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This volume is dedicated to the memory of W.W. Howells (1908—2005) for his remarkable
and pioneering contributions to the study of human evolution, especially his role in the
greater understanding and appreciation of the Neanderthals. He was mentor and source of
inspiration to generations of anthropologists, and his work continues to be a tremendous resource
for research in human variation and evolution.
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Preface

The question of modern human origins and
the role of Neanderthals in human evolution
have fascinated paleoanthropologists and the
public alike for more than a century. Recent
years have witnessed important scientific
breakthroughs in these areas of investigation
as a result of ancient DNA studies, the appli-
cation of new imaging and analytical tools in
the study of morphology, and novel theoretical
and conceptual approaches in evolutionary
biology. These exciting and important devel-
opments have transformed our understanding
and appreciation of the paleobiology, environ-
mental adaptations, evolutionary relation-
ships, and extinction of the Neanderthals.
Although a number of influential edited vol-
umes have previously dealt with these ques-
tions, there have been no recent compendia on
the subject that have allowed leading interna-
tional scholars specializing in Neanderthal
research to present their latest ideas and to
explore new methods and approaches to these
long-standing problems.

With the 150th anniversary of the discov-
ery of the first Neanderthal specimen drawing
near, and while Katerina Harvati was still an
Assistant Professor at the Anthropology
Department at New York University (NYU),
we conceived of a conference that would pro-
vide an opportunity for those scientists active-
ly involved in all aspects of Neanderthal
research to present their latest findings and to
discuss the implications of these advances for
understanding the evolutionary history of
Neanderthals. The “Neanderthals Revisited:
New Approaches and Perspectives” confer-
ence was held at NYU on January 27-29,
2005. An important aim was to unite
researchers in the early stages of their careers
with more established authorities, thereby
encouraging a fresh look at some enduring
problems using innovative new methods and
perspectives. We invited some 35 scholars

from the USA, Europe and the Near East to
present their research or to act as discussants,
most of who were able to attend. This edited
volume is the outcome of that conference, and
it presents, in more detailed fashion, the cut-
ting-edge research that was showcased in New
York. From the close of the conference to sub-
mitting the final manuscript to the Press has
taken just slightly more than one year, so we
are confident that the collection of papers
included in this volume present up-to-date
research and current ideas on Neanderthals.
The conference program included two
days of presentations and discussions open to
the academic community and to the public,
followed by a half-day workshop restricted to
conference participants. Contributions
ranged from the re-evaluation of Neanderthal
and modern human anatomy, inferred
Neanderthal adaptations and habitual activi-
ties, developmental patterns, phylogenetic
relationships, and Neanderthal extinction.
Participants also applied new methods,
including computer tomography, 3D geomet-
ric morphometrics, experimental growth
studies, genetic and paleogenetic analyses,
and presented new perspectives and
approaches, including dental analysis, cladis-
tic methodologies, bioenergetics, and broader
comparative analyses. One of the most
remarkable aspects of this gathering was that
the venue provided an opportunity for
researchers to present contrasting views on
modern human origins without the rancour
that has characterized much of this debate in
past years. At the close of the conference
there was general agreement that we were
close to reaching a consensus on the critical
issue of the Neanderthal-modern human
relationship, while other key questions, such
as the relationship of development with
morphological change, the relationship
between genetics and morphology, and the
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re-evaluation of presumed Neanderthal adap-
tations, were given closer critical scrutiny.

We would like to thank all the contributors
to this volume for participating in the
“Neanderthals Revisited” conference and for
providing us with uniformly outstanding
papers. We are also grateful to the invited dis-
cussants at the conference: Susan Antén,
Jean-Jacques Hublin, Clifford Jolly, Giorgio
Manzi and Milford Wolpoff, as well as Alison
Brooks and Randy White. They all provided
insightful comments and initiated lively dis-
cussion during the meeting. Bob Franciscus,
Yoel Rak, and Mark Stoneking participated in
the conference, but were unable to contribute
to this volume due to other pressing profes-
sional commitments. Special thanks go to Jen
LeClair, Jennie Tichenor, Myriam Haas, and
Allison Cleveland for their invaluable help in
organizing the conference, creating the con-
ference poster, and formatting the manu-
scripts. Several NYU students graciously
volunteered their time to help with the smooth
running of the conference, thereby ensuring a
minimum of technical and organizational hic-
cups. Among these, Tom Rein, Maja Seselj,
Connie Fellmann, Tim Cavaretta, Joe Califf,
Andres Link, Gisselle Garcia, Laura Gaydosh,
Deena Emera, and Ilana Soloman deserve
special mention.

PREFACE

Finally, we are grateful to all the col-
leagues, students, members of the press, and
public at large who attended the conference in
large numbers and showed their remarkable
enthusiasm for all things Neanderthal.

Financial support for the conference was
provided by the Center for the Study of
Human Origins at NYU, the Department of
Human Evolution of the Max-Planck-Institute
for Evolutionary Anthropology, and the Dean
for Social Sciences at NYU. Fred Myers,
Richard Foley, Jean-Jacques Hublin and Eric
Delson were especially supportive and instru-
mental in the realization of both the confer-
ence and the volume. We are very grateful to
Springer and to the editors of the Vertebrate
Paleobiology and Paleoanthropology series,
Eric Delson and Ross MacPhee, for agreeing
to publish this volume, and to all the col-
leagues who devoted their time to reviewing
the manuscripts and providing helpful input.
Finally, we owe the greatest gratitude to our
families, and particularly to our spouses, Elias
and Terri, for their support and encouragement
in this and all endeavors.

Katerina Harvati
Terry Harrison
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Abstract

Neanderthals, phylogeny, evolution, taxonomy, paleobiology, species

Neanderthals are the best represented and most studied group in the fossil human record. The relatively large number
of Neanderthal fossils and their good preservation offers the possibility of robust inferences about their evolution
and paleobiology. Nevertheless, debate still continues on important issues, and this suggests that deeper theoretical
and methodological differences lie at the root of the lack of consensus. Such disagreements are not likely to be
resolved by additional fossil findings, but rather require critical re-evaluation of the evidence at hand and the
application of novel techniques and perspectives. This is the premise and main goal of this volume. The major
debates in Neanderthal research are re-examined with the use of innovative state-of-the art methods and exciting
new theoretical and conceptual approaches. The diverse contributions presented here offer fresh insights and

advances that move us closer to reaching a consensus.

As the contributions to this volume illustrate,
the Neanderthals are the best represented,
most comprehensively studied, and most thor-
oughly understood group of fossil hominins.
The wealth of specimens currently available to
the scientific community, including dozens of
relatively complete crania and partial skele-
tons from across a broad geographic range,
affords scholars the opportunity to develop
well-informed and robust inferences about

the anatomy, phylogenetic relationships, tax-
onomy, and paleobiology of the Neanderthals.
Equally importantly, we know a great deal
about their archaeology, paleoecology, paleo-
environment, and zoogeography, all of which
offer key evidence for interpreting their
paleobiology in a broader environmen-
tal, behavioral, and phylogenetic context.
Paleoanthropologists studying earlier parts of
the human fossil record are less fortunate,

K. Harvati and T. Harrison (eds.), Neanderthals Revisited: New Approaches and Perspectives, 1-8.
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2 K. HARvATI & T. HARRISON

having to work with taxa that are much more
poorly represented, and in some cases known
only by a few fragmentary specimens. It is
certainly an enviable position to be in, one in
which most vertebrate paleontologists, who
universally lament the shortcomings of the
fossil record as an impediment to resolving
key problems, would be most content to find
themselves.

Nevertheless, despite the quality and weight
of the evidence, there continue to be major
debates (that have lasted for 150 years) about a
number of contentious issues, especially
whether or not Neanderthals should be includ-
ed in the same species as anatomically modern
humans, and what is the precise phylogenetic
relationship between these two forms. Our
inability to agree on these fundamental ques-
tions is a matter of serious concern for paleo-
anthropologists: it leads to the inevitable
conclusion that if we are unable to come to a
decision about the nature of the relationship
between Neanderthals and modern humans,
how can we have confidence in our ability to
resolve relationships in the earlier, much more
scanty, fossil human record. However, the lack
of unanimity is unrelated to the quality of the
material. It is more a consequence of deeper
theoretical and conceptual issues that relate to
how different researchers analyze and interpret
the anatomical and genetic evidence, and to the
manner in which these are ultimately situated
in the broader context of how biological sys-
tems operate in the natural world. If this is the
case, then it will take some time before a con-
sensus can be reached, regardless of the
amount of fossil material available for study.
One way forward is to explore new methods
and theoretical approaches in order to better
understand the paleobiology and phylogenetic
relationships of Neanderthals.

The main theme of this volume is to revisit
the major debates concerning the place of
Neanderthals in human evolution. How mor-
phologically distinct are the Neanderthals from
modern humans, and what do these distinctions

mean in terms of their paleobiology and phy-
logeny? How genetically distinct are
Neanderthals from modern humans, and what
does this mean for interpreting the population
dynamics, taxonomy and phylogenetic struc-
ture of Late Pleistocene hominins in Europe?
Were Neanderthals and modern humans capa-
ble of interbreeding, and can they be considered
the same or different species? What were the
paleoenvironmental and paleoecological con-
texts of Neanderthals, and how did this impact
on their paleobiology, evolution, and extinc-
tion? All of these issues are tackled head-on in
this volume. By presenting new evidence, using
innovative and state-of-the art techniques and
methods, and exploring exciting new theoreti-
cal and conceptual approaches, the contributors
gain fresh insights into these issues, and ulti-
mately succeed in edging the debate closer to a
consensus. However, we leave it up to the rea-
der to decide just how far we still have to go in
order to attain a satisfactory solution to some of
these long-term problems.

As editors of this volume, our aim was to
assemble a collection of papers written by lead-
ing international researchers who have tackled
many of these important questions using a vari-
ety ofnovel approaches. Equally importantly, as
can be discerned from the chapter titles and the
content of this volume, we have also tried to
accommodate a diversity of opinions and per-
spectives that reflect the plurality of viewpoints
among contemporary scholars. The range of
topics covered include phylogeny, taxonomy,
speciation, development, lifeways and adapta-
tion, population genetics, extinction, paleo-
ecology and archaeology, while the methods
adopted include morphological analyses (i.e.,
traditional comparative morphology, dental
anthropology, developmental biology, unilin-
ear measurements, and three-dimensional geo-
metric morphometrics), genetics (i.e., mtDNA,
microsatellite data), experimental modeling,
and computer imaging.

This volume is not organized in formal sec-
tions, but rather it follows the logic of the
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general themes addressed by the contributors.
It starts with the Middle-Late Pleistocene
human fossil record and the evolution of the
Neanderthal morphotype; continues with an
examination of Neanderthal and modern
human ontogeny, bioenergetics, and paleobiol-
ogy, and their implications for inferring behav-
ior; followed by genetic perspectives on
Neanderthals and the utility of mtDNA and
cranial morphological data in reconstructing
phylogeny, the possibility of Neanderthal-
modern human interbreeding and its taxonom-
ic implications; and concludes with a review of
the factors that may have contributed to the
extinction of the Neanderthals.

In the opening chapter, Tattersall and
Schwartz (Chapter 2) review the abundant
morphological and genetic evidence support-
ing the distinctiveness of Neanderthals from
modern humans, but also from earlier Middle
Pleistocene hominins. To them, this evidence
clearly confirms the status of Neanderthals as
a separate clade. Does this mean that they are a
different species? This is a difficult, perhaps
even impossible, question to settle, because as
Tattersall and Schwartz highlight, nature does
not come neatly packaged and there are no
absolute criteria by which to recognize species,
especially in the fossil record. Nevertheless,
Tattersall and Schwartz make the crucial
observation (echoed by other authors in the
volume) that Neanderthals as a group consti-
tute a clear-cut morphologically and historica-
lly individuated entity, evidently equivalent to
those commonly recognized today as species.
They further point out that the morphological
variability in the European Middle Pleistocene
is little understood, and provocatively propose
that several hominin clades might have been
contemporaries in Europe during this period.
This chapter sets the stage for the subsequent
discussion of both the taxonomic position of
Neanderthals and the tempo and mode of their
evolution.

The next two chapters address the appearance
of'the Neanderthal morphotype and its evolution.

Bruner and Manzi (Chapter 3) reassess the
Saccopastore 1 cranium, which is correlated with
oxygen isotope stage (OIS) 5, and is commonly
considered to be an “early Neanderthal”. Even
though the specimen has been known since 1929,
Bruner and Manzi are able to gain new insights
into the endocranial morphology of the specimen
using computer tomography. Their observations
on cranial capacity, degree of pneumatization,
and inner ear morphology support previous
conclusions that this specimen exhibits a
Neanderthal-like morphology despite its small
size, thereby pinpointing the appearance of this
morphotype to at least 130—100 ka. The authors
suggest that the demographic impact of OIS 6
was probably catalytic in the evolution of full-
blown Neanderthal features through genetic
drift. Rosas, Bastir, Martinez-Maza, Garcia-
Tabernero and Lalueza-Fox (Chapter 4) propose
the “organismic model” for Neanderthal evolu-
tion as an alternative hypothesis to the widely
accepted “accretion model,” drawing insight
from their work on the extensive Spanish Middle
and Late Pleistocene material. The authors pos-
tulate a two-phase evolutionary process in the
European Middle-Late Pleistocene fossil record.
The first phase is proposed to involve an increase
in body size, greater postcranial robusticity, and
increased midfacial prognathism. The second
phase in turn would represent a true speciation
event at about 300250 ka, corresponding with a
major re-organization of cranial architecture in
Neanderthals relative to their Middle Pleistocene
precursors. Their hypotheses point to a promis-
ing direction of research in the study of human
evolution in Europe in the Middle Pleistocene.
Chapters 5 and 6 compare Neanderthal and
modern human ontogeny from several differ-
ent viewpoints. Ponce de Le6n and Zollikofer
(Chapter 5) obtain three-dimensional data
from computer tomography scans and analyze
them using geometric morphometric methods,
in order to compare the ontogenetic trajecto-
ries of two sets of sister taxa: Neanderthals
and modern humans, as opposed to chim-
panzees and bonobos. Their analysis indicates



4 K. HARvATI & T. HARRISON

that the two human taxa share a common onto-
genetic trajectory, but have different perinatal
morphologies resulting from differences in
prenatal growth. The two species of Pan,
although overall more similar in shape to each
other than the human groups, differ not only
in the length of their ontogeny, but also in the
direction. As Ponce de Ledn and Zollikofer
observe in their concluding comments, one of
the most important findings of their study is
that “spatial and temporal differences in
growth and development not only generate
distinct adult morphologies, but also give rise
to taxon-specific life histories”. This will
surely be a very fruitful avenue of future
research that will dramatically improve our
understanding of the phylogenetic relation-
ships and paleobiology of fossil hominins. In
the following chapter, Zollikofer and Ponce de
Leon (Chapter 6) use computer modeling of
their 3-D data to simulate cranial growth
under diverse conditions. This approach
allows them to explore the ways in which a
simple developmental system can be modified
to produce different outcomes. Their results
demonstrate the complexity of developmental
processes, with intricate patterns potentially
arising from simple changes and vice versa.
The differences in the developmental pattern
between Neanderthals and modern humans
suggest that a change in the initial conditions
may result in subsequent differences in their
developmental trajectories.

Various aspects of Neanderthal anatomy,
and their implications for understanding
Neanderthal behavior, are explored in the next
four chapters. Churchill (Chapter 7) applies a
bioenergetics approach, coupled with experi-
mental modeling of the Neanderthal body
form. His innovative analysis indicates that the
capacious Neanderthal ribcage may have been
related to heat production, rather than to heat
retention, as is commonly postulated under
Bergmann’s rule. Churchill’s results also sug-
gest a very high-caloric diet, with important
implications for Neanderthal hunting abilities,

ranging behavior, and demographics. Even
though Neanderthals appear to have had bodies
better adapted to generate and conserve heat
than early modern Europeans and modern-day
cold-adapted populations, the finding that
Neanderthals occupied sites with warmer win-
ter temperatures than early modern humans,
suggests that they were less able to tolerate
extreme glacial conditions. This may reflect a
greater capability by early modern humans to
capture sufficient calories for sustaining ade-
quate heat generation or the use of clothing or
shelters with higher insulative values. Pearson,
Cordero and Busby (Chapter 8) re-assess
Neanderthal habitual activities, commonly
thought (based on anatomical differences) to
differ markedly from those of modern humans
in their extreme activity levels and foraging
inefficiency. They compare Neanderthal upper
and lower limb robusticity to those from seve-
ral recent human foraging groups, and con-
clude that Neanderthals do not appear unique,
but instead are quite similar to modern forag-
ing peoples that exploit limited territories. The
authors conclude that these results, far from
indicating foraging inefficiency, may instead
imply a more intensive form of foraging.
Niewoehner (Chapter 9) wuses three-
dimensional geometric morphometric methods
to evaluate Neanderthal hand morphology
compared to that of Early and Late Upper
Paleolithic modern humans. He relates the
observed shape differences to differences in
inferred habitual grip positions, possibly sug-
gesting differences in hafting technology and
preference for wood as a raw material. In con-
trast, Upper Paleolithic human hand morphol-
ogy is consistent with the archaeologically
observed expansion of the technological reper-
toire that would have required increased
emphasis on precision handling and shifts in
manipulative postures. His results suggest a
gradual transition in hand morphology from
the Middle to the Late Paleolithic. Bailey
and Hublin (Chapter 10) re-examine the iso-
lated dental remains associated with the
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Chatelperronian levels of the Grotte du Renne
(Arcy-sur-Cure) site in France. These were pre-
viously considered taxonomically unidentifi-
able, but using a new dental scoring method
developed by Bailey, the authors are able to
establish the Neanderthal identity of the dental
assemblage from this site. Their findings sub-
stantiate earlier inferences that Neanderthals
are associated with the Chatelperronian indus-
try in Western Europe, and that they were most
likely the makers of these archaeological
assemblages. Equally importantly, the recogni-
tion that isolated teeth from Late Pleistocene
sites can be identified taxonomically opens up
the possibility of investigating the mode and
tempo of human evolution in Europe with much
better sampling and a finer-grained temporal
resolution than was previously possible.
Chapters eleven and twelve consider aspects
of Neanderthal and modern human genetics.
Serre and Pidbo (Chapter 11) present a new
method for ancient DNA recovery. This
resolves the problem of contamination by mod-
ern human DNA, which leads to the inability to
detect modern-human like genetic material
from fossil humans. Among the specimens
examined under this protocol, all Neanderthals
yielded Neanderthal-like mtDNA sequences,
while all early modern Europeans yielded only
modern human like mtDNA. The authors inter-
pret their findings as indicating a minimal
degree of possible Neanderthal contribution to
the modern human gene pool. They also show
that major demographic changes occurred in
Late Pleistocene mammal species that coincide
temporally with the extinction of Neanderthals.
Such analyses highlight the importance of the
study of population history for understanding
Neanderthal evolution, and for providing
important clues as to the timing and causes of
their extinction. In the next chapter, Hawks
(Chapter 12) critically re-examines the conclu-
sions derived from mtDNA evidence about
the phylogenetic relationships between
Neanderthals and modern humans. In particu-
lar, he questions whether previous models

predicated on the assumption of selective neu-
trality are valid, and proposes an alternative
hypothesis that human mtDNA may have recent-
ly undergone a “selective sweep,” possibly relat-
ed to climate adaptation. Hawks suggests that it
was positive selection rather than population
replacement that explains the disappearance
of archaic mtDNA variants. In this case, the
observed differences between the mtDNA in
Neanderthals and modern humans would be
rendered phylogenetically uninformative.

The relationship between genetics and mor-
phology in modern humans is explored further
in chapter thirteen. Harvati and Weaver
(Chapter 13) evaluate the usefulness of differ-
ent cranial regions (i.e., face, vault, and tempo-
ral bone) in reconstructing the phylogenetic
placement of Neanderthals. They assess the
degree to which morphological differences
(represented by three-dimensional geometric
morphometric data) among recent human pop-
ulations correspond to known neutral genetic
differences (as represented by microsatellite
data) and/or to climatic differences. Although
facial morphology alone shows a relationship
with climate, both vault and temporal bone
morphology track neutral genetics, with the
temporal bone tracking older events more suc-
cessfully. The authors conclude that temporal
bone morphology may be most appropriate for
reconstructing the phylogeny of Neanderthals
and early modern humans. Their analysis does
not support a unique phylogenetic link
between Neanderthals and early modern
Europeans.

The issue of Neanderthal-modern human
relationships, and the possibility of inter-
breeding between these populations, is taken
up in greater detail in chapters fourteen and
fifteen, with conflicting opinions expressed.
Ahern (Chapter 14) addresses the question of
whether Neanderthals and Upper Paleolithic
Europeans differ in a significantly greater
number of distinct morphological traits than
do two modern human populations: a “replac-
ing” (European Americans) and “replaced”
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(Native Americans) group. The author is
unable to reject the hypothesis that
Neanderthals and modern humans were con-
specific for most of the features used, although
he does add a note of caution by acknowledg-
ing that additional traits or combinations of
features might eventually falsify the single
morphospecies hypothesis. Brauer, Broeg and
Stringer (Chapter 15) address the same ques-
tion by re-examining the most complete crania
from Mladec¢ in the Czech Republic. These are
among the earliest modern European speci-
mens known and they have often been sug-
gested to exhibit Neanderthal-like features.
However, the univariate and multivariate sta-
tistical analyses of frontal bone metric data
presented by Brauer and his colleagues offer
no support for the claim that the Mlade¢ indi-
viduals might represent hybrids.

Further discussion of the concepts of specia-
tion and interbreeding is explored by Holliday
and Voisin in the next two chapters. These con-
tributions draw on studies of other vertebrates to
reframe the species question in a broader com-
parative perspective. Holliday (Chapter 16)
reviews the literature on hybridization among
mammal species, and applies it to the Neanderthal-
early modern human case. He demonstrates that
among interbreeding mammal species, those
that have diverged as recently as these two
human taxa are still able to produce fertile
hybrids. He concludes from this evidence that
Neanderthal-modern human hybridization was
possible in all likelihood, even though there is no
evidence from the genetic data or the fossil
record to confirm that it actually took place.
Building on ideas and concepts developed in
previous work by Clifford Jolly, Holliday argues
that Neanderthals and modern humans are
perhaps best considered “allotaxa,” good mor-
phological species that may still have been able
to interbreed. He invokes the concept of syn-
gameon — that closely related interbreeding
species can be grouped into larger taxa — as a
useful model for interpreting Late Pleistocene
European hominins. As a flip side to this study,

it would be interesting to examine how many
non-reproducing pairs of large mammal species
have diverged in the past 700 ka. We suspect that
it would be very few; a finding that would serve
to underscore just how rapidly Neanderthals and
modern humans diverged. Neanderthals are evi-
dently autapomorphic, but it needs to be
recalled that much of the distinction between
Neanderthals and modern humans stem from
the highly autapomorphic nature of modern
humans.

Voisin (Chapter 17) extends this approach
by adding a broader comparative dimension
using recent models of speciation in birds. In
particular, he focuses on the ring species
Phylloscopus trochiloides (greenish warbler)
from central Asia as an analogy for European
hominin migration and evolution. His model of
speciation by distance and temporal overlap is
offered to explain the East-West morphologi-
cal cline observed in Neanderthals, as well as
the possible intermediate morphology of some
Central European Upper Paleolithic modern
humans. Voisin suggests that modern humans
arriving in Eurasia during the Late Pleistocene
were able to interbreed to some degree with the
less derived Neanderthals in Western Asia and
Central Europe, but hybridization was not pos-
sible or was extremely limited with the more
highly derived Neanderthal populations at the
furthest extreme of the morphological cline in
Western Europe. In other words, Neanderthals
and modern humans behaved as two distinct
biological species in Western Europe, but not
elsewhere.

Finally, Stringer (Chapter 18) presents new
data on the chronology of the appearance of
modern humans in Europe and the extinction of
the Neanderthals. Current paleoclimatic evi-
dence indicates a much harsher and increas-
ingly unstable climate during the period of
Neanderthal extinction (OIS 3). Stringer shows
that the greatest climatic stress would have been
experienced around 30 ka, and he argues that this
stress probably played a key role in the demise
of the Neanderthals. Stringer’s contribution
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highlights the challenge of integrating the
diverse kinds of data that are becoming incr-
easingly available to fully test hypotheses of
Neanderthal and early modern human
population histories.

The contributors to this volume provide
important new insights that help us to better
appreciate and understand the evolution and
paleobiology of the Neanderthals. These
advances have been brought about not through
the discovery of startling new fossil finds, but
through the application of exciting new methods

and technologies, and a critical questioning of
established theoretical and conceptual para-
digms. This is certainly the way forward, and we
echo Chris Stringer’s concluding remarks that
we undoubtedly have some exciting years ahead
of us in Neanderthal and modern human origins
research. Finally, although this volume is devo-
ted entirely to the study of Neanderthals, it
should not be overlooked that it is through com-
parisons with them that we are able to recognize
and reflect on the uniqueness and remarkable
peculiarities of our own evolutionary history.
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Abstract

The “packaging” of the diverse living world is untidy, with the result that there are no absolute criteria for recog-
nizing in all contexts the bounded historical entities we call species. However, there is no doubt whatsoever that
Homo neanderthalensis is as clear-cut a morphological entity as any in the hominid fossil record: one that is char-
acterized by a whole host of cranial apomorphies. Further, a recent full-skeleton reconstruction further emphasizes
just how different Neanderthal body structure was from that of Homo sapiens, not simply in numerous anatomi-
cal details, but in the proportions of the thorax and its relation to the pelvic region. These bodily proportions would
have given these extinct hominids a very distinctive appearance on the landscape, and enhance the likelihood that
we are dealing here with a reproductively differentiated entity. Still, Homo neanderthalensis is not unique in all
those features that distinguish it from Homo sapiens. Many “Neanderthal” cranial features are shared with vari-
ous middle Pleistocene European hominids, notably the Steinheim specimen and, to a lesser extent, the Sima de
los Huesos hominids from Atapuerca. Indeed, it appears that, far from being an isolated phenomenon, Homo nean-
derthalensis formed part of a larger endemic European hominid clade. This clade seems to have existed contem-
poraneously in Europe with at least one other hominid lineage or clade, exemplified by the Homo heidelbergensis
fossils from Mauer, Arago and Petralona.

Introduction phological distinctiveness of Homo nean-

derthalensis for long been vastly better docu-
Over the century and a half since the first mented than that of any other of our fossil
description of a Neanderthal fossil, an impres- relatives (Tattersall, 1986), but we are also in a
sive record of these extinct hominids has better position than in the case of any other
accumulated. Indeed, not only has the mor- extinct hominid to appreciate the morphological
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variations (around a very distinctive mean) that
are shown by the various populations of this
form over time and space (Tattersall and
Schwartz, 2000). Yet many paleoanthropolo-
gists continue to equivocate over the question
of whether the Neanderthals actually constitute
a bounded historical entity (Ghiselin, 1974) of
the kind that warrants recognition as a species.
Since this problem appears to be related, at least
partly, to more general difficulties of species
definition and recognition, it seems appropri-
ate to begin our discussion of the status of the
Neanderthals with a brief consideration of
the nature of the boundaries that exist in the
living world.

Species as Bounded Historical Entities

It must be very clear to anyone concerned with
the luxuriant variety of living organisms that at
some level Nature is “packaged.” The biosphere
is composed of a mass of discrete (but nested)
units. At higher taxonomic levels there is no
problem distinguishing these units: all horses
are distinct from all whales by any definition.
But as we approach finer degrees of distinction,
particularly at intrageneric levels, difficulties
proliferate. These difficulties are reflected in
the extraordinary plethora of definitions of the
species, by practice and by common consent the
basic systematic unit, that is currently on offer.
AsHey (2001) observed, literally dozens of new
such definitions have been proposed in recent
decades. This is not the place to trawl yet again
through this lengthening list, but perhaps it is
appropriate to point out that it is vanishingly
unlikely that any single definition of the term
“species” will ever fit all cases. This is not only
because any universal definition would have to
fit both living and extinct species, which offer us
different information sets; it is also because spe-
ciation, the process by which individuated, non-
reticulating units come about, is not a unitary
mechanism. It is not, for example, simply an

inevitable, passive, consequence of the
morphological differentiation of populations
over time (though this routine if poorly under-
stood process certainly furnishes the basis for
the morphological differences by which species
may often be distinguished). Instead, speciation
is a result (individuation, expressed most essen-
tially among living populations as reproductive
independence, but always seen a posteriori:
Tattersall, 1994), which may eventuate from
shifts in developmental regulation at many dif-
ferent levels (Schwartz, 2005).

Human beings are instinctively reductionist
creatures; but for all these reasons, and more,
we may be unrealistic in expecting Nature to be
neatly packaged. Ultimately, the boundaries
defining historically (evolutionarily) independ-
ent units must lie in their (effective or absolute)
reproductive isolation. But even reproductive
behaviors may not provide us with a golden
bullet. The studies of Clifford Jolly and his col-
leagues (e.g. Jolly, 2001) have shown that evi-
dence of quite extensive hybridization between
adjacent populations of baboons that are some-
times well differentiated to the eye may often be
readily observed; yet evidence is still lacking
that such behaviors are necessarily associated
with the progressive integration of what evi-
dently continue to be distinctive gene pools.
Jolly (2001: 17) has, indeed, penetratingly
observed that baboon allotaxa may at one and
the same time be “ ‘phylogenetic’ species, but
‘biological’ subspecies.” And if this is truly the
case, from a historical (evolutionary) perspec-
tive morphological differentiation becomes
much the most significant factor to consider.
Still, this hardly simplifies matters much. For,
from the phenotypic standpoint, remarkable
amounts of geographically (or artificially)
maintained morphological variety may accu-
mulate within a species without the disruption
of reproductive continuity — although, at the
same time, the latter can occur in the absence of
readily detectable phenotypic change. Indeed,
Schwartz (1999) has emphasized that there are
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no biological reasons whatever for expecting
that morphological change, deriving ultimately
from changes in communication at the molecu-
lar level, should be associated with reproduc-
tive incompatibility unless it specifically
affects such factors as protein recognition
between sperm and ova, gametic or zygotic via-
bility, or reproductive organ morphology.
Nonetheless, in the fossil record morphological
characteristics are almost invariably all we have
to go on.

Given these awkward realities, we have to
accept the unfortunate fact that even among
sympatric or parapatric living forms, whose
natural behaviors we can directly observe, it
will sometimes never be certain whether two
close relatives are “biologically” specifically
distinct or not. And the difficulties only mul-
tiply when fossils are involved, for no specifi-
able or quantifiable degree of morphological
differentiation can be associated with specia-
tion; and in almost all cases fossils can offer
us only morphology as a basis for making
species judgments. It might be argued that the
Neanderthals are actually a partial exception
to this, given that fragments of their (distinc-
tive) mitochondrial genome are now available
(Krings et al., 1997, 2000; Ovchinnikov et al.,
2000; Schmitz et al., 2002); but while the
large mtDNA differences between available
Neanderthal samples and all living Homo
sapiens populations tested are indeed strongly
suggestive, it nonetheless remains true that
DNA differences suffer from analogous limi-
tations to morphology in the context of assess-
ing “species” status.

How, then, do we determine whether two
clearly related forms represent independent
(individual) entities? It has recently become
fashionable to argue that species are most
usefully or practically equated with “basal
(smallest) clusters of diagnosably distinct pop-
ulations” (Cracraft, 2002: 130). But while this
approach may have its possibly Siren attrac-
tions for the working systematist, it still leaves

paleontologists in a quandary. Because while
systematists studying living populations will
often already know from direct evidence what
the geographical boundaries (and the morpho-
logical variation occurring within those bound-
aries) of their populations happen to be, the
paleontologist has to work backwards, inferen-
tially, from morphology alone. Moreover, dis-
tinctive morphologies frequently characterize
geographic variants that are not reproductively/
historically individuated. Given this constraint,
it would appear appropriate for paleontologists
to exercise caution, and to err on the side of
inclusivity when using morphological differ-
entiation as a basis for inferring the existence
of reproductively and historically independent
entities. Where, then, do the Neanderthals fit
within this perspective?

