе сlаssеs of сrustaсеans (е.g., on thе Tгее of Lifе wеЬsitе,
http://www.tolwеЬ.org, thе link to ,.Сrttstaсеa'' lеads tо an unrеsolvеd
phylogеnеtiс trее for сrustaсеаns as a wholе and unrеsolvеd trееs еvеn within
most of thе rnajor сrustасеan linеagеs). Atrthoritiеs еvеn disagrее aЬout thе
numЬеr of taxonomiс сlassеs аl-rd thеir ссlI-tstituеl-lts, аs is геflесtеd Ьy thе
numЬеr of diffеrеnt сlаssifiсаtion sсhеmеs сurrеntly i l- l usе.

\What aссоunts for сrustaсеans' rеmarkаЬlе divеrsity of Ьody plans?
l-ikе othег аrthrоpods, сrl lstaсеalls arе dеrir,еd fr<lm аn anсеstor (tlrе ..steпr' '
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сгustaсеan) thаt proЬaЬly had а flехiЬlе ехoskеlеton еnсasing numеrous and
rеlativеly unс{iftЪrеntiatеd sеgmеnts (a сondition tеrmеd sеrial homonomy).
Мost sеgmеnts Ьоrе pairеd, jointеd' and fairly sirnplе appеndagеs, tlrе natuге
of whiсh rеmains сontrovеrsial. Thе сrustaсеan сlass Rеmipеdia rеflесts this
Ьasiс ground plаn, Ьut viеws diffег ovеr whеthеr thе rеmipеdе Ьody plan is a
holdovеr of a prirnitivе сondition or a rеvеrsion to thе primitivе сondition
fгonr a morе dеrivеd anсеstor. Sr"rЬsеquеnt evolutionary сhangе amorrg еarly
сrustaсеans oftеrr геsultеd in thе сOmpartmеnt:rl izаtion of sеgmеnts into dis-
tinсt rеgions, сallеd tagmata (singr"rlаr, tagma; еxanrplеs arе thе hеаd, thoraх,
and aЬdomеn) and dеvеlopmеnt of appеndаgеs modifiеd for diffеrеnt funс-
tions. But among еxtant arthropod suЬphyla' сrustaсеans alonе parallеlеd
thе burst of morphologiсal innovation obsеrvеd in tl-rе еarly СamЬriаn prеvi-
ously геsеrvеd tor thе origin of dispаratе phyla. Rесеnt findings from dеvеl-
оpmеntal Ьiology suggеst thаt еarly сrustaсеans' morе so tharr any othеr
surviving linеagе, most l ikеly possеssеd grеat dеvеlopmеntаl plastiсity (thе
aЬility to dеvеlop diffеrеntly undеr diffеrеnt сonditions' еvеn from thе samе
сornplеmеnt of gеnеs). Сrustaсеans аrrе aЬlе to draw from an amazing Ьag of
еvolutionаry tгiсks' Vаrious pr()сеssеs promotinЕ. dramаtiс morplrologiсal
сhangе rеsultеd in nеw linеagеs аnd сontriЬutеd to thе astounding divеrsity
<lf сrustaсеan Ьody plans today. Undеrstanding thеsе proсеssеs сan add to
thе apprесiation of thе singular sсopе of сrustaсеan divеrsifiсation and thе
prоЬlеm this divегsity сrеatеs durirlg attеmpts to rесonstruсt еvolutionary rе-
latiсlnships within tlris group'

Drаmatiс and rеlativеly suddеn еvolшtionаry сhangе сan bе affесtеd Ьy
hсlmеotiс gеnеs. Oftеn rеfеrrеd to as ЁIox gеnеs in animals, thеsе arе mastеr
rеgulatory gеnеs involvеd in an organism's dеvеlopmеnt. Thе rrumЬеr of
homеotiс gеnеs' thе timing of thеir ехprеssion' аnd thе othеr gеnеs and еm.
Ьryoniс rеgions tlrat thеy in turn affесt dirесt thе fatе of various groups of
сеlls within a dеvеloping еmЬryo irnd ultimаtеly сontгol thе idеntiry, and spa-
tial organizatiorr of thе various Ьody parts sееn in thе adult. In сrustaсеans,
for ехamplе, thеsе important rеgulatory gеnеs rеgulаtе thе dеvеlopmеnt of
Ьody sеgmеntati()n (е.8.' thе numЬеr of sеgmеnts that makе up a hеad' tho-
гaх' or aЬdomеn) and thе numЬеr and kind сlf appеndagеs (аntеnnaе,
nrandiЬlеs' swimnring lеgs, еtс.) thаt dеvеlop on tЬosе sеgmеnts. Еvеrl a mi-
nor mutation in onе of an organism's homеotiс gеnеs сan rеsult in аn aduit
with a dramatiсzrl ly novеl Ьody plаn. For ехaпrplе, thе dorsal fusiоn of thе
Ьody sеgmеnts of an anсеstral сrustaсеan into somе sort of shiеld or ,,сara-

paсе'' would radiсally аltеr thе appеaгanсе of its dеsсеndant. Partiсularly for
sеgmеnts of thе сгustасеan hеad rеgion, tеrmеd thе сеphalon, suсЬ ftrsion in
vaгious pattеrns is suspесtеd to aссollnt for thе divеrsе сarapaсе mоrpholo_
giеs oЬsеrvеd in сrustaсеan taхa. Rеlativеly undiffеrеntiatеd anсеstral trunk
sеgmеnts may also fusе into tagmata. Variations iп Hoх gеnе ехprеssion, for
еxamplе, proЬably aссount for thе diffеrеnt numЬеrs of trunk sеgmеnts sееn
in diffеrеnt spесiеs of putativеly pгimitivе rеmipеdеs, and also for thе Ьody
oгд;anization sееn in loЬstеrs: for ехamplе, sеgmеnts fr"rsing into distinсt hеad,
thorах, and aЬdominal tagmatа, irnd sеgmеrrts of thе thorax Ьеzrring walking
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appеndagеs (thе first pair of whiсh arе modifiеd сlаws or ..сhеlipеds'' sееn in
nany of thе Ьеttеr-known сrustaсеans), wlrеrеas thosе of thе aЬdomеn (а
loЬstеr's tail) Ьеar appеndagеs modifiеd for swimming. Variation in Hoх
gеnе еХprеssion likеly aссounts for Ьarnaсlеs laсking aЬdominal sеgmеnts
еntirеly (onе of thе rеasons thеy wеrе originally ovеrlookеd as сrusraсеans).
Соrnparativе studiеs of gеnе ехprеssion pattеrns for thе Hox-likе DistаlJess
and еrrgrailеd dеvеloprnеntal rеgulatorУ gеnеs hаvе sigrrif iсantly ;rdvanсеd
our undеrstаnding of thе еarly morphogеnеsis of сrustaсеarr l imЬs and
sеgmеntation.

Hеtеroсhrony is anothеr proсеss that affeсts thе еvolution of morphology,
аnd onе that has Iikеly сontriЬutеd to thе divеrsity оf сrustaсеan Ьоdy plans.
Bror.rght on Ьy mutations in thе gеrrеs сontroll ing thе timing of dеvеloprnеn-
tal еvеnts witlrin an organisпr, thе hеtеroсhroniс proсеss may quiсkly rеsult
in thе appеaranсе of novеl morphologiсаl diffеrеnсеs bеtwееn anсеstors and
dеsсеndants. Еvеn slight сhangеs in thе rеlativе dеvеlopmеntal and growth
ratеs of diffеrеnt body parts in an еmЬryo сan rеsult in a dramatiсally altеrеd
adr"rit. For ехamplе, a mutation that ехtеnds thе pеriod during whiсh a gеnе
thаt rеgulatеs аntеnnet1 growth is aсtivе саn rеsult irr arr offspring with antеn-
naе many timеs longеr than thosе of its parеnts. If thе mutation is hеritaЬlе,
thеn suЬsеquеnt offspring will also grow long antеnnaе. In somе сrustaсеans
(e.g., anostraсansJ suсh as fairy shrimp and Ьrinе shrimp, also сallеd sеa
monkеys), antеnnае arе oftеn rеquirеd for suссеssfLrl сopulation. Malеs with
long аntеnnaе may Ье aЬlе to matе п1Orе suссеssfully tlran onеs with shortеr
i1ntеnnaе' or thеy might oniy Ье aЬlе to matе with а partiсular v;rriant among
thе fеmalеs in a population. If а populаtion Ьесoп-lеs rеproduсtivеly isolatеd,
its gеnеs arе no longеr miхеd Ьaсk into thе parеnt group at еaсh gеnеration,
and sеlесtion сan affесt it indеpеrrdеntly of thе parеnt group; it may drift
awzry, еvolutionаrv spеaking, tо Ьесomе a nеw spесiеs. Paеdomorphosis is a
fсlrm of hеtеroсhrony in whiсh sехuall1' mаturе adr-rlts rеtain somе or all оf
thеir lаrval (or juvеnilе) fеaturеs. It сan аrisе еithеr through arr aссеlеratеd
rirtе of sеxuаl maturation (progеrrеsis) or through dесеlеration of thе dеvеl-
opmеnt of nonrеproduсtivе organs (nеotеny), Ьut Ьоth proсеssеs arе Ьеliеvеd
to havе сontriЬutеd to thе rеlativеl,v fast еvolution of divеrsе arthropod Ьody
foгms during thе С:rrnbrian. Progеrrеsis appеагs to Ье tlre morе сomnron of
thе two hеtегoсhгoniс proсеssеs Ьy whiсh сrusti lсеan Ьody plans divеrsifiеd,
and it is thought to havе playеd a kеy rоlе in thе еvolution of many of thе
maxil lopodan сrustaсеans' whiсh еxhiЬit Ьizarre and highly rеduсеd Ьody
plans. In сontrast' сladoсеrans, саllеd ..watеr flеas,', arе suspесtеd to havе
еvolvеd by nеotеny from a сlam-shrirnp anсеstor tlr:rt Ьесamе sехuz.rl ly ma-
turе Ьur Ьypassеd tlrе rr:rupliаr lаrval stagе оf dеvеlopпrerrt.

Somе sсiеntists spесulatе that thе gеnе-rеgulatory pathways сontroll ing dе-
vеlopmеnt, whеthеr involving homеotiс gеnеs or onеs сontriЬuting to hеt-
еroсhrony, Wеrе morе flеxiЬlе among thе rеlativеly primitivе, lеss сomplеx
Сarnbrian аnсеstors сlf modеrn сrusrасеans and thаr сonditions in thе distant
pаst wеrе thеrеforе nrorе fаvoraЬlе for thе rapid еvoltrtion of divеrsе Ьсldy
piаns than tlrеv lravе Ьееn еvеr sirrсе. Thе main сlLlstaсеan linеagеs oЬsеrvеd
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today arе thе еvolutionary rеsult of this dеvеlopmеntal plastiсity. Еaсh dis-
plays a сonfusing сomЬinаtion of primitivе and аdvanсеd fеaturеs, a сombi-
nation that makеs disсеrning еvolutionary trеnds diffiсult.

To сirсumvеnt thеsе diffiсultiеs, systеmatists havе turnеd to mеans othеr
than thе traditional сompаrison of аdцlt nrorphology. Onе approaсh сonr_
parеs thе larval morphologiеs of diffеrеnt taxa and is Ьasеd on thе assump-
tions that еarly dеvеlopmеntal stagеs arе frее of thе uniquе morphologiсal
spесializations sееn in adults and thаt sharеd laгval fеaturеs may thеrеfoге
morе aссЦratеly rеflесt сommon anсеstry. Thе саsе of barnaсlеs, mеntionеd
aЬove, i l lustratеs this point, and larval morphology has furthеr Ьееn usеd to
unitе groups suсh аs thе Aсrothorасiсa, Тhoгaсiсa, аnd parasitiс Rhizo-
сеphala within thе Ьarnaсlе infraсlass Сirripеdia and to rесognizе thе para-
sitiс Asсothoraсida as thе sistеr group of сirripеdеs. Lаrval fеaturеs havе аlso
Ьееn usеd in attеmpts to disсеrn shaгеd anсеstry аmong hеrmit сraЬs arrd
primitivе as wеll as morе advanсеd truе сraЬs. Thе rесеnt first disсovеry of
frее.living lесithotrophiс (nonfееding) rеmipеdе larvaе is posing nеw Ьy-
pothesеs aЬout thе аffinity of this еnigmatiс group with othеr сrustaсеans
and thе еvolцtion of thе сrustaсеan naupliar lагva.

Anothег approaсh, onе that has геvolutionizеd and rеvitalizеd thе disсi-
plinе of phylogеnеtiсs, rеliеs on сomparisons of DNA sеquеnсеs for gеrrеs
sharеd Ьy diffеrеnt typеs of сгustaсеans. For еxamplе, thе gеnе сoding for thе
еnzymе сytoсhromе oхidasе suЬunit I oссurs in thе mitoсhondrial gеnomе of
еvегy сrustасеan. Thе DNA sеquеnсеs for this partiсulaг gеnе in diffеrеnt
spесiеs of сrustaсеans сan bе dеtегnrinеd and thе sеquеnсеs сomparеd. Thе
diffеring dеgrееs of similarity among thе DNA sеquеnсеs сan tеll us whiсh
сrustасеаns afе morе сlosеly геiatеd than othеrs. Thе DNA-sеquеnсе ap-
proaсh to infеrring еvolutionary rеlationships is paгtiсularly usеful for соm-
parison of spесiеs that sharе fеw morphologiсal сharaсtеrs, Ьесausе еvеn
moгphologiсаlly divеrsе spесiеs wil l havе mаny gеnеs in сommсrn. Pаrasitiс
сrustaсеans' whiсh almost always havе highly modifiеd morphologies' arе еs-
pесially proЬlеmatiс. For еxamplе, thе еvolutionary affinitiеs of pеntastomеs'
a group of wormlikе pаrasitеs, had gеnеrаtеd mr'rсh spесulation Ьесausе thеsе
organisms possеss fеw morphologiсal сharaсteristiсs that might suggеst a rе-
lationship with sotnе othеr group. Thеy had Ьееn variously alliеd with an-
nеlids, myriapods, tardigradеs, onyсophorans' and mitеs and evеn plaсеd
within thеir own phylum, Ьut a сomparison of spеrm dеvеlopmеnt and ultra-
struсturе rеvеalеd similaritiеs Ьеtwееn pеntastomеs and branсhiuran сrцs.
taсеans (fish l iсе), a finding that was соrroЬoratеd Ьy DNA analysis of
nuсlеar 18S ribosomal RNA gеnеs and mitoсhondrial gеnеs for thеsе аnd
othеr potеntial rеlativеs.

Thе DNA approaсh also is usеful for dеtеrmining phylogеnеtiс rеlatiolr-
ships among organisms that ехhiЬit a high dеgrее of homoplasy (morpholоg-
iсal similaritiеs duе not to sharеd anсеstry Ьut instеad to сonvеrgеnсе, i.е.'
dеvelopmеnt of similar morphology in геsponsе to еvolution in similar habi-
tats With similar sеlесtivе rеgimеs). For еxamplе, Ьurrowing сrustaсеans hаvе
indеpеndеntly еvolvеd modifiеd digging appеndagеs and a strеamlinеd Ьody
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form; diffеrеnt Ьurrowing spесiеs may аppеar morphologiсally similar Ьut
not sharе a rесеnt сommon anсestor. Еvolutionary affinity among spесiеs
may also Ье misсonstruеd if any of thеm has undеrgonе a rесent еvolutionary
rеvеrsal to a morе anсеstral morphologiсal fеaturе. Thе DNA approaсh to
infеrring rеlatеdnеss avoids thе problеms prеsеntеd Ьy thеsе instanсеs of
morphologiсal homoplasy. ThеrmosЬaеnaсеans аrе minutе сrustaсеans found
in groundwatеr and springs' and they havе variously Ьееn plaсеd within thе
supеrordеr Pеraсarida (in part Ьесausе thеy havе a Ьrood сhamЬеr, a fеaturе
found in somе pеraсarids) and in a сomplеtеly sеparatе supеrordеr, thе Pan-
сarida (Ьесausе thеir Ьrood сhаmЬеr has a distinсtivе dеvеlopmеntаl origin
and loсation). Similarly, mysid and lophogastгid shrimplikе сrustaсеans havе
bееn сonsidеrеd еithеr to сomprisе an ordеr of pеraсarids or to Ье sеpаratе
ordеrs and ехсludеd from thе Реraсаrida. In еaсh of thеsе сasеs, DNA еvi-
dеnсе has Ьееn usеfirl in rеsolving long-standing phylogеnеtiс unсertainty
and has shown that morphologiсal fеaturеs (е.g., thе Ьrood pouсh and fеa-
turеs of thе сarapaсе' forеgut сirсulatory systеm' and еyеs) sharеd Ьy somе
so-сallеd pеraсarid spесiеs may in faсt havе еvolvеd indеpеndеntly or Ьееn
lost еntirеly.

Somе сrustaсеan spесiеs (е.g., onе еntirе infraсlass of сrustaсеans rеlatеd to
Ьarnaсlеs, thе Faсеtotесta or ..y.larvaе'') arе known only from thеir larvaе
(adult forms havе nеvеr Ьееn found). othеr spесies arе known from only malе
or only fеmalе forms, so knowlеdgе of kеy morphologiсal fеaturеs is similarly
laсking. In thе аmphipod family Lеuсothoidaе' mаlеs may undеrgo a гadiсal
transformation during a singlе molt, suсh that prе- and post-molt malеs wеrе
еrronеously сlassifiеd as not just diffеrеnt spесiеs Ьut as Ьеlonging to diffеrеnt
familiеs. Individuals of somе spесiеs of сaridеan shrimp arе sеquеntial hеr-
maphroditеs, Ьеginning lifе as malеs and latеr transforming intо fеmalеs (a
сondition tеrmеd protandry). Taхonomiс rесognition and assignmеnt is еspе-
сially сompliсatеd Ьy a spесiеs that has supеr-malеs with еnlargеd gеnitalia
(thеsе nеvеr transform into fеmalеs) in addition to thе morе typiсal malе-
phasе hеrmaphroditеs that will еvеntually transform. In all of thеsе сasеs
DNA еvidеnсе is somеtimеs thе only mеans Ьy whiсh somе spесiеs сan Ье
idеntifiеd aссuratеly and plaсеd within an еvolutionary hiеrarсhy.

Finally' in addition to thе intraсtаЬil ity of dеtеrmining сrustaсеan rеlation-
ships, thе quеstion of rеlationships among сrrrstaсеans and thе othеr major
еХtant arthropod suЬphyla (Hеxapoda, or insесts; Myriapoda' or сеntipedеs
and mill ipеdеs; and Сhеliсеriformеs, сomprising spidеrs, mitеs, tiсks, and
horsеshoе сraЬs) is pеrplехing, for many of thе samе rеasons notеd aЬovе.
Variоus altеrnativе phylogеniеs havе Ьееn proposеd on thе Ьasis of diffеrеnt
intеrprеtations of morphologiсal еvidеnсе. For instаnсе' thе ..uniramian hy-
pothеsis'' сonsidеrs arthropods to Ье polyphylеtiс (i.е.' unlikеly to havе had a
singlе, сommon anсеstor) and sеparatеs сhеliсеratеs (е.g., spidеrs) and сrus-
taсеans (possеssing Ьiramous appеndаgеs) from uniramоus insесts' myriapods,
and onyсophorans. Thе ..mandiЬulаtе hypothеsis'' takеs a monophylеtiс (sin-
glе anсеstor) viеw of arthropods and unitеs сrustасеans' insесts, and myri-
apods within thе МandiЬulata. Yеt a third viеw, Ьasеd on an ..arthropod
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pattеrn thеory,' ' аlso viеws aгthropods irs monоplrvlеtiс Ьut plaсеs сrustaсеans
ilr сlosеr affiniц' to сIrеliсегatеs than to insесts arrd пryriаpods. Proporrеnts of
аll thrее viеws сtrnsidеr insесts and пryriapods tсl Ье sistеr tахa, Ьut now nеw
and сornpеlling nrolесular еvidеnсе stlggеSts thаt insесts arе dеrivеd from a
сrustaсеi]11 anсеstof' thеrеЬ1, n-raking thе сrustaсеа a paraphylеtiс taхon that
somе arе сall ing thе ..Рanсrttstaсеa.' аnd making insесts ..flying сrustасеans.' '
SuЬstarrtially morе dаta arе nееdеd to rеsolvе thеsе otltstanding issuеs. In 2001
thе Nаtional Sсiеnсе Foundation аwаrdеd ovеr $1 milliсln to fund tlrе Dееp
Arthropсld Plrylogеny projесt to сlЬtаirr ovеr 60,000 DNA Ьаsеs fronr roughly
120 diffеrеnt gеnеs from 85 arthropoсl spесiеs for just this purposе. Rеsцlts аrе
pеnding and arе highly antiсipatеd.
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Сuviеr, Gеorgеs (\769-18з2)

Althсlugli Gесlrgеs Сtrviеr ехpliсitly rеjесtеd thе rlodifiсation of spесiеs, hе
playеd a prominеnt rolе irr thе еarly history of еvсllutionary sсiеnсе, аlbеit in-
voluntarily. In rеtrospесt, hе madе two major сontributions. First, hе еstаЬ-
lishеd Ьеyond douЬt thе rеirl ity of thе ехtinсtiorr of spесiеs' and hе showеd
that this had оссurrеd frеquеntly irr tlrе histоrу of thе е:rrth' Sесond, hе un-
dеrminеd thе idеa of thе grеat сhain of Ьеing; hе provеd it was impossiЬlе to
сlassif1' organisms in a sеrial ordеr, еithеr logiсal or сhronologiсal. Frеnсh
philosоphег Miсlrеl Еoшсаult sаid rhаt Сuviеr did rrrorе foг thе еmеrgеnсе of
еvolution than Jеan-Baptistе Lamarсk or еarl1, аdvoсatеs of thе trаnsmuta-
tion thеory. Hош.еvеr, this rеtrospесtivе еvаluation is historiсally mislеading.
Cuviеr's аllеgеd сOntriЬutions tсl еvolutiсln must Ье plaсеd irr thеir own сon-
tехt. Somе of Сuviеr's tlrеtlгiеs and rnеthods Wеrе indеес{ inсorporatеd into
thе sсiеnсе of еvtllution, Ьut thе еntirеty of Сuviеr's work сan Ье Ьеttеr un-
dеrsttloс.l in l ight of a diffеrепt сonсеption of thе history of l ifе.

Сtrviеr was primarily a zoolсlgist аnd аn an21romist. Тhе main problеm for
him was сlassifiсаtion. Hе saw сoшparativе аnatomy аs Ьеing сapaЬlе of
providing a unifiеd thеory of l iving Ьеings. Ctrviеr's сomparativе anatomy
и,as сlosеly rеlatеd to physiologу and to thе study of pаst oгganisпrs. From



500 Сuuiеr

thе Ьеginning of his сarеег to thе еnd, hе сombinеd anаtomiсal dеsсription
and сlassifiсatiоn of animals, prеsеnt or ехtinсt' with physiologiсal hypothе-
sеs aЬout thеir funсtitlnal organization. Bесausе of his major disсoveriеs and
mеthodologiсal innovаtions in this Ьroad fiеld of rеsеarсh, hе has oftеn Ьееn
сonsidеrеd thе founding fathеr of Ьoth сomparativе and stratigraphiс palе-
ontology. In Ьoth fiеlds, hе had prеdесеssors and сompеtitors, Ьut hе playеd
a dесisivе rolе in еaсh сasе. Historians of zoology (е.g.' Russеll L\9161 19s2)
insist on thе first aspесt' whilе historians of palеontology (е.g., Rudwiсk
1976) emphasizе thе sесond aspесt. In Сuviеr's work, thе two dimеnsions
сan hardly Ье dissoсiatеd. Nеvеrthеless' thеy arе rеflесtеd in thе titles of the
two major synthеtiс Ьooks that hе puЬlishеd (Сuviеr 1812,1817). Although
this is somеwhat artif iсial, thе two aspесts' stratigraphiс palеоntology (еspе-
сially thе thеory of еxtinсtion) and сomparatlvе anatomy, wil l Ье ехaminеd
sеparatеly.

In thе sесond half of thе sеvеntееnth сеntury, sеvеral sсiеntists сlaimed that
fossils сould Ье intеrprеtеd as rеliсs of еxtinсt spесiеs. But thе quеstion rе.
mainеd opеn whеthеr thеsе spесiеs had indееd disappеarеd or still ехistеd
somеwhеrе on thе еarth. For instanсе, l,amarсk, who dеsсriЬеd a hugе numЬеr
of nеw invеrtеЬratе fossils' rеjесtеd thе idеa of ехtinсtion. Сuviеr proposеd to
rеsolvе this quеstion Ьy using fossils of largе tеrrеstrial animals as а tеst. In
сontrast with marinе animals, largе tеrrеstrial animals сould hardly rеmain un-
known Ьy 1800. In 1796, Сuviеr gavе thе first dеtailеd proof of suсh a сasе.
On thе Ьasis of drawings rесеivеd from Paraguay, hе idеntifiеd a giant fossil as
an unknown animal rеlatеd to thе slсlths. Не сallеd this animal Меgаtherium.
Thе сlaim tЬat МegаthеriumЬad disappеarеd was dесisivеly supportеd Ьy thе
prесisе dеsсription of thе fossil, and its assignmеnt to a known fаmily (thе
sloths). Latеr, Сuviеr ассumulatеd еvidеnсе aЬout thе disappеaranсе of а num-
bеr of othеr largе tеrrеstriаl animals (mammoth' mastodon, Pаlесiheriиm, and
many spесiеs of fossil еlеphants, сroсodilеs, dееr, еtс.) in diffеrеnt parts of
thе world. By usе of anatomiсal dеsсriptions of unprесеdеntеd prесision' hе
providеd сruсial support for thе сlaim that thеsе animals no longеr ехistеd.

Bесausе migration wаs unlikеly' only two hypothеsеs сould aссount for thе
disappеaranсе of thеsе animals. At thе vеry timе whеn Lamаrсk Ьеgan pub-
lishing his transmutation thеory, in 1801 Сuviеr statеd thеy had Ьееn еithеr
еntirеly dеstroyеd or modifiеd in thеir forms. Cuviеr rеjесtеd thе modifiсa-
tion hypothеsis Ьесausе hе thought thеrе was no еvidеnсе to support it. He
advoсatеd thе ехtinсtion hypothеsis Ьесausе hе thought thеrе was еvidеnсе in
its favor. Мummifiеd animals Ьrought Ьaсk from Еgypt Ьy Ёtiеnnе Gеoffroy
Saint-Нilairе (Napсllеon's ехpеdition) did not providе thе slightеst сluе of thе
modifiсation of animals Ьеtwееn antiquity and thе prеsеnt (sее figurе). If no
еvidеnсе of small сhangеs was availaЬlе' how сould Lamarсk and othеrs ех-
trapolatе to largеr сhangеs ovеr long pеriods of timе? In сontrast, Сuviеr and
Alеxаndrе Brongniart's oЬsеrvations (1 s0s) of the suссеssivе stratа aЬove thе
сhalk in thе Paris Ьasin thus suggеstеd thе aЬrupt disappеaranсе of loсal fаu-
nаs. Ovеr long distanсеs (grеatеr than 100 kilomеtеrs), thеrе was а сonstant
supеrposition of thе strata' еaсh strаtum with its сharaсtеristiс fossils. that
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Pаrt of Gеorgеs Сuviеr's argumеnt agtrinst еvolution was Ьаsеd on thе
murтrnif iеd organisms Ьrought Ьaсk Ьy Napolеon's sсiеntists, whrl went rvith
him on his сamp:rign tсl Еgypt. Тhis is thе skеlеtсlrr of аn iЬis, whiсh Сuviеr
pointеd out is idеntiсаl to thе skеlеtons of iЬisеs tсlda,v, thus apparеntlv showing
thаt thеrе is no сh:.rnge ovеr t imе. (Fгom Сuviеr 1804.)

disappеarеd in thе nехt stratum. Fuгthеrmorе, thеy oЬsеrvеd an altеrnаtion
of frеshwatеr and marinе forпr:rtions. This сould bе aссountеd for Ьy suссеs-
sivе еvеnts of еlеvation and dеprеssion of thе сontinеntal arеas. Bесausе thе
junсtions Ьеtwееn thе two kinds of strata Wеrе rаthеr sharp, Сuviеr сon-
сludеd that suddеn gеographiс сhangеs had Ьееn rеsponsiЬlе for thе ехtinс-
tion of suссеssivе tеrrеstrial faunas and for a rеpopulation by еxisting faunas
frorrr othеr plaсеs.

As shown Ьy Мartin Rudwiсk (1976, 117), ..Сuviеr,s rеjесtiorr of еvolu-
tion . . . was primarily a dеfеnsе of ехtiпсtioп' not of spесial crеаtion.,' С:u.
viеr's gеnеral rеprеsеntation of thе history of l ifе сonsistеd in a sеriеs of loсal
rеvolutions, whiсh thеmsеlvеs impliеd thе ехtinсtiсln of somе spесiеs and thе
migration (in and out) of othеrs. Не nеvеr mеntionеd ir gеnеral сatastгophе
that сould havе dеstroyеd all еxisting spесiеs on еarth. Suсh a h,vpothеsis was
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mеntionеd latеr Ьy othеr sсiеntists (Alсidе d'OrЬigny in Franсе, Will iam
Buсkland in Еngland) who also аdvoсatеd еvеnts of ..spесial сrеation'' fol-
lowing thе ..сatastrоphеs.' ' Сuviеr had no thеory to aссount for thе divеrsitу
of l iving Ьеings. For hirr.r, this quеstion was Ьеyond thе limits of thе positivе
sсiеnсе of his timе.

Although Cшr,iеr had no thеo11, for thе origin and divеrsity of l iving or-
ganisms, hе lrad a thеOry of сlassifiсation that rеliеd on thrее rational prinсi-
plеs. Thе first prinсiplе, thе prinсiplе of thе сonditions of ехistеnсе, statеs
thаt ..thе diffеrеnt parts of еaсh Ьеirrg must Ье сoordinatеd in suсh a Way to
rеndеr poss iЬ lе thе ех istеnсе of  thе bеing as a wholе ' '  (Сuviеr  7817,1:6\.
This prinсiplе doеs not rеfеr primarily to ехtеrnal сonditions' Ьut to thе nес-
еssarу сoadаptation of ir-rnсtions and organs within tlrе animаl Ьody. Tlrе
sесond prinсiplе, thе prinсiplе of сorrеlаtion of pirrts, is arl appliсation of
thе formеr prinсiplе. It says that a givеn funсtion саnnot vаry without сor-
rеsponding m<ldifiсations in all rеlаtеd orgаns. In praсtiсе, Сur'iеr usеd this
pгinсiplе tо infеr thе shаpе trf a nurnЬеr of organs in a fossil fron-r thе shapе
of onе organ. Сuviеr usеd his first two prinсiplеs for dеnying thе possiЬil ity
of thе modifiсtrtion of spесiеs. organs and funсtions in an org:rnism arе so
hаrmorriously сoordinatеd in an orgаnism thi1t any сhаngе in :r givеn pаrr
would rеquirе simultanеtlus сhangеs in mаny or all of thе othеr parts.

Cuviеr's third prinсiplе, Ьorrowеd from botanist Bеrnard dе Jussiеu, was
thе prinсiplе of suЬordination of сhаraсtеrs. It statеs that somе сharaсtегs arе
moге fundamеntal than othеrs' in thе sеnsе that thеy dеtеrminе ;r sеt of possi-
Ьilitiеs for thе rеst of thе organism as а wholе. This prir-rсiplе lеd Cuviеr to dis-
tinguish four diffеrеnt еmЬranсhеmеnts, or funсtionirl typеs of animаls:
vеrtеЬratеs' mollusks, i1гtiсulatеs' аnd radiatеs. Thеsе typеs Wеrе not rеduсiЬlе
onе to anothеr. Thе notion of major hеtеrogеnеous struсtural-funсtional
arrangеmеnts сondеmnеd any attеmpts to сl:rssify аnimals-and evеn morе
organisms in gеnеral-aссording to a sеriirl ordеr. For Сuviеr thеrе was no
possiЬlе asсеnсling sеriеs of соmplехity (as rеsеarсhеd Ьy Lamarсk) аnd no ul-
timatе unity of Ьody plan (srudiеd Ьy Еtiеnnе Gеoffrоy Saint-Hilairе; sее thе
аlphаЬеtiсal еntry ..Ёtiеnnе Gеoffгoy Saint-Нilairе' ' in this volr'rmе). This was
a dесisivе аrgumеnt against thе hypothеsis of сommorr dеsсеnt of organisms.
Nеvеrthеlеss, in a сonvolutеd way, thе notion of еmbranсhеmеnts playеd a
rolе irr thе еmеrgеnсe of Сharlеs D:rrrvin's and Alfrеd Russеl \Wallaсе's notion
of Ьranсhing еvolution.

As notеd Ьy most сommеntatoгs, Сuviеr prеfеrrеd faсts to idеas, and hе
lookеd systеmаtiсally for lаws. Hе did not admit еithеr modifiсation or spе-
сial сrеation of spесiеs, bесausе lrе сould not find faсts supporting еithеr hy-
pothеsis. Сorrеlativеly, hе Ьеliеvеd that rеpеatеd еvеnts of ехtinсtion and
loсаl rеvolution had oЬе1,еd rеgular laws of nаturе.

B I в L I o G R A P H Y

Сuviеr, G. 1804. М6moirе sur Llbis dеs аnсiеns Еgyptiеns. Аппаlеs du Мusёum
паtioпаl d' Histoirе паtнrеIlе A(1804): 116-1з.5.

181'2. Rесherсhеs sur
1817 [1983].  Le Rёg

sеruir dе bаsе а I,histoirс
сompаrёе. 4 vols. Paris:
сontеmporarnеs.

Сuviеr, G., and A. Brongniar
еnvirons dе Paris. lol,lrпс

Fouсault, N|. |966. Les mots
Pаris: Gall imard.

Rudwiсk, r|"[. t976. Thе Меа
P аIаeontologу. Сhiсаgo:

Russеll, Е. S. 1916 ||982];. Ft
AпimаI Мorphologу.Lo
Сhiсagо Prеss.



rbigny in Franсе, Will iam
s of ..spесial сrеation'' fol-
to aссount foг thе divеrsity
rd thе | imirs of  thе pos i t ive

аnd divеrsity of l iving or-
еd  t l n  гh rее  ra t i ona l  p r i n с i -
ditions of еxistеnсе, statеs
ordinatеd in suсh a Way to
ho l е ' '  (Сuv i е r  1817 ,  | :  6 ) .
сonditions' Ьut to thе nес-

:hin thе animal Ьody. Thе
parts, is an appliсation of
l сannot vary Without сor-
l praсtiсе' Сuviеr usеd this
s in a fossil from thе shаpе
for dеnying thе possiЬil ity
ions in an organism are so
rny сhangе in a givеn part
rl l of thе othеr parts.
st Bегnard de Jussiеu, was
'еs thаt somе сharaсtеrs arе
еy dеtеrminе a sеt  of  poss i -
;prinсiplе lеd Сuviеr to dis-
rсtional typеs of animals:
rsе typеs Wеrе not rеduсiЬlе
1еous struсtural.funсtional
y animals-and еvеn morе
:. For Сuviеr thеrе was ntl
rеd Ьy Lamaгсk) and no ul-
lffroy Saint-Hilairе; sее thе
,' in this volumе). This was
mon dеsсеnt оf organisms.
еmЬranсhеmеnts playеd a
.еd Russе| lWal laсе 's  not ion

rrеd fасts to idеas, and hе
еithеr modifiсation or spе-
faсts supporting еithег hy-
l еvеnts of еxtinсtion and
t .

ens. Аппаlеs dи Мusёиm

Сuuiеr 50З

181'2. Reсhеrсhes sur lеs ossеmепs fossilеs des quаdrupёdes. Paris: Dёtеrvillе.
1817 |1983l. Lе Rёgпе апimаl distribиё d'аprёs soп rlrgапisаtioп poиr

seruir dе bаsе й l'histoirе паturellе dеs апimаих et d'iпtrсlductioп Й I'апаtomiе
сompаrёе.4 vols. Paris: Dёtеrvillе. Rеprint, Paris: Еditions dеs аrсhivеs
сontеmporainеs.

Сuviеr, G., and A. Brоngniart. 1808. Еssai sur la gёographiе minёralogiquе dеs
еnvirons dе Paris. Jourпаl des Мinеs 23: 421458.

Fouсаult, t^. 1966. Les mots et lеs chosеs: Uпе аrсhёologie dеs sсiепсеs humаiпеs.
Pаris: Gallimаrd.

Rudwiсk, N{. |976. Thе Меапing of Fossils: Еpisodеs in the Historу of
Pаlаеoпtologу. Сhiсago: Univеrsity of Сhiсago Prеss.

Russеll, E,. S. 1916 L1'9821. Form апd Fuпсtion: A Сoпtributiсlп to thе Historу of
Aпimаl Мorphologу. London: John Мurray. Rеprint, Сhiсago: Univеrsity of
Сhiсago Prеss. -J.G.



Darwin, Chаrlеs ( 1809_1882)

Сharlеs RoЬеrt Darwin, thе Еnglish naturalist and еvolutionist, was Ьorn in
thе town of ShrеwsЬury on FеЬruarу 12, 1809, thе samе day as AЬraham
Linсoln aсross thе Atlantiс. Hе diеd on April 79,1882, at his homе in thе vil.
lagе of Downе (Kеnt). Hе was thе author of oп thе origiп of Spесies' plЬ-
lishеd in 1859, and hе is сonsidеrеd thе fathеr of еvolutionary thinking.

Darwin's patеrnal grandfathеr was physiсian Егasmus Darwin, author o{
Zoonomiа (1794_7796), onе of thе еarliеst works proсlaiming еvolution.
His fathеr' RoЬеrt Darwin, was also a physiсian as wеll as a monеу man' ar-
ranging mortgagеs Ьеtwееn aristoсrats with land and a nееd of сash and
Ьusinеssmеn with сash and a nееd of safе loans. Darwin's matеrnal grandfa.
thеr was Josiah \Wеdgwood, thе man rеsponsiЬlе for industrializing thе pot-
tеry tradе in Britain. Darwin сеmеntеd thе !7еdgwood сonnесtion furthеr
whеn hе marriеd his first сousin, Еmma 

.W.еdgwood. 
Не and his wifе had 10

сhildrеn, sеvеn of whom livеd to adulthood. onе was Gеorgе Darwin, thе
еminеnt physiсist and authоrity on thе tidеs.

Сharlеs Darwin was еduсatеd first at ShrеwsЬury Sсhool, onе of Еngland's
lеading privatе sсhools, and thеn sеnt to ЕdinЬurgh Univеrsity in thе foot-
stеps of his fathеr and grandfathеr, intеnding to train as a physiсian. Un-
h,ppy in this dirесtion' hе еnrollеd at Сhrist's Сollеgе in thе Univеrsity of
CamЬridgе, intеnding now to Ье an Angliсan сlеrgyman. Whilе at univеrsity'
Ьoth in Sсotlаnd and Еngland, Darwin startеd to show a strong intеrеst in
sсiеnсе, and Ьy thе timе hе graduatеd in 1831, senior sсiеntists had startеd to
spot Ьoth thе intеrеst and thе talеnt. Thе suЬstantial Darwin-!7еdgwood for-
tunеs mеant that Darwin nеvеr had prеssing finanсial nееds and сould always
indulgе his passion for еmpiriсal inquiry.

Divеrtеd from thе сlеriсal сarееr Ьy thе offеr of a voyagе on HMS Beаglе,
undеr thе сaptainсy of RoЬеrt Fitzroy, Charlеs Darwin spеnt fivе yеаrs going
around thе сoast of South Amеriсa and еvеntuаlly сirсumnavigating thе
globе. Although hе was еngagеd аs a gеntlеman сompanion to thе сaptain,
Darwin soon bесamе thе full-timе ship's naturalist, aссumulating еxtеnsivе
сollесtions that hе shippеd homе' thus adding to thе alreаdy good opinions
of his CamЬridgе mеntors. Darwin аlso madе ехtеnsivе travеls inland. Thе
diariеs hе wrotе on thе voyаgе Wеrе thе foundation for a popular tгavеl Ьook
titl'ed Thе Voуаgе of thе Bеаgle, first puЬlishеd as part of thе offiсial rесord of
thе ship's travеls and thеn indеpеndеntly. Thеrе is no dоuЬt that Ьеing
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known and apprесiatеd Ьy thе gеnеral puЬliс сеmеntеd Darwin's fеputation
as а mаn of solid Worth. This status hеlpеd latеr to givе his сontroversial sсi.
еntifiс сlaims a fair and fаvoraЬlе hеaring.

Darwin's first systеmatiс intеrеsts as a sсiеntist wеrе in gеology. Although
hе was trainеd Ьy Сambridgе profеssor Adam Sеdgwiсk, who Ьеliеvеd that
thе world is formеd Ьy oссasional pеriods of grеat еrrrption and turmoil (сa-

tastrophеs), thе grеatеst influеnсе on Darwin was Sсottish gеologist Сharlеs
Lyеll ' whosе thrее-volumе work, Priпсiplеs of Gесllogу (1830-1833), was еa-
gеrly dеvourеd Ьy thе voyaging naturalist. Lyеll proposеd thе uniformitarian
thesis, arguing that thе gеologiсal world is govеrnеd Ьy unЬrokеn law. Also,
Lyеll hypothеsizеd that thе world is in a kind of stеady statе' with all сhangеs
Ьеing transitory and а funсtion of altеring сlimatе Ьrought on Ьy сhangеs in
thе distribution of land and sеa. Hе lookеd on thе surfасе of thе globе as a
kind of wаtеr Ьеd, whеrе dеposition in onе arеa сausеs sцЬsidеnсе and thus
Ьrings on еlеvаtion in anothеr arеa.

Darwin aссеptеd this viеw сomplеtеly, and his first sсiеntifiс triumph was
in thе Lyеllian modе. 

.Why 
doеs onе find сirсular сorаl rееfs around tropiсal

islands? Lyеll arguеd that thеy arе thе tops of ехtinсt volсanoеs, Ьut Darwin
arguеd that it was improЬaЬlе thаt all of thе volсаnoеs would сoinсidеntally
just Ьrеak thе sеa surfaсе. Rathеr, hе arguеd, thе сoral grows аround thе is-
lands and thеn thеy sink, with thе сoral growing еvеr upward to rеmain at
thе sеa surfaсе' еvеn aftеr thе islаnds thеmsеlvеs mаy havе disappеarеd сom-
plеtеly bеnеath.

Сharlеs Darwin's grеatеst sсiеntifiс еrror Was also in thе Lyеll iаn modе.
In Glеn Roy, a small vallеy in Sсotlаnd' thеrе aге thrее horizontal' traсklikе
indеntations around thе sidеs. !(/hat is thе rеason for thеsе paгallеl roads'
as thеy wеrе known? All agrееd that thеy Wеrе thе rеmains of Ьеaсhеs
around watеr that onсе fi l lеd thе glеn, Ьut whеrе is thе watеr now? In thе
latе 1830s, Darwin arguеd that it had Ьееn sеawatеr Ьut that thе wholе
arеa had mоvеd upward and nоw thе watеr was drаinеd. Shortly thеrеaftеr
thе Swiss sсiеntist Louis Agassiz visitеd thе arеa; hе at onсе saw that thе
Watеr was a lakе, dammеd Ьy iсе that had sinсе mеltеd. Еvеntually Darwin
apprесiatеd his mistаkе' Ьut this took timе Ьесаusе Agassiz wrappеd his
thinking in a сatastrophiс thеory that rеliеd hеavily on thе intеrfеrеnсе
of God.

Darwin would not havе oЬjесtеd to thе supposition that thеrе was a God.
As а young mаn prеparing for thе сlегgy' hе wаs a sinсеrе Сhristian. on thе
Bеаgle voyagе his bеliеfs сhangеd and hе Ьесamе a сommittеd dеist, Ьеliеving
strongly in a God who workеd through unЬrokеn law and who doеs not in-

tеrfеrе with his сrеation. This position lastеd for many yеars, right through
thе writing and puЬliсation of tЬe Оrigiп. Thеn, toward thе еnd of his lifе,
l ikе many mid-Viсtorian intеllесtuals, Darwin's rеligion fadеd into аgnosti-
сism. Thе Angliсan Ьaсkground was аlways vital to Darwin, howеvеr, bе-
сausе it insistеd that God's dеsigning powеrs сan Ье sееn in thе adaptations
сlf organisms, suсh as thе еyеs for sееing and thе nоsе for smеlling. Likе
Arсhdеaсon.sИil l iam Palеy, whosе I'Jаturаl Thеologу (1802 [1819]) Darwin
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rеad as an undеrgraduatе, Darwin Ьеliеvеd that thе most signifiсant fеaturе
of thе living world is thаt it is сomplех and dеsignlikе, tо thе Ьеnеfit of indi-
vidual organisms.

Lyеllian gеology dirесtеd Dагwin to thinking aЬout organisms; fossils wеrе
vital еvidеnсе of subsidеnсе and еlеvation. Thus primеd, in 1835, whеn thе
Beаglе rеaсhеd thе Galipagos Arсhipеlago' a group of islands in thе Paсifiс,
Г)arwin was astoundеd to lеarn that thе dеnizеns, partiсularly thе Ьirds and
thе giant tortoisеs' аrе diffеrеnt from island to island. Еvolution from a сom-
mon anсеstry is thе oЬvious answеr' еspесially to sot-neonе who Ьеliеvеs that
God's glory is shown through the working of law. Howеvеr, it was not until
hе rеturnеd to Еngland in thе following spring of I8З7 аnd was сonvinсеd
that thе Gal6pagos variеtiеs aге truly diffеrеnt spесiеs that Darwin madе thе
lеap to tгansformism, as it was thеn сallеd.

Darwin rea|ized thаt hе nееdеd a mесhanism to ехplain his nеwfound Ье-
liеf. As a graduatе of thе Univеrsity of СamЬridgе, hе was awarе of thе tri-
umphs of its grеаtеst sсiеntist, Isaaс Nеwton. Darwin thеrеforе sought for
thе organiс world a kind of еquivalеnt of Newton's univеrsal law of grаvita-
tion. Hе found his answеr in SеptеmЬеr 1838. Hе startеd with thе Мalthu-
siаn саlсulation that populагion prеssurеs wil l tеnd to outstrip suppliеs оf
food and spaсе. Hе notеd that thеrе sееms always to bе a sourсе of variation
in natural populations. Hеnсе, arguing analogiсally from thе suссеssеs of thе
Ьrееdеrs of animаls and plants, Darwin сonсludеd that thеге will Ьe a natu-
ral form of sеlесtion, with somе winning and othеrs losing, and suссеss Ьеing
a funсtion of thе winnеrs' pесuliar fеaturеs. Vitally, this natural sеlесtion, oг
..survival of thе fittеst,' ' as it Ьесamе known, lеads not just to сhangе but to
сhangе in thе dirесtion of adaptation.

Darwin soon Wrotе up his thinking as a skеtсh of a thеory' Ьut for rеasons
still undetеrminеd hе did not puЬlish. UndouЬtеdly a factor was that hе fеll
sеriously i l l аnd for thе rеst of his l ifе wаs an invаlid and a rесlusе. (Thе еx-
асt сausе of thе il lnеss is unknown. Somе spесulatе that it was psyсhologiсal,
thе strеss of having suсh an еvolutionary thеory. Othеrs think it might havе
Ьееn thе rеsult of аn il lnеss, Сhagas disеasе, piсkеd up on thе Bеаgle voyаgе.)
For mаny yеars, Dаrwin sat ol.l his еvolutionary thinking and was divеrtеd
into a massivе taxonomiс study of Ьarnaсles.

Finally' in Junе 1858, Alfrеd Russеl 
.!Иallaсе, 

a young naturalist wгiting
from thе Fаr Еast, sеnt Darwiп a short еssay сontaining thе samе idеаs Dar-
win had 20 yеars Ьеforе. Thus spurrеd, ехtraсts of Darwin's thinking and
.lfallaсе's 

еssay Wеrе puЬlishеd at onсе. Darwin now rapidly Wrotе up his
thеory, puЬlishing oп the origitl of Speсiеs аt thе еnd of 1859.

TЬe Оrigin was immеdiatеly сontгovеrsial, Ьut it is important not to еxag.
gеratе this fасt. In Britain and оn thе Сontinеnt, and еvеn in Amеriсa, many
pеoplе, Ьoth sсiеntisсs and thе gеnеral population, quiсkly aссeptеd thе idеa
of еvolution. Darwin himsеlf hаd laid thе groundwork for this Ьy сarеfully
сultivаting mеn-notaЬly anatomist Thomas Hеnry Huхlеy and Ьotanists

Josеph Hookеr in Britain and Asa Gray in Amеriсa-who would dеfеnd his
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thinking puЬliсly. Thе rеligious tеndеd to Ье morе rеluсtant, Ьut thеsе pеoplе
also (аftеr a dесadе or so) mоst proЬaЬly aссеptеd somе form of еvolution-
ism. What is сlеаr is that thеrе was сonsidеraЬly morе еnthusiаsm for еvolu-
tion than for Darwin's own mесhanism of natural sеlесtion. No onе wanted
to dеny thе lattеr outright, Ьut most wantеd to supplеmеnt it with othеr
сausеs' ranging from Lamarсkism (thе inhеritanсе of aсquirеd сharaсtеris-
tiсs) to saltationism (еvolution Ьy instantanеous mаjor rrеw variations) to
somе kind of guidеd еvolution whеrе God plаys a сontinuing and aсtivе rolе.

Darwin had intеndеd tЬ'e Оrigiп to Ье a tеаsеr for a sеriеs of Ьooks hе
would now writе, filling out in dеtail all thе сlaims madе Ьriеfly in tЬe origiп.
only onе of thеsе Ьooks was еvеr writtеn, Thе Vаriаtioп of Aпimаls апd
Plапts under Dсlmеstiсаtiсlп (1868\, notаЬlе сhiеfly for Dаrwin's somеwhat
inadеquatе hypothеsis aЬout hеrеdity, сallеd pangеnеsis. (Darwin arguеd
that partiсlеs arе givеn off all ovеr thе Ьody and сollесtеd in and transmittеd
Ьy thе sех oгgans. This would thus еnsurе Lamarсkian еffесts, а hypothеsis
to whiсh Darwin always suЬsсriЬеd.)

Apart from a sеriеs of inсidеntal works that Darwin now authorеd-a lit-
tlе Ьook on orсhids' anсlthеr сln сlimЬing plants, a third on insесtivorous
plants, yеt anothеr on еarthworms-thе major laЬors of thе post-Оrigi|1
yеars wеrе on thе human spесiеs, rеsulting in The Desсеnt of Мап (1871)

and a kind of supplеmеnt,Тhe Ехprеssioп of thе Еmotioпs iп Мап апd Апi-
mаls (7872|' |n tЬe Оrigiz, dеliЬеratеly, Darwin had said virtually nothing
aЬout humans' othеr than an unamЬiguous сommеnt at thе еnd suggеsting
that hе thought his thеory also appliеd to humans. It was not that hе thought
thе topiс unintеrеsting or unimportant' Ьut hе wantеd first to gеt thе Ьаsiс
thеory on thе taЬlе and not gеt еvеrything at onсе lost in thе gеnеral argu-
mеnt аЬout humans.

In this, Darwin was only partially suссеssful. At onсе, еvеryonе sеizеd on
thе impliсations for Homo sаpieпs of thе ..monkеy thеory.' ' This is what pеo-
plе wantеd to talk aЬout. For a whilе, Darwin stayеd aloof. Thеn, undеr
prеssurе from friеnds and supportеrs, and pаrtiсularly gаlvanizеd Ьy thе faсt
that \Х/allaсе had Ьесomе a spiritualist and had turnеd to non-natural сausеs
to еxplain humаn еvolution, Darwin arguеd in dеtail that human naturе'
physiсal and soсial, is a produсt of unЬrokеn law. As always, natural sеlес-
tion was thе kеy сausal featurе, Ьut Darwin supplementеd it with a sесond.
ary mесhanism, sехual sеlесtion, whеrе organisпrs сompеtе for matеs.
Darwin bеliеvеd that sеxual sеlесtion was partiсularly important in dеtеr-
mining thе diffеrеnсеs Ьеtwееn human sехеs and raсеs.

Although hе did not l ivе to a vеry old agе, Darwin's hеalth improvеd in his
last dесadе. Не сontinuеd to work until thе еnd, inсluding answеring an еvеr.
growing сorrеspondеnсе. Aсknowlеdgеd both Ьy his сountrymеn аnd Ьy oth-
егs aсross thе world as Onе of thе grеat sсiеntists of all timе, he was rеgardеd
with respeсt and affесtion. Тhеrе Was thеrеforе no grеаt surprisе thаt whеn
hе diеd, Ьy gеnегal aссIaim, hе was Ьuriеd in $7еstminstеr AЬЬеy, just aсross
from Nеwton and a paсе or two away from Lyеll.
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Darwin, Еrasmus (\7 3!_\802)

Еrasmus Darwin, thе grandfathеr of Сharlеs Dаrwin, was onе of thе bеst-
known early еvolutionists. A physiсian' hе livеd in Litсhfiеld in thе Еnglish
Мidlands and latеr in DеrЬy, also in thе Midlands. Hе fathеrеd thrее sons
with his first wifе, thеn two daughtеrs with a mistrеss, and sеvеn morе сhil-
drеn with his sесond wifе. Hе was opеn in his еnthusiasm for sеХual aсtivity'
and to this еnd hе dесidеd' as a young man' to givе up drinking lеst it impаir
his prowеss. A grеat еnthusiast for Linnaеan taхonomy, Ьasеd as it was on
sexual сharaсtеristiсs, Darwin was known to thе widеr puЬliс as a poеt whо
hymnеd thе virtuеs of plant sехuаlity' Thе Louеs of tbe Plапts (1789) Ьеing
onе of his majоr l itеrary aсhiеvеmеnts.

Еrasmus Darwin was а сlosе friеnd of industrialists inсluding pottеr Josiah.s(еdgwood, 
whosе daughtеr marriеd Еrasmus's third son, RoЬеrt, and onе of

whosе сhildrеn was Сharlеs. Kееnly intеrеstеd in maсhinеs and thеir usеs,
Еrasmus Daгwin was a mеmЬег of thе Lunar Soсiеtу, a group of mеn who
mеt monthly to disсuss mattеrs of intеrеst. This group inсludеd сhеmist

Josеph Priеstlеy, industrialist Matthеw Bolton, and Jamеs 
.UИatt, 

famous for
his work on improving thе stеam еnginе. Darwin was himsеlf an invеntor,
inсluding a horizontal windmill ' an untippaЬlе сarriagе, and а сanal l ift for
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Ьargеs. Hе wаs аlso intеrеstеd in agriсultr.rrе, writing а sсiеntifiс trеatisе on
thе topiс. For his two middlе сhildrеn, whonr hе sеt up in thеir own sсhool'
hе wrotе a small trеatisе on fеmаlе еduсation.

Hе сorrеspondеd with pеoplе far and widе on topiсs of mutual intеrеst.

onе асquаintanсе Was Bеniamin Franklin. Likе many morе advanсеd

thinkеrs of his daу, Darwin approvеd of thе Amеriсirn Rеvolution, as wеll as

thе Frеnсh Rеvolшrion, шntil it got out of hand. A mаn of grеat girth, a funс-

tion of an еnormous irppеtitеt hе was nеvеrthеlеss а wеlсomе housе guеst Ье-
сausе l"lе was a Ьril l iant сonvеrsationirl ist. Не wаs onе of thе wisеst mеdiсal

mеn of his da-v; King Gеorgе III unsuссеssfully Ьеggеd him to Ье thе royal
physiсian.

Darwin's intеrеst in еvolution sееms to havе Ьееn spaгkеd Ьy fossils, par-

tiсularly thosе thrown up in thе сoursе of boring through mountains to makе

tunnеls for сanals. But it was not until virtually thе last dесаdе of his l ifе thаt
hе aсtually startеd writing on thе suЬjесt. Нis murjor prosе work, Zoonomiа
(|794-1796), сarriеd disсussion of thе topiс' anсl tlrе suЬjесt еntеrs into sеv-

еral of his poеms. Although his thinking is somеwlrat сrudе Ьy today's stan-

dards, Dаrwin r.rrаkеs irrlportаnt points' sti l l vаlid' еspесially drawing

аttеntion tсl thе sinrilаritiеs Ьеtwееn diffегеnt kinds of organisms (wlrаt today

is сallес] homologiеs) and to thе possiЬil ltv tlrаt еn-rЬrуologiсal dеvеlopr.пеnt is

a сamеo for whirt happеns to spесiеs througlr thе agеs. Сausally, Darwin

flоatеd thе idеa that aсquirеd сhаraсtеristiсs r-night Ье inhеritеd (what today
is сallеd Lamarсkism) as wеll as offеring a vеrsion of his grandson's mесha-

nism of sеxual sеlесtion.
Truly, howеvеr, fсlr Еrasmrrs Darwin, as for еr,еry othеr еarly еvolutionist,

thе сhangе of orgаnisms ovеr timе was takеn to Ье a rеflесtion of and proоf

of сhangе in soсiсt'v ovеr timе-сhangе from a sinlplе statе to onе morе ad-
vanсеd, that is to s.1у' сharrgе of a progrеssivе natltrе. As 1rе usеd to say, fгom
monаrсh (Ьuсtегflv) tсl t-t-tot-tarсh (king). This ссlпrеs tlrrough сlеarlу in onе of
Darwiп's l i ltег poеms. TЬе Теmplе of Nаturе.

С)гganiс Lifе Ьеnеath thе shoгеlеss wavеs

W:rs Ьorn аnd nurs'd in Oсеan's pеarly сavеs;
First forms minutе' unsееn Ьy sphеriс glass,

Movе on thе mud, or piеrсе thе wаtеry mаss;
Thеsе, as suссеssivе gеnеrations blоom,
Nеrv powеrs aсquirе, and largег l imЬs аssumе;
.VИhеrrсе 

сountlеss groupS of vеgеtation spring,

And Ьrеathing rеalms of fin' and fееt, and wir-rg.

Thrrs thе ta l l  Oak,  thе g iаnt of  thе wood,
\Whiсh Ьеars Britаnnia's thundегs on thе flood;
Thе 

.Whalе, 
unmеasurеd monstеr оf thе main'

Tlrе lordly Lion, monarсh of thе plаin,
Thе Еaglе soaring in thе rеalms of eir,
Whosе еyе undazzlеd drinks thе solаr glarе,

Impеrious man, who rulеs thе Ьеstiirl сrowd,
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Of languagе' reason' and rеflесtion proud'
.i7ith Ьrow еrесt whtl sсorns this еarthy sсld,
And stylеs himsеlf thе imagе of his God;
Arosе from rudimеnts of form and sеnsе,
An еmЬryon point, or miсrosсopiс еns!
(Darwin 1803, 1:  Сanto I ,  l inеs 295_з14)

In arguing thus, Еrasmus Darwin was gсling against a ЬiЬliсally inspirеd
aссount of origins, Ьut thе aсtual disagrееmеnt with Gеnеsis Wаs nеvеr a ma.
jor impеdimеnt in thе еyеs of Сhristians, most of whorn Ьy his day Wеге not
litеralists (in thе sеnsе of todаy's сrеationists). Мorе oЬjесtionaЬlе wаs thе
faсt that progrеss' whiсh dеpеnds on thе еfforts of individual humans, was
sееn to сonfliсt with thе idеa that salvation сan сomе only through Provi-
dеnсе, or God's unmеritеd graсе. That сonfliсt did makе еvolutiоn a radiсаl
idеa' сompoundеd Ьy thе faсt that thе vilе dсlсtrinе wаs sееn tсl havе lеd to
thе Frеnсh Rеvolution. Darwin himsеlf wаs а dеist, somеOnе who Ьеliеvеs in
God аs an unmovеd movеr. Thе faсt that еvolution is groundеd in thе rulе of
law would havе Ьееn, for him, a proof of God's еxistеnсе and powеrs rathеr
than a rеfutation.

In thе еnd, Еrasmus Darwin's rеputation was dеstroyеd Ьy a savagе parody
of his poеtry writtеn Ьy politiсal сonsеrvativеs, inсludirrg Gесlrgе Саnning, a
British statеsman during thе Napolеoniс еra and latеr, Ьriеfly, primе minis-
tеr. In thе funny ..Thе Lovеs of thе Triаnglеs' ' (1798), Daгwin's spесulаtions
aЬout plant sехuality and inсlinations (in an еarliеr poеm' The Loues of tЬе
Plапts) wеrе moсkеd. Thеrе Wеrе сеrtainly thosе whсl studiеd Dаrwin's idеas
with саrе, inсluding thе agеd Immanuеl Kant in KonigsЬurg, who rеad a
Gеrman translation o{ Zсlсlпсlmiс. Nеvеrthеlеss, gеnеrаlly, еnthusiasm fсrr his
thought wеnt into stееp dесlinе. Pеrhaps somеwhat unfairly, for postеrity hе
takеs sесond plaсе to thе latеr, and no morе sophistiсatеd, writings of Frеnсh
Ьiologist Jеan-Baptistе Lamarсk.
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Dаrt,ь,in аnd thе E,mergеncе of Еuolutionаrу Theories of
Мind aпd Bеhаuior (RoЬеrt J. Riсhaгds)

|nhis Dаrcuiп апd thе Еmеrgепсe of Еuolutirлаrу Thеoriеs of Мiпd апd Bе-
hаuior (|987), RoЬеrt J. Riсhards аddrеssеs thе most diffiсult sеt of idеas
that hovеr around Ьioiogiсzrl еvolutiorr-thе еvolution of rrrind, insrinсt, in.
tеll igеnсе, rеason' haЬits' аnd Ьеhavior. Thеsе idеas arе diffiсult Ьесausе thеy
arе frеqr.rеntly usеd tо invеstigatе thеmsеlvеs. Riсhards also addrеssеs morals,
аnd thеrе is nothing likе moгаls to intегfеге with thе study of nrorals'

Сan thеsе humаn сharaсtеristiсs еvolvе via natural sеlесtion' and сan thеy
thеmsеlvеs funсtion as a mесhanism in еvolution? Riсhаrds traсеs thе an-
swеrs to thеsе twсl quеstions in thе works of suсh еighteеnth-сеntury sсholars
as Еr:rstnus Darwin, Piеrrе-Jеan СirЬаnis, and Jеan-Baptistе dе Lаmarсk,
through Сharlеs Darwin' Alfrеd Russеl 

.Wallaсе, 
and HеrЬеrt Spеnсеr, and

latеr Darwinians suсh as Gеorgе J. Romanеs, С' Lloyd Мorgan, James I\4.
Baldwin, аnd \Will iаrn Janrеs, aпd on up toward thе еnd of thе rwеr.rtiеth
сеntury.

As always, Сharlеs Daгwin viеwеd natural sеlесtion as thе сhiеf, although
not thе solе, mесhаnism opеrating in еvolution, ir-rсluding thе еvolution of
human traits. Howеvеr, аll of thеsе mесhanisms wеrе for Darwin totally nat-
uralistiс. Somе of Darwin,s сontеmporariеs followеd Darwin's lеad, Ьut most
did not. \Vallaсе Ьеgan thinking thаt tlrе pесuliаrly humarr traits сould Ье
gеnеratеd Ьy naturаl sеlесtion. Latеr hе аЬandonеd Dаrwin on this sсorе and
joinеd with HеrЬеrt Spеnсеr.

A сommon Ьеliеf among prеsеnt-day historiаns of Ьiology is that Darwin.
ian thеory сrushеd ninеtееnth-сеntury Ьеliеf in а spirituаlly dominаtеd uni_
vеrsе and purgеd naturе of intеll igеnt dеsign аnd purposе. Riсhаrds disagrееs
on Ьoth сounts. Pеrhaps latеr Darwinians did not hold thе unsophistiсatеd
Ьеliеfs of fundamеntalist Сhristians, Ьut thеy wеrе hardly rесalсitrаnt mаtеri-
alists. Daгwin and his disсiplеs аttеmptеd to infusе human naturе witlr an au-
thеntiс moral sеnsе.

Thе sесond issuе сonсеrnеd suсh things as hal.l its funсtioning as mесha-
nisms fсlr еvolutionary сh:rngе. Amоng historians of sсiеnсе irr tlrе pаst, this
topiс h:rs Ьееn usually l imitеd to parodiеs of Lamarсk and latеr Jamеs Bald.
win, Ьut Riсhards shows thаt suсh Ьеliеfs wеrе сommon frсlm thе еightееnth
сеntury to thе latе twеntiеth сеntury. In faсt, it was onе of Darwin's main
сonсеrns' Ьut latеr Darwiniаns did nоt pay as muсh attеntion to it as Darwin
did, at lеаst not until thе еnd of thе ninеtееnth сеntury. Aссording to Bald-
win, somе animals, whеn thеy еntеr a nеw еnvironmеnt or tЬеir old еnviron-
mеnt movеs out irom undеr thеm, сzrrr adjust to thе сharrgе Ьy lеarning nеw
Ьеhavioгs. Ovеr sеvеral gеnеrations thеsе Ьеhaviors might Ье transmutеd
into nеw haЬits. Howеvеr, in thе twеntiеth сеntury, еvolutionary Ьiologists
tепdеd to геjесt thе Baldwin Еffесt as not oссLlrring at all or аs Ьеing of only
vеry minor signifiсanсе. During thе past fеw dесadеs or so, howеvеr, thе
Baldwin Еffесt has еxpеriеnсеd a rеsllг!]еnсе. МayЬе it is as impoгtant as
Darwin oгiginally tlrought.
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In Dаrtc,iп аnd tbе Еmеrgeпcе of Еuolutionаrу Theories of Мiпd апd Bе-
hаuior, Riсhards еspousеs а гadiсal philosophy of histoгy-a selесtion
modеl. Historians of sсiеnсе arе wеll awarе that the gеnеalоgy (who got what
from whom) of idеas is important, Ьut rесonstruсting сonсеptual gеnеalogiеs
is quitе diffiсult. Usually historians havе to sеttlе for similarity of idеas, and
too oftеn, when sirrrilarity and gеnеalogy сonfliсt, thеy sidе with similarity.
Riсhards doеs not. Не not only еspousеs a sеlесtion modеl of sсiеntifiс
сhangе Ьut also Ptlts it into praсtiсе. His history is all thе Ьеttеr for it.
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Dawkins, Riсhard (ь. I94|)

Riсhard Dawkins is a British zoologist and еvolutionary thеorist Ьеst known
for his сonсеpts of thе sеlfish gеnе, thе еxtеndеd phеnotypе, and thе mеmе.
Born in Kеnya, Dawkins was еduсatеd at Oxford' whеrе hе has livеd and
workеd sinсе 1970. F{is 1976 Thе Sеlfish Geпe is onе of thе сlassiс works of
nеo-Darwinism, unifying and сlaгifying thе еmегging сonsеnsus аmong suсh
еvolutionary thеorists as !(/illiam Hamilton, Gеorgе Williams, RoЬегt Trivеrs,

John Мaynard Smith, and his doсtoral supеrvisor, еthologist Niko Tinbеrgеn.
This Ьook artiсulаtrs thе thеory of nаtural sеlесtion in suсh vivid and aссеssi-
Ьlе tеrms that it is oftеn mistakеnly rеgardеd as mеrеly a ..popular'' Ьook.
Dawkins's сеntral сlaim is that thе most fundamеntal' and hеnсе most еx-
planatory, pеrspесtivе on all еvolutlon by natural sеlесtion is thе .,gеnеЪ-еyе

viеw,,' in whiсh Ьеnеfits to spесiеs, linеagеs, groups' and еvеn individual or-
ganisms arе sееn to Ье suЬsidiаry to thе primary Ьеnеfiсiariеs of all adapta-
tions' thе ..sеlfish'' gеnеs thеmsеlvеs. ovеr timе' еvоlution designs and Ьuilds
organisms (..survival пraсhinеs'') that Ьеnеfit сoalitions of gеnеs Ьy improving
thеir prospесts for rеpliсation. TЬе геaсh of gеnеs doеs not stop at thе skin of
thе oгganism: soпlе gеnеs сontrol thе dеsign and сonstruсtion of an еxtеndеd
phеnotype' harnеssing fеaturеs of thе еnvironmеnt and еvеn othеr spесiеs.
Thus thе bеavег's dаm and thе spidеr's wеЬ arе just as important paгts of thе
phеnotypеs of thosе spесiеs as thеiг еyеs and mouths' аnd parasitеs oftеn ех-
ploit thе Ьеhaviorаl сontrols of thе host spесiеs' hiiaсking othеr gеnеs' survival
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ТIrе Dеsсеnt of Man .'1.]

maсhinеs. Еmphаsizing thе univеrsal appliсation of Сharlеs Darwin's funda-
mеntal ir-rsights, Dawkins drеW attеntion to thе possiЬility th;rt whеn gеnеtiс
naturаl sеlесtion сrеatеd a spесiеs, Hoпto sаpieпs, with an еxtеndеd phenotypе
that inсludеd languagе and tесhnology' this in еffесt еstablishеd a nеw mеdium
of еvolution Ьy natr'rral sеlесtion: human сulturе, in whiсh thе diffеrеntial rеpli-
сation of saliеnt сцltuгal itеrr-rs' сallеd шеmеs' соuid aссot-tnt foг rrrany of thе
fеaturеs of сultural еvolution that arе Othеrwisе pеrplехing. Dawkins initially
prеsеntеd thе idеа of mеmеs as a sort of thought еxpеrimеnt to illustrаtе thе
аbstraсtnеss of thе fundameпtal idеa of natural sеlесtion. аnd hе has not
сlaimеd to Ье making a major сontriЬr-rtion to thе sсiеntifiс invеstigation of thе
еvolution of humаn сulturе. Othеrs, howеvеr, hаvе takеn up thе сonсеpt еn-
thusiastiс:rlly, with пriхеd rеslrlts to datе.

In 1986, Dawkins puЬlishеd anothеr pеdаgоgiсal tour dе forсe,Тhе Bliпd
Wаtсhпшkеr, in whiсh hе il lr.rstratеd many of thе most еlusivе impliсarions of
еvolutionary thеoгy via his pionееring Blind \Watсhmakеr softwarе, onе of
thе еаrly triumphs оf thе Artif iсial Lifе п1ovеment in thеorеtiсal Ьiology' In
1995,Ьe was app<lintеd to Ье thе first Charlеs Sirnonyi Profеssor of thе PuЬ-
liс Undеrstanding of Sсiеnсе аt Oхford. In this idеal rolе for a writеr of his
talеnts, lrе has suЬsеquеntly puЬlishеd a sеriеs of luсid Ьooks and aгtiсlеs ех-
plaining аspесts сrf sсiеnсе to сhе gеnеral puЬliс. L{е also has takеn tlrе lеad in
thе puЬliс disсussions of сontrovеrsial issuеs of sсiеnсе poliсy and politiсs.
Most rесently, his Ьroadsidе on rеligion, Thе God Dеlusioп (2006), an at-
tеmpr to raisе сorrsсiousnеss аЬout thе wеaknеssеs and foll iеs of traditional
rеligious Ьеliеf, has attraсtеd Ьoth еnthusiastiс prаisе and vil if iсation' playing
a lеading rolе in what is bеing сallеd ..thе nеw аtlrеism.'' Lеss wеll known to
thе lay puЬliс аrе Dawkins's important analysеs of fundamеntal proЬlеms in
kin sеlесtion and thе еvolution of сornrnuniсation, among othеr topiсs.
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The Descent of NIаn, аnd Selectioп in
Relаtioп to Seх (Сharlеs Darwin)

Tbe Dеsсепt of Мап, апd Sеlесtiсlп iп Relаtioп to Seх, puЬlishеd in 1871,
was Сhаrlеs Darrд.in's work on thе evolution of thе human spесiеs. Initially,
hе hаd Ьееп r"rnwill ing to gеt into this asресt of tlrе еvolutionary dеbatе, Ьut
whеn Alfrеd Russеl !7allасе (1870), who had Ьесomе a spiritualist, dесlarеd
that humans сould not havе Ьееn produсеd Ьy natural mеans' Darwin fеlt
that hе had to gеt involvеd.
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Littlе of thе Ьаsiс disсr-rssion of human еvolution is originаl, аs Darwin rе-
liеd hеavily on thе rеports and findings of othеrs. Likе Thomas Hеnry Huх.
lеy (in Euidenсе аs to Мап's Plасе iп Nаturе, 186З) Ьеforе him, DarwinЪ
сhiеf modе of аrgumеnt was to сomparе humans with othеr animals, show-
ing that thе diffеrеnсеs arе a lot lеss grеat than сlnе пright imaginе. Thеrеforе,
thеrе is no rеason to think that humans arе not part of the naturаl world,
and, givеn thе sharеd fеaturеs with thе animals' mцсh rеason to think that
humans arе thеir dеsсеndirnts. Dагwin did not think thаt humаns wеrе dе.
sсеndеd trom animals alivе today, аnd hе was inсlinеd to support thе idеa of
an Afriсаn origin for humankind.

Darwin was pаrtiсulаrJy intеrеsted in humаn fеason аnd soсiality. Hе ar-
guеd that morality (аnd rеiigion) arе nattrral outсomеs of еvolution. Bесausе
in еarliеr writings Darwin had Ьеliеvеd that natural sеlесtion works always
1Ъr thе bеnеfit of thе individual rathеr than thе group' hе was сonсеrnеd to
show that a gеnuinе morаl sеnsе of саrе for othеrs сould nеvеrthеlеss еvolvе.
In somе rеspесts' 

-hе 
thought that a group kind of sеlесtion might havе pro-

duсеd morality' Ьut hе also gavе thе suggеstion thаt morаlity .oulJ Ь.
еnlightеnеd sеlf-intеrеst. Hеrе hе antiсipatеd thе modеrn mесhanism of ..rе-
сipгoсal altruisnr.. '

!Иallaсе's apostasy also ехplains thе rathеr odd nаturе of Darwin's Ьook,
bесausе muсh of it was not aЬout humans at аll. It was rathег about Dar-
win's sесondary mесhanism of еvolutionary сhangе, that is, sеxual sеlесtion.
Hеrе, organisrrrs in a spесiеs сompеtе for matеs, and hеnсе thеy dеvеlop
adaptations (е.g., antlеrs of the dееr, tail fеаthеrs of thе pеaсoсk) to аid in
this сompеtition. !Иallaсе arguеd that fеaturеs l ikе humаn haiгlеssnеss and
grеat intеll igеnсе сould not havе bееn produсеd by natural sеiесtion аnd so
must bе thе rеsult of spirit forсеs. Darwin rеpliесl that sехual sеlесtion
сausеs many human fеatuгеs' suсh as intеll igеnсе and Ьody shapе. For marry
yеars' pеoplе werе inсlinеd to dismiss sеxual sеlесrion аs somеthing dе-
manding trеatmеnt in its <lwn right' аnd thought of it as somеthing Ьеst in-
сorporatеd with natural sеlесtion. With thе risе of intегеst in anima] soсial
Ьеhavior, sеxual sеlесtion is now somеthing of grеаt thеorеtiсal and еmpiri-
са l  intеrеst .

In thе сoursе of thе disсussion, Darwin was lеd to makе somе vеry сon-
vеntional Viсtorian judgmеnts aЬorrt thе superiority of rrralеs ovеr fеmalеs,
and Еuropеans ovеr all othеr humans. Hе also worriеd that modеrn mеdi-
сinе was having dеlеtеrioцs еffесts on human Ьгееding stoсk, Ьut fеlt aЬlе
to dеfеnd сapitalism Ьесausе it lеads to lеisurеd p.opl. of сulturе whosе
works bеnеfit us all. Rесеntly, on thе Ьasis of rhеsе sorts of rеmarks, thе
Amеriсan rеligious opponеnts of еvolution (thе сrеаtionists and thеir asso-
сiatеs' thе so-сallеd Intеll igеnt Dеsign Thеorists), frustratеd in thеir at-
tеmpts to pгovе thаt thеir ЬiЬliсally Ьasеd Ьеliеfs are gеnuinе sсiеnсe, havе
triеd a diffеrеnt tасk. Thеy arguе that Darwin lеads straight to thе vilе idе-
olоgiеs of thе twеntiеth сеntury, partiсularly NationаI Soсialism (sее еspе.
сially \Wеikart 2О06 and thе Bеn Stеin-narratеd fiIm Ехpеllеd: No
Iпtell igепсe Аllou',ed' 200s). This is a сlassiс еxamplе of Ьad sсholarship
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promoting an unsuppoгtaЬlе thеo|ogiсal thеsis. Although Darwin is vеry
Viсtoriaп' he is a vегy l iЬеral Viсtori:rn. For all that hе worriеd aЬout thе
еffесts of mеdiсinе, hе immеdiatеly strеssеd that lrе did not think wе should
stop using it. Hе also thought that thе сhiеf rеasorr whitе pеoplе tеnd to
ovеrсomе othеr pеoplеs is bесausе othеr pеoplеs suссumЬ to thе disеasеs of
whitе pеoplе morе rаpidly than whitе pеoplе do to thе disеasеs of othеrs.
Мorе gеnеrally' although thеrе аге indееd pаssagеs in Мeiп Kаmpf (1925)

that do sound likе Soсial Darwinisпt' Hitlеr drеw somеwhat haphаzardiy
on many sourсеs' and thе аnti-Sепritism of his youth in Viеnna аnd thе
Volkish sеntimеnts оf thе group promoting thе mеm<lry of 

.Wagnеr 
wеrе at

lеast as signifiсant, or morе (Friеdlandеr 1997; Kеrshaw 1999).In anу сasе,
thе Nazis gеnеrally did not muсh likе еvolution Ьесausе it strеssеd thе onе-
nеss of  humankind,  i ink i r rg Aryаns with Jеws and Gyps iеs.  (R iсhards 2008
disсussеs thеsе сhargеs' putting thеm in сontехt.)

в | в L I o G R A P H Y

Darwin, С. 1871'. The Dеsсепt of Мап, аlld Selесti l lп iп RеIаtiсlп,o Seя. London:
Iohn Мuгray.

Ехpеllеd: No lntеlligеncе Аlltlш'еd,2008. Nаthаrr Frаnkowski, dirесtor. 90 mirr.
N.p.: Prеmisе N{еdia Сorporation.

Friеdlandеr, S' 1997. Nаzi Germапу апd the |eшs. Vol. 1, Thе Yеаrs of Pеrseсution,
19з3_з9. London: Wеidеnfеld and Niсolson.

Grubеr, М. Е. 1981. Dаrшiп oп Мап.2nd еd. Сhiсago: Univеrsitу of Сhiсago Prеss.
Hitlеr, A. |925. Меin Kаmpf. Muniсh: Vеrlаg Franz Еhег Naсhfolgеr.
Huxlеу, Т' H. 1863. Еuir' lспсc аs ttl Мап's Plаce iп Nаture' Lonс]on:lй/il l iаms and

Nоrgatе.
Kеrshaw, |. 1999. Нitlеr.Уo|. 1,1889-1L).J6: I]ubris. Nеrь'York: Norton.
Riсhards' R. J. 2008. Тhе Trаgiс Sепse of Life: Еrпst lIаесhеl апd thе Strugglе сluеr

Еuolutioпаrу Thoнght' Сhiсago: Univеrsity оf Сhiсago Prеss.
Rusе, M. 2008. Сbаrlеs Dаnuiп. Oxford: Blaсkwеli.
Trivеrs, R. L. 1971. Thе еvolution of гесiproс:rl altruism. Quаrtеrlу Rеuiеtu of

Biohgу 46: 35_57.
Wаllасе, A. R. 1870. Thе limits of nattlrаl sеlесtion as appliеd to man. ln his

Сoпtributioпs to thе Thеorу of Nаturаl Sеlесtioп, 332-з71' London:
Мaсmillan.

Wеikart, R. 2006. From Dапuiп to Hitlеr: Еuolиtioпаrу Еthiсs, Еugепiсs, апd
Rасism iп Gеrmап\,, Nеw York: Palr]rar.е \4aсmillаn. -М.R.

The Deuelopmeпt of Dапuiп's Theorу (Dov ospоvat)

Thе Deuеlopmeпt of Dаrшiп's Thеorу wаs puЬlishеd in 1981. It appеarеd
just a fеw months aftеr thе dеath of its author, Dov Ospovat, at thе agе of 33.
Thе Ьook aсhiеvеd an important milеstonе in what Ьесamе known as Dаr-
win Studiеs, tlrе histoгiсаl study of Сharlеs Darwin's l ifе аnd work. Darwin
Studiеs Ьесamе a spесial arеa in thе histсlry of sсiеrrсе shortly aftег thе 1959
сеntеnnial of thе puЬliсation of Сhаrlеs Darwin's oп the origin of Spесiеs.It
soon grеw into a mаior fiеld of historiсal rеsеarсh. Thе еxplosivе growth was
due to two faсtors' Fiгst, until thе 1950s Darwin was l. lot rесognizеd as thе
еxrгеmеly important sсiеIrtist thаt hе is today. Thе modеrn synthеtiс thеory
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сlf еvolution (thе thеory foгmеd Ьv сomЬining Dаrrvinian natuгal sеlесtion
with Mеndеlian gеnеtiсs and, m<rrе rесеntly' with rnolесular gеnеtiсs) Ьеgan
during thе 1930s аnd 1940s. At Iirst it dеm<lnstrаtеd thаt a numlrеr of diffеr-
еnt influеnсеs' inсluding natural sеlесtion and gеnеtiс drift, сontriЬutеd to
еvolutionary сhangе' Ьut thе rеlativе strеngths of thеsе influеnсеs Wаs un-
known. By thе 1950s it Was gеnеrаlly ассеptеd that r-ratural sеlесtion was thе
dominant еvolцtionаry forсе. This сonsеnsus сoinсidеd niсеly with tlrе сеlе-
Ьrаtions of thе сеntеnniаl of the Оrigiп. Bес:lt 'tsе Dаrwin Was thе fathеr of
natural sеlесtion, hе now Ьесamе thе fathеr of thе synthеtiс thеorу of еvolu-
tion. Thе nеw interеst in Darwin сoinсidеd with thе disсovеry thаt Darwin
hаd lеft an immеnsе stoге of pеrsonal papеrs that inсludеd pеrsonаl сorrе-
spondеnсе, rеsеаrсh notеs, and prеliminary drаfts оf his Ьooks and artiсlеs.
Urrl ikе Grер;or Mеrrdеl (rvhosе pаpегs wеrе dеstгoyеd Ьy lris stlссеssor)) Dar-
win's papеrs offеrеd immеnsе opportunitiеs foг rеsеarсh in thе histсlry of sсi-
еnсе and, indееd, in thе lifе story of a sсiеntist whosе importanсе was
suddеnly Ьеing rесognizеd.

Thе first wavе of Darwin Studiеs сonсеntrаtеd on his voyagе on НMS
Bеаglе and h is  notеЬoоks of  18З7-18З9, wr i t tеrr  sс lon aftег hе rеttr r r rеd.
T.his pеriod сovеrеd thе Ьеgirrnirrgs сlf Darwin's еvolutionary thought and
his dеvеlopmеnt of thе prinсiplе of natural sеlесtiсln. This phasе of Dar-
win's l ifе was importаnt to sсiеntists Ьесausе natural sеlесtion was thе as-
pесt of Darwin's thought that fit most сlosеly wirh thе synthеtiс tlrеory of
еvolution. Thе pеriod from 1840 to l859 was oftеn rеgardеd as a pr-rzzlе. If
Dаrwin had d isсovеrеd nаturа l  sе lесt iorr  Ьеforе 1840, wh,v d id hе dеlay
puЬl ish ing unt i l  1859? ospovat; l rov idеd an а l lswеr to that quеst ion аnd'
simultanеously, Ьеgan thе study of Darwin as a lnAn сlf his agе-a Viсto-
rian naturalist.

Ospovat was аblе to providе this nеw pеrspесtivе Ьeсausе hе was tlrе first
historian to gain aссеss to Dаrwin's papеrs from thе so-сallеd Ьlaсk Ь<lх, thе
sеt of portfoliоs that Darwin had аssеmЬlеd in thе 1850s in pгеpаratiOn for
writing his major work on еvolutiсln. (This work ',vas, of сoursе' intеrruptеd
Ьy Alfгеd Russеl 

.Wallaсе's 
сodisсovеry of natural sеlесtiсln, and Оп the Оri.

giп сlf Spесies Was thе rеsult. Sее thе main еssay ..Thе History of Еvolutiоn-
аry Thought' ' by Мiсhaеl Rusе in this volumе.) Thе fiгst praсtitionеrs of
Darwin Studiеs hаd sееn nаtural sеlесtiorr as Dirrwin's major асlriеvеmеnt
and intеrprеtеd Ьim as а uniquе gеnius. Ospovat, in сontrast, dеpiсtеd him as
having bеnеfitеd from widе геadings in thе sсiеnсе of his day, inсluding palе-
ontology' systеmatiсs, morphсliogy, and еmЬryolоgy. This ехplainеd Dar-
win's hеsitation. Еvеn though n.rtural sеlесtiоn wаs in plaсе, Darwin's
еvidеnсе that еvolrrtion had aсtuallу с.lссtrrrеd Was rеlarivеlу wеak in tlrе еаrly
yеars' It was gradually strеngtlrеnеd during thе two dесzrdеs l>еforе 1959.
..Darwin was thе first rеputaЬlе lraturalist to arguе for transmutа.ttion who
was аЬlе to takе advantagе of thе dеvеlopmеntal viеw of natllrе that еmеrgеd
in thе mid-ninеtееnth сеntury. This, as nruсh as lris nеw thеory [natural
sеlесtion], sеpаrаtеs Dаrwin's work frсlm [Jеan-Baptistеl l,amarсk's' ' 1Ospo.
v a t  1 9 8 1 .  i 6 8 ) .
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This nеw viеw of Darwin as a bеnеfiсiary of ninеtееnth-сеntury mor-
phology and еmЬryology was influеntial on sеvеral philosophеrs who, Ье-
ginning in thе 1980s' wеrе сonсеrnеd with thе rеlation Ьеtwееn еvolution
and еmЬryolоgiсal dеvеlopmеnt (Amundson 2005; Burian 2004).It also sеt
thе stаgе for Ьroadеr historiсal undеrstandings of Darwin, suсh as thosе
gathеrеd Ьy historian David Kohn into thе monumеntal 1985 anthology
The Dаrtuiпiаn Нeritаge, whiсh wаs dеdiсаtеd to Dov Ospovat. Vеry im-
portant was ospovat's strongly supportеd сlaim that Darwin was firmly
сommittеd to thе notion of Ьiologiсal progrеss, a topiс that has Ьееn of ma-
jor  intеrеst  to h istor ians in rесеnt yеars (Rusе 1996,2ОО41 Riсhards 1992,

2003.  2004).
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Dinosaurs: Thе modеl systеm for еvolution

Bесausе of thеir immеnsе popularity, dinсlsaurs arе oftеn thе organisms that

first сomе to mind whеn onе thinks aЬout animals from thе past. This, сou-
plеd with thе faсt that thеy wеrе disсovеrеd at thе plaсе (mid-ninеtееnth.

сеntury Еngland) whеrе modеrn еvolutionary thеory took root, has lеd to

thеir historiсally Ьеing usеd аs еxamplеs in еvolutionary dеbatеs. In this сon-

tехt, dinosaurs havе playеd Ьoth positivе and nеgativе rolеs in argumеnts

aЬout еvolution. Nеvеrthеlеss, dinosaurs rеmain an important сatalyst for

dеvеloping a morе sсiеntifiсally l itеratе soсiеty, a rеquisitе for apprесiating
and undеrstanding еvolution.

Dinosaurs arе а uniquе linеagе of rеptilеs sеt apart from othеr groups Ьy

thеir еrесt posturе and distinсtivе hip and hand struсturе. Thеy arе also thе

most suссеssful tеrrеstrial animals to еvеr inhаbit thе еaгth. Thеir tеnurе

spannеd thе pеriod from 225 to 65 mill ion yеars аgo. Furthеrmorе' if Ьiгds
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arе in fасt a l inеagе of саrnivorous dinosaurs (sее figuге on pagе 520), thеir
rеign aсtually ехtеnds anothеr 65 mill ion yеars to thе prеsеnt day, whеrе thеy
dominatе thе aеrial rеalm with ovеr 9,000 spесiеs.

Dеspitе thеir grеat suссеss' dinosaurs had humЬlе Ьеginnings. For in-
stanсе' although wе tеnd to think of dinosaurs as gii lnts, thе еarly forms wеrе
aсtually qrritе small (50 to 100 pounds). Thеsе сагnivorous Ьipеds wеrе
rathеr пlinor playеrs in Меsozoiс сommunitiеs. Ovеr timе thеy divеrsifiеd
into а vаriеty of terrеstri:rl niсhеs аnd in :rl l majoг l inеagеs gigantisnr oс-
сurrеd, whеrе somе spесiеs сamе to wеigh thrее or morе tons. Somе di-
nosaLlrs' inсluding all сarnivorous forms, wеrе Ьipеdal, whеrеas hеrЬivorous
forms also inсludеd quadrapеdal taхa. On a Ьroad sсalе, dinosauгs appеar to
havе Ьееn quitе sophistiсatеd in thеir bеhavioral rеpеrtoirеs. Physiologiсally
thеy do not appеar to havе bеen likе l iving rеptilеs. Biologiсally thеy wеге
perhaps moге akin to today's Ьirds and mammals, thus possiЬly ехplaining
thеir grеat suссеss.

Sсiеntifiс rесognition of nonavian dinosаr.rrs oссuгrеd in 1824 whеn
Will iаm Buсkland dеsсriЬеd Мegаlosаurus (a largе сarnivorous thеropod di'
nosаuг similar to Tуrаrtпosаurus reх| from Сrеtaсеous sеdimеnts in Еngland.
This еvеnt was followеd by a flurry of nеw disсovеriеs of othеr dinosaurian
giants tlrroughout Еuropе. With thеir oЬvious rеptil ian affinitiеs' it was ini-
tially Ьеliеvеd thеsе animals wеге simply sсalеd_up variants of l iving saurian
groups suсh аs iguanas and сroсodilеs. It was not until 1842 tЬat this para-
digr-rr wаs laid to rеst whеn rеnownеd Brirish аnatomist Sir Riсhаrd Owеn
showеd that dinosаurs wеrе a uniquе rеptil ian l inеagе in and of thеmsеlvеs.
Не nаmеd thеsе giants thе Dinosauria, or ..fеarfully grеat rеptilеs.' ' owеn,
who was a сrеationist at thе timе, pointеd out that attributеS of thеsе ani-
mals, suсh as еrесt posturе irnd suЬstantial fusion of thе hip vеrtеЬraе, arе
not forrnd in еxtant rеptiIеs' Ьut ехist in l iving Ьirds irnd mammals. Hеnсе, hе
сonсlr"rdеd thirt dinosaurs Wеге anatomiсally аnd physiologiсally morе ad-
vanсеd than today's rеprilеs. Hе alsо dеduсеd that l iving rеptilеs arе dеgеnеr-
atе forms of a formеrly irс{virnсеd gгoup' and hе quеstionеd thе plausiЬil ity of
progrеssivism and transп-tutation of spесiеs. Мany sсholars Ьеliеvе that
owеn сrеatеd thе Dinosauria to dеЬunk еvolutionary thеoriеs that wеrе at
thе forеfront of sсiеntifiс dеЬatе at thе timе.

Sеvеrаl dесadеs latеr, dinosaurs wеrе again to figuге prominеntly in еvolu-
tionary dеЬirtеs. In 1860 quarrymеn in a l imestonе quа[l.y in Solnhofеn, Gег-
many' disсovеrеd а tЪilthеr from Аrсhаеoptеrух' Тhis finding showеd that
Ьirds l ivеd at thе timе of thе dinсlsaurs. In 1861, rwo yеars aftеr Сhаrlеs Dаr-
win puЬlished Оn thе Оrigin of Speсiеs' a nеw spесimen of Arсhаеoptеrух,
known as thе London spесimеn, rеvеalеd thе truе, ovеrall naturе of this сrеa-
turе. It was undоuЬtеdly а Ьird Ьесausе it sportеd wings, fеathеrs, and a
wishЬonе. Howеvеr, therе was morе to it. It possеssеd tееth, a rеptil ian tail,
and сlawеd hands. Hеrе was thе spесtaсulаr ..missirrg l ink'' (an animal in-
tеrnrеdiаtе bеtwееn two inlportаnt groups) Darwin аnd lris followеrs nееdеd
to provе thаt еvolution Was a rеality. Am:rzingly, this rеvеlation was not
immеdiatеly rеalizеd. Gеrmаn palеontologist Andrеas.!Иagnеr (in 1861) and
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latеr Riсhard owеn, who purсhasеd thе spесimеn for thе British Мusеum (in
l863), еaсlr dеsсriЬеd thе spесimеn. Both' pеrhaps duе to thеir antievolu-
tionary thinking, fаilеd to attriЬцtе any еvolutionary signifiсanсе to thе atypi-
сal avian attriЬutеs. SuЬsеquеntly, Thomаs Hеnry Huхlеy еntеrеd thе piсturе.
Frеsh off аn еxtеnsivе study of aviаn anatomy and systеmatiсs, hе rесognizеd
this spесimеrrЪ importanсе аnd usеd it аs а modеl organism in his famеd lес-
turеs and puЬliсations in support of еvolution (е.g., Huxlеy 1s6s). To this day
Аrсhаеopteryх is сеlеЬratеd as onе of thе most сlеar-сut ехamplеs of an еvo.
lr'rtionаry missing link'

So how do dinosaurs figurе into thе Аrсhаeoptеrух storу? AЬout thе samе
timе that Arсbаeoptеry,с WaS disсovеrеd, a сhiсkеn.sizеd thеropod dinosaur
known as Сompsogпаthgus was also disсovеrеd irr Gеrmany. This tiny di-
nosaur provеd for thе first tirrrе that not irl i dinosar.rrs wеге еlеphant-sizеd, as
owеn had сontеndеd. Dеvеlоpmеntal Ьiologist Сarl Gеgеnbaur in 1864 as-
tutеly pointеd out that thе anklе struсturе of Сompsognаthgus was akin to
that of Ьirds. Hе ссlrrсludеd that it was аn аnimаl of douЬlе геlationship-
both Ьird and rеptilе. Amеriсаn paleorrtologist Еdwin Dгinkеr Сopе latеr
геaсhеd thе samе сonсlusion rеgarding thе lаrgе сarnivorous tyrannosauroid
Lоеlаps (= Drуptrlsаurus)'In a sеriеs of papеrs puЬlishеd from 1866 to 1869
hе pоintеd out that thе еlongatеd nесk vеrtеЬraе and light skull struсturе in
Lаelаps wеrе also avian fеaturеs. Shortly thегеaftеr, Huхlеy, inspirеd Ьy
Gеgеnbaur's findings and apparеntly unawarе of Copе's rеsеaгсh, notеd thе
rеmarkaЬiе similаritiеs bеtwееn thе hips of Мegаlosаиrus and ехtant Ьirds.
Using Аrсhаеopterух as а guidе, hе was aЬlе to idеntify many attriЬutеs in
сommon Ьеtwееn Ьirds and dinosaцrs. By thе 1880s hе had rеaсhеd an in-
еsсapaЬlе сonсlusion-I.lot only аrе Ьiгds rеptilеs' thеy аrе in faсt l iving
thеropod dinosaurs. Аrсbаeoptеrуr is simply a fеathеrеd dinosaur.

This viеw of avian anсеstry is now almost univеrsally aссеptеd among pa-
lеontologists. Ironiсally, dеspitе Ьеing nеaгly a сеntury and а half old' it has
оnly rесеrrсly Ьееn аdoptеd on a Ьroad sсalе. By thе turn of thе ninеtееnth
сеntury' palеontologists instеad favorеd thе сompеting thеory of stеm rеp.
ti lеs from whiсh thе mаjor сladеs of aгсhosaurian rеptilеs (dinosаur rеla-
tivеs)' сroсodil ians, hеrЬivorous ornithisсhian dinosaurs, ptеrosaurs (flying
rеptilеs), saurisсhian dinosaurs (thеropods and long-neсked hеrЬivorеs), and
Ьirds indеpеndеntly rosе. It was fеlt thаt thе сommon fеаtures sharеd Ьy
Ьirds аnd dinosаurs stеmmеd fгom а morе anсiеnt сommon аnсеstor than
within thеropods thеmsеlvеs.

In thе 1960s, Huхlеy's сhargе was rеnеwеd whеn Amеriсan palеontologist

John ostrom disсovеrеd wеll-prеsеrvеd spесimеns of Dеinonусhus, a mеm.
Ьеr of thе Dгomaеosauria (small to rnеdium-sizеd, agilе саrnivoroцs di-
nosaurs with siсklе-l ikе сlaws on thеiг fееt). ostrom and othеrs idеntifiеd
nеarly 200 dinosaurian attriЬutеs sharеd Ьеtwееn Ьirds and dromaеosaurs.
inсluding nцmеrous fusеd sасral vеrtеЬrае, hollow lеg Ьonеs, and long forе.
arms (sее figurе on pagе 520). Furthеrmоrе, сladistiс analysеs-a mеthodol-
ogy whеrеЬy sharеd-dеrivеd (еvolutionaгily сhangеd) сharaсtеristiсs arе usеd
to еstаЬlish rеlationships-showеd thаt thе gеnеsis of Ьiгds сamе from within
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Сomparison Ьеtwееn thе fiгst Ьtrd, Arсbаeсlpterух, and thе dromaеosaurian
dinosaur, Vеlocirаptсlr. Notе thе sharеd fеaturеs Ьеtwееn thе Ьird (lеft) and tЬe
nonavian dinosauг kisht)' whiсh inсludе upright posturе' soсkеtеd сarnivorous
tееth' fеathеrs' thrее or morе fusеd hip vеrtеЬraе, thrее main toеs and fingеrs' аn
s.shapеd nесk, ехtrеmеly long forеlimЬs, an еlongatеd and rеtrovеrtеd puЬis (hip
Ьonе) with a Ьoot shape' a stiffеnеd tаil, а сurvеd fеmur (thighЬonе), еlongatеd
mеtatarsals (foot Ьonеs), сlaviсlеs (wishЬonеs), a pеrforatе aсеtaЬulaе (a tunnеl
through thе hip Ьonеs Ьеtwееn whеrе thе thighЬonеs attaсh), аn аntorЬital
fеnеstra (a holе in thе skull in front ofthе еyе soсkеt), and hсll low bonеs, just to
namе a fеw.

thе Dinosauria. Statistiсally it is ехtrеmеly unlikеly that Ьirds сould havе dе-
sсеndеd from any othеr group of animals.

Today, aссеptanсе of this thеory is almost univеrsal. Nеvеrthеlеss, during
thе last 15 yеars a fеw holdouts (gеnеrally avian palеontologists and or-
nithologists) сlung to thе notion that avian anсеstry sti l l might Ье found in

somе еarliеr stеm rеptilе. Thеy сontеndеd that similaritiеs Ьеtwееn dino-
saurs and Ьirds might somеhow rеflесt indеpеndеnt adаptations to similar
еnvironmеntal sеlесtivе forсеs. Thе сruх of thеir dissеnsion Was thе aЬsеnсе
in dinosaurs of sеvеral сritiсal dеfining attriЬutеs of Ьirds. Thеsе inсludеd
thе avian wishЬonе (fusеd сlaviсlеs or furсulaе) and fеathеrs, аs wеll as thе
faсt that thе smallеst dromaеosaurs' thought to Ье thе anсеstors to Ьirds,
wеrе grеatеr than 25 pounds in mass and sееmеd unlikеly сandidatеs for
giving risе to thе muсh smallеr Аrchаeoptеryх. Spurnеd Ьy thеir соn-
tеntions, palеontologists еn massе foсusеd on thе study of thеsе fеaturеs. In
quiсk suссеssion, еaсh was rеvеaled in dinosaurs. Rеехamination of
thеropods showеd that furсulaе еxistеd, Ьut thеy had not Ьееn prеviously rес-
ognizеd. Fеathеrs Wеrе found in nonvolant dinosaurs from China. PrеsumaЬly
thе fеathеrs wеrе for display and/or thеrmorеgulation. onе spесimеn, a pur-
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portеd glidеr, appеars to havе had wings. Finally, thеrе was thе disсovеry of
Мiсrсlrаptor, thе smallеst known dinosaur-Аrchаeopterух-sized and a
Ьasal dromaеosaur to Ьoot. Сlеarly miniaturization had oссurrеd Ьеforе thе
еvolution of Ьirds. Additional findings solidifying thе argumеnt for dino-
saurian anсеstry for Ьirds inсludе thе disсovеry that еgg miсrostruсturе of
nсlnavian dinosaurs is matсhеd in birds, that thеropods Ьroodеd thеir еggs
I ikе Ь i rds,  and that еxtеns ivе av iаn геspirаroгy a i r  saс systеms еx ist  in d i -
nosaur skеlеtons. !(/ith thеsе latеst findings, thе dеЬatе ovеr avian anсеstry
has all but еndеd. Dinosaurs did not go ехtinсt at thе K-Т Ьoundary (thе gе-
ologiсal bordеr sеparating sеdimеnts from thе Меsozoiс Еra, whеn thе di-
nosaurs rulеd, from morе modеrn Сеnozoiс Еra sеdimеnts)' dеstroyеd by an
astеroid or othеr сataсlysmiс сhangе. Thеy in faсt rеsidе fluttеring about
outsidе today.

Dinosaцrs havе playеd an important rolе in thе dеvеlopmеnt of modеrn
еvolutionary thеory Ьy providing onе of thе most сеlеbratеd ехamplеs in sup-
port of еvolution-Аrсhаеopterуx and thе еvolutionary stagеs lеading to its
gеnеsis. But do thеsе animals havе anything to offеr for pгomoting еvolution-
ary undеrstanding in thе futurе? I Ьеliеvе thе answеr is yеs. Alоng with еx-
amplеs of human and еquinе (horsе) еvolution, studiеs of dinosaurs wil l
sеrvе as a valuaЬlе vеhiсlе Ьy whiсh thе puЬliс сan Ьесomе vеrsеd in the sсi-
еntifiс mеthod and at thе samе timе grasp thе workings of еvolution. Thе Аr-
сbаeopterух story is not thе only еxample that is workеd out in intriсatе
dеtail, although arguaЬly it has sеen morе еxamination than any fossil vеrtе-
Ьratе. In faсt it is just onе of many. Sсiеntists now know how many timеs di-
nosaurs rеaсhеd еlеphantinе proportions, how thеy did it through sеlесtion
for variant dеvеlopmеntal trajесtoriеs, and how thеy Ьесamе dwarfеd in is-
land sitцations. 

.sИе 
know how thеy divеrsifiеd with kеy innovations suсh as

dеntal Ьattеriеs (thе еvolution of сhеwing using multiplе tееth) in сonjunс-
tion with floral сhangеs. And wе havе a good undеrstanding of how сlimatiс
сhangеs' сontinеntal drift, and thе dеmisе of nonavian dinosaurs-plausiЬly
at thе timе of an astеroid impaсt-lеd to еvolutionаry сhangе that shapеd thе
world.

Thе aforеmеntionеd studiеs of еvolutionary еvеnts havе rесеivеd сonsid.
еraЬlе attеntion in thе worldwidе mеdia and hеnсе in thе publiс еyе.
Through dinosaurs thе еvolutionary mеssagе is gеtting through. As suсh, for
Ьroadiy promoting еvoiutionary undеrstanding' dinosaur rеsearсh is ar-
guaЬly onе of thе most important fiеlds today. Нowеvеr, dinosaur rеsеarсh's
influеnсе in promoting sсiеntifiс undеrstanding and its potеntial for hеlping
еvolution gain Ьroadеr aссеptanсе сould Ье сonsidеraЬly grеatеr. }yIorе of-
tеn thаn not our сhildrеn's first introduсtion to sсiеnсе is through dinosaurs,
and thеrе is no Ьеttеr opportunity to tеaсh thе sсiеntifiс mеthod than to
young' сurious, opеn minds. Thosе who ask for data in support of what thеy
arе told will Ье Ьеttеr еquippеd to judgе for thеmsеlvеs whеthеr what thеy
arе told is a rеality or not. It is for this rеason that dinosaur rеsеarсh is an
important sсiеntifiс pursuit, onе that сan faсilitatе sсiеntifiс litеraсy and
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providе thе rеquisitе Ьaсkground for undеrstanding and iudging thе lеgiti-
maсy of aЬstraсt сonсеpts suсh as еvolution. Tеaсhing sсienсе at an еarly
agе should Ье of primary importanсе for sсiеntists intеrеstеd in promoгing a
morе sсiеntifiс l itеratе soсiеty. Dinosaurs сan providе thе modеl ехamplеs to
makе th is  a rеa l i ty .
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Dobzhansky' Thеodosius (|900-Т97 5)
Thеodosius DoЬzhansky is pеrhaps most famous for thе slogan, ..Nothing in
Ьiology makеs sеnsе еxсеpt in thе light of еvolution,' (DoЬzhanskу 1973|,
whiсh is еndlеssly invokеd Ьy еvolutionists in thеir Ьattlеs with сrеationists.
But that is only half thе Ьattlе that DoЬzhansky wаgеd on Ьеhalf of thе im-
portanсе of еvolutionary thinking. Hе had two targеts in mind: сrеationists
and thosе would-Ье еvolutionists who naivеly supposе that molесular Ьiol-
ogy is thе kеy to lifе whеn in faсt nothing, not еvеn thе proсеssеs of molесu-
lar biology' сan Ье undеrstood ехсеpt in thе light of еvolution. Ironiсаlly,
DoЬzhansky himsеlf was oЬsеssеd in a rеligious or at lеast a moralistiс way
with thе ..mеaning'' of еvеrything, еvolution inсludеd (Bеatty 1'987a, 1'987Ь1
Rusе 2001; van dеr Мeer 2007)' Еrnst Мayr (196з) may havе bеliеvеd that
еvolutionary Ьiology providеd thе ultimatе ехplanations of lifе, whilе molес-
ular Ьiologiсal explanations arе at Ьеst proximatе' Ьut for DoЬzhansky, thе
ultimatе understanding of lifе was dееpеr still than еvolution (sее thе disсus-
sion latеr in this еntry).

To thosе familiar with his work, DoЬzhansky is known not just as a flag
Ьеarеr for еvolutionary thinking, Ьut in partiсular for his сontriЬutions to
population gеnеtiсs. Hе did as muсh oг morе than anyonе еlsе to еstаЬlish

that fiеld and sеt its еarl1
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that fiеld and sеt its еarly agеnda, еspесially through his influеntiаl tехtЬook
Gеnetics аnd tbе Оrigin of Spесiеs. onе of thе гесurrеnt thеmеs of Gеnetics
wаs that thе study of gеnе frеquеnсy сhanges is an autonomous fiеld, not rе-

duсiblе to gеnеtiсs pеr sе (i.е., thе gеnеtiсs of individuals). And its domain is
thе еntirеty of еvolution. What Dоbzhаnsky сould not provе in thе lattеr rе.
gard hе stipulatеd Ьy dеfinition: ..еvolution is [no rrrоrе thаn] a сhangе in
gеnе frеquеnсiеs' ' (DoЬzhansky 19З7, l t; sее also suЬsеquеnt еditions).

Thе main proЬlеm of population gеnеtiсs' as DoЬzhansky еl:rl. loratеd in
Genetiсs, is thе..paradoх of viaЬil iry.' ' On thе onе hand, еaсh spесiеs nееds
to hаvе vаriation prеsеnt in ordеr to adapt to еnvironmеntal сhangеs. On thе
otlrеr hand' thе partiсular vаriations that might pгovе adaptivе in thе futurе

аrе vеry l ikеly mаlас1aptivе at prеsеnt. As hе сonсludеd in his typiсally dra-
пatiс fashion, ..Еvсrlutionary plastiсity сan Ье puгсhasеd onlу at thе ruth-
lеssly dеar priсе of сontinuously sасrifiсing somе individuals to dеath from
unfavoraЬlе mutations'' (DoЬzhanskу 79З7, 126-127).

DoЬzhansky's own insights into thе paradox wеrе Ьasеd on his studiеs of
variation in naturаl (nonlаЬorаtory) populations, whiсh Ьеgan in thе l920s

in Russia. At thаt tinrе hе wаs studying intraspесifiс variation in ladуЬird

bееtlеs, Ьut it was his studiеs of virriation in naturаl populations of thе fruit

f|у, Drosophilа, tЬat would provе most influеntial. Thеsе studiеs Wеrе un.
dеrtakеn in thе 1930s, aftеr hе had movеd to thе Unitеd Statеs аnd was
working with thе Drсlsсlpbilа gеnеtiсist Thomas Нunt Мorgan (сonсеrning

DoЬzhаnsky's еаrly w<lrk, sее Bеаtty |987a, 1'994 Lewontin 1981; Pror,inе
r98r ) .

Drosophilа at first sееmеd vеry diffеrеnt from ladyЬugs. Phеnotypiсally,
thеrе sееmеd to Ье no intraspесifiс variаtion at all. onе nееd only rесall Mor-
gan's ехсitеmеnt at finally disсovеring an oЬsеrvaЬlе mutаnt whosе pаttеrn of
inhеritanсе сould Ье studiеd. SuЬsеquеntly, variations wеrе found it-t еvеr
grеatеr numЬеrs in his l:rЬorаtory. But it was Ьеliеvеd Ьy rrrany thaс thеsе vari-
ations wеrе artifасts. Drosophilа in thе wild sееmеd to havе littlе if аny in.

traspесifiс variation, and hеnсе pеrplехingly littlе пrаrrеrial for futurе adaptivе
еvolution. In trying to makе sеnsе of thе diffеrеnсе Ьеtwееn laЬoratory and
wi|d Drosophilа' DoЬzhansky followеd thе suggеstiсln of Sеrgеi Сhеtvеrikov,
who proposеd that пrost mutatioпs wеrе rесеssivе and rvor-rld геsult in oЬsеrv-
aЬlе differеnсеs oгrly whеn dorrЬlеd up in thе homozygous statе. Tlris would
oссur morе oftеn in laЬoratory stoсks than in natllrе' bесаusе in thе formеr

саsе thеrе is signifiсantly morе inЬrееding than in wild populations. In this
way, natural populatiоns sоak up vaгiations l ikе a spongе.

DoЬzhаnsky, oгiginally in сollaЬoratiсln with Alfrеd Sturtеvanс' found a
Wаy to oЬsеrvе othеrwisе hiddеn variatiorr iл Dros<lpЬila Ьy foсusing lris rni_
сгOsсopе on variаtiсlns in сhromosomе struсtu1.g-.(inyg15i6n'' yx1i;11i1;n5-

tlrat involvе diffеrеnсеs in gеnе arrangеmеnt and аrrе oftеn assoсiatеd with
gеnе diffеrеnсеs as wеll. In Ьoth rеspесts' thеsе verietions сonstitutе rnаtеrial
for еvolutionaгy сhangе. But how wаs thе oЬsеrvеd vаriation mаinturinеd?
Dоbzhirnsky at first partly adoptеd Sеrvall !7right's ..shifting balanсе'' thеory
to ехplain this virriation. Hе rеirsonеd that tlrе variations Wеrе adaptivеly
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insignifiсant and that thеir frеquеnсiеs wеrе drifting randomly. This might
lеad to a rеduсtion in variation within еaсh population of a spесiеs' Ьut
would lеad to an inсrеasе in variation Ьеtwееn populations and hеnсе within
thе spесiеs.

DoЬzhansky was quitе surprisеd, thеn, to find еvidеnсе that thе invеrsion
diffеrеnсеs wеrе adaptivеly signifiсant aftеr all, lеading him to ехplorе a rangе
of variation-maintaining forms of natural sеleсtion. Hе finally sеttlеd on thе
idеa that hеtеrozygotеs arе adaptivеly supеrior to homozygotеs Ьесаusе hav-
ing two gеnеs for a ttalt, instеad of two сopiеs of thе samе gеnе, allows morе
adaptaЬil ity at thе individual lеvеl. Sеlесtion for adaptaЬil ity at thе individual
lеvеl in turn prеsеrvеs еvolutionary adaptaЬility at thе spесiеs lеvеl.

DoЬzhansky's aссount сamе to Ье known as thе ..Ьalanсе'' thеory of еvo-
lution. His main dеtraсtor was Неrmann Mullеr' whosе viеw of еvolution
was duЬЬеd Ьy DoЬzhansky thе ..сlassiсal' ' (old-fashionеd) thеory (on thе
сlassiсal/Ьalanсе сontrovеrsy, sее Bеatty 1987ь [and othеr еssays on that is-
suе] and Lеwontin 1974). Aссording to Mullеr, thеrе was no paradoх of via-
Ьil ity. Thе vast majority of mutations arе dеtrimеntal for thе individuals in
whiсh thеy oссur, and аlso for thе spесiеs in whiсh thеy aссumulatе. Thеrе
was, in Мullеr's opinion, only onе spесiеs-humans-in whiсh mutations aс-
сumulatе to any grеat ехtеnt. Through thе amеnitiеs of сivilization, wе hu-
mans havе managеd to еsсapе natural sеlесtion, to our ultimatе dеtrimеnt.
Only through a сonsсious еugеniсs program сan Wе now suссеssfully rеvеrsе
thе rising tidе of dеlеtеrious mutations. DoЬzhansky, for his part, сritiсizеd
..thе еugеniсal Jеrеmiahs'' who ovеrlook thе importanсе of еvolutionary
plastiсity and who sееm unawarе that natural populations of many spесiеs
possеss сonsidеraЬlе rеsеrvеs of variаtion (DoЬzhanskу 1'9З7, |26).

Dobzhansky and Мullеr wеrе also at thе сеntеr of сontrovеrsiеs from thе
1950s through thе ear|у |970s сonсеrning thе impaсt of radiation-induсеd
mutation from atomiс Wеapons tеsts. (Both mеn rесеivеd сonsidеraЬlе fund-
ing from thе Atomiс Еnеrgy Сommission during this pеriod.) Adding yеt
morе mutations to thе human spесiеs was straightforwardly nеgativе from
Мullеr's point of viеw, but lеss so from DoЬzhansky's viеwpoint. Intеrеst.
ingly' DoЬzhansky was strongly opposеd to thе tеsting and usе of atomiс
Wеapons' whilе thе onсе pro-Soviеt Мullеr Ьеliеvеd that, up to a point, suсh
Wеapons had an important rolе tсl play in thе с<rntainmеnt of сommunism
(Bеatty 1987Ь).

DoЬzhansky also usеd his studiеs and pеrspесtivеs on variation to suppoгt
liЬеral dеmoсratiс idеals. As hе and Lеsliе Dunn arguеd in thеir popular
Hеreditу, Rасе, апd Societу (Dunn and DoЬzhаnskу 1'946,45), ..thе аЬsolutе
uniquеnеss of еvеry human individual . . . translatеd into mеtaphysiсal and
politiсal tеrms is fundamеntаl for еthiсs аnd dеmoсraсy.' ' In his widеly rеad
Мапkiпd Еuoluiпg, DoЬzhansky arguеd that, far from gеnеtiс divеrsity un.
dеrmining еquаlity' it aсtually sеrvеs as an ехсеllеnt rationalе: ..Еquality of
opportunity tеnds to makе thе oссupational diffеrеntiation сomport with thе
gеnеral polymorphism of thе population, аnd would Ье mеaninglеss if all
pеoplе wеrе gеnеtiсally idеntiсa|" (|962, 244).
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As muсh as hе сlaimеd to undеrstand еvolution, DoЬzhansky rеmainеd
dееply puzz|ed and unсomfortaЬlе aЬout thе mеans Ьy whiсh evolution
proсееdеd. Hе had found a Way to rесonсilе thе sеlесtion of thе fittеst with
thе prеsеrvation of vaгiation for futurе adaptivе еvolution, Ьut not in а way
that rесonсilеd thе good of thе spесiеs with thе wеlfarе of its mеmЬегs. Thе
grеatеr fitnеss оf hеtеrozygotеs mеans that lеssеr-fit homozygotеs wil l сon-
tinuе to Ье Ьorn in еaсh gеnеration. It hаs Ьееn suggеstеd that DoЬzhansky
undеrstood this situation rеligiously, as a nесеssary еvil-along thе linеs of
frее wil l, whiсh givеs us moral frееdom' Ьut at thе сost of many sad сhoiсеs.
Pеrhaps. But hе also ехpliсitly rеgardеd it as an ..unplеasing impеrfесtion of
naturе'' that so many individuals should suffеr suсh ..misеry'' for thе good
of thе group (DoЬzhanskу 19З7,1271DoЬzЬanskу 1962, З35; Rusе 2001,
|00_\221van dеr Меег 2007).

DoЬzhansky drеw produсtivеly on his Russian hеritagе and Russian
sourсеs in his irrvеstigations and ехplanations of intraspесifiс variation. This
was a major rеason for thе originality of Gепеtics in an Anglo-Amеriсan сon-
tеxt. Dobzhаnsky's undеrstanding of thе rеligious/moralistiс signifiсanсе of
intraspесifiс variation also rеflесtеd his Russian hеritagе (sее еspесiаlly van
dеr Mееr 2007), аlthough this influеnсе has Ьееn morе diffiсult to rесonstruсt,
and many of thе sanrе сonсеrns-suсh as thе еvils of natural sеlесtiсln-had
also Ьееrr raisеd in thе Anglo_Amеriсan сontеХt (..g., Ьy thе athеist Мorgan,
in сonvеrsations with DoЬzhansky; Bе21ttу |994,207 and notе 3).
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DrosophiIа

Drosophilа is a gеnus of fl iеs in thе family Drosophil idaе that arе widеly

usеd for еvolutionary rеsеarсh. Thе origin of this rеsеarсh liеs in Thomas

Hunt Мorgan's NoЬel Prizе-winning work on inhеritancе in Drosopbilа
mеlапogаstеr (sее figurе) starting around 1908. Мorgan's intеllесtual
dеsсеndants havе ехpandеd thе sсopе of work on D. melаnogаstеr from
gеnеtiсs into virtually еvеry aspесt of Ьiology, turning it into onе of thе

most usеful modеl organisms. Еvolutionary rеsеarсh has Ьееn a roЬust

part of this tradition from thе bеginning. Сuгrеntly' thе сomЬination of

thе еasе and spееd with whiсh many spесiеs сan Ье rеarеd in thе laЬora-

tory and thе ехtеnsivе Ьaсkground knowlеdgе of gеnеtiсs and dеvеlopmеnt
makе thеm usеful in addrеssing a widе vаriеty of quеstions in еvolutionary
gеnеtiсs.

Drosophilа adults arе usually only a fеw millimеtеrs long' with prominеnt

rеd to Ьrown еyеs, and сomplех ехtеrnal moгphology that has rеmainеd

fairly сonsеrvativе ovеr еvolutionary timе. Drosophilа sЬow holomеtaЬolous
dеvеlopmеnt, undеrgoing a сomplеtе transformation from thе fееding larvaе

to the adult form during a pupal stage. Thеy arе сommonly сallеd fruit fliеs,

although most spесiеs fееd on miсroorganisms that inhaЬit rotting plant ma.

tеrial. Thе gеnus Drosopbilа сurrently inсludеs Ьеtwееn 1,150 and 1,500

spесiеs, dеpеnding on whiсh groups arе inсludеd in thе gеnus, and has a

worldwidе distriЬution. Phylogеnеtiс rеsеarсh has сlеarly shown that thе
genus is paraphylеtiс, mеaning that othеr gеnеra arе morе сlosеly rеlatеd to

somе of t'Ьe Drosophilа than thеy arе to othеr groups. In thе Ьroad sеnsе,
thеn, Drosophilа sЬou|d inсludе many other gеnеra' inсluding thе spесiеs-
riсЬ Sсаptomуzа (approximаtеly 260 spесiеs), Hirtodrosopbilа (approхi-

matеly 150 spесiеs), and Муcodrosophilа (approхimatеly 120 spесiеs).
N{olесular еvidеnсе sttggеsts that thе gеnus is at lеast 50 mill ion yеars old,
a сonсlusion supportеd Ьy drosophil id spесimеns in ambеr that arе around

this agе.
Around 1910, Мorgan disсovеrеd a singlе D. melапсlgаsler with whitе

еyеs' thе inheritanсе of whiсh turnеd out to Ье sех linkеd. This simplе obsеr-
vation inspirеd Morgan and his laЬoratory studеnts to isolate othеf mutants,
with whiсh thеy wеrе aЬlе to сonfirm thе hypothеsis that gеnеs rеsidе on
сhromosomеs. In thosе yеars, Morgan's tiny (16 fееt Ьу 24 feet)..fly room''

at СolumЬia Univеrsity had еight dеsks; thrее wеrе oссupiеd Ьy Сolumbia
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workhorsе of еvolutionary genetiсs.
rеsеarсh is disсussеd in Kohler

undеrgraduatеs Alfrеd Hеnry sturtеvant' Сalvin Bridgеs' and Hеrmann

Мullеr, who all playеd pivotal rolеs in gеnetiсs and еvolutionary Ьiology.
Morgan, Bridgеs, and sturtеvant workеd togеthеr at СolumЬia until 1928

whеn thеy all movеd to thе Сalifornia Institцtе of Tесhnology (Сal Tесh)'

whеrе thеy rеmainеd for thе rеst of thеir сarееrs.
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sturtеvant produсеd thе first gеnеtiс map Ьasеd on thе rеalizаtion that thе
frеquеnсy of сrossovеr еvеnts сould bе usеd to dеtегminе thе ordеr and loсa-
tion of gеnеs. Hе also workеd on a widе variеty of topiсs with еvolutionary
impliсations, inсluding сhromosomal invеrsions, thе gеnеtiсs of spесiеs dif-
fеrеnсеs, thе gеnеtiсs of dеvеlopmеnt, and thе phylogеny of thе gеnus.
Bridgеs was among thе first to еxploit thе disсovеry that thе salivаry glands

of Drosophilс сontainеd polytеnе сhromosomеs сonsisting of thousands of
DNA strands rеsulting from rеpеatеd rounds of rеpliсation without сеll divi-
sion. Thе rеsult is сhromosomеs visiЬlе at low magnifiсation with сharасtеr-
istiс Ьanding pattеrns that allow homologous rеgions to Ье idеntifiеd aсross
individuals and spесiеs. Bridgеs's dеtailеd dеsсriptions of thе Ьanding pat-
tеrns allowеd linkagе and physiсal maps to Ье alignеd.

Мullеr is bеst known for his NoЬеl Prizе_winning work on mutation. Bе-
ginning in thе mid-1920s, Мullеr was thе first to ехploit thе faсt that сhro-
mosomal invеrsions-сhromosomеs in whiсh a piесе appеars in rеvеrsе of
thе normal ordеr-supprеss rесomЬination whеn in a hеtеrozygoцs сondi.
tion with an uninvеrtеd сhromosomе. Mullеr found that hе сould usе an in.
vеrtеd сhromosomе markеd with a dominant phеnotypiс markег, tеrmеd a
Ьalanсеr, to сapturе and study thе propеrtiеs of сhromosomеs with thе nor-
rnal gеnе ordеr. Initially hе usеd this tесhniquе to dеtесt сhromosomеs сarry-
ing lеthal mutations' whiсh сan nеvеr produсе a homozygous adult. Mullеr
mеasured thе lеthal frеquеnсy aftеr induсing mutation with Х-rays. Mullеr's
сonсеpt of gеnеtiс load-mutational Ьaggagе that Мullеr saw as harmful-
сamе from thеsе еarly ехpеrimеnts. Balanсеr сhromosomеs wеrе suЬsе-
quеntly dеvеlopеd for еaсh сhromosomе in D. mеlапogаstеr, and Ьalanсеrs
rеmain onе of thе kеy advantagеs of doing gеnеtiсs in thе spесiеs.

Shortly aftеr Morgan movеd to Сal Tесh, hе hirеd Russian sсiеntist Thеodo.
sius DoЬzhansky as part of his tеam. DoЬzhansky quiсkly rosе to prominеnсе
as a synthеsizer Ьу writing Geпetics апd the Оrigiп of Species (19З7), onе оf
thе founding Ьooks of thе еvolutionary synthеsis, in whiсh hе assеrtеd thе pri
maсy of a population gеnеtiс viеw of еvolution, basеd initially on rеmarkably
littlе еmpiriсal еvidеnсе. At aЬout thе samе timе, influеnсеd Ьy Sturtеvant and
his Russian mеntor Sеrgеi Сhеtvегikov, DoЬzhansky took up thе study of wild
populations of Drosophilа pseudoobscurа. Populations of this сommon
spесiеs of thе mountains of wеstеrn North Amеriсa arе polymorphiс for сhrо-
mosomal invеrsions. DoЬzhansky usеd this variation as thе Ьasis for a long sе-
riеs of еxpеrimеnts doсumеnting thе еffесts of thе thrее major evolutionary
forсеs: sеlесtion, gеnеtiс drift' and gеnе flоw. In this, hе was grеаtly aidеd Ьy an
еxtеnsivе сollaЬoration with Sеwall 

.lfright 
during thе latе 1940s.

Modеrn еvolutionary work on Drosophilа сurrеntly has sеvеrаl major еm-
phasеs that grеw out of this еarliеr work. Thе study of variation аt thе mo-
lесular lеvеl was pionееrеd Ьy Riсhard Lеwontin, onе of DoЬzhansky's
studеnts, who, starting tn 1965, еxploitеd thе disсovеry of protеin еlес-
trophorеsis by Jaсk HuЬЬy and othеrs to dеmonstrаtе thаt a largе portion of
gеnеtiс loсi in Drosopbilа spесiеs wеrе polymorphiс. This disсovеry of high

lеvеls of natural variz
whеthеr gеnеtiс varr
maintainеd by natur:

сontrasting DоЬzhan
with Мullеr's еmpha
was a major faсtor in

of Drosopbila to stuс
quеnсing of Dros<lpb
of еvolutionary pattе

Thе еasе with whi<
in thе study of еvolut
lесtion еxpеrimеnts <

Kеnnеth Mathеr and
SuЬsеquеntly' suссеs
сharaсtеristiсs, еnсol
еgg sizе, dеvеlopmеn
totaхis' gеotaхis' m.
(ratеs of rесomЬinati
.!7ith 

thе еxсеption о

еvеry trait studiеd. S

сrеatеs an еnvironmt
arеa of aсtivе rеsеar(
vanсе in thе study of
ing and matе сhoiсе.

Thе study of spес

Mullеr, and DoЬzhl

sеarсh. Thе gеnus ir

numЬеr of сrossaЬlе
barriеrs сan Ье idеnt

dеnts, and his studс
rough еstimatеs of
lopatriс populations
havе now Ьееn idеnt

.s7hilе 
thе study o

melапogаster Ьесam
Ьasеd on thе dеtailс
Sturtеvant's studеnts
еffесts еarly in dеvе
sсhаus. Thеsе еffort
ways that arе сons(
and 

.Wiеsсhaus 
shar

Ьaсkground informс
lution of dеvеlopmt
idеntify thе spесifiс 1
ral and еxpеrimеnta



|asеd on thе rеalization that thе
o dеtеrminе thе ordеr and loсa-
iегy of  topiсs with еvoIut ionary
эns' thе gеnеtiсs of spесiеs dif-
thе phylogеny of thе gеnus.

iсovеry that thе salivary glands
mеs сonsisting of thousands of
of rеpliсation without сеll divi-
v magnifiсation with сharaсtеr-
; rеgions to Ье idеntifiеd aсross
эsсriptions of thе banding pat-
е alignеd.
winning work on mutation. Bе-
st to ехploit thе faсt that сhro-
h a piесе appеars in revеrsе of
whеn in a hеtеrozygous сondi-
:  found thаг hе сould usе аn in-
rt phеnotypiс markеr, tеrmеd a
i of сhromosomеs with thе nor-
lе to dеtесt сhromosomеs сarry-
се a homozygous adult. N4ullеr
mutation with Х-rays. Mullеr's
-'that Mullеr saw as harmful-
сer сhromosomеs wеге suЬsе-
D. melапogаstеr, and Ьalanсеrs
)nеtiсs in thе spесiеs.
: hirеd Russian sсiеntist Thеodo-
nsky quiсkly rosе to pгominеnсе
Эrigiп of Spеcies (1937), onе of
:sis, in whiсh hе assеrtеd thе pri-
'n, Ьasеd initially on rеmarkably
nе, influеnсеd Ьy Sturtеvant and
ransky took up thе study of wild
Populations of this сommon

rеriса arе polymorphiс for сhro-
riation as thе Ьasis for a long sе-
of thе thrее major еvolutionary
n this, hе was grеatly aidеd by an
rring thе latе 1940s.
сurгеnt ly hаs sеvегa l  majoг еm-
rе study of variation аt thе mo-
3wontin' onе of DoЬzhansky's
thе disсovеry of protеin еlес-

lonstratе that a largе portion of
nоrphiс. This disсovеry of high

Drosophila 529

lеvеls оf natural variation in most spесiеs lеd to an aсrimonious dеbatе ovеr
whеthеr gеnеtiс variation is gеnеrally sеlесtivеly nеutral, dеlеtеrious, or
mаintainеd Ьy natural sеlесtion. Lеwontin hеlpеd to cata|уze this dеЬatе by
сontrasting DoЬzhansky's viеw that muсh gеnеtiс vaгiation was adaptivе
with Mullеr's еmphаsis on thе сosts of mutation and variation. This dеЬatе
was a major fасtor in thе dеvеlopmеnt of population gеnеtiс thеory. Thе usе
of Drosopbilа to study variation сarriеs ovеr to thе DNA lеvеl, whеrе thе sе-
quеnсing of Drosophila gеnomеs allows unprесеdеntеd prесision in thе study
of еvolutionary pattеrns.

Thе еasе with whiсh Drosophilа сan Ье rеarеd has lеd to its inсrеasing usе
in thе study of еvolution in thе laЬoratory. Somе of thе first sophistiсatеd sе-
lесtion еxpеrimеnts on сontinuous traits wеrе сarriеd out in Drosophilа Ьу
Kеnnеth Mathеr and ForЬеs \й/. RoЬеrtson in thе latе 1940s and еarly 1950s.
SuЬsеquеntly, suссеssful artifiсial sеlесtion ехpеrimеnts took plaсе on many
сharaсtеristiсs' еnсompassing moгphology and physiology (е.g.' fесundity,
еgg sizе' dеvеlopmеntal ratе, l ifе span, rеsistanсе to еthanol)' Ьеhavior (pho-

totaхis, gеotaxis, matе prеfеrеnсе), and aspесts of thе gеnеtiс systеm itsеlf
(ratеs of rесomЬination, сhangе in varianсе rathеr than mеan valuе of traits).
lfith thе ехсеption of sеx ratio and asymmеtry, hеritaЬlе variation еxists for
еvеry trait studiеd. Studiеs of ехpеrimеntal еvolution, whеrе thе invеstigator
сrеatеs an еnvironmеnt in whiсh natural sеlесtion сan take plaсе, is also an
area of aсtivе rеsеarсh using Drosophilа. This approaсh has pаrtiсular rеlе-
vanсе in thе study of lifе historiеs and thе ultimatе origin of proсеssеs likе ag-
ing and matе сhoiсе.

Thе study of spесiеs diffеrеnсеs, pionееrеd tn Drсlsophila Ьy Sturtеvant,
Мullеr, and DoЬzhansky, is anothеr vеry aсtivе arеa of еvolutionary rе-

sеarсh. Thе gеnus is wеll suitеd to thе study of spесiation Ьесausе of thе
numЬеr of сrossaЬlе spесiеs and thе rеlativе еasе with whiсh rеproduсtivе
Ьarriеrs сan Ье identifiеd and quantifiеd. Jеrry Сoynе, onе of LеwontinЪ stu.
dеnts, and his studеnt H. Allеn orr usеd this aссumulatеd data to makе
rough еstimatеs of thе timе rеquirеd for spесiаtion in sympatriс and al-
lopatriс populations. Thе gеnеs rеsponsiЬlе for aspесts of spесiеs barriеrs
hаvе now Ьееn idеntifiеd in a numЬеr of Drosophila spесiеs pairs.

\й/hilе thе study of Drosophilа dеvеlopmеnt datеs Ьaсk to thе 1920s, D.
melапogаstеr Ьесаmе a prеmiеr modеl systеm for thе study of dеvеlopmеnt
Ьasеd on thе dеtailеd study of thе Ьithorax сomplех Ьy Еd Lеwis, onе of
Sturtеvant's studеnts' and thе systеmatiс mutation sсrееn for mutations with
еffесts еarly in dеvеlopmеnt Ьy Сhristianе Nusslеin-Volhard and Еriс 

.$Иiе-

sсhaus. Thеsе еfforts lеd to many of thе fundamеntal dеvеlopmеntal path-

Ways that arе сonsеrvеd widеly among animаls. Lеwis, Nusslеin-Volhard,
and \Wiеsсhaus sharеd a NoЬеl Prize for this work tn 1'995. This ехtеnsivе
Ьaсkground information on dеvеlopmеnt has cata|уzed thе study of thе еvo-
lution of dеvеlopmеnt in Drosopbilс. Rеsеarсhеrs havе now Ьееn aЬlе to
idеntify thе spесifiс gеnеS rеsponsiЬlе for many еvolutionary сhangеs in natu-
rаl and ехpеrimеntaI Drosophilа populations.
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E

E,cologicаI Gеnetics (Е. B. Ford)

Есolr>gicаl Gеnetiсs, tЬrough its sеvеrаl еditions, prеsеntеd thе approaсh to
studying natural sеlесtion in thе fiеld pionееrеd Ьy Е. B. Ford (sее thе alpha.
bеtiсal еntry ..Еdrnund Brisсo Ford'' in this volumе), his сollеaguеs, and his
studеnts, and сollесtеd thеir suссеssеs. This approaсh, сallеd есologiсal gеnе-
tiсs, is dеsсеndеd fгom thе еarly studiеs of R. C. Punnеtt and 

.!И. 
F. R. .07еl-

don that natural sеlесtion сan Ье studiеd еmpiriсally (sее thе alpЬаЬеtiсal
еntry *W. F. R. Vеldоrr' ' in this volumе). Thе advаnсе offеrеd Ьy есologiсal
gеnеtiсs ovеr work l ikе !7еldon's was a foсus on disсrеtе traits with a simplе
gеnеtiс Ьasis suсh as thе variation in thе numЬеr of spots on thе wing of thе
motь Pапахiс| dominцlа. Knowing thе gеnеtiс Ьasis of variation allowеd есo-
logiсal gеnеtiсists to study not only sеlесtion' Ьut also thе еvolutionary rе-
sponsе to sеlесtion :rs trait valuеs сhangеd ovеr timе or spaсе. Bесausе
сhangеs in tгait valuеs rеflесtеd сhangеs in thе frеquеnсiеs of altеrnatе gеnеs'
thеsе disсovеriеs wеге small-sсalе dеmonstrations of еvolution in aсtion. Thе
term ecologiсаl geпetiсs is dеrivеd from its foсus on trait variation with a
dеrnonstraЬlе gеnеtiс foundation (gеnеtiсs) and its oriеntation to studying
trait variation in natuге (есologiсal).

Тhrее typеs of invеstigations donrirrаtе FordЪ Есologiсаl Gепеtiсs. First,
thеrе arе dеmonstrations of еvolution in aсtion; thе saga of industrial mеlаnism
in thе moth Bistott betulаriа is thе Ьеst-known еxarnplе. Sесond, thеrе arе in-
vеstigations of gеographiс variation in trait valuеs, suсh as thе shеll сolors of
snails, that doсumеnt how сhangеs in есologiсal fасtors from onе loсation to
aпothеr сhangе thе sеlесtion prеssuгеs on orgаnisms аnd сausе diffегеnt trait
valuеs to Ье favorеd in diffеrеnt loсations. Thеsе invеstigations dеmonstratеd
adaptivе ехplanatiоns for gеographiс variation in сhагaсtеrs, сomplеmеnting
dеmonstrations of adaptivе сhangе in timе. In somе сasеs, thеsе studiеs also
unсovеrеd thе signаturе of random еvеnts as in thе so-сallеd arеa еffесts on
snail shеll pattеrns. Third, thеrе arе studiеs of how diffеrеnt sеlесtion prеssurеs
сan Ьаlаrrсе ol1е i1l1othег аnd prеsегvе trait variation within a singlе popula-
tion. Thеsе studiеs rеprеsеntеd a partiсularly fеrtilе arеa of есologiсal gеnеtiсs.
IпnumеraЬlе thеorеtiсal papеrs on thе population gеnеtiсs of Ьalanсing sеlес-
tion grеw from thе initial disсovеriеs that altеrnatе gеnеs would сontinuе to
sеgrеgatе dеspitе Ьеing aсtеd upon Ьy strong natural sеlесtion.

Есolсlgiсаl Gеnеtiсs was еnormously influеntial. Its сompilation of сasе
studiеs еliminatеd any douЬt tlrаt natural sеlесгion was an ongoing forсе and

) . t  ,
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сould Ье studiеd in rеal timе. Thе studiеs of gеographiс variation сonduсtеd
by Ford and his сollеaguеs сomplеmеntеd thе work of othеrs' suсh as Gбtе
Turеsson and Jеns Сlаusеn with plants (sее thе alphaЬеtiсal еntry ..Jеns

Сlausеn'' in this volumе), F. B. Sumnеr with miсе, and Sеrgеi Сhеtvеrikov
and Thеodosius DoЬzhansky with fl iеs (sее thе alphaЬеtiсal еntriеs ..Sеrgеi

Sеrgееviсh Сhеtvеrikov'' and ..Thеodosius DoЬzhansky'' in this volumе)'
who wеrе making similar disсovеriеs, oftеn with сharaсtеrs lеss amеnaЬlе to
gеnеtiс analysis. Thе waning of thе Ьook's influеnсе Ьеgan with thе disсovеry
of Ьioсhеmiсal vаriation аnd сontinuеd through thе еmеrgеnсе of a sophisti.
сatеd approaсh to studying сontinuously varying traits that arе morе rеprе-
sеntativе of thе stuff of еvolution than disсrеtе polymorphisms in visiЬlе
сharaсtеrs. Nonеthеlеss, thе quеstions aЬout sеlесtion and еvolution prе.
sеntеd in thе book' and thе сonviсtion advanсеd that есologiсal and gеnеtiс
studiеs arе nесеssary to undеrstand adaptivе еvolution, rеmain Ьеdroсk influ-
еnсеs on modеrn еvolutionary Ьiology.
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Еigеn, Мanfrеd (ь. t927)

Мanfrеd Bigеn is a Gеrman Ьiophysiсist and а formеr dirесtor of thе Мaх
Planсk Institutе for Biophysiсal Сhеmistry in Gбttingеn. In 1967, togetЬ.er
with Ronald Gеorgе.!Иrеyford Norrish and Gеorgе Portеr' hе won thе NoЬеl
Prizе in сhеmistry for thе study of еxtrеmеly fast сhеmiсal rеaсtions. Bеgin-
ning in thе 1960s, Еigеn's rеsеarсh intеrеsts turnеd to Ьioсhеmiсal quеstions,
and during thе 1970s and 1980s hе formulatеd an еlaЬoratе thеory on thе
еmеrgеnсе of lifе on еarth foundеd on mathеmatiсal сalсulations and ехpеri-
mеnts in viral populations.

Еigеn's fundamеntal thеorеtiсal and philosоphiсal postulatе was thаt
natural sеlесtion Was thе organizing prinсiplе rеsponsiЬlе not only for еvo.
lution Ьut also for thе еmеrgеnсе of l ifе. This сlaim was basеd on nеw ad-
vanсеmеnts in thе fiеld of molесular Ьiology. Starting in thе 1960s, it
Ьесamе possiЬlе to dеsсriЬе еvolution Ьasеd on rеpliсation, mrrtation, and
сompеtition not only of organisms Ьut also in mixturеs of sеlf-rеpliсating
molесulеs and еnzymеs сatalyzing rеpliсation. Еigеn's rеsеarсh along thеsе
linеs grеatly advanсеd thе work оf Ьioсhеmist Sol Spiеgеlman and othеrs in
thе 1970s that dеmonstrаtеd thе еvolution in thе tеst tuЬе of viral RNA sе-
quеnсеs. Basеd on thеsе еxpеrimеnts' Еigеn dеvеlopеd his modеl for thе
origin of l ifе.

Еigеn formulatеd a kеy nеw сonсеpt in origin-of-lifе study and virology
сallеd thе ..quasi-spесiеs.' ' Following thе сompеtition for Ьuilding Ьloсks in
a population of RNA sеquеnсеs еngagеd in sеlf-геpliсation? a uniquе pattеrn
of thе wholе population еmеrgеd Ьasеd on thе distriЬution of thе various
mlrtants. This rеsulting population, thе quasi-spесiеs, rеflесtеd thе сonsеn-
sus sеquеnсе rеprеsеnting an avеragе of all thе mutants aссording to thеir
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individual frеquеnсv' Еigеn disсovеrеd that, Ьasеd on thе spесifiс dynamiс
of thе quasi-spесiеs, thе mесharrisrn сlf sеlесtion guarаntееd а r-rсlnrandom
and dirесtеd еvolution toward a population сapаЬlе of aссuratе аnd fast
sеlf-rеpliсation.

In addition to сompеtition, Еigеn also postulatеd stagеs of molесular сo-
opегation lеading to thе еmеrgеnсе of a ..hypеrсyсlе,' ' an еnsеmЬlе in whiсh
sеvеrаl quasi.spесiеs units partiсipаtеd, еaсh еnaЬling thе rерliсation of thе
adjасеnt unit. This сoopеration was dееmеd сrr-rсial to ovеrсoп1е a catсh-22
in thе sсеnario and allow furthеr еvolution. Thе diffiсulty stеmmеd from thе
fасt that RNA sеquеnсеs in thе quasi-spесiеs had tо Ье limitеd to a сеrtain
lеngth (about 100 Iruсlеotidеs). AЬovе this thrеshold, too many mutaгions
would aссumulatе, dеstroying thе sеquеnсеs' idеntitiеs. At thе samе timе, in
ordеr to сodе for pгotеins, muсh longеr сhains wеrе rеquirеd. Tlrе hypегсyсlе
mаdе it possiЬlе to pull togеthеr thе information сontеnts of еaсh quasi-
sресiеs without lеngthеning individuаl сhаins' thus еnaЬling thе synthеsis of
funсtional protеins' Howеvеr' thе сoopеration of sеvеral quasi-spесiеs dе-
pеndеd on thеir еnсlosurе within a сompartmеnt, postulatеd Ьy Еigеn to
foгm in thе riсh primoгdiаl ..soLlp.' ' Сoшpеtiгion аmong thе divеrsе сom-
partmеnts сould thеn pеrmit furthеr еvolution.

Еigеn's thеory was Ьasеd on thе optimistiс аssumption that prеЬiotiс
сhеmistry produсеd in thе primordial soup a far-from-еquil iЬrium, aЬun-
dant supply of anrino aсids, nuсlеotidеs, and thеiг polymеrs. Thеsе сould
sеrvе аs еnегgy-riсh Ьuilding Ьloсks and primitivе саtalysts for thе syrrthе-
sis of short gеnеtiс sеquеnсеs irnd for thе сruсiаl proсеssеs of Ьiologiсal
sеlf-organization. This optimism аs wеll as sеvеral of Еigеn's rhеorеtiсal
and еmpiriсal assumptions rеlating to thе quasi-spесiеs and thе hypеrсyсlе
wеrе sеvеrеly сritiсizеd Ьy othеr rеsеаrсhеrs. Nonеthеlеss' his сontriЬution
to idеas on thе еvolution of gеnetiс information and to thе latеr formula-
tion of thе сonсеpt of thе RNA world is indisputirЬlе. So is his сlаim that
thе prinсiplе of natural sеlесtion Opеratеs not only on Ьiologiсal systеms
Ьut on any physiсal systеms fulfi l l ing сеrtain сonditions and that, notwith-
standing thе rolе of random еvеnts' thе еmеrgеnсе of l ifе was a naturally
lawful proсеss.
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ЕndosymЬiotiс origin of еukaryotеs

P R E с Е D Е N т s  A N D  P R Е D E с Е s s o R s

onсе сontеntious' thе thеory is now aссеptеd that all еukaryotеs (organisms
сomposеd of сеlls with nuсlеi and truе сhromosomеs), inсluding thе familiar
plant and animal organisms, еvolvеd from symЬiotiс mеrgеrs of Ьaсtеria.
Сlеar gеnеtiс еvidеnсе сonnесts thе plastids (grееn photosynthеtiс organеl1еs)
of algае to frее-living photosynthеtiс Ьaсtеria сallеd сyanoЬaсtеria. And Ье-
сausе algaе and plants havе a distant сommon anсеstor' this еvidеnсе сon-
nесts thе сyanoЬaсtеria to modеrn plants. So, too, thе oхygеn-using ..powеr

paсks'' in сеlls, thе mitoсhondria, havе Ьееn traсеd via gеnеtiсs, physiology,
and morphology to frее-living rеspiring Ьасtеria. For thе last 3 Ьil l iоn yеars
or morе' through mutations and gеnе trading' onе has thе samе kind of gеnе-
tiс еnginееring that goеs on in Ьiotесhnology firms. This aссumulation of
DNA mutations and passing of sеts of gеnеs from onе kind of Ьaсtеrium to
vеry diffеrеnt kinds is, and has Ьееn sinсе anсiеnt timеs' thе way of thе Ьaс.
tеrial world. Yеt mеrgеrs, wholе.Ьody fusions, and pеrmanеnt all ianсеs as
ways of survival in thе hardеst of timеs has sеlесtеd Ьaсtеrial assoсiations to
form nеw individuals. Baсtеria, Ьy virtuе of l itеral takеovеrs, havе also
еvolvеd into somеthing еlsе. By fusion of diffеrеnt kinds of Ьodiеs, rathеr
than Ьy mutating and growing largеr, Ьaсtеria еvolvеd to Ьесomе largеr сеlls.
Thе largеr сеlls, inсluding thе anсеstors to all animals and plants, indееd all
сеlls with nuсlеi (all еukaryotеs), еvolvеd Ьy symbiotiс mеrgеr.

вAстЕRIAL  ANсЕsтRY

Baсtеria arе uЬiquitсlus organisms that arе prеsеnt in thе fossil rесord long
Ьеforе any animals or plants. Baсtеria, not plants, еvolvеd photosynthеsis
and сhеmiсal synthеsis, thе proсеssеs that providе food to thе rеst of thе Ьio-
sphеrе. All Ьaсtеria sharе a сommon сеllular struсturе known as prokaryotiс.
Prokaryotiс сеlls, unlikе еukaryotiс сеlls, do not havе an еnсlosеd nuсlеus
housing thеir DNA, Ьut rathеr an opеn аrеa сallеd a nuсlеoid in whiсh thе
DNA rеsidеs. Typiсally thеrе arе no сеntriolеs, spindlеs' or miсrotubulеs
(indееd thеrе is no mitosis as in еukaryotеs)' and prokaryotiс сеlls laсk
mеmЬranе-bоundеd еnzymе saсs within whiсh organiс molесulеs arе oхi-
dizеd. Baсtеria' whiсh arе all prokaryotiс, sharе mаny Ьut not all traits in
сommon with thе еukaryotеs. Likе thе thrее main groups of morе familiar,
largеr еukaryotеs-animals, plants, and fungi (all yеasts, molds, and mush-
rooms arе fungi)-Ьaсtеria аrе madе of сеlls that arе Ьoundеd Ьy dynaпriс
protеin-riсh l ipid mеmЬranеs. All сеlls from thе tiniеst Ьaсtеria to thе largеst
еgg сеlls usе thе еnzymеs of thеir сomplех еnеrgy and сarЬon mеtaЬolism to
produсе thеir own nесеssary outеr mеmЬranеs. Thе mеtaЬoliс maintеnanсе
of thе dynamiс protеin-riсh, phosphorus.riсh, l ipid-riсh mеmЬranеs еx-
сhangе сomponеnt parts. Сеlls usе foodstuffs as raw matеriаis. MеmЬranеs
еnсapsulatе idеntity. Thе aЬsolutе nесеssity of сontinuity through spaсе and
timе rеquirеs thе prеsеnсе of асtivе, intaсt mепrЬranеs surrounding all сеlls at
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all timеs. MеmЬranеs, and oftеn additional сovеrings suсh as се1l walls and
сutiсlеs, dеfinе thе insidе and thе outsidе Ьordеrs of all organisms, all of
whiсh arе madе of еithеr prokaryotiс or еukaryotiс сеlls. In сhеmiсаl terms,
this impliеs that thе insidе of any organism is in a statе of Watеr, salt' sugar,
protеin, and lipid сonсеntration vеry diffеrеnt from its outsidе. Thе еnviron-
mеnt Ьеyond thе outеr mеmЬranе is еvеr-prеsеnt and oftеn сhanging, but it is
thе ubiquitous aсtivе mеmЬranе (whеthеr nakеd or supplеmеntеd Ьy skin,
waxy surfaсе, shеath, or othеr additional outеr layеr) that еstaЬlishеs and
maintаins idеntity of l iving Ьеings.

A L L  L | F Е  F R o М  т H Е  Е A R L I Е s т  с Е L L s

All lifе forms on еarth makе protеins insidе thеir сеlls, inсluding mеmЬranе
protеins. Protеins, whiсh arе long сhains of smallеr units сallеd amino aсids,
arе synthеsizеd on intraсеllular tiny sphеriсal struсturеs сallеd riЬosomеs. Ri.
bosomеs look likе tiny dots еvеn at high magnifiсation as sееn with an еlес.
tron miсrosсopе. Меmbranе Ьioсhеmistry and protеin synthеsis are univеrsal
fеaturеs of lifе that attеst to thе faсt that аll lifе еvolvеd from сommon сеllu-
lar anсеstors.

Baсtеrial gеnеs, thosе of humans as wеll as all othеr animals, arе сomposеd
of DNA; thе сhеmiсal сomposition of gеnеs, likе many othеr dеtails of Ьaсtе-
rial сhеmistry, arе likе thosе of thе largеr organisms. Most Ьaсteria havе at
lеast 3,000 diffеrеnt gеnеs that dеtеrminе thousands of diffеrеnt еnzymе pro.
tеins. Baсtеrial сеlls grow and rеproduсе Ьy rеproduсtivе division, whiсh is
known as fission. Thе prokaryotiс сеll division proсеss is far lеss сomplеx in
appеaranсе than thе ..сhromosomе danсе'' alignmеnt and sеparation proсеss
in еukaryotеs. Known as mitosis' thе сеll division proсеss in nцсlеatеd organ.
isms always involvеs movеmеnt insidе сеlls on littlе traсks сallеd miсro-
tubulеs (sее figurе on pagе 536). Thе insidе of a еukaryotiс сеll is inсеssantly
moving, as sееn through a miсrosсopе whеn thе сеll is alivе. Еvеn thе largеst
prokaryotiс сеlls dividе Ьy fission; thеy laсk thе miсrotuЬцlеs and thе
miсrotuЬulе-Ьasеd movеmеnts typiсal of nuсlеatеd сеlls. Somе сlaim that thе
disсontinuity Ьеtwееn Ьaсtеria and all othеr forms of lifе is thе largеst еvolu.
tionary gap in thе living wor]d.

Although сlеarly wе (i.е., largеr forms of l ifе сomposеd of nuсlеatеd сеlls)
еvolvеd, somеhow, from Ьасtеrial prеdесеssors, thе diffеrеnсеs Ьеtwееn Ьaс-
tеria and еukaryotеs arе signifiсant. Thе major diffеrеnсеs Ьеtwееn Ьaсtеria
and thе mеmЬеrs of thе animal' plant, and fungal kingdoms is that all largеr
forms of l ifе arе сomposеd of сеlls that harЬor douЬlе mеmЬranе_Ьoundеd
nuсlеi. For that rеason thеy arе еukaryotеs (еu=truе, karyon=kеrnеl, sееd;
Grееk). All Ьaсtеria havе DNA, Ьut thеy lасk Ьoth thе nuсlеar mеmЬranе
and thе truе сhromosomеs whеrе thе DNA is paсkagеd with spесial
protеins.

Baсtеria, as a group' are far morе mеtaЬoliсally divеrsе than plants' ani-
mals, and fungi. Whеrеas all thе lattеr Ьrеathе oХygеn' somе Ьaсtеria сan
Ьrеathе sulfatе' сarЬon dioхidе, nitratе' or еvеn arsеnatе. Baсtеria, dеspitе
thеir small sizе, morе anсеstrаl l ifеstylе, and rеputation as parasitеs and
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Thе nuсlеoсytoskеlеtal organellar systеm of еukaryotеs. Тhе systеm, Ьy
hypothesis, еvolvеd from a symЬiotiс mеrger of a motilе еuЬaсtеrium (a sulfidе-
oxidizing spiroсhеtе thаt bесamе thе undulipodium) with аn arсhaеЬaсrеrium
(a sulfidogеniс thеrmoaсidophil сodеsсеndant with Тhermoplаslza sp.). Sее
Мargulis еt al. 2005.

gеrms' arе in faсt morе profiсiеnt and Ьгoadly skil lеd at many сhеmiсal tasks
than arе largеr lifе forms.

Е A R L I Е s т  N U с L Е A т Е D  с E L L s

How might our Ьaсtеrial anсеstors havе еvolvеd to form thе еаrliеst nuсlе-
atеd сеlls? Thе еvolutionary proсеss always involvеs thе сapaсity for rampant
population growth far Ьеyond thе еnvironmеnt to sustain it (i.е., Ьiotiс po-
tеntial), thе gеnеration of inhеritеd variation, and thе ..сhесks', on growth of
the population (inсluding its variants) Ьy thе failurе of thе Ьiotiс potential to
Ье rеaсhеd. The inhibition of maximal population growth Ьy еlimination of
many' for whatеvеr rеason' is сallеd natural sеlесtion. Naturаl sеlесtion
maintains hеalthy rеproduсtivе populations оf many typеs of organisms' Ьut
it doеs not produсе thеm in thе first plасе.

.!7еl1, 
thеn, how is inhеrited variation gеnеratеd? Although random muta-

tion сlеarly еxists and has Ьееn prodigiously doсumеntеd, inhеritеd variaгion
is gеnеratеd in many morе diffеrеnt and important ways than via random
mutation. Indееd, random mutation almost сеrtainly did not produсе nuсlе-
atеd сеlls from Ьaсtегia. Rathеr, thе maior modе of еvolutionаry variariоn in
Ьaсtеria that lеd to thе first nuсlеatеd сеlls is likеly to havе Ьееn via a proсеss
сallеd symbiogеnesis. This proсеss is alliеd to symЬiosis' whiсh is thе есolog-
iсal rеlationship Ьеtwееn Ьеings of diffеrеnt typеs (diffеrеntly nanrеd organ-
isms). Symbiogеnеsis is simply a protraсtеd, long-lasting physiсal assoсiation,
usually Ьеtwееn diffеrеnt spесiеs. It is аn evolutionаry, Darwirrian proсеss.
SymЬiogеnesis rеfers to thе appеaranсе of a nеw trait, Ьеhavior' tissuе' or-
gan, organism, spесiеs, or othеr highеr taxon as a геsult of an idеntifiaЬlе
long-tеrm symЬiosis. Sеvеral еvolution-сhanging symЬiosеs havе Ьееn idеnti-

fiеd with various lеvеls.
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fiеd with various lеvеls of assuranсе. Although thе еarliеst сhangе is thе most
diffiсult to provе' symЬiogеnеsis lеd to thе еukaryotiс organism itsеlf, with
swimming motil ity (sее figurе Ьеlow) аnd thе сapaЬil ity for mitosis; thе sес-
ond, now provеn dеfinitivеly, lеd to thе prеsеnсе of mitoсhondria inside a
сеll, thus allowing thе сеll to Ьrеathе oxygеn. Thе last symЬiosis, thе most rе-
сеnt and thеrеforе thе onе aЬout whosе history wе arе most сonfidеnt' was
limitеd to thе anсеstors of algaе and plants. This symЬiosis, whiсh rеndеrеd
our planеt grееn, lеd to thе prеsеnсе of сhloroplasts insidе thе сеlls. By aс-
quisition of phоtosynthеtiс prokaryotеs (сyanoЬaсtеria), thе photosynthеtiс
еukaryotеs, algaе, and plants appеarеd on еarth.

But how did thе dеfining fеaturе of a еukaryotе' thе nuсlеus itsеlf, еvolvе?
Thе first nuсlеatеd miсroorganisms likеly еvolvеd Ьy thе mеrgеr of two dif-
fеrеnt kinds of Ьaсtеria Ьut undеr anoxia (i.е., еnvironmеntal сonditions that
laсkеd oхygеn). Onе typе of Ьасtеrium, сapaЬlе of fеrmеntation, produсed
hydrogеn sulfidе gas from amЬiеnt еlеmеntal sulfur gloЬulеs, proЬaЬly of
volсaniс oгigin. This organism, сallеd a sulfidogеn Ьесausе of its gas produс-
tion, hypothеtiсally aсquirеd an еntirе gеnomе of anothеr typе of Ьaсtеrium
by symЬiоgеnеsis. Thе sесond organism also l ivеd on organiс foodstuffs (е.g.,

sugars' aсеtatе' or organiс aсids). But thе sесond Ьaсtеrium, whiсh is not a
sulfidogеn, was a whiz at loсomotion: it swam morе than 100 miсromеtеrs a
minutе. Thе nuсlеus itsеlf еvolvеd only aftеr intеgration, that is, aftеr thе first

-&.t.
Thе [9(2)+2] miсrotuЬulе arraу of all undulipodia in transvеrsе thin sесtion as
sееn with еlесtron miсrosсopy. Thе oЬsеrvation that this sеme (multigeniс trait
of evolutionary importanсе) is сonsеrvеd in spеrm tails' vеrtеЬratе sеnsory
сil ia, zoosporеs of mаstigotе molds, and myriad othеr intrinsiсally motilе сеll
projесtions suggеsts its сommon anсеstry.
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Ьaсtеrium (thе sulfidogеniс arсhaеbасtеrium) mеrgеd with thе swinrming
Ьaсtеrium to fornr thе symЬiotiс anсеstor of all nuсlеatеd сеlls.

Thе еarliеst produсts of thе first proposеd symЬiogеnеtiс mеrgеr wеrе ami-
toсhondriatе protists, сеlls that did not possеss mitoсhondria. Thе group'
сallеd arсhaеprotists (Мargulis and Sсhwartz 1998), still survivеs in airlеss
mцds and anoхiс inrеstinеs. Many gеnеra, dеsсеndaIrts of thеsе аmitoсhon-
driаtе сеlls, sti l l l ivе today, Ьut thеy rnust Ье sought irr strаngе haЬitats Ье.
сausе thеir rеlativеs with mitoсlrondria in this oхygеn-riсh world grеatly
outnumЬеr thеm. Indееd, еntirе familiеs suсh as thе Triсhomonadida and
Calonymphida sti l l thrivе in organiс-riсh anoхiс haЬitats suсh as thе guts of
tеrmitеs and wood-еatins roaсhеs.

PRoтoст | sт  D|VЕRs l тY :  KEY  тo  сELL  EvoLUт|oN

Thе grеat group of rеliсt nuсlеatеd miсroorganisms, thе еarliеst nuсlеatеd
сеlls, and thеir еxtant dеsсеndants is сallеd Protoсtista. This group, whiсh to-
day is еstimatеd to сontain somе 250'000 spесiеs, is сonsidеrеd its own king-
dom in thе fivе-kingdom сlassifiсation sсhеmе. Thе Protoсtists inсludе all thе
algaе, thе so-саllеd protozoa' thе slimе molds, and many moге OЬsсurе
groups. Thе thrее-domain molесular-biologiсal сlassifiсation of Сarl 

.Woеsе

lumps plants' animals, and fungi togеthеr in a singlе kingdom and thе pro-
toсtists are put with all nuсlеatеd organisms into Dornain Еukaryа. 

.W.oеsе

sеparatеs thе prokaryotеs into two Ьасtеrial groups, Ьаsеd mainly on diffеr-
еnсеs in thе dеtails of thеir riЬosomе's RNA. onе is thе Arсhеaе (= n..1'".-
Ьaсtеria) and thе othег is Еubaсtеria' ln thе sсhеше of nuсlеatеd сеll origins
outlinеd aЬovе, thе mеrgеr was Ьеtwееn an arсhaеЬaсtеrium (thе sulfido-
gеniс arсhеan, similar to today's Thermoplаsmа асidophilа) and a еuЬaс-
tеrium (similar to todаy's Spiroсhаеtа, a genus of snakеlikе swimmеrs).

Thе protoсtists inсludе all photosynthеtiс еukaгyotеs that dо not grow from
еmЬryos, as plants do (sее figurе)' Familiar ехarnplеs inсludе diatoms; rеd,
grееn, and Ьrown sеawееds (inсluding kеlp); сhrysophytеs; phytoplankton;
and all othеr algaе. (Thе bluе-grееns arе not inсludеd; thеy arе not algaе Ьut
сyanoЬaсtеria Protozoa (an obsolеtе tеrm insofar as iг suggеsts animals), сili-
atеs, slimе nеts, foгaminifеra, сhytгids, and mаny othеr еvеn morе oЬsсurе
ta-xa arе in thе grеat kingdom of Protoсtista. It is in this unruly grouP of еu-
karyotiс miсroЬеs and thеir many nrultiсеllular dеsсеndants thаt so many fеa-
turеs of nuсlеatеd organisms еvolvеd: mitoсhondriatе and plastidiс сеlls,
mitosis and mеiotiс sех, animal сеll junсtions (sеptatе jtrnсtions, dеsmosomеs)'
and animal-stylе multiсеllularity. Еvеn еyеs (in сеrtain dinoflagеllatеs), сеll

Pеnеtration dеviсеs (in Apiсоmplехans, thе group to whiсh thе malarial para-
sitе Ьеlongs), and hunting and shеll-making (in thе prеdatory and аgglutinating
foraminifеra' rеspесtivеly) еvolvеd in thеsе groups of protoсtists.

Нypothеtiсally, thе origin of nuсlеatеd сеlls (еukaryosis) oссurrеd Ьy thе mid-
dlе of thе Protеrozoiс еon. Thе datеs for еvolution of elny innovation must Ье
sеt Ьy oЬsеrvаtions in tlrе fossil rесord. Tl.rеrеforе, it is likеly that thе symЬiogе-
nеtiс еvolutionarу sеquеnсе dеsсгiЬеd aЬovе oссuгrеd priсlr to thе dеposition in

L**--*
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origin of еukaryotеs from spесifiс Ьасtеrial l inеagеs: sеrial еndosymЬiotiс
thеory. Left to right:Thеrmoplasma-like arсhaеbaсtеria mеrgе with spiroсhеtе
еuЬaсtеrial to form amitoсhondriatе protists in thе lowег Protеrсlzoiс еon.
Intraсеllular motil ity, inсluding phagoсytosis' potеntiatеs thе ingеstion Ьut laсk
of digеstion of oхygеn-Ьrеаthing Ьaсtеrial anсеstors of mitoсhondria Ьy thе
mid-Protеrozoiс. Somе of thеsе aеroЬiс protists ingеst and rеtain сyanoЬaсеria
that Ьесomе thе anсеstors to thе plastids of algaе and plants.

sеdimеnts of suсh wеll.prеsеrvеd miсrofossils as Vапdаlospbаeridium (Samuеls-

son еt al. 1999) or thе spiny sphеrеs in thе Doushantou.
PuЬlishеd еvidеnсе doсumеnts that thе first struсturеs that appеarеd in thе

origin of thе nuсlеatеd сеll wеrе not ffее nuсlеi. Rathеr, thе nuсlеus Ьеgan

tеthеrеd in a pесuliar struсturе' an organёllar systеm sti l l insidе many pro-

toсtists' сallеd thе karyomastigont. Thе karyomastigont is an еxamplе of а
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D:rrwinian impеrfесtiorr and oddiry from wlriсh а pаth оf history rrrаy Ье ге.
сonstruсtеd. Thе signifiсanсе of thе karyoпlasгigont, аn organеllаr systеm in
whiсh a nuсlеus is еmЬеddеd, was dеsсriЬеd in thе еarlY yеars of thе twеntiеth
сеntury (Janiсki 1915). Мinimаlly thе karyornastigont сonsists of а nuсlеus, i.t
nuсlеar сotll lесtor (сallеd a rhizoplаst in еarly pгotozoologiсal l itеrаturе)' irnd
an undulipodium (thе 9+0 kinеtosomе/сеntriolе and its shаft, thе 9+2 miсro-
tuЬular aхonеmе). (Somе prеfег to writе this univеrsal pattеrn of ninеfold
symmеtry of thе miсrottrЬulеs in thе shaft m()rе aссuratеly as [9(2)+2].) Whеn
thе сеntriolе in mitosis dеvеlops into thе kinеtosomе of thе motil ity organеllе,
wе arе sееing thе lеgaсy of thе swimmеr сomponеnt of thе еarliеst еukaryotеs.
Тhе struсturе and Ьеlravior of protoсtists thаt laсk mitoсhorrdriа undеr
anoхiс сoгrditiсlns and today's motil ity s,vmЬiosеs in many organisms with
swimming baсtеria' sllсh othеrwisе odditiеs and pесuliaritiеs, arе undеrstood
in thе сontеxt of thеir еvolution. Тhе nuсleus itsеlf is most l ikеly а produсt <lf
gеnеtiс-lеvеl intеgгation of baсtеrizrl symЬior-rts (arсhаеЬасtеriLrm sulfidogеn
plus swimming еuЬaсtеrium) thаt Ьеgan as part of tlrе karyomаstigont from
whiсh it was rеlеasеd.

This еvolutionary sсеnario foг thе origin of еukaryotеs is Ьasеd on thе in-
valuaЬiе dеsсriptions Ьy Harvard profеssoг Lеmuеl R. Clеvеland (1892_|971I

and Harold KirЬy Jr. (1900_1952), сhairman of thе Dеpartmеnt of Zoo|ogу at
thе Univеrsity of Сalifornia at Bеrkеlеy. Сlеvеland providеd dеtails of сеll
motil ity (movеrnеnts of thе kaгyomаstigonts zrnd othеr сеll parts irr mitosis)
and KirЬy сamе to undеrstаnd с:rlonymphid еvolutioп Ьy rесognizing thе aЬil-
ity of karyomastigonts to rеproduсе indеpеndеntly of thе nuсlеi in mitoсhon.

drizrl сеll l inеаgеs that proЬaЬly nеvеr aсquirеd mitoсhondria. Prеsеrvation of
thе puЬlishеd work of thеsе sсholars (inсluding thе unprесеdегrtеd 16-п-rm

blaсk and whitе films Ьy Сlеvеland) would Ье of intеrеst to thosе who wish to
dеlvе furthеr into thе details of сеll evolution.
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Еthology and thе study of bеhavioral еvolution

Whilе many individuals havе сontriЬutеd to thе dеvеlopmеnt of еthology,
Austrian Konrad Lorеnz (1903_1 989) and Dutсhman Niko TinЬеrgеn
(1907*1988) arе rеgardеd as its сеntral figurеs' whosе еfforts еstаЬlishеd
еthology as a rесognizеd subdisсiplinе of еvolutionary Ьiology. \Иhеn Lorenz
trаvеlеd to Lеidеn in 19З6, hе mеt TinЬеrgеn and thеy Ьесamе friеnds and
сollaЬorаtors. Lorеnz was known for his grеat passion for watсhing animals
and his visionary Ьrеadth, whilе TinЬеrgеn Ьrought a morе analytiсal and ех-
pеrimеntal approaсh to thе study of animal Ьеhavior.

As wеll as Ьeing praсtitionеrs of еthology, Ьoth Lorеnz and TinЬеrgеn
Wrotе aЬout its mеthodolоgy. TinЬеrgеn idеntifiеd four quеstions that еthol-
ogists should attеmpt to answеr aЬout any spесifiс Ьеhavior: How doеs it dе-
vеlop? NИhat arе its immеdiatе сausеs? \й/hat is its funсtion? How did it
еvolvе? Lorеnz strеssеd thе importanсе of spеnding hours watсhing animals
Ьеhaving spontanеously Ьеforе formulating any hypothеsеs' and hе profеssеd
himsеlf shoсkеd by thе dееp ignoranсе of animals that hе thought hе dеtесtеd
in bеhavioristiс psyсhologists suсh аs John B. Watson (1878_1958). Thе dе.
vеlopmеnt of an еthogram for a spесiеs-a standardizеd list of oЬsеrvaЬlе
Ьеhaviors-is thе starting point for еthologiсal rеsеаrсh.

|п 197З, Lorеnz and TinЬегgеn sharеd thе Nobеl Prizе for mеdiсinе with
Gеrman zoologist Karl von Frisсh (1886-1982). Thеy wеrе сitеd ..for thеir
disсovеriеs ссlnсеrning organization and еliсitation of individual and soсial
Ьеhavior pattеrns.'' Von Frisсh is Ьеst known for his disсovеry of thе danсе
languagе of honеy Ьееs. Von F'гisсh's studеnt, Martin Lindauеr, сonduсtеd a
сomparativе study of thе danсеs of sеvеral сlosеly rеlаtеd Ьее spесiеs to rе-
сonstruсt thеir phylogеny, similar to Lorеnz's study of Ьеhavioral homologiеs
in tЬе Апаtidаe (waterfowl). Thе idеa that Ьеhavior сould Ье as rеliаЬlе as
morphology in rесonstruсting thе rеlationships among spесiеs wаs signifiсant
for thе aссеptanсе of еthology as an important part of еvolutionary Ьiology.

Еarly еthologists wеrе intеrеstеd in thе сonсеpt of instinсt; indееd' Lorеnz
and TinЬеrgеn mеt at a workshop on this topiс. Lorеnz is аssoсiatеd with thе
idеa of a fiхеd aсtion pаttеrn-a сomplех Ьеhavior that сan Ье rеliaЬly and
rеpеatеdly еliсitеd Ьy a spесifiс sign stimulus. TinЬеrgеn showеd that a par-
tiсular pесking Ьеhavior of hеrring gull сhiсks сould Ье еliсitеd Ьy rеlativеly
simplе modеls of thе adult Ьеak with a prominеnt rеd spot. 

.Whilе 
thе gеnеral

сonсеpt of a fiхеd aсtion pattеrn appliеs aсross numеrous spесiеs' partiсular
sign stimuli and fiхеd,aсtion pattеrns arе highly spесiеs-spесifiс and сan only
bе undеrstood in thе сontеХt of thе partiсular dеvеlopmеntal, adaptivе, and
еvolutionary сontехts faсеd Ьy mеrтЬеrs of thе spесiеs. Lorеnz's сonсеpt of
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instinсt was strongly сritiсizеd in thе 1950s Ьy Amеriсan psyсhоlogist Daniеl
Lеhrman for Ьеing insuffiсiеntly attunеd to dеvеlopmеntal proсеssеs. TinЬеr-
gеn's inсlusion of dеvеlopmеnt among his four quеstions rеprеsеntеd his at-
tеmpt to aссommodatе Lеhгman's сritiquе. SuЬsеquеntly' many yеars of
fruitlеss ..natufе vеrsus nurturе'' dеЬatеs аnd сonfliсts ovеr dеfinitions
havе madе сurrеnt еthologists lееry of thе сonсеpt of instinсt. Nеvеrthе-
lеss, thе study of inhеritеd Ьеhavioгal adaptations is sti l l аn lmportant part
of еthology.

Arеas of partiсular сurrеnt intеrеst and aсtivity within еthology inсludе
prеdator-prеy intеraсtions and thе various systems of antiprеdatory alarm
сalls found in a widе rangе of spесiеs, thе soсial dominanсе struсturеs that
also vary widеly aсross diffеrеnt spесiеs, сomparаtivе studiеs of soсial play,
thе mеmory dеmands of food сaсhing аnd rеtriеval, tool manufасturе and
usе, and thе еxistеnсе of сulturally transmittеd traits.

Еthology сan Ье undеrstood Ьy сontrast to altеrnativе approaсhеs to thе
study of Ьеhavioral еvolution in Ьiology and psyсholоgy. 

.!Иithin 
Ьiology, Ье-

havioral есolоgy appliеs population-lеvеl modеls of еvolution to thе undеr-
standing of animal Ьеhavior. Bеhavioral есologists frееly Ьorrow modеls
from есonomiсs and gamе thеory, whiсh rеprеsеnt individuаl organisms as
rational optimizеrs and allow analysis of intеraсtions Ьеtwееn еnvironmеnt
and Ьеhavior on rеproduсtivе fitnеss and thе distriЬution of bеhavioral traits.
Unlikе traditional еthology, Ьеhavioral есology has Ьееn lеss сonсеrnеd with
immеdiatе сausеs of thе Ьеhavior of individual аnimals or its dеvеlopmеnt.
Месhanisms rеsponsiЬlе for gеnеrating optimal Ьеhavior arе oftеn simply as-
sumеd and not ехplainеd. Nеvеrthеlеss, thеrе hаs Ьееn signifiсant сrossovеr
Ьеtwееn thе two suЬdisсiplinеs, with many of thе originators of Ьеhavioral
есology having first trainеd as еthologists.

Сomparativе psyсhology also takеs an еxpliсitly еvolutionary approaсh to
animal Ьеhavior. Howеvеr, unlikе Ьiologists, who tеnd to Ье intеrеstеd in dif-
fеrеnсеs among individuals and among spесiеs, psyсhologists arе trainеd to
loоk for gеnеral pattеrns of Ьеhavior and prinсiplеs of lеarning' somеtimеs
rеfеrrеd to as laws of lеarning. 

.!7hеrе 
сomparativе psyсhologists do sее dif-

fеrеnсеs Ьеtwееn spесiеs, thеy often rеgard thеsе as rеvеaling stеps on an еvo-
lutionary laddеr to full-Ьlown human сognition, and thеy arе oftеn drаwn to
invеstigating tasks to mark thrеsholds of сognitivе sоphistiсation. Thus, for
ехamplе, thеrе has Ьееn muсh intеrеst among сomparativе psyсhologists in
finding out whiсh spесiеs сan rесognizе thеmsеlvеs in mirrors, сan pass a
falsе Ьеliеf attriЬution task, or сan lеarn a human languagе. Мany еthologists
prеfеr to oЬsеrvе animals in natural or naturalistiс haЬitats. Somе sсiеntists,
to Ье found on Ьoth sidеs of this dividе, arе pluralists who Ьеliеvе that thе in-
tеgrativе study of animal Ьеhavior rеquirеs Ьoth field and laЬoratory invеsti-
gation; othеrs arе lеss есumеniсal.

Еthology has had sеvеral important offshoots. Both Lorеnz аnd Tinbеrgеn
еxtеndеd thеir approaсhеs to thе study of humаn Ьеhavior: Lorеnz in his
study of aggrеssiоn, and TinЬеrgеn (with his wifе ЕlisaЬеth) in studying
autistiс сhildrеn. Thе will ingnеss of еtholoяists to trеat humans as sсiеntifiс
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oЬjесts of study, l ikе any othеr animal, also importantly forеshаdowеd Еd-
ward o. \Х/ilson's ехtеnsion of еvolutionary modеls of thе soсial Ьеhavior of
insесts to ехplain human soсiality, thus giving risе to thе fiеld of soсioЬiol-
ogy, a fiеld that also is tightly сonnесtеd to Ьеhavioral есology.

Anothеr important offshoot of еthology is thе сomparativе study of nеural
funсtion known as nеrrroеthology. Spесifiс adaptations of nеural systеms to
partiсular Ьеhavioral tasks havе Ьееn dеsсriЬеd in a variеty of spесiеs, suсh as
thе startlе rеsponsе of fish, thе сoordinatеd voсalizations of frogs, thе dirес-
tional hеaring of owls' or thе unusual sеnsory mесhanisms of star-nosеd
molеs.

Also, ..сognitivе еthology'' is thе laЬеl сoinеd Ьy Donald Griffin (1915200З)

to dеsсriЬе thе rеintroduсtion of issuеs of сognition and сonsсiousnеss to thе
еvolutionary study of animal Ьеhavior. Griffin madе his еarly rеputation
сonduсting сarеful physiсal analysеs of thе есholoсation сapabil it iеs of Ьats.
Nехt' hе turnеd his attеntion гo quеstions of animal mind and awarеnеss.
Мany disagrее with his approaсh Ьесаusе thеy find it еxсеssivеly anесdotal
and anthropomorphiс. Nеvеrthеlеss, thе сognitivе rеvolution that took plaсе

in human psyсhology was slow in сoming to thе еthology, аnd Griffin was
instrumеntal in gеtting othеr sсiеntists to takе sеriously thе idеa that quеs-

tions aЬout thе еvolution of mind сould Ье addrеssеd Ьy studying topiсs
ranging from сognitivе maps in honеyЬееs to intеntional сommuniсation in
prlmatеs.
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Еugеniсs

Еugеniсs is fundаmеntally thе gеrrеralization tO humans of thе praсtiсеs of
plant аnd animal Ьrееdеrs' who pгopagаtе thе Ьеst and сull thе worst of theiг
stoсks. Thе idеa that suсh mеthods might Ье appliеd to humans has a long
history, rеaсЬing Ьaсk at lеast to thе anсiеnt Grееks. Thus, in Plato's Repub-
liс (1945,157-158), Soсratеs tеlls Glauсon that..anything likе unrеgulatеd
unions would Ье a profanation in a statе whosе сitizеns lеad thе good life' ' '
and Glauссln асknowlеdgеs сhаt hе is сarеful to п1i1tе only thе Ьеst of his
sporting dogs and gаmе Ьirds so as to i lvoid thе othеrwisе rapid dеtеrioration
of his stoсk.

Apart from a fеw еfforts to systеmatiсally shapе human hеrеdity, аs in thе
program adoptеd by thе utopian сommunity at onеida, Nеw York' in thе
1860s, еugеniсs rеmained largеly сonсеptual until thе turn of thе twеntiеth
сеntury. It wаs only thеn thаt <lrganizations еxprеssly dеvotеd to this aim
wеrе еstaЬlishеd in thе Unitеd Statеs, Britain, and Gеrmany. Thеrе arе multi-
plе rеasoгls why thе nееd to implеmеnt еugеniсs on a largе sсalе сamе to
sееm urgеnt around this timе, Ьut pеrhaps thе nrost important Was a nеw
worry aЬout thе possiЬil ity of Ьiologiсal dеgеnеration.

In his oz the origiп of Spеciеs (1859), Сharlеs Darwin arguеd that im-
provеmеnt in plants and animals rеsultеd from a fiеrсе сompеtitivе strugglе,
a proсеss еnсapsulatеd in thе famous еxprеssion ..thе survival of thе fittеst,' '
сoinеd by HеrЬеrt Spеnсеr in 1866 аnd latеr adoptеd Ьy Darwin' Although
Darwin did not disсuss his own spесiеs in the Оrigin' many of his сontеmpo-
rariеs wondегеd aЬout its impliсations for humans. ln partiсular, thеy frеttеd
ovеr thе possiЬility that a rеlaxation of thе strugglе mеant that human
progrеss would Ье slowеd, haltеd, or еvеn rеvеrsеd. Darwin himsеlf was
dееply disturЬеd Ьy this prospесt' arrd in Тhe Dеsceпt of Мап (1871,168) hе
puЬliсlv еxprеssеd his сonсеrns аЬout thе сountеrsеlесtivе еffесts <lf сharity,
vaссinаtions аgainst smallpoх, thе Ьuilding of asylums for thе siсk and in-
sanе' and othеr aссoutrеmеnts of сivil izеd Soсiеty' noting that as a геsult'
..thе wеаk mеmЬегs of сivil isеd soсiеtiеs propagatе thеir kind. No onе who
has attеndеd to thе Ьrееding of dоmеstiс animals wil l douЬt that this must Ье
highly injurious to thе raсе of mаn.' '

Darwin's сousin, Franсis Galton, wаs among thе first to еxplorе thе soсial
impliсations of thе thеory of еvolution Ьy natuгal sеlесtion. Galton notеd in
his mеmoiгs that hе had Ьееn inspirеd Ьy rеading tЬе Оrigiп to pursuе a
long-standing intеrеst in thе topiсs of hеrеdity ..and thе possiЬlе improvе-
mеnt of thе Human Raсе.' ' In ..Hеrеditary Talеnt аnd Сharaсtеr' ' (1865),
ехpandеd to thе Ьook Hereditаrу Geпius (1'869), Galton showеd thаt mеn
who had aсhiеvеd distinсtion in sсiеnсе. l itеraturе. and thе law wеrе morе
likеly tlran mеmЬеrs of thе puЬliс at largе to havе had malе rеlativеs who
wеrе thеmsеlvеs еminеnt. In a raft of latеr works, Gаlton ехtеndеd this rе-
sеarсh and dеvеlopеd what hе saw as its сorollаriеs. Galton thought that his
inquiriеs provеd bеyond douЬt that all human aЬil it iеs and traits of сharaс-
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еading the Оrigin to pursuе a
ity ..and thе possiЬlе improvе-
Ialеnt and Сharaсtеr,' (1865),

869), Galton showеd that mеn
raturе' and thе law wеrе morе
э havе had malе rеlativеs who
rorks, Galton еxtеndеd this rе-
llariеs. Galton thought that his
n abil it iеs and traits of сharaс-
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tеr and tеmpеramеnt Wеrе transmittеd fгom parеnt to сhild in thе hеrеditary
matеrial (thе naturе of whiсh was thеn unknown) and thus wеre largеly fixеd
at Ьirth. Hе also assumеd thаt pеoplе variеd grеatly in thеir hеrеditary еndow.
mеnts, and that thosе with thе fеwеst talеnts and thе worst сhаraсtеrs Wеrе rе-
produсing at a shoсkingly rapid ratе. It followеd that if somеthing wеrе not
donе to prеvеnt it, сivilization would сollapsе. Thе solution was for humans to

takе сhargе of thеir own еvolution' a proсеss hе tеrmеd eugeпics in 1883.
Thе idеa that human diffеrеnсеs Wеrе innatе and immutaЬlе was nothing

nеw-nor wеrе dеЬatеs aЬout its validity. In ..Сivil isation'' (1835), thе phi-

losophеr John Stuart Mill arguеd that thе study of history tеaсhеs that hu-
man naturе has takеn an infinitе variеty of forms and must thus Ье highly
pliaЬlе. Io Priпсiplеs of Politicаl Еcoпomу (1848, 319), hе famously assеrtеd:
..of all thе vulgar modеs of еsсaping from thе сonsidеration of thе soсial and
moral influеnсes on thе human mind, thе most vulgar is that of attriЬuting
thе divеrsitiеs of сonduсt and сharaсtеr to inhегеnt natural diffеrеnсеs.', But
Мill was swimming against thе tidе. Thus Galton's originality lay not in thе
сlaim that naturе trumps nurturе, Ьut in thе еffort to provе through statisti.
сal studiеs of inhеritanсе that thе сlaim was truе. Onе of thosе сonvinсеd was
Darwin, who wrotе in his autobiography (1958, 43) that hе was ..inсlinеd to
agrее with Franсis Galton in Ьеliеving that еduсation and еnvironmеnt pro-

duсе only a small еffесt on thе mind of any onе, and that most of our quali-

tiеs arе innatе.'' !иhat gavе Galton's work its signifiсanсе was thе сlimatе of
anxiеty in whiсh it appеarеd: thеrе was widеsprеad fеar among middlе-сlass
pеoplе that thе proсеss of sеlесtion had Ьееn haltеd in сivil izеd soсiеtiеs, and
that thе mеntally and morally Worst Wеrе now swamping thе Ьеst.

But while Galton soundеd an alarm, hе had fеw praсtiсal proposals to dеal
with thе сrisis, and thеsе еnсouragеd thе giftеd to havе morе сhildrеn, rathеr
than disсouraging thе stupid and rесklеss from having any. Thе еmphasis on
what Galton сallеd ..positivе'' rathеr than ..nеgativе'' еugеniсs did not rеflесt
any squеamishnеss on his part aЬout thе lattеr. In Galton's day, thosе
middlе-сlass pеoplе most attraсtеd to еugеniс prinсiplеs also gеnеrally ad.
hеrеd to thе prеvailing Vhig idеology, aссоrding to whiсh thе funсtions of
thе statе should Ье kеpt to a minimum. Proposals to еxpand thе rеaсh of thе
govеrnmеnt into thе intimatе sphеrе of family lifе would thus hаvе to ovеr-
сomе an antistatist worldviеw. That is a сеntral rеason why еugеniсs only bе-
сamе a mattеf for lеgislation in thе twеntiеth сеntury. Anothеr rеason Was
thе inсrеasing aссеptanсе of August 

.Wеismаnn's ..hard'' thеory of hеrеdiry,
whiсh sееmеd to Ьolstеr Galton's viеw that thе hеrеditary matеrial was im-
pеrvious to thе еnvironmеnt. A third rеason was apparеnt еvidеnсе of a dе-
сlinе in population quality. In Britain, thе largе numЬеr of rесruits dееmеd
unfit for sеrviсе in thе Boеr War (1899_1902) gеnеratеd muсh alarm. In thе
Unitеd Statеs' thе low sсorеs aсhiеvеd Ьy rесеnt immigrants from Southеrn
and Еastеrn Еuropе on IQ tеsts administеrеd Ьy thе army during 

.!7orld .!far

I sееmеd to сonfirm fеars that thе сountry was Ьеing inundatеd Ьy nеwсom-
еrs who wеrе fееЬlеmindеd as wеll as fесund.
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In Britain, thе land оf its Ьirth, еugеniсs rеmаinеd mostly a mattеr of prop-
aganda. Howеvеr, in North Amеriсаr, Sсandinavia' Gеrmany, Еastеrn Еuropе,
and Japаn, among othеr plaсеs, laws wеrе passеd pеrmitting thе сompulsory
stеrilization of thе fееЬlеmindеd, сriminals, sехual dеviatеs, and othеrs
dееmеd unfit to proсrеatе. |n thе 1927 сasе of Bисh u. Bеll, tЬe U.S. Suprеmе
Court uphеld thе сonstitutionality of сompulsory stеrilization in а dесision
signеd Ьy Сhiеf Justiсе olivеr 

.!7еndеll 
Нolmеs' a politiсal progrеssivе. Не fa-

mously Wrotе: ,.It is Ьеttеr for all thе world if, instеad of waiting to еxесutе
dеgеnеratе offspring for сrimе, or to lеt thеm starvе for thеir imЬесility, soсi-
еty сan prеvеnt thosе who arе manifеstly unfit from сontinuing thеir kind.'' In
thе Unitеd Statеs, еugеniс argumеnts wеrе also invokеd in support of rеstriсt-
ing immigration frorn Southеrn and Еastеrn Еuгopе, argumеnts that playеd a
rolе (aithough how largе a onе is dеЬatеd) in passagе of thе national_origins
quota systеm adoptеd in 1924. But еugеniс zеal rеасhеd its apex (or nadir) in
Gегmany, whеrе аtroсitiеs аgainst nrеntal patiеnts' Jеws, and othеrs wеrе jus-

tifiеd Ьy thе ostеnsiblе nееd for a program of ..raсial hygiеnе.''
As thе сasе of Нolmеs suggеsts' sl lpport for еugеniсs onсе appеalеd to di-

vеrsе сonstituеnсiеs and was invokеd in suppогt of disparatе agеndаs: rhе dе-
fеnsе of paсifisrrr as wеll aS War' ..fгее lovе'' as wеll as traditional marriagе,
and aссеss to Ьirtlr сontrol information and dеviсеs as wеll as thеir rеprеs-
sion. In its hеyday in thе 1920s and 1930s, еugеniсs garnеrеd support not
just from soсial and politiсal сonsеrvаtivеs Ьut also from FaЬian аnd еvеn
Мarxiаn soсialists and rеformеrs of many stripеs. In tinrе' еugеniсs саmе to
Ье еquatеd with its worst instаntiations' and aЬovе all, with Nazism. As a rе-
sult, thе word is today usually rеsеrvеd for praсtiсеs that thе spеakеr or
writеr dеtеsts. Thus сritiсs of prеnatal diagnosis dееm it еugеniсs whilе its ad-
voсatеs strеnuously rеsist thе laЬеl. And lеgislation barring fiгst-сousin mar-
riagеs is not rеgardеd as еugеniсs, notwithstanding its сompulsory сharасtеr.
Sеlесtivе Ьrееding is sti l l praсtiсеd, and in somе forms it is widеly аpprovеd,
Ьut onе lеgaсy of еugеniсs' assoсiation with atroсitiеs is a distоrtеd disсoursе
in whiсh wе shrink from сalling thеsе praсtiсеs Ьy thеir rightful namе.
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Еuolutioп: Thе Мodеrп Sупthеsis (Julian Huхley)

Julian Huхlеy had ехсеptional skil ls as a сommеrсial writеr. Не knеw how to
сollatе vast amounts of informаtion and how to еxtraсt еssеntial points. Еиo-
lutiсlп: Thе Мodern Sупthesis (1942) is а pеrfесt еХamplе. Huхlеy dесidеd to
сrеatе an еnсyсlopеdia of rесеnt dеvеlopmеnts in еvolutionary studiеs. Hold.
ing his survеy togеthеr Wеrе a small numbеr of сarеfully сhosеn thrеads.
Сhеrishеd among thеsе was natural sеlесtion. Although hе madе othеr points'
strеssing sеlесtion's importanсе wаs Huxlеy's сеntral aim. This Ьook sеrvеd,
еspесially in Britain, as a training manual for thе ..synthеtiс' ' thеory оf еvo-
lution.

Thе еnсyсlopеdia approaсh in Еuolutiol? movеd systеmatiсally. Huxlеy dе-
votеd sеvеral сhaptеrs to gеnеtiс phеnomеna, еspесially thosе that сrеatе and
maintain variation. Hе thеn shiftеd to dеsсriЬе сausеs of variation at the
gеnomе lеvеl, suсh as polyploidy. 

.!(i ith 
a Ьасkground in dеvеlopmеntal Ьiol-

ogy, Huxlеy apprесiatеd thе importanсе of thеsе phеnomеna. Shifting from
his foсus on organisms and есologiсal phеnomеna, Нuхlеy nехt сonsidеrеd
information aЬout 1oсal populations, variеtiеs' and suЬspесiеs. Thrее thеmеs
struсturеd his survеy: vаriation, proсеssеs of divеrgеnсе' and proсеssеs of iso-
lation. Не strеssеd thе inrportаnсе of polytypiс spесiеs and gеоgraphiсal vari-
ation. Сlinеs wеrе his spесial intеrеst, a phеnomеna hе had hеlpеd popularizе
a dесadе Ьеforе. Thеsе sесtions of Еuolutirln read simply as l itеraturе sur-
vеys' With Huхlеy trying to сOmpilе informаtion аs is donе in a tеxtЬook.
Thе сhiеf virtuе of thеsе sесtions is thеir Ьrеadth. Huхlеу madе еХtеnsivе usе
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of knowlеdgе glеanеd from his сontaсts' who spannеd Ьoth Еuropе and thе
Еnglish-spеaking world.

Еuolutiсln Was no mеrе survey. Huxlеy plaсеd natural sеlесtion and adap.
tation solidly at thе сеntеr of his study. Sеlесtion dominatеs all еvolutionary
proсеssеs' hе insistеd; it was thе еxplanation of first rеsort. To Ье surе, Huх-
lеy idеntifiеd a widе rangе of othег Ьiologiсal proсеssеs (е.g., drift, isolation,
hyЬridization, and сhanging mutation ratеs). Не frеquеntly gavе thеm kеy
rolеs in сеrtain сonfinеd topiсs. Nеvеrthеlеss, sеlесtion rеmainеd his most po-
tеnt еvolutionary mесhanism. For Huхlеy' adapting to а widе rangе of sеlес-
tion prеssurеs was lifе's most frеquеnt pattеrn.

Huхlеy сonsidеrеd himsеlf a philosophеr as muсh as a Ьiologist. Thе final
сhaptеrs of Еuolцtioп сonsidеr еvolutionary trеnds and progrеss. Нuxlеy prе-
sеntеd sеvеral spесifiс (and oЬjесtivе, hе thought) сritеria to mеasurе progrеss:
grеatеr сontrol ovеr thе еnvironment' grеatеr indеpendеnсе from thе еnviron-
mеnt, and grеatеr еffiсiеnсy. Thе еvolutionary advantagеs of thеsе qualitiеs
sееmеd oЬvious to Huxlеy. Natural sеlесtion drovе toward thеsе qualitiеs.
This сonnесtion was kеy. Нuхlеy prеsеntеd his approaсh as an improvеmеnt
ovеr his prеdесеssors, who rеquirеd supеrnatural drivеrs and guiding forсеs.
His sсhеmе did not. Ovеrall, humans sеrvеd as Huхlеy's pinnaсlе of progrеss,
with our intеlligеnсе (сonsisting of truе spеесh, сonсеptual thought, and сom-
plеx еmotions) сapping еvolution's сoursе. Huхlеy hеld out for furthеr
progrеss' too' suggеsting humans had a moral impеrativе to fuеl that proсеss.
Еuolutioп еnds with Нuхlеy сonsidеring ways humans might aсt еithеr to has-
tеn or to stееr thеir own еvolutionary futurе.

For sеvеral gеnеrations of Ьiologists, Еuolutioп providеd an importаnt his-
toriсal narrativе for еvolutionary studiеs. HuхIеy prеsеntеd Сharlеs Darwin
as a gеnius who disсovеrеd in natural sеlесtion onе of lifе's сеntrаl prinсiplеs.
This gеnius was есlipsеd in thе yеars |880_1920, supposеdly owing to Dar-
win's failurе to undеrstand inhеritanсе. Thе risе of gеnеtiсs solved thе proЬ-
lеm. Its rесеnt growth, and thе dеvеlopmеnt of othеr spесialitiеs sinсе, vastly
improvеd our undеrstanding of partiсulaг piесеs to еvоlution's puzzlе. This
narrativе madе Huхlеy's rolе sееm natural. Thе timе was ripе, hе said, for
somеonе to сollatе thе many sеparatе еndеavors into a сomprеhеnsivе' syn-
thеtiс wholе ' Еuolutioп was Нuxlеy's attеmpt at that synthеsis. Нuxlеy's
ovеrall mеssagе was that Darwinism had rеturnеd in improvеd form, a
phoеnix rising from turn.of-thе-сеntury ashеs.

Еuolцtion dеlivеrеd no Ьrilliant nеw insight. Instеad, it providеd a сompе-
tеnt survеy of rесеnt dеvеlopmеnts in еvolutionary studiеs. Within that rе-
sеarсh сommunity' Huxlеy promotеd natural sеlесtion as an organizing
thеmе. Latеr gеnеrations followеd thе samе path and pointеd to Еuolutiсlп
for its еnthusiastiс support in that dirесtion.

Huxlеy puЬlishеd a sесond еdition of Еuсllutioп in 196З. Сollеaguеs puЬ.
lishеd a third еdition, with a sесond nеw introduсtion, in \974.In еaсh, thе
main сhaptеrs rеmainеd еssеntialIy unсhangеd.
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Нuxlеy, J. [1942, Т9631 1974. Еuolutiсlп: Тhе Мoderп Sупthеsis' 3rd еd. London:
Allеn and Unwin. -I.С.

Еvolutionary сomputing and gеnеtiс algorithms

Еvolutionary сomputing еmЬodiеs a сollесtion of tесhniquеs that usе idеas
from Ьiologiсal еvolution to solvе сomputational proЬlеms (lvIitсhеll and
Taylor 1999). Мany suсh proЬlеms rеquirе sеarсhing through a hugе spaсе
of pоssiЬilitiеs for сomplеx solutions. Thеsе solutions arе usually diffiсult for
human programmеrs to dеvisе.

Biologiсal еvolution is an appеaling sourсе of inspiration for addrеssing
diffiсult proЬlеms. Еvolution is, in еffесt, a mеthod for sеarсhing among an
еnormous numЬеr of possiЬil it iеs for ..solutions'' that allow organisms to
survivе and to rеproduсе in thеir еnvironmеnts.

Thе origins of еvolutionary сomputing сan Ье traсеd to Alan Turing's
(1950) suggеstion of an ..oЬvious сonnесtion Ьеtwееn mасhinе lеarning and
еvolution.'' This oЬsеrvation ехсitеd pеoplе's imagination toward еvolving
solutions to proЬlеms using Ьiologiсal еvolution as a mеtaphor. In thе latе
1950s, sеvеral groups indеpеndеntly dеmonstratеd thе possibil it iеs of this
approaсh.

In thе latе 1960s, John Нolland, Ingo RесhеnЬеrg, and Lawrеnсе Fogеl in-
dеpеndеntly introduсеd fundamеntal еvolutionаry сompuгing аpproaсhеs:
gеnеtiс algorithms (Holland 1992), еvolution stratеgiеs (RесhеnЬеrg 197з),
and еvolutionary programming (Fogеl 1998|, rеspесtivеly. Thе gеnеral tеrm
of suсh approaсhеs ts euolutionаrу аlgorithms. Thе most widеly usеd form of
еvolutionary algorithms arе gеnеtiс algorithms.

Thе simplеst vеrsion of a gеnеtiс algorithm сonsists of a population of еn-
сodеd solutions to a givеn proЬlеm, a fitnеss funсtion that assigns a numеri-
сal valuе to еaсh individual, and a sеt оf gеnеtiс opеrators tо Ье appliеd to
thе population to сrеatе a nеw population. Thеsе typiсally inсludе sеlесtion,
сrossovеr' and mutation. Starting with a randomly gеnеratеd population, a
gеnеtiс algorithm itеrativеly transforms thе population until somе stop сritе-
ria is mеt.

Еvolutionary сomputing is finding usе in a variеty of сommеrсial and sсi-
entifiс appliсations' inсluding intеgratеd сirсuit dеsign, faсtory sсhеduling,
roЬot Ьеhаvior' moгphology dеsign. сomputеr animаtion. imagе proсеssing.
supеrsoniс jеt dеsign, finanсial markеt prеdiсtion, and drug dеsign.

An intеrеsting vaгiant of еvolutionary сomputing, tеrmеd gепеtiс prОgrаm-

miпg, was introduсеd Ьy John R. Koza (1992). Gеnеtiс programming may Ье
viеwеd as a gеnеtiс algorithm that еvolvеs not just paramеtеrs' Ьut rathеr
truly ехесutaЬlе сomputеr programs. This mеthod has Ьееn suссеssfully
dеmonstratеd in a variеty of appliсations, inсluding optimal foraging.

