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" Preface

The first three editions of this textbook were pl!b—
hished in 1979, 1986 and 1992, and 1 trust that this
new one, necessitated by so many advances both 1n
fact and theory, will retain 1ts function as a course
text for students of palacontology from their second
year onwards. 1 have made substanual changes to
Chaptur« 1-3,7, 8 and 12, and the Trace Fossils sec-
fion has been transferred from Chapter 1 to the last
chapter. All the other chapters have been revised to
a greater or lesser extent, | have redrawn about half
of the illustrations: a singularly congenial occupation
for long winter evenings, and 1 hope that these will
prove of value in helping students to understand the
atatomy and terminology of fossil invertebrates.

Key words appear in bold at their first mention in
the text. There is no specific index for them, but
they appear in the General Index.

As before, 1 wish to thank a
leagues and family who have given me such assist-
ance i preparing this new edition. Derek Briggs,
Colin Scrutton and Rachel Wood gave excellent
advice at the beginning of the project as to how I
should proceed with the fourth edition, and I have

| my friends, col-

taken on board most of their suggestions. As always,
these colleagues, together with David Harper, Peter
Sheldon, Susan Rigby, Liz Harper, Dick Jefferies,
John Cope, Alan Owen and various others have
helped me at all stages, and so have many others, too
numierous to mention, in my own country and
abroad, and my thanks are due to all.

I would like, above all, to record my heartfelt
thanks to my true and stalwart friend Cecilia Taylor,
for all the support and helpful suggestions she has

given me at every stage. Had Cecilia not undertaken
the vast job of rebuilding our teaching collections
and preparing new course materials, I would never
have had the time to complete this book before the
deadline.

['o Roisin Moran of University College, Galway
[ extend my grateful thanks for her two beautiful
paintings for the Part Title pages.

I wish to thank also my editorial colleagues,
Dr lan Francis and Jane Plowman, who have given
all possible assistance. From lan came the suggestion,
which we have followed up, that the new edition
should be coupled with a CD-ROM of Fossil
[mages. This has been undertaken in conjunction
with the Natural History Museum, London, and to
Norman McLeod and Paul Taylor of that institution
[ owe a great deal. I am likewise gl’.ltl_‘l’-lll to David
Hicks and Eve Daintith for their meticulous copy-
editing and proofreading, respectively.

On a wet November day, over 50 years ago, I was
taken into a museum in my native Newcastle-upon-
Tyne, to escape from the rain. There, in a dusty glass
case were two giant ammonites (probably Titanites

giganfeus), and 1 was given to understand that they

had lived millions of years ago. They excited a fasci-
nation which has continued until now, and | am sall
glad to escape to the hills on a fresh summer morn-
ing, to search for fossils, and then to bring them back
to the laboratory for study. 1 hope that this book
will be of value to any student wishing to explore
something of the richness and diversity of ancient
life, and of the methods available for its scientific
study. If so, I will have achieved what I set out to do

Euan Clarkson
Edinburgh
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2! Principles of

palaeontology

Onee upon a time . . .
Some 4600 million years ago the Earth came into

being, probably forming from a condensing disc of

particles, dust and gas, which slowly rotated round
the Sun. Larger particles, or planetismals, formed
from this nebular disc, and as these collided they
acereted, eventually forming the planets.

QOf all the nine planets 1n the Solar System only
Earth, as far as 15 known, supports advanced life,
fhough at the time of writing much interest has
been generated by the discovery of organic material
on Jupiter’s satellite Europa. It 15, however, a strik-
mg fact that life on Earth began very early indeed,
within the first 30% of the planet’s history. There
are remains of simple organisms (bacteria and ‘blue-
green algae’, or cyanobacteria) in rocks 3400 Ma
old, so life presumably originated before then.
These simple forms of life seem to have dominated
the scene for the next 2000 Ma, and evolution
it that time slow
gyinobacteria and  photosynthetic  bacteria were

was very Nevertheless, the
mstrumental in changing the environment, for they
gave off oxygen into an atmosphere that was previ-
owsly devoid of it, so that animal life eventually
became possible.

Only when some of the early living beings of this
Earth had reached a high level of physiological and
ieproductive organization (and most particularly
when sexual reproduction originated) was the rate
of evolutionary change accelerated, and with it all
manner of new possibiliies were opened up to
evolving life. This was not until comparatively late
i geological history, and there are no fossil animals
known from sediments older than about 700 Ma.
Needless to say, these are all invertebrate animals
lacking backbones. All of them are marine; there is

no record of terrestrial amimals until much later. In
terms of our understanding of the history of hte,
perhaps the most significant of all events took place
about 543 Ma ago at about the beginning of the
Cambrian Period, for at this stage there was a sud-
den proliferation of different kinds of marine inver-
tebrates. During this critical period the principal
invertebrate groups were established, and they then
diversified and expanded. Some of these organisms
acquired hard shells and were capable of being fos-
silized, and only because of this can there be any
chance of understanding the history of invertebrate
life.

[he stratified sedimentary rocks laid down since
the early Cambrian, and built up throughout the
whole of Phanerozoic time, are distinguished by a
rich heritage of the fossil remains of the inverte-
brates that evolved through successive historical
periods; their study is the domain of invertebrate
p.]l.lt‘nl‘lrnlng}? and the \ul]\iud of this book.

Hard-part preservation

Fossil invertebrates occur in many kinds of sedimen-
tary rock
Phanerozoic.

deposited in the
They

seas during the

may 1"(,‘ VEry .ll‘“llLLl[Il m

limestones, shales, siltstones and mudstones but on

the whole are not common In sandstones.

Sedimentary ironstones may have rich fossil

remains. Occasionally they are found in some coarse
rocks such as greywackes and even conglomerates.
The state of preservation of fossils varies greatly,

depending on the structure and composition of the
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original shell, the nature and grain size of the enclos-
ing sediment, the chemical conditions at the time of
sedimentation, and the subsequent processes of dia-
genesis (chemical and physical changes) taking
place in the rock after deposition.

The study of the processes leading to fossilization
is known as taphonomy. In most cases only the
hard parts of fossil anmimals are preserved, and for
these to be fossilized, rapid burial 1s normally a pre-
requisite. The sofc-bodied elements in the fauna,
and those forms with thin organic shells, did not
normally survive diagenesis and hence have left hittle
or no evidence of their existence other than records
of their activity in the form of trace fossils. What we
can see 1n the rocks is theretore only a narrow band
in a whole spectrum of the organisms that were
once living; only very rarely have there been found
beds containing some or all of the soft-bodied ele-
ments in the fauna as well. These are immensely sig-
nificant for palacontology.

The oldest such fauna is of late Precambrian age,
some 615 Ma old, and is our only record of animal
life before the Cambrian. Another such ‘window’ is
known in Middle Cambnan rocks from British
Columbia, where in addittion to the normally
expected trilobites and brachiopods there is a great
range of soft-bodied and thin-shelled animals —
sponges, worms, jellytish, small shrimp-like crea-
tures and animals of quite unknown affinities —
which are the only trace of a diverse fauna which
would otherwise be quite unknown (Chapter 12),
There are similar ‘windows’ at other levels in the
geological column, likewise illuminating.

The fossil record 1s, as a guide to the evolution of
ancient life, unquestionably limited, patchy and
incomplete. Usually only the hard-shelled elements
in the biota (apart from trace ftossils) are preserved,
and the fossil assemblages present in the rock may
have been transported some distance, abraded, dam-
aged and mixed with elements of other faunas. Even
if thick-shelled amimals were originally present in a
fauna, they may not be preserved: m sandy sedi-
ments in which the circulating waters are acidic, for
instance, calcareous shells may dissolve within a few
years before the sediment 15 compacted into rock.
Since the sea Hoor 1s not always a region of continu-
ous sediment deposition, many apparently continu-
ous sedimentary numerous
small-scale breaks (diastems) representing periods
of winnowing and erosion. Any shells on the sea

sequences contain

floor during these erosion periods would probably
be transported or destroyed — another limitation on
the adequacy of the fossil record.

On the other hand, some marine mvertebrates
found in certain rock types have been preserved
abundantly and in exquisite detail, so that it 15 possi-
ble to infer much about their biology from their
remains. Many of the best-preserved fossils come
from limestones or from silty sediments with a high

calcareous content. In these (Fig. 1.1) the onginal

calcareous shells may be retained in the fossil state
with relatively little alteration, depending upon the
chemical conditions within the sediment at the tume
of deposition and after.

A sediment often consists of components denved
from various environments, and when all of these,
including decaying organisms, dead shells and sedi-
mentary particles, are thrown together the chemical
balance is unstable. The sediment will be in chemi-
cal equilibrium only after diagenctic physicochemi-
cal alterations have taken place. These may involve
recrystallization and the growth of new minerals
(authigenesis) as well as cementation and com-
paction of the rock (lithification), and during any
one of these processes the fossils may be altered or
destroyed. Shells that are originally of calcite pre-
serve best; aragonite is a less stable form of calcium
carbonate secreted by certain living orgamisms (e.g.
corals) and is often recrystallized to calcite during
diagenesis or dissolved away completely.

Calcareous skeletons preserved in more sandy or
silty sediments may dissolve after the sediment has
hardened or during weathering of the rock long
after its induration. Moulds (often miscalled casts)
of the external and internal surfaces of the fossil may
be left, and if the sediment is fine enough the details
these show may be very good. Some methods for
the study of such moulds are described in section
7.2, with reference to brachiopods. If a fossil
encloses an originally hollow space, as for instance
between the pair of shells of a bivalve or brachio-
pod, this space may either be left empty or become
filled with sediment. In the latter case a sediment
core is preserved, which comes out mtact when the
rock is cracked open. This bears upon its surface an
internal mould of the fossil shell, whereas exter-
nal moulds are left in the cavity from which it
came. In rare circumstances the core or the shell, or
both, may be replaced by an entirely different min-

eral, as happens in fossils preserved in ironstones. [f
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Occurrence of invertebrate fossils in Phanerozoic rocks

ronstone

(b) _ recrystallized calcite
: WLy,

Figure 1.1 Possible Erocesses of fossilization of a bivalve shell: (a) original shell, buried in mud (left) or carbonate (right); (b) the

shell was calcite, was

uried in a carbonate sediment and was preserved intact other than as a small crysicr”izedlfoich; (c) shell orig-

inolly of aragonite, now recrystallized 1o calcite which destroys the fine structure; (d) original calcite shell retained surrounding a dia-
mﬂic core of silica; () a silica rim growing on the outside of the shell; (F) tectonic distortion of a shell preserved in mudstone; (g)

preserved in mud with ariginal shell material leached away, leaving an external and an internal mould, surrounding @ mudstone
core; (h) a calcareous concrefion growing round the shell and inside (if the original cavity was empty), with patches of pyrite in places;

({}ironstone replacement of core and part of shell.

the original spaces in the shell are impregnated with
extra minerals, it is smd to be permineralized,
while the growth of secondary minerals at the
expense of the shell 15 replacement. Cores may
sometimes be of pyrite. Graptolites are often pre-
served like this, anacorbic decay having released
hydrogen sulphide, which reacted with ferrous
{F&*") ions in the water to allow an internal pyrite
gore to form. Sometimes a core of silica is found
wathin an unaltered calcite shell. This has happened
wathsome of the Cretaceous sca urchins of southern
England. They lived in or on a sediment of calcare-
ous mud along with many sponges, which secreted
spicules of biogenic silica as a skeleton. In alkaline
gonditions (above pH 9), which may sometimes be
generated during bacterial decay, the solubility of

the silica increases markedly, and the silica so
released will travel through the rock and precipitate
wherever the pH is lower. The inside of a sea urchin
decaying under different conditions would trap just
such an internal microenvironment, within which
the silica could precipitate as a gel. Such siliceous
cores retain excellent features, preserving the internal
morphology of the shell. On the other hand, silica
may replace calcite as a very thin shell over the sur-
face of a fossil as a result of some complex surface
reactions. These siliceous crusts may retain a very
detailed expression of the surface of the fossil and,
since they can be freed from the rock by dissolving
the limestone with hydrochloric acid, individual
small fossils preserved in this way can be studied in

three dimensions. Some of the most exquisite of all
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trilobites and brachiopods are known from material
such as ths.

A relatively uncommon but exquisite mode of
preservation 1s phosphatization. Sometimes the
external skeleton, especially of thin organic-shelled
animals, may be replaced or overgrown by a thin
sheet of phosphate, or the latter may reinforce an
originally phospharic shell. In the former sitnation
the external form of the body is precisely replicated.
Alternatively a phosphatic filling of the interior of
the shell may form a core, picking out internal
structures in remarkable detail. Such preservation is
probably associated with bacterial activity directly
after the death of the animal. Many small Cambrian
fossils have been preserved by phosphatization
(Chapters 3 and 12), but much larger fossils may be
preserved also, for example crustaceans with a
Huorapatite infilling and with all their delicate
appendages intact.

Fossils are often found in concretions: calcare-
ous or siliceous masses formed around the fossil
shortly after its death and bunal. Concretions form
under certain conditions only, where a delicate
chemical balance exists between the water and sedi-
ment, by processes as yet not fully understood.

Soft-part preservation

In very rare circumstances soft-bodied organisms
can be preserved as fossils, and these provide other-
wise unobtainable evidence of the diversity of meta-
zoans hiving at particular periods; this is discussed n
Chapter 12.

Invertebrate palacontology is normally studied as a
subdivision of geology, as it is within Earth science
that its greatest applications lie. It can also be seen as
a biological subject, but one that has the unique per-
spective of geological time, Within the domain of
ivertebrate palacontology there are a number of
interrelated topics (Fig. 1.2), all of which have a
bearing on the others and which also link up with
other sciences.

Three main categones of fossils may be distin-
guished: (1) body fossils, in other words the actual

remains of some part, usually a shell of skeleton, of a
once-living organism; (2) trace fossils, which are
tracks, trails, burrows or other evidence of the activ-
ity of an animal of former times — sometimes these
are the only guide to the former presence of soft-
bodied amimals in a particular environment; (3)
chemical fossils. relics of biogenic organic com-
pounds which may be detected geochemucally in
the rocks.

At the heart of invertebrate palacontology stands
taxonomy; the classification of fossil and modem
animals mto ordered and natural groupings. These
groupings, known as taxa. must be named and
arranged 1n a hierarchial system in which their rela-
tionships are made clear, and as far as possible must
be seen in evolutionary perspective.

Evolution theory is compounded of various dis-
ciplines — pure biology, comparative anatomy,
embryology, genetics and population biology — but
it 15 only the palacontological aspect that allows the
predictions of evolutionary science to be tested
against the background of geological nme, permits
the tracing of evolving lineages and illustrates some
of the patterns of evolution that actually have
occurred.