Homo neanderthalensis as a
Morphologically and Historically
Individuated Entity

There has been remarkably little debate over
which hominid fossils are Neanderthal or not
Neanderthal (as witnessed, for example, by the
remarkable unanimity on this question, at least,
among the very heterogeneous assortment of
contributors to the classic volume edited by
Smith and Spencer [1984]). Only at the fringes
has there been any significant discussion, but
this has usually focused upon whether or not a
particular fossil was somehow related to the
Neanderthals, as a precursor or otherwise, rather
than on the matter of its inclusion within the
group itself (see historical account in Tattersall,
1995). This is largely because, among all
extinct hominid entities, the Neanderthal
group appears by far the most clearly delimit-
ed morphologically. Instructively, of all other
fossil hominids only Homo erectus is compara-
bly well represented in the record, yet no end is
in sight to the debate over which specimens
should or should not be attributed to this
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species (compare, e.g., Wolpoff et al. [1994] to
Schwartz and Tattersall [2000] and Antén
[2003]).

Traditional cranial characters that are com-
monly cited as typical of Neanderthals (see e.g.,
Hublin, 1978, 1998; Santa Luca, 1978;
Vandermeersch, 1981; Stringer et al., 1984;
Schwartz and Tattersall, 1996a, b, 2005; Rak
and Hylander, 2003) are numerous and include:
double-arched supraorbital ridges whose sur-
faces roll smoothly upward from the orbital
roofs and onto the frontal squama; orbits that
are obliquely truncated inferomedially; a nar-
row lower face and a sharply retreating
midface; medial projections emerging above a
spinoturbinal crest that delineates a prenasal
fossa lying just within the very large nasal aper-
ture; very long and typically thin zygomatic
arches; a “puffy” midface that reflects the pres-
ence internally of expanded maxillary sinuses
that swell out the infraorbital and medial orbital
regions; an angulation along the anterior
squamosal suture, delineating distinct anterior
and posterior temporal fossae; a smoothly
rounded (“en bombe”) cranial profile in rear
view; a pitted suprainiac fossa that lies above a
superior nuchal line that is undercut by the
nuchal plane but poorly delineated above; a
long and more or less straight parietomastoid
suture that flows directly behind into an anteri-
or lambdoid suture; widespread pneumatization
within the petrosal; incomplete ossification of
the ectotympanic tube laterally; and a long, nar-
row, ovoid foramen magnum. A useful table
published by Hublin (1998, Table 1) lists sever-
al others in addition. A particularly interesting
new source of cranial information has been pro-
vided by CT studies (e.g., Hublin et al., 1996;
Spoor et al.,, 2003) showing that the bony
labyrinth of the inner ear in Neanderthals is dis-
tinguished in numerous derived features from
that of Homo sapiens (and of Homo erectus). In
the most comprehensive such study to date,
Spoor et al. (2003: 141) suggested that such
differences reflected a distinctive pattern of

head movements possibly related to “aspects of
locomotor behaviour and the kinematic proper-
ties of their head and neck.”

In the Neanderthal mandible are seen retro-
molar spaces; sigmoid notches that are deep-
est posteriorly, in front of low-set condyles,
and sigmoid notch crests that terminate med-
ial to the lateral extremities of the condyles;
obliquely truncated gonial angles; symphyseal
bone that, when viewed from below, is thinner
from side to side than the bone distal to it. In
the dentition the molars have relatively com-
plex occlusal surfaces, with centroconids and
centrocones present on the lower and upper
molars respectively, and distinct talonid and
trigonid basins in the relatively long and nar-
row lower molars. The molar occlusal surfaces
are well defined peripherally by blunt crests,
and are constricted in area by their inwardly
sloping sides. Additional apomorphies of the
Neanderthal upper and lower cheek dentitions
have recently been cited by Bailey (2002,
2004) and Bailey and Lynch (2005).

Unsurprisingly, not all these and other cran-
iodental characters typical of Neanderthals are
equally strongly expressed in all unarguably
Neanderthal specimens that preserve them;
and indeed it is evident that, in any widely dis-
tributed group that is as close-knit phylogenet-
ically as the genus Homo, there is bound to be
some overlap among differentiated popula-
tions in the frequency and extent of expression,
as well as in the presence/absence of particular
traits. Thus, among the large assemblage of
unquestionably Neanderthal fossils individu-
als vary, sometimes substantially, in features
such as the degree of bunning of the occiput,
the size of the suprainiac fossa, the length of
the retromolar space, the presence or absence
of a distinct postorbital plane behind the
brow ridges, the prominence of the medial
projections in the nasal fossa, the extent of
cheektooth taurodontism, the depth of the
zygomatic arches, and so forth. But it is
abundantly clear — and almost universally
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acknowledged — that, despite their manifest
individual and geographic variation, the
Neanderthals represent an unusually coherent
and readily recognizable group. Certain
authors (e.g., Wolpoff, 1980; Frayer, 1984)
have suggested that the relatively restrained
expression of some of these characters in cer-
tain Neanderthals of late date indicates a
degree of intermediacy with Homo sapiens,
but there are numerous reasons for rejecting
this notion (Tattersall and Schwartz, 2000).
Still, as impressive as the list of craniodental
apomorphies of the Neanderthals undoubtedly

is, the extent to which these hominids are dis-
tinguished morphologically from Homo sapi-
ens is made particularly evident by the full-
skeleton reconstruction (Figures 1, 2) recently
reported by Sawyer and Maley (2005).
Reconstituted from the remains of a half-dozen
partial skeletons from four countries, this post-
cranial reconstruction draws attention to the
classically Neanderthal characteristics of the
postcranial skeleton that have already been
exhaustively documented by numerous authors
(e.g., Boule, 1911-1913; McCown and Keith,
1939; Straus and Cave, 1957; Trinkaus, 1983).

Figure 1. Front and lateral views of a complete Neanderthal skeleton as reconstructed,
using elements from five partial skeletons (principally La Ferrassie 1 and Kebara 2), by
G. J. Sawyer and B. Maley. Photo courtesy of Ken Mowbray.
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Figure 2. Front view of reconstructed Neanderthal skeleton compared with a skeleton of
a modern Homo sapiens male of similar stature. Photo courtesy of Ken Mowbray.

Among the long-noted apomorphies that are
also especially apparent from individual skele-
tal elements are, of course, the large limb artic-
ular surfaces, the flaring iliac blades and long,
thin pubic rami of the pelvis; but the recon-
struction also dramatically underlines the
proportional differences in the thorax and its
relationship to adjacent regions that emerge
when Neanderthals and modern humans are
compared (Figure 2). In the Neanderthal the rib

cage is constricted above and flares dramati-
cally out and down to match the broad pelvic
bowl below. This conformation contrasts dra-
matically with the typical “barrel-shaped”
Homo sapiens condition in which the thorax
tapers up and also down to match a narrower
pelvis. Further, as Sawyer and Maley also
remark, the base of the Neanderthal vertebral
column “sit[s] much lower in the pelvic basin
than is the case among modern humans”
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(Sawyer and Maley, 2005: 30), contributing to
an extreme shortness of the waist in the former
that, in limiting thoracic torsion, would have
had significant consequences for gait, as well
as for appearance. Altogether, this reconstruc-
tion makes it abundantly evident that in life the
Neanderthals would have cut a very different
figure on the landscape from Homo sapiens.
This major Gestalt difference adds, of
course, to the existing morphological basis for
surmising that the two kinds of hominid were
significantly differentiated reproductively
as well as morphologically. And, while not
demonstrating this conclusively, from the per-
spective of “inclusive,” rather than “exclusive,”
species concepts it also adds weight to the
inference that specific mate recognition
systems would have differed significantly
between the two. This does not, of course,
eliminate the possibility that occasional
instances of coupling might have occurred
when the two kinds of hominids came into
contact; but it does very strongly buttress the
already substantial reasons furnished by the
fossil record for inferring that no significant
integration of the two populations ever took
place. Overwhemingly, then, the probability
must be that the two kinds of hominid,
Neanderthal and modern, were/are independ-
ent historical as well as morphological entities.
In which case, we are fully justified, under
virtually any set of criteria, in regarding the
former as constituting the species Homo nean-
derthalensis (see also Harvati et al., 2004).

Neanderthals in Wider Systematic
Context

The morphological distinctiveness of Homo
neanderthalensis is hardly surprising when
one considers that both molecular (Krings
et al., 1997, 2000) and paleontological (e.g.,
Stringer and Gamble, 1993; Hublin, 1998;
Tattersall and Schwartz, 2000) studies suggest
that this species last shared a common ancestor

with Homo sapiens at least a half-million years
ago. For close to a century now paleoanthro-
pologists have sought the roots of the
Neanderthals far back in time, and in one guise
or another many have discerned evidence in
Europe for what Hublin (1998: 297) has
recently termed a “Neandertalization Process,”
linking forms from the early Middle
Pleistocene (Mauer, Tautavel, etc.) to the latest
(stages 5-3) “classical” Neanderthals, via
“Holstein-Hoxnian” (Bilzingsleben, Sima de
los Huesos, etc.) and “Saalian” (Biache-Saint-
Vaast, Ehringsdorf, etc.) intermediates. Still, if
Homo neanderthalensis really was the end
product of a steady course of phyletic modifi-
cation, as this notion of a process implies, what
is perhaps most surprising is how clearly the
morphological boundaries of the species
Homo neanderthalensis actually appear to be
drawn.

Hublin himself finds it difficult as a matter
of logic to exclude any of the “specimens
involved in the Neandertalization process”
from Homo neanderthalensis, “even if they
display only a few derived Neandertal fea-
tures” (Hublin 1998: 302). But from our own
examination of the fossils concerned, what
seems most remarkable in the longer-estab-
lished record is that in strictly morphological
terms there is really only one potentially ques-
tionable case of attribution to Homo nean-
derthalensis, apart from such apparently
permanently inscrutable specimens as the
Fontéchevade fragments (see Vallois, 1949;
Trinkaus, 1973). This is the rather fragmen-
tary assemblage from Ehringsdorf which,
despite its limited size, shows unusual varia-
tion in morphology (VIcek, 1993; Schwartz
and Tattersall, 2005). Thus, one occipital (Ehr
H9 1032/69) lacks a suprainiac fossa, and
shows instead twinned depressions both
below and above the occipital “torus,” while
the Ehr H3 1026/69 parietal is also atypical
for a Neanderthal in showing a “tent-shaped”
coronal profile in rear view. And the temporal
Ehr H3 1026/69 shows the straight and long
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parietomastoid suture of a Neanderthal, but
uncharacteristically for this group the posteri-
or root of its zygomatic arch diverges strongly
from the cranial wall. Still, if we provisionally
regard this material as early Neanderthal, it
serves to emphasize the relative homogeneity
of the rest of the Neanderthal hypodigm.
None of this is to say, however, that all
“Neanderthal” characteristics of the kind we
listed in the last section are confined to the
large group of fossils that we may comfortably
regard as belonging to Homo neanderthalen-
sis. This is because in the middle Pleistocene of
Europe we can indeed, like Hublin and most
others, identify a variety of hominid fossils dis-
playing some, but not all, of the features that
typify Neanderthals (Hublin, 1998; Schwartz
and Tattersall, 2005). Perhaps most notable
among these is the Steinheim cranium (proba-
bly stage 7, around 225 ka), which possesses a
fairly standard Neanderthal-like morphology
of the upper face, with separately arching and
smoothly rolled supraciliary ridges over orbits
that have truncated inferomedial margins. The
large nasal fossa and the presence of a prenasal
fossa between well defined lateral and spino-
turbinal crests are characteristics shared with
Neanderthals, as are the angulation apparent
along the anterior squamous suture, the long,
straightish parietomastoid and anterior lamb-
doid sutures, the (rather faint) suprainiac
depression, the horizontal occipital “torus”
that is only fully defined below, and the rather
rounded posterior profile of the braincase.
There are even the rudiments of a vertically
oriented medial projection faintly evident
within the nasal cavity. On the other hand, the
puffy midface of the Neanderthals is absent
from the Steinheim specimen, as are the
sharply retreating zygomas, with their laterally
rising anterior roots, that give Neanderthal
faces their highly characteristic allure. The
poorly inflated Steinheim braincase departs
from the Neanderthal condition in having fair-
ly vertical side walls in coronal section and in
showing a smoothly rounded lateral profile at

the rear. As a result, despite the many
Neanderthal resemblances of this specimen, it
has been more or less universally regarded (see
reviews by Day, 1986; Schwartz and Tattersall,
2002) as an example of “archaic Homo sapi-
ens” rather than as of Neanderthal affinity. Few
have ever called Steinheim a Neanderthal, and
it would certainly be inaccurate to do so.
However, based on the constellation of charac-
ters it exhibits, it would seem entirely reason-
able to consider the Steinheim specimen as
representative of the sister taxon to Homo
neanderthalensis. Conceivably this taxon was
directly ancestral to the Neanderthals; but to
make that claim would involve a variety of
assumptions that we would prefer to avoid here
(see discussion by Tattersall and Eldredge,
1977).

Another German specimen with many of the
characteristic Neanderthal cranial traits is the
frustratingly incomplete partial calvaria from
Reilingen, which is possibly penecontempora-
neous with that from Steinheim (Ziegler and
Dean, 1998). Early analyses resulted in attribu-
tions to Homo erectus (Czarnetzki, 1989) or to
“archaic Homo sapiens” (Adam, 1989, Schott,
1990), but more recent contributions have
focused on the Neanderthal affinities of this
specimen (e.g., Condemi, 1996; Dean et al.,
1998). Like Neanderthals, this fossil possesses
expanded petrosal pneumatization; an occipital
“torus” that is fully delineated only below, with
a suprainiac depression above; an en bombe
coronal profile of the expansive braincase; and
incomplete lateral ossification of the ectotym-
panic tube. As in Steinheim, though, the sagit-
tal profile of the occiput is quite rounded, and
the weakly undercut occiput is fairly narrow,
though the cranial vault itself appears consider-
ably flatter and more Neanderthal-like than that
of Steinheim. This specimen exemplifies the
difficulty of categorizing members of this
wider group strictly on characters of the cranial
rear, though it is abundantly clear that
Reilingen is either Homo neanderthalensis or a
close relative.
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The impressive assemblage of hominid fos-
sils from the Sima de los Huesos at Atapuerca
in Spain, now thought to be around 400 ka or
possibly more (Bischoff et al., 2003), appears to
be relatively homogeneous. All of this material
has been referred by its describers (e.g.,
Arsuaga et al., 1997) to the species Homo hei-
delbergensis. This species is, however, based on
the Mauer jaw, a specimen to which none of the
mandibles known from the Sima appears to
bear notable similarities. At the same time,
Arsuaga and colleagues have noted that various
features of the Sima fossils are “transitional” to
Neanderthal morphology, and have concluded
that these hominids are early members of the
Neanderthal lineage, as well as simultaneously
linked to other European middle Pleistocene
fossils (Arsuaga et al., 1997). And certainly,
while the Sima hominids do show fewer
components of the Neanderthal character con-
stellation than Steinheim does, the number of
apparent Neanderthal synapomorphies that
they possess is nonetheless quite extensive.
Cranially, such resemblances to Homo nean-
derthalensis include: bilaterally arced supraor-
bital tori with tall and evenly rounded anterior
surfaces; orbits with obliquely truncated infer-
omedial corners; a large nasal aperture showing
a distinct prenasal fossa with a continuous
internal margin; some projection of the frontal
processes around the nasal aperture; an angula-
tion along the anterior squamous suture; a long,
straight parietomastoid suture; incompletely
laterally ossified ectotympanic tubes; and a pit-
ted suprainiac depression. Like those of
Neanderthals, the Sima mandibles display
medial pterygoid tubercles on the inner surface
of'the ramus, and have sigmoid notch crests that
terminate just lateral to the midline of the
condyle.

At the same time, however, the Sima
hominids are cranially less derived and quite
distinct from Homo neanderthalensis. In the
structure of the face, differences from the latter
include: an uninflated infraorbital region; hor-
izontal conchal crests just within the aperture

of the nasal cavity in lieu of vertical medial
projections; no sharply retreating and inferi-
orly tapering midface; and anterior zygomatic
roots that angle out more sharply laterally.
Farther posteriorly, the Sima hominid shows
deep zygomatic arches, a very short anterior
lambdoid suture, and there is no clearly under-
cut occipital “torus.” In sagittal profile the
braincase is smoothly rounded, and in coronal
profile it has parallel sides and a sagittal peak.
Postcranially the robust Sima pelvis shows
greatly flaring iliac blades, long pubic rami and
a capacious pelvic canal. These pelvic features
recall the Neanderthals; but they are likely to
represent the primitive condition for the genus
Homo, or at least for the subclade that contains
both the Neanderthals and the Sima hominids.

Based purely on the material discussed up
to this point, it might (just) be possible to
argue that this “Neanderthal clade,” fairly well
defined in terms of synapomorphies, included
a chronological succession of taxa of which
Homo neanderthalensis was the terminal out-
come. But from the evidence presented below,
it is evident that the larger story of middle
Pleistocene hominid evolution in Europe was
more complex than the notion of a single
evolving lineage can accommodate.

For the conclusion that hominid evolution
in Europe prior to the abrupt arrival of Homo
sapiens was not an essentially unilineal affair
is dramatically reinforced by a survey of the
entire variety of hominid fossils known from
Europe in the period centering on 400 ka.
Such fossils include the specimens from
Swanscombe, in England (about 400 ka:
Stringer and Hublin, 1999), the Arago
hominids from southern France (perhaps 450
ka: Tacumin et al., 1996); the German Mauer
jaw (around 500 ka: Cook et al., 1982); the
Bilzingsleben hominids, also from Germany
(300—400 ka: Schwarcz et al., 1988), and pos-
sibly the Vérteszollos occipital from Hungary
which might be as old as 350-250
ka (Cherdyntsev, 1971) though Schwarcz
and Latham (1990) consider it younger.
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Morphologically there is strong justification
for associating the Greek Petralona cranium
with the Arago hominids (Schwartz and
Tattersall, 2005), although Griin (1996) con-
cluded that this exceptionally poorly dated
fossil most likely derives from significantly
later in time, around 250-150 ka.

The committee that was originally con-
vened to evaluate the two first-found elements
of the Swanscombe cranial rear emphasized
metrical comparisons to both Homo sapiens
and Steinheim (Morant, 1938), and influential
later contributions (e.g., Howell, 1960;
Stringer et al., 1984) continued an essentially
“presapiens” assignment. However, following
the lead of Santa Luca (1978), most workers
have moved toward comparisons with Homo
neanderthalensis (see Stringer and Gamble,
1993; Stringer and Hublin, 1999). And,
indeed, Swanscombe clearly does sort into the
Neanderthal clade, although it does not seem
to represent a typical Neanderthal, and in
some ways it more closely resembles its coun-
terparts from the Sima de los Huesos, for
instance in having a relatively narrow and
weakly undercut occipital “torus” and a poo-
rly defined suprainiac fossa. Still, while hav-
ing more vertical cranial walls than is usual
for Neanderthals, it does also show a more
rounded coronal cranial contour than is seen
in the Spanish material and it does possess a
fairly large, ovoid foramen magnum.

The Vérteszo6llos occipital was initially
announced as a representative of Homo erec-
tus (Vértes, 1965) — in hindsight a virtually
meaningless attribution in the European con-
text — and was subsequently moved to “arch-
aic Homo sapiens” by Stringer et al. (1979) at
a time when the Petralona cranium was simi-
larly classified. The two hominids share a
long and very horizontal occipital “torus,” but
otherwise the Vérteszo6llos specimen remains
fairly enigmatic. Also rather inscrutable are
the Bilzingsleben hominids, which have been
ascribed to Homo erectus by their finders
(e.g., Mania, 1983; VIcek and Mania, 1987).

Stringer et al. (1984) found these fossils to
be the “most erectus-like and the least
Neanderthal or modern-like” of the “archaic
Homo sapiens” group, a conclusion later sus-
tained by Stringer (1989) through compar-
isons with the Saldanha calotte. The two
Bilzingsleben crania are both fragmentary, but
awkwardly they appear to display differences
from one another (Schwartz and Tattersall,
2005) that are substantial enough at least to
raise the question of whether they belonged to
a single population. The affinities of neither
are clearly evident, but there is little reason
to associate all of the material with the
Neanderthal clade and the net effect is to add
to the growing impression of hominid divers-
ity in the European middle Pleistocene.

The Arago and Petralona crania are nowa-
days widely accepted as classic European
exemplars of the species Homo heidelbergen-
sis, originally founded solely on the basis of
the Mauer mandible. It is fortunate that the
existence of both mandibles and crania in the
Arago collection allows this attribution to be
substantiated (Schwartz and Tattersall, 2005).
There is a substantial Gestalt difference
between the Mauer jaw and the two better pre-
served Arago mandibles because the latter are
more gracile than the former, and lack its
remarkable ramal length. However, both the
Mauer and Arago 13 mandibles show a com-
mon configuration of the anteroinferior mar-
gins of the jaw. They also share excavated and
rounded gonial regions, anteroposteriorly long
coronoid bases, posteriorly decreasing corpo-
ral height, and tall but shallow infracondylar
sulci that lie along the posterior margins of the
rami. More striking, though, are the dental
similarities. Notably, the anterior teeth in both
mandibles were large, and the molars long and
ovoid; the P;s are obliquely truncated
mesiodistally along their lingual surfaces, and
are hence more mesiodistally tapering and
elongate than the short, buccolingually wide
and more ovoid P,s; the protoconids on both
the P;s and P,s are centrally placed; on P, the
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low lingual swelling lies opposite the proto-
conid, while on P, the metaconid is mesially
situated relative to the protoconid, and on both
premolars the lingual swelling or cusp is
bounded by a very small fovea mesially and a
much deeper fovea distally. In the molars M,
is larger than both M, and Mj3; the protoconids
and metaconids are situated very mesially on
the crowns, and in the same mutual relation-
ship; M, shows evidence of a tiny trigonid
basin, while this basin is more pronounced on
M,_;. On all molars the hypoconulid lies just
buccal to the crown midline, and the talonid
basin is or was quite long mesiodistally and
truncated buccolingually, with some evidence
of enamel wrinkling.

If we can allocate the Mauer and Arago lower
jaws to the same species, then it appears permis-
sible to regard the well-preserved Arago 21 fos-
sil as the classic exemplar of the face of Homo
heidelbergensis. In turn, we can associate with
this species the more complete and potentially
much more recent Petralona cranium, which
shares with Arago 21 a massive and broad lower
face that lies below hugely developed and super-
oinferiorly tall supraorbital margins that attain
their maximum thickness around mid-orbit. In
both fossils, the superior margin of the orbit
bears a blunt edge that demarcates the anterosu-
periorly twisting front surface of the torus from
the shallow posttoral sulcus behind. The same
features unite these European specimens with
others from Africa (Bodo, Kabwe, Saldanha)
and Asia (Dali, Jinniushan). Interestingly, while
there is also a fair amount of variation in other
features of the cranium among this cosmopoli-
tan group (see discussion by Schwartz and
Tattersall, 2005), that variation does not appear
to be geographically organized in any clear-cut
manner. In the present context, however, it is
important to note that the upper facial features
of Homo heidelbergensis noted above distin-
guish this species absolutely from Homo
neanderthalensis as well as from broadly con-
temporaneous members of the latter’s clade
such as the Sima hominids.

Conclusion

Homo neanderthalensis is an unambiguously
demarcated morphospecies, recognizable on a
host of cranial and postcranial characters, that
was also, as definitely as such things can be
known in the fossil record, a fully individuat-
ed historical entity. Its identity did not shade
into that of any other known hominid, and cer-
tainly not into that of the species Homo sapi-
ens that entered its European and western
Asian zone of distribution some 40 kyr ago
and entirely displaced it within about a dozen
millennia. Further, it clearly emerges from the
evidence just adumbrated that the larger
Neanderthal clade, if not the species Homo
neanderthalensis itself, was already in exis-
tence in the period centering on 400 ka.

Inadequate specimens or poor dating make it
hard to be sure whether or not multiple kinds of
hominid belonging to this “Neanderthal clade”
coexisted at this juncture, although the proba-
bility may lie in that direction. On the other
hand, the new datings make it evident that at
around this same time point there also existed in
Europe at least one other hominid lineage, rep-
resented by Homo heidelbergensis (as defined
by the Mauer/Arago fossils). This species is
clearly demarcated from all members of the
equally derived Neanderthal/Steinheim/ Sima
clade in which this cranial region is known by
the apparently derived structure of its upper
face (among other features). It is beyond the
scope of our discussion here to broach the many
problems of apparently geography-independ-
ent morphological variation in the larger group
to which the species name Homo heidelbergen-
sis has been applied in recent years (e.g.,
Rightmire, 1990; Stringer and McKie, 1996;
Schwartz and Tattersall, 2005). But it is already
evident that this species, as broadly defined,
somehow shared the European habitat with the
Neanderthals and/or their relatives, potentially
over a period of several hundred thousand years
if the late dating of Petralona turns out to be
accurate.
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It remains uncertain how far back in time
the roots of the endemic European clade or lin-
eage that ultimately gave rise to Homo nean-
derthalensis can be traced. Bermudez de
Castro et al. (1997) have argued that the small
sample of 780 kyr-old hominids from the ATD-
6 levels of the Gran Dolina at Atapuerca is den-
tally primitive and represents the common
ancestor of both the Neanderthal and modern
human lineages. This proposition is, however,
frustratingly difficult to demonstrate on the
basis of the existing small and fragmentary
sample of Gran Dolina hominids (see discus-
sion by Schwartz and Tattersall, 2005); and
certainly it is hard to read specifically
Neanderthal affinities into these fossils.
Neither is it possible to detect any Neanderthal
apomorphies in the quasi-contemporaneous
(with ATD-6) Ceprano hominid from Italy,
recently made the holotype of Homo cepranen-
sis by Mallegni et al. (2003). Indeed, this latter
seems to compare most closely with Asfaw
et al.’s (2002) million-year-old Daka cranium
from Ethiopia (Schwartz and Tattersall, 2005).
On current evidence, then, the earliest success-
ful (i.e., long-term) hominid occupation of
Europe was preceded by a series of early incur-
sions that occurred around or subsequent to
about one million years ago. None of the fossil
forms witnessing such early occupations can
be demonstrated to have definitively estab-
lished itself in Europe much prior to the arrival
of the first Neanderthal precursors, some time
before (perhaps well before) the Sima
hominids lived. When (and where) exactly the
larger clade containing the Neanderthals origi-
nated remains to be determined.
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Abstract

The fossil cranium known as Saccopastore 1 was recovered in 1929 near Rome (Italy) in a gravel quarry that has
been later replaced by building areas within the city. Its Neanderthal morphology was established early on, and
detailed successive works described a combination of features in which traits that are recurrent among Wiirmian
Neanderthals blend with those shared by Middle Pleistocene hominines. Recent computed analyses allowed the
study of the endocranial structures through tomographic and digital approaches, and improved the ectocranial
comparisons by using landmark-based multivariate techniques. This paper is aimed at synthesizing and describ-
ing the current information available about the Saccopastore 1 cranial morphology, through an integration of past
and present data. This specimen represents the best-preserved and most complete cranium in Europe among those
dated to OIS 5. Its recognized Neanderthal identity suggests that the impact of the preceding cold stage (OIS 6,
around 200-130 ka) was probably decisive in the definition of the Neanderthal phenotype, modifying the extent
of genetic variation of previous European populations toward a more homogeneous gene pool.

Saccopastore, Ever Since 1929

A gravel quarry was active during the late
1920s in a locality known as Saccopastore,
which was just outside Rome at the time, since
the city’s great expansion took place only in
the last fifty years. The quarry was delimited
by a meander of the river Aniene (tributary of

the Tevere), about 3.5 km from the northeast-
ern border of the city. It was removing gravels
and sands pertaining to the lower and more
recent terrace of a fluvial valley.

In April 1929, the workmen of the quarry
found a fossilized human cranium (SCPI;
Figure 1A) that was immediately removed
from the deposit. The specimen was then
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delivered to the anthropologist Sergio Sergi
(Figure 1B), who recognized its Neanderthal
features (Sergi, 1929) and started a long-term
series of studies (e.g., Sergi, 1934, 1944, 1947,
1948a, b, 1962). Another, less complete crani-
um of Neanderthal morphology (SCP2) was
later discovered in the same locality by A.C.
Blanc and H. Breuil, while they were visiting
the abandoned quarry in the summer of 1935
(Breuil & Blanc, 1936; Blanc, 1948; Sergi,
1948c). During the following year (1936), a
brief excavation campaign was carried out by
the Istituto Italiano di Paleontologia Umana.
Faunal and plant fossil remains were added to
the material previously collected by the work-
men, and a few flake instruments of
Mousterian typology were also discovered
(Blanc, 1948). Moreover, the stratigraphy of
the area was studied in further detail (e.g.,
Blanc, 1948, 1957; Segre 1948), enriching the
initial observations made by Koppel (1934)
and Sergi (1935).

According to the stratigraphic profile fur-
nished by A.G. Segre (1983) and reported in
Figure 1C, the two human specimens appear
embedded in the same stratigraphic span of
gravels, which belong to the last interglacial
cycle. An alluvial lens of mud, including terres-
trial mollusks, separates the two crania, but it
simply represents the occurrence of a rapid flu-
vial event interposed in the sequence of gravels.
Consequently, the two crania should date to the
Eemian and, more precisely, to one of the
warmest phases of oxygen isotope stage 5 (OIS
5), most probably between the sub-chrons Se
and 5S¢ (Caloi et al., 1998). This corresponds to
a chronology of about 100-130 ka.

Despite some visible damage, SCP1 is a
remarkably well-preserved fossil specimen.
The cranium lacks the mandible and both the
zygomatic processes. Many maxillary teeth
and alveolar structures are broken, but both
molar series have been preserved, with the
exception of the crown of the right M1. The

+ OIS5

Figure 1. Saccopastore: a) fossil cranium found in 1929; b) the site visited by S. Sergi (first on the
left) after the discovery of the specimen; ¢) stratigraphic profile based on that elaborated by
A.G. Segre (1983), where the levels referred to the OIS 5 are evidenced. These include (from above):
level 3a, cemented gravels with large mammal remains; level 3b, slime lens with terrestrial mollusks;
level 2a, fine gravels with faunal assemblage similar to that in 3a (except for the presence of
Palaeoloxodon antiquus). The arrows indicate the position of the Neanderthal crania, labeled
SCP1 and SCP2, discovered in 1929 and in 1935 respectively.
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supraorbital region appears severely damaged,
and two holes (each of about 6 cm?) were made
by the discoverers in different positions along
the coronal suture. The endocranial cavity and
other internal volumes are still partially filled by
a concrete-like geological matrix. The cranium
is markedly platycephalic, gently curved along
its midsagittal outline and with an elliptical (or
en bombe) profile in posterior view. The face is
rather large and orthognathic, with a pro-
nounced alveolar height and a combination of
features related to a clear, although not partic-
ularly pronounced, midfacial prognathism. The
pyriform aperture is wide and the orbits are
large and circular. The high, broad, and rectan-
gular nasal bones show a regular, but deep
concavity in transverse section. The palate is
narrow and extremely high, with a small pala-
to-dental area and relatively small teeth. The
cusps are severely worn according to the heli-
coidal pattern of attrition, and the underlying
dentine is exposed.