Rесеnt trеnds in еvolutionary сomputing inсludе thе automatеd dеsign and
manufaсturе of physiсal roЬots. For ехamplе, Lipson and Pollaсk (2000)
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havе сomЬinеd simulation of Ьеhavior аnd n.rorphology to automatiсally
еvolvе and сonstruсt aсtual roЬots. Furthег work Ьy Muratа and Yamaguсhi
(2005) еmploys gеnеtiс algorithms to sеlf-сonfiguге roЬots that сan assеmЬlе
and rеpair thеmsеlvеs in simplе situations.

Thе parallеls bеtwееn Ьiologiсal еvolution' sеarсhing through a spaсе of
gеnotypеs' аnd сomputеr еvolurion' sеarсhing through a spaсе of сomputеr
pгograms oг othеr data struсturеs, havе сrystall izеd to сrеatе thе sсiеntifiс еn-
tеrprisе of еvolutionary сomputing. This fiеld has provеn usеful in a variеty
of сommеrсial optimization proЬlеms, showing promisе for many сomplех
sсiеntifiс and еnginееring proЬlеms.
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Еvolutionаry prоgrеss

Мodеrn organisms sееm сlearly morе advanсеd than anсiеnt onеs. Сomparе
an еlеphant with a modеrn Ьaсtеrium. (Thе сomparison is apt in that сеrtain
modеrn bасtеria aге prоЬaЬly vеry similaг to thе first fossil orgаnisms
known, frоm roсks 3..5 Ьil l ion yеars old') Thе notion of an ordеring among
organisms datеs at lеast to Aristotlе, who arrangеd living forms on a linеar
sсalе Ьasеd On dеgгее of pеrfесtion, also сallеd the scаlа псlturсlе or grеat
сhain of Ьеing' For morе than 2'000 yеars aftеr Aristotlе, thе сhain Was un-
dеrstood to Ье statiс' mеaning that organisms and thеir rаnkings did not
сhangе. But in thе еаrly ninеtееnth сеntury Jеan-Baptistе dе Lamarсk addеd
aп еvolutionary сomponеnt' so that orgаnisms пrovеd up thе сhain as thеy
еvolved. A half сеntury latеr thе Darwinian viеw сhallеngеd thе ordеring it-
self. Dаrwin sаw еvolution aS a proсеss of Ьranсhing and divеrgеnсе rаthеr
thirn l inеar asсеnt. But Darwin nеvеrthеlеss rесognizеd progrеss' wгiting fa-
mously in on thе Оrigiп of Spеcies of ..that vaguе yеt ill-dеfinеd sеntimеnt'
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fеlt Ьy many palеontologists' that organisation on thе wholе has progressеd''
(Darwin 1859, 363).

In еvolutionary disсoursе sinсе Darwin' progrеss has Ьееn aсknowlеdgеd Ьy
many еvolutionists, Ьut thе idеa hаs also сomе to Ье sееn as trouЬlеsomе, Ьoth
philosophiсally and sсiеntifiсally. It is widеly rесognizеd that intuitions on еvo-
lutionary progrеss havе Ьееn сontaminatеd Ьy сultural influеnсеs. 

.Wе 
havе a

tеndеnсy to rеad into thе history of lifе thе soсial and tесhnologiсal progrеss
wе think we sее in human affairs. Also' progrеss is now rесognizеd as having
rwо indеpendеnt сomponеnts that arе frеquеntly сonflatеd, a valuе-nеutral
сlaim that long-tеrm dirесtional сhangе has oссurrеd and a valuе сlaim that thе
trеnd has Ьееn for thе Ьеttеr. Among сontеmporary еvolutionists thе еХistеnсе
of a long-tеrm trеnd is widеly aссеptеd. Most would agrее that somеthing is in-
сrеasing. But what, ехaсtly? And inсrеasing in what sеnsе? Is it progrеss? If so,
progrеss in what sеnsе? Thеsе issuеs hаvе not Ьееn rеsоlvеd, Ьut thе modеrn
disсoursе has еnaЬlеd us at least to formulatе thеm fairly сlеarly.

Disсussions of еvolutionary progrеss сan Ье found in thе works of Ьiolo-
gists, palеontolоgists, philosophеrs' and historians, inсluding Thomas Huх-
lеy (1893)' HеrЬеrt Spеnсеr (1857), Julian Huxlеy (1942)' Thomаs Goudgе
(1961)' Lеdyard StеЬЬins (1,969), Еrnst Мayr (1988), Gеorgе Gaylord Simp-
son (1949), Stеphеn Jay Gould (1988), Franсisсo Ауa\a (\974), Lеigh Van
Уa|en (1973)' Gееrat Vеrmеij (1987), RoЬеrt Riсhards (1'992), Мiсhaеl Rusе
(1'996|, and othеrs. Intеrеstingly' among thе sсiеntists most of the disсussion
has Ьееn rеlеgatеd to popular works. Rusе arguеs that thе notion of progrеss
has rеmainеd сеntral in еvolutionary studiеs, oftеn its proof thе сhiеf moti-
vating faсtor Ьеhind thе work that pеoplе do, Ьut that in thе sесond half of
thе twеntiеth сеntury thе inсrеasing profеssionalization of thе fiеld forсеd
disсussion of this valuе.ladеn suЬiесt out of thе tесhniсal litеraturе.

PRoGRЕss  lN  WHAт  sЕNsЕ?

Thеrе arе two ways in whiсh a trеnd in somе fеaturе of organisms might havе
valuе. Thе fеaturе сould Ье valцaЬlе to us, or it сould Ье valuеd Ьy thе еvolu-
tionary proсеss' so to spеak, in thе sеnsе of Ьеing pгеsеrvеd. From a sсiеntifiс
standpoint thе first altеrnativе is problеmatiс. In sсiеnсе our pеrsonal or сul-
tural (rеligious, soсial) valuеs shoцld not Ье rеlеvant or at lеast not сеntral.
Indееd, thеy arе a distraсtion. For еxamplе, if thе aсtual dеfining dirесtion-
ality in evolution wеrе inсrеasing еnеrgy usagе' an infatuation with somе
fеaturе wе valuе, suсh as intеll igеnсе' might сausе us to ovеrlook it. of
сoursе' wе might Ье intеrеstеd in thе еvolutionaгy sourсеs of our valuеs
rathеr than trеnds gеnеrally. For еxamplе, it might Ье that intеll igеnсе is fa-
vorеd in еvolution by natural sеlесtion, that wе arе thе produсt of that
trеnd, and that wе valuе intеll igеnсе on aссount of its advantagеs for us. But
hеrе too thе еvaluativе сomponеnt of our intеrеst is Ьеsidе thе point, еХсеpt
as original motivation. Thus it is hard to sее how progrеss' if it is dеfinеd as
a trеnd in fеaturеs valuaЬlе to us, сould Ье a sсiеntifiсally usеful notion.

Thе sесond altеrnativе is to intеrprеt valuaЬlе to mеan that whiсh is prе.
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sеrvеd' or' Ьесausе Wе arе intеrеstеd in trеnds, that whiсh inсrеases ovеr
timе. Progrеss thеn Ьесomеs а purеly sсientifiс tеrm, Ьut now douЬts arisе
aЬout thе aptness оf thе word. It might Ьe apt if thе еvolutionary proсеss prе.
sеrvеs fеaturеs that strikе us as positivе, likе intеlligеnсе, fitnеss, or сomplех-
ity. But supposе wе disсovеr that thе main long-tеrm trеnd is an inсrеasе in a
fеaturе aЬoцt whiсh wе arе amЬivalеnt' likе еnеrgy usagе' or a fеaturе that
sееms downright Ьad, likе fragility (lеading to an inсrеasing proЬaЬility of
ехtinсtion). It would sound odd to сall еithеr of thеsе progrеss.

I think that thеsе proЬlеms are fatal, and wе should aЬandon talk of еvolu-
tionary progrеss and instеad dеvotе our еnеrgiеs to thе study of trеnds. But thе
notion of progrеss has grеat сultural momеntum and sееms likеly to pеrsist' at
lеast outsidе thе tесhniсal litеraturе, for somе timе to сomе. In what follows, I
aссеdе to thе folliеs of my timе and usе thе word pro?rеss, Ьut only in thе sес-
ond sеnsе, to mеan that whiсh is prеsеrvеd. For сonvеniеnсе, I will also usе thе
phrasе degrее of аduапсement, aS though thе variaЬlеs involvеd in progrеss
werе еithеr known or mеasuraЬlе. (As will Ье sееn' at prеsеnt thеу arе not.)

A  т R Е N D  I N  W H A т  s Е N s Е ?

Disсussion of progrеss has Ьееn muddlеd, еvеn rесеntly' Ьy сonfusion about
how trеnds in groups work. In сurrеnt trеnd thеory it is not еnough to say
that somе variaЬlе inсrеasеs. To Ье сlеar' onе must spесify whiсh of sеvегal
group statistiсs is inсrеаsing-mеan' mаximum, or minimum-Ьесausе
trеnds in thе diffеrеnt statistiсs havе diffеrеnt intеrprеtations. A trеnd in thе
mean is an inсrеasе in thе avеragе dеgrее of advanсеmеnt among all spесiеs
in еxistеnсе at a givеn timе. In thе figurе, A shows a hypothеtiсal long-tеrm
trеnd. Lifе Ьеgins with a singlе spесiеs' a singlе linеagе' with sоmе low lеvеl
of advanсеmеnt. As timе passеs, nеw spесlеs аrisе, and sоmе spесiеs Ьесomе
еxtinсt' with сhange oссurring in the origin of еvеry new spесiеs. Thе mеan
at anУ givеn timе sliсе is thе avеragе lеvеl of advanсеmеnt of all spесiеs in еx-
istеnсе at that timе. A trеnd is an inсrеasе in that avеragе' that is, movеmеnt
of thе avеragе to thе right. A сlaim that a trеnd has oссurгеd, without any
qualif iеr, usually mеans an inсrеasе in thе mеan.

A trеnd in thе maхimum is a risе in thе dеgrее of advanсеmеnt aсhiеvеd by
thе most advanсеd spесiеs at a givеn timе, in othеr words, a risе in thе highеst
lеvеl of advanсеmеnt aсhiеvеd. (In thе figurе, B is thе samе as A, Ьut annotatеd
to show thе trеnd in thе maхimum' thе dottеd linе on thе right.) Мaхima arе
of spесial intеrеst Ьесausе humans arе gеnеrally thought to rеprеsеnt thе most
progrеssivе spесiеs in еxistеnсе and, if so, would rеprеsеnt thе mахimum tn a
timе sliсe that inсludеd thе prеsеnt. 

.W.е 
would Ье thе last spесiеs on thе right at

thе vеry top of thе graph. Finally, a trеnd in thе minimum is an inсrеasе in thе
dеgrее of advаnсеmеnt of thе lеast advanсеd spесiеs (thе dottеd linе on thе lеft
in figurе B). Мinima are of spесial intеrеst Ьесausе apparеntly thе lowеst lеvеl
of advanсеmеnt has not сhangеd. Baсtеriа havе ехistеd, and indееd havе dom-
inatеd thе Ьiosphеге, throughout thе history of lifе. (In othеr words, it is сlеar
that figurеs A and B arе not a good rеprеsеntation of thе history of lifе.)
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Еuolutionаrу Progrеss

Weakly
driven

Strongly
driven

? maх

(A) A hypothеtiсal long-tеrm trend in advanсеmеnt' that is, prоgrеss. Lifе
bеgins with a singlе spесiеs, with somе lоw lеvеl o{ advanсеmеni (thе siпglе
vеrtiсal blaсk l inе sеgmеnt at thе Ьottom lеft). As timе passеs, nеw spесiеs
arise, and somе spесiеs Ьесomе ехtinсt, with сhangе oссuгring in thе origin оf
еvеry nеW spесiеs. Hеrе all сhаngеs arе inсrеаsеs, so thе trеnd is said to Ье
strongly drivеn. (B) Samе as A, with dotted lines addеd to show thе trеnds in
thе maximum and minimum. (с) A wеаklу drivеn trеnd in whiсh inсrеasеs
pгеdominatе, Ьut a numЬеr of dесгеasеs аlso oссur. (D) A passivе trеnd in
whiсh inсrеаsеs аnd dесrеasеs arе еqually frеquеnr, Ьut а lowеr l imit on сhаngе
(thе vеrtiсal dottеd linе) forсеs l ineagеs to diffusе to thе гight. Sее teхt for
d isсu ss ion.

Disсussion of progrеss has not Ьееn сonсеrnеd with thе ехistеnсе of a
trеnd, pеrhaps Ьесausе :1 trеnd is takеn for grantеd (dеspitе ouг inabil ity to
mеasurе it). Rathеr, it has Ьееn aЬout thе pattеrn of сhangе, thе undеrlying
mесhanism. In figurе А, natural selесtion strongly favors аdvanсemеnr' so
that all сhangеs arе inсrеasеs. Thе mеan, maхimum, and minimum all in-
сrеasе' Figurе С is thе samе ехсеpt that thе nеt sеlесtivе advantagе is wеak,
mеаning that sеlесtion Somеtimеs favors dесrеasеs. (Тhе сlassiс ехamplеs arе
thе еvolution of сеrtain rеduсеd forms, l ikе parаsitеs.) Thе геsult is that lеss
advanсеd spесiеs pеrsist or arе rеplaсed Ьy dесrеasеs from aЬovе' and thе
minimum stays roughly thе samе. Тhе trеnds in A and С arе sаid to Ье
driuеn, or morе prесisеly, A is strоngly dгivеn, whеrеas С is wеakly drivеn.
Figurе D is diffеrеnt in that thеrе is no ovеrall sеlесtivе advantagе to inсrеasе.
Inсrеasеs and dесrеasеs oссur еqually oftеn' so thе only геndеnсy is tо sprеad
symmеtriсally, Ьoth up and down. Howevеr' thеrе is a Ьoundary, a lowеr
limit оn dеgrее of advanсеmеnt, that Ьloсks thе sprеad of thе group on thе

B
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lеft. This Ьoundary сan Ье thought of аs thе lowеst lеvеl of advanсеmеnt сon-
sistеnt with bеing аlivе. Thе rеsult is that tirе mеаn and maximum inсrеasе
whilе thе minimurn stays thе samе (as in thе wеаkly drivеn сasе). Thе trеnd is
said to Ьe pаssiuе.

Thе сurrеnt сontrovеrsy ovеr mесhanism Ьеgan in 1996 with а Ьook on
progrеss Ьy Stеphеn Jay Gould in whiсh hе raisеd thе passivе mесhanism to
thе lеvеl of plausiЬil ity. At issuе is thе rolе of sеlесtion in progrеss, that is,
whеthег thе (prеsumеd) trеnd in thе history of l ifе is wеakly dгivеn Ьy sеlес-
tion or mеrеly passivе. (A strong|y dгivеn mесhanism is rulеd out Ьесausе thе
truе minimum is thought to havе rеmainеd staЬlе: Ьaсtеria pеrsist.) Gould
h:rs bееn widеly nrisintеrpгеtеd as сlaiming that еvolution is random, Ьut thе
iпrpliсation of thе passivе mесhanisпr is not randomnеss. Within еaсh еvolv-
ing linеagе sеlесtion doеs opеratе, and organisms arе adapting. Rathеr, thе
impliсаtion is that еvolving linеagеs as a group аrе govеrnеd Ьy many diffеr-
еnt sеlесtivе forсеs, сomplехly сonfigurеd' so that sеlесtion favors inсrеasеs
and dесrеasеs еqually oftеn. Thе proсеss сan Ье undеrstood аs purеly dеtеr-
ministiс, l ikе thе diffusion of a gаs.

Unfoгtunatеly, as wil l Ье sееn, thеrе arе hardly аny data availaЬlе, so from
a sсiеntifiс pеrspесtivе thе dеЬatе aЬout mесhаnism is taking plirсе in a nеar
vaсuum. Stil l, thеory has produсеd somе insights. Foг ехamplе, it is now сlеar
that in thе dеbatе ovеr mесhanism two сommon oЬsеrvations arе irrelеvant.
Thе first is thе pеrsistеnсе of nonprogrеssivе spесiеs, thе staЬlе minimrrm. This
oЬsеrvation is not hеlpful Ьесausе tlrе minimum is prеdiсtеd to rеmain un-
сhangеd in Ьoth сasеs, passivе and wеakly drivеrr. Likеwisе, thе гisе in thе
maximum and thе сurrеnt ехistеnсе сlf somе highly advanсеd spесiеs, likе hu-
n-tans, arе not hеlpful. A rising mахimum is ехpесtеd in all сasеs.

A  т R Е N D  I N  W н A Т ?

Мany сandid:rtеs for a long-tеrnr trеnd havе Ьееn proposеd: (1) fitnеss; (2)

сomplехity; (3) aЬil ity to sеnsе' сontrol' or rеspond to thе еnvironmеnt; (4)

Ьody sizе; (5) intеll igеnсе; (6) vеrsatil ity or еvolvabil ity' mеaning thе aЬil ity
ttl сhangе in еvolцtion; (7) thе rеvеrsе of еvolvaЬil ity, аlso сallеd dеgrее of
еntrеnсhmеnt; (8) еnеrgy intеnsivеnеss oг ratе ofеnеrgy usagе; and (9) dеpth
and sophistiсation of mесhanisms of inhеritanсе' For thе most paгt advoсatеs
of all thеsе сandidatеs havе takеn a сasе-Ьuilding аpproaсh, with thе rеsult
tlrat thе litеraturе offеrs a numЬеr of сlеvеr and somеtimеs-powеrful argu-
mеnts in favoг of еaсh. Unfortцnаtеly, somе of thе most intеrеsting-likе
fitnеss, сomplехiry, еnеrgy intеnsivеnеss, and aЬil ity to сontrol thе
еnvironmеnt-arе diffiсult to opеrationalizе. Thus thеrе аrе hardlу any
data on thе sсalе of l ifе as a wholе, for any trеrrd statistiс, for аny of thеsе
сandidatе variaЬlеs.

For somе of thеsе variablеs, many wоuld want to сount a long.tеrm trеnd,
if onе сould Ье doсumеntеd, as progrеss. onе variаЬlе is fitnеss, цndеrstood
as aЬil ity to sцrvivе and rеproduсе. [t might sееm that Darwin,s prinсiplе of
natural sеlесtion virtually guarantееs a trеnd in fitnеss. Latеr organisms
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should Ье morе fit than еarliеr onеs' on thе wholе, having Ьеatеn thеm, in
Darwin 's  tеrms' . . in thе raсе for  l i fе ' '  (Darwin 1859,363).  But as Darwin
also knеw, nаtural sеlесtion produсеs adaptation to loсal еnvironmеnts, and
on gеologiсal timеsсalеs thеsе сhangе dramatiсally. Thus sеlесtion might pгo-
duсе just сonstant сhangе with no nеt improvеmеnt' no nеt inсrеasе in fit-
nеss. On thе othеr hand, on long timеsсalеs organisms with gеnеral
аdaptations, suiting thеm to a widеr variеty of еnvironmеnts' сould Ье fa-
vorеd ovеr thosе morе narrowly adaptеd. Arе thеrе gеnеral adaptations that
offеr advantagеs on timеsсalеs of hundrеds of mill ions or Ьil l ions of yеars?
Thеrе arе somе Ьiologiсal mесhanisms that may havе pеrsistеd that long,
suсh as сеrtain сеllular transport mесhanisms and parts of сеrtain mеtаЬoliс
pathways. But wе do not know how to idеntify gеnеral adaptations in any
rigorous way' or how to tеst whеthеr thеy havе bесomе morе pгеvalеnt. All
that is сlеar now is that Ьoth altеrnativеs, a long-tеrm trеnd and its aЬsenсe,
arе possiЬlе in prinсiplе, and thеrеforе this is an еmpiriсal issuе.

Thе most widеly rесognizеd сandidаtе for a long-tеrm trеnd is сomplеxity.
As a possiblе Ьasis for progrеss it is rеally a stеalth сandidatе Ьесausе a dirесt
сonnесtion with progrеss is rarеly aсknowlеdgеd. But thе way сomplеxity is
usеd in еvolutionary studiеs suggеsts that it funсtions as a kind of сodе word
for progrеss, supеrfiсially valuе frее and thеrеforе sсiеntifiс sounding Ьut still
suЬtly сonnoting advanсеmеnt. Thе aЬsеnсе of a widеly known tесhniсal dеfi-
nition makеs this usagе problеmatiс. NoЬody knows what сomplехity is, so
onе сan say anything at all about it. Thе litеraturе of rесеnt dесadеs doеs сon-
tain a tесhniсal dеfinition' or rathеr sеvеral dеfinitions for еaсh of thе sеvеral
sеnsеs of сomplеxity. Thеsе inсludе сomplехity in thе sеnsе of numЬеr of part
typеs, numbеr of physiologiсal or Ьеhavioral proсеssеs' and numЬеr of stеps in
dеvеlopmеnt (sее figurе on pagе 556). Howеvеr' littlе еmpiriсal work has Ьееn
donе, and with onе еxсеption' no trеnd that spans thе history of lifе has yеt
bееn doсumentеd. Nor do wе know vеry muсh aЬout thе mесhanisms involvеd
in сhangе in thеsе variaЬlеs, passivе vеrsus drivеn. (On a smallеr sсalе thеrе is
somе еvidеnсе within thе animals, ovеr thе past 500 million yеars' thаt thеrе
has bееn a trеnd in numЬеr of part typеs and that it has Ьееn passivе.)

Thе ехсеption is сomplехity in thе sеnsе of nеstеdnеss. organisms arе
nеstеd, to somе еxtеnt' l ikе Сhinеsе Ьoхеs, with multiplе lеvеls of parts
within wholеs. Ovеr thе history of l ifе, оrganisms with еvеr grеatеr num'
Ьеrs of lеvеls havе еvolvеd. Thе first l iving things 3.5 bil l ion yеars ago wеrе
Ьaсtеria. AЬout 2 Ьil l ion yеars ago somе Ьaсtеria joinеd togеthеr in a sym-
biotiс rеiationship to produсе thе first еukaryotiс сеlls, similаr to modеrn
protozoans suсh as Аmoеbа' Thеy wеге supеrfiсially similar to baсtеrial
сеlls, Ьut Ьесausе thеy еvolvеd as сoloniеs of Ьaсtеria, thеy oссupiеd thе
nеxt lеvеl up. Thеn aЬout 600 mill ion yеars ago сlonеs of еukaryotiс сеlls
joinеd to produсе thе first multiсеllular individual (proЬaЬly a kind of al-
gaе), thе anсеstor of all modеrn multiсеIlulаrs' from mushrooms to magno-
lias to muskrats. Finally' aЬout 480 mill ion yеars ago сlonеs of multiсеllular
individuals joinеd to form thе first сolonial animаl' a сoral-l ikе animal
сallеd a Ьryozoan. Мodеrn сolonial organisms inсludе Ьryozoans, сorals'
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A сlassiс ехamplе of why dеfinitions of progress in tеrms of movеs to
сomplехity arе proЬlеmatiс. Thе uppеr skеlеton is of a l ion and thе lower
skеlеton is of a whale. By any measurеmеnt thе ЬaсkЬonе of thе whale is thе
simpler' and yеt adaptivеly the whаlе's ЬaсkЬonе is what is nееdеd for a martnе
mammal, just аs thе lion's ЬaсkЬonе is what is nееded for a tеrrеstrial prеdator.
Whalеs dеsсеnded from land tеtrapods (four-lеggеd animаls) sO thеir
bасkЬonеs mark a sеlесtion-drivеn move from сomplехity to simpliсity. (From
MсShea 199|. з|5.\

thе soсial insесts, and many vеrtеЬratеs, from fish to humans. !Ие do not
know if еvеn highеr lеvеls-сoloniеs of сoloniеs-havе Ьееn rеaсhеd. Thеrе
arе no сlеar-сцt сasеs. Humans sеem to аssoсiatе at many lеvеls' Ьut only
wеakly at thе highеr onеs. Intеrеstingly, if humans havе not tгuly rеaсhеd
thе сolony-of-сoloniеs lеvеl, аnd if no othеr organism has еithеr, this raisеs
a novеl possiЬil ity: thе only variaЬlе in whiсh wе сan doсumеnt a trеnd,
сomplеxity in thе sеnsе of nеstеdnеss, in faсt doеs show a trеnd, Ьut that
trеnd might havе еndеd, pеrhаps 480 mill ion yеars аgo. Pеrhaps thе agе of
progrеss is ovеr.
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Еvolutionary psyсhology

Somе Ьеhavioral sсiеntists dеfine еvolutionary psyсhology as simply thе
study of human Ьеhavior and psyсhology from an еvolutionary pеrspесtivе.
In this Ьгoad sеnsе, еvolutionary psyсhology is а fiеld of inquiry. Fiеlds of in-
quiry arе dеfinеd not Ьy speсifiс thеoriеs aЬout thе phеnomеna thеy study,
but Ьy thе kinds of quеstions thеy posе aЬout thеm. Fiеlds of inquiry thus dif-
fеr fronr paradigms, whiсh аrе dеfinеd Ьy thе spесifiс thеoriеs and nrеthod-
ologiеs with whiсh thеy answеr thе quеstions that dеfinе a fiеld of inquiry. As
a fiеld of inquiry, еvolutionaгy psyсhology Ьеgan with Charlеs Darwin's puЬ-
liсation of Tbe Descепt of Мап in ] 871 and Tbе Ехpressiсlll rlf the Еmotions
in Мап апd Апiпшls tn 7872.It was not until a сеntury l i1tег that сlеarly ar-
tiсulatеd pаradigms Ьеgan to emеrgе in еvolutionaгy psyсhology, еaсh with
distinсt thеoriеs about' and spесifiс mеthods for studying, thе еvolution.of
humаn Ьеhаvior urnd mеntil l ity.

Thе first of thesе paradigms was human soсioЬiology, whiсh еmегgеd in
thе 1970s. Thе сorе idеa of soсioЬiology was that Ьеhavior has еvolvеd undеr
natural and sехuаl sеlесtion Iust аs org:rniс form has. For ехamplе, fеmalеs of
many spесiеs сhoosе matеs Ьаsеd on thе quality of malе сor-rгtship displays. If
malе сourtship displays vary in quality, and that variation is hеritablе, sехual
sеlесtion will tailor malе сotlгtship Ьеhavior to fеmalе prеfеrеnсе. In this
way, soсioЬiologists arguеd' a form of Ьеhavior сan Ье an ildaptation' whosе
prеsеnсе in a population is to Ье ехplainеd Ьy thе prinсiplеs оf еvolutionary
thеory. Aссоrdingly, humаn soсioЬiology sought to offеr еvolutionary ехpla-
nations of how humаns arе Ьеhavioraily adаptеd to soсial l ifе with onе
anothеr-to еxplzrin human Ьеhavioral adaptаtions for dominanсе hiеrar.
сh iеs,  for  mаniГеst ing artd dеal ing with aggrеss ion,  аnd Гoг mat ing.  lndееd,
thе сеntrirl thеorеtiсal proЬlегr-r of humirn soсioЬiology Was to ехplain thе
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еvolution of altruism, thе pеrformanсе of aсts thаt Ьеnеfit othеrs at a fitnеss
сost to thе асtor.

In thе fiеld of еvolutionary psyсhology today, lrumаn soсioЬiology has Ьееn
supеrsеdеd Ьy sеvеral altеrnativе paradigms' two of whiсh arе partiсularly no-
taЬlе. Onе of thеsе сonfusingly goеs Ьy thе namе ..еvсllutionаry psyсhology.' '
Тo avoid сonfusion, and to distinguislr thе fiеld оf inс1шiry from thе pаradigm,
I wil l rеfеr to this par:rdigm as ..Еvolutiсrnary Ps,vсhсllrlgy'' (сapitаlizеd).

Еvolutionary Psyсhology is a maгriаgе of сognitivе psyсhology with еvo-
lutionary Ьiology. In сontrаst with soсioЬiology, Еvolutionarv Psyсholo-
gists arguе thаt, whеn z-r Ьеhavior hаs еvolvеd undеr sеlесtion, it is not thе
Ьеhavioг thаt is аn ad:rptаtion, Ьut rathеr thе psyсh<lltrgiсal rrrесlranism
that сausеs that Ьеhavior. Thе goirl of Еvolutionary Psyсhology is thus to
disсovеr аnd dеsсriЬе thе information-proсеssing struсturе of our psyсho-
logiсal adaptations. Bесausе adaptation is a slоw proсеss' Еvolutiоnary
Psyсhologists Ьеliеvе th.tt ouг psyсhсllсlgiсal adaptilt ions еvоlvеd dr"rring thе
Рlе istoсеnе (1.8 mi l l ion to 10,000,vеars аgo) t r l  so lvе thе pгс lЬIеms of  suг-
vival and rеproduсtion faсеd Ьy our hLlntеr-gathеrеr anсеstors' Мorесlvеr,
Еvolutionary Psyсhologists arguе that a distinсt psyсhologiсal mесhanism
еvolvеd for еaсh distinсt proЬlеm faсеd Ьy our httntеr-gathеrеr аnсеstors'
Thеy Ьеliеvе that thе hrtnriln mind сontains hundrес{s or thor.rsаrrds of thеsе
mесhanisms, сollесtivеly сonstituti l lg a univегsal human n2lturе. Bесausе
thе еnvironmеnts inhaЬitеd Ьy humаns havе сhangеd dramatiсally and rap-
idly sinсе thе Plеistoсеnе, howеvеr, Еvolutionary Psyсhologists arguе that
our ..Stonе Agе'' psyсhologiсal mесh:rnisms oftеn produсе malаdaptivе Ье-
havioг in thе modеrn еnvironmеnts for whiсlr thеy arе not dеsignеd. Thus,
Еvolutionary Psyсhologists сlaim, in ordеr to disсovеr thе еvolvеd dеsign of
thе mind' wе must ..rеvеrsе еnginееr' ' thе mind from thе vantagе of our
еvolutionary past' f igurirlg out thе proЬlеms our аllсеstors fасеd and thеn
hypothеsizing thе psyсlrologiсal mесhirnisms that еv<llvеd to solvе thеm'
Еvolutionary Psyсhologists thеn сonduсt stanr]ard psyсhologiсal ехpеri-
mеnts to dеtеrminе whеthеr pеoplе ехhiЬit thе ЬеЬavior or prеfеrеnсеs that
suсh mесhanisms would produсе.

To il lustrаtе, сonsidеr :r fundаmеntаl asymmеtrv bеtwееn thе sехеs. A
Woman's l ifеtimе rеpгoduсtivе otltpltt is l imitес] lry thе nuпrЬеr of prеgnan-
сiеs shе саn сarry to tеrm' and hеr maхimum rеproduсtivе olltput сan Ье
aсhiеvеd with a singlе matе. In сontrast, a man's lifеtimе rеproduсtivе outpllt
is l imitеd only Ьy thе nцrnЬеr of еggs lrе сan fеrti l izе' and thus his maхimum
rеproduсtivе oLltput сan Ье асhiеvеd only with multiplе matеs. Amсlng anсеs-
trаl hunrans, thеn' having multiplе шatеs Would Ьavе еntailеd signifiсant rе-
produсtivе Ьеnеfits for malеs' Ьut not for fеma|еs. Еvolutionary Psyсhologists
arguе that this would havе сrеatеd sеlесtion prеssurе for mеn to еvolvе a
grеatеr dеsirе for sеxual vаriеty than rvomеn, making lтlеn morе il-rtеrеstеd in
polygamous mating tlran wotnеtr' Еvolurionaг1' PsvсЬologists hilvе tеstеd ftlr
this sех diffеrеnсе in dеsirе, and thе1, havе found tlrat, on аvеragе' mеn want
nеarly fivе timеs morе sехual partnеrs ovеr thе сoursе of a lifеtimе than womеn.
Еvоlutionary Psyсhologists сonсludе tlrat mаlе dеsirе for sеxu:rl r,ariеty is a

psyсhologiсal adaptat
thаn woпrеn.

Thе othеr notaЬlе ;
man Ьеhаviora| есo|o1
hаvior  is  adаpt ivе ly rс

еnvironmеnts. Thе fur

tion has dеsignеd arriп
tаsks tЬat arе еssеnt i i
food, сapturing prеy'

havioral есologists viе'

in геsponsе to еnvirоn
of suгvival and rеprod

tions aЬout animal bе
thеorеt iс  modеls .  Thс.

surv ivа l  or  rеproduсt i .
mals сar l  pursuе in pеl

to еaсh of thе stratеgiе

bеhaviorа l  s tгаtеgy oP
mals thеy arе studying
imаls wi l l  puгsuе th l

oЬsегvеd Ьеhavior. Н

thеsе tесhniquеs to th(
Тo i l lustrаtе,  сons iс

has morе than onе hr'r

еt iеs in thе еthnоgгapl
t ivе foг malеs rn l ig|
Psyсhology's сlaim ab
But humаn Ьеhaviorа
polyandrot ls  marr iаeе.
polyаndry to thе сo-hu
offspring to whiсh thr
oссurs аrnong brothеr
dividеd into parсеls th
drous marriagеs oссul
Ьrothегs l  сu l t ivar ing tI
Undег thеsе есoIogi .
polyandrous marriagе
геr i г ,  гathеr thаn а m

сonditions for whiсh
Ьrothегs асhiеvе grеat
of thе farm' working
joint offspring than th

Нunran Ьеhavioral t
kеy rеspесts. First, w|

сhologiса l  adаptat ion
ogy studiеs how hum



aсts that Ьеnеfit othеrs at a fitnеss

odаy, human soсioЬiology has Ьееn
ts, two of whiсh arе partiсularly no-

е namе ..еvolutionary psyсhology.' '
fiеld сlf inquiry from thе paradigm,

ary Psyсhology'' (сapitаlizеd).

of сognitivе psyсhology with еvo-
oЬiology, Еvolutionary Psyсholo-
olvеd under sеlесtion, it is not thе
hеr thе psyсholоgiсal mесhаnism
ivolutionary Psyсhology is thus to
roсеssing struсturе of our psyсho-
r is a siow proсеss' Еvolutionary
сal adaptations еvolvеd during thе
ago) to sсllvе thе proЬlеms of sur-
ltеr-gathеrеr anсеstors. Мorеovеr,
distinсt psyсhologiсal mесhanism
Ьy our huntеr-gаthеrеr anсеstors.
ins hundrеds or thousands of thеsе
univеrsal human nаturе. Beсausе
avе сhаngеd dramatiсally and rap-
lutionary Psyсholоgists аrguе that
;ms oftеn produсе maladaptivе Ье-
vhiсh thеy arе not dеsignеd. Thus'

эr to disсоvеr thе еvolvеd dеsign of
:hе mind from thе vantagе of our
lеms our anсеstors faсеd аnd thеn
-risms that еvolvеd to solvе thеm.
сt standard psyсhologiсal ехpегi-
эit thе Ьеhavior or prеfеrеnсеs that

asymmеtry Ьеtwееn thе sехеs. A
limitеd Ьy thе numЬеr of prеgnan-
<imum rеproduсtive output сan bе
l  man's l i fеt imе rеprс lduсt ivе output
:аn  f е r t i I i z е '  аnd  thus  h i s  max imum
with multiplе matеs. Among anсеs-
l would havе еntailеd signifiсant rе-
fеmalеs. Еvolutionary Psyсhologists
;tion prеssurе for mеn to еvolvе a
nеn, making mеn morе intеrеstеd in

ionary Psyсhologists hаvе tеstеd for
е found that, on avеragе' mеn want
thе сoursе of a lifеtimе than womеn.
mrlе dеs iге Гor sехual  vaг iеty is  a

Еuolutionаrу Psусhologу 5.'9

psyсhologiсal adaptation, whiсh motivatеs mеn to sеek morе sех partnеrs
than womеn.

Thе othеr notaЬlе paradigm that grеw out of human soсioЬiology is hu-
man Ьеhavioral есology. Bеhavioral есology is thе study of how animal Ье-
havior is adaptivеly rеsponsivе to сonditions in animals; physiсal and soсial
еnvironmеnts. Thе fundamеntal prеmisе of Ьеhavioral есology is that sеlес-
tion has dеsignеd animals to Ье maximally еffiсiеnt in pеrform"ing a variеty of
tasks that arе еssеntial to survival and rеproduсtion, suсh as 

"foraging 
for

food, сapturing prеy, еluding prеdators, or wooing matеs. Aссordingly, Ье-
havioral есologists viеw animals as сapaЬlе of flехiБly altеring thеir Ьеhavior
in rеsponsе to еnvironmеntal сonditions in ordеr to maximizе thеir сhanсеs
of survival and rеproduсtivе suссеss. Bеhavioral есologists tеst thеsе аssump-
tions aЬout animal Ьеhavior with optimality modеls and еvolutioПаry gamе
thеorеtiс models. Thеsе modеls spесify a partiсular tаsk that is еssеntial to
survival or rеproduсtion, postulatе a rangе of Ьеhavioral stratеgiеs that ani-
mals сan pursuе in pеrforming that task, and assign fitnеss сostJand bеnefits
to еaсh of thе stratеgiеs. This еnaЬlеs Ьеhavioral есologists to сalсulatе whiсh
bеhavioral stratеgy optimizеs thе аvеragе ratio of Ьеnеfits to сosts to thе аni.
mals thеy arе studying. Bеhavioral есologists thеn prеdiсt that thе studiеd an-
imals will pursuе that optimal stratеgy' tеsting thеir prеdiсtion аgainst
oЬsеrvеd Ьеhavior. Нuman Ьеhavioral есology is simply thе appliсation of
thеsе tесhniquеs to thе study of human Ьеhavior.

To illustratе, сonsidеr polyandry, a marital systеm in whiсh onе woman
has morе than onе husЬand and whiсh is praсtiсеd in four of thе 849 soсi-
еtiеs in thе еthnographiс rесoгd. At first glanсе, polyandry appеars maladap-
tivе for malеs in light of thе еvolutio.'a.y logi. 

""а.,tying 
Еvolutionaiy

Psyсhology,s сlaim aЬout an еvolvеd ,.* diff....,.е in dеsirе for polygamy.
But human Ьеhavioral есologists havе disсovеrеd that thе сo-husЬands in
polyandrous marriagеs arе typiсаlly Ьrothеrs. This hеlps to offsеt thе сosts of
polyandry to thе сo-husЬands, Ьесausе thеir rеsourсеs arе poolеd to rеar only
offspring to whiсh thеy arе all gеnеtiсally rеlatеd. гolyandгy also typiсally
oссurs among Ьrothеrs who havе inhеritеd farmland that is too small to bе
dividеd into parсеls that сould еaсh sustain a family. Finally, whеre polyan-
drous marriagеs oссur, altеrnativе sourсеs of inсomе arе not availablе to thе
Ьrothеrs; сultivating thе family farm is thе only viaЬlе mеans of subsistеnсе.
Undеr thesе есologiсal сonditions, human Ьеhavioral есologists arguе'
polyandrous marriagе is aсtually an adaptivе сhoiсе for thе Ь.othЪ.. who еn-
tеr it' rathеr than a maladaptivе Ьy-produсt of еvolvеd dеsirеs еnсountеrlng
сonditions for whiсh thеy wеrе not dеsignеd. Undеr thеsе сonditions' thе
brothеrs aсhiеvе greatеr rеproduсtivе suссеss Ьy mаintaining joint possеssion
of thе farm, working it togеthеr, marrying onе woman, and rеaring thеir
joint offspring than thеy would Ьy marrying monogamously.

Human Ьеhavioral eсology diffеrs from Еvolutionary Psyсhology in sеvеral
kеy rеspесts. First, whеrеas Еvolutionary Psyсhology strives ,o di,.uu.. p,y-
сhologiсal adaptations to Plеistoсеnе еnvironmеnts, human Ьеhaviorai есol'
ogy studiеs how human bеhavior is adaptivе to еnvironmеntal сonditions.
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Sесond, Еvolutionary Psyсholоgy Ьеliеvеs that hцпrаn Ьеhavior is oftеn mal.

аdaptivе in есologiсal сonditions that do not геsеmЬlе thosе of our hunter-
gathеrеr anсеstors) Ьut humаn Ьеhavioral есology Ьеliеvеs humans Ьеhavе

adaptivеly in a widе rangе оf еnvironmеnts. Third, whilе Еvolutionary Psy-

сhology triеs to rеvеl.sе еnginееr thе еvolvеd natцrе of thе hunran mind from

thе vantagе of our Plеistoсеnе past' human Ьеhavitlral есology appliеs еvolu-

tionary prinсiplеs to oЬsеrvaЬlе human bеhavior. Finally, whсrеas Еvolution.

ary Psyсhology strivеs to disсovеr a uniform and univеrsаl human naturе'
human bеhavioгal есology strivеs to dеterminе how еnvironmеntal differ-

еnсеs Ьеtwееn individuals affесt Ьеhavioral diffеrеnсеs Ьеtwееn thеm.
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..Еvolution in N1еndеlian Populations'' (Sеwall Wright)

Thе сlassiс papеr ..Еvolution in Меndеliаn Populаtions'' Ьy Amеriсan popu-

lat ion gеnеt iс is t  Sеwal l  Wr igЬt was puЬl ishеdtn Geпеt iсs in 1931.In i t ,  and

in ..Thе Rolеs of Mutation, InЬrееding, СrossЬrееding and Sеlесtion in Еvo-

lution,'' a shortеr papеr givеn the following yеaг at an intеrnаtional gеnеtiсs

сongгеss' in whiсh hе introduсеd his famous mеtaphor of an ..аdaptivе land-

sсapе'' (sее figurе), \Х/right prеsеntеd Ьis ..shifting Ьalanсе thеory of еvolu-
tion.'' His fеllow population gеnеtiсist aсross thе Atlantiс' R. A. Fishеr
(1930), hzrd just givеn his nеo-Darwiniаn aссount of еvolutionary сhangе,
onе that saw suсh сhangе сoпling аs thе rеsult of trlutatiоns into a largе pop-

ulation, and sеlесtiсln thеn еliminating all Ьut thе Ьеst. Wright had workеd
for a numЬеr of yеars at thе U.S. Dеpartmеnt of Agriсulturе. From studiеs of

thе Ьrееding of сattlе, hе was сorrvinсеd that thе Ьеst way to gеt сhangе is by

isolating small gгoups, working within thеm to gеt thе Ьеst of all possiЬlе

сharaсtеristiсs, and thеn finally rеintroduсing thе highеst quality to thе wholе
hеrd (Provine 1986).

.Wright's 
shiftirrg Ьalanсе thеory followеd thе samе pattеrn: isolation of

groups' improvеmеnt within thе group, and thеn mingling with thе wholе. In

his сongrеss paper, !(right rеprеsеntеd thе proсеss as somеthing oссurring on

a landsсapе, with thе Ьеst (thе fittеst) Ьеing at thе tops of pеаks аnd thе worst

down in thе vallеys. Hе saw еvolution as Ьеing a mаttеr of moving from onе

pеak to аnothеr highеr pеаk. Thе сhallеngе was how to gеt down thе sidе of

thе first pеak so that onе сould start сlimЬing up thе othеr. Bесаusе sеlесtion
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Аdaptivе landsсapеs. This piсturе, showing how thе fittеr organisms сlimЬ to
thе tops of hil ls of adаptivе fitnеss' i l lustratеs pеrhaps thе most famous
еvolutionary mеtаphor of thе twеntiеth сеntuгy (from lfright 1932). It rs
possiЬlе that WrigЬt сamе to tlrе mеtaphor frоm rеаding an artiсlе Ьy J. B. S.
Hаldаnе, ..A Мathem:rtiсal Thеory сlf Artif iсial and Nаtural Sеlесtion' Pаrt VIII.
МеtаstaЬlе Populations,'' Proсеediпgs of thе Саmbridgе Philosophiсаl Soсiеtу
28 (I9з|' \З7_142, whiсh сontains a piсtorial reprеsеntation of pеaks of
fitnеss, drawn Ьy thе gеnеtiсist С. H. !7addington. Wright,s Ьiographег 

.!7illiam

Provinе points out thаt thе landsсapе is сoпdеnsing a hugе amount of
infoгmation aЬout tЬe еffесts of diffеrеnt gеnеs аnd that сonsеquеntlv,
ultirnatеly, thе landsсаpе mаy not Ье еntirеlу сolrеrеnt. Sее Provinе l98o.

would Ье working against this' !Иright introduсеd thе сontrovеrsial notion of
..gеnеtiс dri{t,'' also at timеs known as thе ..Sеwall Wright еffесt.'' Hе arguеd
that mathеmatiсs shows that, in small groups, thе сhanсе еffесts of Ьrееding
may wеll сountеr thе еffесts of sеlесtion, so nеw fеaturеs сan l.lе produсеd
without (or еvеn dеspitе) natllral sеlесtioIr. Tlrеsе nеw fеatuгеs may thеm-
sеlvеs Ье of grеat valuе, еspесially in thе wholе, and сan lеаd to fцrthег еvo.
lutionary сhangе.

This is a vеry non-Darwiniаn thеory, although latеr vеrsions, partiсularly
undеr thе influеnсе of Thеodosius DoЬzhansky' gavе a muсh largеr rolе to
natural sеlесtion. (DoЬzhansky's mastеrwork, Gепetics апd tbе Оrigiп of
Speсies, first puЬlished irl 19З7, gavе strong еmphasis to \й/right. Latеr еdi-
tions gave morе сrеdеnсе to natural sеlесtion, thanks tсl studiеs DoЬzhansky
was doing on сlrromosomal variations of fгuit fl iеs in nаturе. Sее Rusе
1999.) |n part thе influеnсе on Wright саmе from Неnri Bеrgson, who had
сomplainеd that natural sеlесtion саnnot yiеld innovations. Br.rt a f ar greater
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influеnсе was FlеrЬеrt Spеnсеr (partiсularly as passеd on Ьy !Иright's tеaсhеr'
L. J. Hendеrson). Populations аrе sееn in a kind of balanсе, homogеnеous;
when somеtlriпg disrupts thе balirnсе, сausing frаgmеntation and hеtеrogеnе-
iry, thе wholе strivеs to rеturn to homogеnеity' аt a highеr lеvеl' This is a
сlassiс сasе of Spеnсеrian dynamiс еquil iЬrium.

In rесеnt yеaгsl thе shifting Ьalаnсе thеory has Ьееn vеry sеvеrеly сriti-
сizеd, although пrсrst еvolutionists sti l l think that thеrе is somе rolе for gеnе-
tiс drift (sее Coуnе, Barton аnd Tr'rrеll i 1'997). At thе molесulаr lеvеl, Ьеnеath
thе еffесts of natural sеlесtion, drift is thought to bе vеry importаnt (Kimura

1983) and is thе Ьasis of thе major wаy of сalсulating signifiсant datеs in еvo-
lution (through ..gеnеtiс сloсks''). (Sее thе main еssay ..Molесular Еvolu.
tiorr' ' Ьy Franсisсo J. Ayala in this volumе.)
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Еvolution of languagе

Although many animals сommuniсatе using voсalizations' only humans usе
сomplех languagе, Ьasеd on a disсrеtе numЬеr of arЬitrary Ьits of Sounds
and gеsturеs' to сomprеhеnd and produсе a sееmingly infinitе numЬеr of
novеl mеssagеs. Listеrring to spеесh аnd rеading аrе sеnsory aspесts of lаn-
guagе' whilе talking, writing, and Ьody languagе arе motor aspесts. In thе
|960s, Сhаrlеs Hoсkеtt l istеd 15 univеrsal dеsign fеaturеs that distinguish
human languagе from сommuniсation systеms in othеr animals. Нoсkеtt
viеwеd thrее fеattrrеs as partiсularly importаnt for lruman languagе: (1) dis-
plzrсеmеnt, or bеing aЬlе to сommшIriсatе about mattеrs that arе rеmotе in
tirnе and spасе; (2) produсtivity, whiсh is tlrе abil ity to сommuniсatе an
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opеn-еndеd variеty of novеl mеssagеs; and (3) duality, in whiсh a small num-
Ьеr of meaninglеss phonologiсal еlеmеnts may Ье сomЬinеd to сrеatе an infi-
nitе sеt of mеaningful uttеranсеs. Two othеr intегеsting dеsign fеaturеs arе
геflехivеnеss, in whiсh onе сan usе languagе to сoпlmuniсate aЬout lаn-
guagе, and prеvariсation, whегеЬy languagе сan Ье цsеd to dеlivеr fЪlsе mеs.
sagеs. Although languаgе_trainеd apеs suсh as thе wеll.known ЬonoЬo,
Kanzi, show suЬtlе signs of uti l izing somе of Hoсkеtt's dеsign fеаturеs in
thеir signеd or сOmputеr-faсilitatеd сommuniсаtions with pеoplе, thеir сom-
muniсаtions rеmain еxtгеmеly simplе dеspitе dесadеs of intеnsе sсhooling.
By thе timе a human сhild is four years old, shе is l ikеly to fastеn a Ьеady еyе
on hеr paгеnts аnd ask, ..\й/hеrе did I сomе fronr?'' Thе highly trainеd four-
yеar-old сhimpanzее, on thе othеr hаnd, is l ikеly to sign a spontanеous сom-
nruпiсаtion on thе ordеr of ..сookiе, сookiе, hurry.' ' Apеs, in fасt, nеvсr usе
thеir languagе skil ls to ask quеstions. Furrhеr, thеir larynxеs arе inсapаЬlе of
produсing thе full rangе of human spеесh sounds. How and whеn, thеn, did
hominins еvolvе languagе during thе 5 to 7 пrillion yеars sinсе thеy divеrgеd
from thе anсеstors of thеir сlosеst gеnеtiс сousins, thе сhimpanzееs?

Sсholars havе Ьееn fasсinatеd by this quеstion sinсе аt lеast Сharlеs Dar-
win's timе. Nonеthеlеss, in 1866 thе influеntial Linguistiс Soсiеty of Paris fa-
mously Ьannеd all сonrmuniсations dеaling witlr tlrе origin and еvolution of
languagе Ьесausе of its spесulativе naturе, whiсli is геvеalеd in thе amusing
namеs that havе Ьееr-r givеn to various hypothеsеs. Thе ..Ьow-wow'' hypоth-
еsis, for ехamplе, suggеSts that languagе Ьеgan as imitations of natural
sounds suсh as ..rnoo'' ' ,,Ьozz,' ' аnd ..сrash''; thе ..yo-hеavе-ho'' hypothеsis
attriЬutеs thе еmеrgеnсе of languagе to rhythmiс сhants аnd gгunts assoсi-
atеd with physiсal laЬor; and thе ..pooh-pooh'' hypothеsis suggеsts languagе
originatеd from еmotional сriеs or ехсlamations. Although intеrеsting, thеsе
hypothеsеs do not lеnd tЬеmsеlvеs to sсiеntifiс tеsting.

Notions aЬout whеn аnd lrow languagе first arosе аrе as сontrovеrsial
todаy as thеy wеrе il сеntury ago. Sonlе rеsеаrсhеrs think thаt larrguagе is
mill ions of yеars old; othеrs Ьеliеvе it originatеd a mеrе 40,000 yеars ago.
Among thе lattеr, s<rmе arсhеologists think that languagе сould not havе
arisеn Ьеforе thе ..сulturаl ехplosion'' of thе Uppеr Palеolithiс in Еuropе that
was сharaсtеrizedЬу сavе paintings, portaЬlе art, l iving sitеs, dеliЬеratе Ьuri-
аls, pеrsonal adornmеnts' hunting and fishing tесhnology, and signs of tradе.
Uppеr Palеolithiс toolnrаkеrs usеd and еngravеd ivory and bonе in addition
to stonе' and thеir tools wеrе Ьеttеr madе than еаrгliеr onеs and frеquеntly
morе spесiаlized ior pаrtiсuiar tasks. Althor'rgh most anthropologists woцld
agrее that Uppеr Palеolithiс innovations indiсatе that languagе had zrrisеn Ьy
40'000 yеars ago' thеy disagrее aЬout whеn it iniгially еmеrgеd. Somе arсhе-
ologists Ьеliеvе that thе prior matеrial rесord is too simplе to justify an as-
sumption of l inguistiс Ьеhaviors. Othеrs think that too muсh еmphasis has
Ьееn plaсеd on thе 

'Wеstеrn 
Еuropеan Uppеr Palеolithiс; thеy suggеst, in-

stеad' that numеrous potеntial signs of languagе inсluding ЬarЬеd spеar
points, еvidеnсе of tradе nеtworks, and thе r'rsе of rеd pigmеnt (осhге)
oссurrеd muсh еаrliеr (pеrhaps as long ago.1s 1З0,000 yеars) in thе Afriсan
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rесord of thе Middlе Stonе Agе. Rathеr thar-r sееing |anguagе as having
еmеrgеd suddеnly and rеlativеly rесеntly, thеy Ьеliеvе it еvolvеd morе gradu-
ally ovеr muсh longеr pеriods of timе.

othеr sсiеntists hypotlrеsizе that languаgе сlrigirrаrеd sti l l еurrl iеr. Skеlеtal
Ьiologists who study thе еvolution of thе parts of thе skull aгld nесk that fа-
сil itatе spеесh Ьеliеvе that thе larynх and throat had еvolvеd to thеir modеrn
forms Ьy 150,000 yеars аgo' thus allсlwing thе rapid vсlсalizations that сhar-
aсterize modеrn languagеs. Thеy аlso:rсknowlеdgе that spеесh rrееd not еntail
thе full rangе of сontеmporаry voсalizations аnd that rudirrlеlrtary languagе
may havе ехistеd at lеаst a mill ion yеars ago.

Palеonеurologists, who study thе еvolution of thе Ьrain, Ьеliеvе that lan.
guаgе еmеrgеd еvеn еarliеr, around or Ьеforе 2 rnil l ion yеilrs ago. Thеv
study сasts of  thе i r rs idеs of  foss i l  skul ls  (еndoсasts)  thаt rеproduсе dеta i ls
from thе outsidе part of thе Ьrain (or сеrеЬral сortех) that rvеrе imprintеd
on thе walls of thе Ьrainсаsе whеn hominins (or othеr animals) wеrе alivе.
Thеy also сlrart thе inсrеasе in сrаni:rl сapaсity (as a surг<;eаtе for Ьrairr
sizе) that oссurrеd durir-rg thе сoursе of hon-rinin еvOlLltion. Altlrtlugh
spеaking dеpеnds on aсtivity in vаrirlus parts of thе Ьrain, I}roсa's spеесh
aгеa on thе lеft sidе of thе frontal loЬеs is еspесially important for сoordi-
nating thе intriсаtе movеmеnts of thе tonguе' mouth) and larynx thаt аrе
nесеssary for spеесh. Broсa's arеa is assoсiatеd with a spесifiс pattегn of
сonvolutions that doеs not appеаr in thе Ьrаins of our сlosеst gеnеtiс
сousins' thе grеat apеs. This pаrt of thе brain is somеtimеs rеproduсеd on
еndoсasts. Нints rеvеalеd on еndoсilsts from f<lssil hominins suggеst th:rt
thе frontal loЬе spеесh arе:r may alrеady havе Ьеgurr dеvеlopirrg Ьy 1.9 mil-
l ion yеaгs аgсl. Studiеs оf stonе tools from thе samе timе аlso suggеst that
hominins wеrе in thе proсеss of Ьесoming right-handеd, whiсh apеs as a
population 21rе not. It is important to notе, howevеr, that Ьrains had not yеt
еnlargеd to аnywhеrе nе:lr thеir moсlеrn sizеs, and that thе еviс]еnсе fronr
еndoсasts rеgarding Broсa's arеa is diffiсult to inrеrprеt. Thе suggеstion of
rudimеntary languagе аt this еarly point in timе should thеrеforе Ье viеwеd
as intеrеsting Ьut spесul:rtivе.

Languagе and populatior-r-lеvеl righr-hаndеdnеss Ьoth dеpеnd lrеavily on thе
lеft sidе of thе Ьrain. Nonhuman pгimatеs hаvе Ьr:rins that aге аlso asynrnrеtri.
сal (or latеralizеd), to somе dеgrее, Ьut thеy do not Ьеgin to аpproaсh human
lеvеls of nеurologiсal asУmmеtгy. In аddition to lirnguagе funсtions, thе lеft
hеmisphеrеs of humans аrе diffеrеntiаlly invоlvеd irr skillеd movеmеnts' suсh
as thosе of thе right har-rd, as wеll as analytiсal, ti lrrе-sеquеnсing proсеssеs. Thе
right hеmisphеrе, оn thе othеr hand, ехсеls at morе gloЬal purstl its, suсh as vi-
suospatial and mеntal imaging, гесognizing faсеs, apprесiating humor, and
hеaring and produсing mr.rsiс. It also сontrols thе lеft hand. Although it is thе
lеtt sidе оf thе Ьrain that spеаks, it is tlrе rntrsiсаl right hеmisphеrе that pro-
vidеs thе tonе of voiсе, or prosody, lvhiсh сolors our uttеranсеs. In this sеnsе,
languagе dеpеnds on thе right as wеll as thе lеft hеrnisphеrе.

Somе sсholars' howеvеr, think that prosody hаd nothing to do with thе
еmеrgеnсе oi lаnguagе al-rd, instеad, dеvеlopеd аs l l kir-rd of аuditor1' fri l l thаt
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еvеntually invadеd lаnguagе. Thеy also assеrt that musiсal skil ls wеrе not a
targеt of naturаl sеlесtion in thе sаme way that l inguistiс aЬil it iеs wеге, and
ехpliсitly rеjесt thе notion that languagе сould havе еvolvеd from primatеlikе
сall systеms' although thеy aсknowlеdgе that tonе of voiсе l ikеly did. This
..top-down'' sсhool of thought thеrеforе foсusеs on undеrstаnding how hu.
mans еvolvеd thе aЬil ity to l ink symЬoliс rеfеrеntial sounds into a potеntially
infinitе numЬеr of rulе-govеrnеd mеaningful sеntеnсеs. An opposing ..сonti-

nuity hypothеsis,' ' on thе othеr hand, posits that languagе еmеrgеd аs a rеsult
of inсrеmеntal еvolution from thе primatе сall systеms of our eаrly anсestors
and sееs its roots rеflесtеd in thе сomЬinations of prosodiс сalls that various
wild primatеs havе in thеir rеpеrtoirеs. Somе сontinr-ritists (е.g., John Nеw-
mаn) ехtеnd thе disсussion еvеn furthеr into thе past Ьy foсusing on сontaсt
сalls bеtwееn mothеr аnd infant mammals.

No disсussion оf languagе еvolution would Ье соmplеtе without mеntion.
ing thе wеll-known gеstural.origins hypothеsis, whiсh rесognizеs and Ьuilds
on thе dееp psyсholсlgiсal l inks Ьеtwееn thought, spеесh, and gеsturе. Lan-
guagе' inсluding mothеr-infant intеraсtions' еnсompassеs voсal, visual, taс-
ti lе, and gеstuгal сomponеnts. Humans do not just ..talk' ' with our voiсеs;
wе also usе flail ing hands, faсial ехprеssions, Ьody posturе' and (somеtimеs)
physiсal сontaсt with pеoplе or oЬjесts to сonvеy mеaning. Nonhuman pri-
matеs also сomЬinе suсh gеsturеs with еmotional voсalizаtions, and oссa.
sionally оlfaсtory signals, in thеir blеnd of multinrodal сommuniсation. Thе
diffеrеnсе is that, in addition tо еmotionаl сalls and inttlnations, thе human
primatе produсеs voсаlizаtions that havе thе linguistiс propеrtiеs outlinеd
aЬovе. Advoсatеs of gеstural origins think that thе natural sеlесtion that lеd
еvеntually to languagе initially targеtеd gеstural сommuniсations, Ье thеy dе-
finеd naгrowly (..g., manual gеsturеs) or morе Ьroadly (аrtiсulatory gеsturеs
that produсе visual, aсoustiс, voсal, or taсti lе signals).

My own idеas arе in kееping with thе gеstural hypothеsis, writ Ьroadly. I
Ьеliеvе thаt thе roсlts of languagе arе ехtгеmеly anсiеnt and that prosody rеp-
rеsеnts а kind of signaturе that is lеft ovеr from еvеnts that prесеdеd thе
еmеrgеnсе of thе first languagе. Although thе Ьody languаgе that human and
сhimpаnzее mothеrs usе with thеir infants is virtually idеntiсal, only human
mothеrs dеlivеr a сonstant strеam of ЬaЬy talk, whiсh is vеry prosodiс. Suсh
..mothеrеsе'' ' сrr пrusiсal spеесh, is univеrsal among humans, and its eсoustiс
fеаturеs hеlp ЬaЬiеs аround thе world lеarn thе struсturеs of thеir nativе lan-
guagеs. Сhimpanzее mothеrs dirесt fеw, if any, spесial voсalizations toward
thеir infants, who rеmain physiсally attасhеd to thеir mothеrs Ьy сlinging'
unaidеd, to thеir hairy сhеsts. Bесausе of dеvеlopmеntal еffесts rеlatеd to thе
еvolution оf walking upright, human infants havе lost this aЬil ity, although
thеy do rеtain a grasping rеflех. Еarly hominin mothеrs must havе сarriеd
thеir hеlplеss infants in thеir arms' at lеast until ЬaЬy slings wеrе invеntеd.
Undеr thеsе сirсumstanсеs' soothing nratеrnal voсalizations would havе Ьееn
adaptivе for rеassuring nеarЬy infants thаt wеrе, of nесеssity, pеriodiсally rе-
movеd from thеir mothеrs' еmЬraсеs. Tonе of voiсе may thus havе еvolvеd as
a kind of disеmЬоdiеd ехtеnsion of mothеrs' сradling arms. Taking a сuе
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from how modеrn infants Ьеgin to aсquirе languagе' it is rеasonaЬlе to sur-
misе that natural sеleсtion sсulptеd inсrеmеntal сhangеs in mothеr-infant
prosodiс' taсti lе' visual, and gеstural intеraсtions, whiсh faсil itatеd thе еmеr-
gеnсе of linguistiс fеaturеs and, еvеntually (pеrhaps far down thе linе)' thе
first languagе. Nееdlеss to say' l ikе thе othеr idеas aЬout languagе origins,
this ..putting thе ЬaЬy down'' hypothеsis is сontrovеrsial.

Bесausе of thе widе disparity in сurrеnt соnjесturеs rеgarding thе еvolu-
tion of languagе, оnе might Ье tеmptеd to сonсludе that rеsеarсh on this suЬ-
jесt has not improvеd mцсh sinсе thе days of thе Ьow-wow, yo-hеavе-ho, and
pooh-pooh hypothеsеs. This is not truе' howеvеr. Advanсеs in mеdiсal imag-
ing tесhnolоgy and thе nеurosсiеnсеs arе сurrеntly pеrmitting еluсidation of
thе nеurologiсal suЬstratеs of languagе (е.8., thе rolе of mirror nеurons); thе
innatе naturе of languagе is Ьесoming сlеarеr from fasсinating rеsеarсh on
dеaf individuals; and gеnеs that havе a rolе in thе dеvеlopmеnt of normal
spokеn languagе (е.g., FoХP2) arе bеginning to Ье idеntifiеd. Languagе is
what sеts us apart frоm thе othеr primatеs, and today wе havе morе sophis-
tiсatеd idеas aЬout how it еvolvеd than wе did a hundrеd yеars ago. Bесause
of thе information еxplosion that is сurrеntly undеr way. wе should soon
know morе.
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Еvоlution of lifе historiеs

Why do somе plants, suсh as rеdwood trееs' Ьеgin to rеproduсе only nrany
yеars aftеr gеrminating аnd livе for hundrеds of yеars, whеrеas othеrs' suсh
aS thе annuals in your gardеn' mаturе youllg аnd livе only onе sеason? 

.Why

do somе ar-rimais, suсh as humans, produсе onе offspring at a timе and rеar
соmparativеly fеw throughout lifе, whеrеas othеrs, suсh as thе oсеan-
dlvеll ing kril l, produсе thousands of young, most of whiсh сannot survivе?
Whаt are tЬе сonsеqrrепсеs of thеsе diffеrеnсеs for thе есology and thе еvolu-
tiоn of thеsе organisn-rs? Thеsе, and a variеty of rеlatеd quеstions' arе in thе
rеalm of lifе-history еvolution.

An organisrn's l ifе history is its pattеrn of survival and rеproduсtion' plus
thе kеy stagеs and transitions in thе lifе сyсlе that influеnсе its survivаl and
rеproduсtion. Lifе-history traits inсludе growth and dеvеlopmеnt Ьеforе rе-
produсtion; agе and sizе аt sехual maturitу; thе numЬеr, sizе, and seх of off-
spring; and thе agе of dеath. Spесiеs, zlnd еvеn p<rpulations within spесiеs,
oftеn vary suЬstantially in l ifе-history сhаraсtеristiсs in prеdiсtaЬlе and in.
triguing ways. Thе goal of l ifе-history studiеs is to undеrstand this variation
in thе pattеrns of growth and rеproduсtion, thе есologiсal сonditions that
gеnеratе tlris variation, and thе есоlogiсаl and еvolutionary сonsеquеnсеs of
this variation. Thе study of lifе historiеs, whеthеr еmpiriсal or thеorеtiсal, rе-
quirеs intеgrating сonсеpts of gеnеtiсs аnd dеvеlopmеnt with есology and
with an urrdеrstanding oГ гhе organism's l itЪ сyсlе.

Aсtuarial studiеs Ьy insuranсе сompaniеs arе an еxamplе of l ifе-history
аnalysis in humans. Itrsuranсе aсtuariеs usе lifе taЬlеs to dеsсriЬе thе pat-
tеrns of human mсlrtirl it1, at spесifiс a8еs to аssеss lrow agе influеnсеs thе
risk of dеath. Есologiсal l ifе tаЬlе analysis is Ьasеd on agе-spесifiс Ьirth аnd
dеath ratеs, from whiсh sсiеntists сan сalсulatе a vaгiеty of usеful variaЬlеs
suсlr as thе nеt rеproduсtivе ratе (thе total numЬеr of offspring produсеd),
futurе ехpесtеd rеproduсtiorr (сallеd rеproduсtivе valuе), аnd еmеrgеnt
сharaсtеristiсs suсh as thе rеlationship of rеproduсtion to mortality. Thеsе
variablеs аrе dirесtly rеlatеd to Iitnеss, a fur-rсtion of total rеproduсtion (thе
nеt rеproduсtivе rаtе) аnd thе sсhеdu]е of геprodr.rсtion; fitnеss is higirеr foг
individuals that produсе rеlativеly morе offspring morе quiсkly. Bесausе of
thе dirесt l ink Ьеtwееn lifе-history traits and fitnеss, natural sеlесtion
shapеs thе divеrsity of l ifе-histсlrY stratеgies obsеrvеd in naturе. Thеsе vari-
аЬlеs arе аlso сеntгаrl to how есologists prеdiсt population fluсtuations, a
topiс of importanсе to thе managеmеnt of harvеstеd or protесtеd wild
spесiеs.

Мodеrn lifе-history аnalysis traсеs to Dаvid Laсk in thе 1940s and Lаm-
ont Сolе in thе 1950s. David Laсk (1947) was a population Ьiologist and or-
nithologist who infusеd Darwinian thinking into thе study of l ifе histories.
Нis most influеntiаl еarly l ifе.history hypoгhеsis was tlrаt thе numЬеr of еggs
that Ьirds l:ly in a nеsting attеnlpt (thеir ..сlutсh sizе'') should Ье that whiсh
maximizеs thе total offspring flеdgеd from that сlutсh. This has Ьесomе
known as thе ..Laсk Сlrrtсh Sizе.' ' To mаximizе thе pгoduсtion of flеdglings,
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parеnts must Ьalanсе thе numЬеr оf hatсhlings with thеir aЬil ity to rеar thеm
to indеpеndеnсе. If parеnts attеmpt to геar morе offspring than thеy сan sup-
port' somе or all of thе young may diе. Likеwisе, pаrеnts prоduсing fеwеr
offspring than thеy сan rеar will flеdgе fеwеr than thеy сould, and will likе.
wisе havе lowеr rеproduсtivе suссеss than if thеy had produсеd a largеr
сlutсh.

Ехpеrimеntal studiеs on many spесiеs of Ьirds, in whiсh сlutсhеs arе аrtif i-
сially еnlargеd, havе found that сlutсh sizеs produсеd Ьy Ьirds arе gеnеrally
smallеr than thе Laсk Сlutсh Sizе (е.g., Vandеr.Wеrf 1992). This disсrеpanсy
Ьеtwееn thе Laсk and thе oЬsеrvеd сlutсh sizеs stimulаted a grеat divеrsity of
еxpеrimеntal and thеorеtiсal study that in turn gеnеratеd many adaptivе hy-
pothеsеs' mainly dеrivеd from optimization analysеs (е.g., ..optimаlity mod-
еls',; Orzaсk and SoЬеr 1994) that Ьесamе сommonplaсе Ьy thе 1970s and
1980s. For ехamplе, modеls prеdiсt and еxpеrimеntal studiеs hаvе shown
that сurrеnt yеar rеproduсtivе еffort аffесts futurе rеproduсtivе suссеss of
parеnts; that is, thеrе is a tradе-off Ьеtwееn сurrеnt and futurе rеproduсtivе
еffort (sее rеviеws in Godfray et a|. 1991 and Rсlff 1992\. \й/hеn this and
othеr tradе-offs (suсh as that bеtwееn сlutсh sizе and еgg sizе; Smith and
Frеtwеll 1'974) are inсorporatеd into modеls of сlutсh sizе, wе саn ехplain
muсh of thе оЬsеrvеd dеviation Ьеtwееn rеаl сlutсh sizеs and Laсk's prе.
diсtеd сlutсh sizеs.

Following on Laсk's introduсtiоn of Darwinian thlnking into thе study of
l ifе-history variation, Lamont Сolе (1954) introduсеd a mathеmatiсal framе.
work to thе study of lifе.history есology Ьy dеmonstrating hсlw сhangеs in dе-
mographiс variaЬlеs influеnсе thе ratе of inсrеasе of a population (Roff

7992). Мost famously, hе raisеd a simplе mathеmatiсal сonundrum known as
Сolе's paradoх: an оrgаnism that livеs forеvеr, produсing и offspring pеr
yеar, lеavеs no morе dеsсеndants' all еlsе Ьеing equal, than onе that livеs for
just onе yеar (an annual organism), Ьut produсеs z + 1 offspring. Thе rеason is
thаt оnly onе offspring is rеquirеd to rеplaсе thе parеnt in our annual organ.
ism, aftеr whiсh Ьoth thе immortal and аnnuаl organism produсе thе samе
numЬеr of offspring. Givеn thе impossiЬility of irnmсlrtаlity, why do not all
organisms еvolvе toward thе shortеst, simplеst lifе history? Мany Ьiologists,
inсluding Williаm D. Hamilton, Gеorgе 

.Williams, 
and Еriс Сharnov

(Сharnov and Sсhаffеr |97З), havе taсklеd this сonundrum, and its solution
wаs sеminal to thе formalization of Darwinian thinking in modеrn есolоgy.
Thе solution to Сolе's paradoх rеquirеs rесognition that еaсh lifе-history dе-
сision сausеs a shift in thе proЬаЬility оf aссruing сеrtain Ьеnеfits, and сеrtain
сosts, in tеrms of survival and rеprоduсtion. For еxamplе' if rеproduсtivе suс-
сеss inсrеasеs with agе (е.g., duе to Ьеnеfits of parеntal ехpеriеnсе) and thе
risk of moгtality Ьеtwееn rеproduсtivе pеriods is low, thеn sеlесtion may fa-
vor rеproduсtion for multiplе sеasons. In с<lntrast, whеn thе risk of mortality
is high, selесtion may favor alloсating morе rеsourсеs to сurrеnt rеproduсtion.

Alloсation tradе-offs suсh as thеsе сonstrain how lifе historiеs еvolvе. Rе-
sourсеs' inсluding timе, еnеrgy, and еssеntial nutriеnts' must Ье dividеd
among growth, maintеnanсе, and rеproduсtion. Rеsourсеs alloсatеd to onе
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funсtion сannot Ье аlloсatеd to othеr funсtions. Undеrstanding thеsе tradе-
offs, аnd how Ьеhavioral or dеvеlopmеntal dесisions at onе stagе of thе lifе
сyсlе influеnсе survival and rеproduсtion at othеr stagеs (and totаl fitnеss), is
thе сеntral quеstion in thе study of lifе-history еvolution. Thе Darwinian pеr-
spесtivеs of Lасk аnd Сolе Ьгouglrt а nеw lvav of thinking into thе study of
lifе historiеs that has lеd to myriad insights and a fiеld of inquiry that rs vеry
aсtivе today.

Мodеrn lifе-history analysеs aim to undеrstand how еvolutionary history,
thе еnvironmеnt, dеvеlopmеnt, and inhеritanсе intеraсt to сrеatе and сon-
strain lifе-history v:rriatior:r. An irnportant rесеnt insight is that lifе histoгiеs
сan еvolvе rapidly whеn еnvironmеnts сhangе (е.g., thе еxpеrimеntal intro-
duсtion of prеdаtoгs, сoпlmеrсizl l еxploitation Ьy humans, and ехpansion
onto nеw hоst spесiеs Ьy parasitеs of plants and animals) (Сarroll еt al.
2007). Sеlесtivе prеdatior-r or lrarvеsting of lаrgе individuals, as in fishеriеs,
has lеd to thе еvolution of suЬstantially rеduсеd agе and size at maturity ovеr
tеns of gеnеrirtions (Hutсhings аnd Frasеr 2008); this lrарpеns Ьесаusе sеlес-
tion favors rеproduсtion Ьеforе animals arе еatеn оr harvеstеd. Thus, whilе
sharеd еvolutionary lristor},tеnds to сrеatе similаritiеs among rеlаtеd organ-
isms, gеnеtiс variation for lifе-history trаits is aЬundant and allows thе rapid
еvoiution of l ifе-history stratеgiеs' Suсh ongoing аdаptation allows еvolu-
tionary Ьiologists to wеigh thе rеlative influеnсеs of phylogеny' gеnеtiс vari.
ation, dеvеlopmеntal systеms, and thе еnvironmеnt ir-r shaping lifе historiеs,
so that саusе-аnd-еffесt rеlationslrips Ьесomе сlеarеr.

Thе Darwinian perspесtivе on lifе historiеs сan Ьring insights to mеdiсinе
and othеr fiеlds of Ьiology, inсluding publiс hеalth сonсеrns suсh as sеnеs-
сеnсе and lifе span in aging human soсiеtiеs. Thе еvolution of l ifе span is in-
f]uеnсеd Ьv arr oгganism's rеproduсtivе valuе, thе mеasurе of futurе ехpесtеd
rеproduсtion. In most organisms onсе Ьrееding starts rеproduсtivе valuе dе-
сlinеs with agе. Thus mоrtality latе in l ifе affесts total rеproduсtion muсh
lеss than doеs mortality еarly in lifе, so tгaits аffесting mortаlity latе in lifе
arе undеr wеаkеr sеlесtion than arе traits affесting mortality еarly in l ifе. It is
this dесlinе irr the irrtеnsity of sеlесtion with agе that аllows thе еvolution of
sеnеsсеnсе. Сouplеd with thе sеlесtivе аdvantagе of short gеnеration timеs'
trаits that fаvoг suссеssful rеproduсtion еariy in i ifе wil l Ье fЪvorеd еvеn at a
сost to ultimate longеvity (an ехamplе of antagonistiс plеiotropy); indееd,
gеnеs havе Ьееn idеntifiеd thаt havе thеsе еffесts. Traits with nеgаtivе еffесts
only on thе old сan еvolvе in populations through gеnеtiс drift (i.е., thе aссu-
mulаtion of dеlеtеrious mutirtions).

Мorе powеrful mathеmatiсal tools, nеw tесhnologiеs (е.g., gеnomiсs), and
moге insightful еxpеrimеnti.ttion аге pегmitting Ьiologists to Ьеttеr undеrstand
lifе-history variation within and аmong spесiеs and thе rolе of suсh variation
in gеnеrating nеw spесiеs. Thе rеsulting insights arе inсrеasingly Ьеing trans-
latеd into tlrе appliеd sсiеnсеs whеrе Ьiologists arе studying how lifе.history
еvolution influеnсеs thе сonsеrvation of Ьiotiс rеsourсеs, thе yiеld and thе sus-
tainaЬil ity of agriсulturе, and how thе еvolutiсln of ontogеny, rеproduсtion,
and disеasе rеlatеs to human hеalth.
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Еvоlution of sех
Hеrе, you seе, it takеs all thе running you саn do, to kееp in thе sanrе
plaсе.

_Тhе Rеd Quееn, in Lеwis Сarгoll's
Through thе Looking Glаss (1872)

of thе many mеanings of thе word se*' thе most fundamеntal rеfеrs to thе
produсtion of nеw gеnomеs by thе rесomЬination of prеехisting gеnomеs.
Мany baсtеria and a fеw virusеs arе сapablе of oссasional. l imiйd sех' Ьut
thе-most thoroughly sеxual сrеatures arе thе еukаryotеs, whiсh inсiudе ani-
mals' plants' and othеr organisms with nuсlеi in thеir сеlls. Humans arе
fairly typiсal еukaryotеs in Ьеing oЬligatеly sехuаl: thе only wаy to mаkе а
nеw human is to split your gеnomе in half and to gеt anothеr lrali from somе
othеr Ьuman who has donе thе same. Dеspitе thе сеntral rоlе that sеx plays
in organismal lifе сyсiеs, Ьiologists do not undеrstand what its funсtion is.

Thе first biologist to suggеst a plausiЬlе hypothеsis for tlrе аdvantagе of
sеxuality was August.V7еismann (1ss9). Hе proposеd that sех inсrеasеd thе
vaтiability within a population and thus inсrеasеd thе еffесtivеnеss of natural
sеlесtion. This is an unusual sort of advantagе; typiсally, natural sеlесtion
promotеs traits that сonfеr an advantagе to thе individual that Ьеars thе trait..!(i'еismann' 

howеvеr, saw sеx as a fеaturе of a populatiоn that сonfеrrеd an
advantagе to that population. .sИеismann's 

eхplanation was influеntiai аnd
wеnt largеly unсhallеngеd until thе 1960s, whеn Gеorgе С. Will iams oЬ-jесtеd to its rеlianсе on 8roup sеlесtiоn and insistеd thаt sеx should hаvе а
short-tеrm, individual-lеvеl аdvantаgе likе аny other trait. On thе сonrrarv.
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sех sееmеd to havе an еnormous short-tеrm, individual-lеvеl disadvantagе. A
сlonal fеmalе transmits all of hеr gеnеs to all of hеr offspring. A sехual fе-
malе transmits only half аs many gеnеs to thе nеХt gеnеrаtiоn, and wаstеs
half of hеr parеntal invеstmеnt propagating thе gеnеs of somе unrеlatеd
malе. Thus sех сarriеs an еnormous (twсlfold) сost. Thе сontrast Ьеtwееn this
hugе thеorеtiсal disadvantagе of sеx and its pгеvalеnсе in thе rеal world has
bееn сallеd ..thе pаrаdox of sех.' ' In thе 1970s, rесognition of this paradoх
spurrеd sеvеral lеading еvolutionary thеorists to Writе hand-wringing Ьooks
highlighting thе importanсе and diffiсulty of this ..queеn of proЬlеms in еvo.
lutionary Ьiology'' (Bеll 1982). Though it was еаsy ro imаginе possiЬlе Ьеnе-
fits of sехuality, it wаs hard to sее how sехual individuals сould Ье morе than
twiсе аs fit, on avегagе, as asеxual individuals, whiсh is what sееms to Ье rе.
quirеd to ovеrсomе thе twofold сost of sех. Thеorists found thаt sеxual indi-
viduals сan havе this magnitudе of advantagе Ovеr asеxual individuals only
in a world that сhangеs radiсаlly from onе gеnеratiоn to thе nеxt. spесifi-
сally, sех сan outсompеtе asехuality only if thеrе is somе phеnomеnon that
(1)kil ls a largе proportion of еaсh population, or has an еquivalеntly dirе еf-
fесt on rеproduсtion; (2) is sеnsitivе to variation Ьеtwееn gеnomеs' kil l ing in-
dividuals with сеrtain gеnotypеs and sparing thosе with othеr gеnotypеs; аnd
(3) сhangеs radiсally frоm сlnе gеnеration tO thе nехt in tеrms of whiсh gеno-
typеs arе kil lеd and whiсh arе sparеd. Furthеr, to providе a gеneral eхplana-
tion for sеx' thе phеnomеnon would hаvе to Ье uЬiquitous in thе living
world, affесting most multiсеllular organisms. What сould this phеnomеnon
Ье? In rесеnt dесadеs, two major сandidatеs havе Ьееn rесognizеd: infесtious
disеasе (Hаmilton 2001) and harmful mutаtions (Kondrashov 2001).

Thе idеa that infесtious disеasеs, сausеd Ьy parasitеs and pathogеns, сould
makе sех advantagеous is oftеn known as thе Rеd Quееn hypothеsis. of all
thе aspесts of an organism's еnvironmеnt' its parasitеs and pathogеns Ьеst fit
thе thеorists' dеsсription of thе phеnomenon that givеs an advantagе to sех.
Bесausе parasitеs and pathogеns havе largе populations and rеproduсе
quiсkly сomparеd to thеir hosts, thеy сan еvolvе to attaсk partiсular host
gеnotypеs. one striking prеdiсtion of thе hypсlthеsis is that strong fluсtua-
tions should oссur in thе frеquеnсiеs of allеlеs affесting immunity; allеlеs that
arе сommon in onе gеnеration should Ьесomе rarе in thе nехt. Thе Rеd

Quееn hypothеsis has Ьееn suссеssful in ехplaining thе еvоlutionary dynam-
iсs of hosts and parasitеs in а fеw wеll-studiеd spесiеs of snails and watеr
flеas, Ьut sсiеntists do not yеt know how Ьroadly appliсaЬlе it wil l turn out
to Dе.

Thе othеr phеnomеnon with thе potеntial to makе sех nесеssary is harm-
ful mutation. \X/ith high mutation ratеs' sех сan Ье Ьеnefiсial Ьесausе somе
rесombinant offspring will сarry fеwеr harmful allеlеs than еithеr parеnt.
This is <lnly truе if ratеs of harmful mutation arе rеmarkaЬly high, with еvеry
individual сarrying on avеragе morе than onе nеW harmfu| mutation. Тo tеst
thе mutation thеory dirесtly, sсiеntists nееd to еstimatе how many nеw
harmful mutations аppеar in еасh individual. This is a diffiсult quаntity to
mеаsurе' Ьut еstimatеs arе n()W avаilablе fоr a fеw organisms. Huпrans sееm
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to havе a high еnough ratе of harmful mutation to makе sеx usеful, Ьut thе
ratе sееms to Ье too low in Worms and fliеs. An important dеtail is that sех

only hеlps to inсrеase avеragе fitnеss if hzrrmful allеlеs intеraсt synеrgistiсally,

that is, if thеy bесomе pгoportiоnatеly nrorе haгmful as morе of thеm ассu-

mulatе in a gеnomе. A wеaknеss of thе mutation thеory is that it doеs not

sееm to aссount for есologiсal pattеrns in thе distriЬution of asехual linеagеs

as wеll as thе Rеd Quееn hypothеsis dоеs.
\JИhеn a gеnomе rеpliсatеs, it tеnds to dеtеrioratе. Мutations oссur and

thеy tеnd to Ье harmful. Thе еnvironmеnt also tеnds to gеt Worsе from yеaг

to yеar: your еnemiеs gеt Ьеttеr at attaсking you, еspесially parasitеs and
pаthogеns with short gеnеration timеs that еvolvе rapidly to adapt to your

gеnotypе. Thеsе two proсеssеs tеnd to makе mаintirining а statiс gеnomе

Ьoth diffiсult (duе to mutation) as wеll as a Ьad idеa (duе tсl parasitеs). Sех

sееms to Ье an adaptation to dеal with onе or anothеr of thеsе proЬlеms, or
pеrhaps to dеal with Ьoth of thеm at onсе. Thеrе has Ьееn a rесеnt trеnd to-

ward сomЬining thе Rеd Quееn and mtrtational mоdеls and rесognizing

tЬat sеx has n-rultiplе advantagеs. Еvеn Gеorgе Will iams, whosе quеst for an

individual-lеvеl advantagе of sеx launсhеd thе modеrn study of its еvolu.

tion, hаs сonсеdеd that its spесiеs-lеvеl advantagеs might Ье сruсial aftеr all
(Will iams 1992|. Asеxual spесiеs sееm to bе muсh morе pronе tсl еxtinсtion

than sехual  spес iеs.  Hеnсе,  most suгv iv i l lg  spес iеs arе sеxual ,  аnd many, in-

сluding mammals, sееm tO hаvе fеaturеs that prеvеnt thеm fгom еvеr Ье-

сoming asехual. Although thе proЬlеm of sеx has rесеntly bееn rеduсеd

from a mystеry to a mеrе сontrovеrsy' sсiеntists sti l l nееd a good dеal morе

infоrrnation to undеrstаnd еxасtly how sеx hеlps irrdividual oгganisms to

havе morе suссеssful offspring and how it prеvеnts populations from going

ехtrnсt.
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Еwеns, 'Warrеn 
J. (b. 1937)
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altеrnativе forms of a gеnе' play vital rolеs in dеtеrmining how gеnеtiс
сhangеs unfold in еvolution. Fеw sсiеntists havе unсovеrеd thеsе vital rolеs
morе thoroughly or сarefully than \Warrеn J. Еwens, whosе work is thе foun-
dаtion of sеvеral arеas of rеsеarсh in еvolutionary population gеnеtiсs.

Trainеd in statistiсal gеnеtiсs at thе Australian Nаtional Univеrsity, Еwеns
rесеivеd his doсtoral dеgrее tn 1964 undеr thе supеrvisiоn of P. A. P. Moran,
who was a studеnt of Sir Ronald Fishеr. Еwеns is known primarily for his
work on thе sampling distriЬution of nеutral allеlеs, whiсh arе allеlеs that
havе no еffесts on thе fitnеss of thеir сarriеrs. Thе nеutral allеlе thеory dеvеl-
opеd by Мotoo Kimura and Tomoko Ohta (seе thе alphaЬеtiсal еntriеs
..Motoo Kimura'' and ..Tomoko Ohta'' in this volumе) wеddеd thе study of
Ьioсhеmiсal and molесular polymorphisms to pattеrns of variation among
spесiеs. Onе of thе сritiсal tеsts of this thеory сomparеd thе oЬsеrvеd statisti-
сai distriЬution of allеlе numЬers and frеquеnсiеs at a singlе gеnе to thе dis-
triЬutions ехpесtеd undеr nеutrality. In a sеriеs of papеrs in thе еarly \970s,
Еwеns dеrivеd thеsе ехpесtеd distriЬutions undеr a variеty of assumptions
aЬout thе naturе of mutations. Thе Еwеns Sampling DistriЬution, as it сamе
to Ье сallеd, not only allowеd thе nеutral thеory to Ье еvаluatеd against еm-
piriсal dаtа, Ьut also providеd thе foundation on whiсh sеvеral additional
thеorеtiсal аdvanсеs wеrе Ьuilt. Thеsе inсludеd various rеfinеmеnts of thе
nеutral thеory and thе dеvеlopmеnt of mеthods for using thе distriЬution of
allеlеs among a sеt of nеighЬoring populations to еstimatе ratеs of migration
and gеnе flow.

Thrее of Еwеns's othеr сontriЬutions stand out. First, hе showеd how
intеrprеting thе gеnеtiс load, thе diffеrеnсе Ьеtwееn thе fitnеss of thе Ьеst
allеlе availaЬlе in a population and thе avеragе fitnеss of all othеr allеlеs, dе-
pеndеd on thе prесisе statistiсal distriЬution of fitnеss. Thе сonсеpt of thе gе-
nеtiс load lays Ьеnеath sеvеral сontrovеrsiеs in еvolutionary gеnеtiсs, from
thе so-саllеd Haldanе's dilеmma (how сan an еvolving population Ьеar thе
сost of so many unfit gеnotypеs) to thе likеlihood that molесular variation is
indееd nеutral. Еwеns's сritiсal study of thе gеnеtiс load сhangеd thе way sсi-
еntists thought about thеsе issuеs. Sесond, Еwеns dеrivеd prесisе ехprеssions
for thе еffесtivе population sizе, whiсh is a mеasurе of how many individuаls
arе rеally сontriЬuting to thе nехt gеnеration. This work сlarifiеd sеvеral ar-
еas of сonfusion, еspесially surrounding thе еffесt of сatastrophiс dесrеasеs in
population sizе, a quеstion of intеrest in сonsеrvation Ьiology. Third, hе and
his сollеaguеs dеrivеd nеW mеthods for dеtесting assoсiations Ьеtwееn gеnеs
and human disеasеs, mеthods that solvе long-standing statistiсal proЬlеms
Ьasеd on thе nonгandom samplеs that еmеrgе from mеdiсal rесords.

Еwеns has a Iеgеndагy геputat ion аs а supеrЬ lесtuгеr and с lassroom in-
struсtor. Hе has inspiгеd gеnеrations of studеnts throughout his сarееr in
Australia, primаrily at LaTroЬе Univеrsity, and in thе Unitеd Statеs at the
Univеrsity of Реnnsylvania. Hе rесеivеd thе Е. J. Pitman Меdal from thе Sta-
tistiсal Soсiеty of Australia ln 1996 and' in 1999,Ьewas еlесtеd as a fеllow
of thе Royal Soсiеty.
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Ехobiology

With thе advеnt of spaсе ехploration, two fiеlds of rеsеarсh-origin.of-l ifе
studiеs аnd thе sеarсh for еХtratеrrеstrial lifе-wеrе mеldеd into a singlе nеw
disсiplinе. In 1959, NoЬеl Pгizе_winning miсroЬiologist Joshua LеdеrЬеrg
сoinеd thе tеrm eхobiologу for this nеw intеrdisсiplinary fiеld, offегing thе
rationalе that onе nееdеd to know thе сonditions undеr whiсh lifе,s origin
had Ьееn possiЬlе on еarth in ordеr to know what kind of сhеmiсal сondi-
tions to look for on othеr planеts. Furthеrm<lrе' hе arguеd that stеrilization
of spaсесraft was сruсial Ьеforе thеy landеd on othеr planеts, lеst сontamina-
tion of thosе worlds Ьy еarth miсroЬеs or еvеn organiс molесulеs from еarth
rеndеr it impossiЬlе forеvеr to know with сеrtainty what kind оf nativе or-
ganiсs or organisms had Ьееn thеrе originally. At first lаrgеly an Amеriсan
sсiеnсе Ьесausе thе National Aеronautiсs and Spaсе Administration (NASA)
Was thе singlе largеst sourсе of funding, work in thеsе arеas had thе potеntial
to bе politiсized Ьу thе Сold 

.s0.ar, 
as did all thе sсiеnсе rеlatеd to spaсе ех-

ploration. The Soviеt Union was highly sесrеtivе, for еxamplе, aЬout what
stеril ization standards, if any' had Ьееn appliеd to its intеrplanеtary missions
targеtеd for impaсt or soft landing on thе moon' Vеnus' and Мars. Similarly,
thе Unitеd Statеs was highly sесrеtivе aЬout how its ехpеrtisе in stеrilization
was rеlatеd to сlassifiеd gеrm warfarе rеsеarсh. Gradually, howеvеr, intеrna.
tional сonfеrеnсеs sponsorеd Ьy thе Сommittее for Spaсе Rеsеarсh
(СosPAR) dеvеlopеd intеrnational spaсесraft stеril ization standards, еvеntu-
ally inсorporаtеd into tЬe 1967 Outеr Spaсе Trеаty. Intеrnationаl origin-of-
l ifе сonfеrеnсеs and a widе rangе of NASA-sponsorеd mееtings on thе oгigin
of l ifе, organiс molесulеs in spaсе, PrесamЬrian palеofossils' аnd othеr topiсs
also gradually сonsolidatеd an intеrnational сommunity of sсiеntists working
on piесеs оf thе puzzlе as disparatе as Ьioсhеmistry, gеoсhеmistry, planеtary
gеology, and radio astronomy. In 1968 thе first ехoЬiology journal Ьеgan
puЬliсation (now titlеd Оrigiпs of Life апd Еuolutioп of tbe Biospberе).In
1972 exoЬtologists foundеd thеir first profеssional soсiety, thе Intеrnational
Soсiеty for Study of thе origins of Lifе (ISsoL). only with thе tесhnolоgy o{
spaсе еxploration, thеsе sсiеntists forеsаw, would it Ьесomе possiЬlе to dе-
vеlop a tгuly univеrsal sсiеnсе of Ьiology-to undеrstand (oг tеst) what uni-
vеrsal laws ехistеd for Ьioсhеmistry and еvolutionary history.

From thе bеginning, ехoЬiology pursuеd aсadеmiс laЬoratory rеsеarсh as
wеll as thе dеvеlopmеnt of spесifiс instrumеnts to fly <rn spaсесraft, suсh as
thе two U.S. Viking Mars landеrs'In7976 thеsе сraft found no сlеar еvidеnсе
for lifе at thе \4artian suгfaсе Ьut providеd еnough data to suggеst that if lifе
did еxist on Маrs, it would probaЬly only Ье found dееp еnough Ьеlow thе
surfaсе to Ье shiеldеd from solar ultrаviсllеt rays. In addition, thе devеlopmеnt
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Beings from outеr spaсе havе long Ьееn thе stuff of fantasy and nightmаrе. This
drawing, Ьy !7il l iam R. Lеigh, appеarеd in H. G. 

.!Иеlls, ..Thе Things That Live
on Мars'', Сosmopolitап Маgаziпe, Marсh 1908, 3З5_343. It appеarеd just
at thе timе whеn thеrе wаs muсh popular disсussion аЬout whеthеr thе ..сanals' '

on Маrs Wеrе thе produсts of rеal intеll igеnсеs. Notе how oftеn suсh piсturеs
assumе thаt еvolution is progrеssivе аnd nonсontingеnt, with humanlikе forms
thе inеvitaЬlе outсomе of thе proсеss, anywhеrе and еvеrywherе.
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of radio astronomy tесhniquеs to sеarсh for signals from intеlligеnt ехtratеr.
rеstrials (SЕTI) was part of ехoЬiology fronr thе outsеt, although Сongrеss
сut off NASA funding for SЕTI woгk in 1992. Bу thе 1980s and 1990s, nеw
astronomiсal tесhniquеs wеrе dеvеlopеd to sеarсh for planеts of stars Ьеyоnd
thе solar systеm' with thе first suсh planеt Ьеing dеtесtеd in 1995. LaЬora-
tory work has puгsuеd numеrous goals, inсluding study of thе organiс сom-
pounds foцnd iп metеoritеs, геturnеd moon гoсks, and (via spaсесraft)
сomеts' and study of anсiеnt roсks for fossilizеd miсroЬеs аnd/or organiс
molесulеs that might Ье аssoсiatеd with onсе-living organisms. This work
has lеd to pushing baсk to 3 Ьillion yеars or morе thе oldеst known fossil mi-
сroЬеs from еarth, narrowing thе timе window foг thе proсеss of сhеmiсal
еvolution to havе oссurrеd. Howеvеr, it has simultanеously rеvеa[еd that
еarth is Ьеing bomЬardеd Ьy organiс molесulеs formеd in hugе irmounts in
intеrstеllar spaсе' so that thе original prесursors of lifе on еarth nееd not all
havе bееn synthеsizеd hеrе from purеly inorganiс starting matеrials. ЕхoЬiol-
ogy rеsеarсh has also spun off numеrous othеr important disсovеriеs: Lynn
Мargulis's thеory, now univеrsally aссеptеd, that еukагyotiс сеlls arosе via
formation of sеrial symbiotiс сoloniеs of pгokaryotiс сеlls; Carl 

.Woеsе's 
dis-

сovеry of thе Arсhaеa' a groцp of Ьaсtеria as diffеrеnt from othеr Ьасtеria as
thеy arе from еukaryotеs; Jamеs Lovеloсk's Gaia hypothеsis, whiсh сlaims
that all lifе on еarth aсts as a сoordinated homеostatiс systеm maintаining
сonditions within thе limits lifе саn tolеratе; thе thеory that a hugе аstеroid
impaсt at thе еnd of thе Сrеtaсеous pеriod was rеsponsiЬlе for thе mаss ех-
tinсtion that inсludеd thе dinosaurs; and thе ..nuсlеar wintеr' ' hypothеsis,
pгеdiсting that a similar mass ехtinсtion сould follow a nuсlеar War of any
signifiсant sizе, and spurring on muсh of global сlimatе modеling sсiеnсе.
Thе broаdеning of thе rеsеarсh agеnda rеsultеd in thе еxoЬiology fiеld Ьеing
rеnamеd astroЬiology in 1996.

Following thе Soviet bioсhеmist Alеksandr Oparin, origin-of-l ifе rеsearсh
assumеd in thе 1950s that еarth's primitivе atmosphеrе must havе Ьееn
сhеmiсally rеduсing' that is, it сontainеd no frее oхygеn' сarbon mostly аs
mеthanе, and nitrogеn as ammonia. Thе 1953 Urеy-Millеr еxpеrimеnt
showеd that Spontаnеous synthеsis of amino aсids and othеr rеlеvant Ьio-
molесulеs сould oссur rapidly undеr suсh сonditions, еvеn assuming rzrndom
сhеmistry. By thе latе 1970s, howеvеr, еxoЬiology rеsеarсh suggеstеd еarth's
еarly atmosphеrе was morе likеly to havе Ьееn сhеmiсally nеutral (or pеr-
haps еvеn slightly oхidizing), undеr whiсh сonditions thе synthеsis of organiс
molесulеs is drastiсally rеduсеd. Altеrnativе pathways of сhеmiсal еvolution
arе undеr invеstigation, inсluding synthеsis of organiс polymеrs using сlays
as tеmplаtеs and саtalysts; high-tеmpеratLlrе, high-pгеssurе сhеmistry suсh as
might oссur at undеrsеa hydrothегmal vеnts, whеrе many rеsеarсhеrs now
think lifе may have first originatеd; and сomЬining mеtеoritе-dеrivеd organ-
iсs to sее what kinds of lifеlikе protoсеlls will Ье produсеd. It is now widеly
bеliеvеd that thе сhеmistry thаt lесl frоm inorganiс prесursors to tlrе first
biopolymеrs oссurs nonrandomly' morе rapidly, and spontanеously undеr а
widеr ransе of сonditions than was Ьеliеvеd in thе 1950s and 1960s' Biasеd

in thе dirесtion of Ьiol.
faiгly quiсkly Ьut ..nеith
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in thе dirесtion of Ьiologiсally rеlеvant molесulеs' l ifе proЬaЬly originatеd
fairly quiсkly Ьut ..nеithег Ьy сhanсе nor dеsign,' ' as sсiеnсе historian Iris Fry
stаtеs (2000, 109). Rеsеarсh has also foсused on thе RNA world, а period
еarly in l ifе's history whеn RNA ехistеd Ьеforе protеins Ьut was сapaЬlе of
aсting as Ьoth аn information-сaгrying rnolесulе and a сatalyst of mеtaЬo-
lism.

B l B L I o G R A P н Y

Diсk' S.' and J. Е. Striсk. 2004. The Liuiпg Uniuеrse: NASA апd thе Deuelopment of
Аstrobiologу. Nеlv Brunswiсk' NJ: Rutgеrs University Prеss.

Fry, I. 2000. Thе Еmеrgепсе of Life сln the Еаrth: A Historiсаl апd Scientifiс
ouеruiеtll. Nеw Brtrnswiсk, NJ: Rutgеrs Univеrsity Prеss.

Grаham' L. |987. Sсiеtlсе, Philosophу апd Нllmап Bеhаuior iп tbе Souiеt IJnion.
Nеw York: Сolumbiа Univеrsity Prеss.

Hazеn, R. 2005. Gепеsis: Тhe Sсiепtific Quеst fсlr Lifе's Оrigins. Nеw York: Josеph
Неnrу Prеss.

LеdеrЬеrg, J. 1960. ЕхoЬiology: Approaсhеs to lifе bеyond thе еarth. Sсiепсе |32:
З93400.

Lovеloсk, J. 1979. Gаiа: А Nеtu l-ooh аt Lifе oп I,аrtb. London: Oхford University
Prеss.

Мargulis' L. 1970. Оrigiп of Еukаrуotiс Сelis. Nеw Нavеn' СT: Yalе Univеrsity
Prеss.

Мillеr, S. 19.5з. A produсtiorr of аmino irсids urrdеr possiblе primitivе еarth
сonditiоns. Sсieпсе ||7 : 528*529.

oparin, A. 1938. Tlrc Оrigiп of Lfe. Nеw York: Maсmillаn..Woеsе, 
С. 1 9 8 7. Bасtеri a l еvolution. Мi cr o b i o l сl g i саl Rеu iеt't-t s 5 1' : 221'-27 1'.

\(olfе, A. 2002. Gеrms in spaсе: Amеriсаn lifе sсiеntists, spaсе poliсy, and puЬliс
imagination, 19 58-1964. lsis 93: 183-205. -/.Е.s.



F

сallеd indеpеndеnt сtl
for сomparativе Ьioll
populations of thе sal

dеsсеndant rеlationsh
long-tеrm ratеs of grr

largе thе populatiсlns
сollеaguеs hаvе br:еn
and somе of tЬеsе Iт

Ьiology.
In addition to thеsс

thi1t еxplorеd thе еvol
tion аmong аllеlеs at

whiсh tightеr :rnd lo

tions) еvolvе and ехpl
proсеssеs. Linkagе aп

lution of sеxual rеprс
in this volumе) and i
..Thе Pattеrn and Pro
Hankinson in this vol

|n 1'992 Fеlsеnstеin
еnсеs.  In 1993 hе was

Aпrеriсan Soсiеty ot }

ti<lnal Aсаdеmy of Sсi

B I B L I O G R A P H '

Fеlsеnstеin, l. 2004. Iпf'
S latk in,  М. 1995. Тhе S

Nаtиrаlist 145: i i-r

Fishеr, Ronald A

Sir Ronald Aylmеr I

gl:rnd. Fishеr and his

of еight сhildrеn Ьсl
п]athеmatiсal gifts еa

lriology. Bесausе of е

Indееd' somе of his n

or papеr' giving Fish

his  hеad.
Fislrеr matriсLllatес

Hе graduatе6 ;n |91,

oгl for anothеr yеаr t(

еsts wеrе Ьroad' inсlt
|9|4he Ьесamе а st i r
pany in London. Сon
Ьесausе of his potlr r

Fеlsеnstеin, Josеph (ь. t942)

Although all sсiеntists aspirе to сl-ri lngе how thеir сollеаguеs think aЬсlut an

issuе, only а fеw managе to do so. A sеlесt fеw сhangе thеir сollеaguеs'
thinking on moге than onе issuе. Josеph Fеlsеnstеin has сhangеd thе thinking
of еvolutionary Ьiologists on at lеast thrее сritiсal issuеs.

A studеnt of pсlpulation gеnеtiсist Riсhard Lеwontin, Fеlsеnstеin wrotе his

dissеrtation on mеthods for infеrring phylogеniеs' rесеiving his doсtoral dе-
grее in 1968 from thе Univеrsity of Сhiсago' Aftег postdoсtoгal work at Еd_

inЬurgh with Alan RoЬеrtson, hе dеvotеd thе е:rrly yеars of his сaгееr to
population gеnеtiсs; his dissеrtation rеsеarсh did rrot appеar in sсiеntifiс jour-

nals until 1'97З. А'fter this rеfraсtory pеriod' hе rеturnеd to thе study оf
phylogеnеtiс mеthods and has madе sеminal сontriЬutions to phylogеnеtiсs

and population gеnеtiсs' along thе W^y promoting a synthеsis of thе two.
Fеlsеnstеin pionееrеd a stаtistiсal approaсlr to phylogеnеtiс infеrеnсе (sее

thе alphaЬеtiсal еntry ..Phylogеnеtiсs'' in this volumе). Hе rесognizеd that,

whеn infеrring a phylogеny' not only would thе lеngths of thе branсhеs Ье

subjесt to sampling еrror, Ьut so would thе aсtual shapе of thе еntirе trее.

Sampling еrror introduсеs unсеrtainty aЬout thе idеntity of сlosе rеlativеs and

rесеnt сommon anсеstors' whiсh in turn сrеatеs unсеrtаinty aЬout thе ordеr

of аppеaranсе of major fеaturеs in groups likе birds or fish. Nеitlrеr tradi-

tional mеthods Iror thе еmеrging сladistiс mеthods сonfrontеd this pгoЬlеm

satisfaсtorily. Fеlsеnstеin introduсеd thе statistiсal tесhniquе of maхimum
likеlihood to thе study of phylogеniеs. Thе initial rеluсtanсе of еvolr-rtionary
biologists to еmЬraсе thе tесhniqt1е Was ovеrсomе whеn Fеlsеnstеin showеd

that сladistiс mеthods would point to thе wrong phylogеny wlrеnеvеr diffеr-

еnt branсhеs of an еvolutionary trее ехpеrienсеd suffiсiеntly diffеrеnt ratеs of
сharaсtеr еvolution. This rеsult has Ьесomе a tехtЬook еxamplе, and maхi-

mum likеlihood arrd rеlatеd mеthods havе Ьесomе thе standard approaсhеs
for undеrstanding еvolutionary rеl:ltionships.

Biologists aге now fоllоwing Fеlsеnstеin's lеad on two othег topiсs that

еmеrgеd from his synthеsis of phylogеnеtiсs and population gеnеtiсs. In thе
|ate 1.97Оs, sеvегаl еvolutionary Ьiologists pointеd out that traditional сom-
parisons of сharaсtеr аssoсiations among spесiеs сould Ье misintеrprеtеd

bесausе suсh сomparisons did not rесognizе thе phylogеnеtiс rеlаtionships
among thе spесiеs Ьеing сomparеd. Fеlsеnstеin dеvеlopеd a pоwеrful nrеthod

for intеgrаting phylogеnеtiс affinitiеs into сompirгativе analysеs. His mеthod,
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сallеd indеpеndеnt сontrasts, and its dеsсеndants havе Ьесomе standard tools
for сomparativе Ьiology. In thе еarly 1990s, Fеlsеnstеin pointеd out that
po;lulations of thе sarlе spесies arе pаrt of a сomplех pеdigrее of anсеstor_
dеsсеndant rеlationships and that, through this pеdigrее, onе сould еstimatе
long-tеrm ratеs of gеnеtiс ехсhаngе among populations and how gеnеtiсally
largе thе populations havе Ьееn. Меthods dеvеlopеd Ьy Fеlsеnstеin and his
сollеaguеs havе Ьееn appliеd to sеvеral proЬlеms in еvolutionary biology,
and somе of tЬеsе mеthods hаvе Ьесomе important tools in сonsеrvation
Ьiology.

In addition to thеsе aссomplislrmеnts, Fеlsеnstеin wrotе a sеriеs of papеrs
that ехplorеd thе еvolution of gеnеtiс l inkagе, whiсh is thе statistiсal assoсia.
tion among allеlеs аt diffеrеnt gеnеs. Не ехaminеd thе сirсumstanсеs undеr
whiсh tightеr and loosеr l inkagе (strongеr аnd wеаkеr statistiсаl assoсia-
tions) еvolvе:rnd ехplorеd ho''v сlosе l inkagе affесts a variеty of еvolutionary
proсеssеs. Linkаgе аmong gеnеs is а vital еlеmеnt in ехplanаtions for thе еvo-
lution of sехual геproduсtion (sее thе alphаЬеtiсal entry ..Еvolution of sеx''
in tlris volumе) аnd it plays a сruсial rolе in spесiation (sее thе main еssаy
..Tlrе Pattеrn and Proсеss оf Spесiаtion'' by Margarеt B. Рtaсеk and Shаla J.
Hirnkinson in tlris volumе).

|n 1992 F.еlsеrrstеin was еlесtеd to thе Amеriсаn Aсadеmy of Arts and Sсi-
еnсеs. In 7993 he was thе sесond rесipiеnt of the Sеwall Wright Award of thе
Amеriсan Soсiеty of Naturalists, and tn 1999 hе was еlесtеd to thе U.S. Na.
tional Aсadеmy of Sсiеnсеs.
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Fishеr, Ronald Aylmеr (1890_Т962)

Sir Ronald Aylmеr Fishеr was Ьorn FеЬruary 17, 1890, in London, Еn-
gland. Fishеr and his twin Ьrothеr, who diеd in irrfanсy, Wеfе thе youngеst
of еight сhildrеn Ьorn tсr Katiе Hе:rth and Gеorgе Fishеr. Showing his
mathеmatiсal giits еаrly, Fishеr would сhangе rhе fасе of Ьoth statistiсs and
Ьiology. Bесausе of еxtrеmе myopia, his еarly trаining Was unсonvеntional.
Indееd, somе of his most influеntial еarly tutоring was donе without pеnсil
or Papеr, giving Fishег a rеmarkirblе aЬil ity to do сomplех mаthеmatiсs in
h i s  hеad .

Fishеr matriсulаtеd at Gorrvil lе and Сaius Сollеgе, СamЬridgе, in 1909.
Hе graduatеdin |972 with high honors in mathеmatiсs, and he would stay
on for anothеr yеar to study physiсs and statistiсal mесhaniсs. Fishеr's intеr-
еsts Wеrе Ьroad, irrсluding astronomy' mathematiсs, physiсs, and Ьiology. In
7914 Ьe Ьесamе а statistiсian at thе Mеrсаntilе and Gеnеral Invеstmеnt Сom.
pany in London. Сontrary to lris dеsirеs, Fishеr was kеpt out of \World !Иar I
Ьесausе of his poor visiorr. Bеtrд,ееn 1915 and l919 hе taught mathеmatiсs
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and physiсs at a variеty of puЬliс sсhools. |n 1917 hе mаrriеd Ruth Еilееn
Gatton Guinnеss, with whom hе would parеnt еight сhildrеn. Onе of Fishеr,s
siх daughtеrs, Joan Fishеr Boх, authorеd thе most wеll.known Ьiography of
h im in 1978.

At Rothamstеd Еxpеrimеntal Station' Ьеtwееn I9I9 and 1933, Fishеr
madе substantial сontriЬutions to statistiсs and gеnеtiсs. In statistiсs, hе in-
troduсеd thе сonсеpt of l ikеlihood (Fishеr 1921). Thе likеlihood of a param-
еtеr is proportional to thе proЬaЬil ity of the data and it givеs a funсtion that
usually has a singlе maximum valuе, that is, thе maximum likеlihood. And
thе nеxt yеar Fishеr introduсеd a nеW сonсеption of stаtistiсs, thе aim of
whiсh was thе rеduсtion of data and thе proЬlеmatiс of whiсh Was thе spес-
ifiсation of thе kind of population from whiсh thе data сamе, еstimation, and
distriЬution. Soorr thеrеaftеr, Fishеr puЬlishеd StаtistiсаI Мethods for Rе-
seаrсh Worhers (1925), in whiсh hе artiсulated mеthods for thе dеsign and
еvaluation of ехpеrimеnts. Thе 1925 еdition was thе first of many. In gеnеtiсs,
Fishеr's first papеr (in 1922| adumЬratеd a mathеmatiсal synthеsis of Dаrwin-
ian natural sеlесtion with thе гесеntly rеdisсovеrеd laws of Меndеlian hеrеdity.
That, and othеr work (е.g., on thе еvolution of dоminanсе), would сulminatе
in The Gепetiсаl Theorу of Nаtиrаl Sеleсtiсlп (1930), onе of thе prinсipal
tеxts' along with thosе of J. B. S. Haldanе (1892-1964) and Sеwall Wright
(1889_1988), сomplеting thе rесonсil iation of Darwinism and Mendеlism and
еstaЬlishing thе fiеld of thеorеtiсal populatiоn gеnеtiсs and its appliсation to
еugеniсs. Rеmarkably,Thе Gеnеticаl Theorу of Nаturаl Seleсtkл was diсtatеd
Ьy Fishеr to his wifе, Ruth, during thе еvеnings. Thе book was rеvisеd and rеis-
suеd in 1958. In 1929 Ftsher was еlесtеd to thе Royal Soсiеty.

Fishеr lеft Rothamstеd to takе thе Galton Сhair of Еugеniсs at Univеrsity
Сollеgе, London, in 1933. Karl Pеarson (1857_19з6) was rеtiring from thе
Сhair' whiсh was thеn dividеd into two, so that Ьoth Fishеr and Pеarson's
son, Еgon, сould bе appointеd. Fishеr сontrollеd thе gеnеtiсs sесtion; Pеar-
son сontrollеd thе statistiсs Sесtion. (Fishеr had turnеd down Pеarson's offеr
of сhiеf statistiсian at Galton LaЬoratoriеs for thе position at Rothamstеd in
791'9.).Whеn hе took thе Galton profеssorship аt Univеrsity Collеgе' hе was
thoroughly mirеd in сontrovеrsy ovеr thе foundаtions of statistiсs with Karl
Pеarson and his followеrs. Fishеr's rеvolutionary work in statistiсs сamе at
around thе timе that Pеarson's own woгk was showing wеaknеssеs; un-
friеndly сompеtition cata|уzed thе сontrovеrsy, and Pеarson would takе ill
fееlings toward Fishеr, who had his own ill fееlings toward Pеarson' to his
gravе. Thе сontrovеrsy in stаtistiсs with Pеarson would not Ье thе only сon-
trovеrsy in whiсh Fishеr was involvеd. Bеginning tп 1929, Fishеr and Amеri-
сan physiologiсal gеnеtiсist Sеwall \Х/right would еngagе in an animus-fillеd
сontrovеrsy ovеr thе gеnеtiс Ьasis of еvolutionary сhangе that would last un-
til Fishеr's deatЬ ln 7962.

In 1935 Fishеr's The Desigп of Ехperimezls appеarеd and, likе StаtistiсаI
Мethods for Resеаrсh Workеrs' would Ье ехpandеd and rеissuеd many
timеs. Thеsе two works, and Fishеr's Stаtistiсаl Таblеs for Biologiсаl, Аgri-
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сultцrаl, апd Меdiсаl Reseаrсh (with Frank Yatеs, 1938) геvolutionizеd
agriсultural rеsеarсh. Fishеr's work in statistiсs was rеvolutionary at thе
fiеld's сonсеptual foundations. Мorеover, FishеrЪ work in gеnеtiсs, high-
lightеd mainly Ьу Thе Geпеticаl Thеorу of Nаturаl Selесtiott' would, with
good сompany in Haldanе and Wright, rеvolutionizе Ьiology. Fishеr's aс-
сomplishmеnts did not go unrесognizеd. Не wаs awardеd thе mеdal of thе
Royal Soсiеty in 1938, thе Dагwin mеdal in \948, and thе Сoplеy mеdal in
1955. In 1943 Fishеr was appointed Balfour Profеssor of Gеnеtiсs at Сam-
Ьridgе Univеrsity; in 7957 he Ьесаmе prеsidеnt of Gonvil lе аnd Caius Сol-
lеgе, CamЬridgе; and in |952 hе was сrеatеd Knight Baсhеlor Ьy Quееn
Еlizabеth II. Numеrous othеr honors wеrе Ьеstowеd upon him'

Aftеr а luminous сaгееr as statistiсian and Ьiologist, Fishеr diеd at thе аgе
of 72 on Ju|у 29, \962, in Adеlaidе, Australia, whеrе hе had rеtirеd iп \9 59 .
Fishеr has Ьееn dеsсriЬеd as сharmiпg and Warm among friеnds, Ьut with a
volati lе tеmpеr. Fishеr's tеmpеr' сombinеd with an unwavеring сommitmеnt
to his viеws, drovе him to hеatеd сontrovеrsiеs with othеr sсiеntists. Fishеr's
writings havе Ьееn dеsсriЬеd as diffiсult; muсh of wlrat hе сontriЬutеd was
morе еffесtivеly сonvеyеd Ьy othеrs morе сapaЬlе of simplifying his prеsеnta-
tion and his gеnius.
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Fishеs

Thе word fishеs is aЬout аs slippеry as thе oгganisms to whiсh it rеfеrs аrе to
hold. Мost pеoplе gеnеrally gеt a rathеr similar mеntal imagе whеn thе tеrm

fsЙ is usеd, Ьut this rаrеly inсludеs thinking of ееls or еvеn sharks, although
thеsе too аrе fishеs. Dеfining a fish as ..a wаtеr-dwеll ing' ЬaсkЬonеd animal
moving by еithеr (or Ьoth) latеral Ьody undulations or osсil lаtions of pairеd
aпd/or unpairеd fan-likе Ьody appеndagеs сallеd fins and whiсh oЬtains oxy-
gеn (ilnd rеlеasеs nцmеrous dissolvеd wastеs) viа spесializеd stгuсturеs саllеd
gil ls, ' goеs a long Way toward inсluding all organisms that аrе sсiеntifiсally
сonsiderеd fishеs (Hеlfmаrr еt al. 79971'PolgЬ еt al. 2005). So divеrsе arе thе
living typеs of fishеs, howеvеr, rhаt this dеfinition is not сlеzrr сut. Irrсlusiorr
of known fossil forms furthеr strеtсhеs Ьеyond aссuraсy almсlst any attеmpt
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at a сomprеhеnsivе dеfinition. Twо rеasons ассOunt for thе nеar impossiЬil-
ity of сlеarly dеfining what sееms at first glanсе to Ье a straightforward noun.
First, a numЬеr of distinсt еvolutionary i inеagеs, alЬеit еvidеntiаlly dеrivеd
from а сommon anсеstor, survivе today having еnormously divеrgеd in al-
most all rеspесts through thе influеnсе of naturаl sеlесtion. Sесond, fishеs
(thе plural appliеs to morе thаn onе spесiеs, thе singular to individuals of a
singlе spесiеs no mattеr how many of thеm) arе thе most Ьiodivеrsе of l iving
ЬaсkЬonеd animals (vеrtеЬratеs). Еxtant (l iving) fishеs numЬеr no lеss than
27,000 namеd spесiеs, сomprising aЬout 50% of all еxtant vеrtеЬratеs; thеy
arе adaptеd to inhaЬit thе nеаrly 71"Ь <lf thе еarth's surfaсе сovеrеd Ьy
oсеаns and sеas, as wеll as thе additional 1 to 2Y" of thе planеt's surfaсе oс-
сupiеd Ьy lakеs, rivеrs, and othеr fгеshwatеr and еstuarinе еnvironmеnts.
F'ishеs arе found еvеrywhеrе thеrе is surfaсе watеr' and oftеn in suЬtеrranеan
watеrs as wеll; thеy vary in morphologiсal' physiologiсal, and Ьеhavioral
сharaсtеristiсs from еvolutionary adaptations to thе widеly variaЬlе сondi-
tions of thе еarth's Watеrs.

Four vеry distinсtivе fish l inеagеs (сladеs), plus anothеr usually, if rеluс.
tantly, сonsidеrеd ..fishlikе,' ' arе ехtant today. A dozеn, pеrhaps сonsidеr-
ably morе, еqually distinсtivе l inеаgеs arе known only from fossils, somе of
whiсh ехtеnd Ьасk at lеast 480 rnil l iоn yеars to Ьony fragmеnts from thе Or-
doviсian, and possiЬly еvеn from imprеssions in roсks frсlm thе еarly Сam.
Ьrian, anothеr 40 mill ion yеars еarliеr. Thе living linеagеs arе thе fishlikе
lanсеts (Сеphaloсhordatеs); thе nеar vеrtеЬratе Ьut ЬасkЬonеlеss hagfishеs
(Мyхiniforms), with 50 or morе living spесiеs; thе jawlеss and truly vеrtе-
brаtе lamprеys (Pеtromyzontiforms), with aЬout 40 living spесiеs; thе сarti-
lаginous sharks, skаtеs' and rays (Сhondriсhthyеs)' with at lеast 880 living
spесiеs; and thе ovеrwhеlming majority of еxtant spесiеs, thе Ьony fishеs
(ostеiсhthyеs), with varying еstimatеs of thе numЬеr of l iving spесiеs somе.
whеге around 27,000. Thе living hagfishеs and lamprеys sharе a сommon
primitivе trait with many fоssil l inеagеs in thаt thеy laсk jaws and paiгеd fins.
Thеy fееd Ьy pinсhing or grasping with hоrny tееth loсatеd around thеir oral
opеning. Thеy usе unpairеd riЬЬonlikе fins in thе midlinеs of thеir ееl-l ikе
sсalеlеss Ьodiеs to сontrol movеmеnt. Thе Сhondriсhthyеs and Ostеiсhthyеs
not only havе wеll-dеvеlopеd jaws, usually rimmеd Ьy hardеr-than-Ьonе min-
еralizеd tеeth, Ьut also pairеd fins that pеrmit еnormous thrее-dimеnsional
сontrol of movеmеnt. Dеtailеd study of fossils of Ьoth groups shows similar
trеnds through timе in thе adaptations of thе two сladеs to thе natural sеlес-
tion dеmands сlf watеr as a mеdium in whiсh to movе' to fееd, and to avoid
prеdation. Fins Ьесomе morе flеxiЬlе and aЬlе to assumе varying anglеs of at-
taсk rеlativе to thе flow сlf dеnsе visсous watеr ()vеr thе fishеs' Ьсldiеs. Jaws
and assoсiatеd struсturеs Ьесomе loсlsеnеd from thе rеst of thе hеad skеlеton
so that thеy may protrudе toward food itеms, and thе oral-Ьranсhial сavity
Ьесomеs inсrеasingly flеxiЬlе sO that it may Ье ехpandеd to сrеаtе suсtion
that drаws Watеr' and thе food it сontains, into thе mouth. As fins and hy-
drodynamiс Ьody shapе pгovidе for inсrеasеd agil ity, hеavy ехtеrnal armor
of sсalеs, spinеs, and hеad Ьonеs is thinnеd or lost altogеthеr' making nеar
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nеutral Ьuoyanсy rеlativеly еаsiеr to aсhiеvе. Although dеmonstrating similar
геsponsеs of thе vеrtеЬrаtе Ьody to thе natural sеlесtion dеmands of living in
Watеr' thе sеparatе еvolutionary сladеs of thе Chondriсhthyеs and ostе-
iсhthyеs havе oftеn usеd vеry diffеrеnt mесhanisms to aсhiеvе a сommon
аdaptation' For еxaпrplе' to ovеrсomе thе еffесt of gravttу on thеir dеnsеr-
than-wаtеr Ьodiеs, сhondriсhthyеs havе еvolvеd laгgе' oil.riсh livеrs that
providе Ьuoyanсy. Ostеiсhthyеs havе modifiеd an aцxiliary геspiratory out-
poсkеting of thе еsophagus into a gas-fillеd Ьuoyanсy Ьladdеr. Suсh diffеr-
еnсеs dеmonstratе thе random naturе of adaptation Ьasеd on сhanсе gеnomе
variation.

Thе еxtant Сhondriсhthyеs аrе flеsh еatеrs and gеnеrally largе organisms. A
typiсаl shark is aЬout 2 mеtеrs long. Еvidеnсе from analysis of thе shаrk
gеnomе indiсatеs that thеy hаvе еvolvеd at a muсh slowеr ratе than havе ad.
vanсеd Osteiсhthyеs. This may aссount for thе rеlativеly small numЬеr of
spесiеs in ехistеnсе today. Living ostеiсhthyеs arе highly variaЬlе in diеt and
sizе, Ьut thеy arе gеnеrally sшallеr than sharks' with somе Ьеing lеss than a
сеntimеtеr in adцlt maхimum lеngth. Thеir diеtary Ьrеadth and small sizе al-
low thеm to thrivе in many morе haЬitats than any othеr сladе of fishеs, еspе-
сially in fгеshwatеr еnvironmеnts. Forty.onе pеrсеnt of all fish spесiеs livе in
frеshwatеr haЬitats, whiсh arе highly dividеd and isolatеd onе from anothеr'
whilе 58% of living spесiеs oссur in thе sеa, whiсh (in spitе of its еnormous
ехtеnt) is а morе сontinuous hаЬitat than thе еpiсolrtinеntаl fгеshwаtеrs. In-
dееd somе frеshwatеr Ьony fishеs show astoundingly high ratеs of еvolцtion.
Thе сiсhlids of South Amеriсa, Afriсa, and Sоuthеrn India arе еspесially spе-
сiosе, with litеrally hundrеds of spесiеs having еvolvеd in situ in еaсh of thе
sеvеral gеologiсally young Afriсan Rift Vallеy lakеs. Bесausе thеy havе еxtеn-
sivе parеrrtal сarе of еggs and young' сiсhlid offspring сan Ьесomе Ьеhaviorally
imprintеd on thеir Parеnts аnd show a prеfеrеnсе for individцals similar to
thеir parеnts in сhoosing thеir own matеs (assoгtativе mating), rеsulting in
rapid gеrrеtiс isolation and sеlесtion lеading to nеw spесiеs.

Thе random pattеrn of еvolution without dirесtion or сlеar sеlесtivе valuеs
is also aЬundantly dеmonstratеd Ьy fishеs. Almost аll ostеiсhthyеs Ьеlong to
thе vast group known as Tеlеosts, inсluding ееls, hеrrings, salmons, minnows,
сatfishеs, lаntеrn and othеr dееp-sеa fishеs, сods, anglеrfishеs, bassеs, pегсhеs,
almost аll сoral rееf fishеs' and so on. Thеrе arе 25,000 or morе spесiеs.
Tеlеosts first appеaгеd аЬоr.rt 200 million yеars ago in thе mid-Tгiassiс. Thеir
uniquе uniting fеaturе is а struсturally rаthеr minoг shift in thе intеrnal sup-
port of a portion of thе tail (сaudal) fin that doеs nor appеar to givе thеm any
сlеar adaptivе advantagе ovег othеr сontеmporary fishеs. Nеvеrthеlеss, this
onе linе:rgе has Ьееn thе gеnеsis of most fishеs living today, illustrating thе ran-
dom and сhanсе naturе of еvolution.
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Fitсh, .Waltеr 
rv[. (b. 1929)

Philosophеr Isaiah Bеrlin (1953) сharaсtеrizеd intеllесtual еndеavor as Ьеing
сonduсtеd Ьy еithеr hеdgеhogs or foхеs. Hеdgеhogs spend thеir livеs foсus-
ing intеntly on a singlе сohеrеnt issuе, whilе foxеs сonsidеr numеrous' at
timеs еvеn unrеlаtеd' proЬlеms. For thе most part' this diсhotomy holds up
wеll for sсiеntifiс inquiry, Ьut thеrе arе notaЬlе еxсеptions who upsеt thе
rulе. 

.Walter 
М. Fitсh, who managеd to makе lasting сontriЬutions to thе

fiеld of molесular еvolution, is onе suсh ехсеption. In partiсulaг, Fitсh's сa-
rееr has Ьееn distinguishеd Ьy groundЬrеaking advanсеs in mеthodology, thе
kind of еffort that rеquirеs thе digging aЬility of а hеdgеhog, as wеll as fun-
damеntal сonсеptual аdvanсеs aсross a rangе of topiсs, aсhiеvеmеnts that nе-
сеssitatе thе mеntal agility of a foх.

Trainеd as a Ьioсhеmist, Fitсh has spеnt thе Ьеttеr part of his сarееr at thе
Univеrsity of !Иisсonsin and latеr at thе Univеrsity of California at lrvinе.
!7hen hе Ьеgan his сomparativе rеsеarсh on protеin sеquеnсеs' thе notion of
molесular еvolution was littlе morе than a fantasy; hе is as muсh rеsponsiЬlе
as anyonе for thе еmеrgеnсе and dеvеlopmеnt of this nаsсеnt rеsеarсh pro-
gram into a major, lеgitimatе, and distinсt disсiplinе at thе nеxus of еvolu-
tionary and molесular Ьiology. Togеthеr with Мasatoshi Nеi, anothеr
luminary of molесular еvolution, Fitсh foundеd thе Soсiеty for Molесular Bi.
ology and Еvolution and its journal, Мoleсulаr Bhlogу апd Еuolution,
whiсh rеmains thе prеmiеr journal in thе fiеld and is onе of thе highеst-
ranking journals in thе еvolutionary Ьiology fiеld. Thе сontriЬutions that
Fitсh has madе arе numеrous' so a mеrе samplе of what Fitсh has givеn to
molесular еvolution is prеsеntеd Ьy fосusing on his work in thrее distinсt ar-
еas: mеthods' сonсеpts' and appliсаtions.

A сrowning aсhiеvеmеnt of molесular еvolution is thе usе of phylogеnеtiс
mеthods to rесonstruсt thе еvolutionary histoгiеs of gеnеs, protеins, and, Ьy
ехtеnsion' spесiеs. Whеn rеlatеd protеin sеquеnсes Ьеgan to aссumulatе in
thе latе 1950s and еаrly 1960s, thеrе wеrе no mеthods availaЬlе to ana|уze
thеm from an еvolutionary stаndpoint. Numеriсal taxonomy mеthods had
only just Ьееn formalizеd into algorithms, Ьut thеsе approaсhеs сould not Ье
rеadily appliеd to sequеnсе data. \Working with Еmanuеl Мargoliash' Fitсh
publishеd a sеminal papеr in 1967 tЬat rеportеd thе first distanсе-Ьasеd
mеthod for phylogеnеtiс rесonstruсtion of protеin sеquеnсеs. Distanсеs wеrе
сomputеd as thе proportion of amino aсid diffеrеnсеs Ьеtwееn all pairs of sе-
quеnсеs undеr сonsidеration. Thе Fitсh'Margoliash mеthod amountеd to a
сlеvеr implеmеntation of thе lеast squarеs statistiсal prinсiplе, whеrеЬy a
phylogеny was rесonstruсtеd suсh that thе distanсеs along thе Ьranсhes of
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thе trее showеd thе lеast diffеrеnсе with thе pairwisе protеin sеquеnсе dis-
tanсеs. A сritiсal fеaturе of thе mеthod was a wеighting sсhеmе that allowеd
for thе faсt that grеatеr distanсеs wеrе likеly to Ье rеlativеly lеss rеliablе.
!Иhilе thе algorithmiс implеmеntation of thе Fitсh-Margoliash mеthod has
fadеd from usе, distanсе mеthods arе сurrеntly thе most widеly usеd ap-
proaсh for rесonstruсting phylogеniеs, and thе gеnеral сritеrion of wеightеd
lеast squarеs has rеmainеd viaЬlе. Thе util ity and rеliaЬil ity of thе Fitсh-
Margoliash mеthod is undеrsсorеd Ьy thе eukaryotiс phylogеny rеportеd in
thеir papеr, Ьasеd on сytoсhromе с sеquеnсеs' whiсh is rеmarkaЬly aссuratе
givеn what wе know now.

onе of thе most important сonсеpts in gеnе еvolution is thе distinсtion Ье-
twееn so-саllеd orthologs and pаralogs. Fitсh сoinеd thеsе tеrms in 197О and
usеd thеm to distinguish Ьеtwееn gеnеs that sharе a сommon anсеstor duе to
spесiation еvеnts (ortholоgs) and gеnеs that divеrgеd via gеnе dupliсation
(paralogs). This distinсtion is rеlеvant not only for Ьasiс molесular еvolution
studiеs Ьut also for thе undеrstanding оf protеin funсtion. Indееd, Ьy thе latе
1990s, thе ortholog-paralog diсhotomy Ьесamе an indispеnsaЬlе сonсеptual
tool for invеstigators trying to annotаtе thе pгoduсts of сomplеtеly sе-
quеnсеd gеnomеs. This is Ьесausе orthologs tеnd to еnсodе protеins with thе
samе' or vеry similar, funсtions, whilе paralogs oftеn еnсodе protеins that
havе divеrgеd in funсtion. Information transfеr Ьasеd only on naivе sеquеnсе
сomparisons сan oЬsсurе thеsе faсts and lеad to misannotations Ьasеd on thе
сonflation of orthologous and paralogous sеquеnсеs. Morе nuanсеd sеquеnсе
сomparison approaсhеs that еmЬraсе Fitсh's artiсulation of thе еvolutionaгy
proсеss Ьy disсriminating Ьеtwееn ortholоgous and pаralogous rеlationships
(2000) allow for morе rеliaЬlе and usеful annotatlons.

Еvolutionary Ьiology is an ехpliсitly historiсal sсiеnсе, and molесular еvo.
lutionists arе prеsеntеd with thе uniquе сhallеngе of infеrring thе naturе of
past еvеnts Ьasеd solеly on сontеmporanеous data' namеly gеnе and protеin
sеquеnсеs of ехtant orgаnisms. Dеspitе thе laсk of aссеss to historiсal data,
suсh as thе fossils uti l izеd Ьy palеontologists or thе anсiеnt tехts dесiphеrеd
Ьy historians, molесular еvolutionists havе suссеssfully dеvеlopеd an arsеnal
of tools that providе a window to thе past. Еvolutiоnary sсiеnсе is far lеss
adеpt, howеvеr, aЬout making prеdiсtions сonсеrning thе firtrrrе сoursе of
еvеnts. In an audaсious sеriеs of studiеs, Fitсh and his сollеaguеs attеmptеd
to dеfy this trеnd Ьy aсtually prеdiсting futurе еvolutionary еvеnts. Thеir еf-
fort did not rеprеsеnt a mеrе aсadеmiс еxеrсisе. Thе oЬjесt of study was thе
influеnza virus, and thе idеa was to try and prеdiсt thе сoursе of fцturе flu
еpidеmiсs. Suсh a prеdiсtion would providе a Ьasis for sеlесting amоng in-
flllenza strаins to usе in thе produсtion of a vaссinе. To do this' Fitсh rеliеd
on a phylogеnеtiс approaсh сomparing thе rеlationship among flu strain gе-
nomiс sеquеnсеs to thе datеs when thеy wеrе сollесtеd. A сlеar trеnd mаni-
fеstеd itsеlf with thе influеnza phylogеny showing a suссеssful trunk linеagе
thаt rеprеsеntеd thе еvolutiсlnary history of thе influеnza strains that domi-
natеd еpidеmiсs from onе yеаr to thе nеХt. Foсusing on individual sitеs in thе
sеquеnсе' Fitсh and his сollеaguеs (Fitсh et a|. 19971Bush еt aL. 1999) were
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aЬlе to idеntify spесifiс variablе positions in thе influеnzа sеquеnсе that
сould bе usеd to hеlp prеdiсt thosе strains that wil l сausе futurе еpidеmiсs.
This Ьold departurе from thе еluсidation of past rvеnts) thе status quo for al-
most аll of еvolutionary Ьiology, to thе prеdiсtion of futurе еvolr.ttionаry tra-

iесtoriеs stands аs a tеstаmеnt to forward thinking arrd prеsсiеn1се that hаs
maгkеd lй/altеr Fitсh as a trulv еxсеDtional molесular еvolutioll isr'
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Ford, Еdmund Brisсo (1901-1988)

Е. B. Ford, usually сallеd Hеnгy Ьy lris сollеaЕ.uеs аnd friеnds, is Ьеst known
as thе сhiеf proponеnt of thе rеsеarсh program known as есologiсal gеnеtiсs.
Intеndеd to throw light on thе rolе of gеnеtiс divеrsity in thе adaptation of
organisms to thеir еnvironmеnts, eсologiсal gеnеtiсs Ьеgins with oЬsеrva.
tions of variation in nаtural populations. Brееding studiеs thеn dеtеrminе thе
mannеr of inhеritanсе of thе diffеrеnt variаtions. Cоmparativе analysеs of
diffеrеnt haЬitats and сorrеlations of еnvironmеntal and gепеtiс variaЬlеs
lеad to hypothеsеs аЬout thе rolе of variation in еvolutionary adaptation. Fi-
nally' ехpеrimеntal manipulation of еnvironmеntal variaЬlеs rеsults in thе
сonfirmation or rеjесtion of thе hypothеsеs. Ford's rеsеarсh philosophy is sеt
out in lris sеminal Ьook, Есolс-lgiсаl Genеtiсs.

Ford spеnt his еrrtire sсiеntifiс сarееr at Oхford Univеrsity' Hе matriсu-
latеd as an undеrgraduatе in 192О, reсeiving a BA in zоology iп |924 and a
BSс in \927. tle wаs appointеd Dеpartmеntal Dеmonstrator in Zoo|ogу
(1927|, thеn Univеrsity Dеmonstrator (1929) and Lесturеr at Univеrsity сol.
lеgе (1933). Iп 19З9, hе Ьесaпrе Rеadеr in Gеnеtiсs, thе first еxpliсit аp-
pointmеnt in that suЬjесt in oхford. Hе еstaЬlishеd thе Gеnеtiс l-aЬoratoriеs
in 1951 and rесеivеd an appointmеnt as Profеssor of Есologiсal Gеnеtiсs in
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196З, a post hе hеld until his rеtirепrеnt in \969. }-ord was еlесrеd a Fеllow
of All Souls Сollеgе in 1958. Hе was a Реilow of thе Royаl Soсiеty аnd rе-
сeivеd its Darwin Меdal tn 1954.

Ford сamе to thе study of gеnеtiсs and еvolution through his lifеlong intеr-
еst in thе Lеpidoptеra. Bеforе attеnding Oхford, hе Ьеgan a study with his fa-
thеr of a population of Меlitаеа (Еиphуdrаs) аuriпiа, thе Marsh Fгitillary.
Thеiг pеrsonal oЬsеrvations еmЬraсеd thе yеаrs from 1 917 to 1935, and lo-
саlity rесords going Ьасk to 1881 mаke this an unusually lеngthy study. In
thе papеr puЬlislrеd with his fathеr in 1930, Ford attriЬutеd thе unusual vari-
abil ity of thе population during pеriods of aЬundanсе to thе rеlaxation of sе-
lесtion, whiсh allowеd suЬoptimal phеnotypеs to survivе. Throughout his l ifе
hе maintainеd his irrtеrеst in moths and Ьцttеrfl iеs, prrЬlishing two volumеs
on thеsе animals in Сoliins's Nеw Naturalist sеriеs. Ilts Bltttеrfljes wаs a
Ьеstsеllеr for thе sеriеs.

Ford's еarliеst work at Oхford was a сollaЬorativе study with Julian Huх-
lеy of a genе that affесtеd thе ratе of darkеning of tlrе еyе сolor in Gаmmаrlls
chеureuхi. Thеy showеd that thе гirtе dеpеnds not only on thе Mеndеlian
gеnе, [.lut аlso on thе sizе of thе еyе, thе tеmpеraturе' and thе ratе of Ьodily
growth. Although not thе first to аttгiЬutе еvolr'rtionary importanсе to ratе
gеnеs' thе Gаmmаrus studiеs providеd an important еarly ехamplе.

Ford is pеrhaps Ьеst known fоr his woгk on gеnеtiс polymorphism. Hе
Was thе first to offer a сritiсal dеfinition of thе phеnomеnon in a papеr prе-
paгеd for Julian Huxlеу,s The Nеtu S1'5ngmаtiсs (1940), rеfinеd as follows in
FordЪ,Есologiсаl Gепеtiсs (|964,84). ..Gеnеtiс polymorphisrrr is thе oссur-
rеnсе togеthеr in thе samе loсality of two or morе disсontinuous forms of a
spесiеs in suсh proportions that thе rarеst of thепr сannot Ье maintainеd Ьy
rесurrеnt mшtation.'' Hе distinguishеd Ьеtwееn transiеnt polymorphism, in
whiсh onе morpЬ is in thе proсеss of rеplaсing anothеr, and staЬlе or Ьal-
аnсеd polymorphism, maintainеd by staЬil izing sеlесtion. Hе notеd thL1t gе-
nеtiс polymorphism oftеn irrvolvеd largе phеnotypiс еffесts, сlosе l inkagе
among loсi сontriЬuting to thosе еffесts, and strong sеlесtion, lеading to
what hе сallеd ..supеrgеnеs.' ' Hе intеrprеtеd thе ABo Ьlood grouрs' Rhеsus
phеnotypеs, Batеsian mimiсry in Ьuttеrfliеs, and hеtеrostyly in plants as еx-
amplеs of supеrgеnеs' a position Ьornе out Ьy suЬsеquеnt rеsеarсh.

Although not givеn to mathеmatiсal nrodеling, Ford сollаЬorаtеd with
R. A. Fishеr tn thе |947 study of а сolor polymorphismin Pапахiа dсlmiпulа,
thе Sсarlеt Tigеr moth. Sinсе hеtеrozygotеs at this loсus arе distinguishaЬlе,
Ford was aЬlе to traсk gеnе frеquеnсy and populаtion sizе in a long sеriеs of
yеarly сеnsusеs. Fishеr,s analysis еstaЬlishеd that thе сhangеs in gеnе frе.
quеnсy wеrе too gгеаt to Ье Ьrought aЬout Ьy gеr.rеtiс drift аlonе, a point of
сontеntion at that timе. Although сhallеngеd Ьy Sеwall \Иright on thе Ьasis
of еffесtivе population sizеs, suЬsеquent work on this сolony has еstaЬlishеd
thаt thе or ig ina l  analys is  Wаs сorгесt .

Ford was also intеrеstеd in thе еffесts of polygеnеs on variation in natural
populations' For many yеars hе studiеd variation in thе pattегns of spots on
thе hindwings of Мапiсllа ;jиrtiпа, thе Mеadow Brown Ьuttеrfly. Tlrе pattеrns



. '88 Fсlrm and Funсtiсlгr

wеrе геmark:rbly сonstant ovеr widе arеas of Еuropе, Ьut thеy shoц,еd grеat
сhzrngеs ovеr slight distarrсеs in sor.rthwеst Еngland arrd thе Islеs of Sсil lv'
Spot pattеrns on thе lаrgе islands tеndеd tсl Ье similar, whilе tlrosе from
smallеr islands diffеrеd rаdiсally. Ford attriЬutеd tl"rе сonstanсy сlf pattеrn
ovеr timе to staЬilizing sсlесtion and thе diffеrеnсе bеtwееn largе .rnd small
islаnds to thе еffесt of avеrirging ovеr divеrsе haЬitаts orr thе largе islands.

In addition to his gеnеtiс woгk' Ford madе сorrtriЬutions irr sеvеral othеr
fiеlds. Не puЬlishеd on thе сhеmistry of Ьuttеrfly pigllrеnts' on thе arсhaеol-
ogy of southwеst Еnglаnd' and on thе сontеnts of сhurсhеs in thе Oхford
distriсt.

Pеrhaps Forсl's grеaсеst irrrрilсt on thе str'rdy of vari:lt i<ln in natrrr:l l popula_
tions has с<.lmе aЬout tlrrough his intегaсtions 'uvith his studеr-rts and сol-
lеaguеs. Hе influеnсеd thе work of Phil ip M. Shеppard, Сyгil A. Сlarkе, A..}.
Сain, H. B. D. Kеttlеwеll, Laurеnсе M. Cook, Linсolrr P. Browеr, John R. G.
Turnеr' Ronil ld A. Fishеr, and many othеrs. Ford wаs pеrhaps too inсlinеd to
сitе only his friеnds and сollеаguеs, Ьut, аs Bryaп Сl:rrkе (199.5, l62) makеs
сlеar in his Royal Sociеtу Biogrаpbicаl Меmoir, ..sti l l Есologiсаl Geпe-
tiсs . . . is nесеssary farе for sеrious wсlrkеrs in thе fiеld, still it is thе сlеаrеst
and lеast сompromising stаtеmеnt of thе .sеlесtionist' viеw, and sti l l it is a joy

to rеad.' '
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Forrn аnd Function (Еdward s. Russеll)

Еdward S' Rr"rssеll 's Forп апd Ft.mсtiсlп is а uniqr.rеlу r,aluаЬlе rеsollrсе in thе
history of аr-rimаl morphology. It is a l ivеIy еxploratiоn of thе most imporrant
morphologiсаl thесlrists fгom thе ninеtееnth through thе еarly twеntiеth сеn-
turiеs. How сould a rеport on long-dеad moгphologists Ье livеly? Thе livеli.
l lеss сomеs frorr-r thе faсt thаr Russеll organizеs thе thеorists around а сеntral
dеЬаtе thi1t pеrsistеd throughout thе nilrеtееnth сеlltuгy and pеrsists еvеn to-
day. Thе dеЬatе is in thе titlе. Form аnd Fuпсtioи сould just as wеll hаvе
Ьееn titlеd Рorm uеrsus Fuпсtioп. To put thе mattеr simply, whiсh сamе first,
form or funсtion? Why do Ьodiеs of anirrrals havе thе ftlrms thеy d<l? Do thе
forms ехist bесzrusе thеy allo' 'v funсtions to Ье sегvесl? [f sо, frrnсtior-rаlisnr is
favorеd arrd form is a Ьv.prсlduсt of funсtion. or arе organismiс forms or
struсturеs a produсt сlf autonomсlus foгm-gеrlеrаting prсlсеssеs? If thе lattеr,
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thеn tlrе funсtions that Ьody рarts sеrvе arе thе Ьy.produсts' l lot thе сausеs

of fоrпr. Rrrssеll rеfеrrеd to thе prсl-f<rrm pоsitiоn аs ..puге morphology.' '

Thе pro-funсtion pсlsition took various fornrs during thе ninеtееnth сеntury.

Prior to Сhaгlеs Darwin, funсriсlnalists Wеrе tеlеologists, most of whom wеrе

nаtural tlrеoltrgians. Aftеr Dilrwin' most fuгrсtionаlists Wеrе Ьеliеvегs in thе

importanсе of naturаl sеlесtion or Lamarсkism. Thе сontrast was il lustratеd

in thе 1830 dеЬatе Ьеtwееn Gеorgеs Сuviеr irnd Ёtiеnnе Gеoffroy Saint-

Hi la i rе (Сolеman l964; Appеl  1987; Rusе 2003).  Сuviеr  с lаr imеd that thе

forms of animal Ьodiеs and body parts wеrе diсtatеd Ьy thе funсtions thаt

had to Ье sеrvеd, tlrеir so.сallеd сondirions of ехistеrrсе. Gеoffroy сlaimеd

that animals sharеd aЬstrасt Ьсldy plаr-rs, and lrе insistеd on thе unity of typе.

Darwin rеportеd on this dеЬatе in oп thе Оrigiп of Spесiеs, Ьut сamе down

on thе sidе oi furrсtion. Naturаl sеlесtion-a pr()сеSS thаt shаpеs form ttl suit

funсtiсln-was thе сausе of еvolutionary сhаngе.

It is gеnега|l,v aсkn<lrvlеdgесl tlrat all organiс Lrеings hаr,е Ьееn formеd on

tw() grеat laws: Urrity of Tуpе, and thе Сonditions of Ехistеnсе. By unity

of typе is пrеаnt that fundarnеntаl irgrееmеnt in struсturе, wlriсh Wе sее

in сlrganiс Ьеings of tlrе sаtllе сlass, аnd rvl.riсh is quitе indеpеrrdеnt of

thеir haЬits of l ifе. On my thесlry, trnity of typе is ехplainеd Ьy unity of

dеsсеnt. Thе ехprеssiсln of сonditiсlrrs сlf ехistеnсе' so oftеn insistеd on

Ьу thе il ltrstrious Сuviеr, is fully еrrrЬraсеd Ьy thе prinсiplе of natural sе-

lесtion. For natural sеlесtion aсts Ьy еithег now adapting thе varying

paгts of еaсlr Ьеing ro its сlrgаniс and inorgаr-riс сonditions of l ifе; or Ьy

hаving adаptеd tЬеm durirrg long-pаst pегiсlds of timе: thе adaptations

Ьeing aidеd in somе сasеs Ьy usе and disusе, Ьеing slightly affесtеd Ьy

thе dirесt aсtion сlf tlrе ехtеrtrаl сonditioпs oГ l ifе, аnd Ьеiпg irr all саsеs

suЬjесtеd to thе sеvеral larvs of gIOWth. Неnсе, in faсt, thе law of thе

Соnditiolls of Ехistеnсе is thе higlrеr law; as it inсludеs, tlrrough rhе

inhеritalrсе tlf foгnlеr ас1аptatiolls, rЬ:rt сrf Urriry of Tvpе. (Darwin

1 8 5 9 , 2 0 6 )

Lаtеr-ninеtееllth-сеntury еvtllutionists swung Ьасk tоwаrd fоrnr again. Tlrеy

douЬtеd thе powеr of nаturаl sеlесtitlrr. Instеed, thеy Ьеliеvеd that rulеs of

formа1, or somеtil l lеs еmЬryologiсal, сonstruсtion Wеrе rеsporrsiЬlе for thе

Ьodiеs of  аni rna ls  (sее Rusе 1996 and Riсhaгс1s 2008).

Form апd Fцпсtioп сontains a numЬеr of usеful translations of original

tехts and rеglroduсtions of i l lustratiоns froп-r hard-to-find rrrоrphologiсal

trеаtisеs. (Сopiеs tlf Russеll 's rеdrawings of rnorpholt>giсal platеs froln thе

ninеtееnth сеntury havе оftеn Ьееn passеd сlff as геproduсtions of thе origi.

nals Ьy latеr lristoriаns and biologists.) Ironiсallv, thе Ьook rесеivеd littlе at-

tеntion at its puЬliсаtion in 1916. |t Ьеgan tсl Ье takеn morе sеriously Ьy

morphologists аnd sсlmе еvtllutionary thеorists around 797О.The rеason' a

sесond irtl lrv, was that thе study of mtrrphоlogу \,\,еnt thfoug'h a dry spеil

during thе еarly twеntiеth сеntury. Thе modегn synthеtiс thеoгy of еvolution
(sее thе mairl еssаy ..Thе Hist<lry of Еr,olutionarv Thought' ' Ьy Мiсhaеl Rusе

.t89
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in this volumе), whiсh was inauguratеd in thе 19З0s and wеll еstaЬlishеd Ьy
1950, saw littlе importanсе in traditional morphologiсal studiеs. Нowevеr, a
growing minority of еvolutionaгy thеorists' somе of thеm сritiсs of thе syn-
thetiс thеory' wеrе rесonsidегing thе impоrtanсе of morphology during thе
1970s. Onе of thеsе, Gеorgе V. Laudеr, a nеw assistant pгofеssor at thе Uni-
vеrsity of Сhiсago in -l 981' lеarnеd that thе Univеrsity of Сhiсago Prеss was
rеprinting historiсally important sсiеntifiс tехts. He nоminatеd Form апd
Fuпсtioп and wrotе a usеful introduсtion. Laudеr disсussеd why morphology
had so littlе rеlеvanсе to thе synthеtiс thеory of еvolution' Ьut hе rеportеd
that morphologists wеrе onсе again Ьеginning to сonsidеr thе ninеtееnth-
сеntury topiсs of struсtural pаttеrns and prinсiplеs of organismiс dеsign. So
Russеll,s 1916 Ьook was rеprintеd Ьесausе of thе rеbirth of intеrеst in mor-
phology around 1980. Laudеr and othеr twеntiеth-сеntury morphоlogists
drеw insights from Russеll's history that wеrе rеlеvant to сontеmporary dе-
Ьatеs in еvolutionary thеory (Laudеr 1996; Amundson and Laudеr |994).
Russеll himsеlf favorеd funсtionalism ovеr purе morphology, Ьut his book
prеsеntеd thе purе morphologists in a sympathеtiс l ight. Rесognition of thе
virtuеs of his Ьook Was not l imitеd to morphologists' howеvеr. Еrnst Mayr'
arсhitесt of thе synthеtiс thеory of еvolution and a funсtionalist to thе сorе'
сommеntеd on Form апd Fuпсtiсlп: ,,TЬerе is proЬably no othеr Ьrаnсh of
Ьiology for whiсh wе havе as supеrЬ a history as fоr morphology: Russеll
(1916) is unsurpassеd to this dаy, rеmarkaЬ1е fоr its frеsh analysis of thе pri-
mary sourсеs ' '  (Мayr 1982, 879n|5).
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Рrisсh

Frisсh, Karl Rittеr von (1886_1982)

Karl Rittеr von Frisсh was Ьсlrn in Viеnnа to a fantily distingr.rishеd on his fa-
thеr's sidе Ьy thrее sеnеrations of physiсians and on his mothеr's sidе Ьy a
numbеr of notеd aсadеmiсs. A lovеr of i lnimals as a youth, hе wеnt on to
havе a distinguislrеd сarееr l ls an еxpеrimеntal physiologist. Thе tеaсhеrs
who influеnсеd hirn most wеrе his unсlе, Sigmund Ехnеr' profеssor of physi-
ology at thе Univеrsity of Viеnrra, and Riсl-rard Негtwig, profеssor of zoology
at thе Univеrsity of Muniсh. Both irnprеssеd upon hirn thе сгitiсаl impor-
tanсе of сarеful еxpеrimеntation as a сornplеmеnt to his talеrrts as a thought.
ful oЬsеrvеr of l iving animals. Frisсh rеspondеd Ьy Ьесoming а mastеr at
dеvising sirnplе еxpегirnеnts to tеst thе bеhavior of animals undеr natural
сonditions.

.Whеn F.risсh Was a young rеsеarсhеr, his еarly work on thе аЬility of min-
nows to adapt thеiг сoloration to dark or l ight Ьасkgrounсls Ьrought him
into сonfliсt with thе сlaims ot Сarl von Неss, a prominеrrt Muniсh сlphthal-
mologist. Studying how various animals rеspond to l ight, Hеss had сon-
сludеd that fish and invеrtеЬratеs геspond to thе Ьrightnеss of сolors Ьut arе
othеrwisе сolor-Ьlind. Fгisсh, Ьoth аs а naturalist аnd аs somеonе who hаd
гaisеd arrd kеpt many diffеrеnt spесiеs оf fish' knеw that somе fish arе сapa-
Ьlе of сhanging сolor and that сеrtаin spесies arе еspесially сolorful at mating
timе. This suggеstеd to him that fish havе a sеnsе of сolor, a hypothеsis that
hе proсееdеd to tеSt and сonfirm ехpеrimеntally. Hеss, howеvеr, rеjесtеd
Frisсh's findings, and thе dеЬаtе that еnsuеd Ьеtwееn thеm lаrstеd morе than
a dесadе. Еarly in tlrе dеbatе Frisсh proсееdеd to addrеss thе quеstion of
сolor sеnsе in horrеybееs. Tlrr-rs Ьеgarr ir wholе sеriеs of rеsеаrсhеS rhat Wеrе
to makе Frisсh world-famous.

Frisсh's first studiеs оf honеyЬееs еxаminеd thе insесts' sеnsе of сolor and
shapе. Hе nехt studiеd thе Ьееs' sеnsе of smеll. In thе сoursе of his ехpеri-
mеnts hе disсovеrеd that sсout Ьееs arе somеhow aЬlе to сommuniсiltе to
thеir fеllow workеrs in thе hivе thе еxistеnсе of а dеsiraЬlе food sourсе. In
192О Ьe puЬlishеd his first rеports on wlrat hе сallеd thе ..languagе'' of thе
Ьееs. Не undеrstood thе Ьееs,..languagе'' to inr,,olvе гwo distinссivе kirrds of
danсеs, a round danсе and a wаgglе danсе, pеrformеd Ьy Ьееs rеtr'trning to
thе hivе' Initially he supposеd that thе round danсе signifiеd а nесtar sourсе
аnd thе wagglе darrсе signifiеd а pсll lеn sourсе. It wаs not until thе fall of
|944 tЬat hе disсоvеrеd that thе diffеrеnt danсеs аrе rеlatеd to thе distanсе
of thе foсld soЦrсе from thе hivе and not to thе naturе of thе food. Thе fol-
lowing spring hе arгivеd at thе rеmarkaЬlе сonсlusiоr-r that tЬе wagglе d:rnсе,
pеrforrrrеd Ьy bеes геturning from food sourсеs rnorе than 100 mеtеrs from
thе hivе, sеrvеs to сommuniсаtе Ьoth thе distanсе and thе dirесtion оf thе
food sourсе. ln his furthеr studiеs of honеyЬееs hе dеmonstratеd that thеy
pеrсеivе polarizесi l ight and in аdditiсlrr lrаvе an ..intеrnal сloсk.'thаt еnаЬlеs
thеm on long flights to adjust to thе sun's сhanging plaсе in thе sky.

Frisсh spеnt muсlr of his сarееr аt thе Univеrsity of Мuniсh, whеrе hе suс-
сееdеd RiсhLrrd Неrtlvig in \925 as profеssor of zoologv anсl dirесtor of thе
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Zoo|ogiсa| Institutе. In thе еаrly 1930s, with hеlp from thе Bаvariаn govеrn-
mеnt аnd thе Roсkеfеllеr Foundation, Frisсh madе thе Zoo|ogtсa| Institutе at
Мuniсh thе most advanсеd sсiеntifiс сеntеr of its kind in Еuropе. Hе man-
agеd to rеtаin his position throughout thе Third Rеiсh' though not without
somе diffiсultiеs frorn thе Nazi authoritiеs. Atiеr Alliеd Ьon-rЬing dеstroyеd
muсh of thе institutе in 1944, hе сontinuеd his studiеs in Austria, first at his
summег h<lmе in Brunnwinkl and thеn as profеssor of zoology at thе Univеr-
sity of Graz (|946_|950). Hе rеturnеd to thе Univеrsity of Мuniсh in 1950,
whеrе hе remainеd until his rеtirеn]еnt in 1958. Among his пlаny honors was
tЬe 197З NoЬеl Рrize for Physiology or Меdiсinе' whiсh hе sharеd with Kon-
radLoreлz and Niko TinЬеrgеn.
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Jr. 1990. Frisсh, Karl Rittеr von. In Diсtioпаrу of Sсiеntifiс
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Thе Gal6pagos Afсhipеlago

Thе Galipagos Arсhipеlago is a group of 14 small islands (thе largеst aЬout
70 milеs long) loсatеd on thе еquator aЬout 500 milеs off thе сoast of Есua-
dor, to whiсh thеy Ьеlong. Thеy arе volсaniс in origin (somе are still slightly
aсtivе) and of rесеnt gеologiсal agе. Thеy wеrе formеd as thе сontinеntal
platе driftеd еastеrly. Harsh, with сindеr and ash undеrground, thе сlimatе is
hot and thеrе is littlе or no frеsh watеr. First disсovеred Ьy 

.W,еstеrnеrs 
in

15З2, tЬeу wеrе initially сallеd tЬ,e Епсапtаdаs, or thе Еnсhantеd Islеs. Thе
Amеriсan novеlist Hеrman Меlvillе, who visitеd thеm on a whaling trip,
madе a sour allusion to this namе, dеsсriЬing thеm as ..еvilly еnсhantеd
ground'' (1987, 129), adding: ..Мan and wolf alikе disown thеm'' (127). For
еvolutionists thеy arе far from еvil and thеy arе сеrtаinly еnсhantеd.

Thе islands soon took on thе namе of thеir most famous dеnizеns' Gal6pa-
gos Ьеing Spanish for tortoisе. Not just any kind of tortoisе, Ьut giant mon-
stеrs that сrowdеd thе islеs until thеir numЬеrs wеrе rеduсеd to nеar
ехtinсtion' thanks to thе killing and taking Ьy marinеrs who found that thе
Ьrutеs providеd ехсеllеnt farе for long sеa voyagеs. Thе islands wеrе visitеd
sporadiсally Ьy sailors, сhiеfly Ьuссanееrs, аnd wеrе givеn Еnglish namеs,
first in thе sеvеntееnth сеntury aftеr prominеnt pеrsonagеs (likе King Jamеs II)
and thеn in thе еightееnth сеntllry aftеr worthiеs of that timе. Today, thеy
сarry Spanish namеs givеn Ьy Есuador.

Thе Gal6pagos Arсhipеlago was visitеd in 1835 Ьy HМS BeаgIе on its trip
around thе gloЬе, сarrying Сharlеs Darwin as thе ship's naturalist. Darwin
was fasсinatеd Ьy thе wildlifе, еspесially thе tortoisеs and thе many small
Ьirds that l ivе on thе islands. As was his сustom, hе madе largе сollесtions of
both flora and fauna, although as yеt hе did not truly rеalizе thе importanсе
and signifiсanсе of kееping sеparatе thе individuals from differеnt islands.
!Иhat did strikе Darwin at onсе was thе sееming rеlationship Ьеtwееn thе or-
ganisms on thе Gal6pagos and thе South Amеriсan mainland, and also thе
faсt that thе island dwеllеrs gеnеrally had slight Ьut distinсtivе diffеrеnсеs.
Nonе of this sееmеd to makе sеnsе from a сrеаtionist viеwpoint of organiс
origins. 

.Why 
would thе organisms Ье similar to thе mainland organisms' and

why South Amеriсa rather than Afriсa? And why thе diffеrеnсеs Ьеtwееn thе
islands?

His сuriosity piquеd, Darwin mullеd ovеr thе Ьiogеographiсal distriЬu-
tions of thе island spесimеns, сonсеntrating еspесially on sеvеral spесiеs of

59З



594 The Gаldpаgos Аrсhipelаgo

moсkingЬird that hе knеw сamе from diffеrеnt islаnds and that sееmеd dif-
fеrеnt physiсally. Не thought als<r aЬout thе tortoisеs thаt thе arсhipеlago's
govеrnor had dеsсriЬеd as distinсtivе to thеir rеspесtivе islands. As hе triеd to
put in ordег thе nrany small l inсhеs thаt hе had соllесtеd, hе saw that thеy
too rеvеalеd diffеrеnсеs on diffеrеnt islands. Сould thеsе all Ье rnеrе variеtiеs
or Wеrе thеy somеthing morе, in faсt and in thеory?

Whеn Darwin геturnеd to Еngland' hе gavе his spесirnеns to spесialists to
сatalog. At this point Darwin fеlt oЬligеd to slip ovеr tO аn еvolutionary po_
sition. Thе Ьirds partiсularly wеrе undouЬtеdly diffеrеnt spесiеs, and this
сould Ье ехplainеd naturally only on tlrе supposition thаt original foundеrs
hаd сomе to thе arсhipеlago and сhangеd and еvolvеd as thеy and thеir suс-
сеssors movеd from islаnd ro island. A сruсial part of this thinking was thаt
еvolutionaгv сhangе involvеs division of populations and suЬsеqtrеnt spесiа-
tion. Darwin thеrеforе always thought of еvolution's history as Ьеing funda-
mеntally onе of splitting and divеrging. Its pattеrn was сoral-likе (his first
mеtaphor) oг a trее of l ifе (thе mеtaphor thаt hе madе f:rmous in Oи the ori-
gin of Spеciеs). Hеrе lrе diffеrеd froш еarliеr еvolutionists wЬo thought of
еvolrrtion as еssеntially a movе up a singlе l inе, with variations along minor
sidе branсhеs.

Although thе Gal6pagos took somеwhat of a sесondary rolе as his think-
ing nraturеd, Darwin always usеd islarrd Ьiogеogгaphy as a kеy support of
еvolutionism, frеquеntly irсknowlеdging thе importanсе of his visit to thе
Gal6pagos. PrоЬaЬly in part Ьесausе of this signifiсanсе, thе grеat Swiss-
Amеriсan iсhthyologist Louis Agassiz, thе most important post-orlgin sсiеn-
tist wlro nеvеr irссеptеd any forrr-r of еvolutionism, visitеd thе Galipagos latе
in l ifе in 1B7Z' PerЬaps unsurprisingly, hе fеlt that Ьis spесial сrеationist vi.
sion of l ifе's history was vindiсatеd Ьy thе Gal6pagos and its inhaЬitants.
Agаssiz thought thеrе was insuffiсiеnt tirnе to produсе so variеd а display on
islаnds gеologiсally so young (sее Larson 2001, еspесially сhaptеr 4). Нow-
еvеr' no onе геally followеd in his path' Soon thе Gal:ipagos Arсhipеlago was
еstaЬlishеd as a prizе сasе for еvolutioп, although, ln l inе with thе gеnеral
post-Оrigiп disсrеditing of natural sеlесtion, most ъ,ould havе agrееd with
Agassiz that sonrе othеr mесlranism was nееdеd to prodr-rсе thе aninlals and
plants as thеy arе found today.

Suсh wаs thе statе of affаirs through thе 1930s, wl,rеn Darwinian sеlесtion
was mеlded with Mеndеlian gеnеtiсs and modеrn еvolutionary thеory. Nеo-
Darwinism, or thе synthеtiс thеory of еvolution, was Ьorn. Howеvеr, thеrе
was no an imnrеdiatе rush to Ьring thе Gal6pagos undеr thе nеt of naturаl sе-
lесtion. Thеrе was a gеnеral fееling, еspесially among Amеriсans' that small
differеnсеs Ьеtwееn groups аrе rarеly adaptivе. Thе population gеnеtiсist Sе-
wall Wright (19З\, 79З2) gave thеorеtiсal Ьaсking to this prеjudiсе Ьy arguing
that mаny diffеrеnсеs arе duе to so-сallеd gеnеtiс drift, thе randoгlrnеss that is
Ьrought Ьy thе vagariеs of Ьrееding. Tlrе diffеrеnсеs Ьеtwееn Gаlipagos or-
ganisms wеrе oftеn put down to just suсh a сausе. No onе dеniеd that sеlесtion
was important ovеrall, Ьut not in thе kinсls of dеtails rеvеalеd Ьy thе islands.
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David Lасk, who through thе еnсotrrаgеnrеtrt сrf Julian Huхlеy lvеnt to thе
Gal5pagos jrrst Ьеfoге World lWar II to stl ld,Y tlrе Ьirds. Hе thеn Ьеgan ir nras_
sivе сollесtion of thе Ьirds-finсhеs partiсularly-that was ownеd Ьy tlrе
Amеriсan Мusеutl of Natural History in Nеw York. \Иriting up his findings,
Laсk at first put аll signifiсаnt сhаngе down to drift. Rеflесting during thе
Wаr yеars on his findings, Laсk swung еntirеly to a sеlесtivе еxplanation. Hе
Was no douЬt muсh irrfluеnсеd by thе Gеrman-Ьorn, Amеriсan-rеsiding tах.
onomist Еrnst Мaуr. Laсk roomеd with Мayr and his family in Nеw Yoгk,
prесisеly аt thе tirrlе tlrrrt lИayr wаs finishing his pro-sеlесtion сontriЬution to
thе synthеsis Sуstсttt"ttiсs апd tlэe Оrigiп of Speсies (1942). Lасk irrguесi in
Dаrшiп's Fitlсbеs \1947) that all diffегеllсеs lrеtwееn thе spесiеs arе ad:rptivе,
Ьrought on Ьy strugglе Ьеtwееn groups for геsourсеs. Although thе titlе of
Laсk's Ьook has now givеn thе popular nаn]е to thе finсhеs and has publiсly
linkеd Darwin with thе island inhaЬitants, it also had thе somеwhat unfortu.
natе еffесt of making pеoplе think that it wаs thе finсhеs ехсlusivеly thаt
madе Darwin an еvolutionist. At lеаst, if n()t morе important, Wеrе thе
moсkingЬirds (sее Srrl lowaу 1982,).

Aftеr Laсk, thе Gаlzipilgos Ьirds Wеrе onе oi tlrе primе piесеs of еvidеnсе
in thе nеo-Darwiniаrr synthеsis. Howеvеr, сontrovеrsy сorrtinuеd ovеr thе ех-
aсt nаturе of tЬе sеlесtivе forсе that lrad Ьгotlght on diffегеnсеs. Laсk, fol.
lowing British tЬir-rking, had madе сompеtition Ьеtwееn groups thе kе1'
faсtor. In Amеriса, in l inе with gеnегal thinkiпg in that сountry aЬout thе rrа.
turе of organisпrs, thеrе was morе еnthusiaslт for a position that madе tlrс
есology оf thе islаnds morе signifiсant. This viеw of sеlесtion and its еffесts
was ехplorеd and strongly dеfеndеd Ьy Сalifornia Ьiologist RoЬеrt Bowman
(1967), whсl madе а long visit to thе islаnds in 19.52_195З. Hе found that thе
ехistеnсе of аltеrnirtivе foсld suppliеs Was thе kеy firсtor in sеlесtivе сhаngе.

Thе British wеrе ltt-tit-nglrеssеd, and tlrus mаrtеrs rеrrrаinеd at an impаssе
Llnti i thе \970s. Tlrе htlsЬ:rnс]-and-wifе tеаm оf Pеtеr and Rosеmary Grant'
togеthеr rvith ir suссеssion of сoworkегs i lnd studеnts, Ьеgan what lras sirrсе
Ьесomе onе of thе сlassiс long.tеrm studiеs of tlatural sеlесtion (Grant l986,
1997;B.  R.  Grаnt аnd P.  R.  Grarrt  1989; P.  R '  Grant and B.  R.  Grant 1995,
2007; !Иеinеr 7994)..sИorking on thе islеt Dа;lhnе Major (sее figurе), thе1'
ringеd and watсhеd and rесordеd еvеry Ьird, noting thе numЬеr of fluсtua.
tions and physiсal сlrangеs fronr onе yеar tO thе nеxt' еspесially noting thе еf_
fесts Ьrought on Ьy drought and Ьy rесord rаinfzrl l. Thеy found that selесtion
works сonstаntly' irrrсl tlrat сhаngеs сan oссur rapidly froпr onе yеar tO thе
nеxt. Мorеovеr) thеrе sееtlls to Ье truth in thе сlz.riпr thzrt food suppliеs and
аvailabil it iеs irrе a signifiсant faсtol. in sеlесtir,е сhangе, Ьut not ехсluding
сompеtitioll Ьеtlvееn diffеrеnt groups.

Although tlrе Gаlipagos has Ьееn Ьattеrеd Ь,v human oссupanсy' from thе
еarly sеamеn wlro took thе tortoisеs, through thе Amеriсаn forсеs in \Иorld
War II who Ьuilt alr airЬasе thеrе' to thе prеsеnt Есuadorian fishеrmеn, thеrе
is now rеalization Ьy sсiеntists and govеrnmеntаl authoritiеs of what an im-
portant natural phеnomеnon thе Gal6pagos Arсhipеlago rеprеsеnts. Sеrious еf_
forts arе Ьеing mаdс to protесt and сonsеrvе thе islаnds and thеir inhаЬitants.
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Thе islеt Daphnе Маjor in thе Gаlipagсls Arсhipеlago, whеrе Pеtеr and
Rоsеmаry Grant did thеir dесirdеs-long study of Dаrwin's finсlrеs. Thе
volсаniс origins oi thе islеt, а hil l with thе top Ьlown off anсl а сratеr formеd
within, arе сlеarly visiblе. It has Ьееn possiЬlе to work out rеlationshrps
Ьеtwееn tlrе dеnizеns of thе islаnds from thе sеquеntial ordеr in whiсh thе
islands wеrе formеd, Ьy volсаrriс aсtivity' аs thе еаrth's plаtеs slippеd aгound
its surfасе.

Now thеy arе onе of thе most popular of dеstinations for tourists. Darwin's

visit to thе is land, rathеr than Меlvi l lе 's, has provеn to havе thе longеr-

lasting еffесt.
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Galton, Franсis (1'822_1911)

Franсis Galton Was born nеar Birmingh:rm, Еngland. Hе originаlly intеndеd
to pursuе a сarееr in mеdiсinе, Ьut hе switсhеd to СamЬridgе Univеrsity to
study mathеmatiсs' influеnсеd Ьy his сOusin Сharlеs D;rгwin (1809_1882).

Darwin and Galton wеrе grandsons Ьy differеnt marriagеs of Еrasmus Dаr-

win (1731_1802), a physiсian' sсiеntist, poег' аnd invеntor. Сharlеs Darwin
would Ье a сruсial influеnсе on Galton throughout muсh оf his сarееr. In

faсt, it was Galton's rеading of oп the o rigiп of Speсiеs ( 1 859) that gavе him
thе idеa of improving tlrе human raсе throllgh sеlесtivе Ьrеесling, for whiсh
hе сoinеd thе tеrm сltЗеniL.s.

Sevеral yеaгs aftеr grаduating from СamЬridgе with aп ordinary dеgrее,
Galton оrganizеd and finanсеd an Afriсan ехpеdition that rеsultеd in thе first
Еuropеan ехploration of northеrn NamiЬia. Hе made сarеful mеasurеmеnts of
latitudеs, longitudеs' and altitudеs, rеflесting his lifеlong intеrеst in thе appli-
сation of numеriсal and quantitativе mеthoс.ls to whatеvеr happеnеd to intеrеsr
hinr. Не puЬlishеd his rеsr'rlts in tЬе lourпttl <li thе Rrryаl Gеogrаphiсаl Soсietу
in 1852 and wаs аwаrdеd a gold mеdаl by tlrе soсiеty thе saпrе yеаr largеly Ье-
сausе of his prесisе, quantitativе work. Tropiсаl South A|riса (1853), Galton's
Ьook aЬout his journеy, Was a suссеss,ЬtTbe Аrt of Trаuеl (1855)' a guidе-

Ьook for amatеur and profеssional alikе who vеnturеd into thе Ьush, provеd a
triumph. It wеnt through many еditions, growing Ьiggеr еaсh timе. In 2001
Phoеniх Prеss rеissuеd thе fifth еdition, whiсlr had first Ьееn puЬlishеd tn 1872.
Galton Was an асtivе nrеmЬеr of thе Royаl Gеographiсal Soсiеty foг many
yеars. His сomrтlеnts at soсiety mееtings frеquеntly dеalt with quаntitativе
mattеrs (е.g., latitudеs, Ьoil ing point thеrmomеtеr rеadings). Hе also Ьесamе
intеrеstеd in mеtеorology and disсovегеd thе antiсyсlonе, а wеathеr fеaturе
сharaсtеristiс of a high-prеssurе systеm.

Thе part of Gаlton.s сarееr for whiсh hе is probaЬly Ьеst rеmеmЬеrеd Ьеgan
aftеr hе had rеаd Darwin's Оп tbe Оrigiп of S1leсies. Bесausе donrеstiс animаls
and сultivatеd plants wеrе thе prоduсts of sеlесtivе Ьrееding, it sееtnеd rеаson-
aЬlе to Galton tlr;rt thе human raсе п-riglrt Ье improvеd sinlil:rrly. Thе kеy wаs
to dеmonstratе that dеsiraЬlе human tгаits suсh as intеllесtual aЬility wеrе in-
hеritеd. Hе attеmptеd to do just this in a two-part artiсlе еntitlеd ..Hеrеditary

Тalеnt and Charaсtеr,' ' puЬlishеd in a popular pеriodiсal сallеd МасМillап's
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Маgаzine (1865)' and in thе Ьook that followеd, Hеrеditаrу Gепicts (1869).
In both thе artiсlе and thе Ьook Galton triеd to dеmonstratе that whаt hе rе-
fеrrеd tо as ..tаlеnt and сharaсtеr' ' wеrе inhеritеd. 

.Гhе 
Ьоok traсеd pеdigrееs

of judgеs, statеsmеn' and othеrs, Galton's Ьasiс assumption was that if hе
piсkеd an еminеnt judgе, for еxamplе, thаt judgе's сlosеst malе rеlativеs (е.8.,
fathеr аnd son) had a grеatеr сhаnсе оf bеirrg distinguishеd than thosе furthеr
rеmovеd (е.g., grаndfathеr' grandson). !7omеn wеrе not inсludеd, proЬaЬly
rеflесting Ьoth Viсtorian prеjudiсе and mаlе dominanсе in Viсtorian soсiеty.
Galton сonсludеd thаt his rеsults suppoгtеd his hypothеsis. Although othеrs
pointеd out that еnvironmеnt (е.g., thе fathеr's good position might еnsurе a
plumЬ joЬ for his son) с<luld also цndеrliе thе сorгеlation' Galton attеmptеd
to d ismiss rh is  сontеnt ion.

Familiar with thе Ьеll сurvе Ьy thе timе hе wrote Hеreditаrу Geпius, Ga1-
ton сalсr.rlаtеd а hypothеtiсal normal distriЬution for thе estimatеd 15 million
maiеs in thе Unitеd Kingdom aссording to thеir natural aЬil it iеs. Hе also was
anхious to сollесt rea| data that hе сould analyzе statistiсally, partiсularly
with rеgard to inhеritanсе. Bесausе this was not еasy to do with human Ье-
ings, hе dесidеd to usе swееt pеas as a modеl bесausе they wеre еasy to grow
and supposеdly sеlf-fеrtilizing. In his ехpеrimеnts hе found that sееd diamеtеr
was normally distriЬutеd, Ьut thе sееd diamеtеr fгonr рrogеny of laгgе.sееdеd
and small-sееdеd plants driftеd toward thе mеan оf thе population as a wholе.
Hе сallеd this ..rеgrеssion to thе mеan,'' a statistiсal propеrty that has Ьееn rе-
pеatеdly dеmonstratеd sir-rсе (е.g., in thе сasе of diffеrеnt сlirssеs of mutual
funds, suсh as onеs spесializing in growth vеrsus intеrnаtionаl stoсks). Galton
also disсovеrеd that whеn hе graphеd thе diamеtеrs of parеntal sееds vеrsus
progеny sееds, thе points fеll on a strаight linе. Не had drawrr thе first rеgrеs-
sion linе and from it hе сalсulatеd thе first rеgrеssion сoеffiсiеnt. Latеr, Galton
oЬtainеd thе hunran data hе so dеsirеd whеn hе orgаnizеd an anthropomеtriс
laboratorу at thе 1884 Iпtеrnationаl Hеalth ЕxhiЬition lrеld irr South Kеnsing-
ton' London. Thе laЬorаtory rеopеnеd in thе Sсiеnсе Gallеriеs of thе South
Kеnsington Musеum aftеr thе ехhiЬition сlosеd. Сollесting quantitativе datа
from Ьoth paгеnts and сlri ldrеn, he was now ablе to dеrnonstratе геgrеssiоn
to thе mеan for mеasurablе human сharaсtеristiсs (е.g., hеight). Y/hеn hе
plottеd forеarm lеngth against hеight hе disсovеrеd anothеr irnpoгtаnt statis-
tiсal сonсеpt' сorrеlation (i.е.' tаll mеn havе long forеarms)' Не саlсulatеd
thе first сorrеlation сoеffiсiеnt, myriads of whiсh havе Ьееn сomputеd sinсе.
Galton аlso Ьесamе intегеstеd in fingеrprints and thеir сlassifiсation; his work
was сеntral to thе dеvеlopmеnt of fingеrprinting as a forеnsiс tесhniquе.

Galton сollесtеd many of his most important firrdings in Nаturаl Iпheri-
tаncе (\889). Hе also aсquirеd his first protёg6es' inсluding Kаrl Pеаrson. A
finе nrathеmatiсian, Pеarson Wеnt far Ьеyond Galton in formulating statis-
tiсal thеory. Меanwhilе, Galton was promoting еugеniсs аnd thе idеa was
gaining traсtion irr the prеvail ing Soсial Dаrwinist еnvironmеnt at thе еnd of
thе ninеtееnth сеntury. Positivе еugеniсs еnсouragеd thе sеlесtivе rеproduс-
tion of thе supposеdly fit, whilе nеgativе еugеniсs aimеd to еliminatе thе ге-
produсtion of thosе dееmеd unfit. Unfortunatеly, nеgzrtivе еugеrriсs prеvailеd.
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In thе Unitеd Statеs, passаge of state еugеniс stеrilization laws rеsulted in thе
involuntary stеril ization of thousands of individuals rеgardеd to Ье mеntally
defiсiеnt or ..fееЬlеmindеd.'' Еugеniс dеvеlopmеnts in thе Unitеd Statеs wеrе
followеd with intеrеst in Еuropе and еlsеwhеrе' partiсularly in Gеrmany.
!Иhеn thе Nazis саmе to powеr thеy pаssеd аn involцntаry stеrilization law
that rеsultеd in thе stеrilization of hundrеds of thousands of individuals. Aftеr
!Иorld !Иar II' еugеniс stеrilization gradually еndеd in thе Unitеd Statеs and
Еuropе. rWhilе еugеniсs is Galton's most wеll_known lеgасy, hе also must bе
сrеditеd with important aсhiеvеmеnts in fiеlds аs divеrsе as statistiсs' fingеr-
printing, mеtеorology' and еxploration.
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Gamе thеory

Thе study of animal Ьеhavior thrivеs оn paradoxеs, Ьaffl ing inсonsistеnсiеs
bеtweеn intuition and еvidеnсе that еngаgе attеntion аnd stimulatе furthеr
invеstigation. Еfforts to rеsolvе suсh paradoхеs rеly inсrеasingly on analyti-
сal tools сallеd gamеs.

A gamе in this sеnsе is a mathеmatiсal modеl of stratеgiс intеraсtion, aris-
ing whеn thе outсomе of an individual's aсtions dеpеnds on aсtions takеn Ьy
othеrs. Thus a gamе has thrее kеy сomponеnts. Fiгst, thеrе arе at lеast two
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intеraсting individuals, сallеd playеrs. In an еvolutionary gamе' thе sеt of play-
еrs is an есotypе' thаt is, a population of animals in a givеn есologiсal еnviron-
mеnt (for ехamplе, a populatiоn of spidеrs in a grassland haЬitat and a riparian
population of thе samе spесiеs would form two diffеrеnt есotypеs). Sесond,
еaсh playеr has a sеt of fеasiЬlе stratеgiеs thаt is сonstrainеd Ьy thе informа-
tion struсturе of thе intеraсtion (for ехamplе, animals сan сondition thеir Ье-
havior on whеthеr thеy arе ownеrs or intrudеrs only if thеy arе awarе of suсh
rolеs). Third, thе pattеrn of intеraсtion must Ье wеll dеfinеd and aссompaniеd
by a formula for how еaсh playеr's rеward from thе intеraсtion dеpеnds on its
stratеgy and on thosе of thе othеr playеrs. In еvolutionary gamеs, thе rеwards
arе mеasurеd in tеrms of еxpесtеd futurе rеproduсtivе suссеss.

For a gamе to Ье usеful, it must Ье possiЬlе to idеntify a stratеgy or stratе-
giеs from among thosе fеasiЬlе as thе ..solution'' for a givеn purposе. In an
еvolutionary gamе' this is thе Ьеhavior еxpесted to еvolvе Ьy natural sеlес-
tion. If a Ьеhavior is fixеd in a rеal population, thеn it must at lеast Ье truе
that еvеry fеasiЬlе altеrnativе Ьеhavior would yiеld a lowег rеward, othеr-
wisе thе altеrnativе Ьеhavior would havе sprеad into thе population. Thus
thе rеlеvant solution сonсеpt-introduсеd by John Мaynard Smith (1982)-
is thаt of an еvolutionarily staЬlе stratеgy (ЕSS), a population stratеgy that
yiеlds a highеr rеwагd than any fеasiЬlе mlltant stratеgy (sее also Dawkins
r976).

Sсiеntists strivе to unravеl a paradoх Ьy еstaЬlishing сonditions for an ЕSS
to ехist in a modеl population with assumеd сomponеnts, and Ьy analyzing
its propеrtiеs whеn it doеs eхist. If thе ЕSS in thе modеl population fails to
matсh obsеrvеd Ьеhavior in thе rеal population, thеn onе or morе of thе as-
sumptions arе modifiеd-aЬout есotypе' information struсturе and stratеgy
sеt' of pattеrn of intеraсtion and rеward. Thе ЕSS is rесalсulatеd as oftеn as
nесеssary. In othеr words, if a paradoх of animal Ьеhavior ехists, thеn wе
havе wrongly guеssеd whiсh gamе Ьеst modеls how a rеal population intеr-
aсts. Tо rеsolvе this paradoх' Wе must guеss again-if nесеssary, rеpеatеdly-
until еvеntually wе guеss сorrесtly.

Gаmеs arе valuaЬlе Ьесausе thеy allow sсiеntists to ехplorе thе logiс of a
vеrbal argumеnt rigorously, аssuming Ьiologiсally rеalistiс есotypеs' and to
dеtеrminе whеn it is truе and whеn it is falsе. Gamе thеory oftеn dеmon-
stratеs what is diffiсult to intuit. Foг еxamplе' gamе thеory has shown that
viсtory Ьy strongеr animals neеd not imply that strength is Ьеing assеssеd in
сontеsts' and has yiеldеd a tеst for suсh аn ЕSS, namеly, whеthеr еnеrgy rе-
sеrvеs of losеrs сorrеiatе positivеly with сontеst durations. For furthеr dеtails
of this ехamplе and othеrs, sее Меstеrton-GiЬЬons and Adams (1998).
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The Geпeticаl Thеorу of Nаturаl Selection (R. A. Fishеr)
Sir R. A. Fishеr's Tbе Genеtiсаl Theorу of Nаtиrаl Selectioп, puЬlishеd in
19З0, is сеlеЬгatеd as thе fiгst mа;.or rесorrсii iation of Darwiniirn natural sе-
lесtion and Mеndеlian hеrеdity. Thе 12-сhаptеr manusсrtpt, сrеatеd Ьy Mгs.
Fishеr from Fishеr's diсtation, was thе сulmination of Fishеr's thоught on thе
problеnrs of gеnеtiсs and nаtural sеlесtion Ьеgun in thе latе 1910s'

Thе first sеvеn сhaptеrs of cепetiсаl Tbeorу sеt out Fishег's synthеsis of
DarwinЪ nrесhanism of natцrаl sеlесrion and Меndеlian gеnеtiсs. Fishеr сon-
sidеrеd thе first two сhaptегs' on thе naturе of inhеritanсе and thе ..funda-

mеntal thеorеm of natuгal sеlесtion,'' thе most important of thе Ьook. [ndееd,
thеsе two сhaptеrs aссomplish thе kеу piесе of thе rесonсil iation.

Fishеr's first сhaptеr сonsidеrs impliсations of a synthеsis of natural sеlес-
tiorr with, altеrnativеly, Ьleпding аnd Меndеlian inhеritаnсе. Hе dеmоn_
stratеs that on thе Меndеlian thеory' naturаl sеlесtion may Ье thе mаin саusе
of a population's variaЬil ity. Thе dеmonstration importantly rеsolvеd a pег-
sistеnt proЬlеm for Darwin's thеory of dеsсеnt with rnodifiсation, onе that
had lеd Ьiologists to аЬandon nаtural sеlесtion as an еvolutionary сausе. Dar.
winЪ aссеptаnсе of blеnding inhеritаnсе rеquiгеd him to imаginе саusеs сon-
troll ing mutation Ьесausе of еnormous mutation ratеs dеmandеd Ьy thе
Ьlеnding thеory. Bесausе Меndеlian hеrеdity did not dеmand suсh еnormous
mutation ratеs, Fishеr was aЬlе to еliminаtе thеsе сontroll ing сausеs and rе-
vivе natuгal sеlесtion as an important еvolutionary саusе.

Fishеr's sесond сhаptеr dеvеlops, mathematiсаlly, his gеnеtiсal thеorу of
natural sеlесtion. Thrее kеy еlеmеnts may Ье disti l lеd from Fishеr,s ..hеavy''

mathеmatiсs. Thе first is а mеasurе of avеragе population fitnеss: Fishег's
..Маlthusian paramеtеr,' ' thе rеproduсtivе valuе of all gеnotypеs at all stagеs
of thеir l ifе historiеs. Тhe sесond is a mеasurе оf variation in fitnеss, whiсh
Fishеr partitions into gеnеtiс and еnvironmеntal сomponеnts. The third is а
mеasurе of thе ratе of inсrеasе in fitnеss, that is, thе сhangе in fitnеss duе to
natural sеlесtion. Еor Рishеr, ..thе rarе of inсrеasе of fitnеss of any spесiеs is
еqual to thе [additivе] gеnеtiс varianсе in fitnеss'' (p. 35).This last еlеmеnt is
Fishеr's ..furrdamеntal thеorеm o1 natural sеlесtion,' and is thе сеntеrpiесе of
his nаtuгal sеlесtion thеory. Under this ruЬriс, Fishеr thеn offеrs a gеomеtгl-
сal proof that сumulativе еvolution is primarily thе rеsult of low prеssurеs of
natural sеlесtion on mutations of small еffесt-

By and largе, thе middlе сhaptеrs of Geпеticаl Theс>rу arе ехplorations of
сasеs, suсh аs dorninanсе, sехual sеlесtiоn, аnd rnimiсry' tO supрort thе prе-
сеding thеorеtiсal work' Nеvеrthеlеss, in thе fourth and fifth сhaptеrs' Fishеr
ехpands his thеorеtiсal disсussion to morе gеrrеral issuеs сotlсеrning thе
сausеs of gеnеtiс variation' irrсiuding rаndom gеnеtiс drift.

Thе last fivе сhaptеrs of Gепetiсаl Thеorу ехplorе natural sеlесtion in
human populations' partiсularly soсial sеlесtiorr in lruman fЪrti l ity. Fishеr's
сеntral oЬsеrvation is that thе dеvеlopmеnt of есonomiеs in humаn soсi-
еtiеs struсturеs thе Ьirth ratе so that it is invеrtеd with rеspесt to soсial сlass.
In thе final сlraptеr, Fishеr offеrs stratеgiеs for сountеring this еffесt. Dеspitе
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Fishеr's еspousal of this еugеniсs thеsis in this part of thе Ьook, hе intеnds thе
disсussion to Ье takеn as an insеparaЬlе ехtеnsion of thе prесеding part.

Tbe Gепetiсаl Thеorу of Nаturаl Seleсtioп is a point of dеparturе in еvolu.
tionary thought, rеsponsiЬlе in part for thе originаtion of thеorеtiсal popula-
tion gеnеtiсs and what is сommonly сallеd thе modеrn synthеtiс thеory of
еvolution. Gепetiсаl Theorу was followеd Ьy Sеwall 

.!Иright's 
and J. B. S.

Нaldanе's major works in 19З1 and 1,9З2, rеspесtivеly. Fishеr's viеws on thе
rolе of natural sеlесtion in еvolution arе widеly aссеotеd todаv.
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Thе Genetiс Bаsis of Euolшtionаrу Сbапge
(Riсhard Lеwоntin)

In1974, Riсhard Lеwontin, a profеssor at Hаrvard Univеrsity, puЬlishеd an
important assеssmеnt of thе statе of еvolutionary gеnеtiсs. Lеwontin's 1974
Ьook,The Gепetiс Bаsis of Еuolutioпаrу Сhапge, сonsidеrеd thе trеmеndous
сhangеs within evolutionary gеnеtiсs wrought Ьy thе introduсtion of tесh-
niquеs from molесular Ьiology and thе suЬsеquеnt dеvеlopmеnt of thе nеu-
tral thеory of molесular еvolution. Lеwontin's Ьook is notеworthy for its
analysis of thе naturе of еvolutionary gеnеtiсs and thе dynamiсs of sсiеntifiс
сontfovеrsy and сontrovеrsy rеsolution.

Lеwontin and his сollеaguе, J. L. HuЬЬy, hаd touсhеd off a molесular revо-
lution in 1966 whеn thеy introduсеd thе bioсhеmiсal tесhniquе of еlес-
trophorеsis as a mеans of rеsolving gеnеtiс diffеrеnсеs at thе molесular lеvеl.
Lеwontin Ьеliеvеd that this nеw еlесtrophorеtiс analysis of gеnеtiс variaЬility
rеsolvеd thе еarliеr disputе Ьеtwееn thе сlassiсal and balanсе positions ovеr
variability and sеlесtion. Thе high lеvеls of variaЬility detесtеd with еlес-
trophorеsis sееmеd to support thе Ьalanсе position and thе importanсе of
Ьalanсеd polymorphisms in еvolution. The сlassiсаl position's Ьеliеf was that
most mutations wеrе dеlеtеrious and most wеrе sеlесtion purifying. Thеy strug-
glеd to ехplain еlесtrophorеtiс variaЬil ity until Мotoo Kimura and othеr Ьi-
ologists Ьеgan to arguе that most of thе dеtесtеd polymorphism was in faсt
nеutral, nеithеr sеlесtеd for nor against. In Тbе Geпetiс Bаsis of Еuolиtioпаrу
Сhапge, Lеwontin еmphasizеd thе сontinuity Ьеtwееn thе еarliеr сlassiсal-
Ьalanсе сontrovеrsy and thе thеn-raging nеutralist-sеlесtionist сontrovеrsy.
For him, thе nеutralist position was rеally just thе сlassiсal position Ьrought in
linе with nеwеr moleсular rеsults. Whilе this intеrprеtation of thе сontrovеrsy
makеs a goоd сasе foг сontinuity in еvolutionary gеnеtiсS, it nеglесts thе
growing сontriЬution of bioсhеmiсal rеsеarсh to thе dеvеlopmеnt of molесu-
lar еvolution.
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Having arguеd that onе сontrovеrsy has Ьееn transformеd into anothеr'
Lеwontin advanсеs an ехplanаtion for why сontrovеrsy in еvolutionary gеnе-
tiсs is inеvitaЬlе. Thе сonnесtion and pеrsistеnсе of thеsе сontrovеrsiеs WaS a
rеsцlt of a dееpеr, irrеsolvaЬlе idеologiсal сonfliсt. Advoсatеs of thе сlassiсal
and nеutralist positions hеld a сonsегvativе attitudе toward сhangе and vаri-
aЬility; thеir fondnеss for staЬility lеd thеm to sее sеlесtion as a mеans of aс-
сеpting or rеjесting variations. Advoсаtеs of thе Ьalanсе position' howеvеr,
еmbraсеd сhangе and variaЬil ity; thеy favorеd thе idеa that variation сould
Ье aсtivеly maintainеd in a population Ьy Ьalanсing sеlесtion. Thеsе dееply
hеld сonviсtions rеgarding thе valuе of сhangе еxplainеd for Lеwontin why
his еlесtrophorеtiс data did not rеsolvе thе сlassiсal-balanсе сontrovеrsy, but
inspirеd its transformation.

Thе Gепetiс Bаsis of Еuolutionаrу Сhаngе should not bе undеrstood as rе-
duсing еvolutionary gеnеtiсs to сonfliсting idеologiеs. Lеwontin prеsеnts a
сarеful analysis of thе сhаllеngеs of produсing a thеory of gеnеtiс сhangе that
сapturеs how gеnеtiс proсеssеs intеraсt and dеvеlop ovеr timе. Aссording to
Lеwоntin, information aЬout molесular level сhangеs was finally providing a
Ьody of data that would allow thеoriеs of еvolutionary gеnеtiсs to Ье tеstеd
and rеfinеd. In light of nеw molесular data, Lеwontin сlaimеd that thе еntirе
rеlationship Ьеtwееn thеory and faсt would havе to Ье rесonsidеrеd. In addi-
tion, Lеwontin arguеd that thеoriеs of individual gеnеs would havе to Ье rе-
plaсеd with modеls that сonsidеrеd gеnomеs and thеir сomplех intеraсtions.
Indееd' Тhе Gепеtic Bаsis of Еuolutionаrу Сhапge еnds with thе сhargе that
thе rеal proЬlеms of еvolutionary gеllеtiсs сan only Ье addrеssеd Ьy undеr-
standing thе intеraсtivе сontехt of allеlеs.
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Genetiсs аnd thе Оrigiп of Speciеs
(Thеоdosius DoЬzhansky)
.!Иith 

grеat сhаrisma and a passion fоr thе subjесt' Thеodosius DoЬzhansky
Ьесamе a rallying point for thе еvolutionary synthеsis. Geпеtiсs апd the ori-
giп of Speсies (19З7) was his prinсipal сontriЬution to that movеmеnt' and
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it Ьесamе an еssеntial tеХt in еvolutionary Ьiolоgy. On onе |evel, Geпеtiсs
is a splеndid summary of еvolutionary gеnеtiсs in thе 1930s' Ьoth zoologi-
сal and Ьotaniсal. It Ьrought togеthеr divеrsе information and сrеatеd an
еasy-to.undеrstаnd modеl for еvoiution lеading to nеw spесiеs. It also prе-
sеntеd an unеxpесtеd lеvеl of sophistiсation and сorrfidеnсе to Ьiologists
suspiсious of еvolutionary studiеs. Likе no othеr сontriЬution to the suЬ-
ject,, Gепetiсs gave a Ьurst of еnеrgy to spесiation studiеs as a resеarсh pro-
gram.

i\4uсh of Gепetiсs survеyеd knowlеdgе aЬout thе gеnеtiс struсturе of pop-
ulations. Reсеnt dеvеlopmеnts in teсhniquе had givеn gеnеtiсists sеnsitivе
tools for monitoring nеW mutations, сhangеs in gеnе frеquеnсy, and сhangеs
in сhrоmosomе struсturе. DoЬzhansky prеsеntеd сonsidеrablе data on thе
еxtеnt of this variation in Ьoth laЬoratory and wild populations. Hе also dе-
sсriЬеd еxpеrimentаl systеms that monitorеd сhangеs to thе gеnеtiс stгuсturе
of populations ovеr timе and ovеr сhanging еnvironmеntal сonditions. In
part, DoЬzhansky's survry сеlеЬratеd thе hard-еarnеd еmpiriсal sidе of pop-
ulation gеnеtiсs. It also aimеd to prеsеnt thе suЬjесt as rigorous, with thе еvo.
lutionary sсiеntists in full ехpеrimеntal сontrol of thеir data.

DoЬzhansky dеfinеs еvolution in narrow tеrms: a сhаngе in thе frеquеnсy
of allеlеs within a population. This is purposivеly opеrational. ceпetiсs of-
fеrs many еxamplеs of suсh a сhange. It also prеsents a dеtailed disсussion оf
mесhanisms driving thosе сhangеs. This disсussion, along with thе latеr dis-
сussion of isolation and divеrgеnсе, makе for thе two thеorеtiсal spinеs in
Geпetiсs. Dоbzhansky arguеd natural sеlесtion drivеs adaptаtion and is a
prinсipal agеnt in shifting thе gеnеtiс struсturе of populations. Sеlесtion usеs
thе raw matеrial of gеnomе variation rеsulting from random mutation as wеll
as from thе many othеr gеnеtiс and сhromosomаl pгoсеssеs at Work within
organisms.

Although potеnt' sеlесtion was not DoЬzhansky's only еvolutionary mесh-
anism. Hе was hеаvily influеnсеd Ьy Sеwall 

.sИright's ..shifting Ьalanсе'' thе-
ory of population gеnеtiсs and 

.Wright's 
notion of adаptivе landsсapеs (sее

\Хiright 19З7, 19З2). !Иright's idеas alsо еmphasizеd population sizе and
struсturе' migration, mutation prеssurе, аnd сhanсе. Мuсh of a wholе сhap-
tеr in Geпetlсs is dеvotеd to dеsсriЬing Wright's approaсh. In faсt, many еvo-
lutionary Ьiologists lеarnеd aЬout 

.Wright's 
modеls from rеading Genеtiсs.

For Dobzhansky, shifting Ьalanсе аnd adaptivе landsсapеs Werе еssеntial
tools for еxplaining thе gеnеtiсs of еvolution.