The rates at which animals have evolved have
varied but most amimal types
(species) have had a geological life of only a few
million years. Some of these evolved rapidly, such as
the ammonites, others very slowly (Chapter 2). A
rock succession of marine sediments built up over
many millions of years may therefore have several
fossil species oceurring in a particular sequence, cach
species confined to one part of the succession only
and representing the time when that species was
living. Herein lies the oldest and most general appli-
cation of invertebrate palacontology: biostratig-
raphy. Using the sequence of fossil faunas, the
geological column has been divided up into a series
of major geological time units (periods), ecach of
which is further divided into a hierarchy of small
units. The whole basis tor this historical chronology
is the documented sequence of fossils in the rocks.
But different kinds of fossils have different strati-
graphical values, and certain parts of the geological
record are more closely subdivided than others.
Some ‘absolute’ ages based on radiometric dating
have been fixed at particular poimnts to this relative
scale, and these provide a framework for under-
standing the geological record in terms of real time
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Figure 1.2 The various subdisciplines of palaeontology

{iie. known periods of millions of years) rather than
asust & purely relative scale. This 1s only possible at
gertain honizons, however, and for practical pur-
poses the geological timescale based on biostratigra-
phy is unsurpassed for Phanerozoic sediments.
Although stratigraphy is the basis of the primary
dsaiphne of geochronology, a small facer of
palicontological study has a bearing on what may be
termed ‘geochronometry’. By counting daily
growth nngs in extinct corals and bivalves, informa-
flon has been obtained bearing upon the number of
#y8 10 the lunar month and year in ancient times.

s has helped to confirm geophysical estimates on
the slowing of the Earth’s rotation (Chapter 5),

Since stratigraphical applications of palacontology
have always been so important, the more biological
aspects of palacontology were relatvely neglected
until  comparatively
which has developed particularly since the early

recently. Palaeoecology,

palaecbiogeography

Divisions of invertebrate palaeontology

palgecenvironments

\

palaeoecology

biostratigraphy

: : geochranology
geochronometry

1950s, 1s concerned with the relationships of fossil
animals to their environment, both as individuals
{autecology) and in the faunal commumnities in
which they occur naturally; the latter is sometimes
known as synecology.

Since the soft parts of fossil animals are not nor-
mally preserved, but only their hard shells, there are
relatively few ways in which their biology and life
habits can be understood. Studies in functional
morphology, however, which deal with the inter-
pretation of the biology of fossilized skeletons or
structures in terms of their original function, have
been successfully attempted with many kinds of fos-
sils, restricted in scope though these endeavours may
necessarily be. Ichnology is the study of trace fos-
sils: the tracks, surface trails, burrows and borings
made by once-living animals and preserved in sedi-
ments. This topic has proved valuable both in
understanding the behaviour of the animals that
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lived when the sediment was being deposited and in
interpreting  the  contemporaneous  environment.
Finally, it 1s only by the integration of taxonomic
data on local faunas that the global distnbution of
marine invertebrates through time can be cluci-
dated. Such studies of palaeobiogeography (or
palaeozoogeography in the case of animals) can
be uwsed n conjunction with geophysical data in
understanding the former relative posiions and
movements of continental masses.

All of these aspects of palacontology are interre-
lated, and an advance in one may have a bearing
upon any other. Thus a particular study in func-
tional may
palacoecology and possibly some feedback to taxon-
omy as well, Likewise, recent refinements in taxo-
nomic practice have enabled the development of a
much more precise stratigraphy.

Chemical compounds of biological origin can
now be recovered from ancient rocks and form the
basis of biomolecular palaeontology. Such fossil
molecules may help to diagnose which or
they come from and their breakdown pathways may
say something about the environment. Molecular
phylogenetics based upon protein sequencing may
show how far two or more related organisms have
diverged from a common ancestor, and to some
extent the available techniques can be applied to the
record.
techniques can be used ro detect protemns and poly-
sacchandes in fossil shells but, for the moment, only
shells younger than 2 Ma have proved amenable to
analysis. There arc also promising developments also
in palacobiochemistry and organic geochemistry
which are applicable to the fossil record, though
these are beyond the scope of this book.

morphology give information on

115118

recent fossil Immunological-determinant

Taxonomy

Taxonomy 15 often undervalued as a glorified
form of filing — with cach species in its folder, like
a stamp 1n s prescribed place mn an album; but
taxonomy is a fundamental and dynamic science,
dedicated to explonng the causes of relationships
and similarities among organisms. Classifications
are theones about the basis of natural order, not
dull catalogues compiled only to avoid chaos.
The best monographs are works of genits . . .
(S.]. Gould, 1990)

These words should make entirely clear the fun-
damental nature of raxonomy. For, as has often been |
said, to identify a fossil correctly is the first step, and
indeed the key, to finding out further information
about it. Sound classification and nomenclature he
at the root of all biological and palacontologicil
work; without coherent and ordered
system of data storage and retrieval is possible
Taxonomy, or systematics as 1t is sometimes
known, 15 the science of classification or organisms,

them no

"It is the oldest of all the biological disciplines, and

the principles outhned by Carl Gustav Limnaeuws
(1707-1778) 1n his pioneering Systema nafurae are
still in use today, though greatly modified and
extended.

The species concept
The fundamental unit of taxonomy 15 the species.
Animal species (e.g. Sylvester-Bradley, 1956) are
groups of individuals that generally look like each
other and can interbreed to produce offspring of the
same kind. They cannot interbreed with othet
species. Since 1t 18 reproductive isolation alone that
defines species it 15 only really possible to distingush
closely related species if their breeding habits are
known. Of all the described ‘species’ of living ani-
mals, however, only about a sixth are ‘good’, o
properly defined, species. Information upon the
reproductive preferences of the other five-sixths ol
all naturally occurring animal populations 1s just nol
documented.

The differentiation of most living and all fosq
species therefore has to be based upon other an
technically less valid criteria.

Of these by far the most important, especially i
palacontology, is morphology. the science o
form, since most natural species tend to be com
posed of individuals of similar enough exterm
appearance to be idendfiable as of the same kind
Distinguishing species of living animals by morphe:
logical criteria alone is not without hazards, espe
cially where the species in question are similar an
closely related. Supplementary information, such &
the analysis of species-specific proteins, may be o
help in some cases where there is good reason fo
it to be sought (e.g. for disease-carrying mnsects). Fo
the rest some degree of subjectivity in taxonomy ha
to be accepted, though this can be minimized @
enough morphological criteria are used.
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Nomenclature and identification of fossil species
In the formal nomenclature of any species, living or
fossil, taxonomists follow the biological system of
Linnaeus, whereby each species is defined by two
names: the generic and specific (or trivial) names,
For example, all cats, large and small, are related,
ind one particular group has been placed in the
genus Felis. Of the various species of Felis the spe-
dfic names F. carus, F, fee and F. pardus formally
wefer to the domestic cat, lion and leopard, respec-
vely, In full taxonomic nomenclature the author's
mame and the date of publication are given after the
spectes, e.g. Felis catus (Linnacus 1778) (see below
for further discussion).

In palaeontology it can never be known for
cerfain whether a population with a particular mor-
phology was reproductively 1solated or not. Hence
the definition of species in palaecontology, as in most
lving specimens, must be based almost entirely on
morphological criteria. Moreover, only the hard
parts of the fossil animal are preserved, and much
useful data has vamshed. A careful examination and
documentation of all the anatomical features of the
fosal has to be the main guide in establishing that
one species 15 different from a related species. In rare
cases this can be supplemented by a comparison of
the chemustry of the shell, as has proved especially
weful in the erection of higher taxonomic cate-
gortes. Within any interbreeding populanion there is
usually quite a spread of morphological vanation.
On a broader scale there may be both geographical
and stratigraphic variations, and all these must be
garefully documented 1f the species 1s to be 1deally
tablished. Such studies may be very significant in
gvolutionary palaecontology.

When a palacontologist 1s attempting to distin-
guish the species in a newly discovered fauna, say of
fossil brachiopods, she or he has to separate the indi-
vidual fossils out mnto groups of morphologically
similar individuals. There may, to take an example,
perhaps be eight such groups, each disunguished by
4 particular set of characters. Some of these groups
may be clearly distinet from one another; in others
the distinction may be considerably less, increasing
the risk of greater subjectivity. These groups are
provisionally considered as species, which must then
be identified. This is done by consulting palaeonto-
logical monographs or papers containing detailed
technical descriptions and illustrations of previously
described brachiopod faunas of similar age, and

Divisions of invertebrate palaeontology

comparing the species point by point. Some of the
species may prove to be identical with already
described species, or show only minor variation of a
kind that would be expected in a local variant
within the same species. Other species in the fauna
may be new, and if so a full technical descrniption
with 1illustrations must be prepared for each new
species, which should be published in a palaconto-
logical journal or monograph. This description is
based upon type specimens, which are always
thereafter kept in a museum or research institute.
Usually one of these, the holotype, is selected as
the reference specimen and fully illustrated; com-
parative detail may be added from other specimens
called the paratypes. There are various other kinds
of type specimens; for example, a neotype may be
erected when a holotype has been lost, or when a
species is being redescribed in fuller and more up-
to-date terms when no type specimen has previously
been designated.

A new genus will be designated as gen. nov. by its
author, this following the generic name, a new
species as sp. nov. and a new subspecies as ssp. nov,

The new species must be named and allocated to
an existing genus, or if there is no described genus
to which it pertains then a new genus must also be
erected. To appreciate the method let us consider
the following historical tale. In the early nineteenth
century brachiopods were poorly known and few
distinct genera had been erected. One of these was
the living Terebratula, named by O.F. Miiller in
1776. When E.F. von Schlotheim first studied
Devonian fossils from North Germany in 1820 he
recognized that some of the shells were bra-
chiopods, and he described one of the most abun-
dant forms as the new species Terebratula sarcinulatus.
By 1830, however, much more was known about
brachiopods, and G. Fischer de Waldheim proposed
a new genus for this species. so that it became cor-
rectly designated Chonetes sarcinulatus (Schlotheim).
This is the ‘type species’ of Chonefes, a well-known
Siluro-Devonian genus of the Class Strophomenata.
Note that where a species was onginally described
under a different generic name, the original author’s
name 18 quoted in parentheses. In 1917 F.R.

Cowper Reed, then working on Ordovician and
Silurian brachiopods of the Girvan district, Scotland,
recognized many new species. One of these had
similarities in morphology to Chonetes, but it was
sufficiently different to be regarded as a species of a
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When 1 1928 the taxonomic
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new subgenus; this is written Chonetes
advena Reed 1917.
problems of Chonetes
addressed by O.T. Jones, the new Superfamily
Plectambonitacea erected to accommodate
advena and many other related brachiopods. At a
later stage FEochonetes was elevated to the rank of a
full genus. In the D.AT,
Harper described a large fauna from the Girvan
district of Scotland, and within this he recognized
two subspecies of E. advena, ot somewhat different
ages and distinguished by munor differences in
morphology. These, in Harper's (1989) monograph,
are written Eochonetes advena advena Reed 1917 (des-
ignating Reed’s onginal material), and Eochonetes
Reed 1917 sSp. Subsequent
authors will refer to the latter, in full, as Eochonetes
advena gracilis Harper 1989, or in abbreviated form as
E. advena gracilis.

similar were

was

most recent treatment,

advena gractlis

nov.

Where, due to mdifferent preservation, or lack of

an up-to-date monographic base, a species cannot
be idennfied with certainty, it may be designated as
aff. (related to) or cf. (may be compared with), an
existing (e.g. Monograptus cf. vomerinus).
Where the fossil can be identified as belonging to a
known genus, but cannot be ascribed to a species (as

species

may be the case where preservation is poor or if

only a fragment 15 preserved, the suffix sp. (plural
spp.) 1s used (e.g. Caloceras sp.). If the specimen, in a
more extreme case, can only tentatively be referred

to a genus, one would write e.g. ?Kurorgina sp. If

only the species 15 dubious such an ascription as
ﬂp!umdmmz penkillensis might be used.

All taxonomic work such as this must follow a
particular set of rules, which have been worked out
by a series of Intermmational Commuissions and are
documented in full in the opening pages of each
volume of the Treatise on Inverebrate Paleontology (a
volumes published by the
Geological Society of America).

continuing series of

Taxonomic hierarchy
Although all taxonomic categories above the species
level are to some extent artificial and subjective,
ideally they should as far as possible reflect evolu-
tionary relationships.

Similar species are grouped in genera (singular

genus), genera in families, families in orders,

orders in classes and classes in the largest division of

the ammal kingdom: phyla (singular phylum).

There may be various subdivisions of these cate-
gories, e.g. superfamilies, suborders, etc., and in cer-
tain groups there is even a for erecting
‘superphyla’. There are only about 30 phyla in the
animal kingdom, and only about a dozen of these,
e.g. Mollusca and Brachiopoda, any fossil
remains.

In taxonomy higher taxa are usually distinguished
by their suffix (i.e. -ea, -a, etc.). As an example, the
following documents the classification  of the
Ordovician brachiopod Eochonetes
referred to earlier, ;1cc0r-ding to a taxonomic scheme
in which the author of the taxon and the year of
publication are quoted.

case

leave

advena  gracilis,

Phylum Brachiopoda Dumeril 1806

Subphylum Rhynchonelliformea Williams ef al.
1996

Class Strophomenata Williams et al.

Order Strophomenida Opik 1934

Suborder Strophomenidina Opik 1934

Supertamily Plectambonitacea Jones 1928

Family Sowerbyellidae Opik 1930

Subfamily Sowerbyellinae Opik 1930

Genus Eochonetes Reeed 1917

Species advena Reed 1917

Subspecies graclis Harper 1989

1996

In the above section we
the taxonomic hierarchy, but in defining these
groupings how do taxonomists actually go about it?
The basic principle is that morphological and other
similarities reflect phylogenctic affinity (homol-
ogy). This 1s always so unless, for other reasons,
similarity results from convergent evolution. But in
assessing ‘simnilarities’ how does one decide upon
which characters are important? How should they
be chosen to minimize subjectivity and produce
natural order groups? There is no universally
accepted method of facilitating these ends and
taxonomists have used different methods. In recent
years three sharply contrasting
emerged: these are the schools of (1) evolutionary
taxonomy, (2) numerical taxonomy and (3) cladism,

Unuol the 1970s most pa]"wunmlumsts‘ especially
those working with fossil material which they have
collected in the field, were evolutionary taxono-
mists. In erecting a hierarchical classification, such
classical taxonomists used a traditional and very flex-
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logical (or phenetic) resemblance, the extent to
which the animals resemble one another. Second,
phylogenetic relationships are along with phe-
netic resemblance considered 1mportant. By chis is
meant the way (as far as can be determined) in
which animals are actually related to each other, 1.e.
in terms of recency of common origin, which of
course grades into evolutionary taxonomy. The
order of succession 1n the rock record and geo-
graphical distribution may play an important part in
deciding relationships. This practical approach to
uxonomy, which took all factors into consideration,
has for a long ime been the backbone of palaconto-
Iogical classification, and is still considered to be the
best method by stratophenetic palacontologists, who
plice much emphasis on time in seeking ancestor—
descendant relationships (Henry, 1984; Gingerich,
1990).