This paper includes a brief review of the
features displayed by SCP1. We will consid-
er either features detectable by visual inspec-
tion or those revealed through the application
of computer-assisted imaging techniques.
Our aim is to evaluate whether or not SCP1
may be considered one of the most appropri-
ate test cases for the “accretion model” of
human evolution in Europe, viewed as a bio-
ecological explanation for the establishment
of the Neanderthal morphology (e.g., Dean
et al., 1998; Hublin, 2000). Because of its
ectocranial anatomy, the phenetic position of
SCP1 is well established in the literature,
with respect to the European fossil record at
the boundary between Middle and Late
Pleistocene. It shows a combination of fea-
tures in which traits that are recurrent among
Wiirmian Neanderthals blend with those
shared by Middle Pleistocene hominines
(e.g., Sergi, 1944; Condemi, 1992). Recent
studies on endocranial morphology (Bruner
et al., 2003; Bruner, 2004a) stress this con-
clusion further, and call for a re-evaluation of

the Italian fossil specimen based upon both
traditional and computerized data, with
emphasis on the latter.

The Tomographic Approach

SCP1 was CT-scanned in 2001 using a
Phillips Tomoscan AUEP machine (Manzi
et al., 2001). Sequential and contiguous 1 mm
scans were taken through transverse planes,
aligned according to the Frankfurt horizontal.
The scanner was set at 75 mA and 140 kV,
with a FOV of 250 mm and a pixel size of
0.49 mm. Some streak artifacts occurred
because of the high level of fossilization and
the inclusion of stone matrices. It was, there-
fore, necessary to use a filter to clean the sig-
nal. Data were analyzed using Mimics 7.0.
The attenuation spectrum (Figure 2) shows
three main components, with two peaks or
phases. The low-density peak represents the
fossilized bone matrix, mostly the neurocra-
nial structures. The high-density phase repre-
sents the geological hard infiltrations in the
endocranial cavity and frontal diploe, as well
as a large part of the maxillary structures.
These two components are well-separated
densitometrically, although a certain amount
of overlap hampers a complete distinction
between the bone and the geological sedi-
ments. A very low-density component repre-
sents the tail of the spectrum, including the
partial volume effect (see Spoor et al., 2000)
and light sediment permeating many scattered
and deep volumes, particularly localized with-
in the right maxillary sinus. The basal struc-
tures and the petrous pyramids are the more
permeated volumes, and their boundaries are
hardly recognizable. Nevertheless, most of the
internal structures (e.g., inner ears, dental
roots, paranasal sinuses, endocranial mor-
phology) can be reconstructed almost entirely
by using thresholding, semi-automatic
segmentation, and digital replicas. Some lines
of fractures, visible in part on the ectocranial
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Figure 2. Attenuation spectrum of SCP1 showing two main phases. A very low-density component
(a) is associated with light geological infiltration, clearly recognized within the right maxillary sinus.
The low-density phase (b) represents mainly the fossil bone, mostly the neurocranial volume.
The high-density phase includes highly mineralized tissues (mostly the maxillary volumes) and hard
geological matrix (partially filling the endocranial cavity and the frontal diploic space).

surface, are observable within the fossil
volume.

A Glimpse at the (ecto)Cranium

From an ectocranial perspective, SCP1 dis-
plays a clear Neanderthal appearance, including
most of the derived traits which characterize
this human group, despite the occurrence of a
number of plesiomorphic features and the
weak expression of some derived ones. About
25 years ago, SCP1 was restudied in detail
after the discovery of new fossil evidence in
Europe and in the Levant (Condemi, 1985,
1988, 1992; for other recent overviews see
Stringer et al., 1984; Ascenzi et al., 1986;
Manzi and Passarello, 1991; Schwartz and
Tattersall, 2002; Manzi, 2004). Similar

considerations are also pertinent to the second
specimen from Saccopastore. The morpholo-
gy of the two crania from Rome — together
with those of other penecontemporaneous
European fossil hominids — is the result of a
combination of features encountered among
the so-called “anteneanderthals” (or Homo
heidelbergensis) with those belonging to the
European Wiirmian Neanderthals (or Homo
neanderthalensis).

Thus, the Saccopastore crania may repre-
sent a significant phenetic connection
between two chronospecies along the same
evolutionary continuum. This “intermediate”
phenotype — already described by Sergi (e.g.,
Sergi 1962) — appears consistent with the
chronology of the Italian specimens, and fits
an anagenetic perspective of human evolution
in Europe, that is commonly referred to as the
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“accretion model” (e.g., Dean et al., 1998;
Hublin, 2000).

Partly following Condemi (1988, 1992),
typical Neanderthal features in SCP1 are the
shape of the parietals, the en bombe profile of
the braincase in rear view, and the “double-
arched” occipital torus (i.e., depressed in cor-
respondence of the midsagittal plane). Some
features, instead, are less derived: the flat and
irregular suprainiac fossa, the absence of a
clear chignon replaced by a rounded parieto-
occipital midsagittal contour (but see Manzi,
1991a, b, for an alternative explanation which
takes into account the occurrence of several
supernumerary ossicles at lambda), the mod-
erate midfacial projection with partially
developed Neanderthal shape of the zygomat-
ic bones, and the presence of weak concavities
on the infraorbital surface of the maxilla. By
contrast, definitely archaic features in SCP1
are the small dimensions, the rather developed
mastoid processes (projecting more inferiorly
than the occipitomastoid crests), some traits
of the temporal bone (including the shape of
the glenoid cavity), a crista occipitalis externa
well-marked throughout its length, and the
“erectus-like” appearance of the greater wings
of the sphenoid.

No evidence of crista turbinalis, crista
spinalis, crista lateralis, or nasal medial pro-
jection (see Franciscus, 1999, and references
therein) can be detected in the nasal aperture,
neither by visual inspection nor in the CT
data. Nonetheless, it must be considered that
the nasal volumes in SCP1 are largely dam-
aged and that the geological infiltrations have
thus far hampered a useful densitometric res-
olution between fossil and geological matrices
in this anatomical region.

As noted by some authors (e.g., Condemi
1988; Rak, 1993; but see Trinkaus, 1991), this
combination of features also suggests affini-
ties between the interglacial specimens from
Saccopastore and the Neanderthals from
South-Western Asia — like Tabun C, Amud 1,
or those from Shanidar — pointing out the key

role of the paleo-biogeographic relationships
between Europe and the Levant.

Landmark-based approaches using coordi-
nates superimposition, multivariate statistics,
and thin-plate spline interpolation grids (e.g.,
Rohlf and Marcus, 1993; Adams et al., 2004)
allowed further considerations of the SCP1 cra-
nial morphology. As far as the shape of the mid-
sagittal vault profile (from nasion to inion) is
considered, SCP1 fits the Neanderthal varia-
tion, characterized by flat parietals and enlarge-
ment of the supraorbital structures (Manzi et al.,
2000). Nevertheless, this geometric morpho-
metrics analysis indicates a peculiar platy-
cephalic condition of SCP1 when compared to
other Neanderthals, and a generalized morpho-
logical affinity with Tabun 1.

A similar shape analysis was performed
along the entire midsagittal profile from
prosthion to inion, using a sample of nineteen
specimens from different taxa of the genus
Homo (Bruner et al., 2004). In this analysis,
SCP1 clusters with the configuration of
Guattari 1 (GTT), because of the similar
degree of vault flattening, reduced alveolar
prognathism, and increased midfacial projec-
tion. Such a phenotypic affinity supports the
interpretation of SCP1 as a small-brained
Neanderthal. Taking into account the main
shape variation and the values of cranial capac-
ity, the same analysis shows that the position of
“cranium 5” from Sima de los Huesos (SHY) is
also rather comparable with the configuration
in SCP1, suggesting a certain similarity with
the European Middle Pleistocene populations
as well.

In this light, the midsagittal profiles of
SCP1, SHS5, and Guattari, are compared
directly in Figure 3 using a baseline from
nasion to inion, in order to separate the neuro-
cranium from the facial component of the pro-
file. Superimposition and distortion grids
were carried out using Morpheus et al. (Slice,
2000). Compared to the Middle Pleistocene
SHS5, SCP1 shows reduction of the alveolar
prognathism, a similar frontal profile, and the
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Figure 3. The midsagittal cranial profile of Sima de los Huesos cranium 5 (SHY) is
superimposed on the SCP1 configuration through a nasion-inion baseline, which in turn
is superimposed on the Guattari profile (GTT). Pairwise differences are visualized using
thin-plate spline and interpolation grids (solid links: reference shape: dotted links: target

shape), showing the respective bending energy for each comparison.

development of the parieto-occipital areas. By
contrast, SCP1 and GTT display very similar
configurations, with minor differences related
to an even lower vault in the Wiirmian speci-
men, associated with lambdoid flattening and
slight facial reduction. The bending energy —
computed after Procrustes superimposition by
tpsSpline 1.15 (Rohlf, 1997) — quantifies the
magnitude of the distortion, revealing a phe-
netic distance between SHS5 and SCP1 that is
twice the value of that separating the two
Italian Late Pleistocene specimens.

Endocranial Morphology
ENDOCAST

Because of the marked differences in the den-
sitometric properties between the neurocranial
surfaces and the geological infiltrations, the
digital endocast was well reproducible by seg-
mentation (Bruner et al., 2002). The basal sur-
faces and the temporal pyramids are the only
poorly resolved structures, in which the
boundaries between fossil bone and geologi-
cal inclusions are difficult to discern. Figures
4-6 show the digital replicas of the endocast
and some informative tomographic sections.

The frontal circumvolutions are clearly out-
lined and visible, with the pars opercularis and
triangularis more defined on the left side. The
right frontal lobe is slightly wider than the left
one. The frontal lobes lie almost entirely on the
orbital roof, without the posterior displacement
described for some robust Early-to-Middle
Pleistocene specimens, such as Ceprano,
Kabwe, and Petralona (Seidler et al., 1997;
Bruner and Manzi, 2005). The crista galli is
pneumatized through the ethmoidal cells and
tilted backward because of a hypothesized
backward tension of the falx cerebri, associated
with platycephaly and the encephalisation
process (Unpublished data). The cribriform
plate is rather open onto the anterior fossa,
namely wide and not constricted between the
orbital margins, with a gradual slope between
the lateral walls of the pit and the orbital roof
(type 2 morphology sensu Moss, 1963). The
moderate right frontal petalia is associated with
a marked left occipital petalia. The supramar-
ginal area is better shaped on the right side,
while the parietal volume is larger on the oppo-
site side. The maximum endocranial width lies
at the parieto-temporal boundary, rather lower
on the left hemisphere. The parietal asymmetry
observed on the endocast matches the ectocra-
nial asymmetry (Sergi, 1944). The upper
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Figure 4. The digital replica of the SCP1 endocast. The sectioned cranium (left) shows the
relationship between the endocast and the ectocranial structures. The dorsal view of the endocast
(right) shows the well-shaped pre-frontal circumvolutions, a minor right-frontal petalia (the right

lobe is slightly wider), a marked posterior asymmetry (the occipital, temporal, and parietal areas are
more enlarged on the left side), and the absence of a marked narrowing of the frontal lobes when
compared with endocranial maximum width.

Figure 5. The midsagittal reformatted CT slice from SCP1 shows the localization of the three trans-
verse sections at the level of the supraorbital structures (a), orbits (b), and maxillary sinuses (c). The
densitometric differences between the fossil matrix (light gray) and the geological inclusions (white) are
clearly visible in the endocranial posterior-upper regions, particularly on the right side, but are less
defined toward the cranial base (including the temporal pyramids, the sphenoid, and the lower facial
volumes); a low-density infiltration (dark gray) can also be recognized within the right maxillary sinus.

Figure 6. Even though a large percentage of the lower volumes are deeply melted with the geological
infiltrations, several fossil surfaces are distinguishable, like the left maxillary sinus and the dental
roots (a), or the right vestibular structures (b, magnified).
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parietal circumvolutions are enlarged (Bruner
et al., 2003), involving the en bombe profile of
the Neanderthals from an endocranial perspec-
tive in posterior view. The occipital lobes are
not projecting backward as in many Asian
Homo erectus specimens. The cerebellar lobes
are rather globular, almost in contact behind the
brainstem. The superior sagittal sinus runs into
the right transverse-sigmoid system. There are
no traces of the occipito-marginal vessels. The
occurrence of a spheno-parietal sinus (showing
a high prevalence in the Neanderthal endocasts;
Grimaud-Hervé, 1997) can be hypothesized on
the left hemisphere, but its trace is not clearly
defined. Imprints of the middle meningeal ves-
sels are visible on the right side, showing a very
simple network, and an obelic branch derived
by the posterior ramus. A similar pattern is
more frequently described in less encephalized
taxa of the genus Homo (Saban, 1995;
Grimaud-Hervé, 1997).

The main endocranial diameters are compa-
rable to other small-brained Middle
Pleistocene samples, but the general propor-
tions show a phenetic affinity with the
Neanderthals (Bruner et al., 2003; Bruner,
2004a). In particular, despite the small cranial
capacity and the very low upper vault, the
frontal lobes are rather lengthened antero-pos-
teriorly, while the parietal area is short and flat-
tened. The frontal lobes do not show a marked
lateral narrowing when compared with the
endocranial maximum width. Considering the
general brain shape through landmarks config-
uration and superimposition, the similarity
with the Neanderthal pattern is evident once
again, despite the generalized endocranial
flattening.

The cranial capacity of SCP1 was accurately
estimated by Sergi at 1174 cc (Sergi, 1944).
This figure is rather low considering the
“classic” Neanderthal values, averaging
around 1450 ml. It might be considered an
individual trait, thus including sexual and idio-
syncratic variants. However, when chronologi-
cal and allometric factors are also taken into

account the possibility of clearly identifying
the Neanderthal cranial structure in such a
small-brained skull is worth considering.

PNEUMATISATION

SCP1 shows large pneumatic volumes devel-
oped within the inner bony layers (e.g.,
Passarello and Diotallevi, 1982 and references
therein). The maxillary sinuses are large, per-
meated by geological matrices, and easily rec-
ognizable in the tomographic sections
(Figures 5C—6A). The development of the
maxillary sinuses contributes to the ectocra-
nial oncognathic morphology, although it is
less evident than in the Wiirmian
Neanderthals (Sergi, 1948b). The frontal
sinuses in SCP1 can only be estimated by
examining their preserved posterior bound-
aries, which suggest wide structures. In con-
trast, the frontal sinuses in the other specimen
from Saccopastore (SCP2) are distinct but
smaller (Manzi et al., 2001). In both cases,
these structures do not develop within the
frontal squama, as described for some Middle
Pleistocene specimens, like Petralona or
Kabwe (Seidler et al., 1997). The pneumatiza-
tion of the mastoids and temporal pyramids is
difficult to assess, because of the admixture
with the geological matrices. The ethmoidal
cells are large and well developed (Figure 5B).

INNER EAR

Although the present tomographic analysis
has a limited resolution, the vestibular struc-
tures of the inner ear can be localized and
recognized. The left labyrinth is less visible
than the right one, because of the extreme
permeation and blending of fossil and geolog-
ical matrices. The boundaries are rather
unclear, mostly at the anterior canal. In con-
trast, the right canals are more complete and
better preserved (Figure 6B). A tentative
description of this structure is attempted
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Sl

Figure 7. a) Localization of the right inner ear within the skull model using polylines;

b) shape comparison between the vestibular structures in SCP1 (thinner line) and in the early
Neolithic skull from Fonterossi (Abruzzo, Italy) after Procrustes superimposition, in superior
(top) frontal (left) and lateral (right) views; c) grid deformations of the same comparison
in lateral view using transverse and sagittal planes.

through a landmark-based direct geometrical
comparison with the Early Neolithic anatomi-
cally modern specimen from Fonterossi
(Bruner and Manzi, 2003). Using three-dimen-
sional coordinates from the center of the
lumen at the maximum width and maximum
height of each canal (Spoor and Zonneveld,
1995, 1998), the configurations displayed by
these two specimens were compared through
Procrustes superimposition (Bookstein, 1991).
SCP1 has a smaller posterior canal (mostly
due to reduction of the upper part) and a wider
transverse one. The posterior canal is rather
low relatively to the plane of the lateral canal,
which in turn undergoes a lateral stretching
(Figure 7). Although very preliminary and
exploratory because of the resolution of the
tomographic data, these results are in agree-
ment with the suggested autapomorphic mor-
phology of the inner ear among Neanderthals
(e.g., Spoor et al., 2003).

Epilogue: A Small-brained and Low-
vaulted Neanderthal

The importance of SCP1 is emphasized by the
fact it is the best-preserved and most complete
single specimen in Europe among those

referred to OIS 5. The penecontemporaneous
fossil evidence is rather fragmentary, includ-
ing: the two portions of cranial vault from
Fontéchevade (France); the calvaria and other
cranial portions from La Chaise Bourgeois-
Delaunay (France); the fragmentary braincase
found at Ehringsdorf (Germany); and the
large but fragmentary sample from Krapina
(Croatia). At the same time, no dating is avail-
able for the Apidima specimens (Greece) and
the chronology of the cranium unearthed at
Forbes’ Quarry, Gibraltar, in 1848 — usually
considered in the past of comparable age to
Saccopastore (i.e., beginning of the Wiirm
glaciation) — remains unclear.

The morphological continuum observed
among European populations of the Middle and
Late Pleistocene — except for the arrival of
anatomically modern immigrants (e.g.,
Stringer, 2002) — is presently interpreted as
a gradual shifting of characters within a sin-
gle evolving lineage, or paleospecies, from
more plesiomorphic to more derived (i.e.,
Neanderthal) morphologies (e.g., Hublin,
1998). Two chronospecies of this same lineage —
namely Homo heidelbergensis (Schoetensack,
1908) and Homo neanderthalensis (King,
1864) — are thus considered as linked by a pro-
gressive and gradual evolution (e.g., Arsuaga
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etal., 1997). The “accretion model” in particu-
lar, introduced a four-step scheme to explain
the Neanderthal evolution. (Dean et al., 1998;
Hublin, 1998, 2000; Stringer and Hublin,
1999; but compare Hawks & Wolpoft, 2001).
These steps, or progressive stages, are (accord-
ing to Dean et al., 1998): “early pre-
Neanderthals” (before OIS 12, i.e. before
450 Ka), “pre-Neanderthals” (OIS 11-9,
roughly between 400 and 300 ka), “early
Neanderthals” (OIS 7-5, between 250 and 80
ka), and “classic Neanderthals” (OIS 4-3,
from 80 to 30 ka).

As noted by various authors, the prolonged
anastadial-catastadial oscillation cycles,
whose environmental effects were particularly
dramatic in Europe during the last half million
years (Figure 8), may have played a crucial role
in this process. Particularly, it seems reason-
able that the recurrent climatic crises (i.e.,
severely cold stages) may have been capable of
marginalizing human populations by forcing
them toward the south in Mediterranean envi-
ronments, thus producing contractions in the
population size over the continent, as well as
repeated reductions of their morphological
intra-group variability and inter-group diversi-
ty. As Hublin (1998: 307) pointed out, “such
events would have produced genetic drift
episodes resulting in the fixation of derived
features [that] could have developed
although they do not have a clear adaptive
significance”. In this perspective, it is probable
that the impact of OIS 6 (around 200-150 ka)
contributed to the definition of the phenotype
that we refer to as that of the Neanderthals
definitively (e.g., Stringer et al., 1984), thus
modifying the extent of genetic variation
toward a more homogeneous gene pool.
European populations of the subsequent OIS 5
may be the earliest result of such a particularly
strong bottleneck along the phenetic and
phyletic lineage Homo heidelbergensis-
neanderthalensis.

Some additional insight on this issue may
be furnished by the retrieval and analysis of

mitochondrial DNA (mtDNA) sequences
from Neanderthal specimens (Krings et al.,
1997, 2000; Ovchinnikov et al., 2000;
Schmitz et al., 2002; Knight, 2003). Given
that “the extent of Neandertal mtDNA divers-
ity was similar to that of current humans”
(Serre et al., 2004), it is reasonable to infer
that the coalescence of the Neanderthal gene
pool falls in a period close to 200 ka (e.g.,
Krings et al., 2000), and therefore in corre-
spondence to the transition between OIS7 and
OIS6. Hence, the genetic data are not in con-
trast with the above hypothesis, suggesting
that the populations that were able to pass
through the bottleneck caused by the climatic
crisis of the OIS6 were those from which
Homo neanderthalensis originated.

Viewed in this light, SCP1 — complemented
by the other, less complete cranium from
Saccopastore — has both the chronology and
the appropriate ecto-endocranial morphology,
as well as a number of discrete features,
appropriate to be considered the best available
specimen representing the earliest record of
the full Neanderthal identity. Since the semi-
nal work by Simpson (1944), species should
be considered as a group of populations with
a shared evolutionary history; in this light, a
possible corollary may be that an evolutionary
history in common is but the consequence of
a shared biological model (for further discus-
sion see Bruner, 2004b). In this framework,
the Neanderthal cranial morphology must be
viewed, not in terms of single traits or local-
ized anatomical variants, but as integrated
structural systems, characterized by functio-
nal relationships and biomechanical
constraints (see Rosas et al., this volume). In
this context, we observe that the cranial mor-
phology of SCP1 fits the Neanderthal cranial
model in terms of structural organization.

As already noted in the past, the shape of
SCP1 shows the clearest phenetic affinity with
the so-called “classic” Neanderthals, which is
greater than that shown by other European
specimens of the Middle Pleistocene. This is
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Figure 8. Schematic reproduction of the 3 oxygen-18 record, based on deep-sea sediments
(after Shackleton, 1967), describing the sequence of oxygen-isotope stages (OIS) in the
last 600 ka. Clearly, the even-numbered OIS 12 and 6 were the most severe cold stages before the
appearance of the European Wiirmian Neanderthals. The star marks the time period when
H. neanderthalensis became extinct.

owing to some ectocranial features (e.g., Sergi,
1944; Condemi, 1992), despite the small size
(including the small cranial capacity) and the
platycephalic appearance of the cranial vault.
In addition, although the endocranial varia-
tions might not match the ectocranial changes
(Bookstein et al., 1999; Schifer et al., 2001),
what is visible ectocranially in SCP1 is even
more clearly perceived by looking at the endo-
cast, thus furnishing a new and more compre-
hensive perspective of analysis. In fact, the
application of computer-assisted imaging
techniques, in combination with geometric
morphometric analyses, helps in considering
the shape of the cranium as a complex and
integrated system, far better than just looking
at features that are detectable from a visual
inspection. This brings to mind the words of
Sergi (1934: 107): “La posizione delle ossa del
cranio ¢ il risultato di azioni esercitate su di
esse durante la evoluzione e lo sviluppo.
Queste azioni sono rappresentate da forze di

intensita e direzione diverse, che conducono
all’equilibrio definitivo degli elementi ossei.
La differente posizione, pertanto, di ogni 0sso
nei diversi tipi architetturali si pud concepire
come la posizione di equilibrio definitiva rag-
giunta, in modo diverso, per ogni tipo.” [The
position of the cranial bones is the result of
forces acting upon them during evolution and
development. These forces have different
intensity and direction, which guide to the
ultimate equilibrium of the bone elements.
Thus, the different position of each bone in
the various architectural types may be viewed
as a final stage of equilibrium, reached in dis-
tinct manners by the diverse types].
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Abstract

The origin and evolutionary significance of the Neanderthals is still unresolved. Several basic questions about the
biological processes determining the apomorphic morphology of this human group are still pending resolution.
In this paper we present a general outline of the lines of research we are currently following in the exploration of
Neanderthal anatomy. We focus our approach on three different aspects: (1) a methodological and theoretical
component based on system theory; (2) specific morphological problems, such as the effects of body size and
brain development on craniofacial shape in Neanderthals; and (3) the analysis of these aspects by geometric mor-
phometric and paleohistological methods.

Presently, Neanderthals are considered the end point of an evolutionary lineage rooted in the European Middle
Pleistocene fossil record. The “tempo and mode” in the evolution of the Neanderthal lineage are here evaluated
by comparison of two different perspectives: the “accretion model” (Hublin, 1998a) and the “organismic model”.
In the former, stochastic processes are invoked to account for the “gradual tempo and a mosaic mode” for the
emergence of the Neanderthal anatomy. By contrast, the “organismic model” presented here, sets out the hypoth-
esis that the Neanderthal skull form may result from two interconnected effects at different levels of organization:
(1) body-face interactions via organismic-level effects (e.g., allometry, physiological demands), and (2) brain-face
interactions via integration principles.

We propose a conceptual framework in which the evolutionary process experienced by the Neanderthal line-
age was primarily dominated by two distinct and successive phases. The first to appear in time was that produc-
ing midfacial prognathism, which may be related to mid-sagittal growth dynamics, in which body size and cranial
base orientation are primarily involved. This evolutionary phase is accompanied by significant variation, which
is still poorly understood. Here it is associated with increased body size and sexual dimorphism variation, and its
concomitant craniofacial compensatory mechanisms. A second evo-devo process, largely related to the relative
size increase of the occipital and temporal neural areas, affects the organization of the skull, via cascading effects
resulting from integration mechanisms (at times assimilated to pleiotropic effects). In this two-phase evolution-
ary process, facial changes may be connected with processes affecting the variation of the sagittal cranial base,
whereas temporal bone modification may be related to processes affecting bilateral, middle cranial fossa varia-
tion. Occipital modifications remain open to interpretation, although a complex interplay between increased
encephalization and head position (perhaps as an indirect result of body shape) might be considered.

Taxonomically, the “accretion model” considers the Neanderthal lineage as a continuum of evolving popula-
tions, which are temporally associated with two different nomina: H. heidelbergensis and H. neanderthalensis, on
the basis of a single chronospecies concept. In an alternative view, we favor the hypothesis that the species
H. neanderthalensis emerges as a distinct biological entity (morph) after a speciation event (or change in mor-
phological quality). The main point of this paper is to evaluate the “accretion model” versus a two-phase hypoth-
esis of Neanderthal speciation in the Middle Paleolithic.

Introduction

The natural history of Neanderthals is among
the oldest and most exciting topics in human
evolution. Understanding the role of Neanderthals
in our own ancestry has aroused many
conceivable ways of approaching its study,
and it has strongly challenged the intellectual
capacity of scientists. Beyond attempts to clar-
ify the genealogical position of Neanderthals
in our own ancestry, from the viewpoint of
morphology as a science, we face one of the
most elusive and challenging case studies in
human evolution.

While, for most of their scientific existence,
the Neanderthals were those enigmatic people
living in Europe during the Wiirm glaciation
(Late Pleistocene, OIS 4-3), today the term
Neanderthal is used in a twofold sense. On the
one hand, we refer to Neanderthals as the
human populations inhabiting the western end
of the Eurasian continent, from approximately
80,000-30,000 years ago, also called Wiirm
Neanderthals or “Classic” Neanderthals (fur-
ther geographic subdivision may consider the
Levant Neanderthals). Nowadays, a majority of
scholars consider classic Neanderthals as a dis-
tinct species, Homo neanderthalensis (e.g.,
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Tattersall, 1992; Rak et al., 1994; Schwartz and
Tattersall, 1996; Arsuaga et al., 1997a; Rosas,
2000; Harvati et al., 2004; Ramirez Rozzi and
Bermudez de Castro, 2004), morphologically
distinct from all other Homo species in their
combination of: (1) their massive bodies and
body proportions, (2) their projecting faces
(midfacial prognathism), and (3) a considerably
large cranial capacity, among other features.
There is also growing evidence of ontogenetic
differences between Homo neanderthalensis
and other Homo representatives (e.g., H. sapiens
and H. heidelbergensis) (Ponce de Ledn and
Zollikofer, 2001; Ramirez Rozzi and
Bermudez de Castro, 2004). Additionally,
increasing information on mtDNA extracted
from Neanderthal remains strongly suggests a
species-level distinction (Krings et al., 1997;
Lalueza-Fox et al., 2005).

On the other hand, the term “Neanderthal”
is now sometimes applied to Middle
Pleistocene populations of less clear-cut
morphology. The use of the terms ante-
Neanderthals (de Lumley, 1973), proto-
Neanderthals (Condemi, 2003; Manzi, 2003),
pre-Neanderthals (Hublin, 1998a; Dean et al.,
1998, Hawks and Wolpoff, 2001), as well as
primitive Neanderthals (Stringer and Hublin,
1999) or early Neanderthals (Dean et al.,
1998), can be seen in the literature. The tem-
poral range delimitation of these heuristic
categories varies from one author to another,
and depends, in many cases, on the statistical
design of the study and availability of data.
All in all, Neanderthals, rather than a single
hominin species, are considered in this per-
spective to be an evolutionary lineage rooted
in the European Middle Pleistocene fossil
record (Howell, 1960; Bermudez de Castro,
1986; Rosas and Bermudez de Castro, 1998;
Hublin, 1998a; Trinkaus, 1988; Arsuaga
etal., 1997a). The date of divergence between
the mtDNA of Neanderthals and contempo-
rary humans is estimated to 465,000 years
before the present, with confidence limits of
317,000 and 741,000 years (Krings et al.,

1997). Such a lineage would include no less
than two paleontological species: Homo hei-
delbergensis and H. neanderthalensis.

Within this framework, the “tempo and
mode” of the evolution of the Neanderthal
lineage may be conceived from two different
perspectives, which we will refer to as the
“accretion model” (Hublin, 1998a) and the
“organismic model” (Figure 1). Under these
headings we want to evaluate the hypotheses
that may account for the biological processes
directing the evolution of the Neanderthal
craniofacial complex and its taxonomic inter-
pretation. Our central hypothesis states that
the evolution of the Neanderthal lineage is
primarily dominated by a combination of two
sequential evolutionary processes, the first
affecting the body as a whole, and the second
being the consequence of mosaic encephaliza-
tion. More specifically, the first alteration of
the lineage produced midfacial prognathism,
which may be related to mid-sagittal growth
dynamics, in which body size and cranial base
are primarily involved. This stage is accompa-
nied by high degrees of morphological varia-
tion, which is still poorly understood, despite
multiple attempts at explanation (Rosas,
1997; Arsuaga et al., 1997b; Rosas and Bastir,
2004). A second transformation, largely
related to the enlargement of the parietal,
occipital, and temporal neural areas, affects
the organization of the whole skull (and possi-
bly the timing of development), via cascade
effects resulting from integration mecha-
nisms, at times assimilated to pleiotropic
effects. On the whole, facial changes experi-
enced by hominins of the Neanderthal lineage
may be directed by and/or connected with
sagittal cranial base processes. By contrast,
temporal bone modification may be related to
parasagittal processes (middle cranial fossae).
Occipital modifications remain open to inter-
pretation, although a complex interplay
between brain enlargement and head position
(perhaps as an indirect result of body shape)
might be considered.
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Figure 1. Basis of the two models discussed in this paper: the “accretion model” and the “organismic
model”. The accretion model (Hublin, 1998a) is based on the mosaic nature of the evolution of
Neanderthals and the gradual emergence of their specialized features. Features seem to change in their
frequency along the evolutionary lineage, and four steps are distinguished. Homo neanderthalensis is
part of a chronospecies evolving during the Middle Pleistocene in Europe, and Neanderthals are the
end point of a continuum of populations. In the right hand column, we propose a complementary
model that we call the “Modularity Model,” which is based on the hypothesis that features are organ-
ized in packages or modules. The major implication of this model is that within the European evolu-
tionary lineage there is a speciation event that gave rise to a new species, H. neanderthalensis. There
are grounds for considering the origination of this species as a relatively recent discrete event, in con-
trast to the concept of a chronospecies evolving in Europe during the Middle Pleistocene.
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Testing these hypotheses may be achieved
through the study of different levels of biolog-
ical organization. These include the analytical
hypothesis driven exploration of variation of
macroscopic structures, both diachronic and
intrapopulational, as well as the study of bone
remodeling at a microscopic level. To support
this perspective we present findings on pat-
terns of variation (size and allometry) within
mid-Pleistocene fossil populations, as well as
the study of morphological covariation of
craniofacial structures and their levels of inte-
gration with body size in modern humans.
Also, a complete pattern of bone remodeling
in mandibles of H. heidelbergensis is pre-
sented. Results derived from these studies are
discussed in a broader anatomical context.
With these aims in mind, we first present a
review of the most important aspects of
Neanderthal anatomy.

Evolutionary Anatomy of the Neanderthal
Craniofacial System

Neanderthals are clearly distinctive in terms
of their overall morphology (total morpholog-
ical pattern) (Smith et al., 2005), and their
characteristic morphology is seen throughout
the cranial and postcranial skeleton (Wood
and Richmond, 2000).