Spесiation involvеs morе than simply сhangе in allеiе fгеquеnсiеs. For
Dobzhansky, it rеquirеd isolation and divеrgеnсе. This is thе sесond thеorеt-
iсal spinе in Geпеtiсs. DoЬzhansky ехaminеd Ьoth proсеssеs in dеtail lеading
to a dеfinition of spесiеs as rеproduсtivеly isolatеd and physiologiсally inсa-
paЬlе of intеrЬrеeding with othеr groups. onсе isolatеd' divеrgеnсе rеsultеd
from Ьoth dirесtional and random proсеssеs. DoЬzhansky arguеd thаt in thе
сontinuum of l ifе, spесiеs Wеrе thе only ..natural' ' units. Thеir uniquе gеnеtiс
сonfiguration, isolatеd and following a pесuliar dеstiny' Was сеntral to that
thinking.

How populat ions bt
thе  l 930s .  Мany  d i s с i 1
mесhanisms'' wеrе pr.
сhaniсa l '  phys io logiса l
in that d isсuss ion.  Geи
tanсе of  gеographiс a l
twееn two spесiеs sеrv
сhapter in Geпеtics is
сеssеs сlosе off thе tap

FoI|owing \0Иrighг.s l
gеnсе largеly in tеrms
thе partiсular Ьalanсе
adaptationist. Еvеn wh
he thought sе lесt ion w:
tеns i ty.  and i t  f rеquеr
DoЬzhansky prеsеntеd
pгеssurеs had Ьееn d ist
spесiation. Famously,
though it was ехtеrnal]
uаls failеd to Ьrееd so
ing a nеw speсiеs.

In thе widеr framе, J
еvolution within spесiс
rеproduсtivеly isolatеd
goriеs (е.g., nеw gеnеr
additional mесhanisms
сеssеs of miсroеvolutitl

Kеy to Gеnеtiсs's tm
and еmpiriсаl studiеs.
pеriod's аpproaсh to е
quеst ions аnd Ьui l t  сar .
this with сlosе tiеs to r
In part .  DoЬzhаnsky rь
tal Ьiologists attaсking
skеptiсs from othеr d
Sympathеtiс сollеaguеs
tionary studiеs. Thе pr.
Ь iа Univеrs i rу '  G епеt iс
Ьесomе аn out|еt  for  o
Ьiology, that thеory ur
1 9 9 з ) .

DoЬzhansky puЬlishе
in  |94 l  аnd  a  th i rd  i n
wаs intеndеd as Gепеl
s igni f iсаnt сhangеs tо
systеmаt iс  сhangеs о l :  с



Gеnеtiсs and thе origin of Spесiеs

How populations bесamе isolаtеd was a suЬjесt of сonsidеraЬlе study in
thе 1930s. Мany disсiplinеs сontriЬutеd to that sr.rЬjесt' and many ..isolating

mесhanisms'' wеге proposеd (е'g., gеographiс, есologiсal, Ьеhаvioral' mе-
сhaniсal, physiologiсal). Anything thаt prеvеntеd gеnеtiс ехсhangе сountеd
in that disсussion. Geпеtiсs survеys prominеnt ехamplеs' strеssing thе impor-
tanсе of gеographiс and physiologiсal mесhаnisms. Stеril ity in hyЬrids Ье-
twееn two spесiеs sегvеd as а spесial сasе study in this disсussion. A wholе
сhaptеr jn Geпеtics is dеvotеd to this topiс, i l lr"rstrating how isolаting pгo-
сеssеs сlosе off thе t;rp of gеnе flow.

Following 
.!7right's 

shifting Ьalanсе thеоry, DoЬzhansky ехplainеd divеr-
gеnсе largеly in tеrms of sеlесtion and drift, with сirсumstanсеs influеnсing
thе partiсulаrr Ьаlanсе of forсеs. Impoгtantly, DoЬzhansky is not a knее.jеrk
adaptationist. Еvеn whеn it plаyеd a dеtеrminant гolе in shaping organisms'
hе thought sеlесtion was many layеrеd. It frequеntly shiftеd dirесtion and irr-
tеnsity, and it frеqrrеntly prеssеd populations in сontradiсtory dirесtions.
Dobzhansky prеsеntеd еxpеrirтеntal sсеnarios in whiсh suсh сontгadiсtory

рrеssLrrеs hаd Ьееn distinguishеd. DoЬzlransky did not rеqr.tirе divеrgеnсе f<lr
spесiation. Famously, hе namеd Drosophilа mirапdа as a nеW speсiеs еvеn
though it Was еxtеrnally idеntiсal to D. pseиdoobsсurа.Inthis сasе' individ-
uаls failеd to Ьrееd so thе aЬsеnсе of fеrti lе offspring was sr-rffiсiеnt for nаm-
ing a nеw speсiеs.

In thе widеr framе, DoЬzhansky largеly rеstriсtеd his foсus tn Geпetiсs to
еvolution wirhin spесiеs and to thе form:rtion of spесiеs, in his striсt sеnsе <lf
rеpгoduсtivеly isolatеd сomrтunitiеs. To ехplain thе oгigin of highеr саtе.
goriеs (е.g., nеw gеnеra' familiеs, and сlassеs), hе saw no rеаson to invokе
additional mесlranisms! suggеsting mасrоеvolutiorr mеrеlv ехtеndеd thе pгo-
сеssеs of miсroеvolutioтr.

Kеy to Ceпetics's impaсt was DoЬzhansky's с<rnсеrn for oЬjесtivity, rigor'
and еmpiriсal studiеs. His Ьook wаs а Ьold аssеrtion <l[ сonfidеtrсе in thе
pеriod's approaсh to еvolutionary studiеs. Geпеtiсs askеd narrowly dеfinеd
quеstions and Ьuilt сarеfully on а thiсk еvidеnсе basе. Dobzhansky сomЬinеd
this with сlosе tiеs to rnаthеmatiсаl mоdеls аnd rigorоus ехpеrimеntal tеsts.
In part ,  DoЬz,hansky wrotе as a rеprеsеntаt ivе of  а nеw wаvе of  ехpеr imеn-
tal Ьiologists attaсking еvolutiorrаry topiсs. Hе also wrotе with an еyе towaгd
skеptiсs from othеr disсiplinеs аnхious to avoid unsavory сompliсations.
Syпlpathеtiс сollеaguеs pointеd to Geпеtiсs as a sign of a nеw еrа in еvolu.
tionary studiеs. Thе produсt of DoЬzhansky's 19З6 Jеsup lесturеs at сolum-
bia Univеrsitу, Geпеtiсs rеvivеd the СolumЬia Biologiсal Sеriеs, whiсh would
bесomе an outlеt for othеr kеy Ьooks in thе making of modеrn еvolutionary
Ьiology' that thеory usually rеfеrrеd to as thе еvolutionаry synthеsis (Cain
1993\.

Dobzhansky puЬlishеd a sесond еdition of Gепеtiсs апd tbе Оrigiп of Spеciеs
in |94| and a third in 1951. Flis Geпetiсs of the Еuolutioпаrу Procеss (1970)
was ir-rtеndеd as Gепеtiсs's fouгth еdition' Еaсh nеw еdition inсludеd soпrе
signifiсant сhangеs to Dobzhаnsky's viеws. In partiсular, finding signifiсant
systеmatiс сh:-rngеs of сhromosomаl vаrizrtions in thе wild, DoЬzhal-rsky grеw
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to sее a muсh strongеr rolе for sеlесtion in thе еvolutionary proсеss. Using
onе of his powеrful mеtaphors' StеphеnJay Gould (1983), no grеаt lovеr of
univеrsal adaptationism, rеfеrrеd to this as thе ..hardеning'' of thе synthеsis,
although othеrs (for ехamplе, Rusе 1999) sее it as i l natural dеvеloprnеnt of
a sсiеntifiс thеory in thе faсе of nеw еvidеnсе.
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Gеoffroy Saint-Hilairе, Ёtiеnn e (1772-1844)

Еtiеnnе Gеoffroy, known as Saint.Hilаirе, was Ьorn in Ёtampеs on April 15'
1772. Sent to Paris to study for holy сlrdеrs, hе еntеrеd mеdiсal studiеs in ordеr
to fulfill his sсiеntifiс amЬitions. Plaсеd undеr thе patronagе of thе сrystallog-
raphеr Rеn6-Justе Haiiy, whom hе savеd from almost сеrtаin dеath in Sеptеm-
Ьеr 1'792, in Junе |79З Geoffroy Was аppсlintеd profеssor of zoology at thе
newly сrеatеd Мus6um n:rtional d'histoirе naturеllе, not without somе Ьеlatеd
opposition. |n 1795 hе invitеd Gеorgеs Сuviеr to sharе his own apаrtmеnt in
Paris; thеy would writе fivе innovativе joint еssays. Unlikе Сuviеr, who stayеd
homе to Ьеttеr his сarееr' in 1798 Gеoffroy aссеptеd thе invit:rtion to join thе
ехpеdition to Еgypt organizеd Ьy Gеnеral Napсll6on Bonapartе. His work on
thе fauna of thе Nilе rеgion wаs notеd in Franсе, as Wеrе his privatеlу сOmmu-
niсatеd spесulations on lifе and еlесtriсity, inсrеasingly suspiсious in thе сon-
sеrvativе сlimatе lеading to thе Napolеoniс Еmpirе. Bасk to Рaris in 1802,
shortly to lеavе again for Spаin and Portugal, hе was Ьadly lagging Ьеhind
Сuviеr. Hе was madе a mеmЬеr of thе Institut only in 1807 аnd was appointеd
profеssor at thе nеwly сrеatеd sсiеnсе faсulty in Pагis in 1809. Thе Ьulk of his
major work was puЬlishеd aftеr 181.5, аnd during thе 1820s Gеoffroy lеd thе
sсiеntifiс oppсlsition to thе сonsеrvativе govеrnmеnts in powеr, of whiсh Сu-
viеr was a suppoгtеr and аt timеs a rеprеsеntativе. During thе 18З0s lris pеrsis-
tеnt аttaсks on his dесеasеd formеr friеnd, his mystiсal Ovеrtonеs' and his
philosophiсal prеtеnsions сontriЬutеd to his isolаtion within thе Pаrisian sсiеn-
tifiс сommunity, though his rеpшtation was сonsidеraЬlе thrсlughсrut Еuropе.

Gеoffroy's Philoso1lhie апсlto|11iquе (t818), his еulogiеs оf Lаmаrсk, and
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his rеpеatеd lip sеrviсе to transformist thеoriеs madе him а hеro of radiсirl
or pеriphегal naturalists who aссusеd Cr'rviеr оf prostituting his sсiеnсе to
politiсal сonsеrvatism. Dееply influеnсеd Ьy IJauy's сrystallography and Ьy
Buffon's hints сonсеrning thе unity of animal typеs, Gеoffroy initially сon-
сеivеd vеrtеЬratеs :ls Ьеing сomposеd of thе samе sеt of organs and pаrts, at
timеs аlmost invisiЬlе in somе fаmiliеs, fully dеvеlopеd in оthеrs. His сеlе-
Ьratеd studiеs on thе vеstigiаl prеsеnсе in rеptilеs of all thе parts that сom_
posе mammalian auditory organs еliсitеd thе admiration of Goеthе and
Hеgеl and provеd, in his еyеs' thе thеory of analoguеs, or, in thе tеrminol-
ogy еstaЬlished Ьy Riсhard owеn, homology. Не Ьеliеvеd that struсtural or
mесhaniсal сOnstr.l ints during dеvеlopmеnt miglrt hаvе bееп rеsponsiЬiе
for thе diffеrеnt ..Ьalanсing'' of various sеts of parts in diffеrеnt farrri l iеs
and еvеn сlassеs. Diffеrеnt ratios of ехprеssion of an organ or parts induсеd
diffеrеnt animаl forms, thus produсing diffеrеnt funсti<lns. During thе
1820s rrnd 1830s hе toyеd with tlre idеa that сhzrnging еnvironmеntal сon-
ditions might mесiraniсally affесt thе еmЬryo, thus prodrrсing modil iеd or-
gan dispositions' modifiеd funсtions, and modifiеd animirls. His growing
thеorеtiсal Ьoldnеss mаdе Gеoffroy еxtеnd his thеory of thе unity of type to
all animal forms. His сlaim that zrrthropods wеrе Ьuilt on thе Samе plan as
vеrtеЬratеs gavе Сuviеr thе opportr-rnity to еngаgе his f<rrn-rеr friеnd in a
hеatеd, famous disputе on thе uniry of typе that startеd аt thе Aсadёmiе dеs
sсiеnсеs in 1830. Although historians hаvе rеpеatеdly аssеrtеd that viсtory
Wеnt to Сuviеr, many in Еuropе sidеd with Gеoffroy and with philosophiсal
anаtOmy.
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Gillеspiе, John H. (Ь. L944|

John Gil lеspiе has Ьееn thе most prominеnt сhi.rmpion of thе argumеnt that
pattеrns of molесulаr еvolution аrе ехplainеd bеttеr Ьy thе aсtion of nаtural
sеlесtiсln in vаriaЬlе еnviгonmеnts than Ьy tlrе so-сallеd nеutrаl thеory. His
work has inсludеd thе dеvеlopпrеnt of сomplеx mathеmatiсal modеls that
dеsсriЬе natural sеlесtion undеr varying сonditions and thе сomparison of
vаrious pattеfns of moleсulаr vаriation within and among spесiеs to thе prе-
diсtiсlns of thosе, arrd otlrеr, modеls.

A studеnt of Kеniсhi Kоjima, Gil lеspiе rесеivеd his doсtoral dеgrее in
\970 from thе Univеrsity of Tехas at Austin. Не approaсhеd thе quеstion of
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molесular variation Ьy сonsidеring rеlativеly simplе modеls of how nаtural
sеlесtion might opеrate whеn somе forms of a protеin wеrе favorеd under
some еnvironmеntal сonditions and othеrs under diffеrеnt сonditions, with
сonditions сhanging from onе gеnеration to thе nехt. In this еarly work'
Gil lеspiе Ьеgan еxploring thе сonditions undеr whiсh varying еnvironmеnts
сrеatеd balanсing selесtion, а form of sеlесtion in whiсh fitnеss diffеrеnсеs
among allеlеs that сontrollеd protеin variation arе сanсеlеd out ovеr thе
long tеrm Ьy thе fluсtuations in еnvironmеntal сonditions. At first glanсе,
this сanсеllation of fitnеss diffеrеnсеs would sееm to dеvolvе into thе nеutral
thеory, whiсh postulatеs that thе majority of diffеrеnсеs among protеin
variants produсе no diffеrеnсеs or only slight diffеrеnсеs in thе fitnеss of in-
dividuals that сarry thеm. Although in somе сasеs modеls of variaЬlе sеlес-
tion prеdiсt thе samе pattеrns as do nеutral modеls, many of thе long-tеrm
pattеrns of gеnе suЬstitution arе diffеrеnt. In partiсular, modеls of variaЬlе
sеlесtion makе diffеrеnt prеdiсtions aЬout thе еxistеnсе of a molесular
сloсk, whiсh is thе apparеntly rеgular pattегn with whiсh onе form of а pro-
tеin rеplaсеs anothеr within a groupr suсh as mаmmals or Ьirds, ovег long
pеriods. Gil lеspiе's work showеd that whеthеr a сloсk еmеrgеs dеpеnds
upon thе prесisе distriЬution of fitnеss diffеrеnсеs and thе timеsсalе ovеr
whiсh onе mеasurеs suЬstitutions. Thеsе rеsults stand in stark сontrast to
many aspесts of widеly aссеptеd nеutral modеls, сall ing thosе modеls into
quеstion.

Bеsidеs offеring thе most сomprеhеnsivе altеrnativе to thе nеutral thеory,
Gil lеspiе is rеsponsiЬlе for a numЬеr of othеr insightful сontriЬцtions. Не
has dеvеlopеd statistiсal approaсhеs to tеsting hypothеsеs aЬout еvolution-
ary ratеs for Ьoth molесular data and data on quantitativе сharaсtеristiсs,
suсh as Ьody sizе or morphologiсal traits. Gil lеspiе's ехplorаtions of fitnеss
disсounting-how an individual might сompromisе pеrformanсе in onе сon-
dition with thе nееd to pеrfoгm in many, variablе сonditions-lеd to a num.
Ьеr of advаnсеs Ьy othеrs in thе arеa of lifе history еvolution in a variaЬlе
еnvironmеnt. His studiеs of thе еvolution of mutation and migrаtion ratеs in
variablе еnvironmеnts сhаngеd Ьiologists' viеws of how еvolvaЬlе thosе ratеs
might bе.

Thе highly sophistiсatеd mathеmatiсs that Gil lеspiе еmployеd has rе-
striсtеd his rеadеrship among gеnеral еvolutionary Ьiologists, many of
whom may know him morе for his dеlightful introduсtory tехtЬook on pop-
ulation gеnеtiсs. Нowеvеr, his work on protеin еvolцtion is thе major altеr-
nаtivе to nеutral thеory and, as suсh, oссupiеs a prominеnt position in thе
disсiplinе.
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Goеthе, Johann 
.Wolfgang 

von (1749-|832)

Johann rХ/olfgang vorr Goеthе, wеll known for his litеrerry mastеrpiесеs' was
Ьorn in 1749 in Fr;rnkfurt am Мain, during thе timе of thе Holy Romаn Еm-
pirе. Hе сomplеtеd Die Leidеп dеs juпgeп 

'V/еrtber 
(Thе Sorrows of Yor.rng

Wеrthеr) in t774. Fаust I, Goеthе's luminous, riсh treatmеnt of Еuгopе's
strugglе with sесulaгization, was first puЬlishеd in 1808. Fаust Il, whiсh rе-
саsts and Ьroadеns thе еpisodеs of Fаust 1, was сomplеtеd a уeaf Ьеforе
Goеthе's dеаth in Wеinrar in 1832.

Goеthе's rеputatiOn as a poеt should not' howеvеr, есlipsе his insight and
prominеnсе as а naturаl sсiеntist. Indееd, Goеthе Ьеliеvеd that sсiеnсе was
thе prodr'rсt of vеrsе, and thаt art аnd thе study of naturе wеrе insеpara-
Ьlе. Goеthе's approaсh to nrorphology is a finе сasе in point. For Goеthе'
thе skеlеton and thе parts of thе organiс body wеrе to Ье lookеd upon
as a wholе, dеspitе thе anаtomist's proсlivity for dissесtion. Physioiogiсаi
knowlеdgе of thе parts is dеpеndеnt upon thе (artist's) vision of thе form of
thе wholе. In1784, Goеthе Wrotе an еssay on thе intеrmaхil lary Ьonе and
formuiatеd a vеrtеЬral thеory of thе skull ' maintaining that thе Ьonеs of thе
skull сould Ье dеrivеd from thе vеrtеЬraе. Thе initial form, ассording to
Goеthе, сor"rld Ье rесognizеd dеspitе rhе сonsidеraЬlе сhangе thаt had oс.
сurrеd.

Goеthе's approaсh to morphology doеs not еmphasiZе саusсl fiпаlis at tЬe
еХpеnsе of саusа formаlis. Tlrе produсtivе аpproaсh is not to maintain thаt
a Ьull has Ьееn givеn horns to butt, Ьut to ask how hе might havе dеvеl-
opеd thе horns that hе, in faсt, so usеs. Goеthе's rеmarks, and his rеjесtion of
thе tеlеologiсal аpproaсh, to somе еxtеnt arе prесursory to thosе who сriti-
сizеd thе adaptationist's program-tЬе Ьusinеss of undеrstanding еvеry Ьiolog-
iсal trait in tеrms of sеlесtivе prеssurеs. Nеvеrthеlеss, Goеthе is morе sаnguinе
abotlt loсаting rеal ехplanatory еlеmеnts in organiс naturе than, say, Im-
mаnuеl Kant, who famously dеniеd that thеrе would еvеr Ье a Nеwton of or-
ganiс naturе who would ехplаin еvеn a singlе Ьladе of grass without an appеal
to tеlеolоgiсal languagе. Kant is, pеrhaps, сorrесt' if the appropriatе ехplana-
tory еlеmеnts arе to Ье undеrstood in tеrms of саusа е|fiсiens. Goеthе, how-
еvеr' distanсеs himsеlf from this kind of viеw Ьy maintaining that whilе thе
naturе of аn organisrn is not еxplainеd еntirеly in mесhaniсal tеrms, thеге arе
nеvеrthеlеss ехplanatory forms that сan Ье apprеhеndеd on thе Ьasis of
human еxpеriеnсе.

Thе kind of thing Goеthе has in mind сan Ье il lustrated Ьy his thinking on
thе organization of plants. Thе lеaf, aссording to Goеthе, is a Ьasiс organ.
Thе modifiсation thеrеof issuеs in thе various parts of a singlе plant, as wеll
as diffеrеnt plаnts. Не sееms to havе thought that by systеmatiсally oЬsеrv-
ing various plants as thе di1fеring instаntiations of a dеvеlopmеntal pгinсiplе,
a paradigm of suсh a prinсiplе' onе сould undеrstand thе possiЬlе pеrmuta-
tiorrs of thе lеaf: ..All thеir shapеs aге alikе, yеt nonе thе sanrе as thе nехt and
thе lot of thеm suggеsts a sесrеt law, a saсrеd puzz|e. Сould l only, swееt
lady, соnvеy to you in a word thе happy solution.' ' Thе poеt's oссupаtion is
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frеquеntly thought to ехprеss сonсisеly in vеrsе that whiсh is diffiсult tсl ar-
tiсulatе. So, too, thе Ьiologist in Goеthе sееms to sееk to еxprеss thе elusivе
forms that undеrwritе thе ехpеrienсеs of naturе.
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Goldsсhmidt, Riсhard Bеnеdiсt (1878_195s)

Riсhard Goldsсhmidt was onе of thе most сontrovеrsial gеnеtiсists of thе
twеntiеth сеntury. Known as a skil lеd ехpеrimеntalist and a сrеativе thеorist'
his idеas about thе naturе of thе gеnе and thе rolе of systеmiс mutations (or
largе rеаrrangemеnts of сhromosomеs) in еvolution havе Ьееn сonsidеrеd
hеrеtiсal, whilе at thе samе timе thеy hеlpеd to сrystallizе thе so-сallеd modеrn
synthеsis' whosе partiсipants wеrе' at thе vеry lеast, unitеd in thеir opposi-
tion to Goldsсhmidt. Мorе rесеntly' StеphеnJay Gould (1982, in his intro-
duсtion to thе rеprint of Goldsсhmtdt's Tbе Маteriаl Bаsis сlf Еuolutioп) and
othеrs (е.g., Diеtriсh 2003) havе rееvaluatеd Goldsсhmidt and arguеd that
his idеas dеsеrvе at lеast as muсh сonsidеration as thе prеvail ing dogma of
adaptationism.

Riсhard Goldsсhmidt Was Ьorn in 1878 in Frankfurt am Main into a pro-
minеnt Gеrman Jеwish family and grеw up in a wеll-to.do miliеu. Hе Ьеgan
his studiеs of mеdiсinе in HеidеlЬеrg' attеnding lесturеs of Ьoth Otto
Biitsсhli and Carl GеgеnЬaur. Нowеvеr, his rеal intеrеst was zoology, and in
1898 hе movеd tо Мuniсh tо study with Riсhard Hеrtwig. His first aсadеmiс
appointmеnt Was as Hеrtwig's assistant in Muniсh. As part of his tеaсhing
dutiеs hе organizеd thе laЬoratory in сomparativе anatomy' whiсh in part
еxplains his vast knowlеdgе of animal morphology' anatomy, аnd сell Ьiol-
ogy. In his own rеsеarсh hе foсusеd on proЬlеms of gеnеtiсs and сytology,
еspесially on thе proЬlеm of sех dеtеrmination. Gсlldsсhmidt workеd with
thе Gypsy motЬ Lуmапtriа, whose gеographiсal variants, whеn matеd to
еaсh othеr, produсеd an assortmеnt of so-сallеd intеrmеdiatе intеrsехеs. To
ассount for thеsе intеrmеdiatе forms, Goldsсhmidt prоposеd a dynamiс and
quantitativе modеl of gеnеtiсs that was Ьasеd on thе undеrlying physiologi-
сal aсtion of gеne produсts, henсе thе namе physiologiсal gеnеtiсs. Thе Ьasiс
idеa of physiologiсal gеnеtiсs Was that diffеrеnt variants of gеnе produсts
should havе diffеrеnt physiologiсal propеrtiеs' Suсh as rеaсtion timеs, whiсh
сan aссount for thе diffеrеnt oЬsеrvaЬlе phеnсltvoеs.
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Bесausе of his work in gеnеtiсs and physiology, Goldsсhmidt was ap-
pointеd as onе of thе founding dirесtors of thе nеw Kaiser \Wilhеlm Institute
for Biology in Bеrlin io \91З' Soon his intеrеsts аlso inсludеd thе gеnеtiс dif '
tЪrеnсеs Ьеtwееn gеographiс гaсеs of Lуmапtriа. Thеsе diffеrеnсеs Ьеtwееn
raсеs only rеPrеsепtеd miсroеvolutionary еvеllts. To aссount foг lаrgеr еvo-
lutionary transformations, Goldsсhmidt postulated thе ехistеnсе of maсro-
mutations. His idеаs on this suЬjесt wеrе also motivatеd Ьy his study of
phеnoсopiеs and homеotiс mutations, Ьoth геprеsеnting largе сoordinatеd
phеnotypiс сhangеs. Goldsсhmidt's notion of ..hopеful monstеrs''' whiсh hе
usеd to dеsсriЬе thеsе rrovеl phеnotypеs' is onе of thе most unfortunatе mеta-
phors in thе histoгy of biology and was soon ridiсulеd Ьy his сritiсs. Еrnst
Ма1.r's Sуstemаtics апd the Оrigiп of Speсiеs (|942) was writtеn in major
pаrt in ordеr to rеfutе Goldsсhmidt. Howеvеr, as wе havе lеaгnеd morе rе.
сеntly in thе сontехt of еvolutionary dеvеlopmеntal Ьiology, largе phеno-

rypiс сhangеs arе oftеn thе rеsult of еvolutionаry сhangеs in thе rеgulatory
nеtworks of gеnеs, а сonсеpt that is, at lеast in spirit, vеry сlosе to Gold-
sсhmidt's еаrliеr idеas. Gоldsсhmidt diеd in 1958 in Bеrkеlеy, whеге hе had
found rеfugе aftеr his еmigration from Nazi Gеrmany.
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Gould, Stеphеn laу $94|_2002)
Stеphеn Jay Gould was Ьorn аnd raisеd in Nеw York Сity, in a fanrily and
сultural sеtting that nurturеd his intеrеst itr natural history' his instiпсrivе
iсonoсlasm, and his lеft-lеaning politiсs. Hе attеndеd Antioсh Сo1lеgе, аnd at
СolumЬia Univеrsity hе еarnеd his PhD undеr thе dirесtion of palеontologist
Norman D. Nеwеll. Hе also Ьесamе assoсiatеd with his l ifеlong fгiеnd and
сollaЬorator' Nilеs Еldrеdgе. Harvard сallеd, and Gould joinеd thе faсultу
on whiсh hе would sеrvе throughout his сarееr.

In his еarly work, Gould foсusеd on сЬangеs in shapе that oссuг in thе
growth of individu:rls аnd in thе еvolution of animal spесiеs and highеr taxa.
Using quantitativе mеthods оf allomеtry, Ье showеd how сhangеs in pro-
portion of individual сharaсtеrs' in rеlation to Ьody sizе, rеflесt shifts in thе
ratеs and timing of thеir dеvеlopmеnt (sее Gould |966). This provеd to Ье a
powеrful tool fоr analysis of adaptivе funсtion аnd pattеrns of еvolution in
ехtinсt organisms. Morеovеr, thеsе shifts in timing' known as hеtеroсhrony,
providе a potеntial mесhanism for rapid еvolutionаry сhangе, triggеrеd Ьy
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modеst сhangеs in rеgulatory gеnеs. Io Опtogепу апd Phуlogепу fl977Ь\,
Gould assеssеd thе history of thе study of hеtеroсhrony and showеd how it
was rеlаtеd to an еmегging fiеld that would sotln Ьесomе known as еvoiu-
tionary dеvеlopmеntal Ьiology, now niсknamеd еvo-dеvo.

Studiеs of tri loЬitеs and land snails providеd Еldrеdgе and Gould with еvi-
dеnсе showing that spесiеs pеrsist for long pеriods of timе with littlе if any di-
rесtional сhangе. Нowеvеr, еvolution сan oссur rapidly in loсally isolatеd
populations, giving risе tо nеw spесiеs that may sееm from thе fossil reссlrd
to havе appеarеd instantanеously. Еldrеdgе and Gould (1972) advoсatеd a
modеl of ..punсtuatеd еquil iЬrium'' as an аltеrnativе to grаdualism, that was
impliсit in most сonvеntionаl ассounts of еvolution Ьy natural sеlесtion (sее
also Gould and Еldrеdge 1977,199зI. This hypothеsis promptеd a l ivеly сon-
trovеrsy that was nеvеr fully rеsolvеd; Ьoth pattеrns of сhangе сan Ье shown
to oссur. Мany palеоrrtologists tеndеd to favor punсtuаtеd еquil iЬrium,
whеrеas most gеnеtiсists hеld to gradualism, Ьoth groups swayеd Ьy thе nа-
turе of thеir data and thе timеsсalеs ovеr whiсh it is oЬsеrvеd. (StеЬЬins and
Ayala 1981 providеs gеnеtiсists, rеsp()nsе to plrnсtuatеd еquil iЬrium. A his-
toriсal ovеrviеw of thе сontrovеrsy сan Ье found in Sеpkoski аnd Rusе 200s.)

Gould alwаys еmphasizеd thе rolе of historiсal сirсumstanсе in еvolution.
In ..Тhе Spandrеls of San Marссl and thе Pаnglossiаn Parаdigm: A Сritiquе of
thе Adaptationist Programmе'' (1979), сoauthorеd with Riсhаrrd Lеwоntin,
Gould сhallеngеd thе notion that еvеry aspесt of fоrm and Ьеhavior of l iving
organisms сan Ье ехplainеd dirесtly in tеrms of nаtural sеlесtion. Naturаl
Ьarriеrs or сonstraints of anсеstral dеsign and pathways of dеvеlopmеnt'
сharaсtеrs with no immеdiаtе adaptivе funсtion that еmеrgе aS Ьy-produсts
of sеlесtion for othеr fеaturеs, and aЬсlvе all сhanсе must Ье takеn into aс-
сount. (Sеlzеr 799З analуzеs this papеr frсlm a l itеrary pеrspесtivе.) Rеlat-
еdly, Gould was a l ifеlong еnthusiast for thе idеas of thе Sсottish morphologist
D'Arсy N7еntworth Thompson, who always arguеd that rтuсlr animal form
сould Ье еxplainеd as thе rеsult of thе laws of physiсs and сhеmistry without
rеfеrеnсе to natural sеlесtion (sее Gould \971\'

Gould was a vigorous opponеnt of thе сonсеpt оf еvolutionary ..prсrgrеss.' '

To him, it impliеd a prеdеtеrminеd dirесtion that has no Ьаsis in prinсiplе сlг
on thе еvidеnсе of l ifе's еvсllutionary history. Сhangе is unprеdiсtaЬlе. Мany
faсtors influеnсе thе fаtеs of individual spесiеs, lеаd to divеrsifiсation of
major groups of organisms' or саusе mаss ехtinсtions tl-rat havе pеriodiсally
сlеarеd thе stagе, making way for thе еvolution of nеw сasts Of сharaсtеrs
from a fеw survivors. Gould (198s) is aпrong thе sеvеral papеrs that taсklе
progrеss. Full Housе: Тhе Spreаd of Ехсеllепсe from Plаtсl tсl Dаrшiп (7996)
is full-lеngth disсussiorr dirесtеd at thе gеnеral rеadеr as muсh as аt thе pro-
fеssional еvol utiontst.

Building on thе сOnсеpt of spесiеs sеlесtion еlaЬoratеd Ьy Stеvеrr Stanlеy
(1975,1979)' Gould arguеd that pattеrns of еvolution in сladеs (groups of rе-
latеd spесiеs that sharе a сommon anсеstor) arisе from a proсеss of sеlесtion
diffеrеnt in kind from that whiсh оссurs in еvolutiсln at thе lеvеl of popula.
tions and spесiаtion. If this maсroеvoluti<ln involvеs morе than thе sum of
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A partiсulirr hеro of Stеphеn Jav Gould wаs thе Sсottish morphоlogist D'Аrсy
Wеntwortlr Tlrorn;lsor-r. Illr-rsгrаti<lпs likе tlrеsе, from ТhompsсlnЪ oiz Grсlшth
апd Foriп, showing how (apparеntly purеly аs а funсtion of physiсal forсеs)
jеllyfish (B) hаvе thе samе shapе as fall irrg drops of ink in watег, or oil tn
paraffin (A), wеnt far tо сonvinсе Gould that naturаl sеlесtion is not thе solе or
nесеssirri ly сvеn thе primе саr.rsаl fсlrсе irr еvolutiсlt-r. Suсh phеrromеna lrirvс Ьееn
сhristеnеd ..ordсг fсlr frее'' Ьy thе thеorеtiсal Ьiologist Stuart Kauffman (|995,
185). Thеrе is sсlmе аmЬiguity in Thompson and in latеr writеrs as to whеtЬеr
thе сlаim is that phепtlmеnа likе rhе shapе of thе jеlIvfish аrе nеithеr vегy
аdaptivе ntlr non:rсl:rptivе (arrd hеnсе sеlссtiсln is trtlt involvес1) or whеthеr thеy
are adaptivе Ьut thаt sеlесtiоn Was not nееdеd tсl fсlrm thеm. Sее Gould 1971.

еvolutionary сhangе within еirсh spесiеs, it is thеrеЬy dессluplеd from thе di-
rесt еffесts of naturаl sеlесtiot-t, aсting on pоpulations. This lеd Gould to pro-
posе аn ехpandеd еvoltrtionаry thеorv, in whiсh sеlесtion Ьаsеd on distinсt
сritеria Opеratеs at suссеssivе lеvеls in thе taхonomiс hiеrarсhy. Spесiеs sеlес-
tion is a foсus of сurrеnt rеsеаrсh and ехpеrimеntаl tеsts. Thе idеa that sеlес-
tion opеrаtеs аm()ng сlаdеs has ),еt to Ье translаtес.l into tеstaЬIе hypothеsеs.
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Bесausе hе сhallеngеd prеvail ing viеws, somе rightly saw Gould as a сritiс
of neo-Darwinian orthodoxy. Nonеthеlеss, hе was an ardеnt admirеr of
Сharlеs D:rrwin, sееing his own work as an ехpansion of Darwin's еntеrprisе
and Ьу no l-nеаns a rеfutation of it. Gould's еarliеr work is most aссеssiЬlе to
thosе sееking arr intгoduсtion to lris idеas; his finаl mаgnum opus,TЬе Struс-
tиrе oi Еuolutioпаrу Thеor1' Q002), is a riсlr Ьut unwiеldy tomе, morе rеad-
rIy quarг iеd than rеаd in i ts  еnt i rеty.

In addition to his original rеsearсh, Gould puЬlishеd numеrous еssays' most
notаЬly in thе magazine Nаturаl Historу. Thеsе wеrе сollесtеd in а sеriеs of
Ьеst-sеlling Ьooks, starting with Еuer siпce Dаrш,in (1977a). Othеr works ad-
drеssеd mеаsllrеs of human brаirr sizе and intеlligеnсе (Gould 1981)' thе Ьizarrе
ехtinсt irnimals of CamЬгian sеas (Gould 1'989|, and thе rеlation Ьеrwееn sсi-
еnсе and геligion (Gould 1999|. Hе tеstifiеd as an еxpеrt witnеss iп thе Arkan-
sas сourt сasе whеrе ..сrеаtion sсiеnсе'' was shown to Ье a rеligious doсtrinе.
Gould nеvеr hеsitatеd to join an intеllесtual fight. As a result, Gould Ьесamе thе
prеmiеr puЬliс faсе of еvolution in thе Unitеd Statеs during thе last quаrtеr of
thе rwеntiеth сеntrrry.
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Grant, B. Rosеmary (b. t936)'
and Grant, Pеtеr R. (b. 19з6)

Rоsеmary and Pеtеr Grant arе rеnownеd for thеir long-tеrm studiеs of Dar-
win's finсhеs in thе Gal6pagos Islands. Thеy and thеir сollaЬorators havе pеr-
formеd onе of thе most сomprеhеnsivе studiеs of any group of spесiеs,
dеsсriЬing thе fееding есology, Ьrееding Ьiology, and numеriсal dynamiсs of
populations; doсumеnting natural sеlесtion on morphologiсal traits and pat-
tеrns of matе сhoiсе; disсovеring hyЬridization Ьеtwееn spесiеs; and rесon-
struсting thе phylogеnеtiс rеlationships among thеm. Thеir work stands as
thе signal сasе study of еvolutionary Ьiology.

Thе Grants rесеivеd undеrgraduatе dеgrееs in 7960, Rosеmary (B.R.G.)
with honors from ЕdinЬurgh and Pеtег (P.R.G.) with honors from Сam-
bridgе. Thеy mеt and marriеd whilе аttеnding thе Univеrsity of British Сo-
lumbia. P.R.G. took his doсtoratе jn 1964 from thе Univеrsity of British
СolumЬia; B.R.G. took hеrs in 1985 from Uppsala Univеrsity. Aftеr a post-
doсtoral yеar at Yalе, P.R.G. hеld faсulty positions at MсGill Univеrsity, thе
Univеrsity of tr4iсhigan' and Prinсеton Univеrsity whilе B.R.G. hеld rеsеarсh
positions аt thеsе univегsitiеs. P.R.G.'s еarly work foсusеd on thе есology of
island Ьird populations, inсluding pattеrns of distriЬution aсross arсhipеla-
goеs and morphоlogiсal variation аmong spесiеs and among populations on
diffеrеnt islands. B.\G.'s еarly work on Darwin's finсhеs еxaminеd variation
amоng individuals in bil l morphology and song сharaсtеristiсs' lеading to hеr
еarly papеrs on sеlесtion on Ьil l morphology and thе possiЬil it iеs for sym-
patriс spесiation. Thе Grants' сommitmеnt to studying Darwin's finсhеs took
thеm to thе Gal6pagos for six months of еvеry yеar (sinсе 197З), dеspitе thе
сhallеngеs of logistiсs' limitеd diеt, and thе spartan lifеstylе of living in tеnts.

Thе Grants havе rесеivеd а host of honors, individually and togеthеr, in-
сluding thе Darwin Меdal of thе Royal Soсiеty of London, thе Balzan Prizе'
and thе Darwin-!Иallaсе Award of thе Linnеan Soсiеty of London. Both
Grants wеrе еlесtеd to thе Amеriсan Aсadеmy of Arts and Sсiеnсеs in 1997
thеy wеrе Ьoth еlесtеd as Fеllows of thе Royal Soсiеty of London (B.R.G. in
2007, P.R.G. in 2003) and forеign mеmЬеrs of thе U.S. National Aсadеmy of
Sс iеnсеs (B.R.G. in 2008, Р.R.G. in2007\.
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Grant, Robеrt Еdmond (Т793_1874)

Robеrt Еdmond Grant' an ЕdinЬurgh-Ьorn spongе еxpеrt, ir-rtroduсеd сom-
parativе anatomy to Britain in thе 1820s and 18З0s. Hе inсоrporatеd thе
studiеs of Jеan.Baptistе Lamaгсk and Еtiеnnе Gеoffroy Saint-Hilairе' aссеpt-
ing thе ..transformism,'' or еvolution, aссompanying thеir works. Grant also
induсtеd thе young Сharlеs Darwin into Lamarсk's viеws. Darwin, Ьorеd Ьy
mеdiсinе at ЕdinЬurgh Univеrsity ln 1825-1827, studiеd Noгth Sеa invеrtе-
Ьratеs with Grant, who had Ьесomе an MD in 1814. As an old man writing
Ьls Autobiogrаphу, Darwin rесallеd Grant's admiration for Lamarсk.

Grant сhampionеd Hеnri dе Blаinvillе's сontinuous сhаin of lifе (rathеr
than Gеorgеs Сuvier's disсrеtе embrаnchemeпts) and Gеoffroy's Ьеliеf that thе
samе organs oссцrrеd throughоut thе сhain-hеnсе Grant's сlaim in 1825 to
havе found thе homology of thе vеrtеЬratе's panсrеas in mollusks. Studying
spongеs in 1825-1828, Grant сoinеd thе group's namе, Porifеra, and hе
mootеd a simplе, dеfеnsеlеss, frеshwatеr form as thе ..parеnt'' of thе armorеd
marinе spесiеs. Darwin еxaminеd thе larvaе of thе lсlсal Ьryozoan Flиstrа un-
dеr Grant. Grant Ьеliеvеd thеsе lаrvaе wеrе rеlatеd to thе ,.ova'' of algaе and
pointеd Ьaсk to the spontanеously gеnеratеd ..monads'' lying at thе junсtion
of thе plant and animal kingdoms. At ЕdinЬurgh Darwin was alrеady Ьroaсh-
ing issuеs surrounding thе birth of individuals and spесiеs' еvеn if hе rеjесtеd
Grant's monadism upon bеginning his own еvоlutionary spесulations.

As thе first profеssor of сomparativе anatomy at London Univеrsity in
1827, Grant alеrtеd thе mеtropolitan еlite to thе Lamarсkian thrеat. Hе
joinеd thе Gеologiсal Soсiеty сounсil in 1832, just as Сharlеs Lyеll was puЬ-
lishing his antievolutionаry volumе Prinсiples of Geologу. Grant's fossil lес-
tures promotеd thе ..dirесt gеnеration'' of suссеssivе spесiеs, onе giving Ьirth
to anothеr. And his studеnts wеге ехaminеd on thе сonditiоns rеspоnsiЬlе for
..originating and еffaсing thе tеmporary organiс film on our planеt'' (Zoo|-
ogy Ехamination Papеrs, 1857_58, p. 6, in ..Grant on Zoologiсal SuЬjесts,' '
Сollеgе Сollесtion DG 76, Univеrsity Сollеgе London).

Grant took thе Fullеrian сhair of physiсllogy at thе Royal Institution in
18З7, Ьut that markеd his apogее. Hе had lost his сounсil sеat at thе Zoo1og-
iсal Soсiеty in 1835, whеn thе zoo's aristoсratiс patrons gavе his сonsеrvativе
rival, Riсhard owеn, pгеfеrеntial trеatmеnt. At thе Gеologiсal Soсiеty, Owеn
сountеrеd thе fossil impliсations of Grant's transmutationism. Grant lost rе-
sourсеs and his finanсеs tееtеrеd. Thе 1840s found him living in a slum, his
shaЬЬy swallow-tail сoat as unfashionаЬlе irs his lесturеs. A rising youllg
Thomas Hеnry Huхlеy in 1852 mеrеly laughеd аt Gfant's ..ессеntriсity.''

At thе еnd, Grant еnvisаgеd planеtary сooling as thе motor to powеr thе еvo.
lution of warm-Ьloodеd mammals and Ьirds from dinosaurs and otеrosaurs. In
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Tаbиlаr Vieu., сlf the Primаrу Diuisioпs of tbе Апimаl Kiпgdom (1861) hе
praisеd Darwin's Оп the origin of Speсiеs whilе rеminding his old pupil of
thеir ЕdinЬurgh days togеthеr. But thе Таbulаr Viеш,s сountlеss еvolutionary
trееs sprouting from spontanеously gеnеratеd monads showеd how dееply thе
fwo mеn diffеrеd. A sеminal figurе in thе radiсal 1830s, Grant outlivеd his agе,
and fеw mournеd his passing in |874'
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Gray, Asa (1810-1888)

Asa Gray Was onе of thе lеаding Ьotanists of mid-ninеtееnth-сеntury Amеr-
iса.  Hе Ьесаmе onе of  Сhаr lеs Darwin 's  mosr aсt ivе suppoгrеrs.  us ing агgu-
mеnts dеrivеd from thе gеographiс distriЬution of plants to dеfеnd thе thеory
of еvolution. A dееply rеligious man, hе also wrotе еxtеnsivеly on thе thеo.
logiсal impliсations of Darwinism' attеmpting to show how еvolution Ьy nat-
ural sеlесtion сould Ье rесonсilеd with thе Ьеliеf that thе world was dеsignеd
Ьy a wisе and bеnеvolеnt God.

Gray was Ьorn in Sauquoit, Nеw York, on NоvеmЬеr 18, 1810. Hе trainеd
in mеdiсinе and praсtiсеd for a fеw yеars, Ьut aЬandonеd this for part-timе
tеaсhing so that hе would havе morе timе for Ьotany. Hе was appointеd
Fishеr Profеssor of Natural History аt Harvard in 1842, whеrе it was undеr-
stood that hе would сonсеntratе ехсlusivеly on Ьotany. Hе visitеd Еuropе to
сonsцlt with othеr Ьotаnists, Ьut his own work foсusеd mainly on North
Amеriсan plants. Не workеd oo a Florа сlf Nortb Ameriса with John Torrеy
(1838_1843) and еvеntually produсеd a highly suссеssful Мапuаl of the
Botсlпу of tbe Northеrп Uпitеd Stаtеs (7848). Hе rеtirеd tn 187З and died on

Janua ry  30 ,1888 .
Gray's wсlrk on thе сlassifiсation and gеographiс distriЬution of North

Amеriсan plants madе him suspiсious of thе ..сrеationist' ' position bеing ad-
voсatеd by Louis Agаssiz. Сharlеs Darwin сonfidеd in Gray Ьеforе thе puЬ-
liсation of oп tbe Оrigin of Speсiеs in 1859, and an aЬstraсt of Darwin's
lеttеr to Grаy' datеd SеptemЬеr 5, 1857, formеd part of thе joint papеr Ьy
Darwin and A. R. rJИallaсе in 1858 (rеprintеd in Darwin and !7al1aсе 1958,
264_267). Gray suЬsеquеntly dеfеndеd thе thеory of еvolution against at-
taсks from Agassiz at thе Amеriсan Aсadеmy of Arts аnd Sсiеnсеs.
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Sеvеral of his pаpеrs, supporting еvolutionisrn Ol1 thе Ьаsis of Ьotaniсal gе-
ography, wеrе сollесtеd in his Dаrшiпiапа (I876). Gray saw how thе dispеrsal
of plants from an оriginаl loсation' сouplеd with adaptation сlf populаtions
to thе loсal еnvironmеnts fоund in thеir nеw homеs, сould aссount for thе
obsеrvеd distriЬutiorr of spесiеs. Thе similarity Ьеtwееn thе plants of еastеrn
North Amеriсa and Jаpаn сould Ье ехplainеd Ьy noting that in еaгliеr gеo-
logiсal timеs, thеsе plants lrаd Ьееn widеsprеad aсross Asiа and North Amеr-
iсa Ьut had Ьееn сlrivеrr sollthward during thе iсе сtgеs, r,l, ith only thе two
isolatеd fragmеnts of thе еarliеr population now rеmaining.

As a staunсh PrеsЬytеrian, Gray was anхious to show that Dаrwin's thеor1'
did not dеstroy thе Aгgumеnt from Dеsign. In ar sеriеs сlf artiсlеs (геprintеd in
Dаrшiпiапа) hе Ьеgаn by arguing that аny proсеss Ьy whiсh spесiеs соuld
bе adaptеd to thеir еnvironmеnt Was сompatiЬlе with thе Ьеliеf that thе
еvolutionary proсеss had Ьееn еstaЬlishеd Ьy a wisе and Ьеnеvolеnt Сrеator.
Latеr on' howеvеr, hе соnсеdеd that thе wastеfulnеss and сruеlty of natural
sеlесtion gеnеratеd diffiсultiеs for this approaсh, аnd hе suggеstеd thаt vаria-
tion is lеd along Ьеnеfiсial l inеs Ьy thе Сrеatoг. Dаrrvin oЬjесtеd to this viеw
bесausе it lеft Gгay supporting thе pсlsition of thеistiс еvolr'rtiorrism, in whiсh
thе diгесtion of dеvеlоorrrеnt is dеtеrminеd Ьv surlеrnatuгal rathеr thаn паttl-
ral mеans.

в l в L I o G R A P H Y .

Darwin, C. R.' аnd A. R. !7allaсе. 19.'8. Еuolutioп bу NаturаI Sеlеctioп,
Сambridgе: СamЬridgе Univеrsity Prеss.

Duprее, A. H. 1959. Аsа Grау. СamЬridgе, МA: Harvаrd Univеrsity Prеss.
Gray, A. 1'848, Мапutll of thе Botапу of thе Northеrп Urtitеd S/a/es. Bostоn:

J. Munroе.
1876. Dаrшiпiапtt: Еssауs апd Rеuiеtus Pеrtаiпiпg ttl Dаrшiпism. New

York: Applеton.
Torrеy, J., and A. Gray. l8З8.l84з. А Florа сlf Nс'lrth Апlеrit ' ' ,t. ) vсlls. Nеw York:.Wilеy 

аnd РLltnап-l. -P'I .B.

Group sеlесtion

Charlеs Darwin idеntifiеd a fundamеntаl proЬlеm with soсial l ifе and its po-
tеntial solution in thе following famous passagе from The Desсепt of Мап
(Darwin 1871, |66):..It must not Ье forgottеn that although a high standard
of morality givеs but :l sl ight or no advantagе to еaсh individual mаn аnd his
сhildrеn ovеr оthег mеn of thе samе triЬе, yеt thаt аrr inсrеasе in thе numЬеr
of wеll-еndowеd mеn аnd advanсеmеnt in thе standarсl of rrrorality wil l сеr_
tainly givе an immеnsе zrdvzrrrtаgе to onе triЬе оvеr anothеr.' '

This problеm and its potеntial solutiorr Ьесarте thе Ьasis of a thеorеtiсаl
framеwork in еvolutionary Ьiology сallеd multi lеvеl sеlесtiсrn (SoЬеr and \Wil-

son 1998). Bесausе nаtural sеlесtion is Ьasеd on геletivе fitnеss, a trait that
Ьеnеfits thе group as a wholе doеs not сhаngе in frеquеnсy within thе group.
A trait that Ьеnеfits ()thеrs at thе ехpеnsе of thе sеlf ilсtually dесrеasеs in frе-
quеnсy within thе group and will ultimatеly Ьесomе еxtinсt in thе aЬsеnсе of
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othеr еvolutionary foгсеs. This dеsсriЬеs thе first pаrt of Darwin's passagе
quotеd aЬovе. Fortunatеly, groups of individuals who Ьеnеfit еaсh othеr wil l
сontriЬutе morе to thе total gеnе pool than more sеlfish groups' as dеsсriЬеd
in thе seсond part of Darwin's passagе. Traits that arе ..for thе good of thе
group'' сan еvolvе Ьy naturаl sеlесtion, Ьut only Ьy a proсеss of sеlесtion
among groups in a largеr population and oftеn in opposition to sеlесtion
among individuаls within singlе groups.

It is impossiЬlе to dеsсriЬе thе с()nсеpt of group sеlесtion without also
dеsсriЬing its turЬulеnt history. Мany Ьiologists during thе first half of thе

twеntiеth сеntury did not sharе Darwin's insight; thеy assumеd that adapta-
tions straightforwardly еvolvе ell lеvеls of thе Ьiologiсal hiеrarсhy, fгom
gеnеs to есosystеms. This position Ьесamе known аs naТvе group sеlесtion
and was widеly сritiсizеd in thе 1960s, еspесially Ьy Gеorgе С. Will iams in

his Ьook Аdаptаtioп апd Nаturаl Selесtiсlп (I966), whiсh Ьесamе a modеrn

сlаssiс. Will iams affirmеd thе importanсе of multi lеvеl sеlесtion аs a thеorеt-
iсal framеwork, agrееing with Dаrwin that group.lеvеl adaptations сan
еvolvе only Ьy a proсеss of Ьеtwееn-group sеlесtion. Will iams thеn madе thе
еmpiriсal сlaim that Ьеtwееn-group sеlесtion is almost invariaЬly wеak сom-
parеd to within-group sеlесtion. It was this еmpiriсаl сlaim that turnеd
multilеvеl sеlесtion thеory intсr ..thе thеory of individual sеlесtion,'' whiсh bе-
сamе thе сonsеnsus for thе rеst of the twеntiеth сеntury. SuЬsеquеnt еvolu-
tionary thеoriеs of soсial Ьеhavioг, suсh as kin sеlесtion, rесiproсal

altruism, gamе thеory' аnd sеlfish gеnе thеory, wеrе dеvеlopеd ехpliсitly as
altеrnativеs to grOup sеlесtion.

Thе 1960s сonsеnsus was Ьasеd upon thrее argumеnts: (1) Ьеtwееn-group
sеlесtion is thеorеtiсally implausiЬlе, rеquiring a dеliсatе сombination of pa-

ramеtеr valuеs to prеvail against within-group sеlесtion; (2) thеrе is no сon-
vinсing еmpiriсal еvidеnсе for group sеlесtion; and (3) thе thеoriеs proposеd

as altеrnativеs do not invokе multilеvеl sеlесtion in thеir own right. All thrее
argumеnts Ьеgan to Ье quеstionеd, еvеn as еarly as thе 1970s, although it was
diffiсult to arguе in favor of a topiс that for many had Ьесomе taЬoo. Modеrn

thеorеtiсal modеls of group sеlесtion arе fаr morе plausiЬlе than thеir prеdе-

сеssors. Will iams himsеlf aсknowlеdgеd thе importanсе of group sеlесtion for

traits suсh аs sеx ratio and disеasе virulеnсе (.!Иilliams 1'992: Wll'Liams and
Nеssе 1991). All еvolutionary thеoriеs of soсial Ьеhavior must assumе thе ех-
istеnсе сlf multiplе groups to Ье Ьiologiсally rеalistiс. !Иhеn thеsе groups arе
idеntifiеd, сoсlpеrativе аnd altruistiс traits arе sеlесtivеly disadvantagеous
within thе groups and rеquirе Ьеtwееn-grсlup sеlесtion to еvolvе, as always
еnvisionеd Ьy multi lеvеl sеlесtion thеory (SoЬеr and.Wilson 1998).

A major еvеnt in еvolutionary thеory oссurгеd in thе 1970s with thе dis-
сovеry that thе singlе organisms of todаy wеrе thе groups of past agеs (Mar-

gulis 1970; Мaynard Smith and Szathmary 1995)' Еvolution proсееds not
only Ьy small mutational сhangе, Ьut also Ьy singlе.spесiеs groups and multi.
spесiеs symЬiotiс assoсiations Ьесoming so intеgratеd that thеy Ьесomе highеr-
lеvеl organisms in thеir own right. Thеsе major transitiсlns of lifе, as thеy arе
сallеd, havе oссurrеd геpеаtеdly and possiЬly inсludе thе origin of l ifе itsеlf as
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groups of сoopеrativе molесular rеaсtions. Dеspitе multilеvеl sеlесtion thе-
ory's turЬulеnt past' it is thе aссеptеd framеwork for studying major transi-
tions. Thе Ьalanсе bеtwееn lеvels of sеlесtion is not stаtiс Ьut сan itsеlf еvolvе.
A mаjor transition oссurs whеn sеlесtion within groups is supprеssеd, еn-
аЬling Ьetwееn-group sеlесtion to Ьесomе thе primirry еvolutionaгy forсе.

Tlrе paradigm of rnajor transitions did not appеar until thе 1970s and was
not gеnеralizеd until thе 1990s, Ьut i.rlrеady it sееms likеly to ехplain thе еvo-
lution of soсial insесt сoloniеs (.Wilsorr and Hбlldoblеr 2005) and humans as
thе first ultrasoсial prirnаtе spесiеs (Boehm 1999). Thе traits assoсiatеd with
human morality аPpеar dеsignеd to suppress sеlесtion within groups' similar
to gеnеtiс mесhanisms suсh as сhroп-losomеs and thе rulеs of mеiosis, еnabling
sеlесtion among grollps to Ьесomе thе primary еvolutionary forсе. Сultural
proсеssеs сan сausе groups to Ьесomе vеry diffеrеnt in thеir phеnotypiс prop-
еrtiеs, еvеn whеn thеv arе gеnеtiсаlly sirnilar. Multi lеvеl sеlесtion hirs Ьесomе
thе aссеptеd framеwork for thе study of human сultuгal еvolution, in еxaсtly
thе samе way as thе study of major transitions (Riсhегsоn and Boyd 2004).

Thе rеvival of groшp sеlесtion might sеem ехtraordinary until wе rеmеm-
Ьеr th:rt Will iams (|966) aссеptеd mr.rlti lеvеl sеlесti<lrr as a thеorеtiсal framе-
work, rеiесting group sеlесtion on thе Ьаsis сlf an еmpiriсal сlаim that it is
аlwaуs wеak сoIтrp:rrеd to within-group sеlесtion. Whеn Will iams сhangеd
his mind aЬout thе thеorеtiсal and еmpiгiсal еvidеnсе' hе himsеlf rеvеrtеd
Ьaсk to multi lеvеl sеlесtion. For fеmаlе.Ьiasеd sех ratios (\Will iams 7992'
49), he statеd, ..I think it dеsiraЬlе . . . to rеalizе th:rt sеlесtion in fеmalе-
Ьiаsеd Меndеliаn popul:rtions favoгs nrirlеs, аnd that it is only thе sеlесtion
among suсh groups thаt сan favor thе fеmalе Ьias' ' ' For thе еvolution of vir-
ulеnсе in disеasе ol.Е]аnisms (Will iams and Nеssе 199|, 8), hе statеd, ..Thе

еvolutionary outсomе will dеpеnd сrn rеlativе strеngths of within-host and
Ьetwееn-host сompеrition in pathogеn еvolution.' '

Unforrunatеly, thе fiеld as a wholе hzrs nоt yеt aсhiеvеd a nеW сonsеnsus.
Books аnd artiсlеs Writtеn from а multi lеvеl pеrspесtivе appеаr alongsidе
othеr Ьooks and artiсlеs that сontinuе to trеat group sеlесtion as ir rеjесtеd
сonсеpt. TехtЬooks havе Ьeеn partiсularly slow to rеflесt thе many dеvеlop-
mеnts that havе takеn plaсе sinсе thе 1960s. Thе tцrЬr-rlеnt histоry of this im-

рortant suЬjесt is rеviеwеd Ьy Borrеllo (2005) in an аrtiсlе appropriatеly
titlеd ..Thе Risе. FalI. and Rеsuггесtion сlf Grourr Sеlесtion.' '
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Haесkеl, Еrnst (18з4_|9t9)

Еrnst Hеinriсh Philipp August Haесkеl was Сharlеs Darwin's forеmost сham.
pion at thе turn of thе twеntiеth сеntury. Morе pеoplе prior to 

.lforld .!Var 
I

lеarnеd of еvolutionary thеory through his voluminous puЬliсations than
through any othеr sourсе. F{ts Nаtiirliсhе Scho1lfипgsgesсbichtе (Natural his-
tory of сrеation' 1868) wеnt thrоugh 12 inсrеasingly augmеntеd Gеrman еdi-
tions (1868-1920) and wаs translatеd into thе major Еuropеan languagеs.
Еrik Nordеnskiбld, in thе first dесаdеs of thе twеntiеth сеntury' iudgеd it 

..thе

сhiеf sourсе of thе world's knowlеdgе of Darwinisпr" (\9з6,515). Thе сrum.
Ьling dеtritus of this synthеtiс work сan still Ье found sсattеrеd alоng thе
shеlvеs of most usеd-Ьook storеs. Diе Wеltr|ithsel (Thе world puzzlеs, 1899),
whiсh plaсеd еvolutionary idеas in a Ьroadеr philosophiсal and soсial сon-
tехt, sold ovеr 40,000 сopiеs in thе first yеar of its puЬliсation and wеll ovеr
15 timеs that numbеr during thе nехt quartеr сеntury-and this only in thе
Gеrman еditions. (By сontrast, during thе thrее dесadеs Ьеtwееn 1859 and
1890, Darwin's Оп the Оrigiп of Speсies sold only somе 39,000 сopiеs in six
Еnglish еditions.) Bу |972, Die Weltrtithsel had Ьееn trаnslatеd' aссording to
Haесkеl's own mеtiсulous taЬulations' intсr 24 languagеs, inсluding Armеn-
ian, Сhinеsе, HеЬrеw, Sanskrit, and Еspеranto. Thе young Mohandas Gandhi
had rеquеstеd pегmission to rеndеr it intо Gujarati; hе Ьеliеvеd it thе sсiеntifiс
antidotе to thе dеadly rеligious wars plaguing Indiа. Haесkеl aсhiеvеd many
othеr popular sllссеssеs' and hе produсеd morе than 2О |arge tесhniсal mono-
graphs on various aspесts of systеmatiс Ьiology and еvolutionary history. His
studiеs of radiolarians, mеdusaе' spongеs' and siphonophorеs rеmain stаn-
dard refеrеnсеs today. Thеsе works not only informеd thе puЬliс' Ьut thеy
drеw to Haесkеl's small univеrsity in Jеna thе largеst sherе of Еuropе's grеat
biologists of thе nехt gеnеrаtion, among whom wеrе Riсhаrd Hеrtwig
(1850_19З7) and his Ьrothеr Osсar Hеrtwig (7849_1922)' Anton Dohrn
(1840_1909)' Hеrmаnn Fol ( 1 845_1 892), Еduard StrasЬurgеr (1 844_19 12),
!и. o. Kоvalеvsky (1842_1883), Nikolai Mikluсho-Мac|aу fl846-1888)'
Arnold Lang (1855_1'914), Riсhard Sеmon (18.59_1918)' lf i lhеlm Roux
(185О-1924)' and Hans Driеsсh (|867_7947). Haесkеl's influеnсе ехtеndеd
far into suссееding gеnеrations of Ьiologists' many of whom rесallеd rеading
his popular works as young studеnts.

Haесkеl rесеivеd his mеdiсal dеgrее fгom !ИijrzЬurg in 1858, aftеr whiсh
hе p lannеd to do h is  haЬi l i tat ion with Johannеs Мi i l lеr  (1801_1858) at
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Bеrlin' Mii l lеr's sLtiсidе lеd hiпl to turn to Саrl GеgеnЬaur (7826-190З) at
Jеna, who Ьесаme his advisеr. During his rеsеarсh work in southеrn Italy and
Siсily, hе fеll in with a group of Gегman artists' among whom was thе poеt
Hеrmann Allmеrs (182I_1902), who Ьесamе a lifеlong friеnd. Haесkеl, a
giftеd painгеr (sее figuге on pagе 624), rhought of giving up Ьiologiсal rе-
sеarсh for thе lifе of a Bohеmian; only his Ьеtrothal to Anna Sеthе
(1835-1 B64), his first сousin, kеpt him foсr'rsеd on еstaЬlishing a profеssional
сarееr..With a small traсt Ьy Millеr as his inspiration, Haесkеl сonсеntratеd
his rеsеarсh on thе littlе-known groLrp of rаdiolaria, сrеaturеs аЬout thе sizе
of a pinhеad that sесrеtе еxoskеlеtons of unusual gеoпrеtriеs. \7hilе сomplеt-
ing his hаЬil itаtiorr Ьасk in Bегlin, lrе rеad Darwin's Оrigin in Gеorg Hеin-
riсh Bronn's (1800_1862) Gеrman translation and immеdiatеly Ьесamе a
сonvеrt. His rеsеагсh finally yiеldеd, in 1862, Die Rаdiolаrieп-a magnifi-
сеnt two-volumе folio having ехtraordinarily Ьеautiful platеs Ьasеd on his
own il lustrations. Thе Ьook won thе admiration of Darwin, who rесеivеd thе
volumеs Ьy way сlf introduсtion to this nеw disсiplе. Haесkеl's rеsеarсh hаd
thе addеd Ьеnеfit of allowing him to marry Anna and to Ьеgin his l ifе as ех-
traordinarius profеssor in thе mеdiсai sсhоol at Jеna.

Haесkеl's bril l iаnt Ьеginning turnеd dаrk in 1864 whеn lris wifе of еigh-
tееn months suddеnly diеd. ГIе suffеrеd i1 nеrvous сollapsе, and during his
rесovегy hе wrote his p:rrеnts thаt hе сould no longеr aссеpt thеir rеligious
сrееd. Rathеr, hе would put his faith in somеthing morе rеliaЬlе, namеly, thе
Darwinian promisе of progrеssivе trensformation. Hе thеn dеvеlopеd that
сonviсtion in сonsidеraЬlе dеtail in a largе two.volumе, thеоrеtiсal appliсa.
tion of Darwinian idеas to all arеаs of Ьiology, inсluding humаn еvolution.
His cепerеllе Мorphologiе dеr Оrgапismеп (General morphology of organ-
isms, 1866) laid down thе fundamеntаl сonсеptions that hе would сultivаtе
for thе rеst of his сarееr' Hе r-nadе сеntral an idеa that hе found intimated in
Darwin Ьut morе саrеfirlly workеd out Ь,v Fritz Мijllеr (7827_1897) in his
Ьook Fйr Dаrшiп (1864), namеly, thе prinсiplе of rесapitulation-thе propo-
sition that tlrе еmbryo of a givеn spесiеs would pass through thе samе пror-
pholоgiсal stagеs as thе phylum had in its еvolutionary dеsсеnt. Haесkеl's
Geпerеllе Мorphologie formulatеd sеvеral nеW pеrspесtivеs, outfitting thеm
with nеologisms that gavе his trеatisе a formidaЬlе сast: phylum' ontogеny'
есology, and a Ьost of othеr tеrms that had a shortеr l ifе span' Hе alsо intro-
duсеd trее diagrams to illustratе thе dеsсеnt of spесiеs and to suggеst thеir
morphologiсal and tеmporal distanсе from onе anothеr. Thе book сonсludеd
Ьy advanсing a Goеthеan monism аs thе appropriatе mеtaphysiсаl position
for thе naturalist: God irnd nаturе' mind and Ьody '*,еrе to Ье rеgaгdеd as
ехprеssions of thе samе undеrlying Urstиif . Darwin and Thomas Hеnry Hux.
lеy (1825_1895) initiallv sought to havе аn aЬridgеd vегsion of t|le Geпеrеlle
Мorphologie, shorn of its polеmiсal ЬarЬs, trаnslatеd into Еnglish.

In ordеr to sееk ir widеr audiеnсе for his thеorеtiсаl trеatisе' Haесkеl dеliv-
еrеd а sеriеs of popular lесturеs in 1868 summarizing his Darwinian nror-
phоlogy. Thе sеriеs was puЬlishеd thе samе yеar цndеr thе tjt\e Nаtйrliсhе
Sсh\pfuпgsgеsсhiсhtе, аnd it aсhiеvеd immеdiаtе notoriеty. In an initial
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fl4#': ч
Еrnst Haесkеl was a Ьril l iаnt агtist and always fi l lеd his Ьсlсlks with his owгl
drawings. TЬis onе, rеvеalingl,v laЬеlеd thе ..Apothеosis of Еvоlutiсlna11,
Thought' ' (from thе supplеmеnt to Haeсkеl's \Yапdеrbildеr, 190.l)' is an
intеrеsting rеflесtion on his owtr privatе lifе-hе was griеving thе dеath оf ir
young wоInan' tO Whom hе wаs r"rot marriеd Ьut with rvhom hе had just hаd a
Passionatе (spiritual Ьut also phvsiсal) аffаir-as wеll .rs thе сЬanging timеs.
Sigmund Еrеud's Three Еssауs rlп tl le Thеorу сlf Sехuаlitl, (grеatly influеnсеd Ьy
Нaесkеl's thinkirrg оn rесаpitul;rtiоn) wаs puЬlishеd in thе sаmе yеаг this
piсturе appеaгеd.
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rеviеw, Ludwig Rittimеyеr (1825_1895), an еmЬryologist at Basеl, сhargеd
Haесkеl with fraud. Hе oЬsеrvеd that in i l lustrаting thе prinсiplе of
rесapitulation-or thе Ьiogеnеtiс lаw' as it Ьесamе known-Нaесkel had
rеprеsеntеd vеry young еmЬrvos of a dog, сhiсkеn' and turtlе as morpholog-
iсally idеntiсal. Riit imеyеr maintainеd' howеvеr, thаt Haесkеl had madе thе
сasе Ьy using thе samе woodсut thrее timеs. In thе nехt еdition of thе Ьook
(1870), Haесkеl usеd only onе il lustration of a vеrtеЬratе еmЬryo at a vеry
еarly stagе and said it might as wеll bе thе еmЬryo of a dog, сhiсkеn, or tur-
tlе Ьесausе you сannot tеll thе diffеrеnсе. Thе damagе, howеvеr, was donе,
and thе сhargе of fraud would haunt Haесkеl for thе rеst of his days.

Dеspitе thе сontrovеrsу, |trаtiirliсhe Sсhopfuпgsgesсhicbte madе a powеf-
{ul impaсt on its rеаdеrs, еspесially on thе topiс of human еvolution. Hе
rеprеsеntеd ninе spесiеs of humаn Ьеings along a trее of еvolutionary dе-
vеlopmеnt, with thе Papuans and Нottеntots at thе lowеst Ьrаnсhеs, сlosеr
to roots iл tЬe Urmепsсh, or apе-man' and with thе Сauсasian branсh at
thе highеst lеvеl, сarrying at thе top rеaсhеs thе Меditеrranеans' Gеrmans,

Jеws, and AraЬs. Although Haесkel sharеd many of thе raсial viеws сom-
mon to ninеtееnth-сеntuгy Еuropеans, hе was dесidеdly not anti-Sеmitiс'
an attitudе whiсh onе of his disаffесtеd studеnts hеld against him. Hе ar-
guеd' fоllowing his friеnd, thе linguist August Sсhlеiсhеr (1821_1868), that
gradеs of human mеntal aЬil ity ехprеssеd gradеs of languagе сomplеxity
and that thе Еuropеan and Sеmitiс languages hеlpеd сrеatе a сorrеspond-
ingly сomplех mind-a gеnеral thеsis that Darwin adoptеd in The Desсеnt
of Мап.

|л 1867, aftеr visiting Darwin and othеr British sсiеntists in Еngland,
Нaесkеl travеlеd to thе Саnary Islаnds with thrее rеsеarсh assoсiatеs. Hе
pеrformеd thе kinds of ехpеrimеnts on dеvеloping siphonophorе еmЬryos
that would garnеr famе for Wilhеlm Rouх and Hans Driеsсh somе 20 yеars
latеr. Hе also Ьеgan work on a systеmatiс analysis of сalсаrеous spongеs that
would yiеld a thrее-voiumе study, Die КаlksсЬш,ijmmе (Thе сalсarеous
spongеs' 1872). In this work, Haесkеl attеmptеd to providе what Bronn
maintainеd was nесеssary to show thе viaЬil ity of Darwin's thеory, namеly,
еmpiriсal proof that spесiеs dеsсеnt Was morе than a thеorеtiсal possiЬil ity.
Haесkеl also arguеd, еmploying thе Ьiоgеnеtiс law, that in anсiеnt timеs an
organism, having thе struсturе of a primitivе spongе (and thе form takеn Ьy
mеtazoans in gastrulation), pliеd thе anсiеnt sеas. This Ьесamе his gastraеa
thеory.

Bесausе of his various invеstigations of marinе invеrtеЬratеs, Haесkеl rе-
сеivеd thе сommission in thе latе ]870s to dеsсriЬе systеmatiсally sеvеral
сlassеs of organisms drеdgеd up Ьy HМS Сhаlleпgеr. ovеr a 10-yеar pеriod,
hе сomposеd sеvеral largе volumеs on mеdusaе, сalсarеous spongеs'
siphonophorеs, and radiolaria-with morе pagеs produсеd than Ьy any
othеr author in thе sеriеs of Сbаllепgеr rеports. Thе сommission indiсatеd
thе high rеgard of thе sсiеntifiс сommunity fоr his work in marinе Ьiology.
That rеgaгd was аlso ехprеssеd Ьy thе many honorary dеgrееs and аwards hе
rесеivеd dur inя.  h is  I rГеt imе.
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Rеsеntmеnt Ьy thе biologiсally and rеligiоusly ortЬodox сontinuеd to build
against Haесkеl throughout thе 1870s, and it has not aЬatеd in to this day. In
I874, the Swiss еmЬryologist \Wilhеlnr His (1831_1904) ptrЬlished Uпseте
Kбrperform uпd dаs phуsiologiscbe Problem ihrеr Еntstеhиng (Оur Ьodily
form and thе physiologiсal proЬlеm of its origin), whiсh rеpеatеd thе еarliеr
сhargеs of fraud against Haесkеl and institutеd nеw onеs. Among othеr сlaims,
Нis assеrtеd that Haесkеl had rеprеsеntеd thе humаn еmЬryo with zrn ехag-
gеratеdlу long tail-а сontrovеrsy tlrirt Ьесamе knоwn as tЬe Schш'апzfrаgе'
|n 1877, Rudolf Viгсhow (7821_1902) rеjесtеd l-ris onеtimе studеnt's еfforts
to havе еvolutionary thеory taught in thе lowег sсhools in Gеrmаny. Virсhow
сhargеd that еvolutionary thought aЬеttеd soсialists and сommunists' a сlaim
thаt Нuхlеy thought quitе sсurrilous Ьесausе of its inflammatory сhilraсtеr in
Bismаrсk's Gеrmany-although, in faсt, many Marxists (е.g., August BеЬеl,
1840_1913) did find Darwinism сongеnial. At thе tuгn of thе сеnrury, rеli-
gious opponеnts of Haесkеl,s Weltriithsеl and of his nеwly еstaЬlishеd
Monist Lеaguе rеnеwеd thе сlaims of falsеhood. Thеsе many сhargеs had
thеir foundation in Наесkеl,s aсknowlеdgеd slip in 1868, Ьut thеrеaftеr thеy
gainеd forсе mostly from intеllесtuаl rесalсitranсе аnd rеligious dogmarism.
Morе rесеntly, Daniеl Gasman (197 |) and Stеphеn Jay Gould (1977) arguеd
that Haесkеl's Ьiology supportеd Nazi raсism, although thеy сonvеniеntly ig-
norеd Нaесkеl's philo.Semitism, an attitudе quitе unusual for thе pеriod.
Мiсhaеl Riсhardson rееxaminеd Haесkеl's i l lustrations of emЬryos, and hе
too suggеstеd Haесkеl's malfеasanсе. Riсhardsоn сompаrеd Нaесkеl's i l lus-
trations with photographs of еmЬryos, and еasily showеd thе dеviаrtions' How-
еvеr, Haесkеl had adaptеd il lustrations from thеn-сontеmporary sourсеs. Hе
showеd that whеn you linеd up dеpiсtions геndеrеd Ьy еxpеrts' thе similarity
of еvolutionarily rеlatеd typеs at еirrliеr stagеs of еmЬryogеnеsis Ьесamе
manifеst-a phеnomеrron aсknоwlеdgеd Ьy todаy's еmЬryologists. Сrеation-
ists and Intеll igеnt Dеsign thеorists havе сitеd thе oldеr Gегmаn litеraturе
and Riсhardson's photogrаphs to indiсt not only Haесkеl Ьut all of еvolu-
tionary thеory.
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Haldanе, J. B. s. (L892_|964)

John Burdon Sandеrson Haldanе, known familiarly as J. B. S.' was Ьorn on
NovеmЬеr 5, 1.892, in ЕdinЬurgh, Sсotland, to Louisa Kathlееn Haldanе and

thе physiсian John Sсott Нaldanе. J. B. S.,s youngеr sistеr was Naomi Hal-

danе (latеr Мitсhison). Thе Нaldanе family is dеsсеndеd from Sсottish aгis-

toсrats. J. B. s. Haldanе is known prinсipally aS onе of thе thrее arсhitесts of

thе modеrn synthеtiс thеory of еvolutiоn, along with R. A. Fishеr (1890_1,962)

and Sеwall Wright (1889_1988). Haldanе also madе original сontributions

to Ьioсhеmistry. In addition, hе was a populаг sсiеnсе, politiсal, and fiсtion

Wrltеr.
Haldanе wаs еduсatеd at thе Dragon Sсhool, Еton Collеgе, and Nеw Сol-

lеgе' oxford, in Еngland. Не еntеrеd Nеw Сollеgе in \911' Ьy wаy of a math-

еmatiсs sсholаrship Won at Еton. A yеar latеr, Haldanе won first-сlass

honors in mathеmatiсs and suЬsеquеntly, in 1.914, first-сlass honors in сlas-

siсs and philosophy. Наldanе did not possеss a sсiеnсе dеgrее' yеt his intеrеst
in sсiеnсе dеvеlopеd at аn еarly agе, mainly duе to thе influеnсе of his fathеr

and sistеr. In 1901, whеn Нaldanе Was еight, hе and his fathеr attеndеd a lес-

turе whеrе thе Ьiologist A. D. DarЬishirе (1879_1915) disсussеd thе nеwly

геdisсovеrеd pгinсiplеs of Меndеlism. Along with his sistеr, who was Ьrееd-
ing guinеa pigs, Haldanе did еxpеrimеnts looking for pattеrns of Mеndеlian

hеrеdity in 1908. Bу 1912, Haldanе Ьеliеvеd hе had еvidеnсе of l inkagе (i.е.,

thе inhеritanсе of two allеlеs togеthеr), and in 1915, Ьеforе еntеring !Иorld

lVar I as a mеmЬеr of thе Sсottish Blaсk \й/atсh, his viеw was publishеd in thе

Jourпаl of Gепеtics.
In 7919, Haldаnе Ьесаmе a fеllow of Nеw Сollеgе, Oхford. Hе workеd

dil igеntly on linkagе, puЬlishing sеvеral papеrs. In t922 hе movеd to Сam.

Ьгidgе Univеrsity, whеrе hе would stay until 19З2. Аt СamЬridgе, Hаldanе

Ьесamе, with Fishеr and 
.s7right, 

a kеy figurе in thе synthеsis of Darwinian
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natural sеlесtion with thе prinсiplеs of Меndеlian hеrеdity. Indееd, Haldanе
would play no smаll rolе in uslrеring in thеorеtiсal population gеnеtiсs. In
1924,Ha|danе puЬlishеd thе first of a sеries of 10 mathеmatiсal papеrs ех-
ploring thе reсonсil iation of Darwinism with Mеndеlism; thе last in thе sеriеs
was puЬlished in 19З4, just tw<l yеars aftеr publiсation of his Ьook TЙe
Сацses of Еuolutioп (\9З2|.

Саиses wаs thе сapstonе tеxt not onlу of Haldanе's seriеs of papеrs on еvo-
lution; it was thе сapstonе tехt of thе origins of thеorеtiсal population gеnе-
tiсs. Haldanе's proЬlеmatiс was alignеd with his сontеmporariеs; hе wantеd
to undеrstand thе naturе and signifiсanсе of natural sеlесtiсrn in Меndеlian
populations. Indееd' thе Ьook is known today prinrarily for its сгitiсal сom-
pаrison of Fishеr's, !Иright's, and Hаldаnе's own mathеmatiсal ехplorations
of this issuе. But thе Ьook is muсh morе than thаt. Haldanе aссomplishеs a
synthеsis not mеrеly of Darwinism and Меndеlian hеrеdity, Ьut also, undеr
thе ruЬriс of population gеnеtiсs, of сhromosomal mесhaniсs, сytology, and
bioсhеmistry.

During his tеnurе at СamЬridgе, Haldanе's work was by no mеans rе.
striсtеd to еvolutiotl ' |n 1'923, Наldane puЬlishеd his famous Dаedаlцs, or
Sсiеnсe аnd thе Fшture, a short popular Ьook on sсiеnсе in its soсial сontеxt.
Thе Ьook is said to havе influеnсеd Нaldanе's friеnd Aldous[{,uх|eу,s Brаue
Nеш World (19з2). Haldanе furthеr сontriЬutеd Haldanе's prinсiplе, thе
idеa that shееr sizе oftеn dеfinеs what Ьodily еquipmеnt animals rеquirе, in
hls |927 еssay ..On Bеing thе Right Sizе''' in thе сollесtion Possiblе Worlds
апd other Еssауs' |n 1929, Haldanе's spесulations on thе origins of l ifе wеrе
prеsсiеnt, сoinсiding with thosе of Alеksandr Oparin (1894_1980). In 1930,
Нaldanе's Епzуmes laid down thе foundations of еnzymе kinеtiсs. Dеspitе
his frеnеtiс profеssional paсе, Haldanе wеd Сharlottе Frankеn Burghеs in
1924. This сaцsеd somе сontrovеrsv Ьесausе Сhаrloше was marriеd at thе
timе (to Jaсk Burghеs) arrd had to divorсе Ьеforе marrying Haldanе. j. B. s.
latеr divorсеd Сharlottе and marriеd Ьiologist Hеlеn Spurwaу iл |945.

Haldanе lеft СamЬridgе for Univеrsity Сollеgе, London, and Ьесamе
Сhair of Biomеtry in 1937. Also in 19З7,Ha|danе puЬlishеd his papег, ..Thе

Еffесts of Variation on Fitnеss,'' arguing that thе dесlinе of thе avеragе fitnеss
of a population dr.rе to mutation of thе optimаl allеlе was proportional to thе
mutation ratе but not to thе induсеd dесrеаsе in fitпеss. Haldanе's сonсlusion
would latеr Ье сallеd thе ..prinсiplе of thе mutation load.' ' At this timе, Hal-
danе bесamе a mеmЬеr of thе Сommunist Party and, in faсt, wrotе a numЬеr
of politiсal papеrs on N4arхism for The DаiIу Worker. |n 1950, Haldanе
Ьrоkе with thе pаrty duе largеly t<l Lysеnkoism and to thе сrimеs of Soviеt
lеadеr Josеph Stalin. This was a pеriod irr thе Soviеt Union during whiсh sсi-
еnсе was politlсizеd and many dеfеndеrs of Darwin Wеrе sеnt to thе gulags.

Haldanе was i1wardеd thе Darwin Меdаl of thе Royal Soсiеty in 1953,
and hе was аwardеd an honorary LLD from thе Univеrsity of Paris in 1956,
Haldanе lеft CamЬridge in 1957 and еmigratеd to India and ultimatеly Ье-
сamе an Indian сitizеn. Thе movе Wаs a protеst of British poliсy during thе
Suеz Сrisis. In India, Haldanе Was a rеsеarсh profеssor at thе Indian Statisti-
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сal Institutе. In his famous papег, ..Thе Сost of Natural Sеlесtion'' (1957),

Haldanе arguеd that thеrе is a сap on thе ratе of adaptivе еvolutiorr Ьесi.tusе
of а suЬstitution l<lad, that is, Ьесаusе a suЬstitution (Ьy mr.rtation or сhangе
in еnvironmеnt) сould not start morе frеquеntly than еvеry 300 gеnеrations.
Haldanе's сlaim was latеr сallеd Haldanе's dilеmma.

Haldanе was awаrdеd thе Dаrwin-.!Иаllaсе Mеdal of thе Royal Soсiеtу in
1958, and in 196| rесе ivеd thе KimЬеr Меdal  of  thе LI .S.  Nаt ional  Aсаd-
еmy of Sсiеnсеs. Aftеr a prodigious сarееr) Наldаnе diеd of сolon сanсег in
Bhubanеswar' Orissa, India, on DесеmЬеr 1,,|964' Sеrious i l lnеss, howеvеr'
did not dampеn l-lаldanе's spirit. In his poепr, ..Сanсеr Is a Funny Thing'' '
hе wrotе' ,.I know that сanсеr oftеn kil ls / But so do сars and slееping pil ls /
And it сan hurt onе ti l l onе swеats / So сan Ьad tееth and unpaid dеЬts / A
spot of laughtеr, I am surе / oftеn ассеlеratеs onе's сurе / So lеt us patiеnts
do our Ьit / To hеlp thе surgеons makе us fit'' (Сlark 1968). Haldanе has Ьееn
dеsсriЬеd as largег than lifе duе to his sеrviсе iп thе Blaсk Watсh, his famous
wit, аnd his politiсal viеws. Haldanе Was' tO Ье surе, а Ьiologist anсl thеn
somе.
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Hamilton, W. D. (1936-2000I

-R.А's.

!7il l iam Donald Hamilton was onе of thе major еvolutiorrary Ьiologists of
thе twеntiеth сеntuгy. Мany of his сontеmpor:rгiеs сomparеd lrim to Сharlеs
Darwin' partly Ьесausе Ьoth rrrеn sharеd а dееp lovе of natural history and
partly Ьесausе both attemptеd to solvе somе of Ьiology's Ьiggеst mystеriеs.
Pеrhaps thе largеst of thеsе mystеriеs is thе quеstion of altruism, pеrforn-ring
aсts that Ьеnеfit othегs at a сost to thе altruist. Strpеrfiсiаlly, еvolutionary thе-
ory suggests th21t mutants ехhil l it ing morе ..sеlfish'' Ьеhzrvior should Ье zrЬlе to
wipе out altruisrn, Ьесausе Ьy dеfinition thе altruists hаvе rеduсеd fitnеss
whilе thе sеlfish individuals prospеr at thеir еХpеnsе. Yеt altruism aЬounds in
natuге. Afriсan kingfishеrs fееd and protесt young that arе not thеir own;
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lronеyЬeеs сommit suiсidе whеn thеy sting intrudеrs, and еvеn morе notaЬly
from an еvolutionary pеrspесtivе' workеr Ьееs arе stеrilе, saсrifiсing thеir
own rеproduсtion to hеlp thе hivе flоurish.

Harnilton's ir-rsight for solvir.rg tlrе puzzlе rvirs dесеptivеl1, simplе: sеlf-
saсrifiсial ЬеЬаvior сan еvolvе and pеrsist if it Ьеnеfits rеlativеs of thе altruist
Ьесausе thеy sharе thе altruist's gеnеs. Thus aiding a siЬling, сousin, or othеr
rеlation сan sti l l Ье favorеd Ьy sеlесtior-r' еvеn if it nrеans forgoirrg thе pro-
duсtion of thе altruist's own offspring. Hanriltоn еxprеssеd this in aп еqua-
tion that lras сomе to Ье сallеd Hашrilton's rulе: аltruism is favorеd whеn
Ьlc>1'lr, whеrе Ь is thе Ьеnеfit, с is thе сost of thе aсt, and r is thе dеgrее of
rеlatеdnеss Ьеtwееn thе dоnor and thе rесipiеnt of tlrе altruisпr. onе should
thеrеforе bе пrorе l ikеly to sее thе most s.lсrif iсе for thosе most сlosеly rе-
latеd, suсlr as siЬlings, аnd lеss saсrifiсе fсlr thosе lеss сlosеly rеlatеd, suсh as
third сousins. Thе proсеss is сallеd kirr sеlесtion, arrd thе idеa has Ьееn usеd
lvith grеat suссеss to ехplain a variеty of proсеssеs in animals, inсluding thе
сoopеrativе Ьirds аnd suiсidаl Ьееs mеntionеd еаrliеr, although it doеs not al-
ways providе a сomplеtе answеr. TЬе Ьееs, it turns out' arе thгough a gеnеtiс
pесuliarity of thеir insесt group vеry сlt>sеly rеlatеd to thеir hivе mаtеs, morе
so than thеy rvould Ье to thеir own offspring, and hс.nсе hеlping thеir mothеr
(thе quееn) to rаisе thеir sistеrs and Ьrotlrеrs, who rvil l Ьесomе fr.rtr-trе rеpro-
duсtivеs, wil l Ье favorеd undеr manv сirсumstаnсеs.

In addition to his work on altruisпr, Нamilton wrotе aЬout thе еvolution
of animal groups in ..Gеomеtry for thе Sеlfish Hеrd'' (|971), aЬout sеx ra-
tios, aЬout aging and sеnеsсеnсе' and :rЬout thе origins and funсtion of сo-
opеration and fightir-rg. Мuсh of lris work is mllrkеd Ьy a r,vil l ingnеss to
еntеrtain nеw idеas and viеw old inforrтаtion witlr a frеsh еyе' and hе was a
rathеr solitary sсiеntist throughout most of his l ifе. Thе idеa of kin sеlесtion
wеnt rеlativеly unapprесiаtеd for sеvеrirl yеars аftеr its initial pr"rЬliсаtion in
7964,Ьut еvеntuаlly it Ьесапrе onе оf thе сornегstonеs of mоdеrn еvolution-
ary Ьiоlogy' His idеаs almost always Ьесamе kеy сomponеnts of thеir fiеld,
whеthеr immеdiatеly or aftеr a lag whilе othеr sсiеntists сaught up to him.

Hamilton еvеntually Ьес.rmе intriguес1 with onе oI thе grеatеst proЬlеms of
еvollttion' thе еxistеnсе of sехual rеprсlсlr.tсrion. This lеd to an intеrеst in pаг-
ilsitеs and thеir еffесts or-r host есolog,v, Ьеhavior, аnd еvolutiсln that lastеd
for thе rеst of his сarееr. Sех is a сonundrum Ьесausе, just as thе altruist
slrould losе in a raсе with a sеlfish сonlpеtitor' an :rsехual spесiеs (onе that
simply rеpгodr'rсеs itsеlf Ьу rnaking gеtlеtiсally idеntiсаl сopiеs) shсltrld out-
сompеtе a sехual spесiеs thаt rеquirеs two individuals to produсе a singlе
offspring. Сеrtainly somе organisms' ir-rсluding soпrе сrustaсеans! l izards, in-
sесts, and plants' do rеprсlduсе asехuаlly. Мost, howеvеr' pay thе priсе of
sех, with all of its сonsеquеnсеs. As Harrri lton askеd in a 1975 Ьook rеviеw,
..Why all tlris si l ly rigmtrrolе of sех? Why this gavottе of сhrot-l. losomеs? 

.WЬy

:rll thеsе usеlеss mаlеs, this striving аnсl wastеful Ьloodshеd, thеsе grotеsquе
horns, сolors, . . . and why' in thе еnd, novеls . . . ahout lovе?'' (p. 175).

Hamilton, аlong with a tеrv othеr sсiеntists, suggеstеd that sеlесtion must
favor thе shuff1ing of gеnotypеs Ьеtrvееt-t gеnеrirtiol.ts and hеrrсе sеx. But thе
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sеlесtivе prеssurеs must fluсtuatе in еithеr spaсе or timе, or еlsе asеxual rе-
produсtiоn sti l l wins in thе long tеrm. For a variеty of rеasons Ьеst ехplainеd
irr dеtail шsing р.loрulation gеnеtiс modеls, pаrasitеs arе idеaliy suitеd to pro-
vidе suсh fluсtuating sеlесtion Ьесausе thеy сontinually еvolvе nеw mеans of
attaсk as thеir hosts еvolvе dеfеnsеs against thеm. Hamilton outlinеd how
thе сontinual Ьаrrаgе of insults Ьy pathogеns lirrgе and small сould kееp sех-
uaI rеproduсtion zrdvаntаgеous irr long_livеd multiсеllular organisms.

Hе thеn turnеd his attеntiоrr t<l sехual sеlесtion and rrratе сhoiсе, suggеst.
ing that thеrе, too' prеssurе from parasitеs sеrvеs a сruсial rolе in thе еvolu-
tion of showy sехr.ral ornamеnts l ikе thе tаil of thе pеaсoсk. If only healthy
malеs rеsistant to pi1rilsitеs сan produсе thеsе Ornаmеnts' tЪrnalеs саn usе thе
flashy traits as indiсators of gеr-rеs that wil l hеlp makе thеir offspring rеsistant
as r,r,еll. Parasitеs aге of partiсular signifiсanсе Ьесausе thеy providе сOntin-
uеd prеssurе to шаintain gеnеtiс variaЬil ity; just as with sеx, unlеss hosts
сhangе thеir dеfеnsеs, thеy will Ье ovеrrun Ьy thе rapid еvolution of thеir dis-
еasеs. Fеmalеs tlrus usе thе orllапlеnts to 6rrd rеsistant mаtеs, evеn though
thе spесifiс gеnеs сonfеrring this rеsistanсе сhangе ovеr tirriе. This idеa has
Ьееn tеstеd in numеrous animal spесiеs. 

.sИhilе 
parts of his thеory rеmain dе-

batablе' parasitеs do sееm to play a signifiсant rolе in mаtе сhoiсе and thе dе-
vеlopmеnt of srlmе sехual signals.

Natuгal history, pаrtiсul:rrly of insесts, was always <lf kееn intеrеst to
Harnilton' and hrs thеory was аlways groundеd in a sоund knowlеdgе of how
organisms Ьеhavеd in thе rеal world. Hе diеd in 2000 at thе rathеr ear|у age
of 63, following сonrpliсations of malariа сontгaсtеd on an ехpеdition to thе
Сongo to follow up On a сontrovеrsial tlrеoгy that AIDS aгosе from faulty
polio vaссinе. Hе won many сlf Ьiology's prizеs and awards, inсluding thе
Kyoto Prizе, thе Сrafoord Prizе (Swеdеn's NoЬеl Prizе еquivalеnt for non-
mеdiсal Ьiology), tЬе Distinguislrеd Animаl Bеhaviorist Award from thе Ani-
mаl Bеhavior Sс;сiеty, аnd thе Sеwall Wright Award fronr thе Amеriсаn
Soсiеty of Naturalists. Bесausе his work influеnсеd so many fiеlds, many dis-
сiplinеs, from еntomology to parasitology, сlaim him as onе of thеir own,
furtlrеr tеstimony to thе Ьroad rеaсh of еvolution in sсiеnсе.
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Hеnnig, Willi (Т913-1976)

In сompеtition with Сarl Linnaеus, \Willi Hеnnig is pеrhaps thе rnost influеntial
systеmatist of all timе. Aftеr Сharlеs Darwin's presеntation of thе thеorу of
еvolution, many biologists, inсluding Darwin himsеlf, еxprеssеd thе idеa that
organisms should Ье сlassifiеd Ьasеd on thеir еvolutionary rеlationships-thеir
phylogеny. Flowеvеr, it was Hеnnig who first prеsеntеd a сomplеtе thеory for
phylogеny rесonstruсtion and dеvеloped thе prinсiplеs foг phylogеny-basеd
сlassifiсation.

As a tееnager, Неnnig Was an ardеnt amatеur zoologist. Hе сollесtеd Ьее-
tlеs and Ьuttеrfliеs, startеd an hеrЬarium' and workеd аs a vоluntеег in thе
Drеsdеn Мusеum. Не took an intеrеst in thе sсiеnсе of systеmatiсs and, in a
high sсhool еssay writtеn at thе agе of 18, hе сlеarly idеntifiеd thе rесonstruс-
tion of еvolutionary rеlationships as thе main task of the disсiplinе. Biologists
at thе timе laсkеd a c|ear undеrstanding of how organismal rеlationships
сould bе rеliaЬly rесonstruсtеd, Ьut Hеnnig disсussеd thе mеrits of diffеrеnt
typеs of еvidеnсе of phylogеnеtiс affinity and pгеsеntеd original idеas that
forеshadowеd his latеr work. Howеvеr, it would takе him аlmost twо dесadеs
to dеvеlop a rigorous thеory of phylogеnеtiс infегеnсе.

Hеnnig studiеd zoo|ogy, botany, and gеology at thе Univеrsity of Lеipzig,
whеrе hе dеfеndеd his thеsis on thе сopulatory apparatus of Diptеra (fliеs,
mosqui toеs,  and midgеs) tn t936, at  thе agе of  2З.|n |937, hе jo inеd thе
Gеrman Еntomologiсal Institutе, whеrе hе spеnt most of his еarly profеs-
sional сarееr. Although сomparativе morphology and taхonomy of diffеrеnt
groups of Diptеra rеmainеd thе maioг foсus of his work, Hеnnig Was a pro-
lif iс writеr, puЬlishing morе than 9,000 pagеs and thousаnds of drawings
during his lifetimе. In addition to thе Diptеra monographs, his writings in-
сludеd outstanding thеorеtiсal and еmpiriсal сontriЬutions as wеll as tеxt-
books spanning thе еntirе fiеld of zoologiсal systеmatiсs.

Hеnnig was сonsсriptеd as an infantryman whеn NИorld 
.War 

II Ьrokе out
in 19З9. Aftеr rесovеring from a sеrious injury hе suffеrеd in Russia tn |942,
hе was ordеrеd to work with malaria сontrol. Shortly Ьеfoге thе еnd of thе
war he was sеnt to Grеесе and northегn Italy' whеrе, in British сaptivity' hе
сontinuеd with malaria work until thе fall of 1945,It was during this pеriod
that hе wrotе thе draft of his most important work, Gruпdzйge еiпer Tbеorie
der phуlogeпetischеп Sуstemаtik (Priпciplеs of а Theorу of Phуlogenetiс Sуs-
tеmаtiсs' 1950).

Hеnnig finishеd thе manusсript aftеr thе war, and thе Ьook appеarеd in
1950 in a small еdition and without an indех Ьесausе of thе shortagе o{
papеr at the timе. Thе tеxt wаs widеly disсussеd аmong Gегmаn-rеading zo-
ologists, inсluding Profеssor Lars Brundin at thе Swеdish Мusеum of Nat-
ural History in Stoсkholm' who Ьесamе a powеrful proponеnt of thе nеw
idеas. Нowеvеr, Hеnnig's thеoriеs wеrе not introduсеd to the Еnglish sсiеn-
tifiс litеraturе until a rеvisеd vеrsion of rhе book was printеd in thе Unitеd
Statеs in 1966; several rеlatеd papеrs appеarеd in Еnglish-languagе journals

around thе samе t imе.
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Long Ьеforе Hеnnig, it was gеnеrally assumеd that thе еvolutionary rеlatеd-
nеss of two spесiеs was сorrеlatеd with thеir ovеrall similarity in morphology,
Ьеhavioг, аnd otЬеr traits. It wаs also widеly rесognizеd tЬat indеpеndеntly
evolvеd similarity, сommonly сallеd сonvеrgеnсe' was falsе еvidеnсе of gе-
rrеalogiсal rеlationship. But Hеnnig rеalizеd that many of thе sirrri laritiеs in-
hеritеd from a сon-lmon anсеstor' сallеd homologiеs, wеrе usеlеss as grouping
сritеria; only thе sharеd dеrivеd traits (synapomorphiеs) indiсatе truе phylogе-
nеtiс rеlationship. Bесausе a synapomorphy originatеd in a сommon anсеs-
tor  sharеd Ьy only somе orgal) isms. i t  groups thosе organisms into аn
еvolutionary unit (rnonophylеtiс group or сlade). Thе shагеd primitivе traits
(plеsiomorphiеs) do not dеfinе сlаdеs. For instanсе, in a samplе of dog, Itzard,
сhimp, and man, thе dog and tlrе l izаrd сannot bе groupеd on thе ground
that thеy sharе a tail Ьесausе this trait was inhеritеd from thе сommon anсеs-
tor of аll four spесiеs; it is a plеsiomorphy. Thе laсk of a tail, howеvеr, is a
sharеd derivеd fеaturе that саn Ье usеd to grouр thе сhimp and man.

To Hеnnig, Ьasing Ьiologiсal сlassifiсation on phylogеny mеant that all
namеd taхa must bе monophylеtiс groups. This idеа was strongly opposеd аt
thе timе Ьy rеsеarсhеrs likе Еrnst gIaуr (1969), who insistеd that сlassifiсation
пrust Ье a сompromisе Ьеtwееn еvolutionary rеlationship and ovеrall similar-
ity (..еvolutionary systеmаtiсs,'), and Ьy RoЬегt Sokal and Pеtеr Snеath
(196З), who arguеd that grouping Ьy ovеrall similarity was prеfеraЬlе Ьесausе
phylogеnеtiс rеlationships Wеrе so diffiсult to rесOnstrllсt (..phеnеtiсs''). Неn-
nig's prinсiplеs arе almost univеrsally aссеptеd now' еvеn though it will takе
dесаdеs Ьеforе a сonsistеnt Hеnnigian сlassifiсation is univеrsally adoptеd Ье_
сausе of thе rеsiliеnсе of old group сonсеpts-suсh as ..invеrtеЬratеs,'' ..gyn-'-

nospеrms,,' аnd ..protozoansD-and tlrе laсk of knowlеdgе aЬout phylogеny.
Tlrе rulеs for nanring сladеs arе still mr'rсh dеЬatеd, еspесially thе Linnaеan
idеa of rесognizing formal ranks (gеnus, family, oгdеr, еtс.). Hеnnig proposеd
that ranks Ье tiеd to agе; еaсh rаnk would Ье геsеrvеd for groups of a spесifiс
datе of origin. Aссuratе dating of сladеs sееmеd сomplеtеly unrеalistiс at thе
timе, Ьuг thе rеfinеmеnt of phylogеnеtiс mеthods and thе growing amount of
molесular data may yеt lеad to a rесonsidеration of this idеa.

Hеnnig disсussеd at lеngth thе prinсiplеs Ьy whiсh сonvеrgеnсе сould Ье
soгtеd from homology and plеsiomorphy from apomorphy. His tесhniquеs
inсludеd dеtailеd analysis of similarity, thе sеquеnсе of appеaranсе of сhar-
aсtеrs in thе fossil rесord or irr ontogеrry (thе dеvelоpmеnt from egg to adult),
and thе gеographiс distriЬution of сharaсtегs. Сonfliсts Wеге to Ье manually
rеsolvеd using сhесking and rесhесking, сarеfully wеighting thе argumеnts
against еaсh othеr' A Ьasiс idеa was that homology should Ье asstrmеd in thе
aЬsеnсе of еvidеnсе to thе сontrаry' сommonly rеfеrrеd to as Hеnnig's auxil-
iary prinсiplе. Неrrnig nеvег disсussеd quantitаtivе tесhniquеs for rеsolving
сonfliсts, suсh as parsimоny and сompatiЬility analysis, Ьut his tехts сlеarly
point toward tlrеm, and somе еarly parsimony papеrs attriЬutеd thе Ьasiс
idеa to Hеnnig. Нowеvеr, thе mathеmatiсs of phylogеny rесonstruсtion Was
indеpеndеntly disсovеrеd at aЬout thе samе timе Ьy othеr systеmatists and
molесular Ьiologists unаwarе of Hеnnig's work.
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Thе dеЬatе following thе prеsеntаtion of phylogеnеtiс systеmatiсs wаs
plaguеd Ьy outragеous сontrovеrsy (Hull 1988). Somе of Неnnig's еnеmiеs
laЬеlеd him ..сladist' ' Ьесausе of his епphasis on rесognizing monophylеtiс
groups (сladеs), and Hеnnig's morе zеalous followеrs quiсkly adoptеd thе
tеrm. Aftеr Hеnnig's dеath, sеvеral prominеnt сladists arguеd that thе Ьа-
sis of сlassifiсation should not Ье еvolutionary rеlationship Ьut thе most
paгsimonious arrangеmеnr of thе availaЬlе dаta (Ridlеy 1'986). othеrs
(phylogеnеtiс systеmatists) maintainеd that parsimony was only onе of sеv-
еral tools that сould Ье usеd to find thе еvolutionary rеlationships on
whiсh propеr сlassifiсation should геst' DеЬatеs inspirеd by Hеnnig's rеvo-
lutionary book sti l l сontinuе today, morе than 50 yеars aftеr its original
puЬliсation.
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HobЬit (Homo floresiensis)
..HoЬЬit' ' is thе niсknamе (aftеr J. R. R. Tolkiеn's 1937 novеl, Tbe l7obbit)
for a tiny skеlеton (сatalogеd as LB1)that rеprеsеnts a nеw human spесiеs
(Нomo floresieпsis), whiсh lived from 95,000 to 12,000 yеars ago. This
rеmarkаЬlе find wаs announсеd tn 2004 Ьy Miсhaеl Мorwood and othеr
sсiеntists from Australia and Indonеsia. LB1 was ехсavatеd from 18'000-
yеar-old dеposits in Liang Bua, a сavе on thе Indonеsian island of Florсs.
Thе nеarly сomplеtе skеlеton stands a l ittlе ovеr a mеtеr tall, and is bе-
liеvеd to rеprеsеnt аn adult woman. Thе skеlеton and fragmеnts of еlеvеn
othеr individuals show tЬat Homo floresiепsis manifеstеd a miхturе o{
fеaturеs found in very еarly rеlativеs of humans (е.g., ...LuCУ,', datеd to
ovеr 3 mill ion yеars ago), ear\у Homo' morе rесеnt Homo еrес,t||s, and liv-
ing pеoplе. LB].'s сomЬination of fеaturеs of thе Ьrain, tееth, shouldеr,
wrist, pеlvis, lеgs, and fееt has not Ьееn found in any othег hominins, l iv_
ing or еxtinсt. Homo florеsiепsis had vеry thiсk bonеs, rеlatively short lеgs'
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long fееt, a short Ьig toе, a tiny Ьrainсasе, and an apе-sizеd Ьrain-to-Ьody
ratlo.

To datе, thе rеmains of twеlvе Homo florеsiensis individuals havе Ьееn
found in assoсiation with faunal rеmаins of dwarfеd еlеphant-like Stegodoп,
giant Komodo dragons, rаts. and Ьats. Сharrеd Ьonеs аnd сlustеrs of rеd-
dеnеd, firе.сгaсkеd roсks wеrе also found in Liang Bua. High dеnsitiеs of
stonе tools wеrе ехсavatеd from thе сavе' inсluding сorеs, anvils, rеtouсhеd
tools, and flaking dеЬris. Bесausе of thеsе assoсiatеd finds, thе disсovеrеrs of
Ilomo florеsieпsis suggеst that thе spесiеs madе tools, hul-rtеd, usеd firе, and
Ьutсhеrеd and сookеd mеat. Although thе suggеstion of highеr сognitivе
aЬil it iеs in suсh a small-Ьrainеd spесiеs rеmаins сontrovеrsial, it is sr'rpportеd
Ьy an analysis of thе impгеssions of tlrе Ьrain that wеrе imprintеd insidе
LB1's Ьrainсasе. A сast of thе Ьrainсasе (or еndoсast; sее figurе) rеvеals that
thе Ьrain was highly сonvolutеd and uniquеly organized (wirеd), with a num-
bеr of advanсеd fеaturеs. For ехamplе, thе tips of thе frontal loЬеs wеrе еХ-
pandеd in a геgion that is known to Ье impoгtant for пronitoгing intеrrral
thought and for planning ahеad. Thеsе and othеr dеtails of LB1's еndoсast
сontradiсt thе suggеstion Ьy a fеw rеsеаrсhеrs that it may Ье from a modеrn
human affl iсtеd with a pathology known as miсroсеphaly.

Virtual skull of LB1 (..HoЬЬit' ') that Was rесonstruсtеd using thrее-dimеnsionаl
сomputеr tomograplry. Thе skull has bееn flood-fi l lеd to rеvе:rl a virtual
endoсast that rеpгoduсеs thе shaoе and othеr dеtails of ..HоЬЬit's' ' Ьrаin.
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Thе disсovеrу of Homo flсlresiепsis Was ехtгеmеly surprising Ьесausе it
showеd tЬat Homo sаpiепs Was not thе only hсlminin arоund 18,000 yеars
аgo (and Ьеforе), as had Ьееn widеly Ьеliеvеd. Sсiеntists arе mixеd on thеir
intеrpгеtations aЬout whеrе rhis nеw spесiеs саmе frоm. Somе tlrink that it is
a dеsсеndant from Ьiggеr.Ьodiеd Homo еrесtus allсеstors that lrесamе dwarfеd
aftеr migrating to thе island of Florеs. This hypоthеsis is in kееping with thе
wеll-known island rulе, whеrеЬy largе аnimals Ьесonrе smallеr (likе thе aЬovе-
mеntionеd Stegodoп\ and small animals Ьессlmе largеr (е.g.' thе giilnt Kornodo
dragons) on islands whеrе rеsourсеs arе l imitеd. othеr workеrs Ьеliеvе that
Homo florеsiепsis may lravе Ьееn dеsсеndеd from a small anсеstor' suсh as
thosе in Luсy's genus (Аtlstrаlopithесus), аnd that its аnсеstors simply rе-
rnainеd small aftеr arriving On thе isl irrrd of Florеs. Timе will tеll.
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Homology

Homology is onе of thе сеntral сonсеpts in Ьiology. It rеfеrs to thе similarity
Ьеtwееn morphologiсal сharaсtеrs' gеtlеs' and othеr Ьiologiсal rraits, suсh as
Ьеhaviors, al-nong diffеrеrrt spесiеs. Sоrnе of thе Ьеst-krrown ехаnrplеs of ho-
mology arе (1)thе wings of Ьirds, thе arms сlf htlnlans, and tlrе forеlimЬs of
othеr tеtrapods and (2) thе Ьony еlеmеnts in thе gil l аrсhеs of sharks and thе
thrее middlе еar Ьonеs (mallеus, inсus, аnd stapеs) in humans. Ir-r Ьoth сasеs,
thе similaгity bеtwееn сharaсtеrs is еstаЬlishеd indеpеndеntly of thеir sizе,
shapе, and funсtion. This faсt is rеflесtеd in Riсhirrd owеn's dеfinition of a
homologuе as ..thе samе orgаn in diffеrеnt animаls undег еvеry variеty of
form and funсtion'' ' to Ье distinguishеd from an analoguе as ..a part Or Organ
in onе animal whiсh has tlrе samе funсti<ln as anothеr part or сlrgan in a dif-
fеrеnt

What is alгеady сlеar trom Owеn's dеfinition is that in ordеr to еstaЬlish thе
ехistеnсе of homology, wе nееd to havе a sеt of сritеria thаt allow us to dеtеr-
nrinе thе samеnеss bеtwееn diffеrеnt сlraraсtеrs. Irr thе past' сomparativе
anatomy arrd еmЬryology providеd thе tools for lromology assеssmеnts; todаy
wе also usе molесular and sequеnсе data. Thе morphologiсal homology сritеriir
inсludе (1) position-homology is morе likеly if two сharaсtеrs arе found in а
sirnilar positiorr within two organisms; (2) struсturе-lromology is morе likеly if
two сharaсtеrs sharе many individital fеaturеs; (3) trar-rsition-homology Ье-
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twееlr dissilrrilar сlrarасtегs сan Ье еstaЬlishеd if thеy arе linkеd through a sеriеs
of intеrпlеdiatе fornrs; and (4) sеvеrаrl сongruеnсе сritеria thаt сapttlrе thе dis-
tгiЬutiоп оf similaг сhаraсtегs in сlosеly rеlatеd spесiеs. Tlrе rnolесular homol-
ogy сritеria сapturе thе similarity Ьеrwееn molесulеs, suсh аs DNA sеquеnсеs'
Ьasеd on pattеrns of сommon dеsсеnt. Hеrе thе nцmbеr аnd thе position of nu.
сlеotidе suЬstitution arе oftеn usеd as аn approхimation fоr thе сlosеnеss of rwo
sеquеnсеs. Bесausе of thе high frеquеnсy of gеnе dupliсations in thе сoursе of
еvolution, a furthеr distinсtion has to Ье madе bеtwееn orthologous gеnеs,
whiсlr divеrgе as a rеsult of indеpеndеnt еvolution aftег a spесiation еvеПt' аnd
paralogous gеnеs, whiсh divеrgе within ;.r spесiеs after a gеnе dupliсatiorr еvеnt.

Thе сorrсеpt of homology datеs Ьaсk to prе-Daгwinian and prе_еvolutionary
tirnеs' Aristotlе found similarity Ьеtwееn orgаnisms to Ье somеthing notiсе-
aЬlе, аnd еvеn bеfоrе Owеn fornrаlly dеfinеd thе соnсеpts of hоmоlogy and
analсlgy, thе idеas сapturеd Ьy thеse сonсеpts wеrе at thе hеart of thе famous
dеЬatе Ьеtwееn Gеorgеs Сuviеr and Еtiennе Gеoffroy Saint-Hilаirе in thе
еarly 1830s (sее Appеl 1987I. Whilе Сuviеr hеld that thе divеrsity of l ifе is
Ьеst undеrstoсld in thе сontехt of distinсt highеr groups (so-сallеd еmbrасhе-
meпts) and within thosе groups Ьasеd on thе funсtional nееds of orgаnisms,
Gеоffroy aгguеd for thе ехistеnсе of an undеriyirrg ссrmmon organizational
plan of all al-rimals, whiсh lrе сallеd univеrsal analogy or unity of rypе. Owеn
rесognizеd tlrat idеntifying сorгеspоnding parts in diffеrеnt spесimеns and
arrangir-rg differеnt forms aссording to a nеstеd hiеrarсhy of similaritiеs pro-
vidеs a rаtional systеm for ordеring thе divеrsity of l ifе' Hе also introduсеd
thе notion of thе arсhеtypе as an abstraсt rеprеsеntаtion of thе undеrlying
simiiaritiеs among e group оf organisms.

In thе сontехt of thе Darwinian rеvolution of thе sесond half of thе ninе-
tееnth сеntury, thе homology сonсеpt ',vas historiсizеd. Thе еxplanation for
tЬе oЬsеrvеd pattеrns of similarity Ьеtwееn organisms Was l1ow to Ье found
in thеir сomlnon еvolutionarу history, and lromologiеs Ьесаnrе thе main tool
for thе rесonstruсtion of thеsе phylogеrrеtiс rеlatiоnships. Along witЬ гпor-
phologiсal сritеria, еmbryologiсаl еvidеnсе was also inсrе:rsingly еmployеd to
asсеrtain homology rеlationships Ьеtwееn diffеrеnt struсturеs. 

.Гhis 
prасtiсе

wаs based on thе аssumption thаt sin-ri lar struсturеs should also dеvеlop from
similar еrnЬryoniс аnlagеn. Howеvеr, this program of еvolutionary morphol-
ogy would soon run into diffiсultiеs. First, if аll struсturеs dеvеlop from a sin-
glе сеll, it was ntlt сlеar whiсlr еmЬryoniс stagеs should bе usеd to estaЬlish
saftlеnеss Ьеtwееll twсl adtrlt struсturеs. Sесond, rеgеnеrating tissuеs, suсh as
amphiЬiаn lеnsеs' oftеn dеvеlop froш a diffеrеnt soufсе of сеlls. Thе сonсlu-
sion that thе originаI and tlrе rеgеnеrаtеd lеns aге nоt hоmolсlgotls was сlеarly
proЬlеmаtiс. Anothеr appliсation of thе l-romology сonсеpt was moге fruitfцl.
Thе rесognition that Ьеhaviorаl pаttеrns сan Ье trеatеd thе samе wаy as mor-
phologiсal struсturеs аnd that onе сan thеrеforе еstaЬlish homologiеs also Ье-
twееn Ьеlrаviors was thе foundation of thе sсiеnсе of еthology.

Today, thе homоlogy сOnсеpt is again at thе сеntеr of sеvеral thеorеtiсal
disсussions within Ьiology' This Ьas rеsultеd in a variеty of dif{еrеnt propos-
аls аnd dеfinitions of Ьorrrology that сan llе groupеd' aссording to thе rеsеarсh
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quеstions thеy addrеss, into (1) historiсal homology сonсеpts аnd (2) Ьiolog-
iсal homology сonсеpts. Нistoriсal homology сonсеpts arе prominеnt in
phylogеny rесonstruсtion. Thе most widеly usеd approaсh, сladistiсs or
phylоgеnеtiс systеmatiсs, сharaсtеrizеs groups of spесiеs (сladеs) Ьy thе prеs.
еnсе of sharеd dеrivеd сharaсtеrs (synapomorphiеs). Thеsе synapomorphiеs
arе historiсal h<lmologuеs-thеir samеnеss is a сonsеqrrеnсе of thеir phylogе-
nеtiс (anсеstor/dеsсеndant) rеlatiorrships. Thе rеsulting рhуlogеnеtiс systеlт
rеprеsеnts a nеstеd hiеrarсhy of groups, еaсh сharaсtеrized Ьy rr uniquе sеt of
sharеd dеrived сharaсtеrs or homologuеs.

Thе Ьiologiсаl homology сonсеpt' on thе othеr hand, also еmphasizes, in
addition to thе сommon phylogеnеtiс history, thе dеvеlopmеntal origin of
homologous struсturеs. Thе similaritiеs of phеnotypiс struсturеs arе sееn as a
сonsеquеnсе of a sharеd dеvеlopmеr-rtal program. As Giintеr 

'sfagnеr 
dеfinеd

it: ,.Struсturеs from two individuals or from thе samе individual arе honrolo-
gous if thеy sharе a sеt of dеvеlopmеntal сonstraints, сausеd Ьy loсally aсting
sеlf-геgulatory mесhanisms of . . . diffеrеntiаtion'' (Y/agner 1989, 62|. Тhe
Ьiologiсal homology сonсеpt thus not only сapturеs thе distriЬution of ho-
mologuеs among groups of spесiеs' Ьut also intеnds to еxplain thе mесhanis-
tiс сausеs for thе oЬsеrvеd similaritiеs' whiсh arе to bе found in thе dеtails of
thе dеvеlopnrеntal systеr-n. Thе Ьiologiсal Ьomology сonсеpt is tЬеrеforе at thе
сorе of еvolutionary dеvеlopmеntal Ьiology' thе rесеnt synthеsis of еvolution-
ary and dеvеlopmеntal Ьiology.
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Hookеr, Josеph Dalton (181'7-1911I

Josеph Daltorr L{ookеr was a lеading Ьotanist of Viсtorian Britain and onе of
Сharlеs Dаrwin's staunсhеst supportеrs. Hе was onе of thе first sсiеntists to
Ье informеd of Darwin's thеory and playеd a lеading rolе in hеlping Darwin
to formuiatе his idеas, еspесially in thе appliсation of еvolution thеory to
Ьiogеоgraphy.

Hookеr wаs Ьorn on Junе 30, 1817, thе son of Sir \Will iam Jaсkson F{ookеr,
who was dirесtoг of thе Royal Botаniсal Gardеns at Kеw. Не oЬtainеd an
MD at Glasgow in 18З9 and latеr that yеar joinеd }i.МS Еrеbus on a four-
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yеar ехploratory voyagе to Nеw Zea|and, Tasmania, and thе Antаrсtiс. Hе
suЬsеquеntly produсеd a six-volumе survеy of thе Ьotany of thеsе rеgions. In

1847,Ьe travеlеd to Sikkim, Nеpal, and thе Еastеrn Himalayas, sеnding Ьaсk
еxotiс plants suсh as rhododеndrons' whiсh soon Ьесamе favoritеs in Еuro-
pеan gardеns. Hе puЬlisЬеd Florа Iпdiса in 1855, thе yеar in whiсh hе Ье-
сamе assistant to his fathеr аt Kеw. In 1865, hе suссееdеd his fathеr as

direсtor, сontinuing Kеw's rolе as a lеading сentеr for thе есonomiс Ьotany
of thе British Еmpirе. Hookег diеd in 1911.

|n 1'844, Darwin informеd Hookеr of his idеas on еvolution and in 1'847

sеnt him thе ..Еssay'' in whiсh his thеory was first dеsсriЬed in dеtail. Thе
two arguеd for many yеars ovеr thе thеory's impliсations for thе gеographiс

distribution of plants. Нookеr Ьеliеvеd that dispеrsal had takеn plaсе ovеr
anсiеnt land сonnесtions Ьеtwееn thе ехisting сontinеnts' whiсh had suЬsе-
quеntly Ьееn suЬmеrgеd Ьy gеologiсal aсtivity. He was partiсularly aсtivе in

dеfеnding thе viеw that thеrе had onсе Ьееn a grеat сontinеnt in thе south-
еrn hеmisphеrе, of whiсh Antarсtiсa, Australia, and Nеw Zea|and arе Ьut
sсattеrеd rеmnants. Darwin arguеd instеаd for thе dispеrsal of sееds aсross

thе oсеans Ьy flotation, winds, and Ьirds. Hookеr was at first skеptiсal of

еvolutionism, Ьut еvеntually hе Ьесamе onе of thе еarliеst сonvеrts to thе

thеory.
Alоng with Сharlеs Lyеll, Hookеr advisеd Darwin on thе сoursе of aсtion

hе should takе aftеr reсеiving Alfrеd Russеl Iil7allaсе's papеr in 1858. Hookеr,s
introduсtory еssay to Ьis Florа Tаsmаniаe of 1860 was onе of thе first major
puЬliс еndorsеmеnts of thе thеory. Hе spokе aftеr Thomas Hеnry Huхlеy in

thе famous dеЬatе with Bishop Samuеl WilЬеrforсе at thе oxford mееting of

thе British Assoсiation in 1860, and somе obsеrvеrs thought his сontriЬutiоn
was morе pеrsuaslvе.

Darwin and Hookеr сontinuеd to dеЬatе Ьiogеography in thе following
dесadеs. In 1878, Hookеr usеd his presidеntial addгеss to thе Royal Soсiеty
of London to dеfеnd his thеory of an anсiеnt сontinеnt in thе southеrn hеmi-

sphеrе. At thе samе timе' hе еndorsеd thе viеw favorеd Ьy Darwin and many
othеrs that thе main sourсе of morе highly еvolvеd spесiеs Was thе northеrn
rеgions of Еurasia and North Amеriсa. Lаtеr in his l ifе' he Ьеgan to Ьaсk
away from thе thеory of sunkеn land Ьridgеs' undеr prеssrrrе from Darwin,
!Иallaсе, and othеr supportеrs еspousing thе pеrmanеnсе of thе сontinеnts
and oсеans.
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Host paгasite еvolution

Parasitеs сan ехеrt natural sеlесtion on host populations, and viсе vеrsa' rе-
sulting in сhangеs in allеlе frеquеnсiеs ovеr timе and hеnсе еvolution. Рara-
sitеs and lrosts сan also ехеrt rесiproсal' similtanеous natural sеlесtion on
еaсh othеr, rеsulting in аllеlе frеquеnсy сhangеs in Ьoth partnеrs and hеnсе
сoеvolution.

T.hеrе aге sеvеral aсtivе rеsеarсh programs in thе arеa of pаrasitе еvolution.
Onе of thе most aсtivе arеas is on thе еvolution of pаrasitе virulеnсе. Thе rе-
sеaгсh program is nrainly еngagеd in answеring thе quеstion: !0hy do somе
parasitеs makе thеiг hosts vеry siсk, whilе othеr parasitеs havе littlе еffесt on
thеir hosts? Thе сonvеntional wisdom in this arеa pгior to thе 1980s' еspесially
in thе mеdiсal сon-lmunity' was that pаrasitеs should еvolvе to Ье inсrеasingly
Ьеnign so as not to harm thе host population. But this kind of ..good.of.thе-

spесiеs' ' rеаsoning was rеiесtеd in tlrе 1980s Ьy thеorеtiсаl biologists. Thеy
showеd that parasitеs should in faсt Ье undеr natural sеlесtion to maхimizе
thеir own transmission to thе nехt host, without rеgаrd to thе еffесts on thе
host population. In somе сasеs' transmission is rrraхimizеd by гаpid rеpliсatiоn
within thе host, lеading to high ratеs of host mortality (and/or morЬidity).
Suсlr an outсomе might Ье еxpесtеd, for ехamplе, in parasitеs that aге еasily
movеd Ьеtwееn hosts Ьy vесtors' suсh as nrosquitoеs (е.g., malaria). Hеnсе,
еvеn if thе host is inсapaсitatеd Ьy disеasе, thе infесtious propagulеs сan Ье
movеd Ьеtwееn hosts Ьy thе vесtors (or, similаrly' Ьy watеr). Irr gеnеral' if dis-
еasе transmission doеs not геquirе a hеalthy, moЬilе host, sеlесtion may favor
parasitеs that rеproduсе rapidly at thе host's ехpеnsе.

Studiеs on thе еvolution of parasitе virulеnсе havе important impliсations
for human hеalth. For ехarnplе, mеdiсal pгaсtiсеs that inсrеasе thе еasе of
disеasе sprеad not only inсrеasе thе numЬеr of infесtеd hosts, Ьut thеy сan
аlso rеsult in sеlессion fоr nrorе virшlеnt strains' Similarly, pаrasitе stгains
thаt arе most rеsistant to antiЬiotiсs will Ье favorеd Ьy sеlесtion. If, for ех-
amplе, antibiotiсs arе admistегеd in low dosеs that arе not suffiсiеnt to kil l
thе еntirе parasitе population witЬin еaсh host, thеn thе antiЬiotiс rеsistant
strains wil l inсrеasе in frеquеnсy. Thе еvolution of antiЬiotiс rеsistanсе is a
major proЬlеm in human hеаlth and in thе hеаlth of domеstiсatеd animals; it
rеPгеsеnts a сlassiс сasе of rаpid еvolutionary сhangе.

Parasitеs are also undеr natural sеlесtion to еvadе dеtесtion and еlimina-
tion Ьy thеir hosts. Сonvегsеly, hosts arе undеr natururl sеlесtion to find and
kil l thеir parasitеs. Мutatiolrs that inсrеasе thе infесtion Suссеss of parasitеs
will Ье favorеd Ьy natural sеlесtion, whilе mutations that inсrеasе dеtесtion
Suссеss of pаrasitеs Ьy hosts wil l Ье sinrilaгly favorеd. This сan lеad to two
typеs of сoеvolutionary intеraсtions. In onе typе, сallеd an ..arms raсе,' ' Ьеn-
еfiсiаl mutations in thе parasitе population swееp to fixation; mеaning that
thеy rеplaсе thе altеrnativе irl lеlеs in the population, followеd Ьy similar suс-
сеsssful swееps of mutations for dеfеnsе in thе host population.

In anothеr gеnеral typе of сoеvolutionary intеraсtion, Ьеnеfiсial аllеlеs do
not go to fixation. Неrе hсlst allеlеs intеraсt with urllеlеs at othеr host loсi'
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and thеir сomЬination yiеlds a multiloсus gеnotypе thаt dеfinеs ..sеlf.'' Thе
host thеn indеntifiеs parasitеs that do not matсh its ..sеlf'' gеnotypе. This sеts
up natural sеlесtion for parasitе gеnotypеs that сan infесt thе most сommon
host gеnotypеs for sеlf. Howеvеr, onсе thеse suссеssful parasitе gеnotypеs
Ьесomе сommon' thеy imposе sеlесtion against thе most сommon host gеno-
typеs, driving thеm down in frеquеnсy. Thеn a nеw host gеnotypе Ьесomеs
thе most сommon gеnotypе' and thе sеlесtion on parasitеs сhanges to a dif-
fеrеnt multiloсus parasitе gеnotypе. In thеory, this sеts up a сontinous osсil-
lation in Ьoth host and parаsitе gеnotypеs' whiсh would funсtion to maintain
gеnеtiс divеrsity in Ьoth thе host and thе parasitе populatiоns. Thе thеory is
now known as thе Rеd Quееn hypothеsis, Ьесausе it would sееm as though
Ьoth host and parasitе gеnotypеs arе running as fast as thеy сan to stay in thе
samе plaсе. (Thе namе сomеs from thе famous rеmark Ьy thе Rеd Quееn to
Aliсе in Lеwis Сarrolr|'s Throиgh the Looking G/ass: ..Now, berе, you seе, it
takеs all thе running уoxl сan do, to kееp in thе samе plaсе.'') Thе Rеd Quееn
hypothеsis сurrеntly stands as onе of thе Ьеst-supportеd thеoriеs for thе
maintеnanсе of gеnеtiс divеrsity аt disеasе-rеsistanсе loсi, whiсh arе known
to bе highly polymorphiс. It also stands as onе of thе Ьеst-supportеd thеoriеs
that attеmpt to ехplain why asехual produсtion of all-fеmalе offspring doеs
not morе сommonly rеplaсе sехual rеproduсtion in natural populations. Thе
basiс idеa hеrе is that parasitеs would imposе sеlесtion against asехual сlones
as thеy Ьесomе loсally сommon' and thus prеvеnt thе еlimination of thе sех-
ual population in thе short tеrm.

Parаsitеs havе also Ьееn impliсatеd as a sеlесtivе forсе in thе timing of
rеproduсtion in somе animals. Thе idеa is that аnimals would Ье undеr
parasitе.mеdiatеd natural sеlесtion to rеproduсе at a smallеr sizе and youngеr
agе in populations thаt arе suЬjесt to a high risk of infесtion Ьy virulеnt par-
asitеs than populations that arе аt rеlativеly low risk of infесtion. Thе rеason
is that dеlaying rеproduсtion in high.risk populations might rеsult in thе pro-
duсtion of fеwеr offspring' if, in faсt' thе host Ьесomеs infесtеd Ьеforе ma-
turing.

Finally' parasitеs have also Ьееn impliсatеd in thе manipulation of host Ье.
haviоr in ordеr to еnhanсе thе transmission of thеir infесtivе propagulеs to
nеw hosts. For еxamplе, sеvеral studiеs havе now shown that parasitеs in-
duсе Ьеhaviors in thеir hosts that inсrеаsе thе likеlihood that thе host will Ье
еatеn Ьy prеdators. But this is only known to oссur in parasitеs for whiсh thе
prеdator is also anothеr host in thе parasitе's lifе сyсlе; аnd it is known that
thе parasitе survivеs and еstaЬlishеs itsеlf in thе nеw host following сon-
sumption. Thus it would аppеar that somе parasitеs havе rеspondеd to natu-
ral sеlесtion to еnhanсe thеir ratеs of transmission Ьy altеring thе Ьеhavior of
onе of thе hosts in thеir multihost lifе сyсlеs.
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Hгdy, Saгah Blaffеr (ь.1946)

Sarah Blaffеr Нrdy is onе of Amеriса's most еminеnt anthropologists and a
mеmЬеr of the National Aсadепry of Sсiеnсеs. Arr anthropologist and prima-
tologist Ьy training, shе works within thе Ьroаd framеwork of soсiobiologi-
сal thеory, to whiсh shе has madе signifiсаnt сontributions. Hrdy is most
wеll knowrr for сall ing attеntion to thе various еvolutionarY stratеgiеs usеd
by fеmalе primatеs, whiсh hаs Ьrought a radiсal shift away from primatolo-
gists' traditional foсus on mаlеs as thе primе soсial асtors. Morе rесеntly, Нrdy
has rееvаluatеd thе rolе of mothеrs and thеir геlationsЬip to thеir сhildrеn. Al-
though shе rеliеs hеavily on thе ..сoпtparativе mеthod'' сеntral to soсioЬiol-
ogy, whеn shе writеs aЬout sеx diffеrеnсеs Нrdy is an еquаl-opportunity сritiс
of Ьoth fеminists foг ignoring Ьiology and of еvolutionary psyсlrologists for ig.
noring soсial histоry.

Нrdy was Ьorn in 1946 to a wеalthy Southеrn family. Slrе graduatеd from
Radсliffе with a BA in 1969. It was in a Harvard anthropology сoursе that
shе пrеt hеr futurе husЬand, Daniеl Hrdy (a Сzесh nаmе), whom shе mar'
riеd in 197\ Ьe lаtеr Ьесaпrе a mеdiсal doсtor. Whilе rеaring thеir thrее
сhildrеn, shе Ьесamе inсrеasingly foсusеd on thе nееd to updatе Attaсhmеnt
Thеory with a viеw to thе еvolution of еarly hominids as сooреrativе Ьrееd-
еrs. (Aссording to this thеory, dеvеlopеd Ьy Iohn BowlЬy, еarly attaсhmеnt
to сarеgivers is сruсial for infants' normal soсial and еmotional dеvеlop-
ment.)

Hrdy entеrеd graduatе sсhool in аnthropology in 1970, аЬout thе samе
timе that Еdward o. !Иilson was Ьеginning to writе Soсiobiologу: Thе Neш
Sупtbesis; sЬе сomplеtеd lrеr PhD in 1975, tЬe yеar it was puЬlishеd' Irvеn
DеVсlrе's first fеmalе studеnt, shе was hеavily influеnсеd Ьy Wilson and Ьy
Robеrt Trivеrs. All thrее supеrvisеd hеr fiеldwork on thе Нanuman langurs
of India, puЬlishеd as Thе Lаngurs rlf Аbu: Femаlе аnd МаIe Strаtegies of
Reproduсtion ln 1977. Shе had initially undеrtakеn hеr rеsеarсh on infanti-
сidе Ьy adult malеs in langurs, Ьеliеving it was a patlrologiсal rеsponsе to
сrowding. During hеr first fiеld sеason shе had to disсard that hypothеsis. In-
fantiсidal Ьеhavior was highly sеlесtivе: malеs targеtеd infants Ьorn to fеmalеs
thеy hаd not matеd with. Rесоgnizing thаt fеnralеs wеrе fаr from pirssivе,
Hrdy Ьеgan to study fеmalе сountеrstratеgiеs. For еxamplе, Ьy mating with
multiplе malеs bеforе thеy usurpеd сontrol of thе tгoop, fеrтialеs strovе to
{orеstall infantiсidе latеr сlп.

In hеr nехt Ьook, The 
.Womап 

Thаt Nеuer Еuoluеd ( 198 1 ), Hrdy provoсa.
tivеly kеpt fеmalеs сеntеr stagе and inсorporatеd thе primatе origins of pа-
triaгсhy in hеr analysis. Mеanwhilе, thе work on infantiсidе rеmainеd

сontrovеrsiаl, inspiгin1

lowеd Ьу lnfапtiсidе:

сoеd i t еd  w i th  G l еn r l  I  '

tеrеstеd in d i lеmmаs с

dееp into prеhistoгy. S

options that mothеrs 1

mothеrs. '  ro nеglесг . .

group who assist a mо

pеarеd in 1999, l , ibrаt
Inсrеаsinglv drarд.n ttr

Dahlеm.!Иorkshop rеp

Hrdy's Ьoсlks hаvе l

idеas of infantiсidе wе

ogy сommunity, in 20

pologiсa l  Assoс iat ion,

otrtstanding Сontri Ьut

Hrdy hеld thе positr

Cаliforniа :rt Dаvis fro

Еnrеrita, slrе сontinuеs

i tor ia l  Ьoards of  Еuolи

hеr husЬаnd livе ir.r Са

and sцstainаЬlе agriсuJ

B I B L I O G R A P H Y

Сaгtеr ,  с .  s . '  l , .  Ahnсгt .
and N. S.lсhsеr, сс1s.
Prеss.

HrusГаtеr ,  (  i . .  а l ld \ .  Hr.
Еuolutioпаrу Pеrspе

Hгdy,  Sarah Bhffсr '  197
of Rеproduсtiolt. ()а

еditiоr-r rvith nеw prt
198| [1999l. Тll

Univегsity Prеss' ( l9
1999. Мothcr N

Nеw York: Pаnthеоr
WсЬ раgе. Ьttp://wrr w.сi

Hutton, Jamеs (1l

Jamеs Hutton, а Sсot

thе fathег of gеology

аnd was a mаjor figur

rar1, of David Humе a

ory of gеology as lvеll l

hе arguеd-against th

bееn formеd Ьy prесr1

hot and tl-rat roсks a



liseаsсs iп а World Оut of

A. Nеw York: Random

of Nаturе's Мost
-С.L.

:lt аnthr()pologists аnd a
rtlrropolоgist and prima-
mеwork of  soс ioЬio logi-
:riЬutions. Hrdy is most
lutionary stratеgiеs usеd
ift away from primatolo-
гors. Moге rесеntly' Flrdy
ship to thеir сhildrеn. Al-
od'' сеntrirl to soсioЬiol.
r  еquаl-r lppoгtuni ty сr i t iс
nаr1, psусhologists foг ig_

nily. Shе graduatеd from
'nthropology сoursе that
namе) ,  whom shе  mar -

Vhilе rеaring thеir thrее
еd to updаtе Attaсhmеnt
ids as сoopеrativе Ьrееd-
iowlЬy, еarly аttaсhmеnt
and еmotionir1 dеvеlop_

л 1'970, about thе samе
э Soсiobiologу: Thе Nеtu
r it was puЬlishеd. Irvеn
еnсеd Ьy 

.Wilson 
and by

rn thе Нanuman langurs
е апd Маle Strаtegies of
t  hеr rеsеагсh on infant i -
pathologiсal rеSponsе tс)
sсard that hypothеsis. ln-
эd infаnts boгn to fеmalеs
s wеrе fаг from pаssivе.
еxamplе, Ьy mating with
trоop, fеmalеs strovе to

i (198\), Hrdy provoсa-
hе prinratе origins of pa-
on infantiсidе rеmainеd

Нuttott 64з

сontrovеrsiаl, inspirirrg thе first intеrnational сonfеrеnсе on thе topiс, fol-
lowеd Ьy lпfапticidе: Сompаrаtiuе апd Ьuolutioпаr\' Perspеctiuеs (1984),
сoеditеd with Glеnn Нausfatеr. By thеn, Hrdy had Ьесomе inсrеasingly in-
tеrеstеd in dilеmmas сonfronting working mothеrs thrrlughout history and
dееp into prеhistory. Shе sеt out to ехaminе aсross spесiеs and сulturеs thе
options that mothеrs havе с-rтployеd, from sееking thе assistаnсе of ..allo-

mothеrs' ' to nеglесt and ;rЬаndonmеnt. (Allomothеrs arе mеmЬеrs of a
gгoup who assist a mothеr in rеагing hеr infant') rJ?hеrr МorДеr Nаturе ap-
pеarеd in1999, I-i l lrаrу Jсlurпаl namеd it onе of tlrе Ьеst Ьooks of thе yеar.
lnсrеasingly drawrr to thе quеstion of infant nееds, irr 2005 shе сoеditеd а
Dаhlеm !Иorkshop rеpoгt on attaсhmеnt and Ьondirrg.

Hrdy's Ьooks havе Ьееn translatеd into sеvеral lаnguagеs. Although hеr
idеas of irrfantiсidе wеrе lоng rеgardеd with suspiсion within thе anthropol-
ogy сommunity, in 2О02, at thе annual mееting of the Amеriсan Anthro-
pologiсal Assoсiation, Мother Nаture was awardеd thе Howеll Prizе for
outstanding СontriЬution ir-r Biologiсal Anthropology.

Hrdy hеld thе positiorr of Profеssor of Anthropologу ilt thе Univеrsity of
Сaliforпia at Davis from l984 to lrеr еarly rеtirеmеnt ln I996' As Profеssor
Еmеritа, sirе сontinuеs сloirrg rеsеаrсh, writing Ьooks, aпd sегvil-rg orr thе еd-
itorial boards of Еt,сllutiсlпаrу Aпthropologу anсl Нutпап Nаturе. Hrdy and
hеr husЬand livе in СаliГoгnia, whеrе thеy arе involr,еd in hаЬitat rеstoration
and sustainaЬlе agriсtrlturе.
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Hutton, Jamеs (|726-1797)

Jаrrrеs Hrrttсln, a Sсottish-Ьorrr с]oсtоr and gеntlеmаn firrtnеr' is сonsidеrеd
thе fathеr of gеology irr Britain. Hе livеd пruсh of his latеr lifе in ЕdinЬurgh
and was a major figurе in thе so-сallеd Sсottislr Еrrl ightеnmеnt. A сontеmpo-
rarу of David Humе аnd Adam Smith, hе сhampionеd Ьосh thе Plutonist thе-
ory of gеology as wеll аs thе mеthodology of uniformirаrianism. As a Plutonist,
hе arguеd-against thе so-сallеd Nеptunists, who thor"rght that thе world had
Ьееn formеd Ьy prесipitаtiсln from Watег-that thе сеntеr of thе еarth is vеry
hot and that roсks arе formеd Ьy moltеn lava pushirrg up to thе surfaсе,
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whеrе it solidifiеs. At thе samе timе' as a uniformitarian, hе arguеd thаt thе
way to undеrstand gеology is Ьy аssuming that сausеs today arе thе samе as
thosе of yеstеrday, аnd thаt givеn еnough timе' gеologiсal formations сan Ье
сrеatеd natuгallу.

Hutton puЬlishеd thеsе idеas irr a massivе two-volumе work titlеd Theorу
of the Еаrth (1795I, a trеatisе whosе lеngth was ехсееdеd only Ьy its oЬsсu-
rity. Fortunatеiy a followеr, Jol.rn Plаyfair, puЬlishеd a moге rеadily aссеssi-
blе vеrsion in 1802, and Hutton's gеologiсal position Ьесamе rесognizеd and
еstablishеd. Howеvеr, iг wаs opposеd Ьy thе nrorе popular thеorizing of
Gеorgеs Сuviеr (181З)' who supposеd that thеrе aге many сonvulsions in
еarth histoгy, and it was not until 18З0 that Hutton's uniformitаrianism
found a major сhampion against thе Frеnсhmаn,s сatastrophism. T'his сamе
in thе rhrее-volumе Priпсiples of Gеologу Ьy Сhаrlеs Lyеll' probаЬly thе
work that was thе grеatеst influеnсе on thе young Сharlеs Darwin.

Fronr thе viеwpoint of еvolutionary thinking, Hutton's importanсe liеs in
thе wаy in whiсh hе ехtеndеd еa[th history. Не famоusly spokе of thе woгld
аs showing ..no vеstigе of a Ьеginning' no prosPесt of an еnd'' (1788, 304),
and to Plaуfair сlaimеd that on looking at stгata' ..thе mind sееmеd to grow
giddy by looking so far into thе aЬyss of timе.' ' (Playfair 1805) oЬviously,
tlris kind of thinking wаs going against ЬiЬliсal histоry rеаd litегаlly. Al-
though Hutton was aссusеd of athеism, morе proЬaЬly hе was (l ike many
latе'еightеenth-сеntury thinkеrs) morе of a dеist, onе who sееs thе glory of
God in his urrЬrokеrr laws.

Although historiсally insignifiсant in thе sеnsе that this Ьеliеf hе hеld was
not an influегlсе on lаtеr thinkers, it is proЬaЬlе rhat FIutton sharеd with oth-
еrs of his day (notaЬly Еrasmus Darwin, thе grandfathеr of Charlеs) аn inсli-
nation to son]е kind of tri lnsformism in thе oгganiс world. Indееd, thеrе аrе

Passagсs in his writing that sound almost l ikе an antiсipation of natural sе-
lесtiоn' Hе wrоtе ln Ьis Priпсiplеs of Kпoшlеdgе that ..if an organisеd Ьody
is not in thе situation and сirсumstanсеs Ьеst adaptеd to its sustеnаnсе and
propagation, thеn' in сonсеiving аn indеfinitе variеty аmong tlrе individuаls
of that spесiеs, wе must Ье assurеd, that, on thе onе hand' thosе whiсh dе-
part most from the bеst adaptеd сonstitl lt ion, wil l Ье thе most l iaЬlе to pеr-
ish, whilе' on thе othеr hand' thosе organisеd Ьodiеs, whiсh most approaсh
to thе bеst сonstitution for thе prеsеnt сirсumstanсеs, wil l Ье bеst adaptеd to
сontinuе' in presегving thеmsеlvеs and multiplying thе individuals of tlrеir
raсе ' '  (Hutton 1794, З) '

Сlеarly muсh influеnсеd Ьy thе work that hе and otlrеrs wеrе doing on an-
imal and plant Ьrееding in thе advanсеmеnt of Ьеttеr agriсulturе, Hutton
notеd that dogs suгvivе thanks to ..swiftness of f<rоt and quiсkrrеss oi sight' '
and hеnсе ..the most dеfесtivе in rеspесt of thosе nесеssary qualitiеs, would
bе thе most suЬjесt to pеrislr, and that thosе who еmplсlyеd thеm in grеatеst
perfесtion . . ' would Ье thosе who would rеmain, to prеsеrvе thеmsеlvеs,
and to сontinuе thе rасе'' (Нutton 7794). Howеvеr, onе should not rеad too
muсh into suсh passagеs, Ьесausе thеy wеrе almost сolnmonplасe in thе fiгst

half of thе ninеtееnth сс

Spесiеs to tцrn suсh idеa
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half of thе ninеtееnth сеntury. It took Сharles Darwin in Оп tbe origiп of
Spесies to turn suсh idеas into а full tlrеory of еvolution.
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Huxlеy, Julian s. (1887_|975)

Julian Sorеll Huxlеy Was a Ьiologist, a popular writеr, and a mеmЬеr of
Britain's intеll igеntsia. In еvolutionary studiеs, hе promotеd synthеsis during
thе 1930s and 1940s. Hе сontriЬutеd to thе rеvival of sеlесtion thеory with
thе puЬliсation of Еuolutioп: Thе Мodeпz Sуnthеsis (1942) and hе сonсеn-
tratеd attеntion onto Сharlеs Darwin аs thе suЬjесt's thеorеtiсal сеntеr. Huх-
lеy promotеd еvolutionary taхonoпly, whiсh linkеd сlassifiсation to thе study
of spесiation, whilе also sееking oЬjесtivе mеthods for taxononriс work.
Huхlеy's сontriЬutions of nеw knowlеdgе wеrе far lеss important than his in-
fесtious еrrthusiasm and еnсourаgеmеnt' as wеll as his аЬil iгy to сorrrЬinе
sсattеrеd сonсеpts or idеas into gеnеral prinсiplеs and mеaningful visions.

Born in London, Huxlеy attеndеd Еton Collеgе (1900), thеn Ball iol Сol.
1еgе, oxford (1906), whеrе hе rесеivеd a first-сlass dеgrее in natural sсiеnсе
(zoology). Hе spеnt thе nеxt yеar at thе Naplеs Zoo\oglсa| Station. His first
Ьook,Tlэе Iпdiuiduаl iп the Аnimаl Kiпgdom (7912), Was an attеmpt to givе
a sсiеntifiс aссount of еvolution inspirеd Ьy thе rесеntly puЬlislrеd Еuolutioп
Сreаtiсe by thе Frеnсh philosophеr Неnri Bеrgson (Huхlеy always rеtainеd a
fondnеss for thе vitalism of Bеrgson whilе rеalizing that it сould nеvеr Ье truе
sсiеnсе). In thе сoursе of thе Ьook, r'rsing as an еxaпlplе thе сompеtition at
the tinrе Ьеtwееn the British and Gеrman naviеs, Huхlеy introduсеd thе idеa
of а Ьiologiсal ,.arms raсеs'' Ьеtwееn сompеting lirrеs of organisrns' an idеa
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thаt has Ьееn muсh еndorsеd Ьy suсh thinkеrs as Riсhard Dawkins (1986). In
1910, Huxlеy rесеivеd his first taсulty аppointmеnr, irr zoology аrt oxford.
Whiiе in Oхford hе undеrtook his first majсrr rеsеarсh suссеss, а study of
сourtship rituals and sеxual sеlесtion in thе grеat сrеstеd grеЬе. Hе also dе-
vеlopеd skil l in ехpеrimеntal еmbryology.

Huxlеy's сarееr irrсludеd many еmployеrs. In 1,9|2, Ье aссеptеd an offеr
from thе Riсе Institutе in Houston to dеvеlop a nеw dеpartmеnt of Ьiology,
whiсh provеd diffiсult. 

.sfhеn 
World 

.W.ar 
I еrupted, hе rеturnеd to Еngland.

During thе war, Huxlеy sеrvеd mainly in аrmy intеll igеnсе. In 1919, hе rе-
turnеd to Oxford's zoology dеpartmеnt аnd сonсеntrаted his attеntion on dе-
vеlopmеntal Ьiology and physiologiсal gеnеtiсs. In 1920, hе rеportеd on thе
aЬil ity of hormonеs to provokе mеtamorphosis in axolotls. This rесеivеd
сonsidеrablе prеss attеntion and sеrvеd as zr сatаlyst for his l ifеlong involvе-
mеnt in thе nrеdiа. Нuхlеy also invеstigatеd thе rеgulation of ratеs of gеnе
еxpression and proЬlеms of rеlativе growth' suсh as allomеtry. In |925,Ье
movеd to King's Сollеgе London' aссеpting thе position of profеssor in zool-
ogy and laЬoratory dirесtor. Two yеars laсеr, Нuхlеy rеduсеd his position to
an honoгary onе and lеft King's to pursuе a сarееr as a frееlanсе writеr. His
сontriЬutions to his sсiеnсе arе summarizеd in Problеms of Relаtiuе Groruth
(Huхlеy \932) and The Еlemeпts of ЕхperimепtаI Еmbrуology (Huхlеy and
dе Bееr 19з4). Thеsе еarnеd Huxlеy еlесtiorr to thе Royal Soсiеty in 1938.

Huхlеy's most important frееlanсе projесt was a сollaЬoration with Н. G.
and G. Р. 

.sИеlls 
to survеy Ьiology and thе history of еvolution, titlеd Thе Sсi-

епсe of I' ifе (1929). During thе 1930s, Huxlеy сontriЬutеd to nеwspapеrs'
magazinеs, radio, and fi lm. Не took on book and еditorial proiесts, as wеll as
spеakirrg tours (sее for ехаmplе Нuхlеy |9З4). Sееmir-rgly еvеrything involv-
ing puЬliс sсiеnсе in Britain in thе 19З0s inсluded Huхlеy in somе way. Hе is
Ьеst known for his rolе on thе BBС radio program ..Thе Brains Trust' ' during
\forld \й/ar Il. Huxlеy's aЬil ity to aссеss thе mеdia provеd еssеntiаl latеr in
his l ifе.

In 1935, Huxlеy rеturnеd to institutional еmploymеnt, Ьесoming sесrеtаry
of thе Zoologiсal Soсiеty of London. This еntailеd marraging thе soсiеty and
its zoologiсаl gardеns in Rеgеrrt's Park and \il/hipsnadе. .Whilе 

sесrеtary, Нuх-
lеy kеpt up his puЬliс сontriЬutions. Hе turnеd his rеsеarсh intеrеsrs to sys-
tеmatiсs and еvolution. Huхlеy was partiсulаrly intеrеstеd in еvolution lеading
to adаptation and to thе formation of nеw spесiеs. Polytypiс spесiеs аnd gеo.
graphiсal variеtiеs (suЬspесiеs) wеrе of intеrеst as thеy suggеstеd ..еvolution

in aсtion,'' a phrasе Huхlеy oftеn rеpеatеd. He сoinеd thе tеrm сline for cЬar-
aсtеrs that show gradual сhangе ovеr a gеogГaphiс gradiеnt. FIе аlso еnсour-
agеd геsеarсh into natllral аnd sеxual sеlесtiorr' Dr"rгing this pегiod, Нuxlеy
organizеd Тhe Nеш Sуstemаtiсs (1940) irnd wrotе Еuolutioп: The Мodеrп
Sупthеsis (1942).

Thе outЬrеak of world 
.!Var 

II in Еuropе radiсally сhаngеd Huхlеy's сom-
mitmеnts. Hе wrotе еxtеnsivеly against fasсism and against Nazi raсist Ьiol-
ogy, аnd hе strеssеd thе importanсе of intеrnationalism and dеmoсraсy
(Huхlеy 1941,194З). Aftеr 1939, Huхlеy сampaignеd vigorously for Amеr-
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iсan intеrvеntion in Еuropе. With so muсh of his attеntion еlsеwhеrе, somе
mеmЬеrs of thе Zoologiсal Soсiеty of London fеlt Huxlеy had aЬandоnеd thе
soсiеty. Thеy forсеd his rеsignation tn \942.

Aftеr sеvеral сontriЬutions to thе war еffort and to planning postwar rе-
сonstruсtion, in 1946 Huхlеy Ьесamе first diгесtor-gеnеral of thе Unitеd
Nations Еduсational, Sсiеntifiс, and Сultural Organisation (UNЕSСO). This
rolе suitеd Huxley pеrfесtly, although hе frеquеntly fаilеd to managе thе po-
litiсal aspесts of thе dirесtorship. He stayеd only two yеars in offiсе. Huхlеy
gavе UNЕSCO an agеnda basеd on sсiеntifiс humanism, еxtеnding a Ьroad
vision he had advoсatеd for many yеars, that humanity сan rеly onlу upon it-
sеlf for its futurе еvolution (Huхlеy 1948). Our dеstiny is in our own hands;
wе hаvе to takе rеsponsiЬility for еnsuring progrеss. Huxlеy сampaignеd for
family planning programs' intеrnаtional сonsеrvation of naturе, and univеrsi.
tiеs in dеvеloping сountriеs. Hе аlso usеd sсiеnсе to lеvеragе politiсal disсus-
sions, еspесially rеgarding raсе and inequality. If nothing еlsе' Huхlеy triеd tо
еmЬеd a vision of progrеss that was basеd on dеliЬеratе human aсtion.

Aftеr lеaving UNЕSСO in 1948, Huхlеy livеd as a frееlanсе writеr and
sсiеntist-сеlеЬrity. Hе Wrotе еxtеnsivеly (inсluding influеntial work against
Lysеnkoism), travеlеd, and сonsultеd for govеrnmеnt and many othеr groups.
Progrеss and сцltural dеvеlopmеnt wеrе two main thеmеs of his ongoing
сampaigns (Huхlеy 1'954a,1'954ь, 1959, 1964). Whilе hе rеvisеd somе prе.
vious work and еnсouragеd many Ьiologists, hе did not undеrtakе original
rеsеarсh again. Huхlеy diеd in 197 5,

As a sсiеntist, Huхlеy had spесialist ехpеrtisе in sеvеral suЬjесts, еspесially
bеhavior, dеvеlopmеnt, аnd еvolutionary Ьiology. Throughout his сarееr,
howеvеr, Huxlеy normally prеsеntеd himsеlf as a ..gеnегal' ' Ьiologist. This
foсusеd attеntion on Ьiologiсal proсеssеs and prinсiplеs, and gavе priority to
thеory and ехplanation. 

.Whilе 
his сarееr shiftеd from onе plaсе to anothеr

and his intеrеsts shiftеd from spесialty to spесialty, Huxley always linkеd his
work baсk to thе spinе of ..gеnеral' ' Ьiology. Thе partiсulars of individuаl
topiсs Ьесamе lеss important; thе undеrlying gеnеral prinсiplеs wеrе whаt
gavе сohеrеnсе and mеaning to partiсulаrs. Without thеm, Ьiology was sim-
ply faсt gathering.

Нuxlеy's prеfеrеnсе for genеral prinсiplеs is Ьеst illцstratеd in work hе in-
tеndеd for nonspесialist audiеnсеs. In Ьooks |lke Aпts (1930) or Аt the Zoo
(1'9з6), and in his fi lm Priuаte Lifе of tbe Gапnеts (t9З4), hе usеd partiсular
ехamplеs to i l lustratе gеnеral Ьiologiсal phеnomеna. Gannеts, for instanсе,
providеd a сasе for thе study of dеvеlopmеnt' parеntal сarе' adaptations,
mating Ьеhavior, flight, есology, and so on. This approaсh hеlpеd Huxlеy
suссееd admiraЬly in projeсts rеquiring thе еnсyсlopеdiс сollесtion of infor-
mation and thе еxtraсtion of kеy thеmеs. Еuolиtioп: Тhe Мoderп Sупthesis is
a supеrЬ ехamplе. This rеportеd no original rеsеarсh of Huхlеy's making. In-
stеad, thе Ьook's aссomplishmеnt-and a landmark onе-was Huxlеy's сo-
ordination of information into an ovегall vision aЬout еvolution and thе
myriad forms of sеlесtion in nаturе. It hеlpеd shapе еvolutionary studiеs in
Britain for a gеnеration.
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In h is  pol i t iсs ,  Huxlеy was a pгogrеss ivе and а humarr is t  (Huxlеy 1927\.
Не Ьеliеvеd hunranity was rеsPonsiЬlе for shaping its own futurе, аnd hе
turnеd to sсienсе and rational planning to solvе soсial proЬlеms. Thе Tеn.
nеssее Vallеy Authority's еlесtrif iсation projесt, modеrnist arсhitесturе'
and urЬan planning wеrе among his favoritе еxamplеs. Hе fеrvеntly sup-
portеd Populat ion and Есonomiс P lanning '  a soс ia l  po l iсy group. Huxlеy
was not a еugеniс is t  in i ts  соmmon meaning ( i .е . '  aсt ivе ly rеmoving undе-
s i raЬlеs) ,  but hе supportеd pos i t ivе inсеnt ivеs to improvе dеs i rablе qual i -
tiеs as wеll as birth сontrol for population managеmеnt. At thе samе
timе, hе loЬЬiеd for improvеmеnts to puЬliс hеalth and poor l iving сondi-
tions. Huxlеy arguеd strongly against thе usе of rасе as a sсiеntifiс or po-
lit iсal сonсеpt and Ьittеrly opposеd fursсism. Не supportеd Ьoоsting aid to
dеvеloping сountriеs' еspесially aid toward improving infrastruсturе) еdu-
сation' and agriсulturе. l\4r'rсh of his agеnda in UNЕSCO supportеd thеsе
aims.

|п 1919, Huхlеy marriеd Mariе Juliеttе Bail lot (|895_7994). Thеy had
two sons. Likе his grandfathеr Thomаs Hеnry Huхlеy' Julian Нuхlеy's l ifе
was punсtuatеd Ьy pеriods of sеvеrе marriс dеpгеssion, whiсh somеtimеs dе-
Ьil itаtеd him or lеd to major transitions in his l ifе (suсh аs lеaving aсаdеmia).
Не wrotе dеtailеd and informativе mеmoirs and is now thе suЬjесt of in-
сrеasing intеrеst Ьес:rusе of thе widе sсopе of his thinking (lй/atеrs and van
Hеldеn 1992; Rusе 1996),
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Huxlеy, Thomas Hеnry (1825-1895)

Thomas Hеnry Huхlеy was an invеrtеЬratе anatomist' pаlеontologist, Ьiol-
ogy еduсator, and popularizеr of еvolution. Huxlеy's niсknamе, ..Darwin's

Bulldog,' ' сonсеals morе than it rеvеals: hе wаs a puЬliсist for thе еmеrging
sсiеntifiс profеssion and usеd Darwinism's naturalistiс idеology to undеrсut
гival pulpits.

Trainеd as a surgеon at an anatomy sсhool, Sydеnham Сollеgе
(184\_1842), and at Charing Сross Hospita| (1842-1845), Нuхlеy sailеd
on НMS Rаttlesпtthe to Australia's Grеat Barriеr Rееf during thе yеars
1846-1850. His pirpеrs on thе siphonophorеs (similar to thе Portuguеsе
nran-of-war), whiсh еstaЬlishеd tlrat all сoеlеntеratеs сomprisеd two founda-
tion memЬranеs (есtodеrm and еndodеrm), won him thе Royal Soсiety's
Royal Меdal in 1852.

Thе joЬlеss tyro dеnounсеd Robеrt СhamЬегs's transmutatioг.ist Vеstiges of
the Nаtцrаl Histсlrу of Сrеаtiсlп (1854) for its mаnnikin-likе divinе laws pulling
lifе upward. Сharlеs Darwin's natuгаlism, howеvеr' was appеirling. Сallеd to
Down Housе in i856 to air his oЬjесtions to еvolution, Huхlеy саmе away
сonvеrtеd. Now thе lесturеr in natural history ar London's Sсhool of Мinеs,
Huхlеy immеdiatеlу сariсaturеd sllpеrnatural ..Сrеation'' in сlass. Publiсly hе
pushеd farthеr than Dzrrwin: whеге Riсhard owеn in 1857 distаnсеd humans
from apеs taхonomiсally' Huхlеy in 1858 dгеw parallеls Ьеtwееn humаn and
gorilla anatomy. Lесturing to working mеn in 1859, Huxlеy said outright that
humans had animаl anсеstors-thе ..vilеst and Ьеastliеst paradox еvеr vеntеd;''
fumеd thе еvangеliсalr'Witпess on hеaring Huхlеy in Еdinbuгgh. But Huхlеy
wаs playing to nеw audiеnсеs; pгiеstсraft-pгiсking assеrtions of human еvolu-
tion wеrе familiar in strееt prints. A sеlf-profеssеd ..plеЬеian,'' lrе сonjurеd an
imagе of noЬlе-futurе-from-lowЬorn-Ьеginnings that mеant nothing to thе An-
gliсan aristoсraсy' but thе frееthinking mесhaniсs lаppеd it up.

Thе puЬliсation of Darwin's Оп the Оrigiп сli Spесies (1859) еrraЬlеd thе
nеw sсiеnсе profеssionаl to usurp old thеologiсal quеstions: 

.Whеnсе

marrkind and what Ьasis morality? Against thе сonsеrvativе сlеrgy, Huxlеy
dеployеd whаt hе сallеd Darwin's ..Whitworth gun in thе armoury of liЬеral.
ism.' ' His Мaniсhеan portrayal of sсiеnсе vеrsus thеology madе nеws. Еvеn
todаy hе is rесallеd for upЬraiding Bishоp Samuеl \й/ilЬеrfoгсе аt thе British
Assoсiation foг thе Advanсеmеnt of Sсiеnсе mееting in l860. 

.WilЬеrforсе

had playеd on Viсtorian sеnsibil it iеs aЬout thе sanсtity of womanhood Ьy
inquiring whеthеr thе apеs wеrе on Huхlеy,s grandfathеr's or grandmothеr's
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sidе. In рrеfеrring an apе anсеstor ovеr a Ьishop who prostitutеd his talеnts'
Huxlеy, thе Puritаn, oozеd moral soЬriеty to shamе thе worldly NИilЬеrforсе.

Suсh сonfrontations only еxaсеrЬatеd thе Viсtorians' ..сrisis of faith.'' In
1861, Нuxlеy deniеd owеn's сlaim that apеs laсk thе human's third сеrеЬral
loЬе' whosе сavity has a postеrior horn with a projесting ..hippoсampus

minor.' ' Сhаrlеs Kingslеy tnThе'Wаter Bаbiеs laughеd aЬout ..hippopotamus

majors,' ' and thе affray Ьrought human еvolution squarеly to thе puЬliс's at-
tеntion. Huxlеy madе his nеwly aсquired Nаturаl Historу Rеuieta an anti.
Owеn organ and sеt thе trеnd with his artiсlе ..On thе Zoo\ogtca| Rеlations
of Мan with the Lowеr Animals' ' (1861). Huхlеy's wоrking-сlass talks, сou-
plеd with a lесturе on fossil humans (foсusing on thе rесеntly unеarthеd Nе-
andеrthal Man). formеd thе сornеrstonе of his Еuideпce аs to Мап's Plаcе iп
Nаture (1863).

Нuxlеy studiеd Dеvonian fishеs with loЬе fins and similar-looking amphiЬ.
ians, сallеd lаЬyrinthodonts, from thе strata surrounding сoal sеams. Rathеr
than draw еvolutionary сonnесtions' hе еmphasizеd that laЬyrinthodonts
had pеrsistеd unaltеrеd for immеnsе pеriods. Initially, Huхlеy Ьеliеvеd that
thе major groups had еvolvеd Ьеforе Silurian timеs and had сhangеd littlе
sinсе. Only whеn Darwin's Gеrman supportеr' Еrnst Haесkеl, puЬlishеd on
phylogеny' or raсial anсеstry' did Huхlеy rесonsidеr. In 1'867, Huхlеy rесlas-
sifiеd birds gеnealogiсally, and in 1868' hе famously suggеstеd that thе small
dinosaur Сompsogпаtbus сoti.d havе Ьееn anсеstral to Ьirds (and may havе
Ьornе fеathеrs). Hе dramatizеd thеsе rеlationships and promotеd o. С.
Marsh's horsе fossils from NеЬraskа on his Amеriсan tour of 1876. onе il-
lustration in Amеriсап Аddressеs (1877), showing thе inсrеasing lеg and
tееth sizе from thе small thrее-toеd Еoсеnе Оrohippиs to thе tiptoеing
Еquus, was сitеd as thе dеfinitivе fossil еvidеnсе of еvolution for gеnеrations.
Latеr hе dеsсriЬеd thе еvolution of thе sесondary palatе in сroсodilеs.

Huxlеy's attitudе toward Darwin's mесhanism rеmainеd еquivoсal. 
.!Иhеrе

Darwin еnvisagеd variation oссurring in minusсulе stеps, Huхlеy in 1859
piсturеd an innеr forсе produсing nеw spесiеs at onсе. His еntry on ..Еvolu-

tion'' in the Епcуclopаediа Britаппicа (1878) mootеd natural sеlесtion only
onсе' and Huxlеy's асadеmiс work Ьypassеd it сomplеtеly. Нuxlеy rеsеrvеd
his disсussion for popular talks: hеrе natural sеlесtion was likеnеd to
Napolеon's troops rеtreating from Mosсow and сrossing the Bеrеsina Rivеr,
..еvеryonе hееding only himsеlf,'' thе fittеst alonе rеaсhing thе far Ьank.
Мostly, Darwin's Мalthusian mесhaniсs sеrvеd Нuxlеy in сomЬating soсial-
ism or dеЬunking сrеationism. Also, hе avoidеd еvolution in сlass Ьесausе hе
Was training sсiеnсе sсhoolmastеrs aftеr thе Еduсation Aсt (1870). ЕstaЬlish-
ing his first propеr laЬoratory in South Kеnsington in1'871', hе fashionеd a
praсtiсal ..biology'' Ьasеd on thе сommon plant and animal ..Typеs.' ' This in.
fluеnсеd sсhool сurriсula until thе mid-twеntiеth сеntury. But inсulсating a
disсrеtе ..Typе'' systеm lеft littlе room for еvolutionary disсussions. opеning
Birmingham's nеw Sсiеnсе Сollеgе, Huxlеy сontrаstеd thе rесyсling of thе
сlassiсs at thе Angliсan univеrsitiеs with sсiеnсе's ехpеrimеntal approaсh.
Thе undеrvaluеd sсiеntifiс rеsеarсhеr' hе сontеndеd, would Ье Ьеttеr quali-
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fiеd to lеаd industrial soсiеty. This dеlightеd thе stееl magnatеs who finаnсеd
him. As Dissеntеrs (outsidе thе Angliсan Сhuгсh), thеy wеrе ехсludеd from
taking Oxford аnd СamЬгidgе dеgгeеs and saw Huxley's ..nеw Rеforma-
tion'' lеgitimizing thеir growing сiviс authority.

Huxlеy madе thе word euolиtloz fashionaЬlе around 1870. Foг him it had
a natllrаlistiс mеаning, wlrеrеas for thе Сatholiс St. Gеorgе Мivart аnd thе
spiritualist Alfrеd Russеl 

.sИаllaсе 
it сonvеyеd thе fiat of a highеr powеr. Неnсе,

Huхlеy сoinеd thе word аgпosis in 1869. Biologists, as сultural lеadеrs, had
to Ье..agnostiс' ' aЬout supеrnatuгal issuеs. They had to appгoaсh sсiеnсе
with сlеan hands to Ье trustеd. Huxlеy hеlpеd mold thе imagе of thе sсiеntist
as thе nеutral profеssional, аnd of еvolution as dеmystifiеd sсiеnсе. Hе spеnt
his last yеars arguing his antimiraсulous сasе in thеologiсal сontrovегsiеs,
shaping a сеntury of еvolution-сrеation dеЬatе.

Althсlugh еvolution was finе for dеmolishing Angliсan doors сlosed to rе-
form, Dаrwinism's wеak-to.tlrе-wall r"rpshot pеrturbеd Huxlеy. A Ьrural sе.
lесtion had raisеd mankind, Ьut it сould not ехplain our сarе of thе wеаk. In
..Еvolution and Еthiсs', (189з) hе portrayеd еthiсal man rеnounсing naturе's
..moral indiffеrеnсе.'' Еthiсs wеrе fort-nеd Ьy еvolution' yеt mankinсl's ..na-

turе within natuге'' somеhorv workеd аgainst thе primitivе sеlесtivе forсеs.
Ultin-latеly, thе suprеmaсy of sсiеnсе' naturаlism' and agnostiсism wеrе

what сonсеrnеd Huхlеy as a populist. This wаs еvidеnt as his works wеrе gath.
еrеd. Whеrеas his Sсieпtфс Меmoirs (fivе volumеs, 7898_|902) wеrе dеsсrip-
tivе, his ninе volumеs of еssays (789З-7894) wеrе sсintillating prosе works
showing thе Viсtorian agе aссommodаting itsеlf to еvolution. Rеading thеm,
H. L. Меnсkеn саllеd Huxlеy ..pеrhaps thе grеatеst virtuoso of plain Еnglish
who has еvеr l ivеd.' '
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Industrial mеlanism

Industrial mеlanism rеfеrs tо thе еvolution of dark Ьody сolors in animal
spесiеs that l ivе in haЬitats blaсkеnеd Ьy industrial soot. Of аpproximatеly
100 rеportеd ехamplеs '  most arе insесг spес iеs.  and of  thеsе the vast  mаjor-
ity arе moths' Thе most thoroughly doсumеntеd ехamplе is thе pеppеrеd
mot|t, B i ston b etиl аr iа.

Thе сommon name dеsсriЬеs thе appеaranсе (or phеnotypе) of thе typiсal
adult, a palе moth ..pеppеrеd'' with Ьlaсk-and-whitе sсalеs (sее figurе).
Mеlaniс phеnotypеs' namеd сarЬonaria, arе еssеntially solid blaсk. Intеrmе-
diatеs, or insularia, also oссur Ьut rесеivе rеlativеly littlе attеntion in gеnеral
summariеs. Еxtеnsivе gеnetiс analysis сonfirms that thе phenotypеs arе dе-
tеrminеd Ьy multiplе allеlеs at a singlе gеnе loсus.

Thе mеlaniс phеnotypе Was first disсovеrеd nеar Мanсhеstеr, Еngland, in
1848. By 1895' about 98'Ь of thе spесimеns nеar Мanсhеstеr wеrе mеlaniс;
this onсе rarе phеnotypе had sprеad aсross thе industrial rеgions of Grеat
Britain. With only onе gеnеration pеr уеar' thе nеarly сomplеtе rеvеrsal in
phеnotypе frеquеnсy was astonishingly rapid. 

.!7еll 
away from industrial rе-

gions, mеlaniс spесimеns rеmаinеd rarе.
British lеpidoptеrist J. \Х/. Tutt advanсеd thе following Darwinian еxplana-

tion in 1896: Pеppеrеd moths arе aсtivе at night and rеst during daylight
hours' hiding on thе surfaсеs of trееs. Мost insесtivorous Ьirds hunt Ьy day
and loсatе prеy primarily Ьy vision. Мoths that arе wеll сonсеalеd against
Ьaсkgrounds upon whiсh thеy stay motionlеss arе morе likеly to еsсapе dе.
tесtion Ьy Ьirds than arе сonspiсuous moths. Tutt proposеd that typiсal pеp-
pеrеd moths in undisturЬеd environmеnts gain protесtion from visual
prеdators Ьy thеir rеsеmЬlanсе to l iсhеns on trее Ьark. In manufaсturing rе-
gions whеrе liсhеns havе Ьееn dеstroyеd Ьy pollution and thе surfaсеs of
trееs havе Ьееn Ьlaсkеnеd Ьy soot, thе typiсаl phеnotypеs losе thеir сamou-
flagе and fall viсtim to Ьird prеdators' whеrеas thе mеlaniс phеnotypеs in
suсh pollutеd habitats еsсapе dеtесtion long еnough to pass thеir gеnеs on to
progеny.

Tutt's idеas wеrе not tеstеd until thе 1950s whеn Bеrnard Kеttlеwеll
(197З) initiatеd a sеriеs of еxpеrimеnts to dеtеrminе whеthеr or not Ьirds aс-
tually atе mеlaniс and typiсal pеppеrеd moths sеlесtivеly. His еxpеrimеnts
inсludеd thrее main сomponеnts: (1) quantitativе rankings of сonspiсuous-
nеss (to thе human еyе) of typiсal and mеlaniс phеnotypеs plaсеd on various
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Palе and dаrk (mеlаniс) foгms of thе pеppеrеd mоtlr, Вistoп bеtulаriа.

Ьaсkgror.rnds; (2) dirесt obsеrvations оf prеdation Ьy Ьirds on moths plaсеd
onto trее trunks; and (3) гесapturе ratеs of markеd moths rеlеasеd onto trееs
in pollutеd and unpollutеd woodlands. Thе dеsign and еxесution of Kеt-
tlеwеll 's pionееring еxpеrimеnts havе Ьееn suЬjесtеd to intеnsе sсrutiny ovеr
thе yеars. Сritiсisms about his mеthods (inсluding thе dеnsitiеs of thе moths
usеd' thе positions on trеes whеrе thе moths wеге plaсеd, thе timе of day thе
moths wеrе rеlеasеd, and thе usе of laboratory-rеarеd and wild-сaught moths)
inspirеd ninе additional ехpеrimеnts Ьy othеr rеsеarсhеrs. Thе most rесеnt
Was a Sеvеn-yеar study Ьy Мiсhaеi Мajеrus, сomplеtеd in 2007. Spесifiсally,
Majеrus rеlеasеd living moths into arеnas at dusk so thеy сould dеtеrminе
thеir owrr hiding plaсеs on trееs Ьеforе dawn. Hе adjustсd thе phеnotypiс
proportions to matсh loсаl frеquеnсiеs аnd kеpt thе dеr-rsitiеs low. Through
Ьinoсulars he madе dirесt oЬsеrvatior-rs of ninе diffеrеnt Ьird spесiеs еating
pеppеrеd moths. By сomparing thе survival ratеs of thе moth phеnotypеs
usеd in thеsе prеdation ехpегimеnts' Ьe сalсulatеd sеlесtion сoеffiсiеnts that
viгtually matсhеd thе sеlесtion сoеffiсiеnts dеrivеd from thе rаtе of dесlinе of
thе mеlaniс phеnotypе in thе loсal population ovеr thе сoшrsе of his study.
Thе wеight of еvidеnсе now supporting Tutt's hypothеsis сhat Ьirds еat pеp-
pеrеd nroth phеnotypеs sеlесtivеly is suЬstantial and rеmains unсontгadiсtеd
Ьy ехpеrimеnt.

Bесausе thе rеflесtanсе of light fronr thе surfaсе of trее bark is strongly
nеgativеly сorгеlаtеd with аtmosphеriс lеvеls of suspеndеd partiсlеs, thе
tеstaЬlе prеdiсtion is that rnеlaniс phеnotypеs should Ье morе сommon in
sooty' pollutеd rеgions than thеy arе irr unpollurеd rеgions. This prеdiсtion
was сlеirrly mеt by thе frеquеr-rсy сlf nrelaniс pеppеrеd moths distriЬutеd
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among 30,000 spесiпrеns from populations survеyеd at 83 loсations aсгоss
Britain Ьеtwееn 1952 and 1970.

Тhе gеographiс distriЬution of mеlanism in pеppеrеd moths is morе
strongly сoгrеlatеd with atmosphеriс lеvеls of sulfur dioxidе (So,) than with
smokе. SO,, as а gas, is morе widеly dispеrsеd frorn point sourсеs than pirr-
tiсulatе mattеr that tеnds to sеttlе loсallу as soot. Although sеlесtitln maу op-
еratе loсally' gеnе flow from thе migration of individuals among populations
has сontriЬr.rtеd to morе gradual сlinеs in mеlanism in pеppеrеd moths, a rеl-
ativеly moЬilе spесiеs, than in morе sеdеntary moth speсiеs (е'g., Goпodoп-
tis [=gtron'optеrаl bidепtаtа) in whiсh frеquеnсy distriЬutions of mеlaniс
phеnotypеs arе morе sharply suЬdividеd ovеr thеir rаngеs. The powеr of gеrrе
flow tо oЬsсurе gеnеtiс аdaptation to loс:rl сonditions rеsulting from sеlес-
tion was littlе apprесiаtеd Ьy еarly rеsеaгсhеrs, lvho еntеrtainеd various
forms of nonvisual sеleсtion in attеmpts to aссount for appaгеnt anоmaliеs in
сlinеs. Мolесular tесhniquеs using nonсoding DNA sеqrrеnсеs hаvе now
Ьееn dеvеiopеd for pеppеrеd nroths Ьy Il ik Saссhеri and his assoсiatеs (Daly

et aL.2004)' Thеir analysis of 12 miсrosatеll itе loсi from populations aсross
a 125-kilomеtеr transесt from north.s7'alеs to Lееds, Еngland, indiсatеs high
lеvеls of dispеrsal and gеnе florд,. This and futшrе wоrk should hеlp qr'rantify
thе rolе of migration in thе еvolution of mеlanism in this spесiеs.

In 1956 Rritаin initiatеd thе Сlеan Air Aсts to еstaЬlish so-сallеd smokеlеss
zonеs in hеavily pollutеd rеgions. Following signifiсant rеduсtitltrs in etmos-
phеriс pollution' mеlaniс pеppеrеd moths Ьavе dесlinеd in fгеquеnсy as thе
typiсal form rесovеrеd. Indееd, thе dесlinе in mеlanism in thе iattеr half of
thе twentiеth сеntury is far Ьеttеr doсumеrrгеd than rhе inсrеasе in mеlanism
in thе lattеr half of thе ninеtееnth сеntury. An unintеrruptеd аnnual rесord
18 kilomеtеrs wеst of Livеrpool Ьеgun in 1959 Ьy Сyril Сlarkе (Сlarkе еt al.
1985) inсludеs nеarly 19,000 spесimеns showing a drop in thе frеquеnсy of
mеlaniсs fгonr a high of 9З"Ь to Ьеlow.5ol, Ьy 2003 (Grzrnt 2005). The most
rесеnt national survеy' takеn in 1996 (Grant еt al. l998) shorvs markеd dе-
сlinеs in mеlanism havе oссurrеd еvеrywhеrе in Britain. Thе prеdiсtеd сor-
rеlzrtion Ьеtwееn сhangеs in thе lеvеls of pollution аrrd in thе frеquеnсiеs of
п-rеlaniс phеnotypеs in pеppеrеd motlr populations Ьas Ьееn fiгmly еstaЬ-
lishеd.

Bruсе Gr:rnt and Dеnis Owеn (Grant еt al. 1996) have doсuп.rеntеd paral-
lеl еvоlutionary сhangеs in Ьoth dirесtiсlns irr thе Nortlr Amегiсan pеppеrеd
motь, Biston betulаriа сogпаtаriа. Mеlaniс phеnotypеs in thе suЬspесiеs rе-
sult from allеlеs at thе samе gеnе loсus (Grаnt 2004|' Ьut thе risе and sprеad
of mеlanism in Amеriсаn populi.rtions startеd aЬout 50 yеаrs lаtеr thаn irr
Britain. Еarly musеum сollесtions do not inсludе any mеlаrniс spесimеns
prior to 7929 in thе viсinity of Dеtroit, Miсhigаn, Ьut Ьy 1959 thе frеquеnсy
of mеlaniсs had rеaсhеd 90%. Сlеan аir lеgislаtion Was thеn inzruguratеd in
thе Unitеd Statеs in 1963. Rесords ior sotrthеastеrll Мiсhigirn shtlw tlrаt at_
mosphеriс SO, and suspеndеd partiсlеs suЬsеquеntly dесlinеd signifiсantly.
Bу 1994 thе frеquеnсy of mеlaniс pеppеrеd moths hаd fallеn to 20oЬ, drop-
ping to 5"А Ьу 2001 (Grant and Wisеmаn 2002). Thе signifiсаnсе of a sh:lrp
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dесlinе in mеlanism in Amеriс:rn pеppеrеd moths сoinсidеnt with rеduсtions
in atmosphеriс pollution is сomplеmеntеd Ьy сomparisons of So. сonсеntra-
tions from southwestеrn Virginia, whеrе mеlаnism nеvеr ехсееdеd 57" ovеr
thе samе timе intеrvаl. Thе Miсhigan loсаtion rесoгdеd highеr сonсеntra-
tions of So, than thе Virginia loсation in 23 of thе 25 yеars that mеasurе-
mеnts Wеrе takеn at Ьoth plaсеs.

Amегiсan and British pеppеrеd moth populations arе now approасhing
monoпrorphism for thеir rеspесtivе typiсal plrеnotypеs, сorrеlating with rе-
duсеd lеvеls of atmosphеriс pollution on Ьoth sidеs of thе Atlantiс. Vhilе
сorrеlations alonе d<l not еstaЬlish сausal rеlationshios. сommon сorrеlations
suggеst сommon сausеs.

Еvolution is dеfinеd at thе opеrational lеvеl as a сhangе in gеnе (allеlе) frе-
quеtlсy in a population ovеr timе. Thе сhangеs wе havе oЬsегvеd (and сontinuе
to obsеrvе evеn now) in pеppеrеd moth populations mееt that dеfinition prе.
сisеly. of thе four primary еvolutionary forсеs-mutation, gеnеtiс drift, gеnе
flow, and sеlесtion-only strong sеlесtion сan ассount for suсh rapid, dirес.
tional сlrangеs. Whеtlrеr oг not diffеrеntial Ьird prеdation of moth Phеnotypes
is thе solе, proximаl agеnt of sеlесtion' thе сruсial еvidеnсe for nаtur:rl sеlес-
tion in thе еvolution of mеlanism is Ьаsеd on thе gеnеtiс сhangеs that havе oс-
сurrеd in populations. This еvidеnсе is indisputablе and wholly indеpеndеnt of
ехpеrimеnts aimеd at idеntifying partiсular сolnponеnts of fitnеss (e'g', сam-
ouflаgе from prеdаtors and physiologiсal diffеrеnсеs among gеnotypеs).

In all arеas of aсtivе rеsеarсh' partiсipants routinеly сhallеngе assump.
tions and intегprеtations. 

.lfhilе 
wе сontinuе to invеstigаtе thе rеlativе im-

portanсе of gеnе flow, l iсhеns, prеdators, potеntiаl nonvisual sеleсtion' and
thе Ьеhavior and есology of this moth spесiеs, industrial mеlanism rеmains
an outstanding ехamplе of natural sеlесtion Ьasеd on thе most massivе data
sеt on reсord doсumеnting long-tеrm allеlе frеquеnсy сhangеs in natural
populations.
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Insесts

It is diffiсult to arguе that еvolution has produсеd any singlе group morе
spесtaсular than insесts. Thеir numЬеrs alonе arе staggеring: ovеr 820,000
spесiеs havе Ьеen dеsсriЬеd, and еstimatеs for thе aсtual numЬеr of spесiеs
еxсееd 2 mill ion. Маjor groups of insесts arе sti l l Ьеing disсov ered. |n 2О02,
for еxamplе' an еntirеly nеw ordеr of mantidlikе insесts was dеsсriЬеd, and
hundrеds of nеw spесiеs arе dеsсriЬеd from thе tropiсs еvеry yеar.

Thе divеrsity of insесts is no lеss staggеring. Insесts oссupy еvеry haЬitaЬlе
rеgion on еarth. Thеy havе invadеd еvеry haЬitat ехсеpt thе open sеa, and thеy
havе radiatеd into nеarly еvеry сonсеivaЬlе fееding niсhе. Мany spесiеs Ьuild
shеltеrs аnd nеsts, ranging from thе сasings of sand and dеbris сonstruсtеd by
сaddis fly larvaе to the intriсаtе mound and tunnеl systеms of tropiсal tеrmitе
сoloniеs. Whilе thе majority of insесts lеad solitary livеs, thеrе is a spесtrum of
soсiаl organization that inсludеs family aggrеgations in сatеrpillars, small fam-
ily groups of wood roaсhеs, сolonial nеsting in wasps, and highly rеfinеd, сom-
pliсatеd soсiеtiеs of siЬlings that form Ьее, wasp' ant, and tеrmitе сoloniеs. Thе
ants alonе inсludе spесiеs that arе sсavеngеrs, prеdators, and gardеnеrs; somе
ant spесiеs tеnd aphids for thеir sugary sесrеtions and othеrs саpturе ants of
othеr spесiеs and еnslavе thеm as workеrs in thеir own сoloniеs.

Insесts providе somе of naturе's most spесtaсular phеnomеna and display
somе of naturе'S most sophistiсatеd fеaturеs. Thе ЬiЬliсal plaguе of loсusts rе-
flесts a spесtaсular natural oссurrеnсе' thе еruption and organizеd movеmеnt
of millions of individuals of a speсiеs namеd Sсhistocеrса grеgаriа. Pеriodiсal
сiсаdas еmеrgе in thе forеsts of еastеrn North Amеriсa Ьy thе millions on 13-
and 17-уear сyсlеs, only to matе' rеproduсе, and diе within wееks. Monarсh
Ьuttеrfliеs makе sеasonal migrations aсross hundrеds of milеs Ьеtwееn North
Amеriсa and Mехiсo. Many insесts appеar to dеfy Ьiologiсal сonvеntions:
thеrе arе spесiеs that сonsist only of fеmаlеs, and many spесiеs сan produсе
many individuals, from dozеns to hundrеds, from a singlе еgg. Insесts havе so-
phistiсatеd sеnsory systеms' sееing in wavelеngths that humаns сannot' suсh
as thе ultraviolеt, аnd hеaring at frеquеnсiеs thаt humans сannot. Insесts arе
not еasy to poison; thеy havе thе сapaсity to assimilatе a variеty оf toxiс mol-
есulеs, somеtimеs Ьrеaking thеm into harmlеss сomponеnts and somеtimеs
sеquеstеring thеm as dеfеnsivе сompounds that dеtеr prеdators.
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Thеrе arе striking pаttеrns in thе organization and history of inseсt divеr.
s iг1 ' .  To аpprес iatе гhеsе pattегns.  i t  i s  important f i rsт to pIасе insесts in сс ln.
tеxt' Insесts' along with rnyriapods (сеntipedеs аnd nril l ipedеs), arе onе of
tЬе four major groups that сomprisе thе arthropod phylum. Thе arthropods
arе thе sеgmеntеd aninrals, and thе othеr major arthropod groups, oftеn
сallеd suЬphyla, arе thе tri loЬitеs, thе сhеliсеratеs (spidеrs and thеir rеlа-
tivеs), and thе сrustaсеans (a divеrsе group that inсiudеs сraЬs, lсlЬstеrs, and
many othеrs). Thе insесts arе a distinсt сlass' thе Hеxapoda (six lеggеd)' within

tЬе suЬphylum thеy oссupy with thе myriapods. 
.Whilе 

еaсh of thе arthropod
suЬphyla has Ьееn quitе suссеssful in numЬеr of speсiеs, thе prolifеration and
variеty of hеxapods arе approaсhеd only by thе сrustaсеans.

Thе сharaсtеristiс fеaturеs of inseсts inсludе having thеir sеgmеntеd Ьodiеs

orgaIrizеd into tЬrее majoг divisions (hеad, thorax' aЬdоmеn); thrее pairs of
lеgs еmеrging irom thе сеntral division (thе thorax); an еxoskеiеton (a hard-
еnеd outеr shеll that is not аlways so hard, as in сatеrpil laгs); a vеntral nеrvе

сord; and a variеty of distinсt morphologiсal аnd physiologiсal fеaturеs. In-

sесts havе no lungs, Ьrеathing instеad through spheriсlеs, whiсh arе tuЬеs in

thе Ьody that open at thе Ьody surfасе. Likе all arthгopods, insесts grow by
molting' shеdding thеir ехtеrnаl skin and еxoskеlеton pеriodiсаlly and ех-
panding into а nеw skin and еxoskеieton.

onе of thе striking pattеrns in thе divеrsity of insесts is that nеarly all оf
thе З1 ехtant ordеrs arе old; individuals that rеprеsеnt most of thеsе ordеrs
сan bе found in vеry old fossil dеposits. This is quitе diffеrеnt from nеarly
еvеry othеr major animal group, in whiсh many ordеrs arе known only from
fossils or in whiсh ordеrs rangе widеly in agе. Thе еarliеst insесt fossil is a
springtail that is еstimatеd to Ьe З96 mill ion yеaгs old. By thе еnd of thе Pеr-
mian, aЬout 250 mill ion years ago' most of thе knоwn ordеrs had appеarеd
and fossils of thеm are widеspreаd from that point onward. Thе only major
ordеrs that had not appеаrеd Ьy thе Pеrmiаn arе thе есtoparasitеs of Ьirds
and mammals, whiсh appеarеd оnly aftеr thе appеarаnсе of Ьirds and mam-
mals in thе fossil rесord. Тo сaliЬratе thеsе oЬsеrvations' rеmеmbеr that thе
сoеlaсanths, Lаtimеriа spp.' arc сallеd ..l iving fossils' ' bесausе thеrе arе rес-
ognizaЬlе mеmЬеrs of this group pгеsеrvеd as 380 mill ion-yеar.old fossils. Bv
this standard, wе might сall most insесt ordеrs l iving fossils.

Thе only insесt order thаt has gonе еxtinсt was a gгoup сallеd thе Palаеo-
diсtyсlptеra, whosе mеmЬеrs rеsеmЬlеd drаgоnfliеs in thеir appеaranсе.
Unlikе dragonfliеs, thеsе insесts wеrе hеrbivоrous' епrеrging in thе mid-
СarЬonifеrous (aЬout З30 mill ion yеаrs аgo), not muсh latеr than manу
othеr insесts, and disappеaring at thе еnd of thе Pеrmian. Thе striking aspесt
of thе Palaеodiсtyopterа's disаppеaгanсе is that thеy appеаr to havе Ьееn
еnormously suссеssful, сornprising aЬout 50% of thе known spесiеs of in.
sесts from thosе pеriods. Rеsеarсhеrs havе no idеa why sо suссеssful a gгoup
disappеarеd so suddеnly.

.sИhilе 
nеarly all of thе ordеrs and many оf thе familiеs arе vеry old' thеrе

havе bееn four pеriods whеn thе divеrsity of spесiеs within familiеs inсгеasеd
dramatiсally. In thе fiгst of thеsе pеriods, thе еаrly СarЬonifеrous (abotrt 380
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million yеаrs ago), wingеd insесts appеarеd and Ьеgan to multiply. ln thе sес-
ond, toward thе еnd of thе Pеrmian, thе еarliеst holomеtaЬolous insесts ap-
pеarеd, and this group Ьеgan divеrsifying soon aftеrward. HolomеtaЬolous
insесts hаvе a сomplеx lifе сyсlе of еgg, larva, pupa, and adult; thе larva and
adult arе dramatiсally diffеrеnt in appеaranсе and lifеstylе, and thеy rеprе-
sеnt almost two distinсt organisms. HolomеtaЬolous insесts inсludе thе famil-
iаr groups of fl iеs, Ьuttеrfl iеs, Ьееtlеs' ants' аnd laсеwings. In сontrast, thе
insесts wе сall hеmimеtaЬolous, whiсh appеar in thе fossil rесord Ьеforе
holomеtaЬolous insесts, havе a simplеr lifе сyсlе in whiсh thе organism that
еmеrgеs from thе еgg, сallеd а nymph, rеsеmЬlеs a simplеr and smallеr vеrsion
of thе аdult. Сommon hеmimеtaЬlous insесts inсludе grasshoppеrs, сriсkеts,
gеnuinе Ьugs likе stinkЬugs, and roaсhеs. Holomеtabolous insесts havе Ьееn
еnormously suссеssful, rеprеsеnting aЬout 9ОYo of ехisting insесt spесiеs.

Thе third pеriod of insесt еxpansion oссurrеd in thе Сrеtaсеous, frоm 130
to 65 mill ion yеars ago, whеn aЬout half of thе modеrn familiеs appеarеd
and insесt spесiеs divеrsity inсrеasеd dramаtiсally. This ехpansion Ьеgan im-
mеdiatеly aftеr thе initial radiation of flowеring plants. Thе fourth pеriod of
ехpansion, whiсh somе sсholars сonsidеr as a сontinuation of thе Сrеtaсеous
radiations, was in thе Tеrtiary, thе pеriod that Ьеgan 6З million yеars ago.
Thе сontinuеd radiation of insесts with phytophagous hаЬits, mеaning that
thеy fееd on plants in one Way or anothеr' was сеrtainly a сontinuation of thе
Сrеtaсеous ехpansion. As witnеss to this, aЬoot 9 5"Ь of thе rесеnt Lеpidoptеr-
ans (buttеrfl iеs, moths, and skippеrs), nеarly all of whiсh arе phytophagous'
еmеrgеd in thе Tеrtiary. But thе Tеrtiаry radiation also inсludеd thе еmеr-
gеnсе of thе dесidеdly nonphytophagous ants, Ьееs, wasps' and highеr tеr-
mitеs with thеir sophistiсatеd soсial systеms as wеll as thе ordеrs of l iсе,
whiсh arе есtoparasitеs of Ьirds and mammаls.

Тwo tiеs Ьind thе еvolutionary historiеs of insесts and flowеring plants to
еaсh othеr. First, thе ovеrwhеlming majority of flowеring plants arе poll i.
natеd Ьy insесts, and insесt pollination sеrviсе hаs promotеd divеrsifiсation
and spесiation. Insесts havе Ьееn еating pollеn for quitе somе timе. Pollеn is
rесognizaЬlе in thе guts of somе fossil inseсts in thе Pеrmian' ovеr 250 mil-
l ion yеars agо. Thе striking сhangе that сoinсidеd with thе еmеrgеnсе of
flowеring plants was thе appеaranсе of spесializеd fеaturеs of thе hеad and
mouth that faсilitatеd not thе еating of pollеn Ьut the transport of pollеn as
thе insесts fеd on nесtаr. Thеsе first appеar in somе fliеs in thе еarly Сrеta-
сеous. By thе lattеr half of thе Сrеtaсеous' 90 mill ion yеars ago' most spе-
сializеd poll ination systеms known tоday had еvolvеd and arе сlеarly sееn in
thе fossil гесord. And should onе doubt that insесt poll ination has сon.
triЬutеd to thе suссеss of flowеring plants, it is worth rеmеmЬеring that
groups of plants pollinatеd by animals havе divеrsifiеd at twiсе thе ratе of
thosе groups that arе poll inatеd Ьy wind or watеr.

Sесond, phytophagous insесt divеrsity has followеd thе divеrsifiсation of
flowеring plants. To Ье surе, many insесts havе Ьееn fееding on plants for
most of thеir еxistеnсе. Fossil plant tissuе shows еvidеnсе of Ьеing piеrсеd Ьy
mitеs and сollеmЬolans sinсе thе latе Dеvonian (aЬout 400 mill ion yеars
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agо), and thе еarliеst еntirеly hеrЬivorous ordег of insесts Was thе Palaеodiс-
tyoptеrida, whiсh appеarеd aЬout 330 mill ion yеars ago. AЬout 83% of fos-
sil plant lеavеs from thе Pеrmian (whiсh еndеd 250 mill ion yеars ago) show
damagе from hеrЬivorеs. Нowеvеr, it was in thе Сrеtaсеous and Tеrtiary whеn
thе major radiations of phytophagous spесiеs oссurrеd' following сlosеly thе
majoг radiations of flowеring plants.

This joint radiation rеflесts a сoеvolutionary proсеss through whiсh
plants еvolvе dеfеnsеs against insесt fеeding, insесts еvolvе fеaturеs to ovеr.
сomе thosе dеfеnsеs, and spесializеd assoсiations of insесt and plant groups
еmеrgе. Thе еvidеnсе for this proсеss hаs сomе from ехpеrimеntal есologi-
сal studiеs. Insесts aсt as agеnts of natural sеlесtion on plant dеfеnsеs; indi-
vidual plants that havе dеfеnsivе fеaturеs, Suсh as dеnsеr hairs thаt dеtеr
hеrЬivorеs or highеr сonсеntrations of toxiс сhеmiсals in thеir tissuеs, arе
aЬlе to survivе, grow largеr, and lеavе morе offspring. Сonvеrsеly, plant dе-
fеnsеs aсt аs agеnts of sеlесtion on insесt traits; individuals that сan ovеr-
сomе dеfеnsivе struсturеs or dеtoxify toxiс сompounds leavе morе offspring.
As a plant spесiеs rеfinеs its dеfеnsеs through сontinued sеlесtion and еvolu-
tion, only spесifiс groups of insесts сontinuе to ovеrсomе thosе dеfеnsеs
through еvolution. As an insесt spесiеs rеfinеs a spесializеd abil ity to ехploit
а spесiеs or gеnus of plants, it appеars to losе its aЬil ity to еxploit othеrs
that еmploy diffеrеnt dеfеnsivе сompounds. As a rеsult, populations of
plants that prоduсе nеw typеs of еffесtivе dеfеnsеs divеrgе from thеir siЬling
populations, often Ьеing frее for a whilе of insесt pеsts but finding thеm-
sеlvеs battl ing with diffеrеnt insесts thаn thеir siЬling populations. HyЬrids
Ьеtwееn thеsе plant populations farе morе poorly thаn еithеr parеnt and thе
proсеss of spесiation has Ьеgun, drivеn Ьy a сontinual and unforgiving arms
raсе.

Through this proсеss, phytophagous insесts and plants hаvе drivеn еaсh
othеr rесiproсally toward mutual spесializations and divеrsifiсation. Thе еnd
rеsult is that most plants arе ехploitеd Ьy spесifiс groups of insесts and most
phytophagous insесts arе spесializеd on partiсulaг plants. 

.Whilе 
thеrе arе as-

soсiations at Ьroad lеvеls-for еxamplе, larvaе of individual Ьuttеrfly fami-
l iеs arе found only on a fеw plant familiеs-thеге arе many assoсiations аt
finеr lеvеls. Мonarсh Ьuttеrfliеs feеd only on milkwееds (gеnus Аsclеpiаs)
and pipеvine swallowtails fеed only on pipеvinеs and snakеroots (gеnus Аrls-
toloсhiа); in еaсh сasе thе plants hаrЬor highly toxiс сompounds that dеtеr
nеаr ly aI l  othеr insесts.

Thе study оf insесts has сontriЬutеd еnormously to thе dеvеlopmеnt of
еvolutionary Ьiоlogy. Thе mimiсry of noхious Ьuttеrfliеs Ьy palataЬlе onеs was
rеgardеd as onе оf thе grеat сhallеngеs for Сharlеs Dаrwin's hypothеsis оf
natural sеlесtion, and studiеs of mimiсry oссupiеd a сеntral position in thе
сanon of еarly еxpеrimеntal work on natural selесtion. Thе domеstiсation of
thе fruit fly (or, morе propеrly, vinеgar f|у), Drosophilа melапogаster, Ьу
Thomas Hunt Morgan in thе еarly twеntiеth сеntury produсеd a modеl organ-
ism that has Ьееn usеd around thе world for ехpеrimеntal studiеs of adapta-
tion and spесiation. Thе сhallеngе of еxplaining how thе sоphistiсatеd soсial
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struсturе of аnts' Wasps' and Ьееs еvolvеd' with its сharaсtеristiс of stеrilе fе-
mаlе workегs raising thеir sistеrs, inspirеd.s7. D. Нamilton to dеvеlop a formal
thеory of kin sеlесtion. Kin sеlесtion now undеrliеs muсh of our undеrstanding
of soсiality and many pattеrns of Ьеhavioral еvolution throughоut thе animal
world. Studiеs of individual vаriations in moth and Ьuttеrfly wing pattеrns Ьy
Е. B. Ford and his сollеaguеs Wеrе onе of thе foundations of есologiсal gеnе-
tiсs, thе еxpеrimеntal study of natural sеlесtion and еvolutionary сhangе out-
sidе of thе laЬoгatory.