For some taxonomists, however, the uncertainties
and subjectivity which are almost inescapable in any
kind of classification seemed to be particularly acute
m chssical taxonomy, as did the limitatons of the
fossil record in terms of preservation. The numerical
xonomists tried to escape from this problem by

_opting for quantified phenetic resemblance as the

anly realistic guide to natural groupings. It was their
wew that if enough characters were measured,
quntified and computed and represented by the use
of cluster statistics, the distances between clusters
tould be used as a measure of their differences.
Numerical taxonomy has been found very useful
I some instances, but subjectivity cannot be elimi-
mted since the operator has to choose (subjectively)
fow best to analyse the measurements made, and

- my need to ‘weight’ them, giving certain characters
Cmore importance (again subjecuvely) in order to
| obtain meaningful results. Hence the objectivity of

mmerical taxonomy is less than it might appear.

The third school relies upon phylogenetic criteria
lone, emphasizing that features shared by organisms
panifest, in nature, a hierarchial pattern, evident in
fie distribution of characters shared amongst organ-
s, It 15 known as cladism or phylogenetic
ytematics — a school tounded by the German
miomologist Willi Hennig (1966) and was soon
ipplied vigorously to palacontology (e.g. Eldredge
ud Cracraft, 1980). In the early days of cladistics
fiere were many doubters (including, as I have to
umit, the present author). But, as the method itself

Ltolved, cladistics has come to be recognized as by

Divisions of invertebrate palaeontology

far the most effective method for reconstructing
phylogeny. Smith’s (1994) explanaton of cladistic

methodology 15 so comprehensive that only brief

comments are given here.

Hennig was of the opimon that recency of com-
mon origin could best be shown by the shared pos-
session  of evolutionary ‘derived
characters’. Thus in closely related groups we would
see ‘shared derived characters’ (synapomorphies)
which would distinguish this group from others.
Hennig's central concept was that in any group
characters are either ‘primitive’ (symplesiomor-
phic) or ‘derived’. Thus all vertebrates have back-
bones; the possession of a backbone is a primitive
character for all vertebrates and is not, of course,
indicative of any close relatonship between any
group of vertebrates. What is a primitive character
for all vertebrates is of course a derived character as
compared to invertebrates — synapomorphy and
symplesiomorphy thus delineate the relative status
of particular characters with respect to a specific
problem.

Hennig endeavoured to provide an objective
methodology for determining recency of common
origin in related taxa, based upon primitive and
derived characters. Such relationships are expressed
in a cladogram (Fig. 1.3), in which dichotomous
branching points are arranged in nested hierarchies.

Here taxa A and B share a unique common
ancestor. They are said to be sister groups. They
both share an evolutionary novelty or synapomor-
phy, not possessed by taxon C. Now C is the sister
group of the combined taxa A and B, and D 1s the
sister group of combined taxa A, B and C. In per-
forming a cladistic analysis, therefore, a taxonomist
assumes that dichotomous splitting had occurred
in each lineage and compiles an (unweighted)

noveltes or

A B G D

/

Figure 1.3 A cladogram (for explanation see text).
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character data matrix. The more characters and
character states there are available the larger the
database, and large databases are often routinely
processed and the construction of a cladogram
speeded up by using one of several computer pro-
grams. The PAUP (Phylogenetic Analysis Using
Parsimony) program, for example, is a technique
which makes the fewest assumptions in ordering a
set of observations,

How can we distingumsh symplesiomorphic
(shared primitive) from synapomorphic (shared
derived) character states? The maost useful way is
‘outgroup comparison’. Here an ‘ingroup’ (of which
the relationships are under investigation) 1s specifi-
cally designated, and compared with a closely
related ‘outgroup’. Any character present in a vari-
able state in the ‘ingroup’ must be plesiomorphic if
it is also found in the outgroup. Likewise, apomor-
phic characters are only present in the ingroup.

Hennig distinguished three kinds of cladistic
groupings. Monophyletic groups contain the com-
mon ancestor and all of its descendants (D, C, B, A
in Fig. 1.3); paraphyletic groups are descended
from a common ancestor (usually now extinct and
known as the stem group) but do not include all
descendants (B and C, for example, in Fig. 1.3);
polyphyletic groups on the other hand, are the
result of convergent evolution. Their representa-
tives are descended from different ancestors and
hence, although these may look superficially similar,
any polyphyletic group comprsing them is artifictal.

A cladogram is not an evolutionary tree; it is an
analysis of relationships. As such it is a valuable and
rigorous way of working out and showing graphi-
cally how organisms are related, and it forces taxon-
omists to be explicit about patterns and groups. The
methodology of cladistics is especially good when
dealing with discrete groups with large morphologi-
cal and stratigraphic gaps and to these it brings the
potential for real objectivity. A cladogram shows
how sister groups are hierarchically related on the
basis of shared—derived homologies, but although it
portrays taxonomic relationships in terms of recency
of common origin, the order of succession in the
rock record s not taken into account (though
implicitly cladograms have a time axis).

So where does that leave the potential contribu-
tion of stratigraphy in reconstructing phylogeny?
Whilst a few ‘transformed cladists’ negate the value
of the fossil record altogether (a view vigorously

opposed by Ridley, 1985), the successive appearance
of taxa in stratigraphy cannot be denied as an essen-
tial source of data, however imperfect the fosil
record actually is. Thus as Gingerich (1990) com-
ments, ‘Time is a fundamental dimension in evolu-
tionary studies, and a major goal of palacontology
should continue to be the study of the diversification
of major groups in relationship to geological time’
So, having constructed an appropriate cladogram,

‘the next stage in exploring relationships is to com-

bine this information with biostratigraphic data. For
this, Smith (1994) discusses methodology in detail.
The result is a phylogenetic tree, which shows the
splitting of lineages through time and is effectively
‘a“best estimate” of the tree of life”. Very commonly
there is an excellent correspondence between the
cladogram and the rock record; on the other hand
the combined cladistic and biostrangraphic approach
may throw up unexpected patterns.

The ultimate problem, not only for cladism, but
for all taxonomic methodology, results from con-
vergent evolution. Resemblances in characters or
character states may have nothing to do with
recency of common origin, but from convergence,
and it may not always be possible to disentangle the
results of the two. Thus Willmer (1990) and Moore
and Willmer (1997) in considering the relationships
between major invertebrate groups argue tha
‘cladistic analysis based on parsimony will tend to
minimize and thus conceal convergence’, and they
contend that convergence at all levels is far more
important than has generally been believed. There i
certainly a problem here. Even so, cladistic method-
ology, coupled with biostratigraphy seems to be the
best way forward, and an essennal prerequisite for
drawing up meaningtul phylogenetic trees.

Use of statistical methods
Inevitably palacontological taxonomy carries a cer-
tain element of subjectivity since the information
coded in fossilized shells does not give a complete
record of the structure and life of the animals that
bore them. There are particular complications that
cause trouble. For instance, palacontological taxon-
omy can do little to distinguish sibling species,
which look alike and live in the same area but can-
not interbreed. Polymorphic species, in which
many forms are present within one biologicl
species, may likewise be hard to speciate correctly,
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the males and females of the one species may be so
dissimilar in appearance that they have sometimes
been described as different species, and the true situ-
aion may be hard to disentangle (as with
ammonites; Chapter 8).

When it comes to the distinction of closely
related species, however, there are a number of sta-
tistical tests that may help to give a higher degree of
objectivity. One simple bivariate test in common
use, for example, can be used when a series of
gowth stages are found together. If a collection of
brichiopods is made from locality A, the length/
width ratios or some other appropriate parameters
may be plotted on a graph as a scatter diagram. A
line of best fit (e.g. a reduced major axis) may then
be drawn through the scatter. This gives a simple
J= ax + b graph, where a is the gradient and b the
intercept on the y axis. A similar scatter from a pop-
ulition collected from locality B may be plotted on
the same graph, and the reduced major axis drawn

" from this too. The relative slopes and separations of
' the two axes may then be compared statistically. If
* these lic within a certain threshold the populations
~an then be regarded as being of the same species; if
outside it then the species are different,

This is only one of a whole series of possible tests,
and more elaborate techniques of muldvariate
malysis are becoming increasingly important in tax-
onomic evolutionary studies.

With the advent of microcomputers and the pro-

§  vision of specialist software packages designed

specifically to meet the needs of palacontologists
. [PALSTAT; Bruton and Harper, 1990; Ryan et
ik, 1995), the use of numerical analysis is becoming
sndard. Statistical methods are likewise essential
it defining palacocommunities, in ‘undeforming’
populations of deformed fossils and comparing them
to unaltered material,

. Paolaecbiclogy

Vanous categories may be included in palaeobiol-
ogy: palaeoecology (here discussed with palaeobio-
geography), functional morphology and ichnology,
¢ach of which requires some discussion.

Palaeoecology
Sinee ecology is the study of animals in relation to
L their environment, palacoecology is the study of

Divisions of invertebrate palaeontology

ancient organisms in their environmental context.
All animals are adapted to their environment in all
of its physical, chemical and biological aspects. Each
species is precisely adapted to a particular ecological
niche in which it feeds and breeds. It is the task of
palacoecology to find out about the nature of these
adaptations in fossil organisms and about the rela-
tionships of the amimals with each other and their
environments; it involves the exploration of both
present and past ecosystems (Schiifer, 1972)

Although palacoecology is obviously related to
ecosystem ecology, it is not and cannot be the same.
In modern community ecology much emphasis is
placed on energy flow through the system, but this
kind of determination is just not possible when deal-
ing with dead communities. Instead palacontologists
perforce must concentrate on establishing the com-
position, structure and organization of palacocom-
munities, in attempting from here to work out
linkage patterns in food webs and in investigating
the autecology of individual species.

Many attempts have been made to summarize
categories of fossil residue, to provide the back-
ground for interpreting original community struc-
ture. The scheme proposed by Pickenll and
Brenchley (1975) and amended by Lockley (1983) is
used here:

I. An assemblage refers to a single sample from a
particular honzon.

. An association refers to a group of assemblages,
all showing similar recurrent patterns of species
composition.

3. A palaeocommunity (or fossil community)
refers to an assemblage, association or group of
associations inferred to represent a once-distine-
nve biological entity. Normally this only repre-
sents the preservable parts of an original biological
community, since the soft-bodied animals are not
preserved. This definition corresponds more or
less exactly to that of Kauffman and Scott (1976).

]

Palaeoecology must always remain a partial and
incomplete science, for so much of the information
available for the study of modern ecosystems is sim-
ply not preserved in ancient ones. The animals
themselves are all dead and their soft parts have
gone; the original physics and chemistry of the envi-
ronment is not directly observable and can only
be inferred from such secondary evidence as is

13



14

Principles of palaeontology

available; the shells may have been transported away
from their original environments by currents, and
the fossil assemblages that are found may well be
mixed or incomplere; post-depositional diagenetic
processes may have altered the evidence still further.
Despite this palacoecology remains a valid, if partial
Much 15 now known about the post-
mortem history of organic remains (taphonomy;
Chapter 12), of which an additional dimension
involves burial processes (biostratinomy). This
helps to disentangle the various factors responsible
for deposition of a particular fossil assemblage, so
that assemblages preserved in situ, which can yield
valuable palacoecological mformation, can be dis-
tinguished from assemblages that have been trans-
ported.

Biostratinomy or preservation history has both
pre-burtal and post-burial elements. The former
include transportation, physical, chemcal or biolog-
ical damage to the shell, and the attachment of epi-
fauna.  Post-burial may  involve
disturbance by burrowers and sediment eaters (bio-
turbation), current reworking, solution and other
diagenetic preservation changes.

science.

Processes

Modern environments and vertical distribution of
animals
Figure 1.4 shows the main environments within the
Earth’s oceans at the present day and the nomen-
clature for the distribution of marine animals within
the oceans.

Modern marine environments are graded accord-
ingly to depth. The littoral environments of the
shore grade into the subtidal shelf, and at the edge
of the shelf the continental slope goes down to
depth; this is the bathyal zone. Below this lie the
flac abyssal plains and the hadal zones of the deep-
ocean trenches. There is often a pronounced zona-
tion of life forms in depth zones more or less paralle
with the shore. In addition there is a general
decrease in abundance (number of individuals) bur
not necessarily diversity (number of species) on
descent into deeper water from the edge of the shelf.
The faunas of the abyssal and hadal regions were
originally denived from those of shallow waters but
are highly adapted for catching the limited food
available at great depths. These regions are, how-
ever, impoverished relatve to the shallow-warter

regions.

Animals and plants that live on the sea floor are
benthic; those that drift passively or swim feebly in
the water column are planktic (= planktonic)
since they are the plankton. Nekton (nektic or
nektonic fauna) on the other hand comprises active
swimmers, Neritic animals belong to the shallow
waters near land and include demersal elements
which live above the continental shelves and feed
on benthic animals thereon. Pelagic or oceanic
faunas inhabit the surface waters or middle depths of
the open oceans; bathypelagic and the usually
benthic, abyssal and hadal organisms inhabit the
great depths.

mean sea level
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Figure 1.4 Modern marine environments. A, B and C in the inset refer to supralitioral, litioral and sublittoral environments, (Based

on a drawing in Laporte, 1968.)
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Only the shelf and slope environments are nor-
mally preserved in the geological record, the trench
sediments rarely so. The abyssal plains are underlain
by busaltic rock, formed at the mid-oceanic ridges
and slowly moving away from them to become
finally consumed at the subduction zones lying
below the oceanic trenches; it moves as rigid plates.
The ocean basins are very young geologically, the
oldest sediments known therein being of Triassic
age. These are now approaching a subduction zone
and are soon to be consumed without trace, Hence
there are very few indications of abyssal sediment
pow uplified and on the continents.