The Neanderthal craniofacial system is
dominated by two major features. One is a
large, low, and elongated braincase, contain-
ing a brain as large as that of living H. sapiens
[Neanderthal endocranial capacity ranges
around 1518.9 £169.5 (n =9) (Trinkaus and
Tompkins, 1990), and it was greater than that
of their ancestors (Arsuaga et al., 1999a)]. The
second major feature is a special configura-
tion of the facial skeleton, usually referred to
as midfacial prognathism (Rak, 1986). This
craniofacial pattern is present within the
context of short and stocky individuals, with
voluminous chests (Franciscus and Churchill,
2002), robust limb bones (Trinkaus, 1983;

Weaver, 2003), with their distal segments pro-
portionally shorter (Trinkaus, 1981; Holliday,
1997; Churchill, 1998; Steegmann et al.,
2002). However, recent analyses of the post-
cranial skeleton indicate that much of the
H. neanderthalensis morphological pattern
was present in their European ancestors long
before true Neanderthals appear (Arsuaga
etal., 1999; Carretero et al., 1997, 1999; Pearson,
2000). Also, the elevated robusticity of the
Boxgrove tibia parallels that of the
Neanderthals (Stringer et al., 1998).

The Neanderthal braincase is defined by
rounded, laterally projecting parietal bones
producing a bomb-like contour (Hublin,
1998b); a posteriorly projecting occipital bone
with a suprainiac fossa, double-arched brow
ridges and projecting glabella. In addition to
these features, the temporal bone of Neanderthals
experiences a reorganization giving rise to a
set of apomorphies: the articular eminence
becomes relatively flat (Martinez and
Arsuaga, 1997), and the temporo-mandibular
joint experiences spatial reorganization,
becoming posteriorly (Arsuaga et al., 1997a)
and inferiorly located (Harvati, 2003). As a
consequence, the external auditory meatus
obtains an elevated position relative to the
zygomatic process (Stringer et al., 1984;
Condemi, 1988; Harvati, 2003). The mastoid
region of the temporal bone is transformed in
H. neanderthalensis, with a small mastoid
process and an anteriorly obliterated digastric
groove (Martinez and Arsuaga, 1997).
Furthermore, there are a large number of mor-
phological details considered Neanderthal
specializations that are distributed all over the
skull (Stringer et al., 1984; Hublin, 1998b;
O’Connor et al., 2005).

Based on linear distances and proportions,
Arsuaga et al. (1997a) found that Neanderthal
braincase variation followed a trend parallel,
but different, to that of H. erectus/H. ergaster,
so that Neanderthals present narrower brain-
cases, more rounded frontal bones, less angled
occipital bones, and less projecting inia.



42 A. ROSAS ET AL.

Afro/European Middle Pleistocene specimens
lie between H. erectus and Neanderthals.
Interestingly, Neanderthals share with archaic
Homo (H. erectus s.1.) a primitive endocranial
anatomical pattern, falling within a single
allometric trend (Bruner et al., 2003). Likewise,
Neanderthals share the primitive pattern of
elongated anterior cranial base with Middle
Pleistocene hominins, both African and
European (Lieberman, 1998; Spoor et al.,
1999).

The Neanderthal facial skeleton is charac-
terized by a large and primitive total facial
prognathism (prosthion relative to mid-
basicranial or temporal region) (Rak, 1986;
Trinkaus, 1987, 2003; Arsuaga et al., 1997a),
with a unique constellation of traits: an ele-
vated pneumatization in the frontal, nasal and
maxillary sinuses (Heim, 1974; 1976), and a
characteristic midfacial projection — the so
called midfacial prognathism (Stringer et al.,
1984; Rak, 1986; Trinkaus, 1987). Thus, the
Neanderthal facial skeleton is characterized by
a derived separation of the midface and denti-
tion in relation to the posterolateral parts of the
face. The latter affect the zygomatico-ramal
region and associated musculature (e.g., lateral
facial retreat, Trinkaus, 1988), the posterior
position of the glenoid fossa (Arsuaga et al.,
1997a), and middle cranial fossa (Ponce de
Leon and Zollikofer, 2001). Interestingly, most
of the features forming what is called midfa-
cial prognathism, such as the parasagittal ori-
entation of the infraorbital plate, posterior
position of the zygomatic root, and a flexed
maxillary, among others, were already present
in European Middle Pleistocene populations.

The mandible clearly reflects this pattern
and presents a large number of apomorphic
traits (Stringer et al., 1984; Rak et al., 1994,
2002; Rosas, 2001). Derived features related
to the anterior-posterior location of mandibu-
lar structures (e.g., mental foramen position at
the level of M, retromolar space) appear dur-
ing the European mid-Pleistocene. The first
evidence of Neanderthal morphology seems

to emerge at around 500,000 years ago with
the Mauer mandible (Rosas and Bermudez de
Castro, 1998). The buccolingual dimensions
of the incisors and the morphology of the pre-
molars, as well as metric variables related to
the position of the mental foramen and retro-
molar space, definitely indicate that Mauer
should be classified as a member of the
evolutionary lineage that evolved into classic
Neanderthals. On the other hand, derived
features located on the internal aspect of
the mandible (e.g., mylohyoid line inclina-
tion) become expressed only in classic
Neanderthals (Rosas, 2001).

Neanderthals have a large anterior denti-
tion, with strong shovelling and prominent
lingual tubercles, which are probably primi-
tive retentions (Bermudez de Castro, 1986).
The posterior dentition is relatively small,
sharing a general tendency for molar reduc-
tion with modern humans and other Homo
species. A high incidence of postcanine tau-
rodontism (i.e., enlarged pulp chambers) is
also observed in Neanderthals, together with a
number of claimed uniquely derived features;
among them a high frequency of the mid-
trigonid crest in lower molars (Bailey, 2002)
and the maxillary molar cusp placement rela-
tive to each other (Bailey, 2004).

All in all, Neanderthal anatomy represents
a unique mix of primitive and derived fea-
tures. Among the latter, features shared with
other later Homo species (e.g., H. sapiens)
may belong to general trends towards, for
instance, postcanine dental reduction and gen-
eral brain enlargement. A set of apomorphies
are unique to European Middle Pleistocene
populations, while a number of characters are
recognized by most authors, though not all
(Trinkaus, 1993; Franciscus and Trinkaus,
1995; Franciscus, 2003; 1999), as autapomor-
phies of H. neanderthalensis (see Table 1).
Uniquely derived Neanderthal features are
recognized in the morphology and growth pat-
terns of the dentition, the mandible, internal
nose, temporal bone, inner ear, brain endocast,
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Table 1. Neanderthal features that are not present in their European middle
pleistocene forerunners

Diagonal inclination of the mylohyoid line

Inferior position of the posterior semicircular canal

Rapid rate of dental growth; faster pace of Somatic

development
Mastoid process weakly projecting
Digastric groove anteriorly closed

Development of the upper parietal gyrus

Posterior profile en bombe

Unusually high frequency of bilevel (depressed)

internal nasal floor

“Internal nasal margin” and a distinct swelling of

the lateral nasal wall

(Rosas, 2001)
(Spoor et al., 2003)

(Ramirez-Rozzi and
Bermudez de Castro, 2004)

(Martinez and Arsuaga, 1997)
(Martinez and Arsuaga, 1997)

(Bruner et al., 2003; Bruner
2004).

(Stringer et al., 1984)
(Franciscus, 2003)

(Schwartz and Tattersall,
1996; but see Franciscus,
1999)

Other changes in the European evolutionary lineage include:
slight decrease in cranial and postcranial robusticity, and

decrease in level of morphological variation.

etc. Defining the uniqueness of their craniofa-
cial features, and isolating species-specific
differences from other hominins, has lasted
for decades and the use of cladistic philosophy
is a significant landmark in the attempt to
identify exclusive Neanderthal features
(Santa Luca, 1978; Martinez and Arsuaga,
1997; Condemi, 1988). Nowadays, it is
accepted that, on the whole, Neanderthal cran-
iofacial morphology 1is highly derived
(Arsuaga et al., 1997a; Hublin, 2000).
However, what are the processes that govern
the evolution of European Pleistocene
hominins that result in the emergence of such
a unique morphology?

Interpretations of the Neanderthal
craniofacial morphology

Despite intensive analysis lasting for more
than 150 years, there is still no generally
accepted evolutionary explanation for the
craniofacial morphology of Neanderthals.
Nearly every known evolutionary mechanism
has been invoked to explain all aspects of the

unique Neanderthal anatomy (see revisions by
Anton, 1994; Churchill, 1998; Franciscus,
2003). The factors thought to underly the evo-
lution of Neanderthals include biomechanical,
climatic, respiratory, developmental and sto-
chastic explanations. Historically, the diverse
interpretations of the Neanderthal morphol-
ogy have closely matched the prevailing evo-
lutionary paradigms. Since the establishment
of the neo-Darwinian paradigm, attempts to
account for the evolutionary significance of
Neanderthals can be organized into three suc-
cessive schools of thought, with extensive
overlap among them. These three stages may
be informally defined as: (1) functional/
adaptationist; (2) population-based stochastic
processes; and (3) ontogenetic-based (evo-
devo) approach.

The first stage was mostly dominated by the
proposal of functional/adaptational hypotheses.
These adaptational hypotheses are further organ-
ised into the interpretation of two craniofacial
functions: respiratory and masticatory. In other
words, physiological functions performed by the
nasal cavity (e.g., cold adaptation, high activity
levels and associated increase in body heat) and
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Table 2. Summary of interpretations of Neanderthal craniofacial morphology

Class of General More specific Authors: Pro Authors: Con
phenomena causes hypotheses
Mechanical Anterior High bites Brace, 1964, Antoén, 1994;
adaptaion dental forces Smith, 1983; Rak, 1986; O’Connor et al., 2005;
loading Demes, 1987; Couture, 1993
Smith and
Paquette, 1989;
Spencer and
Demes, 1993
Repetitive
anterior dental
loading
Physiological Cold Nasal radiator Howell, 1952, 1957, Mann and Trinkaus, 1974;
adaptation adaptation Coon, 1962; Hylander, 1977
Ruffet al., 1997
Respiratory Sergi, 1962;
moisture Franciscus and
retention Trinkaus, 1988a, b;
Trinkaus, 1989
Moisture Franciscus and

Stochastic events

Evolutionary
changes as
developmental
phenomena

Structural
models

Genetic drift

Endocrine
models

Differential
growth rates

Enlargement
of the facial
sinuses

Brain
increment

Combined
effects

retention and
heat dissipator
Nasal
respirators

Earlier onset or
greater intensity
of hormones
regulating
adolescent
growth spurt

Acceleration of
in utero

growth rates in
basicranial
cartilages

Changes in
cranial base
orientation
Hypostosis

Body size and
brain
increment

Trinkaus, 1988;
Trinkaus, 1989
Laitman et al.,

1992

Hublin, 1990,
1998a, 2000;
Anton, 1994

Keith, 1925;
Brothwell, 1975

Green and Smith
1990; Smith and
Green 1991;
Smith 1991

Ponce de Ledn and

Zollikofer, 2001
Heim, 1976

Rosas, 1992, 1998

Manzi et al., 2000;

Bruner, 2004

Bastir, 2004;
Rosas et al. (this
volume)

Rosas et al. (this
volume)
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biomechanical hypotheses regarding the mastica-
tory system (Table 2; see Anton, 1994; O’Connor
et al., 2005).

Cold adaptation is accepted as the best
explanatory hypothesis for the postcranial
skeleton and limb proportions of Neanderthals
(Trinkaus, 1981; Weaver, 2003), with distal
limb segments proportionally shorter
(Trinkaus, 1981; Holliday, 1997; Churchill,
1998; Steegmann et al., 2002). The role of the
Neanderthal face as a thermoregulatory adap-
tation was proposed by Howell (1952) as a
response to cold, dry climates in Pleistocene
Europe. The “nasal radiator hypothesis™ states
that their projecting nasal cavity evolved to
warm inspired air potentially affecting a tem-
perature sensitive brain (Coon, 1962); that is,
distancing the brain from cold air (see
Schwartz et al., 1999; Franciscus, 2003 for a
revision of the subject). Under the considera-
tion of the nasal cavity as a temperature and
moisture exchanger, the original hypothesis
developed into diverse variants considering
cooling under conditions of heightened activ-
ity, minimizing respiratory moisture loss in
cold and arid condition (Franciscus and
Trinkaus, 1988a, b).

Some features of the postcranial anatomy,
such as thickened cortical bone, pronounced
areas of muscle attachment and bowed proxi-
mal limb segments (Sorensen and Leonard,
2001) have been interpreted as the result of
elevated activity levels, implying a series of
behavioral differences from modern humans
(Trinkaus, 1997; Ruff et al., 1993, 1994;
Churchill, 1998 and references therein). In this
sense, midfacial anatomy has been related to
specializations in respiratory physiology
among individuals with high activity levels
and associated increase in body heat (Schwartz
and Tattersall, 1996; but see Franciscus, 1999),
in which anatomical specializations of nasal
cavity would be involved in mechanisms for
shedding heat under conditions of heavy exer-
cise in cool and moderate thermal conditions
(Trinkaus, 1987). However, more recently, on

the basis of an extensive study of the internal
nasal floor configuration, Franciscus (2003)
rejects and physiological link between nasal
floor anatomy and cold adaptation. Blumenfeld
(2002), Friess et al. (2002) also maintain that
the facial morphology in Neanderthals is
driven by factors that are mainly unrelated to
climatic conditions. Therefore, while most
scholars agree that the postcranial skeleton of
Neanderthals can reasonably be interpreted in
terms of cold adaptation, craniofacial charac-
teristics elude a simple climatic reading of
their morphology.

Biomechanical hypotheses seek to explain
the evolution of Neanderthal craniofacial
morphology by reference to masticatory and
paramasticatory activities (see Antén, 1994;
O’Connor et al., 2005). These hypotheses are
based on the fact that Neanderthals present
a large and heavily worn anterior dentition,
together with a high incidence of degenerative
remodeling of the temporomandibular joint
(and shallow glenoid fossa). According to this
framework, biomechanical explanations sup-
port the idea that Neanderthal facial anatomy
(e.g., midfacial prognathism and topography
of the infraorbital area) was an adaptive
response to the heavy anterior dental loads
that resulted from paramasticatory activities
(Rak, 1986; Demes, 1987; Spencer and
Demes, 1993). Thus, diagnostic facial features
are interpreted as adaptations for effectively
dissipating these loads. Presently, adaptive
models have been subjected to rigorous exam-
ination by comparative, quantitative and, in
some cases, experimental methods (Couture,
1993; Anton, 1994; O’Connor et al., 2005),
and, on the whole, no satisfactory corrobora-
tion has been found. O’Connor et al. (2005)
specifically conclude that “masticatory
biomechanical adaptation is not the primary
factor underlying the evolution of the
Neanderthal facial architecture”.

The second step in the evolutionary inter-
pretation of Neanderthals was developed
under the influence of population genetics,
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and invoked stochastic processes for the ori-
gin of Neanderthal anatomy (Hublin, 1990,
1998a; Anton, 1994; Bermudez de Castro and
Nicolas, 1995; Lebel et al., 2001; Franciscus,
2003). The most important line of interpreta-
tion has been the so-called “accretion model”
(Hublin, 1998b) (this will be expanded on
later). Under this model the paleobiogeo-
graphic scenario first proposed by Howell
(1952, 1957) was updated with an improved
chronological framework and a clearer under-
standing of the taxonomic significance of the
anatomy. Endemism and genetic drift become
the primary agents of Neanderthals unique-
ness, everything according with the founda-
tions of an allopatric mode of speciation
(Hublin, 2000; but see Hawks and Wolpoff,
2001). According to the “accretion” model,
many of the Neanderthal features have no
adaptive significance.

The third step in the evolutionary explana-
tion of Neanderthals was inaugurated after the
strong influence of S.J. Gould, P. Alberch, D.
Wake, B. Goodwin among others, with the
rediscovery of heterochrony and the relevance
of developmental constraints in the course of
evolution [phylogenetic burden, (Riedl,
1975)]. Since then, the search for the ontoge-
netic bases for evolutionary changes in mor-
phology has become a common research
objective for scholars. The questioning of the
previously omnipresent role of natural selec-
tion gave rise to the exploration of alternative
causal explanations, namely those rooted in
epigenetic and developmental processes. The
functional/adaptational paradigm tended to
give functional independent explanations for
every system, or even individual traits, largely
ignoring higher levels of functional, develop-
mental and/or structural integration (Riedl,
1975). The principle of single ontogenetic
shifts that have multiple morphological conse-
quences has transformed the way of thinking
in evolutionary morphology. With this rela-
tively new perspective the ontogeny of
Neanderthals has come under close scrutiny,

and heterochronic modifications of a common
pattern of development have become the cen-
tral working hypothesis. As a result, many
Neanderthal features are now thought to be
the correlated result of changes in a few regu-
latory genes (Churchill, 1998; Franciscus,
2003).

An initial stage in this line of research has
been the assessment of the relative ontogenetic
(temporal) appearances of adult Neanderthal
morphological characteristics. Several taxon-
specific differences in cranio-mandibular
shape emerge early in ontogeny (Tillier, 1988;
Stringer et al.,, 1990; Rak et al., 1994;
Schwartz et al., 1999; Krovitz, 2003; Ponce de
Ledn and Zollikofer, this volume), possibly at
fetal stages (Ponce de Leon and Zollikofer,
2001; Franciscus, 2003, Zollikofer and Ponce
de Leodn, this volume). These include features
from the temporal bone, nasal cavity, and
mandible. Yet, other craniofacial features
emerge late in ontogeny, especially those
related to midfacial prognathism and/or
antero-posterior growth of the mandible
(Tillier, 1988; Arsuaga et al., 1997a; Rosas,
1998). A certain relationship between ontoge-
netic development of Neanderthal traits and
the phylogenetic appearance of those charac-
ters has been proposed (Tillier, 1988 and ref-
erences therein). Ontogeny and phylogeny
seem to follow an inverse order in the devel-
opment of Neanderthal apomorphic traits. The
facial skeleton is the first to display these fea-
tures in phylogeny, but is the latest in terms of
ontogeny, whereas cranial vault derived fea-
tures (including the temporal bone) appear
early in ontogeny and late in phylogeny. Does
this pattern have any biological meaning?

There are indications that Neanderthals
had a growth pattern (and metabolism) dis-
tinct from that of modern humans, with
advanced dental development, early rapid
brain growth (Dean et al., 1986), and/or early
cranial vault ossification (Heim, 1982;
Trinkaus and LeMay, 1982). Accelerated
growth has been deduced from the study of
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dental development, which is thought to be
tightly integrated with somatic development
(Smith, 1991). The study of the relative rates
of growth in different organ systems, e.g., the
dentition and postcranial skeleton (Thompson
and Nelson, 2000), and growth of brain tis-
sues and bone ossification (Manzi et al.,
1996), have also led to similar conclusions.
Sergi (1934) introduced the idea of a “con-
flict” between brain growth and cranial ossifi-
cation among Neanderthals (Manzi, 2003),
reinterpreted as an heterochrony in the devel-
opment of the Neanderthal cranium; namely, a
faster ossification of the cranial vault relative
to brain growth rates (Manzi et al., 1996,
2000; Manzi 2003).

In the search for general processes of hete-
rochrony that may explain the form of
Neanderthals, de Beer (1958) suggested that
Neanderthals were peramorphic. Nearly half
a century later, Ponce de Leon and Zollikofer
(2001) suggest a rate-hypermorphosis process
to explain Neanderthal postnatal development
as compared with modern humans (but see
Williams et al., 2002, Zollikofer and Ponce de
Ledn, this volume). Alternatively, Williams and
Krovitz (2004) pose the question of whether
modern humans were paedomorphic with
respect to Neanderthals. In spite of the different
attempts to find an evolutionary explanation, a
global heterochronic mechanism cannot be
used to describe Neanderthal growth relative to
modern humans (Krovitz, 1999; Williams
et al., 2002). Many of these studies are based
on the comparison of Neanderthals to modern
humans, inferring evolutionary explanations
for the differences between species, implicitly
assuming an ancestor-descendant relationship.
The lack of immature specimens from the
Middle Pleistocene precludes a better knowl-
edge of the expected ontogenetic shift experi-
enced by Neanderthals. Therefore, although
appealing, at present the heterochrony concep-
tual framework is plagued by practical and the-
oretical problems when dealing with highly
complex organisms.

A number of studies propose that the
Neanderthal singularity may well result from
the allometric extension of primitive morpho-
types. For instance, Bruner et al. (2003) state
that the large Neanderthal brain and its mor-
phology are consistent with the extension of
an evolutionary trajectory, without specific
novelties or specializations (see also Bruner,
2004). These authors identify two distinct
allometric trajectories for the evolution of the
structural relation between cerebral shape and
encephalization in Homo. Neanderthals, in
this instance, would be the product of the
extension of a shared primitive developmental
pathway (i.e., hypermorphosis). A significant
morphological consequence, however, is the
development of a dorsal bending of the
Neanderthal encephalon (Bruner, 2004),
which will be considered later. By contrast,
according to a number of scholars, Neanderthal
craniofacial and postcranial form represents
a specialized departure from the general
Homo pattern (Howells, 1975; Rak et al.,
1994, 2002; Thompson and Nelson, 2000).
From an ontogenetic perspective, Ramirez-
Rozzi and Bermudez de Castro (2004) assert
that Neanderthals have undergone a major
developmental shift in relation to other Homo
species.

An application of the principle of “single
ontogenetic shift-multiple morphological con-
sequences” was developed by Smith and
Green (1991) who hypothesized that the over-
all cranial form of Neanderthals, including an
occipital bun, midfacial prognathism, and a
strongly projecting supraorbital torus, results
from accelerated growth of the components of
the basicranium. Later, several hypotheses
have been proposed to account for the facial
projection seen in Neanderthals: anterior reori-
entation and repositioning of the anterior
cranial fossa (Rosas, 1992), greater growth at
mid-sphenoidal synchondrosis during fetal
development (Lieberman, 1998), less basicra-
nial flexion during early postnatal or possibly
prenatal ontogeny (Lieberman et al., 2000),
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and scaling and non-scaling effects on cranio-
facial architecture (Bastir, 2004). However,
although no clear picture has emerged from
this research, it seems to be the most promis-
ing approach. Below, further developments
within this framework will be presented.

Following the integrative evolutionary para-
digm, masterfully exemplified by Wake and
Larson (1987), Churchill (1996, 1998) pre-
sented a helpful discussion of the theoretical
perspectives by which researchers have tradi-
tionally approached the study of Neanderthal
morphology and evolution. Two distinct intel-
lectual approaches are distinguished by
Churchill that are clearly rooted in general evo-
lutionary theory. On the one hand, structuralist
theory (e.g., organism-focused) sees features as
intercorrelated responses to larger-scale
changes in body form (usually as the result of
ontogenetic shifts). This approach stresses the
phenomenon of integration; that is, change in
many traits can be seen as functionally, devel-
opmentally (knock-on effects), or pleiotropi-
cally correlated to other changes (Churchill,
1996). On the other hand, the adaptationist
approach, discussed above, sees morphological
features as isolated entities more or less inde-
pendently selected for, and, in the case of
Neanderthals, biomechanical or thermoregula-
tory adaptations.

Based on his own results from the study of
integration of upper limb, in which integration
models fit the data better (but still explained
no more than half of the variation), Churchill
(1996) urged the need to consider both
approaches in a more synthetic mode.
However, the consideration of general (e.g.,
organismic or systemic level) versus particu-
lar factors (e.g., selection for isolated func-
tional apparatus) responsible for evolutionary
changes needs a better formalization in order
to develop more accurate methods for testing
hypothesis. In this context, the active consid-
eration of integration becomes a significant
element in the analyses. Anton (1994) stresses
the need for the consideration of the structural

interdependencies of the cranial system, and
poses the question: to what degree is
Neanderthal facial form explainable by and
dependent upon the morphology of other cra-
nial regions?

Models for the Evolution of Neanderthals
THE ACCRETION MODEL

Hublin (1998a) (see also Dean et al., 1998;
Stringer and Hublin, 1999; Franciscus, 2003)
has proposed the so called “accretion model”
for explaining the evolutionary emergence of
the Neanderthal morphology. This model
identifies a certain correspondence between
geological time and the successive appearance
of the derived Neanderthal features (i.e., apo-
morphies), which follows a particular order in
the anatomical location of the novelties.
Trinkaus (1998) also recognized this pattern,
and proposed “a gradual tempo and a mosaic
mode” for the evolution of the Neanderthal
anatomy, with a gradual increase in frequency
of derived Neandertal features (Lebel et al.,
2001). The sequence of the Neanderthal cran-
iofacial evolutionary development would have
started early in the mid Middle Pleistocene,
with changes in the facial skeleton (frontal
bone, and midfacial and mandibular
elements), followed by modifications in the
occipital area, and, subsequently, in the tem-
poral bone. According to this model, full
Neanderthal morphology became consoli-
dated during OIS 7 and 5 (0.28-0.15 Ma),
with the acquisition of the derived features of
the temporal cranial region. “We see evidence
for a slow accretion of Neanderthal character-
istics beginning in early Middle Pleistocene
European hominin populations, continuing
through the middle Late Pleistocene, and
finally resulting in the Wiirm classic
Neanderthals” (Dean et al., 1998).

Such an evolutionary process would have
developed in unstable paleogeographic
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conditions, which could result in isolation in
Europe of Middle Pleistocene populations,
precluding, or largely limiting, genetic
exchange with other contemporaneous demes
[the accretion model has been criticized on the
basis that gene flow cannot be rejected
(Hawks and Wolpoff, 2001)]. Such a situation
would allow intensive dynamics of popula-
tions at the genetic level, ultimately deter-
mined by climatic instability during the
European Pleistocene, which was on average
colder than present, and periodically exposed
to glacial periods. In agreement with that
hypothesis, Neanderthals seem cold adapted
(e.g., hyper-arctic), particularly in their post-
cranial anatomy, as discussed above. By con-
trast, the mosaic distribution of craniofacial
features, with different combination of
derived features in individuals of the same or
close populations (Rosas, 1992; Arsuaga
et al., 1997a; Hublin, 1998a), does not find a
consistent explanation. As an example,
Arsuaga et al. (1997a) point out how Petralona
shows a Neanderthal face and a primitive
occipital bone, whereas Steinheim shows
derived features in the occiput and a primitive
face. Also, mandibles II and XIII from Arago
show a fairly different distribution of apomor-
phies (Rosas et al., 1991; Rosas, 2000).
Stochastic processes are then invoked to
account for this pattern. In this perspective,
the evolutionary emergence of Neanderthal
features is considered mostly as the sum of
small independent changes affecting specific
anatomical systems (Arsuaga et al., 1997a).
However, it has also been claimed that mor-
phological variation within the H. heidelbergensis
populations follows a systematic pattern,
especially well-illustrated in the Atapuerca-
SH mandibular sample (Rosas, 1995, 1997;
Rosas and Bastir, 2004). In brief, while the
smaller specimens can be considered morpho-
logically primitive, the larger mandibular
specimens display morphological traits
typical of classic Neanderthals. Based on
this size-related distribution of apomorphic

features, it has been claimed that such a sys-
tematic pattern of variability contains a hith-
erto hidden phylogenetic signal (Rosas,
1992). Additionally, the anatomical distribu-
tion of derived features, as well as their coor-
dinated evolutionary emergence, denotes an
underlying phenotypic organization whose
unraveling might be approached from an
organismic point of view (Rosas, 2001).

In contrast to the ‘“accretional” view of
evolutionary change, a number of authors
have put forward the concept of phenotypic
integration to deal with the necessary func-
tional and developmental interdependence
among parts in functional organisms (Olson
and Miller, 1958; Riedl, 1975; Lieberman,
1995; Wagner, 1996). Indeed, one of the cur-
rent main goals of paleobiology is to under-
stand how highly-integrated developmental
programs are modified, producing phyloge-
netic change (Gould, 1977; Alberch et al.,
1979; Ross and Henneberg, 1995). The study
of the origin and variation of Neanderthal
apomorphies serves as an example for delin-
eating how individual combinations of derived
features occur, and to look for possible causes.

THE ORGANISMIC MODEL

Here we present a so-called “organismic
model”, a systems-based approach to the study
of evolutionary change of the Neanderthal lin-
eage, in which the interrelations between fac-
tors controlling local anatomical and func-
tional systems and those affecting the body as
a whole are considered (Bastir, 2004). The
conceptual framework presented here is based
on a systems-approach to morphological
analysis, and has been developed in previous
epistemological and evolutionary works
(Bertalanffy, 1950; Riedl, 1975; Wagner,
1996), modern craniofacial biology (Moss,
1997a, b; Enlow, 1990), and classical compara-
tive anatomy and primatology (Dabelow, 1929,
1931; Biegert, 1957; Hofer, 1965). This theo-
retical framework assumes different scales of
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complexity in biological organisms and a hier-
archical organization of the phenotype, and
recognizes the necessity to analyze potential
morphogenetic effects in the light of this
hierarchy. The skull is comprehended as a
“craniofacial system” characterized by its
components (Enlow et al., 1969; Enlow et al.,
1971) or modules that are structurally and
functionally interwoven with each other and
with the properties of the complete organism
(Bastir, 2004) via morphological integration
(Olson and Miller, 1958; Chernoff and
Magwene, 1999). As a result, variation in the
skull is exposed to and shaped by different
kinds of morphogenetic influences. Two dif-
ferent “directions” can be identified in this
respect which have been termed here “top-
down effects” and “bottom-up effects” that
may help one to understand and order possible
relationships between the skull, its compo-
nents, and the body (Figure 2).

The concept of modularity and different
functional cranial components is based on the

functional matrix hypothesis (Moss, 1962,
1997a, b) and Enlow’s counterpart analysis
(Enlow et al., 1969, 1973; Enlow and Hans,
1996). Both frameworks rest on the idea of
morphological integration (Olson and Miller,
1958; Chernoff and Magwene, 1999) to
explain interdependent variation patterns
among spatially related structures.

Within the principles of the counterpart
analysis (Enlow et al., 1969; Enlow and
McNamara, 1973; Enlow and Hans, 1996),
which provides a spatio-temporal model of
craniofacial morphogenesis, it has been sug-
gested that the hominin skull is developmen-
tally patterned into different sets of craniofacial
structures. The counterpart analysis organizes
the face and base into two vertical columns,
separated by the posterior maxillary plane
(PM-plane) (Enlow, 1968; McCarthy and
Lieberman, 2001). Growth counterparts ante-
rior to the PM-plane have been termed ante-
rior face and consist of the anterior cranial
fossae (housing the frontal lobes of the brain),

X Organism

Skull

umop-doy,

Bottom-up

Functional cranial components K

Figure 2. “Complexity scales.” Our approach to the variety of features characterizing Neanderthals
is based on two tightly interrelated theoretical concepts (explaining integrated packages of
features); a hypothesis of hierarchical systems that attempts to order morphogenetic effects within
different levels of organism complexity and a hypothesis of cranial modularity, which permits
these different morphogenetic effects. Some aspects of skull morphology relate to body size
(large spatial scale of organism, higher complexity), here referred to as “top-down effects.”
Other aspects are related to properties (i.e., size and shape) of functional
cranial components, (sensu Moss; lower spatial scale of organism, low complexity), and are
considered to have “bottom-up effects” on skull morphology.
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the nasomaxillary complex, and the mandibu-
lar corpus. The posterior face, behind the PM-
plane, is built by counterparts comprising the
middle cranial fossae (housing the temporal
lobes of the brain), the pharyngeal space, and
the mandibular ramus. Therefore, the spatial
aspect of this hypothesis consists of an
anatomical division of facial components. In a
further implementation of this perspective,
two sets of structures can be coronally appre-
ciated: those located at the sagittal plane of
the skull (e.g., cribriform plate, sphenoidal
plane, and spheno-occipital clivus), and those
structures located bilaterally to the midline,
1.e., the anterior and middle cranial fossae
(frontal and temporal lobes) (Bastir et al.,
2004; Bastir and Rosas, 2005). The study of
the interactions between changes related to
mid-sagittal dynamics and processes occur-
ring at the lateral parts of the cranium may
result in a clearer picture of the craniofacial
evolution of the Neanderthal lineage.