Morе rесеntly, many diffеrеnt insесt groups havе Ьееn usеd as modеl sys.
tеms for еvolutionary studiеs. Thе flour Ьееtlеs, Tribolium spp.' havе Ьееn
usеd in pathЬrеaking studiеs of group sеlесtion. Studiеs of Watеr stridеrs
havе il luminatеd thе сonfliсt Ьеtwееn thе sехеs ovеr mating, and how that
сonfliсt has shapеd thе physiology аnd Ьеhavior of thе sехеs, Ьеttеr than any
othеr systеm studiеd to datе. Thе dаmsеlfly spесiеs that sеgrеgatе Ьy typе of
lаkе (with or without fish) havе Ьееn usеd to i l luminatе how rapidly a Е]roup
саn divеrsify in novеl haЬitats and how adapting to a novеl есologiсal сir-
сumstanсе oftеn сomеs with thе сost of losing thе aЬility to pеrsist in thе
original сonditions.
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JaЬlonski, David (Ь. 1953)

David JaЬlonski is among thе most prominеnt of а gеnеration оf palеontolо-
gists who, having Ьееn trainеd in thе midst of thе rеnaissanсе in palеoЬiology
that took plaсе in thе latе 197Оs and еarly 1980s, havе ехtеndеd thе study of
largе-sсaiе pattеrns and proсеssеs of еvolution and ехtinсtion Ьеgun Ьy pio-
nеering palеontologists suсh as Stеphеn Jay Gould, David М. Raup, and
Stеvеn Stanlеy. JaЬlonski,s partiсular arеa of study has Ьееn thе dynamiсs of
ехtinсtions and thеir rеsulting impасt on pattеrns in еvolutionary history. Hе
has apprоaсhеd this suЬjесt primarily through statistiсal, quantitativе analy.
sis' whiсh usеs сomputеr modеling and simulation to proсеss largе quantitiеs
of data drawn from thе fossil rесord. In addition to important analysеs of еx-
tinсtions in thе gеologiс past' JaЬlonski's work has mаdе сontriЬutions to our
undеrstanding of thе modеrn dynamiсs of еxtinсtion and to thе сurrеnt gloЬаl
Ьiodivеrsity сrisis.

Onе of JaЬlonski's primаry ассomplishmеnts has Ьееn to сhallеngе or dis.
provе a numЬеr of thеorеtiсal assumptions аЬout еvolution аnd еxtinсtion
dynamiсs Ьy using a variеty of quantitativе tоols not availaЬlе to еarliеr palе-
ontolоgists. His rесеnt work, for еxamplе' has shown that Сopе's rulе-thе
thеory that еvolution tеnds to favor largеr Ьody sizеs-is Ьasеd on sampling
еrror. Sсiеntists tеnd to study largеr, morе ..ехсiting'' organisms, whiсh pro-
duсеs thе mislеading imprеssion that lаrgе organisms arе morе сommon (and
thus morе еvolutionarily suссеssful) than smаll onеs. In a study оf thе origi-
nations and еxtinсtions of 190 linеagеs of moliusks ovеr many mill ions of
yеars, JaЬlonski arguеd that, on thе сontrary, Ьody sizе сonfеrs no partiсular
advantagе. In a similar study, hе showеd that еstimatеs of a major inсrеasе in
Ьiodivеrsity ovеr thе past 50 to 100 mill ion yеars arе not an ехaggеrаtion.
For a numЬеr of yеars, sсiеntists Ьеliеvеd that thе rесеnt fossil rесord shows
grеatеr marinе animal divеrsity Ьесausе thе rесеnt rесord is Ьеttеr prеsеrvеd;
this sampling artifaсt is known as ..thе pull of thе rесеnt.' ' By studying thе
fossil anсеstry of hundrеds of gеnеra of l iving Ьivalvеs, JaЬlonski lеd a group
of sсiеntists who showed that thе rесеnt fossil rесord is rеmarkaЬly aссuratе-
Ьеtwееn 87oЬ and 95oЬ over thе past .50 mill ion yеаrs. This work hеlps сon-
firm еmpiriсally what palеontologists havе suspесtеd for somе timе: that a
major ехplosion in Ьiodivеrsity followеd thе Palаеozoiс еra, rоughly 250 mil-
l ion yеars ago.
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Pеrhaps JaЬlonski's most signifiсant rеsеarсh involvеd studying thе dynam-
iсs and pattеrns of ехtinсtions. In this arеa, JaЬlonski has сontinuеd to tеst
еvolutionary hypothеsеs with quantitativе analysis. Onе quеstion hе has ad-
drеssеd is whеthеr survivorship during mass еxtinсtions is pгеdiсtaЬlе or ran-
dom, and whеthеr thе еvolutionary trеnds that follow major ехtinсtions
display a uniform pattеrn. A rеlatеd study askеd whеthеr thе survivors of
major ехtinсtion еvеnts (for ехamplе, thе mass ехtinсtion that killеd thе di.
nosaurs 65 mill ion yеars ago) аrе in faсt suссеssful еvolutionаry сompеtitors
aftеrward. Hе found a numЬеr of possiЬlе routеs gеnеra may follow aftеr
suсh an еvеnt, ranging from thriving ехpansion and divеrsity to stаgnarion
and еvеntual еxtinсtion. Hе сonсludеd thаt whilе thеrе wеrе somе prе-
diсtaЬlе faсtors involvеd, thе paths appеar to vary Ьasеd on rеgional еnvi-
ronmеntal diffеrеnсеs, an oЬsеrvation that supports thе hypothеsis of
randomnеss.

Surpгisingly, JaЬlonski сonfirmеd thеrе was oftеn littlе сorrеlation bе-
twееn ехtinсtion survival and postехtinсtion еvolutionary suссеss. In many
сasеs, formеrly struggling gеnеra thrivеd, whilе dominant organisms Wеrе
wipеd out. A third altеrnativе, сallеd ..Dеad Сladе Walking,' ' dеsсriЬеs gеn-
еra that wеrе not immеdiatеly kil lеd off Ьut wеrе doomеd to еvеntual dе-
сlinе, suggеsting that sесondary ..ripplеs' ' of ехtinсtion oftеn follow mill ions
of yеars aftег mass ехtinсtion еvеnts. ovеrall, thеsе studiеs and othеr work
havе еstaЬlishеd JaЬlonski at thе forеfront of еfforts to usе nеw mеthodolo-
giеs (and oftеn thе latеst tесhnology) to answеr many of thе quеstions
аЬout thе aссuraсy and usеfulnеss of thе fossil rесord that havе vеxеd pаlе-
ontologists sinсе Сharlеs Dаrwin's day. In gеnеral, JaЬlonski's work sup-
ports thе сonviсtion that thе fossil rесord is rеliaЬlе and thus сan Ье usеd to
infеr thе rеlativе importаnсе of diffеrеnt еvоlutiоnary mесhanisms pattеrn-
ing thе history of l ifе on еarth. By Ьеttеr undеrstanding thе dynamiсs of еx-
tinсtion' JaЬlonski has also highlightеd thе ways еxtinсtions, whiсh аrе
normally sееn as nеgativе proсеssеs' сontriЬutе to thе ovеrall dynamiсs of
еvolution.
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Jеnkin, Hеnry Charlеs Flееming (1833_1885)

-D.Se.

Hеnry Сharlеs Flееming (pronounсеd Flеming) Jenkin made major сontri-
butions to physiсs аnd еlесtriсal еnginееring in mid-ninеtееnth-сеntury Еn-
gland. RеmеmЬеrеd Ьy еvolutionists as thе author of a rеviеw of Сharlеs
Darwin's oп thе Оrigiп of Spесies' hе aгguеd thаt natural sеlесtion would
not wсlrk if hеrеdity Wаs a proсеss that Ьlеndеd pаrеntal сharaсtеristiсs. This
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Jеnkin

rеviеw is oftеn supposеd to havе shown that thе movе to a partiсulatе modеl
of hеrеdity' suсh as Меndеliаrr gеnеtiсs' was еssеntiаl if sеlесtion was to Ье-
сomе a plausiЬlе thеory. In faсt' although Dаrwin was imprеssеd Ьy Jеnkin's
rеviеw, othеr sеlесtionists rеalizеd that if variation Wаs sееn as a propеrty of
populations, not individuals, sеlесtion was plausiЬlе whatеvеr thе mесha-
nism of hеrеdity.

Jеnkin was Ьorn in Dungеrnеss, Kеnt, Еngland, on Мarсh 25, 1833. His
family movеd to Italy and Jеnkin rесеivеd an MA from thе Univеrsity of
Gеnoa in l85]. Не rеturnеd to Еngland аnd spеnt 10 yеars working on thе
dеsign and manufaсturе of suЬmarirrе tеlеgraph сaЬlеs, aftеr whiсh hе sеt
himsеlf up аs a сonsulting еnginееr in London. Hе took out numеrous patеnts'
somе with his friеnd 

.sИil l ianr 
Thomson (latеr Lord Kеlvin). In thе 1860s,

Jеnkin wгotе rеports for thе Bгitish Assoсiation for thе Advanсеmеnt of Sсi-
еnсе's СOmmittее on Еlесtriсal Stаndards, аs a сonsеquеnсе of whiсh thе ohm
was aссеptеd as an aЬsolutе standard of rеsistanсе.

Jеnkin had widе sсiеntifiс intеrеsts, аnd thе NortЬ BritisЬ Reuiеш, asked,
him to сommеnt on Darwin,s thеory fгom a matlrеmatiсal viеwpoint. In his
rеviеw, puЬlishеd tn 1867, Jеnkin еndorsеd Тhomson's argumеnt that thе
еarth must havе сoolеd down too rapidly for natural sеlесtion to havе pro-
duсеd thе amount of progrеssivе еvolution oЬsеrvеd in thе history of l ifе.
Hе also rеpеatеd thе traditional viеw that within еaсh spесies, variation is
rеstriсtеd within dеfinitе l imits. Мorе originally, hе ana|yzed how natural
sеlесtion сould ассumulatе favoraЬlе variations. Arguing that еaсh suсh
variatiorr Was a distinсt salгation, or sport of naturе, hе еxplored what
would happеn to thе nеW сhаraсtеr as rhе individual rеproduсеd, on thе as-
sumptiol1 that hеrеdity blеnds thе сharaсtеristiсs of thе malе аnd fеmalе
parеnts. Hе notеd that in artif iсial sеlесtion, suсh nеw сharaсtеrs сould Ье
сonсеntratеd within a small populаtiorr and сould thus havе signifiсant еf-
fесt. This hаd hаppеnеd in thе сasе of thе shoгt-lеggеd Anсon shееp, whеrе
thе farmеr had Ьrеd only from thе singlе ram Ьorn with thе nеw сhaгaсtеr.
istiс. In a wild population, lrowеvеr, thе favorеd individuals would Ьrееd
with unсhangеd mеmЬеrs of thе populаtion, and thе сhaгасtеristiс would
Ье halvеd in еасh gеnеration until its еffесt was too small to сount'

Darwin had nеvеr thought of variations аs largе-sсalе sports, Ьut hе did
think of thеm as individual сharaсtеr сhangеs. Не was thus imprеssеd Ьy

Jеnkin's rеviеw, modifying lаtеr еditions of his b<lok to еmphаsizе that othеr
proсеssеs Wеrе аt work. othеr Darwinists, inсluding Alfrеd Russеl !7allaсе,
pointеd out, howеvеr, that if onе thought of variation as a rangе of сharaсtеr
diffеrеnсеs within a populatiorr, Jеnkin's argumеnt was inеffесtivе bесausе
favorеd individuals arе oiепtiful rathеr than rаге.
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Kеttlеwеll, H.B. D. (1907_1979)

Неnry Bеrnard David Kеttlеwеll wаs a founding mеmЬеr of a loosеly assoсi-
atеd gгoup oftеn rеfеrгеd to аs Е. B. Ford's Oxford Sсhooi of Есologiсal Gе.
nеtiсs, whiсh inсludеd suсh luminаriеs as A. J. Сain, Сyril Сlarkе, and Phil ip
Shеppard. !7hilе thеrе was nеvеr any formal struсturе' thе mеmЬеrs wеrе
markеd Ьy a сonrmon appгoaсh to the study of gеnеtiс variatiоn in natural
populirtions, and, in partiсular, Ьy a сommitmеnt to thе pеrvasivе rolе of nat-
ural sеlесtion as thе most important agеnt of еvolutionary сhangе. Kеttlеwеll
was a giftеd nаturalist who lеft mеdiсal praсtiсе at thе agе of 41 to pursuе his
Ьoyhood lovе of еntomology. Hе Ьеgan working full timе as a sеnioг rе-
sеаrсhеr in Е' B. Ford's nеwly foundеd suЬunit of gеnеtiсs at oxford in 1951'

Kеttlеwеll is Ьеst known for his rеsеarсh on thе phеnomеnon of industrial
mеlanism, whiсh rеfеrs to a rapid inсrеasе in thе frеquеnсy of rarе dаrk forms
in mаny moth spесiеs in thе viсinity of mantrfaсturing сеntеrs as a сoпsеqцеnсе
of thе first largе-sсalе air pollution assoсiatеd with thе Industrial Rеvolution in
Еngland аnd Continеntal Еuropе. Thе first and most famous ехamplе of this
trеnd oссurrеd in thе pеppеrеd mot|7, Вistoп betulаriа' Thе dark tЪrm in this
spесiеs was fiгst disсovеrеd nеar Manсhеstеr in 1848. 

.$Иithin 
thе spасе of only

50 yеars it Ьесamе so сommon that thе palе fоrm was loсally еxtinсt. (Tutt
1891 is thе сlassiс ninеtееnth-сеntury disсussion of thе topiс.)

Kеttlеwеll Ьесamе famous fог a sеriеs of fiеld ехpеrimеnts сonduсtеd in thе
еarly 1950s doсumеnting thе rеason why thе dark forrn was Ьесoming mofе
сomlnon. In pollutеd arеas, dагk сoloration protесtеd thе moths, rеsting on
soot-darkеnеd trее trunks, against Ьird prеdation. In аn еlеgant fiеld еxpеri-
mеnt сonduсtеd in thе suп1mеr of 195З, Kешlеwеll rеlеasеd largе nrrmЬеrs of
markеd palе and dark moths into a pollutеd wood nеar Birmingham and at-
tеmptеd to сapturе as many as possiЬlе ovеr thе nехt sеvеral nights. Thе logiс
Ьеhind his invеstigation was that, all things Ьеing еqual' thе rесapturе ratеs
for thе two forms should Ье thе samе. If' on thе othеr hand, thе dark form
was at an advirntagе' owing to its rеlativе inсonsptсtlousnеss' onе would ех-
pесt thе rесapturе rаtе for it to Ье highеr Ьесausе morе of thе dаrk form sur-
vivеd during thе intеrvаl Ьеtwееn rеlеasе and rесapture. And this is prесisеly
what Kеttlеwеll found. Kеttlеwеll сonduсгеd а сompanion еxpеrimеnt in an
unpollutеd wood in Dorsеt in thе summеr of 19S5 whеrе hе found thе rеvеrsе.
In this wood hе was aЬ|е to rесapturе mсlrе of thе palе form thаn thе dark. Kеt.
tlеwеll supplеmеntеd thеsе ехpеrimеnts with a film rесoгd doсumеnting that
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whеn Ьirds wеrе givеn a сhoiсе, thеy passеd ovеr inсonspiсuous moths in
favor of thе moth that was morе сonspiсuous in its Ьaсkground rеsting sitе.
(Sее Kеttlеwеll 1955 and 1956 for thе original rеports and Kеttlеwe|\ 197З
for a summation and ovеrall disсussion.)

Whilе tехtЬooks oftеn portray Kеttlеwеll's invеstigations as unproЬlеmatiс'
rеsеarсhers (inсluding Kеttlеwеll himsеlf) rесognizе that thе initial invеstiga-
tions involvеd numеrous assumptions thаt arе opеn гo quеsrion (е.g., thе rеSting
sitе of moths). This has lеd thosе сritiсal of еvolutionary thеory to сlaim that thе
phеnomеnon is no longеr an еxamplе of natural sеlесtion, and furthеr that
thеre is a сonspiraсy Ьy tехtbook writеrs to hidе this faсt. (Hoopеr 2002 js a
sеnsationalistiс aссount of thе work Ьy a journalist and 

.Wеlls 
2000 is a sеvеrе'

rеligiously motivatеd сritiquе by a Ьiologist who is a followеr of thе Rеvеrеnd
Sun Myung Moon, foundеr of thе Unifiсation Сhurсh.) At lеast еight studiеs di-
rесtly addrеss pеrсеivеd problеms in Kеttlеwеll's initial invеstigation. Thе stud-
iеs havе indеpеndеntly сonfirmеd that Ьird prеdation is thе most important
faсtor in thе sprеad of thе dark form. Pеrhaps thе most сonvinсing еvidеnсе
that it is an ехamplе of naturаl sеlесtion' howеver, сomеs from thе prеdiсtеd
rapid dесlinе of thе dark form sinсе thе introduсtion of ..Сlеan Air'' lеgislation
in thе Unitеd Kingdom and еlsеwhеrе. (Majеrus 1998 givеs a full ovеrviеw of
modеrn rеsеarсh and Rudgе 2002,2005 addrеss thе сlаims of frаud.)
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Kimura, Мotoo (|924_Т994)

Motoo Kimura is Ьеst known for thе idеa that most еvolution аt thе DNA
lеvеl oссurs Ьy random proсеsses' rаthеr than Ьy Darwiniаn nаtural sеlес-
tion. Prior to this, еvolutionists had attriЬutеd еssеntially all of еvolution to
natural sеlесtion. Kimura arguеd thаt for most еvolutionary сhangеs' сhanсе
is morе important.

Within a сеll, a сharасtеristiс numЬеr of сhromosomеs сan Ье found (for
еxamplе, 46 in humans). Еасh сhromosomе is a long, tightly сoilеd thrеad of

DNA. DNA сons ists  l

sinе, guaninе, and thy:

of a fеw thousand Ьas
quеnсе of Ьasеs in tha

thе DNA has no knov

A mutation is a pеrmar

to a T. If thе сhangе l

еffесt on thе individua
oЬsеrvaЬlе еffесt. If a l
frеquеnсy in thе popuI

nеtiс drift.
ln t968 Kimura put

Ьulk of сhangеs in thе

random drift. Kimura

thе population and ulti
rеsult of natural sеlесt

еssеnсе of Kimurа's idе

ory of еvolution; Kimu

сovеrеd indеpеndеntly
most of thе suЬsеquеn
narily attriЬutеd to hin

It oftеn happеns in t
its own sakе' turns ou.

stantial Ьody of thеor.

was fortunatе that thе

сеnturiеs latеr, Ьut wi

atе studеnt, Kimura s

dom proсеssеs,  suсh
inсrеasе in thе popula
gеnеrations it would t

individuals that woul

Kimura l'vorkеd out t,

сial, or dеlеtеrious. Su

in gеologiсal timеs.
It turns out thаt th €

for anothеr is simply с

rеasonaЬly wеll know

сan Ье сhесkеd agains1
sеquеnсеs of this disсt

wе know thе mutatiol
tion. For studiеs of е'
сloсk, whiсh depеnds '

It is now gеnеrally t
mals and othеr vеrtеЬ;
is still сontrovеrsial, hо

It is сlеar that in somе
lесtion. Thе answеrs v



ovеr inсonspiсuous moths in
i r l  i ts  Ьaсkgгound rеst ing s i tе.
l rеpоrts and Kеttlеwеl'| 197З

vеstigations аs unproЬlеmatiс,

;n izе thаt thе in iг ia l  i l lvеst igа-
)еn to Чtlеstion (е.B.. thе rеsting
tionary thеoгy to сlаim that thе
гаl sеlесtion' and fr-rгthеr that
lе this faсt. (Hoopеr 2О02 is a

Llist irnd Wеlls 2000 is a sеvеrе,
o is a followеr of thе Rеvеrеnd
lrurсh.) At lеast еiglrt studiеs di-

; initial invеstigаtion. Тhе stud_
еdаtion is thе most important
; thе most сonvinсing еvidеnсе
зvеr' сomеs from thе prеdiсtеd

сtion of ..Сlеan Air' ' lеgislatiоn
s 1998 givеs a fr"rll ovегviеw of

s thе сlaims of fraud')

itor1, of Sсieпсе апd thе Pеppеrеd

r industrial mеlаnisnr in thе

'ustrial mеlanism in thе

: Сlагеndon.
.с/ l l , l l .  oхfоrd: Oхfоrd Univеrs i ry

d пroth. Iпtеrпаtioпаl lourпаl of
' Biсllogiа Тropiсаl) 50, no. 1' 1_7.
amining tЬe eуldeлсе. Publiс

Brit i sb Lеp i dopterа. I'onrJon:

li \rVashington, DС: Rеgnегy.
-D.W:R.

аt most еvolution at thе DNA

'n Ьy Darwinian nаtural sеlес-
d еssеnt ia l ly  а l l  of  сvolut ion to
it еvolutionary сhangеs' сhanсе

hromosomеs саn Ье found (for

i a long, tightly сoilеd thrеad of

Kimurа 667

DNA. DNA сons ists  оf  а sеquеnсе of  four k inds of  Ьasеs,  аdеninе,  сyto-
sirrе, guаninе. аnd tlryпrinе, аЬЬrеviatеd A, С, G, and T' A gеnе is ir stretсh
of a fеw thousand Ьasеs that is rеsponsiЬlе for а spесifiс funсtion; thе sе-
quеnсе of Ьasеs in thаt rеgion dеtеrminеs thе funсtion. Мost of thе rеst of
thе DNA has no known funсtion and is oftеn rеfеrrеd to as ..junk DNA.' '
A mutation is a pеrmanеnt сhangе in thе DNA; for ехamplе, a С may сhangе
to ;r T' If thе сhаngе oссurs within a Е]еnе' it wil l oftеn hаvе somе visiЬlе
еffесt оn thе irrс.l ividuаl inhеritirrg it. Сhangеs irr tlrе .. junk'' usuаlly havе nсl
oЬsеrvaЬlе еffесt. If a partiсular qеnе or other sеqltеnсе of DNA сhangеs its
frеquеnсy in thе population Ьy rаlrdоm proсеssеs' this is сallеd random gе-
nеtiс drift.

]n 1968 Kimura put forth thе idеa-vеry daring at thе timе-that thе grеat
Ьulk of сhаngеs in thе DNA arе pr-rгеly гаndom, thе rеsult of mtltation :.rnd
random drift. Kimura arguеd thаt whеthеr thе nеw mutation iIrсrеasеs in
thе population and ultimatеly displасеs its prеdесеssor DNA is usually not thе
rеsult of natural sеlесtion Ьut, muсh morе oftеn, simply сhanсе. This is thе
еssеnсе of Kimura's idеa. This might Ье сallеd thе mutation-random drift thе-
oгy of еvolution; Kimura сallеd it гhе nеutral thеory' Tlrе samе idеa lvas dis-
сovеrеd indеpеrrdеntly Ьy Jaсk King and Th<lmas Jukеs (1969), Ьut bесausе
nrost of thе suЬsеquеnt dеvеloprnеnts arе duе to Kimura, thе thеory is ordi-
naгily attriЬutеd tсl him.

It oftеn happеns in thе history сlf sсiеnсе thаt mathеmatiсs, dеvеlopеd for
its оwn sakе, turns out latеr to havе praсtiсal usеs. ]t turnеd out that а suЬ-
stantiаl Ьody of thеory lrad alrеаdy Ьееrl dеvеlopеd lry Kimura himsеlf. Не
was fortunatе that thе nеutral thеoгy found its аppliсation, not dесadеs or
сеnturiеs latеr' Ьttt within his own lifеtimе. Starting whеn hе was a gradu-
atе studеnt, Kimura solvеd a numЬer of diffiсult proЬlеms involving ran-
dom proсеssеs,  suсh as thе proЬaЬi l i ty  that mutat ion wi l l  u l t imаtе ly
inсrеirsе in thе population and Ьесor-пе thе prеvail ing form, thе nr-rmЬеr of
gеnеrations it would tаkе fсlr sr-tсh а pгoсеss to oссur' and thе numЬеr of
individuals that wtluld Ье affесtеd Ьy thе mutаtion during this proсеss.
Kimura workеd out thе answеrs' whеthеr thе mutation is nеutral, Ьеnеfi-
сial, or dеlеtеrious. Suссеss for thе last is еxtгеmеlv rarе, Ьut not nеgligiЬlе
in gеologiсal timеs.

It tuгns ollt th:lt thе ratе of еvolutionary srrЬstittrtion of onе nеrrtrаl Ьаsе
for anothеr is sinrply еqual to thе mutation rаtе. Bесаusе mutation ratеs arе
rеasonably wеll known, this pеrrrrits a prеdiсtion of еvolutionary ratеs that
сirn Ье сhесkеd against thе histоriсal rесord. Onе of thе most important сon-
sеquеnсеs of this disсovеry is that it makеs possiЬlе a ..molесular сloсk.' ' If
wе know thе mutаtion ratе' Wе сan dеtеrminе thе гatе of molесular еvolu-
tiоn. For studiеs of еvolutiorr, thе timеsсalе is dеtеrminеd Ьv а molесular
сloсk, whiсh dеpеnds on Kimura's nеutral thесlгy.

It is now gеnеrаlly aссеptеd that thе grеаt Ьulk of DNA сhangеs in mam-
пals and othеr vегtеЬratеs is nеutгal' following Kitnura's thеory. Thе thеory
is still сontrovеrsial, howеvеr' rеgarding сhangеs in fr.rnсtional rеgions of DNA.
It is сlеаr that in sonlе саsеs' сhanсе prеdominatеs; in trtlrеrs. it is nаtuгаl sе-
lесtion. Thе аnsrvегs wil l hаvе to сomе from сasе-by_сasе аnalvsis.
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Мotoo Kimurа was Ьorn in okаzaki ,  Japan, on NovеmЬеr 1З,7924.He
showеd an early aptitudе for mathеmatiсs' Ьut his dееpеst intеrеst was
Ьotany. Hе grеatly еnjoyеd a miсrosсopе givеn to hinr Ьy his fаthеr. I-Iе nеvеr
lost his intегеst in flowеrs, and in his larеr l ifе hе was a suссеssful orсhid
Ьrееdеr. Hе was in high sсhool during thе еarly days of 

.!7orld .War 
II' and in

1944 was admittеd to thе Kyoto lrnpеrial Univеrsity. Hе was not invoivеd in
military sеrviсе, Ьut wartimе lifе in Japаn was hard for еvеryonе. Aftеr thе
war' hе joinеd thе laЬоrаtoгy ot Japаn's prеmiеrе gеnеtiсist' Hitoshi Kihara.
Кiharа rесognizеd Kimura's talеnts and pеrmittеd him to spеnd his timе
studying thе litеraturе of mathепratiсal population gеnеtiсs.

With thе hеlp of Amеriсаn gеnеtiсists working for thе Atomiс Bomb Сasu-
alty Сommission, Kimura Was aЬlе to oЬtain а sсholarship to study in thе
Unitеd Statеs. Aftеr a yеar аt lowa Staсе Univеrsity, hе transfеrrеd to thе Uni-
vегsity of Wisсonsin and bесamе a studеnt of Jamеs F. Сrow. Hе had thе op-
portunity for daily сontaсt with Sеwall Wright, onе of thе foundеrs of
mathеmаtiсal populаtion gеnеtiсs. Aftеr rесеivirrg his doсtoratе in 1956,he
rеturnеd to Japan and for thе rеst of his lifе was еmployеd Ьy thе National
lnstitutе of Gеnеtiсs in Mishima, Japan. Hе сontinuеd his сollaЬoration with
Сrow, and еaсh took еvеry opportuniry to spеnd timе with thе othеr. To-
gеthеr thеy authоrеd a nurnЬеr of papеrs and a tеxtЬook. Kimura diеd of
amyotrophiс lаtеral sсlеrоsis on NovеnrЬеr 13, 1994, on his 70tlr Ьirthdаy.

Although Kimura is Ьеst known for thе nеutral thеory and thе attеndant
mathеmatiсs, hе was аlso knowl-r for аpplying diffusion modеls to othеr proЬ-
lеms. Thеsе involvеd tlrе solution of partial diffеrеntial еquations, at whiсh
hе was partiсularly adеpt. Не ссlnsidеrеd thе еffесts of random fluсtuattons
in thе intеnsity of naturаl sеlесtion, whiсh саn lеad to proсеssеs that mimiс
random gеnеtiс drift. Hе dеvеloреd a modеl of migration Ьеtwееn сoloniеs,
in whiсh migrants movе тo onе of thе nеighЬoгing сoloniеs. Altogеthеr, hе
wrotе six Ьooks and ovеr 6.50 sсiеntifiс papеrs' At thе timе of his dеath hе
was Japan's Ьеst-known gеnеtiсist аnd hе had Ьееn thе rесipiеnt of many in-
tеrnаtionаl honors'
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Laсk, David Laml

David LarnЬеrt Laсk v
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Laсk, David Lambеrt (1910_|973)

David Lambеrt Laсk wаrs a British ornithologist irnd есologist famous foг his
studiеs of Gаlipagos finсlrеs, оnе of thе kеy ехamplеs of nаturаl sеlесtion in
thе wild. Born in London, Laсk Ьеgan Ьird-wаtсhing whilе in Ьoarding
sсhool in thе Kеnt and Norfolk сountrysidе. Hе wаs addiсtеd, winning sсhool
prizеs for natural history thrее сonsесutivе yеzrrs. Hе еntеrеd Мagdalеnе Сo1-
lеgе, СamЬridgе, in 7929,Ьt::.' likе Сharlеs Darwin' Laсk found littlе inspira-
tion in his formal studiеs. Instеad, hе took to thе fiеld with mеmЬеrs of thе
СamЬridgе ornithologiсal СluЬ. Laсk also Ьеgan puЬlishing systеmatiс oЬ-
sегvations and сonсlusions on bird Ьеhavior. By graduation in 1933, hе had
wгittеп а dozеn papеrs' and thе сluЬ sponsorеd him to writе Tbе Birds of
Саm bridge s h ir е (|9 З4|.

Laсk surprisеd friеnds and family Ьy not pursuing an aсadеmiс сarееr. Bе-
liеving that fiеldwork was unpopular in СаnrЬridgе faсultiеs, Laсk instеad
aссеptеd a joЬ as Ьiology mastеr at Dartington Hall ' a progrеssivе sсhool in
Dеvоn. Laсk was еnсouragеd to usе thе fiеld as а tеaсhing spaсе. Hе had stu-
dеnts trap and Ьаnd roЬins in thе nеarЬy wсlods, and hе еnсouragеd thеm to
makе obsеrvations on teгritory and Ьеhаvior. Tlrеse studеnt projесts Ьесamе
thе Ьirsis for а four-yеaг stl ldy of roЬins.

Supеrfiсially, Laсk's Тhe Lifе of the Robiп (|943| was a typiсal l ifе history.
Howеvеr' Laсk's writing hid а геvolution in rnеthod. Еmpiriсally mеtiсulous,
hе aссеptеd an oЬsеrvation as rеal ..only whеrе thе aсtion сonсеrnеd has
Ьееn sееn on at lеast six oссasions'' (Laсk I94з, 6). Hе also usеd thе nеw
tесhniquе of Ьanding Ьirds. This pеrmittеd long-tеrm studiеs of known indi-
viduals, and it allowеd him to ask сomplеx quеstions aЬout l ifе history and
Ьеhavior. Laсk Ьеliеvеd that suсh mеthods madе еthology morе rigorous and
sсiеntifiс. Hе lаtеr аddеd to his studiеs of roЬins witЬ Robin Redbrеаst
(1950), a сollесtion of rеlаtеd litеrаturе, musiс, and tolk сulturе. Hе rеpеatеd
this approaсh to a singlе Ьird with Sшifts iп а Toшеr (1956).

Juliаn Huхlеy Ьесamе a mеntor and pгomotеr. Undеr his еnсourаgеmеnt'
Laсk visitеd thе Galipagos Islands (from DесеmЬеr 1938 to April 19З9) to
study finсhеs. As had many Ьеforе him, Laсk fiгst supposеd that thе aЬsеnсе
of prеdators and сompеtitors for food mеant that natural sеlесtion was ех-
trеmеly wеаk on thе islands. This was rеinforсеd Ьy Amеriсan сollеaguеs
with whom Lасk сorrsultеd on thе way homе to Еngland. At thе Califorrria
Aсadеmy of Sсiеnсеs and thе Amегiсan Мusеum of Nаtural Нistorv, L:rсk
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was shown how his oЬsеrvations fit wеll into thе ..gеnеtiс drift'' modеls pro-
posеd in thе 1930s Ьy Sеwаll Wгight and fashionaЬlе in Amеriса. A tесhniсal
monograph (Laсk 1945, writtеn in 194О) dеtailеd his сonсlusions drawn
from this influеnсе.

Lасk rеvеrsеd his viеws shortly aftеr rеturning to Еnglаnd and to Huxlеy's

influеnсе. ..Unехpесtеdly, a rесonsidеrаtion of thе original matеrial lеd to а

markеd сhangе in viеwpoint rеgarding сompеtition Ьеtwееn spесiеs and thе
Ьеak diffеrеnсеs Ьеtwееn thе finсhеs'' (Laсk 1947' у1). |n Dаrш,iп's Fiпсhеs

and many popular artiсlеs thеrеaftег, Lасk madе two points aЬout natural

sеlесtion in Gal6pagos finсhеs.
First, hе сonnесtеd finсh Ьеaks to diеt, arguing thаt thеy wеrе wеll

adaptеd to spесifiс fееding stylеs: largе sееds, small sееds, insесts, and fruit
(sее figurе). Natural sеlесtion within еaсh spесiеs rеinforсеd spесializatiоn
and сrеatеd highly adaptеd forms. Sесond, Laсk foсusеd on сasеs whеrе sеv-

еral spесiеs oссupiеd idеntiсal есologiеs in thе samе loсation. In thеsе сasеs,
hе said, natural sеlесtion was еspесially intеnsе: ..Sinсе thе сhanсе of thеir Ье-
ing еqually wеll adaptеd is nеgligiЬlе, onе of thеm should еliminatе thе othеr

сomplеtеly' ' (Lack 1947,62)' Оn small islands, Laсk found only onе spесiеs

of ground finсh, suggеsting that сompеtition lеd onе spесiеs to dominatе and

othеrs to loсal еxtinсtion. on islands whеrе two or morе spесiеs wеrе found,

Laсk rеаlizеd that thеsе spесiеs Wеге nеvеr found with ехaсtly thе samе

есologiеs. Natural sеlесtion wаs сausing spесiеs to highlight thеir diffеrеnсеs,

thеrеЬy rеduсing сompеtition. This сausеd divеrgеnсе, as diffеrеnt spесiеs

Figurе 1. Ехamplеs of Darwin's finсhеs. Notе tЬе vеry diffеrеnt Ьеak shapеs,
adaptеd to diffегеnt feeding stuffs-Ьig strong Ьеaks for hard nuts and thе likе,
finе Ьеaks for smаll sееds and thе likе.
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adaptеd to diffеrеnt haЬitаts. Сhanging diеts was thе usual avеnuе for this di-
vеrgеnсе' Laсk suggеstеd. In this intеrprеtation, Ьеaks took on spесial impor-

tanсе; thеy offеrеd a spесtaсular, nuanсеd ехamplе of natural sеlесtion in thе
wild. Inspirеd Ьy this suссеss' Laсk madе similar studiеs of passеrine Ьirds
(1944), and of thе сormorant and thе shag (1945).

Dаrъuin's Fiпсbеs madе Laсk famous. Hе had transformеd a сasе against
natural sеlесtion intо a prеmiеr еxamplе for it. His rеsеаrсh сamе at a timе
whеn еvolutionists wеrе сall ing for morе studies of ..natural' ' rathеr than
..artif iсial ' ' (laЬoratory) еxamplеs of sеlесtion. It did thе samе for есology's
prinсiplе of сompеtitivе еxсlusion' madе thеorеtiсally important Ьy G. F.

Gausе in thе 1930s. ..Laсk's finсhеs'' ' as many lаtеr сallеd thеm, also Ьoostеd
Еnglish еfforts to dеvеlop еvolutionary есolоgy, сhampionеd Ьy oxford's
Е. B. Ford and rеinforсеd Ьy Arthur Сain and Phil ip Shеppard's studiеs of thе
land snаil, Сеpаеа, and Bеrnaгd Kеttlеwеll's work on thе pеppеrеd moth'

Biston, Although thе finсh сasе was сritiсizеd in thе 1950s' еspесially Ьy
RoЬеrt Bowman and Daniеl SimЬеrloff, for ovеrstating thе ехtеnt and intеn-
sity of сompеtition, it nеvеr lost its allurе. By thе 1970s, long-tеrm studiеs

undеr way Ьy Pеtеr and Rosеmary Grant сonfirmеd and ехtеndеd Laсk,s

сonсlusions.
In 1945, Laсk Ьесamе dirесtor of thе Еdward Grеy Institutе of Fiеld or-

nithology, part of the Dеpartment of Zoologiсal Fiеld Studiеs at Oxford. Thе

institutе had two goals. First, it was a сеntеr for ехсhangе of ornithologiсal
data аnd ovеrsaw nationаl сеnsus work in сollaЬoration with thе British
Trust for Ornithology. This put Laсk in a сеntral position in thе ornithologi-
сal сommunity. Sесond' thе institutе sponsorеd original rеsеarсh in fiеld

ornithology. Laсk foсusеd this rеsеarсh on population есology and thе rеgu-

lation of population numЬеrs (Laсk 1954). Hе arguеd that only thrее faсtors
сontrollеd population sizеs: disеasе, food availaЬil ity' and parasitеs or pred.
ators. Hе foсusеd thе institutе's rеsеarсh on prесisеly how this rеgulation
took plaсе. Laсk's thеoriеs wеге sеvеrеly сritiсizеd, еspесially by V. С. Wynnе-
Еdwards and othеr ..group sеlесtionists.'' Hе геpliеd wtth Pсlpulаtioп Stиdiеs

iп Birds (1966). His final Ьook' Есologiсаl Isolаtiсlп iп Birds (1971'), еmpha-
sizеd есologiсаl isolation as thе driving forсе of divеrsity.

Not a strong administrator, Laсk Was morе сomfortаЬlе in thе fiеld than
in thе dirесtor's сhair. Hе was сritiсizеd for fосusing thе institutе's attеntion
too narrowly. Laсk's strеngths as аn ornithologist, howеvеr, far ехсееdеd
his wеaknеssеs as an аdministrator. Hе was inspiring and mеntorеd many
studеnts.

Laсk сonvеrtеd to Сhristianity aftеr \World .!Var 
II. Hе was сonfirmеd in

thе Angliсan Сhurсh in 1951, and hе rеmainеd dеvout throughout his l ifе. In
Еuolutionаrу Thеorу апd Сhristiап Beliеf (1957), Laсk arguеd thаt sсiеnсе
and еvolution сould hеlp to ехplain mаny unrеsolvеd thеmеs in rеligion.
Сhanсе proсеssеs' suсh as natural sеlесtion, сould Ье сrеativе. Dеath was
natural' not еvil. Еvolution did not spеak to thе origin of lifе, only to its suЬ-
sеquеnt history. Thе BiЬlе and nаturе did not сontradiсt: ..Thе truе signifi-
сanсе of thе first сhaptеr of Gеnеsis is to assеrt that God madе thе univеrsе
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and all in it, that Hе saw that it was good, and that Не plaсеd man in a spе-
сial rеlationship to Himsеlf' ' (Lack 1957,34). Laсk also sought to Ьеtter un-
dеrstand arеas of gеnuinе сonfliсt. For instаnсе' many aspесts of man's moral

bеing sееmеd to him to Ье unехplainеd Ьy thеoriеs aЬout thе moral еvolution
of animals.

Laсk's ..Мy Lifе as an Amatеur ornithologist,, (797З| is an autoЬiography
to 1,945, writtеn whеn hе Ьесamе dirесtor of thе Еdward Grеy Institutе. For
him this markеd an important transition from ..amаtеur' ' to ..profеssional.' '

!и. Н. Thorpе (1974) providеs thе kind of knowlеdgеaЬlе mеmorial only a
сlosе friеnd сould pгoduсе. Laсk was awardеd thе Godman-Sаlvin Gold
Меdal of thе British Ornithologists Union in 1958 and thе Darwin Mеdal of
thе Royal Soсiеty iп 1972.
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Lamarсk, Jеan-B apt iste (|7 4 4_|829)

Jеan-Baptistе Lamarсk Was thе first Ьiologist to sеt forth а Ьroad, сomprе-
hеnsivе thеory of organiс еvolution. Othеrs Ьеforе him had raisеd thе possi-
Ьil ity that nеw organiс forms had appеarеd in thе сoursе of thе еarth's
history, but Lamarсk was thе first to dеvеlop at lеngth thе idеa that all thе
diffеrеnt forms of l ifе on еarth had Ьееn produсеd suссеssivеly, Ьеginning
with thе vеry simplеst forms and pгoсееding gradually to thе most сomplеx.
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Lamarсk initially madе his sсiеntifiс rеputаtion as a Ьotanist, intеraсting in
the 7770s with thе сirсlе оf Ьotanists at thе Jaгdin du Roi (thе King's Gardеn)
in Paris. His сarееr сhangеd dramatiсally io 779З whеn thе Jardin du Roi
Was rесonstitutеd as thе National Мusеum of Natural Нistory. Hе was namеd
onе of thе profеssoгs of thе nеw institution, Ьut not to a сhair of Ьotany. Hе
Wаs givеn instеad thе profеssorship of .,insесts, Worms' and miсrosсopiс ani-
mals.' ' Hе soon сharaсtеrizеd this part of thе аnimal kingdom as thе ..ani-

mals without vеrtеЬraе'' ' Although his еxpеrtisе in this arеa was limitеd
initially to what hе knеw from having Ьееn an avid сollесtor of shеlls, hе bе-
сamе ovеr thе nехt two dесadеs thе world's lеading authority on invеrtеЬratе
zoology.

Сlassifying thе invеrtеЬratеs and dеvеloping a сoursе of instruсtion aЬout
thеm wеrе not LaпrarсkЪ only сonсеrns in thе 1790s. Froпr tЬe Late 1770s
onward, hе had spесulatеd Ьroadly aЬout what hе took to Ье thе Ьasiс prinсi-
plеs of physiсs, сhеmistry, and mеtеorology. In thе 1790s, hе also Ьеgan to
think aЬout thе history of thе еarth. This nеw gеologiсal intеrеst was dirесtly
rеlаtеd to his studiеs of shеlls and to thе еmегging proЬlеm of ехplaining thе
similaritiеs and diffеrеrrсеs Ьеtwееn living and fossil shеll typеs. 

.Whilе 
many

of his сontеmporariеs wеrе inсlinеd to sее his Ьroad spесulativе еfforts as еx-
arnplеs of r.rnproсluсtivе ..systеrrr_Ьuilding,'' hе сomplainеd of сritiсs who dеalt
only with ..small faсts,'' who failеd to addrеss important issuеs, and who (hе
Ьеliеvеd) wеге afraid thаt thеir rеputations would Ье hrrrt Ьy his idеas.

Lamarсk first sеt forth his rеvolutionary notion of spесiеs сhangе in an in-
troduсtory lесtuге hе delivеrеd to thе studеtrts in his invеrtеЬratе zoology
сlass in 1800. By 1802, hе was arguing that all thе diffеrеnt forms of l ifе on
еarth, from thе simplеst to thе most сomplеx, had Ьееn suссеssivеly pro-
duсеd Ьy rratural сausеs opеrating ovеr immеnsе pеriods of timе. Нis most 1Ъ-
mous ехpositions of his idеas appеarеd in 1809 tr'hts Philosophie zoologique
(Zoolоgiсаl Philosophy), and thеn in 1815 in the irrtroduсtion t<l his grеat,
sеvеn-volumе woгk on invеrtеЬratе zoology, Histoirе паtиrellе dеs апtmаих
sаns uеrtёbres (Natural Нistory of thе ]nvеrtebratеs).

Lamarсk sought to aссount for morе than сhangе at thе spесiеs lеvеl. His
еvolr"rtionary thеorizing addrеssеd in аddition thе naturе and origin of life,
thе suссеssivе produсtion of tlrе diffеrеnt forms of animal organization' and
thе diffеrеnt faсultiеs to whiсlr thеsе forms of organization givе risе. Hе
maintainеd that thе vеry simplеst fornrs of l ifе had bееn, and wеrе сontinuing
to Ье, gеnеratеd spontanеously. Thеsе forms thеn Ьесamе suссеssivеly divеr-
sifiеd, hе сlaiпrеd' аs thе геsult of two vеry diffеrеnt sorts of сausеs: (1) ..thе

powеr of lifе'' or ..powеr that tеnds unсеasingly to makе organization morе
сomplех'' (Lamarсk I815-t82z 1: \З4) and (2) thе modifying influеnсе of
partiсular сirсumstanсеs. Не ехplainеd thе first of thеsе as a funсtion of thе
natllfal асtion of fluids nrоving through living tissuеs. It was rеsponsiЬlе, hе
said, for thе ordеrly sсalе of progrеssion of thе animal сlassеs. Thе sесond of
thеsе сausеs, in сontrast' Was rеsponsiЬlе for thе latеral rаmifiсations from
thе main sсаlе. It involvеd thе part of Lamarсk,s thеoгy that has sinсе Ьесomе
most famous: thе idеa of thе inhеritanсе of aсquirеd сharaсtеristiсs.
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Lamarсk proposеd that animals wеrе induсеd to dеvеlop nеw haЬits whеn
thеy wеrе сonfrontеd with сhanging or nеw еnvironmеnts. Сhangеs in haЬits
inеvitaЬly lеd to сеrtain organs Ьеing usеd morе and othеr organs Ьеing usеd
lеss' thеrеЬy strеngthеning thе formеr and wеakеning thе lattеr. Diffеrеnсеs
thus aсquirеd wеrе passеd on to thе nеxt gеnеration, alЬеit too gradually to
Ье apparеnt on a human timеsсalе. Ovеr grеat pеriods of timе' howеvеr, this
rеsultеd in signifiсant organiс сhangе. Lamarсk was сonfidеnt that thе dis-
tinсtivе fеaturеs of suсh divеrsе сrеaturеs as giraffеs, molеs, storks, аnd
snakеs сould Ье undеrstood as thе сumulativе rеsult of thе inhеritanсе of
сharaсtеrs aсquirеd Ьесausе of long-maintainеd haЬits. Although thе Ьasiс
idеa of ..thе inhеritanсе of aсquirеd сharaсtеrs'' Was not novеl with him, hе
stands out as thе first sсiеntist to arguе at lеngth that thе opеration of this
proсеss on a gеologiсal timеsсalе сould produсе spесiеs сhangе.

It was not until nеar thе еnd of thе ninеtееnth сеntury, wеll aftеr Charlеs
Darwin had advanсеd his own thеory of еvolution, that thе idеa of thе inhеr-
itanсе of aсquirеd сharaсtеristiсs, or ..usе.inhеritanсе,'' сamе to Ье widеly rе-
gardеd as thе ..Lamarсkian'' еxplanation оf spесiеs сhangе in сontrast to
Darwin's idеa of еvolution Ьy naturаl sеlесtion. This took plaсе еvеn though
Lamarсk's idеas aЬout usе and disusе сonstitutеd iust onе part of his thеoriz-
ing and Darwin himsеlf strongly еndorsеd usе-inhеritаnсе as a mесhanism
sесonding natura1 sеlесtion in thе еvolutionary proсеss. Thе first sеrious сhal-
lеngе to thе idеa of usе-inhеritanсе сamе from Gеrman Ьiologist August
.W.еismann 

in thе 1880s. Although thе idеa pеrsistеd into thе twеntiеth сеn-
tury, it Ьесamе inсrеasingly disсrеditеd whеn it failеd to gain ехpеrimеntal
сonfirmation and thе еmpiriсal еvidеnсе typiсally сitеd in its support was in-
tеrprеtеd as Ьеing amеnaЬlе to othеr ехplanations.

Lamarсk lеft his mark on sсiеnсе through his сontriЬutions to Ьotaniсal
and еspесially zoologiсal systеmatiсs, his pionееring work in invеrtеЬratе pa-
lеontology, and his еvolutionary thеorizing. Although hе is primаrily rеmеm-
Ьеrеd today for an idеa that Ьiologists nо longеr aссеpt-thе idеa of thе
inhеritanсе of aсquirеd сharaсtеristiсs-hе nonеthеlеss stands out in thе his-
tory of Ьiology as thе first sсiеntist to sеt forth a сomprеhеnsivе thеory of or-
ganiс еvolution.
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Landе, Russеll (b. 1951)

Russеll Lапdе is widеly rесognizеd as thе аrсhitесt of modеrn thеoriеs of phе-
notypiс еvolution аnd as an innovator in сonsеrvation Ьiology. Born in 1951
in Jaсkson, Mississippi, Landе spеnt thе formativе yеars of his youth in
Shrеvеport, Louisianа; Roswеll, Nеw Мехiсo; and Sеal Bеaсh, Сalifornia.
Thе son of а Ьiology tеaсhеr аnd a pеtrolеum gеologist, hе ехplorеd thе
swamps of Louisiana and Ьody surfеd on thе bеaсhеs of southеrn Сalifornia.
Hе playеd Littlе Leaguе and Ьrеd hoodеd rats as a studеnt in grammar
sсhool, and hе Was a memЬеr of math and honor soсiеtiеs in high sсhool.

Landе's intеrеsts in есology wеге awakеnеd whеn hе was an undеrgraduatе
at the Univеrsir1, оf Сalifornia at lrvinе. A tаlеntеd studеnt in mathеmatiсs
and thе physiсal sсiеnсеs, Landе lookеd for оpportunitiеs to takе a quantitativе
approirсh in thе Ьiologiсаl sсiеnсеs. That opportunity was providеd in a wееkly
rеading сlub organizеd Ьy graduatе studеnts Tеd Саsе and Miсhaеl Gilpin.
Тhеir influеnсе еllсourаgеd L:rndе to apply to graduatе sсhool аt thе Uni-
vеrsity of Сhiсago and to wоrk with profеssors Riсhard Lеvins and Riсhard
С. Lеwontin, еminеnt praсtitionеrs of thе modеling appгoaсh in есology and
еvolutionary Ьiology. Shortlу aftеr his arrival at Сhiсago, Lеvins and Lеwon-
tin movеd to Hаrvard' Landе followеd suit.

As a graduatе studеnt at Нaгvard, Landе foсusеd on dеvеloping thеory
for thе inhеritanсе of quantitativе сharaсtеrs аnd using it to modеl phеno-
typiс еvolution. A сhanсе rеmaгk Ьy Lеwontin hеlpеd sеt him on this сoursе.
.Whilе 

lесturing on Меndеlisп-r, Lew<lntin turnеd from thе сhalkЬoaгd аnd
quippеd, ..Of сoшгsе all есologiсally important сharaсtеrs arе quantitativе'
polygеniс traits.' ' Thrее papеrs (1976a, \976ь, 1977| tЬat arе now сlassiсs
in thе fiеlds of quantitativе gеnеtiсs and phеnotypiс еvolution сonstitutеd his
doсtorаl thеsis.

Landе сontinuеd to dеvеlop his novеl approaсh to phеnotypiс еvolution as
a postdoсtoral studеnt with Jamеs Сrow at thе Univеrsity of lWisсonsin at
Madison. Hе also lrad rеgular сonvеrsations with Sеwall 

.!Иright, 
thеn rеtirеd

from thе Univеrsitу of Сhiсago аnd living in Мadison' 
.Whеn 

Landе showеd
Wright thе drafr of Ьis 1"979 papеr' anothеr сlassiс, Wright said that hе did
not сarе for thе approaсh bесausе it did not modеl thе frеquеnсiеs of thе
gеnеs that undеrlay thе quantitativе traits. A yеar latеr, !Иright voluntееrеd
that hе might havе Ьееn hаsty in his judgmеnt'

Landе's dеvеlopmеnt of quantitativе gеnеtiс thеory сontinuеd whеn hе
joinеd thе faсulty at thе Univегsity of Сhiсago. During his Chiсago pеriod'
Landе appliеd his framеwork to thе еvolution of l ifе-history сharaсtеrs' sеx-
ual dirnorphism and sехually sеlесtеd сharaсtеrs, thе mеasurеmеnt of phеno.
typiс sеlесtiolr, plrеnotypiс pli lstiсity, and nrany othеr proЬlеms in phеnotypiс
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еvolution. Еaсh of thеsе сontributions stands out Ьесausе novеl theorеtiсal
formulations arе сombinеd with insightful litеraturе rеviеws and appliсations
to aсtual data.

Bеginning in thе 1980s, Landе's interеsts shiftеd to сonsеrvation Ьiology,
as hе took thе lеad in сharaсtеrizing thе dеmographiс plight of thе Northеrn
Spottеd owl by using a сomЬination of сlassiсal' modеrn, and original dе-
mographiс thеory. During this ongoing pеriod, Lаndе joinеd thе faсulty at
thе Univеrsity of orеgon and latеr movеd to thе Univеrsity of Сalifornia at
San Diеgo. Landе is сurrеntly a Royal Soсiеty Rеsеarсh Profеssor at Impеrial
Сollеgе, London.
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Lеakеy, Louis Sеymour Bazett (t903-I972)

Louis (pronounсеd Lеwis) S. B. Lеakеy, thе son of an Еnglish missionаry tо
Kеnya in Еast Afriсa, Was Ьorn at а сhurсh mission station аt KaЬеtе, north-
wеst of NairoЬi in Kikuyu сountry. It was thе poliсy оf thе Сhurсh Мission-
ary Soсiеty to rotatе its missionariеs Ьaсk to Еngland еvеry fourth yеar so
that thеy would not forgеt thеir Еnglish roots. Thе Lеakеys wеrе Ьrought
Ьaсk in 19О4 aг.d stayеd for two yеars' rеturning to Kеnya in 1906. Thеir
nехt Еnglish sojourn was Ьеtwееn 1910 and 191'3, at whiсh timе Louis
bеgan formal sсhooling. In Ьеtwееn thosе timеs, thеy livеd аt thе missiоn sta-
tion at Kabеtе. Thеrе young Louis joinеd a pееr group of Kikuyu boys and
Ьесamе fluеnt in thеir languagе. Adoptеd into thе group' hе wаs formally ini-
tiatеd as a Kikuyu. Although hе oftеn said that hе thought of himsеlf as a
Kikuyu, hе aсtеd and soundеd likе a good British сolonialist for thе rеst of
his lifе.

\World .VИar 
I intеrruptеd plans to Sеnd him to sсhool in Еngland. 

.sfhеn 
thе

family rеturnеd thеrе in 1'919, Leakey was duly sеnt to a publiс sсhool in
Dorsеt. Thе phеnomеnоn rеfеrrеd to in Еngland as а ..puЬliс' ' sсhool is rеally
a privatе institution. \Х/ith thе аid of a govеrnеss' hе was instruсtеd in math-
еmatiсs' Latin, and Frеnсh. Although of a longtimе Еnglish family, Lеakеy's
fathеr had Ьееn Ьorn in Franсе, so Frеnсh was oftеn spokеn at thе Lеakеy
dinnеr taЬlе. 

.!7hilе 
Louis сould spеak thе languagе, hе еvidеntly did so with

a pronounсеd Еnglish aссеnt' as did many of his сountrymеn.
Lеakеy еntеrеd St. John's Сollеgе, CamЬridgе' as a frеshman in thе au-

tцmn of 1922. He askеd if hе сould offеr Kikuyu as onе of thе two modеrn
languagеs rеquirеd, and thе univеrsity turnеd to authoritiеs in London to ask

if thеrе werе qualifiеd
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if thеге wеrе qualif iеd Kikuyu spеakеrs in Еngland. Tlrе answеr Was yеs' so
Сambridgе duly gаvе Lеakеy thе permission hе had rеquеstеd. Onlу latег did
thеy disсovеr that hе Was onе of only two Kikuyu spеakеrs known, so hе was
thеn rеquеstеd to train thе pеrson who Ьесamе his own еxaminеr. I Iе suЬsе-
quеntly rесеivеd top honors in his languagе еxams. Hе also rесеivеd top hon-
ors in his majoг fiеlds of anthropology and arсhаеology' giving him what
СamЬridgе сallеd a ..douЬlе first' ' in 1926'This еarnеd him а rеsearсlr fеllor' i.
ship from St. John's Сollеgе for tlrrее yеars' rеnеwеd again for thrее morе.

Lеakеy had Ьееn Ьaсk to Еast Afriсa as part of a dinosaur-hunting group in
thе summеr aftеr his sophomorе yеar, Ьut with thе fеllowship hе was aЬlе to
pursuе work in thе :rrеa of his training and intеrеsts, namеly' Afriсan prеhis-
tory' Thе first two Еast Afriсan arсhаеologiсal ехpеditions allowеd him to
doсumеnt thе Ьasis for an arсhаеologiсal sеquеnсе of Еast A1riса. In thе au-
tumn of 1930, hе was awardеd a PhD from СamЬridgе Univеrsity on thе
Ьasis of Thе Stoпе Age Сulturеs of Keпуа Сoloпу (1931). Unlike Amеriсаn
univеrsitiеs, thеrе wеrе no сoufsеs or еxams rеquirеd in ordеr to еaгn а doс-
toгatе. Thе sole rеquiгеmеnt was аn aссеptaЬlе doсtoral dissеrtаtion, аnd a
publishеd Ьook соuntеd.

His Afriсan arсhaеologiсal work yiеldеd human skеlеtal matеriаl аs wеll as
tools. Bесausе Lеakеy was not trainеd in skеlеtal i lnalysis, hе souglrt thе as-
sistanсе of Sir Arthur Kеith, a highly rеspесtеd anаtomist and thе сurator of
thе Huntеrian Мusеum at thе Royal Collеgе of Surgеons in Londorr' Kеith
was to havе a profound еffесt on Lеakеy's views on hurrrаn еvolution. Kеith,
dеspitе dесlarirrg his Ьеliеf in ..Darwinism'' and spеnding nеarly thе lаst 25
yеars in a housе on thе Darwin еstatе' was in faсt pгofoundly anti-Darwinian
(Kеith 1915). Hе was largеly thе rеason why many profеssional studеnts of
human еvolution in Еngland and Amеriсa rеfusеd to aссеpt thе аvаilaЬlе еvi-
dеnсе for  human еvo!ut ion.

In 193i' Lеakеy lеd his tlrird Еаst Afriсan arсh:rеologiсal ехpеdition tl lr e
visit to thе sitе that would Ье idеntifiеd with Lеakеy's impaсt on thе fiеld for all
suЬsеquеnt timе: olduvai Gorgе in what is now сallеd Tanzania. Thе suЬ-
stanсе of Lеakеy's intеrnаtional rеputation was groundеd in his work at oldu-
vai for morе than ir third of a сеntuгy. In thе first yеar, hе found quаntitiеs of
stonе tools dadng Ьaсk to thе vеry еaгliеst madе Ьy tЬе anсеstors of w,hat
еvolvеd into trце humans. In July 1959, whilе Lor.ris wаs suffеring from a trop-
iсal fеvеr in сamp' his wifе' Мary Lеakеy, found tlrе first fossil of а makеr of
thosе tools (M. Lеakеy 1984).It h:rd an apе-sizеd Ьrain and an еnormous dеn-
tition, Ьut it laсkеd thе projесting сaninеs of a truе apе and it was an еrесt-
walking bipеd. Сlеarly it wаs геlatеd to thosе rtrеmЬеrs of tlrе gеnus
Austrаlopithесl,ts, prеviousiy known only frorn South Afriсil and inсluding
forms that did еvolvе into thе genus Homo. As hе did so oftеn, Lеаkеy gаvе it
a nеw gеnеriс and spесifiс name, Zinjапthropиs bсlisei' Thе gеnus namе did
not stiсk' although informally it is still known as ,,Zinj.,, Not only was it thе
first Еast Afriсan and thе most spесtaсulаr mеmЬеr of thе еarly hurnаn rеla.
tivеs rеfеrrеd to as hominids, Ьut thе tесhniquеs of radioaсtivе isotopе irnalysis
had Ьееn dеvеlopеd to thе ехtеl1t thаt it сould Ье givеn an aЬsolr.rtе datе of ovеr
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1.5 million yеars. Previously, thе Australopithесinеs known only from South
Afriсir wеrе assumеd to Ье approximatеly half a million yеars old and muсh
too гесеnt to havе playеd а r<>lе irr l.luman еvolution. Еvеn though Ztni was a
sidеlirrе, l lot oп thе pаth toward tгuе humans, its grеar аntiquity аnd primitivе
hominid traits providеd sr.tЬstanсе for Charlеs Dаrwin's (1s71) suggеstion that
Afriсa was thе originаl loсаlе for thе еvolution of hr-rnr:rn form.

Lеakеy took full advantagе of thе opportunity provid ed Ьу Zinj. Hе wrotе
a sегiеs of tесhniсal as wеll as popular dеsсriptivе artiсlеs. Еvеn morе еffес-
tivе was his prеsеnсе on thе lесturе plаtform. A сharismatiс and сolorful puЬ-
liс spеakеr' his frеquеnt intеrnirtional appеaranсеs Ьrought him еarnings that
supportеd furthеr fiеldwork, еspесially at Olduvai Gorgе аnd еlsеwhеrе in
Еast Afriсаr. This also еnсour:rgесl othеrs to еnр.agе in thе sеarсh for еarlу ho-
nrinids and thеir tools еlsеrvhеrе in Еast Afriса. Hаrdly a yеar goеs Ьy now
without furthеr disсovеriеs.

Lеakеy also promotеd fiеldwork on living grеat apеs-сhimpanzееs and
goril las in Afriсa and orangutans in Southеast Asia-Ьy a sеriеs of prot6g6s
who havе grеаtly ехpandеd what wе know aЬout tЬе lifе and ways of hu-
mans' сlosеst nonhumаn rеlativеs.
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Lеdеrbеrg, Joshua ( 1925_200s )
Joshua LеdеrЬеrg Was onе of thе lеading miсroЬiologists and gеnеtiсists of thе
twеntiеth сеntury. His ехpеrimеnts ехplorеd thе natuге of ftrndamеntal gеnе.
tiс nrесhanisms in Ьасrеria :rnd thus slrеd light on proсеssеs that hеlpеd shаpе
thе еvolution of thе rrrost aЬundаnt organisms on еilrth. For his сontriЬutions,
lrе rесеivеd a NoЬеl Prizе irr 1958, at thе agе of З3. LеdеrЬеrg also advisеd
poliсymakеrs on suсh mattеrs as еmеrging infесtious disеasеs and Ьiologiсal
warfarе, and hе was awardеd thе Prеsidеntial Мedal of F.rееdom in 2006.

LеdеrЬеrg madе thrее major сontriЬutions to undегstanding Ьaсtеrial gеnе-
tiсs' First, as a graduatе stuсlеnt working with Еdwаrd Tatum at Yalе Univеr_
sity, LеdеrЬеrg showеd that baсtеria сould rесomЬinе thеir gеnеs to produсе
nеW gеnotypеs. This ехpеrimеnt dеmonstratеd thе ехistеnсе of a sехual pro_
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сеss in Ьaсtеria that was not prеviously known. SuЬsеquеnt rеsеarсh showеd

that thе proсеss LеdеrЬеrg disсovеrеd involvеs an ехtraсhromosomal еlеmеnt,

or plasmid' that mеdiatеs thе movеmеnt of Ьaсtеrial gеnеs from onе сеll to an-

othеr. This proсеss' known as сonjugation, also providеd a powеrful tool that

еnaЬlеd sсiеntists to map thе physiсal pоsition of Ьaсtеrial gеnеs on сhromo.

somеs' in a mannеr logiсally similar to thе mapping studiеs pioneеrеd еarliеr

Ьy Thomas Hunt N4organ and сollеaguеs with fruit fliеs.

Sесond, working with his studеnt' Norton Zinder, at thе Univеrsity of
.Wisсonsin, 

LеdеrЬеrg disсovеrеd that virusеs that infесt Ьaсtеria сould sеrvе

as vесtors to movе gеnеtiс matеrial from onе strain to anothеr. Thеy сallеd

this virus-mеdiatеd proсеss transduсtion and it, too, playеd an important

rolе in faсil itating yеars of inсrеasingly dеtailеd and sophistiсatеd studiеs of

Ьaсtеrial gеnеtiсs.
Third, LеdеrЬеrg and his first wifе, Еsthеr LеdеrЬеrg' dеvеlopеd thе

rеpliсa-plating ехpеrimеnt. This еlеgant ехpеrimеnt dеmonstratеd that Ьaсtе-

rial mutations-in partiсular, thosе that сonfеr rеsistanсе to viral infесtions-

oссurrеd prior to thе Ьaсtеria Ьеing еxposеd to virusеs. Therеforе' thе

mutations сould not havе Ьееn сausеd Ьy thе Ьaсtеria rеsponding in a di-

rесtеd mannеr to thе sеlесtivе agеnt. This work showеd that mutations arosе

at random, with sеlесtion providing thе dirесtional forсе rеsponsiЬlе for gе-

nеtiс adaptation. In othеr words, Ьaсtеria arе suЬjесt to thе Samе basiс Dar-

winian mесhanisms as highеr organisms. 
.sИhilе 

an еarliеr еxpеrimеnt by

Salvador Luria and Мaх DеlЬriiсk (1943) had supportеd thе samе сonсlu-

sion, thе rеpliсa-plating еxpеrimеnt sеttlеd thе issuе еvеn for skеptiсs Ьесausе

it providеd a striking visual dеmonstration. That is' rarе mutants that arosе

on a mastеr pеtri dish, whiсh wеnt undеtесtеd aЬsеnt any sеlесtion, yiеldеd

mutant dеsсеndants in thе samе rеlаtivе loсations following transfеr of thе

population' using a vеlvеt pad, to sеvеral rеpliсa platеs whеrе Ьaсtеria wеrе

suЬjесt to sеlесtion for rеsistanсе to viral infесtion. In faсt' Ьy sсrееning сеlls

from thе сorrеsponding loсation on thе mastеr platе, thе LеdеrЬеrgs сould

isolatе mutations without dirесtly еxposing thе baсtеria to thе sеlесtivе сon-

ditions that favorеd thе mutant phеnotypе.
At thе timе that LеdеrЬеrg and his сollеaguеs pеrformеd thеsе pionееring

ехpеrimеnts, littlе was known aЬout Ьaсtеrial еvolution. For thе nехt fеW dе-

сadеs, thе fiеld of miсroЬiology mostly pursuеd gеnеtiс and molесular ap-

proaсhеs to undеrstanding сеllular strrrсturе and funсtion, paying littlе

attеntion to еvolution. Howеvеr, thе past fеw dесadеs havе sееn inсrеasing

work on miсroЬial еvolution, whiсh has followеd sеvеral approaсhеs and im-

pеrativеs. First, thе fiеld of molесular еvolution rеvеalеd thе rеlationships of

Ьaсtеrial spесiеs to onе anothеr and to othеr organisms, inсluding thе disсov-

еry Ьy Сarl \Woеsе of thе Arсhаеa' a group of singlе-сеllеd' non-nuсlеatеd оr-

ganisms that arе distinсt in many rеspесts from truе Ьaсtеria. Thе approaсh

of molесular еvolution has also Ьееn usеd to ехaminе thе еxtеnt of gеnе ех.

сhangе within and among Ьaсtеrial spесiеs, thus ехtеnding our undеrstanding

of thе gеnеtiс mесhanisms disсovеrеd Ьy LеdеrЬеrg in thе laboratory to thеir
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importanсе in naturе. Sесond, owing to thеir rapid gеnеrations and othеr
traсtablе fеaturеs, Ьaсtеria arе now oftеn usеd in ехpеrimеnts that sееk to
undеrstand thе dynamiсs of phеnotypiс and gеnomiс еvolution as wеll as
to tеst partiсular hypothеsеs aЬout еvolutionary phеnomеna. Finally, thеrе
is growing attеntion to thе rolе that еvоlution plays in thе еmеrgеnсе of
nеw infесtious disеasеs, inсluding thе aсquisition of virulеnсе faсtors that
allow pathogеns to infесt thеir hosts as wеll as thе sprеad of antiЬiotiс rе-
sistanсе. Thе mесhanisms of gеnеtiс ехсhangе disсovеrеd Ьy LеdеrЬеrg
havе Ьееn found to Ье vеry important in thе еmеrgеnсе of many nеw Ьaс-
tеrial pathogеns.
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Lessons iп Compаrаtiue Anаtomу (Gеorgеs Сuviеr)

In his еvеr-Ьusy lifе, thе yеars 1795 to 1802 wеrе partiсularly hесtiс onеs for
Gеorgеs Cuviеr. on July 2, 1,795, thе profеssors' assеmЬly at thе Mus6um
national d'histoirе naturеllе approvеd his nomination аs assistant to Jеan-
Сlaudе N4еrtrud, thе anatomy profеssoг, and hе startеd in еarnеst tO arrangе
thе сomparativе anatomy сollесtion. Hе gavе lесturеs at thе museum and
rеad sсiеntifiс papегs to a variеty of soсiеtiеs (thе Soсiёt6 Philomatiquе and
thе Natural Нistory Soсiеty in partiсular) and at thе Institut dе Franсе (insti-
tutеd in 7795 to rеplaсе thе old Aсadеmiеs, inсluding thе Aсad6miе frangais
and thе Aсad6miе dеs sсiеnсеs). Сuviеr took full advantagе of thе musеum li-
Ьrary that Ьеnеfitеd, as did thе musеum itsеlf, from important additions ас.
quirеd f rom thosе Еuгopеаn сountr iеs сonquеrеd Ьy thе Frеnсh armiеs.

During 1798 and 1799, assistеd Ьy Andr6.Mariе-Constant Dum6ril
(1774*1860), Сuviеr workеd on thе nоtеs Dum6ril had takеn at his lесturеs
in thе prеvious four yеars. Thе first two volumеS of tЬ'e Lесoпs d'апаtomie
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Lеssons in Сomparativе Anatomy

с()|пpLlrёе (Lessons iп Сompаrаtiue Апаtomy/ appеarеd in Мarсh 1800;
thrее morе voluпtеs, еditеd Ьy Gеorgеs Louis Duvеrnoу (1777_1'85.5), wеrе
puЬlishеd Ьy 1805. Volumе 1 dеalt with thе organs of movеmеnt; volumе 2'
thе organs of sеnsation; volumеs 3 and 4, digеstion, сirсulation, rеspirarion,
and thе organs for produсing sounds; and volumе 5, thе organs of gеnеration
and sесrеtion. Сuviеr dеvotеd his first lесturе to mеthodologiсal сonsidеra-
tiсlns on ..thе есonomy of l ifе.' ' Living organisms, hе had dесlarеd in thе
prеfасе to thе work, arе ..maсhinеs . . . that сannot Ье takеn apart without
Ьеing dеstroyеd'' (Cuviеr 1800, 1: V). Lесturе 1 ехpandеd upon this сonсеpt.
Сuviеr quotеd Immanuеl Kant to statе that thе raison d'ёtrе, thе intimatе
..с:lusе'' of еvеry sirrglе l iving part Or organ' was in thе ..wholе,' ' that is, thе
organism in itsеlf. Drawing upon prеvious Ьotaniсаl and anatomiсal work,
notaЬly Antoinе-Lаurеnt dе Jussiеu's сonсеpt of ..сorrеlation and sr-rЬordina-
tiоn of parts' ' (L789) and Fеliх Viсq-d'Azyr's appliсation of thе prinсiplе to
anatomy (1805)' Сuviеr showеd tlrat systеms of organs (digеstion, loсomo-
tion, nutrition, vision' еtс.) arе in еvеry animal сlass rеlatеd to еaсh othеr Ьy
..lаws of сoехistеnсе'' (Cuviеr 1800, 1: 57). Thus thе prеsеnсе and сonfigura-
ti<rn of onе orgаn Or Pаrt lеgitimatеd сogеnt dеduсtions аs to thе struсtuге of
tlrе wholе organisrn and its way of l ifе. It wаs in any сasе thе struсturе and
funсtions of intеrnal organs that сonstitutеd thе kеy to all wеll-groundеd
divisions within tlrе animal kingdom. Thеrеforе thе progrеss of сompara-
tivе anatomy provс.d еssеntial to thе dеvеlopmеnt of a natural systеm of сlas-
sifiсation.

Сuviеr plaсеd strong еmph;rsis on thе impossiЬil ity of spontanеoцs gеnеra-
tion Ьy insisting that all known organisms arе dеsсеndеd from othеr organ-
isms. Lifе, hе agrееd with his friеnd and сollеaguе Хаviеr Biсhat, is thе
propеrty to tеmporarily rеsist thе dеstruсtivе aсtion of physiсoсhеmiсal
аgеnts. Hе did not dеny, howеvеr, that thе progrеss of сhеmistry would in
timе unvеil thе intirrrаtе struсturе and pгopеrtiеs of еасh сomponеnt of thе
..animal maсhinе.' ' Finally, hе dеvotеd a long sесtion to disprovе thе еxis-
tеnсе of a сhain of Ьеings, gradually asсеnding from thе most simplе organ-
isms to man. Gradual variation is possiblе only within thе samе systеm of
intеrnal organs' and thеrе arе no known forms making thе transitiоn Ье-
twееn еaсh of thе main anatomiсаl ar-rd funсtional animirl plans сompаrаtivе
anatomy was disсovеring and dеsсriЬing.
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Lеwontin, Riсhard (ь. 1929)

Riсhard Lеwontin has provеd to Ье еvеry Ьit as influеntial in population gе-
nеtiсs as his mеntor, Thеodosius DoЬzhansky. Likе DoЬzhansky' Lеwontin
is wеll known for artiсulating a vеry dеfinitе pеrspесtivе of thе fiеld and thе
most important proЬlеms to Ье solvеd-inсluding, l ikе DoЬzhansky' an еs-
pесially pozz|ing..paradox.' ' Likе DoЬzhansky, Lеwontin is wеll known for
a highly original approасh to mеasuring variation at thе gеnеtiс lеvеl and
for his own viеws of how Ьеst to ехplain that vаriation. Likе DoЬzhansky,
Lеwontin twеakеd molесular Ьiologists for suggеsting that mоlесulаr pro-
сеssеs Wеrе morе fundamеntal than thе еvolutionary proсеssеs that aсtually
gavе risе to thеm. Likе DoЬzhansky' Lеwontin has Ьееn dееply сonсеrnеd
with thе Ьroadеr moral and politiсal signifiсanсе of gеnеtiсs and еvolution.
ary biology. And, l ikе his tеaсhеr, hе has mеntorеd sсorеs of graduatе and
postdoсtoral studеnts. But thеsе arе similaritiеs at a vеry high lеvеl of
gеnеrality. othеrwisе, thеsе two influеntial population gеnеtiсists arе vеry
diffеrеnt!

Along with DoЬzhansky' Еrnst Мayr, Gеorgе Simpson, and othеr еvolution-
ary Ьiologists' Lеwontin grееtеd thе fanfarе surrounding thе advеnt of molесu-
lar gеnеtiсs in thе 1960s with a сaцtionary rеmindеr to kееp in mind thе

distinсtion Ьеtwееn еffiсiеnt and final сausе in Ьiology. Thе molесular
сonfigurations of living organisms arе thе еffiсiеnt сausеs of Ьiologiсal
phеnomеna Ьut not thеir final сausеs. That is, еxсеpt in a trival sеnsе'
thе laws of gеnеtiсs arе not thе rеsult of thе struсturе of DNA, Ьut rathеr
DNA has bееn сhosеn Ьy natural sеlесtion from among an immеnsе va-
riеty of molесulеs prесisеly Ьесausе it fits thе rеquirеmеnts of an еvolvеd
gеnеtiс systеm. DNA is only thе taсtiс adoptеd in thе сoursе of working
out an еvolutionary stratеgy. That is why somе orgаnisms саn gеt on
without it. (Lеwontin 1964, 566|

But hе saw сonsidеraЬlе promisе in thе nеw fiеld and was at thе vanguard of
applying molесular gеnеtiс tесhniquеs to еvolutionary issuеs. In pаrtiсular,
hе hеlpеd to pionееr thе usе of gеl еlесtrophorеsis to doсumеnt variation
сlosе to thе gеnеtiс lеvеl-namеly, at thе lеvеl of amino aсid diffеrеnсеs rn
protеins (duе to nuсlеotidе diffеrеnсеs in thе gеnеs that сodе for thosе pro-
tеins). In so doing, hе hеlpеd еstaЬlish thе fiеld of molесulaг population gеnе-
tiсs. His studеnt, Martin Krеitman, WaS thе first population gеnеtiсist to
study variation dirесtly at thе DNA nuсlеotidе lеvеl, using morе rесеnt DNA
sеquеnсing tесhniquеs.
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Thе findings of Lеwontirr and his еarly сollaЬorator in this work, Jaсk
HuЬЬy, suggеstеd-givеn thе inhеrеnt Ьiasеs of tlrеir mеthods-thаt nс.агly
еvеry gеnе loсus is polymorplriс, and that a third of all loсi arе hеtеrozygous
(НuЬЬy and Lеwontin 1966; Lеwontin and Hr"rЬЬy |96Q Lеwс>ntin |974).
This might sееm to bе strong еvidеnсе in favor of DoЬzhansky's ..Ьalanсе''

viеw of еvolution (i.е., that thеrе is сonsidеraЬlе gеnеtiс variation within nat-
ural populations' maintainеd largеly Ьy sеlесtion irr fаvor of hеtеrozygotеs)
and against thе ..сlassiсal' ' position of DoЬzhansky's arсhrivаl, Н. J. Мullеr
(i.е., that natural sеlесtion in favor of optimal gеnеs еliminatеs vаri:rtion
within populations). To his tеaсhеr's сlri lgrin, Lеwontin arguеd instеad that
thе rеsults wеrе paradoxiсal' and not аt аll еаsy to ехplain.

Thеrе was il lst too muсh variation to makе sеnsе from thе Ьalanсе pеr-
spесtivе' Lеwontin arguеd, сiting similar сonsidеrаtions proposеd Ьy Мotoo
Kimura and Jamеs Сrow' Onе major proЬlеm is tlrat hаlf of tЬе offspring of
a hеtеrozygotе сross (АаxАа) arе hornоzygotеs (АА, аа) . Heterozygotе su-
pеriority at a paгtiсular gеnе loсus thus еntails thе prоduсtion of many infе-
rior homozygotеs and a сorrеsponding dесrеasе in thе rеproduсtivе сapaсtty
of thе pоpulаtion. Thе grеatеr thе numЬеr of loсi аt whiсh hеtеrozygotеs aге
srrpеrior' thе grеatеr thе damagе donе to thе rеproduсtivе сapaсity of thе
population, until thе population would bе quitе unaЬlе to pеrpеtuatе itsеlf.

Мorеovеr, Lеwontin arguеd, no altеггrativе to tl. lе Ьalanсе viеw mаkеs any
Ьеttеr sеnsе of doсumеntеd pattеrns of gеnеtiс variation. It is a ..paradoх of
variation'' that thеrе is too muсh to Ье ехplainеd in tеrms оf natural sеlес-
tion, гlo mattеr whеthеr it is а variation-maintaining sort of sеlесtion suсh as
thе Ьalanсе thеorists had proposеd, or a variation-rеduсing soгt suсh as that
proposеd Ьy thе сlassiсal thеorists. Tlrеrе was also too muсh variation to Ье
ехplainеd in tеrms of thе sеlесtivе insignifiсanсе or nеutrality of thе vаria-
tion' a position that Lеwontin duЬЬеd ..nеo-сlаssiсa1.' '

.Whаt 
is/was to Ье dorrе? or as Lеwontin pоsеd thе quеstion in lris influеrr-

tial tеxt, Thе Gепetiс Bаsis of Еuolutiсlnаrу Сbапge (7974,267),*Нoъv сan
suсh a riсh thеoгеtiсаl struсturе as population gеIlеtiсs fail so сomplеtеly to
сopе with the Ьody of faсt? Arе wе simply missing somе сritiсal rеvolution-
ary insight that in a flash will makе it аll сomе right' as thе Prinсiplе of ltеla-
tivity did for the сontradiсtory еvidеnсе on thе prоpagatiorr of light? or is
thе problеm morе pеrvading' morе dееply Ьuilt into thе struсturе of our sсi-
еnсе? I Ьеliеvе it is the lattеr.' '

Onе rеason for thе impassе, hе arguеd, is that population gеnеtiс thеory is
not ..еmpiriсally suffiсiеnt.' ' For ехamрlе, it inсludеs paramеtеrs that сannot
Ье mеasurеd dirесtly, or with suffiсiеnt aссurасy' to distinguish сlеarly Ье-
tweеn altеrnativе сausal aссounts. Тhis rеflесts Lеwontirr's morе gеnеrаl
еpistеmologiсal сonсеrns-indееd, his skеptiсism. Не is wе|l known-еvеn
infamous-for pеrsistеntly quеstioning whеthеr gеnеtiсists аnd еvolutionary
biologists сan possiЬly know what thеy want to knоW and oftеn сlaim to
know. His сritiquеs of adaptationists (inсluding his I979 artiс|e..Tlrе Span-
drеls of San Мarсo and thе Panglossian Paradigm'' ' сoauthorеd with Stеphеn
Gould) and gеnеtiс dеtеrmirrists arе largеly еpistеmologiсal. Adaptationists
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ar-rd gеnеtiс dеtеrminists do not know еnough aЬout thе inhеritanсе of thе
traits thеy study and thе еvolutionary forсеs aсting on thosе trаits. Morеovеr,
no onе knows. This is a сеntral motif of Lеwontin's Gепetiс Bсszl and his
stibsеquеnt rеviеws of tlrе statе of population gеnеtiсs' Thе titlе сlf onе suсh
rеviеw wеll i l lustratеs his disсontеnt еvеn with mеtlrods of his oWIl dеvising:
..Еlесtrophorеsis in thе Dеvеlopmеnt of Еvolutionary Gеnеtiсs: Мilеstonе or
Mi l l s tоnе? ' '  (1991I.

A sесond rеаson for thе fаilurе of thеory to mаkе sеnsе of data in populа-
tion gеnеtiсs is that pattеr.ns of gеnеtiс vаriation сan Ье duе in lаrrgе part to
..history' '-6or instanсе, not just whiсh еnvironmеnts a population ехpеri-
еnсеs' Ьut thе ordеr in whiсh thosе еnvirtlnmеnts are еnсountеrеd (Lеwontin
|967). Population gеnеtiс сhеory, howеvеr, is an еquil iЬrir.rm thеory tlri lt dis-
сoLlnts histoгiсirl сontingеnсiеs. Lеwontin's disсussiorr of thе ahistoriсal сhar-
aсtеr of populаtion gеnеtiсs is partly еpistеmologiсal: history is ignorеd
largеly Ьeсausе thе past is so oftеn unrесovеraЬlе. But it is also partly politi-
сal. In population gеnеtiсs, as in othеr :rrеils of thе rraturаl аnd soсiаl sсi-
еnсеs, еquil iЬrium thеoriеs prеvailеd in tlrе twеntiеtl. l сеntury in part Ьесausе
of a vеry gеnеral ..prеoссupаtion with staЬil ity' ' (Lеwontin 1974,269).

For Lеwontin, thе way forward in sсiеnсе involvеs, in part, ехposing thе
idеologiеs that hеlp to pеrpеtu:ltе inсorrесt viеws of сhе world' For ехamplе'
hе аrguеd tn cеnetic Bс-.is tlrаt thе сlаssiсal/Ьalanсе сontrovеrsy сould not Ье
understood without taking into aссount thе сonfliсting politiсal idеals of
Mullеr and Dobzhansky.

A сommon mistakе of Mullеr аnd DсlЬzhansky' ассording t<l Lеwontin,
Was thеir gеl.lеtiс dеtеrrrrinist assumptiol-t that еxisting pattеrns of gеnеtiс di-
vеrsity havе moгal and politiсal impliсations. For his own part' hе hаs сlaimеd,
..I do not Ьеliеvе that thе ultimatе issuеs dеpеnd on how muсh divеrsity ех-
ists' ' (Lеwontin еt al. 2001,4З).lnstеad of trying to dесidе how гo organizе
soсiеty on thе Ьll,sis of gеnеtiс findings, wе shoшld Llsе our Ьеst undеrstanding
of gеnеtiсs' psyсhology, soсiology, and so forth to dеtеrminе what intеrvеn-
tions would rеsult in thе sort of soсiеty wе aspirе to (Lеwontin еt al. 2001,
4344i Lеwontin еt al. 1984). Along thе sаmе linеs, Lеwontin has сlftеn Ьееn
сonсеrnеd to rеЬr.rt thе сhargе thаt his skеptiсism сonсеrning gеnеtiс dеtег-
minism rеndеrs him а сultural dеtеrminisr instеad. As hе quotеs Karl Marх'
..Thе matеrialist doсtrinе that mеn arе thе produсts of сirсumstanсеs and up-
Ьringing, and thаt, thеrеforе, сhanged mеn arе prodшсts of othеr сirсum-
sсаnсеs and сhаngеd upЬгirrging, foгgеts that it is mеn that сlrangе
сiгсumstаnсеs аnd that thе еduсator himsеlf nееds еduсating'' (Lеwontin еt
aI .  1984,267).

Thе onе сasе whеrе Lеwontin has сlaimеd politiсal signifiсanсе for his own
findings in populzrtion gеnеtiсs has to do with thе sorts of studiеs that hе ini_
tiatеd in his сlassiс 1972 ptlper ..Thе Apportionrnеnt of Humaп Divеrsity,' '
in whiсh hе argued that thе proportion of variation within so-сallеd raсеs is
far grеatеr (morе than 10 tirnеs) than thе variation Ьеtwееn raсеs (sее also
Lеwontin еt al. 2001, 43). Raсial diffеrеnсеs. and all thе othеr soсiаl аnd po-
lit iсal diffеrеnсеs that lrirvе aссomp:rniеd thеm, arе thus not Ьiologiсally
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Ьаsеd in thе way that mаny h:rd supposеd. Aссording to Lеwontin, this is ге-
ally more a сasе oi showing that gеnеtiсs is not as politiсally signifiс:rnt as Ье-
liеvеrs in thе gеnеtiс Ьаsis of raсial diffеrеnсеs had imaginеd.

Lеwontin's еpistеmolс>giсal and politiсal intеrеsts mеrgе in his dialесtiсal
mаtеrialism. whiсh plays a сautionirry, hеuristiс rolе in his work:

Dialесtiсаl matеrialisrn is not, аnd tlеvег lras Ьеen, 21 programmatiс
mеthod for solving partiсular physiсal problеms. Rathеr, dialесtiсal analy.
sis providеs an ovеrviеw аnd a sеt of waгnirrg signs аgаinsr paгtiсular
forms of dogmatism and nаrrownеss оf thought. It tеils us, ..RеmеmЬеr

that history mаy lеаvе аn impoгtarrt traсе. RеmеmЬег that Ьеing and
Ьесoming аrе dual aspесts оf naturе. Rеmеrnbеr that сonditions сhangе
and that thе сonditions nесrssary to thе initiаtion of somе proсеss may
Ье dеstroyеd Ьy thе proсеss itsеlf. RеmеmЬеr to pay аttеnrion to rеal
oЬjесts in timе and strraсе аnd nоt losе thеm in uttеrly idеalizеd aЬstraс.
tions. Rеmеmbеr that qualitativе еffесts of соntеxt and intеraсtion may
Ье lost whеn phеnomеna arе isolаtеd.' ' And aЬovе all еlsе' ..RеmеmЬеr

that аll thе оthеr сavеats аrе onlу rеnrindеrs and warning signs whоsе
appliсation to diffеrеnt сirсumstаnсеs of thе rеal world is сontingеnt.' '
(Lеvirrs and Lеu.ontin 198.5, |91-|92)
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Linnaеus, Сarl (or Сarl von Linnё) (|7О7_|77s)

Born and raisеd in Swеdеn, Сarl Linnaеus was passionatе aЬout Ьotany from
his youth. By thе timе hе wеnt to Holland tn |7З5 to finish his mеdiсal dе-
grее, hе possеssеd an imprеssivе knowlеdgе of thе known kinds of plants and
animals. Thеrе hе was hirеd to managе аnd сatalog thе hugе privatе mu-
sеum' Zoo' hеrЬarium, and Ьotaniсal gаrdеn of Gеorgе Сlifford' a wеalthy
mеrсhant. By thе timе LinnaеLrs rеturnеd to Swеdеn in 1'7З8, hе had puЬ.
lishеd numеrous works, all in Latin, that sеt out thе rulеs, framеwork' and
сatalogs of аll thе plant gеnеra thеn known. Hе was a foundеr and thе first
prеsidеnt of thе Swеdish Aсadеmy of Sсiеnсеs. In |741 hе was hirеd Ьy thе
Univеrsity of Uppsala, whеrе hе taught for thе nехt 3з yеars. Ехеrting a
dominating influеnсе upon natural history (Ьotany and zoology), hе at-
traсtеd studеnts from асross Еuropе, somе of whom hе sеnt on сollесting
trips ovеrsеas. Hе ехсhangеd lеttеrs with distant naturalists who sеnt him
spесimеns. Most important, hе frеquеntly produсеd nеw еditions of his сata-
logs of plant and animals: Sуstemа Naturаe (12 еditions Ьеtwееn 1735 and
1768)' Generа Plапtаrцm (six editions from |7З7 to 1764), and Speсiеs
Plапtctrцm (thrее еditions from 175З to 1764). Thеsе works providеd natu-
ralists of all nations with onе сеntral, wеll-organizеd rеgistеr of namеs. Lin-
naеus's сatalogs wеrе thе sеarсh еnginеs of thеir day.

Linnaеus workеd in thе сontеxt of thе worldwidе сollесtion of natural his-
tory spесimеns that aссompaniеd thе ехploration, tradе, аnd сolonization
сarriеd out Ьy Еuropеan govеrnmеnts and еntrеprеnеurs. His partiсular tal-
еnts, whiсh inсludеd unlovaЬlе traits l ikе еgotism and an oЬsеssion with
making lists, еquipped him to produсе an ехpandaЬlе rеgistеr of thе divеrsity
of l iving things. Although hе ехpесtеd thе nехt gеnеration ro сomplеtе thе
projесt, Ьiologists in latеr сеnturiеs, inсluding our own' сontinuе to еnсountеr
spесiеs not prеviously dеsсriЬеd. Thе projесt of making an invеntory of l ifе is
still unfinishеd.

Linnaеus's systеm wаs striсtly hiеrarсhiсal, gгouping similar spесiеs into a
gеnus' similar gеnеra into an ordеr' ordеrs into a сlass, and сlassеs into a
kingdom. Latеr taхonomists addеd familiеs (Ьеlow ordеr) and phyla (Ьеlow
kingdom), as wеll as suЬordеrs' supеrordеrs, and thе likе; this ехpandеd the
hiеrarсhy without сhanging its prinсiplеs. Linnaеus Ьеgan thе сonvеniеnt
praсtiсе of attaсhing a propеr namе to еaсh individual group, using a tradi-
tional onе whеrе possiЬlе (suсh as Avеs and Pisсеs' Latin for Ьird and fish,
rеspесtivеly) Ьut сoining a nеW onе if nееdеd (suсh as Маmmaliа for thе сlаss
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that inсludеd whalеs and humans). Hе also introduсеd what is сallеd Ьinom-
iпal nonrеnсlaturе' that is, always using two words to namе а spесiеs, thе
gеnеriс namе plus a rnodifiеr, suсh as Сапis lupus (wolf), Сапis fаmiliаrls (dog),
and I7omсl sаpieпs (human). (Сurrеnt praсtiсе is to italiсizе suсh namеs.) In
oгdеr to fit thе thousands of spесiеs into manаgеaЬlе volumеs, hе invеntеd
аЬЬrеviations, omittеd il lustrations, and madе dеsсriptions as short аs possi-
Ьlе. Hе inсludеd сitations of othеr authors' so his works funсtionеd as a biЬ-
liographiс guidе or irrdеx to thе sсiеntifiс l itеraturе.

Linnаецs's sysrеm foг flowеring plants stimulаtеd disсussion of thе philo-
sophiсal fоundations оf сlassifiсation. At thе start of his сarееr hе had
lеarnеd aЬout rесеnt thеoriеs intеrprеting thе сеntral parts of a flowеr, thе
stamеn and pisti l, as organs of malе and fепrаlе sехuаl rеproduсtion. Hе in-
vеntеd сlassеs Ьasеd on thе numЬеr and arrangеnrеnt of staпlеns and ordеrs
basеd on dеtails of thе pisti l or thе fruit. Thеsе groups Wеrе artif iсial, Ьеing
basеd on only a fеw сharасtеristiсs, Ьut thеy gavе а kеy thаt еvеn inехpеrt
Ьotanists сould usе (as long as thе spесimеn was in flоwеr). Linnaеus lookеd
forwаrd to thе day whеn thеsе artifiсial groups с<luld Ье rеplaсеd Ьy morе
natural onеs. At thе lеvеl of gеr-rеra and spесiеs, Linnaеus usеd a widеr rangе
of fеaturеs, inсlLrding thе lеаvеs and sееds, and аllowеd his gеnеral impгеs-
sion of tlrе wholе plant to affЪсt his judgmеnt. His ..sеxual systеm'' Was thus
a сonfusing mixturе of artifiсial сlassеs and ordеrs with natrrral gеnеra and
spесiеs' In lris сlassifiсation of animals, he usеd variolts сharaсteristiсs, wЬat-
еvеr sееnrеd to Work for еaсh group' suсh as tееth for marnmals, wings foг
insесts, and fins for fishеs. Mаny othеrwisе rеliaЬlе historians statе that Lin-
naеus aimеd at thе logiсal dеfinitions of nrеdiеval ..Aristotеlians'' ' Ьut thе old
terms gеt|us and spеcies furrсtionеd vеry diffеrеntly trom Aristotlе's, аnd thе
il l-foundеd сlaim thаt Linnaеus Was an еssеntialist Ьadly misrеprеsеnts Ьoth
his аims and proсеdurеs.

At thе start of his саrееr Linnаеus insistеd that spесiеs сannot сhangе, Ьut
in latеr yеars hе saw еvidеnсе of hyЬridism and lnutation, whiсh lеd lrim to
think that God had сrеatеd only onе spесiеs pеr gеnus' with thе othеr spесiеs
aгising latег. Мost of his followеrs prеfеrrеd to stiсk with tЬе fixity оf spесiеs.
Bесausе visiЬlе variation within spесiеs is oftеn vеry slight, еspeсially whеn
thе еntirе rangе is not samplеd' thе assumption of fiхity had thе positivе rе-
sult of еnсouraging thе disсovеry and dеsсription of prеviously unknown
spесiеs. Linnaеus had a l ivеly intеrеst in thе dyrranriсs of n:rtuге, еnссlurаgirrg
his studеrrts to study whiсh kinds of plants various animals prеfеrrеd to еat'
at whаt datе diffеrеnt migrating Ьirds rеturnеd, and how insесts fit into thе
balanсе of naturе.

Thе most rеmarkaЬlе dеvеlopmеnt toward thе еnd of Linnaеus's сarееr
was that thе struсturе hе had imposеd in his сlassifiсation sееmеd vеry oftеn
to bе сongеniаl to thе pattеrns of similaritiеs and gaps of аppаrеntly natural
groups. Thе old idеzr of a сhain of Ьеirrg, a l inеar sсаlе, did not fit ' Ьut nеithеr
did thе prеdiсtion of Gеorgеs-Louis Lесlеrс, Сomtе dе Brrffon and Jеan-
Baptistе l,аmarсk that сonnесtions run irr all dirесtions. Instеad, а pattеrn of
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сlumps, sеts Within sеts! sееmеd naturе's own. This unехpесtеd and gradual ly

еmеrging piсturе Was thе gгеat phеnomеnon lеft to Linnaеus's hеirs. Unl ikе

Lamarсk's thеory, whiсh grеW Out of thе сl,rain of Ьeing, Сharlеs Darwin's

thеory dirесtly addrеssеd thе hiеrаrсhiсal pattеrn of Linnaеan taхonomy by

positing a high rаtе of еxtinсtion and a prinсiplе сlf divеrgеIrсе.
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Living fossils

Living fossils аrе dеfinеd infoгmally; thе tеrm doеs not havе a prесisе tесhni-
сal dеfinition' Living aniпlals аnd plarrts tЬat lrаvе сhаrrgеd vеry l ittlе irr forrn
and Ьеhavior' сompаrеd with their rеmotе anсеstors, arе said to Ье living fos-
sils. Also, l iving rеliсts of groups that wеrе muсh morе divеrsе far Ьасk in thе
gеologiс past may Ье сallеd l iving fossils. Bесausе еvolutionary сhаrngе tеr-rds
to Ье сonсеntratеd in еpisodеs of rapid divеrsifiсation еarly in thе еxpansion
of nеw groups of organisms, thеsе сatеgoriеS lаrgеly ovеrlaP.

Сhaгlеs Darwin first appliеd thе сontradiсtory еxprеssion ..l iving fossil ' '  to
the platypus (sее figurе) and tlre lungfish' as wеll as Pсllуptеrиs, thе Afriсan
Ьiсhirs and thеir rеlativе, thе rееdfislr. Thеsе аnimаls all rеt;rin primitivе сhar-
aсtеristiсs that show thеm to Ье morе or lеss intеrmеdiatе Ьеtwееn typiсal
mаmmals and rеptilеs' or mаjor groups of l iving Ьorry fishеs, as Darwin
notеd. Thе platypus lаys еggs' Ьut suсklеs its young. It has hair аnd is warm
Ьloodеd, Ьut it hаs a lеss сonstаnt Ьody tеmpеratuге than typiсal пrаmmals.
Еarliеr naturalists, wlro saw thе animal woгld as а fiхеd sеt of sеparatеly сrе.
atеd ..typеs,', rеgardеd thеsе сrеaturеs as anomaliеs. To Darwin, and now to
us' thеSе living fossils arе thе lеast пlodifiеd dеsсеndants of rеmсrtе' еxti l. lсt
anсеstors. Thosе anсеstors' whеn thеy livеd, wеrе сritiсal l inks in thе Ьranсh-
ing еvolutionarу histor), of highеr anirrrals and plants.
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Thе duсk-Ьil lеd platypus' thе mаmmаl tlrat lays еggs. Darwin was fаsсinatеd Ьy
suсh odd organisms, thirrking thеm highly signifiсant for his purposеs. ..Spесiеs

and groups of spесiеs, whiсh аrе саllеd aЬеrгant' and whiсh may fаnсifully Ье
саllеd l iving fossils, wil l aid us in fсlrming a piсturе of thе anсiеrrt fсlrms of l ifе' '
(Da rw in  1859 ,486) .

Living rеlativеs of animals long rесognizеd as fсlssils, Ьut thought to Ье ех-
tinсt' arе oссasionally disсovеrеd. Thеy arе most apt tсl Ье rеfеrrеd to as l iv-

ing fossils, еspесially in thе popularizatitln of sсiеnсе. Thе most familiar of
thеsе is thе сoеlасanth. Thе first fossil сoеlaсanth, of Pеrmian agе (255 mil-
l ion yеars ago), was dеsсriЬеd Ьy Louis Agassiz in 1839. Today, 70 or morе
fossil speсiеs rеprеsеnting 27 genera arе known, ranging from thе Latе Dе-

vonian (365 mill ion yеars ago) to thе l-atе Сrеtaсеous (80 mili ion yеars ago).
Thе living сoеlaсanth' Lаtimеriа, rеtains сharaсtеristiс l imЬ-likе stalkеd fins

and a joint within its rеlativеly primitivе brаinс:rsе that sеparatеs thе nasal

organs and еyеs from thе еars аnd Ьrain. I'аtimеriа was first disсovеrеd off

South Afriсa in 19З8. Many additional spесimеns tlf thе sаmе spесiеs havе

sinсе bееn сaught off southеast Afriсa and adjaсеnt t() thе Сomoro Islands,
nеar Madagasсar. Rесеntly, onе spесimеn of a dif{еrеnt Ьut vеry сlosеly rе-

latеd spесiеs has Ьееn found on thе othеr sidе of thе Indian Oсеan, off thе

Сеlеbеs, in Indonеsia.
Lаtimеriа has not Ьееn found in thе fossil rесord, so thе еvсllutionary timе

span of thе spесiеs Lаtimеriа сhаlцmпае is unknown. It diffеrs in only vеry

modеst ways from its nеarеst rеlativе' a Latе Сrеtaсеous сoеlaсаnth assignеd
to thе gеnus Масropomа. Striсtly spеaking, it is thе сonsеrvаtivе сharaсtеris-
tiсs of Lаtiшeriа that arе unеquivoсally l iving fossils, and not thе spесiеs or
gеnus-a сlustеr of сlosеly rеlatеd spесiеs-in whiсh thеy oссur.

Thеrе sееms to Ье nсl singlе ехplanation for thе long-ссlntinuеd survivаl of

small groups of сlosеly rеlatеd еvolving lirrеagеs, with l imitеd spесiatiоn and
littlе сhangе in form. Arthur Сonan Doylе imaginеd dirrosaurs аnd ptеrodaсtyls



690 Liuiпg Fossils

surviving in his Lс;sr World' Ьasеd in part on his knowlеdgе of thе inaссеssiЬlе
Roraima Plаtеau' on thе bordеr of Vеnеzuеla and Guyana. Somе living fossils
do oссur in rеmotе, isolatеd rеgions, whеrе thеy havе аvoidеd intеraсtion
with nеwly еvolvеd сompеtitors. Thе platypus and its spiny, hеdgеhog-likе rеl-
аtivе, thе есhidna, l ivе only in Australia. Sphеrrodontids, rеlativеly unspесial-
izеd anсеstors of modеrn lizards, wеrе modеratеly divеrsе and widеly
distriЬutеd around thе world during thе еarlу Меsozoiс. Today' two speсiеs
of tuatara' thеir only living сlosе rеlativеs, arе rеstriсtеd to small islands off
Nеw Zеaland.

In сontrast, thе few living spесies of |'lаutilиs and thе hoгsеshoе сraЬs havе
widе gеogrаphiс distriЬuttons. Nаutilus poпryilius, thе mоst сommon and
variaЬlе of thеsе сеphalopods with еlеgant сhаmЬегеd shеlls, rangеs from thе
Grеat Barriеr Rееf to Nеw Guinеa, thе Phil ippinеs, and oсеaniс arсhipеlagos
as far out in thе Paсifiс as Fij i. Fivе distinсt spесiеs of Nаutilus arе known.
Typiсally, thеsе animals l ivе at dеpths of 100 to 400 mеtеrs or morе' on
stееply sloping sеa Ьottoпrs, сlosе in аgainst сoral rееfs. Рopulations l iving o{f
isolatеd oсeaniс islands display l imitеd variation. Somе сonstitutе distinсt
spесiеs, whilе othеrs arе rеgardеd as loсal suЬspесiеs of Nацtilus pompilius'

This has promptеd thе rесеnt infеrеnсе that Nаиtillts is сurrеntly ехpanding
its divеrsity, in a modеst burst of spесiation. To put this in сontехt' notе that
thе spесiеs and gеnеra of anсiеnt Раlеozoiс nautiloids havе Ьееn assignеd to
ovеr 125 familiеs, with an ехtraordinarу variеty of sl iеl l shаpes and modеs of
l ifе. Thе prolif iс divеrsity of nautiloids was rеpеatеdly сut Ьaсk in mаjor Pa-
lеozoiс ехtinсtion еvеnts. A furthеr shаrp rеduсtion oссurrеd nеar thе еnd оf
thе Triassiс (210 mill ion yеars ago). Sinсе tl. lеn, thе group has dwindlеd to
thе singlе gеnus that survivеs today.

Thе horsеshoе сraЬs havе nеvеr Ьееn vеry divеrsе, thгoughout thеir long
history. Fortns not dissimilar to thе living animals first appеarеd during thе
Si lur ian (approх imate|у 425 mi l l iоn yеаrs аgo).  Horsеshoе сraЬs '  еxtеrnal
skеlеtons arе not as еasily prеsеrvеd as mollusk shеlls, so thеir fossil rесord
may bе lеss сomplеtе. НOwеvеr, no morе than еight gеnеra сan сurrеntly
Ье infеrrеd to havе livеd аt any onе timе. Thrее gеnеra arе l iving today.
Onе fаmiliar spесiеs, Limцlus polуphеmus, is aЬundant and widеly distriЬ-
utеd, from }ylainе to Yuсatan in thе wеstеrn Atlantiс. Irr thе Irrdo-Paсifiс,
two spесiеs rеprеsеnting two diffеrеnt gеnеra гangе from thе Bay of Bеngal
to thе Phil ippinеs' and а third spесiеs rangеs from Bornеo to Japan. Likе
Limulиs polуphemus, this last spесiеs has a largе сlimatiс rangе. It is also
tolеrant of varyirrg salinity and othеr еnvironmеntal variaЬlеs. In this rе-
spесt' thе horsеshoе сrabs arе quitе unlikе Nаutilus, whiсh is tеmpегaturе-
sеnsitivе аnd сannot survivе in thе wаrm surfaсе watеrs of thе tropiсs,
whеrе it l ivеs.

Among living plants, thе sporе-Ьеaгing с1uЬtnossеs and horsеtails arе rе.
l iсts of groups thаt dominatеd vеgеtation of thе late Palеozoiс. Both arе
widеly distriЬutеd gеogrаphiсally. Thе horsеtаils, also known as sсouring
rushеs, arе l imitеd to aЬout 30 spесiеs of a singlе gеnus. Typiсally, thеy arе
oppoгtunistiс сolonists of wеt slopеs and rivеrbanks that arе frеqr-tеntly dis-
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turbеd. A similar hаЬitat was formеrly prеfеrrеd Ьy thе gingko trее, whiсh
may Ье thе oldеst l iving spесiеs' Fоssil lеаvеs аnd wood up to 100 rnil i ion
yеars old arе morphologiсally indistinguishaЬlе from thе singlе surviving
spесiеs, Gingko bilrlbа, of this anсiеnt group. This plant is so distinсtivе
tlrаt it rеrrrains unсеrtаin whеthеr it is nrorе сlosеly rеlatеd to сonifеrs oг to
thе trее fеrn_likе сyсads. Orrсе widеsplrеаd, thе gingko survivеd only in thе
Yangtze Rivеr Ьаsin in Сhinа until its domеstiсation. Now, its Ьеauty and
tolеranсе tlf еnvironmеntаl insults havе Ьrought thе gingko to many сity
stгееts.

Thе dееp с;сеan floor is nеithеr as low in divеrsity of arrimal l ifе rror as
uni form and сonstаnt in i ts  phys iса l  сondi t ions as Was onсе supposеd.
Noгrеthеlеss, it lras nlorе tha n its slrarе of l iving fossils. Тlrе сrееping mоl-
lusk, Neopll iпа, wltЬ its сap_shapеd shеll and sеrial sеts of musсlеs and
othеr organs, is a dееp-sеa rеliсt of two familiеs that l ivеd irr shаllow watеr
during thе early Pirlеozoiс. ProtoЬranсhs with simplе gil ls prеdominatе
among Ьivalvеs irt aЬyssal dеpths; orr thе сontinеntal slrеlvеs thеy havе
largеly Ьееn displaсеd Ьy morе advanсеd forms with vаriеd Ьurrowing and
fееding adаptations' Aпrong singlе-сеllеd foraminifеra, only thosе that Ьuild
thеir skеlеtons fгom grairrs of prеехisting sеdir-rrеnt сan livе at thе grеаtеst
dеpths, Ьеlow thе zonе аt whiсh сalсiurrr саrЬonatе dissolvеs. Forams of this
sort sti l l оссur in slrallow Watеr haЬitats, Ьut in Сambrian timе (aЬor"rt 510
mill ion yеагs ago) tlrrl1, this prinritivе cr()up was prеsеnt. Мost striking of all
arе thе stalkеd есlrinоdеrms popularly known as sеa li l iеs. z\mong tlrе most
prominеnt of all аnimals in shallow-Watеr Palеozoiс faLrnas, about 80
spесiеs of stalkеd сгinoids suгvivе today, worldwidе' on сOntinеntal slopеs
and at аЬyssal dеpths. Thеsе distriЬutions' togеthег witlr tlrosе of Nаutilus
and thе сoеlaсanth. сorroЬoratе еvidеnсе from thе fossil rесord of suссеssivе
displaсепlеnts toward dееpег Watеr' first of dеsсеndants of thе СamЬrian
fашna аnd thеn th<lsе оf a l irtеr Раlеozoiс fauna, i ls nеW сorrlnruniгiеs еvolvеd
in nеarshoге sеttin8s.

Thе variеty of сiгсumstanсеs in whiсh living fossils havе survivеd indiсatеs
thаt thеrе is no onе сausе of tlris phеnomеnon. Tlrеrе arе пlanу ways and
plaсеs in whiсh to Ье marginаlizеd witlrtlut Ьеing еliminatесl by naturаl sеlес-
tion. Living fossils do not сollstitutе a spесial сastе of organisms' ехсеpt for
thе fасt that thеy tеnd to Ье аmong tl.rе lеаst spесializеd mеmbеrs of thе
maior groups tсl '"vl.riсh thеy Ьеlong. At zrny givеrr timе in еarth's histor,v, thеrе
has bееrr a spесtrum of l iving things: rаpidly еvolving groups of еphеmеral
spесiеs' gгoups of аvеragе staЬil ity and tеnurе, anсl groups that dеpart l ittlе
from thе staЬlе .ldaptations сlf thеir anсеstors, as long аs thеir nrodеs of lifе
rеmаin viаЬlе. TriloЬitеs Wеrе thе prееrninеnt l iving fossils of Pеrmian гimе,
Ьшt thеy finally suссumЬеd in thе grеat ехtinсtion irt thе еnd of thе Palеozoiс.
Thеir long dесlinе fгom ехuЬеrant divегsity in thе mid-Palеozoiс rеsultеd
from сlrangеs in сommunitу struсturе thаt arе not yеt urrdеrstood in dеtail.
Сhanсе, outmodеd аdaptation, and сompеtition all surеlу сontriЬutеd to
thеir ultimatе dеmisе. Todаy's l iving fossils havе similar еvolutionary lristo-
riеs аrrd futurе prospесts.
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Lorеnz, Konrad Zachartas ( 1903-1989)

Konrad L<lrеnz, thе son of a riсh and distinguishеd Viеnnеsе orthopеdiс sur-
gеon' grеw up witlr a passiorr for гaising аninrals. Latеr, whеn hе bесamе fа-
mous for his studiеs of аnimal Ьеhavior, hе сlaimеd that his maturе sсiеntifiс
pгасtiсеs wеrе еssеntially сontinuous with praсtiсеs lrе dеvеlopеd in his youth
as an animal lovег' He iпsistеd fuгthеrmorе that Ьy rеaring and oЬsеrving an-
imals undеr sеminatural сonditions hе was aЬlе to lеarn things aЬout animal
Ьеhavior that wеrе not rеadily aссеssiЬlе to laЬoratory sсiеntists or fiеld nat-
urаlists.

Following his fathеr's wishеs, l-orеnz еnrollеd in 192З as a mеdiсal studеnt
at thе Sесond Anatomiсаl lr-rstitutе of thе Univегsity of Viеnna, еvеntuаlly
еаrning his МD thеrе in 1928.He thеrеupon еnrollеd at thе univеrsity's Zoo-
logiсal Institutе, from whiсh hе rесеivеd a PhD in 1933. Меanwhilе' at his pri-
vatе homе rеsеaгсh station in thе villаgе оf AlгеnЬеrg, сlosе to Viеnnа, hе had
Ьеgun making on tamе' frее-flying Ьirds thе oЬsеrvations that would lrеlp pro-
pеl him to prominеnсе in thе 19З0s, first among Gеrman ornithologists and
tlrеn amorrg animаl psyсlrologists. His rеsеarсh provided thе oЬsеrvаtional аnd
сonсеptual foundations of thе nеw sсiеnсе of еthology, thе Ьiologiсal study of
Ьеhavior, an еntегprisе in whiсh Lоrеnz's work wаs аbly supportеd and сom-
plеmеntеd Ьy thе сontriЬutions of Niko Tinbеrgеn, а Dutсh r.raturalist.

Lorеnz's initial сontriЬution to thе еvolutionаry undеrstanding of living
thir-rgs was his promotion of thе idеa that thе rrrеthods сrf сomparаtivе аnatomy
сould Ье appliеd to animal bеhаvior pattеrns just as еffесtivеly as thеy сould Ье
appliеd to аnimal struсturеs. Hе maintаinеd that сoпrparing thе innatе Ьеhav-
ior pаttегns of diffеrеnt spесiеs was soffrеtimеs еvеn morе virluablе than сom-
paring thеir physiсal сharасtеrs whеn it сaпrе to rесonstruсting phylogеniеs.
His most important puЬliсation in this rеgагd Was a mаior monograph in 1941
сompariгlg innatе lrеhavior Pattеrns in duсks and gееsе. Hе lаtеr put his Ьroad,
сomparativе pеrspесtivеs to usе in thinking morе gеnеrally about еvolutionary
еpistеmology, promoting thе viеw that thе way thе human п-rind apprеhеnds
thе world is itsеlf thе produсt of a Iong еvolutionary proсеss.

In addition to his еfforts to undеrstand animal and human Ьеhavior in еvo-
lutiоnary tеrms, I,<lrenz soLrght to nr:rkе sеnsе of thе physiologiсal сausation
and soсial funсtiorr of .. innatе'' ' spесiеs-spесifiс Ьеhavioг pattеrns. Looking
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at Ьirds in partiсular, he insistеd that thеy arе adaptеd to thеir еnvironmеnts
nоt so muсh Ьy aсquirеd knowlеdgе as by highly diffеrеntiatеd instinсtivе Ье-

havior pattеrns' Ьuilt up ovеr timе Ьy еvolution as a rеsult of thеir survival

valuе. For thеsе ..fixеd motor pattеrns'' to Ье еffесtivе, thеy nееdеd to Ье ..rе-

lеasеd'' Ьy stimuli еmanating from аppropriatе oЬjесts in thеir еnvironmеnt.

In thе 1930s hе сonstruсtеd a thеory of instinсt fеaturing ..rеlеasегs,' ' .. innatе

rеlеasing mесhanisms,'' aсtion-spесifiс еnеrgiеs' and innatе, fixеd motor pat-

tеrns. At thе samе timе, hе сallеd attеntion to thе phеnomеnon of ..imprint-

ing.'' Hе found that young Ьirds suсh as jaсkdaws of gееsе do not instinсtivеly

rесognizе mеmЬеrs of thеir own spесiеs Ьut instеad normally aсquirе this in'

formation at aЬrief , сritiсal pеriod of thеir еarly dеvеlopmеnt. Thеy arе ..im-

printеd'' upon thе oЬjесt that wil l suЬsеquеntly sеrvе to rеlеasе сеrtain of

thеir instinсtivе Ьеhavior pattеrns. Howеvеr, if a young grеylag gosling, for

еxamplе, is ехposеd to a human Ьеing instеad of а mothеr grеylag goosе in

thе imprinting pеriod, thе gosling will Ьесomе imprintеd upon humans rathеr

than its own spесiеs.
With his сhаrismatiс, еxuЬеrant pеrsonality, his еxtеnsivе knowlеdgе of

thе natural Ьеhavioral rеpеrtoirеs of a host of diffеrеnt animal spесiеs, his

Ьold thеorizing, and his skil ls as a popularizеr, Lorеnz was aЬlе to attraсt

many rесruits to thе nеw sсiеnсе of еthology. Сontrovеrsial in thе 1960s for

his popular Ьook, Oz Аggrеssioп' and rесurrеntly сritiсizеd for statеmеnts hе

madе еarliеr as a Ьiolоgist undеr thе Third Rеiсh, Lorеnz is rеmеmЬеrеd

most for attraсting thе attеntion of zoologists and psyсhologists alikе to thе

importanсе of studying animal Ьеhavior from a Ьiologiсal pеrspесtivе and for

founding thе sсiеnсе of еthology. His work was rесognizеd Ьy many honors,

inсluding thе award of thе 1973 Nobеl Prizе for Physiology or Mеdiсinе,

whiсh hе sharеd with Karl von Frisсh and Niko Tinbеrgеn.
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Luсy (AoкtrаIopithecus аfаrепsis)
In еvеry sсiеntifiс fiеld of еndеavor thеrе arе сеrtain disсovеriеs and Ьrеak-

throughs that arе еnduring and aсhiеvе somеwhat of an iсoniс naturе. Nеarly

all arе supеrsеdеd or signifiсantly altеrеd whеn nеw finds сomе to light or

dееpеr insights arе madе' Ьut thе сorе innovation or disсovеry is еvеrlasting.

Thеrе is no douЬt that сonstruсts likе thе Big Bang, thе thеory of еvolution,
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thе thеory of gravitation' сontinеntal dгift, thе lаws of inhеritanсе' and many
othеrs hаvе Ьееn еnhanсеd or modifiеd from thеir original manifсstations,
Ьut thе сеntral idеa is sti l l thеrе and thе сonсеpt сontinuеs to Ье known Ьy its
original itеration.

Looking Ьaсk on my сarееr as a palеoanthropologist-somеonе who stud-
iеs human origins-I had oссasion ln 1974, in thе rеmotе dеsеrt rеgion of
Еthiopia known as thе Afar Trianglе' to makе onе of thosе еnduring disсov-
еriеs. Shе was a 3.2 mill ion-yеar-old human anсеstor who has Ьесomе pеr-
hаps thе most widеly сеlеbratеd disсovеry of a fossil human of thе twеntiеth
сеntury. Known Ьy thе affесtionatе namе of Luсy (namеd aftеr thе Bеatlеs
song ..Luсy in thе Sky with Diamonds''1 sее figurе), tЬis 40"Ь сomplеtе skеlе-
ton (not inсluding thе Ьonеs of thе hands and fееt) еpitomizеs our fossil an-
сеstry. Luсy hаs Ьесomе a touсhstonе for сomparing and еvaluating all nеw
fossil humаn finds. Еvеn for thosе who havе diffiсulty rеmеmЬеring hеr sсi-
еntifiс name, Аиstrаlopitheсus аfаrепsis, Ьringing up thе namе Luсy rings a
Ьеll for еvеryonе: ..Oh, yеah, that anсiеnt skеlеton from Afriсa!' '

Onе of thе еssеntial quеstions thаt all humans ask is' ..!Иhеrе did wе сomе
from?'' Thеrе arе two ways to answеr this quеstion. Onе is to еvokе a сrе-
ation story of how Wе wеrе сonсеivеd in somе sort of supеrnatural mannеr.
Suсh ехplanations that arе Ьasеd on Ьеliеf diffеr from soсiеty to soсiеty' and
ассеptanсе is prеmisеd on providing somе sort of spесial еvеnt or supеrnatu-
ral сausе, thе еvidеnсe for whiсh is invisiЬlе and availaЬlе only to thosе who
havе faith.

On thе othеr hand, palеoanthropologists usе a sсiеntifiс approaсh to сom-
prеhеnd thе сausе, сoursе' and timing of human еvolution. !Ие nееd not in-
vokе spесial еxplanations or supеrnatrrrаl сausеs. Thе study of human origins
is basеd on oЬsеrvaЬlе еvidеnсе that is availaЬlе to еvеryonе' rеgardlеss of
thеir bеliеf systеm.

Thеrе is a fossil rесoгd for humankind Ьuriеd in thе еarth's sеdimеnts.
Luсy сomеs from a pеriod of timе whеn our anсеstors lookеd vеry apеlikе,
with projесting fасеs' small Ьrains (onе quartеr thе sizе of a modеrn humаn
brain), rеlativеly long arms (lеft ovеr from trее-living prесuгsors), and сurvеd
hand and foot Ьonеs (also from our аrЬorеal past). Howеvеr' thеsе anсеstors,
somеtimеs сallеd ..apе-mеn,' ' possеssеd a сardinal fеaturе that plaсеs thеm
on thе еvоlutionary Ьranсh оf humans rathеr than apеs: Ьipеdalism. Bipеdal-
ism is thе abil ity to stand and walk on two lеgs, a Ьеhavior that stands in
powеrful сontrast to all othеr mammals, whiсh gеt around on all fours. Ad-
ditionally' thеsе ..apе-mеn,' ' in сontrast to prеsеnt-day humans, wеrе prесul-
tural, mеaning thеy wеrе inсapaЬlе of making and using еvеn rudimеntary
stonе tools (thеy may havе util izеd pеrishaЬlе raw matеrials l ikе wood as dig-
ging stiсks, Ьut thеsе itеms did not fossil izе).

originally doсumеntеd with thе 1924 disсovеry in South Afriсa of thе
..Taung Сhild" (thе skull of an immatttre Аustrаlopithесus аfriсапus| Ьy thе
latе Raymond Dart, thе diе Was сast that Afriса-or as Сharlеs Darwin rе-
fеrrеd to it' thе Daгk Сontinеnt-Was thе original hоmеlаnd for humanity. In
thе dесadе aftеr thе puЬliсation of Darwin's сontrovеrsial, lasting, and pro-

Аustrаlopith e сus аfаrеп
С. Johanson in thе Aiаr
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Аustrаlopithеcus аfаrепsis. This spесimеn, ..Luсy,' ' wаs disсovеrеd by Donald
С. Johanson in thе Afar trianglе of l,thiopia in 1974.
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foundly insightful volumе' oп thе Оrigin of Speciеs (1859)' it Ьесamе аppar-
еnt to sсholars that hеrе was an idеa so powеrful that it was сapaЬlе of еluсi-
dating why spесiеs look and aсt thеy way thеy do. Furthеrmorе, it ехplainеd
why thеrе is a sееmingly еndlеss divеrsity of lifе on еarth.

Darwin knеw that living сrеaturеs look similar to еaсh othеr Ьесausе of
сommon anсеstry. Hе Ьеliеvеd thеy arе еaсh uniquеly distinсt Ьесausе thе
proсеss of natural sеlесtion has сraftеd thеm to aсt in mannеrs rеflесting
thеir partiсular modеs of l ifе. OЬsеrvations Ьy Darwin (1s71) and his сlosе
friеnd Thomas Hеnry Huхlеy (1s63) lеd thеm to makе a tеstaЬlе prognosti-
сation. Thе prеmisе was that if hцmans and thе Afriсаn apеs look alikе, thеy
mцst havе had a сommon anсеstor' and thе diffеrеnсеs arе rеlatеd tо how
thеy bеhavе (apеs сlimЬ trееs, humans walk on thе ground). If thе thеory was
сorrесt' аnd еvolution rеflесts сommon anсеstry as wеll as dеsсеnt with mod-
ifiсation (е.g., humans lost thеir aЬil ity to loсomotе on all fours whеn thеy
Ьесamе Ьipеdal), and that thе Afriсan apеs and humans sprang from a long.
distant сommon Ьеginning, the oldеst traсеs of humanity rеsidе in Afriсa.
That proposition is what thе Taung Сhild' Luсy, and thousands of othеr
Afriсan fossils, havе vindiсatеd. Our dirесt anсеstors first еmеrgеd in Afriсa.

Thе сommon anсеstor to thе Afriсan apеs and humans still еludеs rе-
sеarсhеrs and rеsts in somе unеxplorеd and unеxсavаtеd Afriсan stratum.
Howеvеr' palеoanthropologists now piсturе Luсy's spесies as having livеd at
an important infleсtion point in human evolution. Prior to Luсy, thе fossil
rесord is sparsе. Now, human anсеstor fossils arе сoming to light at 4 million

уears (А. аnаmeпsis)' at 4.4 million yеars (Ardipithесus rаmidus), and pеr-
haps еvеn as far Ьaсk as 6 to 7 million уears (Sаhеlапthropus tchаdепsis) .
And truе to thе prеdiсtiоns madе Ьy thе thеory of еvolution, thеsе oldеr
spесiеs arе looking morе and morе apеlikе, similar to thе prеsumеd morе
primitivе сommon anсеstor.

SuЬsеquеnt to Luсy, in morе rесеnt Afriсan sеdimеnts wе sеe еvidеnсе of
thosе fеaturеs wе think of as morе humаnlikе. Аt 2.6 million yеars' stonе
tools, fashionеd Ьy somе unknown human hand, arе found assoсiatеd with
Ьutсhеrеd rеmains of sсavеngеd animals-mеat had еntеrеd thе human's
diеt. Thеn, at around 2 million yеars' a nеar douЬling in Ьrain size (Нoшo
hаbilis, I:Iomo rudolfeпsis, Homo еrgаster) is sееn in largеr skulls. Thе mod.
еrn human Ьody form (long lеgs and rеlativеly short arms) appеars shortly
thеrеaftеr, and thе first out-of-Afriсa ехpеriеnсе is doсumеntеd in thе RеpuЬ-
liс of Gеorgia at 1.8 mill ion уears (Homo erectus).

Following a long pеriod of timе, during whiсh human spесiеs migratеd,
еvolvеd, divеrsifiеd' and Ьесamе ехtinсt, еvеn morе modеrn humanlikе an-
сеstors suсh as Н, апtеcеssсlr and H. heidеIbеrgeпsis (500,000 to 1 million
yеars ago) walkеd thе еarth. Thе first tantаlizing glimpsеs of art, еngrаvеd
oсhrе, and thе spесializеd and highly insightful manufасturе of Ьonе tools
appеar in Afriсa somе 70,000 to 100,000 yеars ago' two to thrее timеs еar-
liеr than in Еuropе. Now rеsеarсh has сonfirmеd thе oссurrеnсе of anatomi-
сally modеrn humans (Нomo sаpiепs' supposеdly ..wisе man'') at сlosе to
200'000 yеars ago in Afriсa (Еthiopia).
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Нumans, сapaЬlе of rеading and writing, еntеrеd Еuropе around 40,000
yеars ago. Somеtimеs known as Сrо-Мagnons' thesе human anсеstors had
originally еvolvеd in Afriсa' and thеir сultural and intеlleсtual сapaсitiеs lеd
to thе dеmisе of sr.rсh spесiеs as Nеandеrtals (З0,000 yеars ago) and ulti.
matеly to thе pеopling of thе еntirе globе.

.Wе 
havе сomе 1rom humЬlе Ьеginnings. Еaсh and еvеry fеaturе that dе-

finеs us as human-Ьipеdalism, tool making, еnlargеd Ьrains, rеduсеd tooth
sizе, Ьodiеs of modеrn proportions' pеrhaps еvеn languagе-first mаdе thеir
appеaranсе in Afriса. Yеs, LuсУ hzis lеft a lеgaсy that unites us all аs humаn
Ьеings with a сommon Ьеginning in Afгiсa, and it is my hopе that this еn-
largеd, еnlightеnеd, and profound insight into thе quеstion of ...!fhеrе did wе
сomе from?'' wil l unitе all humankind into a fruitful аnd lons-livеd сommon
futurе.
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Lyеll, Сharlеs (t797_\87 5)
Invariably rеmеmЬеrеd' еvеn on his gravеstonе' as thе author of Priпсiplеs of
Gеologу (first еditiotl in thrее volunrеs: 1830, 1832, and 1833), Сharlеs Lyеll
Wаs thе first сhild <lf an Еnglish mоthеr' from а lаndеd Yorkshirе (Swalеdalе)
fan"rily, and of a Sсottish fаthеr, lаird of a largе Angus сounty еstatе Ьought
only 15 yеars еarliеr Ьy thе Ьoy's grandfathеr, a farmеr,s lad who had mаdе
his fortunе whilе sеrving at sеa in thе Nеw World' From infanсy, howеvеr,
Lyеll l ivеd in southеrn Еngland, always in London itsеlf aftеr graduating with
his BA from oxford in 1819. Еxtеnsivе travеls, largеly in gеology's sеrviсе,
took him oftеn to сontinеntal Еuropе and four timеs' in thе 1840s and
1850s, to North Amеriсa. Hе workеd sporadiсally for a fеw yеars as a lawyеr
in thе 1820s, and Ьriеfly (18з1_1833) hеld a profеssorial сhair in his sсiеnсе
at thе nеW King's Сollеgе, Lоndon. Othеrwisе, hе dеpеndеd on his privatе
mеаns supplеrnеnгеd Ьy proсееds from writing and, in thе Unitеd Staсеs еs-
pесially, from lесturing, sO dеvotil-lg himsеlf almost ехсlusivеly tо his sсiеnсе.
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Еvеntually knightеd, a friеrrсl сlf Prinсе AlЬеrt, .1nd аn advisеr to thr govеrn-
mеnt, hе Ьесilmе a prominеrrt r-ri lt ional figuге witlr ir h<lusе on Наrlеy Strееt,
fаmous for its mеdiсal grаndееs. His finаl rеsting plaсе is in 

.s7еstminstеr

AЬЬеy.
Thгее yеars' frorn mid- l 82З to mid-1826' Wеrе thе most formаtivе for thе

viеws uphеld Ьy I,yеll in Priпсiplеs. Еarliеr, as an undеrgraduatе, t-yеll had
attеndеd !7il l iam Buсkland.s gеology lесturеs аnd thеn donе fiеldwork with
puЬliсatiorr in mind, whilе rеr-rraining unсгitiсal of oxford-taught gеology.
By mid-1826, howеvеr, hе was puЬliсly агgr"ring for a furrdamеntal and сom-
prеhensivе altеrnаtivе to thе tеaсhings of thе С)хford sсhooi of gеology and
to thе tеaсhings of Parisi irrr Gесlrgеs Сuviеr, thе sсhool's primary mеntor (Сu-
viеr 1813). In mаking this shift, Lyеll was aЬovе all intеgrating thе Huttonian
thеory of thе еarth, as dеfеndеd ЬyJohn Plаyfair (1802)' whom Cuviеr had
сonsistеntly opposеd, with thе proposаls of Сorrstant Prёvost (1823, 1825),
who wirs сlpposing Сuviеr's orvrr intеrprеtations of tlrе Tеrtiаry formations of
thе Pаris Basin. Lyеll 's еngagirrg with Рla,vfair in his writings arrd with Pr6vost
irr pеrson wеrе proЬаЬl,v Ьгokеrеd Ьy Will iam Fitton, a sесretary аt this timе,
аlong with Lyеll, of thе pгеstigious Gеologiсal Soсiеty of London. Fitton, an
Irish-born' Sсottish-tгainеd physiсian' Wаs a suppoгtivе friеnd of thе Frеnсh-
man and an admiring suссеssor to Playfаir as thе main writеr on gеology for
tЬe Еdiпbиrgb Reuiеtu. B1, latе 1823, Fitton lrad rеjесtеd Buсklаnd's
Noaсhian сli luvial gеology ln thc Еdiпburgb RcL,,iеtL, (sее аlso Fittorr 1824,
1828), whilе it rvas еnlЬгltсеd in thе rival Ttlr1,, Angliсan Qttаrtеrlу Rеuiеtu
Ьy Еdward Сoplеston. Coplеston, a futurе Ьishop, was Oхford's poеtry pro-
fеssor, а longtimе rеЬuttor of Playfair's сritiсisrrrs of his univеrsity, and Buсk.
land's Ьoyhood friеnd (Buсklаnd Was еvеn rumorеd to havе hеlpеd
Сoplеstсln with thе writing of his rеviеw).

Thе Еt]iпburgh Rеuictu oftеr-r dеfinеd itsеlf Ьy its l iЬеral, Sсottish, rХ/hig,

геforming oppсlsition to Tсlry, Angliсan, аnd Oхorri:rrr hеgеmoniеs in thе
nat ion 's  pol i t iсs ,  rе l ig ior l '  lеt tеrs,  and sс iеnсе.  Dеtеrmin ing Lyеl l ' s  v iеw on
any issuе in gеology or Ьеyond сan start froп.r his family's and his own
alignmеnts with thе ЕdiltburgЬ Rеuiеш,s stаl1се. 

.sИhеn 
Lyеll wrotе in

1826-1827 on еduсation and sсiеntifiс institutions as wеll as on gеology
for thе Quаrtеrlу Reuiеta, lrе did so аs a сonsсious dissidеnt intrudеr. It
Wаs as :r сlissidеnt intrudеr too that hе tauglrt :rt King's Сollеgе. With
Сoplеstorr i ls аn ovеrsееr' King's Сollеgе wаs dеsigrrеd tо Ье а Toгy, Angli-
саn for'rndation, а сout-ttеrr,vеight to thе young Univеrsity Сollеgе, London'
whiсh had Ьееn foundеd Ьy liЬеral Sсottish Whigs and hеаdеd Ьy Lyеll 's
own fathеr-in-law, a Ьrothеr of an Еdiпburgh Reuiеt,tl foundеr. Lyеll 's nеw
rеforming amЬit ion in thе mid-1820s wаs to rеfutе and rеplaсе wholеsa lе
thе Oхford sсhool's nе<l_(]ttr.iеrian gесllogy, jr-rst whеn that sсhool had
aсhiеvесl dorninanсе in СamЬridgе, in thе mеtropс;lis, and so in the nаtion.
ArguaЬly, rhеrеforе' tЬis anrЬitit l l- l is ехpliс;rЬlе irs thе аmЬition of a young
man wl.ro had сomе to think that starting сltlt in thе Oxford sсhool was not
a plасе whеrе a l iЬеral, Sсottish, Whig lawyеr l ikе himsеlf should еvеr' gе-
ologiсally spеaking, havе gonе. Сonvеrsеlv, hе now had to aсt in aссord
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with what hе had сomе to apprесiatе as his authеntiс familial and pеrsonal
affi l iations.

That rеform' as ехpounded in its fullеst еxtеnt in Priпciplеs, wаs (1) to
сonform gеology to tь'e uеrа саusа eуidential-еxplanatory idеal (еffесts arе to
Ье ехplаinеd Ьy сausеs known to ехist from indеpеndеnt еvidеnсе) еxеmpli-
fiеd Ьy Nеwtonian сеlеstial mесhаniсs; (2) to givе thе sсiеnсе a systеmiс
thеory-а nеw vеrsion of thе aсosmogoniсal Huttonian thеory (itsеlf now
сonformaЬlе, potеntially at lеast, to that idеal)-that Was thеorеtiсal Ьut
avoiding divisivе, inсonсlusivе' сosmogoniсаl spесulation; and (3) to frее thе
sсiеnсе from Мosaiс ЬiЬliсal assoсiations. Thеsе еnds, as Lyеll saw thеm'
сould only Ье mеt if gеology prеsumеd that thе past сhangеs rесordеd in thе
roсks wеrе all produсеd Ьy саusеs sti l l working in thе samе сirсumstanсеs
and with thе samе intеnsitiеs and so produсing, in thе pгеsеnt аnd on into thе
futurе, thе sаmе sorts and sizеs of еffесts. It was indееd a prеsumptiоn, Lyеll
insistеd, еntitlеd to a priori prеfеrеnсе ovеr its dеnial and so wrongly rеjесtеd
Ьy most gеologists beсausе thеy had prеmaturеly dесidеd that thеy alrеady
knеw еnough of prеsеnt сausеs to judgе thеm inadеquаtе for thosе past еf-
fесts. By rеfoгming gеology Ьy giving it thеsе prinсiplеs, Lyеll сould aсhiеvе
his primе amЬition for thе sсiеnсе and for himsеlf: to savе gеology from its
сurrеnt low rеputе and еvеn ridiсulе Ьy giving it sound foundаtions and еlе-
vatеd status сomparaЬlе to thе foundations and status of сеlеstial mесhaniсs,
takеn to Ье thе highеst sсiеnсе of all. As thе son and grandson of arrivistе
Sсottish gеntry' Lyеll worriеd intеnsеly aЬout thе foundations and status of
thе sсiеnсе that hе had madе his avowеd avoсаtion and еvеn, sinсе 1827,Ьis
prospесtivе profеssion in plaсе of thе law. Notorious fоr his snoЬЬеry, Lyеll's
еlit ist anxiеty Was at onсе soсial and сognitivе.

Thе ultimatе status of mankind-our filiation' dignity' and fatе-raisеd
transсеndеnt anxiеtiеs that, Lyеll insistеd, оnly rеligion сan addrеss. A dеist
(a Ьеliеvеr in God Ьut not in thе BiЬlе), hе hеld to a Divinе сrеation' dеsign,
and govеrnmеnt not only for nаturе Ьut аlso for man, whosе immortal, im-
matеrial soul сomеs undеr God's moral law in this lifе and thе rrехt. Hе saw

Jеan-Baptistе Lamarсk's (1809) systеm of zoology, ехtеnsivеly disсussеd аnd
rеjесtеd in thе еarly еditions of Priпсiples, as dirесtly thrеatеning thеsе сom-
mitmеnts aЬout man. Aссordingly, hе rеjесtеd any rеаding of thе fossil
rесord as a progrеssion, from low lifе to high, so as to disсrеdit any sсhеmе
suсh as Lamarсk's that has humans produсеd from animal anсеstors. Lyеll
сamе thеn to join Сuviеr' Lamarсk's othеr opponеnt' in rеplaсing any unifiеd
progrеssivе nесеssitating plan with сontingеnt' fitting adaptations in thе his-
tory of l ifе on еarth. Сharlеs Darwin,s thеorizing rеtainеd this favoring of thе
many adaptivе сontingеnсiеs ovеr thе onе nесеssitating plan. Whilе rесogniz-
ing suсh сontrasts with Lаmarсk, Lyеll alwаys rеad this nеw Dаrwinian thе-
orizing as raising' if еxtеndеd to man' thе samе old intolеraЬlе thrеat to
thеology and morality.

Сhildlеss and dеstinеd not to inhеrit thе family еstatе' Lyеll, although
hugеly influеntial ovеr sеvеral dесаdеs оf gеologiсal sсiеnсе, nеvеr foundеd
any sсhool of сomprеhеnsivеly сonsеnsual disсiplеs. In his gеology' Darwin
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was vеry muсh Lyеll's most loyal protёg6, еvеn aftеr dеvеloping lris оwn dis-
sident Ьiology. Lyеll 's nеo-Нuttoniаn s,vstеm of thе еarth, сгitiсizеd from thе
start ovеr its сlaims for a сonstant' undeсlinirrg thеrmal есonomy for thе
planеt, Was morе widеly thought implausiЬlе from thе 1850s on aftеr
Will iam Thomson (Lord Kеlvin) and othеrs raisеd thеir novеl thеrmodynam.
iсal oЬ1есtions to thеsе сlаims (Burсhfiеld |975). Thе intriсatе сomplеxity of
thе young Сharlеs Dаrгwin and young Alfrеd Russеl 

.Wallaсе's 
agrееmеnts

and disagrееmеnts With Lyеll, and with Lyеll's agrееmеnts and disagrееmеnts
with Lamarсk' put thе proximatе and ultimatе dеbts of еvolutionary Ьiology
to Lyеll Ьеyond quiсk-and-еasy summary gеnеralization. Thosе dеЬts arе
morе гathеr thаn lеss dееp Ьесausе of that vеry сomplехity.
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Lynсh, Мiсhaеl (b. 1951)

!7hеn сonsidеring thе impaсt a sсiеntist has had' onе must takе into ассount
thе Ьrеadth :rnd dеpth of гhе intеllессual сontriЬutions. By thosе сritеriа, vеry
fеw of his pееrs hаvе hаd a grеаtег irrrpaсt On еvolutionary Ьiology than
Мiсhaеl Lynсh. Furthеr, his сarееr hirs Ьееn markеd Ьy that most valuеd of
aсadеmiс aсhiеvеmеnts: ..stеady progrеss.' '
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Lynсh Ьеgan his сarееr as an есologist' studying thе сommunity struсturе
of zоoplankton as a studеnt of Josеph Shapiro at thе Univеrsity of Мin-
nеsota. [n a sеriеs of papеrs stеmming from his dissеrtation rеsеаrсh, hе
artiсulatеd a сomprеhеnsivе modеl of l ifе-history еvolution in Сladoсеra, in-
сorporating disparаtе еlеmеnts inсluding prеdatirln, сompеtition, and еnеr-
gеtiсs, i:rnd сulminating irr thе first оf nrany influеntial synthеtiс works
(Lynсh 1980). His oЬsеrvation that a tгadе-off Ьеtwееn prеsеnt and futurе
rеprоduсtivе suссеss nееd not bе nесеssary was a сhallеngе to thе сonvеn.
tional wisdom of l ifе-historу thеory. Thе undеrlying philosophy of аlwavs
sееking thе simplеst ехplanаtion has Ьееn thе hallmark of his сarееr and has
put him at thе сеntеr of сontrovеrsy irlmost unintеrruptеdly for thе past
quartеr сеntury.

Thе l970s and l980s witnеssеd two impоrtant dеvеlopnrеnts in еvolution-
ary Ьiology: thе еmеrgеnсе of еvolutionаry quantitativе gеnеtiсs and thе mat-
uration of thе fiеld of molесular еvolution. By tlrе mid-1980s' Lynсh had
геinvеntеd himsеlf аs а qllantitаtivе gеnеtiсist and ovеr thе nехt dесadе еs-
taЬlishеd himsеlf :rs a lеadеr in thе fiеld. Along with Russеll Landе, Lynсh
was instrumеntal in сodifying a nеutral thеoгy of еvolutionary quantitativе
gеnеtiсs (e'g., Lynсh and HilI |986). Thе tеxtЬook Gеnetiсs апd Аnаlуsis of

Quапtitiаtiuе Trаits, сoauthorеd witlr Bruсе Wаlsh (1998), is thе industгy
standard for thе fiеld of quantitativе gеnеtiсs.

Еvolutionary quantitativе gеr-rеtiсs historiсally foсusеd on traits undеr staЬi-
lizing or positivе dirесtion:rl sеlесtiorr. Along with Tonroko Ohta аnd Alех
Kоndrashov, Lynсh was among thе first to гесognizе thе importanсе of slightly
dеlеtеrious mutations to thе еvolutionary proсеss. Along with сollaЬorators
Wilfriеd GaЬriеl, Rеinlrаrd Burgеr, аnd John Сonегy, Lynсh Ьеgan а sУstеm-
atiс study of thе еffесts of dеlеtеrious mutations on thе proЬаЬility of popula-
tion ехtinсtion (Lynсh et a|. 199З, 7995). Thе rеsr'rlting synthеsis еstaЬlishеd
thе ..mutаtional meltdown'' in thе lеxiсon, and, morе important, еstaЬlishеd
thе rеlеvаnсе of thе rеlatiorrship Ьеtwееn fitnеss аnd pоpulаtion sizе in thе
mind-sеt of Ьiologists outsidе thе rеalm of thеorеtiсal population gеnеtiсs.

In rесеnt yеars' in сollaЬoration with Сonеry and dеvеlopmеntal gеnеtiсist
Alian Forсе, Lynсh hаs forgеd а геmarkаblе s},nthеsis of sеvеrаl sееmingly dis-
paratе fеaturеs of gеnomе еvolution' inсluding dr"rpliсatе gеnеs, intгotrs, and
transposaЬlе еlеmеnts (Lynсh and Сonеry 2ОО1 ,2003a, 2003Ь; Forсе еt аl.
1999; Lynсh and Forсе 2000a,2000Ь; Lynсh еt  а l '  2001).  opеrat ing trom
first prirrсiplеs of pсlpulation gеnеtiсs' Lynсh showеd that population sizе and
slightly dеlеtеrious mutations may intеrасt in suсh a Way as to produсе thе gе-
nomiс fеаtllrеs that distinguisЬ prokaryotеs from еrrkaryotеs and singlе.сеllеd
from rrrtrltiсеliuiirr <lrganisms. Тruе to form, Lynсh providеd a simplе, сontro-
vеrsiаl ехplanation in l iеu сlf a сompliсatеd' сontrovеrsial onе. His гесеnt
Ьook The origiпs of Geпome Arcbiteсture (2007) providеs a highly rеadaЬlе
synthеsis of this work. It is аs an-rЬitiсlus in sсopе аnd mеssаgе (..Nothing in
еvolution makеs sеnsе ехсеpt in l ight of populzrtion gеnеtiсs' ') as Мotoo
Kimura's сlassiс Tbe |' leutrаl Tbеorу of Мoleculаr Еuolutiсlп (198з).
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Lynсh hаs аlso madе many important сontriЬutit lrrs on topiсs as divеrsе as

thе phylogеnеtiс соmparativе mеthod, thе еvoluti<lrr oГ pаrthеnogеnеsis, thе

mеaning of inbrееding dеprеssiоn' aгrd statist iсal popu|ation Е]еnеtiсs.
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Мalthus, Thomas RoЬеrt (|7 66_Т834)

Thomas RoЬеrt Маlthus, known as BoЬ to his intimatеs) Was an Еnglish есon-
ol-nist. Не was an ordairrеd сlеrgуmaгr irr tlrе Angliсan Churсh and for many
yеaгs taught politiсаl есonomy at HailеyЬury Collеgе, а sсhool that produсеd
сivil sеrvants dеstinеd to work in India. As an individual hе was warm and
friеndly and muсh likеd; hе was an еffесtivе spеakеr dеspitе a сlеft lip.

His сlaim to famе is a Ьook that first appеarеd in 1798, Ап Еssау on tbe
Priпсiple of Populаtiс>п аs It Affeсts thе Fиture Improt,ement of Soсietу, шith
Rеmаrks oп thе Spесulаtions of Мr. Godшiп, М. Сoпdсlrсеt апd Оthеr Writ-
ers. Malthus wаs dismayеd at what hе fеlt Was thе falsе optimisnr of many
Writеrs and thеrеfoге triеd to show that grandiosе plans for human irnprovе.
mеnt arе impossiЬlе. Hе did this through a famous inеquality, drawing on an
еаrliег argumеnt of Bеnjamin Franklin and arguing that although human
populаt iоn nt lmbегs tеnd to inсrеаsе gеometr iсa l lУ (| ,2,  4,  8, . . .  ) ,  food
supp l i е s  сan  a t  max imum go  up  a r i t hmеt i сa l l y  (1 ,2 ,3 ,4 , . . . ) .  Hеnсе  thе rе
arе inеvitablе ..strr'rgglеs for еxistеnсе,'' аnd plans foг statе aid only еХaсеr-
Ьatе thе proЬlеm (Malthus 1798,14).

Мalthus's сhiеf intеnt was natural thеologiсal. Hе was сonсеrnеd to sее
how God had arrangеd that humans do somеthing hеrе on еarth rathег than
idlе timе away аimlеssly. Thе Маlthusian inеquality is thе answеr. Howеvеr,
his work Was takеn up with еnthusiasm Ьy soсial геformеrs' whо usеd his
сalсulations as thе Ьasis for drассlnian rеforms of thе Poor Laws' whеге
workhousеs wеrе lnadе so unplеasаnt thаt thе porrг would do аnything to
staY out of thеm' Onе wаy of аvoiding suсh dеgrаdation would havе Ьееn
through what Мalthus tеrmеd prltdепtiаl rеstrаint (fгorn Ьrееding), e suЬ-
сlausе that Мalthr"rs addеd to latеr, muсh-еnlargеd еditions of his Ьook in rе-
sponsе to сritiсisпr that hе sееmеd to havе impliеd that God lеft nо option
but Ьloody intеrhuman strifе.

It was thе siхth еdition of Мalthus's Ьook that Сharlеs Darwin rеad at thе
еnd of SеptеmЬеr 18З8. Gеnеralizing to thе animal and plant worlds and rе-
аlizing that thеrе сould Ье no prudеntial rеstraint in thosе arеas, D:lгwin ar-
guеd that thеrе wil l Ье a univеrsal strugglе for ехistеnсе' and that this is thе
motivе forсе Ьеhind a natural form of sеlесtion. Twеnty yеars latеr, whеn Al-
frеd Russеl 

.$7allaсе 
was indеpеndеntly formulating an еvolutionary hypothе.

sis with sеlесtion at its сеntеr' hе tсlo rеmеmbеrеd thе Malthusian inеquality
aпd пrаdе it a сruсial еlеnrеnt of his thirrkinя. Likе Мalthus. thе еvоlutionists

70З
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strеssеd thilt strugglе rnight Ье silеnt and nonoЬvi<lt.ts, whеrе organisms Ьat-
tlе for l ifе in h:rrd с<lndirions. Нсlwеvег, Darwin аnс] Wallaсе diffеrеd in thеir
rеadings of thе strugglе, with thе fornlег always inсlinеd to think that it is Ье-
twееn individuals and thе lattеr prеparеd to allow that somеtimеs it oссurs
Ьеtwееn gг()ups.
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Мammals
'Wе 

сomtтonly spеak of mammals lrs Ьеing dеsсеndеd from rеptilеs, Ьut al-
though modеrn rеptilеs Ьеlong to onе of thе majсlr divisions of amniotеs, thе
sauropsids (whiсh also irrсludе Ьirds аnd dinosaurs), mammals аnd thеir fos-
sil anсеstors Ьеlong t() thе оthеr mаjoг с1ir.ision, thе syn:rpsids. Nonпrammalian
synapsiс1s arе trftеn сirl lеd mammal-likе rеptilеs, а г:rthеr mislеаding namе Ье-
сausе thеsе animals аrе n()t сlosеly rеlаtеd tсl thosе modеrn forms that wе сall
rеptilеs.

Although thе synаpsid l inеagе hаs еvolvеd nrany uniquе fеaturеs, suсh as
thе milk arrd fur tуpiсаl tlf rrrammаls, sylrapsids hаvе also rеtainеd a numЬеr
of morе pгimitivе fеаtttrеs that havе Ьееn lost oг modifiеd in sauropsids.
Mammals rеtain a glandular skin аnd did not еvolvе thе thiсkеr sсalеs with
сontriЬutions fronr Ьеtа-kеratin sееn in sauгopsids (аs wеll as thе morе gеn-
еral alpha-kеratin sееn ir-r ;rl l arrrnitltеs); thus thеy h:lvе bееn ablе to еvolvе
mammary glands, srvеirt glands, аrrс1 glands that pгoduсе various odifеrous
sесrеtions. Unlikе sаuropsids, whiсh l-ravе thе dегivеd aЬil ity to ехсrеtе uriс
aсid and thus produсе a сonсеntrаtеd typе of sеmisоlid Wastе' synapsids еx-
сrеtе а геlativеly dilutе r.rгinе, always storеd in a urirrary Ьladdеr (whiсh is
lost in mаnу sauropsids, irrсluding Ьirсls). This еnаЬlеs mаmmals to usе urinе
for soсi;rl intеrасtiоns suсh as sсеnt-пlarking. Tlrе typiсally mammalian use
of thе pеnis for urinаtion in maiеs, аs wеll as for spеrm transmission' is also
only possiЬlе with this typе сlf urinirry sеtup. Diffеrеnсеs in thе intеrnal
anatomy сlf s1,napsids anсl s;ttlropsids also sl-lggеst thаt vаrious fеaturеs еvolvеd
сonvег8еntly within tl-rе twсl glOtlps; in pаrtiсulаr, еndothегtny (Warп-

Ьloodеdnеss) сlеarly еvolvеd сonvеrgеЛtly in Ьirds and mammals.
Synapsids and sauropsids Ьoth аppеarеd during thе Latе СarЬonifеrous'

around 300 mill ion yеагs аЕ]o. At this tinlе Ьoth linеagеs lookеd rarhеr l izard-
likе, Ьuс svn2rpsids hаd а сhlrасtеristiс lrolе in thе skull Ьеlrind thе еyе soсkеt,
whiсh allowеd for jar,v-rnusсlе ехpatlsitln and attaсhmеnt. (Most sauropsids
latеr еvolvеd an analсlgous сonditiсln in thе skr-rl l ' Ьut with two holеs on еaсh
sidе, known as thе diapsid сondition.) Synapsids wеrе initially thе dominant
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largе lаnd vеrtеЬratеs, еspесiallу prominеnt during thе Pеrmian (z99_z5\

mill ion yеars ago). Thе еarliеst forms wеrе thе pеlyсosaurs, whiсlr spannеd

aЬout thе Ьody-srzе rаngе sееn in dоmеstiс dogs today and inсludеd сarrri-

vorеs, hеrbivo..,, nnd fi ih .nt..,. Somе pеlyсоsаurs had distinсt ..sаils' ' on

thеir Ьaсks, whiсh wеrе prоЬaЬly usеd as еnvironmеntal hеat еxсhаngеrs.

Pеiyсosaurs wеrе mainly io..nd in gеographiс arеas that wеrе in tropiсal or

suЬtropiсal Zonеs аt that timе, suсh аs North Amеriсa.

вy tir. Latе Pеrmian thе pеlyсos:rurs wеrе largеly еxtinсt' rеplасеd Ьy thеir

d.*..,,d"nt,, thе thеrapsids. Thеrapsids had movеd thеir lеgs morе undеr-

nеath thеir body, with a stanсе that was now п1orе upright thаn thе sprawl-

ing, lizardlikе posturе of pеlyсosaurs, еnaЬling thеm tсl run and Ьrеatlrе аt

thе samе timе; this is suggеstivе of thе еvoltrtion of a highеr mеtaЬoliс ratе.

Latеr thеrapsids (сonvеrlJntly n*n.,g diffеrеnt linеagеs) еvolvеd vаrious fеa-

,u'., ,ugg.,.ivе of inсrе]si,rg lеvеls оf mеtaЬoliс ratе, suсh as inсrеаsеd vol-

umе in thе skull for iaw -i,. l., and morе сomplехly diffеrеntiаtеd tееth,

indiсativе of inсrеasej amounts of food proсеssing. Thе thеrаpsids iIrсludеd

smal l insесt ivоrеsаndmеdiumtolargе-s izеdсarn ivorеs(sornеasЬigas l ions)
andhе rb i vo rеs ( sоmеasЬ igasb i son ,w i thho rn l i kеknobson thе i rhеаds tha t
might havе Ьееn usеd in i itеrspесifiс сomЬat). Bшt in сontrast with modеrn

nrammals or еvеn with сontеmporanеous sauropsids, tlrете lvеrе no glidеrs,

sw immеrs ' o rЬ ipеda l runnе r s . La tе r i n thеPе rm iаn thе raps id sЬесamесom-
mon in South Afriсa, whiсh had сold wintеrs at this timе. This сhаnging gеo-

graphiс d istr iЬut ion a lsо suggеsts an inсrеasеd ahi l i ty  for  thеrmorеgulаr ion.

Aftеr thе dеvаstating .'1J-'Р..Ini*'1 еxtinсtiOns two main linеagеs of tlrе.

гapsids survivеd: thе diсynodonts' pig- to сow.sizеd hеrЬivorеs' and thе сyn.

odonts, initially small and insесtivorous. Сynodonts latеr еvolvеd largеr

hеrЬivoгous and саrnivorous forпrs' although nonе Was muсh Ьiggеr than a

L a b r a d o r d o g . С y n o d o n t s w е r е a n с е s t r a l t o m a m m а l s a n d h a d n t l m е r o u s
anatomiсal fеaturеs suggеstivе оf a high rnеtaboliс ratе, whiсh suggеsts somе

degrееofmammal. l ikе-еndothеrmy.Мorесorrrp lехtееthandеvidеnсеofаn
inсrеasеd volumе of jaw musсlеs show that thеy wеге proсеssing rтorе food.

An inсrеasеd rаtе of lung vеrrti lation is shown Ьy еvidеnсе of a mr.rsсular di-

aphragm (rеduсtion oft-thе postеrioг riЬs) and Ьy еvidеnсе o{ turbinatе

(sсroll-l ikе) Ьones in th. .,n,ai сavity. TurЬinatеs aсt Ьoth to Wаrпl inссlming

air anсl to rесlaim watег from ехpirеd air, Ьесausе wаtеr loss fronr thе lungs

саn bе a signifiсant proЬlеm with a high ratе of vеntilation.

Irr thе latеr Тriаsslс thеrаpsids startеd to faсе сompеtition from thе radia-

tion of largеr sauropsids, inЪludirrg thе thесodonts (anсеstors of dinоsaurs).

G loЬa l сhangеs invеgе ta t i on , suсhas thе rеp l aсеmеnto f t l r еmс l r еа r сha i с
sееd fеrns by thе сonifЪrs, mаy havе influеnсеd thеsе еvolutionary trеnds. An-

othеr issце that геlatеs to this rеplaсеmеnt mаy Ье that аtmosphеriс oкygеn

lеvеls wеrе apparеntly lowеr in tйе Triassiс thаn in rhе Pеrmiаn, and it сan Ье

infеrrеd from thе bioiogy of thе living rеlаtivеs of thесodonts (сrосodilеs and

birds) that supегlor lu,ig fun.tion may havе providеd thеm with а сompеti-

tivе есlgе. Additionally,1h. .gg, of Ьirds аnd сroсodilеs аге morе highly rе-

sistant to dеsiссаtron thаn thosе of othеr аmrriotеs; this {еaturе rnаy havе givеn
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thе thесodonts a сompеtitivе еdgе in thе apparеntly driеr сonditions of thе
Triassiс. Latе Triassiс сynodonts Ьесamе progrеssivеly smallеr, pеrhaps down.
sizing to еsсapе сompеtition. At thе vеry еnd of thе Triassiс (around 200 mil-
l ion yеars ago) only four l inеаgеs of synapsids rеmainеd. Two rat-sizеd
linеagеs of сynodonts pеrsistеd into thе Еarly Jurassiс, along with thе first
truе mammals. Only mammals prospеrеd past this timе, although a rеliсt
сynodont (and also a rеliсt diсynodont) arе now knоwn from thе Еaгly Сrе-
taсеous (-140 mill ion yеars ago). Thе еarliеst mammals of thе Jurassiс wеrе
shrеw sizеd, with tееth indiсativе of a shrеwlikе insесtivorous diеt. Thе ma-
jor largе land vеrtеЬratеs wеrе now thе dinosaurs, a сondition that сontinuеd
throughout thе rеst of thе A4еsozoiс.

Thе еarliеst mаmmals hаd rеlativеly largеr Ьrains than сynodonts, as wеll
аs modifiсations of thе ЬaсkЬonе to allow for flехion up and down. In latеr
mammals, with a morе moЬilе shouldеr, this fеaturе allowеd for Ьounding
loсomotion, Ьut initially it may havе Ьееn important to allow mammals to l iе
on their sidе to suсklе thеir young. Thе tееth of mаmmals now interloсkеd
prесisеly, indiсating aсtual сhеwing (mastiсation) of thе food, and formеd
only two sеts (milk tееth and pеrmanеnt tееth, as in humans). Thе еvolution
of еssеntially a singlе, nonrеplaсing adult dеntition wаs proЬaЬly important
for prесisеly oссluding tееth Ьесausе сontinually rеplaсing tееth сould not bе
maintainеd in prесisе alignmеnt. This typе of tooth rеplасеmеnt is proЬaЬly
also indiсativе of thе еvolution of laсtation Ьесausе thе еruption of dеntition
сould Ье dеlayеd until thе yorrng nеedеd to еat solid food. Thе еvolution of
suсkling rеquirеd thе еvolution of l ips that сould form a sеal and musсular
сhееks; thеsе fеaturеs wеrе proЬaЬly prесursors of thе сomplех sеriеs of fa-
сial musсlеs, sееn only in mammals, that humans now usе for spеесh and
faсial еxprеssions. Likе thе modеrn-day monotrеmеs (platypusеs аnd есhid-
nas), thе most primitivе of thе modеrn mammals, thеsе еarly mammals must
havе Ьееn еgg laying, would havе laсkеd nipplеs and an ехtеrnal еar, and
proЬaЬly had a dеnsе fur сoat.

During thе Jurassiс sеvеral diffеrеnt linеagеs of еarly mammals еvolvеd
and divеrsifiеd' mainly insесtivorous or сarnivorous in thеir diеt. Fеw wеrе
biggеr than a rat, and thеy wеrе mainly ехtinсt Ьy thе Crеtaсеous. our
knowlеdgе of A4еsozoiс mammals has grеatly inсrеasеd in thе past fеw yеars,
and wе сan now add digging, swimming, gliding, and somеwhat largеr (opos-
sum-sizеd) сarnivorous сrеaturеs to thе divеrsity of known forms. In thе Latе
Jurassiс (-180 mill ion yеars ago) a distinсt omnivorous/hеrЬivorous l ineagе
appеarеd, thе multituЬеrсulatеs (so сallеd Ьесausе of thеir сomplех сhееk
tееth). Тhе multituЬеrсulatеs Wеrе a highly suссеssful l inеagе of rodеntlikе
mammals that survivеd into thе Сеnozoiс (until around 40 mill ion yеars
ago), whеn thеy may havе Ьееn есlipsеd Ьy thе еvolution of truе rodеnts.
During thе latеr part of thе Еarly Сrеtaсetlus, a nеw typе of mammal аp-
pеarеd, thе thеrians' inсluding thе first truе marsupials and plaсеntаls. (Intеr-
еstingly' thе first monotrеmеs also datе from this timе.)

diеtary itеms. Thеrians all

Ь Iadе  tha t  сou ld  n r lw  sw i r

ing poss iЬ lе thе сhareсtеr i
modеrn mаrsupiа ls  аnd p

rathеr than laying еggs), a

it is not сlеar if viviparit1

еvolvеd this сondition indt

ilar in numЬеrs of spесrеs

nonе Ьiggеr thаn thе s izе

monly саllеd thе agе of п

malian еvolutiоnary histо

sizes to fill thе typеs of lar

nosaurs. Thе еvolution of

tеХt of thе сhanging patt

сhangеs in gloЬal сlimatс

Ьrеak up during thе Меs

Gondwana at thе start of

hаd not yеt  rеaсhеd thеi r

lеsсеnсе of сontinеntal pll

of mountain Ьuilding tha

proхimation thе world с1

warm' tropiсal-l ikе соndi

thе highеr latitudеs and ir

Thеsе сhanging global

typеs of mammals that

fi l lеd Ьy animals suсh as

around 5 mill ion yеars ai

thе dеsеrtif iсation of trop

sееd groups of mamma]

main ly oссurrеd v ia migг l

sеparating сontinеnts) rеs

mammalian typеs. Thе Ь.

tralian marsupials and pl;

marsupial "wolf," or thyl

fеrеnt groups of plaсеntа

сlosеly rе1atеd to еlеphanl
sphеrе.

of thе various mammа

adaptеd for spесifiс есolо

at diffеrеnt timеs and pla

is thе saЬеr-toothеd prеdz

сats,  wi th in а now-еxt in.

South Amеriсan marsupi

of hеavily Ьuilt, musсula

froпr hеrЬivоrous forms с

is  thе largе (Ь ison-s izеd)
Thеrians possеssеd nеw' morе сomplех typеs of сheеk tееth (triЬosphеniс

molars) that allowеd thеir ownеrs to proсеss a Ьroadеr spесtrum of availaЬlе



эntly driеr сonditions of thе

ivеly smallеr' pеrhaps down_

hе Triаssiс (around 200 mil-

Js rеmainеd. Two rat-sizеd

urassiс, along with thе first

this timе, although a rеliсt
,known from thе Еarly Сrе.

Lammals of thе Jurassiс wеrе

: insесtivorous diеt. Thе ma-

s, a сondition that сontinuеd

'ains than сynodonts' as wеll

lеxion up аnd down. In latеr

эaturе allowеd for Ьounding
.tant to allow mammals to l iе

lf mammals now intеrloсkеd

ln) of thе food, and formеd

as in humans). Thе еvolution

tion was proЬaЬly important

r rеplасing tееth сould not bе

loth rеplaсеmеnt is probaЬly

lusе thе еrupt ion of  dеnt i t ion

solid foоd. Thе еvolution of

rld form a sеal and musсular

s of thе сomplеx sеriеs of fa-

tans now usе for spеесh and

.rеmеs (platypusеs and есhid-

ls, thеsе еarly mammals must

'lеs and an еxtеrnal еar, and

:s of еaгly mammals еvolvеd

orous in thеir diеt. Fеw wеrе

inсt by thе Сrеtасеous. our

rсrеаsеd in thе past fеw yеars,

3, and somеwhat largеr (opos-

y of known forms. In thе Latе

lnivоrous/hеrЬivorous linеagе

:ausе of thеir сomplех сhееk

rссеssful linеagе of rodеntlikе

ntil around 40 mill ion yеars

hе еvolution of truе rodеnts.

' a nеW type of mammal ap-

rsupials and plaсеntals. (lntеr.

ris timе.)
:s of сhееk tееth (triЬosphеniс

Ьroadеr spесtrum of availaЬlе

Маmmаls 707

diеtary itеms. Thеrians also had a morе hingеlikе anklе joint and a shouldеr
Ьladе that ссluld now swing frееly, сontriЬuting to thе stridе lеngth and mak-
ing possiЬlе thе сharaсtеristiс Ьounding gait of many modеrn mammals. Both
modеrn marsupials and p|aсеntals arе also viviparous (giving Ьirth to ЬaЬiеs
rathеr than laying еggs), although thеy do it in somеwhat diffеrеnt ways' and
it is not сlеar if viviparity Was prеsеnt in thеir сommon anсеstor or if thеy
еvolvеd this сondition indеpеndеntly. Сrеtaсеous mammals wеrе divеrsе, srm-
ilar in numЬеrs of spесiеs to thе Сrеtaсеous dinosaurs, Ьut wеrе still small,
nonе biggеr than thе sizе of a small dog. Although thе Сеnozoiс еra is сom-
mоnly сallеd thе agе of mammals, it in fасt rеprеsеnts only a third of mam-
malian еvolutiоnary history, whеn mammals radiаtеd out into largеr Ьody
sizеs to fi l l thе typеs of largе land vеrtеЬratе niсhеs prеviously hеld by thе di-
nosaurs. Thе еvolution of Сеnozoiс mammals is Ьеst undеrstood in thе сon-
tехt of thе сhanging pattеrns of thе еarth's сontinеnts and thе subsеquеnt
сhangеs in gloЬal сlimatе. Although the supеrсontinеnt Pangaеa startеd to
Ьrеak up during thе Меsozoiс, thе southеrn сontinеnts Wеrе sti l l unitеd in
Gondwana at thе start of thе Cеnozoiс, and thе northеrn сontinеntal Ьloсks
had not yеt rеaсhеd thеir final positions. Movеmеnt, fragmеntation' and сoa-
lеsсеnсе of сontinеntal platеs сrеatеd сhangеs in oсеan сurrеnts and еpisodеs
of mountain Ьuilding that rеsultеd in gloЬal сlimatiс сhangеs. To a first ap-
proximation thе world сhangеd during thе Сеnozoiс from initially gloЬally
warm' tropiсal-likе сonditiсlns to a world that Ьесamе inсrеasingly сoldеr at
thе higher latitudеs and inсrеasingly driеr throughout.

Thеsе сhanging gloЬаl сlimatiс сonditions сonsеquеntly influеnсеd thе
typеs of mаmmals that еvolvеd. For ехаmplе, thе есologiсal niсhеs now
fil lеd Ьy аnimals suсh as polar Ьеars and сamеls wеrе not in ехistеnсе until
around 5 mill ion yеars ago' with thе dеvеlopmеnt of an Arсtiс iсе сap and
thе dеsеrtif iсation of tropiсal rеgions. AdditionalIy' thе isolation of diffеrеnt
sееd groups of mammals on diffеrеnt сontinеntal bloсks (аlthough this
mainly <rссurrеd via migration rаthеr than thе mammals Ьеing сarriеd on thе
sеparating сontinеnts) rеsultеd in a grеat amount of сonvеrgеnt еvolution of
mammalian typеs. Thе Ьеst known of thеsе аrе thе еxamplеs Ьеtwееn Aus-
tralian marsupials and plaсеntal mammals еlsеwhеrе (е.g., plaсеntаl wolf and
marsupial ..wolf, ' ' or thylaсinе), Ьut mаny othеr ехamplеs ехist Ьеtwееn dif-
fеrеnt groups of plaсеntals. Foг еxamplе, thе Afriсan goldеn molе ts morе
сlosely rеlatеd to еlеphants than it is to thе truе molеs of thе Northеrn Hеmi-
sphеrе.

of thе various mammalian есomorphologiсal typеs (partiсular Ьody typеs
adaptеd for spесifiс есologiсal rolеs), two typеs that havе rеpеatеdly еvolvеd
at diffеrеnt timеs and plaсеs in thе past arе missing from today's world. Onе
is thе saЬеr-toothеd prеdator. This typе of mammal еvolvеd twiсе within truе
сats, within a now-еХtinсt family of ..falsе saЬеr-tooth'' сarnivorеs, and in
South Amеriсan marsupiаls. (Australian marsupials produсеd a similar typе
of hеavily Ьuilt, musсular prеdator, thе marsupial l ion, whiсh had еvolvеd
from hеrЬivorous forms and so laсkеd thе distinсtivе сaninеs.) A sесond typе
is thе largе (Ьison-sizеd) сlawеd hеrЬivorе that сould risе on its hind lеgs to
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pull down Ьranсhеs. Мammals l ikе this еvolvеd among thе hсlrsе-rеlatеd
сhaliсothеrеs in thе Northегn Hеmisphеrе and Afriсa, among nativе ungu.
latеs and giant ground sloths in South Amеriсa, аnd among womЬat-rеlatеd
forms in Australia.

A Ьriеf history of Сеnozoiс mаmmalian distriЬution is as follows. At thе
start of thе Сеnozoiс, Afriсa was isolatеd from thе othеr сontinеnts and
еvolvеd its own spесializеd faunа (е.g.' еlеphаnts); primatеs wеrе also known
еarly on in Afriсa, Ьut othеr northеrn immigrants (suсh as сarnivсrrеs and un-
gulatеs, or hoofеd mаmmals) did nоt rеaсh thеrе until thе еarly Мioсеnе,
around 20 mill ion yеars ago. Thе monotrеmеs Wеrе thе oгiginal Australian
inhabitants; marsupials (immigrating from South Amеriсa via a thеn-iсе-frее
Antaгсtiсa) Wеrе not known until thе еаrly Еoсеnе, around 55 mill ion yеars
ago. South Amеriсa was isolatеd until thе middlе Plioсеnе (2.5 mill ion yеars
аgo), whеn thе Isthmus of Рanama formеd. Its original fauna сonsistеd of
еdеntatеs (sloths' armadil los, and antеatегs), marsupials (сlpossums аnd
Ьorhyaеnids, now-еxtinсt prеdatory forms), and nativе ungulatеs (now all
ехtinсt). Around 40 mill ion yеars ago it gainеd its stoсks of primatеs and
сaviomorph (rеlаtеd to guinеа pigs) rodеnts' most l ikеly from аnimals rafting
ovеr from Afriсa. AЬсlut 2.5 mill ion yеars ago many fоrms migratеd from
North Amеriсa, аnd now ovеr half thе South Amеriсan fauna is of rесеnt
northеrn origin (е.g., сats, foxеs' tаpirs, dееr, and mousеlikе rodеnts). North
Amеriсa and Еurasia havе long had fairly Ьroad faunal сonnесtions, Ьut today
their mammal faunas arе morе similar than in many Past timеs. For ехamplе,
North Amеriсan dееr and Ьison arе reсent (Within thе pаst 3 mill ion yеars)
Еurаsian immigrants.

During thе еarly Сеnozoiс (thе Pаlеoсеnе and еarly Еoсеnе еpoсhs, from
65 to 50 mill ion yеars ago) thе world was in gеnеral warm and еquaЬlе and'
with thе Ьrowsing pгеssurе of thе hеrЬivorous dinosaurs геmovеd, was largеly
сovеrеd in forеsts; tгopiсаl-l ikе forеsts ехtеndеd еvеn within thе соnfinеs of
thе Arсtiс Сirсlе. Thе typеs of mammals Prеsеnt wеrе largеly аrЬorеal insесt
and fruit еatеrs' with a fеw tеrrеstriаl omnivorеs аnd hеrЬivorеs. Small prеd-
ators inсludеd еаrly mеmЬеrs of thе modеrn ordеr Сarnivora, Ьut largеr
prеdators wеrе not divеrsе and bеlongеd to groups now ехtinсt. Most of
thеsе mammals havе Ьееn tеrmеd аrсhаiс typеs, mеaning that thеy Ьеlongеd
to linеagеs that did not pеrsist until thе prеsеnt day (indееd, most Wеnt еx-
tinсt Ьеforе thе еnd of thе Palеoсеnе). Thе start of thе Еoсеnе saw thе first
appеaranсе of primatе and modеrn ordеrs of ungulatеs (with thе first rodеnts
appеaring in thе latеst Еoсеnе) and also thе highly spесializеd Ьats аnd
whalеs. Thе first known fossil Ьats arе alrеady сlеarly spесializеd fl iеrs, and
wе havе littlе information on thеir anсеstry. Howеvеr, in thе past dесadе a
spесtaсular sеriеs of еarly fossil whalеs hаs Ьееn сollесtеd that сlеarly shоws
thе transition from a land animаl to a sессrndаrily aquatiс оnе.

Around 50 million yеars аgO tеmpеraturеs in thе highеr latitudеs startеd to
fall, rеsulting in inсrеasеd sеasonality zrnd wintеr frosts. By thе start of thе
oligoсеnе (33 million yеаrs ago) thе tropiсal forеsts wеrе сonfinеd to the
еquаtorial rеgion, and dесiduous woodland sprеad aсross muсh of thе North.
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еrn Hеmisphеrе. Thе arсhaiс manrmаls Wеrе now all ехtinсt, primatеs wеrе
сonfinеd to thе tropiсs, and morе modеrn typеs of largе prеdators (dogs and
сats) madе an appеaranсе' Rodеnts and raЬЬits (or еquivalеnt typеs of small
hеrЬivorеs) Wеrе сomпlon, and thе ungulatеs Wеrе largеr and mostly lеaf еatеrs
rаthеr than fruit еatеrs. In South Amеriсa largе rсldеnts (likе ttlday's сapyЬara)
took ovеr somе of thе small ungulatе niсhеs. A warming trеnd during thе
еarly Mioсеnе, around 20 mill ion yеars ago' followеd Ьy suЬsеquеnt сooling
and drying duгing thе lаtег Мioсеnе (12_.5 mill ion yеars ago), Ьrought with it
thе sprеad of savannа-typе haЬitats (trееd grasslands) at highеr lаtitudеs.
Long-lеggеd ungulatеs' with tееth modifiеd for еating grass, Ьесamе prеvalеnt
in North Amеriсa (horsеs), Еurasia (antеlopе), and South Amеriсa (ехtinсt na.
tivе forms). Howеvеr, thе еquivalеnt typеs of marsupiаl, thе largеr kangaroсls,
Wеrе not in еvidеnсе until thе Plioсеnе in Australia. Furthеr сooling and dry-
ing in thе latе Сеnozoiс (from around 8 mill ion yеars аgсl) rеsultеd in thе
transforrтation of thеsе pгoduсtivе savanna haЬitats into lеss produсtrvе trее-
lеss prairiе' with thе loss of largе mammal divеrsity. Plio.Plеistoсеnе (from 5
mill ion yеars ago) сooling rеsultеd in thе iсе agеs (largеly ехpеriеnсеd Ьy thе
Northеrn Hеmisphеrе), and spесializеd mammals (suсh as musk oх and rеin-
dееr today and woolly rhino аnd mammoths in thе rесеnt past) inhaЬitеd thе
nеw high-latitudе haЬitats suсh as tundra. Howеvеr, iсе-agе gloЬаl сoolirrg
and drying rеsultеd in thе dеvеlopmеnt of еxtеnsivе savanna haЬitats in trоp-
iсal Afriсa and Asia, whiсh todаy prеsеrvе thе typе of largе.mammal divеrsity
that was formеrly сommon worldwidе.
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NIаn,s Plасe in Nаture (Thomas Hеnry Huхlеy)

Thomas Hеnry Huxlеy's Мап's Plасе iпNаture (1863) (thе full tit lе is Еul-
dепcе аs to Маn's Plасе iп Nаture, but it is alwаys known Ьy thе shortеr tit lе,
whiсh appеarеd on thе spinе) was thе first Еnglish book aftеr Darwin's oz
thе Оrigiп of Spесiеs to rеlаtе humans аnd apеs anatomiсally and in еvolu.
tionary tеrms (thе Оrigin had avoidеd thе suЬjесt). And it did so in punсhy
prosе for gеnеral сonsumption.

Its inсеption lay in Нuxlеy's disputе with thе antitransmutationist Riсhard
Owеn. Owеn, an ехpеrt on apеs (inсluding thе gorillа' disсovеrеd in thе 1840s),
plaсеd mankind in a nеw suЬсlass, Arсhеnсеphala (ruling Ьrain), in 1858. Hе
insistеd that humаns possеss uniquе сеrеЬral hеmisphеrеs, whiсh dividе into a
third loЬе, whosе latеral vеntriсlе сontains a protruding ..hippoсampus minor.''

Huхlеy, a Ьiologist аt London's Sсhool of Мinеs, hatеd owеn's hautеur
and providеntialism and rеspondеd in 1858 by stating that ..thеrе is vеry l it-
tlе grеatеr intеrval аs апimаls Ьеtwееn tЬe Gorillа k the Маn than ехists bе-
twееn thе Goril lа & the [ЬaЬoon|'' (lесturе 10, Marсh 16, 1858, Royal
Institution Sеriеs, Prinсiplеs of Biology, January 19_Marсh 23, 1858' Нuxlеy
Papеrs, Impеrial Сollеgе, l,ondon, З6.100). This sеntimеnt stands at thе hеart
of Мап's Plасе iп Nаturе. Сritiсizing ..Thеology & Parsondom'' in his talks
to artisans in 1859, Huхlеy addеd that humans and animals .,must havе pro-
сееdеd from onе anothеr in thе way of progrеssivе modifiсation'' (Huxlеy

1859). It was, hе told a friеnd, ..as rеspесtaЬlе to Ье modifiеd mоnkеy as
modifiеd dirt' ' (lеttеr to Frеdеriсk Dystеr' January З0, 1859, Huxlеy Papеrs,
Impеrial Сollеgе, London, 15.106). Bеforе tЬe Оrigiп appеarеd, Huxlеy had
polarizеd thе issuе сlf human еvolution vеrsus сrеation.

owеn rеassеrtеd his сlaim at thе mееting оf Oxfoгd's British Assoсiation for
thе Advаnсеmеnt сrf Sсiеnсе in 1860. From thе floor сamе Нuхlеy's pointеd
сontradiсtion, and from his pеn a suЬstantiating еssay ..on thе Zoologiсal Rе-
lations of Mаn with thе Lowеr Animals' ' (1861), whiсh showed that apе Ьrains
possеss еvеry ..uniquе'' human fеaturе. Thе disputе, whiсh еxplodеd publiсly
in tЬ'e Аtbепаецm tn 1861, alеrtеd rеspесtaЬlе soсiеty to human еvolution.

Thе paupеr prеssеs hаd long rеlishеd an aristoсraсy-humЬling Ьеstial ori-
gin, and Hr'rxlеy was tapping this groundswеll for support. Не portrayеd еvo-
lution as sеlf-Ьеttегmеnt: it grаntеd dignity to humЬlе origins. Huхlеy's artisan
tаlks' running through 1862, foгmеd thе sесond сhaptеr of Мап's Plасе in
|хIаture (thеrе wеrе only thrее сhaptеrs). Sеrеndipity providеd thе third. Sir
Сharlеs Lyеll, who was writing hts Апtiquitу сlf Мап, askеd Нuхlеy's viеws
on Nеandеrthal lv[an (found in 1856). Huхlеy's еnsuing Royal Institution lес-
turе ..On Fossil Rеmains of Man'' (Huхlеy 1858-1862) would frnisЬ, Мап's
Plаce iп Nаturе' and hе garnеrеd aссounts of l iving apеs for an opеning
сhaptеr. |f Маn's Plасе iп Nаturе was lеss assеrtivе on еvolution than his lес-
turеs, it would sti l l priсk Viсtorian vanitiеs, not lеast Ьy suggеsting that hu-
mans might go baсk far into gеologiсаl timе.

An in i t ia l  pr int ing of  ] ,000 сopiеs h i t  thе Ьooksta l ls  in FеЬruary 1863.
Darwin had nеvеr ..rеad anything grandеr' ' than thе сlosing of thе middlе
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Маn's Plaсе in Naturе 711

Goвrrrl. trL{N.

Shеlеtons ojГ tha

CпlмpдпzвЕ.

Whеn it саmе to еvolution' Thomas Hеnry Huхlеy hаd vеry diffеrеnt motivеs
from Сharlеs l)arwin. Тhе lattеr wаntеd to providе an ovеrall sсiеntifiс thеory
or paradigm; thе fоrmеr wаntеd mаtеrial tо fight thе Сhristians. Thеrе is l ittlе
wondеr that Нuхlеy at onсе piсkеd up on that aЬout whiсh Darwin Wаs so
rеtiсеnt' namely human еvolution. This frontispiесе сlf Маn's Plасе in Nаture is
dеsigned to sЬow Ьеyond douЬt that wе humans arе from thе samе stoсk as thе
grеat apеs. Мost pеоplе аgrееd, although to this day Сhristians usually arguе
thаt our souls arе insеrtеd miraсulously.

сhaptеr ( lеt tеr  to Huхlеy,  FеЬruary 26,  186З, Darwin 1 '999, |1:  180).  But
thе rеligious prеss Was stunnеd, and many notеd thе lасk of any rесogni-
tion of mind and spеесh. Brisk salеs nесеssitatеd an immеdiatе 1,000-сopy
rеprint. Thе only Ьar to its fall ing into gruЬЬiеr hands was thе priсе: six
shil l ings, ехpеnsivе for a 159-pagе tomе. Еvеn so, thе Сatholiс St Gеorgе
Мivart was griеvеd to sее translations at Itаlian railway stations alongsidе
,,obsсeпities,', showing that thе strееt-lеvеl fasсination strеtсhеd aсross Еu-
ropе (unpuЬlishеd lеttеr from Мivart to Сhаrlеs Dаrwin, April 25' 1870'
Darwin Сo1lесt ion,  Univеrs i ty L iЬrary,  СamЬr idgе,  Fo ldеr 171; еmphasis  in
or ig ina l) .

Lуe||'s Aпtiquitу of Мап was puЬlishеd within days of Мап,s Plасe in Nа-
ture.TЬe first madе man ..a hundrеd thousand yеars', old' said onе rеviеwеr'
sсooping thе modеrn worldviеw, and thе sесond gavе him ..a hundrеd thou.
sand apеs for  h is  anсеstors ' '  (Anonymous 186з).
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Anсlnymous. 186З. Еuidепсе {1s to Ма||'s Plаcс iп Nаturc [rеviеw]. Atbепаеum,
FеЬruary 28,287-288,

Dаrwin, С. 1999 , Тhе Сorrеs1loпdепсе of Сhаrlеs Dапuill' Vol. 1 1. СamЬridgе:
СamЬridgе Univеrsity Prеss.
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Мargulis, Lynn (ь. 1'9З9)

l ,ynn Mаrgulis, a longtimе profеssor of gеosсiеnсеs i lt thе Univеrsity of Mаss-
aсhusеtts' Amhегst, is propеrlv сеlеЬratеd foг hеr stГong ildvoсaсy of thе oгi.
gin of еukurryotе сеlls (сеlls witlr a nuсleus) frotn trtorе primitivе prokary<ltе
сеlls (сеlls withсlut a nuсlеus). Somе vеrsion of rhis thеrlry goеs bасk to thе
ninеtееnth сеntury' whеn it was pushеd Ьy thе Russian liсhеn spесialist Kon-
stantin Sеrgiviсh Меrеzhkovskу (1855_1921), and it was advoсatеd in thе
1920s Ьу thе Swеdish Amеriсаn ]vаn !Иallеn. But it lvas Мargulis whо took
up thе idеa, now known aS tЬe епdosуmbiotiс thеorу, offеrеd miсrсlsсopiс
еvidеnсе, аrrd pushеd it (in hеr Ьook Оrigiп oi Еukаrуotiс Сеlls, 1970) until
it Ьесamе orthodoхy.

A4argulis сlaimеd that сеrtain funсtiоning p:rrts of thе сеll (organеllеs) arе
in faсt formеr prokaryotеs that havе Ьееn takеn up and now funсtion for thе
Ьеnеfit of thе wholе еukaryotiс сеll. Inсludеd hеrе arе mitoсhondria and
сhloroplasts' rеspесtivеly' thе powеr plants of thе сеll and (in plants) thе or-
ganellеs th2rt pегfoгm photosyrrthеsis. Dеfinitir,е proоf of N{argulisЪ position
сamе in thе 1980s whеn it was disсovеrеd that tlrе DNA оf thеsе orgzrrrеllеs is
diffеrеnt from that of thе сеll 's nuсlеus Ьut Ьеars signifiсant similaritiеs to
that of various prokaryotеs' for instanсе, in Ьеing сirсular, hаving thе sаmе
size, and Ьеing аЬlе to pегfоrпr thе samе funсtiotrs as thе appropriatе or-
ganеllеs or funсtions similar to thosе of thе organеllеs'

Мargr-rl is's thinking is dееply inf]uеr-rсеd Ьy Ьег plri lt lsophy of l ifе, wlriсh
sееs hаrmony and mutualisrrr in naturе rathег rlrаn fighting and arrtagonism.
Although somе havе arguеd that thе еndosymЬiotiс thеory сan Ьеst Ье sееn
in tеrms of саpturе and slаvеry-thе organеllеs Ьy thе main сеll-for hеr it is
rathеr a mattеr of diffегеnt l ifе forms сoming togеtl"lеr in a suссеssful atеmpt
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to work as a unifiеd wholе. Shе sееs еvolution lеss in tеrms of a ruthlеss Dar-
winian strugglе than аs a proсеss Ьasеd on tЬе sidеways transfеr of gеnеtiс
matеrial from onе organism to anothеr, сarriеd via miсroorganisms likе Ьaс-
tеria' This viеw has Ьееlr rесеivеd with somе skеptiсism, although rесеnt
work сln thе hurrrirn gеnomе strongly suggеsts that gеnеtiс matеrial is trans-
fеrrеd sidеways in this fashion. Sinсе Dаrwinism works on gеnеtiс variation,
howеvег oЬtаinеd, it is pгobaЬly Ьеrtеr to tlrink of this sort of phеnonrеnon
as a сomplemеnt to Darwinian еvolution than аs an opposing viеw.

In rесеnt yеаrs, :.rlso guidеd Ьу hеr philоsophy of haгmony and mutualism,
Margulis (togеthеr with Dorior-r Sagan, hеr son from hеr mаrriagе to Сarl
Sagaп) has Ьееn a Strong аdvoсatе of thе Gaia hypothеsis, whiсh sееs thе
еaгth as an organism and as sеlf-rеgulating' at lеast Llnti l hLlmans disruptеd it
so signifiсantly that it сould no longеr funсtion propеrly. .I.his 

advoсaсy has
ехpесtеdly hеapеd сritiсism on Мargtrl is's hеad-пrany сonvеntionаl Ьiolo-
gists еquatе thе Gaia hypothеsis with prе-Сhristian naturе woгship-and
еqually ехpесtеdly shе is morе tilan prеparеd to wеаthеr thе stoГm' сon-
vinсеd of tlrе rightnеss of hеr сausе.
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Margrrlis, L. 1970. Origiп of Еuhаrуotiс Сalls: Еuidепсе апd Rеsеаrсh ]mDliсаtitlпs
for а T|tеоrу оf the Оrigiп апt! Еuo|utiсlп of Мiсro|liаl, PIапt, апd Апimаl Сеlls
oп thе Prесаmbriап Еаrth. Nеw Hаvеn, СT: Yаlе Univеrsity Prеss.

2ОО0' Sуmbiotiс Plапеt: А Nеtu Lсlok аt Еt,olutillп, Nеw York: Bаsiс Books.
Мargul is ,  I . . ,аndD.Sagar-r .  1997.S lапtеdTruths:Еssауsс lпGаiа,Sуmbios isапd

Еuolutit. lп. Nеrд. York: Сopеrniсus Books. -М.R.

Мarsh, othniеl Сharlеs (1s3 1-1s99)
othrriеl СЬaгlеs Маrsh was tЬе most influеntial palеontologist in latе-
ninеtееnth-сеntuгy Amеriса. Hе еxploitеd tlrе wеalсh of his unсlе, Gеorgе
PеаЬody, and his сonnесtions with thе U.S. Gеologiсal Survеy to ехplorе thе
riсh fossil Ьеds of thе Wеst. Hе Wаs an еnthusi:lstiс supportеr of Darwinisnr and
usеd many of his fоssil disсovеriеs to prоvidе еvidеnсе in support of еvolution.

Мarsh was Ьоrn in Loсkport, Nеw York, irr 1831' Не wаs гrаinеd at thе
Shеffiеld Sсiеntifiс Sсhool of Yalе Univеrsity аnd aftеr thrее yеars of study in
Еuropе rеturnеd to Ьесonrе рrofеssor of pаlеontology at Yаlе in 1866. His
unсlе finanсеd thе PеаЬody Мusеum at Yalе and providеd funds for thе п-rany
еxpеditions that Маrsh sеnt to tЬе !Иеst' Although Маrsh Was a rеsеrvеd mirn,
hе was politiсally аstutе and Ьесаmе a powеrful figr.rrе in thе Nаtional Aсаd-
еmy of Sсiепсеs (hе sеrvеd as prеsidеnt fгom 188З to 1895). Hе was palеontol-
ogist of thе U.S. Gеolоgiсal Sr-rrvеy from 1882 тo |892 and еxploitеd this
сonnесtion to Ьoost his оwn privatеly finanсеd ехpеditions. Hе еngagеd in a
fiеrсе fеud with Еdward Drinkеr Сopе ovеr aссеss to W,еstеrn fossils and ovеr
thе rraming and dеsсriptitln of spесiеs (sее alsсr thе аlphaЬеtiсal еntry on Сopе
in th is  vo lumе).  Hе d iеd in 1899.

Marsh's tеаms disсovеrеd mar-ry nеw spесiеs of fossil maпrmals and rеptilеs.
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PLIoсЕNЕ.

PLloнIPPUs.

PRoтoцIPPUs
(Ei|!4iЙ'.

МIoсЕ,NЕ.

мloнIPPUs
(Апсhilhcriuni.

мЕsol{IPPus.

ЕoсЕNЕ.

oRoвIРPUs"

On a lесturе tour t() thе Unitеd Stаtеs' Тhomas Неnry Lluхlеy was Ьowlеd ovеr
Ьy othniel Marsh,s сollесtion of horsе fossils. To makе thе сasе for еvolution in
а puЬliс leсtuге, hе used this reсonstruсtion of hoгsе еvolution (somеthlng wе
now know to Ье muсh morе Ьranсh-likе), prеdiсting thаt soon a fivе-tоеd
anсеstor would Ье disсovеrеd. Tо his dеlight' soon thеrеаftеr a spесimеn with
rudimеntary fifth toеs was disсovегеd. (Мarsh сal[еd it Еohippиs,..dаwn horsе.' '
It was thеn disсоvеrеd thаt spесimеns had Ьееn found еarliеr, although not
idеntifiеd аs horsеs. Thе еaгliеr name, Н1,rасotbеrium' takеs prесеdеnсе,
although oЬviously Мarsh's namе has stuсk.)
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Hеnry Huхlеy was Ьowlеd ovеr
o mаkе rhе саsе for  еvo|ut ion in
orsе evolution (somеthing wе
ring tЬat soon a fivе-toеd
on thеIеаftеr a spесirrlеn with
allеd it Еobippиs,..dawn horsе.' '
found еarliеr' although not
еr i um, takes prесеdеnсе,
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His сollесtion of horsе fсlssils (sее figurе) gеnеratеd What appеarеd to Ье а сon-
tinuous sеqLiеnсе of еvolutiоn frtlm tlrе snrаll fotrг-toеd Есrсеrrе Еohippus to tЬe
пrodеrn horsе, :l sеquеnсе that Tlrсlmаs Hеnry Нtlxlеy сallеd ..dеmonstгativе

еvidеnсе of еvolution'' (Нuхlеy 1888,90). Thе fossils sееmеd to irrdiсatе a
trеnd of inсrеasеd spесialization Ьy adaptation to running on thе оpеn plains,
although thе truе stoгy of thе horsе fаmily turnеd out to Ье far morе сomplех.
M;rrsh аrlso disсovеrеd toothеd Ьirds from thе Сrеtaсеtlr.rs, whiсh hе dеsсriЬеd
in a monograp6, ()dсlпtсlrпitbеs \1880). Likе thе Ьеttеr_known Аrсlltlеoptеrух
from Gеrmany' thеsе wеrе hailеd zrs important сonfirmation of thе viеw that
Ьirds had еvolvеd from rеptilеs. Thе hеad of оnе of Мarsh's Ьirds, Iсhthуornis,
was suЬsеquеntly found to Ьеlong to а marinе rеptilе. Мarsh disсovеrеd and
naпlеd a largе numЬег of dinсlsaurs аnd also studiеd thе еvolution of а group
of giаnt еaгly mamtnаls hе сallеd Dinoсеrаtа. In his n-rorrogгaph on this group
(l886) hе traсеd tlrе origin of tlrе Ungulata Ьaсk to:r hypothеtiсal Сrеtасеous
anсеstor. Likе Нuxlеy, hе Ьеliеvеd that thе origin of ordеrs and сlassеs lay
muсh furthеr baсk in gеologiсal timе than thе еarliеst known fossils.

]VIarsh was an еnthusiastiс suppoГtеr of Darwinism, although hе did not
с()nсегn himsеlf with thе dеtails of how еvolution rvсlrkеd. Hе Ьеliеvеd that
natuгal sеlесtiorr would gradLrirl lv favоr thе irrсrеasing sizе of thе Ьrаin Ье-
сausе intеll igеnсе was an importirnt adaptivе advаntagе. In his 1877 аddrеss
T'hе lпtroduсtir>п аnd Suссessioп of Vertеbrаtе Lifе iп Аmеricа hе arguеd
thаt palеontologу providеd сiеar pгoof of this adaptivе trеnd toward inсrеas-
ing Ьrain sizе in thе сOllrsе of еvсllution. Maгsh's law of Ьrain growth is a typ.
iсal produсt of rri nеtееr-rth-сеntllry progrеssion isr еvolutiorrism.
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Мass еxtinсtions

Мass ехtinсtions arе gloЬal саlаrniсiеs сlf Ьriеf сlurirtion in whiсlr largе num-
Ьеrs of spесiеs from divеrsе haЬitаts arе destroyеd. Thеy arе thr:s distinсt
from morе rеgional еxtinсtion еVеnts that oftеn oссur Ьесausе of normal gе-
ologiсal proсеssеs. For еxапrplе, spесiеs that arе rеstriсtеd to a maгinе еm-
Ьа,vn-rеnt or а lakе nlаy go ехtinсt if thеir hаbitat is gradually infi l lес] with
sеdimеnг.  I t t  сtr t t t rаьt ,  гhе g l . l l la l  I l J tuге t l I  n l . tss схt i l1сt i () l l s  rеq i t i геs strr l le
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gloЬal-sсalе сatastrophе' oftеn involving thе nеar shutdown of all photosyn-
thеtiс aсtivity. Suсh disasгеrs rеquirе mаjor сhangеs of thе еarth's сlimatе and
oсеan сirсulation systеm. Thе most famous of thеsе g1oЬаl disastеrs is thе
giant mеtеoritе impaсt that is thought to havе tеrminatеd thе rеign of thе
dinosaurs 65 mill ion yеars ago. This is known as thе K-T еvеnt Ьесausе it
marks thе Ьoundary Ьеtwееn thе Сrеtaсеous pегiod' whiсh is spеllеd with a
K in Gеrmаn, and thе fоllowing Tеrtiary. Howеvеr, this is not thе only mass
ехtinсtion of thе fossil rесord. Plots of ехtinсtion ratеs through timе (sее

figurе) rеvеаl grеat vаriabil ity, with fivе major pеaks сlеarly sееn and pеrhaps
twiсе this numЬеr of smaliеr еxtinсtion еvеnts. Thе major pеaks arе known
аs thе Ьig 5 mass ехtinсtions' with thе K-T еvеnt bеing thе most rесеnt. How.
еvеr' Ьy fаr thе Ьiggеst mass ехtinсtion of all timе was аround 250 mill ion
yеars at thе boundary Ьеtwееn thе Pеrmian and Triassiс pеriods. This P.Tr or
еnd-Pеrmian еvеnt saw thе loss of morе tЬan 90oЬ of all spесiеs. This сatas-
trophе was as dеvastаting on land as it was in thе sеas and oсеans and,
uniquеly, was also a sеvеrе сrisis for tеrrеstrial plants. In othеr еxtinсtion
еvеnts plants gеnеrally farеd muсh Ьettеr than animals.

сAUsEs  oF  MAss  Еxт |Nст |oNs

Thе idеa that mass ехtinсtions havе punсtuatеd thе history of l ifе has Ьееn
around fсlr a long timе. Thе rеason that most mass-ехtinсtion еvеnts oссur at
mаjor Ьoundariеs of gеologiсal timе, suсh as Ьetwееn thе Сrеtaсеous and
Tеrtiary' is that thеy mark major disсontinuitiеs in thе history of l ifе and thus
arе usеful markеrs for thе suЬdivision of gеologiсal timе. Thеsе timеs wеге
oЬvious еvеn whеn suсh intеrvаls wеrе Ьеing dеfinеd in thе еarly ninеtееnth
сеntury. Howеvеr' thе intеnsivе study of thе сausеs of mass ехtinсtions is
a muсh morе rесеnt sсiеnсе thаt сan Ье datеd to thе puЬliсation of a study Ьy
Luis Alvarеz, his son 

.Waltеr, 
and two сollеaguеs in 1980 (Alvaгеz еt al.

1980). This group mеasurеd thе сonсеntrations of thе еxсееdingly rarе traсе
mеtal iridium in sеdimеnts that straddlеd thе Сrеtaсеous-Tеrtiary transition.
For thе most part this mеtal oссurs in tiny amounts in thе еarth's сrust, Ьut
thе Alvarеzеs аnd сollеаguеs found a dramatiс еnriсhmеnt prесisеly at thе
lеvеl of thе mass ехtinсtion. Thеy suggеstеd thаt this iridium сamе from a
сhondritiс nrеtеoritе (onе of thе most сommon typеs of n-rеtеoritе) and got
into thе sеdimеnt from fallout in thе aftеrmath of a giant impaсt. Thе iridium
anomaly has now Ьееn dеtесtеd in dozеns of loсations аround thе world, and
this, togеthеr with thе disсovеry of thе impaсt сratеr in thе Yuсаt5n Pеnin-
sula of Мехiсo, has еnsurеd that thеir hypothеsis is now widеly aссеptеd.
Thе сratеr is loсatеd nеar thе vil lagе of СhiсхuluЬ and is Ьuriеd Ьеnеath
youngеr sеdimеnts. It may Ье as muсh as 180km in diamеtеr, making it onе
of thе largеst irnpaсt сratеrs known on еarth.