What is preserved in the geological record is
therefore only a fraction, albeit the most populous
part, of the biotic realm of ancient times. The sedi-
ments of the continental shelf include those of the
littoral, lagoonal, shallow subtidal, median and outer
shelf realms. Generally sediments become finer
towards the edges of the shelf, the muddier regions
Iying offshore. There may be reefs close to the shore
or where there is a pronounced break in slope,

Horizontal distribution of marine animals
The main controls affecting the horizontal distribu-
tion of recent and fossil animals are temperature, the
pature of the substrate, salimity and water turbu-
lenee. The large-scale distribution of animals in the
peeans 15 largely a function of temperature, whereas
the other factors generally operate on a more local
sale. Tropical shelf regions carry the most diverse
fiunas, and in these the species are very numerous
It the number of individuals of any one species is
relatively low. In temperate through boreal regions
the species diversity is less, though the number of
individuals per species can be very large.

Salinity in the sea 1s of the order of 35 parts per
thousand. Most marine animals are stenohaline,
ie. confined to waters of near-normal salinity, A
few are euryhaline, i.c. very tolerant of reduced
slinity. The brackish water environment is physio-
logically ‘difhcult’, and faunas living in brackish
waters are normally composed of very few species,
@pecially bivalves and gastropods belonging to spe-
giglized and often long-ranged genera. These same
genera can be found 1n sedimentary rocks as old as
the Jurassic, and their occurrence in particular sedi-
ments which lack normal marine fossils is a valuable
pointer to reduced salinity in the environment in
which they lived

Divisions of invertebrate palaeontology

Water turbulence may exercise a substantial con-
trol over distribution, and the characters of faunas in
high- and low-energy environments are often very
disparate. Robust, thick-shelled and rounded species
are normally adapted for high-energy conditions,
whereas thin-shelled and fragile forms point to a
much quieter water environment, and it may be
possible to infer much about relauve turbulence 10 a
fossil environment merely from the type of shells
that occur.

MODERN AND ANCIENT COMMUNITIES
In shallow cold-temperature seas marine inverte-
brates are normally found 1n recurrent ecological
communities or associations, which are usually sub-
strate related. In these a particular set of species
are usually found together since they have the same
habitat preferences. Within these communines the
animals either do not compete directly, being
adapted to microniches within the same habitat, or
have a stable predator—prey relationship.

Community structure is normally well defined in
cold-temperature areas, but in warmer seas where
diversity is higher it 1s generally less clear.

Petersen (1918), working on the faunas of the
Kattegat, first studied and defined some of these nat-
urally occurring communities. He also recognized
two categories of bottom-dwelling animals: infau-
nal (buried and hving within the sediment) and
epifaunal (living on the sea floor or on rocks or
seaweed). It was soon found that parallel commumi-
ties occur, with the same genera but not the same
species, on the opposite sides of the Atlantic. Since
this pioneer work a whole science of community
ecology has grown up, having its counterpart in
palacoecology. Much effort has been expended in
trying to understand the composition of fossil
communities, the habits of the animals composing
them, community evolution through time and, as
far as possible, the controls acting upon them (e.g.
Thorson, 1957, 1971). Thas s perhaps the most

active field of palaecoecology at present, as a host of

recent original works testifies (e.g. Craig, 1954;
Ziegler ef al., 1968; Boucot, 1975, 1981; Scott and
West, 1976; McKerrow, 1978; Skinner et al., 1981;

Dodd and Stanton, 1990; Bosence and Allison,

1995; Brenchley and Harper, 1997).

As Fiirsich (1977) makes it clear, however, most
fossil assemblages ‘lack soft-bodied animals. Where
possible trace fossils can be used to compensate for
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Figure 1.5 Distribution of modern marine shelf-living animals in
drowing in Briggs, 1974.)

For example, the tip of Florida carries a tropical shelf
fauna, isolated to the northeast and northwest by
cooler water areas, but though this is part of the
West Adantic tropical shelf province it has been iso-
lited for some time and therefore its fauna has
diverged somewhat from that of the Caribbean
shelf. Likewise oceamic 1slands (e.g. the
Galapagos) may be considered as part of a general
zoogeographic region or province, but as their
shelves have been initially colonized by chance
migtants they may have very many endemic ele-
ments which have evolved in 1solation. How many
of these endemics there are may depend largely on
how long the islands have been isolated.

The development of today’s faunal provinces has
been charted throughout most of the Tertiary. At
present Mesozoic and Palacozoic provinces are like-
wise being documented (Middlemiss et al., 1971;
Hallam, 1973; Hughes, 1975; Gray and Boucot,
1979; McKerrow and Scotese, 1990). When used in
conjunction with palacocontinental maps it may be
possible to see how the distribution pattern of
ancient faunas related to the position of ancient con-
tnental masses and their shelves. Sometimes palaeo-
aogeographical and geological evidence may have
i bearing upon palaeotemperatures and even allow
some inference to be made regarding ancient ocean
gurrent systems.

some
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faunal provinces, using Winkel's Tripel’ projection. (Based on @

Modern and ancient reefs
Throughout geological time animals have not only
become adapted to particular environments but also
themselves created new habitats and environments.
Within these there has been scope for almost unlim-
ited ecological differentiation.

Perhaps the most striking examples of such bio-
genic environments are the reefs of the past and
present. Reefs (Fig. 1.6) are massive accumulations
of limestone built up by lime-secreting algae and by
various kinds of mvertebrates.

Through the activities of these frame-builders great
mounds may be built up to sea level, with caves
and channels within them providing a residence for
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innumerable kinds of animals, all ecologically differ-
entiated for their particular niches.

In the barner and patch reets of the tropical seas
of today, which grow up to the surface, the warm,
oxygen-rich, turbulent waters allow rapid calcium
metabolism  and continnous growth. The
principal frame-builders are algae
there are many other kinds of invertebrates in the
reef community:
amongst others. Some of these add in nmmnor ways to
the reef framework; others break it down by boring
l‘c)\\il

hence
and corals, but

sponges, bryozoans and molluscs

and grazing. The of the reef to sea level
continually keeps p.u e with subsidence, burt it is also
being continually eroded. In a typical
complex the reef itself is a hard core of cemented
algal and coral skeletons facing seawards, and as the
reef subsides it grows outwards over a forereef slope
of tumbled boulders broken from the reef front.
Behind it 15 a lagoon with a coral sand sediment and
tidal flats along the shore colonized by cyanobacteria
(‘blue-greens’). Green algae are commonest in the
back-reef facies: red algae are the main lime secreters
of the reef 1tself.

Large reefs such as the above are known as bio-
herms; they form discrete mounds rising from the
sea floor. Biostromes, on the other hand. are flat
laminar communiues of reef-type animals and barely
the sea floor.

Throughout geological history there have
various kinds which
arisen, Aourished and become extinct. In all of these
the frame-builders have included algae, but the
invertebrate frame-builders have been of different
kinds; the present corals are only the most recent in
a series of reef-building animals (Newell, 1972).

The oldest known reefs are over 2000 Ma old,
made up entirely of sediment-trapping and possibly
lime-secreting cyanobacteria: the prokaryotic stro-
matolites. Some of these reefs reached considerable
dimensions. One is reported from the Great Slave
Lake region in Canada as being over 450 m thick,
and separating a shallow-water carbonate platform
from a deep-water turbidite-filled basin. There are
no preserved metazoans in these reefs, however, and
their ecological structure may have been very sim-
ple.

With the rise of frame-building metazoans i the
Lower Cambrian a new kind of reef community
made its Stromatolitic  reefs
invaded by the sponge-like archacocyathids, grow-

rse above
been
have

of reef communities,

'.ll?PL".I rance. were

coral reef

ing in
When these earliest of reef invertecbrates became
extinct in late Middle Cambrian nme there were no
more reef animals until some 60 Ma later; the only
reefs were stromatolitic. In Middle Ordovician time
these algae were jomed by corals and stromato-

clumps and thickets on the reef surface.

poroids (lime-secreting sponges; Chapter 4) as well
as by red algae, which together formed a reef envi-

ronment attracting a host of other invertebrates

including brachiopods and trilobites, For unknown

reasons this type of reef complex did not continue
beyond late Devonian time. The reefs that arose
the Carboniferous were mainly algal,
poroids and corals no longer playing such an impor-
tant part in their construction.
kind of continued
Permian, and many of these fringed the shrinking
inland seas of that time. They rose at the edge of
deeper basins in which the water periodically
became more saline as it evaporated; there was like-
wise evaporation in giant salt pans behind the reef a
water drawn through the reef dried out in the
lagoons behind. In the Permian reefs of Texas and
northern England, which are very large, the reet
front rose as a vertical wall of laminated algal sheets,
turning over at the
level (Fig. 1.7).
The upper surface was mtensely colonized by
stromatolites, which died out towards the lagoonal
back-reef facies. This kind of reef in general mor-
phology therefore does not closely approximate the
standard pattern of Fig. 1.6, When the Permian shell
seas had dried out completely the Permian reef-
complex type vanished, and there were no mor
reefs until the slow beginnings of the coral-algal reg
system that arose in the late Triassic, Coral reef

stromato-

The same reef mnto  the

reef crest where it reached sea
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Figure 1.7 Crest of o Permian algal reef. (Redrawn from Smith,
1981.)
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have expanded and Hourished since then, other than
dunng a catastrophic period in the early Cretaceous
from which there are no reefs known (though corals
must have been living somewhere at that ame),
When the corals recovered they were joined in
many places by the pecubar rudisud bivalves, also
meef formers, which ar one period almost supplanted
gorals as the donmunant reef frame-builders. Yet these
too died out in the late Cretaceous, leaving corals
the undisputed and dominant reef~building inverte-
brates,

There has been some decline in the spread of
eoral reefs and 1n the number of coral genera since
fhe beginning of the Tertiary. They are now con-
fined to the Indo-Pacific region and on a smaller
sale to the West Atlantic. This decline may still be
gontinuing, though the reefs were not significantly
affected by the Pleistocene glaciation. The future of
world reef communities, the most complex of all
MArNE ecosystems, remains to be seen.

functional morphology, growth and form
The functions of particular organs in fossils cannot
be established by many of the methods available to
zoologists, but 1t is still possible to go some way
towards explaining how particular organs worked
when the animal that bore them was alive. Such
functional interpretation is, however, limited and in
many ways it 15 hard to go beyond a certain point,
gven when the function of a particular organ is
known (section 11.3).

Palaeontologists are often presented either with
organs whose function is not clear and which have
no real counterparts in living animals, or with fossils
of bizarre appearance which are so modified from
the normal type for the taxon that they testify to
extremie adaptations. Some attempts can be made
fawards interpreting these morphologies in terms of
adaptation and mode of life, which 1 turn may lead
i0 4 clearer understanding of evolutionary processes.
Ifthese problems are to be tackled, then a coherent
methodological scheme is needed. One particular
watem of approach, the paradigm method of
Rudwick (1961), has been much discussed, but it
lies largely outside the scope of this work and
W only some examples of s application are
mentioned.

Two related aspects of palacozoology which can
be deduced from tossilized remains alone are growth
and form, Following the classic work of d"Arcy

Divisions of invertebrate palaeontology

Thompson (1917) it has been understood that the
conformation of the parts of any orgamsm is the
result of interacting forces, dictated by physicomath-
ematical laws, which operated through
growth. The central issue here (Thomas and Reif,

have

1993) 1s the balance perceived between ‘accidents of

history and the prescription of physical laws, as
causes of organic design’.

Different marine invertebrate skeletons may be
functionally convergent in the way they grow,
and the same kinds of growth patterns turn up
frequently in representatives of many phyla. This
is because there are relatively tew ways in which
an animal can grow and yet can produce a hard
covering, Invertebrate skeletons, by contrast with
those of vertebrates, are generally external, and this
narrows down the spectrum of growth possibilities
sall further. Some of these types of skeletons are as
tollows.

External shells growing at the edges only by
accretion of new material along a particular mar-
ginal zone of growth. Very often such growth
results in a logarithmic spiral shell as in brachio-
pods, cephalopods and in coralla of certain simple
corals,

External skeletons of plates — disjunct, contiguous
or overlapping — normally secreted along a single
zone which may be but is not always marginal. A
good example is the echinoderm skeleton n
which the plates once formed are permanently
locked into place, though they may thereafter
grow individually by accretion of matenal in con-
centric zones.

External skeletons all formed at the one time.
The arthropod exoske typical.
Growth here 1s difficult for the skeleton has to be
periodically moulted, a process known as ecdy-
sis. When the old exoskeleton is cast the arthro-
pod takes up water or air and swells to the next
larger size, and the new cuticle which underlies
the old one then hardens. Growth is thus rapid
and episodic and 1s only possible during moulting.
The disadvantage of this system is the vulnerabil-
ity to damage and predation during moulting.

cton 15 most

Essentially, any kind of skeleton, internal o
external 1s ‘highly constrained by geometric rules,
growth processes, and the properties of materials

This suggests that, given enough time and an
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extremely large number of evolutionary experi-
ments, the discovery by organisms of “good”
designs — those that are viable and can be con-
structed with available materials — was inevitable and
in principle predictable . . . the recurring designs we
observe are attractors, orderly and stable configura-
tions of matter that must necessarily emerge in the
course of evolution' [Thomas and Reif, 1993).

In point of fact the potential available has been
very well exploited by living creatures, though spe-
cific constraints seldom allow the production of
ideal orgamisms. Nature works as a tinkerer, rather
than as an engineer (Jacob, 1977; see also Chapter 2)
—a point to be borne in mind in considering all liv-
ing and fossil organisms.

Stratigraphy

Sedimentary rocks have been built up by layer upon
layer of sediment, which sometimes has been much
the same for long periods of time but at other times
has changed its character rapidly. The individual
layers within sedimentary rocks are separated by
bedding planes. These bedding planes are time hori-
zons, and the history of a rock sequence 1s reflected
in its layering. Each layer in the rock sequence must
have been laid down on a pre-existing layer, so that
the oldest rocks are at the bottom of an exposed
sequence, the youngest at the top, unless the succes-
sion has been tectonically inverted. This is the prin-
ciple of superposition, recognized as long ago as
1669 by the Danish scientist Nicolaus Steensen
(Steno).

Stratigraphy 1s concerned with the study of strau-
tied rocks, their classification into ordered units and
their historical interpretation. It bears not only upon
past geological events but also upon the history of
life and 1s perhaps the most basic part of all geology
(Harland and Armstrong, 1990; Benton, 1995).

Much of stratigraphy is concerned with chronol-
ogy; the geological record has to be divided up into
time periods which are standardized, as far as possi-
ble, all over the world. One of the pnmary aims of
stratigraphy  has been to produce an accurate
chronology in which not only the order of events
but also their dates are known. Stratigraphical classi-
fication is basic to all of this.