The temporal aspect of the counterpart
model is provided by an ontogenetic sequence
of morphological maturation, starting with
the brain, followed by the cranial base and
finally the facial skeleton. Subsequent stud-
ies have supported this hypothesis of sequen-
tial maturation (Buschang, 1983; Bastir
et al., 2006). In short, Enlow and co-workers
(Enlow, 1968; Enlow et al., 1969) propose
that the human spatio-temporal pattern of
development is ultimately determined by
corresponding parts of the brain, suggesting
that the earlier maturing brain defines spatial
conditions of the cranial base, on which
the later growing facial structures attach.
Therefore, limitations to the spatial exten-
sion of the face are set to some degree by
the morphological properties of the brain
and its different compartments and growth
counterparts.

It is thus reasonable to work on the hypoth-
esis that brain enlargement occurring in the
evolution of the Neanderthals might have pro-
duced a significant spatial reorganization of

the cranial base; an hypothesis previously
explored or invoked by several authors
(Rosas, 1992; Lieberman et al., 2000; Spoor
et al., 2003; Hawks and Wolpoft, 2001; Ponce
de Leoén and Zollikofer, 2001). Brain incre-
ment — essentially mosaic in mode — should
differentially affect the ontogenetic develop-
ment of the integrated regions of the craniofa-
cial complex. On the other hand, comparative
and ontogenetic analyses have shown tight
scaling relations between body size and the
face, suggesting a somatic developmental pat-
tern of the face rather than a neural one
(Biegert, 1957; Baume et al., 1983). Thus, it
seems that facial size and shape is also
affected by body size increase via growth inte-
gration. Therefore, according to the organis-
mic model, the Neanderthal skull form may
result from two interconnected effects at dif-
ferent levels of organization: (1) body-face
interactions via organismic-level effects (e.g.,
allometry, physiological demands); and (2)
brain-face interactions via counterpart princi-
ples. With respect to the former it is suggested
that eco-physiological adaptations involved in
the resistance to cold stress, resulting in larger
body size and possibly increased metabolic
rates, might be part of a large-scale evolution-
ary process affecting size and shape of the
face. With respect to the latter it is suggested
that encephalization in Neanderthals may
have modified specific proportions of the
brain with consequences for lateral basicranial
architecture and the attached facial and
mandibular structures.

Results
BODY-FACE INTERACTIONS

Scaling and the Interaction of the Body

with Craniofacial Morphology

Irrespective of early and mainly theoretical
propositions about potential relationships
between the size (and possibly shape) of the



52 A. ROSAS ET AL.

organism and the morphology of the skull
(Dabelow, 1929; Biegert, 1957), little work
has been done to advance the quantitative
analysis of this problem (Bastir, 2004).
However, two basic ideas may be proposed.
The first, originally based on the work of
Dabelow (1929), suggests a positive correla-
tion between the size of the facial skeleton and
the size of the body. In a broad comparative
anatomical framework, Dabelow (1929)
deduced that the size of the body and its phys-
iological necessities would be directly
reflected in the size of the masticatory system.
The second idea was proposed by Biegert
(1957, 1963) in the context of a primatologi-
cal framework. He analyzed phylogenetic and
ontogenetic parallelisms and found that the
positive allometry of the face, with respect to
the size of the body, has also potential conse-
quences for the position of the facial skeleton
and the overall morphology of the skull. In
particular, he suggested that large body size
(and the correlated increase of facial size)
might produce basicranial extension and
upward rotation of the anterior cranial floor
and the face. This argument is grounded on
the analysis of both ontogenetic and phyloge-
netic considerations of increasing body size,
where parallel modifications in facial
orientation within ontogenetic series of chim-
panzees and gorillas, as well as between adult
chimpanzees (smaller) and gorillas (larger),
can be seen.

Therefore, from both sources the hypothe-
sis can be proposed that increase in body size
has consequences for the orientation and pro-
portions of the facial skeleton, and thus its
structural relation within the skull. These
observations may be related to the increase of
body size in mid-Pleistocene hominins at
about 500,000 years ago (Ruff, 2002), and
may serve as a basis for the analysis of such an
increment in skull morphology.

In this latter regard, Enlow and Azuma
(1975) suggested that the orientation of the
upper and midfacial skeleton maintains a

constant spatial relationship, which was
recently further supported in a broader quanti-
tative context by Lieberman and colleagues
(Lieberman et al., 2000; McCarthy and
Lieberman, 2001). Another hypothesis of
Enlow and colleagues (Enlow, 1968; Enlow
and McNamara, 1973; Enlow and Hans, 1996)
suggested developmental and functional inte-
gration between the nasomaxillary skeleton
and the mandible. Again, quantitative reanaly-
sis (Bastir, 2004; Bastir and Rosas, 2004;
Bastir et al., 2005) has produced further sup-
port for this idea. Nevertheless, all this recent
work needs to be linked with earlier primato-
logical studies addressing relationships
between body size and facial size in order to
produce a congruent picture of skull variation
as part of organismic variation.

In order to explore these hypotheses, we
present a preliminary analysis of a longitudi-
nal series of modern humans for which both
cranial and postcranial data are available. We
used partial least squares (PLS) analysis
(Rohlf and Corti, 2000; Klingenberg, 2002;
Bookstein et al., 2003; Bastir et al., 2005),
geometric morphometrics, and the Denver
Growth Study (Maresh and Washburn, 1938;
Lieberman and McCarthy, 1999; Bastir et al.
2006) to address the hypothesis of potential
covariation between craniofacial data (facial
proportions and orientation) and stature. The
results are shown in Figure 3, where a high
and significant correlation (r = 0.89,
P =0.001) between body size and facial
shape is displayed. The associated regression
model of shape on log transformed stature
accounts for ca. 25% of variation (F =
56.0736, df ,, =50, 8850; P = 0.0000).
Morphologically, stature-facial shape covaria-
tion is characterized by a vertical expansion
and a posterior-upwards reorientation of the
anterior cranial floor and the orbits (with
respect to the PM plane).

These results support an hypothesis of allo-
metric anterior cranial fossa variation and its
effects on facial orientation and position.
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A potential link between these findings and
the fossil evidence consists of the specific dif-
ference between the anterior cranial floor in
Middle Pleistocene humans and that of living
people (Seidler et al., 1997). These authors
have shown that the angle between orbital ori-
entation and the Frankfurt plane is about 25°
in Petralona and Kabwe, while in modern
humans the angle is only 12°. Relationships to
encephalization or pneumatization have been
proposed, but our data, the previously outlined
evidence (Biegert, 1957), and recent studies
on Middle Pleistocene body size variation
(Ruff, 2002), do not exclude an effect of body
and facial size on this basicranial pattern of
variation.

In the next sections we explore these
effects specifically in the European hominin
lineage through the study of mandibular vari-
ation and its evolutionary change. Particularly,
the sample of mandibles from the Atapuerca-
SH site will be used as a reference. The size of
the mandible is a good indicator of body mass
(Wood and Aiello, 1998 and references

Shape

therein), and a direct relationship between
mandibular size and individual body mass can
be confidently assumed in the H. heidelbergensis
and H. neanderthalensis samples. Further-
more, human mandibles present allometric
growth coordinated with that of the face, and
also with the body (Hunter, 1966; Baume
et al., 1983; Ranly, 1988; see also Figure 3).
In more general terms, hominid facial
enlargement may follow the growth-allometry
of the body (Biegert, 1957), associated
functionally with the masticatory and
respiratory systems (Emerson and Bramble,
1993; Enlow and Hans, 1996). Developmentally,
these correlated ontogenetic trajectories might
be based on hormonal control (growth
hormones and other endocrinological fac-
tors [IGF] on facial and nasal cartilages
[Silbernagl and Despopoulos, 1991;
Lieberman 1996; O’Higgins et al., 2006]).
Additionally, the volumetric expansion of the
oro-naso-pharyngeal functional spaces has
been suggested to drive facial growth and is
conceived of as a neurotrophically-regulated

Large

Size

Figure 3. Analysis of the Denver Growth Study dataset, combining craniofacial and postcranial data.
180 individuals were analyzed by geometric morphometrics and Partial Least Squares analysis
addressing the potential covariation between body size (stature) and facial size and shape. This

analysis reflects a strong developmental integration relation between body size and facial size and
position. The figure shows how vertical facial proportions and upper facial position is influenced by
the ontogenetic increase of stature. Increasing body size is tightly correlated with an allometric
elevation of the anterior cranial floor, indicated by the reorientation of the arrows at the orbits.
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epithelial growth process (Moss, 1962; Enlow
and Hans, 1996).

H. heidelbergensis Mandibular Variation

Morphological variation within H. heidelber-
gensis populations follows a systematic
pattern, largely related to size, which is espe-
cially well-illustrated in the mandibles from
the Atapuerca-SH site (Rosas, 1995, 1997,
2001; Rosas and Bastir, 2004) (Figure 4).
Interestingly, with increasing size, there is
morphological progression in the develop-
ment of a retromolar space and the backward
displacement of the mental foramen, a set of
features usually related to midfacial prog-
nathism (Coon, 1962; Wolpoft, 1980; Stringer
et al., 1984; Rak, 1986; Trinkaus, 1993; see also
Franciscus and Trinkaus, 1995). Additionally,
there is a morphological progression in the
symphysial region from a low and slanting
symphysis in small specimens, to larger
mandibles with higher symphysis featuring
accentuated morphological traits on the external
side, i.e., alveolar depression (Figure 4). The
allometric pattern detected in the mandibles of
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H. heidelbergensis may result from local func-
tional causes (e.g., masticatory function) or
from more general processes at the craniofa-
cial and/or organismic level. Functional mas-
ticatory explanations, nonetheless, have failed
to account for the derived Neanderthal facial
morphology (Antén, 1994; O’Connor et al.,
2005). Accordingly, it seems biologically
sound to consider that variation of the
mandibles may express morphologically
processes proper at the organismic level. If
this is the case, why should body size/mass
variation produce differences in morphologi-
cal features with phylogenetic valence, e.g.,
retromolar space?

According to Franciscus and Trinkaus
(1995) it is “a combination of relatively
shorter dental arcade lengths and smaller
ramus breadths in the context of maintained
(or only slightly reduced) mandibular lengths
which best accounts for the presence of retro-
molar spaces.” The pattern of mandibular
variation in the European mid-Pleistocene
hominins seems to support this conclusion.
Thus, Figure 4 shows how size-related

i S el

AT-SH -->= Nea [interspecific non-allometric variation]

Figure 4. Allometric and non-allometric variation in mandibles. Figure A shows allometric intraspe-
cific variability of AT-SH hominins. A small individual (upper left TPS grid) becomes transformed
into a large one (upper right TPS-grid) (Rosas and Bastir, 2004). Figure B show a TPS transformation
of an AT-SH hominin into a Neanderthal. The data have been standardized to a common size value
by multivariate regression, so allometric variation has been removed (Bastir, 2004).
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variation in the SH sample is predominantly
established along an anterior-posterior direc-
tion in these hominins (Rosas and Bastir,
2004). In addition, morphological variation is
mostly expressed as a forward movement of
the mandibular corpus (anterior face), while
the ramus (posterior face) is more stable.
When related to maximum length of the
mandible, the increment of the ramus breadth
(i.e., posterior face) is proportionally smaller
than the increment of the corpus length (i.e.,
anterior face). Unlike modern humans, in
which facial growth follows a largely vertical
increment, it can be proposed that craniofacial
growth in European mid-Pleistocene
hominins is predominantly oriented in a hori-
zontal direction. Next, we approach this
hypothesis with the study of bone remodeling
in the mandibles from the Atapuerca-SH site.

Bone Remodeling Pattern of the
Atapuerca-SH Mandibles

Following the works of Boyde (1972), Boyde
and Jones (1972), Boyde and Hobdell, (1969),
and Bromage (1984, 1989), we have identi-
fied different patterns of microanatomy: (1)
the areas in which collagen bundles can be
recognized — we have interpreted this as dep-
osition; (2) areas in which organized depres-
sions can be recognized — we have interpreted
this as areas of osteoclast activity representing
the Howship’s lacunae; that is area of resorp-
tion activity; (3) areas in which a pattern of
small foramina is recognized — we interpreted
this as Sharpey fiber insertions; (4) areas in
which a polished surface is recognized — these
areas seem to correspond to areas of pro-
longed resting, upon which ground matrix has
been mineralized (Boyde, 1972).

Figure 5 shows a reconstruction of the
bone remodeling pattern in the Sima de los
Huesos mandibular specimens (Rosas and
Martinez-Maza, 2006). One of the most sig-
nificant features detected is the variation in
the pattern of remodeling at the anterior sym-
physis (Martinez-Maza and Rosas, 2002). The

individual variation in the remodeling of the
symphysis seems to follow a systematic pat-
tern parallel to that of the morphology. The
larger specimens show a remodeling distribu-
tion similar to that found in H. sapiens (e.g.,
resorption at the subalveolar depression and
deposition at the base), whereas the smaller
specimens display a mosaic of fields not pre-
viously documented in hominins, defined by a
field of deposition at the alveolar part and
an area of resorption at the basal part of the
symphysis. Such remodeling field distribution
gives support to the mainly horizontal growth
direction of the facial skeleton in H. heidelber-
gensis as deduced from the morphology.

The corpus presents, unlike the symphysis,
a constant distribution of the growth-remodel-
ing in all the specimens. Among the most
interesting features, the internal corpus
presents a large field of resorption on the sub-
alveolar plane and fossa. This resorption field
suggests an intensive lateral expansion of the
corpus (Figure 5), whose interpretation may
be supported when considered in combination
with a number of morphological features.
Thus, mandibles of H. heidelbergensis, as
well as those of classic Neanderthals, present
a wide anterior mandible (Trinkaus, 1982;
Stringer et al., 1984; Rosas, 1995), and a field
of resorption at the corpus that may provide a
mechanism for the lateral widening of the
symphysis. The large mesiodistal diameters of
the anterior dentition in the European hominin
lineage (Bermudez de Castro, 1986) may also
be inscribed in this morphological context. If
the proposed growth mechanism were the
case, then it may also explain the outstanding
mesial drift of the molar teeth observed in the
Atapuerca-SH mandibles and maxillae, as
deduced from the strong distal inclination of
the roots. A lateral extension of the mandibu-
lar arcade would produce wider symphyses,
which, in turn, would result in an increase of
the interdental spaces. A well-known mecha-
nism in craniofacial growth for readjusting
dental alignment and occlusion is the mesial
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drift of the dentition (Enlow and Hans, 1996).
An intensive mesial drift of the molar teeth
seems to be also the case in the SH sample, as
judged by the inclination of the roots men-
tioned above.

Moreover, several other consequences may
be derived from these observations. If the
complex growth process we are discussing is
correct, the anterior location of the mental
foramen (i.e., below M,;) observed in the
mandibles of the Neanderthal lineage would
also be the result of a forward migration of the
dentition, especially the molars, rather than
just a posterior displacement of the foramen
itself, in agreement with Trinkaus (1993).
Likewise, the relatively shorter dental arcade
lengths, considered by Franciscus and
Trinkaus (1995) to be one of the factors
involved in the appearance of the retromolar
space, may be due proximately to anterior
broadening and concomitant molar mesial
drift. In a broader morphological context, a
wide anterior part of the mandible may be in
causal correspondence with other features

associated with the midfacial prognathism,
such as a wide nose, broad glabella area,
parasagittal orientation of the infraorbital
plane. Along with this explanation, the afore-
mentioned lateral expansion of the corpus
may be the local expression of general
processes affecting complete anatomical
and/or functional systems.

Respiratory Physiology in the

European Lineage

The general statement that Neanderthals had
wide noses (although Middle Pleistocene
hominins also have very broad noses) and spa-
cious nasal cavities has led to the considera-
tion of the respiratory physiology as a possible
evolutionary determinant. However, the
potential evolutionary meaning of respiratory
physiology has been restricted to life perform-
ance under cold climatic conditions, either in
dry or humid circumstances. As reviewed
above, there have been several attempts to
relate facial morphology of Neanderthals to
climatic adaptations, arguing for mechanisms

Figure 5. A reconstruction of the bone-remodeling pattern in the Atapuerca-SH mandibles. Dark
gray color indicates resorption field activity. Major direction of growth and displacement are
indicated by numbers. 1. A resorption field at the anterior symphysis producing alveolar depression;
2. A resorption field at the anterior border of the ramus, giving rise to ramus relocation; 3. A resorp-
tion field at the lateral body that enables a lateral expansion of the mandibular arcade.
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for warming and moistening inspired air. The
discovery of arguably new autapomorphies in
the internal nasal cavity has further led to the
proposition that Neanderthals had a highly
derived respiratory anatomy (Schwartz and
Tattersall, 1996; Laitman et al., 1996;
Schwartz et al., 1999).

However, the simple fact that large nasal
cavities in Neanderthals and their forerunners
may respond to respiratory demands, referring
to lung volume and energy production, has not
been considered. As stressed by Laitman et al.
(1996), “the acquisition and processing of
oxygen and its byproducts is the primary mis-
sion of any air breathing vertebrate. Chewing,
walking, reproducing, thinking are all fine but
first it has to breathe”. Nasal shape can be pri-
mary affected by those factors that facilitate
metabolism, and growth mechanisms control-
ling the topology of the nasal cavity respond
to demands of the respiratory system. In spite
of these facts, little work has been done to
examine how nose size and morphology relate
via physiological factors to general body size
or to differences in male-female metabolic
requirements (Hall, 2005; see, nonetheless,
Rosas and Bastir, 2002).

Using sexual dimorphism and metabolism
as a starting point for exploring this aspect,
analysis of human body composition shows a
different pattern in the distribution of body
fat, muscle mass, and bony tissue between
males and females (Malina, 1978, 1996).
Increased male body mass (mainly all muscle
mass) and increased basal metabolic rates
require an increased energy supply (Henry
and Rees, 1991), which must be associated
with an elevated oxygen input. Sexual physio-
logical differences are well-known. For the
same size and age, the pulmonary capacity is
about 15% larger in males than in females
(Silbernagl and Despopoulos, 1991). Owing
to augmented energy requirements, male air-
way dimensions have to be enlarged (Enlow
and Hans, 1996) in order to maintain integra-
tion between airway, relative body, and lung

size. It seems that these physiological require-
ments can also be detected by looking at the
hard tissues. Rosas and Bastir (2002) show
that, for the same size, the spatial configura-
tion and shape of the whole naso-pharyngeal
region in males provides a larger volume of air
intake than it does in females. In particular,
males present a relatively larger naso-pharyn-
geal space than females, with larger piriform
aperture, achieved by an increase in the angu-
lation of the nasal bones and a downward shift
of the anterior nasal floor. Male pharynx
expansion was also reflected in larger choanae
and a more posteriorly inclined basilar part of
the occipital clivus (Rosas and Bastir, 2002).
Body size and elevated sexual dimorphism
(Wolpoft, 1980; Bermudez de Castro et al.,
2001; Rosas et al.,, 2002; but see Arsuaga
et al., 1997b; Lorenzo et al., 1998) largely
contribute to craniofacial variation in Middle
Pleistocene populations. Morphological inter-
action between body size, allometry, and
physiological demands linked to male/female
different basal metabolism (Rosas and Bastir,
2002 and references therein) may account for
a good deal of morphological diversity.
Coming back to Neanderthals, Ruff et al.
(1997) estimate a mean height of 167 cm for
males (n = 7), and mean weight of 80.8 kg;
with considerable muscle mass per unit height
and muscles substantially greater in mass than
those in robust modern humans (Trinkaus,
1997; Churchill, 1998; Steegmann et al.,
2002). Neanderthals had voluminous chests
and a large lung volume, as there is a direct
relationship between lung volume and body
mass (Churchill and Franciscus, 2002). The
large bodied Neanderthals would have needed
large quantities of oxygen in order to produce
the level of energy required (Jelinek, 1994).
Furthermore, it is generally acknowledged that
the elevated postcranial robusticity and pro-
nounced muscle markings on the Neanderthal
bones reflect heavy mechanical loading result-
ing from a lifestyle of intense physical work
(Ruff et al., 1993, 1994; Trinkaus et al., 1994;



58 A. ROSAS ET AL.

Abbott et al., 1996; Trinkaus, 1997). When this
picture is further projected onto a climatic sce-
nario it is inferred that under glacial conditions
Neanderthals had to maintain higher metabolic
rates, which would, in turn, have required a
greater intake of oxygen and more frequent
consumption of high calorie food (see
Schwartz et al., 1999, Churchill, this volume).
How these body mass/shape, as well as meta-
bolic rate, effects relate to the anatomy of the
respiratory apparatus, and how growth
processes become organized in order to
accommodate these physiological demands is
a matter of further research. However, for the
time being there is sufficient evidence to con-
clude that the European hominin lineage
developed specific physiological demands
manifested in changes of the nasal apparatus,
both in size and shape. Functional and struc-
tural integration of these novelties within the
craniofacial complex contribute to the devel-
opment of the specific morphological pattern.
To complete the picture, Ramirez-Rozzi
and Bermudez de Castro (2004) sce
Neanderthals as a species of Homo adapted to
particular environmental conditions in which
a high calorie diet and a high metabolic rate
were able to fuel fast somatic growth, as well
as to grow and sustain a large brain. And, tak-
ing our inquiry further, what could have been
the relevance of brain size and shape on
Neanderthal craniofacial evolution?

BRAIN-FACE INTERACTIONS

Brain Evolution and Reorganization of the
Cranial Base in H. neanderthalensis
Absolute brain size increases in Middle
Pleistocene specimens, although there is also
increased encephalization; that is, the change
in cranial capacity is not attributable solely to
an increase in body size (Rightmire, 2004).
Additionally, cranial capacity also increases
significantly within the European lineage
(Hawks and Wolpoft, 2001; Rightmire, 2004).
Middle Pleistocene specimens show a cranial

capacity of around 1206 cc, whereas classic
Neanderthals may reach up to 1650 cc (Aiello
and Dean, 1990; Rightmire, 2004). Did
encephalization produce changes in craniofa-
cial structure in the European hominin?
Several lines of evidence allow us to answer
this question positively, but what were the
specific effects?

The possible effects of encephalization on
the structure and development of the craniofa-
cial complex are of two kinds. First, the con-
trol exerted by the nervous system, as the
pacemaker of somatic development (Sacher,
1975; Smith, 1989) and metabolism, which
results from it being an energetically expen-
sive tissue (Aiello and Wheeler, 1995).
Second, the mechanistic effects of the grow-
ing brain on basicranial and facial structures
(Anthony, 1954; Enlow, 1990; Rosas, 1998;
Lieberman et al., 2000; 2002; Spoor et al.,
2003; Bastir et al., 2004; Bastir and Rosas,
2005). In spite of the multiple assessments
invoking substantial influence of brain evolu-
tion on craniofacial shape, no consistent pic-
ture has yet emerged. An essential line of
research is the direct testing of hypotheses
dealing with specific aspects of brain devel-
opment and those of the cranial base (Jeffery
and Spoor, 2002; Jeffery 2003). Below, we
present our current research addressing
covariance among bone structures, to further
speculate on the possible effects of differential
brain regional development on morphology.

Craniofacial biologists have suggested that
basicranial variation has crucial effects on vari-
ation in mandibular ramus breadth in modern
humans (Bhat and Enlow, 1985; Enlow et al.,
1982). Recent studies have provided further
support for this hypothesis (Bastir et al., 2004;
Bastir and Rosas, 2005). However, it was found
that the spatial position of the petrosal tempo-
ral, rather than the flexure of the midline
cranial base, is correlated with mandibular
ramus breadth. In humans a lower position of
the petrosal bone (and also the glenoid fossa)
was significantly correlated with a narrower
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mandibular ramus. In addition, these relation-
ships did not depend on allometric variation
(Bastir et al., 2004). The lateral regions of the
cranial base show a much larger integration
with the mandible than that shown by the mid-
line of the cranial fossa, at least in modern
humans (Bastir and Rosas, 2005). These find-
ings are relevant for the interpretation of mor-
phological variation in relative ramus breadth
among Middle Pleistocene humans.

A recent study, building on this evidence,
tested a model of allometric scaling in mandibles
of Homo heidelbergensis and Homo nean-
derthalensis, by addressing particularly the non-
allometric fraction of morphological variation
between these two species (Bastir, 2004). It was
found that the non-scaling difference between
the species is expressed in Neanderthals by a
further reduction in the relative ramus breadth,
a forwardly directed mandibular condyle, and a
marked development of alveolar depression.
Therefore, and in the light of the previous find-
ings of integration in the posterior face, it is
possible to relate ramus breadth variation to
localized, non-allometric spatial modification in
posterior face structures. As stated above, the
temporal bone and mandible are directly
involved in the evolutionary emergence of
Neanderthal craniofacial morphology. In the
light of these findings, temporal bone modifica-
tion may be related to parasagittal processes in
the skull, including the middle cranial fossae.
However, no obvious relationship links tempo-
ral bone evolutionary changes to physiological
or climatic adaptations. Alternatively, the large
increment in brain volume in the Neanderthal
lineage may be invoked as a causal factor for
these transformations. Anatomically, a signifi-
cant aspect to be considered, apart from those
already mentioned, is the inferior position of the
posterior semicircular canal in H. nean-
derthalensis and its possible functional implica-
tions in head position and neck movements
(Spoor et al., 2003).

The potential effects of mosaic brain evo-
lution, in the temporal or parietal lobes for

example (Bruner et al., 2003; Bastir et al.,
2005), are potentially identified through evo-
lutionary changes in their bone counterparts.
For instance, the difference in the projection
of the mastoid between mid-Pleistocene
European hominins and Neandethals probably
reflects the posterior-inferior expansion of the
cranial cavity (Hawks and Wolpoft, 2001).
Bruner et al. (2003) identify two distinct
allometric trajectories for the evolution of the
structural relation between cerebral shape and
encephalization in Homo, for which a similar
expansion of endocranial size has been
reached through different changes in shape.
European Middle Pleistocene specimens and
Neanderthals correspond with H. erectus s.1.
and other non-modern human specimens.
Neanderthals are hypothesized to be derived
in their allometric variability and degree of
encephalization (quantity), but plesiomorphic
in their structural and functional processes
(quality) (Bruner, 2004). Morphologically, the
brain undergoes along the archaic trajectory a
generalized dorsal bending as it enlarges, as a
result of relative parietal shortening (Bruner,
2004). Dorsal bending of the brain may con-
comitantly pull up anterior and posterior poles
of the brain, forcing underlying basicranial
structures, and contributing further to the
platycephalic form of the cranium.

Discussion

NEANDERTHAL EVOLUTIONARY
LINEAGE: A TWO-PHASE PROCESS

A number of interrelated hypotheses dealing
with potential causal processes underlying the
evolution of the Neanderthal morphology
have been proposed. A two-phase model has
been outlined and its taxonomic interpretation
has also been considered.

The first phase starts in the early Middle
Pleistocene with the increase of body size and
robusticity of the postcranium (Lorenzo et al.,
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1998; Ruff, 2002). This may have produced
changes in upper and midfacial anatomy, ori-
entation, and proportions (Biegert, 1957;
Seidler et al., 1997; Rosas, 1998). However, as
upper, mid and lower facial structures are
tightly integrated (Lieberman, Bastir, 2004;
Bastir et al., 2004; 2005), these allometric
upward rotations find a direct relationship on
the allometric variation patterns in the
mandibles (Rosas, 1997; 2000; Rosas and
Bastir, 2004) and the associated remodeling
patterns (Martinez-Maza and Rosas, 2002;
Rosas and Martinez-Maza, 2006). The most
outstanding morphological novelty is the
emergence of midfacial prognathism, which is
essentially produced by a twofold effect: a rel-
atively shorter dental arcade length and
smaller ramus breadth, in the context of main-
tained total facial prognathism (Franciscus
and Trinkaus, 1995; Trinkaus, 2003).
Physiological needs imposed by large body
mass and high metabolic rates impose an
enlargement of the nasal cavity giving rise to a
broadening of the anterior face. This is
expressed in the broad noses and flattening of
the anterior mandible (Stringer et al., 1984;
Rosas et al., 1991). The broadening of the face
produces a larger and broader alveolar space
that needs to be filled in order to maintain
occlusal function. Such a circumstance gives
rise to a forward movement of the posterior
dentition, clearly manifested by mesial drift.
On the other hand, variation in modern
humans, both between and within populations,
establishes a strong correlation between ramus
breadth and vertical position of the petrosal
bone in such a way that a descent of the exter-
nal end of the petrosal significantly correlates
with reduction of ramus breadth. Even though
no direct testing with fossils has been
attempted, it is reasonable to assume that a
descent of the temporal area, as manifested by
the flattening of the glenoid fossa (Martinez
and Arsuaga, 1997a) has occurred. This phase
of evolution of the Neanderthal lineage is
defined by the species H. heidelbergensis.

During a second phase, a particular local-
ized evolutionary process further modified the
orientation and position of the petrosal bone,
lowering the glenoid fossa with respect to
other basicranial traits (Harvati, 2003). Such
processes could either be related to general
(Rightmire, 2004) or specific mosaic
encephalization (Bruner et al., 2003), or to
other localized phenomena that have yet to be
identified. In addition, the spatial location of
the digastric and mylohyoid muscles became
altered. There is an evolutionary change in the
spatial positioning of the bone and soft tissue
matrix, especially affecting the suprahyoid
muscles, which modify both the temporal
bone and internal side of the mandible
(Martinez and Arsuaga, 1997; Rosas, 2001).
As a result of these processes, a distinct mor-
phology emerged, qualitatively different from
its putative ancestral condition. We interpret
such a qualitative change as being related to a
speciation event that gave rise to H. nean-
derthalensis.

Variability follows a contrasting pattern
when comparing samples of H. heidelbergen-
sis and H. neanderthalensis. There is a
decrease in variation in late Middle to Late
Pleistocene European populations, once the
final morphological pattern of classic
Neanderthals is achieved. This reduced level
of morphologic variability has been attributed
to genetic isolation. Alternatively, structural
causes could be proposed. Our model states
that the large variability observed in the
European Middle Pleistocene craniofacial
complex is mostly due to combinations of
growth compensatory mechanisms (sensu
Enlow et al., 1982; Enlow, 1990). Structural
and functional imbalances in the growing
craniofacial complex (e.g., dental occlusion),
in the context of large body size variation and
sexual dimorphism, give rise to distinct com-
binations of features. It is in this context that
the distinction between primary processes and
secondary consequences (Trinkaus, 1987,
2003; Franciscus, 1999, 2003) acquires a
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greater biological meaning. In classic
Neanderthals, the craniofacial system becomes
stabilized with decreased sexual dimorphism
and variation in body size, and craniofacial
imbalances and compensatory growth mecha-
nisms become largely reduced.

SYSTEMATIC AND TAXONOMIC
CONSIDERATIONS

Taxonomically, the “accretion model” consid-
ers a gradual and continuous emergence of
distinctive features, whose evolutionary
process would have consequently occurred
throughout a single temporally variable
species, paleontologically recognized as a
chronospecies. Accordingly, from a biological
viewpoint, the complete continuum of evolv-
ing populations, whose later representatives
we name Neanderthals, should receive a sin-
gle taxonomic nomen, i.e., Homo nean-
derthalensis (Stringer, 1996). The total pattern
of morphology is achieved sometime in the
later Middle Pleistocene, especially in the
anatomy of the temporal bone and mandible.
This transition has been associated with an
operative use of H. heidelbergensis and H.
neanderthalensis taxonomic nomina, on the
basis of a single chronospecies concept
(Arsuaga et al., 1997a; Rosas and Bermudez
de Castro, 1998).