In thе original 1980 artiсlе thе link Ьеtwееn thе impaсt and thе rеsultant
mass ехtinсtion was thought to havе сomе aЬout from thе gloЬal darknеss
that would follow suсh a largе impaсt. Thе еnеrgy of suсh an еvеnt would
pulvеrizе Ьoth thе mеtеoritе and targеt гoсks into dust and finе droplеts of
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Сomparis<ln of еxtinсtion ratеs with thе tirning of largе volсaniс provinсеs and
iaгgе mеtеoritе сrаtеrs оvеr thе pаst 300 mill ion yеars. Notе thаt all thе
rесognizеd еxtinсtitln еvеnts (markеd with аn astеrisk) сoiпсidе with thе
еruption of largе volсaniс pгovinсеs; howеvеr' onlу thе Сlriсхulub сratеr
сo inс idеs with а mass-еxt i l l с t ion еr 'еnt .

l iquid and Ьlast thеm into thе outеrmost rеaсhеs of thе atmosphеrе. Thеrе
thеy would sta), suspеndеd in thе uppеr atmosphеrе for sеvеral morrths and
pеrhаps еvеn yеаrs and thus Ьloсk most sunlight. The сonsеquеnсеs would Ье
dеvastating for thе photosynthеsizеrs that form tlrе bаsе of thе food сhain in
nlost есosystеms. Thе rеsultant сasсadе of ехtinсtions would pаss On up
through thе food сhain to thе hlghеr сonsumеrs' suсh аs Tуrаппсlsаurus rех'
whiсh would diе of stагvati<rn, n<lt to rnеntion thе сold саusесl Ьy thе laсk of
sunlight. It appеars that thе magnifiсеnt dinosаur dynasty mеt a nrisеraЬlе
еnсl. This original kil l sсеnario sti l l holds sway with sсiеl-ttists, Ьtrt witlr thе
аddition of various othеr nasty еffeсts. For еxаmplе, thе СhiсxuluЬ impaсt
sitе is vеry unusual in that muсh сalсium sulfatе is prеsеnt in thе targеt strata.
Tlris would havе bееn vaporizеd on impaсt and tlrеn rаinеd Ьaсk as a сoI1-
сеntratеd typе of aсid rain (sulfurrс aсid). From tlrе point of viеw of dinosaurs,
this сornег оf Mехiсo wi1s а partiсularly trnfortunatе plaсе for a mеtеoritе
ro hit.

Thе 19t]0s and 1990s saw muсh dеЬatе on thе сonnесtion of thе mеrеoritе
impaсt witlr ехtinсtion. аnd mаny sсiеntists сonsidеrеd thе K-Т sсеnario ap-
pliсaЬlе tо all ехtinсtion еvеnts. Somе wсlrkеrs еvеn saw a pеriodiсity to еx-
tinсtions in whiсlr thе K-T еvеnt Was jtlst onе of sеvеr:rl еvеnts that wеrе
spасеd everу 26 mill ion 1'еаrs. A rеgular pеriodiсity rес1uirеs a rеgular ехpla-
nation that is unlikеly t() сomе from random еarthЬсrr'rnd proсеssеs. Thus
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various astronomiсal sсеnarios Wеrе proposеd whеrеЬy thе еarth was suЬ-
jесtеd to dеvastating mеtеoritе and/or сomеt showеrs evеrу 26 million yеаrs.
Нowеvеr, suЬsеquеnt study of thе fossil rесord and improvеd agе dating of
thе roсks has shown that sеvеral of thе 26-mill ion-yеar ехtinсtion еvеnts do
not еxist (for ехamplе, thеrе was no ехtinсtion eуent 26 million yеars aftеr
thе dеath of thе dinosaurs). Nonе of thе ехtinсtion еvеnts that rеmain show
a rеgular spaсing. For ехаmplе, thеге Was a mass еxtinсtion 200 mill ion yеars
ago, known as thе еnd-Triassiс еvеnt, followеd Ьy а smallеr-magnitudе ех-
tinсtion еvеnt 20 mill ion yеars latеr in thе еarly Jurassiс. Thе nехt еxtinсtion
еvеnts did not oссur until thе Crеtaсеous' ovеr 80 mill ion yеars latеr, and
thеsе wеrе all vеry minor affairs сomparеd with thе K-T еvеnt.

Attеmpts to l ink othеr еxtinсtion еvеnts with mеtеoritе impасts havе so far
provеd rathеr unсonvinсing, mainly Ьесausе of a laсk of еvidеnсе. For ехam-
plе, thе Maniсougan Сratеr of northеrn Ontario, Сanada' is roughly 70%
thе sizе of thе СhiсxuluЬ сratеr. It is onе of thе largеst сratеrs known Ьut
sееms to havе had littlе or no еffесt on ехtinсtion ratеs. Thе сratеr was formеd
220 mill ion yеars ago at a timе markеd Ьy vеry low eхtinсtion ratеs. Нow-
еvеr, it is worth noting that a giant impaсt сratег datеd to thе Ьoundary of
thе Pеrmian and thе Triassiс has rесеntly Ьееn rеportеd from thе northwеst
Australian сontinеntal shеlf, thus l inking in timе a Ьig сratеr with thе Ьiggеst
mass еxtinсtion. Howеver, thе сlaims for this сratеr hаvе Ьееn trеatеd with
skеptiсism Ьy thе gеnеral sсiеntifiс сommunity, whiсh rеgards thе struсturе
as morе likеly to Ье of volсaniс origin, and it rеmains to Ье sееn whеthеr
thеsе сlaims gain ассеptanсе.

If thе l ink Ьеtwееn impaсts and еxtinсtions is gеnеrally wеak' thе samе
сannot Ье said for giant volсaniс provinсеs. Thе surfaсе of thе еaгth is markеd
by sеvеral suсh provinсеs that arе сomposеd of layеr upon layеr of Ьasalt
lava flows that typiсally ехсееd 1 mill ion сuЬiс kilomеtеrs in volumе. Thesе
еruptеd from long fissurеs or сraсks, and individual flows oftеn ехсееdеd
1,000 сuЬiс kilomеtеrs in volumе' a figurе that is two or thrее ordеrs of mag-
nitudе largеr than thosе sееn during eruptions in historiсal timеs. 

.Within 
thе

past 10 yеars improvеd agе dating of thеsе volсаniс provinсеs has rеvеalеd
two rеmarkaЬlе faсts. First, most of thе provinсеs appеar to havе еruptеd in
lеss than 1 mill ion yеars; a gеologiсal Ьlink of an еyе. Тhus thе еnvironmеn-
tal сonsеquеnсеs of suсh еruptions would havе Ьееn сonсеntratеd into a
short intеrval. Sесond, many of thе volсaniс provinсеs hаvе Ьееn found to
prесisеly сoinсidе with ехtinсtion еvеnts. Indееd, it now appеars that еvеry
еxtinсtion еvеnt in thе past З00 mill ion yеars, inсluding thе mass ехtinсtions,
сoinсidеs with thе еruption of a giant volсaniс provinсе. This inсludеs thе
K-T еvеnt, whеn thе Dессan Trap provinсе of India was formеd. Howеvеr,
not еvеry giant volсaniс provinсе сoinсidеs with an ехtinсtion еvеnt. In othеr
words, therе arе morе volсaniс provinсеs than thеrе arе ехtinсtions. oЬvi-
ously, it would Ье niсе and nеat if еvеry provinсе сoinсidеd with a mаss ех-
tinсtion, Ьut thе history of thе еarth is dеfinitеly not nеat.

How сan volсanism сausе ехtinсtion? Мuсh rеsеarсh has foсusеd on thе
сlimatiс еffесts of thе two major volсaniс gasеs assoсiatеd with thе еruption
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of Ьasalt lаvas: саrbon dioxidе and srrlfuг dioxidе. As is wеll known' саrЬсln
dioxidе is a grееrrhousе gas' and thе injесtion of largе volumеs into thе at-
mosphеге will сausе gloЬal warming. In сontrast, sulfur dioxidе forms aеrosols
(Ьy rеaсtion with wаtеr vapor) that Ьloсk sunlight аnd сausе сooling. Thus
thе most notiсеaЬlе еffесt of mоdеrn lаrgе volсаniс еruptions, suсh as thе еrup-
tion of Mount St. Hеlеns in Washington Statе in 1980, is сooling of thе сli-
matе. Hоwеvеr, suсh еffесts arе ехсееdingly shoгt l ivеd Ьесausе thе аеrosols
arе rairrеd out of thе atmosphеrе in а yеar or so. Gеologiсal еvidеnсе shows
that thе еruption of giant volсаniс provinсеs is nеаrly always assoсiatеd with
global wаrming, suggеsting tlrat thе егuption of сarЬon dioхidе may Ье thе
morе inrportаnt сlimatiс еffесt of volсаnism. Нowеvеr, it is onе thing to raisе
gloЬal tеmpеraturе Ьy a fеw dеgrееs and еntirеly аnothеr to wipе out nеarly
аll l ifе on еarth. Tlrеrеforе, many сurrеnt еxtil lсtion sсеnarios sее thе erup-
tion of floоd Ьasаlt prоvinсеs аs just а triggеr in a сomplех сhirin of еvеnts
that lеads to a runaway grееnhousе sсеnario.

с o N s Е o U E N с E s  o F  M A s s  E x т I N с т l o N s

If thе сausе of mass ехtinсtions is still aсtivеly dеЬatеd, thе сonsеquеnсеs of
mass еxtinсtiorrs аrе aЬurrdantly сlеar. Тhеy lravе long Ьееn rесognizеd as im-
portant turning points in tlrе еvolutiorr of lifе. An intriguing aspесt of thеsе
еvеnts is that groups that wеrе insignifiсant Ьеforе thе ехtinсtion risе to domi-
nanсе in tlrе aftеrnrаtlr. Thе quintеssеntial ехaпrplе of this is thе suссеss of thе
mammals in thе aftеrmath of thе K-T ехtinсtiorr. Мamnrals had a long history
Ьеforе tlris mаss ехtinсtion' Ьut thеy spеnt this timе litеrally and mеtaphoг-
iсаlly l iving in thе shаdсlw of thе dinosaurs. only with thе dеmisе of thе di.
nosaurs Wеrе mаmmals ablе to еvolvе into tlrе largеr sizеs and divеrsе Ьody
forms wе sее today. Somеwhat pаradoхiсally, thе initial suссеss of thе di-
nosaurs may also OWе somеthiпg to а nlass-еxtinсtion еvеnt. Dinosaurs first ap-
pеarеd in thе Triаssiс аround 230 million yеars ago' Ьut tor thе first 30 million
yеars of thеiг history thеy wеrе gеnеrally only a rеlativеly small сomponеnt of
tеrrеstrial land animal сomnrunitiеs, whiсh inсludеd m:rny othеr геptilе-l ikе
groups. only aftеr thе еnd-Triassiс mаss ехtillсtion 200 million vеагs ago did
dinosaurs quiсkly risе to total dominanсе of tеrrеstrial сommunitiеs.

In еffесt mass ехtinсtions providе сlpportunitiеs for the survivors to rаdiatе
into thе vасаtеd niсhеs lеft Ьеhind Ьy thе еxtirrсt spесiеs. Нowеvеr, thе paсе
of this еvolutionаry radiatiсln is highly inсonstant and vаriеs in an intеrеsгing
way fron-r сommulrity to сommunity' For ехamplе, thеrе is a distinсt diffеr-
еnсе itr thе ratеs сlf rесor,еry of сrеarurеs thzrt l ivе in thе wаtеr сolumn of thе
oсеans соmparеd with thosе that l ivе on thе sеafloor. Ammonoids wеrе a
highly suссеssful Е.roup' distantly rеlatеd to squid, that had attraсtivе spiral
shеlls. T.hеy sr.rffеrеd nulnеrous еxtinсtiolr еvеnts Ьut irlwаys rесovеrеd rap_
idly within a mill ion yеаrs or so (еxсеpt for tlrе K-T ехtinсtion, whiсh finally
wipеd thеm out). In сontrast, сlams that l ivе on thе sеaflоor oftеn took tеns
of milli<lns of ,vеars to rесovеr from еxtinсtion еvеnts. Thе еnd-Реrшlаn ех-
tinсtion еvеnt also shows аn intеrеsting diсhtltomy in thе rесovеry ratеs of
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plants and tеrrеstriаl vеrtеЬratеs. Plant сommunitiеs only Ьеgan to radiatе
and rеturn to normal around 10 mill ion yеars aftеr thе еxtinсtion еvеnt'
whеrеas thе terrеstrial vеrtеЬratеs wеrе divеrsifying rapidly within 1 million
yеars of thе ехtinсtion. In faсt' thе rесovеry intеrval aftеr thе еnd.Pеrmian
еxtinсtion was ехсеptionally long. Prееxtinсtion divеrsity lеvеls wеrе not
aсhiеvеd again until nеarly 100 mill ion yеars aftеr thе mass еxtinсtion. In.
dееd, for many sеafloor сommunitiеs thе rесovеry did not еvеn Ьеgin until
8 to 10 million yеars aftеr thе сrisis.

Thе еxtгеme lеngth of timе it has takеn for еarth's есosystеms to rесovеr
should sеrvе as a warning for thе сurrent man-madе mаss-ехtinсtion еvеnt.
Gеologiсal history rеvеals that thе еarth's есosystеms arе aЬlе to rесovеr from
еvеn thе most sеvеrе еnvironmеntal сatastrophеs, Ьut thе timеtaЬlе of гесov-
еry is sprеad ovеr millions of yеars, a timе span that is immеasuraЬly long
from a human pеrspесtivе. If thе timе takеn for сommцnitiеs to rесovеr from
modеrn dеgradation is of a similar duration, thеn it is сlеar thаt it is Ьеst to
stop thе damagе from happеning in thе first plaсе.
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Мaynaгd Smith, John (1920_2004)

John N4aynard Smith Was thе leading British еvolutionary Ьiologist of thе
sесond half of thе twеntiеth сеntury. Hе dеvеlopеd a kееn intеrеst in natural
history as a сhild, largely without any hеlp from adults. As a sсhoolЬoy at
Еton Сollеgе hе Ьесamе aсquaintеd with thе writings of J. B. S. Нaldanе,
largеly bесausе Haldаnе's outspokеn Marхism wаs anаthеma to his tеaсhеrs'
whosе job was to train thе nеxt gеnеration of thе British ruling сlass. Aftеr
studying еnginееring at СamЬridgе Univеrsity and doing war work in airсraft
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faсtoгiеs, hе studiеd zoology at Univеrsity Сollеgе London (UсL), whеrе
Нaldаnе was thе 

.$Иеldon 
Profеssor of Biomеtry. Hе Ьесamе a postgraduatе

studеnt of Haldane's and took up an appointmеnt in thе zoology dеpartmеnt
at UсL without taking his PhD. Hе lеft UCL in 1965 to Ьесomе thе first dеan
of thе Sсhool of Biologiсal Sсiеnсеs at thе nеw Univеrsity of Sussеx, whеrе hе
rеmainеd for thе rеst of his lifе' although hе was dеan during only a small
part оf this timе. As an administrator hе was suссеssful in dеvеloping a
sсhool with сonsidеraЬlе rеsеarсh strеngths, еspесially in еxpеrimеntal psy-
сhology, nеuroЬiology, and population Ьiology. For many yеars his own group
at sussех was a mессa for visitors and postdoсtoral sсholars from around thе
world.

Haldanе еxеrtеd a lifеlong influеnсе on Мaynard Smith. Thеy wеrе Ьoth
rеnownеd for thе сlarity of thеir lесturеs and writings, as wеll аs thе Ьrеadth
of thеir knowlеdgе and intеrеsts. Likе Нaldanе, Maynard Smith was a Сom-
munist for many yеars, Ьut hе lеft thе party aftеr thе Hungarian uprising of
1956 whilе rеmaining Ьroadly lеft-wing in his politiсal viеws. Thеy wеrе
both aсtivе and suссеssful сommuniсators of sсiеnсе to thе gеnеral puЬliс, in
Maynard Smith's сasе through tеlеvision as wеll as writing. Bцt whilе Hal-
danе was irasсiЬlе and violеnt, Maynard Smith was kindly and Ьеlovеd Ьy
his сollеaguеs. Hе was a highly еntеrtaining сonvеrsationalist and rvas еxсеp-
tionally good at intеraсting with fеllow sсiеntists, irrеspесtivе of thеir sе-
niority. Hе was rеmarkaЬly opеn mindеd Ьut nеvеr foolеd Ьy nonsеnsе or
prеtеntrousnеss.

Hе startеd his biоlogiсal сarееr in thе 1950s Ьy working on thе gеnеtiсs of
Drosophilа subobsсurа, whiсh Haldanе's group had dеvеlopеd as a tool for
еvolutionary studiеs. Apart from somе Ьasiс work on gеnеtiс mapping, hе
madе two notaЬlе сontriЬutions through this ехpеrimеntal work. Hе studiеd
thе еffесts of inЬrееding on malе mating Ьеhavior and rеproduсtivе suссеss in
D' subobscurа' wЬl,cЬ, сausеd him to rесognizе thе signifiсanсе of sеxual sе-
lесtion Ьy fеmalе сhoiсе of matеs. This topiс was largеly ignorеd Ьy most еarly
twеntiеth-сеntury еvolutionary biologists' apart from R.A. Fishеr in Thе Gе-
пetiсаl Theorу of Nаtиrаl Seleсtioп (19З0). Hе еvеn antiсipatеd thе сur.
rеntly fashionaЬlе good-gеnes thеory of thе еvolution of fеmalе matе сhoiсе.
Maynard Smith also usеd D. subobsсurа as a modеl systеm for thе study of
aging. Hе providеd an ingеnious dеmonstration of thе survival сost of rе-
produсtion and oЬtainеd еvidеnсе against thе somatiс mutation thеory of
agiog. Drosophilа ts now a major tool for thе Ьiology of aging. Both of thеsе
linеs of rеsеarсh wеrе yеars ahеad of thеir timе and proЬably did not gain as
muсh rесognition as thеy dеsеrvеd. Hе also did somе pionееring work on thе
dеvеlopmеntal gеnеtiсs of Drosopbila, stimulatеd Ьy Curt Stеrn's сonсеpt of
a prеpattеrn and Alan Turing's thеoriеs of pattеrn formation by rеaсtion-
diffusion proсеssеs.

After moving to Sussех, Maynard Smith dеvotеd his timе to thеorеtiсal
wоrk, еspесially in еvolution, and gavе up doing еxpеrimеnts. This was partly
Ьесausе Haldanе, Ьy whom he always fеlt ovеrshadowеd, had diеd and partly
Ьесausе of thе Ьurdеn of Ьuilding up a nеW dеpartmеnt. His thеorеtiсal work
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was сharaсtеrizеd Ьy thе usе of rathеr simplе mathеmatiсal mеthods that
сonсеalеd a good dеal of ingеnuity in thinking up approaсhеs to Ьiologiсally
signifiсant problеms. This soпrеtimеs mеt with disapproval from appliеd mаth-
еmatiсians' who oftеn prеfеr to usе сomplех mеthods to solvе insignifiсant
proЬlеms. Maynard Smith сontributеd importantly to еarly work on molесu-
lar variation and еvolution, using thе thеn nеwly proposеd nеutrаl thеory as
thе Ьasis for sеvеral important puЬliсations. Thе most influеntial of thеsе is
with his Sussех сollеаguе John Haigh on gеnеtiс hitсhhiking (Мaynard Smith
and Нaigh 1'974). This showеd quantitativеly how thе spгеad of an advanta-
gеous mutation rеduсеs variаtion at l inkеd nеutrаl loсi' Ьy dragging a сhro-
mosomal sеgmеnt alоng with it. This сonсеpt has Ьессlmе vеry important in
rеlation to thе avalanсhе of data on nаtural variaЬil ity at thе lеvеl of DNA sе-
qrrеnсеs' sinсе a vallеy of rеduсеd variaЬility сan Ье intеrprеtеd as thе signal
of a rесеnt fixation of an advantagеous mutation.

Anothеr fiеld to whiсh hе mаdе important сontriЬutions was thе еvolution
of sеx and gеnеtiс systеms' starting in thе latе 1960s. Нis work hеlpеd frее
this fiеld from its domination Ьy thе rathеr woolly group-sеlесtionist idеas of
Сyril Darlington and Gеorgе Lеdyard StеЬЬins, whiсh had had a sеvеrеly
nеgativе еffесt on its dеvеlopmеnt. In partiсular hе еmphasizеd thе proЬlеm
of thе сost of sеx, whеrеЬy an othеrwisе sеlесtivеly nеutral asеxual variant
аrising in a sехual population еxpеriеnсеs a transmission аdvantagе and rap-
idly sprеads to fiхation. Maynard Smith was thе first pеrson to apprесiаtе
thе diffiсulty this posеs for ехplaining thе prеvalеnсе of sеxual rеproduсtion
among еukaryotеs. Hе madе numеrous population-gеnеtiс modеls of pro-
сеssеs that сould providе an advantagе to sеХ or inсrеasеd rесomЬination'
and hе summеd up thе statе of thе fiеld in his 1978 Ьook Тhе Еuolutioп of
Seх, whiсh is still thе Ьеst survеy of this suЬjесt as a wholе. Thе study of thе
еvolution of sеx and Ьrееding Systеms is now a flourishing disсiplinе within
еvolutionary Ьiology, in no small part Ьесausе of Мaynard Smith's own work
and his еnсouragеmеnt of othеrs.

A4aynard Smith's most influеntial singlе сontribution waS thе dеvеlopmеnt
of thе сonсеpt of thе euolutioпаrilу stаblе strсltеgу (ЕSS), initiаlly in сollaЬo.
ration with thе lаte Gеorge Priсе. This flowеd out of his lоng-standing intеr-
еst in animal Ьеhavior and his dеsirе to undеrstand why animal сonfliсts
usually do not еnd in sеrious fighting. lt usеs thе prinсiplе that, for a trait
valuе to rеprеsеnt an еquil iЬrium undеr natural sеlесtiоn, a nесеssary сondi-
tion is that all possiblе dеviant trait valuеs arе sеlесtivеly disadvantagеous
whеn introduсеd аt a low frеquеnсy into a population whеrе most individu-
als havе thе spесifiеd trait valuе. Dеtеrmining an ЕSS providеs а powеrful
mеans of prеdiсting thе outсomе of sеlесtion in сasеs whеrе frеquеnсy-
dеpеndеnt fitnеssеs arе gеnеratеd Ьy thе Ьiologiсal сontехt, suсh as sех ratios
or soсial Ьеhаvior. Although this аpproaсh had Ьееn usеd Ьеforе for dеaling
with sеx ratios' notaЬly Ьy R. A. Fishеr and.s7. D. Hamilton, Мaynard Smith
dеvеlopеd ЕSS thеory еxpliсitly and appliеd it to many prеviously intraсtaЬlе
еvolutionary prоЬlеms. It is оnе of thе most sсiеntifiсally fruitful appliсations
of gamеs thеory. A hugе thеorеtiсal and еmpiriсal l itеrаturе has sinсе dеvеl-
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оpеd' whiсh аpрliеs ЕSS mегhods tO many diffеrеnt Ьiologiсаl proЬlеms.
Thеsе ntеthods arе a mainstay of muсh of thе thеory that undеrliеs Ьеhav-
ioral есology. Maynard Smith rеviеwеd his сontriЬutions in his 1982 Ьook
Еuoll lt iсlп аnd thе Тhеorl' of GL1ftlеs' whiсh is сharaсtеristiсallу Ьriеf Ьut
luсid arrd informiltivе.

Aftеr tЪrmal rеtirеmеnt in 1985, Мaynard Smith startеd to сollаЬoratе with
Bгiarr Sprаtt's rniсroЬial gеnеtiсs group' thеn at Sussех. on thе analysis of dаtа
on molесular variation anс] еvolutiorr in Ьасtеria. An inrportant rеsult of this
work was еvidеnсе for muсh morе ехсhangе сlf gеnеtiс information among
Ьaсtеriаl сеlls in nаturе than prеvior-rsly Ьеliеvеd. It аlso gеnеratеd nеW mrth-
ods for еxamining thе еffесts of infrеquеnt rесomЬinаti<lnal ехсhаngе among
mеmbеrs of Ьaсtеriаl populations On pattеrns of variation and еvolution at thе
DNA-sеquеnсе lеvеl (Mаynагd Smith еt аl. 2000). Mаynard Smith aсhiеvеd thе
rеmarkаblе fеat сlf Ьесoming a lеadеr in a nеw fiеld wеll aftеr еstirЬiishing his
rеputation as an еldеr statеsmаn of еvolutionаry Ьiology.

Мaynard Smith аlso madе many important сontriЬutiolrs tо gеnеral evolu-
tionary quеstions' inсludirlg suсh topiсs as group sеlесtion vеrsus kin sеlес-
tion (thе lattеr tеrm was invеntеd Ьy him), syrnpatriс spесiation, punсtuаtеd
еquil iЬrir"rrn, and tlrе еvсllutionary rolе of dеvеlopmеntal сonstraints' Hе also
Wrotе a sегiеs of еxсеllеnt tеxtЬooks on various aspесts of thеоrеtiсal Ьiol_
ogy, сulminating in his 1989 Ьook Еuolиtioпаrу Geпеtiсs. Latе in l ifе hе and
Еors Szаthm6ry dеvеlopеd a sеt of spесulativе idеas аЬout thе mаjor transi-
tions in еvсllution' fгom tlrе еvolution оf l ifЪ itsеIf and thе еvolution of сеlls to
thе еvolution of languagе. Maynard Smith suffеrеd inсrеasingly from thе еf-
fесts of nrеsothеlioma in thе last two yеars of his l ifе Ьut сontinuеd with his
rеsеarсh until lr is dеath irr April 2004. Нis l:rst puЬliс lесtuге wils a Ьriеf Ьut
сharaсtеristiсаlly stimulating talk on his Ьaсtеrial work, at thе DесеmЬеr
2003 mееting of thе UK Population Gеnеtiсs Group in Susseх.
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Nlayr, Еrnst Waltеr (7904_2005)

Еrnst !Иaltеr N4ayr was a Gеrman-Ьorn Amеriсаn ornithologist who playеd
a сеntral rolе in еvolutionary thеory and systеmatiсs during thе twеntiеth
сеntury. Hе was a strong advoсatе of two idеas: thе thеory of spесiation
Ьy gеographiс isolation and thе Biologiсal Spесiеs Сonсеpt. Мayr also
madе important сontriЬutions to Ьiogеography, systеmatiсs, and thе study
of wholе organisms during a period whеn biology as a profеssiоn Ьесamе rе-
duсtionist.

N{ayr was born into a profеssional Gеrman family. His fathеr diеd in 7977,
and thе family ехpеriеnсеd сonsidеraЬlе finanсial trouЬlе during thе 1920s.
Mayr's intеrеst in natural history stаrtеd with his fathеr. Не Ьеgan univеr-
sity in 192З' studying mеdiсinе at thе Univеrsity сlf Grеifswald. Dеspitе
high marks' N4ayr switсhеd to zool<lgу in |925' Hе alrеady had dеvеlopеd
tiеs to profеssional zoologists, of whiсh thе most important wеrе with
Еrwin Strеsеmann at thе Мusеum of Natural Нistory at thе Univеrsity of
Bегlin. Strеsеmann Ьесamе Mayr's mеntor. Undеr his guidanсе Mayr сom-
plеtеd a РhD tn t926 on thе Еuropеan distriЬution and Ьiogеography of
thе sеrin finсh, Sеriпиs сапаriа sеriпus. Aftеrwаrd Strеsеmann hirеd Мayr
as an assistant.

From 1928 to 1930 Мayr ехplorеd Nеw Guinеa аnd thе Solomon Islands,
сollесting for sеvеral major musеums. Aftеr his rеturn Мayr sought a pеrma-
nеnt musеum position' Ьut sеvеral promising offеrs in Еuropе failеd to matе-
rialrize. Rathеr than rеmain in Bеrlin' Mayr aссеptеd tеmporary work at thе
Amеriсan Мusеum of Natural History (AМNH) in Nеw York. Hе Ьеgan in

Jаnuary 1931. In 19З2Walter Rothsсhild sold his orrrithologiсal сollесtion to
thе musеum: 280,000 Ьird spесimеns' among othеr things. Mayr was givеn a
pеrmanеnt position to сuratе thе nеw matеrials. This kеpt him in Nеw York.
Не nеvеr undеrtook major fiеldwork again.

Whеn thе National Soсialists rosе to powеr in Gеrmany, Мayr сhosе not
to rеturn homе. In 19З5 hе mаrriеd Margarеtе (Grеtеl) Simon (7912_1990),
and thеy had two daughtеrs. Grеtеl playеd an important rolе in Mayr's сa-
rееr. Shе sеrvеd as sесrеtary and assistant and also lookеd aftеr studеnts and
visiting сollеaguеs. In 1950 Ьoth wеrе naturalizеd as U.S. сitizеns.

Мayr сontinuеd at thе AMNH until 1953, whеn hе aссеptеd an Agassiz
Profеssorship at thе Musеurn of Сomparativе Zoology (МСZ) at Нarvard
Univеrsity. Hе sеrvеd as dirесtor of tЬe МСZ fюm |961 to 1970. For Мayr
thе Нarvard appointmеnt Was a symЬoliс сhangе in status. Hе was now a full
profеssor, l ikе his mеntor. Маyr Ьесamе an еmеritus profеssor at Harvard in
1'975 and rеmainеd in СamЬridgе thеrеaftеr' with thе МСZ as his basе.

As an ornithologist Мayr spесializеd in Ьirds of thе southwеst Paсifiс,
aЬout whiсh hе wrotе marry tесhniсal studiеs and sеvеral fiеld guidеs. From
thе 1930s Мayr was aсtivе in thе Linnaеan Soсiеty of Nеw York аnd сon-
triЬutеd to supеrvising many doсtoral studеnts. Hе alsо madе сonsidеrablе
сontriЬutions to sеvеral еditions of Jamеs Pеtеrs's Сheсk-list of Birds of thе
World. Aftеr Pеtеrs diеd in 1952. Мayr supеrvisеd the Сbeck-lisf's nеxt еdi-
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tion' Hе also was i]сtivе in many profеssional soсiеtiеs, suсh аs thе Arrrегiсan
oгnithologists' Union.

Мayr's сontriЬutions to еvolutionary studiеs Ьеgan in thе latе 19З0s whеn
hе foсusеd on thе proсеSs of spесiation and madе сontriЬutions to gеnеral
thеory. Sуstеmаtiсs апd tbe Оrigiп of Speсiеs (t942) rесеivеd praisе intеrna-
tionally and Ьесarlrе a сornеrstonе in thе Synthеtiс thеory of еvolution. Мayr
Wаs pаrt of а small group of Ьiologists who thor:ght that rесеnt dеvеltlpnrеnts
in population gеl.lеtiсs and Ьiogеography madе pсlssiblе a rigorotrs study of
еvolutionary proсеssеs. During thе 1940s hе сonсеntratеd on this аs his spе-
сialty, working сlosеly with Thеodosius DoЬzhаnsky, among othеrs.

In approaсh Mayr еmphasizеd gеographiс isolation and polytypiс spесiеs.
Hе pаrssionatеly advoсatеd thе thеoгy of allopatriс spесii1tion, whiсh rеquirеd
that а population Ье physiсally isolаtеd Ьеforе divеrgеnсе into zr trеw spесiеs
сould oссur. In this sеnsе gеographiсally distinсt populations wеrе spесiеs in
thе making. On thе samе linеs Mayr сhampionеd thе Ьiologiсal spесiеs
сonсеpt. This plaсеd a prеmium on intеrbrееding and gеnе flow in dеfining
spесiеs. Thе Ьiologiсal spесiеs сonсеPt foсusеd attеntion on isolаting mесha-
nisms аrrd Ьarriеrs to gеl1е flow. Altlrough Маyr thtluglrt thаr many isolаting
mесhanisms еxistеd as spесial саsеs, hе ссlnsidеrеd gеographiс isolаtion thе
most important lnесhanism in n:lturе. Нis Ьook Апimаl Spесies апd Еuolu-
tioп (1963) prеsеntеd his viеws at thеir most dеvеlopеd. In addition to his
еr-npiriсal and intеllесtuаl сontriЬrrtions, Мayr playеd a сruсial rolе in shap-
iпg еvolutionary studiеs into a сonrmrrnity. Largеly on his own, Mavr orga-
nizеd thе Soсiеtv for thе Study of Еvolution (|946) and launсhеd thе jсlurnal

Еuolцtioп (1947\. Еасh requirеd ir gгеat dеаl of еffort, Ьut thеy prсlvidеd сon-
vеrsational spaсеs for еvolutiсlnary studiеs and hеlpеd dеvеlop il sеnsе of
сommon puгposс and ехpесtat ion '

Мayr's impасt on systеmаtiсs irlvolvеd sеverаl lеvеls. As a thеtlrеtiсian
Мayr prornotеd еvolutionаr}.svstеIтlаtiсs rogеthеr witlr Gеoгgе Simpstln and
Arthur Сain, arrrong othеrs. This hаd spесial rеlеvаnсе for taxonomiс groups
nеar thе spесiеs lеvеl: suЬspесiеs, spесiеs, and spесiеs groups. Thе Ьasiс prin-
сiplе of this approaсh was to usе сlassifiсation to еxprеss еvolutionary rеla-
tionships and to usе an undеrsttrnding of еvolutionary proсеssеs to makе
taхonomiс dесisions' For instanсе, tl. lе prеsеnсе of gеographiс Ьaгriеrs was
dееmеd suffiсiеrrt to draw Ьotrrrdаriеs in сlassifiсzltions. Likеwisе' сhаraсtеrs
thought to Ье аdaptations to loсаl с<lnditions Wеrе highlightеd as thе fеaturеs
that madе a group distinсt. This approaсh had its сritiсs. In thе 1960s nu-
пlеriсal taxonomy and сladistiсs wеrе important rivals.

Profеssionally Мavr workеd to inсrеasе thе stаtt.ts of systеmatiсs within Ьi-
ology. Orr thе onе hand, tlris rеquirеd rеform within tlre disсiplinе. Ma1'r
stгugglеd to сonvinсе сollеaguеs that thеy had а rеsponsiЬil ity to kееp up-to-
datе in Ьiologiсal suЬjесts l ikе gеnеtiсs, еthology, and physiology. Hе also
strugglеd to drаw thеm into сontriЬuting tо gеnеral Ьiologiсal suЬjесts, in-
сluding еvolution. on thе othеr Ьarrd, Mayr Ьесamе politiсallу aсtivе within
Ьiology in tЬе lаtе 1940s. Whilе hе was аt thе МСZ' hе loЬЬiес1 funding
bсldiеs and otlrеr groшps so thеy would not ignorе systematiс Ьiolоgy whеn
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Inhts Sуstеtltiltiсs "tпd thtl Оrigiп of Spесiеs (1942I, Еrnst Mayr maсlе muсh of
suсh phеnomеna as ..rings of raсеs,' ' whеrе mеmЬеrs of touсhing suЬspесiеs сan
intегЬrееd Ьut whеn thе еnd populatitlns сirсlе Ьасk аtrd ttluсlr, lhе.е is .ер.o-
duсtivе isolation. Hеrе wе sее spесiеs ir-r thе mаkir.rg. If thе middlе populations
(of thе warЬlеr PhуIklscopus troсhiloidеs) wеrе сIiminatеd, wе w.,ulj huu.
two sеparatе spесiеs' Thе suЬspесiеs in thе ring' arе У = uiridапиs; I,= lиdlotui;
T=troсhiloidеs; О:obsсиrаtus; andp:plиmbеitаrl, ls. Thе сrоss.hatсhеd аrеa'
in thе distriсt Ьеtwееn thе wеstеrn S:ryan Моuntаins irnd tlrе Yеnisеi Rivеr, is
whe r e u i r i dапlzs anсl p luпЙ еit а r sus .,u..l o p.

supportirrg thе fiеld. His vision for systеmatiсs is Ьеst prеsеntеd in Мethods
апd Prinсiplеs of S1t57g7nаtiс Zorllсlg1, (195З), rvhiсlr Ьесalnе а standаrd train.
ing manual.

In thе sесotld hаlf of his Iifе, Мayr Wrotе ехtеnsivеIy on thе lristory arrd
philosophy of Ьio|ogy, еspесially on thеmеs rеlatеd to natttral history and
еvolutiorr. His Ьook Thе Groшth of Biсllogiс"ll Thсlиght (19s2I was a signifi.
сant сontriЬution to this topiс. Dаrwir-r Ьесаmе l.]n lmportant sr.rЬjесt foг
Мayr' as did many othеr kеy еvolutionists of thе past 100 yеars (е.g.' Karl
Jоrdan). Мaуr's сontriЬшtions аs а histсlгialr сеntеrеd on two thеnrеs. First, hе
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gavе сrеdit to thosе who dеvеlopеd thе idеas hе himsеlf dеfеndеd. Sесond, hе

promotеd thе work of naturalist traditions in thе history of Ьiology' plaсing

thеm on еquаl footing with othеr traditions in thе lifе sсiеnсеs' suсh as mеd-

iсinе and ехpеrimеntal Ьiology.
As a philоsophеr Mayr is сhiеfly rеsponsiЬlе for promoting thе distinсtion

Ьеtwееn prоximatе and ultimatе сausеs. By invеstigating thе opеration and

intеraсtion of struсtural еlеmеnts, hе said' еxpеrimеntal Ьiology foсusеd on

prоximatе сausеs. Thеy askеd ..how'' quеstions, suсh as ..How doеs this

work?'' In сontrast, еvolutionary Ьiology sought ultimatе сausеs' in othеr

words, answеrs to ..why'' quеstions. As did his historiсal writing, thе distinс-

tion Ьеtwееn proхimatе and ultimatе сausеs arosе during сonfliсts in thе

1950s and 1960s Ьеtwееn еvolutionary and molесular Ьiоlogists.
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Меmе

Thе tеrm mеmе was сoinеd Ьy Riсhard Dawkins in Ьis 1976 Ьook The Self-

ish Geпе to dеsсriЬе units of сultural еvolution (as opposеd to gеnes, whiсh

arе units of Ьiologiсal еvolution)' In thе intеrvеning yеars thе tеrm has Ьееn

popularizеd, as еvidеnсеd Ьy its inсlusi on iп Тhe oхford Епglish Diсtionаrу,

thе spawning of a dеdiсatеd (and now-dеfunсt) journal, and sеvеral mono-

graphs. Mеmеs сan Ье suсh things as songs' tools' stylеs of drеss, rеligious

Ьеliеfs, hairstylеs, aphorisms, and myths. Dawkins originally еmployеd

mеmеs to sеrvе as an instanсе of ..Univеrsal Darwinism',-thе thought that

any systеm with disсrеtе units that ехhiЬit diffеrеntial fitnеss valцеs (varl'a-

tion)' sеlесtion, and rеpliсation (hеrеdity) wil l еvolvе Ьy Darwinian mеans.

Likе organisms, idеas appеar to ехhibit thеsе сharaсtеristiсs. 
'!7е 

arе сontinu-

ally inundatеd with idеas. Thankfully, most of this information is disсardеd
(othеrwisе wе would havе mеmory ovеrload). Thus idеas arе in сompеtition

with еaсh othег for survival within our minds; thе fit onеs rеsidе in our minds

and gеt rеpliсatеd, whilе thе unfit onеs gеt disсardеd. Rеpliсation oссurs

through imitation' Ье it through thе writtеn word, dеmonstration' or disсus-

sions at thе dinnеr taЬlе.
It is important not to сonfЦsе mеmеs' whiсh arе idеas, with thе rеfеrеnts of

thе idеas. For ехamplе, thе mеmе аrro|Uhеаd shаrpеniпg is the idеа of a mannеr
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of produсing an arrowhеad, not thе аrrowhеad irsеlf. Тhis distinсtion prе-
sеrvеs thе gеnotypе/phеnotypе diсhotomy witЬiп Ьiology, or, in Dawkins's
tеrminology, thе diffеrеnсе Ьеtwееn rеpliсators and vеhiсlеs. Rеpliсators arе
thе еntitiеs that сopy thеmsеlvеs and сodе fоr struсturеs that intеraсt in thе
world (somе thеorists prеfеr thе t,erm iпtеrасtor to uеhiсle). This г:lisеs sеv-
еral points that distinguish mеmеtiс еvolution from сompеting сonсеptions
of сultural еvolution. Сultuгal еvolution is oftеn sееll аs simply improving thе
fitnеss of thе gгoup or group tnеmЬегs. For еxаrтlplе, fishhooks aпd arrow-
hеads еvolvеd to сonvеy a fitnеss advantagе to thе groups and individuals
who usеd suсh artifaсts. Меmеs, howеvеr, сan Ье quitе suссеssful without
сonvеying а fitnеss advantagе to thеir hosts, еven to thе point of bеirrg dеlе-
tеriolls to thеir vесtors. Dawkins famously сlаims tlrat rеligion is a perriсu-
larly suссеssful Ьut toxiс mеmе. Mеmеs arе fit wlrеn thеy havе high fidеlity
and high feсundity unto thеmsеlvеs. Aссording to proponents' пlеmеs hold
impliсations for our сonсеption of сulturе and human minds.

Thе srrссеss of thе mеme mеmе' howеvеr, Ьеliеs its suссеss as a tеrm of art
in thе aсadеmy. Critiсs havе idеntifiеd sеvеral problеrrrs with mеmеs, nоt thе
lеаst of whiсh is that it is simply гесаstitlg an old idеа il-l nеw pасkaging. Pеr-
Ьaps it is not thе mеmеs thеmsеlvеs that arе еxplirnatory Ьut thе undеrlying
psyсhologiсal mесhаnisms rеsporrsiЬlе for thе sеlесtion and rеpliсation of
сегtain mеmеs thаt arе usеful for еxplaining сulturаl еvoiution. Furthеrmorе,
it is unсlеar ехасtly what a mеmе is. It is еasy to сolтlе up with еxanrplеs of
mеmеs' Ьut a сlеar irnd aссеptеd dеfinition rеmains еlr"rsivе. For еxilrrrplе, is
a mеmе a part of а Bееthovеn symphony or thе еrrtirе synrphorry? Until an
operational dеfinition is found, tl. lе fruitfulnеss of this сonсеpt rеtl lаins quеs-
tionaЬlе. Finally' somе havе arguеd that thе lасk of fidеlity of mеmеs, as wеll
as thеir sееmingly nondigital natltrе' srrggеsts a Lirmarсkian rathrr than а
Dаrwinian еvolutiorrаry proсеss. Thе truе impaсt <lf mеmеs for undеrstand.
irrg сultural еvolutiоn rеmains laгgеly urrdесidеd.
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Меndеl, Grеgor (t822_Т884)

Grеgor Johann Меndеl hаs Ьееn саllеd ..thе priеst who hеld thе kеy to еvo-
lution'' (Еisеlеy \959'205), Ьut in lris own day fеw Ьiologists had еvеr hеard
of him, Сhаrlеs Dаrwin inсludеd. His faпrilу was poor' Ьut hе souglrt sup-

Port in a monastегy whеrе fortunе shonе upon him Ьy giving him tlrе mеans
to сarry out his rеmarkaЬlе and aпrЬitious еxpеrinrсnts.

lvIеndеl, thе firstЬorn of Anton Меndеl and Rosinе Меndеl (nёе

Sсhwirtl iсh), wаs гаisеd in Gеrmаn-spеaking Silеsizl in thе littlе vil l:rgе o{
Неinzеndorf. At 11 lrе аttеndеd sсlroоls far from homе, and at 18 hе еrrtеrеd
thе Philosophiсal Institutе in Olгniitz, сomplеtil-tg l]is сoursеs thеге in 1843.
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Thе strain of study plus tutoring to providе his own funds had rnеanwhilе
сausеd Ьoшts of sеvеrе dеpгеssion and ехtеndеd timе Ьасk honrе to rесovеr.
This ехpеriеnсе iay Ьеhind his dесision to apply to thе Augustinian Monastеry
of Saint Thomas in Brtinr-r. Hе knеrv, hе ехplainеd, that hе nееdеd to Ье frееd
..from thе Ьittеr strugglе for ехistеnсе'' that hаd bееn his lot hithеrto (l lt is
t9 s4\.

At thе monastеry Меr-rdеl prt>vеd unaЬlе to сopе еmotionally with thе
oftеn-sаd tasks of a priеst, Ьut his aЬЬot' thе undеrstаnding Сyril N"рP,
found him work as a suЬstitutе tеaсhеr inZnaim. Tеaсhег сеrtifiсation' how-
еvеr' rеquirеd an еxamination. This lrе took twiсе but thгough stгеss fаilеd
Ьoth timеs. Aftеr thе first attеmpt thе aЬЬot sеnt Mеndеl to thе Univегsity of
Viеnna to oЬtairr adеquаtе foundations irr thе sсiеnсеs. Thеrе hе assistеd in
thе prасtiсal dеmonstrаtions for thе ph,vsiсs сoursеs arrd was ехposеd to thе
most rесеnt work in plarrt сytology.

Меndеl's tеaсhеr. thе Ьotanist Franz Llngеr' Was a viсtim of attaсks in
Viеnnа from Сathсll iс quartеrs foг his advoсaсy of spесiеs transпll ltation dur-
ing Mеndеl 's  t imе in V iеnna (1851_1853) and suЬsеquеnt ly .  Меndеl  must
hаvе known of tlris аnd of Ungeг's transplant еxpегimеnts in whiсh сhаrас-
tеrs aсquirеd Ьy plants in novеl lraЬitаts wеrе lost on rеturning to thеiг natu-
ral loсalеs. Latеr Меndеl rеpеatеd suсh ехpеrimеnts and found in thеm nо
support fсlr ti-rе inhеritanсе of aсquirеd сhаraсtеrs, thus ruling out Lamarсk-
ian transmutations. Spесiеs multipliсation Ьy hyЬridization, howеvеr, was a
pоssiЬil ity mеntionеd Ьy Ungеr, for hе knеw thе woгk of thе Gеrmаn
Ьotanists Josеph Kбlrеutеr and Саrl von Girtnеr' who had hyЬridizеd plants,
sееking to еstaЬlish whеthеr spесiеs rеmain сonstant or сan сhangе through
hyЬridization.

Having rеturnеd frorrr Viеnna in 185З, Mеndеl Ьеgan thе following yеar to
tеst variеtiеs of thе еdiЬlе pеa for сonstanсy of typе in prеparation for thе
hyЬridization ехpеrimеnts that oссupiеd him Ьеtwееn 1856 and |862. Ifis
aim, hе ехplainеd, was tO ,.dеtеrminе thе numЬеr of diffеrеnt forrns in whiсh
hyЬrid Progеny appеar' pеrmit сlassifiсation of tlrеsе forms in еaсh gеnеra-
tion rvith сеrti l inty, and asсеrtzrin thеir numеriсаl intеrrеlаtiсlnshi1rs.' ' To r.rn_
dеrtakе this program hе сhosе variеtal diffеrеnсеs advеrtisеd Ьy nonЬlеnding
сharaсtег diffеrеnсеs thirt сould l-lе сlеаrly distinguishеd' Awarе of thе nееd
to aсlriеvе statistiсally signifiсant rеsults, he grеw largе populations' Thе task
was ..far-rеaсhing,' ' Ьut hе warnеd thаt it was thе only way to solvе thе im-
portant qllеstion: ..thе dеvеlopmеntаl history fЕпtшiсkluпgsgeschiсhte] of
organiс forms' (Stеrn and Shеrwood 1966, 2). If somе hyЬrids Ьrеd truе,
thеy сould form thе Ьasis for thе dеvеlopmеnt of nеw spесiеs' Ьut if thеy rе-
turnеd oг ..rеvеrtеd'' to thе origirrаting forпts, no rrоvеlгy would rеsult.

Еvidеntly this was thе quеstion hе sеt out to solvе in 1854 whеn hе Ьеgan
tеsting his rеsеarсh mаtеrial. СЬаrlеs Dаrwin's thеory Wаs at that timе rrn-
puЬlislrеd. Not until |862 did N{еndеl rеаd thе Gегman tгanslation of Оп thе
origin of Spесiеs. Меndеl's most frеquеnt marginaliа thеrеin геfеr to pas-
sagеs prеsеnting аnd opposing tlrе doсtriгlе of spесial сrеirtiоn. Hеге Dаrwin
Was attaсking а targеt rhаt Mеndеl, it appеars, did not ассеpt еithеr.
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Thе сontехt of Mеndеl's famous ехpеrimеnts Was thus not Darwin's thеory
of еvolution. It was instеad thе dеЬatе among Gеrman-spеaking Ьiologists' sеv-
еral of whom, likе Ungеr, had еspousеd еlеmеnts оf thе spесulativе tеaсhing
of Nаturphilosophiе, prinсipally thе notion сlf thе suссеssivе dеvеlopmеnt of
highеr and highеr forms of lifе ovеr an ехtеndеd pеriod of timе. Onе of thе
Augustinians in Briinn, Matouё Kl5сеl, also supportеd a dеvеlopmеntal viеw of
spесiеs origins' Ьut unlikе his friеnd Mеndеl, Kl:iсеl was a spесulativе philos-
ophеr who nеvеr сarriеd out a rigorous sеriеs of ехpеrimеnts. Mеndеl was
drawn сhiеfly to thе еxpеrimеntal litеraturе of thе Gеrman hyЬridists. His сhiеf
rеsourсе was Сarl von G;irtnеr, who, in his Ьook F,хperiments апd Оbseruа-
tioпs of Hуbridizаtioп iп thе Plапt Kiпgdom (Vеrsuсhе uпd Beсlbасbtuпgen
йbеr diе Bаstаrdеrzеиguпg im Pflапzeпreich' |849), found that fеrtilе hyЬrids
yiеldеd progеny that tеndеd soonеr or latеr to rеvеrt to onе or thе othеr of thе
originating spесiеs. Gzirtnеr listеd oniy a fеw hyЬrids that appеarеd to rеmain
сonstant in thеir offspring, аnd it is signifiсant that Меndеl rеproduсеd many
of thеsе hyЬrids and found that thеy did rеvеrt. Меndеl wеnt on to сhoosе
hawkwееds (Hiеrасiиm) Ьесausе of thе multitudе of forms found in thе wild.
Although thе Ьotanist Сarl Nigеli еnсouragеd him in this dirесгion, it was not
hе who pеrsuadеd Меndеl to сhoosе this diffiсult gеnus' as is oftеn assеrtеd.
Mеndеl rеasonеd that polymorphiс gеnеra might owе thеir multitudеs of spесiеs
to hyЬridization' Ьut of a diffеrеnt kind from that hе had found in his сlassiс
еxpеrimеnts with thе еdiЬlе pеa (Pisum).

Меndеl ехplainеd thе rеsults of Ьis Pisuпl ехpеrimеnts Ьy suggеsting that
thеrе must Ье a proсеss of sеgrеgation (sее figurе) of thе diffеring potеntials
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lf i l l iam Batеson wаs Меndеl's mouthpiесе in Britain in thе еarly yеаrs of thе
twеntiеth сеntury. Тhis diagram shows his rеPгеsеntаtion of Mеndе['s first law,
thе law of sеgrеgation. (From Batеsсln -l 909.)
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prеsеnt in thе hyЬrid plant whеn thе gеrm сеlls arе formеd suсh that gегm

сеlls arе еithеr of onе kind or thе othеr, not miхеd. Thеn if in fеrti l ization all

сomЬinаtions of pollеn сеlls and еgg сеlls arе possiЬlе' populations of prog-

еny of thе two kinds wil l Ье yiеldеd that wil l approximatе to thе statistiсal ra-

tios that hе found in his ехpеrimеnts. 
.!Иhеrе 

unions аrе Ьеtwееn pollеn and

еgg сеlls of thе samе kind, Ьoth originating forms arе rесovеrеd purе. Thus

thе old idеa of onсе taintеd, always taintеd Was Wrong. Thе assumption that

a nеw variant wil l simply Ье dilutеd Ьy rеproduсtion with thе normal form

was also Wrong. Nеw сomЬinations of сharaсtеrs сan thus pеrsist. This was

dirесtly rеlеvant to thе proЬlеm of thе sшсlmpirxg еffect of outЬrееding that

Darwin had found dаunting for his thеory. Mеndеl's сonсеpt of gеrminal sеg-

rеgation is thus sееn in rеtrospесt as thе kеy that Darwin laсkеd.
Also from sеgrеgаtion flowеd thе possiЬil ity of сomЬining hеrеditаry trаits

in all sorts of сomЬinations and dеmonstrating that thе traits Ьеhavе indе-
pеndеntly of onе anothеr. Меndеl idеntifiеd thе sourсе of hеrеditаry varia-

tion with this proсеss of rеcombiпаtioп. TЬеreforе' hе oЬjесtеd to Darwin's

сlaim that domеstiс animals and сultivatеd plants arе morе variaЬlе than thе

сorrеsponding wild spесiеs Ьесаusе of thе еffесt of ..сhangеd сonditions of

l ifе.' ' Instеad, hе optеd for thе grеatеr opportunitiеs for сross-poll inations.
Thе aссеptanсе of Меndеl's work in 1900 сamе along with an unсritiсal

adhеrеnсе to nonЬlеnding сharaсtеrs' thus promoting skеptiсism toward thе

сrеativе rolе of natural sеlесtion. If nеw сhаraсtеrs arе produсеd in onе non-

Ьlеnding StеP' thеrе is no spaсе for natural sеlесtion to aссumulatе slight dif-

fеrеnсеs l ittlе by l ittlе. This matеrially dеlayеd thе intеgration of Меndеlian

gеnеtiсs into Darwinian thеory.
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7З2 Мiсbeпеr

Nliсhеnеr, Сharlеs D. (b. 1918)

Chаrlеs Miсhеlrer, еntomologist at thе Univеrsit1' of Kansаs, is thе world's
lеading ехpеrt ()n thе сlassifiсаtion, morphology, natural history' and еvolu-

tion of Ьееs, еspесially thе divеrsе sоlitzrry and priпritivеly soсirrl bееs whosе
Ьiology сolltrаsts with tlrаt tlf thе familiar horrеylrее (Аpis tпеlliierсl) . МtcЬ_
еnеr has usеd his Ьroad kr-rowlеdgе of thеsе insесts tO tеst idеas aЬout thе
еvolution of insесt soсiеtiеs and to hеlp modеrnizе thе sсiеnсе of taxonсlmy.
Не trr-rd his marrу studеnts lravе trаvеlесl ехtеnsivеh. in thе Ur-ritеd Statеs,
Afriсa, Asia' Еuropе, аnd Latin Amегiса to сtl l lесt аnd oЬsегvе Ьееs irr thеir
natural haЬitats. As a rеsult of this work thе Ьееs h:rvе Ьессlmе а modеl taхtln
for сompаrativе studiеs of еvolution.

Мiсlrеnеr's rеsеаrсh is a prеmiеr еxапrplе сlf how еvolutionаr1, Ьiology usеs

сullparativе studiеs of Ьеlrаvior and moгphology ttl undеrstаtrd thе origin of
nеw trаits аnd tlrе divеrsifiсation сlf spесiеs. Bесausе t>f Мiсhеrrеr's w<lrk and his

еnсOuragеmеnt of young Ьее rеsеаrсhеrs, thousands of spесiеs сlf Ьееs саn Ье

idеntifiеd with сеrtаinty. This satisfiеs thе first rеquirеt-nеnt of ссltlrpaгativе ге-

sеаrсЬ: aЬility to idеntify tlrе organisn-rs. In additiolr, Мiсhеnеr's work trеats thе
phylogеnеtiс rеlationships of diffеrеnt groups of Ьееs' summarizеs knowlеdgе

of thеir Ьiology, аnd ехplains how to rеаr and oЬsеrvе thеm in thе laЬоratory.
Мiсlrеnеr's m<rrе than 400 рr.rЬliсаtions, inсluding two maior bсl<lks on Ьееs,

aге a vеritaЬlе еnсyсlopеdiа t>f inforr-nаtiсrn that has Ьееn ехploitеd by Nliсh-

еnеr and othеrs to traсе thе еvolution of suсh phеnomеna as parаsitism and thе
transition from solitаry to soсial irr group-living insесts. His taхonomiс insight

has nrаdе him а lеаdеr in thе tlrеorv anсl praсtiсе of s),stеmatiсs, tlrе str'rdy of

сli lssifiсation aтrd rеlationships among groups of organisпls. At thе agе of 81,
Miсhеnеr puЬlishеd his magrrum opж.Гhe Bееs сlf thе World (2000), a 91З-
pagе tomе that trеats 1,200 gеnеra arrd suЬgеnеril and moге than 16,000
spесiеs irr a r"rnifiеd сlassifiсаtiorr апd suпrmаrizеs muсlr of thе сurrеlrt informa-

tioп on this impсlrtant group' insесts tЬllt arе еssеrrtiаl tсl есologiсаl and human

сommunitiеs as pollinаtors of flowеring plаnts, inсluding many сrops.
Мiсhеnеr's intеrеst in Ьееs Ьеgan whеn as а Ьoy lrе Ьеgan to сOllесt insесts

nеar lris homе irr southеrn Сaliforniа' Еl-rсtluragес1 Ьy lris mothег, an aпlа-
tеur naturalist, and by P. H. TimЬеrlаkе, an authority оn Ьее taхonоmy, hе
puЬlishеd his first еssay on Ьееs at thе аgе of 16. FIis сontagious еnthusiasm
for Ьееs has inspirеd a largе numЬеr of studеnts and сollеaguеs irnd has put

tЬе Univегsitу of Kansirs On thе map as a сentеr for Ьее rеsеilгсh and sсiеl-t-

tif iс lеadеrship. Miсhеnеr also wrсrtе importent еssays on thе taхonomу of

Ьuttеrfl iеs, although thеsе arе now lеss known than his work on Ьееs, and hе
Was at thе сеntеr of сontrovеrsy during dеЬatеs ovеr numеriсаl tirхonomy in

thе l950s аnr'] l960s. Aloпg with RoЬеrt Sokаl, ц'hosе viеlvs wеrе sotllе_
what пrorе radiсa l ,  Miсhеl lеr  advoсatеd thе usе of  oЬjесt ivе,  quant i tаt ivе

datа in сlassifiсаtions (пиmeriсаl tахoнсlmу) as an antidotе tO somе of thе

ovеrly intuitivе аrrd lеss sсiеrrtif iс pr<lсеdurеs оf tlrе timе. But hе also Ье-
l iеvеd that qt lant i tat ivе lnеthods. . t l l t ts t  not Ье а l lowеd to sеParatе thе sуs-
tеmаtist from the organisnls thеmsеlvеs for only Ьv. knowing tlrеir Ьеhаvior,

есologiсal геlationsl
undеrstand and intс
сount of thе nuп.lсг
еnеr as ..ir quiеt' gег
p o l е m i с s . . . [ Ь u t l  i
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есtllt lgiсal rеlatioпslrips, thе furrсt,ions of thеiг r,аrious stгuсtI' lrеs' еtс., сan lrе
ttr-rdеrstаtrd :rrrd intеrprсt tl lx()l lonliс data ' ' (Nliсlrеnеr l96З, 170). In al1 aс-
сoшnt <l f  thе nut l rеr iс i r l - taxon<lmy wars,  Hr-r l l  (1988, 1 l8) dеsсr iЬеd Мiсh-
rnеr as ..a quiеt' !]еntlе man . . . who dсlеs rrot еnjoy partiсiPаting in rauсous
pс l lеrn iсs. . .  [Ьut l  in sс iеrr t i f iс  сomЬat [hе isI  a lso h ighly еf fесt ivе,  somе
might sаv dеadlу. ' '

Мiсhеnеr's сordial, unasslttrring mannеr lrаs madе hinr аn еffесtivе statеs-
mаn of sсiеnсе' еspесiаlly in сountriеs l ikе Jаpan, Мехiсo, and Brazil, whеrе
hе hаs сonduсtеd fiеldwоrk and promotеd еntomologiсal rеsеarсh; and аmong
еntor-пologists in tтusеums аnd laЬoratoriеs tЬroughout the world. For marry
yеers Nliсhеnеr Was tlrе onlу Kаnsаs mеmЬеr of thе Nаtiorral Aсadеmy of
Sсiеnсеs, onе of only two Karrsans to havе joinеd thе aсaсlеmy in its 184-yеar
history whеn hе wаs еlесtеd in 1965. In1967 hе sеrvеd tls prеsidеnt of thе
Soсiеty for thе Strrсly of Еvolution. Miсhеnеr's сarееr shows thе valuе, for hy-
pothеsis tеsting and for thе undеrstanding of Ьiologiсal divеrsitv, of dееp arrd
Ьroad knowlеdgе of a partiсLll i1r grсlup of orgаnisms.
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Мillеr, Stanlеy L. (1930-2007)

Stanlеy L. Мil lеr spеnt most of lris саrееr аs profеssor of сhепristry at thе Uni-
vеrsity of Сaliforniа, San Diеgo. [n thе еarly 1950s hе pеrformеd a sеriеs of
Ьrеаkthrough ехpеrimеnts that signalеd thе Ьеginning of thе systеmatiс rе-
sеarсh of pгеЬiotiс сhеmistry аnd thе еmеrЕ]еnсе of l ifе. From thеn on, to-
gеtlrег with many сollеaguеs arrd studеnts, Nli l lеr invеstigatеd thе possil. l lе
stеps and сIrеrтiсal ссlmp<lr.rrrds involvеd ir-r thе еmеrgеnсе of l ifЪ. As .1п aс_
krrсlwlеdgmеnt of his еminеnt сontriЬution tо thе еstaЬlishmеnt of thе origin-
of-l ifе fiеld, in 197З hе was thе first sсiеntist working in this arеa to Ье еlесtеd
to tЬе National Aсadеmy of Sсiеnсеs. In rесognition of his aсhiеvеmеnts and
his rolе in thе сrеаtitln of thе lntеrnationаI Soсiеtу.for thе Study of thе Origins
oi Litе (ISsoL)' thе soсiеt1, еstaЬlishеd irftеr Мil lеr's dеath thе Starrlеy L.
Мi[lеr Award to Ье prеsеntеd tсl young outstanding origin.of-lifе sсiеntists.

|n \952'795З, working as a graduatе studеnt in thе laЬoratory of сhеmist
and NoЬеl laltrеatе Hаrold Urеv :rt thе Univегsit,v of Сhiсаgo, Мil lеr attеmptеd
to simulatе tlrе сonditions сonсluсtivе t<l l ifе on thе prirnordiаi еartlr. Irr thеsе
ехpеrimеnts hе rvаs tеsting for thе first timе thе oparin.Haldanе hypothеsis
on thе еmеrgеnсе of l ifе formtrlatеd in thе 1930s (sее thе alphaЬеtiсal еntry
..Alеksandr l. opаrirr' ' in this volumе). Мil lеr Ьuilt a glass apparatus thаt



7З4 Мillеr

сontainеd in sеparatе flasks сonnесtеd Ьy tuЬеs a miхturе of gases пrimiсking
thе еarly hydrogеn-riсh (rеduсing) atr-nosphеrе aгrd watеr rеpгеsеnting thе
oсеan. As an еnеrgy sourсе hе еmployеd еlесtriс сJisсhargеs that stood for
lightning. Aftеr running thе ехpеrimеnt for а wееk, Mil lеr analyzеd thе aquе-
ous solution-1[g ..9g6nn''-fg1 thе dissolvеd produсts of thе intеraсring at-
mosphеrе's сonstituеnts. Hе found aЬundant synthеsis of оrganiс ссlnrpotlnds,
inсluding amino aсids, thе Ьuilding Ьloсks of pгotеins. Signifiсantly' thе rе-
sults wеrе not statistiсally random: Only a small numbеr of Ьiologiсallу rеlе-
vant organiс сompounds wеrе produсеd in high yiеlds in thе ехpегimеnt out
of the vast nlrmЬеr of potеntially rеlеv:rnt organiс suЬstаnсеs' Glyсinе and
alatrinе, thе rrrost сommon amino aсids ir-r protеins, wеrе thе rrrajor produсts.
In work pеrformеd Ьy Мillеr and otlrеr rеsеarсhеrs in thе 1970s, it wаs found
that thе samе amino aсids and in thе samе rеlativе quantitiеs wеrе oЬtainеd
whеn thе сontеnt of mеtеoritеs that rе:rсhеd еarth wtrs analyzеd' Sinсе mеtе-
oritеs arе сonsidеrеd геliсs of thе formatiorr of thе so[ar planеts, thеir organiс
сontеnt пraу indiсatе that сhеmiса| proсеssеs sirnilar tсl thе Мillеr rеaсtions
wеrе сommon in thе solirr systеm.

Similar ехpеrimеnts Ьy othеr сhеmists dеmonstrаtеd thе synthеsis undеr
prеЬiotiс сonditions of sеvеral сonstituеnts оf nuсlеiс zrсids' for ехirmplе, thе
nitrogеn Ьаsе аdеninе. Мorе rесеntly thе ехistеnсе of a prinrordial hydrogеn-
riсh atmosphеrе that еnaЬlеd organiс synthеsis lras Ьееn quеstionеd' and
many rеsеarсhеrs postulatе instеad that organiсs wеrе importеd to еarth
from spaсе Ьy сomеts, mеtеoritеs, and dust partiсlеs. Мil lеr nеvеrtlrеlеss Ье-
liеvеd that сonditions for organiс synthеsis on еarth might hаvе ехistеd.
Using а more potеnt high_еnеrgy sollrсe' Мil lег suссееdеd in dеmonstrating,
Ьеginning in rhе 1980s, tl-rе synthеsis of amino aсids аnd nuсlеiс aсid Ьasеs in
a gas miхturе that was lеss rеduсing thаn his 1953 ..irtmosphеrе.' '

Мil lеr Was a promotеr of thе gеnеtiс сonсеption <lf thе origin сlf l ifе' aс-
сording tсl l,vhiсlr l iviпg sуstеnls wеге first and ftrгеmost sеl{-геpliсаting mo-
lесular еntitiеs. Throughout his саrеег thе most fr'rndamеntal quеstion that
prеoссupiеd him was thе naturе of thе first gеnеtiс matеrial that сould havе
rеpliсatеd, mutatеd' and еvolved to form a primitivе l iving systеrn. Мil lеr
sharеd thе сorrviсtion оf r-t-rаny sсiеntists in thе fiеld thаt а watеrslrеd in thе
еmеrgеnсе of l ifе was аr-r RNA world, а сhеmiсal world in whiсh RNA molе-
сulеs funсtionеd Ьoth as gеnеtiс matеrial and as сatаlysts. Thе idеа that RNA
molесulеs сould havе fulfi l lеd this duаl rolе vеry еаrly in thе еvolution of l ifе
was suggеstес{ indеpеndеntly in thе 1960s Ьy Lеsliе orgеl, F.ranсis Сriсk, and
Саrl 

.W.oеsе. 
Tlrе moге radiсаl сlаim thаr RNA wаs thе solе plаyеr irr thе vеry

еmеrgеnсе сlf l ifе Ьесanrе popular in thе 1980s aftег thе surprisirlg disсovеry
in prеsеnt.day сеlls of riЬozymеs. Thеsе аrе RNA molесulеs that in addition
to thеir gеnеtiс rolе also асt as еnzymеs, thus сarryirrg out thе funсtion that
until thеn wаs known to Ье асссrmplishеd only Ьy pгotеins.

On thе Ьasis of numеrous еxpеrinrеnts, htlwеvеr, Mil lеr, аs wеll as his сol-
lеаguе Lеsliе Orgеl and othеr rеsеarсhеrs, Ьесamе сonvinсеd that l ifе сould
not havе Ьеgun with thе RNA world. Thеy rеаlizеd that thе prеЬiotiс synthе-
sis of an RNA sеquеnсе that сould rеpliсatе itsеlf was highly improЬaЬlе.
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Сonsеquеntly, Мil lеr's rеsеarсh from thе 1990s until his dеаth was dеvotеd
to thе sеаrсh for thе сonstituеnts of a prе-RNA world that wеrе еasiеr to syn-
thеsizе and that сould havе еvolvеd into thе сonstituеnts of thе RNA world.

Sеvеral suсh сandidatеs wеrе suggеstеd Ьy Millеr аnd his group.

It is important to notе that from its inсеption Мillеr's rеsеarсh on thе origin

of lifе was tightly linkеd to thе widеr сontеxt of thе sеarсh for lifе on othеr
planеts. Aftеr thе founding of thе National Aеronautiсs and Spaсе Administra-

tion (NASA) in 1958, thе young Millеr Was among thе main сontriЬutors to

thе еstaЬlishmеnt of thе fiеld of ехoЬiology, latеr to bе сallеd astгoЬiology.

Sеvеral of Millеr's latеr ехpеrimеnts lеnt сrеdеnсе to thе hypothеsis that thе po-

tеntial fоr prеЬiotiс сhеmistry еxists bеyond еarth, pеrhaps undеr сorrditions
prеvalеnt on onе of Jupitеr's moons' Еuropa' and possiЬly on othеr Jovian
moons.

In ordеr to disсredit thе study of thе еmеrgеnсе of lifе, сrеаtionists oftеn

rеly on thе еmpiriсal dеЬatеs among origin-of-l ifе sсiеntists ovеr spесifiс prе-

biotiс sсеnarios and on thе many thеorеtiсаl and еmpiriсal diffiсultiеs sti l l
faсеd Ьy rеsеarсhеrs. Mil lеr, who strongly dеnounсеd сrеationists for pro-

moting ignoranсе аЬout sсiеnсе' nеvеr doubtеd that a сhеmiсаl solution to

thе prоЬlеrn оf thе еmеrgеnсе of l ifе wil l еvеntually Ье found.
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Мimiсry

Mimiсry oссurs whеn thе fеaturеs of сlnе spесiеs rеsеmЬlе thоsе сrf anothеr

and, through that rеsеmЬlanсе, сonfеr somе advantagе on thе mimiс. Mim-

iсry is a striking phеnomеnon in naturе; its study has plаyеd an impoгtant
rolе in еvolutionary Ьiology from thе еаrliеst argumеnts aЬout nаtural sеiес-

tion, and sеvеral сhallеnging puzzlеs about thе еvolution of сomplех rnimiсry

systеms rеmain to Ье solvеd.
Мimiсry is  rampant in naturе (sее Wiсk lеr  1968; Randal l  2005).  In i ts

simplеst form' mimiсry oссurs whеn a partiсular fеaturе of onе organism rе-

sеmЬlеs a vеry diffеrеnt organism. Thе most familiar еxamplеs arе сasеs of

aggrеssivе mimiсry' whеrе a prеdator luгеs its prеy with a pаrt of its оwn body
that rеsеmЬlеs thе food of thе prеy. Thе flеshy rеd protuЬеranсе on thе tonguе

of an alligator snapping turtlе mimiсs a Ьloоdworm and lurеs Ьloodworm.
еating fish into thе turtlе's mouth. Thе lurеs of anglеrfish and Ьatfish arе othеr
wеll-known ехamplеs. In thеsе сasеs' thе mimеtiс fеaturе сonfеrs a сlеar Ьеn.

еfit to its ownеr аnd thе еvolutiоn of thе fеaturе сrеatеs no disadvantаsе for

thе organism Ьеing imitatеd.
Thе morе сompliсatеd fсlrm of mimiсry oссurs whеn onе organism rеsеm-

Ьlеs a similar onе' as in onе Ьuttеrfly rеsеmЬling anothеr' Ьut ш'ith thе twist
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thаt thе rеsеmЬlanсе offеrs a Ьеnеfit to thе mimiс ЬLlt а potеntial disadvan-
tagе to thе nrodеl (thе organism Ьеing imitatеd)' This happеns whеn modеl
and mimiс havе vеry diffеrеnt сl.laraсtеristiсs or есologiсal rolеs and thе suс-
сеss of thе mimiс thrеatеns thе modеl. For ехamplе' on сoral rееfs in thе Pa-
сifiс, small fish сallеd ..сlеanеr wrassеs'' find food Ьy piсking сrrrstaсеan
есtoparasitеs from thе sсalеs of largеr fish, whiсh visit spесifiс spots on thе
rееf whеrе thе wrassеs oссur' Thеrе is anothеr spесiеs of small fish, a Ьlеnny,
that mimiсs thе shapе and сoloгation of thе сlеanеr Wrassе Ьut, гathеr than
piсk parasitеs from thе largег fish, takеs small Ьits from thеir tail fins. Thе
blеnny's mimiсry of thе wrаssе allows it to сlosе in on its targеt whеn it might
<lthеrwisе Ье еatеn itsеlf Ьy thе largеr rееf fish. But onе might ехpесt thе an-
noyаnсе of a rееf 6sh at having a piесе rеmovеd frorn its tail wil l pr<rvokе lеss
tolеranсе of thе modеl' thе сlеanеr wrasSе' and impеril thе wrassе's aЬil iry to
gain thе еasy mеal. To undеrstarrd thе pеrsistеnсе of this mimiсry systеm' Wе
must undеrstand thе rесiproсal еffесts of modеl аnd mimiс on еaсh othеr's
fitnеss and thе сonditions undеr whiсh thosе еffесts arе Ьalanсеd.

Thе most сhаllеnging сomplех mimiсry systеms arе thе hundrеds of сasеs
in whiсh dаngегous or toxiс аninrals arе imitatеd Ьy harmlеss or pаlataЬlе
onеs. In еaсh саsе thе harmlеss or palataЬlе spесiеs gains its advantagе through
thе aЬil ity of othеr animals to lеarn thе assoсiation Ьеtwееn a visuаl or olfaс-
tory сuе with thе dangегous аnimal and thеn assoсiatе thаt сuе with thе
hаrmlеss mimiс arrd lеavе it alonе.

Thе most wеll_studiеd сasеs arе thosе involving palataЬlе Ьuttеrfl iеs that
rеsеmЬlе unpalat:.rЬlе, toхiс oIrеs. Hеnry Batеs (1862) Ьrought this phеnomе-
non to thе аttеntiс>n of Ьiologists whеn hе dеsсriЬеd how сеrtain Amazonian
buttеrfliеs in thе family Piеridaе Ьorе а striking rеsеmЬlanсе to unrеlatеd Ьut-
tеrfliеs in thе family Неliсoniidaе. Batеs had notiсеd that thе hеliсoniid Ьut-
tеrfl iеs flеw languidly yеt wеrе rarеly attaсkеd Ьy Ьirds, whilе thе piеrids flеw
m<lrе furtivеly and еlusivеly, as if аvоiding еxposurе to Ьirds. Thе hеliсorri ids
arе' in faсt, toхiс аnd unpаlataЬlе, and thе piеrids arе nontoхiс and palat-
aЬlе. Batеs dеsсriЬеd this systеm as a dramatiс dеmonstration of tlrе powеr
of natural selесtion' pointing out thе advantagе gainеd Ьy an individual of a
p:rlataЬlе spесiеs whosе featurеs rеsеmЬlеd thosе of a noxious spесiеs that
would Ье avoidеd Ьy prеdators.

Inspirеd Ьy Batеs's oЬsеrvations and suggеstions' еvolutior-rary Ьiologists
from Сharlеs Darwin onward plungеd into studying thе naturе and еvolution
of this typе of minriсry. With grеatеr sсrutiny сamе thе apprесiation that mim-
iсry is a сompliсatеd phеnomеnon; as a rеsult, thе study of mimiсry сamе to
oссupy a сеntral position in еvolutionary biology as a nrodеl systеm for undеr-
standing сompliсаtеd forms of natural sеlесtion that сould nrold сomplех pat-
tегns from simplе gеnеtiс сomponеl1ts.

Сomplеx mimеtiс systеms сan Ье сlassifiеd into thrее typеs. In Batеsian
mimiсry a harmlеss or palataЬlе spесiеs rеsеmЬlеs a dangеrous or unpalat-
ablе, toхiс onе. It is not diffiсult to undеrstand how thе prеdator lеarns to
avoid a toxiс Ьuttеrfly; a prеdator thаt еats onе Ьесomеs il l аnd vomits, aftеr
whiсh tastе avегsion lеads thе prеdator to avoid Drеv that rеsеrnЬlе thе of.
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fеnding food itеm. It is also not diffiсult tо sее Batеs'S argumеnt that a mutаnt
of a pаlаtaЬlе spесiеs thаt rеsеmЬlеs i ln unpаlatzrЬlе onе will havе highеr 6t-
nеss through a rеduсеd risk of prеdatiоn. If a Ьеttеr rеsеmЬlanсе с<rnfеrs a
lowеr risk of prеdation, natural sеlесtion will rеfinе thаt rеsеmЬlanсе until
mimiс and modеl arе indistinguishaЬlе'

Dеspitе thе sirnpliсity of thе Ьasiс argumеnts, Batеsian rrrimiсry ri1isеs sеv-
eral important quеstions for whiсh wе hаvе only partial answеrs. First, Batе-
sian miп-liсs must rеmain rагеr thаn thеir modеls lеst prеdators еnсOuntеr
morе nrimiсs thаn modеls and assсlсiatе thе shагеd pattеrп wiсh palataЬil it1'
rathеr than thе rеvеrsе. Thе prесisе rеiationship ехpесtеd among tlrе aЬun-
danсеs of modеl and mimiс is unсlеar, еspесially whеn a singlе spесiеs sеrvеs
as thе modеl foг sеvеral mimеtiс spесiеs in thе sаmе loсаtion (е.g., thе
pipеvinе swallowtail of thе southеasrегn Unitеd Statеs and its mimiсs)'

Sесond, if Batеsian mimiсs must rеsеmЬlе thеir modеls сlosеly, thеn thе
gеnеs that сontrol pattеrn mllst Ье inhеritеd togеthеr so that thе gеnеtiс in-
struсtions for thе pattеrn arе not sсilttеrеd dr-rring sехuirl rеprodr-rсti<ln (sее
thе alphabеtiсal еntry ..Еvolution of sех'' in this volumе). Rеsеarсh has shown
that thosе gеnеs arе inhеritеd as a Ьloсk, a proсеss faсil itatеd in buttеrfl iеs Ьy
thе fасt that tl-rеrе is no сrossing-ovеr in fеmzrlеs. Thе initial studiеs of in-
hеritanсе of mimеtiс pattеrns suggеstеd that thеy Wеrе сontrollеd Ьy singlе
gеnеs of largе еffесt, a finding usеd Ьy somе sсiеntists to arguе that suсh
gеnеs wеrе oЬviousl,v thе important raw matеriаl for еvolutiоn. TЬis сon.
trastеd with thе Darwinian viеw that thе important rаw matеrial for еvolution
was thе сumulativе impaсt of many gеnеs with small individual еffесts. This
dispurе was сlаrifiеd only wlrеn dеtаilеd studiеs of inhеritanсе rеvеalеd thе
сonсеrtеd inhеritanсе of thе sеvеral gеnеs that сontrollеd thе Ьasiс mimегiс
pattеrns and thе еffесts of othеr gеnеs that modifiеd thе еxprеssion of thеsе
сontroll ing gеnеs (sее Nijhout 200З for a tесЬпiсal disсussion). Although
nеw rеsеarсh has rеvеаiеd thе loсation of thеsе gеnеs in sotnе spесiеs (Clаrk
еt al. 2008)' thе еvolutionary pathway that Ьror"rght thosе gеnеs into а сlosеly
linkеd сomplех tlrаt is inhеritеd as a Ьloсk rеmаins to Ье dеsсriЬеd.

Thе dеsсription of suсh аIr еvolutionary pathway is еvеn nrorе сompliсatеd
whеn diffеrеnt populations оf thе samе mimеtiс spесiеs inritаtе vеry diffеrеnt-
looking modеls in diffеrеnt gеographiс loсations. This is an еspесially strik-
ing pattеrn within thе hеliсoniid Ьuttеrfl iеs, and nеw rеsеarсh into this Pattеrn
is starting to rеvеаi thеsе p:rthways (Krоnforst аnd GilЬеrt 2008).

Third, thе study of Batеsian mimiсry lеd quiсkly to thе quеstion of hоw
unpalataЬil ity and toхiсity сould еvolvе, along with a spесifiс visual signal
thаt а pгеdator would rеmепrЬеr. ]f а mr'ttаnt tlrаt is unpalataЬlе аnd toхiс
must diе so that thе prеdator саn lеarn to avoid othеr individuals with thе
samе appеaranсе and initial tastе, it is unсlеаr how thе mutant gеnе сan
sprеad viа thе сlаssiс Darrvinian sеlесtion amonЕ] indiviс.luals. Fishеr sug-
gеstеd а kin-sеlесtiоn argllmеnt Ьasеd on thе supposеdly grеgarious rraturе of
many toхiс Ьuttеrfliеs, Ьut rесеnt rеsеarсh on phylogеnеtiсs (Bеltran et a|.2007
and othеrs сitеd thегеin) has indiсatеd that grеgariousnеss еvolvеd aftеr toхiс-
ity and wаrning с()loration in пrany of thеsе spесiеs, аnd so thе kin-sеlесtion
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argumеnt сannot Ье сorrесt. Othеr hypothеsеs havе Ьееn suggеstеd, Ьut thе
proЬlеm rеmains unsolvеd.

Thе sесond typе of сomplех mimiсry is сallеd Мiil lеrian mimiсry' whiсh
dеsсriЬes thе rеsеmЬlanсе of two or morе unpalataЬlе or danр;еrous spесiеs
to еaсh othеr. This pattеrn was аlso dеsсriЬеd Ьy Batеs, who oЬsеrvеd that
many tropiсal Ьuttеrfly spесiеs formеd mimiсry rings in whiсh a group of
spесiеs ехhiЬitеd a сommon mimеtiс pattеrn. Furthеr, Batеs oЬsеrvеd that
suсh pattеrns сhangеd in wholеsalе fashion from onе gеographiс arеa to an-
othеr. Sеvеral spесiеs within thе gеnus l]eliсoпiцs in thе Amеriсan trоpiсs
offеr onе of thе Ьеst.doсumеntеd сasеs of a mimiсry ring. Miillеrian mimiсry
and mimiсry rings posе a numЬеr of pеrplеxing quеstions. Thе advantagе оf
a mutual resеmЬlanсе of unpalataЬlе spесiеs is сlеar at first; if a сеrtain num-
Ьеr of individuals mrrst diе to tеaсh prеdators to avoid a pattеrn, thеn if that
numbеr is dividеd Ьеtwееn two spесiеs, thе risk of prеdation is lowеr for in-
dividuals of еaсh spесiеs, and a mutual геsеmЬlanсе will еvolvе. Of сoursе'
thе proЬlеm of how toxiсity еvolvеs in thе first plaсе still еxists Ьесausе this
argumеnt bеgins onсе two spесiеs arе еaсh tохiс. And although many ехpla-
nations havе Ьееn suggеstеd, it rеmains unсlеar why mimiсry rings сhangе
thеir pattеrns aЬruptly еvеry fеw hundrеd milеs.

Thе third typе of сomplех mimiсry is thе most puzz\ing. In thеsе сasеs all
thе spесiеs involvеd arе tохiс or dangеrous Ьut thеy vary suЬstantially in that
noхiousnеss. This makеs thе rings diffiсult to dеsсriЬе as еithеr purely Batе-
sian сomplехеs or purеly Mii l lеrian rings. Thе most spесtaсular of thеsе сasеs
might Ье thе mimiсry group that inсludеs thе dеadly сoral snakеs of tropiсal
Amеriсa and a sеriеs of mildly vеnomous spесiеs that sharе thе Ьrightly Ьandеd
сolor pattеrn. Thе diffiсulty in ехplaining this pattеrn is that a Ьitе from thе еx.
trеmеly dеadly сoral snakе kills most would-bе prеdators, and dеad prеdators
сannot lеarn to avoid what killеd thеm.

Two ехplanations havе Ьееn offеrеd for this typе of mimiсry ring. In thе
first еxplanation, сallеd Меrtеnsian mimiсry' thе mildly noхious spесiеs is in
faсt thе modеl from whiсh prеdators lеarn and thе dеadly spесiеs is thе
mimiс, thе rеsеmЬlanсе Ьеing favorеd Ьy thе faсt that attaсk гаtеs on thе
dеadly animal dесrеasе as pгеdators lеarn from thе lеss dеadly еnсountеrs.
Thе sесond ехplanаtion, сallеd quasi-Batеsian mimiсгy, rеvеrsеs modеl and
mimiс and postulatеs that thе mildly noxious spесiеs mimiсs thе highly nox-
ious onе. This hypothеsis was dеvеlopеd for Ьuttеrfly rings in whiсh spесiеs
variеd in aЬundanсе, as wеll as toхiсity' thе mildly toхiс spесiеs Ьеing thе
rarеr. Thе rеlativе aЬundanсеs rеsеmЬlе thе argumеnts about modеl and
mimiс aЬundanсеs that еmеrgе from purеly Batеsian mimiсry, hеnсе thе namе
quаsi-Bаtesiап. TЬe mесhanisms positеd for quasi-Batеsian mimiсry involvе
vеry spесifiс argumеnts aЬout how animals lеarn, inсluding argumеnts aЬout
whеthеr lеarning is pеrmanеnt and how long lеarning lasts without rеinforсе-
mеnt (sее Мallеt and Joron 1999 for a dееpеr disсussion). Thеse opposing
еxplanations rеmаin to bе rеsolvеd (Mallеt 2001).

Тhе study of mimiсry еpitomizеs еvolutionary Ьiology as a disсiplinе.
Simplе mimiсry is rеadily oЬsеrvеd Ьy еvеn a сasual natural historian and
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Ьеgs thе quеstion of its origin аnd пraintеnаnсе. Сrlmplех mimiсry systеms
inspiге dее;lеr quеstions' whiсh lravе provokеd nеarly a сеntury alrd a half
of sopЬistiсi ltеd геsеaгсh, from Batеs's сlriginаl oЬsегvаtitlns to modеrn
work in gеnеtiсs, dеvеlopmеnt, есology, nеuroЬiology, and mathеmatiсal
аnd сomptrtаtiсlnаl modеling. Wlri lе tlrе disсovегy of mimiсry is аn old
story, undегstanding its еvolution is vеry muсh a nrodеrn onе that сontlnuеs
to unfold.
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Мodеrn rеptilеs

Rеptilеs сonstitutе tlnе of tlrе most mсlrphologiсally arrd есologiсally divеrsе
grоups of tеtгapod (fouг-lеggеd) vеrtеЬrаtеs. Thе roughly l6'000 spесiеs of liv-
ing rеptilеs rangе in Ьсldy sizе from tiny lizards and snakеs that wеigh lеss than
1 granr to sаltwatеr сroсodilеs that rangе up to nеarly 7 mеtеrs in lеngth and
ovеr l,100 kilograms in wеight. Thе living rеptilеs inсludе spесiеs that аrе
livе-Ьеaring and еgg-lаying, есtothеrmiс (сold-Ьloodеd) anс.l еndothеrrrriс
(warm-Ьloсldеd), marinе аnd tеrrеstrial, lrеrЬivorous and prеdaсеous-in short,
most tlf thе есologiсal, physiоlogiсal' arrd morphсllogiсаI r.аriation found in
tеtrapоds. Sornе of this variation сan Ье ехtrеmеly laЬilе еvolutionarily-
ехanrрlеs aЬоrrnd of piriгs сlf сl<lsсly rеlatеd lizard spесiеs wlrеге onе is livе-
Ьеaring and thе <lthеr еgg-lаving, ftrr ехampIе. Onе of thе nrost important
ссlntrovеrsiеs in rеptiliа-rr.r еvtllutiorrirгy Ьiсllсlgy is ех:rсtly what tсl inсludе irr this
group' and in partiсulаr, thе inсlusion of Ьirds rvithin rеptilеs (sее thе irlphаЬеt-
iсal еrrtry ..Birds'' iIr this vсllurnе). A phylogеnеtiс dеfiпitiorr of rеptilеs that most
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еxpеrts would agrее on is ..thе most rесеnt сomпlon anсestor of a turtlе, ir
snakе, a |izard, and а сroсodilе, and аll spесiеs dеrivеd from that anсеstor.'' If
that dеfinitiotr is usеd' the living rеpdlеs inсludе lizагds, snakеs, amplrisЬaеnians
(a group of l imЬlеss, l izагdlikе arrimals), rhynсhoсеplralians (tЬе tuаtarаs)' сroс-
odil ians, biгds, and turtlеs. It also inсludеs a grеat variеty of ехtinсt l inеagеs,
inсluding thе marinе iсhthyosaurs and plеsiosaurs, thе flying ptеrosaurs, and
thе еvеr-popr-rlar ornithisсlrian (Ьird-hippеd) and sа.rtlrisсhian (l izаrd-hippеd)
dinosaurs (sее tlrе alphaЬеtiсal еntry ..Г)it-tosauгs: Thе n-rodеl systеrn fсlr еvolu-
tion'' in this volumе).

Phylogеnеtiсally thе living rеptilеs arе oftеn split into thrее primary linеagеs.
Thе lеpidosaurs inсludе thе lizards, snakеs, amphisbаеnians, and ttlataras and
аrе thе numеriсаlly dсltninirnt group of nonaviаn геptilеs. Arсhosaurs inсludе
сroсodil iarrs and Ьirds, аs wеll as a vast divеrsity of еxtinсt spесiеs, inсludiпg
thе traditional dinosaurs. Finally, thе tеstudinеs (sornеtimеs also known аs thе
сhеlonians) inсludе thе turtlеs аnd tсlrtoisеs, а small group of mсlrphologiсally
uniquе vеrtеbrаtеs. Amсlng rеptile Ьiologists onе of tlrе kеy rесеnt rеsеarсh еf_
forts has foсusеd on lrtlw thеsе majoг groups arе rеlatеd to еaсh othеr, аlrd
whаt thеsе rеlationships tеll us аЬout thе history of divеrsifiсation of tеtrapоd
vеrtеЬratеs.

Turtlеs arе oftеn сonsidеrеd thе m<lst primitivе groшp of rеptilеs on thе Ьа.
sis of thеir sharеd сolrс]ition of thе laсk of an opеning (or apsе) in thе сhееk
rеgion of thе skull (thе anapsid ссlndition). Мammals and thеir rеlativеs havе
а singlе opеning (and arе сlassifiеd аs synapsids)' and all othеr rеptilеs havе a
pаir of opеnings in thе сhееk rеgion (diapsids). Orr thе Ьаsis of thеir ех.
trеrnеlу distinсtivе morphology and tlrе notion thаt thе anapsid сondition is
thе simpIеst irnd thеrеforе thе most primitivе' turtlеs havе oftеn Ьееn сonsid-
еrеd thе first l inеagе to split еvolutionarily from thе othеr rеptilеs. Нowеvеr,
rесеnt molесular аnd moгplrologiсal rеsеаrсh indiсatеs that turtlеs, whilе сеr-
tainly Ьizагге arrd spесializеd' may wеll Ье а form of modifiеd diаpsid that
has sесond:rri ly lost thе opеnings сhаraсtеristiс of thе group. Ехaсtly whеrе
turtlеs fall within thе diapsids rеmains сontrovеrsiаl; somе analysеs favor а
сlosеr affinity to thе lеpid<rsaurs, whilе othеrs favor .rn arсhosauriаn affinity.

Although thе rеlationship of turtlеs t() ()thеr tеtrаpods is соntrovеrsial, rес-
ognizing a tl lrtlе is not. Both thе slrеll (a fusеd, modifiеd riЬ сagе) and thе
plaсеmеnt of the shouldеr girdlе insidе thе riЬ сagе (as оpposеd to outsidе
thе riЬs in all othеr tеtrapods) arе uniquе fеaturеs in thе history of vеrtе_
Ьrаtе еvolution. For thе pаst 220 mill ion vеars turtlеs lrаvе maintainеd thеsе
uniquе fеаturеs and havе Ьееn a сonsistеnt fеaturе of l ifе on еarth. Thе liv-
ing turtlеs now сontаin aЬout 325 spесiеs that arе widеly distriЬutеd aсross
thе tеmpеratе and tropiсal rеgions of thе world. Thе living turtlеs arе oftеn
dividеd into twсl major gror.rps. The plеurodirеs, or sidе-nесkеd ttlrtlеs (aЬout
75 spесiеs)' havе a horizontаlly rеtrасtaЬ|е nесk joint, whilе tl iе сryptodirеs
(aЬout 250 spесiеs) havе vеrtiсally oriс'ntеd nесk joints that еnаЬlе thеm to
rеtraсt thеir hеad straight baсk into thе shеll. Plеurodirеs dominatе thе south-
еrn сontinеnts (Afriсa, Soцtlr Amеriсa, аnd Australi i l), whilе сryptodirеs аrе
found throughout Еurаsiir and North Amеriсa.

Thе lеpidosallrs arе
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Thе lеpidosaurs аrе thе most divеrsе and nunrегous of thе living rеptilеs'
Thеy inсltrdе two !.roups: thе morplrologiсally primitivе tuatаras (a pair of
l izardlikе spесiеs rеstriсtеd to sеvеral сlffshore islands in Nеw Zеaland) and
thе -7,000 spесiеs of l izards, snakеs, and thеiг rеlativеs (whiсh arе сolleс-
tivеly сallеd thе squamatе rеptilеs). Squamatеs аrе most divеrsе in thе world's
tropiсal rеgions, although thеy oссur on all сontinеntal and most islаnd land
massеs еxсеpt polаr and ехtrеmе high-еlеvation rеgions. Onе of thе most
uЬiquitous and pегsistеnt еvolutionary thеmеs in squamatе rеptilеs is thе rе-
pеatеd еvolutionary loss of Ьoth thе digits and limЬs; Ьy onе еstimatе сom-
plеtе l imЬlеssnеss lras еvolvеd а minimum of 62 indepеndеnt timеs in thе
group. Thе most fаmous еxamplе is thе srrakеs' or sеrpеnts (sее figurе)'
!7ith nеarly З,000 living spесiеs' thеy arе Ьy far thе most suссеssful l inеagе
of l imЬlеss squamatеs) Ьut many othеr ехamplеs alэound, partiсularly aгnong
thе skinks. Othеr important innovations in rhе squamatеs arе thе еvolr.lt ion
of сomplех vеnom systеms, whiсh rеасh thеir grеatеst lеvеl of morphologiсal
сomplеxity and prесision in thе vipеrs and rattlеsnakеs. Неrе thе highly mod-
ifiеd skull and tееtlr :rllow injесtion of prесisеlу n-rodulatеd amounts of vеnt>rr-t
dirесtly into prеу witlr a fang likе a hypodеrmiс nееdlе that is attaсhеd to tlrе
maхil lary Ьonе; lvlrеn not in usе, tЬе fаngs сan Ье foldеd Ьaсk into thе
mourh.

Finally, thе l iving аrсhosaurs сonsist of thе Ьiгds (not сonsidеrеd furthеr
hеrе) and tЬе 22 living spесiеs of all igators' сroсodilеs, and thеir rеlаtivеs.

Thе pinе snakе, Pituсlphis mеlапсэlеuсrzs, a пrспtЬеr of thе сoluЬrid familу,
inhaЬits thе pinе fсlrеsts of thе southеrn Unitеd Statеs аnd thе Pinе Barrеns tlf
Nеw Jеrsеy. Pinе snakеs Ьurrow in sandy soil аnd arе o{tеn found in assoсilt iоn
with gophеr tortoisе сoloniеs. Snakеs arе thе mоst suссеssful l inеagе of l imЬlеss
rеptilеs' with nеarly 3,000 spесiеs, and ехhiЬit a геmarkaЬlе rangе of аdaptivе
fеaturеs inсluding', in rl lany spесiеs (Ьut nоt pinе srrаkеs), a сomplеx systеm foг
injесting vеnom iлto prеv irnd аttасkеrs.
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Uniformly pеrsесutеd for thеir skins аrrd rnеat, Ьy |970 aI| сroсodil ian spесiеs
on еarth wеrе сonsidеrеd thrеatеnеd or еndangеrеd Ьy thе Intеrnational
Uniсln for thе Сonsеrvation of Naturе (www.iuсlr'org), an intеrnаtional
organizаtion that r-tronitors Ьiodivеrsity dесlinеs. Howеvеr, Ьу |995 сonsеr-
vation еfforts around thе world had rеduсеd this Ьy aЬout half, and as of this
writirrg many spесiеS appеar to bе rесovеring to hеalthy population sizеs. Rе-
flесting thеir rеlаtivеly сlоsе phylоgеnеtiс rеlаtionship to Ьirds, сroс<rdil ians
arе Ьoth thе most voсal and providе thе grеatеst lеvеls of parеntal сarе of any
group of nonavian rеpti1еs.

Onе of thе сlаssiс quеstions in rеptil ian еvolutionаry biology is ..Why did
thе dinosaurs go ехtinсt?' ' Although it is truе that mаny linеagеs of dinosaurs
did go еxtinсt roughly 6.5 mill iоn yеars ago at thе еnd of thе Сrеtaсеotls pе-
гiod (and that ехtinсtion was tгiggеrеd Ьy a mеtеoritе сoll ision with thе
е:rrth), it is important to rеmеmЬеr that phylogеnеtiсally, Ьirds aсtually fall
within thе dinosauгs and arе therеforе a kind of dinosaur. Thus in a vеry rеal
sеnsе thе answеr to this quеstion is that thе dinosaurs did not go ехtinсt.
That pigеon that yotr saw in thе park today was a pеrfесtly good dinosarrr; so
was thе сlriсkеn that you atе for dinnеr.
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Nlodеs of Speciаtion (Мichaеl J. D. Whitе)

A сommon misсonсеption among studеnts of sсiеnсе is that thеoriеs nrust Ье
сorrесt to produсе progrеss in thеiг disсiplinеs. For ехamplе, studеnts misun-
dеrstand why thеy lеarn thе thеory of thе inhеritanсе of aсquirеd сharaсtеrs
of Jеan-Baptistе Lamаrсk, rеmеmЬеring him only as ..thаt guy who Was Wrong
about hеrеdity' ' ' Howеvеr' that is a shortsightеd viеw: Lаmarсk prеsеntеd a
сomprеhеnsivе thеory of еvolution at a timе whеr-r thе proсеssеs weгe poorly
undеrstood. Еvеn if his сontriЬutitln was imprесisе in dеtail, it positivеly in-
fluеnсеd our undеrstanding of еvolution today.

With that in mind' it is a plеasurе to сommеnt on сytologist Мiсhaеl J. D.
Whitе's сlassiс 1978 book Мodеs of Spесiаtioп. This book Was thе most сom-
prеhеrrsivе trеatmеnt of spесiation until thе appеaranсе of Сoynе and orr's
2004 tехt. Тhе most famous aspесt of Whitе's Ьook is his еmphasis on thе im-
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portanсе of сhгomosomаl rеarrangеmеnts in spесiation. sИhitе notеd thаt
-99Y. of сlosеly rеlatеd аnir-nals diffег by сhromosomal invегsions. trаnsloсa.
tions, fusions' or othеr rеaгrangеп-lеnts, and that tlrе ratе at whiсh thеsе rе-
arrangешеnts arisе is high Ьy еvolutionary standards (1/500 individuals has a
nеwly arisеn rеarrаngеmеnt)' Hе also notеd that most rеarrаngепlеnts dimin-
ish fеrtility whеn thеy arе hеtеrozygous Ьесzrusе hеtеrozygosity induсеs iгrеg-
ularities in mеiosis. Thus whеn divеrging populations сomе to diffеr in
aгrangеn.lеnts' thеir F1 hyЬrids arе stеrilе, and spесiаtion has tlссurrеd.

Alas' \й/hitе's viеw of пrcсhапiсаl сhromosсlmаl spеciаtioz fеll into disfavor
in thе nеxt 15 yеars. Thеorеtiсal argumеnts showеd that ехtrеmеly stringеnt
сonditiorrs Wеrе nесеssary for thе fеrti l ity rеdr.rсtion tO Ье strong (hеnсе сaus-
ing spесiatiсln) whilе also not еliminating thе nеw arrangеmеnt whеn it first
arisеs (thе individual who first Ьеars this mutation will nесеssarily Ье а hеt-
еrozygotе). Еmpiriсal woгk showеd that rеarrangеtnеnt hеtеrozygotes аrе
somеtirnеs not as stеrilе as initially Ьеliеvеd. Instеad, studiеs now suggеst dif-
fеrеnt ways in whrсh rеarre1ngеmеnts сontriЬutе to spесiation (е.g., еffесts on
rесomЬination) rаthеr tharr tlrе dirесt fеrti l iry, геduсtiorrs disсLrssеd Ьy 

.s7hitе.

His еmphasis on thе importаnсе of rеarrangеmеnts Was сorrесt' Ьut his ех-
planаtiorr for how thеy сausеd spесiation is not widеly aссеptеd today. Нow-
еvеr' thеrе аrе ехсеptions: onе еlеgаrrt study of Sассhаrom1,ссs yеast showеd
a dirесt еffесt of а transloсation on hyЬrid fitnеss (Dеlnеri еt al. 2003).

Whitе taсklеd sеvеral otl.lеr сontеntious issuеs. Hе rеviеwеd gеnеtiс data rе-
garding spесiеs diffеrеnсеs arrd сonсludеd thаt tlrеrе Was no еvidеrrсе supporting
Еrnst Мayr's influеntiаl viеw of a ..gеnеtiс rеvolution'' that oссurs during spесi-
ation, during whiсh a largе fraсtion of thе gеr-romе сhangеs Ьесаusе of nеw sе-
lесtivе prеssurеs aftеr сolonizаtion. tVhitе also strongly favorеd intеrprеtаtions
of symp:rtriс spесiation in many insесt groups, suсh as Rhagolеtis fruit fliеs' still
studiеd today in this сontеxt. Сontrary to mally othеr authors of his timе (and
ours), hе сritiсizеd ..еthologiсai spесiatiorrisrs'' whсl strongiy аdvoсаtе sехual
disсrimination and othеr Ьеhaviors as Ьеing of paramount importanсе to spесi-
ation. Instеad, hе suggеstеd that hyЬrid proЬlеms may Ье motе сommon еarly
in spесiirtion. Although his viеw is not widеly aссеptеd toda,v' Сoynе zrnd Orr
(2004) also notе thе ovеrеmphasis plaсеd Ьy somе authors on sехuаl disсrimi-
nation whеn thе rеlativе importanсе of еffесts from suсh disсrimination vеrsrrs
hybrid proЬiеnrs iп spесiаrion has rrot Ьееrr dеfinitivе[y dеmоrrstгatеd.

Whitе's tеxt is a riсhly dеtailеd rеviеw of thе litеraturе on spесiation. Thе
disсussions of еnrpiriсal studiеs of spесiаtion arе tlrorough and еloquеnt.
!Иhitе was an oцtstanding сytologist, Ьut l ikе mаrny Ьiologists, hе Ьесamе
сonvinсеd that thе phеnomеna hе studiеd wеrе of paramount importanсе in
spесiation. Although somе of his intеrprеtations arе unpopular today, nO onе
сan douЬt that this tехt Was inf]uеntial irl motivаting sеvеral outstаnding
studiеs of spесiation. Somе of his сontrоvеrsial viеws may yеt Ье vindiсatеd;
many сontinuе to Ье aсtivе arеas of study. This quotе from his tехt sti l l ap-
piiеs: ..And, at thе prеsеI1t timе' it wсlцld sееm that swееpirrg gеnеralizаtiоns
aЬout mеthods of spесiation should Ье avoidеd as fаr as possiЬlе (it may Ье
morе justifiaЬlе to gеnеra|lze tn 2О -Yеars timе)'' (Whitе 1978, з24).
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Nlonаd to NIап: The Сonсеpt of Progress
in ЕuolutionсIrу Biologу (Miсhaеl Rusе)

Еvolutiоnаry idеas Ьесamе popul:rr in N7еstеrn сivil iz:lt ion just whеn сonсеprs
of lruman progrеss wеrе flourishing. The Industrial Rеvolution and thе gгowth
of sсiеnсе itsеlf lеd еduсetеd pеoplе to ехpесt limitlеss progrеss in human
knowlеdge and in human soсiеty. Many сommеntatoгs havе suggеstеd that
idеologiсal Ьеliеfs aЬout human progrеss Wеrе a motivаting faсtor in Ьеliсfs
aЬout еvolution аnd еspесially in Ьеliеfs aЬout thе progrеssivеnеss of еvolrt-
tion. Мiсlraеl Rusе sеt out tо irrvеstigatе whеthеr pеrsоlrаl Ьеliеfs of sсiеntists
aЬout progrеssivеnеss in human soсiеty and in еvolutiсln wеrе сorrеlatеd.

Мonаd to Маn is thе rеsr"rlt of this study. Rusе сonсludеs that sсiеntists'
Ьеliеfs aЬout thе progrеssivеnеss of еvolution wеrе indееd сorrеlatеd with
thеir Ьеliеfs aЬout soсial progrеss. This providеs a сhallеngе to thе oЬ1есtivity
of thе sсiеntifiс Ьеliеf in еvolutionary progrеss. Judgmеnts of progrеssivеnеss
сannot Ье dеmonstratеd on str:rightforward еmpiriсal grounds; thеy arе nor.
mativе аssеssmеnts of what сoul1ts as ..forward'' сhirngе. Сould thе mеtа.
phoriсal irrfеrеnсе frtlm soсiаl progrеss to еv<tlutionаry progrеss bе takеn
sеriously by sсiеntists? Тo аnsrvеr this qrrеstiсrn Rtlsе asks thrее quеstions
aЬor'rt а lаrgе numЬеr of lristoriсal and сontеmporaly еvolutionists. Fiгst, do
a sсiеntist's idеas aЬout Ьiologiсal progrеss сorrеspond to what onе would
еХpесt if thе sсiеntist wеrе inflr 'rеnсеd Ьy idеаs aЬout soсial progrеss? Sесond,
wаs that sсiеntist сonsсious of thе rеlation Ьеtwееn soсial progrеss and Ьio-
logiсal progrеss? Third, to whilt еxtеnt did thе Ьiologiсal viеws outstrip thе
еvidеnсе? Тhе largеr thе gap Ьеtwееn еvidenсе and thеorу, thе morе likеly it
is that thе sсiеntist was сarriеd i1сross that gap Ьy his or lrеr soсial Ьiаsеs.

Rusе's answеrs arе intriguing. First, almost аll ninеtееnth-сеntury еvolu-
tionists and most twеntiеtl. l-сеntuгy еvolutionists Wеrе progrеssionists with
rеspесt both to soсiеty and to еvolution. But sесond, thеy sееm to havе rес-
ognizеd that this сrеatеd a Ьias. Thе гесognition is rеvеalеd in diffеrеnсеs Ье-
twееn thеir trеatmеnt of еvoltrtionary topiсs and rhеir nonеvolutionary
rеsеarсh. Еvolution Was a t()piс ior puЬliс lесturеs аnd popular writings, br'rt
it was usuаlly not a topiс foг lrаrdс<lrе sсiеntifiс rеsе:rrсh. Thomas Неnry
Huхlеy, Darwin's strongеst sllppoгtеr, was а pеrfесt еxamplе of this tеn-
dеnсy. Hе wrotе dozеns of popular аrtiсlеs on еvolution Ьut largеly сonfinеd
his sсiеrrtif iс puЬliсations to PaPеrs on сomparativе morphology.
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Thе altеrnativе to trеating еvolution as a popular (Ьut not a rеsеarсh) topiс

Was to find a way to study еvolution that did not assumе progrеssion. A

fгamеwork for suсh a study finally appеared with thе synthеtiс thеory of еvo-

lution in thе 1930s and 1940s, Ьut many of thе arсhitесts of that synthеsis

Wеrе thеmsеlvеs progrеssionists. only in rесеnt yеars has thе assoсiation Ье-

twееn progrеssionism and еvolutionism fadеd. This is partly Ьесausе thе

framеwork for nonprogrеssionist еvolutionary studiеs has advanсеd, and
partly bесausе thе Ьеiiеf in soсial progrеssionism has fadеd.

Thе book's valuе is not solеly in its сonсlusions about progrеssionism. It

сomЬinеs a swееping history of thе sсiеnсе of evolution with intriсatе dеtails

aЬout individual sсiеntists' rеsеarсhеs, prеjudiсеs, аnd pеrsonal l ivеs. It сan

also sеnsitizе rеadеrs to suЬtlе progrеssionist tеndеnсiеs in thеir own thought.

B l в L I o G R A P H Y

Rusе, Мiсhaе|. |996. Мoпаd to Мап: Тhе Сoпсеpt сlf Progrеss iп Еuolиtioпаrу
Biologу. СamЬridgе, МA: Hаrvard Univеrsity Prеss. -R.А.

Мorgan, Thomas Hunt (|866_1945)

originally trainеd as an еmЬryologist, Thomаs Hunt Мorgan Ьесamе onе of

thе prinсipal arсhitесts of thе Mеndеlian сhromosomе thеory of hеrеdity in thе
pеriod 1910_1935. Hе was thе first gеnеtiсist to Win thе NoЬеl Prizе in Physi-

ology or Mеdiсinе (1933) for thе work hе and his laЬoratory group сarriеd out

dеmonstrating that Mеndеlian gеnеs wеrе physiсal parts of сhromosomеs' thе

rod-shapеd Ьodiеs found in thе nuсlеus of all еukaryotiс сеlls. This work had

еnormous influеnсе not only in thе rapidly dеvеloping fiеld of gеnеtiсs Ьut also

in еmЬryology and еspесially еvolutionary Ьiology. Thе work of Morgan and

his group rеsolvеd thе quеstion whеthеr thе hеrеditary faсtors postulatеd in thе

work of Grеgor Меndеl (1822_1884) in thе ninеtееnth сеntury wеrе mеrеly

hypothеtiсal сonstruсts that wеrе сonvеniеnt for ехplaining сеrtain pattеrns of

hеrеdity or rеprеsеntеd rеal, matеriаl сomponеnts of thе organism that wеrе

transmittеd as disсrеtе Ьodiеs from parеnt to offspring. This was not аn unim-
portant dеЬatе sinсе сritiсs оf thе nеw gеnеtiсs maintainеd that it was of lim-

itеd valuе Ьесausе thе Ьаsiс units, gеnеs, had no physiсal rеаlity.
T. H. Мorgan Was Ьoгn in Lехingtоn, Kеntuсky, tn 1866, onе yеar after

thе еnd of thе U.S. Сivil \й/ar and thе samе yеar in whiсh Меndеl puЬlishеd

his еssаy on hyЬгidization in pеas (Pisum). Мorgan сamе from a distinguishеd
family that inсludеd his unсlе.}ohn Hunt Мorgаn (182-5-1864)' Сonfеdеratе
gеnеral and lеadеr of Morgan's Rаidеrs during thе Сivil 

.War, 
and Franсis

Sсott Kеy (1779_1s4З), author of ..Thе Star-Spanglеd Bаnnеr.' ' Еduсatеd at

thе Statе Univеrsity of Kеntuсky (now thе Univеrsity of Kеntuсky), hе еn-

tеrеd Johns Hоpkins Univеrsity in 1886 as a studеnt of morphology undеr
.s7il l iam 

Kеith Brooks (1848_1908). Не rесеivеd his PhD in 1891 with a thе-

sis on thе еvolutionary rеlationship of thе sеa spidеrs (Pyсnogonida) to thе

Сrustaсеa and Araсhnidа. From a dеtailеd anаlysis of еarly еmЬryology hе

сonсludеd that thе group was most сlсlsеly rеlatеd to thе Araсhnida, Ьut that
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thе two groups must havе divеrgеd from a сommon anсеstor in thе distаnt
past .  Aftеr  a sшmmеr (1891) аrrd thеrr  а yеaг (1894_1895) at  t l rе Naplеs ma-
rinе laЬoratory (Stazione Zoologiса) working сlosеly with thе еmЬryologist
Hans DriеsсЬ' (1'867-1'941 ), Morgan gavе up thе largеly dеsсriptivе and spес-
ulativе sсiеl-lсе of morphology and Ьесamе ir сomrтittеd ехpеrimеntalist. Еx-
pеrimеntation, hе сamе tсl bеliеvе, pгovidеd a morе rigorous and analytiсal
way to approaсh biologiсаl rеsеarсh than thе spесlrlativе and untestaЬlе
phylogеnеtiс hypоthеsеs of thе morphologists. Morеovеr, thе quеstions ех-
pеrimеntаlists suсh as Driеsсh wеrе asking сonсеrnеd important Ьiоlogiсal
proсеssеs oссurring in thе prеsеnt (for ехаmplе, thе mесhanisrrr of еmЬryoniс
diffеrеntiation) rathеr than historiса1 (phylogеnеtiс) rеlationships. Не сollaЬ-
oratеd with Driеsсh on a sеriеs of еХpеrimеnts On thе dеvеlopmеnt of
сtеnophorеs (popularly сallеd сomЬ iеll iеs)' шarinе invеrtеЬratеs that havе а
supеrfiсial rеsеmЬlаnсе to jеllyfish. Тhе ехсitеmеnt of Ьеing aЬlе to analyzе
сomplех physiologiсal or dеvеlopmеntal proсеssеs diгесtly Ьy manipulating
thе organism or its еrlvironmеnt сonvinсеd Morgarr this wаs thе dirесtion in
whiсh modеrn Ьiolсlgy nееdеd to proсееd.

N4organ hеld thгее tеaсhing positions during his сarееr: at Bryn Mawr Сol-
lеgе (1891_1904), СolumЬia Univеrsity \\904-1928), and thе Саlifornia
Institutе of Tесhnologу 092.8-1945), whеrе hе foundеd thе Division of Biol-
ogv. Throtrglrout all thеsе yеars hе spеnt suшп1еrs at thе Мarinе Biologiсаl
LaЬoratory in \й/oсlds Нolе, Мassaсhusеtts, whiсh hе and othеr Ьiologists
сonsidеrеd thе Amегiсan Nаplеs. During his Bryn Mawr pеriod Мorgan
workеd mostly on proЬlеrтs of ехpеrimеntal еmЬгyology, using organisms
suсh as frogs, еarthworms, аnd sеa urсhins. lt was only аftеr arriving at Сo-
lumbia Univеrsity' starting аround |907, that hе Ьесamе faпril iаr with thе
fruit fly, Drosophilа mеlапogаstеr. Thе work for whiсh hе and his laЬoratory
group at СolumЬiа suЬsеquеntly (aftеr 1910) Ьесamе most famous, еstaЬ-
lishing thе Меndеlian сhromosomе thеory of hеrеdity, was initiаtеd and сar-
riеd out during thе СolumЬia yеars (sее figtrге). Although hе transportеd his
..fly laЬ'' to Pаsadеna in 1'928, his administrativе dutiеs took him away from
dаy-tо-dаy fly rvork, аnd Whеn hе did rеtl lгn tо thе lаЬoratory' proЬlеms of
еmЬryoniс dеvеlopmеnt rеsuгfасеd аs his mаin intеrеst.

Two mаjor aspесts of Мorgan's Work rеlаtе to thе dеvеlоpmеnt of еvolu-
tiorrary thесlry in tlrе twеntiеth сеnttrry. Thе first r,vаrs his еarly opposition to
Darwin's thеory of natural sеlесtion (1903_1915) as a mесhanism for how
еvolution, еspесially аdaptation, сould oссur. Thе sесond wаs his skеptiсism
aЬout Ьoth thе Mеndеlian and сhromosomе thеoriеs of hеrеdity.

Morgan's initial сlЬjесtions to Darwin's mесhanism оf natural sеlесtion wеrе
voiсеd in his Ьook Еutllцtiсlп апd Аdаptаtiсlп (|903\' irr whiсh hе arguеd that
sеlесtion сould nеvеr produсе wholl1' nеw spесiеs Ьy aсting on slight individual
diffеrеnсеs (rеfеrrеd to at thе timе as сontinuous or fluсtuating variations), as
Darwin had сlaimеd. Bесausе suсh variatiс-lns Wеrе sп-rall, еvеn if thеy сon-
fеrrеd somе advant;.rgе, thеy would tеnd to gеt ..swampеd out'' in suссеssivе
gеnегations. In additiсln, Mоrgan arguеd thаt fluсtuating vari:rtions oссurrеd
only rarеly and Ь1' сhanсе, so that sеlесti<lt.l, асting on suсh vаriаtions, сould
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Тhomas Hunt Мorgan and his young assoсiatеs (A. F{. Sturtеvant' H. .I. Мullеr,
and Сalvin B. Bridgеs) mаppеd thе оrdег of gеnеs on thе fouг (pairs of) сhromо-
somеs of Drosophilа. This is thе frontispiесе of thеir Ьook, Thе Мeсhапism of
Мeпdeliа n tlerеditу ( 1 9 15).
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lrеvеr pг()duсе thе finе-trrnесl adaptations sееn thror'rghout thе living world. Bе.
twееn 1903 аnd 1910 Morgаn advoсatеd Hugo dе Vriеs's (1848-1935) muta-
tion thеory, whiсh сlаimеd thаt nеw spесiеs аrosе in onе stеp Ьy lаrgе-sсalе
mutations that ссluld makе an offspring a diffеrеnt spесiеs from its pаrеnts.
This thеory, for whiсh thеrе appеarеd to Ье sound еxpеrimеntal еvidеnсе in dе
Vriеs's nlodеl organism, thе еvеning primrosе (Оепothеrа lаmаrchiапа), wzts
еspесiаlly :rppеаling to Morgаn аnd nrany of his сontеrnporzrriеs not only Ье-
саtlsе it сirсumvеntеd thе oЬjесtions to Darlvirriаn thеory outlinеd еarliеr, lrut
also Ьесausе it wаs сlaimеd to Ье an eхpеrimепtаl aуlproaсh to еvolutiсrп. Dе
Vriеs wirs aЬlе to hyЬridizе diffеrеnt variеtiеs and spесiеs of oепotherа zlnd
produсе thе supposеdly nеw, mutatеd spесiеs at will. Although dе Vriеs's mu-
tаtion thеory was latеr abandсlnеd Ьесausе it was found to Ье thе rеsult of :r
variеty of сhromosomal anomilliеs pесuliar to Оeпсlthеrа (and thus did not
produсе nеw spесiеs), it sегvеd for гnany at thе timе, l ikе Мorgan, as а viaЬlе
аltегnаtivе tо Dаrwinian nirtuгal sеlесtion.

Dr'lгing thе samе pеriod (190з-1 910) Мorgan was also skеptiсal оf thе
Меndеlian thеory as an ехplanation of thе rеsults of hyЬridization and thе
сhromosomе thеory as an еxplanation of suсh phеnomеna as sех dеtеrmina-
tion. To Мorgan thе Mеndеlian thеory, l ikе numеrous othеr partiсulatе
thеoriеs of hеrеdity in thе latе ninеtееnth сеntury (rlrosе of Darwin, Еrnst
Нaесkеl, August !7еismann' or Сilrl Nigеli ' to namе а tЪrv), was сouсhеd in
tеrms of hypothеtiсal ..faсtоrs' ' or pаrtiсlеs аnd w:rs thеrеforе сomplеtеlу
spесtrlativе. Asidе from tlrе faсt that thе ехistеnсе of thеsе supposеd f:rсtors
сould not Ье сonfirmеd, Morgan's oЬjесtions to Mепdеlian thеory wеrе thrее-
fold. First, if, аs Меndеlians sееmеd to сlaim, sеx Wi1s a hеrеditary trait, tl.rе
Меndеlian thеory сould not aссount for thе 1:1 sех ratio found in most ani-
mals (and plants). Sесond, Morgan thought that Меrrdеlians trеаtеd phеn<l-
typiс trаits (an organism's аppеaranсе) as disсrеtе, sharply diffеrеntiаtеd
сatеgoriеs whеn in rеality most (for ехamplе, аnimal сo21t сolor) rаngеd ovеr
a widе spесtrum. Мorgtrгr .rlso notеd that Мепdеli:.rns sееmеd to invеnt as
many pairs of faсtors as tlrеy r-rееdеd to ехplain any givеn hеrеditary сondi-
tion; fоr еxamplе, if onе pair of faсtors would not srrffiсе to ехplаin a partiс-
ular pаttеrn of hеrеdity, two wоuld Ье invokеd (аs in сasеs of еpistasis, whеrе
onе pair of faсtors affeсts thе еxprеssion of anothеr). Hе also quеstionеd thе
Mеndеliarr аssumption of sеgгеgation' thе sеparation of the two faсtors fоr
any trait с1uring gеrm-сеll formatiorr so that еасh еndеd r-rp in a diffеrеnt
gаl-nеtе.

.WitЬ 
геgard to thе сhrornosomе thеory, until l9l0 Мorgan сlаimеd that

thеrе wtrs nсl еvidеnсе that сlrrrlmosomеs hаd anything to do with hеrеdity,
inс luding thе с la im Ьy h is  сo l lеaguе Е.  B.  Wi lson (1856-19З8) and formеr
studеnt Nеttiе М. Stеvеns (186|-19|z) that thе so-сallеd aссеssory сhromo-
somеs (whаt wе today rеfеr to as Х and Y) arе rеsponsiЬlе for dеtеrmination
of sех in a widе variеty сrf аnimals. Although сhrсlmosomеs Wеrе сlеarly vis-
iЬlе in miсrosсopеs at the timе' аnd nruсh dеsсriptivе work had Ьееn donе
dеtail ing thеir movеmеnts itr mitosis (thе proсеss of distriЬutirrg thе
сhrсlmosomеs during сеll division) and mеiosis (thе proсess of sеparating
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homologous сhromosomеs duгing rеduсtion division in gamеtе formation),
thе signifiсanсе of thе сhromosomеs was sti l l unсlеar. Finally, as an еmЬryol-
ogist Мorgаn hаd a strong аvеrsion to both Mеndеlian and сhromosomе thе-
oriеs Ьесausе thеy sееmеd likе rеvеrsions to thе long-rеjесtеd thеory оf
prеformation, whiсh had сlaimеd that thе proсеss of еmЬryoniс dеvеlopmеnt
was mеrеly thе unfolding of miniaturе еmЬryoniс parts into adult сharaсtеrs.
Rеfеrring сornplеx and dynamiс Ьiologiсal proсеssеs Ьaсk to invisiЬlе parti-
сlеs in thе gеrm сеlls, Мorgan сlaimеd, might sееm at first glanсе to Ье еx-
planatory Ьut in faсt ultimatеly ехplainеd nothing.

Irсlniсally Morgan Ьеgan to сhangе his rтind on all thrее thеoriеs Ьеtwееn
thе spring of \9|О and thе wintеr of 1'911. Thе major impеtus сamе first
from his own studiеs of Drosophila. Мorgan had Ьеgun Ьгееding thе fruit fly
in his СolumЬia laЬorаtory around 1908 to sее if hе сould produсе muta-
tions of dе Vriеsian typе in animals. Hе had gottеn nowhеrе whеn onе day hе
oЬsеrvеd among his сulturеs of normally rеd-еyеd fl iеs onе that had whitе
еyеs. It was a malе, and hе Ьrеd it to a rеd-еyеd fеmalе; thе offspring wеrе all
rеd.еyеd. But whеn hе Ьrеd thеsе offspring with еaсh othеr, hе oЬtainеd a
ratio of roughly onе whitе-еyеd fly for еvеry thrее rеd-еyеd fl iеs. This was
basiсally thе ехpесtеd Меndеlian ratio for a сfoss Ьеtwееn two parеnts hеt-
еrozygous for a rесеssivе trait (in this сasе whitе wаs said to Ье reсеssivе to
rеd, whiсh was dominant to Whitе). Morе important, howеvеr, Моrgan
notеd that аll thе whitе-еyеd f]iеs wеrе malеs. In his first puЬlishеd papеr on
еyе-сolor inhеritаnсе (1910), Моrgаn assumеd that thе faсtor for whitе еyе
must somеhow sеgrеgatе with thе faсtor for malеnеss in thе formation of ga-
mеtеs. But this ехplanation Was not wholly satisfaсtory sinсе thеrе Was no
apparеnt Ьiologiсal Ьasis for assuming suсh sеlесtivе sеgrеgation unlеss, as hе
soon сamе to sее' thе faсtors for dеtеrmining еyе сolor rеsidеd on thе aссеs-
sory сhromosomеs (in partiсular thе Х). Sinсе fеmalеs had two Х сhromo-
somеs' еvеn if onе of thеm had thе nеw mutant faсtor fсlr whitе, it would Ье
maskеd Ьy thе rеd faсtor on thе homologous' or pаrtnеr сhromosomе. F{ow-
еvеr, in malеs, with only onе Х сhromosomе' thе mutant faсtor would not Ье
maskеd and thus would show up as thе whitе-еyеd phеnotypе.By 1911 Mor.
gan Wаs сonvinсеd that Mеndеl's thеory сould Ье givеn a сonсrеtе matеrial
Ьasis if it wеrе assumеd that faсtors, or what !Иilhеlrn Johannsеn had in
1909 laЬеlеd 8епеs' oсclpiеd a spесifiс physiсal rеgion, or loсus, of thе сhro.
mosomе.

Subsеquеntly thе idеa of gеnеs as arrаngеd linеarly along thе сhromo-
somе wаs givеn furthеr support Ьy oЬsеrvations On what \Х/il l iam Batеson
(\86|-1926) and оthеrs had idеntifiеd as l inkagе, thе inhеritаnсе of two or
morе traits togеthеr. Although Batеson himsеlf did not intеrprеt this phе-
nomеnon in tеrms оf thе сhromosomе thеory, othеrs, inсluding Мorgan and
his studеnts, did. Indееd, Morgan usеd thе idеa of l inkagе to dеvisе a way of
aсtually mapping a gеnе's ptlsitiсln on thе сhromosomе. on oссasion, Mor-
gan notеd, l inkagеs appеarеd tсl Ье Ьrokеn and thе gеnеs rесomЬinеd, as if
thе two homologous сhromоsomеs on whiсh a group of gеnеs wеrе lсlсatеd
had aсtually ехсhangеd parts:
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A B Мalе parеntal сhrоrтosсlmе

а Ь Fеmаlе parеrrtаl сhгomosomе

I
Y

A Ь
offspring сhromosomеs

а B

Morgan supptlrtеd this idеa from work Ьy a Bеlgian сyt()l()gist' F. A. Janssеns
(186З-1924), who had dеsсriЬеd in a 1909 pаpеr what hе сa||ed chiаs-
mаtуpie, or thе intеrtwining of thе two homologous mеmЬеrs of а сhromo-
somе pair during mеiosis, and what appеarеd tо Ье thеir suЬsеquеnt Ьrеaking
and rеjoining. Мorgan аnd his studеnt A. H. Sturtеvant (1897_\97\| rea-
sonеd that thе frеquеnсy with whiсh rесomЬinatiсln сould Ье oЬsеrvеd in
offspring was a funсtion of thе distanсе apart сlf any two gеnеs on thе сhro-
mosomе' and this providеd a way to еstimаtе at lеast thе rеlаtivе positions of
gеnеs with rеspесt to еaсh othеr on thе samе сhromosomе. This mapping
proсеdurе soon Ьесamе for Morgan and his laЬoratory group-inсluding, in
addi t ion to Sturtеvant,  Сalv in B.  Br idgеs (1889_19З8) and H. J .  Mul lеr
(1890*1967 )-thе Ьasis of an еlaЬoratе rеsеarсh pro!]ram that was ехtеndеd
by othеr workеrs to hundrеds of organisms (сorn, thе mousе, and thе rat)
ovеr thе nеХt з0 yеars. It was for еstaЬlishing thе validity of thе сhrсlmosomе
thеory of hеrеdity that Мorgan was awaгdеd thе NoЬеl Prizе in 1933.

Мorgan's own turnaЬout with rеgard to gеnеtiсs and thе сhromosomе thе-
ory lеd him to sее that Mеndеliаn variations-thе diffеrеnсе Ьеtwееn rеd and
whitе еyеs or Ьеtwееn wild-typе and Ьеadеd wings-might Ье ехaсtly thе
sorts of variаtions on whiсh natural sеlесtion сould aсt. Iл|916, for a sеriеs
of lесturеs at Prinсеton (puЬlishеd as A Сritiquе of thе Thеorу of Еuоlutioп),
Мorgan notеd that thе many variations hе had oЬsеrvеd tл Drosсlphilа werе
disсrеtе, staЬlе, and inhеritеd. 

.Whеrеas 
еаrliеr hе hаd arguеd that small indi-

viduаl or fluсtuating variations would always tеnd to Ье swampеd, thе dis-
сrеtе Меndеlian variаtions would not. Thеsе сould Ье aссumulatеd indеfinitеly
аnd thus сould lеad еvеntually to thе formation of a nеw spесiеs. In his lаtеr
writings on еvolution (1925 and 19З2) he arтplif iеd thеsе viеws, сlеarly hаv-
ing сomе to aссеpt thе Ьasiс outlinеs of Darwin's thесlry. It was for othегs,
howеvеr' with morе mathеmatiсal lеanings to usе thе nеw gеllеtiсs to formu-
iatе thе maturе form of Darwinian thесlrv thаt саmе to Ье known as thе еvo-
lutionary synthеsrs.
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Мullеr, Hеrmann Josеph (|s90-1967 )
!Иhеn H. J. Мullеr was aЬout l0 yеars o[d, hе wеnt with his fathег tO sее аn
ехhiЬit on еvolution at thе Amеriсan Мusеum of Natural History. Hе rе-
rnеmbеrеd Ьеing imprеssеd Ьy thе small sizе of fossil horsеs аnd how thеir
sizе and аnatomy сhangеd ovег rnil l ions of yеars. Although Nlullег is Ьеst
known as a gеnеtiсist and won his NoЬеl Prizе (in |946) for work proving
thаt Х_rays induсе gеnе mutations, lrе сonsidегеd himsеlf an еvolurionisс in
his profеssiсlnal and pеrsoIral l ifе. Мullеr was third-gеnеrаtion Amеriсan and
attеndеd СolumЬia Univеrsity сln а sсholarship. Thеrе hе tсlok сoursеs with
two Е]геat Amеriсаn Ьiologists' Еdmurrd Bеeсhеr wilson and Thomаs Hunt
Morgan. 

.sИilson 
was a сytologist whosе writings hеlpеd сonvinсе a youngеr

gеnеrаtion of Ьiologists who t<lok his сlаssеs that thе сеll was dееply in-
volved in hеrеdity, devеlopmеnt, anс.l еvolutioп. М<lrgan' skеptiсal at fiгst,
еvеntually provеd 

.Wilson's 
thеоriеs Ьy using thе tiny fruit fly' Drosophilа

mеlаnogаstеr. In his sеniсlг yеar Mullеr mеt two soplromoгеs with whom hе
foundеd a Ьiolсlgy сluЬ. Alfrеd Hеnry Sturtеvant and Сalvin Blaсkman
Bridgеs еrrjoyеd sharirrg with Мullеr thеir idеas On thе nеw 6еld сlf gerrеtiсs
that was сrеating suсh a stiг among thеir tеaсhеrs. Thеsе fivе indlviduals wеrе
thе kеy figurеs in putсing togеthеr thе fiеld of сlassiсal gеnеtiсs and making
fгu i r  f l iеs univеrs l l l ly  known аmong sс iеnt is ts .

Мullеr rесеivеd his PhD for working out somе сomplехitiеs that arosе
whеn Мorgаn аnd sturtеvаnt disсovеrеd сrossing ovег. N{ullеrЪ lvoгk Iеd
him to a study of what hе сallеd gеnе-сhaгaсtеr rеlations. It took him aЬout
l0 yеirrs to puЬlish thеsе rеsults Ьесausе thе ехpегimеnts Wеrе tеdious :lnd
ехtеndеd ovеr mаny Е.еnеrаtions' For Мullеr it was а сruсial dеmonstration
of how Darwinian natural sеlесtion workеd through thе sеlесtion of modifiеr
gеnes that сould еithег intеnsif1' or dinrinish а сhiеf gеnе's nrajor еffесt on аn
oгgan systеm or trait' Mullеr usеd gеnеs for wing shapе that wеrе highly
vаriaЬlе, and hе isolatеd and mappеd thе modifiеr gеnеs that саusеd thе vаri-
ations. Мullеr, l ikе D:rrwin, rесognizеd that еvolution is a gradual proсess
and thаt nеW organ systеms do rrot аrisе sr.rddеnly Ьut aге Ьuilt up gradually.

Мullеr workеd firsг at Riсе Univегsity in Tехas аnd thеn аt thе Urrivегsity
of Tехаs in Austin. Whilе at thеsе institutions hе woгkеd on thе proЬlеms of
mutation irnd tlrе gеrrе. Не геstгiсtеd thе tеrпr mutаtioп to а сhangе in thе
individual gеnе аnd aгguеd that thе gеnе Was thе Ьasis оf l ifе Ьесausе all
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сomponеnts of thе сеll and thе organisnr wеrе produсts of gеnеs, as shown Ьy
thе aЬnormalitiеs produсеd in thеm whеn thе normal gеnеs Wеrе altеrеd Ьy
mutation. Mullеr also mеasurеd thе first spontanеous mutarion ratеs at a
timе whеn thеy wеrе so rаrе that hе said that finding a nеw mutation was likе
finding a dollar Ьil l on thе strееt. Bу 1926 Mullеr had workеd out thе tools
for mеasuring mutation ratеs Ьy dеsigning fruit.fly stoсks in whiсh hе сould
dеtесt a сlass сallеd rесеssivе lеthals. If оnе of thеsе wеrе induсеd on a nor-
mal Х сhromosomе in a spеrm' thе resulting daughtеr ссluld Ье Ьrеd, and
among hеr sons onе сatеgory of hеr two Х сhromosomеs in hеr immaturе rе-
produсtivе сеlls would prоduсе fеrti l izаtions that kil lеd half hеr sons. Thе
othеr half of hеr sons would bе kil lеd Ьy thе сhromosomе Мullеr dеsignеd.
This сhromosomе' сallеd СlB (сontaining a supprеssor of сrOssing ovеr, С1
a lеthal, l; and a visiЬlе dominant еyе shapе сallеd Bar еyеs, B) allowеd
Mullеr to ехаminе thсlusands of vials of сontrol and Х-rayеd dеsсеndants for
vials сontаining only daughtеrs and no sons. Не found thеsе in aЬundanсе
with thе doses hе usеd (aЬout 4,000 roеntgеns). Thosе dosеs arе 10 timеs
grеatеr than thе dosе that would kil l half of all humans еxposеd to it. It is not
that fruit fl iеs arе hardiеr than humans. Мany yеars latеr Mullеr showеd that
Х-rays Ьrеak сhromosomеs, as wеll as induсе gеnе mutаtions. Brokеn сhro-
mosomеs in dividing сеlls lеad to сеll dеath or' if thеsе сеlls arе spеrm' to
aЬortеd еmЬryos. Indеpеndеntly BarЬaгa МсСlintoсk showеd thе samе сyсlе
of Ьrеaking lеading to сеll aЬnormаlitiеs in сorn (maizе) аnd сallеd this thе
Ьrеakage-fusion-Ьridgе сyсlе. Мullеr immеdiatеly rесognizеd that this сyсlе
in fтuit fl iеs and maize must Ье thе Ьasis of radiation siсknеss, еspесially
whеn thаt oссurrеd among tеns сlf thousands of atсlmiс-ЬomЬ viсtims in Hi-
roshima and Nagasaki. Мullеr rесеivеd his NoЬеl Prizе at a timе whеn thе
аtomiс agе Was Ьеing ushеrеd in, аnd hе quiсkly Ьесamе an advoсatе fоr
radiation protесtion in industry, mеdiсinе, and thе military appliсations of
аtomiс Wеapons.

N4ullеr madе many сontriЬutions to thе study of еvoiutiоn. Не was thе first
to proposе an intеrprеtation of why po|yploidy (having thrее or morе sеts of
сhromosomеs instеad оf two) is rarе in аnimals and сommon in plants. In
animals sех is usually dеtеrminеd Ьy sех сhromosсlmеs, whiсh arе rarе in
plants. This makеs it impossiЬlе for triploid аnimals to produсе fеrti lе malеs.
Hе dеmonstratеd that thе Y сhrornosomе (not normally found in fеmalеs)
gradually losеs its gеnеs and shrinks in sizе (ovеr mill ions of yеars of еvolu-
tion). Mullеr also anаlyzеd hyЬrids of thе rеlаtеd spесiеs D. melапogаster
and D. simulапs and suссееdеd in gеtting onе of thе tiny fourth сhromo.
somеs of simulапs into an othеrwisе a|\-mеlапogаster flу..lй/hat impairеd
thеsе fl iеs Was not somе vaguе physiologiсal inсompаtiЬil ity Ьut spесifiс gеnе
diffеrеnсеs Ьеtwееn thе two that hе was aЬlе to idеntify.

In thе 1950s Мullеr turnеd his attеntion to human еvolution and workеd
out еquations to follow thе fatе of gеnе mutations in a populatiсln. Hе еsti-
matеd that in thе aЬsеnсе of nаtural sеlесtion thе load of mцtаtions prеsеnt
in a population would douЬlе in aЬout four сеnturiеs. Hе also еstimatеd that
this douЬling of thе load сlf mutations Was thе еquivalеnt of suЬjесting hu-
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mans to a radiаtion dosе of aЬout 150 roеntgеns. Mullеr sugg,еstеd that еvеn.
tually soсiеty would havе to prасtiсе somе foгm of voluntаry sеlесtivе Ьrееding
to rеduсе this rrrr'rtational load' or humanity would suffеr а disproportion.rtе
amount of timе and сost to patсh up its infirmitiеs.

B I B L I O G R A P H Y

Сarlson, Е. A. 1983' Cепеs' Rаdiаtiсlп, апd Sсlсiеtу: Тhе Lifе апd Work of H. .[.
Мuller.Ithaсa, NY: Сornеll Univеrsitу Pгеss.

Мr.rllеr, H. J' 1968. Studiеs iп Gепetiсs: ТЬе Sеlесtеd Pаpеrs of H'.| , Мullеr.
Bloоmingtorr: Irrdianа Univеrsit1, Prеss. [Mullеr sеlесtеd ехсеr.Рts fronr most of
his pаpеrs, аnd this Ьсlok сontains a ссlmplеtе ЬiЬliogrаph1' сlf his works.]

-Е'А,С.



Natural histоry

Nаtural history is thе сarеftrl oЬsеrvation of nilturе, from а study of how soil
сharrgеs from onе rеgion to anothеr to how fеmalе Ьuttеrfl iеs sеarсh for a
suitаЬlе plaпt upon whiсh to lаy thеir еggs. Thе prасtitionеrs of natural his-
tory arе tеrmеd пttturаlists' and wеll Ьеforе sсiеntists сaIlеd thеnrsеlvеs gеol.
ogists сrr Ьotanists, indivlduals who studiеd thе nаtural world wеrе с;rl lесl
naturаIists. A truе naturаlist сr"rltivatеs ехpеrtisе in arеas from tlrе сoursе ot
rivеrs to thе haЬitats of plants.

Nаtural historу' was thе for.lrrdatiсrrr for tlrе disссlvеry of еvolr.rtiсln. Natu.
ralists l ikе Jеan-Baptistе Lamarсk and Еrasmus Darwin oЬsеrvеd thе haЬits
of anirrrаls аrrd n<ltеd tlrе mаtсlr Ьеrwееn haЬits aпd partiсLllerг valrrеs of
traits, l ikе thе oft-сitеd ехamplе of giraffеs ехploiting thеir long nесks to for-
agе in trееs. Nаturalists notеd tЬе rеlarionships Ьеtwееn sсli l tyреs аnd thе oс-
сurrеnсе of individuаl spесiеs, аnd naturalisгs who travеlеd widеly rесordеd
thе distributions of plаnts and arrimals in spaсе, notil lg сarеfully whеrе simi.
lar spесiеs rеplaсеd onе anothеr gеographiсally. Сlrarlеs Darwirr's apPrесla-
tion of natural history lеd him to oЬsеrvе lrow mtrсh thе tortoisеs of thе
Galipagos diffеrеd in thе shapе of thеir shеlls from onе islаnd to аnothеr and
how thе Ьеak sizеs and shapеs сlf thе finсhеs of thе arсhipеlago variеd with
thеir food haЬits. Whеn Darwin сouplеd thеsе oЬsеrvatiсlns with his apprесi-
ation of thе young agе of thе aгсhipеlаgo' thе idеa of еvolution was plantеd
firmly in his пrind.

Although thе inrpеtus for thе disсovеry of еvolution grеW out of nаtural
histol.},' thе еmpiriсаl study сlf natural sеlесtioll was drivеn Ьy it. Tlrе British
naturalist 'фи. F. R. 

.Ufеldon's 
oЬsеrvations of mаrirrе animals' с<luplеd with

his аpprесiation of thе сЬanging naturе of thеir hаЬitаt, lеd hirn to Ьеgin
what might wеll Ье сallеd thе first attеmpt to doсurrrеnt thе aсtitln of natural
sеlесtion (sее thе alphaЬеtiсal еntry ..\И' F. R' Vеldon'' in this volumе). Nat-
uralists whо hаd rnadе саrеful studiеs of individuаl variаtion in a сharaсtеr
likе srrail сolor аnd Ьanding, mindful of Darwin's hypothеsis of nаtural sеlес-
tion, Ьеgan to study thе fatеs of individuаls with сliffеrеnt fеaturеs and thus
gavе risе to thе quantitativе study of sеlесtion. Thе thousands of studiеs of
naturаl sеlесtion tlrat lravе Ьееrr pull l ishеd ovеr thе dесadеs arе thе linеzrl dе-
sсеndants of thе work of thеsе сlutiful naturalists.

Although а glаnсе through thе prсlfеssionаl journаls of еvolutioirary Ьioi.
ogy may suggеst that natural histoгy is a lost pursuit, it сontinuеs to thrivе
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еvеn аs it appеars supеrfiсially muсh сhаngеd. Naturalists doсumеnt animals
аnd plants with digital imagеs rathеr than paintings anсl drawings and map
thе distriЬution of plаnts and animals with gеogrаphiс information systеms
rathег thаn survеyors' instrltmеnts. Altlrough thе tools tlsеd tO dеsсriЬе natrr-
rа| fеaturеs lrzrvе сhangеd, thе rrееd to do sсl and thе vаlше in doing so rеmaitr.
In partiсular' as сlimatе сhangеs zrnd humаn aсtivity аltеr landsсapеs' natu-
ralists arе playing сritiсal rolеs in doсumеnting сhangеs in thе distriЬutions of
organisms in rеsponsе to thеsе altегations and through thеir doсumеntation
irrе providing thе ri]w matеrial for sttrdying what may Ье :r nеw еra of adap-
tаtiOn to a rapidl,v сhanging еarth'
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Nаturаl Sеleсtion аnd Herеd,b/ (Philip М. Shеppard)

Phil ip Shеppard's Nаturаl Sеlесtiotl апd Herеdity, whiсh аppеarеd in 1958'
just bеforе thе сеntеnary of Сhаrlеs Dirrwin's Оn thе ()rigiп of Spесiеs, was
a rlajor ссlntriЬutioll to thе еffort Ьy Britislr еvolutionists to pеrsuadе pеoplе'
nоt lеast tlrеir fеllсlw Ьiologisrs' rlrat thе thеory o[ еvoluti<ln thrоugh nаtllral
sеlесtion Was now a fully funсtiorrirrg аrеa of rеsеarсh' а ..paradigm,'' in thе
languagе of Thomаs Kuhn (1962). This was sti l l not a gеnеrally aссеprеd
faсt, and indееd thе rеviеw of thе Ьook in Hеrеditу was amazingly hostilе'
saying that although thе writing was сlеar, ..сonsidеrеd ils a wholе, howеvеr,
thе Ьook is disappoirrting.' ' It might dtl for ..advanсеd Univеrsity studеnts,' '
Ьцt ..in sr-rrvеying modеrn viеws ot-t thе thеory of nаtr-rrаl sеlесtioгt, howеvеr,
i t  i s  muсh lеss s:r t is faсtory ' '  (Rееs 1958,523).  OЬvi t lus ly ,  еvеn Ьaсk thеn, not
еvеryonе agrееd, Ьесausе thе book was to go through fсlur еditions.

Thе work ехеmplifiеs Ьеautifшlly thе Ьasiс struсturе of what in Amеriсa
wаs саllеd thе synthеtiс thеory of еvсrlцtion and in Еngland was сallеd nеo-
Darwinism. First, thе сorе of thе thеory is prеsеntеd. This is natural sеlес-
tiorr undегpinnеd Ьy Mеndеlian gеnеtiсs. Rесognizing thirt еvеn morе thап
50 yеars аftеr Меndеl's laws wеrе rеdisсovеrеd' tlrе Ьаsiс idеas of gеnеtiсs
Wеrе not widеly known, Shеppard thеrеforе givеs a short primеr on thе еs_
sеntials. Thosе intеrеstеd in thе diffusion of idеas wil l notе that thе first еdi-
tion, puЬlishеd fivе yеars aftеr thе grourrdЬrеaking work of Jamеs \i7atson

and Franсis Сriсk, makеs no mеntion of DNA. By thе fourth еditiоn \1975),
howеvеr, not only is DNA introdrrсеd сomfortaЬly and without сommеnt'
but thеrе is zrlso a wholе nеlv сlraptег on protеin еvolution, drawing on thе
wtlrk of pеoplе l ikе Riсhard Lеrvсrntin who had disссlvеrеd signifiсant mo-
lесular diffеrеnсеs in оrganisms, с1iffеrеnсеs unrеmarkеd Ьy сlassiсal studiеs
and tесhniquеs.
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\Х/ith his foundatiсln now givеn, Shеppard goеs ()n to disсuss a numЬеr ()f

importаnt issuеs in nеo-ontologiсal еvolutionary studiеs. Partiсulаr attеntion
is paid to polymorphism-thе wаys in whiсh natural sеlесtion сan ilt thе
samе timе hold diffеrеnt forms in a population. Muсh of this naturally draws
on Shеppard's own work, partiсularly thе studiеs сlf srrails thet hе had donе
еarliеr in thе dесadе' with fеllow Darwinian A. J. Сain, in thе Oхford сoun-
trysidе. Shеppard had spеnt a yеar in thе lаЬoratory of Thеodсlsius DсlЬzhan-
sky in Amеriсa, and it is pеrhаps Ьесausе of this that hе is not еntirеly
dismissivе of gеnеtiс drift as a сausal faсtor in еvolution, :rlthough thе strong
imprеssion givеn is that it is natural sеlесtion that геally сounts in dеtеrmin-
ing thе gеnеtiс сomposition of populations. By thе 1975 еdition Shеppard is
еvеn lеss kееn on drift, although hе doеs admit thаt it might nlattеr in prсltсin
еvolцtion.

Othеr topiсs that gеt major disсussion aге thе еvoluti<ln of dсlminanсе,
protесt ivе сo lorаt ion,  and mimiсry.  Hеrе wе suге ly sее somеthing of  a
nationalistiс Ьias, for thеsе wеrе all topiсs of major intеrеst to Ronald Fishеr
inЬis Geпеticаl Theorу r>f Nаturаl Sеlесtitlп (19з0) and wеrе mеrrtionеd lit.
tlе in thе lеading Works of Amеriсan еvolutionists. DoЬzhanskу,s Gепetiсs
апd the Оrigiп of Spесiеs (third еdition, 1951 ) has vеry l ittlе on n-rimiсry, and
еvеn that is gorrе Ьy thе timе of thе dе faсtсl fourth еdition, Geпеtiсs of thе
Еuсllutioпаrу Proсеss (1970). l,еwontin, a Мarxist сonvеrt' has somеwhat
сontеmptuously rеmarkеd that thе Еnglish intеrеst in Ьuttеrfl iеs, thе сhiеf
sourсе of information aЬout mimiсry, rеflесts thе dilеttantish, uppеr-сlass na.
turе of Еnglish еvolutionary Ьiсllogy (sее Lеwontin |974). With good rеаson'
A. J. Сain (of vеry humЬlе origins) rеасtеd vеhеmеntly against this. But for
thosе intеrеstеd in thе сultural faсtors that influеnсе sсiеnсе, if thе еmphasis
is put only on partiсlrlar proЬlеms, Shеppard's vеry attraсtivеly writtеn littlе
Ьook is highly suggеstivе. It is vеry muсh writtеn Ьy irn Еnglishman who
lovеs his сountrysidе and thе dеnizеns thеrесlf.
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Natural thеоlogy

Thеology dеals with our knowlеdgе of thе naturе and ехistеnсе of God. Rе-
vеalеd thеology is thе arеa that trеats of <lur undеrstanding сlf God thrtlugh
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faith anс{ authoritv, Ье this authority thе сhurсh сlr thе BiЬlс.. That Jеsus diеd
on thе сross for otlr sins is a rеvеаlеd thеologiсal сlaim. Naturаl thесllogv is
thе aгеzl that trеats сlf сlur trndеrstanding of Goс{ througlr rеason. Тhat God
еxists nесеssarily frсlm his vеry dеfinitit lrr (thе сlnгologiсal argumеnt) is a nat-
u r r I  t hсo l< lg i са l  с l а im .

In tlrе Сhristiarr rеligion rratural thеology takеs a Ьaсk sеirt to rеvе:llеd thе-
ology. Howеvеr, еspесially givеn thе Grееk influеnсе on Сhristianit1,, it hаs
always lrad an importаnt rolе. Сatholiсs partiсularly m:rkе muсh of r.ratural
theologv, аnd fаnlously Sаint Tlrсlmаs Aquinаs €] l lvе a sеriеs of proofs of thе
еxistеnсе of God, as wеll as disсussiorls of how wе might rеasonaЬly undеr-
stand his naturе. Prсltеstants havе rеgardеd rеason in геligion with morе
suspiсion Ьut havе gеnеrаlly allowеd somе plaсе for nаturаl thеolog,v. Thе
Angliсrrn Сhurсlr partiсulаrlv, sееking а middlе r,vаy Ьеtwееn thе еxtrеmе iru-
thority сlf thе Сatlloliсs and thе ехtrеmе ЬiЬliсalism of man1, Protеstatrts' hаs
traditionаrlly givеn natural thесllсlgy a signifiсant plaсе.

Еvoltrtionar1, thесlгy, сspесiа[Iy Dаrrvitrisnl, irrrpingеs tln trагuг.tl tlrеolog1,
in sеvеrаl rеspесts. onе oЬvious pоint of tеnsion ()ссurs ()vеr thе еxistеnсе of
miraсlеs. Many natural thеologians hаvе аrgtlеd that thе ехistеtlсе of
mirасlеs-Ьrеakings of thе lаrvs of natuге-points tо thе асti.,.е intегvеI-ltIon
of thе сlеity. \Wаtеr сould not havе Ьееrr гurnеd into winе lrаd God not donе
so. Howеvеr, any sсiеntifiс thе<lry, in partiсular аn еvolutionary thеtlry, pге-
supposеs that thе rvсlrld wllгks aссordirrg to lаw, аnd thе sllссеss of sr'rсh a
thеorу suрports thе uЬiquit,v oI Iаw irrrd hеnсе tlrе rrtlnеxisrеnсе of rrrirасIеs.

In thе faсе tlf tlris сrЬjесtion' thе Ьеliеvеr hаs two optiolls' Ьoth of whiсh
havе Ьес-n tаkеn. on tlrе сlпе hand, it сlrn Ье arguеd that thеrе is a diftЪrеnсе
Ьеtwееn tlrе сlrdеr of naturе аrrd thе с>rсlег of gгасе. Noгmаlly thе rvorld doеs
proсееd aссordirlg to law, lrut somеtimеs God fееls thе nееd to rПtеrvеnе.
Еvоlutionary thеory doеs not provе th:rt mirасlеs i.rrе impоssiЬlе, only that
thеy will Ье rarе, а point aссеptеd Ьy tlrе Ьеliеvеr' on thе otlrеr hаnd, it сan
Ье erguсd that rтiгасlеs do not nесеssаrri ly imply a Ьгеakirrg of law. It is morе
а mаttег of mеaning. Jеsus's rеsurrесtion' for instаnсе, did not involvе a
physiсal risе fronl thе dеad Ьtlt thе fееlir.rg in thе hеаrts of his disсiplеs tl-rat hе
stil l l ivеd. Еvoir-rгionary tl-rе<lry has norhing ro s:ry сln this.

Anotlrеr plaсе whеrе еvolutionary thеory and natuгаl thеology sееm to
сomе into с()ntaсt is thе proЬlеm of еvil. A сlаssiс аrЕ]umеnt against thе ехis-
tеnсе tlf Gtld is thе ехistеnсе of physiсal and moгаl еvils, srrсh аs еarthquаkеs
and Atrsсhwitz. Nо аll-pоrvеrful, all-good god ссluld hаvе аllowеd thеsе to
happеn. Daгwirrism sееmingly сonfirшs thе ехistеnсе of physiсal еvil, for it
posits а trЬiquitorrs strugglе fсlг еxistеl-lсе, invоlvir-rg pain аnd suffеring al.
ways tlrrсlughor'rt tlrе livirrg r,vсlrld.

onе геspсlt-tsе пright сomе frorт an еqually сlassiс сountеr to thе proЬlеm
of еvil, nапrеly, that God сann()t do thе impossiЬlе. Pеrhaps thе only world
tlrat Gсld сould hаvе сrеаrеd Wаs onс'tlrаt inсludеs pain аrrd sr-rffегing' If
God dесidеd ntlt tсl lеt Ьurning сausе pain, thеn hе would hаvе hаd гo аllow
that pеoplе would nеvеr lеaгn to fеar firе. It is Ьеttеr to havе pain with firе
than firе ч,ithrlut pаin. Pеrhаps thе t>r-rl1, way in whiсЬ God сould havе
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сrеatеd thе living world was thгough a mесhanism likе sеlесtion, and hеnсе
hе саnnot Ье Ьlаmеd for its Ьad сonsеquеnсеs. (Kitсhеr 2007 rтakеs this
сritiсism, that Darwinism еxaсеrЬatеs thе proЬlеm of еvil, and Rusе 2001
аrguеs thаt it may not Ье quitе suсh a prсlЬlеm for thе Сhristian.)

Thе majtlr plaсе whеrе еvolutionary thеory, Dаrwinism in partiсular,
сomеs into touсh with natural thеology is thе quеstiсln of dеsign (Rusе 2003).
From Plаto on, it was rесognizеd that thе living world is not random Ьut
shows сomplехity, an intеgratеd аnd funсtioning сomplехity, for еxamplе'
thе hand аnd thе еyе and thе nosе. How сould this Ье' givеn that normally
Ьlind laws lеad to randomnеss? only thrсlugh thе intеrvеntion of a dеsignеr,
сOrтlеs thе rеply. This аrgumеnt was piсkеd up Ьy Сhristiаns, Saint Thomas
paгtiсularly, and madе thе Ьasis of thе most сonvinсing of thе argumеnts for
thе ех istеnсе of  God: thе l iv ing wor ld is  as i f  dеs ignеd; th is  is  Ьесausе i t  i s
dеsignеd, and thе dеsignеr is God.

Philosophеrs' most partiсularly David Humе, showеd that in major rе-
spесts' еvеn if thеrе is a dеsignеr, it сanntlt Ье muсh likе thе Сhristian god.
Apart from anything еlsе, why stop at onе dеsignеr? Howеvеr, Humе had to
admit that it doеs sееm аs though thеrе is somеtЬing at work. Using a vеrsion
of what is known as thе argumеnt to thе Ьеst ехplanati<ln' Humе agrееd that
Ьlind law doеs not lеаd to dеsignlikе phеnomеna, and givеn that thе organiс
world is dеsignlikе, thеrе nrust Ье sсlmething or somеonе Ьеhind it all. With
this pоssiЬil ity, suЬsеquеnt naturаl thеolсlgiаns, notaЬly Arсhdеaсon Will iam
Paley аt thе Ьеginning of thе ninеtееnth сеntury' wеnt on arguing for thе ех-
istеnсе of God on thе Ьаsis of thе dеsignlikе naturе of thе living world.

Darwin's mесhanism of natural sеlесtion offеrs an altеrnativе to thе god
hypothеsis. It is agrееd that thе living world is dеsignlikе, Ьut it is arguеd that
this is Ьесausе of natural sеlесtiоn rathеr than Gсld. No longеr is thе Ьеst ех-
planation thе Сhristian god. Dаrwin hаs shown that thе world is indееd thе
produсt of Ьlind law, Ьut Ьlind law of a spесial kind, rramеly, that whiсh pro-
duсеs аdaptivе funсtioning by a proсеss of сompеtition and aгtrition.

Notе tlrat Darwin doеs not hеrе disprtlvе thе ехistеnсе of Gсld. In faсt, hе
himsеlf was a Ьеliеvеr in a dеity whеn hе wrotе Оп thе Оrigiп of Species'
еvеn though latеr in l ifе (mainly Ьесausе of thе proЬlеm of еvil) hе bесamе an
agnostiс. Rathеr, Darwin shows that thе dеsignlikе nаturе of thе world doеs
not nесеssitatе a god. In thе words of today's popular sсiеnсе writеr Riсhard
Dawkins, ..Dаrwin madе it possiЬlе to Ье an intеllесtually fulfi l lеd athеist' '
( 1 9 8 6 . 6 \ .

Doеs this now mеan that thе Ьеliеvеr should havе no thеologiсal intеrеst in
thе living world? Мany of today's Сhristiаns dеny this strongly. Еvеn though
onе сan no longеr havе a nаtural thеology-a proof of God-onе сan havе a
thеology of naturе. Onе Ьеliеvеs in God оn faith (rеvеalеd thеology), Ьut
thеn onе's apprесiation of God's powеr and majеsty is {lеshed <rut Ьy tlnе's
еnсountеr with thе living worid. Thе Ьеаuty of а rosе' thе сharm of a
сhaffinсh, and thе ехuЬеrаnсе of a fаun shсlw thаt thе Сгеator was grеat and
loving dеspitе all thе hatrеd irnd еvil in thе world.
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It should Ье mеntionеd thаt thеrе is t<lda,v an aсtive group' thе so-сallеd In-
tеll igеnt Dеsign Thеrlгists, rvho arguе thirt sеlесtion сannot ехplain thе dеsign-
likе naturе of tlrе l iving world, tlr:rt it shtlws ..irrеdtrсiЬ[е сomplеxity' ' ' аnd
that hеnсе Wе п1Llst makе ехplanatorУ rеfеrеnсе to а dеsigning intеll igеnсе.
Although mеmЬеrs of this group dеny that this intеll igеnсе must nесеssarily
Ье idеntifiеd with thе Сhristian god, in 1aсt this is thе dirесtion takеn Ьy most
of thеm. As might lrе ехpесtеd, thе еvolrrtionary сommunity геgards this vеr-
sion of ..сrеationism litе' ' With somе disс]ailr, arguing on gеnеril l grounds that
onе slrould tlеvеr irrvokе miraсlеs in sсiеnсе аnd on spесifiс gгounds that thеy
arе just not nееdеd in еvolutionar}.stl ldies. Nаtural sеlесtion саn do all thаt
is rеquirеd. (Sее DеmЬski and Rusе 2-ОО4 for a сollесtion, еditеd Ьy two of
thе lеading сontrоvеrsialists, prеsеnting Ьoth sidеs to thе problеm.)

In сonсlusion, it must Ье strеssеd that, еvеn though natural sеlесtion doеs
rathеr trump traditional natuгal thеology, thе сonnесtiсln is of morе than
just  h istor iсa l  inгегеst .  Darwin ians agrее fu l ly  wi th natura l  thеologians thаt
thе dеsignlikе nаttlГе of thе lir, ing wсlrld is tbе cruсial thing thаt nееds ех_
plaining. Мсlrесlvеr, l ikе natural thе<llсlgians, Darrviniаns usе thе mеt:l-
phoriсal Ianguagе оf dеsign unrеsеrvеdly. Gеorgе Will iаrrrs, in his sеminal
Аdаptаtioп апd Nаturаl Sеleсtioп, writеs: ..!Иhеnеvеr I Ьеliеvе that an еffесt
is produсеd as thе funсtion сlf an adаptation pеrfесtеd Ьy rratural sеlесtion
to sеrvе that funсti<ln, I wil l usе tеrms appropriatе to humаn aгtifiсе and
ссltlsсious dеsign. TЬе dеsignatiorr сlf son-rеtl-ring аs thе mеаns or mесhanism
for a сеrti l in gсlal oг furlсtiorl or pllrрosе will implv thzrt rhе maсhirrеrу in-
vоlvеd wаs fashionеd Ьy sеlесtitln fсlr сhе goal аttriЬutесl t<l ir ' ' (\966, 9).A
Ьеautiful and historiсally rеdolеnt ехаmplе is furnishеd Ьr' thе tri loЬitе еyе.
Thе еyе was aЬovе all thе organ on whiсh thе natural thесllogians sеizеd as
somеthing that hас] to havе a dеsignеr-Palеy (1802) madе muсh of it. Thе
еyе сould not hаvе сomе аЬсlut Ьy purе сhanсе' Darwinians agrее. Thе tri lo_
Ьites, thosе long-gonе n-lаrine invеrtеЬratеs (thеy аppеarеd morе than 500
mill ion yеars аЕ]o and lastеd ovеr 2'i0 rnil l ion yеars) lr:rd сompound еyеs l ikе
fl iеs (sее figurеs on pagе 760).|f onе сuts through a lеns vеrtiсаlly, onе finds
that it is сomplех' with two parts' sеpaгatеd Ьy a сurvеd line (sее thе figurе
on pаgе 761),Whу is this? \What dеsign prinсiplе doеs it sегvе? Rеsеarсhеrs
on thе problеm rеalizеd that irr thе sеvеntееnth сеntury, Rеn6 Dеsсartеs and
Christiаan Huygеns lrаd solvеd thе proЬlеm. It is thе kind of lеns you Ьuild
if you want to аvoiсl сhromatiс aЬеrг:rtion (аn indistinсt foсus сoming Ье-
сausе thе diffеrеrrt сOmponеnt сolors сlf whitе l ight lrаrvе diffегеnt rеfraсtivе
indiсеs). Naturе Ьеаt thе sсiеntists Ьy hundrеds of mill ions of yеars (Сlark-
son and Lеvi-Sеtt i  \975\|

Сritiсs of univеrsаl Darwinism, likе D,Arсy 
.Vfеntworth 

Thompson (1917)
and Stеphеn Jay Gould (1997) gеnеrallv do not Want to сlaim that this is a
r,vronghеadеd solutitln; Ьut thеу Warn that onе swall<rw doеs tlot makе a sum-
tnеr. Natrtral thеolog1, lеаds уou to ехpесt r'rЬiqrritous adaptation, :rnd this is
prесisеly whаt slrould Ье provеn not assumеd as part oi tlrе unsееn Ьaggagе of
a now-outmodесl thеologiсal mеtaphor.
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TriloЬitе (Раrаdoхidеs grdсil is, Мiddlс (]ar.nbrian spесilrlеn fronr Bohеmiз).

Tri loЬitе еУe (Rееdops stеrпbеrgi, Dсvсltt itrп tr i l t lЬitс frсlr l  l}t lhсmia).

Top: Rеn6 Dеsсаrtеs (/ef
сhromаtiс aЬеrration. Bс
and Lеvi-Sеtti I97 5.)
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The Nаture of SеIection (Е||iott SoЬеr)

Thе Nаtиrе of Sеlесtion Ьy Еlliott SoЬеr is an important Ьook that addrеssеs a
widе rangе of issuеs in thе philosoplry of Ьiology. It is onе of thе fеw ехamplеs
of philosophiсаl work that hаs аttraсtеd thе attеrrtion of biologists (most notaЬly
Еrnst Mаyr). Thе Ьook inсludеs disсussions оf thе tаutology proЬlеm, urrits of
sеlесtion' adaptationism, сhanсе and proЬaЬility in еvolutionary thеory' thе еvo-
lution of altruism, сausation, and foundational issuеs сonсеrning sсiеntifiс ех-
planation in thе Ьiologiсal sсiеnсеs. Hеrе wе сan disсuss only a fеw highlights.

Onе of thе пrost important distinсtions that SсlЬег nrakеs in this Ьook is
thаt Ьеtwееn sеlесtioп of and sеlесtiсlп for,In his siпplе ехamplе wе ссrnsidеr
a toy that сontаins small grееn Ьеаds and largе whitе Ьеads. lй/hеn tlrе ttly is
shakеn' thе small Ьеads pass through a sеt of sm:rll holеs and arе thеrеЬy sе-
lесtеd. Thеsе Ьеads havе two propеrtiеs: thеy arе Ьоth small and grееn. But
thеy arе sеlесtеd for thе propеrty of Ьеing small; thе faсt that grееn Ьеads arе
sеlесtеd is mеrеly aссidеntal. So wе havе sеlесtion of small grееn Ьеads' Ьut
sеlесtion for on|у thе propегty of Ьеing small.

SoЬеr brings this distirrсtioI-r to Ьеar upon thе proЬlеnr of tlrе r.rnits of sеlес-
tion. Using a disсussion in G. C. williams's Аdаptаtioп апd Nаturаl Sеlесtioп
(1'966I, hе distinguishеs Ьеrwееn individual and grоup_lеvеl adaptation in thе
following way. 

.Wе 
supposе that a hеrd of dееr сonsists of fast individuals who

arе aЬlе to еsсapе prеdators. As a rеsult, twо things happеn. Thе first is that in.
dividual dееr survivе and rеproduсе. Thе sесond is that thе hеrd survivеs and
rеproduсеs. But Ьесausе thе survival of thе hеrd is mегеly a Ьy-produсt of thе
individuals'survival, this is a сasе in whiсh thеrе js sеlеctioп of fast hеrds. Тhis
sеlесtion of thе fast hеrd is in сontrast to tЬe selесtioп for fast individuzrl dееr.
In this way SoЬеr arguеs that thе dеЬatе aЬout gгoup sеlесtionism hingеs upon
thе quеstion whеthеr thеrе сan Ьe selеcti<lп /or groups. This disсussion suggеsts
that thе proЬlеm of thе units of sеlесtion is an еmpiriсal quеstion, whiсh is not
to Ье sеttlеd a priori.

A thеmе that runs through this Ьook, as wеll as thе rеst of SoЬеr's work, is
that philosophiсal analysis сan сlarify Ьiologiсаl сonсеpts in suсlr a wаy аs to
inform еmpiгiсal invеstigation. On his viеw thеrе аrе suЬstantivе arrd dis-
tinсtly philosophiсal quеstions that сonfront thе Ьiologiсal sсiеnсеs' Ьut thosе
philosophiсal issuеs Ьеar dirесtly upon how Ьiologists go aЬout thеir work.
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Nеandеrtals

Pr<lntlunсеd Naу'-az-dеr-tahl and rrсlw spеllеd Nеandеrti l l, thе nаmе first ap-
pеarеd as Nеаndеrthal whеn thе faп-rсlus fсlssil r,vas disсovеrеd in thе summеr
of 1856. Nеandеr is thе Grееk rеndition of Nеumаnn (nеw man). Thе Grееk
form was adoptеd Ьу thе family of а sеvеntееnth.сеntury Gегmаn hymn сom-
posеr, Joaсhim Nеut-nann. Thal was Gегman for ..vаllеy'' Ьеfoге thе spеll ing
сlrangе of 1901, w,hеt.t it Ьесamе Tal. Nеirrrdеrtal thеn was Nе',vгnan's vallеy
nеar Diissеlсlorf, now in tlrе indr-rstrilrl l-rеart of tlrе rvеstеrn рart tlf Gеrmanl,.
and thе skеlеton rvas found Ьy marЬlе quarry workеrs rvlro wеге сlеaring oшt
a сavе сallеd thе F-еldhofеr grotto. Tlrе workmеn thouglrt that thе skеlеton
might havе Ьеlongеd to a prеhistoriс саtvе Ьеar, so thеy wеrе not vеry сarеful
in thеir trеatmеnt' аnd thе morе fragilе аnd smallеr parts of thе faсе аnd tееth
Wеrе not rесovеrесl. SuЬsеquеntly othеr геprеsеntativеs of thе pсlpulation to
whiсh thе original Nеirndеrtal individuаl bеlongеd wеrе fl lunсl in Bеlgium,
Сroetia, Frattсе, Italy, and Spаirr, аs rr",еll as fаrthеr еirst it-t lгаq аnd Israеl. In
fасt, anothеr s;lесitnеn had Ьееn disсor,еrеd Ьelow thе llorth faсе of thе Roсk
of GiЬraltar in 1848, Ьut it rеmainеd r.rnstudiеd in thе сollесtiorrs of thе Royal
Сollеgе сlf Surgеorrs in London until thе first dесadе of thе twеntiеth сеntury.
Thosе individuals havе Ьееn сallеd Nеаr-rdеrtals еvеr sinсе.

Nеandеrtal skеlеtаl matеrial wаs fсlutrс1 in thе Bеlgiаn provinсе of Namur
at tЬе сommunе t l f  Sp,v (pronounсеd Spее) i r r  1886 in а stгat i f iеd arсhaеo-
logiсal сolltехt with stсlnе tools :rnd аnimal Ьonеs. Tlrе tools Wеrе rесOg-
nizеd to Ье of thе sаmе kind аs thosе found at thе sourlrrvеstеrn Frеnсh sitе
of Lе Moustiеr, сlug in 186З. In honсlr сlf thаt typе sitе, tlrе tools assoсiatеd
with thе Nеandеrtals arе аlways rеfеrrеd to as Moustеriаn. Thе usе of ra-
dioасtivе еlеmеnts to еstaЬlish aЬsoIutе dating of prеhisroгiс matеrial was
not possiЬlе until irftеr World Wаr II, although it was геa|izеd that thе
Мot lstеr ian was с l lс]еr  tЬаn thе Uppеr Pаlеo l i th iс  t radi t i t lns assс lс iаtеd with
modеrn-appеаr ing humans suсh 2rs ( i rс l_Magnon, fot t r- rd in 1868. Muсh еаr-
l iеr than thе Nеаrrdеrtals was thе ml-rrеrial found Ьy a Dшrсh army physiсiarr
in lava in 1891 аnd 1892 that hе сallrеd Pithесапthrсlptts (wе nоw сall it
Homo) еrесtus. All tlf this matеrial Wаs mеtiсulously studiеd and put into аn
еvolutionary pеrspесtivе during thе first dесadе сlf thе twеlltiеth сеntury Ьy
thе StrassЬuгg irnlrtсlt-l-tist Gustav Sсl-rrvаlЬе (1844_1916). Hс did not dеаl
witlr tlrе aсtltirl t l lесlrаnisnrs rvhегеЬr,сlr:rrrgе \1.as pгodtlсес1 Ьr-rt prеsеntеd.r
straightfсlrwaгсl piсturе of сontirruity and сhangе tlrroLrgh timе. This w:rs
just aЬout thе lаst timе that thе hurrri ln fossil rесord was rrеаtеd in an еvolu-
t ionary pеrspссt ivе.

In thе sr.rmrтеr of ] 908 two Ьrothеrs who had rесеntly Ьееn ordainеd as
priеsts wеrе purstting аrсhaесllogiсal ехс:rvation nеar thе vii lagе of La
Сhapеllе-auх-Sаil lts i l l Сorrёzе in sorttlrrvеstеrn Frаnсе. Or-r Augrrst 3 thеу
unссlvеrес] а сtltrrp[еtе end wеll-prеsеrvеd Nеаndеrt:rl trtlri:rl. Тl-rеy сtl lrrrnuni-
сatеd thеir disсovеry to AЬЬ6 Неrrri Brеuii, a profеssсlr аt thе Сollёgе сlе
Franсе in Paris. AbЬ6 Brеuil was alrеady wеll known in :rrсhaесllogy, and hе
rесommеndеd th:rt thе Ьгothсrs out thеir skеlеton into thе hаnds of his friеnd
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Мarсе l l in  Boulе (186|-1942I,  a pa l ronto logist  who was а profеssor at  thе
Mus6um d'Histoirе Naturеllе in Pаris. Boulе's monograph dеsсriЬing La
Сhapеllе-аuх-Saints сaпlе ()ut in thrее instаllmеnts in 1 91 1, 7912, and 1 91З
and sеt thе tonе for thе study of human ..еvolution'' for thе rеmaindеr of thе
twеntiеth сеntury. Thеrе was nothing еvеn faintly еvolutionary aЬout it. Gus-
tav SсhwalЬе wr()tе сlnе of thе rеviеws оf Bor"rlе's monograph, noting thе
anatomiсal еrrors Boulе had madе in his rесonstruсtion Ьut, сuriously
еnough, ассеpting thе patеntly аntiеvсllutiсlnary сast of thе intеrprеtation.
Thе vеry nехt yеar World .JИаr I Ьrokе out' and onе of thе сasualtiеs of that
сonfliсt Was thе еvolutionerу oriеntаtion in thе Gеrman trеatmеnt of thе hu-
man fossil rесord.

Bеforе thе wаr Ьсlth thе Gеrman and thе Еnglish l itеrаturе trеatеd Nеan-
dеrtals as аn еarliеr stagе in human еvolution that had Ьесomе transformеd
through timе into аnаttlmiсally mсrdеrn fсlrm. Undеr Boulе's influеnсе thе
Nеаndеrtаls wеrе pеrсеivеd in сariсaturе and rеgardеd as hаving Ьееn rе-
p lасеd Ьy an invas ion of  modеrn-appеar ing humans who сamе from . . thе

Еast.' ' Thеrе is no arсhaеologiсal or anatomiсal support for this intеrprеta-
tion, :rlthough it is thс viеw now hеld Ьy most studеnts of humаn ..еvolu-

tion.' ' Various еstimatеs of Nеandеrtal staturе show malеs ranging from 764
to 175 сеnt imеtеrs (5,5, '  to.5.9, ' )and fеmalеs rangirrg f r<lm 152 to 158 сеn-
t imеtеrs (5 '0 ' '  to 5 ' l ' ' ) .  Malе Ьody wеight has Ьееn еst imatеd to run from 90
to 100 k i lograms (198 to 220 pounds).  Сrаnia l  сapaс i ty was largеr than thе
modеrn avеragе Ьut pеrfесtly in proportiorr to thеir grеatеr Ьody wеight.
Сlеarly thе Nеandеrtals wеrе сharaсtеrizеd Ьy a dеgrее of skеlеtal rOЬustnеss
and musсularity wеll Ьеyond thе morе rесеnt human avеragе. 

.With 
intеllес.

tual and linguistiс сapaЬil it iеs proЬaЬly at modеrn lеvеls' thе Nеаndеrtаls
quаlify as an arсhaiс form of Homo strpiепs.

Thе сonvеrsion of Nеandеrtal into modеrn human form was aссomplishеd
Ьy а rеduсtion in thosе manifеstatitlns of roЬustnеss as a rеsult of tесhnolog-
iсal innovations that allowеd thеm tсl gаin suЬsistеnсе with lеss ехpеnditurе
of еffort. Analysis of traсе еlеmеnts shows that thеir intakе of animal protеin
was approхimatеly thе samе аs that whiсh сharасtеrizеs thе wolf. Thе usе of
traps and snarеs' howеvеr, grеatly rеduсеd thе anrount of еffort nееdеd to
Ьring food homе. Most mutations rеduсе thе trait that thеy сontrсll, and
whеn sеlесtion that maintains r<lЬustnеss is rеlaхеd, its manifеstations wil l
show a rеdtlсtion. Thе соoking сlf food will rеduсе thе intеnsity of sеlесtion
thаt maintains tooth sizе. During thе last glaсiation Nеandеrtals wеrе using
еarth ovеns to thaw food that froze, and a rеduсtiсln in tсloth sizе сan Ье
shсlwn fгom 130,000 yеars ago in a straight l inе of 7oЬ evеrу 2,000 yеars un.
ti l thе еnd of thе Plеistсlсеnе artlund 10,000 yеаrs ago.

Prеliminary mtDNA ссlmparisсlns show that thе Nеandеrtals diffеr morе
from thе соndition in l iving humilns thаn thе avеrаgе diffеrеnсе Ьеtwееn
pсlpulations of thе living. Thе distinсtion Ьеtwееn Nеandеrtals and living
humans, howеvеr, is not as grеat as tlrе mtDNA diffеrеnсеs Ьеtwееn pсlpu-
lаtions of сhimpanzееs Or еvеn thе diffеrеnсеs within populations of сhim-
panZееs.

':::!:r, 
:
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TЬis drawing shows how Nеandеrtai сraniofaсial foгm was сonvеrtеd intсl
thе mоdеrn statе Ьy a rеduсtion of thе dеntition аnd its supporting faсial
arсhitесturе whilе thе сontours of thе Ьrain сasе rеmainсd еf{есtivеly
unсhangеd. Thе Nеаndеrtal is thе Lа Fеrrassiе 1 malе of southwеstеrn Franсе,
of approхirrratеly 70,000 yеars agо' supегimpсlsеd ovеr an еarly Uppеr
Palеolithiс malе from thе Сzесh RеpuЬliс, Piеdmosti З' of 25,000 to 29,000
yеаrs ago' and a rесеnt Firеroе Islands malе.
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Nеi, Мasatoshi (b. 1931)

Masatoshi Nеi hаs Ьееn Еvan Pugh Profеssor at Pеnnsylvaniа Statе Univеr-

sity sinсе 1990. Hе oЬtirinеd his PhD from Kyottl Univеrsity in 1959. Hе was
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аssistant profеssor, Ky()to Univеrsity, 19.'8_1 962; gеnеtiсist, Nationаl Insti-
tutе of Radiologiсаl Sсiеnсеs, СhiЬa' 1962-1969; assoсiatе to full profеssor,
Brown Univеrsity, 1969_IL)72; and profеssor, Univеrsity of Tехas' HoLlston'
7972 - t990 .

In еvolution thеrе is a grеat еffсlrt tсl infеr thе еvolutiсlnaгy rеlаtiсlnships
among organisms. Тhis Ьranсh of Ьiology is сorтmonly known as systеmatiсs.
In thе 1960s еvolutionists startеd to usе Ьioсhеnriсal and molесulаr diltil, mainly
protеin еleсtrophorеtiс data' to study systеmatiсs; еlесtrophorеsis is a tесhniquе
usеd to mеasurе thе moЬility of a protеin on a gеl. |n |972 Nеi dеvеlopеd а
mеthod for еstimating thе gеnеtiс distanсеs Ьеtwееn populations from еlес-
trophorеtiс data. This mеthod soon Ьесamе thе standard mеthod in tlrе study of
еvolutionary rеlatiсlnships among populations rlr сlosеly геlatеd spесiеs, and thе
mеasurе oЬtainеd Ьy usе of thе mеthod is known as Nеi's gеnеtiс distanсе. Thе
rеason for its popularity is that thе mеthod givеs an еstimatе of thе ntrmЬеr of
amino aсid diffеrеnсеs Ьеtwееn two protеins and thr-rs thе dеgrее of protеin-
sеquеnсе divегgеnсе Ьеtwееn thе two populirtions frorn wlriсh thе two protеins
wеrе takеn. Thеrеforе, this nrеasrrrе is еasу t<l undеrstand. Tliс mеthtld alstl hаs
Ьеttеr statistiсal propеrtiеs thаn prеvious mеthods. Iл 1979 Nеi dеvеlopеd a
mеthod foг еstimating thе numЬеr of nuсlеotidе suЬstitutions pеr sitе Ьеtwееn
two DNA sеquеnсеs from rеstгiсtiсln-еnzymе dilta. Тl.ris Wi.ls anothеr milеstсlnе
in thе study of gеnеtiс distanсе. l-atеr Ье dеvеlopеd sеvеral ехсеllеnt mеthods for
еstimating thе numЬеr of nuсlеotidе suЬstitutions pеr sitе Ьеtwееn two DNA sе-
quеnсеs from DNA-sеquеnсе dаta. In \987 hе anсl N. Saitou dеvеlopеd thе
nеighЬor-joining mеthсld for rесonstruсting еvtlluti<lnar1, (plrylogеnеtiс) trееs.
This has Ьесomе onе of thе most popr.rlar mеthods in phylogеrrеtiс rесonstruс-
tion sinсе thе latе 1980s. Now аlmost еvеry еssay on phylogеnеtiс study usеs this
mеthod. In summary, Nеi has Ьееn а prominеnt lеadеr in thе study of molесular
systеmatiсs (phylogеnеtiсs) sinсе thс 1970s. Нis rnеthtlds havе hеlpеd сlarify thе
еvolutionary rеlаtionships among orgаnisпrs and gеnеs. In addition, hе hаs
madе many sеminal сontriЬutiсlrrs to thе study of molесular еvolution, sшсh аs
thе nеutral thеory of molесular еvolution (dеvisеd Ьy Motoo Kimura and Ьasеd
on thе сlaim that muсh mtllесular сhangе is Ьеrrеath thе fЪrсе of nаtural sеlес-
tion аnd thus gеnеtiс drift is a major faсtсlr), as wеll аs to our undеrstanding of
thе еvolution of major histoсompatiЬility gеnсs. F.or his ссlntriЬr'rtions, Nеi wаs
еlесtеd to thе U.S. Natiсlnаl Aсadеmv <lf Sсiеnсеs ln 1997.
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Ohta, Tomoko (b. 1933)

Tomoko ohtа has Ьееn a lеading figurе in dеvеloping a thеorеtiсal founda.

tion for undеrstanding molесular еvolution. In hеr work shе has сomЬinеd a

dееp undеrstanding of pattеrns of molесular variation within and among

spесiеs with сrеаtivе mathеmatiсаl modеling to approасh somе of thе most

fundamеntal quеstions about molесular еvolution.
A studеnt of Kеniсhi Kojima at North Сaгolina Statе Univеrsity, ohta rе-

turnеd to Japan aftеr сomplеting hеr doсtoral dеgгее io t967 and Ьеgan a fa-

mous сollaЬoration with Motoo Kimura (sее thе alphаЬеtiсal еntry ..Мotoo

Kimura'' in this volumе). Thеir еarly еssays dеvеlopеd modеls for thе dynamiсs

of nеutral allеlеs (i.е., allеlеs that do not сonfеr diffеrеnсеs in fitnеss on thеir сar-

riеrs). In |971 sЬe and Kimura puЬlishеd пvo landmark еssays that showеd how

thе nеutral thеory сould сonnесt mutation ratеs, lеvеls of protеin polymorphism

in natural populаtions, and long-tеrm ratеs of amino aсid suЬstitutions. Thеsе

еssays prеsеntеd a сomplеtе piсturе of thе nеutral thеory and dеmonstrаtеd its

potеntial powеr as an ехplanation for sееmingly disparatе phеnomеna. This

work providеd a thеorеtiсal foundation for sеvеral linеs of геsеarсh' from using

protеin variation to еstimatе populаtion paramеtеrs suсh аs thе еffесtivе popu-

lation sizе (a mеаsurе of how many individuals aсtually сontriЬutе to thе nеxt

gеnеration) to thе usе of molесular variation in phylogеnеtiс studiеs.
In ехploring thе nеutral thеory furthеr, Ohta was among thе first to point

out that natural populations harЬorеd morе rarе аllеlеs than nеutral thеory

prеdiсtеd. To aссount for this pattеrn' shе postulatеd thаt somе molесular

variants would Ье slightly dеlеtеrious and othеrs modеratеly dе|еtеrious. Hеr

hypothеsis lеd to diffеrеnt statistiсаl distriЬutions of fitnеss еffесts that wеrе

alignеd Ьеttеr with oЬsеrvеd data on polymorphism and ratеs of еvolution.

ohta also did pionееring work on еvolution in multigеnе familiеs l ikе thе

hеmogloЬins. Thеsе familiеs arе sеts of tandеmly rеpеаtеd сopiеs of gеnеs and

arе major parts of thе gеnomе. ohta rесognizеd thе importanсе of thеsе fam-

il iеs in еvolution and dеvеlopеd most оf thе еarly thеory that prеdiсtеd how

gеnеtiс drift would promotе divеrgеnсе in thе DNA sеquеnсеs of thеsе gеnеs

among сopiеs within a singlе individual, among individuals in a population,

and among populations. In 1984 Tomoko Ohta was еlесtеd a forеign mеm-

Ьеr of thе Amеriсan Aсadеmy of Arts аnd Sсiеnсеs .In 2002 shе was еlесtеd a

forеign assoсiatе of thе U.S. National Aсаdеmy of Sсiеnсеs and wаs rесog.

nizеd Ьy thе еmpеror of .|:rpan as a Pеrson of Сultural Меrit.
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Prinсеton, NJ: Prinсеton Univеrsity Prеss.
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Оп Groшth аnd Form (D'Arсy Wеntwоrth Thompson)

Оп Groшth апd Form' first puЬlished in 1.917, is sti l l in print as an aЬЬrеvi-
atеd vеrsion in papеrЬaсk' with an introduсtion Ьy Stеphеn Jay Gould. This
in itsеlf marks thе Ьook as somеthing rеmarkaЬlе. It is hard to think of сlthеr
Ьiologiсal tеxts of a similar vintagе that havе a сomparaЬlе еnduring sсiеn-
tifiс rеlеvanсеi apart from volumеs rеprintеd primarily for thеir historiсal in-
tеrеst' onе thinks of Darwin's works and not muсh еlsе. Thе Ьoоk is and has
always bееn sееn as thе distinсtly idiosynсratiс opus of a highly ессеntгiс Ьi.
ologist, D'Arсy 

.sИеntworth 
Thompson (profеssor of zoology at St. Andrеws

Univеrsity in Sсotland, 1917_1948), who is еffесtivеly rеmеmЬеrеd solеly on
thе strеngth of this Ьook. Why has it survivеd?

Thе Ьook prеsеnts thе сasе for an aссorrnt of Ьiologiсal struсturеs Ьasеd
on mесhaniсal and physiсal prinсiplеs. It aspirеs еspесially to а mathеmatiсal
mеthodology; сhеmistry hardly fеaturеs at all. Using an аstonishing sеriеs of
ехamplеs aсross thе whole rangе of phylogеny and of sсalеs of magnitudе, it
shows how various typеs of Ьiologiсal ..form'' сan potеntiаlly Ье ехplainеd
Ьy various typеs of physiсal forсеs. Topiсs сovеrеd inсludе sсaling, ratios o{
surfaсе to volumе, growth сurvеs' сhromosomе pattеrns' сеll struсturе and
сеll division (еxplainеd in tеrms of surfaсе tеnsion), multiсеllulaг arrays (as in
honеyсomЬs), shеlls, horns, flowеr pattеrns (ana|уzеd in tеrms of FiЬonaссi
sеriеs), zеЬra striping, and shaping of еggs and Ьonе struсturе (ехplainеd as
adaptations to imposеd mесhaniсal strеssеs). Thе сlosing сhaptеr is undouЬt-
еdly thе Ьеst known and thе sесtion most dirесtly rеlatеd to еvolution. It
dеals with Thompson's ..transform'' mеthod-a dеpiсtion of diffеrеnсеs in
morphology of rеlatеd spесiеs (е.g., fish) or wholе struсtl lrеs' suсh as skulls,
in thе form of сoordinatеd gеomеtriс dеformations (familiar nowadays in thе
guisе of сomputеrizеd morphing) (sее figurе). Thr naturе and vаluе of this
..mеthod'' is disсussеd еlsеwhеrе (Hordеr 2005); it is aсtually no morе than a
dеsсriptivе dеviсе and is not Ьasеd on' or an indiсation of, any dеvеlopmеn-
tal or еvolutionary mесhanisms as suсh. Among prеsеnt.day apprоaсhеs to
еvolution, thе сlosеst сomparisons arе morphomеtriсs and еspесia1ly allomе.
try' whiсh, through J. S. Huхlеy' was thе most dirесt and ехpliсit dеvеlop-
mеnt that arosе out of Thompson's Ьook.

Thе survival of this arсhеtypiсally сlassiс book is аll thе morе puzzling Ье-
сausе it is distinсtly datеd in Ьoth stylе-it is writtеn in sсholastiс and еven
litеrary modе-and сontеnt. It datеs from a timе whеn gеnеtiсs was in its
infanсy, Darwinian еvolution Was aсtivеly Ьеing quеstionеd in favоr of La-
marсkism, and thеrе wеrе many gaps in undеrstanding of Ьasiс сеll Ьiology.
Мorе surprising sti l l, Thompson adoptеd positions on thеsе thеmеs that havе
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Diodon

Left: out'|tne of thе porсupinе fish (Diodoп) , RigЙf: outlirrе of а sunfish
(Оrthаgorisсиs molа). Notе thаt Thompson was working intuitivеly, without
an1' krrorvlеdgе of tl-rе mаtlrеmatiсs involvеd. Today' with сomputеrs, wе саn
rеpliсatе his findiпgs and havе a full undеrstanding of the movеs nеedеd to go
frorn thе fislr form on thе lеft tо thе fish {orm on tЬе right. (Frсlm Thompson
1 9 4 8 , 1 0 6 4 . )

provеd to Ье ..wrong'' (sее Hordеr 2005). Нis position rеgarding phylogеnе-
sis wаs sаltаtionist. Thе Ьook is in еvеry wаy a produсt of its timе. Thomp-
son's rеal mission Was-as a сountеr to thе vaсuous vitalistiс еxplanations
sti l l prеvalеnt-to show that Ьiologiсal phеrromеnа wеге ехpliсаblе along thе
linеs оf thе alrеady sсiсntifiсally highly dеvеloped disсiplinе and mеthods of
phys iсs.

Нow is it possiЬlе that this Ьook is as influеntial now as it was 90 years
ago? Onе fасtor n-right wеll Ье thе il lustrations. Thе Ьook is riсhly i l lustratеd
witlr somе instantly striking аnd mеmoraЬlе piсturеs thаt in thеmsеlvеs sum
up Thompson's mеSsagе; thеу сan Ье' and hirvе oftеn Ьееn, rеadily rеproduсеd.
PrоЬaЬly morе signifiсant is thе way in whiсh a stеady suссеssion оf kеy Ьi-
ologists wеrе inspirеd Ьy thе work. Aсross sеvеral gеnеrations (Riсhard
Goldsсhrrridt, JLrl ian Huxlеy, Еvеlyn Hutсhinson, Alan Turing, J. B. S. Hal-
danе, and Pеtеr Меdаwar to Stеphеn Gould and John Bonnег) thе Ьook was
a symЬol and idеal of a rigorous sсiеntifiс approaсh to many of thе major
proЬlеms of Ьiolоgy. Thе Ьook appеalеd all thе morе Ьесausе of its auda-
сious swееp and rarrgе. Tlris l ist inсludеs thе nаmеs of somе of thе most
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influеntiаl biologists of thе twеntiеth сеrrtury, many of rvhorт madе Thomp.
son widеly kr-rown through thеir popular writings. Thе Ьook nright appеar to
Ье of most dirесt rеlеvanсе to dеvеloprnеntal Ьiologists, Ьut thеy havе rarеly
takеn it up; it has appеalеd mainly to ..holists' ' (morphologists аnd еspесially
palеontologists) or on mеthodologiсal grounds (Ьiorrrathеmatiсiаns). In an
agе dominаtеd Ьy molесular Ьiology, gеnеtiсs' and p<lpulation tlrinking-
whеn nroгphology is lеss аnd lеss tauglrt in univегsitiеs-this btrok stands to-
day as a rеmindеr of ultimatе еvolutiоnary prоЬlеms and ехplanatory
сhallеngеs posеd Ьy wholе organisms. Thе affесtion with whiсh it has Ьееn
hеld through thе gеnеratiorrs is indiсаtеd Ьy thе faсt that D,Arсy $7еrrtworth
Thompson is thе dеdiсatее of Huхlеу's Prolэlеnts tэf Rеlаtiuе Grспuth ||9зz)
and Gould's Оntogeпу апd Phуlogеп1' fl977).
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Оп the Оrigin of Species (Charlеs Darwin)

Сhаrlеs Dаrwin's mаjor wоrk, Оп thе ()rigilt rlf Speсiеs lэу Меапs tlf NаturаI

Sеleсtioп, or thе Рreseruаtioп of Fаuспtred Rасеs itt thе Strиgglе for Lifе' was
puЬlishеd in NovеmЬеr 1859. Thеrе wеrе 1'250 сopiеs, and it was sold out
on thе first day (morе prесisеly, thе puЬlishеr sold аll оf thе сopiеs to Ьook-
sеllеrs at his Ьiаnnual salе). Darwin startеd immеdiаrеly to prеpaге a sесond
еdition, and in аll thеrе wеrе six еditions, of whiсh tlrе last appеaгеd in 7872.

Thе work is dividеd into two parts. In thе first pаrt Darwin prеsеntеd his
mесhanism of natural sеlесtion and offerеd rеasons to think it plausiЬlе. Hе
did this first through analogy with artif iсial sеlесti<rn' pointing out thе suс-
сеssеs of аnimаl and plant Ьrееdеrs' Не tlrеn Wеnt on to show (in an argu-
mеnt modеlеd on thаt of Thomas RoЬеrt Malthus) how a stгugglе for
ехistеnсе is a сonsеquеnсе of thе growth of populations to a lеvеl grеatеr

than аvailaЬlе suppliеs of food and spaсе сan support, and thеn how, givеn
naturally oссurring variation' thе strugglе lеads to diftЪrеntial survir,аl and
геproduсtion, whiсh Dаrгwin сallеd паtuгal sеlесtion.

In thе sесond part of tЬe Оrigiz, Darwin appliеd his mесhanism aсross thе
spесtrum of Ьiologiсal arеas of inquiry_instinсt, biogеographiс distriЬutions,
palеontologyt anatomy' сlаssifiсаtion, еnrЬryolоgy, and othеrs-showing how
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nаtrrral sеlесtitln providеs ехplаllatiсlns in all tЬеsе аrеas and how, сonvеrsеly,

thеsе arеas сonfirm thе tгuth аnd pсlwеr of sеlесtion. This is not so muсh a сir-

сular argulnеnt аs ()l1е thаt is rеirrfoгсing. Thе argumеnt is known tесhniсally

as a сoпsiliеllсе of iпduсtioпs. |t Was pГom()tеd Ьy thе Еnglish philosophеr of

sсiеnсе Will ianr lVhеwеll, and it was from this sourсе thаt Dаrwin lеarnеd of

its impсlrtanсе аr]d powеr.
Thеrе wеrе m:rjor сhаngеs in thе suссеssivе еditions of tЬe Оrigin. Дfter

Darwirr puЬlishеd, vеry fеw in tlrе sсiеntifiс сtlmtnunity сontinuеd to dеny

rhе truth of еvtllution. Htll l,еvеr, Darwin's thеory of natural sеlесtion was

suЬjесtеd tO stringеnt sсiеntifiс analysis, and two objесtions sееmеd vеry sеri-

ous. Thе first w:ls that Darwin had no adеquatе thеory of hеrеdity-whаt wе

today would сall a thеor1. tlf gеnеtiсs-and without suсh a thеory lt Was not

сlЬviotts that a mесhanisrn l ikе sеlесtion ссluld lravе a lasting еffесt. Thе sес-

ond oЬjесtion, Ьasеd orr physiсists' саlсulаtitlns aЬout suсh things as thе

hеating powеr of thе sun, wаs tlrat thе еarth was far too yоung for so lеisurеly

a mесhаnism as sеlссtion tсr havе takеn еffесt.

As wе now know, tlrе first сlЬjесtion was wеll takеn, аnd it was not until

Mеndеl's thеory of hеrеditу' Was rеdisсovеrеd that this oЬjесtion сould Ье

сountеrеd. Thе sесond oЬjесtiсln Was not wеll takеn, Ьесausе thе hеating еf-

fесt of radioaсtivе dесay (and thе сtlnsеquеnt muсh oldеr agе of thе еarth)

Was n()t thеn kn<lwn. Hсlwсvеr' Dаrwin fеlt oЬligеd to spеak tо Ьoth proЬ-

lеms, and to сountеr thеm hе st:rrtеd to rеly morе and morе on supplеmеn-

tary mесhanisms to sеlесtion, most partiсularly stl-сallеd Lamarсkism, thе

inhеritenсе of aсqr.rirеd сharaсtеrs.

Unfortunatеly, thе еnd produсt of tlrе various сhangеs was no longеr an еl-

еgant ехtеndеd еssay Ьut а lеngthy and сumЬеrsonlе traсt. It is for this rеаson

that today's rеadеrs gеnеrally prеfеr thе first еdition of tЬe origiп.
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Оntogenу аnd РhуIogeпу (Stephеn Jay Gould)

|n Опtogeпу апd PЬу,logеиy a dеtailеd :rnalysis of thе rеlirtionship Ьеtwееn

growth of thе inсiividual <lrganism and its anсеstrY is tightly intеgratеd with a

historiсal study of rесаpitr.rlation and othеr pattеrns of сorrеspondеnсе Ье-

twееn stagеs in dеvеlopmеnt and thosе <lf еvolutiorrary history.

Thе anal<lgy Ьеtwееn individuаl dеvеlopmеnt and thе ..grеat сhain сlf Ье-

ing'' wаs fаmiliar ttl Аristtlt lе :rnd othеr сlassiсal authors. Goшld shows how

this idеа w:rs rеshаpеd ir-r thе с()ntехt of ninеtееnth-сеntury Gеrtnan idеalism
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to intеrprеt studiеs of thе dеvеloping еnrЬryo. Karl Еrnsf vоn Baеr: saw in-
сrеasing divеrgеnсе from а сomпlon lnitial Ьodv plаrr as vеrtеЬratеs сlеvеlop
distinсt adult lЪrms. Еrnst Haесkеl ассеptеd D:lrwin's еvidеnсе fсlг еvolution
Ьut not thе adеquасy of his mесhаnism. Не infеrrеd that strr.rсtшrаl innova.
tion involvеs thе addition of nеw tеrminal stagеs to Ontogеny. Thе rеsulting
rесаpitulation of abbrеviatеd anсеstral ftlrms Ьесаt-t-lе сoс]ifiеd as thе Ьioge-
nеtiс laW' from whiсh anсеstral rеlationships сould Ье infегrеd and lost forms
prеdiсted, thеrеЬy ovеrсoming dеfiсiеnсiеs of tlrе fossil rесord.

In thе аbsеnсе of a satisfaсtory thеory of individual vаriatiсln and hеrеdit,v,
Нaесkеl's idеas gainеd widе сurгеnсy in thе post.DaгWinian еra. Hаесkеl in-
sistеd that геrmirral additiсlrr and гесapittrlation ц.еrе thе rnесharrism, thе еffi-
сiеnt сausе of еvolutionary сhangе. Gould shows that this thе<lry dеpеndеd
on inhеritanсе of aсquirеd сlrirraсtегs and an trrrасkгlowlеdgеd vitalisrт tlrat
wеrе сharaсtеristiс of most еvolutionary thought irt that tirnе.

It is oftеn supposеd that rесаpitulаtion fеll from graсе Ьесausе еvidеnсе ас-
сumulatеd that еvolurionаrv novеltiеs саn аppеar at anv stаgе in thе lifе сyсlе.
In faсt, suсh insеrtiorrs had Ьееn aссommоdatеd as pеrmissiЬlе ехсеptiсlns to
thе Ьiogеnеtiс law,, еvеn by Haесkеl hirnsеlf. Gould аrguеs that it was work in
ехpеrimеntal еmbryology and thе еmеrЕ]еnсе of Меndеlian Е]еnеtiсs thet madе
thе thеorу. untепaЬlе' Nаtural sеlесtion сan and doеs aсt on all stаgеs of tlrе
lifе сyсlе. Thеrеаftеr, Ьеrеft of пrесhanism and prеdiсtivе powеr' thе pattеrns
of rеlationship bеtwееn stagеs in dеvеlopmеnt and thosе of еvolutionary his-
tory wеrе subjесtеd tо а suссеssion оf parаlyzing сlassifiсations' Thеsе inhiЬ-
itеd furthеr work on what hаd сomе to Ье сallеd hеtеroсhrony.