There are three principal categories of strati-
graphical classificanion, lithostratigraphy, bio-

stratigraphy and chronostratigraphy, all of which
are ways of ordering rock strata into meaningful
units (Hedberg, 1976; Holland et al., 1978).

Lithostratigraphy
Lithostratigraphy is concerned with the erection of
units based upon the characters of the rocks and dif-
ferentiated on types of rock, e.g. siltstone, limestone
or clay. It is useful in local areas and essential in
geological mapping, but there is always the danges
that even in a small area rock units cut across time
planes. For instance, if a shoreline has been advanc-
g in one direction a particular suite of sediments,
probably of the same general kind, will be left in it
wake. Though this bed will appear in the rock
record as a single uniform layer, it will not all have
been deposited at the one time; since it cuts acros
time planes it is said to be diachronous. Such
diachronism is common in the geological record
Furthermore, many suites of sediments are laterally
impersistent; different sedimentary facies may have
exasted at the same time within a small space — i
sandstone layer, for instance, passing into a shale
some distance away. Lithostratigraphy is thus only of
real value within a relatively small region.

The divisions erected in lithostratigraphy are
arranged 1n a hierarchial system: group, forma-
tion, member and bed. A bed 15 a distinct layer
a rock sequence. A member is a group of beds
united by certain common characters. A formation
is a group of members. again united by characten
with features in common. It is the primary unit of
lithostratigraphy and is most useful in geologic
mapping. Hence it is formations that are normally
represented by different colours on geological maps
and cross-sections, and a formation is normally
defined for 1ts mapping applications. Finally, a group
ranks above a formation; it is composed of two o
more formatons and is often used for simplifying
stratigraphy on a small-scale map.

Biostratigraphy
In biostratigraphy the fossil contents of the beds ar
used in interpreting the historical sequence. It o
based upon the principle of the irreversibility o
evolution. This means that at any one moment i
the Earth’s history there was living a unique and
special assemblage of amimals, characteristic of tha
period and of no other. As time went on these wer
replaced by others; cach successive fossil assemblags
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154 pale reflection of the life at the time that the
enclosing sediments were deposited. Thus during
the early Palacozoic trilobites and brachiopods were
the most common fossils. By the Mesozoic the most
abundant were  the
ammonites; they too became extinct, and snails and
bivalves are the commonest relics of Cenozoic time.
This is how it appears on a broad scale. However,
when the time ranges of individual fossil species are
examined it is evident that some of these lasted for
only a fraction of geological time, characterizing
very precisely a particular brief historical period.

In any local area, once the sequence of fossil fau-
nis has been precisely established through assiduouns
collection and documentation from exposed sec-
tions, this known succession can be used for correla-
fion with other areas. Certain fossil species have
been found to be particularly good stratigraphical
markers. They characterize short sections of the
gelogical succession known as zones. To rke an
example, ammonites are particularly good zone fos-
sils for Mesozoic stratigraphy. The Jurassic period
lsted some 55 Ma, and in the standard British suc-
cession there are over 60 ammonite zones by which
it 1§ subdivided, so the zones are defined historical
periods which have an average duraton of less than
amillion years cach.

The practical problems in biostratgraphy are,
however, very complex, and some parts of the geo-
logical succession are much more closely zoned than
others. The mamn problems are as follows.

preservable  invertebrates

I. Many kinds of fossils, especially those of bottom-
dwelling invertebrates, are facies controlled. They
lived in particular environments only, e.g. lime-
mud sea floor, reef, sand or silty sea floor. They
were often highly adapted for particular condi-
tions of temperature, salinity or substrate and are
not found preserved outside this environment.
This means that they can only be used for corre-
lating particular environments and thus are not
universally applicable.

2, Some kinds of fossils are very long-ranged. Their
rates of evolutionary change were very slow.
They can only be used in a broad and general
sense for long-period correlation and are of very
litde use for establishing close subdivisions.

3. Good zone fossils such as the graptolites are deli-
cate and only preserved 1n quiet environments,
being destroyed in more turbulent conditions.

Divisions of invertebrate palaeontology

4. Since fossil species could migrate tollowing their
own environment through time, there 1s always a
possibility of diachronous faunas. The zone as
defined in one area may not therefore be exactly
tome-equivalent to that in another region.

In the example of a graptohte, therefore, for the
reasons outhned m (3) and (4), the total range or
biozone of a species 1s not likely to be preserved in
any one area, and it is therefore hard to draw ideal
isochronous boundaries or time lines.

[deally, zone fossils should have a particular com-
bination of characters to make them fully suitable
for biostratigraphy. These would be:

a wide horizontal distribution, preferably inter-
continental:

a short vertical range so that they could be used to
define a very precise part of the geological col-
umn;

enough morphological characters to enable them
to be identified and distinguished easily;

strong, hard shells to enable them to be com-
monly preserved;

independence of facies, as would be expected
from a free-swimming animal.

All of these conditions are seldom fulfilled in fos-
sils used for zonation; perhaps the neritic ammonites
come closest to it, and it 13 not surprising that the
principles of really precise stratigraphical correlation
were first worked out fully with these fossils,
notably by the German palacontologist A. Oppel in
the 1850s.

It was Oppel too who first recognized that there
are various ways of using fossils in stratigraphy
which partially circumvent the difficulties men-
tioned, and hence different types of biozones. There
are four main kinds of biozones generally used
(Hedberg, 1976). Assemblage zones are beds or
groups of beds with a natural assemblage of fossils.
They may be based on all the fossils preserved
therein or on only certain kinds. They are usually
very much environmentally controlled and there-
fore of use only in local correlation. Range zones
are perhaps of more general application. A range
zone usually represents the total range of a particu-
larly useful selected element in the fauna. One may
therefore refer to the Psiloceras planorbis zone, based
upon the eponymous ammonite that defines the
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lowest zone of the European Jurassic, above which
is the Schlotheimia angulata zone. Each range zone 18
always named after a particular species which occurs
within it. Where there are a number of zonally use-
ful species, or where the ranges of individual species
are long, a more precise tme definition may be
given by the usc of overlapping stratigraphical
ranges. Such zones are therefore called concurrent
range zones. Acme or peak zones are useful
locally. An acme zone is a body of strata in which
the maximum abundance of a particular species 15
found, though not its total range. Such acme zones
may be narrow but are often useful as marker hori-
zons in geological mapping. Finally, an interval
zone is an interval between two distinct biostrati-
graphical honzons. It may not have any distincove
fossils. or indeed any fossils at all, being simply a
convenient way of referring to a group of strata
bracketed between two named biostratigraphically
defined zones.

Biostratigraphical ~ units, ~unlike litho- and
chronostratigraphical umits, are not hierarchially
arranged, apart from in the case of subzones, which
are local divisions where a zone can be divided
more finely in a particular region than clsewhere.

A different kind of stratigraphic concept, the bio-
mere (Palmer, 1965, 1984) was defined as a
regional biostratigraphic unit bounded by abrupt,
non-evolutionary changes in the dominant elements
of a single phylum. These changes are not necessar-
ily related to physical discontinuities in the sedimen-
tary record and they may be diachronous. The
biomere concept hay proved most useful in studies
of late Cambrian trilobite faunas, where a repeated
pattern of events is evident from the fossil record. In
cach biomere the shelf sediments contain an initial
fauna of low diversity and short stratigraphical range
(one or two species only). However, later faunas
within the biomere become much more diversified
and of longer stratigraphic range and suggest, by this
stage, ‘sound adaptive plans’ and the zenith of the
trilobite fauna. At the top of the biomerc there 1s
often a rather specialized fauna of short-lived trilo-
bites, then all the groups become extinct abruptly.

The succeeding biomere begins in the same way
as its predecessor, often with trilobites of similar
appearance to those at the base of the first one. They
may have migrated in from a stock of more slowly
evolving trilobites in an outlying, possibly deeper-
water area, The later development of the new bio-

mere is as before: expansion and diversification fol-
lowed by extinction. Several such biomeres have
been defined in the intensively studied Upper
Cambrian of North America. The pattern 1s invari-
ably similar and could probably be discerned m
other parts of the geological colummn as well.

Chronostratigraphy
Chronostratigraphy is more far reaching than either
bio- or lithostratigraphy but has its roots in both of
them. Its purpose is to organize the sequence of
rocks on a global scale nto chronostratigraphical
units, so that all local as well as worldwide events
can be related to a single standard scale. Hence it 1s
concerned with the age of strata and their tme rela-
tions. To do this a hierarchical classification of time-
equivalent  units  must be employed. The
conventional hierarchical system used is as shown i

Table 1.1.

Table 1.1 Conventional hierarchical correlation  between
chronostratigraphical and geochronological units.

Chronestratigraphical units Geochronological units

Eanothem Aeon
Erathem Era®
System® Period®
Series” Epoch®
Stage” Age
Chronozone CEron

These terms are in most common use.

Chronostratigraphical units relate quite simply to
geochronological  units; thus the rocks of the
Cambrian System were all deposited during the
Cambrian Period. Most of these terms are self-
explanatory, but it should be recognized that they
are all. at least in theory, worldwide in extent.

The Psiloceras planorbis chronozone is a time unit
equivalent to the time n which the said ammonite
was in existence, even if it was confined to certain
parts of the world only. It is hard indeed, however,
to be able to delimit chronozones accurately, since
most fossils were confined to certain geographical
regions OF Provinces, as aré Most of the anmimals liv-
ing today. There are relarively few well-established
chronozones, or ‘world instants’ as they have been
called. and so ‘chronozone’, though it has a real
meaning, is not a term applicable to most practical
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stratigraphy. A stage, on the other hand, 1s a group
of successive zones having great practical use, espe-
aially since it is normally the basic working time
unit of chronostratigraphy, the narrowest that can
actually be used on a regional scale.

It 15 usually at the stage level that rocks of widely
different facies can be correlated. As an example
there are some difficultics in making precise zonal
rrelatons between Ordovician trlobite—brachio-
pod faunas and time-cquivalent faunas with grapto-
lites. Graptolites are rarely preserved in the siltstones
and limestones favoured by the shelly fossils, and the
lateer, being benthic, could not inhabit the stagnant
muds in which the graptolites were best preserved.
In some areas, of course, the faunas do alternate in

yertical sequence since the sites of deposition of

these two facies fluctuated with oscillating shore-
lings, bur though precise zone-to-zone correlations
ire possible at some levels it is found in practice that
Ordovician graptolite zones correlate best with
stiges defined on shelly fossils.

Fossils give a relative chronology which can be
wed as the primary basis of chronostratigraphy.
Nevertheless, it 1s often hard to correlate precisely
beds of equivalent age in widely separated areas,
The fossil sequences, though well documented with
few elements in
common, if indeed any at all, since they belong to
different faunal provinces which are hard to corre-
fite, Sometimes, however, the boundaries of such
provinces may have oscillated to and fro. There may
therefore appear elements of adjacent faunal prov-
mees m vertical succession, thus facilitating strati-

any one area, may contaim very

gnphical correlation. At mose stratigraphical horizons
there are usually some ubiquitous worldwide fossils,
$0 that intercontinental correlation is not impossible.

In chronostratigraphy the relative sequence given
by the fossils is supplemented and enhanced by
absolute dates which can be affixed at certain points
wherever appropriate rocks occur. These are usually
lavas bracketed between fossiliferous sediments, and
their occurrence 15 not oo common. [t is most
wilikely, therefore, that radiometric dating will
supersede palaeontological correlation; the two are
utirely complementary, and the great success of
thronostratigraphy, i spite of its hmitations, owes
much to both. The use of automatic data-processing
und retrieval systerns is growing and may (Hughes,
198Y) compensate for some of the constraints in
present stratigraphical practice.
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record

Amongst all the sciences concerned with organic
evolution it is only palacontology that has the
unique perspective of geological time. Tt is the rock
record alone that provides an historical perspective
tor the study of evolutionary events, and this time
dimension could never have come from any other
source. Accordingly, the input of palacontology to
evolution theory has been in understanding the his-
tory of life, in interpreting patterns of evolution
(e.g. adaptive radiations) and lines of descent, and,
importantly, in assessing rates of evolution. Now it
has to be admitted that the fossil record is incom-
plete, and to interpret it can in some instances be
‘like trying to read a diary with half the pages
missing’ (Sheldon, 1988). Yet it stll remains an
immensely rich source of primary data, and can
give, if resolved finely enough, a fair picture of evo-
lutionary events that actually took place, however
long ago.

The student of palacontology needs to have some
background in biological evolutionary theory, other-
wise he will be in the position of ‘the man standing
by the roadside and watching the cars go past but
without any idea of how their engines work’, to use
Brouwer’s (1973) graphic simile. For the fossil
record cannot give much information on the mech-
anism of evolutionary change; this has to be pro-
vided by generics, cytology, molecular biology and
population dynamics, building upon the original
conceptions of Charles Darwin. Many years ago the
first real multidisciplinary amalgam of data was pub-
lished as Evolution: the Modern Synthesis (Huxley,
1942). From this highly successful attempt at weld-
ing together information from various sources, the
neo-Darwinian synthesis takes its name — and this is
a useful starting point. But recent developments in
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molecular biology are transforming and adding to
this synthesis, and new views on the nature of the

gene seem to be changing our whole conception of |

how organisms evolve.

In the following text, therefore, [ present firstly a
simplified account of classic neo-Darwinian evolu-
tionary theory, aimed particularly at students of
Earth science who may only have a limited back-
ground in biology. This includes some information
on the impact of new information from molecular
genetics on evolution theory. This section is not

intended to be comprehensive, nor does it pretend |

to be a guide to all recent developments and dis-
coveries. Fuller treatments are readily available else-
where viz., Simpson (1953), Maynard Smith (1975,
1982), Mayr (1963, 1976), Dawkins (1986),
Dobzhansky et al. (1977), Gamlin and Vines (1987),
Bonner (1988), Endler and McLellan (1988),
Hoffmann (1989), Campbell and Schopf (1994),
Maynard Smith and Szathmary (1995), Futuyma
(1996), Strickberger (1996), Ridley
others listed in the bibliography, while Valentine
(1973), Hallam (1977), Stanley (1979), Cope and
Skelton (1985), Levinton (1988) and Skelton (1993)
are more directly concerned with evolution and
the fossil record. In the second part of this chapter
there is a more extended account of what the fossil
record can tell us about the nature of evolutionary
change.