In an alternative view, the appearance of
Neanderthals may be identified as a proper spe-
ciation event that took place at around 0.3—0.25
Ma (Rightmire, 1998, 2001; Lalueza-Fox et al.,
2005), and two real species are then recognized
within the Neanderthal lineage: H. heidelber-
gensis and H. neanderthalensis. We favor the
hypothesis that the species H. neanderthalensis
emerged as a distinct biological entity after a
speciation event (or change in morphological
quality). Interestingly, such a speciation event is
coincident in time with the appearance of the
cultural Mode 3 (Mousterian industries) in
Europe. While clearly favoring the origin of the
lineage in the European middle Middle

Pleistocene [or even earlier, (Rosas, 2000)], we
identify the emergence of Neanderthals — in
agreement with Rightmire (2001) — at around
0.3-0.25 Ma. The easiest way to explain such an
event would be to invoke a population crisis or
bottleneck sometime during the late Middle
Pleistocene (e.g., the cold period OIS 8) from
which the hominin fossil record is particularly
poor (Hublin, 1998a; Dean et al., 1998).
However, no real evidence is available to sup-
port such a statement, and additional data are
needed. What we maintain is that Neanderthals
are a morphologically distinct species (see
Pigliucci, 2003). We agree with Tattersall
(Tattersall, 1992; Tattersall and Schwartz, 1998,
this volume) in recognizing the existence of
separate species when distinct morphs (i.e., rec-
ognizable morphological entities distinguished
by reasonably consistent sets of characters) are
present in a fossil sample. There is no doubt that
Neanderthals (both classic and Near Eastern)
are recognizable as a distinct morph, not only
from anatomically modern humans, but also
from their putative ancestors. In potentially
strong support of this view, recent studies on
dental growth histology have been able to dis-
criminate between life-history variables (e.g.,
rate of growth) of H. heidelbergensis and H.
neanderthalensis, the latter showing an autapo-
morphic very rapid rate of tooth growth, and
possibly an ontogenetic rapid pace and short
developmental period (Ramirez-Rozzi and
Bermudez de Castro, 2004).

OPEN PROBLEMS AND FUTURE
RESEARCH

When most of the available information is
considered it becomes clear that craniofa-
cial evolutionary change in the European
lineage is a complex process in which a
number of factors come together and result
in a new “morph.” Physiological and devel-
opmental factors interacting in the context
of structural constraints, specific to the
hominin skull, may explain the emergence



62 A. ROSAS ET AL.

of the unique morphological pattern of
Neanderthals. Moreover, evolutionary
transformation in the craniofacial anatomy
of Neanderthals is clearly a 4-D process
(three dimensional morphology plus time).
Therefore, we will be able to account for the
observed changes only in an actual spatio-
temporal framework. Most of the studies
approach the problem of Neanderthal
anatomy from a lateral perspective, e.g.,
prognathism. However, consideration of the
coronal aspects of the skull, e.g., vertical
relocations of the petrosal in the lateral cra-
nial base versus midline basicranium, may
potentially clarify many issues.

It is becoming increasingly accepted that
specific characters appear early in the
ontogeny, as early as immature fossil speci-
mens allow recognition, while fetal stages are
invoked to explain the processes (Zollikofer
and Ponce de Leon, this volume). It is clear
that an organism belongs to its species from
the very moment of conception, and it is
during growth that specific features become
morphologically identifiable. Increasing
knowledge in craniofacial biology dictates
that topology of the different developmental
units (or modules) plays a determinant role,
and it is upon these topologic relationships
that later growth processes become estab-
lished. Neanderthals seem to accommodate
this principle in the sense that an early embry-
ological platform establishes a predominantly
horizontal facial growth. Respiratory and
metabolic demands are physically achieved by
means of oro-naso-pharyngeal expansion,
following growth paths pre-established at
pattern-formation stages.

What were the causes that produced such
new conditions? Were they stochastic, adapta-
tional, or the product of phylogenetic inertia?
No firm answer can be offered for these
question at present. Nevertheless, the consid-
eration of organismic interactions, although
elusive in many ways, is essential to under-
standing evolution.
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Abstract

Being our closest living relatives, chimps and bonobos provide the best available comparative evidence to study
the evolutionary split between our sister taxon — the Neanderthals — and ourselves. Here, we analyze craniofacial
development in these taxa from birth to adulthood using geometric morphometric methods. In both Homo and
Pan, ontogenetic trajectories of sister taxa differ by their length, position and/or direction in shape space, as well
as in the relationship between cranial size and shape. Modern human and bonobo ontogenies represent “abridged”
versions of Neanderthal and chimp spatiotemporal developmental patterns, respectively, where “shortening” of
trajectories is likely to represent evolutionary novelty. When examined in detail, however, the Neanderthal-human
and chimp-bonobo splits do not represent equivalent forms of evolutionary developmental diversification. Rather,
it appears that each bifurcation is the result of a different unique evolutionary event, during which the ancestral
mode of growth and development was modified in a taxon-specific manner.

Introduction

For almost 150 years Neanderthals have been
recognized as a fossil human taxon exhibiting
a suite of morphological features that differ-
entiate them both from earlier Homo and from
contemporaneous anatomically modern

humans (AMH) (Stringer and Gamble, 1993).
With the advent of new analytical methods,
the classical morphology-based view of
Neanderthals has been modified and comple-
mented. Among these new developments, two
directions of research have proven especially
promising: analysis of fossil mitochondrial
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DNA (mtDNA) and quantitative analysis of
three-dimensional morphology.

Successful extraction and sequencing of
ancient DNA from several Neanderthal indi-
viduals has provided evidence of an early evo-
lutionary split between Neanderthals and
anatomically modern humans (Krings et al.,
1997, 1999; Ovchinnikov et al., 2000), essen-
tially supporting the view that no significant
interbreeding between these taxa occurred
(Krings et al., 2000; Serre et al., 2004). New
morphometric methods have been imple-
mented concurrently. Most notably, the
methodological framework of Geometric
Morphometrics (GM) permits quantitative
analysis of shape variability in complex three-
dimensional forms (Dryden and Mardia,
1998). The growing popularity of GM meth-
ods has provided new insights into the distinc-
tion between Neanderthal and AMH cranial
architecture and development (Ponce de Leon
et al., 2001; Harvati et al., 2004). Studies at a
smaller morphological scale have revealed
previously unrecognized Neanderthal fea-
tures, such as distinct tooth cusp patterns
(Bailey, 2002, 2004), and a more rapid pace of
tooth development that indicates divergent
Neanderthal and modern human life histories
(Guatelli-Steinberg et al., 2005; Ramirez
Rozzi and Bermudez de Castro, 2004). These
studies consolidate the notion of two contem-
poraneous but independently evolving Homo
lineages during the Middle to Late
Pleistocene.

In this study we focus on the evolutionary
bifurcation of a hypothetical common ances-
tor into Neanderthal and anatomically modern
human populations. Evolutionary lineage
splits are attributed traditionally to divergent
adaptation often arising from habitat shifts. In
the case of Neanderthals, the functionally
adaptive value of several distinguishing fea-
tures such as the size and shape of paranasal
sinuses, limb proportions, and pelvic form
remains highly controversial (Rak, 1986;
Trinkaus, 1987, 2003; Churchill, 1998;

Franciscus, 1999, 2003; Franciscus and
Churchill, 2002; O’Connor et al., 2005). An
evolutionary developmental perspective offers
an alternative approach to investigating
Neanderthal morphology. Rather than study-
ing the potential adaptive significance of a
novel trait, attention is directed toward how
processes of growth and development are
modified to bring about evolutionary novelty.
From this perspective, Neanderthal morphol-
ogy is considered as an integrated whole
rather than an array of more or less independ-
ent features. This approach frees us from the
shackles of adaptationist reasoning (Gould
and Lewontin, 1979) since it puts more weight
on the role of developmental constraints dur-
ing the evolution of new morphologies. As we
demonstrated in an earlier study (Ponce de
Leén et al., 2001), Neanderthals and AMH
exhibit clear morphological differences at an
early stage of ontogeny, but follow a shared
ancestral pattern of postnatal development.
Henceforth, contrary to the widespread notion
that only adult specimens exhibit the requisite
autapomorphic features required to define a
species, juvenile specimens are equally rele-
vant in performing this task.

Studying development in an evolutionary
context by comparing fossils encounters sub-
stantially more limitations compared to devel-
opmental studies that use extant taxa. Most
notably, developmental processes and their
modifications cannot be followed in vivo
using the fossil record but must be inferred
from patterns of morphological change
between fossil specimens. It is essential,
therefore, to carry out comparative studies
addressing similar questions in living species
from which more complete data can be
derived. Fortunately, hominoid evolution has
provided an ideal test case. Our closest rela-
tives, the chimpanzees (Pan troglodytes) and
bonobos (Pan paniscus), represent sister
species with distinct morphologies and life
histories (Barriel, 1997; D’Aout et al., 2004;
Doran, 1993; Gagneux et al., 1999; Parish and
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De Waal, 2000; Poti, 2005; Sept, 1998;
Susman, 1984; Won and Hey, 2005; Yu et al.,
2003; Zihlman and Cramer, 1978). The evolu-
tionary dichotomy between these two species
represents an appropriate analogy with which
to study the evolutionary split between
Neanderthals and modern humans.

HYPOTHESES

Considering these four taxa in conjunction, we
may therefore ask the following questions:
What are the commonalities and differences
between the Neanderthal-human and the
chimp-bonobo phyletic bifurcations? Is there a
common pattern of ontogenetic modification
that leads to the evolutionary split at the genus
and at the species level? What can be inferred
about the processes underlying the observed
patterns of divergence? These questions are
addressed with a comparative geometric mor-
phometric study of cranial growth and devel-
opment. The geometric morphometric
approach provides an efficient tool kit for for-
mulating testable hypotheses about differences
and commonalities between taxon-specific
patterns of ontogenetic shape change. These
patterns are revealed in multidimensional mor-
phospace by measuring the relative position,
orientation and length of the resulting trajecto-
ries. As outlined elsewhere (Ponce de Ledon
and Zollikofer, 2001; Zollikofer and Ponce de
Ledn, 2004), differences in the position of the
trajectory indicate different cranial forms,
differences in trajectory orientation indicate
different physical patterns of shape change,
and differences in trajectory length indicate
different amounts of shape change during
development. Furthermore, the terminology of
heterochronic and heterotopic analysis can be
applied to data in morphospace. For example,
divergent trajectories in morphospace indicate
non-homologous (i.e., heterotopic) patterns of
shape change, while collinear or parallel tra-
jectories exhibiting different lengths indicate
heterochronic modification.
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Accordingly, the following set of null
hypotheses is tested for each pair of sister taxa
Xand Y:

e HO-XY1: population means of taxa X and
Y are identical.
e HO-XY2: trajectory vectors of taxa X and
Y are collinear.
© HO-XY2a: average trajectories of taxa
X and Y have the same length (this
hypothesis can only be tested if HO-
XY2 cannot be falsified)

These hypotheses are applied to comparisons
between Homo and Pan, between H. sapiens
and H. neanderthalensis, and between P
paniscus and P, troglodytes.

Materials and Methods
SAMPLE

The sample includes 155 cranial specimens:
Neanderthals (N = 14), anatomically modern
humans (N = 41), chimps (N = 64) and
bonobos (N = 36). Developmental status of
all specimens was classified according to den-
tal eruption patterns. The following four
classes were defined: Pd4 (deciduous second
molar 50% erupted), M1, M2, M3 (full erup-
tion of permanent molars M1, M2, M3,
respectively).  Ontogenetic  trajectories
through shape space exhibit marked depar-
tures from linearity (e.g., distinct early and
late phases of cranial development).
Furthermore, no pre-Pd4 Neanderthal speci-
mens are currently available. For these rea-
sons, dental developmental stages prior to Pd4
were not included in these analyses.

The Neanderthal subsample comprises spec-
imens representing the widest possible range of
developmental stages currently available, where
the lower end of the ontogenetic scale is defined
by the two specimens from Dederiyeh (dental
stage Pd4: second milk molar at least partially
erupted) (Akazawa et al., 1995; Ishida et al.,
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2000; Kondo and Dodo, 2000; Zollikofer et al.,
2002) (Table 1). It is important to remember that
the Neanderthal sample represents wide vari-
ability in geographical location and geologic
time. To perform biologically reasonable com-
parisons, a Homo sapiens sample was chosen
that incorporates temporal depth and geo-
graphic width, i.e., pooled-population variation
in space and time (Table 1). It comprises recent
specimens from various geographical locations
as well as fossil specimens (Qafzeh 9 and 11,
Lapedo 1). The Pan paniscus subsample is com-
posed of wild-shot specimens from several
localities. Most specimens come from the
collections of the Royal Africa Museum
(Tervuren, Belgium). Pan troglodytes is repre-
sented by a pooled sample comprising individu-
als from several populations and several

Table 1. Specimens

Specimen Status’

Neanderthals
Dederiyeh 1
Dederiyeh 2
Pech de I’Azé
Subalyuk 2
Roc de Marsal
Devil’s Tower
Engis 2

La Quinal8
Teshik Tash
Le Moustier 1
Amud 1

La Ferrassie 1
Forbes’ Quarry
Tabun 1

I T T T T T S T R R

fossil H. sapiens
Lapedo 1
Qafzeh 9
Qafzeh 11

- ==

extant H. sapiens
locality

Africa

Asia

Australia
America
Greenland
Europe

=

— W B NN

!'1: reconstructed original specimen; c: cast.

subspecies, P, t. troglodytes, P t. schweinfurthii,
and P, t. verus (ontogenetic differences between
subspecies currently are being investigated).

DATA ACQUISITION AND
MORPHOMETRIC ANALY SIS

All specimens were CT-scanned in order to
obtain 3-dimensional virtual representations.
Fossil specimens were restored and recon-
structed with established computer-assisted
methods in order to correct taphonomic distor-
tion and to replace missing parts (Zollikofer
and Ponce de Ledn, 2005). For subsequent
morphometric analyses, 3-dimensional coor-
dinates of craniofacial landmarks were col-
lected (N = 41). Landmarks (11 midsagittal,
15 bilateral pairs; see Table 2) were chosen
that represent biological homology and cover
all regions of the craniofacial surface in
approximately equal proportions. Craniofacial
shape variability was analyzed using GM
methods. In GM, the form of each specimen is
given by the geometry of its landmark config-
uration. Form is decomposed into size and
shape such that size is measured as Centroid
Size (S), which is defined as the square root of
the sum of squared distances from the center
of mass of the landmark configuration to each
landmark (Bookstein, 1991), and shape is
measured as the multidimensional deviation
(landmark coordinate by landmark coordi-
nate) of a specimen’s landmark configuration
from the sample mean configuration (consen-
sus). The consensus configuration used here is
the average configuration resulting from
Generalized Least Squares (GLS) fitting of all
specimens (Rohlf and Slice, 1990).

Shape variability was explored via
Principal Components Analysis (PCA)
(Jolliffe, 1986) of data in linearized Procustes
shape space (Dryden and Mardia, 1998). PCA
is mainly used as a dimension reduction tech-
nique. Typically a large proportion of the total
sample variation in shape is contained within
the first few PCs, which can be used for data
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Table 2. Landmarks

# Name Remarks
1 nasion
2 glabella in juvenile specimens: midsagittal point at the height of the upper orbital margin
3 bregma
4 lambda
5 inion
6 opisthion posteriormost midpoint of foramen magnum
7 basion anteriormost midpoint of foramen magnum
8 sphenobasion midpoint of sphenobasilar suture
9 staphylion posteriormost midpoint of palate
10 prosthion midpoint between [1L and 1R, on alveolar margin
11 nasospinale
12,13 maxillofrontale anterior edge of maxillofrontal suture
14,15 foramen point at the supraorbital notch (or a point at the orbital rim below
supraorbitale the s-o. notch or foramen)
16,17 orbitale zygomatico-maxillary suture at the orbital rim
18,19 frontomalare fronto-zygomatic suture at the orbital rim
orbitale
20,21 zygomaxillare zygo-maxillary suture at the tuberosity
22,23 jugale location of largest curvature of the zygomatic rim in the jugal region
24,25 foramen maxillare ~ midpoint at the level of the surface
26,27 m2 (PM2) buccal buccal midpoint of the crown of deciduous m2 or permanent PM2
28,29 stylomastoid midpoint of external margin of foramen
foramen
30,31 carotid foramen midpoint of external margin of foramen
32,33 oval foramen midpoint of external margin of foramen
34,35 stephanion intersection between coronal suture and temporal line
36,37 asterion
38,39 porion
40,41 pterion meeting point of coronal and sphenoid suture

visualization. It is important to recall that PCs
do not represent biological entities. Rather,
they offer a convenient means of exploring
complex patterns of shape variability. A pri-
mary advantage of PCA of shape is that it is
always possible to move back and forth
between the representation of shape variabil-
ity in abstract shape space and in real physical
space.

In the shape analyses performed here, a
strong signal of ontogenetic allometry is
expected, i.e., changes in craniofacial shape
are typically closely correlated with changes
in size. For each species, multivariate regres-
sion of the shape PCs versus log centroid size
(log S) yields an allometric shape vector,
which captures the portion of shape variabil-
ity that can be explained statistically as a

function of size (Figure 1). The common allo-
metric shape vector of the entire sample is
calculated as the mean of species-specific
allometric shape vectors. It must be under-
lined that, like PCs, the common allometric
vector does not represent a biological entity.
Rather, it defines an axis of reference in
shape space that can be used as a visualiza-
tion aid.

Resampling statistics is used to test
hypotheses outlined in the previous section.
Essentially, statistical tests ask for significant
differences in distance, orientation and length
between taxon-specific ontogenetic trajecto-
ries through shape space. While resampling
methods can be applied readily to data in lin-
earized Procrustes shape space, it is important
to bear in mind that they yield biologically
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PCl1

PC2

log ()

PC2

PC1

Figure 1. Calculation of the allometric shape vector. Distribution of data in multidimensional
shape space is shown here for the first two principal components, PC1 and PC2. To evaluate the
allometric shape vector a, each PC; is regressed against log centroid size (5), yielding
slopes a;, which together constitute the components of vector a. The allometric shape
score p;, (bold line) of specimen P, is calculated as its projection onto a. This procedure is
repeated for each species. The mean of the species-specific allometric shape vectors is
the common allometric shape vector.

reasonable insights only under specific pre-
conditions. We adhere to the following test
sequence:

(1) Test for differences between taxon-
specific mean values of shape in mor-
phospace.

(2) If differences are significant, correct
data to achieve mean difference = 0
between taxa.
Test for divergence between taxon-
specific trajectory vectors.
If and only if trajectory vectors are
collinear, test for differences in tra-
jectory lengths. Otherwise, trajectory
lengths cannot be compared because
divergent directions in morphospace
indicate non-homologous patterns of
shape change in physical space.

3)
4)

Results

The results of PCA of shape are graphed in
Figures 2—4. Figure 2 shows differences
between all taxa. To visualize differences
between sister species in greater detail, we
performed separate PCA on the Homo and
Pan subsamples (Figure 3). Statistical tests of
the hypotheses stated above are reported in
Tables 3 (PC variance proportions) and 4 (sig-
nificance tests). Positional differences
between trajectories are measured as
Procrustes distance between taxon-specific
mean shapes (Table 4, first row), directional
differences between trajectories through shape
space are measured by the divergence angle
between their principal directions (Table 4,
second row), and trajectory lengths are meas-
ured by the Procrustes distance between mean
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cranial shapes at adulthood and at dental stage
Pd4 (Table 4, fourth row). Furthermore, dif-
ferences in ontogenetic allometric trajectories
are measured by the divergence between
taxon-specific allometric shape vectors
(Table 4, third row), and by the ratio between
cranial sizes at adulthood and stage Pd4
(Table 4, last row).

DIFFERENCES AND COMMONALITIES
BETWEEN SISTER SPECIES

Homo sapiens and Homo neanderthalensis
Postnatal trajectories of Neanderthals and
modern humans exhibit the same direction
through shape space, but differ in their relative
lengths and positions (Figure 3A). This signi-
fies that taxon-specific differences are estab-
lished early and maintained throughout
growth, such that these sister species follow
essentially the same postnatal pattern of
development. The Neanderthal postnatal tra-
jectory is slightly more extended than the
AMH trajectory.

It should be noted here that tracing human
development further back to fetal phases indi-
cates that the ontogenetic trajectory is curved
around birth. Recalling that different direc-
tions through shape space indicate different
patterns of cranial shape change, these obser-
vations suggest distinct prenatal and postnatal
modes of development. It is likely that the
Neanderthal trajectory exhibits a similar two-
phase pattern. Work in progress on this issue,
notably on the neonate Neanderthal specimen
from Mezmaiskaya Cave (Golovanova et al.,
1999), will help to clarify this issue.

Pan Paniscus and Pan Troglodytes

Ontogenetic trajectories of Pan species are
graphed in Figure 3B. Postnatal trajectories
differ from each other not only in their posi-
tion, but also in their direction Table 4).
Moreover, the trajectory of P paniscus is
shorter than the trajectory of P troglodytes.
These differences suggest species-specific

postnatal modes of development. As an effect
of path divergence, differences between chim-
panzee and bonobo cranial morphologies
increase over developmental time. This is con-
trary to Neanderthal and AMH trajectories,
where differences remain fairly constant from
birth to adulthood.

Ontogenetic Allometry

Up to this point, we compared taxon-specific
ontogenetic shape trajectories that were
measured by taxon-specific principal direc-
tions in shape space. Size-related change in
shape is investigated using ontogenetic
allometric trajectories. Taxon-specific allo-
metric trajectories (see Figure 1) capture the
portion of cranial shape change that is corre-
lated with size, and differences between taxa
can be measured as divergence angles
between these trajectories.

Divergence between allometric trajectories
of sister taxa is almost identical to the diver-
gence between shape trajectories (see Table 4,
rows 2 and 3). This indicates that a large por-
tion of ontogenetic shape change is related to
changes in cranial size. Expressing cranial
size at dental stage Pd4 as a percentage of cra-
nial size at adulthood further shows that H.
sapiens exhibit slightly larger relative juvenile
cranial sizes than H. neanderthalensis, and
that P paniscus show considerably larger rela-
tive juvenile cranial sizes than P troglodytes.

COMPARISON BETWEEN HOMO AND
PAN PATTERNS OF ONTOGENY

It can be readily recognized from Figure 2 and
Table 4 that differences between ontogenetic
trajectories at the genus level are more pro-
nounced than at the species level. Homo and
Pan postnatal trajectories differ considerably
in their principal direction and length. Paths
through shape space are shorter in
Neanderthals and AMH than in chimps and
bonobos, indicating less shape change from
birth to adulthood.
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Figure 2. Ontogenetic trajectories through shape space. A: Plot of PC2 versus PC1 shows major
differences between Homo and Pan trajectories. B, C: Plots of PC3 versus PC1 and PC2, respectively,
exhibit differences between sister taxa. For each species, arrows point from mean cranial shape

at dental stage Pd4 to mean cranial shape at adulthood.
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Figure 3. Ontogenetic trajectories through shape space in sister species. A: Bivariate plots of PCs 1-3 for
Homo (+ symbols: fossil Homo sapiens specimens). B: Bivariate plots of PCs 1-3 for Pan. For each
species, arrows point from mean cranial shape at dental stage Pd4 to mean cranial shape at adulthood.
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Figure 4. Graph of common allometric shape versus log centroid size. For each species, arrows point
from mean cranial size/shape at dental stage Pd4 to mean cranial size/shape at adulthood.

Table 3. Variance proportions of principal
components analyses

Principal component ~ Homo+ Pan Homo Pan
PC1 0.632 0.302 0.616
PC2 0.087 0.133 0.060
PC3 0.035 0.065 0.033
PC4 0.029 0.061 0.032
PC5 0.020 0.050 0.025
PC6 0.019 0.048 0.023
PC7 0.015 0.039 0.019
PC8 0.014 0.035 0.018
PC9 0.013 0.028 0.015
PCI10 0.011 0.026 0.013

There is also a trend difference in ontoge-
netic allometry, i.e., how change in shape dur-
ing development is related to change in size.
Figure 4, depicting ontogenetic allometry for
all four species, shows a marked separation
between Pan and Homo trajectories. A Homo
specimen at a given allometric shape is larger
than a Pan specimen at the same allometric
shape, and a Homo specimen of a given size
exhibits a lower allometric shape value than a
similarly sized Pan specimen.

Finally, we may ask how patterns of diver-
gence between Homo sister species differ from
patterns of divergence between Pan sister

species. Figures 2 and 3 reveal that each bifur-
cation follows a genus-specific pattern. In
Homo, developmental trajectories differ pri-
marily during prenatal ontogeny (as evinced by
the distance between Neanderthal and human
trajectories at age Pd4), while postnatal trajec-
tories are statistically similar. In Pan, develop-
mental trajectories differ both during prenatal
and postnatal ontogeny. However, human-
Neanderthal and chimp-bonobo bifurcations
also exhibit commonalities. In each genus, sis-
ter species differ in trajectory length (Table 4).
Humans and bonobos represent “shortened”
Neanderthal and chimpanzee allometric
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Table 4. Comparisons between trajectories through morphospace

Homo — Pan

H. sapiens —
H. neanderthalensis

P, paniscus —
P, troglodytes

0.175875
(p <0.001)

Procrustes distance
between mean shapes

Divergence cosinus
between shape
trajectories

0.775
(»<<0.001)
Divergence cosinus

between allometric
trajectories

0.787
(p <0.001)

0.078918
(p <0.001)

0.074843
(p <0.001)

0.821
(» = 0.25)

0.953
(p <0.001)

0.817
(» = 0.09)

0.950
( = 0.01)

Homo Pan

H. sapiens  H. neand. P, paniscus P, troglo.

Trajectory length from
mean Pd4 cranial shape
to mean adult cranial
shape

0.112 0.172

Mean Pd4 cranial size
in % of mean adult
cranial size

71.7 71.2

0.107 0.138 0.157 0.171

78.1 77.4 74.8 71.5

trajectories, respectively (Figure 3). Further-
more, human and bonobo trajectories are
shifted towards smaller sizes and less advanced
shapes relative to Neanderthal and chimpanzee
trajectories, respectively (Figure 4). However,
length differences between divergent trajecto-
ries must be interpreted with great care
because comparisons are made between
non-homologous patterns of morphological
change.

Discussion

In this study, we investigate commonalities and
differences between patterns of cranial
ontogeny in Homo and Pan in order to gain
insights into modifications of the developmen-
tal program that led to evolutionary splits
between sister taxa. First, we address the ques-
tion whether a possible scenario of ontogenetic
modification leading to the Neanderthal/
human split is comparable to that leading to
the chimp/bonobo split. The results shown in

Figures 2 and 3 suggest that there are relatively
few commonalities between divergences
within the genera. It appears that each bifurca-
tion may have been the result of a single evo-
lutionary event that modified a unique set of
spatial and/or temporal characteristics of the
ancestral human-chimp mode of ontogeny.
Neanderthal and AMH postnatal trajectories
are already separated at early postnatal stages
and then follow parallel paths through shape
space. According to the logic of geometric
morphometrics, similar directions through
shape space imply similar spatial patterns of
shape change during development (Zollikofer
and Ponce de Ledn, 2002). Spatial similarity,
in turn, hints at a shared ancestral mode of
postnatal development in Neanderthals and
AMH. Under these preconditions, it is possible
to compare Neanderthal and AMH postnatal
development in terms of heterochrony. As can
be seen in Figure 3, the AMH trajectory
through shape space is less extended than the
Neanderthal trajectory. In other words, AMH
attain “less developed” (more paedomorphic)
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cranial shapes at adulthood. Concomitantly,
the ontogenetic allometric trajectory of AMH
is less extended, such that adult AMH attain
smaller cranial sizes than adult Neanderthals.

The heterochronic differences in size and
shape can be interpreted in three different
ways. One possibility is to see modern humans
as derived paedomorphic variants, while
Neanderthals conserved the ancestral speed of
development. The second possibility is to see
Neanderthals as derived and AMH as repre-
senting the ancestral state. Finally, the third
interpretation, and in our view the most likely
one, is that both AMH and Neanderthals
exhibit a combination of ancestral and derived
ontogenetic features. According to this hypoth-
esis, the ancestral (cf. Homo erectus?) pattern
of cranial shape change is preserved in both
species, but AMH and Neanderthals exhibit
opposite evolutionary trends with respect to
velocities of development and growth. While
AMH exhibit deceleration, resulting in
relatively paedomorphic adult crania,
Neanderthals exhibit a trend towards accelera-
tion, resulting in more peramorphic and larger
adult crania.

This interpretation is consistent with the
comparative study of dental developmental
velocities in mid-Pleistocene Homo (Ramirez
Rozzi and Bermudez de Castro, 2004).
Neanderthal incisors exhibit a relatively wide
spacing between adjacent perikymata com-
pared to the incisors of potential ancestor
species, while modern humans show a trend
towards closer spacing. Assuming first
that the timing of perikymata formation is
similar in all species, and second that dental
development is a good indicator of overall
developmental speed, Neanderthal and AMH
ontogenies appear to be accelerated and decel-
erated variants of the ancestral mode of
development, respectively.

These findings and interpretations of
Neanderthal and modern human ontogeny
converge in some respects with the results of
a suite of studies dedicated to the same subject,

but which utilize different methods. Krovitz
(2000) investigated facial ontogeny with
Euclidean Distance Matrix Analysis (EDMA)
(Lele and Richtsmeier, 2001), which is a geo-
metric-morphometric method that defines
form by the matrix of all inter-landmark dis-
tances in a landmark configuration and uses
Principal Coordinates Analysis (PCA, a vari-
ant of multidimensional scaling) to study
shape variability. These studies, as well as a
recent EDMA-based analysis of facial
ontogeny in a sample comprising AMH,
Australopithecus africanus, Pan troglodytes
and Pan paniscus, agree that evolution
through ontogenetically early differentiation
is an ancient pattern of hominoid phylogeny
(Rogers Ackermann and Krovitz, 2002). In
another set of studies, Neanderthal versus
human craniofacial ontogeny was analyzed
with classical multivariate techniques applied
to sets of craniometric distance measurements
(Godfrey et al.,, 1998; Williams, 2000;
Williams et al., 2002). Interestingly, these
authors converge in the conclusion that “mod-
ern humans and Neanderthals follow parallel
shape changes from different points of origin”
(Williams et al., 2002: 430).

Several alternative studies point to differ-
ences in postnatal patterns of ontogeny
between Neanderthal and modern human lin-
eages (Krovitz, 2003), as well as between
other hominin species (Cobb et al., 2004),
and between modern human populations
(Vidarsdottir et al., 2002). In order to resolve
the two conflicting views, it is critical to rec-
ognize the existence of differences in analyti-
cal methods, in sample composition, and in the
morphological regions analyzed. Krovitz
(2003) used facial measurements mostly taken
from casts of Neanderthal specimens, while
our study used a more complete representa-
tion of cranial morphology based on virtual
reconstruction of original fossil specimens
(Zollikofer and Ponce de Ledn, 2005).
Neanderthal specimens, whether original
specimens or casts of originals, often exhibit
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considerable taphonomic deformation and
reconstruction bias/inaccuracy. Failure to remove
such effects not surprisingly introduces morpho-
metric error, notably in three-dimensional
measurements. Further, EDMA-based growth
analyses compare mean forms of two age
groups rather than entire samples representing
ontogenetic trajectories. Neanderthal age
groups often have sample sizes of only one
specimen. Thus, differences between
Neanderthal and modern human postnatal pat-
terns of facial ontogeny reported by Krovitz
(2003) conflate variation due to taxon-spe-
cific divergence with variation due to fossil
distortion and individual morphology.
Differences between modern human and
Neanderthal postnatal facial ontogeny have
been also reported by Williams et al. (2003)
who used sets of linear measurements (inter-
landmark distances). It is problematic, how-
ever, to differentiate between size and shape
when interlandmark distances are used
(Bookstein, 1989). In addition, it is difficult to
decide whether reported differences can be
attributed to divergence of allometric trajecto-
ries or shape trajectories.