In Опtсlgеnу апd Phуlogшy Gсruld rnаdе thrее mаjor сolrtгiЬrrtiопs tlrat rе.
vivеd hеtеroсhrony as a vigorous fiеld of inquiry. First, hе shiftеd thе foсus of
study from mapping Pattеrns to thе analvsis of dеl,еlopnlеntal mесhanisms
that сan Ье studiеd еxpеrimеntally in living organisms and infеrrеd from аnal-
Ogolls pattеrns in fossils of ехtinсt forms' Sесond, hе еstaЬlishеd а simplе
modеl in whiсh thе timing of ovеrall dеvеl<rpmеrrt and thе onsеt оf rе;lroduс.
tivе maturity саn bе advat-rсеd or rеtardеd in rеal tеrms' against сloсk tiпrе.
This shows that thе two fundamеntаl pattеrrls of hеtеroсhгоl1y саI1 еасlr arisе
in two ways' with radiсally diffеrеnt dеmogrаphiс and есologiсal сonsе-
quеnсеs for thе organisms invсrlvеd, as shown in thе ft>llolving ta[rlе.
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Ассеlеrrttiсlп

No сharrgе in t iming

Rt'tаrdаtiсlп

Rесаpitulcttirlп
(Ьу ассеlеration)

Pаеdomorphosis
(Ьy trunсаtiol-r) = P ю gепеsis
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Tlrird, usirrg a сlосk mсldеl, hе shorvеd thаt rhе саtеgoriеs of hеtеrtlсhrony
arе еnd mеmЬеrs in a сontinuum of potеntial еvolutionагy сhangе that сan Ье
analyzеd quantitаtivеly, using mеthods of allomеtry to study еvсllving pаt-
tеrns and ехpегimеnts in dеvеlopmеntal Ьiology to еiuсidаtе thе pгoсеssеs in-
volvеd. In short, lrе laid thе groundrvork for a сalсulus of hеtеroсhrony, latеr
dеvеlopеd moге fi>rmally in сonjunсtion with a group of сollеaguеs.

Thе most сritiсаl of thе distinсtior-rs Gould еltrсidаtеd, it-l tегms of its еvсl-
lutionary impliсations, is thаt Ьеtwееn two proсеssеs tlrat givе risе tO pаеd<l_
morphiс' ;uvеnil izеd dеsсеndants. Progеnеsis oссurs whеrе sеlесtion aсts morе
stronglу in favor of еarly rеpr<lduсtion thаn it с.loеs on rrrorpho|сlgv, givlng
risе to nсlvеl сonrЬinations of сharaсtеrs as а rеsult of thе shift in timing of
dеvеlopmеr-rt. This proсеss involvеs a shakе-up in morphology, lt lss of adult
spесialization, and populаtion growtlr aссеlеrаtеd Ьy thе short l ifе сyсlе. lt
has a uniquе p()tеntial to gеnеratе raрid сhаrrgе аnd tlrс suddеn еtnеrgеnсе <lf
nеw highеr taха. Gould сitеd wеll.known еxamplеs frtlm еаrliеr l itеraturе;
many othеrs havе sinсе Ьееn doсumеntеd. Nеt.ltеny' On thе othег hand, ех-
tеnds thе timе аllottеd to еaгly stаgеs of dеr,еltlpmеnr, whеn gг()Wth is mсlst
rapid. tt is impliсatеd in rapid sizе inсrеasе, notaЬly inсluding that of horn-
inid Ьrail ls, inсrеasеd soсializаtiсln, and othеr forms of spесializаtion.

Goшld infЪrrесj that hеtеrсlсhrony is undеr thе сtltrtrol of rеgll l:rtory gеl1еs'
whiсh had Ьееn сonсеivеd Ьut not yеt doсuпrеntеd whеn hе wrote Опtogеtlу
апd Pbу,logепy. l l is prеdiсtion thаt rеnеwеd intеrеst in hеtеroсЬгоny would
stimul:rtе prodr-rсtivе intеrасtion Ьеtwееll mtllесular gегlеtiсs аnd еvolution-
ary Ьiolсlgy has Ьееn aпrpl1, Ьornе oltt. But thе influеnсе of Gould's Ьсlok has
not Ьееn limitеd tO this fiеld. Its Ьroad sсopе аrrd signifiсanсе arе suсh thаt it
lras Ьееrr сitеd in аГtiсlеs ptrl l l ishеd in ovеr.500 sсiеntifiс jouгnаls.
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oparin, Alеksandr I. (1894-1980)

Alеksandr I .  opar in,  a lеас1ing Russ iаn Ь ioсЬеmist ,  Was among t l rе most i r l -
fluеntiаl pionееrs сlf thе stLrdy of tlrе еmеrgеnсе сlf l ifе. Irr а Ьooklеt puЬlislrеd
in thе Soviеt Union tn 192-4, and latеr in a tтoге dеtailеd Ьook, Оrigiп of Lifе
(19З6|' С)parin pгеsеntеd his ЬrеaktЬrоugh tlrеory ()n thе origirr of l ifе on
еarth. Opаrin's idеаs insрirеd пlanУ геsеarсlrеrs worldwidе arrсl wеrе itrstru-
mеntаl in еstaЬlishing in thе -l 950s a sсiеntifiс fiеld dеvotеd to thе suЬjесt.

RеaIizing thе еnormous сomplеxity оf thе living сеil, геvеalеd Ьy thе rising
fiеld of Ьioсhеrnistry, Opzrгir-r rеjесtеd Ьсrrh siпrplistiс Inесlranistiс sсеnaritls
of thе origin of l ifе from lrlattеr and vitalistiс сlaims of an unЬridgеаЬlе gаp
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Ьеtwееn mattеr аnd Iifе. Instеаd, rеlуing oll nеW аsrгonomiсаl аnd gесllogiсаl
tlrеoriеs irnсl сlаta, Ilе formtrlatеd а t.tаtuгalistiс еvolutiOnaгv sсеllаrio that
postulаtеd spесifiс physiсoсhеrтiсirl сonditions' сonduсivе to l ifе, On thе pri-
mordial еarth. Oparin first suggеstеd thе synthеsis tlf organiс сomptlr"rnds in
thе rеduсing, thаt is, hydrogеn-riсh primordial atпrosphеrе on еаfth, spurrеd
Ьr' various sourсеs of еnеrgy. Thеsе сompounds wеrе dissolvеd in thе first sеas
tсl fоrm an orgаrriс ..soup'' and lаtеr ltndеrwеnt сIrеrrriсal еvсllutiоn toш,ard
morе сomplех l l lonomеrs аnd polymеrs. Sir-nilаг idеas wеrе inсiеpеndеntly
formulatеd in tl 1929 artiсlе Ь1, thе British gеnеtiсist J. B. S. Hаldаnе. Al-
though Haldanе's iпrpaсt on thе study сlf thе origin of l ifе was сomparativеly
nrinor, thе сonrbir-rаtion of tеnеts rеlаting to thе rеduсing primordial atmo-
s;llrеrе, thе soup, al-rd сhеmiсal еvoltrtion wаs latеr tratrrеd thе С)parin-Haldanе
hypotЬеsis. Sonrе l-ristorians of sсiеnсе raisес] tlrе intriguing sugt]еstion that
Oparin,s and Haldirnе's Marxist аffi l iations (as wеll as similаr iпсlinations of
othеr pionееring rеsе:rrсhеrs in thе fiеld) сontriЬutеd ttl thеir сlrigin-of-l ifе
сonсеption.

Rеflесting thе гhеn-сontеmporar'v disсovеry сlf еtrzymеs and пrеtаЬoliс сy-
сlеs .rrrd proсlаiming thе intеrdеpеndеrrt, honrеostаriс l l i lt l lrе <lf biсl logiсal or.
ganization аs thе hallrnark of l ifе' oparin suggеstеd in thе 19.]0s a dеtаilеd
origin-of-l ifе sсеnario, Ьaсkеd Ь1. ехpеrimеrrtal wсlrk. Не pсlstulatеd thе sеp-
aration of miсrosсopiс еnсlosеd struсturеs madе of organiс polymеrs from
thе Ьroth Ьy a proсеss of сolloidal сoagulation. Hе proposеd that thеsе struс-
tl lrеs grеw Ьy aЬsсlrptiсln of organiс Inattеr' dеmonstratеd a primitivе rrrеtaЬ-
t>lisrт, and diviс]еd into ..offs;lring.' ' Through inaссlrratе inlrегiti.rпсе of thе
original orgаt-tizirtion аnd primitivе nаtural sеlесtion among сoll lpеting off.
spring, thеsе struсturеs, Opаrin Ьеliеvеd' сould еvolvе into morе сomplех
еntitiеs.

Еvеn in thе 19.50s and latеr, wlrеn thе naturе <lf tlrе gеnеtiс rтаtеriаl was
disсovеrеd аnd mсllесtrlar Ьiol<lgv !v21s on thе risе, Oрirrirr аnd his grсlup, аnd
sеvеrаl suppoгtil lg rеsеаrсhеrs, sti l l insistеd orr tl-rе primaсy of ..пrеtaЬolism''

ovеr ,.gеnеtiсs' ' iп thе origin of l ifе. Thеy suggеstеd a latеr еvolution сlf a
primitivе gеnеtiс apparatus within an еvolvеd сomplех mеtaЬoliс еntity. This
viеw, uphеld todаl, by quitе a fеu, оrigin-of-l ifе sсiеntists, rеflесts tlrе philo-
sophiсal сonсеpti()n оf l ifе as an <lrgirrrizеd, intеrасtivе r,vholе rathеr thzrn as a
..r-rаkеd gеnе.,' Supportегs of tЬis viеw also ptli l. lt tO thе еnormrlrrs diffiсultiеs
involvеd in thе pгеЬiotiс synthеsis of a rеpiiсаting rnоlесulе. At thе samе timе
gеnеtiсаlly inсlinеd сritiсs rеjесt tl-rе notion that a r-rrеtaЬoliс еntity that laсks
gеnеtiс matеrial саn partiсipatе in tl-rе nесеssary proсеssеs of еvolution through
natLlral sеlесtion.

This сontrсlvеrsу notrvithstаnding' Op:rrin is rессlgnizес1 Ьy Ьoth sLtpport-
егs and сritiсs fог his сorrtriЬrrtion to origin-tlf-l ifе rеsеarсh, аs еnlЬodiеd in
thе p ionееr ing Opar in-Haldanе hуpothеs is .  A l though var ious е lеmеnts of
this hypothеsis h:rvе rесеntly Ьееn rеjесtеd or саllеd into quеstion, its philo-

sophiсal mеssagе-thе idеa of tlrе natural, gradual еvolution of l ifе from
mzlttеr-rепlаins rlrе fundamеntаl irirrrrеwtlrk for any rеsеaгсh on thе еmеr-

цеnсе of  l i fе '
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organismiс еvolution and radiation bеforе thе Сambrian

!Иhеn wе think of еvolutiоn, wе think of thе dеvеlopmеllt of l ife ovеr thе last
-550 rrrillion yеars, thе Phanеrozoiс еon of gеologiсal timе-that part of еагth
history that rесords thе wеll.known progrеssion from sporе-produсing to
sееd.proсluсing to flowеring plants and from аnimals without ЬaсkЬonеs to
fish, l irnd-dwеlling vеrtеЬratеs' and thеn Ьirds and mammals. Yеt roсks of
this agе arе likе thе tip of an еnorrnous iсеЬеrg' for thеy rесord only a Ьriеf
latе сhaptеr of a vеry muсh longеr еvolutionаry story' thе history of Prесam-
Ьriarr l ifе, that ехtеnds somе sеvеn timеs furthеr into thе gеologiсal past, to
*3.5 Ьil l ion yеars ago (sее figurе on page 776).

Thе Phanеrozoiс world was muсh likе that today, onе populаtеd Ьy animals
and plirnts, marry rеlativеly largе, most spесi2rlized for partiсular sеttings, and
all fairly familiar, еvеn thosе suсh as triloЬitеs and dinosaurs that arе now long
ехtinсt. And thе гulеs of Phanеrozoiс еvolution' thе risе and thеn thе ultimatе
dепrisе of myriad spесiеs' arе known to a||: spесiаtiott, spесiаlizаtioп, ехtiпc-
tioп. But thе world of thе PrесamЬrian was vastly diffеrеnt. Instеad of largе
multiсellular organisms' thе РrесamЬrian was dominirtеd by divеrsе widе-
sprеаd miсroЬеs and singlе_сеllеd аlgaе, virtually all of whiсh arе too small to
bе sееrr without usе of a high-powеrеd miсrosсopе. Among thе nrost suссеssful
of thеsе wеrе сyanoЬaсtеria, miсroЬial jaсks-of-all-tradеs that wеrе aЬlе to
thrivе ir-r rеrnarkаЬly variеd sеttings. Моst notаЬly, many of rhеsе еarly organ-
isms еvolvеd littlе or not аt all ovеr Ьillions of yеars and havе nеvеr gonе еx-
tinсt. Unlikе thе history of Phanеrozoiс lifе, еvolution during thе PrесamЬrian
followеd а diffеrеnt sеt сlf rulеs: s|'lеciаtion, gеnеrаlizаtiсlп, long-tеrm suruiuаl.

Е A R L Y  P R Е с A M B R | A N  L | F Е

Thе пrost obvious and еzrsily dеtесtеd fossil еvidеnсе of PrесamЬrian miсrobes
is thе typiсally mound-shapеd stromatolitеs that thеy Ьuild (sее figurе at top of
page 777), finеlу layеrеd' morе or lеss сaЬЬagеlikе struсtrrrеs (page 777,Ьot-
tom) that arе сOmmon r,r,orldwidе in PrесarrrЬгian lirnеstonеs аtrd arе known
from rосks as old as -3.5 Ьillion yеars (Hofлrann еt aL. 1999). Although most
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(Jvеrviеw of thе history of l i fе.

(,.а lсtl ге<lus strсtt.t.tаttllitе
сlсlsсlv rеsеn.rЬlе f<lssi] l i
Transvaаl Dolomitе аt l
hamnlсг  с i r с lеd  i l l  p111
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(,аlсаrеous strol l].1tol itеs f i lr lning tr ldаy at Slrаrk Bа1., Wеstегn ALrstraIiа (A),
сlсlsеly rеsспrЬlе fossi l  l iп-rеstonс strсlmаtol itеs (B) сl i  thе -2..] Ьi l l ion-vеar-old
Trаnsvaаl Dolomitе at Boеtsap' (Japе Provinсе, South Afriса. Thе gеolt lgiсal
lrаmmеr сiгсlесl iп 1rаrt (A) sЬows t lrе sсаlс t l f Ьoth ph()tоs.

(Jornparist ln оf r 'сгt iсal ly sl iсеd strсlmatol itеs of vari<lus agеs shows thаt
miсroЬе-Ьr-r i l t stromatol it iс mаt-l ikе lаyеrs сhangеd l itt lе ovеr gеоlogiсal t imе.
Th iп  wаr .v  mаts  - l .3  Ь i l ] i t ln  1 ,еагs  o ld  (A ,  f гom thе I}е l t  Supег .чгoup o f
M()ntаIla' Unitесi Stаtеs) i lrе еssеl lt irr l lv inсl ist inguishaЬlе from thosе -2 Ьi l l ion
yеагs o|сJ (B, fror.n thс AlЬапс1 l-сlrmаtiol-t of QuеЬес, ( ianadа), and Ьoth сlosеly
геsеmЬ|е l l lats d.tt in.q frt lnl .] '3.5 Ьi l l ion yеaгs аgо (С' frorт thе Fig Тгее Group
с l f  thе  еas tеrn  Тr i rnsvа i l l ,  SoLr th  A f r i са) .  (Baгs  foг  sса lе  rеprеsеnt  1сrт . )
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suсh struсturеs arе сomposеd of thе minеral сalсitе (whiсh, as it сrystallizеs to
form limеstonе, dеstroys thе dеliсatе organiс-wallеd miсroЬеs that Ьuild thе
stromatolitiс layеrs), somе Ьесomе pеtrifiеd Ьy finе-grаinеd quartz that сan

рrеsеrvе suсh tiny miсroorganisms in ехquisitе dеtail (sее figurеs hеrе and сln
page 779). Suсh сеllular miсroЬiаl fossils arе known from hundrеds of Prесam-
brian dеposits worldwidе, thе oldеst pеtrifiеd in rсlсks nеarly 3.5 Ьillion yеars
in agе (sее figurе on pagе 780; Sсhopf 199З)' RеmarkaЬly' many suсh mi-
сrobеs' partiсularly anсiеnt сyаnoЬaсtеria (sее figurе on pagе 781), appеar to
havе сhangеd littlе or not at all ovеr litеrally Ьillions of yеars (Sсhopf 1994).

Two lеssons aЬout еarly еvolution stand out. First, l ifе еmеrgеd quitе еarly
in thе history of thе planеt. Thе еarth, thе moon, and all othеr Ьodiеs оf thе

Filаmеntous сyanoЬaсtеria tЬrее-dimеnsionally pеtrif iеd in stromatolitiс сhеrts
of thе -8.50 mill iсln-yеaг-оld Bittеr Springs F-<lrmation оf сеntral Australia.
Мany of thе fossils shown arе morphologiсally indistir-rguishaЬlе frсlm modеrn
сyanoЬасtеria of thе tахonomiс farnily osсil lаtoriасеaе. Еor ехаn-rplе, thе spiral
fi lamеnts shown in pаrts (H) and (o) сlosеly rеsеmЬlе thе living osсil latоrtaсеan
Spirulinа (С on pagе 7tl1); and thе ftlssil shown in part (М), сomposеd of
distinсt disс.shapеd n-rеdial сеlls and сappеd Ьy a rсlundеd tеrminаl сеll, is
idеntiсal to Оscil lаtoria, thе osсil latoriассan usеd to i l lustratе сyаnсlЬaсtегia ln
first-yеar сollеgе Ьioiogy сollrsеs worldwidе. (A, B' I' aлdi.) СеpЬаlopbуtаrioп;
(С and K| Суаnoпеmа; (D) Саиdiсиlophусиs; (Е and I') Fil iсoпstrictosиs; (|)
Уеtеroпostoсаlе; (G| I,аlаесlLупgbуa; (H and О) Ilеliсoпепzс; (M)
О sсillаtoriopsls; (N) Оbсoпiсс4lhусиs.

Оt

Sphеroidal singlе and сol
pеtrifiеd in strorтаtrllitiс '
Formаtion of SiЬеriа, Ru
Dolomitе of SoutЬ Austгl
Formation of Northеrn J
arе mсlrphologiсally indrs
For ехamplе, thе shеath.t
еssеntially idеntiсal tсl thс
(А) Еoeпtophуsаlis; (B| о
(D) Gloесэсаpsa-likе сеll 1
(G) Еotеtrаh еdrioп. (Bars

solar systеm formеd *4

impaсts Ьy oсеan-vapor
haЬi taЬlе only -3.9 Ь i l l i
for l ifе .-З.5 Ьil l ion yеal
and саrЬоn isotopiс сv i
hаd Ьесomе а f lour ish i r
еnvironmеnt had Ьесoг
idly and was pеrhaps a
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сitе (whiсh' i.rs it сrystirl l izеs ro
vallеd miсrobеs thаt Ьuild thе
y finе-grаinеd quartz that сan
dеtail (sее figurеs hеrе аnd on
own fronr hundrеds of Prесam-
r rсlсks nеarl,v З.5 Ьillion yеars
. Rеrr-rarkаЬlу' пlаnу suсh mi-
figurе on pаgе 781), i. lppеar to
lions of yеars (Sсhopf 1994\.
' Fiгst, l ifе enrегgеd qrritе еаrly
on, and all сlthеr Ьodiеs of thе

pеtrif iеd in stгсlmatol it iс сhеrts
rаtion of сеntral AustraIia.
ndist inguishaЬIе from mкldеrn
riасеае. Fсlr ехаmplе, thе spirаl
зmЬ |е  t h е  l i v i n g  о s с i | | а t r l r i а с е an
in  par t  (М) ,  сomposеd o f
t  r , ,u t l . Jеd  геrn l i r l а l  се l l .  i s
d  tо  i l l us t rn tс  с1 ' rnс th . rс tе r iа  in
B, I, and J) Сеphаlophуtаrir-lп;

l аnd L) Fi|iссlltstrictt-lsиs; (F)

Неliссlпепtа: (|у|\
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Sphеroidal singlе and сolonial сyаnoЬaсtеriаl uI-riсеlls thrее-dimеnsionally
pеtrif iеd in stromatolitiс сhегts tlf thе -1 Ьil l ion-l 'еar-old Sukhaya Tunguska
Еormation of SiЬеriа, Russia (A_D); rЬе -770 mill it ln.vеаг-оld Skil logrrlее
Doiomitс of South Australiа (Е); and thе *850 rrri l l ion-yеar-сlld Bittеr Springs
Formation of Northеrn Tеrritory, Australia (F, G). Маny of thе fossils shсlwtl
arе morplrologiсally indistingtrishaЬlе from modегn ссlссоiс]al сyanoЬасtеria.
For ехаmplе, tlrе shеath-еr-rсlosеd urriсеl[s shсlwrr in parts (F) and (D) аrе
еssеntially idеntiсtrI to thе living сhrсltlсoссaсеan (}loеocаpsa (сf. }- oп pаgе 78l)
( А| Еo e п top hу sаli s : (B) unnirmеd сhrtloсoссaсеa ns; ( С ) G l o е o diп i rэp si s ;
(D) Gloеoсаpsa-likе сеll pair; (Е) lrnnarnеd еrlshеаrthеd uniсеll; (F) Еоl-rgiсlп;
(G) Еotetrаhеdritlп' (Bars for sсalе rеprеsrnt 10 цm.)

solar systеm iсlrrnеd -4..5 Ьil l ion vеаrs ag(). Yеt thе еllrth' Ьес:1usе of е:rrly
impaсts Ьy oсеan-vapсlrizing mеtеtrritеs, sееп1s to havе Ьесomе сontinuously
haЬitaЬlе оnly -3.9 Ьil l ion уеars a8() (sее figuге on pаgе 776).Fi.m еvidеnсе
iсlr l ifе -З'5 Ьil l ion yеаrs аgo-in thе fornl oI strtl lnatolitеs, сеlIulаr fсlssils,
and саrЬon isot()piс еvidеnсе of miсroЬiаl photosyntlrеsis-пrеаns that l ifе
had Ьессlmе a flouгishing suссеss within а sсаnt 400 nril l ion yеаrs aftеr thе
еnvironnlеnt hасl Ьесolnе сlеtrrеnt. Еvidеntlt ' l i iЪ.s сlrigin Oссurrеd morе rаp-
idly arrd Was pеrhaps appгесiаЬly еasiеr than has gеnеrally Ьееn imirginеd.
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Fоur sресimеns t lf thс се[lLr[ar I i lаlnеntt lLrs fсlssiI miсrсlЬе Prit ltаеuif i lum
.1l| l()еnun1' am()Ilg tЬс oldеst fossi ls norv kl lс l lvn, pеtrif iеd in thе -3.46.i Ьi l l i r ln.

1.е.rг-t l ld Apех сhегt t l f l lс lrt lrwеstсrn Wеstеrn Austrаl iа' ln pаrt (D) an optiсаl
phott lmiсrogгaph оf ir spссitnеn is sholvrl togеthеr with its Ranrаn spесtrurn and
its thrее-dimеnsiоnir l  Rarnan imirgе (сlf thе аrеа dеnotеd Ьy thе rесtanglе in thе
optiсаl photо), с1-rеrтiс:r l dаt:r thirt Ьy dirесt аna]уsis еstаЬl ish thаt suсh
еspесial lv аnсiеnt fсlssi ls. l ikе vсlr-rngеr pеrrif iсd fossi ls (sсс 6clrrеs on pagеs 77l l ,
779 '78| ,  аnd 783) '  a rе  с ( ) |nposеr]  с l f  саrЬo l laсес lus  r , гцJ t l i с  mi ] t tе r .

.WЖ

I , i v iлg  s t rс lmаto l i tе - l l r r i l d l
and PrесаmЬr ian  fоss i ]  l t l
in shelеy sсdimеnts (B, I)
(F, [{). (А) I,у'пgbуа,с<ltт

уеar-olс1 Lаkhirnda Еoгnrl
(D) Ltеliссlltеmа from tltе
SiЬегiа, Russia; (Е) G/tlcr, '
- | . i S  h i | | i t l n  r ' е з l . - t l l t l  S r t
сt lmpirrеd with (H) Еoсп;
Sr.rpеrgroup of Hudsсln Bi



il rniсroЬе Primаеuifilum
n, pеtrif iеd in thе -З.465 Ьil l ion-
\ustrа l ia .  In part  (D) an opt iсa l
hеr with its Rar"r.ran spесtrum and
r dеnotеd Ьy thс гссtanglс in thе
alysis еstaЬlish thаt suсh
fossils (sее figurеs on pagеs 778,

:еOus ()rgаnlс mаttеr.
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Living stromаtсll itе.Ьrri lding сvantlЬасtеriа frсlm Baja, Мехiсo (A, С, Е, and G)'
аnd PrесаmЬriаn fossil lt lok-аlikеs prеsеrvеd as flattеnеd organiс сomprеsslons
in shаlеy sеdimеnts (B' D) or thrее-dimеnsionally pеtrif iеd in stromatolitiс сhеrts
(F, H). (А| I,упgbуа, сomрaгеd with (B) Pаlеolупgbуа froпr thе -950 mill ion-
yеar-old I,аkhirnda Formation сlf SiЬегia, Russia; (С\ S1lirиliпа, сomparеd with
(D) Неliсoпеmа from tlrе -8.50 mill ion-yеаr-old Мiroеdikha Formation of
SiЬеriа, Ilussiа; (||) Cloесlсаpsл, сomparеd with (F) G|oесldiпiс-tpsls from thе
-1.55 Ьi l l ion-yеar-o|d S i r tka F-ormаt ion of  Bashkiг ia ,  Russ ia;  (G) Еntophуsаl is ,
сomparсd with (H) F,oепttl1lhуsаlis fг<lm thе -2.1 Ьil l ion-yеar-old Bеlсhеr
Supсrgroup tlf Hudsсln Bay, (ianada. (Bars foг sсаlе rеprеsеnt 10рm.)

]t'аг' lаг. i iYl;;e
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Nеvеrthеlеss, dirесt еvidеnсе сlf thе еrrrеrgеnсе of l ifе is urrknown end may Ье
unkrrowaЬlе Ьесllt-tsе gеol<lgiсаl pr()сеSsеs lrаvе dеstго),еd virtr"rally all roсks
morе than З.5 Ьil l ion yеаrs of аgе. Thе known fossil rесord еxtеnds almоst as
far into thе gеologiсаl past as thе surviving rесord of rсlсks.

Sесond, onсе lifе hаd gаinеd a f<lсlrhold and thе majоr playеrs had
еmеrgеd, numегous nriсr<rЬеs, пrtlst nсlt;rЬly сyаnoЬaсtеria, еvoIvеd lrаrdlv at
all ovеr an еnormous span оf gеologiсrrl timе. This. of сoursе' f]iеs in thе fасе
of thе standard piсturе of thе еvolutitlnary proсеss' thе Phanеrozoiс-сеntеrеd
viеw that spесiеs сlriginaге, Ьесomе suссеssful, and tlrеn go еХtinсt as thеy Ье.
сomе supplantеd Ьy Ьеttег-adaptеd fсlгnls tlf l ifе. Virtually all lr ighеr oГgl]n-
isms fit thе rulе. Why arе miсroЬеs so с.l iffеrеnt? Thе answеr is thаt еvolution
itsеlf еvolvеd; еvolution has had а two-stagе historу. During thе first stagе,
Ьеginning with l ifе's origin' ;lеrhaps as еarly as -4 Ьil l ion yеаrs ago' thе
world was don-ril-tаtеd Ьy trtl l- lsеxuai nriсroЬеs' еarly-еvolvеd есоlogiсal gеrrеr.
alists adеpt at сOping with divеrsе еnviгonmеntal sеttings. Еvеntually, horv.
еvеr' as thе sесond stagе of еvolution сamе to thе forе' thеsе primitivе
miсгoЬеs сamе to Ье <lutсompеtеd Ьy tп<lrе аdvаnсесi forms of l ifе spесializеd
for partiсular еnvironmеrrts' Althouglr thе еarly-с.volvеd miсrtlЬеs thus lost
out' thеy nеvеr Wеnt еxtinсt' сhiеfly Ьесausе thе histсlry сlf past suссеssеs еll-
сodеd in thеir gеnеs еnaЬlеd thеsе jaсk-сlf-aIl-tradеs eеnеralists to survivе and
thеn thrivе in sеttings (h<lt spгings, iсе fiеlds' dеsеrt сrusts, hypеrsаlinе la-
goons) far too hаrsh f<lr thеir latеr-еr,olr,еd сonlpсtitсlrs.

L A т E R  P R E с A M B R | A N  L | F Е

In the еvolutiorl of еvolutitltr, rlхygеn аlrd sех wеrе kеу. Today's world is doш.
inatеd Ьy lifе that nееds oxygеn ttl survivе, Ьut this Was not alrvаys truе. In-
dееd, until -2.3 Ьil l ion yеаrs аgO (Bеkkеr еt al. 2004) l ifе got altlng quitе wеll
without an oхygеtl-гiсh еnvirсtnmеnt, siпrgllt. Ьесаttsе oхуgеn wlrs sсаrсе aпd
miсrobеs of tlrе timе usеd nrtlrе primitivе anaеroЬiс mеtaЬoliс l l]еans to kееp
thеiг се1ls alivе. Although thе fossil rесord shows that сyanсlЬaсtеria, miсroЬеs
that givе off oхygеn Ьy phot<tsvnthеsis, \^/еrе prеsеnt f:rr еarliеr (Sсhopf 1999).
thе oxygеn thеy produсеd wаs quiсkly spor-rgеd fronr rlrе еnvirorlrrrеnt Ьy its
сhеmiсal сomЬirration witlr irtln dissoil.еd iп sеawаtеr to lay drlwn thiсk Ьеds
of roсks riсh in irсln oхidе :rrrd known as Ьandеd irсln forrrrations (sее figurе
on pagе 776). Bу aЬoLrt 2.З Ьil l ion yе:rrs aЕ]o thе irсln had Ьееn trsеd up; thе
еarth hаd rustеd, аrrd oхvgеn Ьеgаn t<r Ьшild uр il l thе i lt lnosphеrе'

Lifе rеspondес]. Advanсеr.l tlrgаnisпrs arе all o-х).gеn dеpеndеrrt, usirrg this
highly геaсtive (аnd, to prir-nitivе еarliеr-еvolvеd r-niсroЬеs, higlrly ttlхiс) gas
to oх id izе or . ,bLIrn ' '  g luсosс '  l i fе 's  univсrsa l  fuе l .  A lso,  unl ikе пr iсroЬеs,  а l l
аdvanсеd orgаnisrr-rs havе сеll l luсlеi (аnсi arе thеrеf()rе сlassесi lrs еukarуrrtеs,
in сontrast witЬ prokarуotеs, thеir rrlt>ге prinritir,е miсroЬiirl anсеstors).
\й/ithin only a fеw hundrеd mill ion yеars аftеr thе onsсt of еarth,s oxygеn.
riсh еnvironmеnt' largе Ьallосlrr-shirpеd elgal uniсеl[s (aсritarсlrs) first ap.
pеarеd, fossils tlf wЬiсh саtr l lе hrrndгссls of l l-tiсгl l lrs асross' rrrtrсh largег tlratl
nonnuсlеatеd prokаryсltеs (sс.с Iigurе oll pagе 78З). I-argе.сеllесl phyto;llarrk.

O
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Lаrgе-сеllеd еukllгуоtiс aсritаrсhs prеsеrvеd аS flattеnеd соtrrрrеssiсlns in
сarЬonасеоus Ьllrсk shаlеs of thе 9.l0 rrl iIl ion-yеar.old Laklrandа Formаtion of
Sibеria' Russia (A); thе -800 mill ion-yеar-old AkЬеrdin Есlгrnаtion of Bashkiria,
Russia (B); ar.rd thе -850 mill ion-yеar.old Мiroеdikha Formation (С) and *580
mill ion-yеar-old Rсdkino Formation (D), Ьtlth оf SiЬеriа. (A and BI Kildiпеllа:
(С) Ptеrospеrmсlpsiпtсlrphа; (D| Lеiosplпеridiа. (Birrs for sсalе геprеsеnt 10 цrт.)

ton that l ivеd in оffshorе Watеrs irnd' thеrеforе' wеrе rтаinly prеsеrvеd Ьr'
сomprеssion in shalеs and siltsttlnеs rathеr than Ьy Ьеing pеtrif iеd in stroma-
tolitеs arе amonr] thе еarliеst еukaryotеs known. Impoгtarrtly, howеvеr, tlrе
fossil rесord sh<>lvs that thеy, l ikе thеir prokaryotiс аnсеstors' еvolvеd littlе
ovеr an еnornlolls pегiod of timе, frt>п.r -l.8 to -1 Ьll l ion \.еilrs ago.

AIl еr,idеnсе suggеsts that in сеllrrlаr struсtufе thеsе еагl1,.еvolvеd singlе-
сеllеd аlgaе rvеrе muсh likе latеr.еvolvеd Рhanеrozoiс l ifе. Yеt in сompагison
with latеr l ifе thеy еvolvеd аt an inсrеdibly sluggish paсе (Sсhopf 1992).For
this thеrе is an еasy ехplanation, namеly, that thеsе еаrly асritarсhs proЬaЬly
rеproduсеd еntirеly Ьy сloning (mit<lsis, Ьody-сеll division), arrd thеrеfсlrе, еx-
сеpt foг mutatiolls, еaсЬ nеw сеlI was iln ехaсt ссlpy of its parеnt. By rеpro-
dtrсing in this wil,v, thе-v followеd tЬе сardinal rulе of l ifе: avoiсl сhаngе, nеvеr
еvolvе at all. AIl orgаnisms, еirсh in tlrеiг own Wa,vs' i1rе rvеll аdaptеd to thеir
loсаl еnvirсlnlnеnt; ()thеrwisе tlrе1, rvоuld not Ье as suссеsstul. Lifе's сrесlo
might wеll Ье ..If it ain't Ьrokе, don't fix it. ' ' In fасt, сlf сoursе, Ьiomolесulеs
dсl gеt ..Ьrokеn'' Ьy mutations, Ьut this is a proЬlеm lifе solvеd еarly. Living
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systеms havе many Ьioсhеmiсal rеpair mесhanisms, molесular proсеssеs that
сorrесt сhangеs сausеd Ьy mutatiсln аnd rеturn damagеd molесulеs to thеir
original statе. Thе laсk of еvolutionary сhangе among suсh сloning aсritarсhs'
dеspitе thеir еukaгyotiс organization, thus makеs sеnsе. Еvolution is а rеsult
of smаll сhаngеs that slip through thе systеm unfiхеd and thаt ovеr timе сan
ultimatеly add up. 

.Wе 
sее thе rеsults of еvolution in thе fossil rесord only Ьe-

сausе of thе vastnеss, thе aЬsolutе еnсrrmity, of gеologiсal timе.
!Иhy and whеn did еvolution finally spееd up? Though no onе knows for

сеrtain, thе Ьеst Ьеt for thе ..why'' is sеx. In and of itsеlf this advanсеd rе-
produсtivе proсеss-Ьasеd on mеiсlsis (sех-сell division' an еvolutionary dе-
гivativе of mitosis) and syngamy (thе fusion of gamеtеs' spеrm and еgg' to
produсе a singlе-сеllеd zygotе that hаs a full сomplеmеnt of gеnе-сarrying
сhromosornеs)-pгoduсеs nеw gеnеtiс сomЬinations in еaсh and еvеry off-
spring. Thе advеnt of sехual rеproduсtion would havе markеdly spееdеd thе
dеvеlсlpmеnt of nеw spесiеs that Ьесausе of thеir novеl gеnеtiсs сould сom-
pеtе and еvеntllаlly dominatе in haЬitats prеviously ownеd Ьy thеir non-
sехual prokaryоtiс anсеstors' a dеvеlopmеnt wеll еvidеnсеd Ьy rRNA
phylogenеtiс trееs Ьasеd on molесulаr Ьiology.

As for thе ..whеn'' of thе spееdup, fossils of uпiсеllular еukаryotеs rесord
an abrupt major inсrеasе in еvolutionary ratеs -1 bil l ion yеars ago (Sсhopf
\992)' Мost l inеagеs of highеr' multiсеllular organisms datе frоm thе so-сallеd
СamЬriаn ехplosion of l ifе, Ьеginning -550 mill ion yеars ago. To еvolvе to
this lеvеl, еvolution must havе spееdеd up in thе half a Ьil l ion yеars Ьеtwееn
1 Ьil l ion yеars ago and thе Ьеginning of thе СamЬrian. And еvolution did in-
dееd aссеlеratе: phytoplankton gavе risе to multiсеllular sеawееds Ьy -850

mill ion yеars ago (Buttеrfiеld еt аl. 1990); аnd primitivе protozoans' prеsеnt
as еаr ly аs -950 mi l l ion yеars ago (B loеsеr еt  a l .  ]  977;Porter  еt  a l .  2003),
had Ьy *600 mill ion yеars аgo lеd tсl dеvеlopmеnt of soft-Ьodiеd multiсеllеd
animals (sее top figurе <ln pagе 785). But during this pеriod lifе also suffеrеd
its еаrliеst еpisodе of nrajсlr еxtinсtion whеn all thе largеst-сеllеd aсritarсhs
diеd out (Sсhopf 1992). Soon thеrеaftеr animals dеvеlopеd shеlly protесtivе
armor (sее Ьottom figurе on pagе 78.5), аn advanсе thаt marks thе Ьеginning
of thе СamЬrian pеriod and thus of thе Pharrеrоzoiс еon, and animal divеr-
sity markеdly and rapidly ехpandеd as mаny nеw major typеs first appеarеd.

т H E  с A M B R I A N  Е x P L o s I o N

Although thе еvolr-rtionary impасt of thе grеat radiatiсln of l ifе during thе
СamЬrian pеriod hаs Ьееn rесognizеd sinсе thе timе of Darwin, its сausе rе-
mаins a puzz|e. At prеsеnt two major sсhools of thought сompеte. Physiсal
sсiеntists (gеologists, palеontologists) look to major сhangеs in еаrth's еnvi.
ronmеnt (thе worldwidе glaсiation of a ..snowЬall еarth,' ' pеrhaps сouplеd
with an aЬrupt risе in oХyЕ]еn aЬundanсе). In сontrast, l ife sсiеntists (Ьiolo-
gists, molесulаr Ьiologists) f:lv<lг mесhanisms intrinsiс to l ifе itsеlf (thе onsеt
of thе prсlсеssеs that rеgulatе organismiс dеvеlopmеnt, suсh as thе Ьioсhеmi-
сal nеtworking of gеnеs thаt govеrn сеll diffеrеntiation) thаt еnaЬlеd lifе to

О,t
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Thrее mеmЬеrs of thе latеst PrесarnЬriаn Еdiaсaran F.аuna tlf soft-Ьodiеd
animаls, prеsеrvеd аs imprints ir-r sirndy sеdimеntary roсks of thе -560 mill ion-
yеar-old Pound Quаrtzitе of South Australia. (t) Тribrасhidium, a triradia[ly
symmеtriсal fсlssil pсlssiЬly rеlatеd tсl сor:l ls; (B| Dickiпsсlпla, аn сlvaге еvidеntly
wormlikе animal; (С) Spriggiпа, a sсgmеntсd animal having a disтinсtivе
thiсkеnеd hеad shiеld (Иppеr right) . (Bars for sсalе rсprсsсnt 1 сm.)

Small skеlеtal fossils (Сbапсеlloriа) сlf thе typс that mark thе Ьеginning of thе
Phanеrozoiс Еon of gеtllogiсаl timе, disstl lvеd tlut сlf thе Еаrly СаmЬrian (-540
mill ion-yеar-old) Ajaх Limеstсlnе оf South Arrstrаliа. Thе intriсаtеly sсulpturеd
frаgmеnts аrе thought tо hаvе {it tсlgеthеr ttr mаkе up thе Ьody armor of a
sluglikе animаl. (Bаr for sсаlе rеprеsеnts 1 mm.)
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еvolvе to grеatеr сomplехity. 
.With 

nеw еvidеnсе and nеw idеas Ьеing addеd
at a rapid сlip' this is onе of thе most volati lе and сontrovеrsial aгеas of еvo.
lutionary biology (Сamеron 2004)' A firm answеr to this hotly dеЬatеd long-
standing proЬlеm may soon Ье at hand, vеry l ikеly Ьasеd on a mеrging of thе
еvidеnсе of molесular biology and thе known fossil rесord (Valеntinе 2004I.
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orgеl, Lеsliе E'. (t927-2007)

Lеsliе Еlеazеr Orgеl, a lеading origin-оf-l ifе sсiеntist' spеnt most of his сarееr
at thе Salk Institutе for Biologiсal Studiеs in San Diеgo, hеading thе Сhеmiсаl
Еvolutiоn LaЬoratory. Born in Еngland, hе еarnеd his undеrgraduatе dеgrее
and doсtoratе in сhеmistry from Oxford Univеrsity. Latеr, at СamЬridgе Uni.
vеrsity hе hеlpеd dеvеlop a thеory of сhеmiсal Ьonding in mеtals, ligand fiеld
thеory. |o 1964 orgеl movеd to thе Salk Institutе, whеrе hе dеvotеd many
yеars of rеsеarсh to еluсidating thе сhеmiсаl proсеssеs that lеd to thе еmеr-
gеnсе of lifе on thе primordial еarth. In addition to many prizеs аnd awards'
Orgеl was еlесtеd a fеllow of thе Royal Soсiеty iл 1962 and in thе Unitеd
Statеs, tn 1990, а mеmЬеr of thе National Aсadеmy of Sсiеnсеs.

In thе 1960s Orgеl suggеstеd thаt vеry еarly in thе еvolution of l ifе molе-
сulеs of RNA сould havе funсtionеd Ьoth as gеnеtiс matеrial and аs сatalysts.
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sсiеntist, spеnt most of his сarееr
San Diеgo' hеading thе Сhеmiсal
еarnеd his undеrgraduatе dеgrее
vеrsity. Latеr, at Сambridgе Uni-
al Ьonding in mеtals' l igand fiеld
ilstitutе' whеrе hе dеvotеd many
Ll proсеssеs that lеd to thе еmеr-
ition to mаny prizеs and awards'
,сiety in 1962 and in thе Unitеd
сadеmy of Sсiеnсеs.
Lrly in thе еvolution of lifе molе-
gеnеtiс matеrial and as сatalysts.
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This idеa,  latеr  сa l lеd thе RNA-wor ld hypothеs is '  was indеpеndеnt ly
proposеd also Ьy thе сodisсovеrеr of DNA struсturе Franсis Сriсk and thе
Amеriсan miсroЬiologist Сarl R. \й/oеsе. Thе RNA-world thеory gainеd сrе-
dеnсе in thе еarly 1980s whеn riЬozymеs' RNA molесulеs that showеd сat-
alytiс aсtivitiеs, wеrе disсovегеd in prеsеnt-day сеlls.

Thе сlaim tlrat RNA molесulеs Wеrе thе solе playеrs in thе origin of lifе,
sеrving as prесursors to DNA and protеins, сould potеntiаlly solvе a funda-
mеntal сhiсkеn-and-еgg puzzlе: how сould thе gеnеtiс molесulе, DNA, еvolvе
without protеin еnzymеs' and how сould protеins еvolvе without DNA? With
thе idеa in mind of RNA :rs a solе playеr with no nееd for protеins' Orgеl's
work in thе 1960s аrrd 1970s dеmonstratеd thе synthеsis of сomplеmеntary
сhains on tеmplatеs of short sеquеnсеs of RNA without сatalysis Ьy protеin
еnzymеs. Howеvеr, furthеr rеsеаrсh madе Orgеl rea|ize that a сomplеtе sеlf-
rеpliсation-сopying thе сopiеs of thе original sеquеnсеs-was impossiЬlе
without an еnZymе.

Although Orgеl was instrumеntal in advanсing thе RNA.world hypothе-
sis and Ьеliеvеd that thе RNA wtlrld did play a сruсial rolе in thе еarly еvo-
lution of l ifе, hе Ьесamе or-rе of thе most sеvеrе сritiсs of thе appliсation of
this thеory to thе vеry origin of l ifе. on thе Ьasis of numеrous ехpеrimеnts
hе сamе tсl rеalizе thе improЬaЬil ity of thе prеЬiotiс synthеsis of an RNA
sеquеnсе сapаЬlе of сatаlyzing its own rеpliсation-thе сеntral rеquirеmеnt
of thе RNA-world сonсеpt. Orgеl's outstanding сhеmiсal ехpеftisе' сom-
Ьinеd with his сarrdid and сritiсal еvaluation сlf thе strеngths and diffiсul.
tiеs of prеЬiotiс сhеmistry, lеd hirn to an opеn-mindеd sеarсh aftеr muсh
simplеr gеnеtiс matеrials that сould havе Ьееn еasily synthеsizеd primor-
dially. Among thе сandidatеs for a prе-RNA world, orgеl studiеd sеvеral
molесulеs diffеrеnt from Ьut sti l l similar in struсturе to RNA. Hе also
sеarсhеd for rеpliсating polyпrers unrеlatеd to nuсlеiс aсids' for ехamplе'
positivеly and nеgаtivеly сhargеd аmino асids that would pair with еaсh
othеr.

Тhroughout his сarееr Orgеl was сlosеly assoсiatеd with thе National Aеro-
nautiсs and Spaсе Administration (NASA) and thе sеarсh for l ifе on othеr
planеts. In thе еarly 1970s hе Was part of thе tеam that dеsignеd thе gas
сhronratograph anсl п1ass spесtromеtеr sеnt to Мars on Ьoard onе of thе
Viking landеrs. Upon landing on Mars lл 1976, thе miniaturizеd instrumеnt
сhесkеd samplеs of Мartian soil for traсеs of organiс molесulеs and found
nсlnе. Bесaшsе of ехisting data rеlеvant to Мars and othеr solar-systеm plan-
еts, this rеsult was surprising and wаs intеrprеtеd Ьy most sсiеntists (though
not all of thеm) as indiсating an aсtivе dеstruсtion of organiсs on Mars Ьy
solar ultraviolеt radiatiоn. Togеthеr with his friеnd and Salk Institutе сol-
lеaguе Franсis Сriсk, orgеl raisеd in 197З a highly spесulativе hypothеsis
aЬсlut thе possiЬil ity of direсtеd pапspеrmiа (pапspermiа is Grееk for miх-
turе of sееds or sееds еvеrywhеrе). Сriсk and Orgеl wondеrеd whеthеr l ifе on
еarth was sееdеd intеntionally Ьy a highly dеvеlopеd ехtratеrrеstrial сivil iza-
tion thаt sеnt an unmannеd spaсеship loadеd with diffеrеnt spесiеs of Ьaсtе-
riа to many planеts in thе Milky \Wаy.
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Orgеl wаs thе first ttl аdmit thаt thе idеa of dirесtеd panspеrmia laсkеd
any еmpiriсal еvidеnсе, аnd hе сеrtаir-rly Ьеliеvеd that thе еnrеrgеnсе of l ifе
on еarth was morе likеlу, Ьut hс thought that thе idеir should Ье еntеrtainеd
Ьy origin-of-l ifе rеsеarсhеrs, аt lеast сltr slееplеss nights. This Ьold spесula-
tion was onе indiсаtion among rrrany of orgеl's htlnеst assеssmеnt of thе
еnormous diffiсultiеs faсеd Ьy thе origin-of-l ifе fiеld. Hе сonсеdеd on manу
oссasions that our undеrstanсlit lg сlf thе proЬlеm is sti l l grеatly laсking. At
thе samе timе hе was сonvinсеd thаt only pеrsistеnt rеsеаrсh сould rеvеal thе
dеtailеd path from a lifеlеss planеt to thе first tlrgаnizеd living systеms.

B | в L I o G R A P 1 { Y

Orgеl, L. Е. |994. Thе сlrigil l of l ifс оn thе еarth. Sсiепtфс Аmеriсап, (JсtoЬеr:5З_61.
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origin of vеrtеbratеs

Thе origin of vеrtеЬratеs' morе thаn of any othеr anirтaI group' hаs Ьееn thе
subjесt of vigorous historiсirl dеЬаtе, and this сOntinuеs to Ье thе сilsе. How-
еvеr' a rеnаissanсе in intеgrativе organismiс Ьioiogy hаs rеinvigoratеd dе-
batе' sparkеd Ьy fundal.nеntal nеw insights into thе origin of vеrtеЬratе
сharaсtеristiсs frсlm within thе fiеld of dеvеloprтеntal gеnеtiсs. In turn, this
has stimulatеd anatomists and palеontсllt lgists to tеst thе hypothеsеs that
havе еmеrgеd from within this fiеld. Muсh of this work has rеvеаlеd how
сhеrishеd assumptions arе unfoundеd and has providеd nеW pеrspесtivеs on
thе origin сlf thе majсlr аninral group tO whiсh wе сlursеlvеs Ьеlong.

Thе starting poirrt of thе mtldсrn pеrsресtivс on thе origin of vеrtеЬratеs is
thе nеw.hеad hypothеsis. In еssеnсе it сlЬsеrvеs that although thе diffеrеnсеs
Ьеtwееn vеrtеЬratеs and thеir nеarеst invеrtеЬrаtе rеlativеs arе vast' virtually
all thеsе сharaсtеrs oWе thеir origin ttl just a fеw еrrrЬryologiсal novеltiеs and
arе mainly assoсiаtеd witlr thе hеаd. ]n thе main, thеsе :rrе thе nеural сrеst
and nеurоgеniс plaсodеs (spесializеd rеgions of еmЬryoniс есttldегm), Ьoth of
whiсh form spесiаlizеd sеnstlry OгЕ]ans' whilе nеural сrеst сеlls also diffеrеn-
tiatе into skеlеtal, сonnесtivе' and musсlе tissuе. Thе hypothеsis was аlso
framеd within an еvolutitlnary sсеnario, drawing upon еvidеnсе from сom.
parativе anаtomy, dеvеlopmеntal Ьitl logy, and palесlntology and arguing that
thе еstaЬlishmеnt of thе vеrtеЬratе Ьody plan was assoсiatеd with а trеnd of
inсrеasingly aсtivе food aсquisition, frсlm passivе fi ltеr fееding to prеdation.
Thе nеw-hеad hypсlthеsis hirs prtlvеd ехtrепrеly influеntial' to thе ехtеnt that
most of thе rеsеarсh during thе еnsuing dесadеs hаs Ьееn aimеd at rеsting its
assumptions and postulatеs in fiеlds аs divеrsе as rnсllесulаr dеvеlopmеntal gе-
nеtiсs' molесulаr: phyl<lgеrlеtiсs, сtlrrlparittivс anat()my' аnd palеontology.

M o L Е с U L A R  D Е V Е L o P M Е N т A L  G Е N Е т | с s

Molесular dеvеlopmеrrtal gеnеtiсs is сtlnсеrnеd with thе rolе tlf gеnе еxPгеs-
sion and gеnе intеraсtiоn in rеlati<ln tсl еnlЬryolсlgy. It did n()t еvеn ехist as a
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tivеs of thе vеrtеЬratеs.
се l l  populat ions,  thosс
prеss ion and somе of
rudimеntary sеnsе org
nеu rogеniс p|асodеs '  n l
opmеnt. Thus altlroug
sn l а | |е r .  i г  аppеa r s  гhaг
сodеs  i n  а l |  Ьu t  l 1аn l е .
possеss thеsе fundаnlе l
at ivсs of  vеrtеЬretеs.  J l

сoМPARAт|VЕ  (

Сomparisons of vеrtеЬ
ologiсal lеvеls сlеariy п
than thеir spinеlеss rеla
thе gеnomе, thе liЬrarl
еrеd thаt vеrtеЬr,ttеs p.
animal, Ьut that quality
Ьеr vаriеs within invеrt
tеr, mеaning that thеy
сhromosсlmе, and all a
Ьratеs, r'vhiсh possеss .
found in invеrtеЬrаtсs.
of  vеrгеЬrаtеs сo inс idс.
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lеs thаt аlthough thе diffеrеnсеs
Ьгatе rеlativеs arе v.lst' virtttаllу
fеw еmЬгyolсlgiсl l novеltiеs and
main, thеsе arе thе nеural сrеst
of еmЬrуolriс есttlсlс.гm)' Ьotlr of
: nеurаl сrеst сеlls аlso diffеrеn-
issuе. Thе hypothеsis wаs also
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d palеontology arrd arguing that
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сohеrеnt disсiplinе wlrеn thе rrеrд.-hеad h).pothеsis wаs forrnulаtеd, Llut it is
from within dеvеlopmеntаl gеnеtiсs thаt thе grеatеst сhallеngеs to thе hy-
pothеsis lravе еmегgеd.

First' thе hypсlthеsis that vеrtеЬгatеs possеssеd а l itеral nеw hеad' that еs-
sеntially tЬеy arе invеrtеЬratеs with a hеасl addеd tO thе frсrnt, was tеstеd.
Tlris was aсhiеvес] l ly ехaп.rinine irr lanсеlеts (prеsr-tn-rеd thе сlosеst itrvеrtе.
Ьratе rеlаtivе of thе vеrtеЬratеs) thе pattеrns of е-хprеssiorr of gеnеs in thе
hеad оf vеrtеЬrаtеs. Thеsе gеnеs, known аs Flox gеl'еs' arе found in irl l аni-
nlаIs and arе ехprеssеd vег1, еаrl1' irr dеr,еloprтеnt, dirесting аnd rеgulаting
thе ехprеssiсln of othеr gеnеs. Thus thеy hаvе a funс]amеntal rolе iп сlrgаntz.
ing thе еаrly еmЬгyo, еspесially its hеad-tаil aхis. Although thеy arе prеsеnt
in аll anir-rrals' vеrtеЬratеs lravе tlrе most Hox gеr-rеs of аlI, апd somе аrе еХ.
prеssеd within thе hеаd-tLril aхis of thе еmЬryo only at thе lеvеl of thе hind-
Ьrain. Thе rеsults of thе ехpеrimеnts rеvеalеd that a portion of thе front еnd
of thе lanсеlеt Ьody is сt1uivalеrrt t() thе \rеrtеЬratе hindЬrz-rin' and thus tlrе
nеw hеad, though а vеrtеtrrаtе novеlty, was a dеvеlopmеnt oi аn invеrtеЬratе
сlrassis rathеr than а wholl1.nеw domair-r.

Thе disсovеriеs in this nеw fiеlс{ arе too many to rесoulrt hеrе, Ьr-rt Ьеfсlrе
moving on Wе rтlust makе mеntion of thе disсovеry of a possiЬ1е nasсеnt nеu-
ril l сrеst аr-rd еpidеrmal plасodеs in thе tuniсаtеs, invеrtеЬrаtе сhordatе rеlа_
tivеs of thе vеrtеЬratеs. Although malry inr,еrtеЬratе gror.rps possеss пligrаtory
сеll populations, thtlsе tlf turriсatеs еxhiЬit thе sarnе pattеrns of gеnе еx.
prеssion atrd sсll lе of thе fatеs of nешrаl сrеst сеlls. Tuniсatеs also possеss
rudimеrrtary sеnsе organs that dеvеlop frсlm есttrdеrmal thiсkеnirrgs, l ikе
nеurogеniс plaсoсlеs, and ехhiЬit a сommon suitе of gеnеs during thеiг dеvеl-
Opmеnt. Thus although tlrе rеpеrtoirе сlf епrЬryologiсaI dегivаtivеs is fаг
smallеr, it appеars thаt tuгriсаtеs p()ssеss nецra| сrеst сеlls and еpidеrrnal pla-
сodеs in all Ьut nаmе. Thе quеstion rеmains, howеvеr' why tuniсatеs should
possеss tlrеsе firndilrnеntаl еrтЬrl'сllogiсal nсlvеltiеs lr,lrеrr lanсеlеts, сllrsеr rеl-
аtivеs of VеrtеЬratеs, do not.

с o М P A R A т I V Е  G E N o M | с s

Сomparisons of vеrtеЬratеs and inr,еrtеЬratеs аt thе аnаtomiсal and еmЬry-
ologiсаl iеvеls сlеагly пrzrrk out vеrtеЬratеs аs in stltrrе еssеIlсе mсlrе с<lnrplех
than thеir spinеlеss rеlativеs. This tlrеmе has nсlw Ьееn ехtеndеd to thе lеvеl сlf
thе gеnomе, thе library of аn organism's gеt-tеtiс сonstitl lt ion. It was с]isсov-
еrеd tlrаt vеrtеЬrаtеs possеss a grеiltеr nurnbеr oi Hсlх gеllеs thаn any othеr
animal, Ьut that quality is l lot pаrtiсularly signifiсant Ьесausе thе prесisе num-
Ьеr variеs rvithin invеrtеЬrаtеs. Ё1r,,х Реnеs arе somеtimеs orgаrrizеd in a сlus_
tеr, mеаning that thеy ;rrе loсatесl withir-r thе samе physiсal domain on a
сhromosoп-tе, and all aniпrals possеss just a singlе l/ox сlustеr еxсеpт vеrtе-
ЬГatеs' п,lriсh pt>ssеss аt lеаst twсl Hox сlustеrs, еасlr еquivаlеnt to tЬе onе
found ilr iпvеrtеЬratеs. This simplе fеaturе rnight suggеst only thаt tlrе origin
of vеrtеЬratеs сoinсidеd with a dupliсation of thе Hox сlustег-no mеan сlЬ-
sеrvati()n givеn thе fundanrеr-rtal rolе plаyесl Ьу Нoх genеs сluring еnrЬryol_
ogy. Hсlwеvеr, furthеr сtlmрeratir.с survеl's of vеrсеЬratе irnd invеrtеЬrаtе
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gеnomеs hаvе rеvеаlеd tlrat thе samе phеllomеllOn is еnсoЦntеrеd in ссruntlеss
othеr gеnеs and gеnе fаmiliеs. This hаs lеd tсl thе сonсlusi<ln thаt thе origin оf
vеrtеЬratеs сoinсidеd еitlrеr with wl"rolеsаrlе gеrrе dupliсation, possiЬly at thе
сhromсlsoпrе lеvеl. <lr thе prеvail ine hvporhеsis, that thе еntiге gеnоll1е \4,es
dupliсatеd. Undеr еithеr sсеnario this would hаvе providеd a vast numЬеr of
novеl funсtionall1. rеdundаnt gеnеs that wеrе availаЬlе fсrr сo-option to Леw
funсtions, possiЬly еxplaining thе origin of vеrtеЬrаtеs. In fасt' it hаs Ьееn ar-
guеd sirrсе thе еariy 1970s that rlnly gеnomе-sсirlе gеnе dupliсation сould pro-
vidе for so mаny ftrndanrеntal novеltiеs еr,сllving in сonсеrt, sr-rсh as at thе
origin tlf vеrtеЬrаtеs and thе tlrigin of jalvеd vеrtеЬratеs. !ие now kгrow that
similаr еvеnts <lr еpisodеs havе punсtttatеd vеrtеЬratе еvolution, sinсе gеnоnrе
dupliсation is also irr-rpliсatеd in thе origin of jawеd vеrtеЬratеs аnd tlrе origin
of tеlеost fishеs-еvеnts in whiсlr vеrtеЬгаtе аnаtomy has Ьееn аdаptеd at а
sсalе сomparablе with that of thе origin of vеrtеЬratеs, аt lrast on thе еvidеnсе
of l iving vеrtеЬrаtеs.

PALEoNтoLoGY

Thе ехсitеrтеnt сrеаtеd Ьy dеvеlopmеntal gеnеtiсs has lеd dirесtly to rеnеwеd
intеrеst in оthеr disсiplinеs, Ьсlth in tеsting nеw hvpothеSеs on rhе origin of
vеrtеbratеs and in ехploring thеir impliсations. This has bееn еspесiаlly truе
of palеontology, п,hеrе attеlnpts hаve Ьееl-r m:rdе to сhasе thе origin of vеrtе-
Ьratеs аnd vеrtеЬratе-spесifiс сhaгaсtеrs еvеr dееpеr into gеologiсal historv.
This hаs Ьееn irсhiеr,еd on a numЬег of fгonts, for ехamplе, thе rеаssignmеnt
of long-ktrown Ьut proЬlеmatiс fossil groups' stlсh аs thе сonоdonts, as wеll
аs nеW disсovеriеs геsulting from systеmatiс and sеrеndipitous sеarсhing of
thе roсk rесord. Thеrе is rrow ссlmpеll ing еvidеrrсе for vеrtеЬrаtеs еxrеndirrg
to thе [-owеr CamЬrian (520 mill ion yеars ago) on thе Ьasis of a wеll-
pгеsеrvеd soft-Ьodiеd vегtеЬratе, М>'llokuпlпil lgiа, from tЬе Сhеngiiаng fos-
sil dеposit of South Сhina. Skеlеtonizing vеrtеЬratеs wеrе prеsеnt Ьy thе [,atе
Сar.nЬriагr (501 mill ion 1.еаrs аgсl) at thе vеry i i]tеst' i1s еvidеnсеd Ьy thе prеs-
еnсе of ссlnodсrnts. What is mсlrе' аll thеsе еаrly fossils аrе from roсks dе-
positеd undеr nrarinе сonditions' providing сompеll ing еvidеnсе fсlr thе marinе
origin of vеrtеЬratеs.

Pаlеontolog1' providеs not only a timеsсalе for vеrtеЬratе origin Ьut also
insiglrt into thе sеqLlеnсе in rд'lriсh vеrtеЬratе-spесi{iс сhаraсtеrs wеrе aс-
quirеd, сonstrаining whеthеr or not vеrtеbratе сharaсtеrs еvolvеd in сonсеrt
or in a staggегеd fashion Ovеr 11 protraсtеd еpisodе. Unfoгtunаtеly, thеrе irrе
prесious fеw rеmains of urrеquivoсal primitivе vеrtеЬratеs in thе fossil гесord,
an artifасt of thеir l irсk of minеralizеd tissuеs. Nеvеrthеlеss, thе fossil rесord
of vеrtеЬrzltеs tnorе advar.rсеd rhan thе most primitivе l iving vеrtеЬrаtеs is
suffiсiеnt to rеvеal tlrat many сlraraсtеrs gеnеrally dееmеd vеrtеЬratе spесifiс
wеrе aсtually aсquiгеd rnr"rсh lаtеr. anl()ng now-еxtinсt l inе:rgеs intеrmеdiatе
Ьеtwееn thе living lаmprеvs and livirrg jawеd vеrtеЬrаtеs. ln fасt' our knowl-
еdgе of thеsе ехtinсt irrtеrmеdiаtеs is suffiсiеnt trl ехсludе tlrе possiЬil ity of a
major anаtomiсal еvеnt to с<linсidе r'vith thе gеnomе dupliсatiсln that сan bе
infеrrеd to hаvе tlссltrrеd.
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Knowlеdgе of thе еvolutit>nary rеlаtionsl-rips of Ьotlr fossil аnd living prim-
itivе vегtеЬrаtеs has also providеd a tеst of thе nеw-hеad sсеnаrio that food
aсquisition drovе еarly vеrtеЬratе еvolution. UndouЬtеdly thе living groups
lаnсеlеts (fi ltеr-fееding invеrtеЬratеs), lаrrrprеys (parasitiс jawlеss vеrtеЬratеs),
and jawеd vеrtеЬratеs (primitivеly prеdatoгs) Ьеаr this Out' but rigorous
funсtional analysеs of ехtinсt jawlеss vеrtеЬratеs havе dеmonstгatеd that this
progrеssivе pattеrn is a gross ovеrsimplifiсation of асtual еvеnts. Sсlmе еx-
tinсt jawlеss vеrtеЬratе groups likе thе сonodonts wеrе undouЬtеdly sophisti-
сatеd fееdеrs (sсavеngеrs/prеdators), Ьut most othеr groups appеar to havе
Ьееn dеposit fееdеrs, making thеir l iving Ьy slurping mud.

Although thе fossil rесord of thе пrost primitivе vеrtеЬratеs has bееn
downplayеd hеrе, thеrе has Ьееn no shortagе of potеntiаl сandidatеs idеnti-
fiеd, inсluding additional fossils from thе Lowеr СamЬrian Сhеngjiang dе-
posit (Hаikouеllа, Yuппапсlzooп) and thе Middlе СamЬriаn Burgеss Shаlе
(Pikаiа, Nеktoсаris) . Notе should also Ье mаdе of thе spесtrum of Ьizarrе
есhinodеrm-likе organisms rеfеrrеd to as thе сalсiсhordatеs' сarpoids, or sty-
lophorans. Thе intеrprеtation of thеsе rеmains has long Ьееn ехtrеmеly сon-
trovеrsial, Ьut somе spесialists havе pеrсеivеd thаt among thеsе organisms liе
almost еvеry possiЬlе kind of intеrmеdiatе bеtwееn thе dеutеrostomе phyla
and thе сhordatе suЬphyla: tuniсatеs, lanсеlеts' and vеrtеЬratеs. Сhangеd un-
dеrstanding in intеrprеtation of thе intеrrеlatiсlnships of thе dеutеrostomе
phyla (есhinodеrms, hеmiсhordatеs, сhсlrdatеs) hаs, howеvеr' shown many
of thе most important сharaсtеrs to Ье primitivе fеaturеs of dеutеrostomеs'
not dеrivеd сharaсtеristiсs сlf tuniсatеs, lanсеlеts, and vеrtеЬratеs.

M o L Е с U L A R  P H Y L o G E N Е т | с s

Traditional pеrсеptions of thе intеrrеlationships of thе dеutеrostomе phyla
rесоgnizе hеmiсhordatеs as thе сlosеst rеlаtivеs of thе сhordatеs. Howеver,
phylogеnеtiс analysis of molесular data has dеmonstrаtеd that есhinсldеrms
and hеmiсhordatеs arе еaсh othеrs' сl<lsеst rеlativеs, сonstituting thе group
Ambulaсraria' to thе ехсlusion of сhordatеs.

Historiсally thе rеlаtionships of thе сhordаtе suЬphyla havе fluсtuatеd'
and еithеr tuniсatеs or lаnсеlеts havе Ьееn сonsidеrеd thе сlosеst rеlativеs of
vеrtеЬrаtеs. Thе modеrn viеw is that lanсеlеts arе morе сlosеly аll iеd to the
vеrtеЬratеs, Ьut this has Ьеgun to Ье quеstionеd with thе disсovеry that tuni-
сatеs appеar to possеss еvolutiorrary еquivalеnts of thе nеurogеniс plaсodеs
of vеrtеЬratеs, as wеll as сеlls with migratory propеrtiеs and еvеn somе of thе
fаtеs sееn in nеural сrеst сеlls.

Havе thеsе сharaсtеristiсs еvolvеd in pаrallеl аmong vеrtеЬratеs and tuni-
сatеs' or wеrе thеy lrlst in amphioхus? This has Ьееn partly rеsolvеd Ьy
analysеs of largе mсllесular data sеts that h:rvе unеquivсlсally idеntifiеd tuni-
сatеs as thе сlosеst l iving rеlativеs of vеrtеЬratеs. Мorе gеrmanе arе thе im-
pliсations of thеsе disсovеriеs fсlr thе viеw that thе origins of thе nеural сrеst
аnd nеurogеniс plaсodеs Wеrе thе kеy innovations that undеrpinnеd vеrtе-
Ьratе еvоlution. Сlеаrly thеy wеrе prеsеnt and had еvolvеd somе of thеir еm-
Ьryologiсal fatеs апr<lng invеrtеЬrаtе сhсlrdatсs wеll Ьеforе thе origin of
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vеrtеbratеs. Nеvеrthеlеss, thе divеrgеnсе of vеrtеЬratеs сlеarly сoinсidеs with
an unfolding ехplosion in thе еmЬryоlogiсal potrntial of thе nеural сгеst and
nеurogеniс plaсodеs.

с o N с L U s I o N s

our understanding of thе origin of vеrtеЬratеs has Ьeеn rеinvigoratеd in rе-
сеnt yеars' largеly as а rеsult of a morе holistiс apprоaсh to undеrstаnding
thе dеvеlopmеntal and еvolutionary еstaЬlishmеnt of thе major animal Ьody
plans. Togеthеr thеsе data providе for a morе protraсtеd еpisodе of еmЬry-
ologiсal еvolution undеrpinning thе vеrtеЬratе origin of vеrtеbratеs rathеr
than an еxplosivе radiation rеsulting from onе or two kеy innovations. Мany
of thе fеaturеs dееmеd сhaгaсtеristiсаlly vеrtеЬratе arе now rесognizеd to
havе a prеhistory among invеrtеЬratеs' inсluding thе nеura1 сrеst and nеuro-
gеniс plaсodеs. Thus in many of its dеtails thе nеw-hеad hypothеsis was
wrong' Ьut thеsе arе just dеtails. Dеspitе disсovеriеs of еvеnts of gеnomе du-
pliсation, disсovеriеs of fossil vеrtеЬratеs tеns of mill ions of yеars oldеr than
thе oldеst prеviously known, and a fundamеntal ovеrhaul in our undеrstand-
ing of thе invеrtеЬratе rеlativеs of thе vеrtеЬrаtеs' our pеrсеptions on thе ori-
gin of vеrtеЬratеs геmain rootеd in thе nеural сrеst' nеurogеniс plaсodеs, and
thе dеvеlopmеnt of a nеw hеad.
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osЬoгn, Hеnry Fairfiеld (1s57_1935 )
Hеnry Fairfiеld osЬorn W21s onе of thе most influеntial palеontologists in
еarly twеntiеth.сеntury Amеriса. Не was indеpеndеntly wеalthy and adoptеd
a patriсian attitudе toward his сollеaguеs. Ьasеd on his own position in high
soсiеty. Не wаs aсtivе in promoting thе disсovеry of fossils Ьoth in thе Amеr-
iсan \fеst and in сеntral Asiа, although in latеr lifе hе sеldom wеnt into thе
fiеld himsеlf. Hе dеsсriЬеd пrany nеw fossil spесiеs and studiеd thе origin and
dеvеlopmеnt of mаny importаnt groups of organisms. Although hе was а
сonvinсеd еvolutionist, hе rеjесtеd Dаrwinism and movеd toward zr thеory
Ьasеd on parallеl еvolution drivеn Ьy orthogеnеtiс trеnds. At thе saпе timе'
howеvег, hе was awarе that at сеrtain сruсial points in thе history of l ifе еvo-
lution had lеd to thе dеvеlopmеnt of nеw forms with immеnsе potеntial ' and
hе popularizеd thе сonсеpt of аdаptiue rаdiаtion,

osЬoгn was Ьortr in Fairfiеld, Сonnесtiсut, on August 8, 1857. Нis fathеr
Was thе prеsidеnt of thе ll l inоis Сеntral Railrоаd. Hе studiеd аt thе Сollеgе of
Nеw Jеrsеy (latеr Prinсеton Univеrsity), whеrе hе mеt William Bеrryman Sсott.
Thе rwo Ьесamе intеrеstеd in palеontology and undеrtook fossil-hunting ехpе-
ditions in thе 

.Wеst 
in 1877 аnd 1878. Orr thе lattег oссаsion thеy mеt Еdward

Drinkеr Copе аnd Ьoth сarrrе undеr tlrе spеll of his non-Darwinian еvolution-
ism Ьasеd on thе idеa of parallеl trеnds govеrning thе dеvеlopmеnt of еaсh
majоr group. Aftеr studying in Britain with T. H. Нuxlеy and Franсis Mait.
lаnd B:rlfour, OsЬorn taughс at Prinсеton unt'l l891, wlrеn hе movеd to Сo-
lumbia Univеrsity in Nеw Yсlrk' whеrе hе foundеd thе Dеpartmеnt of Biology.
Не also Ьuilt up links with thе Amеriсan Мusеum of Natural Historу, whеrе
hе сrеаtеd tlrе Dеpaгtrrrеnt of Vеrtеbratе Paiесlntology. osЬoгrr diеd in l9З5.

osЬorn organizеd many ехpеditions thгoughout his сarееr and wаs aсtivе
in dеsсriЬing thе fossils thеy disсovегеd. Hе woгkеd on thе origin of mam-
mals, aссеpting thаlt thеy еvolvеd frolrr thе marrrпral-l ikе rеptilеs of South
Afriсi l. Hе thought that tlrе monotrеmеs (plaqvpusеs arrd есhidnas) wеrе a
sеparatе dеvеlopmеnt from a diffеrеnt rеptil iаn stoсk. Hе сontinuеd thе work
of Сopе on thе еvolution of mammalian tееth. His Аge of Маmmаls iп Еu-
ropе, Аsiа апd |'Iorth Аrпеriса (1910) was a пr:rjor ovеrviеw оf nrirпmalian
еvolutiсln. Hе puЬlishеd monographs on thе giаnt ехtinсt titanothеrеs (sее
figurе on page 794) and on tlrе fossil ProЬosсidеa (еlеphants). lHis Мeп of the
Old Stoпе Аgе (19116) was an influеntial sufvеу of humаn palеontology.

Initially osЬorn favorеd Copе's nеo-Lamаrсkism, and hе always rеtainеd
Сopе's vision that еvolution Was сomposеd of mrrltiplе parallеl trеnds. In his
latег writings, thor'rgh, hе favorеd аn orthogеnеtiс ехplanation of thе trеnds,
invoking mystеrious forсеs within tlrе organisrrr that drovе vаriation in prе-
dеtеrminеd dirесtions. At thе samе tiпlе' howеvеr, hе was aсtivе in ехploгing
thе сorгеlation Ьеtwееn major evolutionary innovations and thе morе dгa-
matiс сhangеs that hаvе trarrsforпrеd thе еarth's сlimаtе аt kеy points in gеo-
logiсal timе. OsЬorn's vision of еvolution was thus onе of rarе outЬursts of
innovativе adaptivе radiation within nеwly formеd groups, followеd Ьy long
pеriсlds of stеady ;larallеl dеvеlopmеnt alnong thе Ьranсhеs thr"rs еstaЬlishеd.
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Тlrе t itanсlthеrе Was a l irrgе Inltrnmi1l that гсrаmеd North Arrrеriса aЬout 30
mil l ion yеars ago. Hеrlrу Fаir1iеld OsЬсlгl l  rr.аs f i lsсiI-t i-ttеd Ьу it, in part Ьесartsе
Ьеing Ьig hе iеlt iт П,orthy t lf thе attеntiсln of а рlalеorltologist аs dist inguishеd as
hе, and in part Ьесаtlsе of thе Ьizarrе fсlrms that tЬеir nosеs toоk, еасh spесiеs
oddеr thаn thе onе Ьеiorе. Tоdаy wе arе inсl inеd tсl think that thе nosеs arе thе
produсt сlf sехual sеlесtion, Ьut OsЬсlrn saw thеm as еvidеnсе оf а kind of
momеntum' ..orthogеnеsis' , '  in еvolutit ln, whiсh tаkеs organisms to adaptivе
hеights and thеn ovеr from thе usсful to thе dysfurrсt ionаl and aЬsr-rrd. Sее
osЬоrn 1929ь.
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Owеn, Riсhard (L804-1892)

Riсhard Owеn was an Еnglish сon-rpаrаtivе anаtonrist and palесrnttl lt lgist
who foundеd thе British Мusеum (Natural Histсlry). Born in Lanсаstеr,
owеn was thе sесond of siх сhildrеn and thе youngеr of twсl s()l1s. In 1824 hе
mirtriсulatеd аt ЕdinЬr-rrglr Urrivегsity Ьut stayесl Only aЬollt hаlf а vеаr. hr
|827, at' thе :rgе of 22, Оwen stаrtесl on his l ifеlong сarееr as a musеutl.t сu-
ratсlr, Ьеing madе assistаnt сurаtor to \Иil l iam Сlift (1775-1 849) at thе
Huntеrian Мusеum of thе Royal С<lllеgе of Surgеons . |n 1842 Owеn sttс.
сееdеd Сlift as с()l lsеrvatoг of thе Ншntегiаn Мusеuпr. Frсlm thе outsеt orvеrr
rvishеd to trrrn thе Huntеrian Musеum into a rrаtional musеum оf nаturаl
history. This provеd impossiЬlе, аnd in 1856 hе rеsignеd froпr thе Сollеgс: of
Surgеons to Ьесomе thе fiгst supеrintеndеnt of tЬе r.ratural history сollесtitlns
at thе Britislr Musеuп-l, in whiсh positi<ln owеn agitatеd for :r sеpаrаtе natu-
гerI history пlusеum. Thе fulfi lmеnt сlf his amЬition сamе iт1 1881 whеrt thе
British Мusеum (Natural History) in South Kеnsington opеnеd its doors to
thе puЬl iс .

During tlrе еarly part oi his сarееr, Ьеing сruсiаIly dеpеndсnt on thе pа-
tronaЕ]е оf oхbridgе Angliсans who rvеrе fсll lowеrs of Will iam Palеy, owеn
pеrfесtеd thе funсtionalist approaсh in сompаrativе anatomy. Ехamplеs of
th is  work аre h is  Меmсl i r  on the PеаrIу Nаиt i lus (1832),  i rs  wеl l  as h is
rvork of a dесаdе latеr сlrr thе ехtinсt moаs frсlt-n Nеw Zеalzrrrd. Traditiсlrrаlly
owеn has bееn portrayeсl as an arсhсгеationist' opposеd to 2rl1y sort of еvo-
lution, whosе anti-Darwinian mасhirrations wеге thе main oЬstaсlе in thе
fight to еstaЬlish thе truth of organiс еvolution' Tlris portraуаl is inaссurаtе:
ovеr a pеriod of somе fсlur dесаdеs, from thе mid-1840s t<l гhе mid-l8ti0s,
owеn ехpliсitly arrd rеpеatеdly еxprеssеd-in artiсlеs, monographs' а tеxt-
Ьook, and lеttеrs-his Ьеliеf in a natural origin of spесiеs. С)wеn's сhаngе
froпr сrеation to spесiеs trаrrsformation wеnt hand in hand rr,it l-r his shift of
аpproaсh frorn funсtiorrа[ist tсl transсеndеntal rr-roгpholсlg1,' whiсh lattеr ap-
prсlaсh hе pеrfесtеd iл oп thе Аrсbеtу1le апd Hсlmologiеs of thе Vеrtеbrаtе
Skе l е toп (1848) .

To dеmсlnstг;rtе thе inadеquaсy of thе funсtiolrirl ist lxеthoсl, owеn сitес]
thе dеvеloprnеnt of thе skull Ьeсаusе it had Ьееn thе skull ц,ith whiсh trаn-
sсеndеntal an.ltomy' in thе work of G<lеthе, Сarl Gustav Сarus, Lorеnz okеn,
and othеrs, had Ьееn most puЬliсly assoсiatеd. Thе skull of thе human fеtus
аt tЬе timе сlf Ьirth сOnsists of somе 28 sеpаratе р.l iесеs that trlt iп-lаtеly unitе
into an unyiеlding wholе. Thе funсtiсlnal purposе oГ thе lсlсlsе, disаssеnrЬlеd
naturе of thе fеtal skull was Ьеliеvеd to Ье thаt it faсil itatеd сhildЬirth Ьy
mаking possiЬlе a сhangе of shаpе of thе hеad. Hсlwеvеr, suсЬ а funсtion ех-
ists only in pl:rсеntal mamnlaIs; in tlthеr \lertеЬr2ltеs' suсh аs mагsupiаl mаt-n-
rnаls and Ьirds, no suрplе and irdjustaЬlе сrаnium is rrееdеd to tnаkе
pаrturition sаfеr, and yеt in thosе animals, too, thе skull Ьсlnеs аrе unсoa-
lеsсеd at thе tirnе of Ьirtlr. A morе сoпrprеhеnsivе viеw had to Ье takеn of
what govеrns thе faсr rhаt in аlI vеrtеЬrаtеs' i ls a rulе, thе skull is сonrposеd
of thе samе numЬеr of piесеs, arrangеd in thе sirmе gеnеral '.vay.
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owеn thеn Ьorrowеd and furthеr dеvеlсlpеd thе vеrtеЬrаtе thеory of thе
skull ' that is, thе notion that thе skull, l ikе thе rеst of thе skеlеton, should Ье
undеrstood as mеtamorphosеd vеrtеЬraе. Thе Ьasiс Ьuilding Ьloсk <lf thе
skеlеton Was thе vеrtеЬra, and in prinсiplе thе skеlеton was a sеriеs of idеal
vеrtеbraе, most сlosеly approхimatеd Ьy thе геlativеly simplе skеlеton of
fishеs. Owеn сallеd this fishlikе сonсatеnation of virtually undiffеrеntiatеd
idеal vеrtеЬraе thе vеrtеЬrаtе arсhеtypе (sее figurе). Thе mеаning of аn organ
did nоt dеrivе from a spесifiс funсtion Ьut from its plaсе in thе arсhitесtural
makеup of thе wholе оrgаnism, that is, from its homologiсal rеlations to thе
arсhеtypе. Skr"rl l parts arе unсoalеsсеd in all vertеЬratе fеtusеs Ьесausе thе
loosе Ьonеs arе homologiсаlly rеlatеd to sеparatе сеphaliс vеrtеЬraе.

\Х/ith his notion of arсhеtypеs' owеn shiftеd thе еvidеnсе for thе ехistеnсе
of a suprеmе dеsignеr from сonсrеtе adaptations to an aЬstraсt plan-from
spесial to gеnеral tеlеology. Divinе сontrivanсе was to Ье rесognizеd not stl
muсh in thе сharасtеristiсs of individual spесiеs Ьut in thеir сommon ground
plan. In othеr words' spесiеs hаd originatеd Ьy natural tnеans, not Ьy mirас-
ulous сrеаtion. To this Ьеliеf Owеn gavе сauti()us' Ьomе would say сryptiс'
ехpгеssion in а variеty of puЬliсations, for ехamplе' in Оп thе |'Jаture of
Limbs (\849). Strong сritiсism from among his Angliсan Palеyitе pаtrons
turnеd owеn irrto a сlosеt еvolutionist, Ьut hе еnormtlusly rеsеntеd it whеn
lаtеr  hе Was portrayеd Ьy Сhar lеs Darwin (1809_1882),  wi th whom Owеn
had еnjoyеd a good working rеlationship, as а сrеаtionist.

Thе quеstion rеmainеd, howеvеr' what thеsе ..natural mеans'' wеrе. \Х/ith

rеspесt to this issuе Owеn and Dаrwin partеd сompany. To Owеn natural sе-
lесtion сould only ехplain thе еxtinсtion of spесiеs, not thеir origin. Hе Ье-
liеvеd in an orthоgеnеtiс-saltational prсlсеss of organiс unfolding, drivеn Ьy
аn inhеrеnt tеndеnсy to сhanсе, not Ьy ехtеrrral forсеs suсh аs naturаl sеlес-
tion. Тhе phеnomеnon of mеtagеnеsis providеd Owеn with a visualizing aid
fсlr this kind of еvolution. ln his Ьooklet С)п Pаrthепogeпesis, or thе Sисcеs-
siuе Produсtiсlп of Procrеаtiпg lпdiuiduаls from а Siпglе outtm (l849) hе dе-
sсriЬеd thе phеnomеnon tlf altеrnating gеnrrations in thе rеproduсtivе
сyсlеs of, for еxanrplе, aphids, jеllyfish, or flukеworms. Сharaсtеristiс of suсh
mеtаgеnегiс сyсlеs is that thе individual gеnеrations сan diffеr in fсlrm from
еасh othеr as nruсh аs diffеrеnt spесiеs Or еvеn gеnеra' familiеs, and ordеrs
do. Onе сould imaginе that undеr partiсular сirсurтstаnсеs thе сyсlе шюuld
bе Ьrokеn' :rnd thе sеpi1ratе stаgеs would go on rеproduсing. In this wа1.
wholly nеw gеnеra or еVеn ordегs пright originatе.

Owеn's involvеrтеnt in thе quеstiоn сlf origins was, Ьy and largе' inсidеn-
tal to his п1usеum work. Hе was aЬovе all a musеum man whosе main amЬi-
tion was not s()lving thе protrlеm of thе origin of spесiеs Ьut еstaЬlishing а
sеparаtе nationаl musеum of rr:rtural history. Thе issuе of еvolution was suЬ-
ordinatе to tЬat of Owеn's musсum-Ьuilding egеnda. To a signifiсаnt еxtеnt
hе madе his sсiеntifiс wоrk, his сhoiсе of suЬjесt Inattеr' :rnd his thеoгеtiсal
appгoaсh sеrvе thе politiсs of institutionalization. T1rе traсiit iсlnal prеoссupa-
tion with thе diffеrеnсеs Ьеtwееtl owеn and D:rrwin has hindеrеd :r Ьаlаrrсеd
apprесiation of owеn's сonsidеrrrЬlе асссlmplishmеnts.
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Riсhaгd Owеn argr-rеd th:rt al] vегtсЬгl ltсs aге adaptivе mildif iсаtions of a Ьasiс
arсhеtypе. l]volutionists l ikе Сhаrlеs Darwir.r assumсd that thе arсhеtypе
rеprеsеntеd аn anсеst()I. Owеn pгoЬirЬlу did too, Ьut hе kеpt opеn thе option
thаt it wаs Inorе 11l l iс]е:r l rеprеsеntаtiсln. (Frt lrrr Orvеrl 1849a.)
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Palеy, William (t7 4з_Т8О5)

Arсhdеaсon 
.!Иilliam 

Palеy was onе of thе сlеarеst and most forсеful dеfеnd.

еrs of thе middlе-of-thе-road kind of Сhristianity еpitomizеd Ьy thе Сhurсh

of Еngland. Hе wаs not a vеry original thinker, Ьut hе had an еyе for an еx-

amplе' a Sеnsе of purposе, and an ovеrall skil l at marshaling an argumеnt

that is possеssеd Ьy only thе vеry Ьеst tеxtЬook writеrs. Hе triеd hard to kееp

еmotion out of his works, Ьut in puЬliс l ifе hе was a dеdiсatеd opponеnt of

thе slavе tradе and in privatе lifе was сomplеtеly сommittеd to thе wondеr

and joy of God's сrеation' еvеn whеn at thе еnd of his l ifе hе suffеrеd

painfully from сanсеr of thе Ьladdеr.
Two of Palеy's Ьooks' Ьoth standard rеading for an undеrgraduatе at Сam-

Ьгidgе in thе yеars whеn Сharlеs Darwin was a studеnt, сonсеrn us hеrе. First,

thеrе is his work on rеvеalеd rеligion' that pаrt of rеligion that dеals with faith

and сommitment. Еuidепсеs of Сhristiапitу Q794) has David Humе's skеptiсal

argumеnts about miraсlеs in its sights. It makеs thе сasе that it is rеasonaЬlе to

Ье a Сhristian' givеn thе tеstimony of Jеsus's disсiplеs and thе martyrdom that

thеy wеrе prеparеd to undеrgo rathеr than dеny his divinity. Thе сlaim is that

miraсlеs геquirе somеthing out of thе ordinary, an intеrvеntion Ьy a сrеator'

and thе word of Jеsus's followеrs guarantееs thе vеraсity of thеir rеports.

As a studеnt Darwin aссеptеd this argumеnt сomplеtеly. Howеvеr, on thе

Beаglе voyagе hе саmе undеr thе influеnсе of Сharlеs Lуe||'s Priпсiplеs of Gе-

o/ogy (1830_1 83З), whiсh arguеd that no miraсlеs arе nееdеd to ехplain thе

wondеrs of thе world-thе rnountains, thе sеas' thе lakеs, and morе. Just rеg.

ular саusеs opеrating ovеr muсh timе arе еnough. Darwin was сonvinсеd Ьy

this, and as his Ьеliеf in miraсlеs in this sphеrе dесlinеd, so did his bеliеf in

miraсlеs gеnеrally. Givеn that his was a Сhristianity that dеpеndеd сruсially

on thе ехistеnсе of mirасlеs, this mеant that his faith fadеd away. Darwin

nеvеr Ьесamе an athеist. Toward thе еnd of his lifе hе Ьесamе an agnostiс. But

in thе 1830s hе joinеd Lyеll in a form of dеism-God as unmovеd movеr-

and sinсе for this God laws arе thе grеatеst mark of his magnifiсеnсе, Darwin

was on thе way to еvolution.
Palеy's othеr important pеrtinеnt work was his Nаturаl Тhеrllogу (1802)' a

work on thе intеllесtual rеasonаЬlеnеss of Сhristianity, with its сеlеЬratеd

opеning aЬout finding a watсh in a dеsеrt and infеrring a watсhmakеr. Thus

Palеy arguеd for thе ехistеnсе of God, сlaiming thаt Ьесausе thе еyе is l ikе a

tеlеsсopе, and sinсе thе tеlеsсopе has a tеlеsсopе makеr, so thе еyе must havе
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аn еvе makеr, narnеl,v, God. Again Humе is thе spuг' tor thе сеlеbratес{ Sсot-

tish plri losophеr haс1 сlаirnесl thаг tlrе .,lкlrld givеs nсl еvidеnсе of dеsigrr оf a
dеi ty l ikе thе СЬг ist ian god.

At first Darwin :rЬsorЬсd Pаlеy's thinking сomplеtеly, and whеn hе сamе

to douЬt thе Сhristian god, hе сontinuеd to think that Pаlеy was aЬsolutеly
riglrt that thе orgаniс world shсlц,s dеsignlikе fеаrttrеs. In sеarсhirrg for a

mесhаnism of еvсllr.rtit lnаrY сhаngе, Г)irrwin thсrеforе sought a mесhanism
tlrаt сould ехpl;rin suсh fеaturеs' irdirptаtiсlns. This mесhanisnr hе found in

паtural sеlесtiol-l. 
.Ihе 

Darwiniatl rnесlranism of tЬе Оrigiп of S1lесies does
not simply push for сhangе; it pushеs for сhаngе in а partiсular dirесtion,
namеly' adaptivе асlvantagе, l ikе thе Ьеak of thе finсh.

This is thе p<lsition sti l l takеn Ьу Dаrwiniаns todilt '. Riсhard Dawkins, in

Тhе tsliпd Wаtсhпшkеt, (1986)' arguеs that Palеу's solution is аЬsolutеlу
Wrong. Thеrе is no nееd of а Сlrristiаn god to ехpIain adaptatiorr. But hе

agrееs that Palеy's quеstion is thе right onе. Thе mсlst important quеstion for

thе еvolutionary biologist is just how onе ехplains adaptivе сOmplехity.
Whiсh, rеfеrring birсk to Pаlеy and his I'Jаtиrаl Thеoklgу' all goеs to dеmon-

strаtе thе lasting iпrp<lгtanсе оf а rеil l lr ' good tехсЬсlсlk.
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Pеarsоn, Karl ( |857 _\9З6)

Kаrl Pеarson Was an important Bгitish stаtistiсian, a rnajor еnthusiast for еu-
gеrriсs (thе Ьeliеf that onе саn аnd shor.rld dirесt thе сollrsе of human еvolшtion,
partiсulаrlу Ьу геstгiсtions on Ьrееding), а widеli. rеrrd philosophеr of sсienсe,

;rnd an impсlrtant influеnсе on thе histсlry of modегrr еvolutionаry tlrеory.
Pеaгson was a Ьril l iant studеnt' graduating third rvranglеr (thе ordеrеd list

in thе mаthеmatiсs honors сoursе) frоrrr СamЬridgе, but at thе samе timе hе

imrrrеrsеd himsеlf irr mаny Othеr аrеlrs of intеrеst, irrсlrrding Gеrmаrr l itеra-

turе tO suсh alr ехtеIlt tlrat shortly tlrеrеaftег hе wzls offеrеd a post in thе
СamЬridgе languasеs dеpartnrеrlt. Hс trairrеd for thе law (in thе footstеps of
his fathеr) Ьut nеvеr praсtiсеd' stltltr Ьесoming a prсlfеssor of mathеrlatiсs at

Univеrsity Сol1еgе, I-ondсrn, his асadеmiс homе for lris wholе сarееr. Hе lес-

turеd widеly tO nonасadеmiс audiеr-rсеs on suсh tоpiсs aS Мarх, Gеrпran rе-

ligior.rs thought' аnс] soсial issuеs, suсh аs thе rеlirtivе rolеs of mеn аnd

Wol1lеll i lr soсiеtv. IJе wrotе а сlаssiс plri losophiсal и,ork in thе posiтivist tra-

ditiorr, Тbе Grаmmаr оi
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dition, The Grаmmаr of Sсiепce (1892, sесond еdition 1900), in whiсh hе ar-

guеd that idеas ехist in thе mind, and this is our sourсe of knowlеdgе. Hеnсе

all is rеlativе 1сl mind-с(1hе fiеld of sсienсе is muсh morе сonsсiousnеss thаn

an еxtеrnal world' ' (1900,52), and ..law in thе sсiеntifiс sеnsе is thus еssеn-

tiаlly a produсt of thе human mind'' (1900, 36). It is no surprisе that thе

young AlЬеrt Еinstein dеvourеd this volumе.

Pеarson's work in thе fiеld of statistiсs will forеvеr kееp him in thе halls of

sсiеntifiс hеroеs, for hе сontriЬutеd to dеvеloping thе idеas оf l inеar rеgrеssion
(еstimating onе variaЬlе givеn thе valuеs of anothеr variaЬlе) and сorrеlаtion
(еstimating thе сonneсtion Ьеtwееn twtl vаriaЬlеs), аs wеll as thе fап-rous сl-ri-

squarе tеst (еstimating thе сhanсеs that variaЬlеs follow a spесifiс frеquеnсy,

for instanсе, that oЬsеrvеd numЬеrs of malеs and fеmаlеs support thе idеa

that thе numЬеrs of thе sехеs arе еvеnly balanсеd). Lаtеr in his сarееr Реarsсln

was еmЬroilеd in a fеroсious сontrovеrsy with thе no-lеss-еminеnt еvolution.

ist and statistiсian Ronald A. Fishеr ovеr tесhniсal quеstions in statistiсs. In

major part this was a сlash Ьеtwееn two dominant pеrsonalitiеs, Ьut it wаs

also a diffеrеnсе Ьеtwееn rival aims-Pеarson using largе samplеs to infеr сor-

rеlatiсlns and Fishеr using small samplеs to fеrrеt out сausеs.

It is hard today to fееl sympathy ftlr onе as сommittеd as was Pеarsоn to

еugеniсs. ..It is а falsе viеw of humаn solidarity, a wеak humanitarianism,

not a truе humanism, whiсh rеgrеts that a сapaЬlе and stalwart raсе of whitе

mеn should rеplaсе a dark-skinnеd tribе whiсh саn nеithеr uti l izе its land fсlr

thе full Ьеnеfit оf mankind, nor сontriЬutе its quotа to thе сommon stoсk of

human knowlеdgе'' (Pеarson 1900, З69). Lеt us simply oЬsеrvе that in thе

еarly days of gеnеtiсs, many thought that еugеniсs сlffеrеd a rеlativеly quiсk

and еasy mеthod of improving humankind. .й/е сan аlso notе that muсh of

Pеarson's sеminal work in statistiсs stеmmеd from his еugеniс aims, an ovеr.

all program hе inhеritеd from a major influеnсе (in his thinking aЬout srаtis-

tiсs) and gеnеral mеntor' Franсis Gаlton (thе сousin of Сharlеs Darwin), and

а program sharеd by his rival Fishеr.
Pеarson's major сontriЬutiоns to еvolutionary thinking сamе from his in-

tеraсtion with his сollеaguе at Univеrsity Сollеgе, !и. F'. R. (Raphaеl) !Иеl-

don, with whom in 1901 Pеarson foundеd thе journal Biomеtrikа. \й/еldon

Was thе most important oЬsеrvational and ехpеrimеntal еvolutionary Ьiolo-

gist (with thе possiЬlе ехсеption of Hеnry !Иaltеr Bаtеs) Ьеtwееn thе puЬliсa-

tion of Darwin's Оп the origiп сlf Spесiеs in 1859 and thе nеo-Dаrwiniаns
(or synthеtiс thеorists) who Ьеgan sustainеd еmpiriсal work on еvolutionary
proЬlеms in thе 1930s. .sИеldon was сonvinсеd that naturа l  sе lесt ion is  а

major faсtor in еvolutionary сhangе. To support this viеw hе tuгnеd to largе-

sсаlе projесts, пrеasuring fеaturеs of oгgarrisnrs that hе hypothеsizеd might

show thе еffесts of sеlесtion. Stlmе of his most imPortant work wаs donе on

dimеnsiоns of сraЬs found in thе Bay of Naplеs. Hе follсlwеd this work with

likе studiеs tlf сrаЬs off thе сoast сrf Dеvon in Еngland аnd thеn turnеd to ех.

pеrimеnts to sее if his findings сould Ье rеpliсаtеd undеr ссlntrollеd сonditiсlns.
(In partiсulаr, 

.V7еldon 
Ьеliеvеd that mouth sizеs wеrе a funсtion of rеlativе

nееds to fееd and tсl аvoid thе сlogging еffесts сlf si lt.)
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]Wеldon turnеd to thе mаthеmatiсаlly giftеd Pеarson for hеlp in rеduсing
his findings to mirthеtrrаtiсs, wЬiсh сould thеl.l Ье intеrpгetеd аnd translаtеd
Ьaсk into еmрiriсаl сlаims. In сlnе importаrrt finding \й/еldon [lеliеvеd tlrat his
Nаplеs сraЬs wеrе not ol1е singlе popul:-rtiсln Ьut two ovеrlapping pсlpula-
tioпs (sее figrrrе) irnd shoц,,еd tlrat sеleсtion was dir.iding thс populations ас-
сording tсl diffеrеnt аdаptivе nееds аnd аdvanragеs. It ц,аs Pеarson who wаs
aЬlе to show that Wеldon's findings Wеrе not random or mеaninglеss Ьtlt
forп-rеd twtl ovеrlapping normаl сuгvеs' thus suggеsting that it is indееd truе
thаt sеlесtion is a major distorting influеnсе-distoгting in tl.rе sеtrsе of driv-
ing diffеrеnt indivrduals to diffеrеnt adaptivе solutions.

Unfortunatеly' thе signifiсanсе of this rvork was sсlotr ovеrshadсlu,еd Ь,v a
major сontrovеrsy that pittеd Wеldon and Pеаrsсln agаinst ls7еldon's formеr
studеnt lХ/il l iam Batеson. $7еldon and Pеarson, thе lеаdеrs of thе fасtion
knсlwn as Ьiomеtгiсiаns, wеrе соrrrmitrеd (as lrrdеrrt Г)arwiпiar-rs) to tЬе Ьеliеi
that thе сausеs of variation must Ье suсh аs to Pr()duсе vеry slight сhangеs in
thе mеmЬеrs of pt>pulatior.rs. .iИhatеvеr tЬе сirusal faсtors might Ье, thе dif-
fеrеt-tсеs prodtrсеd musr Ье '"' irtuallv сontirl l loLls; othеrwisе, nattrrаl sеlесtiоrr
сould not Opеratе (or wсlrsе, Ьесamе unnесеssary). At thе Ьеginning of thе
twеntiеth сеntury, Batеson, who was sеarсhirrg for thе сausеs of ', 'ariation аs
a projесt in its owl-r right (thаt is, withсlut rеgard fсlr thе signifiсanсе of sеlес.
tion)' sеizеd ()n thе rесlisсovеry of thе idеas of thе Morаvian monk Grеgor
Меndеl. Неnсеforth Bi1tеson Wi1s thе lеaсJеr oi thе British lVlеndеliar-rs, wlro
Wеrе opposеd to thе Ьiсlmеtriсians in thе bеliеf that tЬе signifiсant сhangеs in
еvсllution сaп-rе thгouglr сlnе-stеp, nеwly appеаring vaгiations, what t<lday wе
ш,оLrld сall mtttation' or гathеr maсromutation. (This is а forrrl сrf еvoltrtion.
ism сallеd saltаtionism, from thе Lаtin sdltиs, ..jurnp.' ' In <lnе fсlrm or an-
othеr it l-ras Ьееn еndtlrsеd Ьy еvolutionists fronr Thсrmas Неnry Huхlеy to
Stеphеn Jаy Gould аnd is gеrrегally сhаraсгеrizеd Ьy a Ьеlittl ing оf tlrе irrrpоr.
tanсе of sеlесtion and of i ldаptatiorr, thе сhiеf геas()n fоr invoking sеlесtion
ovег Othеr mесhanisms of сlrangе.)

It rvas not long Ьеf<lrе п1orе rеmpеratе hе:rds staгtеd to rеalizе tlrаt ir-r
major rеspесts thе bionrеtriсian-Mеndеlian dеbatе wаs foundеd on thе falsе
Ье1iеf tlrаt tl-rеy r',,еrе irrсompatiblе. As soon as onе sееs that mutatioпs саn
havе nrinor as wеll аs nrajor: еffесts, sеlесtion саn сomе intсl play, and thеrе
is thus no nееd to сhoose Ьеtwееn thе twtl sidеs, and indееd muсh rеаson to
synthеsizе insights fron"r Ьotl-r сamps. Utrfoгtul-tаtеly, Ьеforе this rеallv hap-
pеnеd'  Wеldon (who t<lok thе d isputе vегy pеrsonal ly)  d iеd suddеnly '  r ight
in thе middlе of аn ехhaustivе study of thе British stud Ьook (whiсh rесords
fеatlrrеs оf rасеhсlrsеs i lnd tl lus сlffсrs promising mаtеriаl for thе sttrdy of
thе natuге of hеrеdity). Pеаrson wirs dеvastаtеd and, Ьlarning Bаrеson,
сont inuеd thе fеud lorrg af tеr  i t  had ехhaustеd i ts  usеfu lnеss r l r  i15 u. ' ,
rаt ion:1 lе.

l, iving to a ripе сlld agе, attеr his rеtirеmеnt Pеаrson had thе somеwhat du-
Ьious plеаsurе of sееing his profс.ssorship dividеd intсl twtl, onе part of whiсh
lvas givеn to his sorr, wlr<l с<lntinuеd his wсlrk. аnd tl.rе othеr to his arсlrrival
Fishеr, wl-ro in his sеminal Тbе Gепеtiсаl Thеorу of Nаturаl Sеlесtiсl lt (l9з0)

Karl Pеarsсlп's сlosе fгiеl l<
frсlr-rtаl Ьrеadths' thс f irst
gland) аnd thе sесond (Дс
(Itаly). Thе f irst shtlrvs lt t.
еmpiriсal ly, саn Ье showп
tuгnсd тсl Реагstln tt l  givе
arе tW() pоpulаtions' Ьrеа
Wr-. ldсlr-r 189З.)
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iеf that thе signifiсаnt сhаngеs in
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ion. (This is а form of еvolшtion-
|zls, ..jшrr-rp.'' In onе form tlr itn-
fгom Thomаs Hеnry НLlхlеy to

rizеd Ьy a Ьеlittl ing of thе imp<lг-
riеf rеastln fоr invoking sеlесtion

hеads startеd to rеа l izе that in
dеЬatе was foundеd on thе fa lsе
l  i ] 5  o l t е  s е е s  t h a t  m t l t i 1 i o n 5  с a n

)n сan с()mе into play, arrd thеrе
idеs, аnсl inсiееd mrtсh rеirson to
:tunatеly' Ьеfсlrе this rеаlly hаp-
pеrsorrаlly) diеd sr-rddеnly, right
Br i t ish stud Ьook (whiсh rесords
rrising rnatеr.iаl for thе study of
.astаtеd аnd, Ь laming Batеson,
l I . l s tеd |гs usс iuInсsь oг i гs  vегy

lt Pеarson haс] thе sсlmеrvhat с1u-
.idеd into two' onе pаrt of whiсh
rk, and thе othеr to his aгсhrival
еor1'rf Nаturсll Sеlесtion (1930)

Kаrl Pеarsсlr l 's сlсlsс fr iсnd Raрhaе| Wеldoп рroс1uсеd thеsе graphs of сraЬ
frontаl Ьгеadths, thе f irst (top) from spесimеns сirught in Plymouth Sound (Еn-
gIаnd) аnd thс sессlnd (bottсl l l t) fronr spесimеns саuglrt in thе t}ay оf Naplеs
(Italy). Thе f irst shows а tvpiсal normil l  сr- lrvе. Тhе sесond, as \Wеldon disс-ovеrеd
еrnpiгiсаIIy, саrr Ьс shсlr ' ,n.tt аs thс сornЬir-r irt iс lrr oiгwo l lr lrmаl сurvсs. WеIdon
tl lrnеd tt l  Pеarstrn tt l  givс a mathсmatiсir l  analysis, shorving that at Naplеs thеге
i lrе t\1.() poptt lat ions, Ьrеaking аpагt rrndеr diffеrеnг sеlесtir,е prеssurеs. (Еrom
Wс l don  1893 ' )
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offеrеd thе dеfinitivе Ьlеndins сlf Darwinian nаturаl sеlесtion with Mеndеlian

gеnеtiсs.

в | B L I o G R A P H Y

Fishеr, R. A. 1930. Thе Gепеtiсаl Thеorу of Nаturаl Sеlесtirlп. oхfсlrd: oхford
Univеrsity Prеss.

МaсKеnziе, D. A. 1981. Stаtist iсs iп Britаiп 186.\-19.]0: Тhе Sсlсiаl Сoпstruсti l lп t l f
Sсieпtфс Kпoшlеdgе. ЕdinЬurgh: ЕdinЬurgh Univеrsity Prеss.

Pеarson, Е. s. 1936. Karl Pеaгson: Ar.r appгесiatiсln of somе asресts of his l i fе anсl
work. Part I. Biomеtrikа 28 193_257.

|9з7-19з8. Karl Pеarson: An apprесiаtiоn of somс аspссts of his ] ifе аnd
work. Part 2. Biomеtrikа 29: 161_248.

Pеarson, K. 1892, The Grаmmаr сlf Sciепсе. Lоndon: \)Иaltеr Sсоtt.
1894. СontriЬutions tO thе mathеmatiсal thеory of еvolution. Phi losl lphiсаl

Trапsасtioпs А 185: 7 1-110.
\90О. TЬе Grаmmаr сlf Sсiепсе.2nd еd. Lоndоn: Blасk.

Provinе, w. B. 1971. Thе Оrigins сlf Тhесlrеtiсаl Populаtiсlп Gutсtiсs. Сhiсago:
Univеrsity of Сhiсagо Prеss.

Rusе' M. 1'996' Мrlnаd to Мап: Тhе Сoпсеpt of Progrеss iп Еuolutirlпаrу' tsirllog1',
СamЬridgе, МA: Наrvаrd Univеrsity Prеss.

- l ed,2009. Phi losophу аftеr Dаrшiп: А Rеаdсr. Prinсеton, N.J: Prinсеton
Univеrsity Prеss.

Wеldon, W. F. R. 1893. on сеrtаin сorrеlatеd vаriаt iоns in Саrсiпus moепсrs.
Prrlсееdillgs сlf thе Roуаl Soсiеtу of Lсlпdoп 54: З18_З29.

1895. Attеmpt to mеаsurе thс dеаthrаtе duе to thе sеlесtivе dеstruсtiсln сlf
Сarсinus moеnas with rеspесt to а partiсLllar din.rеrrsion. Pкlсееdiпgs of thе
Roуаl Soсiеtу of Loпdoп 57:360-З79.

1898. Prеsidеntiаl addrеss to thе Zoologiсal Sесtion сlf thе Brit ish
Assoсiation. Тrаnsасtiсlпs of thе British Аssсlсiаtioll (Bristol), 887_902.
London:  John Мurray .  -М.R '

Phеnotypiс plastiсity

Рhеnotypiс plаstiсity is thе aЬil ity of an individual to еxprеss diffеrеnt fеaturеs
undеr diffеrеnt еnvironrnеntal сonditions. For ехamplе, flоwеring plants pro-

duсе Ьroadеr lеavеs whеn thеy grow in shady сonditions, and fish аrе smallеr
whеn thеy dеvelсlp in сrowdеd сonditions. Somе of thеsе сhаngеs rеflесt un-
avoidaЬlе сonsеquеnсes of edvеrsе сonditions' l ikе thе stunting of fish whеn
thеy arе сrowdеd. Othеrs rеflесt gеnеral еffесts of faсtors likе tеmpеratlrrе on
dеvеlopmеnt' as Whеn tadpolеs grow largег Ьеforе mеtamorphosing whеn
thеy ехpеriеnсе сoolеr сonditions. BLlt many ехamplеs of phеnotypiс plаstiс.
ity arе aсtuаlly adaptations to a variаЬlе еnvirсlnпrеnt; thеy rеflесt thе еvolu-
tion оf a dеvеlopmеntal systеm that produсеs diffеrеnt traits Llndеr diffеrеnt
сonditions Ьесausе no singlе trait is Ьеst srritеd for :rl l сonditioпs.

Adaptivе plastiсity is onс of tlrе mсlst rеmarkaЬlе produсts of D:rrwiniаn
еvolution. For adaptivе plastiсity tсl еvolvе, thеrе must Ье an есolсlgiсal situ-
ation in whiсh no onе valuе of a trait Works wеll in all сonditiсlns. In addi-
tion, thе dеvеlopmеntal maсhinеry to Ьuild diffеrеnt tr:rit valuеs must Ье
intеgratеd with a sеnsory systеm that dеtесts rеliaЬlе сuеs aЬollt thе prеvail-

ing еnvironmеntal ссlndit
timеly mannеr. Givеn th
suсh fеaturеs с<luld еvolv

Yеt adaptivе plastiсity
arе traits or fеaturеs wl
сhangе Ьaсk and forth wi
сhangе thеir foraging pс
prеdators. Tаdpolеs that
dt l  гadpolеs thаt f . l raце
Маny  еxamp|еs  t t Г  p | l r s t i .
spinеs and a thiсkеr сarir
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еvеn if thе prеdators disа
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Ьlе prеdation risk hаvе lо
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prеsеnсе of fish than in th
fail to rеspond to thеir prt
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damаgе Ьy sесrеting сorn1
dеtеr furthеr hеrЬivory; p
taсks do nоt rеspond to lс
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thе animal ехits diapar-rsс.
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Adaptivе plastiсity еvol'
adjust thеir dеvеlopmеnt t(
in thе long run, individua
gardlеss of еnvironmеntal
phrasе ..in thе long run.' '



P b епсltуp iс P l аsti с itу

ing еnvirorrrrrеntal ссlnditi<rn so tlrat suitaЬlе trаit vаlr'rеs аrе ехprеssеd in a
timеly mannеr. Givеn tl lеsе rеquirеInеnts, it sееms inсrеdiЬlе to arguе that
suсh fеaturеs сould еvolvе through Darwinian еvolution'

Yеt adаprivе plastiсitv is uЬiquitor'rs' Somе of tlrе most f:rrr-ri l iаr ехamplеs
arе traits сlr fеаturеs lr,hсlsе ехprеssiсln is rеvеrsiЬlе; that is' trаit valuеs
сhangе Ьaсk i rnd forth with in an indiv idual 's  l i fеt imе. Fог ехamplе,  tаdpolеs
сhangе thеir fоraging plltrеrns in rеsponsе tо thе prеsеtlсе or аЬsеnсе оf
prеdators. TаdpоIеs that tЪгаgе ЬIithеly ir-r frсlrrt Of prеdilсOrs fаrе poorly, as
do tadpolеs that foragе only furtivеly whеn thеrе is no risk of prеdation.
Many ехamplеs of plastiсity arе not rеvеrsiЬlе. Watеr flеas in ponds dеvеlop
spirrеs and a tlriсkеr сarllpilсе irr rеsponsе to thе prеsеnсе сlf a prеdаtory fly
larva in thе watеr; onсе dеvеlopеd, thе сarарaсе is not аltеrеd apprесiаЬly
еvеn if thе prеdators disаppеar. A thiсkеr сarаpaсе and its attеndаrrt spinеs
rеdшсе thе aЬiIity of thе prеdаtoгy fl iеs tO сapturе аnd еat watеr flеas. Нow-
еvеГ' еnеrЕ]y invеstеd in Ьuilding a thiсkеr сarаpасе is divеrtеd frtlnr othеr
nееds, so inсlividuals wlro form a thiсkеr сarаpасе in thе irЬsеnсе of ;1pprесia-
Ьlе prеdation risk hаvе lowеr fitnеss than individuals who fоrgo thаt thiсkеr
саrapaсе.

Adaptivе plastiсity hаs two сhaгaсtеrisriсs that distirrguish it fr<lm othеr
typеs of еnvirсlnmеntal rеspсlnsеs ir-r dеvеlсlpnrеnt. First, it is spесifiс. That is,
thе dеvеlopmеnt of сеrtzrin traits rеsponds to spесifiс сuеs; traits in a spесrеs
that fеspond to onе еnvirtlnmеntal аgеnt dо not rеspond to a diffеrеnt onе,
and thе sanrе fеaturеs irr diffеrеnt spесiеs do rrot rеspolrd to thе sаlmе agеnt.
For ехamplе' danrsеlfly spесiеs that сtleхist with fish Ьеh:rvе diffеrеntly in thе
prеsеnсе of fish thаn in tlrеir aЬsеnсе' Ьut spесiеs that do not сoехist with fish
fail to rеspсlnd to thеir pгеsеl1се аnd аrе rnсlrе l ikеly to Ье еаtеl1. Wild pаrsnip
populations with a histсlгy of hеavy attaсk fгom hеrЬivсlrеs rеsporrd to lеaf
dаmagе by sесrеting сtlnrpounds ttlхiс tсr insесt hеrЬivorеs into lеaf rissuе tо
dеtеr furthеr lrеrЬivсlry; ;lt lpulations rvithout a history of hеavy hеrЬivсlrе аt-
taсks do rrсlt rеspond t<l lеаf darrri lgе in this п1llnnеr.

Sесond. ed. lpt ivе p lesr iс i ty  is  prес isе:  e rr ; ' t i r  wi th аdаpt ivе p|esг iс i ty  rе-
sponds сlnly to a partiсulаr rangе of vаriation in an еnvironmеntal faсtor, and
thе sаmе trait in с1iffеrеnt spесiеs mzrv геspond to a diffеrеnt rlrngе сlf v;lriаtion
in that samе fасtor. Insесt diapausе is a сlassiс ехamplе. Diapausе is .r statе of
arrеstеd dеvеlopmеnt in whiсh thе animаl сan survivе long pеriods of сhal-
lеnging сonditions l ikе lor,v tеmpеrаturеs oг drotlght Ьy lying dсlrn-rant' It is a
distinсt pl-rl 'siologiсal sti ltе that is ехрlrеssеd in rеsponsе to pагtiсular сuеs, and
tlrе animal е-хits diаpar'rsс wЬеn сor-rditions сharrge. Diffеrеnt insесt spесiеs еn-
tеr diapausе in diffегеnt stagеs' somе in thе еgg, othеrs as larvaе oг puPaе.
Pсlprrlations сlf tЬе sаmе insесt spесiеs at diffеrепt lаtitudеs еntеr wintеr dia-
pausе in rеsponsе to difiегеnt сonlЬinatiоns oГ tеmpегatr-trе and day lеngth.

Adaptivе plаstiсity еvсllvеs Ьесаusе it givеs individuals with tlrе сapaсlty to
adjust thеir dеvеloprnеnt to thе prеvаil ing сonditions thе aЬil ity to outpеrform'
in tlrе lоng rurr, individrrаls rvhсl ехprеss thе s:rtrrе tr:rit vаluеs or fеаtuгеs rе-
gаrdlеss of еrrvironmеr-rtаl сonditions. Thе suЬtlеry in stuс1ying plastiсity is thе
phrasе ..in thе lоng run.' ' In any singlс сirсumstanсе thе individual with thе
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саpaсity to adjust its devеlopmеnt to ехprеss thе most suitaЬlе fеаtuге will
pеrforr-rr iust as rvеll аs thе individrrаl lvlrtl ехprеssеs tlrе samе fеatttге сon-
stitutivеly (that is, ехpгеssion is thе samе геgardlеss of сondition), Ьut it wil l
outpеrform all thе individuаls who ехprеss unsuitaЬlе fеaturеs сonstitutivеly.
Individuals with thе сapaсity to adjust dеvеlopmеnt havе high fitnеss in all сon-
ditions, whеrеas inсlividuals with сonstitutivе dеvеlopmеnt pattеrns for thе
samе sеt of fеatuгеs havе high fitnеss in somе сondiгions but low fitnеss ill nrost
сonditions. In гlrе long rцn' ovеr many gеnеratiorrs or many loсations, individ_
uals with thе сapасity to adjust dеvеlopmеnt havе thе highеst аuеrсlgе fitnеss.

of сoursе, а givеn individual dоеs not l ivе in many gеnеrations or at mаny
loсаtions at onсе' so in this сasе thе fitnеss Ьеnеfits arе assoсiatеd with thе
сollесtion of gеnеs thilt сontrol thе plastiс dеvеlopmеntal systеm. This point
givеs phеrrotvpiс plastiсity its intеllесtual riсhnеss. Thеrе is аn еxtеnsivе Ьody
of thеory on how nаtuгal sеlесtiorr on individuаl аnimals сan drivе еvolu-
tionary сhangеs in dеvеlopmеntal systеms that involvе dozеns or еvеn hun-
drеds of gеnеs. This is not a trivial proЬlеm; a suссеssful individual doеs not
pаss its еntirе gеnolrrе to its offspring. Thе idеntifiсation of nеtworks trf gеnеs
thzrt сontrol dеvеlopпrеrrt and thе аЬil ity to mеasurе thе ехprеssion lеvеls of
tlrosе gеnеs havе oреnеd thе dсlor to tеsting this thеory in ways that wеге not
possiЬlе in thе past.

Thе study of plastiсity has a long history in еvolutionary biology and has
аttraсtеd thе attеntion of somе of its lеading figurеs (sее thе аlphabеtiсal еn-
triеs ..Ivan Ivanoviсh Sсhmalhausеn'' and ..Сonrad Hal !Иaddington'' in this
voIurnе). Thеrе is a grоwing Ьodv of rеsearсh on thе есologiсаl сonsеqllеnсеs
of adaptivе plastiсity, partiсularly in systеms сlf irrdцсеd dеfеnsеs l ikе that of
thе wild parsnip, аnd thе many faсеts оf phеnotypiс plastiсity сontinuе to in-
spirе rеsеarсh in this arеa' as wеll as in еvolutionary Ьiology.
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Phylogеnеtiсs

Phylogеnеtiсs is thе tгaсing of gеrrеalogiсаl rеl:rtionships among spесiеs аnd
tlrе usе of thosе rеlationships to сlassify speсiеs and groups of spесiеs into a
hiеrarсhiсal trее оf l ifе' It is part of thе praсtiсе of systеmatiсs, thе othеr
Ьrаnсh of whiсh is taхonomy (thе distinguishing of spесiеs from onе anothеr
anс] thе diagnosis of spесiеs Ьoundагiеs). Phylogеnеtiсs is onе of еvolutionary

Ьiology's сеntral spесii
othеr spесialty thаt hаs

Мodеrn phyIogеnег i .
of organisms must rеflе
lаг ionships еmеrgе froг
split into two daughtеr
spесiеs dividе and othеr
wlrilе othеrs spawn rnа
thе Ьranсhing pattеrn с
smallеr Ьranсhеs and ot

Sеvеral сonvеntions 8
The groups on adjaсеnt
сlosеst rеlаtivеs Ьесausе
If tlrе Ьranсhеs arе at th
if tl iе adjaсent Ьranсhеs
on thе highеr Ьranсhеs
along а major Ьranсh o-
gеnus' frrmily, or Oroсr'
t hе  h i е гa r сh i сa l  l aЬе I i ng
si1iсаtion of all thе spес
mat ion аЬоut thе rеIаr i t
сallеd a natural сlassifiс:

Тhе  t гad i t i onа |  L rnn
gеnerаl siпri laritiеs Ьut r
ary rеlаtionships amoпg
rесognizеs fivе сlassеs of
and snakеs-Ьut doеs n<
rеlationships to grouPs
prise, givеn that thе systс
Оrigiп of Spесiеs was p(
whiсh of thosе groups al
of  thе trее,  rеprеsеnt ing
modегn rеptilеs to Ьirds t
forms (sее thе aIphaЬеt i .
for еvolution,' ' and ..lVlo.

Although еmplоying е.
onсе а сontrovеrsial idеа
and ..Will i Hеnnig'' in thl
thе thеory and praсtiсе сl:
infеrеnсе is еxtrеmеly сhi
Ьy analyzing fеaturеs of l
aсtеristiсs of spесiеs rvitl
l ikеly pаths through whiс
of сornmon anсеstors. Tl
from ехisting spесies, rvl-l



эss thе most suitaЬlе fеaturе will
l еxprеssеs thе samе fеaturе сon-

:gardlеss of сondition), Ьut it will

unsuitaЬ1е fеaturеs сonstitutivеly.
)pmеnt havе high fitnеss in all сon-

ivе dеvеlopmеnt pattеrns for thе

lсonditions Ьut low fitnеss ln most

:ations or many loсations, individ-

г havе thе highеst аuerаgе fitnеss.

е in many gеnеrations oг at many

s Ьеnеfits arе assoсiatеd with thе

dеvеlopmеntal systеm. This point

;hnеss. Thеrе is an ехtеnsivе body

lividuаl animals сan drivе еvolu-

that involvе dozеns or еvеn hun_

r1 a suссеssful individual doеs not

dеntifiсation of nеtworks of gеnеs

) mеasurе thе еxprеssion lеvеls of

1this thеory in ways that wеrе not

y in еvolutionary Ьiology and has

lg figurеs (sее thе alphaЬеtiсal еn-
.Сonrad Hal \Х/addington'' in this

сh on thе есоlogiсal сonsеquеnсеs

ns of induсеd dеfеnsеs l ikе that of

lеnotypiс p last iс i tу  сont inuе to in-
' lutionary biolоgy.

,l епotуp i с P lаstiсitу : F uпсtioпаl апd
гd Univеrsity Prеss.
Padil la, аnd R. A. Rеlyеa. 2005.
stiсitу. Trепds iп Есologу апd

пd Nаturе апd Nurturе. Baltimorе:

tsticitу апd Еuolutiсlп. Nеw York:
-1.r.

rl rеlationships among spесiеs and

эес iеs аnd grouPs of  spес iеs inro a

praсtiсе of systеmatiсs, thе othеr

ishing of spесiеs fгom onе anothеr

hylogеnеtiсs is onе of еvolutionary

Phуlogеnеtiсs 807

Ьiology's сеntral spесialtiеs, pеrhaps thе centra| spесialty, and thеrе is no
othеr spесialty that has Ьееn as сontrovеrsial in its thеory and praсtiсе.

Modеrn phylogеnеtiсs is prеdiсatеd on thе prinсiplе that thе сlassifiсation
of organisms must rеflесt a hiеrarсhy of еvolutionary rеlationships. Thosе rе-
lationships еmеrgе from еvolutionary history. A singlе spесiеs may, in timе,
split into two daughtеr spесiеs, еaсh of whiсh may split in thеir turn. As somе
spесiеs dividе and othеrs do not, and as somе go ехtinсt without dеsсеndants
whilе othеrs spawn many dеsсеndants, a gеnеalogy еmеrgеs that rеsеmЬlеs
thе Ьranсhing pattеrn of a trее' with somе major Ьrаnсhеs produсing mаny
smallеr Ьranсhеs and othеrs not.

Sеvеral сonvеntions guidе thе usе of thе phylogеnеtiс trее in сlassifiсаtion.
Thе groups on adjaсеnt Ьranсhеs of a gеnеalоgiсal trее must Ье еaсh othеr's
сlosеst rеlativеs Ьесausе thеy sharе an immеdiatеly rесеnt сommon anсеstor.
If thе Ьrаnсhеs arе аt thе tips of thе trее, еaсh group is an individual spесiеs;
if thе adjaсеnt Ьrаnсhеs arе lowеr, еaсh group is a сollесtion of spесiеs found
on thе highеr Ьгanсhеs that еmеrgе from еaсh lowеr Ьranсh. All thе spесiеs
along a major Ьranсh of thе gеnеalogy сonstitutе a group' whiсh might Ье a
gеnus' family, or ordеr, dеpеnding on thе position of thе major Ьranсh, and
thе hiеrarсhiсal laЬеling of thе various Ьranсhеs produсеs a hiеrarсhiсal сlas-
sifiсаtion of all thе spесiеs on thе trее. This сlassifiсаtion thus саrriеs infor-
mation aЬout thе rеlationships of groups at all lеvеls to onе anothеr and is
саllеd а natural сlassifiсation.

Thе traditional Linnaеan сlassifiсations сrеatеd a hierarсhy Ьasеd on
gеnеral similaritiеs Ьut madе no prеsumptions аЬout thе ехpliсit еvolution.
ary rеlationships among groups of spесiеs. For ехamplе' thе Linnaеan systеm
rесognizеs fivе сlassеs of ехisting rеptilеs-turtlеs, alligators' tuataras' |izards,
and snakеs-Ьut doеs not spесify thеir rеlationships to one anothеr or thеir
rеlationships to groups known only from fossil spесimеns. This ls no sur-
prisе' givеn that thе systеm was dеvisеd long Ьеforе Сhаrlеs Darwin's oп thе
Origin сlf Speciеs was puЬlishеd. A phylogеnеtiс сlassifiсation would сlarify
whiсh of thosе groups arе most сlosеly rеlatеd, whiсh arе сlosеr to thе basе
of thе trее, rеprеsеnting oldеr l inеagеs' and what arе thе rеlationships оf
modеrn rеptilеs to Ьirds and mammals, as wеll as dinosaurs and othеr еХtlnсt
forms (sее thе alphaЬеtiсal еntriеs ..Birds,' ' ..Dinosaurs: Thе modеl systеm
for еvolution,' ' and ..Modеrn rеptilеs' ' in this volumе).

Although еmploying еvolutionаry rеlationships fоr сlassifiсation was itsеlf
onсе a сontrovеrsial idеa (sее thе alphaЬеtiсal еntriеs ..Еrnst .!Иaltеr 

Mayr''
and ..!Иilli Hеnnig'' in this volume), thе modеrn сontrovегsiеs rеvolvе aroцnd
thе thеory and praсtiсе of еstimating gеnеalogiсal rеlationships. Phylogеnеtiс
infеrеnсе is еxtrеmеly сhallеnging bесausе it attеmpts to rесonstruсt thе past
Ьy analyzing fеaturеs of thе prеsеnt. Мorе spесifiсally' it usеs еxisting сhar-
aсtеristiсs of spесiеs within an еvolutionary modеl to reсonstruсt thе most
likеiy paths through whiсh thosе spесiеs divеrgеd from a tеmporal sеquеnсr
of сommon аnсеstors. Thе hеart of thе сhallеngе is that onе has data only
from ехisting spесiеs, whiсh oссupy thе tips of thе Ьranсhеs on thе trее, and
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fronr thеsе onе is аttеmpting to find аr sеriеs сlf nеstесl еvolutionary rеlation-
ships and rесonstгt.lсt tlrе Ьranсhing pattеrns of tЬе еntirе trее.

Тhе fundamеntal pгеmisе for rес<lnstruсting thе phylсlgеnеtiс trее is thаt
еvolutionary rеlationships аrе rеvеаlеd by synapomoгphiеs, whiсh arе stаtеs
of homologous сharaсtеrs (sее thе alphaЬеtiсal еntгy ..Homology'' in this
volttmе) sharеd Ьy spесiеs or groups of spесiеs through inhеritanсе frorrr a
сon-lmon anсеstoг in whiсh thе сharасtег statеs еvolvеd. Thе possеssion of
thеsе sharеd, dеrivеd сharaсtеr stаtеs dеfinеs а grollp' and thе еtтrеrgеtrсе of
thеsе сharaсtеr statеs dеfinеs whеrе thе ovеrall gеrrеalogy dividеs inttl two
Ьrаnсhеs. For ехaпrplе, in all thе fishеs wе сall еlasmoЬranсhs (сhirnaеras,

sharks' and гays), malеs havе сlaspегs on thеir pеlviс fins; this сharaсtеr statе
dеfinеs thе еlasmoЬrirnсhs and distirrguishеs thеm from othеr so-саrllеd
сlroridriсhthyian fish, whiсh laсk сlaspегs (so thеiг сhаrасtеr stаtе is ..аЬsеt-tсе

of сlаspеrs' '). Thе сhondгiсhthyierr fish arе thеmsеlvеs dеfinеd Ьy сlr:rrасtеris.
tiс minеral dеposits in thеir skеlеtons, and thе prеsеl1се of сlaspеrs с]еfinеs a
Ьranсh point whеrе thе еlasmoЬranсhs sеparatе frсlm thе othеr сhon-
driсhthyian fish. As tlris dеsсription iгrrpliеs, morе rеstriсtеd synapomorphiеs
dеfinе subgroups аnd subsеquеnt Ьranсh pсlints. Witlrin thе еlasmoЬranсhs
thе loсаtion of gil l irrсhеs (Ьonеs thtrt support thе gil[s) and thе artiсtrl i.rtiоn of
thе dorsal fin distinguish and dеfirrе tlrе сhimaеras аnd sеparatе thеm from
thе sharks and rays (sее thе alphaЬеtiсal еntry ..}-ishеs'' in this voltLmе for
morе aЬout thеsе rеlationships). Sуntrpomorphiеs arе thus nеstеd onе within
anothеr' and thе hiеrarсhiсal сlаssifiс;rtiorr dеfinеd Ьv thе synapomor1.lhiеs
еmегgеs from thе hiегаrсlry of Ьranсhirrg еvеnts irr thе gеnеаlogiсаl pirttеrn.

.Гhе 
сontrovеrsiеs in phylogеnеtiс infеrеnсе arisе frсlm diffеrеnt сollviсtions

aЬout how to rесonstrrrсt a trее thаt is сonsistеnt rvirh thеsе nеstеd synapo.
morphiеs. First' idеntifying nеstеd synapomorphiеs is not suffiсiеnt for rесon-
struсting еvolutionаry l inеagеs; althoLrgh synapomoГphiеs dеfinе groups of
spесiеs at various lеvеls of Ьranсhing, tlrеy dо not rеr,еal thе loсatioп of thе
brаnсhеs on thе trее. Spесifiсally, thеy do not rеvеаl rvhiсh Ьrаnсlrеs arе lowеr
аrrd whiсh arе higlrеr. To mаkе tlris dесision, whiсlr is сallеd rooting thе trее,
thе synapomorphiеs must Ье сomparеd with thе сhaгaсtеr statеs of thе grоup
that would bе сonsidеrеd thе сlosеst rеlativе to thе еntirе group Ьеing ana-
lyzеd. That group is сallеd thе outgrспt|l ' and thе root is plaсеd at thе point
dеfinеd Ьy thе synаpomorphiеs thаt distingrrish thе irrgгoup from thе out-
group. This еstaЬlishеs thе initial dirесtion of еvolutiоnary сhangе ц,ithin thе
ingгoup and points to thе dirесtion in whiсh suЬsеquеnt Ьranсhеs еmеrgе.
oЬviously thе nееd for thе outgroup ехtеnds thе analysis t<l an additional
lеvеl, and diffеrеnt сhoiсеs of outgror.rp wil l produсе сliffеrеnt points for thе
root of thе trее and lеас] to diffеrеnt с:onсlusions.

Sесond' it is oftеn quitе diffiсult tо idеntify indiviсlual synapomorphiеs, par-
tiсularly at highеr lеvеls on а trее. Tlris is partiсularly truе if thе сharaсtеrs that
arе Ьеing usеd in thе study arе laЬilе and likеly to сhangе frеquеntly. \7hеn
сharaсtеrs arе vеry laЬilе, two spесiеs may sharе thе samе сharaсtеr statе not
Ьесar.rsе thеy еaсh inhеritеd it from a сommon аnсеstor Ьut Ьесausе thе сhar-
асtеr еvolvеd to thаt sall1е starе irrdеpеndеritl1' in еirсlr spесiеs. This ссlndition,
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сallеd homoplasy, сan hiсiе gеnuinе rеlationships and suggеst inсorrесt onеs.
Нomoplasy сan Ье partiсularly trouЬlеsomе whеn DNA sеquеnсеs arе Ьеing

usеd in a phylogеnеtiс аnаlysis; a givеn sitе in thе mo!есulе сan have only onе

of fсlur statеs (thе Ьasеs аdеninе, guaninе, сytosinе, or thyminе), and so homo.
plasy is quitе l ikеly аt any singlе sitе if mutation ratеs arе сomparativеly high.

In many сasеs whеrе сharaсtеrs arе laЬilе, groups сan Ье idеntifiеd only

through сomЬinations of сharaсtеr statеs. But idеntifying groups in this way
movеs а phylogеnеtiс analysis сlosеr to a morе traditional statistiсal grouping

of spесiеs Ьasеd on ovеrаll similarity' whеthеr similarity is quantifiеd through
DNA sеquеnсеs or a statistiсal mеasurе of morphologiсаl similarity. In thеsе

situations a roЬust phylogеnеtiс analysis is possiЬlе only if onе postulatеs a

mоdеl for how thе сharaсtеr statеs сhangе in thе сoursе of еvolution.
Hеrеin l iеs onе sourсе оf сontгovеrsy Ьесausе thеrе arе mаny models of

сharaсtеr сhаngе from whiсh to сhoosе, and diffеrеnt mоdеls сan lеad to dif-
fеrеnt rесonstruсtions of еvolutionary histоry. In сasеs l ikе thosе that еmploy

Ьasе-pair сhangеs in DNA sеquеnсеs' thе modеls arе Ьasеd on propеrtiеs of

thе mutational proсеss' аnd using diffеrеnt propеrtiеs сan lеad to diffеrеnt

modеls of сharaсtеr сhаngе. In сasеs l ikе thosе that еmploy morphologiсal

сharасtеrs suсh as thе shapеs of Ьonеs in vеrtеЬratеs or thе numЬеr of Ьundlе

sсars for plants, thе mсldеls arе Ьasеd on plausiЬlе assumptions about thе

stеps involvеd in thе tгansfоrmation of onе сharaсtеr statе into anothеr; dif-
fеrеnt assumptions may lеаd to diffеrеnt sеquеnсеs of synapоmorphiеs and

diffеrеnt phylogеnеtiс сonсlusions.
\Whеn many сharaсtеrs arе Ьеing studiеd in many spесiеs, thеrе will rarеly, if

еvеr, Ье a singlе oЬvious phylogеnеtiс trее сonsistеnt with thе similaritiеs and

diffеrеnсеs among spесiеs. Thе сhallеngе in praсtiсal phylogеnеtiс infеrеnсе is

distinguishing thе many possiЬlе trееs and sеlесting thе onе that reprеsеnts thе

Ьеst сhoiсе for thе data. To undеrstand thе сhallеngе, сonsidеr that a study of

thrее spесiеs' A' B' and С, must distinguish among thrее possiЬlе trееs or' as

thеy aге dеnotеd in praсtiсе' topologiеs: A аnd B may Ье сlosеst rеlativеs, A and

С may Ье сlosеst rеlativеs, oг B and С may Ье сlosеst rеlativеs. This is еquiva-

lеnt to сonsidеring thе thrее spесiеs as еaсh oссupying a Ьranсh radiating from

a сеntral point Ьut plaсing thе root of thе trее along onе Ьranсh. If A and B arе

сlosеst rеlativеs, thеn thе root of thе trее must bе sоmеwhеrе on thе Ьranсh that
lеads from thе сеntral point tсl spесiеs С. For four spесiеs, A, B, С' and D, thеrе
arе thrее unrootеd, Ьifurсatirrg trееs' сorrеsponding to сlosе pairings of A and
B vеrsus С and D, A аnd С vеrsus B and D' and A and D vеrsus B and С. In

еaсh саsе thеrе arе fivе Ьranсhеs; onе сonnесts еaсh pair ofсlosе rеlativеs to thе
othеr, аnd within еaсh pair thеrе is onе Ьranсh from еасh mеmЬеr to а point

that rеprеsеnts thе сommon anсеstor. Thе root of this trее сould Ье plaсеd

along any of thе fivе Ьranсhеs' lеading to 15 possiЬlе topologiеs for only four

spесiеs. This logiс саn Ье gеnеralizеd into a mathеmatiсal formula that rеvеals

thе еnormous numЬеr of possiЬlе topologiеs for еvеn a small numЬеr of spесiеs
(е.g., sеvеn spесiеs сould Ье dеsсriЬеd Ьy any of 10,395 possiЬlе topologiеs).

Thе grеatеst sourсе of ссrntrovеrsy in phylogеnеtiс analysis has Ьееn ovеr
how to sеlесt thе bеst сhoiсе of topology for thе dаta in hand. onе possiЬility is
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to usе parsimony аnalуsis, whiсh is Ьasеd on thе prеmisе tlrаt thе Ьеst сhoiсе is
the topology with thе fеwеst total t-rumЬеr of еvoltrtiсlnаrv сhangеs irr tl-rе сlrar.
aсtеr statеs. Anothеr possiЬility is to usе mахiпruпr likеlilroсld, thе prеrnisе of
whiсh is thаt thе bеst сhoiсе is thе topologY that mахimizеs thе prоЬаЬility of
thе data in hand, givеn а partiсular modеl of еvоltrtiсlnаry сhаraсtеr сhangе.
Thе most parsimonious topology nееd not Ье thе оnе with rhе highеst l ikеli-
hood and viсе vеrsа, and this rеalizаtion hаs lеd tсl spiritеd and somеtirnеs-Ьittеr
dеЬates Ьегwеen thе proponеnts of еасh mеthod. Мorеovеr, for mсlrе th:ln a
modеst numЬеr of spесiеs, it is impossiЬlе to еnumеratе all thе possiЬlе topolo.
giеs to idеntify еithеr thе most parsimonious or thе onе with thе highеst likеli-
hood. In thеsе сasеs сomputationally intеnsivе mеthods, whiсh еxploit vаrious
mathеmatiсal propеrtiеs of topologiеs, arе еmployеd to еstinratе tlrе bеst сh<liсе.

Phylogеnеtiс analysеs havе prolifеratеd ovеr thе past 25 yеars with thе ad-
vеnt of widеsprеad сomputational powеr. Thеrе is now a major еftсlrt аround
the wоrld to dеsсriЬе thе phylogеnеtiс rеlatior.rships among аll l iving organ-
isms and dеvеlop a gеnuinе trее t>f l ifе (sее www.tolwеll.org). Thеsе еfforts
havе сhangеd our undеrstanding of rеlаti<lnships in many groups of organ-
isms, from rеvеaling thе rеlаtionslrips Ьеtlvееn dinosaurs and Ьiгds (sее thе
alphaЬеtiсal епtry ..Birds' ' in this volurnе) to сhапging our еntirе viеrд. of ma.
jor gгoups likе thе Сrustaсеаns (sее tlrе аlplraЬеtiсal еntry ..Сrustaсеans'' in
this volumе). In addition, геsеarсh оn phyltlgеnеtiс mеthtrds has provеd fег.
ti lе ground for сollaЬorations :tmong Ьiolоgists, statistiсians' and сOпlputеr
sсiеntists and has oftеn lеd to innoviltivе prсljесts in сltlrеr arеas (sее www
.morphЬank.nеt).

Phylogеnеtiс analysеs havе сhangеd thе faсе oГ еvolutionary biology Ьv
il luminating our undеrstanding of mаny Othеr topiсs. СomЬining powеrful
phylogеnеtiс analysеs with datа on thе distriЬutions of spесiеs has lеd to nеW
insights in Ьiogеography, and ехamining thе phvlogеnеtiс distriЬution of
adaptivе fеаturеs lras lеd to grеatеr undеrstanding of thе еvoltrtiсln of сom-
plеx traits (sее the nrain еssay ..Adaptation'' Ьy .|osеph Travis and David
Rеzniсk in this volumе). Phylogеnеtiс nrеthtlds havе Ьееn еmployеd t<l study
thе origins of loсal еpidеmiсs, idеntify strаins of influеnzа to Ье targеtеd in
annual vaссinе dеvеlopпrеnt, and invеstigatе thе origin of novеl pathogеns
(sее thе main еssay ..Еvolutionary Biology of Disеasе and Darwiniаn Mеdi-
сinе'' Ьy Мiсhael F. Antolir-r in this volunrе).
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Piltdown Мan

Pi l tdown is  thе nаmе givеn to what had Ьееn assumеd to Ье аn еаr ly form
of human Ьrought to puЬl iс  at tеnt ion iл 

-]912. 
A part ia l  skul l  and an in-

сomplеtе mandiЬlе plus thе Ьorrеs of fossil manrmals wеrе unсovеrеd Ьy a
loсa l  lаwyеr (сor ' rntry so l iс i tor  in Еngl ish tеrminology),  Сhar lеs Dawson
(\864-1916) of Uсkfiеid' Sussех (sее figurе). Thе disсovеry Was madе rathеr
саsually in a gravеl pit at Barkham Manor on Piltdown Сonrmon not far
from Lеwеs in еаstеrn Sussех, southеrn Еngland. Dawson had Ьееn a сollес-
tor of prеhistoriс matеrial for Arthur (latеr Sir Arthr"rr) Smith Woodward
(1864-1944), kееpеr of gеology аt thе British Musеum of Natural Нistory in
Londсln. For a good 40 yеars Piltdown was сonsidегеd a gеnuinе, if puzzling,
human fossil.

Starting in 19.53, howеvеr, сlosеr sсrutiny and tеsting dеmonstratеd that
Piltdown was in faсt a dеliЬеratе faЬriсation. Right from thе Ьеginning ссlm-
pеtеnt anatomists hаd statеd that thе skull and mandiЬlе сamе from diffеrеnt
spесiеs. Thе skull was сlеarly hutnan, Ьut thе mandiЬlе was oЬviously thаt of
an anthropoid apе. Somе guеssеd thаt it was a fеmalе сhimpаnzее, and

Piltdtlwn Маn.
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othеrs suggеstеd, сorrесtly' that it was a fеmalе oгang. At first, еvеn aftеr it
w;rs еvident that Piitdown Wils аn artif iсial juхtaposition of unrеiаtеd spесiеs,
thеrе sti[l Wаs no rеalization that its antiquity was аlso fгaudulеnt. Еvеntually
it was shown that thе appеaranсе of grеat agе and fossil ization was thе rеsult
of staining with a rесipе of oхidеs of iron and manganеsе' аs wеll as
сhromium. Piltdown сan Ье rеgardеd as a сandidatе for thе most spесtасular
sсiеntifiс frаud of thе twеntiеth сеnturу.

oddly еnough, suspiсion of fгаudulеnсе nеvеr fеll on Dawson, although hе
hаd pursr"rеd a сarееr of dесеpti<ln for З5 yеa rs. Among his soпrе hаIf-dсlzеn
aсts of f:rkеry, hе was known t() havе Ьееn involvеd in сonсoсting rеprеsеnгa-
tivеs of supposеd еarly artifасts, faЬriсating a mаp of an еarly iron forgе, and
plagiarizing a historiсal aссount of Hastings Castlе, Sussех, from an еarliеr
and unpuЬlishеd doсumеnt. Hе was also known to hаvе dippеd spесimеns hе
hаd сollесtеd for Smith .JИoсrdwаrd in Ьiсhromatе of potash in ordеr to
..hardеn'' thеm. Hе madе no sесгеt of thе faсt that lrе l. l ird trеаtеd thе Pilt-
down сranial fragmеnts with fЪrriс ammoniuпr sulfatе (iron alurn) аnd thеn
had st:rinеd thеm with potаssiltm сhromatе.

Smith Woodward visitеd thе initial Piltdown sitе Ьut madе no еffort to sее
that a сarеful ехсavation аnd study wеrе madе. His prinсipal ехpеrtisе was in
thе study of fossil f ish, and hе and his dеpaгtmеnt at thе British Мusеum
wеrе widеly rеgardеd as Ьеing gеologiсally inсompеtеnt. Hе did Ьring in
Arthur (latеr Sir Arthur) Kеith (1866_1 955), a spесialist irr humаn anatomy'
from thе Huntеrian Мusеt-tпr аt thе Royal Сollеgе <lf Surgеons irr London to
assist in thе аnatomiсal assеssmеnt and rесonstrLlсtion of thе Piltdown mаtе-
rial. Although Kеith was said Ьy somе to havе Ьееn thе pеrpеtrator оf thе
fгaud, hе nеvеr visitеd thе sitе and had no aссеss to thе sourсе of thе faunal
matеriаl that had Ьееn plantеd thеrе along with thе human skull and apе jaw.
Kеith had visitеd Franсе thе yеar Ьеforе thе Pilrdown find was announсеd
and had Ьаd а kind of сonvеrsion еxpеriеnсе thеrе. His еarliеr outlook had
Ьееn to i1rrangе thе availablе humаn fossils aссording to thе timеs of thеiг еx-
istеnсе and dесlarе that this i[lustratеd thе сoursе of human еvolution. In his
191 1 visit to Franсе hе aЬandonеd that viеw for thе Frеnсh stanсе that mod-
еrn humаn form had еxistеd in rеmotе antiquity somеwhеrе in ..thе Еast' '
and pеrhirps Afriсa. SuЬsеquеntly it had сomе to Еrrropе as invadеrs and ех-
tinguishеd thе ..primitivе'' residеnts, thе Nеandеrtals. This viеw was сlеaгly
аt odds witlr еvolutionаrv Ьiolсlgy, Ьut thеn a Dаrwinian outlook was nеvеt
aссеptеd in Frеnсh Ьiology.

Onе сlf thе othеr playеrs in thе sсеnе was thе FrеIrсh Jеsuit priеst Piеrrе Tеil-
hard dе Сhardin (1881_1955). Tеilhard had visitеd Dаwson in 1908 whilе hе
was staying at a Jеsuit rеtrеat housе in Hastings' Sussеx. It was at that геtrеat
that hе rеаd thе 1907 volumе L'ёuolutioп сrёаtriсе (Сreаtiue Еuolutioп) Ьу
Неnri Bеrgson' a somеWhat dotty, romantiс, and vегy nоnmесhanistiс trеa-
tisе. Insofar as Frеnсh sсiеnсе i1ссеpts thе idеа of еvolution аt ail, it tеnds to Ье
a Bеrgsonian and not a Dаrwinian vеrsion. In 1913 Tеilhаrd геturnеd to orе
Plaсе in Нastings for a full yеаr. In August hе visitеd Piltdown, whеrе Smith
!7oodward and Dawson wеrе washing and siеving thе gravеl. Тhеy stlggеstеd
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that Tеilhaгd sift tlrгough tЬе rеsults' and it was whilе doing so thаt hе found
an apеlikе сaninе tooth. Somе сommеntators on thе Piltdown sсеnario havе
suggеstеd that TеilhLrrd may havе Ьееn thе Pеrpеtrator of thе fraud.

|n 1914 Dawson and Smith lfoodward for'rnd a Piltdown агtifaсt madе
from a piесе of fossil izеd еlеphant Ьonе shapеd into thе form of a сriсkеt Ьat.
Thе сomplеtеly lrr.rmorlеss Srnith 

.Woodwагd 
ассеptеd it аs a prеhistoгiс arti-

faсt еvеn though it wаs сlеаr that it hаd Ьееn shapеd by a mеtal сutting tool.
Thеn in 1915 Dаwson Wrotе to Smith woodward that aсross the ll. ivеr Ousе
at Nеthеrhall Farnr hе had found piесеs of a human skull and а nrolar tooth
along with a rhinoсеros molar. Thеsе wеrе thеn саllеd Piltdown II. As it hap-
pеnеd' Dawson hеld thе position of stеward at Ьoth Barhkam Мanor and
Nеthеrhall Fаrm. Piltdown II was not аnnollnсеd until t917, part|у Llесausе
of thе largеr сonсеrn for thе issuеs сlf Worlсl 

.War 
I and pаrtly Ьесausе Daw-

son d iеd in |9|6.
Еvеn aftеr Piltdown Мan's fraudulеnt nаtuге wаs doсumеntеd Ьeyond any

possiЬlе doubt jr'rst aftеr thе midpoint of thе twеntiеth сеntury' it was morе
than anothеr 40 yеars Ьеforе thе identity of thе forgеr was сonсlusivеly
dеmonstratеd. In thе mid-1970s сontraсtors сlеаrеd loft spaсе in thе аЬan-
donеd southwеst towеr of thе Natural History Musеum Ьеforе maintеnanсе
work on thе roof. Thеrе thеy found a trunk with thе lеttеrs МAСH, сlеarly
thе in i t ia ls  с l f  Мart in A.  C '  Hinton (1883_1961) '  who wаs dеputy kееpеr of
zoology аnd а fossil гodеnt ехpеrt zrt thе timе of thе Piltdown fаЬriсation.
Somе timе wеnt Ьy Ьеforе a rесеnt fossil rodеnt еxpеrt lookеd in thе trunk,
and thеrе at thе Ьottom' Ьеnеath hundrеds оf vials of rodеnt dissесtions, wаs
a сollесtion of сarvеd аnd stainеd еlеphant and hippopotamus tееth and var-
ioцs bonеs that lookеd likе thе Piltdown сollесtion. Hinton had Ьееn wеll
known for his еlaЬoratе praсtiсal jokеs and rеsеntеd thе handling of his
salary in thе musеuпr Ьy thе humorlеss аnd inсompеtеnt Smith 

.Woodwаrd.

But it was not until thе mid-1990s thаt Нinton's rolе was сomplеtеly undеr-
stood. Cеrtairrly only an insidеr at thе Natuгal History Мusеr.rm would havе
had aссеss to thе fossils plantеd at thе Рiltdсlwn sitеs sinсе thosе fossils rеprе-
sеntеd part of thе musеum сollесtions assеmЬlеd as a rеsult of yеars. of
musеrrm-sponsorеd еХсavations in vаrious parts of thе world. It sееms plau-
siЬlе that Dawson was Ьrought in on thе plot, Ьut thеrе is no way to Ье aЬ-
solutеly surе of that now.
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Plеistoсеnе еxtinсtions

Thе history of Iifе on еarth is punсtuatеd Ьy еpisodеs of rapid, widеsprеad

ехtinсtions in onе or morе grorrps of organisms (sее thе nrain еssay ..Palеon-

tology and thе History of Lifе' ' Ьy Мiсhaеl Bеnton and thе alphaЬеtiсal еntry
..Mass еХtinсtions', in this volumе). Onе of thе most notorious of thеsе

еpisodеs is thе loss of thе so-сallеd Plеistoсеnе mеgafauna. Bеtwееn aЬout
50'000 yеars ago and 10,000 yеаrs ago' on all thе сontinents ехсеpt Afriса,
most of thе lагgе (ovеr 40 kg mass) mammаls and Ьirds and somе of thе largе
rеptilеs Wеnt ехtinсt. This notoriеty springs from thе fасts thаt it was among

thе first wholеsalе ехtinсtions to Ье rесognized,it inсludеd somе of thе most

spесtaсular mammals еvеr dеsсriЬеd, and human hunting appеars to havе
playеd a major rolе in сausing it.

Thе mammaliаn fаuna of 50,000 yеars aЕ]o inсludеd a high numЬеr of vегy
largе spесiеs. Austrаlia сontainеd есhidnas of 20 to 30 kg in mass, kangaroos

ovеr 200 kg in mass (thе largеst ехtant kangaroоs arе aЬout 90 kg), a variеty

of giant Ьirds and еnormous monitor l izards, and a gеnus of largе grazing

marsupials namеd Diprotodoп that wеrе up to 2,000 kg in mass. North

Amеriсa harЬorеd giant ground sloths, mammoths' and mastodons, and thе

Еurasian fauna inсludеd saЬеr-tooths, woolly rhinos, сavе Ьеars' and thе
giant Irish еlk. By 10'000 yеars ago ovеr 90 gеnеra of largе mammals wеrе ех-

tinсt. Although thеrе Was somе геgionаl hеtеrogеnеity, on all thе сontinеnts
savе Afriсa thеrе was nеarly total еxtinсtion of spесiеs whosе individuals

wеrе largеr than 300 kg in mass. In gеnеral, еxtinсtitrn ratеs Wеrе invеrsеly
proportional to Ьody sizе; for ехamplе, in North Amеriсa thе еxtinсtion ratе

for spесiеs largеr than 1,000 kg was 1007", that for spесiеs Ьеtwееn З2 and
1,000 kg was aЬout 507", and tlrat for spесiеs Ьеtwееn 10 and 32 kg was

on|у 20.Ь. Dееpеr analysis suggеsts that еxtinсtion ratеs wеrе invеrsеly pro-
portionаl to rеproduсtivе ratе, whiсh is itsеlf invеrsеly proportional to Ьody
sizе, mеaning that thе Plеistoсеnе ехtinсtions wеrе vеry sеlесtivе, еliminating

spесiеs with slowеr rеproduсtivе ratеs. In faсt, no othеr еpisodе of ехtinс-
tions assoсiatеd with a glaсial-intеrglaсial transition had еxtinсtion retеs as

sеlесtivе as thеsе.
This striking еpisodе of ехtinсtion was rесogпizеd as еarly as thе ninе-

tееnth сеntury' and its timing, сoinсidеnt with thе waning of thе last glaсiаl
pеriod and thе start of thе prеsеnt intеrglaсial pеriod, suggеstеd that сlimatе

сhangе аnd its assoсiatеd еffесts wеrе rеsponsiЬlе. Pulsеs of ехtinсtions arе
assoсiatеd with pеriods оf rapid сlimatе сhangе, еspесially thе transition
fгom glaсial to intеrglaсial pеriods, thrсlughout thе history of l ifе. Мany fеa-

turеs of thе еnvironmеnt Ьеsidеs tеmpеraturе rеgimе сhangеd in this transi.

tion; sеasonality inсrеasеd as summеrs Ьесamе signifiсantly warrnеr' thе
growing sеason was shortеnеd, haЬitats Ьесamе inсrеasingly fragmеntеd, and

thе gеographiс distriЬution of plants and plant assoсiations сhangеd dramаt-
iсally, еspесially аt thе highеr latitudеs. Thе initial hypothеsеs aЬout сlimatе

сhangе drеw upon all thеsе еffесts; that thе Plеistoсеnе ехtinсtion ratеs Wеrе
muсh highеr thаn thosе sееn at othеr glасial-intеrglaсial transitions Was as-

сriЬеd to thе possiЬi
trеmе than any of th
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сгiЬеd to thе possiЬil iry that this lаst trаnsition wi:ls moге rapid and moге еx-
trеmе than any of thе othеrs.

Although tlrе еtrviroпгпеntаl еffесts of а glасial.intеrglaсial transition surеly
playеd a rolе in tlrе dеmisе of thе Plеistoсеnе mеgаfauna' thеy do not appеar
suffiсiеnt to ехplirin thе magnitudе of thе еxtinсtiOns nor thеir sеlесtivity. For
onе thing' Oxygеll isotоpе studiеs сlf marinе Ьеnthiс dеposits, whiсh rеflесt
sеa surfaсе tеmpеraturеs, do not support thе argumеnt thаt the magnitudе
аrrd rаpidity оf this glасiаl-intеrglасial transition wеrе unllsual whеn сom-
parеd with othеr transitions. Sессlnd, thе ехtinсtions did not disсгiminatе Ьe-
twееn gгazегs (arrimаls thаt atе grassеs) аnd Ьгowsеrs (animals that аtе
woody vеgеtаtion)' and the haЬitat сhangеs assoсiatеd with this transition
should havе put grazегs at а distinсt disadvantagе as woody vеgеtation in-
сrеasесl in аЬunсlanсе. Third' ехaminations of pollеn profi lеs from long-
Ьuriеd sеdimеnts indiсatе that although thеrе wеrе rapid сhangеs in thе
сomposition of plant spесiеs nеаrly еvеrywhеrе aсross thе gloЬе, rеgions with
highеr ехtinсtion ratеs did not еxpеriеnсе grеatеr or morе rapid сhangеs than
rеgions of  lowеr ехt inсt ion rаrеs.

A suggеstivе l inе of еvidеnсе is thе faсt that thе mеgafauna did nоt disap-
pеar at this timе оn Nеw Zea1and аnd many oсеaniс islаrrds, Ьrrt ехtinсtion
ratеs rosе dramаtiсallу on tlrеsе islands whеn humans arrivеd. \Х/ithin a short
pеriod aftеr thе аrrival of lrumans, all thе giant moas of Nеw Zea|and aпd a
host сlf othег sресiеs on thе oсеalriс islands Wеrе gonе' Dеposits of еnoгmous
Ьonе pilеs with сlеar еvidеnсе of butсhеring and rеmains f<lund nеar sitеs of
largе firеpits point сlеаrly tO thе еffесt of humаrr hr-rnting in сausing thеsе
ехtinсtions.

of сoursе, it r-rray sееm inсrеdiЬlе to aссеpt that еarly hr'rmans who huntеd
w,ith stonе Wеapons ссltrld drivе so many lаrgе.Ьodiеd spесiеs to ехtinсtion. It
is сlеаr thаt humans huntеd thе Plеistoсеnе mеgafauna; thеrе is amplе еvi_
dеnсе of kil l sitеs (largе dеposits of Ьonеs)' аnd stonе points havе Ьееn found
in what would havе Ьееn thе Ьody сavitiеs of mаny skеlеtal dеposits. A small
industry in mаtlrеmаtiсal rrrodеling lras suggеstеd that thе h1.pothеsis of
humаn оvеrkil l is plausiblе undеr somе assumptions. Aftеr all ' ехtinсtion is a
сеrtainty if dеath ratеs ехсееd Ьirth ratеs long еnough, and all thar humаn
hunting nееdеd to ассomplish wаs to add еnough tсl thе natural dеath ratеs
to raisе thеm aЬovе Ьirth ratеs. Thе highly sеlесtivе naturе of thеsе еxtinс-
tions with rеsрeсt to rеproduсtivе rаtеs is с<lnsistеnt with this hypothеsis. on
thе othеr hаnd, although ехtinсtions in Noгth Amеriсa may havе aссеlеratеd
аftеr tl.rе aгrivаl сlf humans in signifiсаnt numЬеrs (10,000-20,000 yеaгs
ago), humans had Ьееn prеsеnt in Еuгopе for tеns of thousands of yеars Ье-
tЪrе thе еvidеnсe of ехtеnsivе еxtinсtions arrd prеsеnt in Afriсa, whеrе thе еx-
tinсtion ratеs wеrе lсlwеst, for muсh longеr.

It rrray Ье that no singlе hypothеsis is suffiсiеnt to aссount for thе magni-
tudе, гatе, аnd distriЬLltion of ехtinсtions and tЬаrt diffеrеnt сombinations of
еffесts сamе into play in diffеrеrrt rеgions of thе world. Nonеthеlеss, thеrе is
no disсounting thе еffссt of lrumans in сontгiЬutil1g to Onе of thе most strik.
ing ехtinсtion еpisodеs in thе last 65 mill ir ln yеаrrs of thе history of l ifе. For
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many sсiеntists this ma,v Ье a harЬingеr of whаt is tсr сomе in our nеаг fl lturе
as gloЬal сlimatе сhangе oссurs in ссlnjunсtion with thе suЬstantial dirесt lnd
indirесt еffесts of humans ol1 thе naturаl world.
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Priпсiplеs of Gеologу (Сharlеs Lyеll)

Сharlеs Lyеll puЬlishеd thе first еdition of thе thrее volumеs of Priпсiplеs of
Gеologу in 1830, 1832, Lrnd 18ЗЗ, rеspесtivеly. oftеn сallеd thе most irrflu-
еntial of all gеologiсal Ьooks, it is also arguaЬly anlong thе dсrzеn most infl l l-
еntial tехts еvеr on thе living world. Thе sr-rЬtitlе idеntifiеd it аs ..аn attеmpt
to еxplain thе formеr сhangеs of thе еarth's suгfасе, Ьy rеfеrеnсе to сausеs
now in opеration.' ' In this attrnlpt Lyеll еxpliсitly assr-rrnеd that еvеr sinсе thе
oldеst fossil-Ьеaring roсks thеrr known had Ьееn lаid dоrvrr (rосks of thе Саr-
bonifеrous groups), thе saпrе саusеs hаd Ьееrr at lvork On thе pianеt's suгfaсe,
had workеd' morеovеr' in thе samе gеnеral сirсtl l l]stаnсеs and with tlrе sirmе
avеragе intеnsity, and so had produсеd thе samе sorts and sizеs of еffесts
throughout this vast prеhuman past' on into thе prеsеnt' and so into an tn-
dеfinitеly prolongеd futurе. 

-Гhеrе 
was, thеn, in Lyеll's knowing есhсl of thе

еightееnth-сеntury Sсottish tlrеorist of thе еarth, Jаnrеs Hutton, no sign in
any гoсks of thе еarth's Ьеginning or <rf its еnd.

Thе trеatisе has thrее pагts. First, thе attеmpt tсl asсriЬе past сhаngеs to
prеsеnt сausеs is dеfеndеd; sессrnd, thе rеsottrсеs ft>r thе attеmpt arе assеm-
Ьlеd Ьy inquiring what сausеs arе now opеrating in thе physiсal and org:rniс
worlds; third, thе attеmpt is сarriеd out' most ехtеnsivеly for thе сhangеs
rесoгdеd in thе Tеrtiary formations of Еurсlpе and also, morе Ьriеfly, fоr thе
sесondary and primary roсks.

Aftеr thе fifth еdition of 18З7 this third part Was пrirс1е a sеparatе Ьook ini.
tially titlеd Еlеmeпts of Gеologl'. L,vеl[ was prеpаring а twеlfth еdition of Priп-
ciplеswЬen hе diеd in 187.5. Thе main сhar-rgеs in tlrе trеatisе's tеaсhings rvеrе
rеquirеd Ьу his еmЬraсing in thе 1840s thе nеw с.loсtrinе of a glaсial еpoсh or
iсе аgе and Ьy his partial, not vегy еnthusiаstiс aссеptanсе in thе 1860s of Dаr_
win and \ff/allaсе's nеw thеor), сlf tlrе origin of spесiеs Ьy natural sеlесtion.

Thе еarly, most inf]uеntial еditions taught thrее пrain thеsеs. F.irst, thе ig-
nеous and aqrrеous agеnсiеs hаvе always Ьеen in a providеntial|y dеsignеd'
staЬlе, antаgonistiс Ьalаnсе, rlrе ignеous unlеvеling llrrсl tlrе aquеous lеvеling
thе еarth's surfaсе' sO thаt thеrе is соt1tinuеd dеstrr.rсtion of old lаnd hеrе and
formation of nеw thеге, with thе ovеrаll propсrrtiсrn of land to sеа stа,Ying
roughly сonstant. Sесond, gloЬal сlinrаtе сhangеs arе еntirеly duе to rеvегsi[.l lе
сhangеs in thе distriЬution оf larrd and sеa rеlаtivе to thе polеs and еquattlr;
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3 sаmе sorts and sizеs сlf еffесts

o thе Prеsеnt,  and so into аn in-

n, in Lyеll 's knowing есho of thе

еаrth '  Jamеs Hutton.  no s ign in
'nd.

tеmpt to asсriЬе past сhangеs t<l

lurсеs for thе attеmpt arе assеm-
.ating in thе physiсal and orgаniс

nost ехtеnsivеly fсlr thе сhangеs
pе and also, morе Ьriеfly, for thе

lrt was madе a sеparatе Ьook ini-
,rеparing а twеlfth еdition of Priп-

gеs in thе trеatisе's tеaсhings wеrе

rеw doсtrinе оf a glaсial еpoсh or

iс aссеptаnсе in thе 1860s of Dar-

l f  spес iеs hy nаrura l  sе lесt iоn.
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lееn in a providеntially dеsignеd,
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thеrе has Ьееn a stеаdy gloЬal сooling duе to this сausе throughout thе timе

sinсе thе СarЬсlnifеrous roсks wеrе forrnеd, a сooling that mLlst еvеntually

rеvеrsе itsеlf in thе fllturе (sее figurе). Third, еvеr sinсе that rеmotе timе thе

planеt has Ьееn fit somеwhеrе for еvеn thе highеst typе of organisms: mam.

mals; and Ьесausе adaptational rеquirеmеnts alonе dеtеrminе what typеs of

l ifе l ivе whеrе аnd whеn, mammals must havе livеd thеn, еvеn though thеir

fossils havе n<lt Ьееn ftlund yеt. So spесiеs of all thе known main animal and

Thе frсlntispiесе of thе first volumе of Сhаrlеs Lуе|L's Prinсiplеs of Gеologу.To
avсlid having to aсссpt a graduаlly сoсll ing еarth (on thе Ьasis of thе palm trее

fossils found around Paгis, thus suggеsting a Warmеr timе in thе pаst), Lyеll
proposеd his thеory of сlimatе. Thе piсturе shоws а ruinеd Roman tеmplе on

thе ltаlian соаst. Lyеll аnd othеr gесllogists asсriЬеd thе dаrk Ьаnds on thе

сolumns to borings by marinе mollusks wЬеn thе сolumns wеrе long immеrsеd

upright in thе sеa. F-or I,yеll ' this and othеr еvidеnсе showеd thаt thе land hеrе

had suЬsidеd аnd thеn latеr risеn. ovеr thе wholе еаrth suсh loсal сhangеs

соuld lеad, hе hеld, to сhangеs in thе distriЬution сlf land and sеa rеlativе to thе
polеs and thе еquatоr, ar.rd sо-land Ьсing a Ьеttеr aЬsorЬеr of radiant solar

hеat than watеr-ссluld сausе thе avеrаgе tсlтpегaturе оf thе planеt to сhangе.

Thе stеadу planеtary соoling sinсе thе СаrЬonifеrous roсks wеrе formеd,
сooling indiсatеd Ьy fossil f inds' was duе to this сausation' hе taught-
саusаtion that r,vil l rеvеrsе itsсlf аnd its еffесts in thе long run of thе futurе.
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plant typеs havе Ьееn сoming in, Ьy сrеation, and going out, Ьy ехtinсtion,
throughout thе past, arе doing so in thе prеsеnt' and will сontinuе to do so in
thе futurе, although at a ratе-pеrhaps onе spесiеs a yеar-that makеs it un-
likеly that any spесiеs origins hаvе yеt Ьееn witnеssеd Ьy сompеtеnt nаturаl-
ists. Еaсh spесiеs only l ivеs and diеs onсе. As a sеparatе сrеation it starts аt a
singlе providеntially сhosеn spot' as a first pair or lonе hеrmaphroditе' and
thеn sprеads its rangе, inсrеasеs its numЬеrs, variеs slightly to fit nеw сondi-
tions Ьut not еnough to сhangе Or transmutе into anothеr spесiеs, and is
еvеntually еxtinguishеd whеn it losеs out in сompеtitivе imЬalanсеs сausеd
Ьy сlimatiс and othеr еnvironmеntal disturЬanсеs. Thеsе adaptаtional and
есologiсal dеtеrminations of thе timеs and plaсеs of spесiеs Ьirths, l ivеs, and
dеaths arе, thеn, togеthеr with thе сontinual сoming and going of avеnuеs
(е.g.' land Ьridgеs) and Ьarriеrs (е.g., mоuntain rangеs) to migrations, thе
solе dеtеrminants of thе diffеrеnt rеprеsеntations at diffеrеnt plaсеs and pеri-
ods of gгoups of spесiеs suсh as gеnеra' familiеs, and сlassеs.

Thе first of thеsе thrее main thеsеs wаs thе lеast novеl, Ьеing, as l,yеll him-
sеlf insistеd, a modifiсation of Huttonian thеory. Howеvеr, thе сomЬination
of thе sесond and third was а totally unprесеdеntеd proposal; no onе had ех-
poundеd anything rеmоtеly l ikе it Ьеforе; and all thrее thеsеs togеthеr al-
lowеd for an еntirеly nеw intеgration of Ьiogеography with gеology. Thosе
fеw of Lyеll's сontеmporariеs whо сommittеd thеmsеlvеs to any сomprеhеn-
sivе aссount of thе еarth's physiсal and organiс historiеs mostly favorеd, in
Britain еspесially, a сomplеtеly diffеrеnt synthеsis whеrеin thе еаrth had
сoolеd and сalmеd irrеvеrsiЬly еvеr sinсе a moltеn fluid Ьеginning and had
hеnсе Ьесomе progrеssivеly fittеr for highеr and highеr typеs of lifе, whiсh
had aссordingly Ьееn сrеаtеd sporadiсally at spесial timеs in thе еarth's past
in a progrеssivе suссеsston сonsummatеd Ьy man's appеaranсе as thе сrown
of сrеation, sinсе whеn no furthеr speсiеs origins had oссurrеd.

Somе youngеr gеologists and naturalists in thе nеxt gеnеration, with a yеn
for grand synthеtiс thеorizing aЬout thе еarth and thе history and gеography
of l ifе upon it, saw thеmsеlvеs as сhallеngеd, aЬovе all, to adjudiсatе Ьеtwееn
thеsе two сonfliсting сomprеhеnsivе proposals madе Ьy Lyеll and his oppo-
nеnts. No onе took up this сhallengе morе sustаinеdly than Сharlеs Darwin
and Alfrеd Russеl \iИallaсе. In thеir indеpеndеnt Ьut strikingly parallеl agrее-
mеnts and disagrееmеnts with Lyеll and his opponеrrts, еvеntuating in thеir
indеpеndеnt Ьut rеmarkaЬly similar thеoriеs aЬout a trее of l ifе and natural
sеlесtion, thеy wеrе Ьoth arguaЬly morе influеnсеd Ьу Ьis Priпсiplеs tЬanЬу
еvеrything еlsе thеy rеad put to€]еthеr.

Lуe||,s Priпсiples сould Ье suсh a dесisivе influеnсе on thеm foг two rеasons.
First, his novеl agеnda for gеology had lеd him to writе, as no onе had Ьеforе,
nеarly 200 pagеs all aЬout spесiеs: what thеy arе and how thеy сomе and go in
thеiг suссеssivе, сontinual Ьirths, l ivеs, and dеaths. It is thеrеforе thanks to
Lyеll that Darwin's 1859 Ьook is сallеd Оп the origiп of Speсiеs and that \й/аl-

laсе's 1855 papеr is titlеd with a phrasе from Priпсiples.. ..on thе Law \й/hiсh

Нas Rеgulatеd thе Introduсtion of Nеw Spесiеs.'' Sесond' Lyеll's spесiеs сhap-
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teгs opеn witЬ a dllzеtl pagеs оn what Ье сallеd ..Lаnlaгсk's systеm.'' 14еll 's ех-
p<lsition of tlris s,Ystеm is struсturеd quitе diffеrеrrtly frсlm LаnrаrrсkЪ original;
so Lyеll's vеrsion inсludеs whаt L:rmarсk's doеs not: a thеory of сoпmon an-
сеstry' and thеrеfсlге ramifying dеsсеnts, for all spесiеs. Rеjесting thе gradual
trirnsmutatiсlnism of this systеm, I,1.еll prеsеnts his own hypothеsis of spесially
сгеаtеd fiхеd spесiеs as an аltеrnаtivе. Lyеll's еntirе gеographiс-gеologiсal
trеаttllеllt of spесiеs ;rnd thе сonfroпtatiсln of his vеrsiol-l of Lamаrсk ц.ith a
spесiai сrеаtiol-list hypothеsis сlid пroге than any othеr tеХt to dе6rrе thе dесi-
sivе issuеs aЬout spесiеs as Darwin and 

.W.allaсе 
еngаgеd thеm.

Darwin, having еmЬraсеd all thе main tеaсhings of Prinсiplеs Ьу 18З4
(hаlfway through lris voyagе on HMS Bеаgle), first disagrееd in еarly 18З5
witlr Lуеll 's thеor,v of thе сausеs of spесiеs еxtinсtions (latеr, on rеаding
Мalthus in 18З8' hе would rеttlrn to LyеlI,s viеw); thеn' most l ikеly in mid-
L836, сamе tсl fаvor spесiеs trelnsmutations, and finally in mid-1837 сon-
struсtеd his owlr first modifiеd suссеssor to Lamarсk's wholе systеm as
ехpoundеd Ьy t-yеll. Somе еight yеаrs latеr !Иallaсе, having alrеady rеad and
еmЬraсеd Рrinсiplеs, Was сonvеrtесl tсl spесiеs transmlltation in 184.5 Ь,v rеad-
ing RoЬеrt СhаmЬегs's antlnymously puЬlishеd Vcstigеs of tЬе I'Jаtttrоl His.
tсlrу of Сrеаtit'llt. But \й/allaсе сillllе to insist on t:rking spесiеs trаnsmuгation
vеrsus spесial сrеation of fiхеd spесiеs as an issuе sеparaЬlе from othеr issuеs
raisеd Ьy Vestigеs or Ьy Lyеll 's vеrsion of Lamarсk, еspесially spontanеous
gеnеration and nесеssary progrеss. Bеforе Darwin and.sИallaсе сamе indеpеn-
dеntly tсl vеry similar thеoriеs aЬout thе саusеs of spесiеs origins, whаt thе
two mеn ссlrrvеrgеd on Was сoп1m()n dеsсеnt-with irrеgulаrly аrboriform
(trееlikе) spесiеs trаnsmutations-as a lаwful gеrrеralization aЬout spесiеs oгi-
gins that Was morе сonsistеnt with Ьiogеographiс еvidеnсе, most еspесially,
and vеry gеnеrally morе ехplаl1atory than wаs Lyеll 's providеntialist-

adаrptatiоnist spесilll сrеationism' Тlris сonvеrgеnсе oIl this disagrееn-rеnt with
Lyеll prеsr"Ipposеll Dагrvin's and Wаllaсе's indеper"rdеnt ассеptanсе of Lyеll 's
intеgration сlf gеology and Ьiogеogrаphy (sumrrri lrizеd аt thе opеning of Wal-

[aсе's 1855 еssay) and thе dесisivе сorollary of this intеgration: that thе rеprе-

sеntation' thе distriЬution in timе and spасе' of supraspесifiс groups, gеnеra'

firmiliеs, ordеrs, аrrd so on, is dеtеrminеd Ьy whatеvеr dеtеrminеs tlrе timing
and plaсing of spесiеs сlrigins аnd Ь.v thе сontinuerl сlrangеs to avеtrrtеs and
barгiеrs to п-rigrirtions. !7hеrе tlrе tw<l young Lyеll ians disagrееd with thеir
mеntor was irr indеpеndеntly urgrееing thаt adaptational rеquirеmеnts alonе
do not dеtеrminе that law' foг although spесiеs arе ехquisitеly adaptеd, сom-
mon anсеstriеs аrrd so hеrеditary dеsсеnts togеthеr with adaptations do that

dеtеrmining. \fl/hеrr thе two wсllt rln, egain indеpеndеntly, to сonvеrgе on
lvl.rat Darrvin саllеd nаturаl sеlесtion аs thе mаin саusе of adaptivе spесiеs
fсlrmations, Ь<ltlr wеrе knowirrgl,v following thе prесеdеnt sеt Ьy l-yеll's есo-
logiсal' gеograplriс, and populatiсlnal thесlry of thе сausеs of spесiеs еХtinс-
tions. This last сonvеrgеnсе сould only oссur as it did Ьесausе it had bееn
prесеdеd Ьy yеars of сlthеr indеpеndеnt' сonvеrgеnt еngagеmеnts' aЕ]гееmеnts
and disagrееmеnts' with Priпсiplсs'
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Raсе

Thе сonсеpr of raсе is onе of thе most сontrovеrsial in all еvolutionary Ьiol-
ogy. It has Ьееn usеd to justify thе slavеry of Afriсans in thе Nеw !7orld, tсl
rаtionalizе thе murdеr of mill ions of Jеws, Slavs' and Gypsiеs Ьy tl iе Nazis,
and аs a rеason for orrе group to opprеss anothеr throughout hunrаn histor,v
to thе prеsеnt day. From its usе in plant and aninral Ьiology to rесoрinizе gе-
nеtiсally Ьasеd population variation witlrin a spесiеs' thе сonсеpt of raсе has
Ьесomе a soсiсlсцlturаl сlassifiсаtion of human divеrsity rvith higlrly сhargес1
intеrprеtations and сonnotations. Thе Ьiologiсal foundations and appliсa-
tions of ехisting raсial divеrsity arе morе сompliсаtеd аnd nuanсеd.

Сlassifiсations of humans сan Ье found in antiquity; thе story of Noah and
his sons Was onе traditional way of еxplaining human divеrsity (thе dеsсеn-
dants of Сanaan Wеrе supposеd to Ье сuгsеd and Ьlасk bесausе his fathеr
Hanr had disrеspесtfully starеd at Noah whеn hе was nakеd and drunk). Thе
modеrn tradition in thе usе of tlrе tеrm fсlС€ StdttS with thе Gеrman physiсian

Johann Friеdгiсh Blr-rmеrrbaсh (|752-1840), who dividеd thе human spесiеs
into fivе groЦps: Сauсasian (whitе), Мongolian (yеllow), Malayarr (Ьrown),
Nеgгoid (Ьlaсk), and Amеriсan (rеd). This wаs not vеry diffеrеnt from thе usе
of thе сonсеpt of rасе in plаnt аrrd animаl Ьiology in thе ninеtееnth and еarlу
to rr-rid-twеntiеth сеnturiеs' in whiсh raсеs Wеrе с1еsignatеd as suЬgroups of lr
singlе spесiеs, rесognizеd Ьy a fеw visiblе diffеrеnсеs in сolorаtion or form.

In tlrе ninеtееnth сеlrtury thе еvolrrtionагy ехplаnаtions of rасiаl divеrsitу
wеrе ехplorеd Ьy marry sсholars, notaЬly Ьy Сharlеs Darwin in his Thе Dе-
scеnt of Маn' апd Sеlectioп iп Relаtioп to Seх (1871). Although as a good
Еnglishrnаn lrе had littlе douЬt of thе supеriority of his or,vn grollp' Darwin
сеrtainly did nоt think that humans arе dividеd into sеvеral spесiеs. Unlikе
most of his сOntеmpor:lriеs, hе did not think that thе mсlrе stringеnt dеmands
of l iving in соldеr сlinratеs had lеd tо thе irrtеllесtuаl srrpегioгity of thе whitе
humans. Darwin was inсlinеd to asсriЬе raсial diffеrеnсеs to thе еffесts of
sехual sеlесtion. Не thought thаt diffеrеnt isolatеd groups would dеvеlop dif-
fеrеnt' сulturally Ьasеd rrotions of Ьеauty, whiсh would lеаd to diffеrеnt fеa-
turеs Ьеing еstaЬlishеd as thе norm in еzrсh group.

Darwin also еxplorеd thе argumеnts offеrеd at thе timе to rationalizе thе
сolonization and suЬjugation Ьy Еuropеans of othеr grolips. Althotrgh Dаrwirr
Ьеliеvеd that Еuropеan сivilization was supеrior to thosе of othеr groups' hе
Was not' сontгary to s()mе misrеtldings of his writing, an аdvoсatе of gеnoсidе'
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Hе suggеstеd that а major faсtor in any triumph Ьу Еuropеan сolonists was thе
asymmеtriсal sprеad of disеasе, with \Vеstеrn infесtions Ьеing еspесially dan-
gеrous for nativе pеoplеs without a history of ехposurе. It is also worth noting
that Darwin dеplorеd thе ill еffесts <lf nativе pеoplеs' taking up unаttrасtivе
Еuropеan haЬits' partiсularly thе ехсеssivе сonsшmption of alсohсll.

Raсiаl thinking, еspесially a morе prеjudiсial vеrsion of raсia| thinking
than any in whiсh Darwin indu|gеd, сontinuеd into tlrе twеntiеth сеntury'
rеaсhing its aЬhorrеnt pinnасlе in thе poliсiеs of thе National Soсiаlists. Iron-
iсally, thе ехpеriеnсе of Afriсan Amеriсaлs in thе war against thе Nazis
sparkеd thе start of thе strugglе fсlr сivil rights for thosе satnе Afriсаn Amеr-
iсans. 

.With 
timе and thе gradual suссеss сlf that strugglе' an inсrеasingly

largе sеgmеnt of Amеriсan soсiеty Ьесamе inсrеasingly unсomfortaЬlе with
сlаssifiсations Ьasеd on raсial diffеrеnсеs. Rасе Ьесаmе' in many intеllесtual
quartеrs' a so-сallеd soсial сonstruсtion' mеaning somеthing with сultural
rathеr than Ьiologiсal status. Nonеthе|еss, dеЬatеs, oftеn fiеrсе, сontinuе to
еrupt ovеr thе intеrprеtatiсln of diffеrеnсеs among groups in mеasurеs l ikе IQ
sсorеs or thе prеpondеranсе of сеrtain сonditions and disеasеs. In many arеas
of thе world, opprеssion and gеnoсidе сontinuе as a dirесt rеsult of long-
standing rivalriеs and bittеrnеss Ьеtwееn groups of pеoplе with diffеrеnt his-
toriсal аnсеstriеs l iving in proхimity.

To apprесiatе what Ьiologiсal foundation thеrе might Ье for a сonсеpt of
raсе' onе must rеturn tо its usе in plant and animal Ьiology. Еvеn thеrе raсial
distinсtions wеrе drаwn сln the Ьаsis of Onе or a vеry fеw сlrarасtеrs аnd wеrе
usеd to posе intеrеsting quеstions aЬout thе signifiсanсе оf thosе diffеrеnсеs.
As it turns out' in huntans, as in othеr :rnimals, thе distinсtions that havе
Ьееn usеd rгedi t ionаlIy to dеf inе гасе5 rеPrеsеnt vаг iаt ion in a t iny Propor-
tion of thе gеnеs. Thе еffесts of thosе gеnеs аrе visiЬlе to all, howеvеr, and,
following Darwin, influеnсе сharaсtеrs that onсе proЬaЬly shapеd' via сul-
turе, ..attraсtivеnеss,' for еасh group. In that l ight it is no wоndеr that so fеw
gеnеtiс distinсtions havе Ьееn so Ьroadly ovеrintеrprеtеd.

This is not to assеrt that thеrе arе no mеaningful gеnеtiс distinсtions аmong
сеrtain human groups. Thе distriЬution оf gеnеs for laсtosе tolеrаnсе (thе aЬil-
ity to digеst thе sugаr in dаiry produсts) variеs among groups and rеflесts thе
history of rеlianсе upon dairy produсts ftlr food, еspесielly protеin, partiсu-
larly in сold сlimаtеs. But this is ntlt a raсial distinсtion; twсl diffеrеnt triЬеs of
Afriсan hеrdеrs also tolеratе laсtosе' Ьut through a mutation distinсt from thе
onе that allows laсtosе сonsumption in northеrlr Еuropеan whitеs. Thе origi-
nаl distriЬution of gеnеs that ссlrrtr<li siсklс-сеll syndrсlmе rеflесtеd thе histоry
of ехposurе to nraiaria in onе rеgion of Afriсa; this is not a raсial distinсtion еi.
thег, inasmuсh as tl-rе siсkling trait ilppеars in s<lmе groups of Afriсan anсеstry
Ьut not in othеrs' not еvеn in сlthеrs with а lristory of ехpсlsurе to malaria.

Darwinian approaсhеs til mеdiсinе (sее tlrе mаin еssay ..Еvoluti<lnary Biol-
ogy of Disеasе and Darwiniаn Меdiсinе'' Ьy Мiсhaеl F. Antolin in this volumе)
havе also unсovеrеd diffеrеnсеs among gг()uрs in appаrсnt prеdispositions to
partiсular disеasеs. In somе сasеs diffеrеntial vulnеraЬil ity is assoсiatеd with
diffеrеnt forms of a !]еnе in diftЪrеnt groups or gеnеtiс markеrs (gеnе diffеrеnсеs

that arе probaЬly r
proЬaЬly arе) that.
rеspond to thе trad
groups with diffеrе

Whеn spесifiс gс
еnсеs Ьеtwееn grot
сasе, еspесially wh
tional faсtors arе с
prеting IQ sсorеs i
mеasurе' diffеrеnс'
Еduсational histor'
thеsе sсorеs, and i
oг oссupy diffеrеn
thе Ьasis of thosе с

A сommon сouг
in IQ sсorеs сan l
lеvеl of variation l
Ьasеd. If thеrе arе
Ьеhavе likе thе р
within groups Ьut

Todаy proЬaЬly
tеnt thе notion of ;
..Ьlaсk,' ' еVеn thol
think that it is otf
lеad and hаvе lеd l

сonfirm timе and
somеwhat isolatеd
stoсk' Gеnеtiс ana
Ьеar instеad an ol
thеsе distinсtions а
tations to lсlсal сo
havior, intеll igеnсi

Givеn thе drеad
its foundation, it u
of history. But сoг
tеnding that thеrс
Thosе distinсtions
in thе DNA sеquе,
important points .
that thеy oссur as ,
ditional raсial сatr
thеsе сontinuе at i
that hаvе сausеd sr
gеnеtiс variation. l

udiсеs Ьеhind raсil
to Ье сonsignеd to



ph Ьy Еuгopеаrl сolonists Was thе
r infесtiorrs Ьеirrg еspесi:llly dаri_
ехposurе. It is also worth rroting

: pеoplеs. гаking, up unаttr.rсtivе
nsumption of alсohol.
l iсial vегsiсln of raсial thinking
ruеd intсr tlrе twеntiеth сеntuгy,
s of thе N;rtitl lrаl Soсialists. Irсlrr-
s irr thе war against tlrе Ni.rzis
Lts for tlr<lsс sаmе Afriсan Aпrеr-
lf that strugglе, an inсrеasingly
Lnсrеasingly unсomfortablе with
lсе Ьесaпrе, in many intеllесtual
.еaning sсll-tlеthing witlr сulturаl
lеЬatеs.  t ' f tеIr  f ]егсе,  сt lnt inuс to
Ionc !]r()ups in mеasurеs l ikе IQ
:ions i lrrd disеаsеs. ln many аrеas
tinuе as a dirесt rеsult of long-
rups of pеoplе with diffеrеnt his-

thеrе miglrt Ье for a сtlnсеpt of
lnimal Ьiсllogv' Еvеn thеrе rасial
)г a vеry fеw сhаraсtегs аnd wеrе
signifiсаnсе of thosе diffеrеnсеs.
mals' thе distinсtions that hаvе
:sеnt vагiation in a tiny propor-
arе visiЬlе tсl all, howеvеr, and,
оnсе pгollаЬlv shapеd, via сrrl-
l iglit ir is псl wondеr thar so fеw

:r intеrpгеtеd.
ingful gсnеtiс distinсtions аmong
-rеs for lасtosе tolеranсе (thе аЬil-
еs among groups and rеflесts thе
ft lod.  еspес ie l Iy protе in.  part iс t| .
l istinсrion; two diffеrеnt triЬеs of
'ugh а nltrtаtion distinсt frorr-r thе
rеrn Еurсlpеan whitеs. Тlrе сlrigi-
эll syndгomе rеflесtеd thе history

; this is not a r:rсial distinсtion еi-
somе groups of Afriсan anсеstry
story of ехposurе to malaria.
: mаin еssir1, ..Еvolutionary l}iol-
Дiсhаеl F. Antolin in tlris volumе)
]s i l l  i lppJгеnt prеdispos i r ions to
l vulnеrаЬil ity is assoсiаtеd with
gеnеtiс markеrs (gеnе diffеrеnсеs

Rасe 82З

that arе proЬaЬly not involvеd with thе disеаsе Ьut arе loсаtеd nеar gеnеs that

probaЬl1. arе) thаt diffег Ьеtwееn groDps. lп somе of thеsе сasеs' ..gгoups'' сor-

rеspond to tlrе traditional raсial сlassifiсations, Ьut in otlrеrs thеy сorrеspond to

groups with diffеrеnt еthniс hеritagеs within a traditional rirсе.

Whеn spесifiс gеnеs саnnot bе idеntifiеd, it is vеry diffiсult to аsсribе diffеr-

еnсеs Ьеtwееn groups' raсial or еthniс, to gеnеtiс Ьasеs Ьесausе it is oftеn thе

сasе, еspесially whеn сlnе сonsidеrs traditional raсial groups, thаt many addi-

tional faсtors аrе сoпfoundеd with group iсlеntity. Thе сontrovеrsy ovеr intег-

pгеting IQ sсorеs is a prсltЪund ехirrrrplе. Еvеrr if Wе put аsidе whаt IQ sсorеs

mеasurе' diffеrеrrсеs in аvеragе IQ sсtlrеs among grollps lravе many sourсеs.

Еduсational history and soсiсlесonomiс stratum' among othеr variaЬlеs, affесt

thеsе sсorеs, аnd if individuals frсlnr diffеrеnt groups havе diffеrеnt historiеs

or oссupy diffеrеnt soсioесonomiс strаta, it is diffiсult, if not impossiЬlе, on

thе Ьasis of thtlsе dаtа alonе to аsсriЬе thе diffеrеnсеs to aпy singlе сausе.

A ссlmmon с()tl l ltегаr8umеnt is that twiгl studiеs hаvе shorvn that variаtion

in IQ sсоrеs сan havе а gеt1еtiс fсltrrrdаtion. Aithough this is thе сasе' this

lеvеl of variаtion d<rеs not imply thаt variatitln аmollg groups is gеnеtiсallу

Ьasеd. If thеrе arе gеnеs whosе еfiесts influеnсе IQ sсorеs, thеy arе l ikеly to

Ьеhavе likе thе prеpondеranсе of gеnеtiс variation irr humans' variaЬlе

within groups Ьut distriЬutеd similarl,v among groups.

Today proЬaЬl,v most еvolutionarr, Ьiologists would ag[ее that to somе еx-

tеnt thе nоtion of rttcе in humans is ;lri lnarily сultural-if you laЬеl somеonr
..Ьlaсk,,' еvеn though onе parеllt is whitе and thе othеr Ьlасk, it is hаrd to

think that it is othеr than a сultr.rrzrl aсt. Of сoursе' сultural diffеrеnсеs сan

lеаd and havе lеd to gеnеtiс distinсtions, as survеys of srrrall, isolatеd groups

сonfirm timе аnd again. For еxamplе, tradition had it that thе Kalash, a

somеwhat isolatеd group in northеrn Pakistan' wеrе dеsсеndеd from Еuropеan

stoсk. Gеnеtiс anаlysеs havе shtlwn that thеy arе not l ikе thеir nеighЬors and

Ьеar instеаd an ovеrаll gеnеtiс rеsеIrrlrlаt-tсе to groups far to thеir Wеst' But

thеsе distinсtioIrs aге nсlt mеaningfr.rI onеs in that thеy do not rеprеsеnt adap-

tations to loсirl сonditions or distinсtiсlns that influеrrсе any mеasurе of Ье-

havior' intеll igеnсе, fеrti l ity, or r.itality.

Givеn thе drеadful history of raсiаl thinking and thе intеllесtual povеrty of

its foundаtion, it would sееm past timе to сonsign this thinking to thе dustbin

of history. But сonsigning raсiаl thinking to thе dustЬin dt>еs not mеan prе-

tеnding thаt tlrеге аге nO gеnеtiс distinсtions among gгotlps of humans.

Thosе distirrсtions arе сlеar, whеthеr thеy arе obsеrvaЬlе in faсial fеaturеs or

in thе DNA sеquеnсеs of mutаtions that affесt susсеptiЬil ity to disеasе. Thе

important points arе that thеy rеprеsеnt a fraсtion of human variation and

that thеy oссur as muсh among groups within traditiona] raсеs аs among tra-

ditional raсial сatеЕ]oriеs. As migrаtion, miхing, and mating сontinuе (and

thеsе сontinuе аt аn ассеlеratеd ratе in thе modеrn world). thе distinсtions

that havе саusеd sо muсh il l lvi i l rеprеsеnt an evеr snril l lеr fгaсtion of human

gеnеtiс variirtiсln. Ultimatеly, Wе ilrе forсеd to сonfront thе faсt that thе prеj-

udiсеs Ьеhind гaсial thinking arе сr"rlturalIy foundеd and that thеy also ought

to Ье сonsignеd to thе dustЬin of history.
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Raup, David М. (Ь. I9З3)

David Raup \'v,i]s a сеntral figurе in thе rепirissanсе of palеorrtolrlgy's сontriЬu-

tion to еvolutionary thеory that took plасе in thе 1970s. His work has prima-

rily foсusеd on applying statistiсal analysis and сomputеr siшЦlаtion tO thе

fossil rесord, and thеrеfoге hе lras pionееrеd tесhr-riquеs that dеpart from thе

traditional palеontologiсal oriеntation toward dеsсriptivе studiеs of taхon-

omy' morphology, and stratigrаph).. ArguaЬly Raup's most importаnt сontri-

Ьution to еvolutionar'v thеory has Ьееn to draw attеntiolr to thе possiЬil ity that

thе Ьroad pattеrns of spесiеs origination (spесiation) аnd ехtinсtion arе lirrgеly

govеrnеd Ьy stсlсhastiс or random proсеssеs. Thе impliсations сlf this suggеs-

tion arе {ar rеасhing and hаvе сontriЬutеd gеrrеrallу to a сhallеrrgе to thе uЬiq-

uity of nеo-Darwinian proсеssеs as thе gеnеГator of еvolutionаry novеlty.

Raup's original training was in fairly traditional paleontology, and by his

own aссount hе Ьеgаn his саrееr fullу stееpеd in thе rrеo.Daгwiniаn геnеts of

thе modеrn synthеsis. Aftеr rесеiving his PlrD from Harvard in 1957 (whеrе

hе studiеd undег Bеrnhard Kummеl and Еrnst Mavr), hе rrlovеd to Johns
Нopkins Univеrsitу аnd еr,еntuаlly to thе Univегsitiеs of Roсhеstеr irnd

Сhiсаgo. By thе mid-1960s hе hаd сomе to rесognizе thе potеntial сomputеrs

had to hеlp palеontolоgists modеl сomplех Ьiologiсal proсеssеs involving

many variaЬlеs. Irritial ly Rаup foсusеd on ссrmputеr simulatiorr of mollusk

shеlls, whiсh allowеd him to ехplorе gесrlrrеtriс сonstrаints on morphology

Ьy ехamining both rеal and hypothеtiсal shеll morpholоgiеs. AIthough this

work fеll squaгеly in thе tradition:rl study of systепrzrtiсs, it [ес1 to аppliсa-

tions that opеrrеd nеw horizons for mathеmatiсally l itеratе palеontologists.

Thе turning point сamе in 197\ whеn Raup pаrtiсipаtеd in a syrnposirrm at

thе Gеologiсal Soсiеty of Amеriсa's i lnnuаl сonfеrеnсе titlеd ..]vIodеls in Palе-

ontology.' ' lt was during this mееting that Nilеs Еldrеdgе and Stеphеn Jay
Gould's thеory of punсtuatеd еquil iЬrium was unvеilеd, and аt thе instigation

of Thomas J. М. Sсhopf, Raup аnd Gould еrnЬarkеd on а l ifеlong сollаbora-

tion. Thе nеxt vеar Rar:p, Gould, Sсhopf, alrd thе populatiorr Ьiologist Dаniеl
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thе Ьold task of finding nеW Ways of looking at thе history of l ifе. Сhallеnging
thе rvidеlу hеld assLrrnptiorr that thе fоssil rесord was a poorly prеsеrvеd and
inсоmplеtе doсurnеnt. Raup сonсеivеd thе kеy insight that tlrе pattеrns in thе
tЪssil rесord might rlrаkе nlorе sеnsе if thе1' wеrе undегstood to Ье in pаrr thе
rеsult of randсlгt-t rathеr tЬаn striсtlу dеtеrministiс proсеssеs' In ordеr to tеst
this idеa, Raup wrotе a сonlputеr pr()gram that would prodtrсе simulatеd еvo.
lutioni.rry diagralns, r-',,hеrе thе likеlihood of a partiсular l inеagе produсing a
nеW spесiеs or going схtinсt Was sеt as a randomly gеnеratеd variaЬlе (sее fig-
urе on pаgе 826). Thе rеsults, wlriсh u,еrе puЬlishеd tn197З, Wеrе striking:
Raup and his group irrguеd that randomly gеnеratеd phylogеnеtiс trееs wеrе
virrLlаlly idеntiсаl to thе pattеrns foLrnd in thе aсtual fossil гесord. Although
this did not provе thаt еvolution Was nесеssarily a random proсеss' it did sug-
gеst that thеrе was no rеasol1 to аssuп1е that traditionаl сausаl faсtors, suсh .rs
sеlесtivе fitnеss, alwаys dеtеrn-rinеd thе ссrursе of еvolution.

Irr thе yеars that followеd, Raup сOtltinuеd to dеvеlсlp modеls of nraсroеvo.
lutiorrary Pattеrns' аnd whilе thе original stoсhаstiс work was disсussеd and
rеvisеd, it had a major impaсt On thе way palеontologists approaсhеd thе fos.
sil rесord. By thе еarlу 1980s Raup's intеrеst sеttlеd On thе proЬlеnl of ехtinс-
tion, whiсh hе dеtеrminеd had Ьееn dramatiсally ovеrlookеd sinсе Оп thе
Оrigiп rlf Spесiеs. ln сollаЬoration rvith his сollеagrrе J. John Sеpkoski Jr.,
Raup Ьеgan ехamining Sеpkoski's massivе dаtaЬasе of thе mаrinе fossi] rесord.
Hе аrnd Sеpkoski suЬjесtесl this сlata t() statistiсal arralysis and dеtеrпrinеd that
mаjor ехtinсtion еvеnts-mass ехtillсtions rvhеrе up to 95% of ехisting taхa
wеrе wipеd out in a short pеriod of timе-appеaгеd to oссur at rеguiar 26-
mill ion-yеаr intеrvals in thе history of l ifе. Thе rеsulting puЬliсation, ..Pеriod-

iсity of Ехtinсtions in thе Gеologiс Pаst' ' (1984), аttrасtеd signifiсi.rnt atrеntion
Ьoth in sсiеntifiс сirсlеs аnсl fronr thе populаr mеdia. In part this attеntion dе-
rivеd from thе indеpеndеnt disсovеry Ьy 

.s7altеr 
аnd l-uis Alvаrеz of еvidеnсе

for a massivе ехtrаtеIrеstriаl impaсt at thе Ьoundary Ьеtwееt-t thе Crеtaсеous
and Tеrtiary pеriods-thе ехaсt momеnt whеn thе dinosaurs wеnt ехtinсt.
Raup and SеpkoskiЪ аllаlуsis plaсеd a trrajor ехtinсtion еVеnt аt thе K-T Ьсlund-
ary, and this sparkеd an intеnsе rеnеwal of dеЬatеs сonсеrning thе сausеs of
major ехtinсtions. Тlrе pеriodiсity hypothеsis also, horvеvеr, raisеd thе сontro.
vеrsial possiЬil itv that mass еxtinсtions, whiсh hаvе had а nrajor rolе in сon-
straining thе pаth of еvolution tlrrouglrout l ifе's history, may Ье dеtеrminеd Ьy
faсtors thlrt hаvе a nonЬiologiсal and еvеn ехtratеrrеstrial origin.