2.‘.! Dnrwm, m. madn and natural

The thcnry of evolution links together a multiplicity
of biological phenomena and is underpinned by all
the evidence of the geological record. It remains a
theory, not a proven fact, for the immense timescale
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over which evolutionary changes have taken place
does not permit their direct observation. There is,
however, no other theory which encompasses so
much and accords with the evidence of comparative
anatomy, biochemistry and physiology, of genetics
and cytology, and of the relatonships between
prganisms  perceived by taxonomy. Whereas the
gvidence in some of these fields 1s circumstantial,
when brought together and interpreted it builds up
o a theory of formidable consequence, and as
Dobzhansky has said, ‘Nothing in biology makes
sense except in the light of evolution.”’

The recent facile attempts to discredit evolution
by self-styled ‘creation scientists’ have been so elo-
quently dispatched by Dott (1982), Kitcher (1982)
and Stanley (1982) that no further comment is
needed here.

Although Charles Darwin is generally regarded as
the father of evolution theory (Darwin, 1839), there
were many pre-Darwinian scientists who postulated
that animals and plants had changed over long peri-
ods of ime and that new types of ‘species’ had arisen
from pre-existing ones. These early workers and
Darwin himself identified many different points
which could be regarded as evidence for the origin
of modern species from pre-existing and more
pamitive ancestors. All these are accepted today,
though refined and added to. Taxonomy, as always,
lies at the heart of evolutionary thought, and closely
mtertwined with 1t is comparative anatomy. The
five-fingered, or pentadactyl, limb of higher verte-
brates, for example, has been modified in a variety
of ways. The grasping hand of primates, the flippers
of marine mammals, the wings of birds and bats;
the hoofs of horses — they all look dissimilar, but
are all variants on a common theme. Likewise the
diversity in structure and function of the beaks of
the Galapagos finches (Geospiza), which Darwin
encountered during the voyage of the Beagle in
1833, led him to say ‘Seeing this gradation and
diversity in structure in one small, intmately related
group of birds, one might really fancy that from an
original paucity of birds in this archipelago, one
species had been taken and modified for differenc
ends’. Geographical distribution was seen as impor-
ant to evolutionary thought in other ways too.
Thus the exastence of ‘relict” and isolated species
(e.g: lungfish) in different parts of the world surely
indicated an original widespread ancestral type, a
sibsequent popuilation collapse, and restriction of a
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few species to small areas only where each had
become adapted to its own environment.

Darwin was particularly interested in selective
breeding of animals and plants under domestication.
He realized that the present great variety of dogs and
cattle had been produced in only a few thousand
years from only one or at most a few ancestral types.
He concluded that a great potential for ‘descent
with modification’ must exist in all animals and
plants which could be speeded up by such artificial
breeding. This led on to the belief that similar
processes, though probably on a slower time scale,
had operated in the wald state; in other words ‘nat-
ural selection’. Thus breeding experiments are the
foundadon of classical genetics, where the mecha-
nism of heredity 18 understood in terms of its effects.

Darwin was also concerned with palacontology
but he found that the fossil record was somewhat of
a disappointment in supporting the case for evolu-
tionary change. He had hoped to find evidence
of gradational change between animal species, of
‘infinitely numerous transitional links’ connecting
ancestors to descendants and of stratigraphically
arranged series showing ‘descent with modification’.
In fact, he did not find what he had expected.
Darwin assumed that the imperfections of the rock
record and the limitations of knowledge at that nme
were the factors responsible. He was indeed partially
correct, but to this point we shall return later.

Of the pre-Darwinian evolutionists the most
promuinent was the French naturalist Jean-Baptiste
Lamarck (1774-1829), who proposed long before
Darwin that all living organisms had onginated from
prinutive ancestors and that in the slow process of
such changes had become adapted for living in partic-
ular environments. The concept of such adaptation
originated with Lamarck. He appreciated that in
order to live, animals have to be efficiently adapted to
all the physical and biological parameters of the envi-
ronments they inhabit. In a sense, of course, an ani-
mal is ‘all adaptation’; it has to be anatomically,
physiologically and trophically adapted to its environ-
ment, and it is critical to evolution theory to under-
stand how such adaptations came to be.

While appreciating the importance of adaptation,
however, Lamarck linked his insight with some
concepts no longer believed to be tenable. He
believed that adaptation had come about through
some kind of internal driving force, a ‘vital spark’
which made animals become more complex. He felt
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that new organs must arise from new needs and that
these ‘acquired characters’ were mnherited, as i his
classic postulate that the neck of the giraffe had
become longer in response to a ‘need’ to reach
leaves up on the tree. The theory of inheritance of
acquired characters is not highly regarded nowadays
and 15 generally untestable (although there 1is
some evidence of a kind of genetic feedback from
the environment operating to produce apparent
‘Lamarckian changes’). Darwin, on the other hand,
provided a logical and testable theory for evolution-
ary change: one that has stood the test of time and
provided a starting point for later developments.
The full title of Darwin’s major work of 1859 was
Omn the ongin of species by means of natural selection, or
the preservation of favowred races in the strugele for life.
The main points of the theory are straightforward.

. Animal species reproduce more rapidly than is
needed to maintain their numbers. Animal popu-
lations, however, though fluctuating, tend to
remain stable. (Here he was mfAuenced by the
Englishman Malthus, who had written on this
subject some years carlier.)

2. There must therefore be competition within and
between species in the ‘struggle for existence’, for
food, for living space and (within members of the
same species) for mates, if the characters that indi-
viduals bear are to be transmitted to the next gen-
eration.

()

. Within species all animals vary, and this variation
is inhented.

4. In the struggle for hfe those individuals best fitted
to suryvive in a particular environment are the
ones to live and to reproduce. The others are
weeded out in the intense competition. The
favourable characteristics that make such survival
possible are inherited by future generations, and
the accumulation of different favourable charac-
ters leads to the separation of species well adapted
to particular environments. This is what Darwin
called ‘natural selecoon’.

All this seems logical enough, though Darwin's early
critics, Mivart for instance, argued that Darwin had
not really shown how favourable characters were
actually accumulated, only how those animals less
fitted to their énvironment failed to survive. In this
they were not unsound, for the most serious weak-
ness of the theory, as presented by Darwin, was that

the nature of variation and heredity was largely
unknown, so that his views on this were speculative’
and insufficient for the theory to be seen to work.
The pioneering work of the Austrian monk
Gregor Mendel in 1865, and of the later school off
T.H. Morgan which began in 1910, laid the foun-
dation for genetic experiment and theory. It was this®
that supplied the necessary understanding of hered-
ity essential to the amplification of Darwin’s theory.

-

Inheritance and the source of variation

[n the cells of all eukaryotes (all organisms except for
viruses, bacteria and cyanobacteria) there 15 2
nucleus (Fig. 2.1) containing elongated thread-like
bodies, the chromosomes, which are made of pro-
tein and deoxynibonucleic acid (DNA).
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The DNA molecule forms a long, twisted, spiral
- ladder of which the ‘uprights’ consist of alternate
. blocks of phosphoric acid and the pentose sugar
deoxyribose, whereas the ‘rungs’ are matching pairs
of relatively small units, the nucleotide bases. These
bases, in DNA, are adenine, guanine, thymine and
gytosine, They are attached to the pentose sugar
units and project inwards, linking up together in
| pars. Adenine can only pair with thymine, and
eytosine with guanine.
t In the chromosome the DNA strands are
amanged 1n discrete units, the genes, which are
* stung together along the length of the chromo-
- some, and of which there may be several hundred
per chromosome. The genome is a term used to
* describe the whole genetic complex. These genes
- e the primary units of heredity, carrying the
- genetic code, which is involved in producing pro-
*geins and in directing the development and func-
tioning of the whole organism. All the necessary
‘ wformation for these ends is carried in the DNA,
~and what is important is the sequence of the four
- nucleotide bases along its length. Though these
‘ form a kind of alphabet consisting only of four
letters, the number of possible combinations in
which they can exist, coding for specific proteins, is
| gnormous. This sequence of nucleotide bases
B determines the sequence in which any of the 20
L amino acids found in living organisms are strung
*together to make proteins. It has been shown that
tombinations of three bases acting together code for
i.‘mad‘“ amino acids, and there are more than
l“ﬁmugh possible combinations in this ‘base-triplet’
- system to make all the biogenic amino acids, and to
dink them up in the right order to make a specific

- protein,
- Proteins are synthesized, not in the nucleus, but
At the ribosomes in the cellular cytoplasm, and this
S ineans that all the information has to be transferred

s “oiit of the nucleus to these sites of protein synthesis.
i “For this to take place the nuclear DNA first pro-
‘duces a single-stranded copy of itself, nuclear RINA,

but with uracil replacing thymine and ribose sugar

ot weplicmg deoxyribose. Following this process of

‘ranscription’, a further molecule (messenger
BNA) is formed, which moves out of the nucleus,
presumably through pores in the nuclear membrane,
and attaches itself to the ribosome. (This is not a
simple process, however, for at this stage the genes
themselves are modified. It has been shown recently

Darwin, the species and natural selection

that genes themselves are made of two kinds of
components arranged in series. These are exons,
which code for proteins, and introns, which do
When the DNA is transcribed to
nuclear RNA it retains the organization of the orig-
inal DNA, but when nuclear RINA 1s reprocessed to
messenger RNA the introns are lost and the exons
are spliced together. This does not always take place
in the original order, however, and such exon shuf-
fling may be the basis of rapid evolution of proteins
themselves in new combinations. Provided that
these are functional, new gene systems may arise
through comparatively few such shuffling events,
and in short periods of time. This 1s a newly under-
stood phenomenon, but may have important conse-
quences for evolution theory.)

When messenger RNA arrives at the surface of a
ribosome it does not form protein directly, but
through yet another intermediate molecule, transfer
RINA, and when this complex process 1s complete,
the result is a protein sequence, coded for by the
nuclear DNA, the transfer RNA meanwhile return-
ing to the cytoplasm.

The understanding of protein synthesis has been a
major triumph for molecular biology, but the mole-
cular pathways that lead from genes to actual organs
and characters are very complex, and at present
largely unknown. How the proteins and other com-
pounds which are produced are organized and built
up mto functional organs and whole bodies remains
one of the man tasks for molecular biology for the
future. Some progress has already been made; it is
now known that some genes are ‘structural’, and
concerned only with the synthesis of materials,
others are ‘regulator’ genes, which control and
organize the compounds and direct their building.
Such genes release chemical products which start a
whole host of complex reactions. In some kinds
of development the genes are switched on and off
in particular sequence, releasing products which
react together in synthesizing complex molecules.
Structural genes can be acuovated and deactivated
when needed; evidently the nitial stimulus for the
switching on of structural genes 1s given when a
SENsOT gene receives an appropriate stimulus.

Simple organisms such as bacteria and fungi have
sets of adjacent genes known as operons, coding for
a particular metabolic pathway. These can be
switched off and on together. In higher organisms,
however, genes which control different parts of a

not. nuclear
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coordinated programme may be scattered around in
small groups, but on different chromosomes.

Genetically identical orgamsms reared in different
environments will not develop to exactly the same
form, as 15 witnessed by the different appearance of
vegetables grown in rich and poor soils, respec-
tively. The inherited genetic material in any organ-
ism, known as the genotype, is reacted upon by the
environment (probably through sensor genes) to
create a developed individual. This individual, the
product of both heredity and environment, is the
phenotype.

Sometimes single genes control single characters.
More often characters are polygenic; that s, many
genes, cach of small effect, contnbute to the bio-
chemical pathways that result in the formation of a
particular genes  are
pleiotropic; that is, they affect several characters
since the same gene products may be used in differ-
ent biochemical pathways. A phenomenon which at
first sight seems puzzling 18 thar much of the
genome consists of repeated DNA segments (multi-
gene famihes) with anything from two to several
thousand copies of the same gene. Though it may
appear that much chromosomal material is redun-
dant, there could well be important evolutionary
implications here, as is discussed later.

character. Again, some

Where does variation come from?

Within the nucleus of any cell in the body of most
living organisms there 15 a specific number of chromo-
somes with their genes, The chromosome number 1s
always constant for the species. In humans there are
23 pairs of chromosomes, while in the fruit fly
Drosophila there are tour pairs. The members of each
pair are all homologous, 1.¢. similar in appearance
and length, except for one pair, the sex chromosomes,
upon which the genes regulating sexual characters
are located. [The sex of an individual depends upon
this pair of sex chromosomes. In one sex the chro-
mosomes are identical (XX) in the other sex they are
dissimilar (XY). The sex chromosomes carry other
genes than those specitically responsible for sexual
characters and thus certain physical characters are
sex-linked. In mammals the female is XX and the
male XY, but in birds it 1s the other way round].
When chromosomes are paired like this the orga-
nization is said to be diploid, the chromosome

T,

number being conventionally defined as 2n. e

When the body (somatic) cells of an anin
divide as the orgamism grows, the chromoson: .,
divide by longitudinal fission, and each ‘daughte 7
cell inherits an exact copy of the chromosomes af,
genes in the parent cell. This process, known !
mitosis (Fig. 2.2), is effectively the same for all £
somatic cells in any one body.

When a cell is not dividing, the chromosomes 3. M
largely invisible; this is known as interphase. As oy T
division begins, biological staining reveals the chr ™. = 7 .~

i S

mosomes, each already divided mto two chroman
held together by a small sphencal centromere, whu
does not stain. The first stage of cell division
prophase, where two centrioles move to opposi
poles and a ‘spindle’ of protein threads appe:
between them. At metaphase the nuclear membra g e
vanishes and the chromosomes line up along t”  ° ).
median plane, each splitang i two so that ca
chromatid becomes a daughter chromosome with
own centromere, Then, during anaphase they pi
apart so that each bundle of daughter chromosom
moves to the opposite pole. Finally, at telophase,
new nuclear membrane appears round each set
chromosomes, the spindle vamishes and the «
divides into two identical daughter cells. '

On the other hand, the formation of eggs
sperm (gametes) in the testes and ovaries respe -
tively involves a very different process: meios -
(Fig. 2.3).

There are two cell divisions. The first of these i
reduction division in which cach daughter cf

interphase

inherits only one chromosome from an homologo(." - .~ =+
pair. Here again there are four phases but some | "‘\\\_‘ e
these are significantly different from their mitot e
counterparts, During prophase of the first meiot telophase
division, when the chromosomes pair up, thi

divide longitudinally, forming groups of four chr

matids (tetrads) but with only one centromere fi

each pair of chromatids. These four chromatids a

often tangled at certain points known as chiasmat

and as they pull apart they break and re-form., eac

exchanging parts of the same length with its homa

ogous chromosome. The result of such ‘crossin

over is that the unparred chromosomes pass(’-z The stages of mi
down to the daughter cell are not identical wil )
those of the parent cell, as they are composed of bf gametes from
of each of the homologous paired chromosomé has half the num
The second meiotic division 1s like a somatic cfOMOSOMES are ur
mitosis, so that the end product of the two divisiopny ©f the parent
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metaphase

telophase
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fige2.2 The stages of mitotic cell division in a eukaryotic cell. For explanation see text. (Modified from Kershaw, 1983.)