The postulated parallelism of Neanderthal
and modern human shape trajectories also con-
flicts with studies that reveal divergence of
postnatal ontogeny within human populations
(Vidarsdottir et al., 2002) and hominin species
(Cobb et al., 2004). The pattern of divergence
between modern human populations that was
revealed in the former study is complex. In par-
ticular, there is no indication that populations
typically began as more similar juvenile forms
and became less similar adult forms (i.e.,
diverge). Rather, population-specific trajecto-
ries tend to “cross” each other. Likewise, it
appears that the amount of divergence actually
measured strongly depends on the composition
of the adult relative to the juvenile sample,
which creates a caveat when interpreting
between-population divergence. It is likely that
many human skeletal collections exhibit a
“typological Museum bias”, which expresses

itself as a tendency of classical field expedi-
tions to collect the “most characteristic” speci-
mens of a population rather than a random
sample (Yoel Rak, pers. comm.). Overall, this
effect tends to bias adult population-specific
samples toward extreme values, thus accentuat-
ing differences between population-specific
trajectories.

How can the results of these studies be
compared with the results of the present
study? First and foremost, our studies use
pooled-population samples, which restricts
direct comparisons with studies that use
specific  geographic populations. The
Neanderthal ontogenetic series incorporates
several sources of variation — residual fossil
deformation, inter-population variation, and
variation in evolutionary time. While modern
human specimens were chosen in order to
emulate this variation — it is likely that more
subtle differences at the population level
remain undetected within these “mixed-effect”
samples. Nevertheless, it is worth noting that
the divergence between Neanderthal and
AMH trajectories in this study is numerically
detectable (see Table 4) but not statistically
significant. Whether divergence represents
noise or data will be difficult to clarify unless
a Neanderthal ontogenetic sample from a nar-
row window in geologic time and geographic
space will be available.

Apart from potential postnatal differences in
patterns of facial ontogeny, the key to the
Neanderthal/ AMH evolutionary split lies in the
modification of prenatal modes of develop-
ment, which most likely represent derived ver-
sions of an ancient Homo mode and bring about
distinct cranial morphologies very early during
lifetime. It is worth mentioning here that the
shape distance between Neanderthal and AMH
trajectories is slightly larger than that between
chimp and bonobo trajectories. In other words,
the Homo sister species are more distinct than
the Pan sister species, a fact that has been noted
previously in comparative morphometric stud-
ies of adult Neanderthals, fossil and modern



84 M.S. PONCE DE LEON & C.PE. ZOLLIKOFER

humans, and great ape species (Harvati, 2003;
Harvati et al., 2004).

To summarize, we postulate that the major
differences between AMH and Neanderthal
morphologies result from derived prenatal
modes of ontogeny, while during postnatal
ontogeny both taxa follow essentially the
same ancestral mode of development, with
only minor additional heterochronic modifi-
cations.

We may now ask whether a causal connec-
tion exists between taxon-specific perinatal
cranial forms and postnatal heterochrony.
Model considerations (see Zollikofer & Ponce
de Leon, this volume) suggest that one and the
same ancestral postnatal developmental
processes, if “applied” to distinct perinatal
morphologies, may indeed result in parallel
postnatal trajectories exhibiting different
lengths, i.e., generate heterochronic modifica-
tion similar to that observed in humans versus
Neanderthals.

Possible scenarios of ontogenetic modifi-
cation underlying the chimp/bonobo split,
however, are more complex. Different mor-
phologies around birth imply divergent modes
of prenatal development, as postulated for
Homo. In contrast to Homo, however, Pan
species also follow divergent postnatal trajec-
tories through shape space. This indicates
derived, taxon specific modes of growth and
development. Recalling that the morphologic
distance between Pan trajectories is generally
smaller than that between Homo trajectories, it
is thus possible to consider that the complexity
of evolutionary modification (i.e., shift plus
divergence of trajectories) is not directly cor-
related with the resulting amount of morpho-
logic modification (i.e., dissimilarity between
cranial shapes).

An analogous set of questions may be
weighed regarding the ontogenetic roots of the
split between Homo and Pan. What is the pat-
tern of disparity between trajectories, and
what are the respective roles of prenatal and
postnatal modes of ontogeny in bringing about

differences at the genus level? As shown in
Figure 2, Homo and Pan trajectories through
shape space differ in their relative position,
direction and length. Human and ape trajecto-
ries are separated by a marked distance
already present at the onset of postnatal
stages, and postnatally, the morphological dis-
tinction between genera increases through
divergence and different lengths of
trajectories. The clear morphologic diver-
gence between genera around the time of birth
is indicative of ape-specific and human-
specific modes of prenatal development,
while postnatal divergence between trajectories
is indicative of divergent modes of develop-
ment in Homo and Pan. Overall, we interpret
the phyletic signal contained in these data as
follows: Assuming that the Pan trajectory
more closely reflects the ancestral condition
of ontogeny than the Homo trajectory, it
appears that the ontogeny of Homo is charac-
terized by a strongly derived spatial mode of
cranial shape change already at prenatal
stages, and by less overall shape change dur-
ing postnatal development. This notion is con-
sistent with an earlier study of ontogenetic
allometry in modern humans and chimps
(Penin et al., 2002). Based on the assumption
that shorter trajectories represent derived
evolutionary states, it is also reasonable to
postulate that AMH and bonobo ontogenies
represent abridged versions of ancestral Homo
and Pan trajectories, while Neanderthal and
chimp ontogenies are closer to the respective
ancestral conditions.

Taking into account necessary caveats (see
Zollikofer & Ponce de Leon, this volume), it is
possible to use the terminology of heterochrony
and heterotopy to characterize evolutionary
paths from a common ancestor of Homo and
Pan towards the extant species within these
genera. It is often stated that Homo is paedo-
morphic relative to Pan (Gould, 1977; Dean and
Wood, 1984; Bjorklund, 1997; Verhulst, 1999),
implying that human ontogeny represents a
shortened version of the supposed ontogeny of
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the last common ancestor to which Pan is
closer. Theoretical considerations demonstrate
that applying the notion of heterochrony to this
comparison is problematic (Zollikofer and
Ponce de Leon, 2004). In its essence, hete-
rochrony signifies modification of the temporal
properties of an ancestral ontogeny given that
spatial properties remain the same. As we have
stated previously, the latter condition clearly is
not fulfilled; Homo and Pan trajectories diverge
considerably, indicating clearly distinct spatial
modes of development, i.e., heterotopic diver-
gence. Accordingly, direct comparisons
between the temporal course of cranial develop-
ment in Homo and Pan have limited biological
meaning because respective spatial modes of
development represent incommensurate entities
with respect to time. This dilemma is at the core
of the open debate over the question of whether
humans are paedomorphic or peramorphic
(Shea, 1989; Godfrey and Sutherland, 1995,
1996; Klingenberg, 1998; Gould, 2000; Smith,
2002). Arguments advanced for each view
largely depend on the choice of morphologic or
morphometric features, and because the spatial
similarity of patterns of ontogeny is typically not
verified, it is easy to provide counter-arguments
based on alternative sets of measurements.
Within genera, heterochronic comparisons
are less problematic. The fact that
Neanderthals and AMH essentially follow par-
allel postnatal ontogenetic trajectories indi-
cates shared spatial modes of development.
This permits heterochronic interpretation of
the subtle differences between their postnatal
trajectories. From this perspective, AMH
appear slightly paedomorphic compared to
Neanderthals, and the reduced rate of cranial
shape change is accompanied by a reduced
rate of growth, i.e., less increase in size.
There is a long tradition of considering
bonobos as paedomorphic variants of chim-
panzees (Shea, 1983, 1984, 1988). Indeed, the
shortening of the ontogenetic trajectory of P
paniscus relative to that of P troglodytes and
the smaller size of the former species relative

to the latter at any given shape, indicate a
heterochronic shift toward more paedomor-
phic cranial forms. However, the divergence of
trajectories between Pan sister species indicates
different spatial modes of cranial development,
1.e., heterotopic modification of an ancestral
mode of development. As a consequence, it is
inadequate to consider the two Pan sister
species as mere heterochronic variants of their
last common ancestor. A study focusing on the
Pan sister species comes to similar conclusions
(Lieberman et al., 2007).

What can be learned about hominoid evo-
lution from the patterns of ontogenetic diver-
gence investigated here? Apparently there is
more than one pathway for determining how
ancestral ontogenetic processes are modified
to give rise to novel modes of development
and novel morphologies. It seems that the
diversity of fossil and extant hominoid taxa is
likely a result of variable forms of evolution-
ary developmental tinkering. Each bifurcation
between taxa, be it at the genus or species
level, has its own background of developmen-
tal modification giving rise to different ways
in which descendant ontogenetic trajectories
diverge from each other. One of the most fas-
cinating implications of this idea is that spatial
and temporal differences in growth and devel-
opment not only generate distinct adult mor-
phologies, but also give rise to taxon-specific
life histories.
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Abstract

In fossil hominins, phyletic diversification — the process by which ancestral species give rise to descendant ones —
can only be inferred through analysis of patterns of morphological diversity displayed in the fossil record. These
patterns are interpreted typically in terms of selection/adaptation and related to environmental change. From an
organism-centered perspective, evolutionary modification of developmental processes is an equally important
source of phyletic diversity. Here, we use model systems to simulate cranial growth and to explore how mutations
in the “genes” of an “ancestral” morphogenetic system may affect “descendant” ontogenies and “adult” morpholo-
gies. Intriguingly, a model that assumes basic epigenetic interactions between developmental processes is capable
of producing a wide variety of patterns of developmental modification, many of which are not foreseen in classic
heterochronic theory. Also, small changes in developmental “genes” often have complex effects on patterns of
ontogeny. With regard to the evolutionary split between Neanderthals and modern humans, these model considera-
tions shall be an incentive to look at taxon-specific character complexes from the perspective of developmental as
opposed to functional constraints.

Introduction ecological niche. A paramount example can

be seen in the Neanderthals, who are often
Morphological change in the cranium during thought to represent a human species adapted
human evolution is typically seen as a suite of to the harsh climatic conditions of mid-
functional adaptations to changing environ- Pleistocene Europe (Churchill, 1998; Lahr
mental conditions and/or specialization to an and Foley, 1998). However, establishing
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correlations and causal links between varying
environmental factors and variation in charac-
ter states faces both practical and theoretical
obstacles. First, due to the incompleteness of
paleoenvironmental and fossil records, recon-
struction of past key events and inferences
regarding their impact on the course of human
evolution should remain tentative. Second, it
is typically impossible to interpret changes in
a particular body structure in terms of specific
functional changes, i.e., adaptations to a spe-
cific task or a specific environmental condi-
tion. Rather, it appears that morphological
alterations involve correlated sets of charac-
ters and reflect a network of changing functional
requirements. Disentangling these networks is
a challenging task because it is often difficult
to discriminate between cause and effect.
Third, evolutionary modification of morphol-
ogy is typically channeled by developmental
constraints. As a consequence, in highly inte-
grated systems such as the hominin skull,
every conceivable morphology cannot be real-
ized, thus morphology becomes a compromise
between external (environmental) constraints
and requirements, and internal (developmen-
tal) constraints and requirements.

These arguments merit further attention.
Using the metaphor of supply and demand, it
is developmental variation that supplies evolu-
tionary novelty and diversity, while selection
reduces diversity by restricting demands to a
small fraction of the supply. Accordingly, how
and why the form of the hominin cranium
changes over evolutionary time spans can be
tackled in two complementary ways. On the
one hand, we may investigate the adaptive and
functional context of change, while on the
other hand, we may study how change is
brought about through modification of devel-
opmental programs.

The latter approach is adopted here. First,
we devise a general model of cranial growth
and use computer simulations to explore how
changes in model parameters — which stand
for “developmental genes” and epigenetic

interactions — affect developmental paths and
result in cranial morphological diversity.
Second, we ask how our results comply with
existing theoretical frameworks of evolution-
ary developmental modification, notably with
current concepts of heterochrony, heterotopy,
and ontogenetic allometry. These concepts are
central to evolutionary developmental reason-
ing, but there is no consensus on how to
define them theoretically and apply them dur-
ing empirical data analysis. In the study pre-
sented here, we refrain from adopting one or
the other existing theoretical framework.
Rather, we use insights from simulations to
reveal limitations of current concepts of hete-
rochrony and heterotopy, and we propose a
combination of geometric-morphometric
analysis and kinematic analysis to quantify
the widest possible diversity of patterns of
evolutionary modification of developmental
pathways.

Measuring and Interpreting Ontogenetic
Modifications

The central role of ontogenetic modification
as a promoter of phylogenetic ramification
was recognized by Haeckel (1866), who
coined the terms heterochrony and heterotopy
to denote evolutionary modification of tempo-
ral and spatial properties of developmental
programs, respectively. Analyzing ancestor-
descendant relationships in terms of hete-
rochronic and heterotopic modification of
ontogeny has proven extremely fruitful in gen-
erating insights into developmental paths of
phyletic diversification: Since the conceptual
foundations were provided in Stephen Jay
Gould’s Ontogeny and Phylogeny (Gould,
1977), heterochronic theory has diversified
into two principal schools of thought. The
first, which may be named “pan-hete-
rochrony” (McKinney and McNamara, 1991;
McKinney, 1999; McNamara, 2002) proposes
that most observed instances of developmental
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dissociation between sister taxa can be
explained in terms of temporal shift and/or
scaling (contraction or extension) of a com-
mon ancestral path of ontogeny. The second
school of thought, which is named “spa-
tiotemporal” here (Raff and Wray, 1989;
Zelditch and Fink, 1996; Zelditch et al.,
2000), proposes that developmental dissocia-
tion is normally brought about by modifica-
tion of temporal and spatial properties of the
ancestral ontogeny, the latter of which tends to
be overlooked because it is typically more dif-
ficult to analyze in quantitative terms.

As we showed in an earlier study (Zollikofer
and Ponce de Leon 2004), many aspects of the
ongoing “heterochronic debate” hinge on prin-
cipal conceptual ambiguities in the notions of
heterochrony and heterotopy, and in the basic
notions of size, shape and developmental time,
which are used to measure heterochronic and
heterotopic modification. Originally proposed
as purely descriptive terms for patterns of
developmental divergence, heterochrony and
heterotopy are often used as explanatory terms
to denote biological processes underlying
observed patterns of divergence (Godfrey and
Sutherland, 1995; Klingenberg, 1998). To
avoid confusing data and inference, a clear sep-
aration is required between the description of
patterns of heterochronic/heterotopic diver-
gence and ensuing hypotheses regarding
potential underlying heterochronic/hetero-
topic processes. In this context, it is revealing
to consider Gould’s last attempt to rescue the
original semantics of heterochronic terminolo-
gy (Gould, 2000). According to his diagnosis,
heterochronic terminology was transformed
from an originally purely descriptive into an
explanatory category, and artificial categories
were reified as biological entities. Gould went
on to identify a single major source of logical
confusion, namely the application of termino-
logical categories originally designed for the
description of shape modification to the
description of rate modification. From a his-
torical perspective, it appears that researchers

started using Gould’s shape terms, i.e., mor-
phological features, to describe size data, i.e.,
rates of growth (Klingenberg, 1998). Gould’s
insistence on an exclusively “taxonomic” use
of heterochronic terminology — to apply it to
features, not rates — has its great merits as it
forces us to disentangle cause and effect, to
discern between pattern and process, and to
separate description from explanation.
However, at the same time, it downplays the
role of rate change, which is central to hete-
rochronic reasoning.

A further difficulty arises from the fact that
differentiation must be made with respect to
developmental modules involved in modifica-
tion — in addition to the necessary conceptual
differentiation between pattern and process.
Depending on the level of organization and
scale (organs, tissues, cells, etc.), heterochron-
ic and/or heterotopic patterns of ontogenetic
dissociation are characterized with different
terms. As an example, consider Crouzon dis-
ease (Jones, 1988), a congenital malformation
of the craniomaxillofacial morphology result-
ing from mutations in the fibroblast growth
factor (FGF) receptor genes (Yu et al., 2000;
Wilkie and Morriskay, 2001). These muta-
tions affect temporal patterns of neural crest
cell differentiation, and probably also their
spatial migration patterns (Sarkar et al., 2001;
Abzhanov et al., 2003; Santagati and Rijli,
2003). A gain-of-function mutant in an FGF
receptor gene represents molecular process
heterochrony since it generates increased rates
of signal transduction, differentiation and
bone deposition in neural crest cell derivatives
(all peramorphic features). Growth disorders
of the skull are characterized by premature
neurocranial suture closure (a peramorphic
feature) and retarded growth of the maxilla (a
paedomorphic feature) among other symp-
toms (Jones, 1988; Andresen et al., 2000).
Considering the maxilla alone, retarded
growth represents a heterochronic shift toward
paedomorphy. Considering entire cranial mor-
phology, however, the same growth disorder
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Figure 1. Definition of heterochrony and heterotopy. A: In classical definitions, heterochrony is a
divergence between ancestral and descendant shape-time (and/or shape-size) graphs. Shape is
typically thought of as a one-dimensional entity, e.g., a ratio between two linear measurements.
Developmental trajectories are displayed as arrows from an early developmental phase (circles) to
adulthood (arrow tips). The gray arrow denotes the ancestral trajectory. Descendant trajectories are
constructed by applying basic transformations (translation: pre-/post-displacement; rotation:
acceleration/neoteny; scaling: hypermorphosis, progenesis). Correspondingly, descendant adults
develop shapes beyond those of ancestral adults (peramorphosis) or attain shapes, which are
characteristic for juvenile ancestors (paecdomorphosis). Note that various evolutionary transformations
(e.g. shift along the shape axis) are not comprised in this terminology. Likewise, concomitant changes
in size are not considered. B: In a geometric-morphometric definition, shape is a multidimensional
measure (two dimensions are shown here, PC1 and PC2), such that ancestral (A) and descendant
(D1-D3) trajectories through shape space can be compared with respect to length and direction.
Heterotopic modification is exemplified by divergence between ancestral and descendant trajectories
through shape space (D1). Heterochronic modification occurs as differing developmental speeds
along trajectories through shape space, when segments of ancestral and descendant shape trajectories
coincide (pure heterochrony, D2), or at least are collinear, i.e., point into the same direction
(generalized heterochrony, D3; double-headed arrows). The size axis indicates an additional
dimension of morphology — ontogenetic allometry — along which trajectories may diverge, resulting
in “giantism” or “dwarfism” of descendant relative to ancestral forms.
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appears as a heterotopic modification,
because the spatial relationships between the
maxilla and the rest of the face are disturbed.
This example demonstrates that depending on
the module and/or level of analysis one and
the same biological phenomenon can be
described with a multitude of terms, even to
the point of being contradictory.

An additional difficulty arises during the
application of operational definitions of hete-
rochrony and heterotopy. Using size, shape
and developmental time as fundamental vari-
ables of interest, heterochrony is typically
defined as a temporal dissociation between
ancestral and descendant shape-age trajecto-
ries over time. As illustrated by Stephen J.
Gould’s famous developmental clock (Gould,
1977), a heterochronic shift of the shape-age
trajectory is typically accompanied by a shift
of the size-age trajectory, i.e., shifts in ontoge-
netic allometric relations (this point will be
discussed shortly in greater detail). An impor-
tant, but often overlooked, precondition of this
definition is that ancestor and descendant
must follow essentially the same shape trajec-
tories (Figure 1) (Godfrey et al., 1998).
Accordingly, heterotopy is defined and meas-
ured here as the spatial dissociation between
shape trajectories over time.

While there is some agreement on these
basic definitions, there is less agreement on
how size, shape and developmental time
should be defined. We focus on size and shape
because our understanding of heterochrony
and heterotopy directly depends on precise
quantitative definitions of these terms.
Typically, a distinction is made between size
measuring a biological object’s extent, and
shape as a measure of an object’s geometry.
Within this relatively loose framework, how-
ever, definitions can vary considerably
depending on the biological context, the meth-
ods of measurement used, and the questions
asked (Bookstein, 1989; Mosimann, 1988).

Once age, size, and shape have been
defined, measuring and describing divergence

between ancestral and descendant ontogenet-
ic trajectories becomes a central issue. The
classic terminology of heterochrony compris-
es 6 different types of modification of a lin-
ear ancestral shape-time and/or size-shape
trajectory (Figure 1). This relatively complex
terminology, however, only captures a subset
of all potential modifications that may result
from scaling, translation and rotation of a
descendant relative to an ancestral trajectory
(for example, no classic terminology exists to
describe vertical shifts of the descendant rel-
ative to the ancestral trajectory, or trajectories
that converge towards an adult shape). Also, it
is difficult to describe modification of bio-
logically more realistic, curvilinear ontoge-
netic trajectories (Rice, 1997). And finally,
heterochronic terminology can only charac-
terize the relationship between shape and age
(technically termed ‘“development”), while
vocabularies  describing  relationships
between shape and size (ontogenetic allome-
try) or size and age (“growth”) are less
complete.

Basic Questions

Considering these issues, three main ques-
tions are tackled:

(1) How are shape, size and developmen-
tal time best defined in order to detect,
measure and compare modifications in
ontogenetic trajectories of complex
morphologies such as the hominin
skull?

Which terminology is most adequate
to describe spatiotemporal modifica-
tion of patterns and/or processes of
ontogeny?

What is the relationship between
spatiotemporal modifications of devel-
opmental processes and the resulting
spatiotemporal modification of devel-
opmental patterns?

2)

€)
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Figure 2. Measuring shape. A: Sets of linear measurements (a—c) taken between homologous
landmarks (1-5) cannot discriminate between geometrically distinct forms. In the case illustrated
here, three distinct cranial morphologies (left box) are mapped (grey arrows) onto one and the same
point in feature space (right box), which is defined by the three measurements a, b, c. Consequently,
the original object geometry cannot be recovered from such shape measurements (white arrows),
unless all possible distances between landmark pairs are measured (as in Euclidean Distance Matrix
Analysis; Lele et al., 2001). B: In geometric morphometrics, the shape of an object is measured as
the landmark-based deviation from a reference configuration (vectors v,—vs). Using vector coordi-
nates x, vy, ... , Xs, s, the complete object geometry can be recovered from shape data.
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SIZE AND SHAPE

How are size and shape best defined to meas-
ure change of form along ontogenetic trajecto-
ries? In classical morphometry, shape is typi-
cally measured as a set of ratios between linear
measurements (angles can be considered to
represent a special case of ratios, as they rep-
resent inverse trigonometric functions of
ratios). As a proxy of size, some linear combi-
nation of original measurements is used, or

alternatively the factor with the highest load-
ing resulting from principal components
analysis (PCA) on all linear measurements
(Jolliffe, 1986). One major disadvantage of
measuring shape as a ratio, however, is that
ratios incompletely represent the object geom-
etry from which they are derived (Figure 2A).
As a consequence, changes in object geometry
cannot be monitored in detail, and thus ques-
tions regarding heterochronic versus hetero-
topic modification are resolved only partially.

L 3 e
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Figure 3.

Shape change in the physical world and in shape space. A: Correspondence between

locations in multidimensional shape space (circles, middle graph) and cranial shapes in physical
space. B: Correspondence between a shape trajectory in shape space (arrow, middle graph) and a
pattern of shape transformation in physical space (transformation grid from juvenile to adult).
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The framework of geometric morphomet-
rics (Bookstein, 1991; Dryden and Mardia,
1998) offers an elegant solution to these prob-
lems (Figure 2B). Shape is measured as the
minimized deviation of an object’s spatial
configuration of anatomic landmarks from a
reference configuration (e.g., the sample mean
configuration), while size is measured as cen-
troid size (the square root of the sum of
squared distances between each landmark of a
given configuration and its center of mass;
Bookstein, 1991). The resulting shape space is
multidimensional (D = 2K-4 for K-landmark
configurations in the plane), but because each
location in shape space corresponds to a well-
defined landmark configuration in physical
space, it is possible to switch between physical
and abstract representations of shape variabili-
ty in a sample (Figure 3A). This property turns
out to be especially useful during developmen-
tal analyses, because it offers the possibility to
characterize complex patterns of physical
shape transformation as trajectories through
shape space (Figure 3B). It needs to be men-
tioned at this point that shape space analysis
has several limitations. First, shape spaces
have the geometry of hyperspheres such that
linearization procedures are needed before lin-
ear multivariate analyses can be applied. While
such procedures tend to introduce distortions,
these are typically negligible since they are
within the range of variation encountered in
closely related biological shapes. A second
limitation, which is often overlooked, results
from the definition of landmarks used to quan-
tify morphologies. As shown in earlier studies
(Zollikofer and Pance de Ledn, 2004), alterna-
tive landmark sets lead to slightly different
results, though they do not distort the overall
outcome of geometric morphometric analyses.

TERMINOLOGY AND MEASUREMENT
OF DEVELOPMENTAL CHANGE

As shown in Figure 1, the terminology of hete-
rochronic and heterotopic modification is

highly elaborated yet relatively poorly adapted
to render the full spectrum of empirical obser-
vations on developmental modification. We
therefore need a more technical set of terms
that permits precise description of phenomena
without interpretation.

As we proposed in an earlier study
(Zollikofer and Ponce de Leodn, 2004), it is
sensible to adopt methods and terminology of
kinematic analysis to investigate patterns of
ontogenetic form change. Kinematic analysis
provides a well-established tool kit to measure
spatiotemporal change in a physical system.
Similar tools can be applied to measure spa-
tiotemporal change in organisms. In fact,
close formal analogies exist between physical
kinematics and “ontogenetic kinematics”.
While the former describes how objects move
along trajectories through physical space, the
latter describes how objects change their
physical shape during ontogeny, and how they
move along trajectories through shape space
(Figure 3). The major incentive for applying
kinematic concepts, however, is to clarify a
fundamental issue of classic heterochronic/
heterotopic analysis. A key hurdle is that
developmental velocities, a concept that is
used extensively, only rarely are defined
explicitly. In kinematic analyses, the defini-
tion of velocity is straightforward; velocity is
a vector, whose magnitude and direction indi-
cate the temporal and spatial components of
movement, i.e., the speed and path of a mov-
ing object (Winter, 1990). Similarly, one can
define developmental velocity vectors that
describe the temporal and spatial components
of form change during ontogeny. As noted by
several authors (Godfrey et al., 1998; Zelditch
and Fink, 1996), heterochronic studies often
focus on differential developmental speed,
i.e., differentiating the magnitude of the
developmental velocity vector, while fewer
consider differences in vector direction. From
a kinematic perspective, it is evident that mag-
nitudes of ancestral and descendant velocity
vectors can only be compared if they have the
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same direction in shape space (Figure 1B). In
other words, heterochronic comparisons can
be performed only if two taxa follow essen-
tially similar physical spatial patterns of
shape change.

It is worth noting that many of the ongoing
debates about different concepts of hete-
rochrony/heterotopy (see “pan-heterochronic”
versus “‘spatiotemporal” approaches) have their
roots in a general disagreement over how to
compare developmental speeds and velocities.
To appreciate the combination of kinematics
and geometric-morphometrics in heterochronic/
heterotopic analysis, the following metaphor is
introduced. Imagine two sprinters, whose per-
formances shall be compared. It is evident that
their running speed can be compared sensibly
only if they run along equally-shaped trajecto-
ries, 1.e., if their velocity vectors have the same
direction. This condition is met, for example,
during a competition where sprinters run along
parallel tracks. While physical velocity vectors
have two or three spatial dimensions, morpho-
metric shape velocity vectors are multidimens-
ional. However, the same criteria for comparison
apply: developmental speeds can be compared
only if shape velocity vectors are collinear. In
contrast, consider classic morphometry, where
shapes usually are one-dimensional directionless
quantities, e.g., ratios between linear measure-
ments. Under these conditions, it is impossible
to discern whether shape change in one species
is directionally equivalent to shape change in
another species. Consequently, it is impossible
to verify if heterochronic comparisons are
biologically meaningful at all. Returning to our
sprinters, this is as if one would compare run-
ning speeds of two competitors, ignoring that
one of them is running downhill, while the other
is running uphill.

RELATIONS BETWEEN PROCESS AND
PATTERN OF DEVELOPMENT

Having established a methodological tool kit
to measure patterns of heterochronic/heterotopic

modification, we may now consider the
underlying processes. Here we ask how
modifications in the genetic (and epigenetic)
network affect the course of growth and
development and, ultimately, observable spa-
tiotemporal patterns of phenetic change. A
comprehensive strategy to answer this ques-
tion consists in studying the effects of devel-
opmental genes and their allelic variants on
ontogenetic programs and on the resulting
phenetic patterns of development. This
process-oriented approach is widely used to
study development in laboratory animals
ranging from nematodes to vertebrates. In
humans, analysis of congenital “molecular”
diseases opens a similar window, albeit smal-
ler, on the complex web of cause and effect
that characterizes ontogenetic modifications
(Wilkie and Morriss-Kay, 2001). However, this
window remains closed during the study of
human evolution because actualistic evidence
1s not available for fossil forms. Hence, a bot-
tom-up approach from developmental genes to
phenes is impossible. Alternatively, a top-
down approach focuses on phenetic change
during ontogeny, in order to construct infer-
ences regarding potential process modifica-
tions that may underlie the observed patterns
of divergence in growth and development.

As a complement to experiments in devel-
opmental genetics on the one hand, and to
morphological analyses on the other, a third
strategy — morphogenetic modeling — is pre-
sented here. Morphogenetic models establish
in silico (i.e., silicon chip) genetic networks
and epigenetic interactions that determine
form change in model organisms. Rather than
dwelling on the behavior of specific real-
world developmental genes and phenes, this
approach studies general properties of devel-
opmental systems and explores a wide range
of consequences of modifying the genetic and
epigenetic structure of the system. Growth
model systems have several advantages. (1)
they force the experimenter to state explicitly
(in terms of algorithms) all data and hypotheses
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Figure 4. A minimal model of cranial growth. A: General structure. A set of interacting
genes (G1-G7, bottom) determines the key parameters (u, a, b, t; see Equation 4 in the text) of
a set of growth processes (P1-P3; middle), which in turn interact epigenetically to determine
positions (x, y) of specific anatomic landmarks in the developing morphology (LM1-LMS5, top).
Interactions between genes are not modeled here. B: Spatial structure of the cranial model used in
computer simulations. Cranial growth in the midsagittal plane (bold outline) is determined by three
processes P1, P2, P3 (shaded areas), which govern growth of the braincase, the face, and the cranial
base (note overlaps between regions). Cranial shape is determined by a 5-landmark configuration
(LM1-LMS5). C: An implementation example. The top rectangle contains the logistic function used
to model growth processes P1, P2 and P3, respectively (see Fig. 5). The middle rectangle contains
actual parameter values for the respective process functions, u,(?), u,(¢) and us(¢). The bottom
rectangle contains equations describing how functions u,(¢), u,(¢) and u5(¢) determine the
xy-positions of each landmark.
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concerning how an organism grows, how
growth processes interact, and how growth
parameters are modified during evolution;
and (2) they permit control over all aspects of
growth, as well as “probing” the ontogenetic
system at various stages without perturbing
development.

Cranial Growth Models

To simulate cranial growth in silico, various
assumptions are required: how genes interact,
how they govern morphogenetic processes,
and how epigenetic interactions ultimately
result in the formation and development of
spatial structures. New experimental and clin-
ical insights into cranial developmental
processes demonstrate the complexity of
genetic and epigenetic networks regulating
bone and soft tissue formation (Wilkie and
Morriss-Kay, 2001; Santagati and Rijli, 2003).
Accordingly, it is difficult to directly incorpo-
rate results from experimental evidence into
the design of a generalized cranial growth
model.

Kauffman (1993) encountered a similar
problem during the design of computer mod-
els to simulate the behavior of genetic regula-
tory networks. Since our empirical knowledge
about the exact nature of interactions within
a network of genes is usually incomplete, it is
sensible to use statistical model parameters
that specify states of gene activity, as well as
the type and mean number of interactions
between genes and their products. Model
simulations based on this approach permit
analysis of the general properties of genetic
regulatory networks, independent of a partic-
ular real-world case (Kauffman, 2004;
Kauffman et al., 2004).