Raup's сontriЬution to еvolutionary thеory is signifiсant and rеsts pгimarilv
on dгаwirrg аttеtltion to thе possiЬil iry. that n<lnsеlесti l,е faсtoгs may play an
important rolе in thе history of l ifе, and to thе notiоn that ехtinсtion' as thе
oppositе оf еvсllution, mtlst rесеiyе signifiсаnt attеntion. Еquallv importаnt,
howеvеr, was Raup's rolе in pionееring mathеmatiсal and сomputеr-aidеd
sinrulati<ln of пlaсroеv<rir'rtion, rvhiсh has сhangеd thе faсе of pаlеontologiсal
rеsеarсh. Thе tесhniquеs that Raup literally invеntеd from sсratсh in thе 1960s
and 1970s arе now rсluti l-rеly taught to Ьеginning graduatе studеnts in palеon-
tologv, аnd Rаtrp's pгinrarr. lеgaсy may Ье as thе pеrson who Ьrought palеon-
tology into thе сomputеr аgе.
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Anyonе looking at this piсturе would think it a pеr{есtly normal phylogеntrс
rеprеsеntation of a group that spесiatеd for fairly nоrmal adaptatiоn-Ьasеd
rеasons. In faсt, it is of an imaginaгy group of ..triloЬoids'' and was gеnеratеd Ьy
random faсtors' thus throwing into quеstion thе argumеntation of many
еvolutionary сlaims. (From Raup and Gсluld 1974, З19.)
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Ray, John (1'627 _1'7 О5)

John Rаy wаs thе lеаding naturаlist in lаtе-sеvеntееnth-сеnturу Bгitаin. Hе
madе irnportant сontriЬutions t<l thе dеvеlopmеnt of thе modеrn systеm of
dеsсriЬirrg and сlassifying spесiеs. Hе was intеrеstеd in fossils anсl thе possi-
bil ity thаt thе еarth's struсtl 'Irе has сhangеd sinсе thе Сrеаtiorr. Не is also rе-
mеmЬеrеd for his writings on natural thеology, whiсh triеd to show that
naturе was dеsignеd Ьy a wisе and Ьеnеvolеnt god.

Ray was born in Blaсk Notlеy, Еssеx, on NovеmЬеr 29, |627. Нis fathеr
Was thе vil lagе Ьlaсksmith. Hе was еduсatеd at Braintrее gramlnar sсhool
аnd wеnt r"rp to Tгinity Сollеgе, СirmЬridgе, tn 1644. Hе Ьесamе a fеllсlw of
Trinity in \649 Ьut lеft in 1662. Lеgеrrd holds thаt this was Ьесausе hе rе-
fusеd to ассеpt thе anti-Puritan еdiсt imposеd Ьy Сharlеs II, Ьut hе had al.
rеаdy aгrangеd to Ьеgin working privatеly with а wеalthy patron' Franсis
lfi l lughЬy, with whom hе travеlеd on thе Сorrtinеnt from 1663 to 1'666,
Whеn WillughЬy diеd in 1672, Ье lеft Rirv еnоugh funding for him to rеtirе
to Blасk Notlеy. Hе diеd in 170.5.

Ray оriginally studiеd Ьotany and puЬlishеd a numЬеr of important works
on thе сlassifiсadon of plants, сulminating with his Historiа Plаntаntm
(|686_17О4). Hе hеlpеd rid natшrаl hisrory of thе old еnrЬlеmatiс approасh in
whiсh thе rolе of a spесiеs in myth and hеraldry was as important аs its physi-
сal сharaсtеr. Hе еmphasizеd thе distinсtion Ьеtwееtl monoсotylеdoпs аnd di-
сotylеdоns Ьut insistеd that as rrrany сhаraсtегs ils possiЬlе shoulсl Ье r.rsесl ro
work out thе position of a spесiеs in thе svstеm. Hе rесognizеd that many sO-
саlled spесiеs Wеге rnеrеly loсаl vаriеtiеs forпrеd Ь1, rrarural proсеssеs' onh, tlrе
spесiеs thеmsеlvеs Ьеing original produсts of сrеation. Ray suЬsеquеntly еx-
tеndеd his сlassifiсatiоn work to thе animаl kingdom.

Ray was intеrеstеd irr tЪssils and in thе natural proсеssеs thаt aftЪсtеd thе
еarth,s surfaсе' although hе was dееply trouЬlеd Ьy thе thrеat his gеologiсal
studiеs posеd for thе Gеnеsis story of сrеation and thе dеlugе. Hе puЬlishеd
Ьjs Мisсellапеous Disсourses Сoпсеrпiпg the Dissсllutirllt апd Сhапges of thе
World in 1692. Noah's flood might еxplairr how fossil-Ьеaring roсks wеrе
now еxposеd on dry land, Ьr"rt Ray wаs awarе that natur:rl pгoсеssеs sti l l af-
fесtеd thе еarth's surfaсе. Hе rеtrl izеd that somе fossils rеprеsеntеd spесiеs no
longеr аrlivе, аnd hе еvеntually Ьесamе so сonсеrnеd aЬout thе thеologiсal
impliсаtions of ехtinсri<ln tlrat hе douЬtеd that tlrеsе fossils rеally Wеrе thе
rеmains of  I iv ing сrеаturеs.

Ray always Ьеliеvеd that spесiеs wеrе dеsignеd and сreatеd Ьv God. Hе
attaсkеd Dеsсilгtеs' n.ratеrialistiс Ьiology and thе thеory of spontanеous
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Storу of thе Dеаth of Diпсlsаurs
Ъrk: W. W. Noгton.
!i Nеw York: \V. W. Nоrton.
nulrr ion аnd еvolut ion ot
iogv, Sуstеmаtiс Zoolrlgv 2Зz
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gеnеration. Flis 
.Wisdom 

of God Мапifеstеd iп thе Works of the Сrеаtion
(1691) Ьесamе onе of thе sепrinal works оf British nаtural thеology. Неrе
Ray arguеd thirt thе struсtuге of l i l. ing spесiеs pгoviсlесl еvidеnсе that tlrеy
rvеrе dеsignеd Ь1' а wisе аnd Ьеrrеvolеnt god' This inсludеd thе huп-ran
spесiеs, thе е;-е and thе harrсl Ьеing vеry oЬvior"rs signs of dеsign, Ьtlt Ray
hеld that еvеr1' spесiеs was adaptеd Ьoth in its plrуsiсаl form and in its in-
stinсts to a partiсular еnvironmеnt.
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Rесapitulation

Rесapitulation thеory has its roots in thе еaгly.ninеtееnth-сеnturу Gеrman
world piсturе of nаturе philosophv or Nаtur|lhilсlsсlpbiе. Еndorsеd Ьy poеts
likе Johann \Wolfgang von Goеtlrе, philоsophеrs l ikе Friеdriсh Sсhеll ing, arrd
sсiеntists l ikе Lorеrrz Okеn, Nаturphilrlsophiе saw dеер Ьonds Ьеtwееn dif-
fеrеnt parts of tlrе цюrld that wеге rеvеаlеd Ьv undеrlуitlg pаttеrns сlf frlrt-n.
Thе similaritiеs (homologiеs) Ьеtlvееn thе skеlеtal forеlimЬs сlf vегtеЬгatеs
and thе six.sidеd symmеtry of tlrе snowflakе wеrе firvoritе ехamplеs. Nаtиr-
philoso1lhеп (somе of whom wеrе еvolutiorrists аnd somе of whom Wеrе not)
saw parallеls Ьеtwееn thе dеvеlopпrеnt of thе individual and thе dеvеlсlpmеnt
of l ifе on еaгth, Ьoth of whiсh supposеdly shсrwеd progrеss to a Ьеttег еnd
irnd wеrе stlmеhotl, с]rivеn Ьy a kinс1 oi rvorld forсе сlr monlеlltllm. Thе ftrllеst
ехposition of tЬis kind of thinking сamе from thе Srviss-Amеriсan iсhth,volo-
gist Louis Agаssiz, who dесlarес] thаt l ifе еxhiЬits a thrееfold parallеl in
whiсh thе rangе of organisms alivе today forms thе third string: ..Onе lnaу
сonsidеr it as hеnсеfoгth provеd thаt thе еmЬryo сlf thе fish during its nunlеr-
ous familiеs, anс1 thе typе of fish in its planеtary histoг1,,, ехhiЬit anаlogous
plrаsеs thrсlugh rд,hiсl-r onе mаy follow tlrе samе сrеаtivе tlror.rght l ikе a gшid-
ing thrеad in thс'study сlf tlrе сonnесtitln Ьеtwееn organizеd Ьеings'' (Agassiz
1885, 1:  З69_З70; sее f igurе).

Agassiz Was еvеr an opponеnt tlf еvolutionary idеas, Ьut aftеr thе puЬliсa-
tion of Оп thе ()rigiп сlf Speсiеs in 18.59, ехpесtеdly it rvas not lоng Ьеfсlrе thе
parallеlism was t.rkеn up and givеn tl firmly еvolr.rtionllry intеrprеtation. This
oссurrеd in сhе rlrаjor w<lrk Сеtlеrеllс Мorphrlktgiе dеr ()r3,lпismеn (1866) Ьy
tlrе Gеrman zсloltlgist Еrnst Hirесkеl. Fаn-rousl}' lrе argiuеd that tlrе dеvеlop-
mеnt of thе inс.l ividual (ontogеnr.) parаllеls thе dеvеltlpmеnt of tlrе raсе or thе
spесiеs (phylogеny). Hе ехprеssеd tЬis in his so-саllеd Ьiogеnеtiс law: ontogеny
rесapitulatеs phvlogеny. This kind of thinking was takеn up with еnthusiаsm
Ьy Ьiologists of thе day, arrd indееd it is rro еxаЕ]gеrаti()n to say that thanks
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hеtеrосегсз l  {uppеr | . l | ' t .
on thе rigЬt (B), from to
I i v i ng  f i sh .  f r om "p r im i t i
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formеr Wеrе stаgеs thro

A п-rattег of somе intсr
fit with rеsресt tO rесap
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гly-rrirrеtееrrth-сеntury Gеrrnart
lhilosсlpbie. Еndorsеd Ь1, poеts
:rs i ikе Friеdriсh Sсhеll iпg, аnd
a saw dееp Ьonds Ьеtwееn dif-
ly undеrlying pattеrns of form.
:еlеtаl forеlimЬs of vеrгеЬrаtеs
wеrе favоritе ехamplеs. Nаtur-
:s and somе of whom wеге not)
Lnсlividual аnd thе dеvеlopmеnt
rowеd progгеss to a Ьеttеr еnd
ioгсе or momеntun1. Thе fullеst
thе Swiss.Amеriсаn iсhthyolo-
хhiЬits a thrееfold parallеl in
ms thе third string: ..Onе may
yo of thе fish during its numеr-
.ary history, ехhiЬit analogous
rе сrеativе thought l ikе a guid-
эеn organizеd llеings'' (Agаssiz

ry idеas, Ьr-rг aftеr tlrе puЬliсa-
tеdly it wаs not long Ьеforе thе
olutionа ry il1tеrprеtаtion' This
. giе dar Оrgаnismеп (1866) Ьу
y hе arguесl that thе dеvеlop_
dеvеlopn-rеnt of thе raсе or the
;allеd Ьiogеnеtiс lаw: ontogеny
was rаkеn up with еnthus iasm
laggеratiоn to say that tlranks

Louis Agаss iz 's  favoг i tе сasс of  rесapi tu lat ion (Gould 1977,67) '  On thе lеf t  (A) '
frtlnr tсlp to Ьottоm, Wе sсс thе dеvеlopmеnt of thе tеlесlst flatfislr Рleиoпесtеs.
rhе tаil starts diphyссrсal (thе vеrtеЬrае go right to thе tip), thеn Ьесomеs
hеtеroсеrсa[ (uppег loЬс laгgеr thеn lowеr), аnd еnds hoпioсеrсal (loЬеs еqual).
on tlrе riglrt (B), frtlm tсlp to L]otto'n' wс havе thе tаils of thе аdults of thrее
living fish, froln ..prin-ritir,е' ' (Iirst to aPpеаr i lr rl-rе fоssil rесord) to ..аdvаnсеd,.
(last to aPpеar in thе fossil гесоrd): Protoptcrus (lrrпgfish) with а diphyсеrсai
tail, sturgеon with a hеtеrtlсеrсаl tаil, аnсl salmon with a hсlmoсеrсal iаil.

рartiсular|y tо thе faсt that pеoplе wеrе mtrсh mrlrе intеrеstеd in trасing lifеЪ
lristory than in ехploring есologiсal and еvolutionary сausal faсtors for сhangе,
muсh сlf thе еvolutionary work rlf thе latе ninеtееntlr сеntury owеd morе to
Haесkеl's Ьiogеnеtiс law thirn it did to Darwin's natural sеlесtitln.

Тhis thinking alsсl sprеad into thе widеr сultural domain. It was' for in-
stаnсе' signifiсant in thеoriеs сlf сhild dеvеlopmеnt, whеrе thе Arnеriсan psy-
сhologist аnd еduсationаlist G. Stanlеy Hirl l aгguеd that сlri ldrеn go through
sеt stagеs сlf dеvеioprтеnt, and ir is pсlintlеss and сountегproduсtivе to tгy to
fсlrсе tlrеrrl l lеyond thеir iеvеI. Suсh idеas, pагtiсu]arly givеn that thеy wеrе
firmly pr<lgrеssi<ltrist, witi l thе Ьеst аt tirе сnd, 

"l,o 
fit niсеly with thеn-

pr:еvаlеnt tlrinkirrg aЬtlut prinritivе and аdvarrсеd сivil izatiorrs and how thе
fornrеr \1rеrе stagеs through ц,lriсh tlrе iattеr hаd now advarrсеd.

A nrаttег of sсltllе illtеrеst аnd сontrol,еrs,v is r,vhеrе prесisеIy Сhаrlеs Dаrwin
fit ц.ith rеspесt to rесарitulаtitln. Не сеrtаirrl1, sаw morе асh.аnсеd orgаnisпrs
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(and hе truly did think thеm mtlrе lrdvanсеd) in sonrе sеnsе rеvеаlirrg tlrеiг ori-
gins through tlrеir еilЬrуolсlgv. Thеrе is sotrrс dеЬlrtе aЬсlut lvЬеtlrеr hе got this
insight frоnr pеoplе dirесtly influеrrсесl Ьу |хJаtur|lhilosophiе, сlr whеthеr hе
was morе inсlinеd to a mсldifiес] vеrsiсll-t duе to thе Еstonian еmЬryologist Karl
Еrnst von Baег. Although Baеr was nеvеr а full еvolutiоnist, hе arguеd that all
organisms (within major gr<lups) ссlmе from (in thе sеnsе ..arе modеlеd on and
rеvеal thеmsеlvеs tlrrсlugh timе frrlr-n.') sorте lrаsiс forrrr Ьut thеn go tlrеir dif-
fеrеnt ways. Неnсе an orgirtl isnr еarly in dеvеlopmеnt wil l shаrе similaritiеs
with thе еmЬrvt>s of ;last and prеsеnt ftlrrns Ьut '"r.ill nсlt nссеssаrill. shtlw simi-
laritiеs with (аs thе Ьiogеnеtiс law сlaims) adult fсlrms of past organisms. (How-
еvеr, it сompliсаtеs mattеrs thаt if past forms did ntlt dеvеlop muсh iгr ontogеny'
thеir adult forms would Ье likе tlrеir еmЬrytlniс fornrs llnd hеnсе likе tlrе еmЬry-
oniс forms of today.) It is pгoЬаЬlе thаt Daгrvitl girtЬеrеd idеas frtlпl аll sidеs, al-
though hе wirs alwаys strongl1'. <lpposеd ttl thе nесеssity of progгеss, thе idеa
that wаs сеntrаl to Nаtиr1lhilosсlpbiе. Ftlr l)aru,in, progrеss Was somеthing
that сamе through thе suссеssеs of sеlесtion. (Riсlrards 1992,200з,2008 ar-
guеs strongly thirt Darwin owеd trruсh to tЬe Nаturphilсlsopbеп' Rusе l 996
disagrееs stгongly, thinking thаt Bаеr \vas thс сhiеГ inflLrеnсе аnd thtrt gеnеrallv
Dаrwin WaS vегy wary сlf Gеrnlan rrrеtaphysiсlrl thinking.)

By thе еnd of thе ninеtееnth сеntury сritiсisnls of thе Ьiogеnеtiс law wеrе
rising. Too oftеrr it was сlеar that it did not hold, and that its еmploymеnt lеd
only to сontradiсtions and сon[r'tsitlns. Inсrеаsingl1., young Ьiologists turnеd
from phylogеny traсing to n1orе prсlfitaЬlе ехpеrit-tlеntal fiеlds l ikе с,vtology
and (latеr) gеnеtiсs. Bу thе tirlс tlf thе еvtliutiorlaГy synthеsis in tlrе l930s, rе-
сapitulation was сomplеtеly disсrсditеd, and tЬis is proЬaЬly а l l lаjor rеаson
why thе synthеsis did not rеаlly inс|udе еmЬryology. It was thought irrеlе-
vant. (Thеrе wеrе othеr rеasonsJ prirnаrily that thе еarly populаtion gеnе-
tiсists found it еasiеst to Ьuilсl п-r<ldеls that ignorеd dеvеlopmеnt :rnd wеnt
srra ight f rom gеt l<lгr 'ре ro phеn()r\ 'ре.)

In thе pаst tlrrее dесadеs thсrе hаs Ьееn an ехplosiсln сlf intегеst in еmЬry-
ology and its сolrnесtions to еvolutiоn. Spurrеd Ьr. findings in mсllесular Ьiol-
ogy, еvolutionary dеvеlopmеnt (()r еvo-dеvo) is now onе of thе hottеst arеas
in thе Darwinian synthеsis. With this' partiсularly thanks to thе urging of thе
latе Stеphеn Jay Gor"rld, has ссlmс rеnеwеd inсеrеst irr thе sorts of tlrirrgs thаt
ехсitеd Hаесkеl аnd rhosе ir-r his tradition. No сlnе has gonе Ьaсk to tЬе old
rесapitulatory idеas-althouglr this doеs not stoP сrеationists from сonsistеnt
misrеprеsеntation of thе situаtior-r with сlaims thаt all еvolutionists аrе firmly
сommittеd to thе biogеnеtiс law-Ьut thеrе is inсrеasеd apprесiation thаt it
is not stupid to sееk parallеls Ьеtrvееn Ontogеny arrd phylogеny.

Thеrе is сеrtairrly sсlmе еvidеnсе ior soп-tе strсh p:rri.rl lеls' Thе ЬaсkЬonе,
сommon to all vеrtеЬratеs, dtlсs 11ppеar rеlativеlv еarly in dеvеlopnlеnt. Сon-
vеrsеly, thе humаn сеrеЬrurn (геsponsiЬlе for n]Ot()r сoordination) аppеars
toward thе еnd of dеvеlopmеnt. ln a l ikе vеin, good еvidеnсе that thе anсеs-
tors of thе whalеs onсе walkеd сlrr land is thе faсt tlrat in whalе dеr,еlopmеnt
thеy show lеg ехtrеrr-ritiеs thаt thеn slrrink into nсlnfttt-tсtion. Tсl a Dаrw,inian
all this is haгdly lnystеrious. Еvtllution is opptlrtr-rnistiс аnd Ьuilс]s on what is

аlrе.rdy thеrе, <lftеrr
rеmovе pегitlс1s of с
arе сostly to thе сlr1
although rесapitulа
issuеs with whiсh it
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alrеady thеrе, oftеn Ьv addiпg on to tl lе еnd. But at timеs sеlесtion is going to

rеmovе pегiods of dеvеlopn-rеnt еntirеly, еspесial11' if thеt, arе not nееdеd and

arе сostly to thе organism (iшst as animals in сavеs losе funсtioning еyеs). So

although rесapitr'rlation in its traditional form rvil l nеvеr геturn, thе sorts оf

issuеs lvitЬ whiсh it dеalt arе onсе again Ьiologiсаlly rеspесtaЬlе'
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Rеnsсh. Bеrnhard ( 1900_1990)

Bеrrrhаrd Rеrrsсh Was onе of thе lеirding cеrnrarr еvolutionary biсllogists of

thе twеntiеth сеntury. His сontriЬutiOns to thе thеoriеs of Ьiogеogrzrphy, spе-

сiation, and mасroеvolution, whiсh hе first synthеsizеd in rеlаtivе isolation

during !Йorld War II' havr: Ьееn rесOglrizеd as tlrе Gеrman еquivalеIrt of thе

Anglo_Amеriсiln modеrn synthеsis. Aftеr thе rvаr Rеnsсlr's ехtеnsivе сontaсts

with lеading еvolutiсlnaгy Ьiologists, suсh as Еrnst Мayr, Thеodosius

DoЬzhansky, Juli;rn Huхlеy, and J. B. S. Haldаnе' сontriЬr.rtеd to tl-rе sprеad

of thе modеrn synthеsis irr Gеrmаny.
Bеrnhard Rеnsсh was Ьсlrn on January 27, |900, in Thalе, Gеrmany. Не

had an еarly intеrеst irr nаturаl history, as wеll as an outstanding aгtistiс tal_

еnt. Attеr Wсlrld War I lrе studiеd Ьiologv, сhеtnistrr., аrrd philtlsophy in
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Наl1е, whеrе hе took his PhD tn 1922 with thе gеnеtiсist Vаlеntin Haесkег,
himsеlf a studеnt of August \rVеismann. His tеасhеr in philosоphy was Thеodor
ZieЬen, who workеd primarily in epistеmology and thе rеlationship Ьеtwееn
physiсs, physiology, and psyсhology. Rеnsсh's intеrеst in еvolution soon lеd
him to thе Musеum of Nаtural History in Bегlin' whеrе hе was put in сhargе
of thе mollusk сollесtions. Нis sесond intеrеst was in ornithology. Hе was in
rhе right plaсе аt thе right timе Ьесausе Bеrlin was onе of thе сеntеrs for or-
nithology during thе 1920s, and Rеnsсh was in сlosе сontaсt with Ьoth Еr-
win Strеsеmann and thе young Еrnst Mayr.

|л 7927, as part of his musеum dr-rtiеs Rеnsсh organizеd a zoologiсal-
anthropologiсal ехpеdition to thе Sunda Islаrnds. His ехpеriеnсеs in thе trop-
iсs ссlnfirmеd his еarliеr idеas aЬout thе distriЬutiorr and еvolution of spесiеs
and сontriЬutеd to his intеrеst in mасroеvolutionary proсеssеs. His first сon-
triЬution Was thе idеa of a Rаssепkrеls (l itеrally a сirсlе of raсеs), a сonсеpt
that unitеs suЬspесiеs аnd сlosеly rеlatеd spесiеs, whiсh gеographiсally rе-
plaсе еaсh othеr, into largеr сomplехеs. Rеlatеd to thе notion of Rаsseпkreis
was Rеnsсh's idеa that gеtlgraphiс raсеs arе thе prесursors сrf nеw spесiеs.
Studying thе distriЬution of spесiеs, Rеnsсh сould сonfirm sеvеral еvolution-
ary rulеs, Suсh as Bеrgmаnn's rulе' сorrеlating latitudе with Ьody sizе in ani-
mals (thе highеr thе latitudе, thе Ьiggеr thе animals), or Сopе's rulе, stating
that l inеagеs tеnd to inсrеasе in sizе ovеr еvoluti<)nary timеs. Initially hе triеd
to еxplain thеsе phеnomеna of parallеl еvolution (е.g.' animals in сoldеr сli-
matеs tеnd to Ье lаrgеr) in nеo-Lamarсkiarr tеrms as сausеd Ьy dirесt influ-
еnсе of thе еnvironmеnt on inhеritеd сharaсtеrs. Howеvеr' hе soon rеalizеd
that all thеsе phеnomеna сan Ье ехplainеd Ьy thе aсtion of mutation, sеlес-
tion, and thе prinсiplеs of dеvеlopmеntal physiolсlgy, suсh as plеiotropiс
gеnе aсtion сlr allomеtry. Rеnsсh dеvеlopеd his own vеrsion of an еvolution-
ary synthеsis at thе еnd of 

.World 
lVar II. His Ьoоk Nеuеre Prсlblеmе der Аb-

stаmmuпgslеhrе was puЬlisЬеd in 1947 and was translatеd into Еnglish as
Еuсllutiсlп аbouе thе Spесies l-еuеl in 1959. Whеn it wаs possiЬlе for Rеnsсh
to gеt aссеss to thе Anglo-Amегiсan litеraturе on еvolution, thе so-сallеd
modеrn synthеsis' hе and еvеryЬody еlsе was struсk Ьy thе kind of intеllес-
tual parallеlism Ьеtwееn thеsе two synthеsеs' and today Rеnsсh is always in-
сludеd as onе of thе foundеrs of thе mсrdеrn synthеsis.

Latеr in his сarееr Rеnsсh dеvеlopеd his own systеm of natural philosophy,
whiсh was an outgrowth of his l ifеlong work in еvolutionary Ьiology. His thе-
ory had two mаin aspесts' a thеory of univеrsal dеtеrminism that inсludеd
psyсhologiсal, сognitivе' and soсial phеnomеna, and his thеory of panpsyсhiс
idеntism (Idеntismus). Thе lattеr aimеd to ехplain thе rеlationship Ьеtwееn
mind and mattеr as thе rеSult of dеvеlopmеntal and еvolutionary Proсеssеs'
whiсh for Rеnsсh ехplainеd all aspесts of human and animal еxistеnсе.
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RoЬеrtson, Alan (\920_Т989)

Alan RoЬеrtson Was Ьorn on FеЬrrrary 21,7920, in Prеston, Еngland' and
diеd in ЕdinЬurgh on April 25 , |989 . His еarly еduсation wаs at tlrе Livеrpool
Institutе, followеd Ьy a BA in сhеmistry in 1941 from Gonvillе and Caius Col-
lеgе, Сarnbridgе Univеrsity. RoЬегtson's postgraduatе геsеarсh irr phуsiсal
сhеmistry at CamЬridgе rеsultеd in sеvеrаl puЬliсations, Ьut hе did not сom-
plеtе his PhD Ьесausе of thе outbrеak of \Х/orld .War 

II. During thе war hе
workеd in opеrational rеsеarсlr with С. H. IХ/аddington. Hе suЬsеquеrrtly

1oinеd.lt/addington in thе Agriсultural Rеsеarсh Сounсil Animal Bгееding and
Gеnеtiсs Rеsеarсlr С)rganization (ABGRO) (suЬsеquеntly thе ARC Unit of
Animal Gеnеtiсs) in Еdirrburgh, whеrе lrе rеmairrеd for thе rеst of his сarееr.
Hе rесеivеd a DSс from thе Univеrsity of ЕdinЬurgh in 19.51 for his work on
animal gеnеtiсs and was irppointеd an honoгarу profеssor tn |967.

RoЬегtson's sеminal rеsеarсh сontriЬutions Wеrе in thrее major arеas: thе-
orеtiсal аnd appliеd animal Ьrеес1ing; thе gеnеtiсs of quantitativе traits; and
populаtiorr genеtiсs аnd еvolution (Нitt and Maсkаy 1989). RoЬеrtson dеmon-
stratеd thе thеoгеtiсal Ьеnеfits of prоgеny tеstir-rg in dairy сattlе Ьrееding
(RoЬеrtson аnd Rеndеl 1950) and suggеstеd using thе сontеmporary.
сomparison nlеthod of progеny tеsting to implеrnеnt it on a national lеvеl'
His thеorеtiсal work ехp1оrеd thе еffесt of population struсturе on limits to
sеlесtion геsponsе (RoЬеrtson 1960)' as wеll as optimal ехpеrimеntal dеsigns
for еstiпrating quantitarivе gеnеriс parаlr1еtеrs' inсluding сoгrеlatеd rеsPOпsеs
tо artif iсial sеlесtion. RoЬеrtson also usеd Drosopbilа as а modеl systеm to
еvаluatе tl iе vаlidity of е-хisting quiпtitаtivе gеnеtiс thеory, to dеtеrn-rinе how
thе thеory nееdеd to Ье еxtеndеd to сopе with disсrеpanсiеs Ьеtwееn oЬ-
sеrvеd and prеdiсtеd rеsults, and to invеstigatе thе naturе of quantitativе gе-
nеtiс variation. Не аnd his с<ll iеagr-rеs showеd tlri lr thеory prеdiсtеd
short-tеrm rеsponsеs to artif iсial sеlесtion quitе wеll (Сlayton еt al. 1957Ь),
Ьut that long-tегп.l rеsponsеs (Clayton аnсl RoЬеrtson |957) and rеsponsеs iIr
соrrеlаtеd trairs (Сlayton еt al. 1957a) werе dilIiсult to prеdiсt on thе Ьasis of
paramеtеrs еstimatеd from thе Ьasе population. Hе showеd that thе lattеr
pгediсtions rеquirе knowlеdgе of thе frеquеnсiеs аrrd distriЬutions of еffесts
of sеgrеgating allеlеs thаt affесt quantitativе trаits' inсluding еffесts on rе-
produсtivе fitnеss; as wеll as knowlеdgе about ratеs and еffесts of nеw spon-
tаnеolls l11utations that аffесt qLrarrtitativе tгаits. Thе thеor1. lеd to orrе of thе
f i rsr  еxpеr imеnts to еst imatе sponгanеt lus mutJt iоn гаtеs for  quаnt i tar ivе
traits and many ехpеrimеnts to еstimatе thе strеngth of natural sеlесtion aсt-
ing on qЦantitativе tгаits. RoЬеrtson Wils сonvinсеd that futurе pгogrеss in
quantitativе gеnеtiсs dеpеndеd on idеntifying thе gеnеtiс loсi rеsponsiЬlе for
thе oЬsеrvеd variation. Не and his сollеaguеs Wеrе геsponsiЬlе for onе of tlrе
first studiеs to idеntify quantitativе trait loсi (QTt,s) Ьy assoсiation with
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mоlесular markеrs in outЬrеd pсlpulations and for a largе-sсalе еffoгt to
idеntify QTt,s in Drosophilа using a сomЬination of artif iсial sеlесtion, in.
trogrеssion, and progеny tеsting (Shгimpton and RoЬеrtson 1988). In this rе-
gаrd RoЬеrtson is truly thе fathеr of r-ntldеrn molесulirг qullntitаtivе gеnеtiсs.
His many :rссomplishrnеnts Wеrе honoгеd Ьy zrpрoinсmеnr to thе Ordеr of
thе British Еmpirе in 1965; еlесtion as a fеllow of thе Royal Soсiеty of
London in 1966 and оf ЕdinЬurgh in 1964; and еlесtion as a forеign assoсi.
atе of thе National Aсadеmy of Sсiеnсеs of thе Unitеd Statеs of Amеriсa in
1979, a forеign lrоnorary mеmЬег of thе Gеnеtiсs Soсiеty of Japan, and a
trrеmЬеr of thе Sparrish Rеal Aсadеmia dе Сiеnсiаs Vеtегinаriаs.
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Romеr, Alfrеd Shеrwood (|s94_L973)

Alfrеd Shеrwood Romеr Was an Amеriсan vеrtеЬratе palеontologist and an
еxpеrt on еarly rеptilеs. Hе produсеd sеvеral highly suссеssful tеxtЬooks
агld sеrvеd as dirесtor of Hаrvard's Мusеum of Сorrrparativе Zoolog,v
(7946-196r ) .

Romеr was Ьorn in Nеw Еrrgland, and this сulturе dеfinеd his idеntity.
Aftеr a diffiсult сhildhood Romеr еntеrеd Amhеrst Univеrsity in 1914, study-
ing Gеrman litеraturе and history. During thе Grеat 

.!Var 
hе voluntееrеd for

thе Amеriсan Fiеld Sеrviсе and sеrvеd in thе U.S. Air Sеrviсе in Еuropе Ье.
forе rеturning to thе Unitеd Statеs in 1979.He еntегеd СolumЬia Univеrsity
to study vеrtеbratе palеorrtol<lgy аnd еarnеd his doсtorаtе for work on thе
еvolution of loсomotion in rеptilеs. Aftеrward hе taught zoology at Bеllеvuе
Меdiсal Сollеgе. |n 192З Romеr movеd to thе Univеrsity of Сhiсago ro suс-
сееd Samuеl Will iston as profеssor of vеrtеЬrаtе palеontology.
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In Сhiсago Rсlmеr сontinuеd his intеrеst in еarly (Pеrmian) rеptilеs and
amphiЬians, wrlrking сlosеly with his prеparator' Pаul Mil lеr, and making
еxtеnsivе сoliесtions of tЬе Pеrmian ..rеd Ьеds'' in Tехils. In Chiсago Romеr
also w,rotе gеnеrаl tеХtЬooks tlrat ехpеrtl1, summarizеd his fiеld. }Jis Мап
апd thе Vеrtеbrаtеs (19ЗЗa) prеsеntеd сomparаtivе vеrtеЬratе аnatomy and
еvсllutiсln to gеllеral audiеnсеs. It also inсludеd Ьriеf hints of his soсial phi-
losophy. For spесialists, Vеrtеbrаte Pаlеtпtoloеy (1933Ь, with lаtег еditions
in l94.5 and 19$(1) с<rvеrеd tЬе samе sсiеr-rtif iс ground, omitтing thе soсial
сolnmеntary. Both Ьесamе standard tехtЬсloks in urrivеrsitiеs.

In Сhiсago palеontology was сonsidеrеd а gеologiсаl sсiеnсе. Romеr сon-
sidеrеd hirnsеlf a Ьiologist. Bу 19З4 hе found himsеlf frustratеd with сriti-
сism of his approасh; hе thеn lеft Сhiсago for a profеssorship at Harvard
Univегsity arrсl thе Мusеttп-t сlf Сompzrrаtivе Zсlology (I' '4СZ)' Hе flourishеd
in this nеw sеtting. During lris dirесtorslrip of the МСZ Romеr strugglеd to
mr>сlеrnizе. Hе sought Ьеttеr funding, triеd to rеvivе thе program of сollесt-
ing, гrnd rесгuitеr.] to improvе thе сaliЬrе of thе musеtrn-r's staff and sttrdеnts.
By his rеtirеmеnt in 196I tlrе MСZ lrаd rесtlvеrеd its first-сlаss rеputation.
Aftеrward Rсlmеr rеturnеd to rеsеarсh and ехploгation. His dеath in
NtlvеmЬеr 197З was unехpесtеd and саmе during his most aсtivе rеsеarсh
pеriod. Nеarly hаlf his ЬiЬliogгаphy wаs ptrЬlishеd aftег his 65th Ьirthday.

R<lmеr's rvifе, Ruth HiЬЬаrd Romеr' wаs сеntral tсl his сarееr. Thеy пrar-
riеd in \924 aлd raisеd thrее сhildrеn. Ruth aссonlpaniеd hеr husЬand on
his ехpеditions, not only сollесting at his sidе Ьut also administеring his rе.
sеarсh and stlсiаl l ifе. Не геliеd hеavilу on hеr for r-rraintaining lris hесtiс
sсhеdulе.

Two thеmеs flowеd tlrrough Romеr's rеsеarсh. onе was сompаrаtivе
anatomy' еspесially thе funсtional impliсatiсlns of сhаnging struсtuге. Romеr
str-Idiеd ехtinсt irnimals as a Ьiologist studiеs l iving organisms. For instanсе,
hе tгiеd t() rесol-lstгLlсt сhangirrg pаttеrns of musсlеs аs thе vеrtеЬrirtе skеlе_
ton еvolvеd. Hе аlso was intеrеstеd irr thе еvolutitlrrагy history of сarti lagе,
bоnе, and thе nеrvсlus systеm. A sесond thеmе сonсеrnеd major transitions
in еvolutiсlnary history: fish to аmphiЬiarrs, aпrphiЬians to rеptilеs, and rеp-
ti lеs ttl mammals. Romеr rvаs lt сonfirmесl rrеo-Darwiniаn; howеvеr, hе prе.
fеrrеd to stuсlу pattеrns сlf еvtl lutionarl ' сhаlrgе rathег than to tlrесlгizе aЬout
еvolutionary proсеssеs. Hе dеfеndеd this inсrеasingl1,сonsеrvativе approaсh
within his disсi;l l inе Ьy irrguing that thеoriеs rеgardirrg еvolutionary mесha-
nisnls wеrе Woгthlеss withor.lt basiс struсturаl knowlеdgе of thе foгtns сon-
сеrnеd. Dеsр-litе a disintеrеst in thеorу gеnеrаlly, Rotnеr Was Onе of thе first
vеrtеЬгatе palеontсll<lgists t<l dеfеnd thе idеa of driftirrg сontinеnts.

Romеr wtlrkеd hаrd to inсrеаsе tlrе orgzrnizati<lrr аnd prеstigе of his l iеld
witЬin Ьoth Ьit>ltlgv and gеology. For ехirmplе, in l940 lrе hеlpеd organizе
thе Soсiеty <lf VеrtеЬratе Pаrlе<lrltol<lg1'. Irr this sсlсiеty Romеr dеrrrandеd in-
formality and еqtri l l ity. Hе in-rposеd his <lwn sеt of ..Quakеr rulеs' ' on thе so-
сiеty, allowinЕ] an opp()rtunity for all ц,hсl attеrrdеd its mееtings to disсuss
anr, suЬiесt tl lеr' rvislrесl.
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Sсhmalhausеtl' Ivan Ivanoviсh (1884-|963)

Ivаn Ivanoviсh Sсhmalhausеn Was onе of thе lеading Russian еvolutionlrry
biologists of thе twеntiеth сеntury. Trainеd ilr thе tradition of еvolutionaгy
moгplrology undег his mеntor Alехеj Sеvеrtzov (1866-19З6), Sсhmalhаusеn
latеr dеvеlopеd his own vеrsion of еvtllutiorrагy thеory tlrlrt rrrеrgеd mсlrpho_
logiсal and еmЬryсllogiсal сorrсеpts with sеleсtionist idеas arrd gеnеtiсs. Spесif_
iсally, hе introduсеd thе idеa of staЬil izing sеleсtion to aссount for thе rеlаtivе
сonstanсy of phеnotypiс forms aсross a rangе of diffеrеnt еnvironmеntal
сorrditions. StaЬil izing sеlесtion, as dеfinеd Ьy Sсhmalhаusеlr, lеads to сanаl-
ization of plrеnotypеs as i l сonsеquеnсе oi dеvеlopnrеrrtirl rеgulation that
Ьцffеrs organisпrs from ехtегnаl аnd intеrn:rl disturЬanсеs, thus minimizing
the phеnotypiс еffесts of gеnеtiс and еnvironmеntal variation. Today Sсhmal-
hausеn's idеas аге sti l l widеly disсussеd, and thеir historiсal signifiсаnсе as
part of a Russian еqr.l ivalеnt of tlrе Anglo-Amегiсan modеrn synthеsis is also
irrсrеasingly rесognizеd.

Ivan Sсhmailrausеn was Ьсlгn in Kiеv (Ukгainе, thеn part of Russia) in
1884 into a family of Gеrmаn immigrants to Russia. His fathеr, Ivan Fе-
doгtlviсh SсhmаlЬausеn' Was a profеssor of Ьotany in Kiеv аnd onе of thе
fourrdегs of Russiаrr pаlеoЬorаny. Alrеady dшring lris sсhool уеi1rs Ivan wаs fo-
сusing mostly On thе sсiеnсеs' an еmphasis hе сontinuеd from 1901 onw.rrd аt
tlrе Univеrsity of Kiеv, studying еvolutionаry morphology undеr thе zoologist
AIехеj  Sеvеrtzov.  Sсhmalhаusеrr  gоt h is  f i гsr  аppс l intmеnt as аn ass istаnt ro
Sеvеrtzov whеn thе lattеr movеd to Мosсow, whеrе hе wаs otfеrеd thе сhаir irr
сompаrativе :ltlatomy. In I9I4, whilе rеsеilгсhing lris PhD tlrеsis, Sсl-rпiаl_
hirusеn wсlrkеd Ьriеflу at thе Stаzionе Zoologiсa di Napoli, whеrе hе lеarnеd
аdditional ехpеrimеntal tесhniquеs that would furthеr ехpand his morphol<lg-
iсirl studiеs. Aftег thе turmoil of \7orld IWar I and thе Russian Rеvolution
Sсlrпlalhausеn Ьriеfly hеld thе сhirir in zoology аnd сomparativе anatomу in
Voгonеzh Ьеfсlrе hе rеturrrеd to Kiеv as prсlfеssсlr of zoology in1^927.|n |9З6
hе was invitеd to Ьесomе thе сhаir of thе dеp:rгtmеnt of Darwinism at Мosсow
Univеrsity аnd to hеad thе Мosсow Institutе of Еvolutionary Morphology,
fotrndеd Ьy his tеaсhеr Sеvеrtzov. Dеspitе his prominеnt position-hе was
awardеd thе ordеr of thе Rеd Brrnnеr in 194.5-Sсhmаlhausеrr Ьесamе a tar.
gеt Of thе politiсally motivatеd сampaign for nеo-Lanrzrrсkism hеadеd by
Trofim Lysеnkсl' Likе many othеr gеnеtiсists and еvоlutiоnary Ьiologists,
Sсhmalhausеn lost his positions аnd opporturritiеs for rеsеarсh. Aftеr Stаlin's

!з.]7
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dеаrrh in 1953 hе lvas graduаlly rеhaЬil itatеd, аnс] in 1955 hе Ьесan-rе thе
lrеаd of thе епrЬrytrlogy laЬoratory at thе Zoologiсal Institutе in Lеningrad'
whеrе hе workеd t>n his nrajtlr r-nonograph on tlrе origin of tеrrеstriаl vеrtе-
Ьratеs, as wеll as sеvеrаl othеr projесts, еspесially thе inсorporation ofсyЬеr-
nеtiс idеas into еvolutionary thеory. Sсhrnаlhаusеn Was also onе of thе
rесipiеnts of thе D:rrwin Mеdal of tlrе I-еopoldinа iri Hallе, onе of thе oldеst
асzrdеnriеs irr Еuгo1-lе. Hе was h<lnorеd in 19.59, for.rr yеars Ьеfсlге lris dеath
i n  1 9 6 З .

Sсhmalhausеn's thеoгiеs strеss tl lе organism as tlrе foсаl unit of еvolution.
Thеy inсorporatе еlеmеnts of еvolutitlnary morphology, suсh as a сonсеrn for
thе intеgration of thе organism as а wholе, tlrе rеlаtionship Ьеtwееn ontogе-
nеtiс and phylogеrrеtiс pattеrns аnd proсеssеs, and аn еmphasis On thе сorrе-
lations Ьеtrп.ееll сJiffеrеnt struсttlгеs аnd ontogеnеtiс stagеs. Bесausе сlf his
intеrеst in quеstiсl l-ls of ontogеny аnd phylogеny Sсhmalhausеn is oftеn sееn as
a forеrunnеr of prеsеnt-day еvolutionary dеvеlopmеntal Ьiology (еvo-dеvo).
Sсhmalhаusеn was also influеnсеd Ьy thе Russian traditions of Ьiogеography
and Ьiogеoсhеmistry. This influеrrсе is rеflесtеd in his usе of thе tеrrrr Ьio-
gеoсеtttlsis, rathеr rhzrn есosvstеm' z1s thе еlеmеntаry struсttlral unit of thе
biosphеrе. Hе prеfЪrrеd this tегп-r Ьесаusе it еmphasizеs thе intеgr:rtion of gе-
ographiс, gеologiсal' сhеmiсal, arrd Ьiotiс faсtors and thеir intеraсtions. It is
within this сonсеptual framеwork of Ьiogеoсеnosis аnd dеvеlopmеntal еvolu-
ti<rn thаt Sсhmalhausеn dеvеlopеd lris most famous idеa, staЬil izing sеlесtion.
Sсhr-rrаlhausеn distingLrishеd Ьеtwееrr dynanriс аnd staЬil izing sеlесtiorr. Thе
formеr iеads to сOntinuous adapti.rtions to еvеr-сlranging еnvirorrmеntal (or
Ьiogеoсеnotiс) сonditions, whilе thе lаttег maintains сomplеx adaptations Ьy
сanalizing thе dеvеlopmеntal and physiоlogiсal prсlсеssеs of organisms. Thе
problеm that Sсhmalhausеn аddrеssеd with this distinсtion is thе following: if
ol1е assumеs thаt natural sеlесtion lvil l оnly aсt On ехisting variаtion within
populations аnd that tlrеsе populаtitlrrs l ivе iп аn еvеr-сlranging еnvirotrtrrеnt,
thеn it is diffiсtrlt ttl undеrstand lrrlw сomplех adaptatiсlns сould еrrrегgе in thе
first plaсе or Ье nririntainеd thеrеaftеr in light of сotlstantly shifting fitnеss val-
uеs of аny givеn variаnt. Howеvеr' if onе assumеs that natural sеleсtion also
aсts on thе dеvеlopmеntаl and plrl,siologiсal systепls of an organisnr, thosе
systеnls that саusе thе intеЕ]ratiсlп сlГ thе organism :rs a wholе, thеn onе сan
sее how thеге ш,otrld Ье a sеlесtivс- advantagе to thosе variants of thеsе sys-
tеms that Ьеttеr shiеld thе organisnl from ехtеrnа| and intеrnal disturЬanсеs.
Thе intеgrity and autonomy of thе organism wiil thus Ье maintainеd in thе
fасе of еnvironmеrrtal I]uсtuаtions' As a сonsеqrrеnсе of this form of staЬil iz-
ing sеlесtion, thеsе dеvеlopmеntal systеms will Ьессlrnе morе сanalizеd, thаt
is, tnorе сlosеlу intеgratеd, whiсh in ruгrr wil l сonstrain rhе futurе еxprеssions
of phеnotypiс v;rriаtion. As a rеsult of staЬil izing sеlесtion wе thus sее an ap-
pаrеnt dirесtionality in thе pattеlns of phylogеny. Нowеvеr, Ьесausе thеsе
pattеrns arе thе rеsult of sеlесtion, no additional еvolutionary faсtors, suсh as
dirесtеd еvolution, :rrе nееdеd.

Sсhrnalhausеn's сoI-lсеpt of staЬil izing sеlесtion еmphasizеs thе importzrnсе
of rеgulator), proсеssеs in dеvеltlpпrеnt' as wеll as u'ithin Ьiogеoсеnosis. It is
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ехaсtly this еmphasis on rеgulatory proсеssеs thаt сonnесts Sсhmаihausеn to

prеsеnt-day еvolutionary dеvеlopmеntal Ьiology and thе сonсеpt of rеgulа-

tory еvolution.
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Sсienсe аs а Procеss (David Hull)

David Hull, еmеritus profеssor at Northwеstеrn Univеrsity, is onе of thе ma-
jor philosophеrs of Ьiology writing today. Hе еstaЬlishеd wholе arеas of in-
quiry through his sеvеral influеntial Ьooks and many artiсlеs. F{is Dаrtuiп
апd His Сritiсs (\973) aпd Philosrlphу nf Biologiсаl Sсieпсе (1'974) foсusеd

attеntion on suсh quеstions as thе naturе of spесiеs, thе units of sеlесtion,
and thе сharaсtеr of ехplanation in Ьiologiсal sсiеnсе, еspесially еvolutionary
sсiеnсе. Hе arguеd tirеlеssly for thе сonсеption of spесiеs as individuals, an
idеa that made it possiЬlе to think of sеlесtion at multiplе lеvеls, from gеnеs

through organisms' dеmеs, and speсiеs. Hе introduсеd in a сlеar way thе dis-
tinсtion Ьеtwееn repliсаtors and iпterасtrlzs in sеlесtion thеory: rеpliсators
(е.g., gеnеs) prеsеrvе struсturе through rеproduсtion, whilе intеraсtors (е.g.,

organisms) arе diffеrеntially affесtеd Ьy thеir еnvironmеnts and sеrvе as vе-
hiсlеs for rеpliсators. Hull Ьrought to his сonsidеrations not only thе intеllес-
tual aсumеn of a rеmarkaЬlе philosophеr Ьut thе sеnsitivitiеs of а biologist
with dееp еxpеriеnсе, еspесially in systеmatiсs.

Hull 's major philosophiсal work, Sсiепсe аs а Proсess: Ап Еuolutioпаrу
Асcollпt of thе Soсiаl аnd Сoпceptuаl Dеuеlopmеli сlf Sсiепсе (1988)' laid
thе grоund for a suссеssful middlе way bеtwееn Ьittеrly opposеd philosophi-
сal сamps. On thе onе sidе Wеrе thе soсial сonstruсtionists' who suggеstеd
that sсiеntifiс idеas had no purсhasе оn an indеpеndеnt naturе Ьut mеrеly rе-
flесtеd soсial powеr in thе сommunitiеs whеrе thеy wеrе produсеd; on thе
othеr sidе wеrе thе logiсal еmpiriсists, who assumеd that thе wеll-honеd
tесhniquеs of logiсal artiсulаtion and еmpiriсal invеstigation dеlivеrеd rеli-

aЬlе, knowlеdgе aЬout thе struсturе of naturе. |n Sciепсe аs а Prсlсess Fl:ul'|
attеmptеd to сatсh sсiеntists at work, whеn thеir soсial positions, institu-
tional affi l iations' and pеrsonal antagonisms gavе shapе to thе idеas thеy
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advanсеd through thе usuаl instrunrеntalit iеs of sсiеnсе. Hull did not douЬt
that knowlеdgе of thе wtlrld wаs aсhiеvaЬlе, Ьut lrе was сannily awarе of thе
еvolution of that knowlеdgе against a variеgatеd еnvironmеnt of soсial rela-
tionships аnd naturirl dеtеrrrrinatеs.

,Sсiепcе аs а Proсess is a thrее-story Ьook. on thе grouпd floor l iеs a talе
of сontеst Ьеtwееn distinсt approaсhеs to systеmatiсs that dеvеlopеd from
thе 1960s through thе 1980s.  Dur ing th is  pеr iod tradi t ionаl lу  Daгwin ian еf-
forts to сOnstruсt phylogеnеtiс l inеаgеs-Haесkеlian trееs trimmеd of un-
w:lrrantеd mеtaphysiсal assumptiсlns-Wеrе сhallеngеd Ьoth Ьy thе nеw
numеriсal tаxonоnrists, or phеnеtiсists, as thеy Ьесan-re knowt-l, and Ьy thе ri-
val group of сIadistiс phylogеnеtiсists. Thе numеriсal taХOnomists, who dе.
vеlоpеd thеir idеas initially at thе Urrivеrsity of Kansas, maintаinеd th:rt traits
of organisms should Ье givеn еqual weight and numеriсally assеssеd through
artfully dеsignеd сomputеr algorithms. Сlustеrs of similаrity would Ье thе
modе of groLrping orgarrisms togеthеr into tаxonomiс сatеgoriеs. Thе сladists,
who gathеrеd at thе Amеriсan Musеum of Natuгаl History in Nеw York,
wеrе inspirеd Ьy thе idеas of an oЬsсurе Еast Gеrmаn еntomologist, !7il l i
Hеrrnig. Thеy соntеrrded th:rt phylogеnеtiс rеlatiоnships (of a vеrv trurrсatеd
sort) сould Ье еstaЬlishеd Ьy arranging org:-rnisms into diсhсltomous taхa on
thе Ьasis of sharеd sеts of traits dеrivеd fтom a сommon anсеstor. This modе
of аnalysis w<luld produсe nеstеd sistеr-group pairings tlrat сould Ье dе-
piсtеd in сladograrтs' a now-сommon graphiс dеviсе. Nеithеr thе tесhniquе
of phеnograms (diagrams showing physiсal сlr morphologiсirl rеsеmЬlanсе)
nor that of сladogгаms rеpгеsеntеd thе dеvеlopmеntal histoгy of spесiеs, and
thеy wеrе, for that rеason' rеgardеd as dеfiсiеnt Ьy thе morе trаditional
еvolutionarv systеm:rtists, suсh as G. G. Siпrpson аnd Еrnst Маyr. T-lrе phе-
nеtiсists аnd сladists rеturnеd thе сomplimеnt Ьy сharging traditional sys-
tеmatists with hypеrЬoliс spесulation. Hull himsеlf admittеd his prеfеrenсе
for сonsidеrаtions rhat inсlшdеd а сausаl aсс()unt of proposеd systеmаtiс fеla-
tionships.

Тhе sес<lnd storl ' of Hull 's Ьook сonsists of a history of thе gеnеral for.
tunеs of еvolutionary thеory thгough thе pеriod during whiсh thе systеmа-
tists сonduсtеd their Ьattlеs. In this history Hull portrayеd thе main fеaturеs
of еvolutiorrаry thollght whеn individtrals suсh as Riсlrаrd Lеwontin, Stеphеn

J:ry Gould, Riсhаrd Dawkins, and Еdward o. Wilson Ьеgаrn rеshаrping thе
сontours of Darwinian thеory.

In additiorr to his philosophiсаl асtivitiеs' Hull sеrvеd as an еditor of thе
journal Sуstеmаtic Zoologу, in thе pagеs of whiсh Ьattlеs Ьеtwееn thе war-
ring faсtiorrs of systеmatists took plaсе. This allowеd him to follow thе strug-
glеs dееp into thе trеnсhеs of sсiеntifiс aсtivity, for ехarrrplе, iп tlrе геfеrееing
of sсiеntifiс artiсlеs. on thе Ьasis оf this kind of ехpеriеnсе, hе сonstruсtеd a
third story to Sсieпсе cls с1 Proсеss in whiсh lrе proposеd an еvolutionary thе-
oгy of thе dеvеlopmеnt of sсiеntifiс idеas. It was a powеrful tramеwork thаt
еmpioyеd thе traditional Dаrwinian mесhanisms of сoopеration and сompеt-
itivе strugglе tсl ехplаin thе dеvеlopnrеnt not of spесiеs Ьut сlf knowlеdgе. Hе
also appliеd to rеvеlatory еffесt his own nеologisms of intеrасtors (е'g., arti-
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сlеs, Ьooks, lесturеs, and Ьrains of sсiеntists) and rеpliсators (е.g., idеas' thе-
oriеs, proЬlеms, and approaсhеs) to givе a сompеll ing aссount of rеal ad-
vanсеs in thе sсiеnсеs. In offеring his thеory of sсiеntifiс growth' Hull Ьесamе
onе of thе lеadеrs of thе nеw group of еvolutionary еpistеmologists.
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Sсiеntifiс сrеationism

Thе tеrm scieпtifiс crесltio?Iism, аnd its synonym' сrеаtioп sciепсе, first сamе
into usе in thе еarly 1970s, whеn advoсatеs of what had Ьееn сallеd flood
gеology sanitizеd thеiг BiЬlе-Ьasеd viеws to gеt thеm into Amеriсаn сlass-
rooms. |n 1970 a сrеationist group in southеrn Саlifornia formеd thе Сrеation-
Sсiеnсе Rеsеarсh Сеntеr (сSRс). That fall Hеnry M. Morris, who hаd givеn
up an еnginееring profеssorship at Virginia Tесh to join thе сеntеr' offеrеd a
сoursе titlеd Sсiеntifiс Сrеationism. By thе spring of 1972 Мorris and othеr
сrеationist lеadеrs wеrе urging followеrs to adopt ..sсiеntifiс сrеationism'' as
thе laЬеl of сhoiсе for thеir antiеvolutionary agеnda. That yеar Morris split
with сollеaguеs at thе сsRС and sеt up thе Institutе for Сrеation Rеsеarсh,
whiсh Ьесamе thе huЬ of sсiеntifiс сrеationism.

A 1981 Arkansas law that mandatеd ..Ьalanсеd trеatmеnt' ' in tеaсhing сrе.
аtiсln and еvolution dеfinеd сrеation sсiеnсе as ..(1) Suddеn сrеation of thе
univеrsе, еnеrgy' and lifе frоm nothing; (2) Thе insuffiсiеnсy of mutation and
nаtural sеlесtion in Ьгinging aЬout dеvеlopmеnt of all l iving kinds from a srn-
glе organism; (3) Changеs only within fiхеd limits of originally сrеatеd kinds
of plants аnd animals; (4) Sеparatе anсеstгy for man and apеs; (5) Ехplana-
tion of thе еarth's gеology Ьy сatastrophism, inсluding thе oссurrеnсе of a
worldwidе flood; and (6) A rеlativеly rесеnt inсеption of thе еarth and living
kinds'' (Aсt 590 of 1981, Gеnеral AssеmЬly, State of Arkansas, sесtion 4).
!7hat most distinguishеd сrеation sсiеnсе fгom othеr altеrnativеs to еvolu-
tion was thе fifth artiсlе' еspousing сatastrophism. Sсiеntifiс сrеationists
idеntifiеd Noah's flood аs ..thе rеal сrux of thе сonfliсt Ьеtwееn thе еvolu-
tionist and сrеationist сosmologiеs' ' (Мorris et a|. 1974,252|.

During thе first half of thе twеntiеth сеntury Сhristian fundamеntalists
had split ovеr thrее intеrprеtаtions of Gеnеsis 1: thе gаp theorу, whiсh hеld
that thе first сhaptеr of Gеnеsis dеsсriЬеd two сrеations, thе first .. in thе Ье-
ginning,'' at somе unspесifiеd timе in thе distant past, and thе sесond aЬout
6,000 yеars ago, whеn God сrеatеd Adam and Еvе in thе Gardеn of Еdеn; thе
dау-аge theorу, whiсh еquatеd thе ..days'' of Gеnеsis 1 with vast gеologiсal
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agеs; and the flood-gеologу tbeorу, whiсh allowеd for no lifе on еarth Ьеforе
thе Еdеniс сrеаtion and аssignеd most of thе fossil.Ьеaring roсks to thе сata-
strophiс work of thе ЬiЬliсal Dеlugе. Until thе 1960s thе vast majority of
Сhristiаn antiеvolutionists who lеft a rесord of thеir viеws on Gеnеsis еm-
Ьraсеd еithеr thе gap or day-agе sсhеmеs, whiсh pеrmittеd thе aссеptanсе of
thе fossil еvidеnсе for an old еarth. Thе young-еarth flood gеologists' in сon.
trast' сomprеssеd virtually thе еntirе gеologiсal сolumn intсl thе yеar of thе
Flood.

F.lоod gеology was thе invеntion сrf Gеorgе MсСrеady Priсе (1870-|96З),
a sсiеntifiсally sеlf-taught Sеvеnth-day Advеntist tеaсhеr from еastеrn Сanada
(sее figurе). As an Advеntist Priсе aссеptеd thе authority of thе prophеtеss
Еllеn G. lff/hitе, who during onе of hеr tranсеlikе visions сlaimеd to havе wit-
nеssеd thе Сrеation, whiсh сlссurrеd in a l itеral wееk. Shе also taught that
Noah's flood had sсulptеd thе surfaсе of thе еarth, Ьurying thе plants and an-
imals found in thе fossil rесord, and that thе Сhristian SаЬЬath should Ье сеl.
еЬratеd on Saturday rathеr than Sunday' as a mеmorial of a siх-day сrеation.
Shortly aftеr thе turn of thе сеntury Рriсе dеdiсatеd his lifе to a sсiеntifiс dе-
fеnsе of lfhitе's vеrsion of еarth history, duЬЬеd thе ..sсiеnсе of сrеationism''
Ьy onе of Priсе's disсiplеs (Harold Сlark in Bасk to Сreаtiсlпism, 1929,
12-6_1з9). Although Priсе was widеly laudеd in antiеvolutionist сirсlеs, fеw
non-Advеntist сrеationists Ьеforе midсеntury adoptеd his pесuliar intеrprеta-
t i on  o f  Gеnеs i s  1 .

For flood gеologists, thе sizе of Noah's ark Ьесаmе a major сonсеrn. Givеn
its l imitеd сapaсity' it сould not havе housеd rеprеsеntativеs of all thе аnimаl
spесiеs that zoologists had idеntifiеd. Thus in oгdеr to avoid making thе ark
..morе сrowdеd than a sardinе сan,' ' f lood gеologists typiсally pullеd Ьaсk
frоm dеfеnding thе spесial сrеation of spесiеs to insisting on thе divinе origin
of thе Еdеniс kiпds (|etter fronr D. J. \Х/hitnеy to B. С. Nеlson, Junе 18, 1928,
in Nеlson Papеrs, propеrty of Paul Nеlson, quoted in NumЬеrs 2006, I27).
Thе nееd to havе spесiеs еvolvе rapidly from thе kinds savеd on thе ark
(whiсh сamе to Ье known as miсroеvolution) pushеd thе young-еarth сrе-
ationists to grasp ..еvеry Ьit of mсldifiсаtiotr dиriпg desсепt that сan rеason-
ably bе assеrtеd'' (lеttеr from D. J. Whitnеy to B. С. Nеlson' Junе З, 1928, in
Nеlson Papеrs, propеrty of Paul Nеlson, quotеd in NumЬеrs 2006, |27).

Thе popularity of flood gеolсlgy rosе dramatiсally with thе puЬliсation in
1967 of Tbе Geпesis Flood Ьу Мorris and John С. 

.sfhitсomЬ 
Jr. Unlikе

Priсе, who at timеs allowеd for thе prеsеnсе of а l ifеlеss еarth Ьеforе Еdеn,
Мorris and 

.WhitсomЬ 
limitеd thе agе of thе еntirе univеrsе to no morе

than 10,000 yеars and arguеd that somе physiсal laws, suсh as thе sесond
|aw of thеrmodynamiсs, did not еxist until Adam and Еvе sinnеd. |n 196З
Мorris joinеd ninе othеr sсiеntifiсally trainеd сrеationists to form thе Сrе.
ation Rеsеarсh Soсiеty, an organization сommittеd to thе propagation of
flood gеology.

Thе high tidе of sсiеntifiс сrеationism сamе in thе еarly 1980s whеn Arkansas
and Louisiаna passеd lаws that mandаtеd thе tеaсhing of сrеation sсiеnсе
whеnеvеr еvolution was taught. In 1987, howеvеr, thе U.S. Suprеmе Сourt
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Supеrfiсially this piсturе, Ьy Gеorgе NlсСrеаdy Priсе, looks vеrу muсh likе thе
piсturеof l i fе 'sh istorygivеn justaf tеrthе Оr ig in byRiсhard()wеn(sееFigurе
14 in thе main еssay ..Thе History of ЕvoIutionary Thought' ' by Miсhaеl Rusе
in this volumе). Tlrе Darwiniаns аnd Ьy thеn almost сеrtаinly Olvеn himsеlf
took thе соlumn to Ье еvidеrrсе of еvoIutiсln' somеthing thаt hаd tzrkеn plaсе
ovеr mill ions of yеirrs. Tо thе сontrary' Priсе sirrv this аs еvidеnсе of Noah's
flood, with thе mсlге nimЬlе oгgi-tl-l ist-l ls сl imЬing тtl thе ttlps of hil ls Ьсforе thе,v
wеrе drownесl. (Fгom Priсе 1925.)
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rulеd that Suсh laws violatеd thе First Amеndmеnt to tlrе Сonstitution, whiсh
rеquirеs tlrе sеpаratiorr оf сhr'rrсlr аnd stаtе. Dеspitе this sеtЬасk сrеation sсi-
еntists flourishеd to thе point thаt thеy virtually сo-optеd thе tегm сrеаt|o|I-
ism for thе formеrly marginal idеаs of Priсе.

.sИhеrr 
Intеll igеnt Dеsign (ID) Thеory appеarеd in thе 1990s as a morе

есumеniсаl option for antiеv<llutionists, еvolutionist сritiсs attеmpted to dis-
сrеdit it as a сrеationist alias or' morе сolorfully, ..thе samе сlld сrеationist
Ьullshit drеssеd up in nеw сlothеs'' (WеЬЬ 1996, 5)' Сrеation sсiеntists thеm-
sеlvеs' though fonс1 of thе dеsign argumеl-tt! faultеd ID advoсatеs for thеir
..laсk of rеlianсе on thе litеral stаtеmеnts of Sсripttlге and thе сonstruсtion of
altеrnativе modеls of origin, whiсh involvе long pеriod of yеars' ' (Haas
1 9 9 7 ,  \ ) .

PuЬliс-opinion polls in thе еarly twеnty-first сеntury, though fail ing to dis-
tinguislr уoung- from old-еаrth сrеationists, showеd tЬat 45oЬ of Amеriсans
Ьеliеvеd thаt ..God сrеatеd human Ьеings prеtty muсh in thеir prеsеnt form
at onе timе within thе last 10,000 yеars or so.' ' Fifty-sеvеn pеrсеnt sаid that
thеy aссеptеd or ..lеаnеd towаrd'' сrеationism (Numbеrs 2006, \). Сontrary
to rvidеsprеad ехpесtations, sсiеntifiс сrеationism Ьad Ьеgun to attraсt fol-
lowings outsidе thе Unitеd Statеs, еvеn among non-Сhristians. A сеntury and
a half оf еlitе еvolцtionism had lеft many r'rnЬеliеvеrs.
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Sсopеs trial

|n 1925, in Daytсln, Tеnnеssее, i.rftеr thе p2tssagе of а statе law thzrt Ьannеd
thе praсtiсе of tеaсhing еvolutiOn' a yollng Ьigh.sсlrool tеaсhеr, John Thomаs
Sсopеs, Was put on trial for violating thе prohiЬition. Hе Was prоsесutеd Ьy
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thrее-timе prеsidеntial саndidatе Will iаm Jеnnings Bryan and dеfеndеd Ьy
thе notеd lawyеr Сlаrеnсе Dаrr<lw. Мattеrs dеsсеndеd to nеar-farсiсal lеvеl
whеn, dеniеd thе opportunity ttl prеsеnt his tlwn ехpеrt witnеssеs' Darrow
put Bryаn on thе stand and еxaminеd him on thе vеraсity of thе BiЬlе. In thе
еnd Sсopеs Wаs found guilty аnd finеd $100. On appеal this сonviсtion was
ovеrturnеd Ьy thе statе's appеal сourt on thе tесhniсаlity that thе jury, not
thе judgе, should hаvе fiхеd thе pеnalty, and sinсе thе statе dесidеd not to
takе thе dесision furthеr t() a yеt highеr сourt, this Ьrought lеgal mattеrs to
an еnd.

Thе Ьaсkground to this highly puЬliсizеd еvеnt-passions inflamеd Ьy thе
inсеndiary writings of Bаltimorе Suп reportеr Н. L. Mеnсkеn-liеs in thе
ninеtееnth сеntury. Aftеr thе Amеriсan Rеvolution, Protеstant Сhгistianity
movеd quiсkly to fi l l thе gaps lеft Ьy thе сollapsе of thе oldеr British laws
and сustoms. This wаs a Сhristianity that rеliеd inсrеasingly on thе BiЬlе for
guidanсе aЬout moral and soсial сustoms and Was inсlinеd to takе litегally
anything to Ье found in thе Good Book. Thе Сivil !Иar sаw a dividе in thе
nаtion thеtllogiсally, as wеll as soсially and politiсаlly. If anything, thе BiЬlе

Thе wholе disputе ovеr еvolution and thс thrсat it ptlsеd to biЬl iсаl l i tеral ism
offеrеd so Iтаny oppоrtunit iеs to саrtoonists of аl l  pеrsuasiсlns that thеy must
hаvе сonсludеd соl lесtivеly thаt thеrе rеzrl ly is а Ьеnеvolеnt God! (By Е. J. Paсе;
f rom Bryan 1924. )

чJl}\}(Fк\s
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takеn litеrally supports slavегy. Tlris wаs a majtlr rеason why, in thе North
aftеr thе сonfliсt, inсrеasingly thе aссounts in thе BiЬlе, еspесiaIly thе Gеnе.
sis storiеs of Сrеаtion' Wеrе intеrprеtеd in a mеtaphoriсal or allеgoriсal
fashion. In thе South' howеvеr, and in thе \й/еst аs pесlplе mtlvеd Out aсross
thе Grеat Plаins, thе BiЬlе, if anything, took on aсldеd importаnсе, and tak-
ing it l itеrally was lеss a mattеr сlf thеology and mtlrе of rеgional pridе.
Inflamеd Ьy thе tеасhing of сharismаtiс еvangеlists, notaЬly Dwight L.
Мoody-..I look upon this world as a wrесkеd vеssеl. G<ld has givеn mе a
l i fеЬoat and sа id to mе .Moody, savе a l l  you саn' ' '  (Denie ls  1877,4з2I-
litеralists took the BiЬlе as :r nrajor dеfеnsе аgainst thе ..modеrnism'' of thе
North.

Еvolution wаs onе of thе grеat tеmptations, аlong with thе thеаtеr and
Sunday nеwspapеrs' аnd opposition tсl it was inсrеasingly sсеп as a mаlor
oЬligation of thе truе Сhristian thinkег. Мattеrs сamе t() a hеad aftеr \ff/orld
lй/ar I, aftеr thе dеmon drink hаd Ьееn vanquishеd Ьy thе сonstitutiоnаi
amеndmеnt that prohiЬitеd alсohol. Now еnеrgiеs Wеrе rеlеasеd tсl fight thе-
oriеs aЬout natural origins of organisms, еspесially humans. Pаradoхiсally,
what happеnеd in Tеnnеssее in 1925 was а funсtion of modеrnism аnd its
stlссеss. Forward-looking thinkеrs havе always strеssеd thе importanсе сlf
еduсation, аnd onе rеsult of thеir еfforts was that high-sсhool еnrсll lmеnt in
thе Unitеd Statеs shot from 200,000 in 1890 to ovеr 2 mill ion in 1920. Tеn-
nеssее was onе statе that fеlt tЬis еffесt, and, morеOvеr' it fеlt thе еffесt of thе
urgе to upgradе thе quality of tеaсhing Ьy thе usе of good tехtЬooks. Thе
studеnts in Dayton Wеrе еxposеd to Сiuil Biologу Ьy Gеorgе Нuntеr (|914),
a work that unamЬiguously disсussеd аnd еndorsеd еvolutiоn.

This was rеligiously offеnsivе to thе pеoplе of thе South, although thе
сyniс wil l notе that virtually no onе who partiсipаtеd in thе trial of Sсopеs
was drivеn еntirеly Ьy disintеrеstеd motivеs. Thе сitizеns of Dayton wеrе
kееn to havе a trial Ьесausе it wоuld put thеm on thе mаp, whiсh it сеrtainly
did, if nоt еntirеly in ways that thеy had antiсipatеd. Bryan Was еvеr a man
looking for a сausе and, in |еading thе troops against thе forсеs of mсld-
еrnism, fеlt that hе had found it. Darrow likеwisе Was not аvеrsе to puЬliсity.
Thе yеar Ьеforе hе had suссеssfully savеd thе сhild kil lеrs Nathan Lеopold
and Riсhard LoеЬ from еxесution' arguing thаt nеithеr h:rd gеnuirrе frее wil l,
and thеy wеге thus сompеllеd to do thеir сrimе. This wаs part of his anti-
Сhristian agnostiсism' and appеaring f<lr Sсopеs fеd his vanity. Еvеn thе
Amеriсan Сivil LiЬеrtiеs Union (AсLU) was hаppy to gеt involvеd as а wаy
of puЬliсizing its intеnt and nееd of furrds.

Thiгty yеars latеr thе Sсopеs trial was rеvivеd vividly in a l ightly fiсtional-
izеd play (and latег moviе), Iпhеrit thе Wiпd. Howеvеr, this was in thе
1950s, thе timе of thе Сold .й/ar and <lf thе rеprеssiсln of dissсnt in Amеriсa.
Thе trial was usеd as a vеhiсlе for thеsе сonсеrns rathеr than аs an opportu-
nity to give an еХaсt rеndеring of historiсal еvеnts. Although it is a grеаt
show, many of thе сlriginаl сhaгaсtеrs, еspесially thсlsе on thе prosесuting
sidе, arе prеsеntеd in а сariсaturеd fоrm. Thе Bryan figurе, Мatthеw Harri-
son Brady, is simply mаdе inttl a Ьigotеd Ьuffoon whсl еats lrimsеlf to dеath
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shortly aftеr thе triаl. In faсt' gеnеral opinion Was that Bryan aсquittеd him-

sеlf wеll on thе witnеss stand. Hе was сеrtainly no Ьlind fundаmеntalist, as

thе litеralists wеrе now сallеd. Hе admittеd that hе himsеlf wаs quitе prе-

parеd to aссеpt that thе siх days of сrеation wеrе siх vеry long pеriods of timе.

Morеovеr, although еvolutionists rathеr сongratulatеd thеmsеlvеs that in

Dayton thеy had shown how сrudе and simplistiс the litеralist Сhristians of

thе South wеrе, in mаny rеspесts it was thеsе litеralists who had thе last

laugh. Sсhool-tехtЬook puЬlishеrs always put profits ahеad of prinсiplеs, аnd

knowing how сontrovеrsial thе tеaсhing of еvolution had now Ьесomе, thеy

guttеd thеir warеs of any disсussion whatsoеvеr aЬout thе topiс. This statе of

affairs pеrsistеd through thе 1950s until, aftеr thе Russian suссеss with Sput-

nik, Amеriсan sсiеnсе еduсation gеnеrally was upgradеd (mainly through

govеrnmеnt-sponsorеd nеw tехts)' and this upgrаding inсludеd еvolution.

Naturally this aggravatеd litеralists' and so thе nation Was sеt for anothег

round of quarrеling ovеr sсiеnсе and rеligion, whiсh Wе sti l l l ivе with today.
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Sееd plants

Thе еvolution of sееd plаnts, thosе plants with protеin-сoatеd pollеn grаins

and sееds, is a rеmarkaЬlе сhroniсlе <lf divеrsifiсаtion, spесialization, and, in

thе саsе of flowегing plants, rapid еvolutiоnary rаdiation into a widе variety

of growth forms that inhaЬit еvеry rеgion of thе gloЬе, inсluding thе sеas.

Sееd p lanгs inс ludе two maior groups.  gymnospеrms аnd аngiospегms.

Thе gymnospеrms сomprisе all plants whosе sееds еmеrgе nakеd, that is, not

еnсlosеd in a protесtivе struсturе suсh as a fruit. Thе gymnospеrms inсludе

aЬout 900 spесiеs of trееs (сonifеrs, сyсads' and thе ginkgo) or shruЬs (thе

genls Еpbedrа, from whiсh thе сold mеdiсinе еphеdrinе is derivеd' and a fеw

оthеr groups). Thеsе arе thе surviving mеmЬеrs of what Was onсе thе domi-

nant gгoup of land plants. Thе сonifеrs arе thе most aЬundant and divеrsе of

the rеmaining gymnospеrms and hаvе a nеarly worldwidе distriЬution. Thе

othеr gymnospеrms arе morе rеstriсtеd in thеir natural distriЬution and, as a
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rеsult, lеss familiar. Thе gymnсlsPеrms havе sеparatе malе аnd fеmalе rеpro-
duсtivе organsJ usually on thе sаmе individual (сal[еd monoесy), although
somе spесiеs lrаvе individuals that arе еithеr сomplеtеly malе or fеrnalе
(саllеd dioесy). Роl[еn is usua1ly tг:rnsportеd to stigmаs Ьy wind.

Thе angiospеrms) Or florvеring plants, inсludе all plants whosе sееds аrе
еnсlosеd in a protесtivе struсtuГе' likе a fruit, fornrеd from thе tissuеs of thе
fеmalе ovaгy (сallеd thе саrpеl). Thеrе arе ovеr 350,000 ехisting spесiеs of
angiоspеrms' and thеy display a dezz\ing divеrsity of growth forms, inсluding
tiny, floating aquatiс plants l ikе duсkwееd, familiar hеrЬs l ikе l i l iеs аnd
irisеs' shrubs l ikе ЬluеЬеrriеs, giant trееs suсh as oaks, vinеs, and еvеn a widе
variеty of parirsitеs of otlrег plants l ikе lndiar-r pipеs. Flowеring plirnts havе
nеarly еvеry Ьrееding systеm inlaginаЬlе; thе mаjority of spесiеs havе pеrfесt
flowеrs (malе аnd fеmalе oгgans in thе samе flowеr), Ьut thеrе arе quitе a fеw
spесiеs with monoесy' somе with dioесy, and othеr spесiеs in whiсh somе in-
dividuals havе pеrfесt flowеrs аnd othеrs havе flowеrs сlf only onе gеndеr. Al-
though most spесiеs arе сross-poll irratеd, somе arе sеlf-fеrti l izing, and othеrs
usе a miхсttге of normаl сross_poll ination and еitl-rеr sеlf-fеrti l izatiсln or
сlonal rеproduсtion. Thе mаjority of flowеring plants arе poll inatеd Ьy in-
sесts, Ьut a signifiсant numЬеr of spесiеs arе poll inаtеd Ьy othеr animals, еs-
pесially Ьirds and Ьаts, and many spесiеs dispеrsе thеir pollеn Ьy wind
(еspесially grаssеs and sеdgеs). Sonrе aquatiс plants аrе Watеr poll inatеd, and
sеvеral arе pоll inаtеd Ьy rodеnts.

Angiospеrms аnd somе of thе gymnospеrms hаvе ;r rеrnarkaЬlе rеpгoduс-
tivе systеm thirt involvеs a doublе fепil izatiоn. Pollеn sporеs сarry two гruсlеi,
еaсh of whiсЬ саrriеs a haploid сomplеmеnt of gеnеs (a сomplеmеnt with half
thе gеnеs nесеssary foг thе wholе organism). Onе nuсlеus fеrtilizеs thе fеmalе
ovulе, whiсh has a haploid сomplеmеnt of its own' to form thе еmЬryo. Thе
othеr nuсlеus fusеs with othеr сеlls assoсiatеd with thе сlvr-rlе to form an orgаn
саllеd thе еndospеrm, whiсh hеlps providе nutrition to thе dеvеlоping еm-
Ьryo. This proсеss is wеll dеsсriЬеd in thе major irlrgitrspегm groups Ьut rе.
mains poorl1, undеrstood in sorlrе аngiospеrms and most gymnospеrms in
whiсh it has Ьееn oЬsеrvеd. DouЬlе fеrti l ization is a dгamаtiс rеproduсtivе in'
novation' and undеrstanding how it сrссurs, and whеthеr it oссurs in thе samе
fashion in gymnospеrms and angiospеrms (not to mеnrion whеthеr it oссurs
in all spесiеs), lvould providе сritiсаl сltrеs to thе rеlirtionships Ьеtwееn аn-
giospеrms аnd gупrIrospегms and hеlp us undеrstаnd thе еariy еvolrrtionary
innovations that allowеd angiospеrms to Ьесomе so sttссеssful.

Thе first sееd plants appеar in thе fossil rесord toward thе еnd of thе Dе.
vonian, approхimatеty 360 mill ion yеars ago' and, l ikе many othеr groups'
thеir divеrsifiсаtion aссеlеratеd ovеr timе. Sееd plants Ьеgan to divеrsify sig-
nifiсantly in thе Pеrmian, aЬout 270 rrri l l ion yеars ago' аnd Ьy aЬout 250 nril-
l ion yеars ago g.vnrnospеrms hаd supplаntеd fеrns and othеr land plirnts as
thе most сoll1пlon plant typе. G1,mnospеrms maintаrinеd that dominirnсе foг
ovеr 150 mill ion yеars. AngiospеГms madе thеir first appеaranсе еarly irr thе
сrеtaсеous) aЬout 1З0 mill ion yеars ago' and Ьеgan thеir spесtaсulаr radia-
tion soon thеrеаftеr. Thе radiation of angiospеrms ассеlеratеd dramatiсally
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аt thе еnd of thе Crеtaсеous; Ьy aЬout 50 nli l l ion yеaгs ago angi<lspеrnrs wеrе
divеrsifying rapidly and dramatiсаlly.

Thе aссеlеratеd divеrsifiсation of аngiсlspегms is rеmarkaЬlе Ьесarrsе it is
tiеd to thе divеrsifiсаtior-r сlf insесts. Мorе spесifiсirl[y, thе radiatiоn of thе an-
giospеrms сoinсidеd with thе radiation of it-lsесts that fеd on nесtaг or pollеn
аnd thosе that fеd on living plаnt tissuе (саllеd ph1,toрhagous inseсts). In_
dееd, thе сoеvolution of f1owеring plants and thеsе insесts is сlnе of rlrе most
spесtaсular сhaptеrs in thе history tlf l ifе on еаrth. But that сhaptеr has t"vo
diffегеnt storiеs Ьесаrtsе tlrе сoеvolution of flowers :rnd poll irrators is lаrgеlv
a stor)' of mutuаlism Ьеtwееn plant and arrimal, whеrеas tlrе сoеvolution of
plant fсlrm and сhеmistrу with phytophagous inSесts is a tаlе оf antagonism
and arms raсеs.

Insесt poll inаtion Ьrings oЬvioцs Ьеnеfits to еaсh partiсipаnt. Thе insесts
fееd on thе nесtar sесrеtеd Ьy thе flowеr аnd oЬtаin сhеap еnеrgy fгom its
high sirgar сontепt. In thе proсеss thе animаl is smеагеd lvitlr pоllеn grаins
that stiсk to its ехoskеlеton. As thе insесt nlovеs frсrrn flowеr to flowеr to sееk
morе nесtar' pollеn grаins from thе prеvious flowеr may ruЬ off and сontасt
thе stigrna, arrd thе irlsесt пrаy piсk up nеw pollеn gгаirrs. Thе Ьеnеfit to thе
plant is thе еffiсiеnt transport of pоllеn from onе flowеr to anothеr. Тlrе еarii-
еst hypothеsеs aЬout thе еvolution of flowеrs postulatеd thаt rratural sеlесtion
favorеd shаpes, сolors, аnd f]owеring pattеrns that аttraсtеd rrrоrе insесts with
pollеn, pгoviding a fitnеss Ьеnеfit to thе individual plant Ьy irrсrеasing its sееd
produсtion. In rесеnt yеaгs Ьiologists havе paid morе attеntion to whеthеr thе
flowеr is sеlесrеd strongly to attraсt i l lsесts thar dispеrsе morе pollеn arrd
thеrеЬy inсrеasе an individual's fitnеss through its malе funсtion. Although
thе idеa of sеlесtion for gгеatеr mаlе rеproduсtivе suссеss in flowеrs may sееm
odd аt first rеading' rеsеаrсh has shсlwn thаt sеlесti<ln on millе funсtion is an
important forсе in shapirrg a numЬег of flowеr сharaсtеristiсs.

Thеrе arе mаrry striking variаtiorrs on this Ьаsiс pattеrn. ]n milkwееds and
orсhiсls thе pollеn is transportеd in wholе saсs сzrl lеd poll inia, and fеrti l iza-
tion is a сomplех proсеss that rеquirеs propеr plaсеmеnt of thе poll inia nеar
thе fеmalе parts tlf thе flowеr. In somе сагnivorous pitсhеr plаnts poll ination
rеquirеs thе insесt to wаlk into аnd thrоugh parts сlf thе flowеr' alпrсlst l ikе a
mazе' so thаt pollеn is plaсеd propеrly on thе stigma. Thеsе ar-rd similar vari-
аtions oссur whеп only сеrtain spесiеs of ir-rsесts sеГ\rе to poll inatе thе flow.
еrs, a rеsult of a long еvolution of mutuаlism. In thеsе сasеs thе insесts arе
еspесially drawn to thosе spесifiс plants, and thе flowеrs arе rrrсldifiеd in ways
that faсil itatе movеllеnts in аnd irround thе flowегs Ьy thosе insесts. Thе
most spесtaсul:rr variatiсlпs :rrе found in сеrtain figs and yuссas in rvlriсh thе
mutualisms Ьеtwееn plant and insесt arе oЬligatе; in thе figs thе fig wasp
сomplеtеs its еntirе l ifе сусlе in thе flowег zrnd fruit, oЬtaining fоod and haЬi-
tаt  in еХсhangе foг i rs  sеrv iсеs.

Manv fеaturеs of flowеrs rеprеsеnt adaptations for attraсting insесts. Thе
most faп-ri l iar arе thе swееtly sсеntеd nесti]rs thаt аttrасt Ьrrttеrfl iеs, lrееtlеs,
and rr-rany othеr insесts. Somе flowеrs produсе quitе diffеrеnt sсеnts; thе
flowеrs of tЬе star anisе lravе a notаЬly foul smеll and attraсt fl iеs that Ьrееd
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in dесaying animal Ьodiеs. Сеrtlrin groups of tropiсal orсhids lravе сomplех
sсеnts whosе сomponеllts havе Ьееn miхеd i.rnd matсlrеd suсh tlrаt diffеrеnt
spесiеs of Ьееs аrе attгaсtеd prеtЪrеntially trl diffеrеnt spесiеs of orсhid. lv{any
flowеrs havе fеaturеs visiЬlе only in ultraviolеt l ight; insесts sее in thе ultrаvi-
сllеt rangе, аnd thе so_сzrllеd nесtаr guidеs аrrd сlthеr murrkings, whiсh humans
сallnot sее' attraсt insесrs and dirесt thеrтl to pагtiсLtlar parts of rhе florvеr.
Thе сolors of flowеrs аlso sеrvе to attraсt insесts of сliffеrеnt typеs; howеvеr,
rесеnt rеsеaгсh has suggеstеd that in somе hаЬitats fl<lwеr сolor sеrvеs аs a
thеrrnal trаp :rrrd сrеatеs rniсr<lсlirrrаtеs in tlrе flowеr thаt faсil itatе pollеn gеr-
r-nination аlrd fеrti l iz:rtion.

Thе saga of phytophagous insесts and pllrnts is quitе diffеrеnt. A long arпrs
raсе bеtwееn insесts thzrt еvolvеd to еxploit plаnt tissuе foг fo<ld аnd plants

that еvolvес] to disсouragе this ехploitаtion hаs produсеd a variеty оf irrtег-
еsting fеaturеs of plants. Реrhаps thе most rеmarkaЬlе of thеsе fЪaturеs is thе
array оf сhеrniсals found in lеаvеs and shoors that arе distastеful or toxiс and
thаr inhiЬit lrегЬivoгy Ьy mаnv insесts. Frоrrr alkаloids ttl tегpеnеS' thеsе
сЬеmiсals protесt thе plant frotn many rvould-Ье dinеrs (sее figurе). Thеsе
arе somе of thе vеry сhеmiсals thаt makе сеrtain plаnts usеful for humans;

саffеinе and rriсotinе ought to disсourаgе hllrnan аs ц,еll as insесr сonsump-
tion, Ьut at low dosеs thеy lrаvе еffесts that attrirсt .humans to thеir сon-
sumption. Сеrtаin сompounds that impеdе сеll divisi<ln, l ikе taxol, havе Ьееn
ссlnvеrtеd t<-l powеrful rnеdiсinеs to fight partiсulаr disеasеs.

For thе plants, howеvеr, protесtion is not pеrfесt, and еVеn plants with
somе of thе most toхiс сhеmiсal сonstituеnts suffеr prеdators. Fоr еxаmplе'
milkwееds аrе fi l lеd with сardiaс glyсosidеs that disсouragе most insесts, but
thе lеavеs arе еatеn Ь1' larvaе сlf rnonаrсh Ьtrttегfl iеs, rhе roots Ьy lаrvaе of
milkwееd Ьееtlеs, and thе sееds Ьy milkwееd Ьugs. Еaсh of thеsе spесiеs
fееds only on milkwееd; еaсh has еvolvеd tO sеquеstеr thе toхin in spесializеd
сеlls. Not orr[y doеs tlris pеrmit thеm to с()nsumе milkwееd pаrts, Ьut thе
pгеsеnсе of thе toxin in thеir Ьodiеs makеs thеm distastеful tсl rnany of thеir
potеntial prrdators and providеs protесtion аgainst thеm.

Milkwееds аnd othеr plants with vеry fеw, spесializеd hегЬivorеs rеprеsеtlt
Or1е еxtrеmе of thе сontilruum of plаrrt-insесt rеlationslrips. Thе rnorе tvpiсal
situation is that an individual plant spесiеs is ехploitеd Ьy nrany diffегеnt
typеs of insссts, Ьut an individual insесt spесiеs is f<lund on only a vеry fеw
spесiеs of plarrts. This appеars to Ье thе геsr-rlt of thе insесt's inсrеasing foсus
On onе or ir fеw сlosеlv rеlatеd spесiеs аnd thе tradе-off Ьеtwееn thе fеaturеs
nееdеd to ovеrсomе or-rе sophistiсatеd plant dеfеnsе sУstепl and thosе nееdеd
for thе systеll1s of othеr, lеss сlosеlv rеlatеd plants. Tlrе rеsult is i.r pattеrn in

whiсh сегtain grouPs of insесts aге fourrd only on сеrtain groups of plаnts.
Ftlr ехamplе, thе hеliсoniid Ьuttеrfl iеs arе found only on passionflоwеrs.

Sееd plants and thеiг fеaturеs lravе playеtl prtlminеrrt rolеs in еvolutionary
biology. Dаrrr,in himsеlf stцdiеd thе сontrivеd rеpгoduсtivе Ьiology сlf оr-
сЬids' and Меndеl's disсovеry tlf partiсulatе inhеritanсе (disсrеtе gепеs)
еnrеrgеd from his studiеs of pеas. Plants wеrе usеd in somе of thе most influ-
еnгi:rl еarly ехpеrimеnts on sеlесtion' in ;lсrrtiсular thе work of Hugo dе
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Jaсk-in-thс-pulpit, Аrisаеmа tripЬуllum, is аn hеrЬасеous pеrеnnial found along
strеams' rivеrЬanks' аnd п.rсlist Ьtltttlmlаrrds thrtlughout еastеrn North Amеriсa.
It is a mсmЬеr of thе Araссас, thе farтi[y thirt inсludеs сannа li l l iеs and othеr
popular ornamеntal housеplants. Thе flor,vеrs аrе Ьornе on a сylindriсal struсturе
саllеd а spаthе (thе upright ..jасk''), whiсh is еnсlosсd by thе сup-shapеd
еnvеlсlpе with thе оvеrhanging flаp (thе ..pulpit' ') ' An individual plant produсеs
еithеr mаlе or fеmаlе flоwеrs and сhаngеs its gеndег Ьaсk and forth ovеr thе
yеаrs dеpеnding tln its sizе and rесеnt history of rеprоduсtiсln. Thе lеavеs and
undегground tuЬеr (саllеd a ..сorm'') сontain сalсium Oхatе сrystals and alkaloid
сompounds tЬat mtrkе thе plаnt tсlхiс tсl mammals and ln<lst insесts. Sееd plants
havе еvсllvеd an еnormous с1ivеrsity of flowеring systсms and an еVеn grеatеr
divеrsity сlf dеfеnsivе fеaturеs to dеtеr hеrЬivory; thе еvolution сlf hеrbivorous
insесts is intеrtwinеd with thс сvtl lutitln <lf plаnt dеfеnsеs.

&
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Vriеs. Sсlmе of thе еаrliеst studiеs сlf lсlсal adаptatiсln, whiсh showеd thаt diЁ
fеrеnt populаtiоns of thе samе spесiеs wеrе adaptеd to diffеrеnt loсаl сondi.
tions, wеrе donе with plants, in partiсular thе сommon gardеn ехpеrimеnts
of Gotе Turеsson and thе fаmous rесiproсal transplant ехpеrimеnts Ьy Jеns
Сlausеn and сollеaguеs (sее thе alphaЬеtiсal еntry ..Jеns Сlausеn'' in this vol-
umе). Thе woгk of Anthony Bradshaw and his studеnts on mеtal tolеranсе in
сеrtain grassеs produсеd саsе studiеs of rapid еvсllutiсln in rеsponsе to anthгo-
pogеniс еnvironmеntal сhangеs, аnd thе studiеs of Janis Antonoviсs and
studеnts on anthеr smut disеasе in сampion hеlpеd сonvinсе еvolutionary Ьi-
ologists and есologists аlikе of thе еnormous rolе that disеasе plays in natural
populations (sее thе alphaЬеtiсal еntry ..Jаnis Antonoviсs' ' in this volumе).

Мolесular biology hаs faсil itatеd еnormous аdvanсеs in сlur undеrstanding
of flowеring plants, has rеvеalеd сonsidеraЬlе surprisеs, аnd has opеnеd
wholly nеw quеstions. Thе phylogеnеtiс rеlationships among sееd plants
hаvе Ьесomе сlеaгеr; thеsе rеlationships point to a smаll shruЬ from thе is-
land of Nеw Сalеdonia, Аmborеllа trichopodа, thе Watеr l i l iеs, and a smail
group of diminutivе, mosslikе aqrratiс plants as thе rеmaining rеPrеsеntativеs
of thе еarliеst angiospеrm familiеs. Thе еmеrging piсturе of thе rеlati<lnships
among thе flowеring plants has raisеd nеW quеstions aЬout thе distriЬution
of douЬlе fеrtilization in аngiospеrms аnd gymnospеrms, in partiсular whеthеr
this сompliсatеd rеproduсtivе trait might havе еvolvеd multiplе timеs. Sеvеral
gеnеs that сontrol flowеr dеvеlopmеnt havе Ьееn disсovеrеd, and thе сontrol
of thе nеstеd сomponеnts of flowеrs-sеpals, pеtals, anthеrs, and stigmata-
has Ьееn unссlvеrеd. This disссlvеry has сontriЬutеd to thе еmеrging piсturе
of how sееmingly simplе sеts of a fеw gеnеs сan сomЬinе to produсе an еnor-
mous variеty оf organismiс fеaturеs, indiсating thаt what may sееm at first
l ikе vast diffеrеnсеs Ьеtwееn organisms may in faсt Ье еasily gеnеratеd Ьy thе
еffесts of sеlесtion on a systеm tlf intеraсting gеnеs.

Thе novеlty of disсovеry somеtimеs rеsurrесts сlld idеas, and thе study сlf
sееd plants offеrs аn еnrеrtаining еxаmplе. Мutаtions in thrее of thе gеr-rеs
thаt сontrol flowеr dеvеlopmеnt сausе thе plant that сarriеs thosе mutations
to produсе a whorl of lеafl ikе struсturеs instеad of flowеrs. This suggеsts that
flowеrs may rеprеsеnt thе produсt of sеlесtion's сo-opting thе gеnеs thаt соn-
trol thе pattеrn of lеaf dеvеlсlpmеnt for а novеl purposе. This idеa was advсl-
сatеd, alЬеit in diffеrеnt tеrms' Ьy no lеss a figurе than Johann \i7olfgang von
Goеthе. Somеtimеs thе old mastеrs knеw Ьеst.
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Thе Sеlfish Gеnе

Thе Selfish Geиe (Riсhard Dawkins)

Tbе Selfisb Gепe (\976) ts a highly influеntial and popular Ьook in whiсh
Riсhard Dawkins аrtiсulаtеs a ..gеnе's-еyе'' pеrspесtivе on еvolution. It has
Ьесomе onе of thе standaгd statеmеnts of gеniс sеlесtionism. Thе Ьook is

also notaЬlе for its spесulativе disсussion of сtrltural еvolr.rtion and thе сorrе-
sponding n()ti()n с>f mеmеtiс euolutioп.

Aссording to Dirrvkins, tlrе rеal aсtors in evolutionirгy proсеssеs arе not in.
dividuаls, fat-rri l iеs, ()r groups Ьut gеnеs. [n tlrе irгms rасе <lf еvolution thе
gеnrs that har,е bееn m()st suссеssful havе Ьееn tlrе onеs thаt сould Ьеst pro-

tесt thеnrsеlvеs аrrd Ье rеproduсеd into thе rrехt gеnеration. So just as thе
protеin сoating thаt surrounds a virus has thе fr-rnсtion сlf protесting thе gе-
nеtiс information storеd within, thе Ьody, Ьrаin, аrnd Ьеhavior of an animal
arе to Ье undеrstood as sеrving еxaсtly thе samе ftrnсtion. As Dаwkins puts
i t ,  an imals ( inс ludiпg htrman bеings) arе. . lumbег ing roЬots ' '  (p.21) whosе
solе funсtion is t() Pг()tесt thе gеnеs and еnsurе that thе gеnеs arе rеproduсеd.

Muсh of thе Ьook is с]еvotеd to an ехtеndеd argltпrеnt that thе Ьеhavior of
organisms сan Ье undеrstood as sеrving thе Ьеst intегеsts tlf gеnеs. Fаmiliar
phеnonrеnа sr.tсh аs fаvсlгitism towаrсl пrеtrrЬеrs of onе's Own family, inсеst
avoidanсе, :rrrс{ pаrеntаl саrе аrе еasily ехpl:rirrес] Ьr,. this gеnе's-еyе pеrspесrivе.
(Сritiсs, suсlr as StlЬеr and 

.Wilson 
1997, arglе tlrаt mаny of thеsе phеnorn-

еna arе Ьеttеr ехplаinеd Ьy othеr mесhanisms, group sеlесtion in partiсular.)
Dawkins also arguеs thаt suсh phеnomеna as frее riding, гесiproсal altruism,
and maintеnanсе of viaЬlе populatiorl sizе arе аlso еasy to еxplain if wе adopt
thе gеnе,s-еyе pеrspесtivе. A notaЬlе fеaturе оf thе Ьook, for whiсh it dеsеrvеs
muсh praisе, is thlrt rnany of thеsе argunrеnts arе supportеd Ьy luсid but in-
formal Е]amе-thе()rеtiс сonsidеrations. In pаrtiсulаr, thosе disсussions offеr
an aссеssiЬlе introdtrсtitlrr to John Maynаrd Smitlr's thеoгy of еvolutionarily
srаЬlе stretеgiеs (  ЕSSs;.

Havirrg fоrсеfLrIly arguеd f<lr thе usеfr-rlnеss zrrrсl ехplanatoгy powсr of гlrе
gеnе,s-еyе pеrspесtivе' Dawkins goеs ()n to аppl1'a similаr mеtaphor to сr-rl-
tural еvolution. Aссording t<l Dawkins' Wе t-nаv undеrstand сultural еvolu-
tion as taking plасе within a sort of gеnе pсlсll оf idеas. In his mеtaphor
idеas-сallеd mеlnеs-сompеtе With еaсh othеr t<l rеpliсatе thеmsеlvеs insidе
thе Ьr:rins of hunlan Ьеings. Меmеs arе to Ье unс.lеrstood as rеpliсators with
thе saпrе rеlеvant propеrtiеs as thtlsе possеssеd Ьv gеnеs. Foг еxamplе, еaсh
mеmе will havе а fittlеss that is its prсlpеnsity to sprеаd through a populatiоn
of intеll igеnt individtrals. Similarly, mutation am()ng nlеmеs will oссur whеn
an еrr()r is madе ilr ссlpving a п1еlтlе frrlm thе Ьrain of сlrrе individuаl trl thе
Ьrа i r r  of  anothег.

In tlris '"vаv rtrеmеtiс еvolutitln is to lrе r.rrrс]еrstoсld аs tlЬеying thе sarrrе dу-
namiсs as gеnеtiс еvoluгion. It is pеrhaps irorriс thаt this thеory of mеmеtiс
еvolutiсln has sprеad so suссеssfully. Indееd, rrrr-rсh sшЬsеquеnt work on сul-
tural еvolution impliсitly or ехpliсitly assumеs гlrаt сultural еvсllution and Ьi-
ologiсаl еvolution oЬеy thе samе dynamiсs in ехaсtly thе way that Dаwkins
аdvoсatеs. In thе ссlnсludirrg passages of Тbе Sеlfish Gеnе, Dawkins rеvеals
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8-t4 Sepkoski

somе of thе amЬiguity aЬout lruman Ьеings that runs through his Ьook. on
thе olrе hаnd, hе сlеаrly \4/ants to sее Lls as paгt сlf thе gеnеrаl sеlfish-gеnе piс.
turе. on thе otlrег hand, with thе introduсtion of mеmеs' hе suggеsts that
pеrhaps Wе сan еsсapе our Ьiology. ..\й/е arе Ьuilt as gеnе maсhinеs and сul-
turеd :rs mеmе maсhinеs, Ьut wе havе thе powеr to turn against our сrеators.
.Wе, 

alonе on еi1rth) сan rеЬеl аgainst thе tyгanny сlf tlrе sеlfish rеpliсators' '
(p .  2 l s ) .
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Sеpkoski, J. Jоhn 
..Jaсk,'' 

lr. (1948_1999)

Jaсk Sеpkosk i  wаs fortunatе t()  еntrr  thе f iе ld of  pa lеonto logy l l t  a t rans i -
tiorrаl momеnt ir-r thе disсiplinе's history. Whеn hе bеgan grirduatе study at
Hаrvard in 1.970, thе fiеld lrad not yеt sееn somе of thе Ьrеaktlrгough thеo-
rеtiсal idеas of thе 1970s (suсh as Nilеs Еldrеdgе and Stеphеn Jаy Gould's
thеory of  punсtuatеd еqui l iЬг ia or  Stеvеn Stanlеy 's  work on sPес iеs sе lес-
tion), Ьut palеontologists wеrе alrеаdy in thе рroсеss of dirесting thеir
work toward еvolutionary thеOry. Sерkoski's еdr.rсation was thеrеforе a
mixturе of o|d and nеw: fгom Bеrnhard Kummеl he lеarnеd traditional
g loЬal  Ь iostrat igгaplry ( thе undеrstanding of  foss i l  dеpos i ts  in thе сontехt
of thеir plaсе aIrd гimе), whilе Gould ti.rught him Ьroadеr, mzrсroеvolution-
ary thinkirlg. Hе аlso Ьеgan to rеfinе an intеrеst in using сomputеrs to
quantify and modеl trеnds in thе fossil гeсord, whiсh involvеd using сom-
plех mult ivаr iаtе stаt is t iсs .  A long with h is  сo l lеaguе David М'  R i rup,  Sеp-
koski was onе of thе first palеontologists to aсtеmpt sеrious statistiсаl
analysis of thе fossil rесord, and his work is partially rеsponsiЬlе for thе
еmеrgеnсе of an important branсh of palеontology known as quаntitarivе
palеoЬio log,v.

Sеpkoski's major сontriЬution to еvolutiоnarv thеory was to dеvеlop
and tеst mеthodologiеs аnd rеsourсеs for dеtеrmining pattеrns in thе fossil
rесorс]. Thе fouпdation for tlris work сalt1е from Ьis сarееr-long projесt to
сompilе arrd updаtе а dilt:rЬasе lisring all krrorvn fossil familiеs аnd gеnеra
of mаrinе аnirrrals. This l ist' whiсh wzrs Ьеgun in thе mid-1970s and сr.rr-
rеntlУ stаnds at morе than 3,500 fаmiliеs and 37,000 gеnеra' traсks thе first
аnd l:rst appеarz]nсеs of taxа in thе fсlssil rесord aIrd providеs tЬе Ьеst аnd
most ассuratе еstimatе of thе origirrations аnd ехtinсtions of nrarinе orgi1n-
isms availaЬlе to sсiеntists. Drawing on this rеso[lrсе' Sеpkoski pеrformеd
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of fossil dеposits in thе сontехt
rt him Ьroadеr' maсroеvolution-
intеrеst in using сomputеrs to
o rd '  wh i сh  i nvo l vеd  us ing  сom-
сollеaguе David M. Raup' Sеp-
.s to attеmpt sеrious statistiсal
. is partially rеsponsiЬlе for thе
onto logy known as quаnt i tat ivе

tionary thеory Was to dеvеlop
еtеrmining pattеrns in thе fossil
.  f rom his  саrеег- long projесt  to
,nown fossil familiеs and gеnеra
:gun in thе mid-1970s and сur-
rd 37,000 gеnеra' traсks thе first
есord and providеs thе Ьеst and
rnd еxt inсt ions of  mar inе organ-
is rеsourсе' Sеpkoski реrformеd
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a sеriеs of piсlnееring analysеs of thе rесord of marinе divеrsity during thе
Phanеrozoiс еon (thе pеriod of timе from aЬout 540 mill ion yеars ago to thе
prеsеnt' during whiсh most l ifе on еarth еvolvеd). His intеrеst in this study
was to сomparе thе ratеs of divеrsifiсation and еxtinсtion in thе aсtual
rесord with mathеmаtiсal modеls for population growth dеrivеd from Ьio-
logiсal thеoriеs of island Ьiogесlgrаphy. Sеpkoski found that thеsе mаtсhеd:
ratеs of оrigination and ехtinсtion of tахa in thе fossil rесord mirror rates of
Ьirth and dеath for populations of оrgаnisms сompеting for rеsourсеs on is-
lands. This finding srrggеsts thаt taхonomiс groups (familiеs, gеnera, and,
by impliсation' spесiеs) arе suЬjесt to thе samе population prеssurеs as indi-
viduals, and that thе historiсal pattеrn of сladе divеrsity is dirесtly analogous
to Ьiologiсal population growth. Bеyond this сonсlusion's intrinsiс impor-
tanсе, this work also indirесtly supportеd thе thеory of spесiеs sеlесtion dе-
vеlоpеd сonсurrеntly Ьy Gould and Stanlеy' among othеr pаlеontologists,
whiсh trеatеd taxonomiс groups (l ikе spесiеs) as analogous to individual
organisms.

}-rom his сarеful anаlysis of fossil data, Sеpkoski was aЬlе to ехtrapolatе
sеvеrаl major thеorеtiсal artiсulations of thе naturе of divеrsity in thе history
of l ifе. Thе most important is known аs his thrее-faunas modеl: in a sеriеs of
еssays puЬlishеd Ьеtwееn 1976 and 1984, Sеpkoski arguеd that thе pattеrn
of mасroеvolution during thе Рhanеrсlzoiс сould Ье rеprеsеntеd Ьy thrее ovеr-
lapping sigmoidal (S-shapеd) сurvеs. Thеsе сurvеs rеprеsеnt thrее distinсt
pеriods of еvolution' еquil iЬrium, and dесlinе for a сharaсtеristiс sеt of or-
ganisms, followеd Ьy thе risе of a nеW fаunal group. Although this modеl
wil l probaЬly Ье Sеpkoski's most fаг-геaсhing and lasting ассomplishmеnt'
hе gainеd сonsidеrаblе notoriеty for partiсipating in a widеly puЬliсizеd dе-
Ьatе сonсеrning mass ехtinсtions. In thе еarly 1980s hе and Raup puЬlishеd
an analysis of thе fossil rесord that showеd distinсt pulsеs of mass еxtinсtion
at fairly rеgular intеrvals during thе post-Palеozoiс еra (250 mill ion yеars ago
tсl thе prеsеnt). Thе faсt that thеsе pulsеs hаppеnеd roughly еverу 26 mill ion
yеars Wаs partiсularly signifiсаnt: thеir rеgularity suggеstеd a rесurring
phеnomеnon, quitе pсlssiЬly of aЬiotiс origin. Although Sеpkoski dесlinеd to
spесulatе aЬout thе sourсе of thеsе sееmingly pеriodiс еvеnts' оthеrs сегtainly
did, and a numЬеr of highly spесulativе сandidatеs wеrе put forward, rang-
ing from tеrrеstrial сausеs (rеgular pеriods of volсanism or сlimatiс uphеaval)
tO еХtratеrrеstrial faсtors (сosmiс radiation, еarth's сyсliсal motion thrсlugh
thе galaсtiс planе) and sсiеnсе fiсtion (thе so.сallеd Nеmеsis hypothеsis'
whiсh imaginеd that an сlrЬiting ..dеath star' ' passеd сlosе еnough to thе so-
lar systеm еverу 26 mill ion yеars to sеnd сomеts from thе nеarЬy oort Сloud
hurtl ing toward thе еarth). Dеspitе oftеrr Ьеing assoсiatеd with thеsе thеoriеs,
Sеpkoski himsеlf ссlnsidеrеd his partiсipation in thеsе dеЬatеs ассidеntal and
nсltеd that his work on pеriodiсity oссupiеd a rеlativеly minor plaсе in his
ovеrall sсiеntifiс output. Dеspitе his untimеly dеаth in 1999 at thе agе of 50'
Sеpkoski сontriЬutеd a numЬеr сlf important apprсlaсhеs to mathеmаtiсal
analysis of Ьiodivеrsity and palеoесology that havе hеlpеd shapе thе сurrеnt
study of mасroеvolution.
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Shеppard, Philip |\Д'. (192|-797 6)

Phil ip Shеppard was thе Ьrightеst of thе y()ung mеn gathеrесl around Е. B.
Ford in tl. lе sсhotll of есoltlgiсal gеnеtiсs foundеd at oхfoгd Univеrsity iп thе
yеars аftеr World 

.War 
II. Сorning of[ thrее yеaгs as it prisсlnеr of war, Shеp-

pard rapidly mаdе his mark, although it is аn indiсatiоn of tlrе statе of Ьio.
logiсal еduсation that hе diсl not gеt a first-сlirss dеgrее Ьесaltsе hе spеnt too
muсh of his tirrrе thinkirrg :lЬout gеnеtiсs i lnd not еnough ol1 thе traсlit ional
suЬjесts of morphology ar-rd physiоlсlgy. Shеppard Was swеpt up in thе work
that Ford and Rсlnаld Fishеr wеrе doing on tlrе motЬ l>с|пс|хia and thеn Ьеgan
to makе his о' 'vr-r importirnt way in thе sеlесtion studiеs hе did witlr fеllow
Oхonian A. J. Сain. Thеy lсlokеd at thе snail Сеpаеа пеmorаLis and showеd
thе falsit,v of еаrliег сlaims that thе variеd m:rгkings t>f thе snail-Ьandеd. un-
Ьandеd, pink, yеllow, Ьrown, and sсl forth-had no аdaptivе signifiсar-rсе. To
thе сontrary, thеy wеrе aЬlе to provе that thе markings play a major rоlе in
protесting thе snails from prеdаtors. сhiеflу tlrrushеs, аnd thаt thе markings
vаry aссording t() thе Ьaсkground-Ьеесh'uvood flсlсlr, ditсhеs Ьy hеdgеrows,
mеadows, and thе likе.

Showing thаt Ьу now nеo-Darwinian studiеs wеrе llесoming vеry muсh a
joint Arrglo-Amеriсan еndеavor, Shеppard spеnt a yеar (19.54_1955) work-
ing on Drosсlphilа in thе laЬoratorv сlf Thеodosir.rs DoЬzharrsky at Ссllr.rmЬia
Univеrsity in Nеw Yсlrk' Bпt аlthough this сlеarly strеngthеnеd Shеppаrd's
knowlеdgе of alrd intегеsts in undеrlying gеnеtiс faсtors in еvсllution, studiеs
of organisms in naturе wеrе always сlosе to Shеpparсl's hеart, and thеsе сon-
tinuеd aгld inсrеаsеd whегr hе movеd to Livеrpool LJnivеrsitv in 1956' To-
gеthеr rviсh Сyril Сlarkе, Shеpparсl сonduсtеd lеngthy аnd пrassivе stuсliеs on
Ьuttеrfl iеs, unсovеring thе naturе аnd сausеs сlf mimiсry. This is pеrhaps thе
most vеnегaЬlе topiс in Dаrlviniаn sttrdiеs, going Ьaсk to thе l860s and thе
pathЬrеaking work of Hеnry \й/altеr Batеs, Ьut had long Ьееrr a topiс сlf сon-
trovеrsy, primarily Ьесausе mirтiсry oftеn sееms to Ье thе ftrnсtion of onе
gеnе, and so it is hard tс-l sее how natural sеlесtion ссluld Ье thе signifiсant
сausе. [n rеsponsе to suсlr a mlltarionist viе'nv, pushеd Ьy Rеginald Punttеtt, in
Ьis Genetiсаl Thеorу сlf I'Jаturаl SеlеctiLlп (1930) Fishеr arguеd that many
gеnеs сall Ье involvеd in r-rraking fсlr mimiсry thаt саl-l thеn Ье paсkagеd as
onе or a fеw supеrgеrrеs. It Was thе wсlrk of Shеppard and Сlarkе that
showеd this ro l.е tru..

Although thе 1950s r
iеs, in othеr respесts thi
ogy was сonqr-rеring tht
Lеd Ьy Ford, thе еvolr
at Livеrpool was givеr
Nuffiе[d' Еnglarrd's lеad
Amеriсa). Thе foшndat
and Сlarkе сonvinсеd r
fl iеs сould sеrvе as lnO(
This lеd to major and rn
g roups  and  assoс i а tеd :
Ьlood-group sysrеm' on
inсompatiЬlе witlr that t

Shеpp:rrd diеd at thе i
most important еvolutt<
influеntiаl and oftеn-rе.
t i on ,  19 -58 ) .
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Although thе 1950s wеrе ехсiting timеs for Darwinian еvolutionary stud-
iеs, in othеr rеspесts things wеrе diffiсult. Thе nеwly formеd molесular Ьiol-
ogy Was сonquеring thе lifе sсiеnсеs, taking grants and posts and studеnts.
Lеd by F.ord, thе еvolutionists fought Ьaсk (Rusе 1996). Major funding
at Livеrpool was givеn Ьy thе Nuffiеld Foundation (sponsorеd Ьy Lord
Nuffiеld' Еnglаnd's lеading сar industrialist, thе еquivalеnt of Неnгy Ford in
Amеriсa). Thе foundation's mandatе \,\'as mеdiсal rеsеarсh, and Shеppard
and Сlarkе ссlnvinсеd it that studiеs of fast-Ьrееding organisms likе Ьuttеr-
fl iеs сould sеrvе as modеls for human disеasеs with gеnеtiс undеrpinnings.
This lеd to major and in rеspесts vеry suссеssful work on suсh topiсs as Ьlood
groups and аssoсiatеd il lnеssеs and' spесifiсally with rеgaгd to thе Rhеsus
Ьlood-group systеm' on thе proЬlеms assoсiatеd with ЬaЬiеs whosе Ьlood is
inсompatiЬlе with that of thеir nrothеrs.

Shеppard diеd at thе agе of 55 of aсutе lеukеmia, rесognizеd as onе of thе
most important еvolutionists of tl.rе mid-twеntiеth сеntury' not lеast for his
influеntial and oftеn-rеvisеd tеxt Iltrаtиrаl Seleсtioп апd Heredity (first еdi-
t iоn,  1958).
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Simpson, Gеorgе Gaylord (1902_1984)

Gеorgе Gaylord Simpson was an Amеriсan palеontologist and an еxpеrt on

mammal еvolution. Hе madе profound сontriЬutions to еvсllutionary thеory'

systеmatiсs' and historiсal Ьiogеography. Hе Ьuilt lasting links Ьеtwееn palе-

оntology and Ьiology.
Simpson was raisеd in Сolorado аnd attеndеd thе Univеrsity of Сolorado

in Bouldеr from 1918. Hе Ьеgan in jоurnalism and litеrаturе Ьut disсovеrеd

a passion for palеontology during his third yеar. To dеvеlop this intеrеst Simp-

son transfеrrеd to Yalе Univеrsity in 1922, whеrе hе еarnеd a РhB (1 923) and

a PhD (1926). Simpson's rеsеarсh intеrеsts first foсusеd on mammals thаt

livеd during thе agе of dinosaurs. Aftеr Yalе Simpson spеnt a yеar in Britаin

(1926-1927) to study сollесtions of thе sаlтlе mammals hеld in Еurоpеan

musеums.
Simpson joinеd thе Amеriсan Мusеum of Natural History in Nеw York in

1927 and stayеd morе than 30 yеars. Simpson rеplaсеd his mеntor, !7il l iam

Dillеr Мatthеw, whсlm Simpson hеld in high еstееm. Thе Amеriсan Musеum

ownеd onе of thе world's largеst сollесtions сlf vеrtеЬratе fossils. Simpson

flourishеd during thе 1930s and ]940s dеspitе thе Grеat Dеprеssion. Patrons

gavе him funding for sеvеral ехpеditions. In North Amеriсa Simpson сol-

lесtеd fossils in Florida and Montana, as wеll as aсross thе еntiге Sоuthwеst.

Abroad hе lеd ехpеditions to Vеnеzuеla, Braztl, and Patagсlnia. Simpson also

nеarly rеaсhеd Mongolia, Ьut Soviеt offiсials rеfusеd him pеrпrission for po-

lit iсal rеasons. Latеr in his l ifе Simpson hаd a rеputation foг bеing an arm-

сhair naturalist. This is unfair. Hе lovеd to travеl and spеnt a signifiсant

amount of timе away from his homе institutions. Hе wаs a proud mеmЬеr of

thе Ехplorеrs СluЬ, and hе always еnjoyеd thе advеnturе of travеl.

In 1942 Simpson voluntееrеd for military sеrviсе аnd sеrvеd in military in.

tеll igеnсе in North Afriсa, Siсily, and Italy. Fluеnt in kеy lаnguagеs, inсluding

Frеnсh' Gеrman, Spanish, and ltalian, Simpson was idеal for suсh work. In

thе sеrviсе hе lеarnеd AraЬiс. Simpson's sеrviсе allowеd him to еsсapе а сгi-

sis for palеontology at thе Amеriсan Мusеum. Its dirесtor, AlЬеrt Parr, lrad

rесеntly rеorganizеd thе musеum. In this rеorganization thе palеontology

dеpartmеnt was dissolvеd. It was sееn as antiquatеd and rrnsuitaЬlе for a

modеrn Ьiologiсal institution. Parr was an oсеanographеr and wantеd morе

еxpеrimеntal Ьiology. on Simpson's rеturn in 7944, сoolеr hеads prеvailеd.

Simpson withdrеw his rеsignation and was appointеd hеad of thе rеorganiz-

ing dеpaгtmеnt.
In 1956 Simpson suffеrеd an aссidеnt whilе on аn еxpеdition in Brazil.

This lеft him disaЬlеd. Hе nеvеr undеrtook еxpеditiсln work again. Friеnds

also notiсеd psyсhсllogiсal сhangеs. Indееd, nonе tlf his writing аftеr tЬе aссi-
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dеnt matсhеd Ьis еarliеr Ьril l ianсе. Whilе hе was inсapaсitatеd, Simpson fеlt
l lЬandonеd Ьy сollеaguеs at thе Amегiсan Мusеttnr. Тhе rеsultirrg rifts Iеd to
his rеsignation in l9.59 аnd a mtlvе to thе Мusеum of Сomparativе Zoo1ogу
(МСZ) at Harvard Univеrsity. Although his nеw сollеaguеs inсludеd somе of
thе most importаnt еvolutionary Ьiologists of thе day (notaЬly Alfrеd Romеr,
Егrrst Mayr, Bryan Pattеrson' Arthttг Сrompton, and Е' O. 

.!7ilson), 
Sirrrpson

largеl1, ц,,оrkеd altlпе. Hе dеspisеd tеасhing аnd Ьad fеlv str-rdеnts' Siпrpson
fсlrmally rеtirеd ln 1982 and diеd in 1984.

Simpson mаrriеd twiсе. Нis first marriagе, to Lydia Franсеs Pеdroja
(1899_1988), produсеd fouг сhildrеn, Ьut thе marriagе nеvеr Ьlossomеd. For
morе thаn а dесadе thе сouplе fougЬt Ьittеrly ovеr сustody of thеir сhildrеn.
Divогсе сamе in 19.]8. During this tiпrе Simpson dеvеlopеd а rеlationship
with Annа (Arrrrе) Мiriam Rое (1904_1991'), a сlri ldhood friеnd. R<rе was a
psvсhologist who trаinеd аt Сolr-rmbia Univеrsity and еvеntually Ьесаmе an
ехpеrt on сarеег сhoiсе. Thеy mаrriеd immеdiаtеly on Simpson's divoгсе.
ТЬеy had no сhildrеn togеthеr' thor"rgh Roе Ьесamе a muсh-lovеd mothеr to
Simpson's сhildrеn. Simpson and Roе сollаЬoratеd сln sеvеral projесts irl thеir
саrеегs' inсluding а Ьook on using stаtistiсs in zrltl l<lgy апd a сonfегеIlсе ()n

thе vаluе of еvсrltrtiсlnary pеrspесtivеs in thе studу оf Ьеhavior.
In his сontribr-rtions tсl sсiеnсе Simpson Was a rеstlеss gеnius. []е had a

nеar-photographiс mеmory and intеnsе analytiсal aЬil it iеs. His ЬiЬIiography
inсludеd morе than 750 itеms, altЬоugh many of thеsе fall into sеvегal сorе
сatеgoriеs: systеmntiсs, historiсal Ьlogеography, and еvolution.

[n systеmаriсs Simpson prtlсluсеd both gеr-rеri.rl thеory and spесifiс rеvi-
sions dеsignеd to Ьеttеr organizе mаmmal groups' аnd hе namеd lтlany nеW
spесiеs. This work сulminatеd in 1945 with a nеwсlassifiсation of all mam-
nrals, fossil and llving. This was univегsally dеsсriЬеd аs a mastеrpiссе for its
Ьгеirdth and dеptЬ tlf knowlеdgе. Sirrrpson inсludеd ir short introduсtitln that
prеsсгiЬеd mеthсlds f<lr gotlс.l t:lХononly. First, hе irrsistеd on thе impoгtaпсе
сlf multidisсiplirrary knowlеdgе. Еvеry disсiplinе in Ьiсllogy' hе sirid, offеrеd
somеthing for thе taхonomist. Sесond, hе arguеd that сlassifiсаtion must rе-
flесt еvolutionary history. This sесond idеa put Simpson into onе of sеvеrаl
сolnpеting сamps in taхonomy. Othеrs arguеd that his approaсh mаdе taxo-
nol-niс namеs and arrаngеmеnts too сlеpеndеnt on еvег-сhanging idеas aЬсlut
еvolutionаry rеlatiоnships. Tlrсl, rvantеd namеs аnd arrangеlt1еtlts to Ье sга-
Ьlе and indеpеndеnt of еvolutiorrаry faсts. I,atеr Simpson disputесl thе samе
pсlints with nеwеr approaсhеs to taxonomy' suсh as phеnеtiсs and сladism.

Simpson trainеd at a timе whеn palеontologists undеrstood еvоlution to in-
сludе thrее kinds of phеnomеna: сhangе in form, сhаngе in distribution or
rаngе, and сhangе it-t ессlsystеms. Tlrе sесond of thеsе plrеrromеna formеd thе
foсus of historiсal Ьiogеography. F<lllowing his rrlеntors, Simpsorr r-rndеrtook
rlany studiеs to tгaсе сhanging distriЬutions of mammals ovеr gеologiсal
timе. Hе сonсеntratеd his attеntion on intеrсhangеs Ьеtwееn North аnd South
Amеriсa. Not only did hе sееk thе spесifiс data of tl-rеsе intеrсhаngеs' Ьut hе
irlso sought еxplanations. Whаt mirdе lnammals аЬlе oг pooг travеlеrs? What
pushеd a groшp tO ll. l()vе aсr()ss сontinеnts? Sirrrpsсtn dеvеlсlpеd rrеrv mеthсlds
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for mеasuring Ьiogеographiс сhangеs. Hе also proposеd a sеriеs of thеorеti.

сal idеas for tеsting whеn еxplanations wеrе nееdеd. On similar l inеs, Ьеgin-

ning in thе 1930s, Simpson sеvеrеly сritiсizеd thе thеory of сontinеntal drift.

Hе thоught that thе fossil rессlrd for mammals Was Ьеst еxplainеd Ьy thеo'

riеs of migration aсross land Ьridgеs. Hе kеpt this viеw until thе 1960s,

whеn еvidеnсе for sеaflсlor sprеading сonvinсеd him that сontinеnts wеrе

moЬilе.
Simpson is Ьеst known for his studiеs of еvolutionary proсеssеs. Tempo

апd Мсlde iп Еuсllutiс.lп (\944), rеvisеd in 1953 as Маjor Fеаturеs of Еuolu-

tioп, gaioed instant rесognition for its novеlty and sсopе. Horses (1951) ap-

pliеd his thеoriеs to a spесifiс сasе (sее figurе). In thеir ovеrall аpproaсh thеsе

Ьooks Ьrought togеthеr gеnеtiсs' Ьiogеography, есology, аnd mathеmatiсal

modеling of populations to produсе a gеnеral undеrstanding of еvolutionary

pattеrns and proсеssеs. Thеsе Ьooks Ьесamе еssеntial rеading for sеvеrаl

gеnеrations of еvolutionary Ьiologists. Sсlmе' howеvеr' сritiсizеd him for ех-

сеssivе spесulation. For palеontolоgy Simpson introduсеd somе of thе latеst

dеvеlopmеnts in gеnеtiсs and statistiсs' Не wantеd to rеshapе thе way his

Аdapfire
phasе

Prеadaptive
phase

Inadapfivс
phase

I quartu-4

G. G. Simpson adaptеd \Vright's adaptivе landsсаpе mеtaphсlr, rеading it in

tеrms of groups of lс lng-gtlnе orgаnisms (rathеr than gеnеs) tо shсlw how horsеs

еvolvеd from Ьrowsеrs to grazеrs (aftеr whiсh point ' nоt shоwn hеrе, thе

Ьrowsеrs Wеnt ехtinсt). (From Simpson 1944'208.)
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соllеaguеs thought aЬout fossils, and hе rеjесtеd sеvеral еxplanations for еvo-
lutionary сhаngе popular in his disсiplinе. T<l othеr biologists Simpson
wantеd to show the importanсе of palеontolоgy for idеntifying nеw еvolution-
ary phеnorтеnа and foг tеsting thеorеtiсal сonсеpts. Simpson workеd in tandеm

with othеr Ьiologists who wеrе sееking to modify Ьiologiсal thеory in l ight of

rесеnt innovations in thеir fiеlds. Thеsе inсludеd Thеodosius DoЬzhansky,
Еrnst Мayr, and Julian Нuхlеy, among othеrs. Togеthеr this group duЬЬеd
thеir movеment a modеrп sупthеsis, a phrasе that сontinuеs to Ье appliеd, al-

though Simpson prеfеrrеd post-Dаrotliпism.

On similar l inеs is Simpson's 1949 Ьook The Мeапiпg of Еuolutioп. Оn

thе surfaсе this is a gеnеral summаry of thе synthеtiс approaсh. Addеd to this

arе disсussions of еvolutionаry progrеss and thе sсiеntifiс Ьasis for еthiсs.
This Ьook сlеаrly shows thе еffесts of Simpson's pеrsonal ехpеriеnсе of war

and its aftеrmath. It offеrs a Ьiologist's sеarсh for mеaning in lifе aftеr a

Ьloody сonfliсt and aftеr еmЬraсing humanism ovеr thеism. 
.What, 

Simpson
asks, сan Ье lеarnеd about l ifе's mеaning Ьy studying lifе's history? Тhis Ьook
was widеly disсussеd and translatеd into many languagеs.

In thе 1970s Simpson was Ьittеrly attасkеd from within еvolutionary Ьiol-

ogy. Advoсatеs of punсtuatеd еquil iЬrium, inсluding Stеphеn Jay Gould and

Nilеs Еldrеdgе, prеsеntеd Simpson as part of an еntrеnсhеd paradigm who

mislеd palеontologists into thinking that most еvolutionary сhangе was grad-

ual rathеr thаn rapid. Sour rеlations Ьеtwееn Simpson's dеfеndеrs and dе-
traсtors polarizеd pаlеontology. Simpson dismissеd suсh attaсks as еfforts Ьy

amЬitious youngstеrs еagеr for fanrе and fсlrtunе. Не arguеd that thеy had

simply tаkеn а fеw of his idеas tO an ехtrеmе and thеn madе a smokеsсrееn

to hidе thеir laсk of еvidеnсе. Disputеs aЬout Simpson's thеoгiеs сontinuеd
wеll aftеr his dеath. Thе aсrimony of thеsе disputеs сolсlrs thе way Simpson
is rеmеmЬеrеd.
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862 Soсiаl Dаrш'iпism

Soсial Darwinism

Soсial D:rгwiIrism is сottr,еntionally сlеfinеd as thе аppliсаtiсlrr сlf Dаrwirr's
thеory of natural sеlесtiorr to thе domаin of hurтan аffairs. Тhе tеrm is usеd
to dеsсriЬе soсial, raсial, and moral thесlriеs, as wеll i ls есonсlmiс and politi-
сal onеs. Мost сommonly it rеfеrs to tlrеoriеs that ас]voсаtе a glirdiatorial
strugglе fс>r ехistеnсе, in whiсh thе losегs сlеsеrvе ttr lt lsе and srrгvivаl Ье-
сomеs proof of mеrit. Tlris dеfinitiorr, hсlwеvеr' doеs nсlt сtrrrеspond to his.
toriсal rеality and rеquirеs furthеr сlarifiсаtion. Soсiаl Darwinisnr is a сomplех
сonсеpt. Its signifiсanсe сhangеd ovеr timе аnd aсross gеographiс Ьt>rdеrs, aс-
quiring rеmarkaЬ1y diffеrеnt rтеanings.

It is iпrportаnt to notе that soсi:rl Darwinisrrr is rrot thе irnrnеdiаtе otf-
spring of D:rгwin's Ьiologiсal thеoriеs. Although Darwin somеtimеs ех-
prеssеd viеws that sееm сonсordant with positions hеld Ьy somе soсiаl
Darwinists (his dеsсription of raсial strugglеs as purrt сlf soсiаl еvolution in
Thе Desсеltt of Мап is сlnе suсlr ехаmplе), lris main intегеst did not l iе in so-
сiаl or politiсal thеorizirrg. Furthеrnrorе' attеmpts tсl draw parаllеls Ьеtwееn
human еvolution and thе еvolution сlf soсiеty as part of аn еffort to justify

сеrtain politiсal doсtrinеs prесеdеd I)arwin's Оn thе Оrigiп of Spесics (1859).
HеrЬеrt Spеnсег, for instаl-lсе' who ссlit lес1 thе ехprеssitln ,.survivаl of thе
fittеst,' ' puЬlishеd еssa},s Ьеforе 18.59 irr whiсh hе сlirimеd that dеvеlopmеnt
(i.е., еvolution) was thе univеrsal law ot pгogrеss. Hе usеd this idеа to arguе
in favor of frее есonomiс сompеtition Ьеtwееn individuals аnd to sllpport thе
idеology of laissеz-fаirе l iЬеrаlism. This lrаs lеd somе sсl-rolars to dесlаrе that
soсial Dаrrvinism wсlr"rld Ье morе ассurаtеly trаtnеd soсial Spеnсеrisnr.
Spеnсеr's Ьiology, thouglr, was mainlу inspirеd Ьy Jеаn-Baptistе Lаmarсk's
transformism.

Whеthеr attriЬutеd to D;rrwin or to Spеnсеr, sо-саllеd soсial Dlrrwinism
сlеаrly plаyеd a major гolе in thе sЬaping of сlisсiplinеs с]сс]iсatеd to thе study
of humankir-rd: anthropology, еthrrolсlg,v, and soсiology' [n сlrdеr to Ье сonsid-
еrеd sсiеntifiс' thеsе soсiаl sсiеnсеs dгеw on Ьiologiсal notions. Human raсеs,
сulturеs' and pеoplеs Wеrе сomparеd with spесiеs and wеrе сorrsidегеd suЬjесt
to thе samе natural laws of strugglе, adaptation, аnd survival. Thеy rr.еrе oftеn
aггangеd orr a kind of еvoIшtionary sсirlе thаt indiсirtеd thеir dеgrее of progrеss.
Thе works оf Amеriсan soсiologist \yr'illiam Grahanl Sumnеr, British аnthro-
pologist Е. B. Tylor, and Frеnсh raсial thеоrists Gustavе L,е Bon and Gеorgеs
Vасhеr dе Lapougе arе a fеw ехamplеs of this typе of .rpproaсh. Frarrсis Gal-
tonЪ еugеniсs, whiсh hе tеrmеd thе sciеttcе сlf btnnап bеttеrmaпt, сan аlso Ье
сlassifiеd urrсlеr thе IaЬеl of s<lсiаl Darr,vinism. Thеsе tlrесlriеs and сltlrеrs similаr
to thеm had a profound influеnсе on pсllitiсal and есonomiс thought. Thеy
sеrvеd to rаtionalizе and justify soсiаl inеqualitiеs аnd сutthrtlаt есonomiс
сompеtition. Arтеriсаn magni.1tеs Andrе''v Сarnеgiе and John D' Itoсkеfеllеr

Jr., for ittstanсе, сlаimесl that pеrsorrirl еnriсhmеlrt lrnd Lrusinеss rnсlnopоliеs
wеrе simply manifеstations of thе prinсiplе of survival сlf thе fittеst. Soсial Dar-
winism was also usеd tсl justify raсial sr-rpеriority and disсriminаtiсln and to fuеl
irrrpеrialism arrс.l сolonial сonquеsts (sее figurе). \йZith tlrе growth of rrаtional-
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Еvolution аftеr Darwin suссееdеd in largе part Ьесаusе it so rеadily lеnt itself to
pеoplе's prеjudiсеs' Almоst inеvitаЬll, сartoonists Poгtrayеd thе Irish as aPе-
Iikе. This сartoon, frtrrlr thе pсlprrlar rrrаgаzinе Рuсk (|882), сompounds tЬе
insult Ьy having 21s а сaption ..Кirrg of A-Shanty'' ' thus Ьringing in аttitudеs
аЬout thе Afriсarrs (Ashantееs) аs wеll.

isrn, it was harnеssеd to Warrant thе tlsе of military powеr in сonfliсts Ьеtwееn
nations or rсl lеrrd support to f:rsсist and Nazi idеologiеs.

Thеsе gladiаtсlrial intеrprеt:rtions of еvolutiсlnаry Ьiology do not apply
automatiсally, or in full, to all ..soсial Dаrwinists.' ' Spеnсеr, for ехamplе, op-
posеd militarism, whiсh hе rеgаrdеd as a fсlrm of statе intеrvеntion' сon-
trаry to laissеz-fаirе politiсs. Мorе important' mаny thinkеrs usеd Dаrwin's
Ьiology аnd Spеnсеr's philosophv to pгovidе sсiеntifiс lеgitimaсy to doсtrinеs
that wеге thе ехaсt opptlsitе of fгее-markеr l iЬеralism and individualism,
namеly, soсialism, сollесtivism, end Marxism. Мarх himsеlf drеw a сlosе
сonnесtion Ьеtwееn Darwin's thеory and his own doсtrinе аnd dесlarеd in
l861, in a lеttеr to Fеrdinаnd l-asаllе, ..Darwin's work is most important and
suits my purposе irr tЬat it providеs a Ьasis in thе naturаl sсiеnсе for thе histor-
iсаl сlass strr-rgglе' ' (Мarх |985,246-247). L,atеr somе soсiаlists, l ikе thе
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Italian Еnriсo Fеrri, insistеd сlп thе intimatе сonnесtioIl Ьеtwееn Darwinism,
Spеnсегism, and Мarx's sсiеntifiс soсialism. othеrs, l ikе anаrсhists Еmilе
Gautiеr and Prinсе Pеtеr Kгopotkin, arguеd that thе шOst important law in
еvolutionаrгy Ьiology Was not tlrе strugglе for ехistеnсе but mutuаl aid. ]n thе
Unitеd Statеs, soсiаlist Hеr-rry Gеorgе assignес1 an iп-tpсlrtatrt r()lе to еtrviron-
mеntal сonditions in dеtеrnrining thе сoursе of progrеss and arguеd f<lr
еquаlity and fair сompеtition. Gеorgе's viеws and thе сampaign hе lеd for
land nationalization Won thе еnthusiastiс support of Alfrеd Russеl 

'D7allaсе,

сodisсovеrеr of thе thеory of natural sеlесtion. Toward thе turn of thе twеn-
tiеth сеntury, J.-L. dе Lanеssan's rеvisеd vеrsion <lf Dаrwinism as thе doс-
trinе of ..assoсiation in thе strugglе'' Ьесamе thе prеdominаnt idеology of thе
Frеnсh Third RеpuЬliс, known as Solidarism, аnd tlrе Ьasis of its wеlfаrе
rеgimе. Еvolurionаrу Ьiologv was аlso onе of tlrе rтаin building Ьloсks in
Еmilе Dцrkhеim's soсiology' аt lеаst in its еarly formr-rlаtion.

Сlеarly, еvolutionary thеory сould Ье intеrprеtесl to support vеry diffеrеnt
idеologiеs, dеpеnding on whiсh of its еlеmеnts wаs ссlnsidеrеd thе most im-
portant. If stгugglе and survival of thе fittеst wеrе viец'еd as thе main opеrat-
ing faсtors' еvolution сould Ье usеd to support riglrt-wing doсtrinеs. But
whеn adaptation to thе еnvironmеnt and mесhanisms of soсial Ьеhavior suсh
as altruism wеrе viеwеd as thе dеtеrmining faсtors, еt.olution сould Ье intеr-
prеtеd to supPort lеft-wirrg doсtrinеs.

Сritiсism of soсial Dаrrvirrism appеarеd as sool1 аs thе thеoriеs thеmsеlvеs
did. A fiеrсе attaсk on еvсllutiсlnary еthiсs сamе froпr сlnе tlf thе grеаtеst ехpсl.
nеnts of Darwinism, Ьiologist Thomas Hеnry Нuхlеy. Hе oЬjесtеd that onе
сannot lеgitimatеly dеrivе a moral сodе from naturе's workings, а movе thаt
British philosophеr G. Е. Мooге latеr tеrmеd thе паtиrttlistiс fаllасу. Yеt soсial
Dагwinism is Ьy nсl mеans a dеad or outdatеd еntеrprisе. Progrеss madе in gе-
nеtiс studiеs and molесular Ьitl log,v lеd Amеriсаn еntoпrologist Е. o. .Wilson to
dесlerе in 1975 thе Ьirth of а trеrv syntlrеsis, soсioЬiology' It was prеsеntеd as
an ехplanation of all 21spесts of soсial bеhavior tlrrough Ьiology. [n есotrotrriсs,
NoЬеl laurеatе Friеdriсlr A. vсln Hayеk attеmptеd tсl show thе сorrеlation [rе-
twееn еvolutionary Ьiologv and frее-markеt сapitalism. On thе othеr еnd of
thе politiсаl spесtrum' Pеtеr Singеr's Ьook A Dаrшiпiап Lеft (2000) is еvidеnсе
that attеmpts to link soсialist idеas with Darwinism hаvе also not gonе out of
vogue. Biology today is сеrtаir-rly vеry diffеrеnt from Darwin's timе and muсh
morе advanсеd, Ьut its impliсations for undеrstanding tlrе ways in whiсh hu-
man Ьеings intеraсt with сlnе i1nothеr arе sti l l vеry mtrсЬ il сolltrovеrsiаl issuе.
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Soсiobiologу: The Nеul Sупthesls (Еdward o. Wilson)

Soсiobiologу: Тhе Nеш Sупthesis, by thе Harvard еntomologist Еdward o.
\й/ilson, was puЬlishе d in |97 5.It wаs thе сеntеr work of а tri logy that Ьеgan
witЬ The Iпsесt Sсlсiеties (1'971) and еndеd with thе first of Wilson's Pulitzеr
Prizе_winning Ьooks' Оп Humап Nаture (\978). In Sociobiology 

.Wilson

givеs an ovеrаll piсturе сlf thе growing fiеld of аnimal soсial Ьеhavior' сon-
sidеrеd from а Darwiniаn pеrspесtivе' that is, from a pеrspесtivе that takеs
nаturаl sеlесtion to Ье thе kеy сausal сomponеnt Ьеhind thе Ьеhavior of ani-
mals in sсlсial situations.

Thе first part of thе Ьook dеals with mесhanisms: thе workings of popula-
tion Ьiology, with spесial еmphasis on what Wilson dесlarеd to Ье thе kеy
ntltitln of аltruism. Why and how is it that animals' forgеd in thе strugglе for

ехistеnсе, do not always fight and сompеtе in a Ьrutal way? 
.sИhy 

do thеy
somеtimеs show сoopеration, most oЬviously in thе hymеnoptеra (thе ants,
thе Ьееs, and thе wasps)? To answеr thеsе quеstions.Wilson intгoduсеs somе
nеw thеorеtiсal mсldеls, еspесially thosе of \Хii l l iam Hamilton that foсus on
what had Ьесomе known as kin seleсtiсlп, wЬere animals hеlp in thе rеpro-
duсtion of сlthеrs whеn thеsе othеrs sharе thе samе gеnеs as the hеlpеr. Thеrе
is disсussion also of othеr issuеs, partiсularly modеs of animаl ссlmmuniсa-
tion; most signifiсantly' hе highlights thе importanсе of phеromonеs (сhеmi-

сals usеd сarry information).
Thе sесond half of thе book survеys soсial Ьеhavior in оrganisms from

thе slimе molds through thе soсial insесts and nехt thе vеrtеЬratеs to thе
mаmmals аnd thеnсе on to thе so-сallеd highеr apеs. Thе final сhaptеr is on
our own spесiеs, Homсl stlpiепs' !Иilson sееs a paradoх in animal soсiality.
Не fееls that thе most intеgratеd soсial beings arе thе slimе molds, and thеn
Wе gеt a rеlaхing оf soсial Ьеhavior as Wе movе up thе аnimal сhain. Yеt
humans sееm somеhow to havе rеvеrsеd this' Ьесausе wе arе thе most sо-
сial Ьеings that havе Ьееn sееn on this planеt. Сiеаrly this is in major part a
funсtiсln of thе spесiаl adаptations that wе havе, for instanсе, languagе
aЬi l i ty .

To ехpiain humans \Wilson introduсеs what hе сalls thе autoсatalysis modеl.
This supposеs that thеrе is a сеrtain thrеshold lеvеl that, onсе Ьrеaсhеd' al-
lows human еvolution to proсееd muсh morе rapidly Ьесausе еaсh innova-
tion fееds into thе wholе and (oftеn through fееdЬaсk) spееds up thе ratе of

сhangе. Thе movе to Ьipеdalism сoinсidеntally frееd up thе hands, whiсh lеd
to tool manufaсturе' whiсh lеd to mеntal еvolution, whiсh lеd to inсrеasеd
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сoopеration in hunting, whiсh lеd to a сhangе of diеt (morе mеat and hеnсе
thе potеntial for Ьiggеr Ьrains), and to othеr fеaturеs and aЬil it iеs that Wе аs-
soсiatе with modеrn humans.

.Whеn 
it was puЬlishеd, $Иilsсln's work was high|y сontrovеrsial. Сritiсs

from thе soсial sсiеnсеs fеlt thаt hе was insеnsitivе to thе nuanсеs of human
сulturе, and сritiсs from thе Lеft aссusеd him of simply promulgating a сon-
sеrvativе' patriarсhal viеw of humankind, drеssеd up to look likе sсiеnсе.
Partiсularly сritiсal Was a group that wеnt undеr thе namе of Sсiеnсе for thе
Pеoplе. Opinion dividеs ovеr whеthеr thе сhiеf еffесt of thе сritiсisms was to
dеstroy 

.Wilson's 
position or to inсrеasе his Ьсlok salеs. Today' morе than

thrее dесadеs latеr, Soсiobiologу is rightly sееn аs onе of thе landmarks of
еvolrrtionary Ьiology, taking its plaсе alongsidе thе grеat works of thе еarliеr
part of thе twеntiеth сеntury. Thе faсt thаt 

.!7ilson 
disсussеs humans is сon-

sidеrеd no anomaly, Ьut somеthing thаt has Ьееn donе Ьy almost еvеry grеat
еvolutionist sinсе Сharlеs Darwin (and Ьеfore). In mаjor rеspесts' morе in-
tеrеsting than thе mеrе fасt that humans arе disсussеd is that thеy arе usеd
firmly to support 

.!7ilson's 
Ьеlief that thеy arе thе apothеosis of еvolution, thе

suprеmе point of thе progrеss that thе dеvеlopmеnt of lifе has shown through
thе agеs. Thцs Iй/ilson opеnеd thе way for his latеr, morе opеnly philоsophi-
сal works, l ikе oz I{иmап Nаture andThе Сrеаtion (2006), whеrе hе has
proposеd ехpliсitly that what hе сalls thе ..myth'' оf еvolution (Wilson 1978,
192) rep|ace thе outmodеd story of Christianity. For }7ilson, his sсiеnсе hаs
always Ьееn part of a biggеr mеtaphysiсal piсturе.
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Spеnсеr, Hеrbеrt (1820_1903)

HеrЬеrt Spеnсеr was a British philosophеr and onе of thе most influеntial
thinkеrs of thе Viсtorian agе. A man of есlесtiс intеrеsts, Spеnсеr wrotе on
suсh divеrse topiсs as physiсs, Ьiology, psyсhology' еduсation, musiс, aеs-
thetiсs, and rеligion. Не is, howеvеr, mostly known for his attеmpt to сon-
struсt a сomprеhеnsivе еvolutionary thеory of progrеss in naturе and soсiеty.

Spеnсеr rесеivеd littlе formal еduсation. Hе was mainly taught аt homе Ьy
his fathеr and his unсlе and startеd working at age 16 as a сivil еnginееr for
a British railway сompany. Although his talеnt and mесhaniсаl invеntions
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promisеd suссеss in this fiеld, hе dесidеd to quit thе profеssion in his mid-
twеntiеs and turn to journalism and pоlitiсal writing. Еarliеr Spеnсеr showеd
how passionatеly hе сarеd aЬout politiсs with his first important puЬliсаtion,

a sеriеs of lеttеrs tit lеd ..Thе Propеr Sphеrе of Govеrnmеnt,' ' puЬlishеd in thе
Noпсcпformisl in 1842. Thеy еnсapsulаtе thе kеy еlеmеnts of thе grеat
philosophiсal systеm hе latеr dеvеlopеd: Ьеliеf in a univеrsal law of progrеss

that appliеs to Ьoth intlгgаniс and оrgarriс пIattеr, and thе сonviсtion that
thеrе is a Ьiosoсial сontinuity that l inks nаturе' human Ьеings, and soсiеtiеs
Ьy mеans of growing сomplеxity. ..Thе Propеr Sphеrе of Govеrnmеnt'' also
providеd an сlutl inе of Spеrrсеr's politiсal сrеdo. Hе dеfеndеd laissеz-fairе l iЬ-

еrаlism and opposеd any fсlrm сlf govеrnmеnt intеrvеntion that would hindеr
thе frее сoursе of nаturе othеr than Ьy maintaining ordеr and administеring
justiсе. This positiсln rеmainеd praсtiсally unаltеrеd thеrеaftеr and dirесtеd
most of Spеnсеr's sсiеntifiс work.

In aссordanсе with his politiсal tеnеts' Spеnсеr got a joЬ for a short pеriod
(1848_185З) as suЬеditor for thе l,ondon-Ьasеd finanсial wееkly tЬe Ессlпсl-
mist' А'part from a fеw travеls to thе Еuropеаn сontinеnt, Еgypt, and thе
Unitеd Statеs, Spеnсеr spеnt most of his l ifе in London. During thе timе of
his еngаgеn-rеnt with thе Есoпomlsf, Spеnсеr mеt Gеorgе Еliot, with whom
hе had a vеry intimаtе rеlаtionship, though not as intimatе as Еliot would
havе hopеd. This was thе сlosеst Spеnсеr еvеr сamе to marrying. Hе also mеt
Thomas Hеnry Huхlеy, who latеr Ьесаmе his сlosе friеnd and introduсеd
him to thе famous Х сluЬ.

Thе work for tlrе Есoпomist lеft Spеnсеr еnough frее timе to produсе his
first Ьook' Soсiаl Stаtiсs (1 8.51 ), in whiсh hе еndеavorеd to sеt down thе prin-

сiplеs of a purеly sсiеntifiс systеm of mсlrality. Hе followеd thе Ьook with а
numЬеr of artiсlеs, notаЬly ..Thе Dеvеlopmеnt Hypothеsis,' ' whiсh аrguеd in
favour tlf Lanrarсk's thеory of еvolution, and ..A Thеory of Population,,'
Ьoth puЬlishеd in 18.52. In thе lattеr, whiсh r,vas grеatly inspirеd Ьy Thomas
RoЬеrt Мalthr.rs, Spеnсеr сoinеd thе phrasе ..survival of thе fittеst.', Hе thus

сamе vеry сlosе to еrrunсiating a thеory similar to Сharlеs Darwin and Alfrеd
Russеl \Х/allасе's natural sеlесtion. But еvеn though Spеnсеr dесlarеd his
grеat satisfaсtion with Darwin's Оп the Оrigiп of Spесies, hе plaсеd grеatеr

еmphasis On thе law tlf inhеritanсе of aсquirеd сharaсtеristiсs than Darwin
did. Тhis Lаmarсkian lаw, with its undеrlying assumption of an аlmost mе-
сhaniсally сausal rеlationship Ьеtwееn adaptation аnd еnvironmеnt' Was
morе in tunе with Spеnсеr's dеtеrministiс rеduсtionism. Indееd, Spеnсеr did
not allow randсlm mutations thе samе еvolutionary powеr as Darwin and rе-
gardеd natural sеlесtion as only a sесondary mесhаnisnr of еlimination. Hе

dеfinеd еvolution as thе pаssagе from an inсоhеrеnt homogеnеity to a сohеr.
еnt hеtеrogеnеity, a proсеss that signifiеd for him lеngthy, сumulativе, аnd
nесеssary progrеss. Dаrwin did not havе quitе thе samе сonfidеnсе in pro-
grеssivе dеvеlopmеnt. Thе two еvolutionists alsо diffеrеd сonsidеraЬly in thе
naturе and tlЬjесtivеs of thеir еntеrprisеs. Darwin was first and forеmost a Ьi-
ologist. Spеnсеr's ultimatе purposе Wаs tO providе a widе-ranging еvolutionary
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thеory that would aссount for progrеss in all domains and givе sсiеntifiс Ьа.
sis to his politiсal and еthiсal individualism. As a rеsult hе foсusеd on thе
study of soсiеty, whеrе his сontriЬution was m()st important.

Spеnсеr еnvisionеd soсiеty as a nаtrrral organism, analogous to a l iving
Ьody and subjесt to thе samе еvolutionary laws, with onе important саvеat.
\Whilе in Ьiologiсal organisms thе еmеrgеnсе of a nеrvous systеm and thе dе-
vеlopmеnt of a Ьrain, whiсh funсtions as a сеntrаl rеgulating organ of thе
Ьоdy, arе thе signs of a highly еvolvеd animal, it is not so for thе soсial or.
ganism. It doеs not possеss a ..soсial sеnsorium'' thаt еxists аpart from its
units (Spеnсer 7892,461). Soсiеty ехists оnly for thе Ьеnеfit of its mеmЬеrs,
whosе individual сonsсiousnеssеs сannot Ье rеduсеd to somе сollесtivе ссln.
sсiousnеss. Thе prеsеnсе of a сеntral сoеrсivе authority in thе soсial organ.
ism is thus thе sign of a low phasе of еvolution, а transitory statе that Spеnсеr
tеrmеd tЬe militсlпt typе. As soсiеtiеs grow in dimеnsion, thе division of laЬor
Ьесomеs morе importаnt аnd lеads to a prеdominanсе of thе industrial.
есonomiс fасtor. Finally, thеrе is no longеr nееd for a сеntral govеrnmеnt Ье-
сausе industrial-typе soсiеtiеs сan аuto-rеgulatе thеmsеlvеs through systеms
of produсtion and distriЬution.

Spеnсеr's most important puЬliсation, to whiсh hе dеdiсatеd most of his
lifе as an indеpеndеnt writеr, is thе voluminous А Sуstеm rlf Sупthetiс Phi-
lсlsophу, puЬlishеd Ьеtwееn 1862 and 1893. It сomprisеs 10 volumеs and
givеs a systеmatiс aссount of his viеws on mеtaphysiсs, Ьiology' psyсhology,
soсiology, and еthiсs. TЬe Sуstеm сlf Sупthеtiс Philoso1lhу was a highly
praisеd synthеsis of knowlеdgе, and in thе 1870s and 1880s Spеnсеr's rеpu-
tаtion rivalеd that of Darwin, Ьut his glory did not last long. August 

.!fеis-

mann's attaсks on thе Lamarсkian prinсiplе of thе inhеritanсе of aсquirеd
сharaсtеristiсs shook thе vеry foundations on whiсh Spеnсеr's еvolutionаry
еdifiсе was Ьuilt. His еfforts tсl dеfеnd his thеory еliсitеd littlе support, whilе
nеo-Darwinian theoriеs' Ьasеd on thе pгinсiplе of natural sеleсtiоn, slowly
Ьесamе thе prеdominant paradigm in thе fiеld. By thе first dесadе of thе
twеntiеth сеntury it thеrеforе sееmеd that Spеnсеr had Ьееn provеd Wrong'
and thеrе was no rеason to furthег invеstigatе his systеm.

It would bе a mistakе, howеvеr, to ovеrlook thе profound impaсt сlf
Spеnсеr's idеas. A littlе сlvеr a сеntury ago hе Was onе of thе mоst influеntial
writеrs in Britain, as wеll as aЬroad. His Ьooks wеrе translatеd irrto most Еu-
ropеan languagеs and had a vеry largе сirсulation in thе Unitеd Statеs, whеrе
his famе Was partiсularly grеat. Indian nationalists also hеld his thеoriеs in
high еstееm, and in Jаpan hе was studiеd morе than any othеr fсlrеign writеr.
Within Spеnсеr's l ifеtimе somе 1 mill ion сopiеs of his Ьooks wеrе sold, and
hе сountеd among his admirеrs pеoplе from many diffеrеnt fiеlds of study.
Fеw pеoplе in thе history of modегn 

.!7еstеrn 
thought сan сlaim to havе had

еqual suссеss. Еvеn at prеsеnt' thоugh thе man himsеlf may Ье disсrеditеd,
his idеas sti l l rеsonatе in сontеmporary frее-markеt thinking. Thеy thеrеforе
mеrit sеrious attеntion. and indееd todav thеrе is a rеvival of intеrеst in
Spеnсеr.
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Stanlеy, Stеvеn М. (b. 1941)

Stеvеn M. Stаrrlеy is a mеmЬеr. of an influеrrtial group of palеоntologists
whosе work is uniting palеontology and nеontology (or Ьiology) Ьy dеmon-
strating that palеrlntologiсal data (l ikе thе fсrssil гесord) havе gеnuinе signifi-
сanсе for undеrstanding thе mесhanisms Ьy whiсh еvolution happеr-rs. Stanlеy's
primary thеorеriсаI сontriЬutions havе Ьееn in thе arеa of maсroеvoltrtiоn' or
thе formation of nеw spесiеs i1nd еvolutionary novеltiеs. Irr pаrсiсular hе is
thе originator оf thе thеory of spесiеs sеlесtion, whiсh holds th.rt spесiеs arе
lеgitimatе units of sеlесtiоn and on а maсroеvolutionary lеvеl aсt analogсlusly
to individual orgаrrisms in miсroеvolution. An inrportant impliсаtion of this
viеw is that thе history of l ifе has not Ьееn thе smotlth, сontinual proсrеssion
of small сhan €]еs. а prеdiсtion dеrivеd from Dаrwin's theory of nаtural sеlес-
tion. Rathеr' Stanlеy hаs Ьееn an outspokеn supportеr of punсtuаtionism and
hiеrarсhy thеory-thе notion that l ifе's history h:rs Ьееn Ьrokеn Ьy signifiсant
disсontinuitiеs at intеrvals and on various lеvеls-whiсh arе most famously
assoсiatеd with Nilеs Еldrеdgе and Stеphеn Jay Gould's thеrlrу of punсtuatеd
еqui l iЬr ia .

Bеginning in thе mid-]970s, Stanlеy arguеd that еvolutionary Ьiologists
had ignorеd thе important lеssons that сould Ье lеarnеd from thе fossil
rесord Ьy foсusing solеly on thе gradual aссumulation of sn-rall сhangеs
in ind iv idual  organisms. In a grouгrdЬrеaking еss;ry puЬl isЬеd in 1975 Ьe
сhallеngеd thе rrеo-Dаrwit-tiаn viеw that nzrtuгal sеlесtion ассounts for

-^{.8.
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all еvolutionary pattеrns and сonсludеd that this геduсtionist сonflation of
gеnеtiсs with еvolution is misguidеd. Slow, gradual сhar-rgе doеs not aс-
сount for thе majority of important еvсllutionary сhangеs oЬsеrvaЬlе in thе
fossil rесord, whiсh appеar to Ье muсh mсlrе suddеn and aЬrupt than was
ехpесtеd undеr natura l  sе lесt ion.  Не rеasonеd that just  as ind iv iduals  undеr
natural sеlесtion arе favсlrеd for Ьoth thе aЬil ity to survivе to rеproduсtivе
maturity аrrd thе aЬil ity to produсе many offspring, spесiеs arе favorеd for
lеngthy еxistеnсе (whiсh allows grеatеr сhanсе for spесiation) and thе tеn.
dеnсy to produсe пrany daughtеr spесiеs. In this analogy spесiation is thе
analoguе to birth, and еxtinсtion to dеath. A striking сonsеquеnсе of this
viеw is that thе сoursе of еvolution hаs Ьееn influеnсеd morе Ьy random
faсtors than sсiеntists had formеrly Ьеliеvеd. Sinсе Stanlеy's modеl pro-
posеd that most еvolutionary сhangе takеs plасе at thе spесiеs lеvеl, and
sinсе spесiatiсln (oссurring nrost oftеn Ьy gеographiс isolation) is dirесtеd
Ьy fairly arЬitrary еnvironmеntal faсtors, pattеrns in thе history of l ifе aге
сomparaЬlе with a statistiсal random walk, in whiсh long-tеrm trеnds аrе
largеly aЬsеnt. Thе notion of progrеss as an еvolutionary mеtaphor (whiсh

hаs had grеat сurrеnсy sinсе Ьеforе Darwin's day) is largеly aЬsеnt from
this viеw.

Stanlеy's work is notаЬlе in addition for its еxpliсit attеmpt to promotе сO-
opеration Ьеtwееn palеontologists and Ьiologists. Нis 1968 doсtoral thеsis at
Yalе ехaminеd funсtional morphtllogy in ехtаrrt l inеagеs of Ьivalvеs' rеflесt-
ing his hopе to Ьring Ьiologiсаl mеthods and data to Ьеar on palеontоlogy.
SuЬsеquеntly in his сarееr hе rеvеrsеd this impulsе and Ьеgan to agitаtе for
grеatеr аwarеnеss of palеontologiсal findings in thе work of Ьiologists. Along
with Gould, Еldrеdgе, Dаvid М. Rаup, Thomas J. M. Sсhopf, аnd othеrs, hе
Was rеsponsiЬlе fсlr thе palеontologiсal rеnaissanсе in thе 1970s аnd l980s
that saw thе еstaЬlishmеnt of palеoЬiology as a thriving disсiplinе. Hе is also
thе author of two foundational tехtЬсroks: with Raup hе сoauthored Princi-
plеs of Pаlеoпtologу 0971|, whiсh Ьесamе thе authoritativе tеxt for undеr-
graduatе palеontolсlgy сoufsеs (and was not suЬstantially rеvisеd for morе
thаn 30 yеаrs), and in 1979 Ьe puЬlishеd thе trеatisе Масroeuolutkm: Раt-
tеrn апd Proсess, whiсh has Ьееn dеsсriЬеd as onе of thе most signifiсant
Ьooks in palеontology sinсе G. G. Simpson's сlаssiс Tеm|lсl апd Мodе iп
Еuolutioп.
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stеЬbins, Gеorgе Lеdyard (1906_2000)

Gеorgе Lеdyard StеЬЬins is rеgardеd as onе of thе major figurеs in

twеntiеth-сеntury еvolutionary Ьiologу. Нis sсiеntifiс сarееr spannеd most

of thе сеntury and inсludеd thrее primary arеas of rеsеarсh: Ьotany, gеnе.

tiсs' and еvolution. Hе is еspесiаlly wеl1 known for his mastеrful synthеsis of
thеsе thrее arеas in his 1950 Ьook Vаriаtioп апd Еuolиtioп iп Plапts. Nlore

than аny othеr, this Ьook formеd thе ссlnсеptual ЬaсkЬonе of thе nеw sсi-
еnсе of plant еvolutionary Ьiology and guidеd an еntirе gеnеration of plant

еvolutionists. Bесausе this Ьook also rесonсilеd plant еvolution with animal

еvolutiоn and Ьесausе it сomplеmеntеd Ьooks l ikе Thеodosius DoЬzhan-

sky's 19З7 Geпеtiсs апd the Оrigiп of S1lесiеs, StеЬЬins is gеnеrally rеgardеd

as thе Ьotaniсal arсhitесt of thе еvolutionary synthеsis, ranking alongsidе
not only DoЬzhansky Ьut also Еrnst Мayr, G. G. Simpson, and Julian Hux-
lеy. Мuсh of his original rеsеarсh dеlvеd into thе gеnеtiсs of thе еvolution-
ary proсеss in plant spесiеs l ikе thе weed Сrеpis. Hе is Ьеst known for his

work with Bеrkеlеy gеnеtiсist Е. B. BaЬсoсk, whiсh lеd to thе idеa of thе
polypl<lidy сomplех' a сomplех of rеproduсtivе forms сеntеring on sехual

diploids surroundеd Ьy polyploids. Не is also known for Ьеing thе mastеr of

thе synthеtiс rеviеw artiсlе in сritiсal arеas of intеrеst to plant еvolutionists
l ikе polyp lо idy.

Gеorgе Lеdyard StеЬЬins was Ьorn in Lаwrеnсе, Nеw York, on January 6,
1906, arrd Was thе third сhild of a wеalthy finаnсiеr and rеal-еstatе dеvеlopеr

аnd а Nеw York soсialitе. Hе spеnt his summеrs in thе rеsort town of Sеаl

НarЬor, Mаinе, whеrе his fаthеr had sеrvеd as a dеvеlopеr. It was thanks to

thе еfforts of his parеnts and to somе of thе distinguishеd геsidеnts, many of

whom wеrе sсiеntists and naturalists, that StеЬЬins dеvеlopеd an еarly intеr-

еst in natural history and in thе flora of Mt. Dеsеrt Island. Hе attеndеd Har-

vard Univеrsity, a rеnownеd сеntеr of Ьotaniсаl instruсtion in thе Unitеd

Statеs in thе 1920s. Although his primаry training had Ьееn in plant systеm-

atiсs (floristiсs in partiсular) with taхonomists l ikе M. L. Fеrnald in thе Gray

HеrЬarium, StеЬЬins movеd intсr nеwеr аrеas l ikе сytogеnеtiсs and studiеd

with Е. С. Jеffrеy' a wеll-known plant morphologist, and thеn with Karl Saх,
who had Ьееn hirеd as а !]еnеtiсist at Llarvard's Arnсlld ArЬorеtum. By thе
timе of his graduation StеЬЬins was using thе latеst сytologiсal tools to dе-
tеrminе phylogеnеtiс rеlationships in mеmЬеrs of thе Сompositaе (thе sun-
flсlwеr family). His first aсadеmiс position at Сolgatе Univеrsity allowеd him

to сontinuе his rеsеarсh into сytсlgеnеtiсs in spесiеs l ikе thе pеony' or Pаеo-
пiа.In 1935 hе aссеptеd a position as junior gеnеtiсist to Е. B. BaЬсoсk at thе

Univеrsity of Сaliforniа at Bеrkеlеy to work on thе phylogеnеtiс rеlation-
ships in old World and Nеw !Иorld spесiеs of Сrepis. BaЬсoсk had found
Сrеpis a proпrising organism for undеrstanding thе gеnеtiсs of thе еvolution-
ary proсеss and had undеrtakеn аn amЬitious еffort with a numЬеr of work-

еrs to study i t  (Smoсovi t is  1988).
StеЬЬins еarlу distinguishеd hinrsеlf in gеnеtiс and systеmatiсs rеsеarсh

and in ]939 Ьесаmе an assistant profеssor of gеnеtiсs. During thе mid- to
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latе 1930s StеbЬins Ьесamе inсrеаsingly intеrеstеd in сеntral proЬlеms of
сonсеrn to еvolutionists. Hе mеt and intеraсtеd with Thеodosius DoЬzhansky'
who was a frеquеnt visitor to thе Bay arеa, and hе was an aсtivе partiсipant in
thе Biosystеmatists Сirсlе, a group of systеmatists who Wеrе supporting thе
adoption of tools from сytology, gеnеtiсs, аnd есology to solvе proЬlеms in
systеmatiсs. StеЬЬins Ьеgan tсl pursuе plant еvolution full-timе a|ter \9З9
whеn hе Ьеgan to tеaсh Bеrkеlеy's сoursе in еvolution, taught out of thе agri.
сulturе sсhool. His own rеsеarсh turnеd to solving proЬlеms in plant еvolu.
tion, and so StеЬЬins followеd сlosеly thе wсlrk of thе Сarnеgiе Institution оf
.Washington 

at Stanford Univеrsity's tеаm of Jеns Сlausеn, David Kесk, and
Will iam Hiеsеy, as wеll as thе work of Еdgar Andеrson and Сarl Еpling' all
Ьotanists сonсеrnеd with undеrstanding еvolutionary proсеssеs. Unlikе most
of thеsе сontеmporariеs, howеvеr, StеЬЬins was еqually vеrsеd in animal еvo-
lution and followеd thе work in spесiеs likе Drosopbilа psеudoobsсиrа Ьу
DoЬzhаnsky and his сollaЬorators.

His grand synthеsis of plant еvolution Ьеgan as part of an invitation to givе
thе Jеsup Lесturеs at СolumЬia Univеrsity in 1947 (DoЬzhansky had Ьееn in-
strumеntal in thе invitation). Rеworking his lесturеs for his еvoiution сoursе'
StеЬbins сomplеtеd a Ьook-lеngth mаnusсript thаt wаs puЬlishеd in 1950 as
Vаriаtion апd Еuolutioп in Plаnts. Thе Ьook Was an instant suссеss' Was
widеly rеad Ьy еvolutionists' and Ьесamе thе authoritativе sourсе for undеr-
standing еvolution in thе plant world. In addition to organizing thе nеw fiеld
that Ьесamе known as plant еvolutionary Ьiology and sеrving as a kind of
tехtbook to youngеr workеrs, thе Ьook also mаdе StеЬЬins thе singlе Ьеst-
rесognizеd authority on plant еvolution at that timе.

StеbЬins сontinuеd his еvоlutionary rеsеarсhеs into thе 1950s whеn hе
took a nеw position as сhair of thе Gеnеtiсs Dеpartmеnt at thе Univеrsity of
California in Davis, Сalifornia. Hе сontinuеd to writе а sеriеs of important
synthеtiс Ьooks on plant еvolution, inсluding Сhrсlmсlsomаl Еuolution iп
Higher Plаnts tn 1971 and Flotuеriпg Plапts: Еuolutioп аbouе tbe Speсies
Leuel in 7974. TЬe lattеr sеt forth a sеriеs of сontrovеrsial thесlriеs сonсеrn-
ing thе origin of thе angiospеrms and was сonsidеrеd сritiсal rеading for
graduatе studеnts and yorrngеr sсholars. Не also еditеd an important сo1lес.
tion еxploring phеnomеna likе adaptivе rаdiation and island Ьiogеography
with HеrЬеrt Bakеr in 196.5 tjt,Iеd The Gеnetiсs of Сoloпiziпg Spссles. StеЬ-
Ьins also wrotе gеnеral Ьooks on еvolution |tke The Bаsis of Progrеssiue Еuo-
lutioп in 1969 and authorеd a widеly usеd univеrsity tеxtbook that wеnt
through thrее еditions titlеd Procеssеs of Оrgаniс Еuolutioп in thе latе
1'960s.In1977 hе сoauthоrеd yеt anothеr сomprеhеnsivе tеxtЬook on еvolu-
tion with Thеodosius DoЬzhansky, Franсisсo Ayаlа, and Jamеs Valеntinе, ti-
tlеd simply Еuolutioп' His tеaсhing еffсlrts Wеrе not limitеd only to gradllatе
and undеrgraduatе instruсtion Ьut also еxtеndеd to dеvеloping an Amеriсan
high-sсhool сurriсulum riсh in thе Ьiologiсal sсiеnсеs that arguеd that еvolu-
tion was thе сеntral unifying prinсiplе. Hе was an еspесially aсtivе mеmЬеr
of thе Biologiсal Sсiеnсеs and Сurriсulum Study's еfforts to rеform high-
sсhool Ьiology еduсation in thе Unitеd Statеs and aсtivеly fought against
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еfforts Ьy so-сallеd sсiеntifiс сrеationists to undеrminе thе sсiеntifiс lеgiti.
maсy of еvo1utionary Ьiology.

In thе 1960s StеЬЬins inсrеasingly Ьесamе eсtivе in сonsеrvation еfforts,
еspесially to prеsеrvе Сalifornia's nativе flora. Hе Ьесamе a popular figurе
and tеaсhеr and аЬlе spokеspеrson for еvolution. By thе latе 1970s StеЬЬins
hаd еmеrgеd as onе of thе пrorе visiЬlе еvolutionary Ьiоlogists.

Hе сontinuеd pursuing his rеsеirrсhеs into еvolution, but in thе 1960s hе
Ьесamе morе hеаvily involvеd in nеwеr studiеs to solvе importаnt quеstions

in Ьiology dеaling with thе transformation of ..gеnе to сharaсtеr,, ' or undеr-

standing nrorе prесisеly thе mесhаnisms Ьy whiсh gеnеs affесtеd dеvеlop-
mеntal pаttеrns so as to lеad to thе oгigin оf novеl Ьut adaptivе traits and
сharaсtеrs. Hе rеtirеd from thе Univеrsit1, of Сalifornia at Davis in 197З Ьut

Was sti l l асtivе in writins artiсlеs and Ьoсlks on еvolution until thе timе of his
dеath in 2000.
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Supеrorganism

A supеrorganism is аn еntity that funсtions as an orgаnism Ьut is madе of
parts that arе or сan propеrly Ье сonsidеrеd organisms in thеir оwn right.
Thе idеа of thе supеrorgаnism long antеdatеs thе Ьirth of еvсllutionary idеas
and, as appliеd to humаn soсial systеms, саn indееd Ье found in thе thinking
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of thе Grееk philosophеrs. In his Re1lиbliс Plato l ikеnеd thе idеal statе to thе
individual soul, arguing that еaсh has thrее parts: thе thinking part' in thе
statе rеprеsеntеd Ьy thе rulеrs or guardians; thе spiritеd part, in thе statе
rеprеsеntеd Ьy thе auхil iariеs (soldiеrs and сivil sеrvаnts); and thе аppеtitivе
part' in thе statе rеprеsеntеd Ьy thе artisans and shopkееpеrs. This kind of
аnalogy lеnt itsеlf wеll to diffеrеnt philosophiеs' and in thе ninеtееnth сеn-
tury, with thе сoming of еvolution, thеrе wаs muсh еnthusiasm for sееing
thе statе as аn еvolving еntity, akin to an organism. In partiсular, thе Еn-
glish еvolutionist HеrЬеrt Spеnсеr arguеd strongly thаt wе sее in thе stаtе
mеthods of organization idеntiсal to mеthods of organization in thе individ-
ual, notably thе way in whiсh Ьoth еntitiеs funсtiоn Ьеst whеn thеy ехhiЬit
a strong division of laЬor, with a part of thе Ьody doing that and only that
for whiсh it is Ьеst suitеd. Today pеrhaps thе soсiaI organiс analogy is Ьеst
sееn in thе thеorizing of thosе who Ьеliеvе that units of сulturе аrе akin to
gеnеs. Riсhard Dawkins proposеd suсh a thеory inТhе Sеlfish Gепe (\976|,
arguing that сulturе is dividеd into mеmеs analоgous to gеnеs' аnd hе
and thе philosophеr Daniеl Dеnnеtt arguе that sсlсiеty сan Ье analyzеd as a
kind of mеmеtiс gеnotypе with strong similaritiеs to thе individual Ьiologi-
сal gеnotypе.

Thе supеrorganism сonсеpt was hintеd at (if not Ьy that or any namе) by
Сharlеs Dаrwin tn Оп thе Оrigiп of Speсiеs. Hе was strongly сommittеd to
thе viеw that natural sеlесtion works for and only for thе individuаl. Hе
сould not sее that adaptation сould еvеr Ье for thе Ьеnеfit of thе group at thе
еxpеnsе of thе individual orgаnism. Antiсipating thinkеrs today, Darwin
madе it сlеar in сorrеspondеnсе with natural sеlесtion's сodisсovеrеr, Alfгеd
Russеl 

.W.allaсе, 
that еssеntially hе thought that if sеlесtion works for thе

group' it is always opеn to сhеating Ьy thе individual. A сhеatеr Ьеnеfits from
its own еfforts, as wеll as thosе of thе group, whеrеаs a nonсhеatеr losеs Ье-
сausе of thе сhеatеr. Howеvеr, individual sеlесtion failеd tсl еxplain thе rolе
of stеrilе workеrs in thе soсial insесts, spесifiсally thе hyrnеnoptеra (ants, Ьееs,
and wаsps). Thе proЬlеm is that it sееms that individuаls in thеsе spесiеs givе
all to thе grorrp at thе еxpеnsе of thеir оwn laЬors. Darwin finаlly dесidеd
that thе intеgratеd groups formеd Ьy thе hymеnoptеra, paradigmatiсally thе
honеybее hivе, сan Ье rеgardеd as organisпrs in thеir own right. Thus sеlес-
tion сan work on thе wholе, with stеrilе workеrs Ьеing rеgardеd as part of
this largеr unit, just аs individual Ьody parts arе intеgratеd into a funсtioning
wholе organism.

In thе 1960s and 1970s, with thе сoming of soсioЬiology, a disсiplinе that
appliеs Ьiology to thе study of soсial Ьеhavior, and thanks partiсLllarly to
powеrful modеls that showеd how apparеntly altruistiс Ьеhavior сan Ье
еxplainеd in tеrms of advantagе to thе individual (sеlfish-gеnе thеory), Dar-
win's kind of thinking was dismissеd by Ьiologists. Thе idеa of tЬе supеrorgan-
ism was rеgardеd as Ьеyond the rеalm of thе hеlpful' a sеntimеnt rеinforсеd
Ьy thе idеa's unfortunаtе politiсal сonnotation5-5цсh organiс thinking was
a favoritе of thе National Soсialists-and Ьy its assoсiation with woolly
mеtaphysiсs. Тhе Gaia hypothеsis of .}arnеs Lovеloсk, in whiсh thе еarth is
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сonsidеrеd an organism and its dеnizеns (irlсluding humans) arе соnsidеrеd

its parts, was takеn i1s an ехеmplаг of аr-r attraсtivе Ьut ultimаtеlv stеrilе

way of undеrstanding thе proЬlеms of thе еrrvironпlеnt. Rесеntly, howеvеr'

as a funсti<lrr of a gеnеral rеvival of intеrеst in proсеssеs Ьy wlriсl i sеlестion

сan work for tlrе Ьеnеfit of thе group, thе idеa of thе intеgratеd furlсtirlning

wholе-thе supеrorganism-hаs Ьееn еr-rjoying a similar rеvival. In partiсu-

lar, thе lеading studеnt of thе soсiаl insесts' Еdward O. 
.Wilson, 

now arguеs

that in trying to undеrstand many сlf thе mоrе сomplех ant soсiеtiеs, it is

unwisе and unhеlpful to rеgaгd thе individrrals аs funсtioning orgenisms in

thеir own right. It is muсh morе profitaЬ|е to think of thеsе individuаls as

parts of  thе wholе,  wi th natura l  sе lесt ion асt ing on thе со lony Or nеst

rathеr thаn on thе individuаls. This is аn епrpiriсаl lrypothеsis, not i l ldеЬtеd

to idеolсlgy or пlеtaphysiсs, and rro сlouЬt wil l gеnеratе muсh intеrеst, thе-

orеtiсal and ехpеrimеntal, as еvolutionists сontinuе to strugglе with somе

of thе most сhirl lеnging and intеrеsting pЬеnomеna that thе living world hаs

to show.
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Sуstеrпа Nаturаe (Carl Linnaеus)

Thе Swеdish Ьotanist Сarl Linnaеus (аlsс-l known as Сarl von [-inn6)

is justly сrеditеd with thе hiеrarсhiсal systеnl of Ьiologiсal taхonomу and

nomеnсlaturе thаt hzrs dominatеd tах<;n<lnr,v sinсе its dеvеlopn1еt]t ir1

thе 13 еditions оf his Sr'sreиа Nаturае. Hе is also сlftеn, аnd mislеаdirrgl1',

assoсiatеd witlr аn еssеntiаlist s1.lесiеs сonсеpt сommittеd tO thе fiхity of

spесiеs.
In ] 735 Linnirеus was in thе Nеthеrlаr-rds studying for a dеgrее in mеdi-

сinе. 
.lf ith 

thе еnсouragеmеnt and hеlp of Jan Frеdеrik Gronovius, Irе pub-

lishеd thе first еdition of Sуstеmа I'Jаturаe, сonsisting of a titlе pagе' 1 1 pagеs

of ..oЬsеrvations'' zrnd taxonomiс taЬlеs, аnd twtr onе-pagе lеaflеts. Thе full

tit|e, Sуstеmа NаturLlе siuе Rеgпа Triа |''Iаturае Sуstеmаtiсе Prсlpositа pеr

Сlаssеs, Оrdinеs, ceпеrа Ф Spесiеs, rеvеals thе frаmеwork of his taxllttt.ltttiс

systеm: tЬrее kingdoms of naturе-inirrеral, Plant, and aninlirl-еaсh dividеd

into сlassеs, orсlеrs, gеnеra' and spесiеs. Мost notaЬly, in his taхOllomiс ta_

Ьlеs hе сlassifiеs humаns (Homo) into tЬе tlrdеr Anthropomorpha аlong with

othеr primаtes (Simiа), whilе rесognizing thе suЬspесifiс taхa Аmcriсапиs,

Аsiаticus, Аfriсапus' and Еurop еапus.
In thе first oЬsеrvation of ..OЬsеrvations on thе Thrее Kingdoms оf Na-

turе,' ' Linnaеus argtlеs for spесiеs fiхity оn tlrе grounds that еvеry ofispring

сlosеly rеsеmЬlеs its pаrеnt. Hе also агguеs thаt thе mеmЬеrs сrf а spесiеs

multiply аnd inсгеl.tsе сlvеr titте, and by trirсing tlris proсеss Ьaсkward, и,е

-^4.R. апd J.Т.
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сan sее that еvеrrtually thеrе must Ье somе singlе original pair oг individual
fоr еaсh spесiеs сrеatеd Ьy God. ln suЬsеquеnt oЬsеrvatiсlns Linnaеus сlaims
that God's plаn is tо Ье disсovеrеd in thе oЬsеrvation of naturе' and that it
is thе duty of mаn to unсovеr this hiddеn p|an so thаt hе might Ьеttеr admirе
God's work. Hе also arguеs that Ьy studying nаturе' Wе сan prсlvidе a Ьеttеr
foundation for Ьuilding, сommеrсе' food supply, and mеdiсinе to Ьеttеr aсhiеvе
a hеаlгh iеr  statе.

Тhе following еditions of the Sуstеmа Nаturае grеw from thе modеst first
еdition to thе 3,000-pagе 13th еdition of \770. This growth was largеly duе
to thе addition of nеw tахa to thе taхonomiс taЬlеs, Ьut thеrе Wеrе lmpoг-
tant сhangеs as wеll. In thе 1Oth еdition of l 758 Linnaеus introduсеd his sys-
tеm of Ьinomial nomеnсlaturе, whеrе еaсh spесiеs is idеntifiеd Ьy thе
now-familiar gеnus-spесiеs namе. But most signifiсantly, Linnаеus also ге.
visеd his сonсеption of spесiеs. In thе 1740s Linnaеus was сonfrontеd with
еvidеnсе that natural hyЬridization had oссurrеd among plants, produсing
diffеrenсеs of kind. By 1755, hе сonсludеd that hyЬridization сould form
nеw spесiеs of plants (von [,inn6 and DaldЬеrg 1755). Сonsеquеntly hе aЬan-
donеd his сomпritmеnt to thе fiхity of spесiеs, сlЬsеrving that pеrhaps Gоd
had сrеatеd an individual oг mating pair for еасh gеnus аnd that nеw spесiеs
wеrе produсеd Ьy intеrgеnеriс сrossеs. Signifiсantly' hе lеft opеn thе quеstion
whеthеr thеrе arе l imits to this proсеss. Linnaеus latеr took this idеa еvеn
furthеr, spесulating in thе 1Зth еdition of thе Sуstеmа I'Jаttlrае that thе orig-
inal individuals оr mating pairs might rеprеsеnt ordеrs' rathеr than gеnеra'
аnd that еvеn nеW gеnеra сould Ье сrеatеd through hyЬridization.
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Sуstemаtics and the origin of Speсies (Еrnst Мayr)

Еrnst Мayr plаyеd a сеntral rtl lе in сonstruсting and promсrting thе synthеtiс
thеory of еvсllution, dеvеlсlpеd in thе 1930s and 1940s. Latеr hе was its сhiеf
advoсatе. Sуstеmаtiсs апd thе Оrigiп of Speсies wаs his first major сontriЬu-
tion to that thеory. Its kеy fеaturе is а dеfеnsе of thе thеory of spесiatiсln Ьy
gес lgгaphiс iso lat ion.

TЬe pсllуtуpiс spесiеs is this Ьсlok's сorе idеa. Thеsе arе spесiеs that show
distinсt variеtiеs or suЬspесiеs. Mаyr сonсеntratеd his rеsеаrсh on gеo-
graphiс variеtiеs. In pаrt hе did this Ьесausе hе was fasсinatеd Ьy thе pro-
сеssеs that сausе populations to Vary from onе plaсе to thе nехt. Also, as a
musеum сurator rеsponsiЬlс for r-raming and сataloging spесimеns, Мayr
strugglеd daily with dесisions aЬtlut how muсh vаriation hе should attriЬutе

to variеtiеs, suЬspесiеs.
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tсl variеtiеs, suЬspесiеs, and spесiеs. \й/lrеrе should hе draw thе linеs Ьеtwееn
thеsе urrits? Мa1'r was n<lt alonе in workirrg on this topiс. In thе 1930s many
taхononrists strugglеd with thе samе quеstion. Part of Sуstemаtiсs is Мayr's
attеll lpt to dеsсriЬе thе proЬlеrrr irnd to show his taхonoI-t-l ist сollеaguеs what
lrе tlrought slrсltrld Ье donе aЬсlut it. His own appro:lсh to polytypiс spесiеs
was rootеd in his trаining ulrdеr Еrwin Strеsеmann and Bеrnhard Ilеnsсh in
1920s Bеrlin. In а sеnsе Sуstеtпаtiсs adaptеd thosе Gеrman idеas for Mayr's
Amегiсan аudiеnсе. In a sеnsе, also, Syslсrzlсl l lсs сtlnti lruеd a Gеrman quar-
rеl, bеtwееn lv{ayr аnd his rlrеr-rtors аrrс1 tlrе gеllеtiсist Riсhаrd Goldsсhmidt.
Although Мayr had rеspесtfr.rl rеlations lvith Goldsсhmidt himsеlf (who was
now an Arnеriсаtl-rеsiding Gеrm:rn.Jеwish rеfugее), hе was strongly opposеd
to Gtlldsсhmidt's lrеliеf thаt еvolution Was еssеntiаlly sirltationary (going Ьy
jr-rrrrps, сausесl Ьy tтaсr<rt-ntltations)' :rs Gсlldsсhr-rridt сlaimеd in his 1940
Ьсl<lk, TЙe Маtеriаl Bаsis сli L-uolution. t\ major thеrnе of Sуsteпшtiсs was
thаt еvolutionarv сhangе is gradual, аnсl mаny ехamplеs wеrе сhosеn to
shorv this (sее thе figurе in thе аlphaЬеtiсаl еntry ..Еrnst \й/altеr Мa1'r' ' in this
vo lцrrrе ).

N4lryr сonsidеrеd thе forпrаtion сlf distinсt loсal v:rriеtiеs as thе first stеp
that lеd tO nеW spесiеs. His thеory of spесiatiоn rеquirеd loсal populations
tti Ьесomе gеogrаphiсally isolatсd. Maуr saw n() ()thеr way for ir wholе
pсlpulatitln to ltссut-nu]аtе сlistirlсtivе fеatuгеs rvithorrt tlrat physiсtrl sеpara-
tion. If it rепll l iпеd in сontасt with thе pаrеnt spесiеs, hе argr.rеd, gеnеtiс
mаtеrial wсluld sti l l f low artlund thе spесiеs. This would dilutе any rеgional
disti l- lсtivеnеss. С)nсе a populati<ln was pIrysiсаlly sеpаratеd, natural sеlес-
tiсln l 'r.ould adаpt it to lt>сal сirсtrmstаnсеs. Thosе adаptations сould pro.
dLrсе distinсtir,еt.tеss. Altегnativсly' onсе .1 popr-rlation was physiсally sеparatеd,
norradaptivе сhangеs сould aссr-rmulatс from еithеr gеnеtiс drift or thе
for.lndеr еffссt' (Thеsе othеr sсеnarios wеrе dеrivеd from Sеwall Wright's
sЬi f t ing-Ьalanсе thеory r l f  еvt>lut ion,  wЬiс l r  Mayr advoсatеd in h is  Ьook.)
Rеgаrdlеss of l-rсlw distinсtir,е fеaturеs irrosе, Mayr 'rгguеd, thеy somеtimеs
rеsultеd in rеpгoduсtivеly isolating thе lсlсal population. If that oссurrеd,
flow of gеnеtiс matеriel wаs n() longеr possiЬlе еvеn if сontaсt with thе
parеnt spесiеs lvlrs rееstаll l ishеd. If that f1ow stoppеd, truе spесiation had
oссurrеd.

In Sуstemаtiсs Mayr dеfеrrdеd rеprodttсtivе isolation as а simplе tеst for
spесiеs rank. This Ьесamе thе сorе tlf thе Biologiсal Spесiеs Сonсеpt. Though
hе diс] not invеnt this сtlnсеpt' Мayг wаs its prinсipal aсlvoсаtе' Sуstemаtiсs
rvas a majсlr dеtЪrrsе of rhis idеa. NIа1'г аrguеd tlrirt tlrе Ьiologiсal spесiеs
сol-tсеpt rnadе еvсllutiсlnary sеnsе, and it pгoduсеd a rеal unit-hе сallеd it a
паturаl onе-fсlr сlassifiсаtion. At thе sanlе timе Mayr rесognizеd thе limita-
tiorls of this tеst. It was diffiсtrlt tсt study irl thе fiеld. It madе sеnsе only for a
rеlirtivеl1. srnirl l nuпrllеr сlf orgаnisms. Rеgaгdlеss, Маyг insi.stеd on this tеst
Ьесаusе it offегеd a сritеriorr indеpеndеnt <lf thе individual judgmеrrt and pеr-
sonal Ьiаsеs of teхonomists. Thе aЬil ity to tеst suсh сritеria gаvе Мayr thе
sеnsе that his аp;lroaсh wаs oЬjесtivе, sonlеthing hе thought еssеntiаl for sсi-
еntifiс чкlrk'
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In addition to Promoting сеrtain thеoriеs and praсtiсеs, Sуstеmаtiсs also
had an agеnda about partiсipation in еvolutionary studiеs. This agеnda rvas
douЬlе sidеd. on thе onе hand, Мayr promotеd his ow,l-l profеssion-musеum
systеmatiсs and Ьiogеography-witl,rin еvolutionаry studiеs. Не сomplainеd
that too muсh еmphasis had Ьееn plaсеd on aЬstraсt proЬlеms in gеnеtiсs.
Bесausе еvolution oссurrеd in есologiсal spaсе and timе, hе еxplainеd, its
study rеquirеd thе knowlеdgе of wholе organisms plus thе Ьiogеоgraphiс
skil ls of systеmatists and zсlologists' NotaЬly, Mayr tiеd his Ьook сlosеl,v to
Thеodosius DoЬzhansky,s ()еnetiсs аnd thе origiп of Spесies (19з7) as еqual
partnеrs in that сonvеrsation. On the othеr hand, Мayr nееdеd his fellow
..musеum mеn'' to сonsidеr еvolutionary studiеs and othеr Ьiologiсal proЬ-
lеms as Worthy topiсs {or study. In Sуstеmаtiсs Мayг lropеd to providе rnсld-
еls that i l lustratеd how that study сould Ье donе.

Dеspitе its suссеss, }иIayr puЬlishеd only orrе еditiorr сlf Sуstemаtiсs. His
1963 book Апimаl Speсiеs аnd Еuolиtioи w:rs its sеquеl'
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Taphonоmy

Taphonomy, l itеrally thе study of gravеs or еmЬеdding of organiс. rеmains
(from thе Grеek tаphos), сan Ье сharaсtеrizеd morе gеnеrally as thе study of
proсеssеs of prеsеrvation and how thеy affесt information in thе fossil
rесord. Taphonomists usе laЬ and fiеld ехpеrimеnts' pattеrn ana|ysis in thе
fossil rесord, and сomputеr simulations and othеr modеling mеthods to un-
dеrstand thе proсеssеs Ьеhind thе aссumulation and dеstruсtion of thе fossil
rесord and to еstimatе thе rеsсllving powеr' сomplеtеnеss, and fidеlity of Ьi<l-
logiсal information саpturеd thеrеin. Еvеn for organisms with duraЬlе hard
parts, taphonomiс proсеssеs саn potеntially distort thе aЬundanсе and divеr-
sity оf spесiеs and morphotypеs and thе timе, loсation, and haЬitat of first
and last oссurrеnсеs of spесiеs and еvolutionary l inеages.

Sеvеrаl rеsеarсh thеmеs arе aсtivе in taphonomy today.
1. Using thе statе оf prеsеrvatiсln of fossils to rесoпstruсt апсiепt епuiroп-

mепtаl сoпditioпs. Soft-tissuе pгеsегvation rеquirеs ехtraordinary сonditions-
in most сasеs low Oхygеn or rаpid burial to ехсludе sсavеngеrs and rеtаrd
dесomposition, and еarly postЬurial minегal rеplaсеmеnt tсl stаЬil izе сеllular
and tissuе-gradе fеaturеs pеrmanеntly. In сontrast' minеralizеd skеlеtal еlе-
mеnts сan Ье highly durablе in postmortеm aссumulation and timе аvеrаging
in пrаny sеttings, and thеy providе thе grеat Ьulk of thе fossil rесord. Pattеrns
of damagе in a1l rеmains сan rеvеal thе сonditions of aссumulation, provid-
ing insights into thе loсаl еnvironmеnt Ьеyond thosе routinеly еxtraсtеd from
thе sеdimеntary roсk that hosts thе fossils or Ьy thе usе of isotopiс and othеr
сhеrniсal indiсators. Thе inhеrеnt duraЬil ity of a taхon, whеthеr minеralizеd
or not, largе-Ьodiеd tlr small, roЬust оr fl imsy, thus dеtеrminеs its l ikеlihood
of fossil ization, and thе statе of prеsеrvation of suсh taхa givеs insights into
thе loсal еnvironmеnt of aссumulаtion (whiсh in many сasеs is thе original
lifе еnvironmеnt).

2. Quantifying how faithfully fossil matеri als саpture tbе origiпаI сompo-
sitiсп o| fossil Ьiotas. Important issues rеlеvant tсl nriсroеvolutionаry analysis
inсludе thе following: (a) Whеthеr timе avеraging of rnultiplе gеnеrations
within a singlе Ьеd inсrеasеs thе oЬsеrvеd morphologiсal variaЬil ity of a
taxon Ьесausе short-tеrm fluсtuаtions arе poolеd into a singlе samplе' or in-

stеad rеduсеs сlЬsеrvеd variaЬil ity Ьесausе of thе prеfеrеntial dеstruсtion of
small or fragilе morphs whеn Ьurial is dеlayеd. For somе important groups'
suсh as nrarinе rnollusks and tеrrеstrial mammals, timе avеraging appеars
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(quitе surpгisingly) to havе littlе nеt еffесt. (b) Thе impaсt of low prеsеrva-
tion potеntial tln oЬsеrvеd еvolutionirry durаtion: arе taхa rvith skеlеtons of
low prеsеrvation potеntial morе likеly to Ье singlеtons (known from singlе
oссurrеnсеs owing to low frеquеnсy of fossil ization), сlr arе thеy instеad
morе likеly to havе artif iсially lеngtЬеnеd gеolсlgiс rаllgеs Ьесirusе poor qual-
ity of prеsеrvation lеаds to spесimеns Ьеing assignеd to alrеady-known taхa
(lumping)? T'hе formеr proЬaЬlv holds whеn onе сompi1rеs soft-bodiеd rvith
Ьiorlinеrаlizеd groups, but thе lattеr is morе likеly am()ng minеralizеd groups.
(с) lfhat impасt havе long-tеrm trеnds-suсh аs thе n<lгthward platе-tесtсlniс
migration <lf соntinеlrts dtrriпg thе Phаrrеrozoiс, thе еvоlutionагу intеnsi6сa-
tion of prеdation аnсl sеdimеnt stirring Ьy organisms, and Ьro:.rd fluсtuattons
in gloЬal сliпrаtе аnd thе amount of sеdimеntary rесord prеsеrvеd-had on
prеsеrvationаl rаtеs and Ьias? A grеаt dеal of rеsеarсlr attегltion is сtrrrеntly
foсusеd on dеtеrmining thе taphonomiс сtlmparaЬil ity of youngеr and oldеr
parts of thе fсlssil rесord.

З' Еuаluсlting thе tеmporаl rеsolиtitлz (aсuity or timе valuе) of individual
Ьеds and tЬe temporаl сom1lletепess (vеrsus gappinеss) of thе staсks of sеdi-
mеntаrY roсks that host fossils. Thаt is, how tuаnv gеnеrations сlf orgаnisms
arе rеprеsеlltеd Ьy a singlе bеd or сollесting horizоn, аnd what propottion of
total еlapsеd timе is аrсhivеd in sеdimеntаry suссеssior-rs and is thus availaЬlе
to sаmplе? H.igh tепlporal aсuity pеr fossil samplе is rеquirеd to еvaluatе
morphologiс or gеnеtiс variаЬil ity at a population lеvеl (аs opposеd to thе
spесiеs lеvеl); асuity is Ьasiсаlly dеtеrrтinеd Ьy thе ratе of sеdirrrеnt aссtlmu-
lat ion ( fast  ratеs promotе l r igh aсrr i ty) ,  whiсh vaг iеs among dеpоs i t ional
sеttings. Thе сlosе spaсing of samplеs ovеr timе-rеgardlеss of whеthеr indi-
viduirl samplеs havе lrigh or low aсuitу аnd rеgardlеss of wlrеthеr sirrnplе
spaсing is dеtеrminеd Ьy thе сomplеtеnеss of thе sеdimеntary rесord or thе
еffort ехpеndеd Ьy thе pаlеontologist-dеterminеs <lur aЬil ity to idеntify
fluсtuilt ions in avеragе vаluеs :rrrd vаriaЬil ity ovеr tinrе. It also dеtеrminеs thе
сonfidеnсе with whiсh gеologiс-rangе еnd points сan bе known and thus our
сonfidеnсе in thе еv<llutionary durаtions of taха anс] thеir rеlativе timing
(е.g., did ta-хon A first appеar Ьеforе or aftеr thе ехtinсtion of taxon B?). A
variеty of proЬaЬil istiс and analytiс lxеthods hаvе Ьееn dеvеlopеd Ovеr thе
past fеW dесаdеs to еvаluatе tlrеsе prеsеrvatiсrrrаl aspесrs' whiсli arе partiсu-
larly сritiсaI tсl еvoltttionar1, analysis.

4. Aпаlуziпg mаjor mасroеuolutioпаrу еuеrlts апd treпds in thе history of
l ifе. Thе fossil rесord has long Ьееn r'rsеd аs a r.rniquе sourсе of infоrmirtion
on largе-sсаlе pattеrns of Ьiologiсal divеrsifiсаtion аnd ехtinсtion, сomplе-
mеnting phylogеnеtiс and molесular (DNA) anаlysis of modеrn-day Ьiotas.
С)r.rr сonfidеlrсе in thе fоssil rесoгd аs а s()tlrсе of suсh insights has Ьееn
grеatly inсrеasеd Ьy taphonorniс еvaluation of сritiсal intеrvals. For ехamplе,
thе fаilurе to find mеtaz()an (rnultiсеllr"rlar-animal) fossils in Prесambriarr dе-
pсlsits thаt arе prеsеrvаtional сtluntеrparts to thе Саr-nЬrian-i.rgе dеposits that
host riсh, wеll.known mеtаzoan fossils, dеspitе intеnsе sampling, grеatly
inсrеilsеs our ссlnfidеnсе that thеsе plryla trul\, arosе in thе СаrnЬrian. Sim-
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ilarly, thе aЬsеnсе of (many) Сrеtaсеous taхa in suЬsеquent Tеrtiary-agе
dеposits, dеspitе thе prеsеnсе in thе Tеrtiary of taxa that arе prеsеrvational
сoцntеrparts (in tеrms of body sizе, skеlеtal сomposition, or еnvironmеnt
of  prеsеrvat ion),  is  сompеl l ing еv idеnсе of  a gеnuinе mаss еxt inсt ion aсross
thе Сrеtaсеous-Tеrtiary Ьoundary of many animal groups (inсluding thе di.
nosaurs and many rееf-Ьuilding and othеr important marinе linеagеs).
Еvеn rесords with poor tеmporal aсuity сan сontriЬutе mеaningfully to thе
rесognition of suсh largе-sсalе еvolutionary pattеrns' and a widе array of
inсrеasingly sophistiсatеd sampling and analytiс mеthods hаvе Ьееn dеvеl-
opеd to pеrmit data from sсattеrеd and rеlativеly low-rеsolution rесords to
Ье synthеsizеd into rigorous piсturеs of еvolutionaгy dynamiсs ovеr gеologiс
timеsсalеs.
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Tеilhard dе Chardin, Piеrrе (1881-1955)

Рiеrrе Tеilhard dе Сhardin was a Frеnсh-Ьorn Jеsuit priеst who Ьесamе onе
of thе lеading palеoanthropologists (studеnts of human еvolution) in thе first
half of thе twеntiеth сеntury. Long Ьasеd in China, hе was involvеd in thе dis-
сovеry of Pеking Man, now rесognizеd as Нomo еrесtus and dаting from just

undеr half a mill ion yеars ago. (Thе aсtual finds wеrе lost in World 
.War 

II;
now only сasts еxist.) Hе was also' as a studеnt, prеsеnt in Еngland whеn somе
of thе Piltdown forgеriеs wеrе unсovеrеd. Stеphеn Jay Gould, thе palеontol-
ogist and popular sсiеnсе writеr' aссusеd Tеilhard of thе hoaх, Ьut this is al-
most сеrtainly not thе сasе.