Slour gametes from a single parent cell. Bach material was exchanged during crossing over.

giele has half the number of parent chromosomes; These gametes containing unpaired chromo-
thechromosomes are unpaired, and none are identi-  somes are said to be haploid, and the chromosome
Maltoany of the parent chromosomes since genetic  number is n.
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Figure 2.3  The stages of meiotic cell division in a eukaryotic cell. For explanation see text. (Modified from Kershaw, 1983

When eggs are fertilized by sperm the homologous
chromosomes from different parents come together
and pair up. In this process of recombination a new
genotype results from already exasting genes, deriving
from different sources. The effect of both crossing
over and recombination 1s that variation within the
products of reproduction is high. It i1s mainly upon
this vanation that natural selection operates.

Significance of alleles

side by side,
matching gene by gene. The homologous genes,

Homologous chromosomes lie

however, are not necessarily 1dentcal, for they may
exist in a number of ‘expressions’, known as alleles
each of which 1s slightly different chermmcally an
will lead to the development of differences in th
characters it controls. Such differences may rang
from the minor to the very substantial.
Sometimes, as in the genes controlling humas
eye colour, there may be only two alleles, desig
nated R and r in conventional notation, R controk
ling brown eye colour and r controlling blue ey
colour. Alleles for eye colour may exist on homolo-
gous chromosomes in four possible combinationt
RR, Ry, tR or ir. In the homozygous conditid
alleles on homologous chromosomes are of the sany

kind: RR
they are of
possessing
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Kind: RR or rr. In the heterozygous condition
they are of different kinds: Rr and rR. An individual
* possessing RR will have brown eyes, whereas the
‘ pmsmor of r will be blue eyed. But the combina-
B tions of Rror 1R will also lead to brown eyes, for the
illele R 1s dominant over r and masks its effect. In

| this case ris said to be the recessive genc.
Sometimes alleles are multiple; some genes are
* known to exist in up to alleles. Human blood
mpes, for example, are controlled by only a single
gene which occurs as three alleles designated p, g
and 1. Alleles p and ¢ have equal dominance whereas
*pi recessive, Of the four human blood groups O
B hasthe recessive homozygote m; group A may carry
: ppor prand group B gq or gr, while the group AB

fasthe dominant heterozygote pq.

- The above examples deal with genes affecting
single characters, but there are more complex pat-
tems of variation when two or more genes control
Single characters. Thus plumage colours in parakeets
are under the control of two genes which in differ-
gt combinations may produce blue, green, yellow
or white feathers — a wider combination of colours

than would be possible with only a single pair of

These sources of variation — crossing over, re-
* tombination, homo- and heterozygosity, multiple
lleles, ete. — are all consequences of diploidy. In
“addidon, many plants increase their potential vari-
ability by polyploidy, i.e. duplicaton of chromo-
somes, allowing a greater number of loci for alleles.

B Dolyploidy, however, is rarely found in animals.

‘ alleles.

Recessive genes might be expected to get lost
" furing evolution, but in fact the proportions of alle-
B e within populations do not normally change,
mless there is a special survival advantage in possess-
Sig one particular type of allele. If there is no such
Jdvantage a genetic equilibrium is maintained in
terms of the Hardy—Weinberg equation:
p+ 2pg + ¢° = equilibrium
’Whert‘p‘ and ¢° represent the relative proportions of
dmmnant homozygotes (RR) and recessive hetero-
“mygotes (), respectively. The equilibrium so defined
Will only be shifted when there is a decided selective
dvantage in possessing a particular allele. Thus if a
| Cpaticular phenotype is preserved by natural selec-
“tion, the balance will alter and the proportion of the
“illele within the population will increase.

Darwin, the species and natural selection
Evolution can thus be considered as based upon

changes in gene frequencies through natural
selection.

Mutation

MNatural selection operates upon the great stock of

variation inherent in the gene pool of a population.
The genes are continually reshuffled by the mecha-
nism discussed above in new combinations or geno-
types. But if evolving organisms are ever to give rise

to anything radically new there must be a source of

new  variation.
from?

It sometimes happens that a gene will suddenly
and spontaneously change to a new allele. This kind
of random change 1s known as a gene mutation. It
1s the result of a chemical change in the DNA helix:
a substtution or rearrangement of nucleotide bases,
or a duplication or loss of a small part of the
sequence. The simplest kinds of mutation arise by
one nucleotide base, or a pair of bases, being
replaced by another base or base pair. This is substi-
tution, but mutations can also arise by addition or
deletion of base pairs and this may disrupt the func-
tion of the gene. Mutations on a larger scale can
affect from tens to thousands of base pairs, and
chromosomal mutations, which are the most
extreme kind, may involve inversion, rearrange-
ment, addition or deletion of long sequences of
DNA. These tend to have larger-scale phenotype
effects and are more often disadvantageous.
Although it was formerly held that mutations are
comparatively rare events, it is now apparent (Drake
et al., 1983) that spontancous ‘lesions’ are continu-
ally occurring in chromosomes during replication;
there may be many per cell each day. But such mis-
pairings are continually being repaired by a comp]e
enzyme system (DNA polymerase acting in con-
junction with other enzymes). This acts as a ‘proot-
reader” which picks up wrongly paired bases and
puts them back in the right order. Even this proof-
reading system sometimes slips up, and mutations
then are fixed in the chromosome, to have their
effects upon the descendant.

While mutations have been traditionally under-
stood as being due to DNA damage or misprocess-
ing, it has recently been shown that many

Where does this variation come

spontaneous mutations, especially those on a larger
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scale, may be due to mobile genetic elements (vari-
ously named ‘jumping genes’, ‘transposons’, or
even ‘molecular parasites’), which are DNA
sequences able to move along chromosomes or from
one chromosome to another. They can alter the
whole genetic structure of an organism through
rearrangement or expansion of its genetic material.
Some tend to attach themselves to particular sites;
others seem able to fit in almost anywhere. The
capacity for movement of these mobile or quasi-
stable genetic elements allows a radical and rapid
alteration of the pattern of gene expression by a
single genetic event — a phenomenon which has
clear implications for rapid evolution and for the
origin of new types of organization.

A new allele, formed by mutation, is hentable
and will produce changes in one or more characters
in the organism, These changes are usually of small
scale and of limited effect; if they are larger they are
very often lethal. Most mutations are neutral, some
are disadvantageous, but others may lead to new or
somewhat different characters which may carry
some selective advantage. An advantageous muta-
tion, which may only have a marginally beneficial
effect, will only be able to spread if (1) it is recurrent
within the population so that new recruits are
continually added to the mutant stock, (2) it
carries selective advantage so that the
Hardy—Weinberg equilibrium 1s shifted in its favour
and (3) the population 1s small enough for it to be
carried and spread relatively quuckly.

All alleles have resulted from mutation; multiple
alleles have ansen at different times. Some mutant
alleles may spontaneously mutate back again to the
original gene expression from which they arose.
The rates of mutation vary with the gene. Some are
much higher than others, but they are generally
low, one mutation in 10 000 for a particular gene
being considered as high, The rate of mutation can
be increased by radiation, including exposure to
ultraviolet light, or by chemical means.

some

Spread of mutations through
populations

Mutation 18 the primary source of variation, but it is
only through the effects of diploidy in higher organ-
1sms that the mutations can spread. As mentioned. it

1s not likely that mutations will spread very fast in a
large population, even if they are dominant and
mutation rates ate high. But most natural popula-
tions are not evenly distributed throughout their
species range. They tend to be subdivided mto
relatively small units of population, known s
gamodemes. Examples of such natural population
groupings are rabbit warrens, schools of fishes, pond
communities, the faunas of enclosed lagoons and, in
the human sphere, the inhabitants of towns and vil-
lages. They tend to be partially isolated from other
such gamodemes, but not completely so, for though
cach gamodeme carries 1ts own gene pool there i
some possibility of exchange and hence gene flow
between the pools.

It is within such small natural populations tha
favourable mutations, especially those allowing bet-
ter adaptations, are able to spread. A mutant condi-
tion established even mn one family may, if it
possesses selective advantage, soon spread through
the population in the gamodeme within relatively
few generations. It may then spread to other
gamodemes in the vicinity, increasing the effective
range of the useful mutant condition. Such a mutant
condition, especially if occurring in a peripheral
isolate (i.c. a single gamodeme, or small cluster of
gamodemes on the fringes of a larger widespread
population), will be the first step towards the forma-
tion of a new and distinct species. The accumulation
of a few more mutations may then isolate it com-
pletely, as in the classic Darwinian mode. The origin
of species from such peripheral 1solates is known as
allopatric speciation (section 2.3). When the new
type is sterile with the parent stock, having diverged
enough genetically, the ‘parent’ and ‘daughter'
species are then entirely distinet.

Recessive mutations spread comparatively slowly,
and only in small populations with close inbreeding
15 there any likelihood of more rapid spreading
However, recessive mutations can become domi-
nant under certain circumstances. Experiment
have shown that changes in temperature alone
may be enough to modify the dominance of 3
gene. In natural populations there are some genes
which exist only as modifiers, changes in which may
alter dominance to recessiveness in a gene. If
recessive allele is favourable it will be selected for
dominance.
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‘ Isolation and species formation

Aishould now be clear that some kind of isolation is
pormally essential for species formation, It may be a
: geographical isolation, i.¢. some part of a population

. B bing cut oft from the rest by a barrier, as noted
*gbove, But there are other kinds of isolation which
| my be cqually effective in certain cases. There is
. sbgical isolation, in which species become adapted
- 8 '-.~ microhabitats in the same general area. Physio-
- gaal or biological factors may also isolate popula-
1 fions so that they speciate, €.g2. c lmngu in the timing
3 “ilthe breeding cycle or merely size differences pre-
/ (uding copulation. Again, there may be a simple
'| ‘| eetic incompatibility; fertilization may take place
t 3 t, because of different chromosome lengths or
- tions of alleles, recombination is impossible and
- " h‘,bnds abort in embryo or are sterile.
v 4 There are other ways in which isolation might be
13 ‘j’.:. ed. A population ‘explosion” or flush, derived
Y § mn & founder popu]atlun may initially expand
T | i many new areas in which competition or pre-

on 15 minimal. After the first fAush, however,
come an equally sudden crash, which leaves
o few small isolated populations, widely scat-
tiedand each with its own sample of the total gene
pool. These in turn may act as founders of new
gs, at least some of which may survive. Where

ally large population has been all but wiped
by some catastrophe, the species may recover
expand again, However, it has passed through a
ic bottleneck” in which much of the potential
has been lost. The loss of these alleles leads
omozygosity, and such lack of variation may
ely prove detrimental.

tic drift: gene pools

i population is very small it will contain only a
ied and random sample of the total genetic vari-
within the whole species, i.c. only a fraction
overall ‘gene pool’ of that species. The
the population, the fewer will be the alleles
ddown to future generations.

- meiosis only one chromosome of a pair,
lits andom sample of alleles, is passed down to
Lgmetes; any alleles in a tiny population that
recombined in fertilization are therefore
i 4 special evolutionary process, known as

Darwin, the species and natural selection

genetic drift, becomes important in these small
populations. This 1s simply an evolutionary change
in gene frequencies through random chance assort-
ment, without selection being involved. Hence cer-
tain localized populatons descended from an initial
pair or few pairs may become quite distinctive or
may even differentiate as new species merely
because the founders of the population happened to
carry a particular set of alleles.

In any gene pool the effects of all the factors con-
sidered so far are continually interacting, though
many biologists believe that most mutations are
neutral and occur at a more or less constant rate.
Gene frequencies within the gene pool are related at
the chromosome level to mutation, crossing over
and recombination. They may be ‘stabilized’ in a
particular kind of selection that actually prevents
evolution in a large population, for if the species is
successful, widespread and well adapted to its envi-
ronment, the undesirables are weeded out and the
only operational selection is stabilizing selection.
This is analogous to what Mivart proposed in his
critique of Darwin. On the other hand, gene fre-
quencies begin to alter when the environment
changes to become easier or harsher or when a pop-
ulation migrates into a new area and, finding little
competition, begins to differennate ecologically.
The intensity of selection under these latter circum-
stances 15 much greater. At such umes there may
occur directional selection towards one extreme in
response to a long-continued selection pressure, and
this 1s seen in the fossil record as an evolutionary
trend (though often it is hard to see the reason for
the trend). Alternatively, disruptive sclection may
occur; the commonest phenotype in a population
can be selected against, and the two cxtremes are
positively selected, forming two different species
from an original normally distributed population.
One would therefore expect to find in the fossil
record relics of long periods of species stability, sep-
arated by breaks representing times when speciation
was very rapid, and then again stable periods. This is
very often what is found, as will be explained at
some length in the next section.

In any evolving system the more microenviron-

ments there are, the greater will be the possibility of

differentiation. Species thus can be said to arise in
response to the environments actually available.

It 1s well known that natural selection is operating,
at the present time (Endler, 1986). Evidence for this
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comes from various sources. Topical examples could
include the rise of myxomatosis-resistant strains of
rabbits or antibiotic-resistant bacteria. The case of
‘industrial melanism’ in moths has been extensively
studied and quoted. Before the Industrial
Revolution in the north of England, the moths
inhabitng the lichen-covered trunks of trees had a
pale speckled colour harmomzing with the environ-
ment and rendering them inconspicuous. When
records were first kept in the early 1850s these
moths made up 99% of the population: the other 1%
were dark-coloured types which were more easily
picked out by predators. But by the end of the cen-
tury the woodlands near the cities had become pol-
luted and the lichens, which are very sensitive to
unclean air, had been killed, exposing the blackened
tree trunks below. The vast majority of the moths in
these areas were then the dark-coloured forms, the
pale varieties accounting for no more than 1%.
Since it had become advantageous to be dark-
coloured so that predators would less casily see the
moths on the dark trunks, natural selection had been
mtense n the changing environment. Some 70
species of moth are known to have been affected by
such industrial melanism within the very short
timespan of 50 vears. But only a few genes are
affected here; it requires more changes to initiate
speciation, involving a greater variety of genes con-
trolling different characters.