Dееply movеd Ьy his еxpеriеnсеs in World 
.!far 

I, whеn hе sеrvеd Ьravеly
as a strеtсhеr Ьеarеr, Tеilhard sought to rеinvigoratе Сhristiаnity Ьy infusing
it with еvolutionary idеas. The result, puЬlishеd in his mastеrwork The Phe-
nomeпotт of Мап (Lе phёпomёпе hцmаiп, 1955), saw lifе as an upward сlimЬ,
progrеssing through various stagеs, notaЬly thе gеosphеrе (thе physiсal world)
and thе biosphеrе (thе living world) until it rеасhеd thе noosphеrе (thе world
of human сonsсiousnеss or idеas). This noosphеrе itsеlf hе rеad as part of
еvolution's progrеssivе routе upwаrd until it rеaсhеd its apothеosis, thе Omеga
Point, whiсh in somе way Tеilhard idеntifiеd with Jesus Сhrist.

Nоnе of this sounds vеry Darwinian, аnd it is not. Tеilhard was muсh in-
fluеnсеd by thе vitаlist work L'ёuolutioп сrёаtricе (19О7) Ьy fеllow Frеnсh-
man Hеnri Bеrgson, and hе saw this as supporting a vеrsion of orthogеnеsis,
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аn еvсllutionaг,v Ьеliеf that tlrеrе is a klnd сlf world 1Ъrсe pushing oгganisms up
thе laddеr of сhangе until thеy rеaсh thе highеst point, namеly, humankind.
Tеilhard garnеrеd praisе frсlrrr lеading еv<llutionary Ьiologists during his l ifе-
timе. ln Britаin, Jшlian Huxlеv wаs еnthr-rsiirstiс аЬout Tеilhaгd's idеas; in
Aпlеriсa Thеodosius DoЬzhаnsky, a Russian-Ьorn population gеnеtiсist' fеlt
thе samе way. Thеsе two Wеrе' rеspесtivеly' thе prеsidеnts of thе British and
thе Amеriсan Tеilhard soсiеtiеs' although Huхlеy was always an .lthеist and
DoЬzlrаnsky a l ifеlсlng mеmЬеr оf thе Rr.rssii.rn orthodtlх Сhurсh (for с1еtails,
sее Rusе 1996)' Tсlday tlrеrе arе manу thе()logians, lrtltaЬly thе Саtholiс thе-
ologian John Haught of Gеorgеtown Univеrsity and thе Luthеran thеologian
Phil ip Hеfnеr of thе Luthеran Sсhool of 

'rhеology 
in Сhiсago, who find Tеil-

hаrd's work dееply inspiring. Тhе grеat еrкllutionаry palеontologist Gеorgе G.
Sirnpson Wаs .l good friеnd of Tеilhаrс]. Hе аdmiгеd him as а sсiеntist and
lovеd him as a friеnd, although Simpsorr's Calvinist сhildhood сamе through
in disapproval of Tеilhard's somеwhat Frеnсh attitudе to thе vоws сlf povеrty,
сhаsсity, and сlЬеdiеnсе. Thе пristrеss еspесially stuсk irr Simpson's сrar,v. ..I do
not mysеlf сor-rsidеr povеrtv, сhastity, i.rr-rсJ oЬеdiеrrсе to Ье virtuеs' Ьut anyonе
whо voluntarily tсlсlk what lrе rесognizесl as sасrеd v()ws to oЬsеrvе thеm and
thеn еgrеgiously and сonsсiously brokе all thrее vows throughout his l ifе
witlrout еvеr rеllounсing thеm-suсh а man must Ье ссlr-rsidеrеd а hypoсritе' '
(lеttеr to D. A. Hooijеr' Julv l |, 1972, Simpson Раpеrs, Amеriсаl-l Philosoph-
iсаl Soсiеty, Philadеlphia; l.пorе rеfеrеnсеs in Rusе IL)96).

Еqualing thе еnthusiasm for his idеas, Tеilhаrd has hаd strong сritiсs.
Fгonr thе first, thе Сatholiс СlrurсЬ was sr.rspiсious of lris thinking. Ir was Ье-
liеvеd that Ьесаr.tsе of his еvolutiorrism hе dеniеd tЬе historiсal autЬеntiсity of
Adam and Еvе and thеrеЬ,v dеniеd original sin. It wirs also thсlught that hе
downgradеd thе signifiсanсе of thе сruсifiхion of Jеsus Ьy making thе world
systеm an ongoing еvolving proсеss' rathеr than as having сulminatеd in onе
kеy еvеnt. Hе w:rs forЬiddеn to puЬlish his idеas in his l ifеtimе, апd еvеn in
tЬе 1980s thе Roman Сatholiс Сhurсh rеaffirmеd its opposition to his think-
ing' Fortunatеly, Tеilhard l.rad сlosе nonсlеriсal friеnds who saw that his
work appеarеd puЬliсly shortly aftеr his сlеath.

othеrs, mсlrе in tlrе soсiаl rеа[m, Worгy thаt Tеilhагd toсlk to<l l iшlе rrotiсе оf
tlrе i l ls of his day-nuсlеаг wеapons aпd so forth. Thеy find unсonvinсing thе
idеа that all is ill a happy upward risе. Thеy fееl that hе should havе Ьееn morе
sеnsitivе to thе proЬlеms in thе way of progrеss' But n()nе оf thеsе сritiсisms
еqualеd thе hostil ity that wаs shown by sсlmе sсiеntists. NoЬеl Prizе-rvinning
Pеtеr Меdawаr Wrotе a sсirthing rеviеlv of thе Еnglish vеrsiot-t of tЬe Phе-
пo|nепoп of Мап' althouglr his wrath u,as dirесtеd аs muсh toward Julian
Huxlеy (who wrotе thе introduсtion) as toward Tеil lrard. 

-Withotlt 
dеnying

thе r-rrеrits of Меdаwаr's сritiquе, howеvеr, it should Ье notеd thar Tеilhard
w;rs in somе [еspесts his or,vlr Worst еnеmy' Сritiсizес.l Ьy his olvn сhurсh, hе
insistеd with pеrhaps too nruсh vigor thаt his writings should Ье сonsidеrеd
in thе rеalm of sсiеnсе rathеr than thеology (аnd hеnсе Ьy naturе nonhеrеti-
сal). Bесausе сhеy wеrе сlеаrly not purеh'sсiеntifiс, реoplе l ikе Меdawar
сt; t r ld Ье сr i t iса l .

Sсiеnсе or nonsсiеnс
is todаy gеnеrall,v rесo

Ьu i I . l  а  wor Id  p i с tu rе  i r
ingl1,. еvеn th<lsс rvlr<l
tlris. Thе task is lltlt tсl
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Tеmpo and Мodе in Еvolution

Sсiеnсе or nonsсiеnсе, Darwinian or not' r ight or Wrong' Tеi lhard's vision

is todаy gеnеral ly rесtlgrr izеd as thе most important post,-Оrigfu attеmpt to

Ьuild a world piсturе inсorptlrating Ьoth Сhrist ianity and еvolution. Inсrеas-

ingly, еvеn thosе who сan sее thе major proЬlеms arе сoming to rесognizе

this. Thе task is not t() rеfutе his vision but to improvе it.

B I B L I O G R A P H Y

Bегgsсlr.r, H, 1907. L'ёuolutioп сrёаtriсе. Paris: Alсan.
DoЬzhansky, T. |967 . Thе Biologу of Ult iпlаtе Сoпcеrп. Nеw York: Nеw Amеriсan

LiЬrаrу.
Gould, s ' ]. l980. Thе Pi ltdоwn сonspiгасy. Nаtиrаl Historу 89 (August): 8_28.
Hatrght, j. F. 2000. Gtld аftеr Dаrшiп: А Thесllogу of Еuolutkлt. Bouldеr, Сo:

Wсstviеw l)rеss.
Hеfnеr, P' \99з. TЬе Huпtiп Fасtor: Еuсllutitlп, Сulturе, апd RеIigioп.

Мinnеаpolis, МN: Fortrеss Prеss.
Huхlеy, ]. s. 1959. l l .rtroсiuсti<ln to P. Tеi lhаrd dе Сhardin' Тhе Phепrlmепtlп of

Мап, |1-28, B. Wаll, trаns. London: Сol l ins.
Меdawаr, P. |96|. Rеviеw of Тhе Phепrlmепo|| of Мап. Мiпd 7О: 99_106.

Rеprintеd in P. Мсdawа r, ed., The Аrt of thе Solublе. London: Mеthuеn and
Сo. ,  |967.

Rusе, М. 1996. Мсlпаr] to Мап: Thе Сoltсеpt of Progrеss iп Еuolutiсlпаrу Biologу,
СаmЬridgе, МA: Harvard Univеrsity Prеss.

2005, Тhе Еurllпtitп-Сrcаtioп Strugglе. СаmЬridgе, МA: Нarvаrd
Univеrsity Pгеss.

Tеi lhard dе Сhаrdin, P. 19.55. I 'е 1lhёпоmёпе humаiп. Paris: Еdit ions dе Sеui l .
1'959. Thе Phепomепtln of Мап. B. 

.Wall '  
trans. London: Сol l ins.

-М.R.

Tеmpo аnd Nlode in Еuolution
(Gеorgе Gaylord Simpsоn)

A pаlеorrtologist who spесializеd in mammals' Gеorgе Gaylord Simpson

wroteТеmpo аnd Мodе in Еuсllutiсlп Ьеtwееn 1938 and 1'942.Before this his

rеsеarсh foсшsеd on kеy momеnts in thе еvolutionary history of mammals.

\Х/hilе hе Was Writing Tempo апd Мodе, Simpson also was writing a tесhni-

сal сlassifiсation of mamtтаls, Ьoth living and ехtinсt. Simpson еnjoyеd taсk-

ling Ьig quеstions.
Two suсh qllеstions Wеrе thе starting point for Tеmpo апd Мodе: (1) what,

in faсt, is thе ratе of еvolution in naturе, and (2) What pattеrns rесur in еvo-

1utionary historiеs? Simpson idеntifiеd thrее еvolutionаry ratеs: ехсеptionalIy

slow, normal, and ехсеptionally rapid. In aЬsolutе tеrms' hе said, thеsе ratеs

vary from group to group' Ьut as rеlativе ratеs thеy arе distinсtly diffеrеnt phе-

noп1еna. Simpson aIso idеntifiеd thrее rесurring pattеrns: spесiation (gradual

diffеrеntiаtion of а group into spесiеs)' phylеtiс еvolution (an aссumulat-
ing trеnd or dirесtion), and quantum еvolution (a rapid shift in fundamеntal
quаl i t iеs) .

Tеmpo апd Мodе ссlrтЬinеd Simpson's dеsсription of thеsе phеnomеnа

with a сritiсal study of thеir undеrlying сausеs. For this hе drеw from rесеnt

dеvеlopmеnts in gеnеtiсs, mathеmаtiсal populаtion gеnеtiсs' and есology. Hе
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was strongly influеnсеd Ьy Sеwall \Х/right's shifting-Ьalanсе thеorv, whiсh hе
lеarnеd from Thеodosius DoЬzhansky. With this thеory аs pаrt оf his largеr
understanding of еvo1ution, Simpson put grеat еmphasis on natural sеlесtion,
taking plaсе in adaptivе landsсapеs, for giving dirесtion to еvolution. Pоpu-
lation sizе also Ьесamе vitally important, еspесially whеrr Simpsorr ехplainеd
quantum еvolution аnd ехсеptionally rapid ratеs of сhangе. Historians frе-
quеntly suggеst that Sirnpson mеrеly appliеd thеsе thесlry сomptlnеnts. That
is wrong. For Simpson thе fossil rесord prсlvidеd thе ultimatе еп-rpiriсal tеst
foг a thеoгy. It alsо providеd гaw matеrial for nеw thеorеtiсаl iсlеas, for ех-
amplе' his own work ol-l ratеs and pattеrns. Simpson сгitiсally tеstеd thе thе-
oriеs hе сonsidеrеd' somеtimеs rеjесting thеm as unsupportеd Ьy fасts (е.g.,
gеnеration lеngth oг сhzrnging mutirtion ratеs) and somеtimеs usir-rg thеm to
makе novеl pгеdiсtions for studу (е.g., rеlating small populatiorr sizе to rapid
еvolution). ovеrall hе thought of his work as synthеsizing knowlеdgе' not
mеrеly сonsuming somеonе еlsе's idеas.

.What 
was Теmpo апd Мode,s lasting impaсt? TЬе аnswег splits intо its

impaсt on thrее audiеnсеs. Теmpo апd Мodе is most rеmеmЬеrеd for intе-
grating palеontology and population gеnеtiсs within thе frаmеrvоrk of thе
еvolutionary synrhеsis. [n thе 1930s еvolr'rtionary sttldiеs rvеrе donrinatеd Ьy
gеnеtiсs and ехpеrimеntal Ьotаnу-. Rеsеarсhеrs in thеsе afеas saw Simpson's
Ьook as an appliсation сlf thеir tесhniquеs that ехtеndеd thеm into nеw tеrri-
tory аnd gеnеrаlly сonfirnrеd thеir approaсh. Anothеr audiеnсе, pаlеontоlo-
gists, сеlеbra ted Tеmpсl аnd Мodе for dеmon strating to thosе othеr rеsеarсlrеrs
that fossils Wеrе thе hеart сlf еvolutiсlnary studiеs and for rеminding thеm
that only palеontologists сould spеak to сегrаin aspесts of thе suЬjесt. Simp.
son himsеlf wantеd to Ьеgin sеvеral сonvеrsations. Hе wantеd palеorrtolo.
gists to apprесiatе how muсh morе information сould Ье ехtraсtеd frоm tlrе
fossil rесord thаn had prеviously Ьееn thе сasе. Hе also wantеd thеm tо usе
nеw statistiсal and Ьiologiсal tесlrrriquеs and to foсus thеiг аttеt-ttion on
studying proсеssеs (е.g.' еvolutionary' есologiсal, and tтigratory) as muсh аs
on studying fossil oЬjесts. At thе samе timе Simpsorr wаntеd Ьiologists to ap-
prесiatе modеrn palеоntology as a rigorous, modеrn sсiеnсе.

Latеr in his l ifе Simpson frеquеntly distanсеd lrimsеlf frorл Tempсl апd
Мode, rеfеrring сollеaguеs to his Маjor Fеаtиrеs of Еuolutioп (1953). Hе
сonsidеrеd Ьis 1944 Ьook rushеd аnd a Ьit to<r spесulativе and sаid that his
latеr book rеflесtеd his сonstrr'tсtiоrr of his views in mсrrе сonsidеrеd fashion.
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Timofееff-Rеssovsky, Nikolai
Vladimiroviсh ( 1900_1 98 1 )
Nikolai Vlаdimiroviсh Timofееff-Rеssovsky Was a Russian Ьiologist who
dеvеlopеd important idеas in thе study of gеnеtiс mutations' еvolutiсlnary gе-
nеtiсs' and thе еffесts of radiation Ьoth оn pеoplе and on есosystеms. Не wit-
nеssеd firsthand important politiсal rеgimеs, inсluding thе Russian Rеvolution,
thе risе and fall of Nazi Gеrmany, and Stalin's politiсal purgеs.

Timofееff was Ьorn to a family of minor noЬil ity Ьut poor сirсumstanсеs
in Kaluga provinсе, nеar Mosсow. An admirеr of Pеtеr Kropotkin, hе first
sidеd with thе anarсhists' Grееn Army during thе Russian Rеvolution in
19|7 and thеn joinеd thе Rеd Army in 1919.He sеrvеd in numеrous сam-
paigns, inсluding thе Сrimеan and Polish fronts.

Bеforе thе rеvolution Timofееff studiеd Ьiology at МosсOw Univеrsity and
aсtivеly partiсipatеd in thе сitу's intеllесtual сirсlеs. Aftеr thе war hе rе-
turnеd. In |922 hе Ьеgan studying undеr Sеrgеi Сhеtvеrikov, who hеavily in-
fluеnсеd his Ьasiс thinking aЬout Ьiolсlgy. F.rom his mеntoг Timofееff lеаrnеd
thе importanсе of gеnеtiс variation within populations and mastеrеd tесh-
niquеs for unсovеring thе variation that might bе hiddеn in rесеssivе gеnеs.
Hе also lеarnеd to think aЬout еvolution as a population-lеvеl phеnomеnon
and to сonсеntratе his attеntion on small сhangеs in gene frеquеnсy, or mi-
сroеvolution.

\Whilе hе was studying undеr Сhеtvеrikov, Timofееff also Ьеgаn work in
thе pгеstigious Institutе of Ехpеrimеntal Biology' run Ьy N. K. Kol'tsov. Hеrе
Тimofееff  oЬtа inеd r igorous trа in i r rg in сomparar ivе аnаtomy. systеmat iсs '
and morphology. Thе institutе wаs Ьесoming a world-сlass сеntеr for ехpеr-
imеntal and thеoгеtiсal gеnеtiсs. Timofееff dеvеlopеd spесial inгеrеsts in
phеnogеnеtiсs (what now is dеsсriЬеd as gеnе ехprеssion), thе сausеs and еf-
fесts оf gеnе mutations, and thе сhеmiсal struсturе of gеnеs. Among his сol-
lеaguеs at thе Institutе Wеrе somе of thе Soviеt Union's lеading figurеs in thе
fiеld, inсluding S. S. Сhеtvеrikov, A. S. SеrеЬrovsky, S. М. Gеrshеnson, and
N. P. DuЬinin. In this grtlup Timofееff stood out as onе of thе most talеntеd
dеspitе thе faсt that hе still hеld no formal univеrsity dеgrее.

Thе timing of his arrival at thе institutе was fоrtuitous. In thе samе yеar
H. J. Mullеr arrivеd from Сalifornia, сarrying nеws of Thomas Hunt Мor.
gan's сhromosomе thеory of hеrеdity аnd stoсks of thе fruit flу, Drosophilа.
This had bесomе thе organism of сhoiсе for .й/еstеrn gеnеtiсs. In a mastеrful
сomЬination Timofееff Ьrought thе two traditions of his training togеthеr
with opportunitiеs to Ье found in Мullеr's fly stoсks. Hе quiсkly еarnеd a rеp-
utation as an ехpеrt ехpеrimеntеr. Fоr instanсе, hе isolatеd gеnеs that pro.
duсеd diffеrеnt еffесts undеr diffеrеnt dеvеlopmеntal сontеХts. This сonfirmеd
thе thеorеtiсian's notion of plеiotrophy.

In 1926 Timofееff was surprisеd Ьy an offеr from Bеrlin to organizе a laЬ-
oratory of gеnеtiсs. At that timе hе was rеlativеly unknown outsidе a smаll
сirсlе of Russian Ьiсllogists аnd sti l l had no univеrsity dеgrее. Thе offеr сamе
pеrsonally from oskar Vogt, dirесttlr of tl-rе lnstitutе of Brain Rеsеarсh. Vogt
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hаd Ьееn imprеssеd Ьy Timсlfееff's skill as an ехpеriп-tеntеr. !7hеn Timofееff
arrivеd, it was to nеw faсil it iеs and thе titlе of hеad of his dеpartmеnt.

Timofееff rеmainеd in Gеrnr:rrry until 1945. Thеsе Wеrе thе most produс-
tivе and сrе:rtivе yеars of his с:rrееr. In thе study of gеnе funсtion, fоr instаnсе,
hе dеvеlopеd nеw wa,vs ttl study gеnе еХpгеssion and rеgulation. Hе ir-rvеsti-
girtеd thе rеlation Ьеtwееll gеnе struсturе and 1unсtion. Hе dеvеlopеd an irr-
f]rrеntial thеory to ехplain Ьow Х.rays сausе mutations. This Ьесаmе known
as thе hit thеory, dеvеlоpеd with Karl Zimmer and Мax DеlЬriiсk. Thе thе-
ory сomparеd X-rays with ЬomЬs striking targеts аnd ехploding; diffеrеnt
targеts produсеd diffеrеnt еffесts. Thеir approaсh inspirеd Еrwin Sсhrбdingеr's
fаmous Ьook Whаt Is Lifе? (|944). Timofееff Ьаsеd his thinking on his own
dеmorrstrations of thе linеar rеl:rtiorr Ьеtwееn rаdiаtiоn сlosе arrd thе numbеr
of mutаtlons prodr'rсеd.

In population gеnеtiсs Timofееff extеndеd Сlrеtvеrikov's work on gеnеtiс
virriaЬil ity' paying spесial аttеntion to thе rеsеrvеs of гесеssive variation found
in wild pоpulations. Studying сhangеs to gеnе frеquеnсiеs gavе him quantita-
t ivе mеаsurеs of  miсroеvolut iоn.

Thе politiсal situation in Gеrmany and thе Soviеt Urrion prеsеntеd Timofе-
еff with Ьoth oppoгtunitiеs anс1 risks. Gеnеtiсs гесеivеd соrrsidеraЬlе support
in (iеrnrirrrv aftеr thе Nаtionаl Soсiаlists сamе to powеr in 1933. But Timo-
fееff wаs oldеrеd tO rеturn to the Soviеt Union sеvегаl times in thе 19.]0s'
Еaсh timе hе rеfusеd. Friеnds privatеly warnеd him that аrrеst Was likеly iп
tlrе inсrеasingly paranoid world of Stalin's purgеs. Furthеrmorе' !иеstеrn gе-
nеtiсs Was Ьеing dеnounсеd aggrеssivеly Ьy Тrofim Lysеnko and his follow.
еrs. Bесаusе Timofееff wаs univеrsally idеntifiеd as onе of Russian's lеading
advoсatеs of that approaсh, hе knеw that hе faсеd ссlnsidеraЬlе dangеr if hе
геturnеd. Friеnds in thе Unitесl Stаtеs еnсouragеd him to еmigratе from Gеr-
many ilnd sесurеd for him thе dirесtorship of a rеsеarсh сеntеr in thе Unitеd
Statеs. To tl-rеir surprisе Tim<lfееff dесlirrеd, сiting ruпrors of poor finanсiirl
SuPport. Hе did not W:1nt to Ье а rеfugее. As аn inсеr-rtivе to rеmain in Gеr-
пlany' Timofееff was givеn virtual autonomy as thе с]irесtrrr of a rеorganizеd
laЬoratoгy in thе Institutе of Gеnеtiсs аnd Biophysiсs of thе Kaisеr Wilhеlm
Soсiеty.

Aftеr Hitlеr Ьrсlkе his paсt with Stalin in 1941, Timofееff simply сould not
rеturn to Russia. His gеnеtiсs rеsеarсh сontinuеd durirrg rХ/orld \War II. Hе
also Ьеgarr a сollaЬoration with sсiеntists at thе Auеr Soсiеty, a сhеmiсal firm
involvеd in wаr produсtion, irrсluding uгanium rеfinеmеnt for Gеrman atomiс
projесts. For it Timofееff urrdеrtook rеsеarсh on thе еffесts of ехposurе and
on Wаys to improvе rаdiаrtiorr protесtion. This wаs llot Wеapons-rеlatеd rе-
sеarсh and was most l ikеly аirnеd at thе сivil iаn atomiс powеr industry.

Timofееff's rolе in Nаzi and military aсtivitiеs during thе war is muсh dе-
Ьatеd. Hе did not join thе Nazi Party, and hе rеfusеd Gеrman сitizеnship, rе-
mаining a strong Russian nаtionalist (although hе wаs tro Сommunist). His
son was involvеd with thе аnti-Nаzi rеsistаnсе, Ьut hе was arrеsted and diеd
in thе М:rr'rthаusеn сonсеntrаrion сiп1p tn 7944. Timotееff usеd his politiсal
сonnесtions and profеssior-rаl authority to protесt.|еrvislr and Russian rеfugееs,
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as wеll as somе prisonеrs and forеignеrs drаftеd into forсеd labor. At thе samе
timе Timofееff сontriЬutеd to numеrous programs in Nazi sсiеnсе, suсh as
disсussions on how to idеntify сarriеrs of rесеssivе gеnеtiс disordеrs as part

of raсе hygiеnе programs. Although hе wаs ехpеrt in this aгеa, hе did not aс-
t ivе ly саmpaign foг nеgat ivе еugеniсs.

Timofееff rеmainеd in Bеrlin through 1945. Hе was prеsеnt whеn thе So-

viеt army сapturеd Bеrlin. Не сoopеratеd in the oссupation. Soviеt offiсials
allowеd somе of his rеsеarсh to сontinuе, and Timofееff sеriously disсussеd
thе possiЬil ity of moving his laЬoratory Ьaсk to Russia. His ехpеriеnсе in thе
arеa of radiation Ьiology and gеnеtiсs was сruсial in this nеgotiation. Bесausе

thе Soviеt military was еxpanding its atomiс programs' Timofееff had valu-

ablе еxpеrtisе.
In SеptеmЬеr 1945, howеvеr, Timofееff was arrеstеd Ьy thе Soviеt sесrеt

poliсе, who wеrе following a diffеrеnt agеnda. Hе was sеntеnсеd to 10 yеаrs

for fаiling to rеtlrrn during thе war' and hе Was sеnt into thе gulag prison sys-
tеm. During his imprisonmеnt Timofееff nеarly diеd of starvation and lost
muсh of his vision. Aftеr morе than a yеar in prison hе was rеtriеvеd Ьy mil-

itary sponsors to Work in atomiс rеsеaгсh. By thе spring of 1947, aftеr rеlеasе

and hospitalization' Timofееff Was sеnt to a сlosеd military rеsеarсh сеntеr
nеar Svеrdlovsk, in thе Ural Mountains, and askеd to organizе a laЬoratory
for radiation Ьiology. This inсludеd studying thе еffесts of radiation in mеd-
iсinе and gеnеtiсs. It alsо inсludеd есosystеms есology, or radiation Ьiogеo.

сеnology. This lattеr rеsеarсh studiеd how radioaсtivе isotopеs movе through
or aссumulatе in Ьiologiсal systеms, for ехamplе, in organisms, food сhains,
and wholе есosystеms. This assignmеnt сarriеd somе privilеgеs. Hе Was fе-

unitеd with his wifе and surviving son. Thеy hаd known nothing about Tim-

ofееff's status sinсе his inсarсеration two уеars еarliеr. Bесausе hе workеd
undеr military sесrесy' Timofееff Was onе of thе fеw Soviеt gеnеtiсists sym-
pathеtiс to !Иеstеrn thеoriеs to rеmain frее from Lysеnko's purgеs.

Thе sесrеt work сontinuеd until 1955, whеn Timofееff rесеivеd an amnеsty
and rеstriсtions on his lifе Wеrе partly liftеd. Howеvеr, hе Was forсеd to rе-
main in thе Urals. Мaking thе Ьеst of his situation, Timofееff organizеd a
Ьiophysiсs laЬorаtory in Svеrdlovsk and сrеatеd a sеriеs of summеr sсhools

to train Ьiologists in gеnеtiсs, есology, аnd radiation Ьiology. As an ехpеrt in
thе fiеld hе playеd an important rolе in assеssing thе сontamination and long-

tеrm сonsеquеnсеs oftЬe 1957 Kyshtym nuсlеar aссident.
In 7964 Timofееff was allowеd to movе to oЬninsk, nеаr Мosсow, whеrе

hе organizеd anothеr laЬoratory, now for thе Aсadеmy of Mеdiсal Sсiеnсеs.
Lеss protесtеd now Ьy his military сonnесtions' Timofееff was inсrеasingly

attaсkеd Ьy Lysеnkoists. Thеy aссusеd him of Nazi сollaЬoration and ехpеr-
imеnting on Soviеt prisonеrs of war. Hе was Ьloсkеd from еlесtion to thе
Soviеt Aсadеmy of Sсiеnсеs. In 1969 Timofееff Was forсеd to rеtirе. Hеavy
prеssurе from his supportеrs led to an appointmеnt as a sсiеntifiс сonsultant
for thе Institutе of Mеdiсo-Biologiсal ProЬlеms, dirесtеd Ьy o. V. Gasеnko.
Hе rеmainеd at thе institutе, studying spaсе mеdiсinе and various gеnеtiсs
proЬlеms. until lr is dеаth in 1981.
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Throrrghсlut his l ifе Timofееff dеpеndеd hеavily on his wifе of 50 yеаrs'
Hеlеrrа Alехandrovna Fidlеr (1898_197З). An ехсеllеnt ехpеrimеntеr lrеr-
sеlf' Неlеna сollаЬoratеd in hеr husЬand's rеsеarсh' сoauthorеd many of his
еssays' and fully partiсipatеd in thе intеllесtual l ifе <lf thе sсiеntifiс сommu-
nity surrounding lrеr husЬand. Shе also nrar-ragеd his soсiai l ifе аnd sеrvеd as
his profеssional sесrегаry.
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TinЬеrgеn, Niko ( 1907-1988)

Niko TinЬеrgеn was thе third of fivе сhildrеn of a Dutсh sсhooltеaсhеr. As а
youth hе Was attrасtеd to thе strong' youth-oriеntеd trаdition of nirturе study
that flor"rrishеd in Holland in thе еarly dесаdеs of thе trvеntiеtlr сеrrtury. Не
took grеаt pleasrrrе oЬsеrvir-rg animals irr thеir nattlгal haЬitats. In сontrast,
hе was not attrасtеd to aсadеmiс zoology, whiсh sееmеd to hirn to dеal too
ехсlusivеly with nrr.rsеum- or lаЬoratory-Ьasеd ехаminations oГ dеad spесi-
mеns. Aftеr ссlnсlr-rdirrg thаt it might Ье possiЬlе to pllrsuе a сarееr. аs an aса-
dепriс Ьiologist rvith an oriеntation towагd fiеld studrеs, hе еnrсll lеd as а
zoo|ogу studеnt at [-еidеn Urrivеrsity in 1926' Не еarnеd his PhD thеrе in
1932 rд,ith a fiеld study of insесt oriеntatitln Ьеhavi<lr, modеlеd irr part aftеr
thе work of Kaгl Rittеr von Frisсh (sее tЬе аlphaЬеtiсаl еntry ..Karl Rittеr
von Frisсh'' in tlris volumе). Upon gгаduation hе mаrriеd arrd spеnt 14
months doing fiеldwork in Grееnland. Hе thеn rеturnеd to Lеidеn Univеrsity
and took up a posirit ln as an instruсtor in rhе Dеpartmеnt of Zoology. Thеrе
hе dеvеlopеd a Progrаm сlf tеaсhing :.rnd resеarсlr tl-rаt inсludеd Iiеld as lr,ell
as laЬoratory studiеs of anin-ral Ьеhavior. Thе fiеldr,vork foсusеd on insесts
and Ьirds (еspесially thе hеrring gull), whilе thе laЬoratory wсlrk dеalt for thе
most p:lrt with thе llеhavior of a singlе spесiеs of fish, tlrе thrее-spirrеd stiсk-
lеЬaсk '

Сritiсal for TinЬеrgеn's fuгthег сarееr was his еnсountеr and suЬsеquеnt
fгiеndship with thе Austriаn rlaturalist Konrad l-orеnz (sее thе alphаЬеtiсal
еntГy..Konrad Zaсlrаrias l,orеt-tz' ' in this r,оlumе). Hаvir-rg first mеt Lorеnz аt
a svmposium on instinсt hеld аt Lеiс.lеn in 1936' TinЬеrgеn travеlеd to
Lorеnz's hсrmе nеar Viеnna in thе spring of 1937, whеrе hе ц,orkеd with
Lorеnz for thrее аnd a half months. Thеir talеnts provеd to Ье с<lmplеmеn-
tary. TinЬеrgеn гесognizеd that Lorеnz w:ls laying tlrе сonсеpttrаl foundа-
tions of a nеW sсiеnсе of irrrimаl Ьеhаvior. Lorеnz in turn apprесiatеd tl-rаt
TinЬеrgеn's еxpегimеntаl and analytiсal talеnts wеrе an invaluablе сomplе-
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mеnt to his оwn largеly intuitivе thеorizing. Thеy r,vеrе sеparatеd Ьy thе war
but rеnеwеd tЬеir friеrrdship whеn thеy mеt again in 1948. Although Ьoth
сontinllеd to Ье lеadеrs of еrlrologу's dеvеlopmеnt Ovеr thе nеxt rlvo dесirdеs'
Tinbеrgеn's woгk was еspесially signifiсant for thе disсiplinе's ongoing growth.
Нis сorltribLrtitrrrs inсludеd fourrdine in 1948 tlrе journal Bеhаt,irlur; movlng
ln 1949 to oхftlrd, rvhеrе hе еstaЬlishеd an inlluеntial program of animal
Ьеhavioг studiеs; and puЬlisЬing ln 19.51 thе first systematiс ovеrviеw of
егhology, The Studу of Iпstittсt. Hе аlso Wаs a suссеssful popularizеr of еtho-
logiсal studiеs, most notaЬly in his Llook Сurirlиs Nаturаlists (19.'s) аnсi in
thе fi lrrr Sigпаls for Suruiuаl (Huglr Falkus, dirесtor, |968).

TinЬеrgеn workеd hard in thе 1950s аnd l 960s to sее that еthologiсal stud-
iеs grеw in a сoordinаtеd fаshion. Oftеrr prоmtlting еthologу as ..thе Ьiologiсal
study сlf Ьеhavior' ' (е.g., TinЬеrgеn l963, 4l 1), hе insistеd thаt for thе disсi-
plinе to thrivе it nееdеd to addrеss sinrultanеously thе quеstions of physiоlogi-
сal сar-rsatiorr, individLral dеvеlopmеnt, еvolutionarv history, and ftrnсtiorr. As
for his own rеsеarсh, hе found himsеlf in thе 1950s and l 960s turning u,ith
;lirrfiсtrlаг stlссеss to quеstions of Ьelrаviorаl funсгion. Thе сomparativе and
еxpеrimеntal studiеs thаt hе and his studеnts сonduсtеd on thе survival vаluе
of spесifiс Ьеhavior pattеrns rеprеsеntеd a signifiсant сontriЬution to modеrn
Ьеhaviоral есology. Ilr гесtlgrrition of his сorrtriЬutions to thе study of anirnal
Ьеhavior, TinЬеrgеn lvas awаrdеd tЬe 797З NoЬеl Prjze for Phуsiology or
Mеdiсirrе jсlintly with Korrrad Lorenz аrrd Kагl Rirtег von Рrisсh.
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Trivеrs, RоЬеrt (ь. \943)

RoЬеrt Trivеrs is Ьеst knowr-r for fivе еarly еssays (I977_1976) that trans-
formеd thе stuсly of sех diffеrеnсеs' seх ratios, and soсial Ьеhavior' Hе has
also сorrtriЬutеd to a rrumЬеr сlf othеr arеas, inсluding thе еvolution of sеlfish
gеnеtiс еlеmеnts and gеnomiс imprirrting, thе сausеs and соnsеquеnсеs of
fluсtrrаtirrg as,vll l lтlеtr},' аrrd tlrе bеl-rirvioгal есolog1, <lf Апrll is l izаrds.

Trivеrs was еduсatеd at Hаrv:rrd Univеrsity, whеrе hе took a BA in his-
tory (1965) anс l  a PhD in Ь io logy (I972).  Нis  doсtora l  adr. isеr  w:rs Еrnеst
Е. Will iams, and hе wаs strongly inIluеnсеd Ьy sеvеral othеr mеntors' inсlud-
ing William Drttry, Еrnst Mayr, Еdward O. \й/ilson, and Irvеn DеVorе. Trivеrs
hаs suЬsеquеntly hеid fЪсult,v pсlsitiorrs at Н:rrvard' thе Univеrsity of Сalifor-
nia at Sаnta Сruz, and Rutgеrs Univеrsity, whеrе sinсе 1994 hе has Ьееn pro-
fеssor of  antЬropologу аnd Ьio logiса l  sс iеnсе.
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Trivеrs's еarly еssays apply gеnе's-еyе rеasoning' as pionееrеd Ьy Gеorgе С.
Will iams (1,966) and !7il l iam D. Нamilton (1964a,1964ь,1967) in thе 1960s,
to spесifiс proЬlеms that had not Ьееn addrеssеd so dirесtly or fully. The 1971r
еssay on rесiproсal altruism asks how сoopеration сan еvolvе Ьеtwееn unrе.
latеd individuаls and idеntifiеs somе еvolutionary сonsеquеnсеs to Ье ехpесtеd
(е.g., ongoing sеlесtion for improvеd aЬilitiеs to dеtесt сhеating and for im-
provеd аbilitiеs to сhеat, possiЬly involving taсtiсs suсh as sеlf-dесеption)
(Тrivеrs 1971). The \972 еssаy on sехual sеlесtion idеntifiеs diffеrеnсеs in
pаrеntal invеstmеnt in offspring as a kеy paramеtег that ехplains muсh aЬout
thе еvolution of sеx diffеrеnсеs in morphology and Ьеhavior, inсluding thе spo-
radiс oссurrеnсе of sех-rеvеrsеd spесiеs (Тrivеrs \972).The 197З еssay on sех-
ratio adjustmеnt in rеlation to parеntal сondition arguеs that onе sеx (typiсally
malеs) may oftеn Ьеnеfit morе than thе othеr from aЬovе-avеragе parеntal in.
vеstmеnt' and that pаrеnts arе thеrеforе еxpесtеd to Ьias thе sеxеs of thеiг off-
spring in rеlation to thеir prеsеnt aЬilitiеs to invеst (Trivеrs and Willaгd 1973).
The |974 еssay on parеnt-offspring сonfliсt arguеs (from Hamilton's thеory of
inсlusivе fitnеss) that offspring should oftеn attеmpt to еХtraсt morе invеst-
mеnt than thеir parеnts would prеfеr to givе, аnd thаt wеaning сonfliсt thеrе-
forе rеprеsеnts a truе divеrgеnсе of intеrеsts rathеr than a mеrе Ьrеakdown of
сommuniсation (Тrivеrs 1974).The 1976 еssay on sех alloсation in soсial in-
sесts tеsts this parеnt.offspring сonfliсt modеl in a systеm whеrе unusual сoеf-
fiсiеnts of rеlationship and pattеrns of invеstment gеnеratе prеdiсtions that
diffеr gгеatly dеpеnding on whеthеr mothеrs (quееns) or daughtеrs (workеrs)
сontrol thе sеx ratio (Trivеrs and Harе 1976). Еaсh of thеsе еssays has stimu-
latеd hundrеds of rеfinеmеnts, ехtеnsions, and empiriсal tеsts and has affесtеd
thinking in a suЬstantial arеа of rеsеarсh.

In 1985 Trivеrs puЬlishеd a tеxtЬook, Sociаl Еuolиtioп' whicЬ givеs a сom-
prеhеnsivе, aссеssiЬlе, and riсhly illustratеd aссount of thе proЬlеms' data,
and thеoriеs of Ьеhаvioral есology and soсioЬiology. In 2002Ьe puЬlishеd a
Ьook of sеlесtеd еssays' Nаturаl Sеlеction апd Soсiаl Thеorу, whiсh inсludеs
informativе and highly еntеrtaining aссounts of thе intеllесtual and pеrsonal
Ьaсkgrounds tO еaсh of his fivе еarly еssays and siх suЬsеquеnt works, with
Ьriеf postsсripts сommеnting on dеvеlopmеnts sinсе еaсh еssay first appеarеd.
Тrivеrs's most rесеnt book (with Austin Burt) is Gепes iп Сoпfliсt: Tbe Biologу
of Selfish Gепеtiс Еlemепts (2006), whiсh synthеsizеs thеorеtiсal and еmpiri-
сal work on thе full гangе of selfish gеnеtiс phеnomеna, inсluding transpos-
aЬlе еlеmеnts' gеnе сonvеrsion and homing' gеnomiс imprinting, and sеvеral
variеtiеs of nonrandom sеgrеgation, suсh as gеnomе еxсlusion.

в | B L I o G R A P H Y

Burt, A.' аnd R. Trivеrs. 2006. (}епеs iп Сoпfliсt: Tbе Biologу of Sеlfish Gепеtiс
Еlеmепts. СаmЬridgе' МA: Harvard Univеrsity Prеss.

Нamilton, W. D. 1964a. Thе gеnеtiсаl еvolution оf soсial Ьеhaviour I. Jourпаl сlf
Thеoretiсаl Biolсlgу 7: 1_76.

1964ь. Thе gеnеtiсal еvtllution of soсial Ьеhаviorrr I|. |ourпаl of Tbеoretiсаl
B iс l logу 7:17_52.

Trivеrs, R. 1985. Soсiаl Еu'
2002. Nаturаl Sеlе'

Triuеrs. Oхfсlrd: С)хfo
Trivеrs' R. L. 

- l  
971. Thе еv,

Biologу 46: 35_57.
1972. Parеntаl irrvt

Sеlесtioп апd thе Dеsс
1974. Parеnt-offspl

Тгivеrs' R. I-., and H. Hаrе
insесts. Sсiепсе |91 2:

Trivеrs' R. L., and D. Е. !и
thе sех гаtio of с'ffspгi l

Wil l iams, G, С' 1966. Аdа1
Univеrsity Pтеss.

1967. Ехtraordinaгy 477-488.



oning' as pionееrеd Ьy Gеorgе C.
964a, \964Ь, 1967) in thе 1960s.
ssеd so dirесtly or fully. TЬe |971
еration саn еvolvе Ьеtwееn unrе-
nary сonsеquеnсеs to Ье ехpесtеd
эs to dеtесt сhеating and for im-
g taсtiсs suсh as sеlf-dесеption)
sеlесtion idеntifiеs diffегеnсеs in
.amеtеr that еxpiains muсh aЬout
y and Ьеhаvior, inсluding thе spo-
еrs |972|.The 197З еssay on sех-
tion arguеs that onе sех (typiсally
r from aЬovе-avеragе paгеntal in-
:сtеd to Ьias thе sеxеs of thеir off_
nvеst (Trivегs and 

.!Иil\ard 
|97З).

Lrguеs (from Нamilton's thеory of
attеmpt to ехtгaсt morе invеst-

, and that wеaning сonfliсt thеrе-
rathеr than a mеrе Ьrеаkdown of
;ay on sех alloсation in soсial in'
l in a systеm whеrе unusual сoеf-
stmеnt gеnеratе prеdiсtions that
(quееns) or daughtеrs (workеrs)

). Еaсh of thеsе еssays has stimu-
d еmpiriсal tеsts and has affесtеd

.аl Еuolutioп' whiсh givеs a сom-
aссount of thе proЬlеms' data,

,Ьiology. In 2002 hе puЬlishеd a
d Soсiаl Theorу, whiсh inсludеs
; of thе intеllесtual and pеrsonal
and siх suЬsеquеnt woгks, with
ts sinсе еaсh еssay first appеarеd.
is Genеs iп Сoпfliсt: The Biolrlgу
nthеsizеs thеoгеtiсal and еmpiri-
phеnomеna, inсluding tгallspos_
gеnomiс imprinting, and sеvеral
]еnomе eхсlusion.

Thе Bkllogу of Sеlfish Gепеttс
ity Prеss.
lf soсial Ьеhаviour 1. lournаl сlf

'еhаviour II. Jсlurпаl сlf Tbесlretiсаl

i6:477-488.

Тrit,еrs 89I

Tгivеrs, R. 1985. Soсiаl Еuolutioи. Mеnlo Park, СA: Bеnjamin/Сummings.
2ОО2. Nаtltrаl Sеlесtirlп апd Soсiаl Thеorу1 '\еlесtеd Pаpеrs сlf Ro|эеrt L.

Тriuers. oхford: Oхfoгd Univегsity Prеss.
Trivеrs, R. L. 197|. Thе еvоlution of rесiproсal аltruisl lr. Qttаrtеrlу,Rat, iatu сlf

B io l с lgу  46:35-57,
1972. Pаrental invеstmеnr and sехual sеlесtiсln. In B. CamрЬеII, ed., Sехuаl

Selесtiсlп апd the Desсепt of l l7ап, 1З6-179. Сhiсago: Aldinе-Athеrtоn.
I97 4. P ar ent.of fspring ссlnf]iсt. Аm е r i с ап Z o o l o gi st 1 4 : 249 _264.

Тrivеrs' R. l , . '  and H. Hаге. 1976.I1ap|odiploidy аnсi thе еvolution l l f  thе sосial
insесts. Sсieпcе 19 |: 25О_2.6З.

Trivеrs, R. L.,;rnd D. Е. Wil lаrd. |973. Nаtur:r l sеIесtit ln of pаrеnrаl аЬi i i ty to varl '
thе sех ratio Of offspring. Sсiс't lсс 179:90_92,

\Wil l iams, G. с. 1966. Аdаptаtioп апd Nаtиrаl Sеlеt.t iс lt l .  Prinсеton, N.|: Рrinсеton
Univеrsity Prеss. -/.s.



Vаriаtion аnd Еuolution in Plаnts
(Gеorgе Lеdyard StеЬbins)

Vаriаtiсlп апd Еuolиtiсln iп Plапts, puЬlishеd in 1950, is thе mastеrwсlгk of
thе gеnеtiсist аnd Ьotanist Gеorgе Lеdyard StеЬЬins. It is thе fourth and fi-
nal work of a quаrtеt of Ьooks that еstaЬlishеd thе synthеtiс thеory of еvo-
lution, thе Amеriсan vеrsion of thе thеory that еmеrgеd in thе 1930s from
thе Ьlеnding of Darwinian sеlесtion and Меndеlian gеnеtiсs. SteЬЬins's
Ьook, thе only onе of thе four еxpliсitly rеstriсtеd to onе group of organ-
isms, сamе latеr than thе othеrs-Thеodosius Dobzhansky's Genеtiсs апd
the Оrigiп сlf Spесiеs in 1937, Еrnst Mayr's Sуstemаtics апd the Оrigiп of
Spесies in 1942, and Gеorgе Gaylord Simpson's Tеmpo аnd Мode iп Еuo-
lutirп in \944. The intеntion had Ьееn that thе Ьсltanist Еdgar Andегson
would сontriЬutе to thе projесt' but whеn hе failеd to do so, Dobzhansky
ехpliсitly and intеntionally rесruitеd StеЬЬins, gеtting him to givе thе Jеsup
Lесturеs at Сolumbia in 1946 and all thе way urging him to сomplеtе and
puЬlish thе work.

Givеn its gеnеsis, it is not surprising tЬat Vаriаtiсln апd Еuolution iп Plаnts
rеflесts partiсularly thе еvolutionary vision of DoЬzhansky, namеly, that
Sеwall 

.\Х/right's 
shifting-Ьalanсе thеory of еvolution is thе сorrесt сonсеptual

foundation for еvolutionаry studiеs' a foundation on whiсh onе must now
Ьuild using еmpiriсal data. In StеЬЬins's Ьook not only is thеrе a gеnеrаl
foundation frоm \il/right, Ьut thеrе is аlso сarеful disсussiоn of thе dеtails of
thе shifting-Ьalanсе thеory. For ехamplе, StеЬЬins offегеd a dеtailеd and gеn-
еrally sympathеtiс сovеragе of \Wright's сеntral сlaim that muсh еvolution is
duе not to thе dirесt еffесts of natural sеlесtion Ьut to gеnеtiс drift, whеrе
random faсtors of Ьrеeding in small populations arе a kеy proсеss. Нowеvеr'
although StеЬЬins thought drift an important notion, Ьasеd on his own oЬ-
sеrvations and pеrhaps influеnсеd Ьy а gеnеral skеptiсism aЬout drift that
was growing in thе latе 1'94Оs, hе gavе no unamЬiguous and еnthusiastiс еn-
doгsеmеnt of thе notion. Hе wгotе a Ьook in thе sсhool of thе synthеtiс thе-
orists, not a slavish еndоrsеmеnt of thе thinking of othеrs.

Indеed, dеspitе its plaсе in thе gеnеral piсturе of thе synthеtiс thеоry, StеЬ-
Ьins's Ьook (longеr and morе dеtailеd in many rеspесts thаn thе othеrs) is in
somе rеspесts thе odd man out) for hе is muсh сonсеrnеd to show аnd disсuss
aspесts of thе plant world not gеnеrally геprеsеntеd (or signifiсant) in thе an-
imal world. Thе faсt that many plants arе asеxual, for instanсе, gеts muсh

892

disсussion. So also doе
hybridization, whеrе t' '

сhangе gеnеs. Мajor ссl
ploidy) whеrе сhromosс
nеw spесiеs (in thе sеnst
arе formеd in onе gеnеr

Thеrе is  aIso d isсuss i '
othеr writings StеbЬins l
rists) hе is dееply сoml
world' l ikе thе othеr tl
valuе-ladеn disсussions
апd Еuolиtiсlп iп Plапts

of modеrn еvolutionary
sсiеnсе, and in this aim

B | в L l o G R A P H Y

DoЬzhansky, T. 1'9З7. Gеl
Univеrsity Prеss.

Мayr, Е. |942. Sуstеmаtrc
lJnivеrsity Prеss'

Rusе, M. 1996. Мoпаd to
СаmЬridgе' MA: Har

Simpson' G. G. 1944' Tеlт,
Univеrsity Prеss.

Smoсovi t is ,  V.  B.  1988. Bс
G. l-еdyard Stеbbins'

StеЬЬins, G. L' |950. Vаrt'
Univеrsity Prеss.

Vestiges of the Nаt
(Robеrt СhamЬеrs'

Vеstiges of thе Nаturаl
plеmеnt, Ехplапсttiсlпs'
thе Sсottish publishеr R

all organisms, l iving an

of еvolutionary сhangе.
tion sсroungеd from a .

somе not' СhamЬеrs's п

muсh philosophiсal as l

iп Оп thе origin сlf S1lе
on a f i rm sс iеnt i f iс  Ьаs i :

СhamЬеrs opеnеd Vс
hypothеsis, whiсh supp
othеr Ьodiеs сondеnsinр
gin of lifе. Partiсular сrit
thе frost-fеrn pattеrns l(



J in 1950, is thе mastеrwoгk of
StеЬbins. It is the fourth and fi_
hеd thе synthеtiс thеory of еvo-
'hat еmеrgеd in thе 1930s from
Меndеlian gеnеtiсs. StеЬЬins's
striсtеd to onе group of organ-
ius DoЬzhаnskу's Gепetiсs апd
; Sуstеmаtics апd the origin of
;on,s Tеmpo апd Мodе iп Еuo-
't thе Ьotanist Еdgar Andеrson
lе failеd to do so, DoЬzhansky
ls' gеtting him to givе thе Jеsup
ay urging him to сomplеtе and

lriаtioп аnd Еuolиtioп iп Plапts
of DoЬzhansky' namеly, that

llution is thе сorrесt сonсеptual
lation on whiсh onе must now
,ok not only is thеrе a gеnеral
:еful disсussion of thе dеtails of
lЬins offеrеd a dеtailеd and gеn-
'al сlaim that muсh еvolution is
гion Ьut to gеnеtiс drift, whеrе
)ns arе a kеy proсеss. Howеvеr'
t notion' basеd on his orvn oЬ-
:ral skеptiсism aЬout drift that
amЬiguous аnd еnthusiastiс еn-
thе sсhool of thе synthеtiс thе-
ng of othеrs.
rе of thе synthеtiс thеory, StеЬ-
y rеspесts than thе othеrs) is in
' сonсеrnеd to show and disсuss
;еntеd (or signifiсant) in thе an-
;ехual' foг instаnсе, gеts muсh

Vеstigеs of thе Natural Histoгy of Сrеation 89З

disсussion. So also doеs thе faсt that muсh plant сhangе rеvolvеs around

hyЬridization, whеrе two virtually isolatеd groups mееt and start to еx-

сhangе gеnеs. Мajсlr сovеraЕ]е is givеn to thе pесuliar plant proсеssеs (poly-

ploidy) whеrе сhromosomе sеts arе douЬlеd or сomЬinеd еntirе' and whеrе

nеw spесiеs (in thе sеnsе of Ьеing rеproduсtivеly isolatеd from thеir parеnts)

arе foгmеd in t lnе gеnеrat ion.
Thеrе is also disсussion of еvolutionary trеnds in plants. Although in his

othеr writings StеЬЬins makеs it vеry сlеar that (l ikе thе othеr synthеtiс thеo-

rists) hе is dееply сommittеd to a progrеssionist viеw of thе еvolutionary

world, likе thе othеr thеorists hе is vеry сarеful not to introduсе еxpliсit

valuе-ladеn disсussions aЬout highеr and lowеr into Vаriаtioп апd Еuolиtioп

аnd Еuolutitlп iп Plапts. This work was intеndеd to сomplеtе thе parаdigm

of modеrn еvolutionary Ьiology as a funсtioning and rеspесtaЬlе Ьranсh of

sсiеnсе, and in this aim it suссееdеd admiraЬly.
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Vestiges of the Nаturаl Historу of Сrеаtion
(RoЬеrt СhamЬеrs)

Vеstiges rf thе Nаturаl Historу of Сrеаtioп, first puЬlishеd in 1844 (a sup.

plеmеnt' Ехplапаtioпs, appеarеd in 1845)' was authorеd anonymously Ьy

thе Sсottish puЬlishеr RoЬеrt СhamЬеrs. In this work СhаmЬеrs arguеd that

аll organisms, l iving and dеad' arе thе еnd rеsults of a long' natuгal proсеss

of еvolutionary сhangе. Although hе madе muсh usе of еmpiriсal informa.

tiоn sсroungеd from a variеty of sourсеs, somе sсiеntifiсally rеspесtaЬlе and

somе not '  СhamЬеrs 's  mаin intеnt Was to prov idе аn ovеra l l  woг ld p iсturе.  аs

muсh philosophiсal as anything еlsе. Hеrе hе diffеrеd from Сharlеs Darwin

tn oп thе origin of Speсies, whеrе thе intеnt was to put еvolutionary studiеs

on а f i гm sс iеnt i f iс  Ьаs is .
СhamЬеrs opеnеd Vеstigеs Ьy rеfеrring favоraЬly to thе so.сallеd nеbular

hypothеsis, whiсh supposеs that thе univеrsе itself еvolvеd, with planеts and

othеr Ьodiеs сondеnsing out of gasеs. Nехt hе taсklеd thе quеstion of thе ori-
gin of lifе. Partiсular сritiсal sсorn Was rеsеrvеd for СhamЬеrs's suggеstion that

thе frost-fеrn pattеrns lеft on windowpanеs in сold wеathеr wеrе indiсativе of
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a link bеtwееn thе living аnс1 thе matеrial worlds. СhamЬеrs movеd nеxt to
a grеatеr arеa of strеngth, rlrе fossil rесord. |n his Priпсiplеs of Gaсlogу
(1830_1833), Сharlеs Lyеll hаd introduсеd Jеаn-Baptistс Lirmarсk's thеoгy
of еvolution, сomplеtеly misltnсlеrst:rnding it as an аnswеr t() thе trpward-
rising fossil rесord. As it hаppеns, Lamarсk sаiсl псlthing on this suЬjесt. but
thanks to Lyеll this is how it was intеrprеtеd, and СlrаrnЬеrs Was nothing if
not thorough in his dеtailеd disсussion of thе progгеssion fr<lm fish to land
(plants) and from mammаls to thе highеr animals. Showing, howеvеr' how
far hе was from Darwin' wlro Was thеn working privatеly tln his thеory, or
indееd from the сonсеrns сlf zrny profеssional Ьiologist, СhamЬеrs ехhiЬitеd
viгrually no intеrеst in quеstions of adaptation. СаusаlIу, hе was moге intсr-
еstеd in providing a soгt of quirsi-Gеrman еmЬryologiсirI thеory that сlаimеd
thi1t organisms norm:rlly go through diffеrеnt l ifе fсlгms and thеn gеt ЬOrn.
But if for somе rеasoll gеst.lt ion is pгolongеd' thеn tlrе tlrganisms go on dе-
vеloping in thе wсlmЬ until f inally thеy appеar as a lrighеr form.

Thе rеal forсе of thе prop<lsеd сausal proсеss Was that it providеd somе.
thing that СhamЬеrs saw as thе aЬsolutе сrux of thе еvolutiсlnary сhain of
l ifе, namеly' that it is progrеssivе. It goеs from thе simplеst to thе most сom.
plех, namеly' our own spесiеs (with thе possiЬil ity сlf sor-rrеthing еvеn grеаtеr
latеr). СhamЬеrs was ехpliсit tlrсrt hе saw this pгogrеss irr Ьiology as thе
сOuntеrpart of progгеss in st>сiеry, somеtЬiпg to wlriсh hе was сtlrnп-rittеd
Ьoth as a vеry suссеssful Ьtlsinеssman and as thе аrrthor of many shortеr
piесеs for his own puЬliсаtions-piесеs that hymnеd thе virtuеs of еffort and
thrift and pointеd thе way tсl futurе suссеss. It was hardly any surprisе thаt
thosе who sharеd his philсlsophy tеndеd to l ikе his book, and thosе who put
rеal сhangе in thе hands of Gоd, Providеnсе, lсlathеd Vеstigеs with a passion.

Adаm Sеdgwiсk, profеssсlг oI gеology аt thе Univеrsitr' of СamЬridgе and
somеtimе tеaсhеr of Chаrlеs D:rrrvin, spесulatеd that Veslцсs must havе Ьееn
writtеn Ьy а woman and thеrr dесidеd thet nо mеmЬеr: of tlrе fаir sеx сould
havе pеnnеd suсh fi lt lr: . 'thе аsсеnt up thе hil l of sсiеllсе is ruggеd and thсlrnv,
and il l suitеd for thе drapеry of thе pеttiсoat' ' (Sеdgrviсk 1845' 4). Sсottislr
sсiеntist David Brеwstеr, Ьiographеr of Nеwton, dесlаrеd that it showеd thе
gеnеral dеgеnеraсy into whiсh Britain had sunk. ..It would :rugur ill fоr thе
rising gеnеration, if thе mothеrs of Еngland wеrе infесtеd with thе еrrors of
Phгеnology: it would auguг worse WеГе thеy tаintеd witlr Маtеrialism.,' Thе
proЬlеm, Brеwstеr gloomily сonсlr-rdеd, w:rs with thе sli lсkrrеss оf modеrn еd.
цсation. ..Prophеtiс of infidеl timеs, :lnd indiсаting thе unsоr.rrrс{nеss of our
gеnегal еduсаtion, .Tlrе Vеstigеs ' . . ' Ьas startеd into puЬliс favour with а faiг
сhanсе of poisoning thе for.lntains of sсiеnсе, and of sapping thе foundations
of rеligion'' (Brеwstеr 1844' 503). \Х/il l iam !Иhеwеll, anсlthеr of Darwin's
mеntors' сollесtеd passagеs fгсlm еarliеr writings dеsigrlеd to show thе falsity
of еvolutionary thinking. In tlrе first еdition of this сollссtion, Indiсаtiolls of
tbe Сrеаtor (1845), hе did n()t еvеn mеntion Vеstiges Ьy n:rmе.

To thе сontrary' thе pсlес Alfrесl Tеnnyson, rеad Vesrцr's (tlr morе proЬaЬly
a dеtailеd rеviеw), аnd dесidесl that it оffеrеd hopе that pеrhzrps thе dеath of
his dеar friеnd Artirur Hаllсrnr had nсlt Ьееn iп vаit-t l lnd thаt thе nihil isrrr of

Lyеll iаn gеology, showing

сould Ье сonquеrеd Ьy thс
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Lyеllian gеоlogy' showing ехtinсtion and appаrеntiy without hopе of progrеss'
сould Ье сonquеrеd Ьy thе uplifting mеssagе of Уеstigеs (Ross 197З).

F.irst thе dеspair:

Arе God and Nаturе thеn at strifе'
That Naturе lеnds suсh еvil drеams?
So сarеful of thе typе shе sееms,

So сarеlеss of thе singlе l ifе; . . .
(Tеnnyson 1850' stanza LIV, 78)

..So сarеful of thе typе?'' Ьut no.
F.rom sсapеd сliff and quаrriеd stonе
Shе сries ..a thousand typеs arе gonе:

I саrе for nothing, all shall go.' '
(Tеnnyson 18.50, stanza LV, 80)

Givеn naturе ..rеd in tooth and сlaw''-this famor-rs phrаsе has its sourсе
hеrе (stanza LV)-nothing sееms to makе any sеnsе. But thеn сamе thе hopе.
Pеrhaps Hallam was an advanсеd form Ьorn Ьеforе his timе.

A soul shall strikе frtlm сlut thе vast
And strikе his Ьеing into Ьounds,

And movеd thro' l ifе of lowеr phasе,
Rеsult in man, Ье Ьorn and think,
And aсt and lovе, a сlosеr l ink

Bеtwiхt us and thе сrowning raсе. . . .
(Tеnnyson 1850'  Сonсlus ion,  209)

\й/hеrеof thе mаn, that with mе trod
This planеt, was a noЬlе typе
Appеaring еrе thе timеs wеrе ripе,

Тhat friеnd of minе who livеs in God.
(Tеnnyson 1B50, Сonсlus iс ln,  210)

UndouЬtеdly' somеthing likе this-thе poеm w:rs lоvеd Ьy еvеryonе, from
thе Quееn on down-prеparеd thе way for Darwin. By 18.59, thе dаtе of thе
puЬliсation of tЬе Оrigiи, еvolution was simply no longеr that shoсking аn
idеа. And if this wеrе not еnсrugh, thеге is good еvidеnсe thаt thе young Al-
frеd Russеl \Wаllaсе read Vеstiges, Ьесamе an instant сonvеrt to еvolution,
and dеvotеd thе nехt dесadе to finding a сausе. In 1 858 hе was suссеssful: hе
disсovеrеd naturаl sеlесtion and sеnt his еssay to Сharlеs Darwin, and thus
spurrеd, Dаrwin wrotе thе Оrigiп in fiftееn months and еvolution was wеll
and truly launсhеd.
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Vriеs, Hugo dе (1848_19з5)

Tоday Hugсl dе Vriеs is bеst knowrr as onе of thе rеdisсovеrs of Mеndеl's
lаws. His papеr' ..Das Spaltungsgеsеtz dеr Bastaгdе,' ' togеthеr with sirrri lаr
studiеs Ьу Caгl Coгrеns аrrd Еriсh von Tsсlrеrmаk-Sysеnеgg, all puЬlishеd in
1900, mark thе Ьеginning of thе sсiеntifiс disсiplinе t>f modеrn gеnеtiсs. But
in thе сoursе of his long аnd distinguishеd сarееr, dе Vriеs also madе signifi-
сant сontriЬutions to еvolutionary Ьiology, еspесially with his thеory of in-
tеrсеllular pangеnеsis (1889) and' most importantly, with his mutation thеory
(1901-1903), whiсh sеt thе stagе for tlrе dеЬаtе aЬor-rt thе natuге of еvolu.
tionary сhangе аs еithеr gradual and сontinuous Or as disсontinuous alld pro-
сееding in . .  jumps' .  or  mutat i ()ns.

Hugo dе Vriеs was Ьorn in Haarlеm, Thе Nеthеrlands, in 1848 into a
prominеnt Dutсh family. Showing an еаrly fasсinatiоn with Ьotany, his in-
tеrеst soon shiftеd to plant physiology and towаrd аn еxpеrimеntal ap-
proaсh to thе study of l iving systеrns. His dissеrtirtion at thе Univегsiry of
Lеidеn foсusеd on thе гolе of tеmPеraturе on thе lifе proсеssеs in plants. In
1870 dе Vriеs movеd to Gеrmany to lеarn morе aЬout еxpеrimеntal plant
physiology, working for sеvеra1 yеars in thе 

.WiirzЬurg 
laЬoratory of Julius

Sасhs' a lеading plаnt physiсllogist. Hе rеturnеd to Thе Nеthеrlands in
1878 whеn hе wаs сlffеrеd an appointmеnt at thе nеw[y foundеd Univеrsity
of  Amstеrdam. Duг ing thе 1880s l r is  rеsеarсh sh i f tеd to quеst ions оf  var ia-
tiorr and inhеritаnсе' ln his thеorv of intеrсеllular pangеnеsis hе updated
Сharlеs Darwin's thеory of inhеritanсе and сomЬinеd it with rесеnt insights
in сеll Ьiology. Dе Vriеs arguеd thаt thе nuсlеus сontains all hеrеditary faс-
tors in thе form of irrdеpеndеnt partiсlеs, whilе оnly a suЬsеt of thosе will
Ье асt ivе in tЬе сvtoplasп-r  of  ind iv idual  се l ls ,  t l rus prov id ing a mесЬanist iс

ехplani1tion of Ьoth hеrе

сal lеd thеsе part iс lеs pani

Fuгthеr ехpеriп.lеntal !

prеdiсtaЬlе pattеrns Of in

Меndеl's 1866 papеr сor

pеas' dе Vriеs rеalizеd tlrс

turе. This irisight marks tl:

егn gеnеtiсs. Howеvеr, dl

gеnеtiсs Ьесausе hе wаrs m

formations than mеrеly t

аnгs.  Hе had f i гst  nt l r iсе

lаmаrсhiаnа, whiсh hе tt

mеnts and oЬsеrvatiorr аn

summarizеd his idеas in tl

that spесiеs arе сharaсtеrl

that thеsе mutants rеprеsс

е i thег Ьеnеf iс ia l  or  dеtr in

lеd гo a rеnеwеd inrегеst i l

Dе Vг iеs rеt i rеd in 19l8 a

unt i l  h is  dеath in 1935.

в | B L I o G R A P H Y

СorrеIrs, с. 1900. G. Меndt
dеr RassеnЬastаrdе.' ' B.
156 -1  68 .

Mеnсlеl, G. |866. Vеrsuсhе
па t u rftlsс h спd сп V еrеi n

Tsсhеrmak-Sysеnеgg, Е. von
Bеriсhtе der Dеutsсhеп

Vееr, P. dе, |969. Lеuеп еlt
Noordhоif.

Vгiеs, Н. dе. 1889. ]пtrасеll
l900. Das Spаltrrng

Deutsсhеп Botапisсheп
1901-1903. Diе Мt

Еtttstсhuпg tцlп Аr!t ' t t  i



Уriеs

ехplanat ion of  Ьoth hеrеdi t1.and d i f fеrеr-r t iаt ion.  In honoг of  Dirrwin '  hе
сal[еd thеsе partiсlеs pangеnеs.

Furthеr ехpеrimеntal studiеs dеmonstratеd that thеsе faсtors followеd
prеdiсtaЬiе pattеrns of irrlrеritanсе. Aftеr a сollеilguе sеnt him а rеprirrr of
Mеndеl's 1866 papеr сontaining thе lattеr's nowtfаmous ехpеrimеnts with
pеаs, dе Vriеs rеalizеd that thе laws of inhегitanсе arе of a morе gеnеraI nil-
turе. This insight marks thе rеdisсtlvеry of Меndеl and thе Ьеginning of nrod-
еrn gеnеtiсs. Howеvеr' dе Vriеs did not partiсipatе in thе еstablishmеnt of
gеnеtiсs Ьесause hе wаs morе intеrеstеd in aссotrnting f<lr еvolutiсlrrary trаrrs_
formations than mеrеly trасing tlrе pattеrns of inhеritаnсе of spесifiс vаri-
ants' Hе had first notiсеd thе appеaranсе of nеw vаriants in Оenrltbеrа
lаlпаrckiаttа' whiсh hе tеrmеd mutations' in 1886. Aftеr yеars of ехpеri-
mеnts and oЬsеrvation and a thorough rеviеw of ехisting litеratuге, dе Vгiеs
sunrmarizеd his idеаs in thе two volumеs of lris mr"rtаtion thеory' postr:lating
that spесiеs arе сhaгaсtеrizеd Ьy a gеnеral tеndеnсy to produсе nеw mutants'
that thеsе n-lutants rеprеsеnt disсrеtе nеw variants, and that mutations сan bе
еithеr Ьеnеfiсial сlr dеtriпrеntal. Dе Vriеs's idеas wеrе widеly disсussеd аnd
lеd to a rеnеwеd intеrеst into thе naturе of vаriation and еvolutionirry сhangе.
Dе Vriеs rеtirеd in 1918 anс.l сontinuеd his studiеs or-r thе nаtllrе of mutations
unt i l  h is  dеath in 19З5.
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Waddington, Conrad Hal (1905-1,97 5)

Сonrad Hаl \trасldington Wz1s a pionееr irr linking dеvеlсlpmеntаl аrrd еvolu-

tionary Ьiolog,v. Hе еxplorеd thе сеntral rolе of dеvеlсlpmеnt in еvсllution апd

arguеd that natural sеlесtion moldеd dеvеlсlpmеntal proсеssеs thеmsеlvеs in

diffеrеnt ways undеr diffеrеnt еnvironmеntal сirсumstanсеs.
lй/addington саmе to thе еvolution of dеvеlopmеnt аftеr showing thаt sеvеral

dozеn gеnеs intеrасtеd to gr'ridе dеvеloprrrеrrt of normal wiгrgs in tlrе fruit fl,v,

Drosophilа. Tlris rеsult inspiгеd his сonсеpt of thе еpigеnеtiс (litеrаlly, Ьеyond
gеnеtiсs) landsсapе, thе sеt of possiЬlе dеvеlopmеntal pathways for a struсturе

inhеrеnt in thе nеtwork of ir-rtеraсting gеnеs thаt prodr-rсе it. Waddington sug-
gеstеd thаt nаtr'rr:rl sеlесtion would fаshiorr tlris nеtwork ttl insulаtе nоrmal dе-

vеlopmеnt frtlп-r thе disruptivе еffесts of еxtеrnal pеrturЬations likе unfavorablе
tеmpеraturеs or intеrnal pеrturЬations likе mutations, This insulation, сallеd

сanalizаtion (sее figurе), W.ls a сharaсtеristiс of normаl dеvеlоprnеnt thаt
\Waddington saw аs аn еssеntizrl adaptivе propеrty of сlrgаnisms.

Waddingtoll is known nrorе widеly for dеsсriЬirrg a striking proсеss сallеd
gеnеtiс assimilаtion thаt, at first glanсе, suggеsts a kind of nеo-Lаmarсkism.
.Waddington's 

original ехpеrimеnts shoц,еd that hеat shoсk during a сritiсal
phzrsе of dеvеlopп-rеnt prесlrrсlеd formaсiorr of а small vеin in thе flv wing in

somе individuals. Waddington ехеrtеd аrtif iсial sеlесtion for grеatеr еxprеs-

siсln in rеsponsе to hеаt slroсk; that is' hе suЬjесtес1 all individuals to hеat

shoсk Ьut sеlесtеd for Ьrееding only individuals that lасkеd thе vеin. As ех.
pесtеd, аftеr m:rrly gеnеrаtions morе and morе indiviсlr.rals rеspondеd to hеаt

slioсk Ьy rrot forming tlrе vеin' But thе unеxpесtесl rеsult wаs tlrat many indi-

viduals in thе sе|есtеd pоpulation failеd to forrn thе vеin еvеn whеn thеy wеrе

not ехposеd to hеat shсlсk; еvеn morе surprising, thеir offspring fаilеd to
forrrr thе vеin. 

-Гlrus 
a rеsponsе that wаs fi.rсultativе аt thе start Ьесirmе сon-

stitutivе; somеhow tl-rе gеnеs Ьad..аssiп-ri[аtеd'' tlre rеsponsе to lrеat shoсk

through sеlесtiorr of individtlаls that laсkеd thе vеin. \i l/addington arguеd that

this proсеss rеpгеsеntеd a disruptiсln of саnalization that сould Ье favorеd by
naturаl sеlесtiorr Ьесausе it :l l lowеd a faсr.tltativе fеагttrе importatrt fсlr sur.
vivirl irr a novеl еnvironmеnt to Ье еxprеssеd сonsгitl lt ivеly.

Although Waddington's ехplanatioп ftlr gеnеtiс assinrilation I.ri ls Ьееn su-
pегsеdеd Ьy sinrplеr onеs, his viеw оf dеvеlopmеntal systеnrs as irrtеgral еlе-

mеnts Of еvolution has Ьееn еmЬraсеd ur-rivеrsally. A grеat dеal сlf rеsеarсh

hаs foсtlsеd on r'n,hеn and hou, 'r dеvеlсlorrrеntal systеr-n сvоlvеs sеtrsirir, itv tсl
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Сonrad Hal 
.Waddington 

Was partiсularly intеrеstеd in visual rеPrеsеntations of
sсiеntifiс idеas. This figurе, tаkеn from Тhе Strаtеgу of thе Geпеs (1957), shows
how his idеa оf сanalization works. 

.Within 
сеrtain limits, thе organism will

dеvеlop normаlly dеspitе disturЬanсеs (in thе piсturе, thе Ьall Ьеing pushed up
thе sidе of thе vallеy). But thеrе arе сhoiсеs, and too grеat a disturЬanсе will
hаvе lasting еffесts. Thеrе arе oЬvious hints hеrе of lWright's adaptivе
landsсapеs, аnd as notеd еlsеwhеrе in disсussion of thеm' it may Ье that 

.Wright

wаs influеnсеd in his сhoiсе of mеtаphor Ьy 
.Waddinяton.

and not insulаtion from еnvironmеntal influеnсеs (sее thе alphaЬеtiсal еntry
..Phеnotypiс plastiсity' ' in this volumе). Thе еvolution of dеvеlopmеntal sys-
tеms thеmsеlvеs has Ьесomе an importаnt topiс in еvolutionary Ьiology (sее

thе main еssay ..Еvolution and Dеvеlopmеnt'' Ьy Grеgory A. Wray in this
volumе)' and еpigеnеtiсs and dеvеlopmеntal nеtworks аrе two of thе most
rapidly growing and еxсiting arеаs of modеrn biology.

\й/addington lеft an еnduring lеgaсy Ьеyond his rеsеarсh. His tеxtЬooks in
еmЬryology and dеvеlopmеntal еvоlution guidеd gеnеrations of studеnts. Hе
also hеlpеd Ьuild thе Institutе of Animal Gеnеtiсs at thе Univеrsity of Еdin-
Ьurgh into onе of thе world's lеading institutions. 

.Waddington 
spеnt nеarly

his еntirе сarееr on thе faсulty аt ЕdinЬurgh and was еlесtеd a fеllow of thе
Royal Soсiеty of ЕdinЬurgh in 1948 and a fеllow of thе Amеriсan Aсadеmy
of Arts and Sсiеnсеs in 1959.
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1'975. Thе Еuсl lutklп of ап Еuolиti l ,rr lsf. Ithаса, NY: Сoгnе|l Univегsity
Prеss.
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М.J. 200З. Dеuеklpmепt. l l  Plаstiсitу апd Еurl lиt it lп. Nеw York:

oxford Univеrsity Prеss. -] .Т.

.Wadе, 
Мiсhaеl John (ь. 1949)

Мiсhaеl John \Х/adе is аn Amеriсan еvolutionary gеnеtiсist who usеd flour Ьее-
tlеs of thе gеnus Triboliцm, as wеll as thеOrrtiсal modеls, to invеstigatе group
(or intеrdеmiс) sеlесtion, kin sеlесtion, Sеwall \Wright's ..shifting Ьalanсе'' thе.
ory, sеxual sеlесtion, еspistasis, matеrnal gеnеtiс еffесts, and spесiatiсln.

Thе oldеst of еight сhildrеn' 
.Wadе 

studiеd Ьiolоgy and mathеmatiсs at
Boston Collеgе, graduating in 1971. Intеrеstеd in ссlmЬining mаthеmatiсs

and Ьiology' 
.V7adе 

wеnt to thе Univеrsity сlf Сhiсago's now-dеfunсt Thеоrеt-
iсal Biology program for gгaduatе work. Сoadvisеd Ьy thе population Е]еnе-
tiсist Мontgomеry Slatkin and thе есologist Thomas Park, .й/adе сonduсtеd
thе first еxpеrimental study of group sеlесtion Ьy sеlесting flour Ьееtlеs Ьasеd
not on individual сharaсtеristiсs of thе Ьееtlеs, ЬLlt on aspесts of thе pсlpula-

tions from whiсh thеy arosе. A strong геsponsе tсl sеlесtion was еvidеnt аftеr
only thrее gеnеrations of sеlесtion: populations in l inеs sеlесtеd foг high pop-

ulation sizе and thosе sеlесtеd for low pоpulatiсln sizе еvolvеd suЬstantial dif-
fеrеnсеs, showing that intеrdеmiс sеlесtion сould Ье а powеrful еvolutionary
forсе. at lеast undеr сеrtain сonditions.

From 197 5 to 1998 \й/adе hеld a position at thе Univеrsity of Сhiсago, first
in thе Biology Dеpartmеnt and сr-rlminating as сhair of Есology and Еvolu-
tion (1991_1998). Hе movеd to his prеsеnt position at thе Univеrsitу сlf Indi-

anа in 1998. In 1980 \)Иadе сonduсtеd thе first ехpеrinrеntal tеst of kin

sеlесtion, oЬsеrving that сanniЬalism in flour Ьееtlеs еvolvеd along diffеrеnt
еvolutionary trajесtoriеs dеpеnding on pattеrns of gеnеtiс rеlatесlnеss dеtеr-
minеd Ьy thе mating systеm. \й/adе and his studеnt Сharlеs Goсldnight usеd
laЬoratory mеtapopulations to tеst thе еffiсaсy of \Wright's ..shifting Ьalanсе''
thеory, a modеl of еvсllution tlrat involvеs randoп-t gеnеtiс drift rеsulting in
pеak shifts in loсal suЬdividеd populatiсlns and thе sprеad of nеw, irdaptivе
gеnе сomЬinations aсross thе largеr population via migrati<ln arrсl sеlесtion.
Thеy oЬsеrvеd thе largеst rеspollsе at intегmеdiаtе lеvеls of сlrift and intеr-
dеmiс sеlесtiоn.

.s7adе 
has madе sеvеrаl importarrt thеorеtiсal сontriЬutions. Hе was thе

first to show that allеlе frеquеnсy сhangе undеr kin sеlесtion сould Ье parti.

tionеd into sеparatе сomponеnts of сhangе within and among kin groups. In

sеxual sеlесtion, hе showеd that thеrе Was a nесеssary rеlаtionship Ьеtwееn
thе varianсе in rеproduсtivе suссеss in mаlеs and that in fеmalеs, ехpiaining
why sеlесtion aсting on nralеs was oftеn many timеs grеatеr than that асting
on fеmalеs. Hе showеd that gеnеs with matеrnrrl еffесts еvolvе гnuсh moге
rеadily in haplo.diploids than in diplсl-diploids аnd, with his fоrmеr studеnt,
Tim Linksvayеr, arguеd that nratеrnаl еffесts thеory pгovidеs a Ьеttеr ассount

of thе еvolution of еuso
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of thе еvolution of еusoсiality in thе Hymеnoptеra than thе haplo-diploidy
hypothеsis. His theorеtiсal studiеs of gеnе intеraсtions havе shown how еpis-
tasis within populations сan aссеlеratе thе adaptivе divеrgеnсе Ьеtwееn iso-
latеd populations, сontriЬuting to spесiation.
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Wakе, David B. (b. 1936)

-N.А./.

David lWakе is onе of Amеriсa's lеading еvolutionary Ьiologists. His numеr-
ous rеsеarсh сontriЬutiоns span many fiеlds' inсluding funсtional and сom-
parativе morphology, Ьеhavior, dеvеlopmеntal Ьiology аnd ontogеny,
есology' Ьiogеography, population gеnеtiсs, molесular еvolution, taхOnomy'
systеmatiсs, and phylogеny. Thеsе studiеs havе bееn motivatеd Ьy a сеntral
and ovеrarсhing intеrеst in еvolutionary pattеrns and thе proсessеs that pro-
duсе thеm. Although thе goal has Ьееn to idеntify and ехplorе mесhanisms
of еvolutionary divеrsifiсation that arе Ьroadly appliсaЬlе to all organisms,
.$7akе's 

еmpiriсal work has foсusеd аlmost ехсlusivеly on a singlе еvolution-
аry l inеagе, thе lunglеss salamandеrs of thе fаmily Plеthоdontidaе. Largеly
through thе еfforts of 

.!fakе 
and his numеrous studеnts and сollaЬorators

ovеr thе nеarly fivе dесadеs that spannеd thе lаst half of thе twеntiеth сеn-
tury and сontinuе into thе twеnty-first, plеthodontid salamandеrs arе onе of
thе most соmprеhеnsivеly invеstigatеd and fully doсumеntеd instanсеs of
adaptivе гadiation in thе history оf еvolutionary Ьiolоgy.

Dаvid Brrrton lWakе was Ьorn on Junе 8,19з6, in 
.V7еЬstеr' 

South Dakota.
Muсh of thе Uppеr Мidwеst of North Amеriсa had Ьееn ехtеnsivеly sеttlеd
Ьy Sсandinavian immigrants in thе latе ninеtееnth and еarly twеntiеth сеn-
turiеs, and Ьoth of \Иakе's parеnts wеrе of Norwеgian dеsсеnt. At thе agе
of 17 Wakе rеloсatеd with his immеdiatе family to Taсoma, N7ashington,
whеrе hе сomplеtеd prесollеgiаtе еduсation. As was typiсal of many сhil-
drеn of Sсandinavian immigrants l iving in thе Paсifiс Northwеst at thе
timе,.Ufakе еnгollеd at Pасifiс l,uthеran Сollеgе (now Paсifiс Luthеran Uni-
vеrsity)' whеrе hе сomplеtеd his undеrgraduаtе dеgrее in Ьiology in 1958.
From thеrе hе advanсеd to graduatе sсhool in Ьiology at thе Univеrsity of
Southеrn Сalifornia (USС) in Los Angеlеs, whеrе hе workеd undеr thе su-
pеrvision of Jaу М. Savаgе for Ьoth mastеr's (1960| and doсtoralr (1964I
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dеgrееs. Savagе, a lеading tropiсal есоlogist аnd Ьiogеogrаphеr, was at that
timе launсhing а Ьroad resеarсh еffort on amphiЬians and rеptilеs of Сеn-
tral and Soцth Amеriсa, and hе promotеd 

.sИakе's 
intеrеsts in plеthodontid

salamandеrs, whiсh havе thеir prinсipal spесiеs divегsity in thе nеotropiсs.
Savagе's сlosе аssoсiаtion with thе Los Angеlеs Сounty Мusеum of Natural
Histoгy also providеd Wakе with valuaЬlе еxpеriеnсе with rеsеаrсh сollес-
tions in hеrpеtology and faсil itatеd his еаrly studiеs in taхonomy and sys.
tеmatiсs.

.Wakе 
lеft USС in 7964 to assumе his first full-timе aсadеmiс position, at

thе Univеrsity of Сhiсago, whеrе hе rеmainеd for fivе yеars. In |969 he re-
turnеd to Сalifornia to join thе Zoology Dеpartmеnt faсulty at thе Univеrsity
of Cаlifornia, Berkеlеy, and Ьесomе сurator of hеrpеtology at Bеrkеlеy's Mu-
sеum of VеrtеЬratе Zoo1ogу wLУZ). This Ьеgan a long and produсtivе asso.
сiation with thе NLУZ, whiсh NИakе sегvеd as dirесtor for 27 yеars until
1998. Undеr.Wakе's dirесtiоn thе МVZ Ьесamе onе of thе world's leading
сеntеrs for rеsеarсh and tеaсhing in еvolr.rtionary Ьiology.

In purеst tегms 
.s7akе's 

rеsеarсh addrеssеs a fundamегltal question in еvo-
lutionary biology: why arе thеге so many diffеrеnt kinds of organisms? His
work has Ьееn influеntial Ьесausе it ехеmplifiеs a сoпrprеhеnsivе approaсh to
analysis of еvolutionary divеrsifiсation that еvaluatеs thе rolеs of Ьoth еx-
trinsiс and intrinsiс faсtors and simultanеously сonsidеrs a widе rangе of Ьi-
ologiсal attriЬutеs, from molесulеs to organisms and thеir еnvironmеnts. Thе
study of еvolution sinсе thе modеrn synthеsis has until гесеntly foсusеd largеly
on ехtrinsiс faсtors as dеtеrminants of еvolutionary сhangе, suсh as thе rolе
of thе ехtеrnal еnvironmеnt in mеdiаting natural sеlесtion for adaptations.
1$Иаkе's work has highlightеd thе nееd for сomplеmеntary studiеs that еvalu-
atе thе potеntial rolе of intrinsiс faсtors' Suсh as linеagе-spесifiс dеvеlopmеn-
tal traits or сonsеrvеd anatomiсal fеaturеs, whiсh may Ьoth faсilitatе and
сonstrain divеrsifiсation in signifiсant Ways. A full undеrstanding of thе еvo-
lution of any taхon is l ikеly to rеquirе suсh а holistiс approaсh, whiсh inсor-
poratеs all rеlеvant information.

!Иakе is thе author of morе than 250 pееr-rеviеwеd puЬliсations, as wеll as
popular artiсlеs and Ьooks. Hе has rесеivеd numеrous honors and awards'
inсluding еlесtiоn to mеmЬеrship in thе U.S. National Aсadеmy of Sсiеnсеs
in  1998 .
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Wallaсе, Alfrеd Russеl (1823-19ТЗ)

Alfrеd Russеl !Иallaсe Was onе of thе nrost bril l iant thеorеtiсal and field Ьiоl-
ogists of thе ninеtееntlr сеntury. Нis famе in thе lristory of еvolution rеsts pгi-
mаrily upon his disсovеry, indеpеndеntly of Сhaгlеs Darwin, of thе thеory of
еvolution Ьy natural sеlесtion. Wallaсе Was a mеtiсulous fiеld oЬsеrvеr, a
prolif iс gеnеrator of idе:ls on a Ьгoаd rаrngе of issuеs ranging from еvolution-
ary Ьiology to soсial and politiсal сonсеrns, and a thеorеtiсian whosе work
lаid sonrе of thе main foundatior-rs for the sсiеntifiс study of modеrn zoology
and Ьotany.

Bу |844 thе 2O.yеar-old \Vаllасе had сollесtеd and аnalyzed an ехtеnsivе
arraу of loсal Bгitish plаnts. In 1B44 hе mеt Hеnry lWaltег Batеs. An aссom-
plishеd еntomologist, Batеs еnсouragеd !Иallaсе to movе Ьеyond thе Ьounds
of Ьotany to а morе gеnеral study of natural history. Drrring thе nехt fеw yеars
NИallaсе rеad Сharlеs Lyеll's thrее-volumе Priпсiplеs of Gеologу (1830_18з3),
Robеrt СhamЬеrs's (thеn-anonymous) Vestiges of the Nаturаl Historу of
Сrеаtirэrt (1'844), Williаm [-awrеnсе's Lectцres ort Сompаrаtiuе Апаtomу,
Pbуsiologу, Zoolrlgу, апd tlle Nаturаl Historу of Маn (1819), and Сhaгlеs
Darwin's Voуаgе сlf the Bеаgle (1839)-works that dеalt, еithеr еxpliсitly or
impliсitly' with еvolutionary spесulatiоns' thе origin of spесiеs' thе gеographiс
distriЬution of animals аnd plants, and thе diffеrеnсе Ьetwееn spесiеs and va-
riеtiеs. !7hen Batеs and.Wallaсе mеt again in the summer of 

,J'847, 
thе two

madе thе fatеful dесision to journеy to thе tropiсs. 
.Wallaсе 

and Batеs lеft Еn-
gland on Дprll 26,1848, dеstinеd for Pаr6 (now Bеlёm) ,Braztl ' Thus Ьеgan
thе fiгst of thе two tropiсal journеУs that wеге to transform !Иallaсе's lifе and
thе еmеrging sсiеnсе of еvolutioпary Ьiology. Aftеr a fouг.yеаr еxploration
of thе Amazon basin of Sorrth Amеriсa (1848_1852). \Wallaсе rеturnеd to
London. Hе puЬlishеd А Nаrrаtiuе of Trаuels oп thе Аmаzoп апd Riсl Negro
(185з),  whiсh еstaЬl ishеd h is  rеputat ion as thе forеmost analyst  of  thе
gеographiс distriЬution of animаls and plants (Ьiogеography). Thе reсog-
nition that thе distriЬrrtion of сlosеly all iеd spесiеs was oftеn markеd Ьy
surprisingly pгесisе and aЬrrrpt barriеrs Was thе most important sсiеntifiс
aсhiеvеmеnt of his Amazоnian tr:rvеls. Howеvеr, although lfallaсе had Ьееn
сoпrmittеd to somе fornr of gеnеrаl еvсrlutionary thеory sinсе 1845, hе was
not yеt prepаrеd to posit an ехpliсit еvolutionary mесhanism jn А Nаrrаtiuе
of Тrаuеls.

Сonvinсеd that anothеr voyagе of ехploration was thе most сеrtain mеans
of providing thе data rеquirеd for thе thеoгеtiсal еluсidation of what was
tегmеd thе spесies problеm (i.е.' how nеw spесiеs originatе from рrееxisting
onеs)' 

.!7allaсе 
dесidеd on an ехpеdition to thе Мalay Arсhipеlago. Hе ar-

rivеd in Singаpоrе оn April 24,1854, to Ьеgin еight yеars of intеnsivе travеls
in thе islands of Java, Borneo' СеlеЬеs, Nеw Guinеa, and Bali and in many
smаllеr islands in thе arсhipеlago. Frorn 18.54 to 1862 Wallaсе сovеrеd nеarly
14,000 milеs and сollесtеd thе vast amount of 125'000 (primarily faunаl)
spесimеns. Hе еnссruntеrеd аnimals' Ьirds, аnd insесts in Ьеwildеring vаriеty
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and aЬundanсе' many of whiсh had not Ьееn prеviously sееn Ьy Еrrropеans.
!Иallaсе also oЬsеrvеd аnd lived with гhе divегsе Ьuman ir-rhaЬitants of thosе
rеgions. $7allaсе's oЬsеrvations on thе gеographiс distriЬution of spесiеs lеd
him to nеw insights aЬout еvolutionary history. Не proposеd that thе spесiеs
in thе wеstеrn half of thе Маlay Arсhipеlago wеrе ovеrwhеlmingly Indian in
origin' whеrеas thosе in thе еastеrn hаlf wеrе prеdonrirrantly of Austrаlian
origin. This was a bold synthеsis of еvolutionary thеory and сopious fiеld oЬ-
sеrvation. Thе faunal disсontinuity that sеparatеs thе Indian from thе Aus-
tralasian sеgmеnts of thе arсhipеlago is сallеd !Иallaсе's l inе in his honor.
.s7allaсе 

latеr gеnеralizеd thеsе сonсеpts to еlaЬoratе a gloЬаl pаradigm for
idеntifying thе еarth's fundamеntal Ьiogеographiс rеgions in his magistеrial
Gеogrаphicаl Distributioп of Апimаls (1876). Dеtaiis of 

.Wallaсе's 
original

Ьiogеogгaphiс rеgions-and thе prесisе loсation of thе Ьoundary first sug.
gеstеd by W.allасе's l inе-trndеrwеnt rеvision аs morе аЬundаnt data Ьесаmе
availablе during thе twеntiеth сеntury. Thеoriеs of сontinеntal drift havе also
rеquirеd a rеintеrprеtation of сеrtain of 

.Wallaсе's 
ninеtееnth-сеntury prеmisеs.

Nonеthеlеss, his Ьiogеogrаphiс synthеsis stirnds as a major dеvеlopmеnt in
еvolutionary Ьiology and сontinuеs to int]uеnсе сontеmporary Ьiogеographiс
studiеs.

It is, of сoursе' 
.!Иallaсе's 

еluсidation of thе mесhanism of еvolution that
сonstitutеs his grеatеst sсiеntifiс lеgaсy fгom thе Мalay trаvеls. In 1855 hе
puЬlishеd thе fаmous еssay ..on thе Law \Х/hiсh Hаs Rеgulаtеd thе Intro-
duсtion of Nеw Spесiеs.'' In this еssay 

.Wаllaсе 
laid thе foundаtions for what

would shortly Ьесomе his ехpliсit statеmеnt of thе еvolutionary thеory.
!Иallасе сonstruсtеd a powегful argumеnt in support of thе thеsis that nеw
spесiеs arisе naturally from сlosеly rеlatеd, prееxisting spесiеs, but hе sug-
gеstеd no mесhаnism for suсh сhangе. From 1855 to 1858 !Иallaсе sеnt to
Еngland sеvеral aгtiсlеs on thе flora and fauna of thе islands hе visitеd and
dеalг ехpliсitly with thе thеorеtiсal impliсаtions of thе 1855 law' Finally, in
FеЬruary 1858-rесall ing pаssаgеs from Thomas Мalthus's Еssау oп thе
Priпciple of Populаtioп (1798), with its vivid dеpiсtion of thе сompеtitivе
strugglеs for survival among human populations-thе prinсiplе of natural sе-
lесtion еmеrgеd in 

.Wаllасе's 
mind as thе kеy mесhanism of еvolutionary

сhangе. For 
.Wallасе 

еvolution Was a two-stеp proсеss: first' thе appеaranсе
of variations (latеr сallеd mutations) in individual mеmЬеrs of a spесiеs' and
sесond, thе sorting out of this variation Ьy natural sеlесtion. 

.Wallaсе 
arguеd

thаt thе еxistеnсе of beritаble variations within a spесiеs, сouplеd with thе
produсtion of morе offspring than сould possibly survivе (givеn thе сonstraints
of thе еnvironmеnt' suсh as food supply), сonstitutеd thе сonditions undеr
whiсh favoraЬlе vаriations tеndеd to Ье prеsеrvеd аnd injurious variations
еliminatеd. ovеr long pеriods of timе-thаt is, ovеr many gеnеrations-and
undеr thе сontinuеd sеlесtivе influеnсе of thе еnvironmеnt (thе so-сallеd
strugglе for ехistеnсе), a gгoup of organisms would havе еvеntually aссumu-
latеd many nеw favoraЬlе variations. Thеy would thеn diffеr suffiсiеntly
from thеiг anсеstoгs to соnstitutе а nеW tахonomiс stаtus: thus thе ..origin of
spесiеs.'' 

.lfallaсе 
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еssay ..on thе Теnсlеnсy of Variеtiеs to Dеpart Indеfinitеly from thе original
Typ.' ' (1858)' arrd mailеd it to D:rгwin in Еnglanсl. A сopy of WаllaсеЪ еssay'
along with еxtrасts from an r.rrrpuЬlishеd manr.rsсript on natllr21l sеlесtiоn
writtеn Ьy Darwin in 1844, wеrе prеsеntеd togеthеr at thе historiс mееting of
thе Linnеan Soсiеty (London) on July 1, 1858. This mееting' a yеar Ьеforе
thе puЬliсation tlf Г)arwin's Оп thе Оrigiп of ,Spеcics (1859), еnsuгеd that
Ьoth \Уallaсе and Dаrwin rесеivеd гесognition аnd ioint prioritv for thеir
momеntous асlriеvеmеnt.

On his rеturn tсl Еngland in |862 \Иаllaсе spеnt thе rеmаindеr сlf his long
lifе еluсidating thе impliсati<lns of evolutionary thеory for a vast arraу of
suЬjесts ranging fгom Ьiogеogrаphy, sеxual sеlесtion, thе phеnomеnon of or-
ganiс mimiсry (Ь,v whiсh onе animаl spесiеs еvolvеs to so сlosеly rеsеmblе
аnothеr animаI Or еvеn plаrrt spесiеs аs to Ье rтristakеn for it Ьy prеdators),
taхonomy' plrvsiсal gеography :rnd gеology, aIld anthгopologу. It was !Иal-
laсе's thеoriеs arrd writings in thе last domain, human еvolution, that еliсitеd
thе grеatеst сtlntrсlvеrsiеs tlf his сarееr. Although hе rеmаinеd an аrdеnt sе-
lесtionist in his ovеrall аnаlysis tlf еvolutionary pгOсеssеs' Iй/allасе геgardеd
nattlral sеlесtion аs inirdеqr-ratе t() аL]сOLlnt сomplеtеlу for thе origirr and dе-
vеlopmеnt of сегtаirr humarl сlrarасtеristiсs, rrot:rЬly сonsсiottst-tеss and thе
moral sеnsе. Instеad, hе suggеstеd that othег agсnсiеs of a nonrnatеrial na-
ture had Ьееn, arrd сontinuеd to Ье, instrumеntal in thе origin and futurе еvo.
l u t i on  o f  t hе  hun lаn  spсс i с s .

Bv еmphasizing tlrat сulturе-inсluding сеrtain аspесts of thеisrrr and of
poIiсiсal arrd soсiаl idесllogiеs-wаs n()t mеrеl\,'с()mpatiЬlе witlr thе еvolu-
tionary proсеss Ьut еssеntial for сomprеlrеnding thе full signifiсarrсе of human
еvolution, !Иallaсе есhoеd thе viеws of many сlf his Viсtоrian сontеmporаriеs.
Рrominеnt еvolutionary sсiеntists' inсluding Asa Gray, Josеph LеСontе' and
St. Gеorgе Мivaгt, ап1()ng othеrs, shаrеd .JИallaсе's сonviсtion that adhеrеnсе
to a sсiеntifiсallv гigoгсlus еvtllutitlnаrv Ьiology diс.l lrot prесludе thе гесt-lgпl-
tion thаt сеrtаin aspесts of еvolr'rtiсlnагy thеorY, notaЬly tеlеologv (tnе аppar-
еnt purposivеrrеss of many еvolutionary proсеssеs аnd adaptations), сallеd
for еxplanations that transсеndеd dogпratiс mесhanistiс rеduсtiоnism. !Иal-
lrrсе typifiеd a milior strand оf latе Viсtorian thought that sought to makе
of еvolutionary Ьlology а сгuсial аnсl sсiеntifiсally vеrifiaЬlе Ьasе upon whiсh
to Ьцild a сoпrpгеhеnsivе tlrеorу ot humаl-rs in nаturе and of hцmаns and
naturе.

\Vallaсе is orrе of thе towеring figurеs in thе histoгy аnd dеvеlopmеnt of
еvolutionаry Ьi<llogy prесisеly Ьесausе his сonсеption of thе еvolutionary
proсеss intеgratесl so divеrsе a rangе of suЬjесts. Thе issuеs Wallaсе posеd
сontinuе to rеsonatе iп ссrntеmpсrгe.rг1. dеЬatеs t>n tlrе sсopе' mесhaIrism, and,
ultimatеly, signifiсanсе of еvo[шtion in Ьoth sсiеrrtif iс and сultural domains.
At thе start of thе twеnty-first сеntury' whеn thе advoсatеs of so-сallеd сrе-
ation sсiеnсе prеsеnt dаngеrous oЬstaсlеs to ir fullеr undеrstanding of thе rolе
еvolutionary Ьiology will аnd mr'rst play in modеrn soсiеty, Wаllaсе's еvolu-
tionary thеory anс] w,orldviеw providе a сogеnt Ьasis for a judiсious intеgra-
tiсln of sсiеl-lсе аrпd thе Ьroirdеr сulturе.
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Watson, Jamеs (b. 1928)' and Сriсk,
Franсis (Т9Т6-2004)

In 1953 thе Amеriсan Jamеs 
.Watson 

and thе Еnglislrman Fгanсis Сriсk, work-
ing at Сambridgе Univеrsity, disсovеrеd thе strrrсturе of thе dеoхyribonu-
сlеiс aсid (DNA) molесulе, long suspесtеd to be thе сarriеr of thе gеnеtiс
infoгmation within thе сеll. Thеy found that it was a pair of long molесulеs,
гwinеd around еaсh othеr in a douЬlе hеlix (sее figuге)' Vеry еxсitingly, thе
DNA molесulе сonsists of four diffеrеnt kinds of smallеr moleсulеs: adеninе
(A), thyminе (T), guaninе (G)' and сytosinе (C). Thе opposing DNA molе.
сulеs arе linkеd togеthеr, with onе of еaсh kind of smallеr molесцlе always
spесifiсally pairеd on thе othеr DNA molесulе with anothеr of thе four mol-
есulеs (A with T, and G with С). s7atson and Сriсk immеdiatеly hypothеsizеd
that thе ordеr of the smallеr molесulеs сarriеs thе infoгmation of hеrеdity, and
so it provеd latеr in thе dесadе whеn thе so-сallеd gеnеtiс сodе was сrасkеd.
It was found that information fronr thе DNA is usеd to makе thе Ьuilding
Ьloсks of thе сеll, as wеll as thе еnzymеs usеd to drivе proсеssеs. Iп 1962Wat-
son, Сriсk, and a Univеrsity of London rеsеarсhеr, Мauriсе Wilkins' iointly
rесеivеd thе NoЬеl Prizе for Меdiсinе or Physiology for thеir dеtеrmination
of thе struсturе of DNA.
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Thе first puЬliс rеprеsеntation of thе now-famous douЬlе hеlix. (From !7atsоn
and Сr iсk 195З.)

Initially, rеlationships Ьеtwееn molесular Ьiologists and еvolutionists wеrе
vеry tеnsе' with thе formеr rеgarding thе lattеr as mеrе ..stamp сollесtors' '
and thе lattеr rеgarding thе formеr as ..rеduсtionists' ' and worsе (lfatson's
autobiographica| Thе Doublе Heliх [1968l usеs this kind of dеmеaning lan-
guagе). Thе systеmatist Егnst Mayr was onе who turnеd to philosophy to
provе that еvolutionary thеorizing has its own spесial prinсiplеs of undеr-
standing, and that hеnсе molесular Ьiology сan yiеld l ittle <lr no truе undеr.
stаnding aЬout wholе organisms and thеir historiеs. (Mаyr's сommеnts at a
сonfеrеnсе on thе philоsophy of Ьiology in 7969 usе inflаmmatory languagе
quitе еqual to that of Watson. Еdward O. \Wilson, a junior faсulty mеmЬеr in
thе samе Ьiology dеpartmеnt as !иatson in thе 1950s, dеsсriЬеs NИаtson as
..thе most unplеasant human Ьеing I had еvеr mеt,' [Wilson 1994,2191.w1|-
son is dеtailеd in his disсussion of thе tеnsion Ьеtwееn mоlесular Ьiologists
and thе morе traditional organismiс Ьiologists.)

By thе |960s, howеvеr, things сhangеd rapidly. It was found that molесu-
lar tесhniquеs сould throw light on еvolutionary proЬlеms' l ikе gеnеtiс vari-
ation' that wеrе impossiЬlе to сraсk in сonvеntional ways (this was a majоr
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insight of Riсhard Lеwontin, fully dеsсribеd in his Gепеtiс Bаsis of Еuolu-
tioпаrу Сhапgе, 1974)' This has сontinuеd to thе pгеsеnt, and еvolutionists
havе bееn among thе kееnеst to do gеnеtiс fingеrprinting to dеtеrminе hеrеd-
ity and othеr mattеrs of intеrеst (sее' for instanсе' Daviеs |992 on thе hеdgе
sparrows' thе dunnoсks).

At thе samе timе molесular Ьiology has givеn risе to onе of thе morе im-
portant nеw hypothеsеs aЬout еvolutionary сhangе' namеly, thе Japanеsе
hypothеsis that at thе molесular lеvеl muсh vаriation еsсapеs thе forсеs of
sеlесtion and so drifts from onе pеak to anothеr. (Thе сhiеf author of thе
..nеutral thеory'' was Мoto Kimura [1983]. lf ith good rеason' most Darwin
еvolutionists do not find it at all thrеatеning Ьесausе thе proсеssеs oссur аt a
lеvеl Ьеlow that at whiсh natural sеlесtion opеratеs. Sее Godfrеy.Smith 2001
for an insightful disсussion of thе rеlationships bеtwееn sеlесtionist and non-
sеlесtionist thеoriеs of еvolution.) Although in somе rеspесts this is still a
сontrovеrsial idеa, it hаs provеd vеry fruitful whеn it is еmplоyеd in a molес-
ular сloсk, dеtеrmining thе datеs sinсе major еvolutionary еvеnts oссurrеd
(sее thе main еssay ..Molесular Еvolution'' Ьy Franсisсo J. Ayala in this vol-
umе). This was partiсularly signifiсаnt in pеrsuading palеoanthropologists
(studеnts of human еvolutionary history) that thе human-apе Ьrеak oссurrеd
muсh morе rесеntly (aЬout 5 million yеars ago) than thе fossil rесord appar-
еntly suggеstеd (sее thе main еssay ..Human Еvolution'' Ьy Hеnry М. МсHеnry
in this volumе). Most fruitful of all, pеrhaps, has Ьееn thе way in whiсh mo-
lесular studiеs havе Ьrought dеvеlopmеnt (еmЬryology) right Ьaсk into thе
еvolutionary synthеsis. Thе еvolutionists of thе 19З0s tеndеd to trеat organ-
isms rathеr likе Ьlaсk Ьoxеs, jumping straight from thе gеnеs (gеnotypеs) to
thе physiсal fеaturеs (phеnotypеs). Now, molесular Ьiology is opеning up thе
ways in whiсh thе information at thе gеnetiс lеvеl is translatеd into physiсal
fеaturеs, and a wholе nеw synthеsis of molесular studiеs and dеvеlopmеntal
studiеs has Ьееn сrеatеd, making disсovеriеs quitе undrеamеd of еvеn a сou-
plе of dесadеs ago. Boostеd Ьy studiеs of thе сomplеtе gеnomеs of diffеrеnt
organisms, inсluding humans (е.g., thе Human Gеnomе Projесt), еvolution-
ary dеvеlopmеnt, so-сallеd еvo-dеvo' is among thе hottеst arеas of study to-
day and promisеs muсh for thе futurе.

.Wе 
havе сomе full сirсlе. Мolесular Ьiology' whiсh Ьaсk in 1953 sееmеd

thе nеmеsis of еvolutionary Ьiology, is today in mаny rеspесts its grеatеst
supportеr-Ьoth handmaidеn and guidе to nеw arеas of study and disсovеry.
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Wеismann, August Friеdriсh Lеopold (|834_|9|4)

August !Иеismann was onе of thе most influеntial zoologists and еvolution-
ary Ьiologists of thе latе ninеtееnth and еarly twеntiеth сеnturiеs. Не is still
rеmеmЬеrеd today fоr his thеory of thе сontinuity of thе gеrmplasm and its
distinсtion from thе somatoplasm, as wеll as for his staunсh opposition to
thе viеw that aсquirеd сharaсtеrs сan Ье inhеritеd. 

.sИеismann 
was еspесially

сonсеrnеd with thе rеlatiоnship of еvolutionary, hеrеditary' and dеvеlop-
mеntal proсеssеs. This еmphasis makеs him also a forеrunnеr of thе prеsеnt-
day synthеsis of еvolutionary dеvеlopmеntal Ьiology (еvo-dеvo).

August \й/еismann was Ьorn in 1834 in Frаnkfurt am Main into a family of
aсadеmiсs and artists. Alrеady an ardеnt Ьuttеrfly сollесtor and talеntеd mu.
siсian in his youth, \й/еismann studiеd mеdiсinе in Gсittingеn as a praсtiсal
mеans to makе a l iving whilе pursuing his intеrеsts in sсiеnсе. Aftеr rеad-
ing Darwin's Оп thе origiп of Spесiеs in 1861, 

.W.eismann, 
nехt to Еrnst

Нaесkеl, soon bесamе onе of Darwin's strongеst advoсatеs in Gеrmany.
Aftеr moving to FrеiЬurg in 1863,.Wеismann dеvotеd himsеlf full-timе to zo-
ology, foсusing primarily on сomparative emЬryology and сеll Ьiology (еspе-
сially of insесts). Sеvеrе problеms with his еyеsight forсеd him to intегrupt
his еmpiriсal studiеs for an ехtеndеd pеriod during thе 1860s and 1870s.
During that timе 

.sИеismаnn 
dеvotеd himsеlf to a thеorеtiсal analysis of Dar.

win's idеas' еmphasizing thе rolе of hегеdity and dеvеlopmеntal proсеssеs for
еvolution. 

.sИеismann 
Was a striсt sеlесtionist: hе rеiесtеd Darwin's idеa of

pangеnеsis and any othеr notion of thе inhеritanсе of aсquirеd сharaсtеrs. On
thе Ьasis of rесеnt findings in сytology, еspесially Osсаr Неrtwig's oЬsеrva-
tion in 1875 of thе fusion of nuсlеi duгing fеrti l ization, and of rеlatеd oЬsеr-
vations оf intraсеllular еvеnts during сеll division, 

.VИеismann 
bеgan to dеvеlop

his own viеws Ьoth on thе сontinuity of thе gеrmplasm (1885) and on thе
morе gеnеral proсеssеs of dеvеlopmеnt and hеrеdity. Postulating a systеm of
suЬсеllular units (inсluding dеtеrminants, ids, and othеr units that would
makе up thе сhromosomеs) as сarriеrs of hеrеdity, 

.s7'еismann 
also attеmptеd

to еxplain thе diffеrеntiation and dеtеrmination of partiсular сеlls during dе-
velopmеnt as a сonsеquеnсе of a sеlесtivе distriЬution and aсtivation of thеsе
units during suЬsеquеnt сеll divisions. Suсh altеrations of thе hеrеditary ma-
tеrial during dеvеlopmеnt, howеvеr, rеquirеd that thе gеrmplasm, thosе сеlls
that сontаin thе full сomplеmеnt of hеrеditary faсtors. would Ье sеt asidе
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еarly during dеvеlopmеnt, Ьесausе.Wеismann's own еxpеrimеnts had dеmon-
stratеd that somatiс сhangеs arе not passеd on to thе nехt gеnеration.

IWеismann spеnt his wholе сarееr as a zoologist at thе Univеrsity of FгеiЬurg.
Hе was thе first to hold thе сhair in zoology (from 1874 on) and ovеrsaw thе
еxpansion of thе zoologiсal institutе and its faсilitiеs. During his tеnurе
FrеiЬurg Ьесamе onе of thе lеading institutions of zoologiсal rеsеarсh. \Vеis.
mann also attraсtеd sоmе of thе Ьrightеst studеnts from all ovеr thе world,
and many of his pupils latеr hеld prеstigious positions. Aftеr rеtiringin 1912,
'Vfеismann 

prеparеd thе final (third) еdition of his Vortriige йbеr Desсeпdeп-
zthеoriе (puЬlished in 1913). Hе diеd in 1974, dееply disappointеd Ьy thе
outЬrеak of 

.!7orld .$Иar 
I.
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Wеldon, W. F. R. (1860_Т906)

Nи. F. R..W.еldon (hе was known as Rаphaеl.Wеldon to intimatеs and family)
was profеssor of сomparativе anatomy and zоology at Univеrsity Сollеgе,
London, and thеn latеr Linасrе Profеssor of Zoo|ogу at oxford. His honors
inсludеd Ьеing a fеllow of thе Royal Soсiеty and prеsidеnt of thе British As-
soсiation for thе Advanсеmеnt of Sсiеnсе. Не was a lеading mеmЬеr оf thе
group of еvolutionists known as thе ..Ьiomеtriсians''' who triеd to analrуzе
сontinцous variation shapеd Ьy natural selесtion' as opposеd to thosе taking
up thе nеw thеoriеs of hеrеdity, thе ..Mеndеlians.' ' A vigorous сontгovеrsial-
ist, !Иеldon сarriеd on a vitrioliс fеud with his formеr studеnt (and lеading
British Меndеlian) lWilliam Batеson. It is thought that thе strain of this fight
was a сontriЬutory faсtor to his еаrly dеath.

Сharlеs Darwin and Alfrеd Russеl 
.sИallaсе 

wеrе not thе first to proposе
еvolution as a proсеss or thе еvolution of nеw spесiеs; Darwin сitеd 34 an-
tесеdеnts in thе ..Historiсal Skеtсh'' at thе Ьеginning of oп the origiп of
Species. Thе morе original aspесt of thеir сontriЬution was to сhampion nat.
ural sеlесtion as thе mесhanism that сausеs еvolution. \Jr. F. R. 

.Wеldon 
dе-

vеlopеd thе most prominеnt rеsеarсh program of thе ninеtееnth сеntury that
сharaсtеrizеd thе proсеss of natural sеlесtion. Hе arguеd that suсh studiеs
must Ье statistiсal in naturе in that thеy must сharaсtеrizе how traits variеd
among individuals within a population, thе ехtеnt to whiсh this trait varia-
tion was transmittеd from parеnt to offspring, and thе еxtеnt to whiсh trаit
variation influеnсеd survival. Finally, hе showеd that if thеsе thrее сondi-
tions prеvailеd, thе avеragе valuе of a trait in a populаtion would сhangе
ovеr timе. Hе сollaЬоratеd with Karl Pеarson, who dеvеlopеd statistiсs for
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сharaсtеrizing vari:rtion within populations and hсlw this variation сhangеd
within and among gеnеrations (a nraioг ссlntriЬr-rtion was Pеarson 1894). onе
of his pгominеrrt study systеms w:ls thе shеll morphology of сraЬs (Саrciпus
tпoeпаs) found nеar thе laЬoratory of thе Marinе Biologiсal Statiorr on Ply-
mouth Sound. Hе showеd that thе Pattеrn of variation of frontаl Ьгеadth (sее
figurе) wаs wеll dеsсriЬеd Ьy a norrr-lаl distriЬution, whiсh, as Franсis Galton
had prеvior-rsly shown, сharaсtеrizеs thе pаttеrn of vаriation in.manу traits in
many spесiеs. Не also showеd thаt this distriЬr"rtion was widеr in juvеnilе

thаn in adult сraЬs, whiсh suggеstеd that individuil ls that had thе widеst and
narrowеst frontal widths wеrе lеss l ikеly to survivе to maturity, or that thеy
had bееn sеlесtеd аgainst. Hе аrgr"lеd that this forrrr of sеlесtion, whiсh wе
now сall stаbilizing sеlесtioп, woulс] Ье thе most сomlllon proсеss sееn in na-
tuге. Hе fеlt that tl.ris was truе Ьесausе sеlесtiоr-r thzrt сausеd сhаngеs in thе av-
егagе trait of a pсlpulation' whiсh Wе now сalr| clirесtirlпаl sеlесtioп, would
oссur rаpidly in rеsponsе to a сhangе in thе еnvir<rnmеnt and hеnсе would
only Ье sееn if onе Wеге luсky еnough to Ье wаtсhing a population whеn
suсh a сhangе oссltrrеd. Hе hаd suсh a strokе of luсk whеn hе оЬsеrvеd that
thе frontаl Ьrеadtlr of thе сrаЬs Ьесап-lе narrowеr aftег Plymouth Sсrund was
isolatеd from rhе oсеаn Ьy an 21rtif iсial Ьrеakrvаrеr and thеn fi l lеd with thе
finе сlay sеdimеrrt that was disсhагgеd Ьy rivеrs that еmptiеd into thе sound.
Не showеd ехpеrimеntally that individuals with Ьroader shеlls wеrе lеss
likеly to survivе ехPosurе to suspеnсlеd sеdinrеnts. }1е hypothеsizеd, Ьut nеvеr

Thе сraЬ whosе sti .tt ist iсs Rаphaеl \Wс|don ссl l lесtеd апсl Kаrl Pеarson ana|уzed.
Thе сrr"rсiаl mеasuгеlтlеIlt was thе ..froпtаl Ьrеadth. ' '  frсlrn A to A'. (Fron.t
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showеd, that a narrowеr frontal Ьrеadth would prеvеnt thе aссumulation of
sеdimеnt in thе gill сhamЬеrs. 

.!Иеldon 
and Pеarson сomЬinеd thеir еmpiriсal

and statistiсаl skil ls to сrеatе biomеtry, or thе statistiсal study of vaгiation
and еvolцtion in natural populations. Мany othеr invеstigators аdoptеd thеir
approaсh. Our сurrеnt undегstanding of еvolution Ьy natural sеlесtion indi-
сatеs that all of !7еldon's gеnеral сonсlusions wеrе сorrесt. Furthеrrnorе, his
gеnеral approaсh to thе study of naturаl selесtion is similar to that of modеrn
invеstigators.

Givеn his pionееring aссomplishmеnts' onе might ехpесt that \Иеldon's
namе would appеar prominеntly in еvеry gеnеral Ьiology tеxtЬook or gеn-
еral trеatmеnt of natural sеlесtion; howеvеr, hе is all but invisiЬlе in mod-
еrn litеraturе' ехсеРt in somе historiсal rеviеws (whеrе his impoгtаnсе is
inсrеasingly bеing rесognizеd-sее еspесiаlly Rusе 1996). Furthеrmorе, if
wе wеrе to еvaluatе whеrе thе modеrn approaсh to thе study of natural sе-
lесtion сamе from, thе trail would lеad Ьaсk to thе 1940s, thеn diffusе into
stray tгaсks that go Ьaсk only I0 or 2О yеaгs еarliеr. 

.What 
happеnеd? oЬ-

viously his еarly dеath was а signifiсant сontгiЬuting faсtor, sinсе it lеft thе
fiеld opеn to Batеson and thе Mеndеlians. Howеvеr, thеrе wеrе sсiеntifiс
faсtors сontriЬuting to 

.$7еldon's 
fall from sight. Thе study оf еvolution Ье-

twееn 1880 and 1'920 was dominatеd Ьy dеЬatеs ovеr thе mесhanism of in.
hеritanсе, sinсе еvolution dеmands that tгaits that сhаraсtеrizе survivors Ье
trаnsmittеd to thе nехt gеnеration. It wаs 

.lfеldon's 
misfortunе to сham-

pion a mесhanism of inhеritanсе that wаs wrong. Hе, Pеarson, and thеir
fеllow Ьiomеtriсians arguеd that hеritaЬlе variation was сontinuous' as
sееn in a statistiсal distribution of traits iп а natr.rral population. Thеy аlso
failеd to distinguish Ьеtwееn variation that was сausеd Ьy gеnеs vеrsus
variation сausеd Ьy thе еnvironmеnt and, furthеr, oftеn sееmеd to imply
that traits in parеnts that werе сausеd Ьy thе еnvironmеnt сould Ье trans-
mittеd to offspтing. Finally, thеy arguеd that thе transmission of traits from
fathеr and mothеr to offspring was likе thе mixing of paint. If thе fathеr
was a diffеrеnt сolor from thе mothеr, thеn thеsе diffеrеnсеs would Ье in-
еxtгiсaЬly Ьlеndеd togеthеr in thе offspring. Thе rеdisсovеry of Mеndеl's
laws of inhеritanсе instеad showеd that inhеritanсе is partiсulatе, mеaning
that traits arе faithfully transmittеd fronr parеnt to offspring and thе traits
from еaсh parеnt rеmain disсrеtе, so thеy сan еmеrgе unсhangеd in futurе
gеnеrations. !Иеldon's rеmaгkaЬlе aссomplishmеnts in thе study of natural
selесtion thus diеd as innoсеnt Ьystandеrs of his loss in thе Ьattlе ovеr in-
hеritanсе. Pеarson was morе fortunatе sinсе somе of his statistiсal innova-
tions, suсh as thе Pеarson produсt-momеnt сorrеlation' arе sti l l with us.
The modеrn approaсh to thе study of natцral sеlесtion was rеboгn' bеgin.
ning in thе 1930s, aftеr thе diffеrеnt approaсhеs to thе study of inhеritanсе
wеrе геsolvеd.
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.Whеwеll, 
William (1794_t866)

\William \й/hеwеll (pronounсеd Hulе) was a major figurе in thе dеvеlopmеnt
and undеrstanding of sсiеnсе in thе first half of thе ninеtееnth сеntury in
Britain. Although Ьеst known as a historian and philosophеr of sсiеnсе,
.!7hеwеll,s 

writings rangеd Ьroadly ovеr a hugе numЬеr of othеr fiеlds, in thе
sсiеnсеs and Ьеyond-mесhaniсs, сrystalography' minеralogy, politiсal eсon-
omy, gеology, thеology, еduсational rеform, moral philosophy, intеrnа-
tional law, аnd аrсhitесturе' to namе Ьut somе (Rusе 1991). Мuсh givеn to
сoining nеw tеrms' it was NИhеwеll who invеntеd thе Еnglish word sciепtist'
His tеrminologiсal innovations arе еmЬlеmatiс of thе grеat influenсе ехеrtеd
Ьy him on thе sсiеnсе of thе agе, through his writings and through his posi-
tions inсluding prеsidеnt of thе British Assoсiation for thе Advanсеmеnt of
Sсiеnсе, fеllow of thе Royal Soсiеty' prеsidеnt of thе Gеologiсal Soсiеty, and
longtimе mastеr of Trinity Сollеgе, СamЬridgе. As rеquirеd of a fеllow of
Trinity Сollеgе, !Иhеwеll was an ordainеd ministеr in thе Angliсan Churсh
(Douglаs 1881; Garland 1980; Todhuntеr 1876). Adamantly opposеd to
еvolutionary idеas all of his lifе, !Иhеwеll was nеvеrthеless onе of thе kеy
playеrs in thе story. 

.Whеthеr, 
looking Ьaсk a сеntury and a half lаtеr, hе

would Ье appallеd аt thе rolе hе playеd inadvеrtеntly, or whеthеr hе would
Ье sоmеwhat сomplaсеntly satisfiеd that his idеas and influеnсе wеrе truly
signifiсant' is a сonundrum that is lеft for thе rеadеr-and for Whеwеll and
his God. No douЬt \Х/hеwеll would happily havе hеlpеd God to makе thе right
dесision.

.sИhеwеll 
is signifiсant to thе story of еvolution in two diffеrеnt ways. First,

hе еpitomizеd thе vision of thе organiс world that was prediсatеd on thе Ar-
gumеnt from Dеsign. Сharlеs Darwin, who knеw Whеwеll from his undеr-
graduatе days at СamЬгidgе and who was muсh in lй/hеwеll's сompany aftеr
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the Beаgle voyagе (in othеr words, just whеn hе was Ьесonring an еvolution-
ist and working towаrd natural sе[есtion), rесognizеd rlrаt hе nееdеd to spеak
to this and offеr a full с<runtеrargumеnt. This in mirjor part was thе airn of
Оп the Оrigiп of Speсiеs. Sесonс{, an irony that might not havе Ьееn apprесi-
atеd fully in thе mastеr's lodgе at Trinity, 

.!Иhеwеll,s 
philosophiсal thinking

was a grеat influеnсе on Darwin irnd providеd a major mеthodologiсal tool
in thе prеsеntation of thе thеoгy of еvolution through tlаtural sеlесtion.

Whеwеll was onе of thе сontriЬutoгs tсl thе sеriеs of .,Bridgеwatеr Trеа-
tisеs' ' fundеd Ьy Ьеquеst of tlrе Еarl of Bridgеwatеr in oгdеr to show how
various disсiplinеs gаvе еvidеrrсе for thе intеll igеnt dеsign of thе univеrsе
(Gil lеspiе 1950). In lris volume Аstrспomу апd Gепеrаl Phуsiсs Сoпsidеrеd
шitb Rеfereпсe to |х]аturаl Thеologу (18Зз), \Х/hеwеll arguеd that thе lawful
struсturе of thе physiсal world impliеs that thеrе must Ье a dеsignеr-сrеator
Ьеhind еvеrything. As hе put it: .. lt lvi l l Ье our Ьusinеss to show that thе laws
whiсh rеally prеvail in nаturе arе, Ьy thеir form, tЬat is, Ьу thе naturе of thе
сonnехion whiсh thеy еstaЬlislr irnrong thе quаrrtitiеs and pгopеrtiеs whiсh
thеy rеgulаtе, rеmarkaЬly adаptеd to thе offiсе whiсh is assignеd to thеm;
and thus offеr еvidеnсе of sеlесtion, dеsign, and gooсinеss, in thе powеr Ьy
whiсh thеy wеrе еstaЬlishеd'' (p. 9). Latеr Daгwin гathеr сhееkily usеd a
quotation from this work opposirе thе titlе pаgе of tЬе Оrigiп; ..But with rе-
gard to thе nratегial world, Wе сan :rt lеast go so far as this-Wе саn pеrсеivе
thаt еvеnts aге Ьrought aЬout t-ttlt Ьy insulatеd intеrpоsitions of Divinе
powеr' еxеrtеd in еaсh partiсul.rr сasе, Ьut Ьy гhе еstаЬlishmеnt of gеnеral
laws ' '  ( .sИhеwеl l  1833, 356).

For lйhеwеll, this invoсation сlf thе Сrеator madе otiosе if not сontradiс-
tory any appеal to natural сausеs whеn trying to ехplain origins. Gоd did it
and thе сompleх funсtioning of tlrе world simply сould not havе appеarеd
through nаtural law. This kind of thinking сomеs through еvеn morе strongly
lаtеr in thе dесadе, in.JИhеlvеlI'.s Histсп.1, of tbе lnduсtit,е Sсieпсes (1837).
Now hе was аЬlе to turn his i lttеntion fгorn pli lnеts to orgаnisms, arguing
that in studуing organiс struсttlrеs it is nесеssary to rr-rakе rеfеrеnсе to thе еnd
or goal for whiсh thеy wеrе dеsignеd. Hе thus followеd Immanuеl Kant in
еndorsing tеlеologiсal еxplanаtions in Ьiology (Gеrman idеas wеrе vеry poр-
цlar in СamЬгidgе in thе 1830s). Now еvеn morе powеrful was thе сasе
against nаtural origins. Blind law lеirds tсl randomnеss. Thе orgаniс world is
not random. Неnсе it wils not с:rusеd Ьу Ьlind law.

rй/hеrr RoЬеrt Сhambегs's еvolutionary work Vеstiges of thе Nаturаl His-
torу of Сrесltiсlп appеarеd in l844, \Х/hеwеll rеsporrdеd Ьy puЬlishing Iпdi-
саtioпs of the Сrеаtor (1845, sесond еdition 1846), a сompilation of ехtraсts
from his еarliеr works that showеd еvidеnсе of dеsign in thе natural world. In
thе first еdition, so сOntеmptuous Was Whеwеll of suсlr rrаturalistiс hypothе.
sеs that hе did not еvеn mеntion Vеstigеs Ьy namе. Notе, howеvег' that foг
Whеwеll, аs foг othеrs irr his sеt, it was nаtuгal thеology thаt sеt thе Ьаrriегs
against еvolution' not сrudе litеrаl rеadings of Gеnеsis. Also notе that al-
though in rеspесts 
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Whеwеll was quitе сеrtain that an appеal to a dеsigning gоd put thе origins
qцеstion quitе outsidе thе rеаlm of sсiеl-lсе. Fossil organisms ..wеrе, l ikе our
own animai anсl vеgеtaЬlе сOntеmporariеs, profotrndiy adaptеd to thе сondi-
tion in whiсh thсy wеrе plaсеd, wе havе amplе rеason to Ьеliеvе; Ьut whеn
wе inquirе whеnсе thеy сamе into this our world' gеology is si lеnt. Thе mys-
tеry of сrеation is not within thе rаngе of hеr lеgitimatе tеrritory; shе says
nothing, Ьut shе pоints upwаrds'' (\Х/lrеwеll 1837, З: 588).

By the 1850s, unfortunatеly' somе pirrts of !7hеwеll 's сarеful systеm Wеrе
сoming apart. By this timе' undеr prеssurе from thе thеorizing of his friеnd,
thе сoпrparativе anatomist Riсhard owеn (1848, 1849), \fhеwеll was hav-
ing to rеwork his thinking. owеn argr.rеd that individual vеrtеbratе animals
сould bе sееn as modifiеd instantiations of pattеrns or arсhеtypе forms that
еxistеd in thе Divinе Мind. This viеw allowеd Owеn to ехplain what hе had
сhristenеd ..homologiеs' '-thе similаritiеs of vеrtеbrаtе struсturеs from hu-
mans to horsеs, from molеs to mamoths. Thе parts wеrе usеd in diffеrеnt
ways, Ьut, aссording to owеn, thеy wеrе unitеd Ьy virtuе of Ьеing a сonsе-
quеnсе of vаriаtions on thе vеrtеЬratе arсhеtypе. Similarly, struсtцrеs with-
out apparеnt purposе' suсh аs malе nipplеs, did not сontгadiсt thе сlain-r that
all сrеation was dеsignеd; rathеr, thеy wеrе thе rеsult of thе appliсation of
gеnеral arсhеtypеs. Whеwеll aссеptеd this kind of rеasoning' dеspitе thе faсt
that it wеakеnеd tlrе appеal to univеrsal uti l itarian dеsign. Indееd, in a сon-
trovегsial work appеaring supposеdly аnonymotrsly in 185З, Оf the Plurаlitу
of \X/orlds, \Whеwеll еvеn ехtеndеd Owеn-typе thinking, suggеsting that this
kind of arсhеtypе-Ьasеd pattеrning is somеthing that holds throughout thе
univеrsе and not iust hеrе on еarth: ..Ordеr is thе first and univеrsal Lаw of
thе hеavеnly work'' (p. 2aз). But, although \й/hеwеll Was sti l l holding firm
to thе idеa that design prесludеs natural сausеs for origins and hеnсе еvolu-
tion is impossiЬlе, hе was dramatiсally wеakеning thе сlaim that thеrе is
suсh strong еvidеnсе of dirесt dеsign tlrroughorrt tlrе organiс world tЬаt
any solution suggеsting nzrtural сausеs is almost сontradiсtory. Thеrе arе
thosе who сlaim that thе diffiсultiеs that somеonе likе Whеwеll was еxpеri-
еnсing at this point wеrе as important faсtors in the еvеntual triumph of еvo-
lutionагy thought as is thе positivе сasе madе Ьy thе еvolutionists (sеe Rusе
200:1,200з).

Dаrwin not only knеw and talkеd to lй/hеwеll, hе also rеad sеvеral of thе
kеy works vеry сarеfully. Darwin's privatе еvolution notеЬooks makе rеfеr-
еl1се to \il/hеwеll's Bridgеwatеr Trеatisе and tо the Historу, sug8еsting that
Darwin's nonsupеrnatural ехplanation of adaptation was framеd as а rеsponsе'
not oпly to еarliеr natural tlrеologians l ikе Will iam Palеy (1802), Ьut also to
lfhеwеll (sее Rusе 2003). Thеrе arе aЬout twеnty rеfеrеnсеs to !Иhеwеll 's
writings in Darwin's notеЬooks (for dеtails, sее Barrеtt et a|, |987). Thеrе aге
also ехtеnsivе nrarginalia in thе Historу, gеnеrally not сomplеmеntary to
Whеwеll (Di Grеgorio and Gil l 1990). For instanсе, against a favoraЬlе dis-
сussion of Kаnt's (|790) сlairrr that tеlеology is а nесеssаry сomponеnt of
thinking in biology, Darwin wrotе ..аll this rеasoning is vitiаtеd; whеn wе
look at animals, on my viеw'' (!(hеwеll 1837, 3:470).
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For all of his opposition to 
.!fhеwеll, 

Darwin agrееd that thе dеsignlikе na.
turе of thе world nееds ехplaining. (In this' thеy would unitе in arguing against
somеonе likе thе latе Stеphеn Jay Gould, who thought that dеsignlikе еffесts
arе ovеrvaluеd. Sее Gould and Lеwontin 1979.\ As signifiсantly, in сonstruсt-
ing his altеrnativе ехplanation, dеspitе his opposition to thе thеology, Darwin
was influеnсеd Ьy а vеry important аspесt of 

.$Иhеwеll's 
philosophy of sсiеnсе'

namеly, his notion of сonsiliеnсе (Rusе |975,1979). In his Philosophу of thе
Iпduсtiue Sсieпсes (1840) 

.!Иhеwеll 
еxplainеd that what rеally сounts in sсi-

еnсе, what геally сonvinсеs you that you havе thе truth-that you havе what
Nеwton had сallеd a uеrа cаusа-\s whеn diffеrеnt аrеаs of inquiry сomе to-
gеthеr undеr thе samе hypothеsis. ..Aссordingly thе сasеs in whiсh induсtions
from сlassеs of faсts altogеthеr diffеrеnt havе thus iиmpеd tсlgetber' Ьеlong
only to thе Ьеst еstaЬlishеd thеoriеs whiсh thе history of sсiеnсе сontains. And
as I shall havе oссasion to геfеr to this pесuliar fеaturе in thеir еvidеnсе, I will
takе thе liЬеrty of dеsсriЬing it Ьy a partiсular phrasе; аnd will tеrm it tЬe Ссlп-
sil ience of Iпduсtioпs,, (2:2З0|. (Sее Kavalovski 1974 for а gеnеral disсussion
of 

.Whеwеll's 
viеws on сausation. Sее also Snydеr 2О06 for dеtails of 

.!ИhеwеllЪ

latеr dеЬatеs aЬout сausation, еspесially that with John Stuart Mill.) Thе сon.
silеnсе par ехсеllеnсе for 

.W.hеwеll 
was that of Nеwton, who Ьrought togеthеr

undеr onе law-that of gravitational attraсtion-thе faсts of satеllitе motion'
of planetary motion, and of tеrrеstrial moving Ьodiеs. In Nеwton's tеrminol-
ogy (adoptеd Ьy Whеwеll), thе invеrsе.squarе attraсtivе forсе was a uеrа сс||,|sсI'
a gеnuinеly ехisting aсtivе forсе in naturе.

Although Darwin rеad thе Historу vеry сarеfully (еvеn twiсе), it is im-
proЬaЬlе that hе rеad thе Philosophу. But' apart from thе pеrsonal сontaсt
with 

.lfhеwеll 
in thе yеars immеdiatеly suссееding thе Вeаgle voyagе' Dar'

win knеw all aЬout thе idеa of сonsiliеnсе from a vеry dеtailеd rеviеw of
.!Иhеwеll's 

idеas Ьy thе philosophеr and astronomеr John F. !И. Hеrsсhеl
(1841). It is thеrеforе not surprising that, as rеquirеd Ьy.lfhеwеll 's сritеrion
of сonsil iеnсе, Darwin's thеory of еvolution Ьy natural sеlесtion ехplains
not just many faсts Ьut many diffеrеnt kinds of faсts: fасts of instinсt, gеol-
ogy and palеontology' Ьiogеographiс distriЬutions' systеmatiсs' соmpаrativе
anatomy' and еmЬryology. Мorеovеr' Darwin's thеory providеs thе сausal
unifiсation of сonsiliеnсе Ьy showing that all thеsе diffеrеnt kinds of phе-
nomеna sharе a сommon сausе' namеly, thе altеratiсln of original оrganisms
Ьy gradual modifiсation through thе mесhanism of natural sеlесtion. Ехpесt-
еdly, thеrеforе, having donе what his mеntors had dеmandеd, Darwin madе
ехpliсit his bеliеf that a сonsiliеnсе offеrs justifiсation еnough. Faсеd with
сritiсism, in thе sесond еdition of the Оrigin (1860) hе addеd: ..I сannot Ье-
liеvе that a falsе thеory would ехplain' as it sееms to mе that thе thеory of
natural sеlесtion doеs ехplain, thе sеvеral largе сlassеs of faсts abovе spесi-
fiеd', (Darwtn 1'959,748). Thеn, in thе siхth еdition (7872), hе addеd fur-
thеr: ..It has reсently Ьееn oЬjесtеd that this is an unsafе mеthod of arguing;
Ьut it is a mеthod usеd in iudging of thе сommon еvеnts of lifе, and has oftеn
bееn цsеd Ьy thе grеatеst nаtural philosophеrs. Thе undulatory thеory of
light has thus Ьееn arrivеd at; and thе Ьеliеf in thе rеvolution of thе еarth on

its own axis was until
1959,748).
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As Darwin еxplainеd in a lеttеr of FеЬruary 9, |860, to Ьotanist С. F' I.
Bun Ьuгy:

With rеspесt to Nat. Sеlесtion not Ьеing a,,Уera сausa''; it sееms to mе
fair in Philosophy to invеnt апу hуpothesis & if it ехplains nrany phе-
nomеna it сomеs in timе to Ье admittеd аs rеal. In your sеnsе thе undula-
tory thеory o{ tЬe hуpothеtiсаl еtlrеr (thе undulations thеmsеlvеs Ьеing
not rесognised) is nоt a vеra сallsа in aссountiпg for all thе phеnomеna of
Light. Naturаl sеlесtion sееms to mе in so far in itsеlf not Ье quitе hypo.
thеtiсal, in as muсh if thеrе Ье variaЬil ity & a strugglе for l ifе' I сannot
sее how it сan fail to сomе into play to somе ехtent. (Darwin 7993' 76)
.Whеn 

thе Оrigin appеarеd, Darwin sеnt a сopy to 
.!Иl-rеwеll, 

as hе did to
all of his old tеасhегs. Vhеwеll rеspondеd with a politе notе:

Мy dеar М. Darwin

I havе to thank you for а сopy of your Ьook on thе ..origin of Spесiеs.''
You will еasily Ьеliеvе that it has intеrеstеd mе vеry muсh, and proЬaЬly
you will not Ье surprizеd to Ье told that I сannot' yеt at lеast, Ьесome a
сonvеrt to your doсtrinеs. But thеrе is so muсh of thought and of faсt in
what you havе wгittеn thаt it is not to Ье сontradiсtеd without саrеful
sеlесtion of thе ground and mаnnег of thе dissеnt, whiсh I havе not now
timе for. I must thеrеforе сontеnt mysеlf with thаnking you foг your
kindnеss

Ьеliеvе mе | Yours vегy tгulУ | W \Whеwell

С. Darwin Еsq.

(Lеttеr  of  Jаnuary 2,7860, in Dаrwin |99З.6)

Prеdiсtably' \й7hеwеll did not еmЬraсе еvolutionary thеory. In a prеfaсе to a
nеw еdition оf the Bridgеwatеr Trеatisе, Аstroпomу апd Geпerаl Phуsiсs
(1864), сontinцing his tradition of not rnеntioning vilе еvolutionаry traсts by
nаmе, hе сontinuеd to assеrt' аs hе had writtеn in Historу of thе Iпductiuе
Sciепcеs, tЬ,at,.spесies hаuе а rеаl eхistеnсe iп rlаtLrrе, and а trаnsmutаtion
from onе to аnothег doеs not еxist' ' (.!Иhеwеll 1837, З:576). Aссoгding to
an anесdotе of Thomas Hеnry Huхlеy, Whеwеll as mastеr of his сollеgе rе-
fusеd to аllow thе Оrigiп on thе liЬrary shеlvеs!

\ffhеwеll's сontinuеd rеluсtanсе to aссеpt еvolutionary idеas is oftеn dе-
sсriЬеd as a rеsult of his thеologiсal prеjudiсеs. This is truе, Ьut onе must un-
dеrstand thе mеaning and сontехt of Whеwеll's thеology. In a lеttеr to his
friеnd' thе physiсistJаmеs David ForЬеs, 

.!7hеwеll 
wrotе in 1864:

I havе mysеlf takеn no sharе in thе disсussions on thе antiquity of man;
but I wil l not сonсеal 1rom you that thе сoursе of spесulation on this
point has somеwhat trouЬlеd mе. I сannot sее without somе rеgrеts thе
сlеaг dеfinitе linе, whiсh usеd to mark thе сommеnсеmеnt of thе human
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pеriod of thе еarth,s history, madе oЬsсurе and douЬtful . . . It is truе
that a rесonсiliation of thе sсiеntifiс with thе rеligious viеws is still pos-
siЬlе, Ьut it is not so сlеar and striking as it onсе was. But it is sti l l a
wеaknеss to rеgrеt this; and no douЬt anothеr gеnеration will f ind somе
way of looking at thе mattеr whiсh will satisfy rеligious mеn. I should Ье
glad to sее my Way to this viеw, and аm hoping to do so soon. (Tod-
hun tе r  1876 ,2 :  4З54З6)

!Иhеwеll had always Ьеliеvеd in thе diсtum that truth сannot Ье opposеd
to truth. Еspесially, аs notеd еаrliеr' his wаs not аn opposition to еvolution
bзsеc оn з сrudе l-jbliсз' l l jrеrзljsm. .As зlrlз;'s, nэfш,.зJ rhеоJog; rr,зs з {if поr
thе) ma1or faсtor. Darwin may not havе Ьееn mеntionеd Ьy namе in thе nеw
prеfaсе tо thе Bridgеwatеr Trеatisе. This did not stop Whеwell from quoting
and thеn strongly disagrееing with passagеs in thе origiп whеrе Darwin tгiеd
to show that produсing thе еyе did not nесеssaгily hаvе to supposе a dirесt
intеrvеntion of thе Сrеаtor. By thеn, howеvеr, timе hаd movеd on and a nеw
gеnеration of геligiоus thinkеrs Wеrе trying to show why еvolution provеs dе-
sign' rathеr than why dеsign rеfutеs еvolution.
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Wilbеrforсе' samuеl (1805-1873)

Samuеl 
.WilЬеrforсе 

was thе third son of Will iam 
.Wilbеrforсе, 

а lеаdеr in
thе suссеssful fight against owning and sеll ing slavеs in thе British Еmpirе.
Samuеl WilЬеrforсе Was ordainеd in thе Сhurсh of Еngland and, unlikе his
Low Сhurсh fathеr, Ьесamе a lеadеr of thе High Сhurсh forсеs in thе сoun-
try. Sеvеral of his rеlativеs, inсluding his Ьrothеr.in-law Arсhdеaсon (latеr
Cardinal) Hеnry Мanning, сrossеd ovеr to Romе' Ьut hе was nеvеr
tеmptеd. Indееd, John Hеnry Nеwman, himsеlf to сгoss ovеr and latеr Ье-
сomе a сaгdinal, lеadеr of thе oxford Мovеmеnt, put distanсе Ьеtwееn
himsеlf and \й/ilЬеrforсе Ьесausе it was сlear that !ИilЬеrforсе was first and
forеmost a man amЬitious for soсial and eссlеsiastiсal suссеss in thе na-
tional сhurсh.

\Wilbеrforсе Was сrеatеd bishop of oxford in 1845, and it was in this po.
sition that hе bесamе a figurе of history. In 1860 thе British Assoсiation for
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thе Advanсеmеnt of Sсiеnсе-an annual jamЬorее that attrасtеd Ьoth pro-
fеssionals and laypеoplе-hеld its mееtings in oхford. Thе yеar aftеr thе
puЬliсation of Сharlеs Darwin's Оп the Оrigiп of Spесiеs, thе topiс of еvo-
lution Was on thе minds of all. Riсhard owеn, thе anatomist and hatеd ri-
val of thе Darwinians' put thе Ьishop up to dеbating with Darwin's
Ьulldog, Thomas Неnry Huxlеy. Thе еnсountеr Ьесamе lеgеndary, with thе
Ьishop-so wеll krrown for his smooth dеЬating stylе that hе was niсk-
namеd ..Soаpy sam''-supposеdly asking Huхlеy if hе was dеsсеndеd fгom
monkеys on his fathеr's sidе or his mothеr,s sidе, and Huхlеy rеsponding
that hе had rathеr Ье dеsсеndеd from a monkеy than from a Ьishop of thе
Сhurсh of Еngland.

Lеgеnds sеrvе a purposе' Ьut thеy аrе not nесеssarily truе. It is improЬaЬlе
that things wеrе quitе this sharp. Сontеmporary aссounts suggеst that all had
a jolly good timе and proЬaЬly Wеnt off togеthеr aftеrward for good food
and drink. Сеrtainly thе rеviеw that WilЬеrforсе Wrotе of tЬe Оrigiп in the
(сonsеrvative) Quаrtеrlу Rеuiеш was сritiсal Ьut dееply rеspесtful. But for
thе Darwinians thе story sеrvеd a wondеrful puгposе Ьесausе thе young and
vеry middlе-сlass Huxlеy took on thе uppеr-сlаss pil lar of thе еstablishmеnt

Lеft: BisЬop William WilЬеrforсе (1869). RlgЙr: Thomаs Hеnry Huxlеу '11871).

Тhеsе two сartoons' Ьy thе artist ..Ap.,'' Саrlo Pеllеgrini, appеarеd in thе wееkly
magazinе Vапitу Fаir. Somе suggеst thаt thе niсknamе ..Sоapy Sаm'' сomеs
from \WilЬеrforсе's hand-washinc hаЬit. as shown in thс сartoon.

and purportеdly grol
Falstaff and thе roЬЬ
Fаir of Huхlеy and V
thе lattеr in thе Еlizal
thе forward-lоoking '
of rеligion.

\WilЬеrforсе diеd al
for thе first timе in hl
world, and it kil lеd h
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of thе population or spесiеs (group sеlесtion; sее thе alphaЬеtiсal еntry in this
volumе). 

.Will iams's 
forсеful argumеnts against thе prеvail irrg formulations

of group sеlесtion influеnсеd gеnеrations of еvolutionary Ьiologists and
playеd a rolе in dеlaying thе gеnеral aссеptanсе of morе sophistiсatеd viеws
of group sеlесtion. lndееd, tеaсhers of еvolution сontinuе to есho \Х/illiams

еaсh timе thеy rеmind studеnts that adaptations havе not еmеrgеd for thе
bеnеfit of thе population or spесiеs. (Thе philosophеr Еll iott SoЬеr's Thе Nа-
ture of Sеleсtioп [1984| is a syrтpathеtiс if somеtimеs сritiсal ехаnrination of
.!Иilliаms's 

thinking. )
Natural sеlесtion in its myгiad manifеstations has Ьееn thе foсus of

Will iams's work throughout his сarееr. In his Ьook Sех апd Еuсllutioп (|97 5)
Williams foсusеd on thе quеstion of how and why sехual rеproduсtion еvolvеd
and Ьесamе so prеvalеrrt. Pгеvious argцmеnts aЬor'rt tlrе еvolution of sеxual
rеproduсtion had Ьееn foсusеd on a limitеd rangе of populatiоn-gеnеtiс issuеs.
\й/illiams rееxaminеd what othеrs hаd suggеstеd and Ьroadеnеd thе topiс tо
inсludе thе есologiсal and soсial сonsidеrations that surround sехual rеproduс-
tion. In doing so, hе Ьrought thе topiс to widеr attеntion and grеatеr promi-
nеnсе and inspirеd sеvеrаl rеsеarсh progrаms dеdiсatеd to tеsting thе idеаs
hе Ьad raisеd. 

.!Иhеtlrеr 
sехual геproduсtion in highеr organisms hаs Ьесomе

more Ьurdеn than аdvantagе' as Will iаms suggеstеd' rеmains undеr еmpiriсal
sсrutiny.

Will iams is also rеsponsiЬlе for onе of thе dominаnt hypothеsеs for thе
ехistеnсе of sеnеsсеnсе' thе so-сallеd antagonistiс plеiotropy aгgumеnt.
Whеn Will iams offеrеd lris hypоthеsis, thе prеvail ing idеa аЬout sеllеSсеnсе
was that it was thе геsult of dеlеtеrious gеnеs whosе ехprеssion was dеlayеd
until latеr agеs. This idеa was Ьasеd on thе argumеnt that natural sеlесtion
would Ье morе еffесtivе at purging dеlеtеrious gеnеs that wеrе еxprеssеd
early in l ifе Ьесausе tlrosе gеnеs wоLrld sеvеrеly ссrnrpromisе fitnеss, еspе-
сially if thеy wеrе ехprеssеd during аn individual's rеproduсtivе prirnе.
Gеnеs with dеlеtеrious еffесts ехprеssеd latе irr l ifе would aссumulatе Ье-
сausе thеy would havе littlе еffесt on fitnеss. 

.sИilliams 
suggеstеd that sеnеs.

сеnсе сould Ье сausеd Ьy gеnеs that wеrе еxprеssеd throughout an
individual's l ifе but had Ьеnеfiсial еffесts еarly and dеlеtеrious еffесts lаtе. In
this hypothеsis thе еarly Ьеnеfiсial еffесts outwеighеd thе lаtеr dеlеtеrious
effесts' and so sеlесtion would not еliminatе thosе gеnеs. Althouglr thе dis-
tinсtion Ьеtwееn thеsе hypothеsеs may sееm suЬtlе, it addrеssеs thе impor-
tant quеstion of how oftеn and how muсh adaptation rеquirеs сompromisеs
Ьеtwееn gеnеs that аffесt thе samе individual and Ьеtwееn thе multiplе еf-
fесts of individual gеnеs. Indееd' thе issuе of сompromisе, еspесially Ье-

twееn gеnеtiс еffесts at diffеrеnt аgеs, lrаs Ьееn arguеd Ьy \йii l l iams to l iе
bеnеath thе largеr proЬlеm of agе-spесifiс trait ехprеssion and tЬе individ-
ual's entirе l ifе history (inсluding tlrе so-сallеd сost of rеproduсtion). Еvolu-
tionary Ьiologists and ехpеrimеntal gеrontologists havе Ьееn dеvoting thе
past 40 yеars to disсriminating Ьеtwееn thеsе hypothеsеs for sеnеsсеnсе and
to tеsting thе prеvalеrrсе of gеnеtiс сorrrpromisеs in l ifе history in a host of
сontеxts.
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In 
.!7illiams's 

latеr yеars hе appliеd thе prinсiplеs of natural sеlесtion and
adaptation to thе'study of disеasе. \Х/ith Randolph Nеssе hе dеvеlopеd a sе-
riеs of argumеnts thаt havе сomе to Ье known gеnеrally as Darwinian mеdi-
сinе (sее thе main еssay ..Еvolutionary Biology of Disеasе and Darwinian
Меdiсinе'' Ьy Мiсhaеl F. Antolin in this volumе). In a Darwinian approaсh
to mеdiсinе thе sсiеntist-or thе physiсian-еxaminеs thе сondition in light of
еvolutionаry history to undеrstand thе сondition's ultimatе origin. This is a
logiсal ехtеnsion of \й/illiams's argumеnts aЬout sеnеsсеnсе. From matеrnal-
fеtal intеraсtions in prеgnanсy to thе gеnеtiс susсеptiЬility to partiсular dis-
еasеs' a variеty of mеdiсal сonditions havе Ьееn il luminatеd Ьy Darwinian
analysis. Darwinian mеdiсinе rеmains a young suЬjесt, and its impliсations
havе yеt to pеnеtratе fully into сliniсal praсtiсе.

Iй/illiams's сontriЬutions to еvolutionary Ьiology havе Ьееn rесognizеd Ьy
numerous awards. Hе rесеivеd thе Еminent Есologist Award from thе Есo-
logiсal Soсiеty of Amеriсa and is an еlесtеd mеmЬеr of thе Amеriсan Aсad-
еmy of Arts and Sсiеnсеs and thе U.S. National Aсadеmy of Sсiеnсеs. In
1999 he sharеd thе Сrafoord Prizе with John Maynard Smith and Еrnst
Мayr for thеir pionееring and lasting сontriЬutions to еvolutionary Ьiology.
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Wilson, Еdward o. (b. Т929')
Еdward o. 

.'0Иilson 
is today's lеading еvolutionаry Ьiologist. Born in thе

Amеriсan South, hе was an undergraduatе at thе Univеrsity of AlaЬama and
thеn shortly thеrеaftеr movеd to Harvard Univеrsity' whеrе hе spеnt thе rеst
of his aсadеmiс сarееr' moving frоm graduatе studеnt to fеllow to junior faс-
ulty mеmЬеr and еvеntually rеtiring as onе of thе most distinguishеd univеr-
sity profеssors. Hе has Won two Pulitzеr Prizеs, as wеll as many othеr domеstiс
and forеign awards, and is a mеmЬеr of thе National Aсadеmy of Sсiеnсes
and thе rесipient of many honorary doсtoral dеgrеes. Hе has rесordеd his lifе
ехpеriеnсеs in his autoЬiography, Nаtцrаlist (1994)..!(ilson grеatly admirеs
thе militaristiс сulturе of thе South, Ьut it is сlеar that thе еsсapе into naturе
was vеry satisfying for a Ьoy and youth whosе own talеnts lay in thе dirес-
tion of oЬsеrvation and intеrprеtation.

His work has Ьееn widе ranging Ьut Ьеgan and has always Ьееn dееply
rootеd in his studiеs of thе soсial insесts' most partiсularly ants. His еarly
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work Was on сlassifiсation аnd Ьiсlgеography and was Ьasеd Ьoth on mu-
sеum study and on fiеldwork, partiсularly in thе }.ar Еast. A major papеr,
сowrittеn with a fеllow graduatе studеnt on thе suЬspесiеs сonсеpt (Wilson
and Brown 195З), еarnеd thе lasting irе of Еrnst Mayr, thе lеading taxonomist
and major figurе in thе Harvard Мusеum of Сomparativе Zoology. Inсrеas.
ingly in thе 1960s Wilson turnеd to morе tесhniсal issuеs in Ьiogеography
and with thе thеorеtiсiаn thе latе Robеrt MaсArthur Was thе author of a maior
hypothеsis aЬout thе ways in whiсh islands aсhiеvе spесiеs еquil iЬrium, with
numЬеrs of inсoming spесiеs еqualing outgoing (gеnеrally through ехtinсtion)
spесiеs (Мaсarthur and.Wilson 1967). \Х/ith his studеnt Dan SimЬеrloff, Wil-
son сonduсtеd сlassiс ехpеrimеnts that triеd to show thе еmpiriсal truth of
this work. Onе of thе Ьеst-known involvеd an islеt off thе сoast of Florida
whеrе \Wilson and SimЬеrloff dеstroyеd all thе animal lifе and thеn rесordеd
thе ratе at whiсh thе islеt was rеpopulаtеd.

Еvеn as hе was сomplеting this work, 
.lf i lson 

was moving into issuеs of an-
imal сommuniсation and soon madе pathЬrеaking disсovеriеs aЬout how
insесts usе сhemiсals (phеromonеs) to transfеr information to еaсh othеr.
This sеt thе sсеnе for thе 797Оs, whеn Wilson produсеd a major trl i,ogуzTbe
Iпsect Soсiеtiеs (1971)' dеaling with thе naturе of soсiality among thе insесts;
Soсiobiologу: The Nеu,, Sуnthеsis (1975), dеaling with thе еvolutionary Ьiol-
оgy Ьеhind thе soсiality of аll animals; and or Hцmап Nаtиre (1978 ), whiсh
trеats еxсlusivеly of thе еvolutionary basis of human soсiality, and for whiсh
Wilson Won thе first of his Pulitzеr Prizеs.

Sociobiolсlgу: Тhе Neш Sупthеsis was 
.W.ilson's 

mаgnum opus and is now
rесognizеd as onе оf thе major works in thе history of еvolutionary thеoriz.
ing. It prеsеntеd a hugе rеviеw of all that Was thеn known аЬout thе mесha-
nisms Ьy whiсh natural sеlесtion сan produсе soсial Ьеhavior, followеd Ьy a
dеtаilеd rеviеw from thе lowеst forms to thе highеst of hоw suсh Ьеhavior aс.
tuaily сan Ье found in aсtion. Nеvеrthеlеss, Ьесausе thе Ьook еnds with a
сhaptеr that appliеs thе idеas to our own spесiеs' at thе timе of puЬliсation
thе Ьook wаs highly сontrovеrsial. Мany-еspесially soсial sсiеntists who
fеlt thrеatеnеd fоr thе autonomy of thеir own studiеs, and Мarхist Ьiologists
who hatеd any nonесonomiс аnalysis of bеhavior-launсhеd Ьittеr сritiquеs
of thе Ьook. It was arguеd that thе Ьook wаs mеthodologiсally flawed, that it
wаs raсist and sехist, аnd that it was no morе than 

's7еstеrn 
сapitalist idеol-

ogy drеssеd up as oЬjесtivе knowlеdgе.
Brushing off сritiсism, 

.Wilsоn 
did morе work in thе 1980s on human so-

сiality' еspесially with a young Сanаdian physiсist, Сharlеs Lumsdеn. At
thе samе timе, 

.W.ilson 
сontinuеd to Work in Ьasiс sсiеnсе, thinking hard

аЬout thе сonсеptual issuеs in thе fiеld of soсial Ьеhavior. This lеd to a сoau-
thorеd work with thе thеorеtiсian Gеorgе ostеr (1978) on so-сallеd optimal-
ity modеls. Inсrеаsingly, h<lwеvеr, \Vilson turnеd Ьaсk to his studiеs of ants.
\X/ith thеn_fеllow Harvаrd profеssor Bеrt HolldoЬlеr, lй/ilson prodriсеd mas.
sivе survеys of thе ant world, сulminating in thе сoauthorеd Ьook Thе Апts
(1'990\. for whiсh \Vilson won thе sесond of his Pulitzеr Prizеs. In thе 1990s
Wilson сontinuеd his work on ants with a mаjor taхсlnomiс study of thе group.
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Morе rесеntly, HolldoЬlеr and 
.!Иilson 

havе Ьееn thinking aЬout thе founda-

tions of soсioЬiology, and in a nеw work on thе ..supеrorganism,' (2008) ar-
guе for a muсh morе holistiс approaсh to the topiс' onе whiсh takеs into full

aссount thе way that soсial soсiеtiеs (еspесially in thе insесts) gеt intеgratеd

into wholеs, whiсh sеlесtion trеats as individuals rathеr than as sеparatе or-
ganisms in a сolony. This was vегy muсh thе position of Сharlеs Darwin in

tЬe Оrigiп' Disintеrеstеd oЬsеrvеrs sеnsе thе irony that in thе 1970s.!7ilson's

сritiсs aссusеd him of unduе ..rеduсtionism,'' trеating еvеrything as undеr-

stаndaЬlе in tеrms of parts rathеr than wholеs.
Always intеrеstеd in broadеr issuеs, inсrеasingly in morе rесеnt years-!Иil-

son has turnеd his attеntion to morе philosophiсal issuеs. Hе has writtеn on

еthiсs with thе philosophеr Miсhaеl Rusе, and in a work with thе provoсa.

tivе titlе Сoпsiliепсe (1998\ has artiсulatеd his own vision of thе сonnесtions

Ьеtwееn diffеrеnt Ьranсhеs of knowlеdgе. An ardеnt сonsеrvationist-
.!Иilson 

has madе major еfforts in thе сampaign to prеsеrvе thе Brazilian rain

forеsts-hе has writtеn ехtеnsivеly on Ьiodivеrsity and thе proЬlеms faсing

us today (sее еspесiallу The Diuеrsitу of Lifе 119921 and Thе Futurе of Life

[2002])..W.ilson has Ьееn arguing for a kind of еvolutionarily inspirеd hu-

manism, in whiсh thе suprеmе moгal сommandmеnt must bе that whiсh bеst

еnsurеs thе futurе of thе human spесiеs. An аrdеnt proponеnt of what hе

сalls Ьiophilia, !Иilson arguеs thаt humans havе еvolvеd in symЬiotiс rеla.

tionship with naturе' and unlеss thеy prеsеrvе thе world's flora and fauna, it

will Ье Ьoth physiсal and spiritual dеath for thе human spесiеs. This wе must

do all wе сan to prеvеnt.
Although 

.Wilson 
has nеvеr Ьееn onе who arguеs that сonvеntional rеli-

gion adds to thе world's woеs, and although in somе rеspесts hе shows сon-

sidеraЬlе sympathy for thе rеligious mind-in part, undouЬtеdly, Ьесausе of

his own еarly сhildhood сommitmеnts to еvangеliсаl rеligion-hе has long

arguеd that today wе must undеrpin our moral and rеligious yеarnings with

a morе naturalistiс Ьasе. It was this' rathеr than somе nеoсonsеrvativе idеol-

ogy, that motivatеd NИilson in his еarliеr writings on humankind (еspесiаlly

tn Оп Humап Nаturе\ and it сontinuеs to this day, еspесially in a hеartfеlt

p|ea (Thе Сreаtion, 2006) to pеoplе of rеligion to join in thе work of сonsеr-

vation. Ultimatеly, 
.Wilson 

finds his naturalistiс Ьasе in thе upward risе of thе

history of lifе from simplе to сompleх, from worm to human, and' in linе

with еvolutionary thinkеrs of thе past (notaЬly НеrЬеrt Spеnсеr in thе ninе-

tееnth сеntuгy and Julian Huxlеy in thе twеntiеth сеntury), hе сlaims that

this progrеss in itsеlf is justifiсation of all of his dеsirеd moral norms.

Nееdlеss to say' сlaims likе thеsе do not find univеrsal favor with Ьiologists

or with philosophеrs. Мany invokе David Humе's distinсtion Ьеtwееn mat-

tеrs of faсt and mattеrs of valuе, arguing that еvеn though onе may Ьеliеvе in

progrеss' this is something onе rеads into thе еvolutionary piсturе rathеr

than somеthing onе rеads from thе piсturе. 
.Wilson 

is not сonvinсеd, and

whеthеr hе is right or wrong' hе сеrtainly shows thе сouragе of his сonviс-

tions. Hе сannot bеliеvе that Ьеings l ikе humans, thе еnd produсt of a long,

unguidеd pfoсеss of сhangе, do not show thе laЬors of that сhangе and
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should not Ье undеrstood in terms of that сhangе. This is truе of ants аnd,
arguеs Wilson, must also Ье truе of Homo sаpieпs, (In a traditional way'
Rusе 19B5 and Kitсhеr 2,0ОЗ arе vеry сritiсal of \Vilsorr's thinking. Мorе rе-
сеntly' although not аll аpprесiatе \fi lson's progrеss-Ьasеd approaсh' mаny
arе starting to movе towаrd а naturalistiс stanсе on еthiсs and for this Wil.
son dеsеrvеs massivе сrеdit. Sее Rusе 1998'2008'2009'\
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Wright, Sеwall (1889_1988)

Sеwall Grееn 
.Wright, 

onе of thе arсhitесts of thе modеrn synthеtiс thеory оf

еvolution with R. A. Fishеr (|890_|962) and J. B. S. Haldrrne (1,892_|964),

was born on DесеmЬе r 27,1889, tо Philip Grееn 
.lfright 

and ЕlizaЬеth Quinсy
Sеwall Wright. Hе had t\^,ro youngеI ЬrotЬеrs' Quinсy and Thеodoге. Thе

!Иright fanrily сan Ье traсеd Ьaсk through siхtееnth-сеntury Еnglarrd to

thе ninth-сеntury rеign of Сharlеmagnе. Sеwall \Иright was Ьorn in Mеlrosе,

Massaсhusеtts, Ьut grеw up in GalеsЬurg' Illinois, whеrе his fathеr was on thе

faсulty of Lon.rЬard Сollеgе. lХ/right and his Ьrothеrs wеrе giftеd сhildrеn,

rеading at an еarly agе. Indееd, in sсhool 
.!7right's 

аЬilitiеs сaцsеd him tormеnt

Ьy his сlassmatеs. In 1906 !7right graduatеd from GalеsЬurg Нigh Sсhool and

matriсulatеd at LomЬard Сollеgе to study mathеrnatiсs and survеying; his fa-

thеr had еnсouragеd lrinr to study his own lovеs, poеtry аnd musiс.

!Иright's intеrеsts in Ьiology took сеntеr stagе during his last уeat, |9||,at

LomЬard through thе mеntoring of Wilhеlminе Еntеman Kеy (who wаs onе

оf thе first Womеn to еaгn a PhD at thе Univеrsity of Сhiсago). That summеr

Kеy sеnt Wright to Сold Spring Наrbor LaЬoratory сlrr Long Island, Nеw

York, whеrе'fi/right lеаrnеd from world-сlass Ьiologists' irrсluding Kеy's for-

mеr mеntor' Chаrlеs Davеnport (t866_1'944). 
.s7right 

fоund his еxpегiеnсе

at Сold Spring НarЬor rеWarding' and hе rеturnеd during thе sцmmег оf

|9|2.In thе fall oi191l1 Wright еntеrеd thе grаduatе program in biology at

thе Univеrsity of Il l inois, UrЬana-Сhampaign.
By thе spring of |912 !Иright сomplеtеd his mastеr's thеsis on thе anatomy

of thе trеmatode МiсrophаIlus opаctls. \Vright сomplеtеd thе thеsis in short

ordеr Ьесаusе of а сhanсе mееting аftеr a lесturе Ьy thе gеnеtiсist Will iаm

Еrnеst Сastlе (1867-|962), of Harvard Univеrsity's Bussеу Institutе, anothеr

studеnt of Davеnport. Сastlе lесturеd on his sеlесtion еxpеrimеnts on hoodеd

rats and on пratnmalian gеnеtiсs. Wright was fasсinatеd and approaсhеd Саstlе

aЬout working with him. Сastlе was suffiсiеrrtly imprеssеd Ьy Vright that
.0Иright quiсkly finishеd his mastеr's thеsis and еnrollеd at Harvard Univеrsity

in thе fall of 1912.
At Harvard Wright еngаgеd in oгiginal ехpеrimеntal геsеarсh in physio-

logiсal gеnеtiсs. 
.lfright's 

rеsеarсh was dirесtеd by Сastlе, Ьut hе was also

сonsidеraЬly influеnсеd Ьy thе gеnеtiсist Еdward Мurray Еast (1879_1938).

At Harvard аnd thе Bussеy Institutе Wright workеd сlosеly with Сastlе on

his hoodеd.rat sеlесtiol1 ехpеrimеnts and on thе gеnеtiсs of small mammals.

By 1915 Wright сonrplеtеd his doсtoral thеsis on сoat-сoloг inhеritаnсе in

guinеa pigs. Wright's rеsеarсh dеmonstratеd thе ехistеnсе of multiplе lосi

and allеlеs that affесtеd сoat сoloг in thе aniпral; it furthеr sеt out thе hy-

pothеsis that еnzymе pathways and pigmеnt prесursors providеd thе physio-

logiсal Ьasis for oЬsеrvеd pattеrns of inhеritirnсе of сoat сoloration. Around

thе timе 
.!Иright 

was finishing his thеsis, hе aссеptеd a position as sеnior ani-

mal husЬandman at thе U.S. Dеpartmеnt of Agгiсulturе (USDA) in Bеltsvil lе,

Mаryland. WrightЪ work as a phvsiologiсаl gеrrеtiсist pеrnrеаtеd his work as

a Ьiologist morе gеnеrally and, in partiсular, his work in еvolutionary thеory.
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.!Иright 
was with thе USDA for 10 yеars, from 191'5 to 1925. Hе сon.

trollеd a largе-sсalе inЬгееding еxpеrimеnt on guinеa pigs Ьеgun at thе USDA
tn 1906. During his tеnurе at thе USDA Wright puЬlishеd widеly on phys.
iologiсal gеnеtiсs' Ьut two main puЬliсations in 1921 stand out. Thе first,
..Сorrеlation and Сausation'' (!7right 1927a), dеsсriЬеd 

.Wright's 
invеntion

of the mеthod of path analysis, that is, thе mеthod for еstimating thе magni.
tudе and signifiсanсе of hypothеsizеd сausal сonnесtions Ьеtwееn sеts of
variaЬlеs. Thе othеr was a sеriеs of еssays puЬlishеd undеr thе hеading ..Sys-

tеms of Мating,' (Wright 1921ь). Hеrе !7right usеd path analysis to ехplorе
the numеrous fеaturеs of mating systеms' inсluding inЬrееding, assortativе
mating' and thе еffесts of sеlесtion. 'Wright suЬsеquеntly aпa|уzed thе history
of inЬrееding in Amеriсan shorthorn сattlе using path analysis. Also io |921r
Wright marriеd Louisе 

.Will iarls, 
a mеmЬеr of thе faсulty of Ьiolоgy at Smith

Сollеgе. Thе \Х/rights parеntеd thrее сhildrеn, ЕlizaЬеth Rosе, Riсhard' and
RoЬеrt.

|n 1926 Wright joinеd thе faсulty of biology at thе Univеrsity of Сhiсago.
It was hеrе that Y/right's сontriЬution as an arсhitесt of thе synthеsis of
Darwinism and Меndеlism was сomplеtеd. 

.\Х/right's 
most famous еssay'

..Еvolution in Mеndеlian Populations,' ' was puЬlishеd in 1931. \й/right

dеmonstratеd thе mathеmatiсi.rl unifiсation of Darwinian natural sеlесtion
and thе prinсiplеs of Меndеlian hеrеdity, and hе соmmuniсatеd this Synthе-
sis in thе form of his faгlrous ..shifting Ьalanсе'' thеory of еvolution. Wгight
usеd his famous adaptivе-landsсapе diagram to сommuniсatе his thеoгy a
yеar latеr (Wright \932). Using his work as a physiologiсal gеnеtiсist, 

.!Иright

еmphasizеd gеnеtiс intеraсtion in еvolution Ьy wаy of thе following assump-
tion: Bесausе thе fiеld of gеnе сomЬinations in a population is vast' gеnеs
adaptivе in onе сomЬination may not Ье adaptivе in anothеr; сonsеquеntly'
thе 6еld of joint gеnе frеquеnсiеs gradеd for adaptivе valuе will produсе a
hil ly lаndsсapе. Populations thus faсе thе proЬlеm of shifting from onе pеak
to anothеr. \Wright solvеd thе proЬlеm of pеak shrfts with his thrее-phasе
shifting.Ьalanсе proсеss. In thе first phasе, suЬdividеd populations would Ье
sr'rЬjесt to gеnеtiс drift, pulling thеm into a ..vallеy.'' In thе sесond phasе,
thosе populations would Ье draggеd up thе nехt pеak Ьy intradеmе sеlесtion,
or within-group sеlесtion. In thе third phasе, thе global population woцld find
thе highеst pеak Ьy intеrdеme sеlесtion, or population-struсturеd sеleсtion.

\й/right's mathеmatiсаl analysis of thе rесonсiliation Ьеrwееn Darwinism
and Меndеlism agrееd with thosе of thе othеr two synthеsis arсhitесts, R. A.
Fishеr and J. B. S. Нaldanе. Howеvеr, Fishеr arrd Vright in partiсulaг dis-
agrееd aЬout thе ехtеnt to whiсh gеnе intеraсtion wаs important in dеsсriЬing
thе gеnеtiс Ьasis of еvolutionary сhangе. For Fishеr' who dеemphasizеd gеnеtiс
intеraсtion, natural sеlесtion aсting on mutations of small еffесt was suffiсiеnt
aссounting for most сumulativе еvolutionary сhangе. Indееd, lfright and
Fishеr ultimatеly bесamе mirеd in a сontrovеrsy ovеr thеir altеrnativе undеr.
stаndings of thе еvolutionaгy proсеss that lastеd until FishеrЪ death iп 1962.

In 1955 Wright was suЬjесtеd to mandatory rеtirеmеnt from thе Univеr-
sity of Chiсago. Hе Ьесamе Lеon J' Сolе Profеssoг of Gеnеtiсs at thе Univеr-

sity of 
.!Иisсonsin, 

Мa.
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sity of 
.W.isсonsin, 

Madison, whеrе hе rеmainеd for thе rеst of his long сarееr.
\wright was prolifiс throughout. Pеrhaps thеrе is no Ьеttеr tеstamеnt to this
than thе publiсation Ьеtwееn |968 and |978 of his four-volumе magnum
opus, Еuolutioп апd the Geпеtiсs of Populаtioиs. Thеsе volumеs wеrе thе
сulmination of his work in еvolutionaгy thеory. Yеt 

.!Иright's 
last еssay' ..Sur-

faсеs of Sеlесtivе Valuе Rеvisitеd,' ' was publishеd thе yеar hе diеd (1988).

This еssay wad a mostly favoraЬlе rеaсtion to his Ьiographу, SешаIl Wright
аnd Еuolutioпаrу Biologу' puЬlishеd Ьy 

.!Иilliam 
B. Provinе in 1,986. Wright

diеd at thе agе of 99 on Мarсh 3, 1988, duе to сompliсations from a Ьrokеn
pеlvis aftеr a slip on an iсy sidеwalk during onе of his usual walks.

Sеwall 
.sИright 

is rеmеmЬеrеd as a towеring figurе among Amеriсan еvolu-
tionary biologists. His adaptivе'landsсapе diagram pеrmеatеs еvolutionary
thought, and his statistiсal thеory of inЬrееding is standard in еvolutionary
gеnеtiсs. Y/right was thе rесipiеnt of numеrous awards, inсluding thе 

.!0'еldon

Меdal of thе Royal Soсiеty of London tn 1'947, thе National Меdal of Sсi-
еnсе in 1'966, and thе Mеdal of thе Royal Soсiеty of London in 1980. \Wright

thе man was dеsсriЬеd Ьy his friеnds and assoсiatеs as shy Ьut warm, and un-
flinсhing whеn disсussion turnеd to his intеrеsts.
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YaЬlokoч Alеxеi v. (b. 1933)

Alеxеi YaЬlokov has madе suЬstantial сontriЬutions to Ьiogеtlgraphy аnd
сonsеrvation through his innovativе usе of еasily mеasurеd, disсrеtе|у varу-
ing ехtеrnal сharaсtеrs suсh as pigmеntation pattеrns. Although Ьiologists
havе always takеn advantagе of suсh variations-rесall that Меndеl's ехpеr-
imеnts wеге foсusеd on round or wrinklеd pеas and yеllow or grееn pеas-
YaЬlokov dеmonstratеd how thеsе сharaсtеrs сould Ье usеd in a variеty of
сontехts' from еluсidating thе family Struсturе of dolphin grouPs to traсing
thе long-tеrm еffесts of еnvironmеntal pollution. YaЬlokov сallеd thеsе dis-
сrеte variations in сolor or rnorphology pbenеs, and his Ьook Phепetlсs is a
synthеtiс trеatmеnt of how thе study of phеnеs сan Ье appliеd to almost
еvеry topiсal arеa of еvolutionary Ьiology.

YaЬlokov, a protёgё of thе population gеnеtiсist Nikolai Timofееff-
Rеssovsky, rесеivеd his doсtoral dеgrее in 1'965 at thе NovosiЬirsk Statе
Univеrsity. His еarly work in pоpulаtion gеnеtiсs lеd him to thе phеnеtiс ap-
proaсh as a Prасtiсal mеans of studying miсroеvolutionary proсеssеs rn natu-
ral populations and сonnесting thеm to Ьroadеr proЬlеms in Ьiogеogrаphy
and сonsеrvation. Thеsе сonnесtions arе dеsсriЬеd tn Pbeпеtiсs' as wеll as in
two othеr Ьooks in Russian (сoauthoгеd with Timofееff-Rеssovsky and сol-
leagues). YaЬlokov has also Ьееn a lеadеr in thе study of fluсtuating asym-
mеtry' whiсh is a randomly asymmеtriс pattеrn that сan rеflесt a variеty of
dеvеlopmеntal and gеnеtiс influеnсеs, and hе Was onе of thе first sсiеntists to
apply fluсtuating аsymmеtry to сonsеrvation issuеs Ьy showing that pollution
was inсrеasing thе lеvеl of asymmеtгy in skulls of graу sеals. Не has also puЬ-
lishеd еxtеnsivеly on thе есology and gеnеtiсs of whаlеs and sеals and pio-
nееrеd thе usе of сolor pattеrns for individual idеntifiсation and thе traсing
of familiеs and pеdigrееs. In his latеr yеars hе has Ьесomе onе of Russiа's
lеading сonsеrvationists; hе sеrvеd in thе Russian parliamеnt, was sсiеnсе ad-
visеr to Boris Yеltsin, and startеd a numЬеr of сonsеrvation orgаnizations.

YaЬlokov's work has Ьееn еnormously influеntiаl in Russia аnd Еuropе'
pаrtiсularly whеrе thе usе of morе еxpеnsivе, morе dirесt molесular gеnеtiс
mrthods has Ьeen impraсtiсal. His phenеtiс approaсh has two paraliеls. Fiгst,
thе usе of phеnеs to study natural sеlесtion rесalls thе есologiсal gеnеtiсs of
Е. B. Ford and his stlldеnts and сollеaguеs. Indееd, many of thе еxamplеs of-
fеrеd in Pheпеtics сan also Ье found in Ford's finаl еdition of Есologiсаl
Gепеtiсs. Sесond, thе usе of phеnеs to study Ьiogеography, whiсh YaЬlokov

9З0
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Yаblohou

саllеd phеnogеography, has its parallеl in thе usе of Ьioсhеmiсаl and molес-
ulаr markегs for undеrstanding how dispеrsal pattеrns and historiсal еvеnts
havе shаpеd spесiеs rangеs.

Unfortunаtеly, YaЬlokov's rеputation in thе 'Wеst is limitеd Ьесaцsе littlе of
his wor! hаs Ьееn translatеd from thе Russian. Thе magnitudе of YaЬlokov's
сontriЬutions еmеrgеs morе сlеarly whеn onе apprесiatеs thе сontеxt in
whiсh hе workеd. FIе was a rеal gеnеtiсist doing rеal gеnеtiсs in thе Soviеt
Union during thе Lysеnko еra, hе did not hаvе thе advantagеs that !Иеstеrn
sсiеntists havе in еquipment and rеsourсеs, and hе сhampioned еnvironmеn-
tal issuеs in a plaсе and timе whеn it Was unpopular and еvеn dаngеrous to
do so.
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Zoolo giсаI Philo sophу [ean-Baptistе Lamarсk)

Zoologiсаl Pbilosophу philosophiе zoologiquе) was thе titlе of Jеan-
Baptistе Lamarсk's most famous еxposition of his еvolutionary viеws (sее

also thе alphaЬеtiсal еntry ..Jеan-Baptistе Lamarсk'' in this volumе). PuЬ-
lishеd in 1809, thе Ьook atrасkеd thе idеa of spесiеs сonstanсy. Yеt this was
by no mеans Lamаrсk's only goal in this work. Не sought morе Ьгoadly to
еxplain thе divеrsity of animal orgаnization and thе partiсular faсultiеs ani-
mаls dеrivеd fгom tlrе physiсаl struсturеs thеy pоssеssеd. In thе first part of
thе work hе addrеssеd quеstions rеlating to natural history' with spесial at-
tеntion to mаttеrs of animаl сlassifiсation, thе naturе of spесiеs, and thе in-
fluenсе of thе еnvironmеnt on aпimai strl lсturеs. In thе sесond and third
parts of thе work hе wеnt on to trеat thе physiсal сausеs of l ifе and mоtion in
thе simplеr animals and how it was that as animals Ьесamе morе сomplеx'
thеy gainеd thе faсulty of fееling and thеn finally Ьесаmе сapaЬlе of intеlli-
gеnt aсtion. This work rеflесtеd Lamarсk's imagе of himsеlf as morе than a
сlassifiеr and сatalogеr of nаtuге produсtions. Hе dеfinеd his own rolе as thаt
of ..naturalist.philosophеr.' '

Lamarсk was forthright in rеjесting thе сreationist notion that all spесiеs
had еxistеd from thе Ьеginning еxaсtly as onе found thеm in thе prеsеnt. Hе
arguеd to thе сontrary that ..Naturе hаs produсеd all thе spесiеs of animals
in suссеssion, Ьеginning with thе most impеrfесt or simplеst, and еnding hеr
work with thе most pеrfесt, so as to сrеatе a gradually inсrеasing сomplеxity
in thеir organization; thеsе animals havе sprеad at largе throughout all thе
haЬitaЬlе гegions of thе globе, and еvеry spесiеs has dеrivеd from its еnvi-
ronmеnt thе haЬits that wе find in it and thе struсtural modifiсations whiсh
oЬsеrvation shows us'' (Zoologiсаl Pbilosophу, |26).

Aftеr intеrprеting thе аnimal sсalе as thе tеl11poгal ordег in whiсh thе diЁ
fеrеnt lеvеls of organization had Ьееn suссеssivеly produсеd, Lamarсk wеnt
on to ехplain how thеsе diffеrеnt lеvеls of organization gavе risе to pаrtiсular
faсultiеs (sее figurе). \(hеrеas еarliеr writеrs hаd arguеd whеthеr animals
wеrе intеlligеnt' or whеthеr thеrе was suсh a thing as instinсt' Lamarсk of-
fеrеd a naturalistiс еxplanation in whiсh thе differеnt faсrrltiеs of irritaЬility,
thеn instinсt' and finally intеlligеnсе emеrgеd as animals of inсrеasing or-
ganiс сomplеxity wеrе suссеssivеly produсеd. In his aссount thе lеast pеrfесt
animals wеrе stirrеd to aсtion only as thе rеsult оf ехсitations that саmе from
sourсеs ехtеrnal to thеm. Thеy wеrе inсapablе of еxpеriеnсing sеnsations
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Thе trее of lifе as givеn Ьy l,amarсk inhis Pbilosopbiе zoologiquе (1'809).
Atypiсally, it is to Ьe rеad from top tо Ьottom. Сarе should bе takеn with its
intеrprеtation. First, for l,amаrсk thе Ьrаnсhing (Ьrought on Ьy thе inhегitanсе
of aсquirеd сhаraсtеristiсs) was all rathеr inсidеntal to thе main progrеssivist
upthrust of thе еvolutionary proсеss. Sесond, it should not Ье rеаd as with
Darwin (аnd othеrs l ikе Haесkеl) as a trее of sharеd desсеnt. Lamarсk thought
that nеw lifе forms arе сonstantly appеаring and thеn starting up thе сhain of
Ьеing. Hеnсе, if (say) l ions wеrе to go еxtinсt today it would Ье possiЬlе for a
youngеr l inе to produсе thеm.

and likеwisе inсapaЬlе of voluntary aсtion. It was only whеn onе сamе to thе

highеr invеrtеЬratеs that onе found animals with a nеrvous systеm suffiсiеnt

to givе thеm thе faсulty of fееling. At this point in thе sсalе thе sourсе of еx-

сitation of animal aсtions Ьесamе intеrnalizеd, and a spесial ..intеrnal fееling''

Ьесamе thе Ьasis for instinсtivе aсtion. Howеvеr, insofar as thеsе animals

laсkеd сеrеЬral hеmisphеrеs (thе organ of intеll igеnсе, in Lаmarсk's viеw),

thеy rеmainеd inсapaЬlе of thinking and thus of any aсts of wil l. Only among

thе vеrtеЬratеs, Lamarсk сlaimеd, and еvеn thеn pгimarily among thе Ьirds

and thе mammals, wеrе intеlligеnt aсtion and thе faсulty of willing to Ье

found, and еvеn thеsе animals aсtеd mostly hy instinсt.



9З4 Zoologiсal Philosophy

Lamarсk's сontеmporariеs wеrе inсlinеd to trеat his Zoologiсаl Pbilosophу
аs idlе spесulation. Thе work fаilеd to win thеm ovеr to thе idеа of orgaпiс
еvolution. Today thе work stands out as a сlassiс of еvolutionary thought, al-
though mоdеrn biologists do not еndorsе thе spесifiс mесhanisms that Lamarсk
сallеd upon to еxplain еvolutionary сhangе'
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inсluding Аristotle: Оn thе Pаrts of Аnimаls l_lV (200i ), а translation with сom.
mеntary of Aгistotlе's sеminal work' and Аristotle's Philosophу of Biologу (2001 ).

Riсhard Е. Lеnski (R.Е.L.) is thе John A. Hannаh Distinguishеd Prоfеssor of
Мiсгobiаl Есology аt Мiсhigan Statе Univеrsity and a mеmЬеr of thе National
Aсadеmy of Sсiеnсеs. His rеsеarсh foсusеs on thе dyrramiсs of phеnorypiс and
gеnomiс еvolutior-t in ехpеrimеntаl populаtions of Ьaсtеriа.

Wеn-Hsiung Li (w..H.L.) is Jamеs Watson Profеssor in thе Dеpartmеnt of Есology
and Еvolution at thе Univеrsity of Сhiсago. Нis rеsеarсh intеrеsts inсlude the еvo-
lutiоn of gеnе rеgulation' gеne dupliсаtion and its еvolutionаry сonsеquеnсes, and
thе dеvеlopmеnt of statistiсal rnеthods and сomputational tools for genomiс data.

Сurt Livеly (С.L.) is а profеssor of Ьiсllogy at Indiana Univеrsity. Hе hаs workеd
on prеdator-рrеy, plant-poll inator, and hсrst-pаrasitе intеraсtions. Hе has also
сontгiЬutеd to thеoгеtiсal and еmpiriсal studiеs on thе еvolutionary staЬil ity of
sехual rеproduсtion.

David N. Livingstonе is profеssor of gеogгаphy and intеllесtual history at

Quеen's l-lnivеrsity, Bеlfast, Nоrthеrn lrеlаnd. Hе is thе author of many Ьooks
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аnd artiсlеs on sсiеnсе and rеligion' most rесеntly Adаm's Аncestors: Rасе,
Rеligion, апd thе Politics of Hиmап Оrigiпs (2008).

Trudy Maсkay (T.М.) is a profеssor of gеnеtiсs at North Сarolina Statе Univеrsity.
Hеr researсh {oсusеs on thе molесulаr gеnеtiс Ьаsis оf variatiсln foг quаntitаtive
traits.

Janе Мaiensсhеin is Rеgents' Profеssоr, Prеsidеnt's Profеssor, and Parеnts
Assoсiation Profеssor at Arizona Statе Univеrsity' whеrе shе dirесts thе Сеntеr
for Biology and Sосiеty. Shе is thе author аnd еditor of morе than a dоzеn Ьooks
and many artiсlеs, inсluding Defiпing Biologу 0986) and'\Yhosе Viеш of Lifе:
Еmbrуos, Сloning, апd Stеm Сеlls (2ОО3).

Lynn Мargulis (L.М.), Distinguished Univеrsity Profеssor, Dеpartnrеnt of
Gеosсienсes' Univеrsity of Маssaсhusеtts, Amherst' rесеivеd the Prеsidеntiаl
Mеdal of Sсienсе from Prеsident Vil l iam J. Сlinton ln \999, A memЬer of thе
National Aсadеmy of Sсiеnсes shе invеstigatеs and puЬlishеs on еvolution (Ьv
symЬiogenesis) and thе Gаia hypothеsis (of J. Е. Lovеloсk).

Heпry M. МсHеnry is a profеssor of anthropology at thе Univеrsity of
Саlifornia' Davis. Hе is thе аuthor of numеroцs studiеs of human fossil
геmains that intеrprеt thе еvolutionary rеlationships among еxtinсt spесiеs and
thе evolution of Ьipеdal walking, Ьrain-sizе inсrеasе, sехual dimorphism, аnd
diеt.

Daniеl 
.!И. 

МсShеa (D.!r.М.) is a palеoЬiologist in thе Biology Dеpartmеnt at
Duke Univеrsity. His resеаrсh has foсused thе аpparеnt trеnd in сomplеxity at
thе largеst sсalе' in all of lifе, ovеr its еntirе history. He is сoаuthor of a rесеnt
tеxtЬook, Philosophу of Biologу: А Сontemporаrу Iпtroduсtiсlп (20О8).

Paolo Меnozzi (P.М.) is profеssor of есology аnd сhаirmаn of thе Dеpartmеnt of
Еnvironmеntаl Sсiеnсеs аt tЬе Univеrsity of Paгпа, Italy. Hе worked for пrany yеаrs
on human population gеnеtiсs аnd is сoаuthor of Thе Нistorу апd Geogrаphу of
Hиmаn Geпes (1,994). His сurrеnt rеsearсh foсusеs on gеnеtiс and есologiсal
asPесts of thе evolutionary Ьiсllogy of organisms as diffеrеnt аs zooplankton and
forеst treеs.

Мike Меstеrton-GiЬЬons (М.M.-G.) is a profеssor of mathematiсs at Florida
Statе Univеrsity, whеrе hе dirесts rеsеarсh on сomplеx €]amеs among humаns
and othеr аnimals. Hе is thе author of two Ьooks on mathеmatiсal modеlinя аnd
numеrous artiсlеs on еvolutionary 8amе thеory.

James Мurray (J.М.) is prоfеssor of Ьiology еmеritus at thе Univеrsity of Virginiа
and somеtimе dirесtor of thе Мountain Lakе Biologiсаl Station. Hе is thе author
of Geпеtic Diuеrsitу аnd Nаturаl Sеlection (1972| and many Papеrs on thе evo.
lution and population Ьiology of polymorphiс land snails.

Мohamed A. F. Noor (М.A.F.N.) is a profеssor of Ьiology at Duke Univеrsity.
Hе is Ьroadly intеrеstеd in vаrious thеmеs in еvolutionirry genеtiсs and gеnomiсs,
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Ьut his prinсipal foсus hаs Ьееn on thе gеnеtiсs undеrlying and еvolutionary
forсеs driving сhangеs lеading to spесies formation, foсusing on Drosophilс speсiеs
as modеl systеms. Onс rесurrеnt thеmе in his resеarсh has Ьеen thе rolе of restriсt-
ing rесomЬinаtion in fасil itating speсiеs persistеnсe.

Bеnjamin B. Normark (B.B.N.) is an assoсiatе pгofеssor of plant, soil ' and inseсt
sсiеnсеs and a mеmЬеr of thе grаduate program in organismiс and еvolutionаry
Ьiology at the Univегsity of Мassaсhusеtts, Amhеrst. Hе studiеs tЬe sуstеmаt,iсs
of armored sсalе insесts and thе еvolutiоn of unusual gеnetiс systеms suсh as
haplodiploidy and pаrthеnogenеsis.

Ronald L. NumЬеrs (R.L.N.) is Нil ldalе Profсssor of thе History of Sсiеnсе and
Меdiсinе at thе Univеrsity of Wisсonsin-Мadison. Among his many puЬliсations
are Dаrcuiпism Сomes to Аmeriса (|998| and Тhе Сrеаtiottists (2006). A past
pгеsidеnt of Ьoth thе History of Sсiеnсе Soсiеty and thе Amеriсan Soсiеty of
Сhurсh Нistory' hе is сurrеntly prеsident of thе Intеrnational Union of History
and Philosophy of Sсiеnсе.

RoЬеrt olЬy (R.o.) is a historian of biology and rеsеarсh professor in thе
Dеpаrtmеnt of thе History and Philosophy of Sсiеnсе at the University of
PittsЬurgh' His woгk has Ьееn prinсipally on thе history of gеnеtiсs and molесu.
lаr Ьiologу. Hе has rесеntly сomplеtеd a Ьiography of thе latе Dr. Franсis Сriсk.

Kеvin Padiаn (K.P.) is profеssor of intеgrativе Ьiology аnd сurator in thе
Мusеum of Palеontology' Univеrsity of California, Bеrkеlеy, аnd prеsidеnt of thе
National Сеnter for Sсiеnсе Еdrrсation.

Diаnе B. Paul (D.B'P.) is professor еmеrita of politiсal sсiеl.lсе at thе Univеrsity
of Мassaсhusеtts' Boston' and геsеarсh assoсiаtе at thе Musеum of Сomparativе
Zoo|ogу at Ilarvard Univеrsity. Shе has puЬlishеd widеly on historiсal and poliсy
issuеs in gеnеtiсs. Hеr Ьooks inсludе Сoпtroll iпg Нumап Неrеditу: 1865 to thе
Рrеsепt (\995, 1998) and The Politiсs of Hеrеditу: Еssауs oп Еugепics,
Biomediсinе, аnd tbe Nаture-Nurturе Debаtе (1998|.

Patriсia M. Pгinсеhousе (P.М.P') tеaсhеs еvolutionary Ьiology and history and
philosophy of sсiеnсе at сasе 

.Wеstеrn 
Resеrvе Univеrsity. Shе reсеivеd thе

National Сеnter for Sсiеnсе Еduсаtion's ..Friеnd of Dаrwin'' award foг hеr aсtiv-
itiеs in thе Intеlligеnt Dеsign сontrovегsy and hеlpеd advisе thе lеgal tеam in
Kitzmiller u. Douеr Sсbool Boаrd' Shе is thе author of many artiсles on evolu-
tion and is сurrеntly working on a Ьook' Stepheп Jау Gould's Vielu of Lifе.

Margarеt B. Ptaсеk is a profеssor in thе Dеpartmеnt of Biologiсal Sсiеnсеs at
Clеmson Univеrsity. Hеr intеrеsts l ie аt thе intеrsесtion of Ьеhaviorаl есology'
population genеtiсs' arrd spесiation. Spесi6сa1ly, shе is intеrеstеd in proсеssеs
that сontrol gеnеtiс divеrgеnсе аmong populаtions and thе сontriЬutions of thеsе
proсеsses to loсal аdaptation and spесiation.

Tom Ray (Т.R.) is pгсlfеssor of zoology аnd adjunсt profеssor of сomputеr sсi-
еnсе at thе Univеrsity of oklahoma. Hе has lеd rеsеarсh progrаms in tropiсаl
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Ьiology and rain forеst сonsеrvation in Сosta Riсa and pionеerеd rеsеarсh on
еvolution in thе digital пrеdium. His сurrеnt rеsеarсЬ usеs gеnomiс data to study
the еvolution of gеne fаmiliеs аnd to еxplorе new apPгoасhеs for undеrstanding
thе еvolution and developmеnt of thе human mind.

David N. Rеzniсk (D.N.R.) is a profеssor of Ьiolсlgy at thе Univеrsity of
Сalifornia' Rivеrsidе. Hе studiеs thе proсеss of naturаl sеlесtion and thе еvolution
of сomplеx trаits. His primary study organisms аrе fisЬ in the family Рoесil i idae.
Hе has publishеd ovеr 100 rеsеarсh artiсlеs and rеviеws in aсadеmiс journаls and
еditеd volumеs аnd is сurrently writing А Rеаder's Guidе to thе origiп of
Speсiеs.

Riсhard A. Riсhards (R.A.R.) is assoсiatе profеssor of philosophy at the
University of AlaЬama. Hе writеs on Darwin and pЬilosophiсal topiсs in Ьiologiсal
systеmatiсs.

Robеrt J. Riсhards (R.J.R.) is thе Мorris FishЬеin Profеssor of History o{ Sсienсe
at University of Сhiсago and professоr in thе departmеnts of history, philosophy,
and psyсhology. Most rесеntly' hе is thе author of Тhe Trаgic Sепsе of Life:
Еrпst Наeсkеl сlпtl tbе Strugglе ouеr Еуolutionаrу Th<'sнgb, (2008).

Frеdrik Ronquist (F.R.) is profеssor and hеad of thе Dеpartmеnt of Еntomology
at thе Swedish Musеum of Natural Нistory. Hе is intеrеstеd in сomputationаl
phylogеnеtiсs' partiсLllarly thе dеvеlopmеnt of parsimоny mеthods for thе study
of сoеvolution аnd biogеography and, morе rесеntly' Bayеsian mеthods for
phylogеnеtiс infеrеnсе.

Daniеl I. Rubеnstеin is thе Сlass of 1'877 Profеssor of Zoo1ogу, сhair of the
Departmеnt of Есology and Еvоlutiorrary Biology, and dirесtor of thе Program
iп Afriсan Studiеs at Prinсеton Univеrsity. Hе studiеs thе soсiаl Ьеhаvior of
equids, thе movеmеnt есology of zеbrаs, and human-wildlifе intеrасtions in
Afriсa.
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Rudgе (D.!f.R.) is an аssoсiatе profеssor in thе Departmеnt of
Biоlogiсal Sсiеnсеs at 
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Мiсhigan University with a.sесondary appoint-

mеnt in thе Маllinson Institutе for Sсiеnсе Еduсation. Hе is thе аuthor of sеvеr-
аl arriсlеs on H. B. D. Kеttlewеll 's сlassiс invеstigations of natural sеlесtion in thе
pеppеrеd motlr, whiсh he has ехаmined from histoгiсal, philosophiсal, and sсi-
еnсе еduсation PегsPесtivеs.

Niсolаas A. Rupkе (N.A.R.) is a profеssor of thе history of sсiеnсe and dirесtor
of thе Institutе for thе Нistоry of Sсiеnсе at Gottingеn Univеrsity. Among his
publiсations is a monograph on Riсhard owеn (|994 nеw еdition, 2008).

Miсhaеl Rusе (М.R.) is thе Luсylе T' Werkmеistеr Professor of Philosophy and
dirесtor of thе Рrogrаm in thе History and Philosophy of Sсiеnсe at Florida Statе
Univеrsity. Hе is thе аuthor of many Ьooks on еvolutionary thеmеs, inсluding
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Dorion Sagan (D.Sa.), partnеr of Scieпсешriters, Ьas authored or сoauthorеd
many aftiсlеs, poеms' and ovеr l5 Ьooks trаnslаtеd into l1 lаnguagеs. Thеsе
inсludе I'lotes from thе Holoсепе (2007|, Up from Drаgс'lns: Thе Еuolutiс>п of
Humап lntelligеnce (with John Skoylеs, 2002I, aod lnto thе Сool: Епergу Floou,
Thеrmodуlсlmiсs аlld Lifе (witЬ Еriс D. Sсhnеidеr, 200.'). Hе studiеd art' litеra.
turе, and philosophy' mainly at thе Univеrsity of Мassaсhusеtts, Amhеrst, wherе
hе graduatеd with a BA in history.

Jamеs 
.!fi l l iam 

Sсhopf (J.!7.s') is distinguishеd profеssoг of palеoЬiology in the
Dеpагtment of Еarth and Spaсе Sсiеnсеs аnd Dirесtor of thе IGPP Сеntеr for the
Study сlf Еvolution аnd thе oгigin of Lifе at thе Univегsitу of Сaliforrriа, L<rs
Angеles. A mеmЬеr of thе National Aсadеmy of Sсiеnсеs and a prizе-winning
author' his intеrеsts foсus on thе eаrly (PrесamЬrian) histсlry оf l ifе.

Еugеniе С. Sсott is ехесutivе dirесtor of thе National Сеnter for Sсiеnсе
Еduсаtion (NсsЕ) in oakland' Сalifornia. A not.for.profit mеmЬеrship orgаni-
zation' NСSЕ promotеs еvolution еduсation. Sсott, a pЬysiсal аnthropоlogist' is
thе author o| Еuolution us. Сrеаtionism: Ап lntrсlduсtion (2004, 2008) and
сoеditor (with Glеnn Branсh) of Nor in Оur Сlаssrсloms: Whу Iпtеlligent Dеsign
Is Wrong for Our Schools (2006).

Jon Sеgеr (J.S.) is a proiеssor of Ьiology at thе Univеrsity of Utah. Hе сurrеntly
works mainly on thе еvolutionaгy gеnеtiсs of whale l iсе (Amphipoda, Сyamidaе),
whosе simplе population historiеs and есologiеs allow thеm to Ье intегprеtеd аs
unusually wеll dеfinеd еvolutionary еxpеrimеnts.

Ulliсa Sеgеrstrаlе (U.S.) is a professor of soсiology and thе dirесtor of thе Сamras
Sсholаrs Program at thе Il l inois Institutе of Tесhnology, Сhiсagо. Shе has writ-
tеn on issuеs аt the intеrsесtion of sсienсе, valuеs, and human nature. Hеr Ьосrks
inсlude Dеfепdеrs of the Truth: Tbе Soсiobiologу Dеbаtе (2000) and thе forth-
сoming Nаture's orаcle: А Lifе of \(. D. Hаmiltoп.

David Sеpkoski (D.Sе.) is an аssistant profеssor of history аt thе Univеrsity of
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Еsсhеriсhiа аl l i ,4З9
Еssа1' сlп Сlаssifiсаtioп (Agassiz),
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есologiсаl dеvе|оprrlеnt
22a_228: еmhryos as с
21 0_21 3 ; е vo l r"rti ona ry
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