A more recent example concerns the same
Galapagos finches (Geospiza) studied by Darwin.
One species 1s a specialist feeder on small seeds.
Following a severe drought in 1977, the availability
of small seeds became much reduced. Bigger seeds
however, were more abundant, and those larger
birds with stronger beaks that could cope with these
were able to survive, It follows that the pressures of
natural selection vary from place to place and from
year to year and that there is no reason why small-
scale evolution should not be reversible,

In the example quoted above the selective advan-
tage of the gene is clear, but in many cases it is less
easy to understand the selective advantages of partic-
ular characters.

Selection, then, 1s seen as a primary agent in evo-
lution. It does not, however, produce ideal geno-
types, but only the best available given the
numerous constraints which operate at any time.
Thus, as Jacob (1977) has well said, ‘Natural selec-
tion does not work like an engineer. It works like a

tinkerer'. The whole organism 1s a single systen,
and the morphology and function of its component!
parts have to be compromises amongst competirg
demands and based upon genetic and physical i
terial which may itself be limiting.

For example, the lenses of a trilobite’s eye an
made of calcite (Chapter 11), as is the rest of the anis
mal's cuticle. Presumably trilobites were unable 1
secrete material other than calcite for any part of the
exoskeleton due to inherent genetic limitations, and
although calcite has the virtue of transparency, it
disadvantage for an optical system is that is a highly
birefringent mineral, producing double images 4
different depths, for light travelling through it in any
other directions than the mineralogical c-axis
Trilobites have overcome this disadvantage first by
orientating the -axis normal to the visual surface
and second by many ingenious modifications of th
crystal lattice; they have also evolved lens doublen
which bring light to a sharp focus. In spite, there
fore, of an intrinsic limitaton, selection pressun
has ‘forced” the best functional system that wi
possible.

Such anatomical and physiological adaptations am
one result of natural selection, but animal populs
tions are also adapted to their environment repro-
ductively and trophically. In this respect, and u
broad and general terms, two kinds of adaptiy
strategies have been distinguished. They are differ.
ent ways of surviving and reproducing on a limites
energy budget. What are known as ‘r-strategistt
have very high fecundity so that great numbers o
offspring are produced rapidly. Individuals may b
short-lived, relying upon their superior reproduc
tive abilities for species survival. ‘K-strategsts’, ot
the other hand, produce fewer offspring, but an
usually slow growing and live a much longer time
they are better at competing for food and living
space. This 1s an attractive concept and in somt
respects still useful. It has, however, been heavily
criticized, since some species have both high fecun
dity and superior competitiveness, and all possibl
combinations of these end-points may
(Stearns, 1977). Furthermore, the concept of the
‘limited energy budget’ is not invariably valid. It #
therefore not very easy to categorize adaptive strate
gies very simply, and it seems rather that population
will tend to maximize whatever reproductive and
survival potential they have, in the circumstances it
which they find themselves.
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Molecular genetics and evolution

WOlsical genetics makes use of breeding experi-
- lenits so that the genes are understood, as far as pos-
Aitle, through their effects. Molecular genetics, on
e other hand, concentrates upon the nature of the
jmc. and upon how genetic material 1s structured
)udorb,anmd Now that we have covered the basics
Nl cassical evolution theory, it would seem appro-
,patc to consider the impact of new discoveries in
molecular genetics. Whereas these are revolution-
Ay, the chemical pathways that lead from genes to
filly developed organisms are still largely unknown,
il until we have a clearer picture of the relation-
2 Sl of genes to development we shall still be far

e Lo T

e

VL s (@

e WY -

¢ B lom understanding how evolution works at the
. ecular (and hence the most basic) level,
o “Bven so, what has already been established is
s | amportant for understanding hitherto elusive aspects
< Wevolution theory, for 1t shows that the genome
¢ “\h genetic apparatus) is a much more Huid and
$ m' ic system than formerly supposed, with dif-
SRRt levels of hicrarchial complexity (e.g.
ey vhpilltr:! al., 1982).
- ?ﬂhﬁps the most important of these observations
- Bthit many cukaryotes carry much more DNA
il than they need for coding proteins, This exists as

sinds of copies of the same gene or sets of
dgent's Such multiple repentions seem to be
gless, especially since there seems to be no
l'cld[lullhh,lp between the amount of excess
Aand the size or complexity of the animal; sala-
ers and primitive fishes carry much more
than most mammals. Such unessennal genetic
ertal has been called ‘redundant’ or junk’ DNA.
e of it consists of many repetitions of the same
but most of the excess DNA exists as multi-
families, 1.e. groups of repeated sequences or
liple copies of the same gene. Such multiple
pits of non-coding sequences exist too, and mul-
coples of all types of gene sequences can be
cal or quite widely variable. What does this
DNA. which at first sight appears to be
dant, actually do? Some functions are reason-
jtlear. A multigene family, for example, can
eode many closely related proteins at one and the
me time, rather than just one. Moreover, the
b of 2 mutant gene, which otherwise might be
tteriovs, will be buffered by the other gene
5 it does no harm but stays in the system as a

Darwin, the species and natural selection

‘shielded’ component. It may even, after much evo-
lutionary divergence, turn out to be useful in some
category, to an eventual descendant organism.

The ‘amplified’ amount of information carried in
multigene families may, in ways not as yet fully
understood, be necessary for the maintenance of the

complex functions and interactions of the cells of

metazoans. It had mdeed been suggested that the
Cambrian ‘explosion’ of metazoan life may be
related to the initial emergence of such mulogene
families. When more is known of their functions, it
may perhaps allow a further development of this
concept. For the moment, multigene families scem
to be primary organizational units within the
genome, and an intrinsic part of a dynamic and
interactive system of genetic control and regulation.

These new concepts have led to two possible
challenges to neo-Darwinism. The first 15 Kimura's
(1979) ‘neutral theory of evolution®. This proposed
that populations are much more diverse than would

be expected from natural selection. The level of

variation should be much lower because ‘useful” dif-
ferences should spread through the population, and
‘harmtul’ vanants should be eliminated. Since there
is actually a high degree of evident variability, most
of it 1s nothing to do with natural selection. [t arises
trom chance differences at the molecular level, and
most of the variation neither advances nor retards an
individual’s survival. It 1s purely neutral, and
whether genes for particular characters persist or dis-
appear is by chance alone. This is a debatable point,
but conversely it could be argued that even it very
many differences are neutral, those few that do con-
fer a selective advantage are available to be moulded
by the redoubtable power of natural selection.

Another challenge, deriving from the concept of

multigene families is Dover’s (1983) theory of mole-
cular drive. It is based on the understanding that
individual members of a multigene family show great
similarity within a species. The individual members
of a species do not evolve independently but are
largely homogenized in a phenomenon known as
‘concerted evolution'. According to Dover this 15
due to fixation of mutations within a population
because of molecular within  the
genome, This he calls molecular drive. A number

mechamsims

of such molecular mechanisms (e.g. gain or loss of

sections of genome by transposition) can operate to
allow genes to multiply out of phase with the organ-
ism that bears them. The genes controlling different
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characters can thus increase in frequency due to just
such horizontal multiplication, and not to any effects
of natural selection. Molecular drive can thus fix a
variant in a multigene family, and such fixed variants,
constantly turned owver in a breeding population, give
such homogeneity. Such a concerted pattern of fixa-
tion defines biological discontinuities from one
species to the next and may indeed be one means of
origin of biological novelty. Molecular drive in con-
sequence may be another way in which species can
arise, accidentally, and by non-Mendelian causes.
Thus while natural selection is traditionally under-
stood as operating at the level of the organism and 15
fundamentally adaptive, molecular drive 1s non-
adaptive and operates at the level of the genome, It
may also be contrasted with genetic drift, which
operates at the level of the organism burt is non-adap-
tive. Molecular drive may well prove to be the third
cause of speciation; but it 1s hard to see how signifi-
cant adaptation might arise therefrom.

Neither of the ‘neutral’ or the ‘molecular drive’
theories neo-Darwinism.
They do, however, raise the question of how much
of the variation we see is there because of chance
alone and how much has accumulated because it
actually confers a selective advantage.

Further discovenes at the molecular level include
transposons, and collectively this new information
must have a bearing upon rapid but coordinated
evolutionary change, and the ongin of new organi-

[=

zational patterns.

seriously undermines

Gene regulation during development

When an adult organism develops from a fertlized
cgg, it does so according to a predetermined path-
way, controlled by specific genes. These genes are
switched on and off in regular sequence, and any
error in this process could be lethal. The product of
one gene s likely to have a sequental effect on
other genes, and in long-term development we can
envisage a “cascade” of genetic controls. Thus a gene
switched on, or turned off, at any one developmen-
tal stage controls the expression of other genes at a
subsequent stage. The end result 1s a fully developed
organism in which “there is a place for everything,
and everything in its place” (Gee, 1996),

There are three groups of regulatory genes that
have different functions during embryogenesis and

operate in sequence. First, maternal genes cstab-
lish the antero-posterior and dorso-ventral axes of|
the egg, before fertilization. Second, segmentation
genes come into operation after the egg 1s fertilized,
and they define the number and position of seg-|
ments in the body. The third group consists of]
homeotic genes; these control the unique identity’
of a segment, i.c. how it 15 constructed and what it}

e g |
looks like. These seem to work on and integrate the

signals produced by the segmentanon genes. A

mutation n a homeotic gene complex may produce
a duplicate segment, resulting, for example, in a fly|
with four perfectly formed wings instead of two.
These three groups of genes act on each other in|
sequence and presumably code for proteins that i
turn have their effect on other genes, including!
those controlling structure. Some genes (maternal, |
segmental and especially homeotic) contain a short |
highly conservative DNA sequence (or motifl
known as the homeobox. It 1s 180 base pairs long |
and constant in size and shape. The homeobox wa|
first discovered in homeotic genes in Drosophila !
1984, but has now been shown to be hnmologﬂmi
in various invertebrate groups, including primitive
metazoans, but vertebrates, including!
humans, Homeobox-containing genes must be ver)|
ancient, at least 500 Ma old, since they are found so|
diversely, and they always function in segmented!
anmimals in controlling the spatial expression of the
body axis. They are, however, present in nml-sc‘g-.i
mented phyla and evidently they do not always
operate in the same way. It seems that these highly
conservative homeobox genes can coopt othe
functions, and so, in the evolution of development
processes ‘the same regulatory elements are recons
bined into new developmental machines™ (Raff
1996). Clearly the homeobox concept has an ev'-t
dent bearing on one of the major arcas ()fﬂ\’ﬁ]tl[’itm—"
ary palacontology; how new body plans originate!
and how they can be modified. In this cnnt.cxt‘i
|
|
|

also in

palacontology supplies the time dimension, which!
can be integrated with genetic and molecular data, ’

evolution

We have already seen that palacontology, with i
unique perspective of geological time, can giv
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- B gpecial insights into the nature of evolutionary
f processes. [n particular, descent of evolving lineages
n § anbe established and the history of life through time
|, B udesstood. Thus is an important task for palacontol-
-~ & gy, and at present both phyletic evolution and com-
f ity evolution are receiving much attention.

y 3§ Of equal importance is the perception, gleaned
it “om the fossil record alone, that rates of evolution

e f live varied through time. In some instances change
LY s been very rapid, but in other cases there has
e f lBeen very little evolutionary modification at all,
y e over long periods of time. It seems to be the
e that evolutionary change in many instances
uoes not proceed at a regular pace but in fits and
dhists, Sometimes we can discern rapid bursts of evo-
lition 1 the fossil record, a single stock may sud-
ly diversify and its descendants quickly become
t, W Mlipted for life in various habitats. Such adaptive
f) mdiations are one of the most evident patterns of
I folution revealed by palaeontology. Although the
15

mn

Widgraphic sequence is mcomplete it sell gives a
Wind, though in some mstances fragmentary, guide
N Wthe course of evolutionary change. Although the
e Jire of the patterns seen might have been pre-
ited, they would be unlikely to be confirmed
fom observations on modern animals alone.
These various issues will be explored in greater
bl in the following text. It is important to note at
outset, however, that palacontologists and
gieticists are working at quite different timescales.
e changes that a geneticist can produce through
Mictive breeding over 200-300 generations may
it many years. Yet this same timespan may be
mresented geologically by no more than a single
fidding plane! Bearing this in mind, we can pro-
#lto examine the two main grades or modes of
nliion: microevolution and macroevolution.
Microevolution refers to  small-scale changes
n species, and especially the transformation
il one species to a new one. Macroevolution, on
Lother hand, concerns evolution above the
fies level, with the origins of major groups and
b adaptive radiations. These two evolutionary
des will be considered in tum.

licroevolution

fongins of new species from existing ones,
tly through changing interactions between the

Fossil record and modes of evolution

animal and its environment, are generally attributed
to microevolution. Although the genetic and isolat-
ing processes by which species differentiate are well
understood, it is only comparatively recently that
full confirmation of how they have actually oper-
ated through time has been clearly seen. Simpson
(1944, 1953), working mammly with vertebrates,
linked genetic theory and palacontological data in a
timely manner, as did Carter (1954). It came to be
undersfood at this time that species could arise
either by lineage splitting (speciation) or by transfor-
mation of the whole population (anagenesis).
Unfortunately, however, there were very few
mstances where fossil populations were actually seen
to show a gradual modification through tme.
Indeed, many of the classic cases which were sup-
posed to exhibit such unbroken semes have not
stood up well to modemn analysis. Simpson and
others argued, as had Darwin, that the rarity of fossil
specimens intermediate in morphology between
successive forms was due to the incompleteness of
the rock record. There is, however, an alternative
view, enunciated by Eldredge and Gould in 1972,
that the record can be taken at face value, and the
very fact that there are so few transitional series
known has something fundamental to tell us about
the nature of microevolutionary processes.
According to Eldredge and Gould, most palacon-
tological thinking had been dominated by the idea
that evolutionary change must inevitably have been
slow and steady. This model of gradual descent
with modification secemed to be in tune with the
majestically unfolding, long-term operation of the
processes of natural selection as originally envisaged
by Darwin. Was it not, after all, classic Darwinism?
The idea of phyletic gradualism implies an even,
slow, methodical change of the whole gene pool
and hence of the characters of the entare population.
This transformation would involve large numbers,
usually the entire ancestral population, and would
occur overall as a large part of the ancestral species
geographical range. It seems a reasonable concept,
and certainly some populations may have changed
in just this way. Yet, as previously noted, continu-
ous series of graded intermediate forms are seldom
seen in stratigraphical sequence — what we normally
see 1s a sequence of stable fossil populations sepa-
rated by abrupt morphological breaks. To some
degree this may indeed be due to incompleteness
and bias in the fossil record, but to Eldredge and
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