In principle, Kauffman’s statistical model-
ing approach can be adopted and expanded to
devise morphogenetic models, and to use
these models to analyze general properties of
morphogenetic regulatory networks. Here, we

will focus on a basic model that specifies con-
nections between genes, epigenetic processes,
and the resulting phenotype in a straightfor-
ward manner (Figure 4A). The model postu-
lates, from top to bottom, three units of organ-
ization: a set of anatomic features defined by
the position of points of reference (anatomic
landmarks); a set of growth processes that
determine the development of these anatomic
features; and a set of genes that determine the
growth processes.

To render simulations realistic, some bio-
logical assumptions are incorporated into the
implementation (Figure 4B). The model
assumes that the cranium consists of three
basic morphogenetic units — the neurocrani-
um, the face, and the basicranium — and that
relative growth rates of associated growth
processes are coupled to each other by allo-
metric constraints. Such constraints also are
incorporated into the model. Imagine two
morphometric variables, u; and u,, that meas-
ure the outcome of growth processes j and £.
Using Huxley’s original definition (Huxley,
1924), allometry presupposes proportionality
of specific growth rates between the two
growth processes,

(1)

Integration of this equation yields the well-
known static allometric equation

2)

where c is a scaling factor, and p is the allo-
metric coefficient relating u; to u;. Note that
time vanishes upon integration, such that the
allometric equation describes a time-inde-
pendent correlation between u; and uy.

In the model system, the actual time course
of u; and u, must be specified in detail.



100

Huxley’s specific growth rates are assumed to
exhibit an exponential decay over time, such
that

3)

Integration yields a logistic growth function (a
so-called Gompertz function) of the following
form:

u(t) = uy- 0=

4

where parameter u, is the initial value of u, a
indicates the slope of the growth function at
its point of inflection, b is the factor of pro-
portionality from Equation (3), At describes

u(t)
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potential temporal shifts between processes,
and saturation is attained at

u(t = ) = uy-e

)

In computer simulations, each of the parame-
ters uy, a, b, and At is modeled to be under
genetic control and thus sensitive to evolu-
tionary modification by mutation. Figure 5
shows how changes in these parameters mod-
ify the shape of the corresponding growth
curves.

We now consider a two-dimensional model
in which morphology is quantified by the
xy-position of K =5 anatomic landmarks.
According to the three postulated cranial
developmental units, three growth process-
es of the form described in Equation 4 are

u(t) = uy- eb/a(lfe a(t A[))

o -
PERpe
//; _P./b B

Figure 5.

Logistic growth function (A) and effects of modification of its parameters (B).
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introduced. As shown in Figure 4, these
growth processes P1, P2, P3 govern the tem-
poral behavior of variables u;, u,, and us,
which in turn control the xy-positions of the 5
landmarks. Figure 4C shows an example of
how landmark positions are determined by
growth processes.

Evolutionary modification of developmen-
tal pathways is simulated in the following
way:

(1) Define all growth and interaction
parameters of an “ancestral” growth
model.

Simulate “ontogeny” by calculating

landmark positions according to the

model specifications of Equation (4)

and Figure 4C.

Track the resulting morphologies over

developmental time and analyze pat-

terns of form change using geometric
morphometric methods.

Define a “descendant” growth model

by modification (“mutation”) of ances-

tral growth parameters; modifications
affect temporal and/or spatial proper-
ties of the growth processes.

(5) Simulate the descendant’s “ontogeny”
(as in step 2).

(6) Track the resulting patterns of form
change by means of geometric morpho-

metrics.

(7) Repeat steps (4)—(6) to explore the
parameter space of the morphogenetic
system.

(8) Compare “ancestral” and “descendant”
ontogenetic trajectories and explore
how spatial and/or temporal modifica-
tions of process parameters constrain
the resulting ontogenetic trajectories
and spatial patterns of shape change.

2

3)

“4)

The principal objective of these studies is
to simulate spatiotemporal modification at the
process level and study the resulting spa-
tiotemporal modifications at the pattern level.
In other words, we explore the parameter
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space and the associated “developmental reac-
tion norm” (Waddington, 1942) of the mor-
phogenetic model system, i.e., the range of
possible ontogenetic pathways and morpholo-
gies that can be produced by modification of
system parameters.

To measure form change, landmark coordi-
nates of the developing morphology were
sampled at regular logarithmic time intervals.
Shape variability in the resulting “longitudi-
nal” samples of ancestral and descendant cra-
nial landmark configurations was analyzed in
linearized Procrustes shape space (Dryden
and Mardia, 1998).

Results

The results of computer simulations are
graphed in Figures 6-8. To interpret these
figures, it is helpful to recall that a point in
shape space corresponds to one specific
landmark configuration in physical space,
and that a direction through shape space cor-
responds to one specific spatial mode of
shape change in the landmark configuration
(a so-called deformation field, typically
illustrated as a grid; see Figure 3B). The
K = 5-landmark configurations considered
here reside in a shape space with D =6
dimensions, such that principal components
analysis (PCA) is used as a dimension reduc-
tion technique to assist in visualizing results.
In all simulations, >99% of the total shape
variation in the sample is contained in the
first two principal components (PC1 and
PC2), thus these two components are suffi-
cient to visualize ontogenetic trajectories.
Moreover, the size of the landmark configu-
rations is only correlated with PCI.
Ontogenetic allometry, i.e., size-related
change in shape, thus can be graphed as PC1
versus log centroid size. In all graphs, time
(proceeding from left to right) is represented
implicitly by the spacing between data points
along trajectories.



102

In the first set of simulations, parameters
were adjusted in order to define biologically
reasonable boundary conditions of growth:

(1) The initial landmark configuration
represents a juvenile specimen with a
relatively large neurocranium and a
relatively small face in comparison to
the adult configuration.

The face and the neurocranium exhib-
it positive and negative allometric
growth characteristics, respectively.
(3) Linear dimensions increase by a

maximum factor of 5.

)

Growth simulations of an “ancestral” species,
according to these boundary conditions yield
slightly curved ontogenetic trajectories
through shape space that approach the final
(adult) shape at time (¢ — ). The slight cur-
vature expresses the fact that the deformation
field describing shape transformation is fairly,
but not entirely, constant over time (see defor-
mation grid in Figure 6).

To simulate descendant growth trajecto-
ries, the process parameters were modified
in four different ways. First, entire sets of
parameters were modified; second, single
temporal process parameters were modified,
and third, single spatial parameters were
modified. Finally, the model was extended
to simulate growth in 3-dimensional mor-
phologies.

COORDINATED MODIFICATION OF
PROCESS PARAMETERS

First, we consider ancestral and descendant
trajectories under modification of entire sets
of growth parameters: {u, Uy, Uy}, {ay, as,
as}, {by, by, b3}, and {At,, At,, At;}. The
term coordinated modification indicates that
all “ancestral” parameter values of a given
set {...} are multiplied with the same factor
to obtain “descendant” parameters. This type
of modification is akin to the effect of a
growth hormone influencing all growth
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processes similarly. The results of growth
simulations are shown in Figure 6. A con-
spicuous commonality of all descendant
trajectories is their coincidence with the
ancestral trajectory. Coincidence in shape
space indicates spatial identity of patterns of
shape change in physical space, while
contraction/extension and/or shift along the
ancestral trajectory indicate temporal modi-
fications. Associated size-shape trajectories
show translation and scaling of the descen-
dant along the ancestral trajectory for param-
eters a, b, and At. Parameters u; deserve
special consideration. Their modification
results in an identical descendant trajectory
through shape space, and in parallel shift of
the descendant versus the ancestral size-
shape trajectory, indicating simple scaling of
the entire morphology without alteration of
the temporal course of ontogeny.

MODIFICATION OF SINGLE
TEMPORAL PROCESS PARAMETERS

In a second series of simulations we explore
the effects of modifications in each of the
single temporal process parameters: u,, a, b,
and Ar. Overall, modification of single
growth parameters produces considerable
diversity in descendant trajectories
(Figure 7). In all cases, the onset of the
ancestral trajectory remains fixed in shape
space. Modification of u, results in position-
al shift of the trajectory, while its direction
and length remain almost unaffected.
Modification of b or a (data for a not shown)
similarly results in divergence of the descen-
dant from the ancestral ontogenetic traject-
ory, as well as alteration of trajectory length.
Modification of Ar leads to seemingly
opposite effects, as the end of the ancestral
trajectory assumes the role of a fixed point,
towards which the shortened or extended
trajectories of descendant populations
converge.
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MODIFICATION OF SINGLE SPATIAL
PROCESS PARAMETERS

In a final set of experiments, modifications of
local spatial characteristics of the growth
model are explored. Recall that each land-
mark’s position results from a specific combi-
nation of the three model growth processes,
i.e., from specific epigenetic interactions
between them (see Figures 4B, C).
Accordingly, any modification of the way in
which these processes determine the landmark
positions alters the spatial growth characteris-
tics of the entire system. A typical outcome of
these simulations is shown in Figure 7 (bot-
tom graph). Ancestral and descendant trajec-
tories tend to diverge from each other.
Obviously, modifying spatial characteristics
can have similar effects to modifying tempo-
ral parameters a and/or b.

INCREASING THE COMPLEXITY OF
THE MODEL SYSTEM

In a last set of experiments, we ask whether
increasing the complexity of the model sys-
tem increases the complexity to simulation
results. Complexity can be added to the model
system in three ways: (1) by uncoordinated
modification of an extended set of process
parameters, (2) through introduction of addi-
tional growth processes, and (3) through
extending landmark configurations into the
third dimension. As an overall trend, more
complex model systems do not lead to more
complex patterns of divergence between
ancestral and descendant trajectories. Figure 8
shows the results of simulating growth of a
cranial model system containing 9
3-dimensional landmarks (5 in the midplane,
2 bilateral pairs) whose positions are deter-
mined by 4 growth processes (3 processes as
in Figure 4B, and process 4 governing lateral
growth at landmarks 6-9, and influencing
landmarks 3 and 4). In this example, parame-
ters u,; of the descendant’s growth processes
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were modified, each process with a different
factor. Accordingly, the descendant’s ontoge-
netic trajectory through shape space is trans-
lated and slightly elongated relative to the
ancestor’s trajectory.

TERMINOLOGICAL ISSUES

The first set of experiments (Figure 6) demon-
strated the consequences of coordinated mod-
ification of an entire set of growth parameters.
Temporal modification of the ancestral pat-
tern of ontogeny was most obvious, while its
spatial properties remained relatively con-
stant. This is reflected by extension/contraction
or shift of the descendant along the ancestral
trajectory through shape space, and associated
shifts of the size-shape trajectory. This corre-
sponds to pure pattern heterochrony, as
defined in Figure 1B. It is worth noting that
any of the parameters describing the form and
position of the growth curve can be modified
in a coordinated manner to yield pattern hete-
rochrony.

Modification of a single parameter u,,
(Figure 7, top graph), or uncorrelated modifi-
cation of several parameters u, (Figure 8)
altered the initial shape and size of the mor-
phology under consideration, as evinced by
displacement of the onset point of the descen-
dant trajectory (which can be considered the
end point of a preceding ontogenetic phase).
With all other process parameters unchanged,
this resulted in parallel ancestral and descen-
dant ontogenetic trajectories. Parallelism in
shape space expresses similar spatial patterns
of shape transformation in real space, but
applied to different initial morphologies. This
corresponds to the definition of generalized
pattern heterochrony (Figure 1B).

Changes in allometric growth characteris-
tics (a, b) and timing (Af) of single processes,
or in the spatial organization of epigenetic
interactions between processes, lead to hetero-
topic changes, i.e., divergence between ances-
tral and descendant trajectories in shape space
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Figure 6. Simulation of cranial growth under coordinated modification of process parameters. The
TPS deformation grid in the top graph visualizes shape change corresponding to advancement along
the ancestral trajectory (sequence of filled circles in graphs below). Left graphs: ontogenetic trajecto-
ries through shape space (PC1 and PC2 represent the first two principal components from PCA of
shape). Inset equations in each graph indicate how sets of process parameters {ug,;, U, Uoz}, 1@, A,
as}, {by, by, by}, and {At,, At,, At;} were modified. Note shift and/or scaling of the descendant trajec-
tory (open circles) relative to the ancestral trajectory (filled circles). Right graphs: ontogenetic allome-
try. Note log-linear increase of size along shape axis PC1. Further explanations appear in the text.
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Simulation of cranial growth under modification of single process parameters. Inset equa-

tions indicate the type of modification of each parameter; spatial modification (bottom graph) affect-
ed the region of influence of process P2 (cf. Fig. 4B). Modifications of single local process parame-
ters of the ancestor’s ontogenetic program (filled circles) generate complex alterations in the resulting
descendant trajectories (open circles) through shape space (left graphs) as well as in ontogenetic
allometric trajectories (right graphs). Further explanations appear in the text.

(Figure 7). These modifications fulfill the def-
inition of pattern heterotopy (Figure 1B).
Simulations also allow the relationship
between process versus pattern heterochrony
and heterotopy to be addressed. Modification
of a single process parameter typically creates
a multi-pattern effect, which leads to the diver-
gence and scaling of descendant relative to
ancestral trajectories through shape space, as

well as the divergence of allometric trajecto-
ries. Conversely, simultaneous but uncoordi-
nated modification of more than one process
parameter may result in relatively simple mod-
ification of spatial patterns of ontogeny. There
are no apparent straightforward connections
between modifications at the process and pat-
tern level. Simple changes on the process level
may have complex effects at the pattern level,
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Figure 8. Growth simulation and growth data in three dimensions. A: Adding complexity to the

model system. Cranial shape change (top left) and ontogenetic allometry (top right) are simulated

with a 3-dimensional 9-landmark, 4-process model

(inset graph; landmarks 6/7 and 8/9 are bilateral

pairs). Modification of initial conditions (u'y; = 0.9 ug;; u'py = 1.1 ugy; o3 = 1.0 us; u'ps = 1.2 14)
leads to shift of the descendant (open circles) relative to the ancestral trajectory (filled circles).
B: Empirical growth data from Neanderthals (filled circles) and anatomically modern humans
(AMH; open circles). Arrow indicates developmental change from individual ages of 2 years to

adulthood. Further explanations appear in the text.

and vice versa, while heterochronic process
modification may cause heterotopic pattern
modification, and vice versa.

Discussion

WHY MODEL CRANIAL GROWTH?

What are the implications of the computer
models presented here for the analysis of real

biological patterns of ontogenetic modifica-
tion? To answer this question, let us first con-
sider both the potential and the limitations of
the computational modeling approach. Model
simulations of cranial growth assume an inter-
mediate position between developmental
genetics experimentation and morphometric
analysis of the developing cranium. One
major advantage of computer models is
that they require precise definitions of the
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mechanisms, constraints and causal relation-
ships governing growth and development.
Defining and implementing a model system is
thus equivalent to stating explicit hypotheses
regarding the operation and minimum require-
ments of developmental systems. Simulations
based on these premises are essentially virtual
experiments that expose links between the
structure of the system (i.e., its parameters)
and its phenotypic outcome (i.e., patterns of
development). An additional beneficial aspect
of virtual experimentation is that the entire
realm of cause and effect connecting process
with pattern is open for analysis. Furthermore,
sampling data does not interfere in the process
of development, which is unlike the situation
in physical experimentation.

The virtual experiments presented here
serve as a practical example in which to exam-
ine two aspects of evolutionary developmental
reasoning. The first concerns links between
the parameters defining a developmental sys-
tem and the “developmental reaction norm” of
the system. The second aspect concerns the
theoretical framework of heterochrony and
heterotopy: Namely, we may ask whether clas-
sical terminology is suitable to describe the
full range of patterns of ontogenetic modifica-
tion that are produced by a general develop-
mental model.

To tackle the first question, let us revisit the
cranial growth model in Figure 4. The model is
relatively straightforward, as it is composed of
only a few interacting units of organization.
Simulations shown in Figures 6—8 demonstrate
that this basic model can generate the full vari-
ety of heterotopic and heterochronic phenom-
ena that can be postulated on theoretical
grounds (Alberch et al., 1979; Godfrey and
Sutherland, 1996; Gould, 1977; Klingenberg,
1998), and that are described in empirical stud-
ies (Nehm, 2001; Roopnarine, 2001; Shea,
1988; Zelditch et al., 2003). However, in con-
trast with analyses that treat shape as a ratio,
1.e., as a one-dimensional variable (Gould,
1977; Alberch et al., 1979), and with analyses
that use non-geometric shape measures
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(Godfrey and Sutherland, 1996; Klingenberg,
1998), the geometric-morphometric analyses
presented here reveal the kinematics of shape
change at a level of detail that is necessary to
decide whether heterochronic comparisons are
even biologically meaningful. Model simul-
ations of Figure 6 can be compared using the
vocabulary of heterochrony because shape
trajectories are collinear, thus representing
equivalent patterns (and processes) of morpho-
logical shape change. In contrast, divergent
ancestral and descendant trajectories
(Figure 7) should not be compared in terms of
heterochrony because they represent spatially
dissimilar patterns of ontogenetic shape
change. In this latter case, non-geometric
analysis would reveal differences in trajectory
lengths, but importantly, it would fail to reveal
that patterns of shape change are not equiva-
lent to each other.

If we adhere to the idea of evolutionary tin-
kering, the model simulations further suggest
that the “developmental reaction norm” of
even a comparatively simple developmental
system is considerable, because of the many
ways in which interactions between growth
processes can be modified. Overall, it appears
that developmental systems are capable of
producing a host of ontogenetic paths leading
to disparate adult morphologies such that
modification of developmental processes and
interactions provides a huge source of poten-
tial evolutionary novelty.

A related finding, which can be named the
paradox of ontogenetic modification, con-
cerns the relationship between process modi-
fication and resulting pattern modification.
From an empirical point of view, the simula-
tions demonstrate the principal limitations in
inferring developmental processes from
observed patterns of shape change. Simple
effects may have complex causes, or vice
versa, while heterochronic process modifica-
tion can cause heterotopic effects, and vice
versa. Empirical evidence for these effects
was observed in Piranha development
(Zelditch et al., 2003), where ontogenetic
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disparity is inversely proportional to the num-
ber of varying developmental parameters. As
another empirical illustration, we return to
Crouzon disease, where a simple genetic cause
elicits a complex pattern of malformation
(Neilson and Friesel, 1995; Reardon et al.,
1994), and where the suite of developmental
disorders characterizing this syndrome incor-
porates both heterochronic and heterotopic
components at different levels of organization.

Heterochronic/heterotopic description
offers relatively arbitrary perspectives on the
kinematics of growth and development, and
ultimately provides no immediate insights into
the underlying mechanisms of process modifi-
cation. It is therefore important to insist on
clearly separating the description of a spa-
tiotemporal pattern of development in terms of
heterochrony and/or heterotopy from the search
for heterochronic and heterotopic process mod-
ifications. Overall, we may state that pattern
and process analyses ask questions regarding
proximate and ultimate causes of ontogenetic
modification, respectively, and both perspec-
tives are biologically relevant.

Model Skulls and Real Skulls

How do these considerations impact on
human evolutionary developmental studies?
In a spatially complex structure such as the
hominin skull, direct causal connections
between growth processes themselves and
observable patterns of growth and develop-
ment are difficult to establish (Santagati and
Rijli, 2003). Accordingly, it is difficult to
establish direct connections between process
modification, pattern modification, and func-
tional implications. Model simulations, how-
ever, provide unique insights for generating
hypotheses about such connections.

In an earlier comparative study on cranial
growth and development in Neanderthals and
anatomically modern humans (AMH) (Ponce
de Leoén et al., 2001), these sister species
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followed parallel ontogenetic trajectories
through shape space (Figure 8B). Thus,
Neanderthal and AMH cranial forms already
were distinct at early developmental stages,
and their postnatal development followed the
same mode of development. Furthermore, it is
reasonable to suggest that this mode of devel-
opment represents the shared ancestral condi-
tion. Thus, development of the two species fits
the definition of generalized heterochrony
(see Figure 1B). The AMH trajectory is slight-
ly shorter than the Neanderthal trajectory,
implying less development of the former rela-
tive to the latter (paedomorphy). Likewise,
AMHs attain a given cranial shape at smaller
sizes than Neanderthals (see Figure 8B, right
graph). These findings converge in many
respects with studies performed on the same
taxa, but using different morphometric
approaches (Krovitz, 2000; Williams, 2000;
Rogers Ackermann and Krovitz, 2002;
Williams et al., 2002), such as Euclidean
Distance Matrix Analysis (Lele and
Richtsmeier, 2001), and multivariate tech-
niques applied to sets of craniometric distance
measurements (Godfrey et al., 1998). Overall,
there is an overriding evolutionary trend that
ontogenetically early differentiation is an
ancient pattern of hominoid phylogeny.
However, some studies argue that modern
humans and Neanderthals follow parallel
shape trajectories (Williams et al., 2002),
while others suggest taxon-specific modes of
postnatal development (Krovitz, 2003). In any
case, there is no doubt that differences in
developmental modes, rates and timing
between Neanderthals and AMH may have had
considerable functional and adaptive signifi-
cance for the growing organism and its life his-
tory. Recent comparative studies on dental and
cranial development in AMH, Neanderthals,
and potential ancestral Homo support such a
hypothesis (Coqueugniot et al., 2004; Ramirez
Rozzi and Bermudez de Castro, 2004).
Interestingly, the empirical data on
AMH/Neanderthal ontogeny shown in
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Figure 8B are similar to the model data shown
in Figure 8A in that “sister taxa” exhibit fairly
parallel ontogenetic trajectories through shape
space. To address these similarities in greater
detail, recall that differences between simulated
trajectories arose from minor localized modifi-
cations of developmental parameters u,.
Modification of these parameters changes the
initial landmark configuration. It also influ-
ences the overall amount of growth (see
Figure 5B), but the basic growth characteristics
remain unaffected. Different values of u,,; gen-
erate parallel ontogenetic trajectories with
slightly different lengths. Similar considera-
tions can be applied to empirical comparative
data of Neanderthal and AMH development. As
a most parsimonious working hypothesis, it is
sensible to postulate that observed differences
between taxon-specific trajectories can be
attributed to relatively small differences in ini-
tial conditions of the developmental system
around birth, i.e., slightly different morpholo-
gies and growth parameters of two taxa.
Furthermore, the subtle observed heterochronic
shifts between species during their postnatal
ontogeny may be a direct consequence of differ-
ences in perinatal cranial form, rather than the
result of specific selection processes modifying
the course of taxon-specific postnatal ontoge-
nies. According to this hypothesis, shared
ancestral postnatal processes of development
act on slightly different perinatal cranial forms
in Neanderthals and AMH. Such differences in
“initial conditions” generate differences in sub-
sequent developmental trajectories.

Another point that warrants consideration
when comparing Neanderthal and AMH mor-
phologies concerns comparisons between
juvenile and adult cranial shape.
Morphologists tend to emphasize adult indi-
viduals in analyses (i.e., offset points of onto-
genetic trajectories), often assuming that
adults display the full range of taxon-specific
features. However, juxtaposing adult individ-
uals tends to mix comparative criteria such as
shift, divergence and scaling of ontogenetic
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trajectories. These criteria are extremely rele-
vant when comparing cranial morphology in
phyletic and cladistic analyses. Given the
importance of identifying phyletically valid
morphological traits that represent underlying
genetic differences and similarities, it is
essential to compare trajectories through
shape space rather than individual points in
shape space.

Using model systems to investigate devel-
opmental causes of ontogenetic diversity
loosens the bindings of the restrictive “adap-
tationist programme” (Gould and Lewontin,
1979) and leads to a process-oriented under-
standing of species-specific morphologies.
Theoretical models and computer-based simu-
lation of cranial growth are finally beginning
to shed light on the complex web of causation
that leads from developmental genes to devel-
opmental patterns. Specifically, the empirical
investigation of ontogenetic trajectories in
hominins and hominoids is still in its infancy.
Such investigations offer rich potential for
substantiating hypotheses about the role of
ontogenetic divergence as a source of evolu-
tionary novelty. In such an endeavor, cranial
growth models act like an explorer’s compass
during ventures into terra incognita.
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Abstract

The study of adaptation in Neanderthals is confounded by equifinality — the existence of multiple adaptive
pathways to the same morphological end state — manifest as an inability to discriminate between equally likely
selective agents behind a given trait. The capacious chests of Neanderthals serve as one example, possibly rep-
resenting an adaptation either to cold or to high activity levels. While single features may be adaptive in mul-
tiple contexts, their relative adaptive value may vary greatly between contexts. Without means of evaluating
competing adaptive arguments, we have little hope of identifying the primary selective agents that operated on
Neanderthal body form. Bioenergetics provides a basis for quantifying the costs and benefits of various adap-
tive solutions to a given environmental challenge — thus providing potential for resolving issues of equifinal-
ity. Evaluating claims of cold-adapted morphology in Neanderthals involves determining the energetic costs of
adhering to Bergmann’s and Allen’s rules. Skin surface area (SA) is the major determinant of basal metabolic
rate (BMR) in mammals, thus estimating Neanderthal SA allows an estimate of the caloric cost of their cold-
adapted body form. Clinical equations exist for estimating SA from stature and mass, but these have never
been tested on humans of extreme (i.e., “hyper-arctic”) body form. A half-size reconstruction of a male
European Neanderthal was used to test the utility of these formulae: results indicate that they can be used con-
fidently to predict Neanderthal SA. Based on Neanderthals for whom mass and stature can be reasonably esti-
mated, mean SA is greater than that of Inuit of comparable stature, and suggests higher BMRs in Neanderthals
than reported in previous studies. The estimates derived here can be used to model Neanderthal daily energy
budgets, and form the basis of evaluating the costs/benefits of hypothesized morphological and behavioral
adaptations.
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Introduction

Studies of Neanderthal adaptation are increas-
ingly adopting a bioenergetic perspective
(Jelinek, 1994; Sorensen and Leonard, 2001;
Steegmann et al., 2002; Aiello and Wheeler,
2003; Weaver and Steudel-Numbers, 2005), as
are studies of adaptive evolution in the genus
Homo generally (Leonard and Robertson,
1992, 1997; Aiello and Wheeler, 1995; Aiello,
1997; Aiello and Wells, 2002; Leonard and
Ulijaszek, 2002). The study of the flow of
energy' through the Neanderthal world holds
the promise of a solution to some of the
conundrums that exist in functional morpho-
logical or adaptive studies of these archaic
humans. By evaluating adaptive mechanisms
from the perspective of energy budgets — the
caloric costs and benefits associated with var-
ious physical and behavioral solutions to
adaptive problems — we are in a better position
to identify the true selective agents at play and
discard competing, less likely adaptive
hypotheses.

Many attempts to explore adaptive traits in
Neanderthals quickly bump up against the
problem of equifinality (that there may exist
many different ways to arrive at the same end
state), manifest as an inability to discriminate
between equally likely selective agents behind
a given trait. Take, for example, the capacious
chests of Neanderthals (Franciscus and
Churchill, 2002; Sawyer and Maley, 2005).
Were large chests an adaptation to cold (pro-
ducing a somewhat more spherical body shape
with a surface area/volume (SA/V) ratio more
conducive to retaining heat, following
Bergmann’s [1847] well-known ecogeo-
graphic rule)? or to high activity levels (pro-
viding a greater lung capacity, thus greater
ventilatory ability for sustained work output)?
Were the relatively short, stout bodies of
Neanderthals all about thermoregulation
(again following ecogeographic rules —
Bergmann’s as well as the equally well-known
Allen’s [1877] rule),® or was this a body shape
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best suited for exerting muscular force on the
environment (i.e., reflecting a musculoskeletal
system with better mechanical leverage) in the
accomplishment of subsistence and techno-
logical tasks (see Churchill, 1994, 1996)?
Similar examples of competing adaptive
hypotheses can be cited concerning
Neanderthal nasal morphology, masticatory
biomechanics, overall facial form, and pelvic
morphology.*

At first blush equifinality seems less of a
problem than an inconvenience. Large chests
and stout bodies were probably beneficial to
Neanderthals for both reasons — thermoregu-
lation and power — and we are left only with
the niggling but minor problem of being
unable to determine the relative importance of
the two selective agents. However, adaptive
inferences can be and often are interdepend-
ent, since adaptations to one environmental
problem can constrain or enhance adaptive
solutions to other problems. For example, the
argument that Neanderthal noses may have
functioned as heat vents — that is, they were
adapted to lose heat rather than conserve it
(Trinkaus, 1987; Dean, 1988; Franciscus and
Trinkaus, 1988) — depends upon the assump-
tion of wvery high activity levels in
Neanderthals, an assumption that in turn is
based on adaptive inferences from other mor-
phological features, like enlarged thoraces,
which may in fact be adaptations to other
things (such as conserving heat, as discussed
above). Without means of evaluating such
arguments, alternative adaptive hypotheses
simply accrue over time with little hope of
winnowing out the untenable ones.

A bioenergetic perspective provides some
hope for refining our understanding of adap-
tive evolution in the genus Homo. In this
paper I explore the utility of bioenergetics in
research on Neanderthal adaptation by apply-
ing the approach to one aspect of their body
form — their large chests. This entails first a
consideration of the energetic interrelation-
ships between ventilation, activity and
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thermoregulation, as well as a review of the
inferences that have been made about
Neanderthal energy budgets. I then report on
the results of a model study conducted to
refine our estimates of Neanderthal energet-
ics. New estimates of energy expenditure are
then put into context in terms of Neanderthal
chest size and cold adaptation.

The Adaptive Value of Large Chests

Morphometric and anatomical comparisons of
the size and shape of Neanderthal ribs relative
to those of recent humans suggests that the
Neanderthals had large chests for their stature
(Franciscus and Churchill, 2002; Sawyer and
Maley, 2005). It is less clear if Neanderthals
had thoraces that were large for their mass,
and which might then suggest ventilatory
capacities and aerobic demands greater than
that seen in modern humans. Attempts to eval-
uate the respiratory capacity of Neanderthals
and modern humans relative to body mass are
hampered by small fossil sample sizes and by
a great amount of variation within modern
samples. The area enclosed by the eighth ribs
(calculated using the tuberculo-ventral chord
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[C] and subtense [S] of one of the eighth ribs
[as m(0.5C)S], following Franciscus and
Churchill, 2002) provides a crude measure of
the respiratory area of the lower thorax (but
one that regrettably cannot take into account
variation in the size of the costal cartilages, or
in other features that contribute to ventilatory
volume, such as the size of the diaphragm and
the size and shape of the other ribs: see
Bellemare et al., 2001). Only two Neanderthals
preserve complete eighth ribs — Shanidar 3
has a respiratory area proportional to mass (as
judged by modern human comparators), while
Kebara 2 has a relatively large respiratory area
(Figure 1). The relative size of the eighth rib is
also highly variable within samples: Aleutian
Islanders — who are expected to have large
chests for both thermoregulatory and activity
reasons (see Churchill, 1994) — do not differ
from European-Americans in this respect
(Figure 1). While thoracic dimensions do in
some cases reflect ventilatory capacity (as
in high altitude populations: see references in
Churchill, 1994), variation in the size of soft
tissues may play a more important role in
determining ventilatory capacities. In a radi-
ographic study by Bellemare et al. (2001), the
anteroposterior and mediolateral diameters of
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Figure 1. Log respiratory area of the eighth rib on log body mass in Neanderthal (black circles),
Aleutian Islander (grey triangles) and European-American (open squares) males. Reduced
major axis regression line based on the modern human individuals only.



116

the thorax (taken at the level of the sixth rib)
only accounted for 6.9% and 26.1%, respec-
tively, of the variation in plethysmographi-
cally-measured total lung capacity, with the
height of the diaphragm accounting for the
remaining 67% of the variation (in males:
similar values obtained for females). At pres-
ent we can only say that the overall constella-
tion of Neanderthal rib morphology suggests
they had relatively large chests, and that this
may reflect ventilatory capacities that were
relatively great.

To better understand variation in thoracic
size, we must first consider thermogenesis
and activity in endothermic animals. Figure 2
illustrates the way that energy is partitioned as
it flows through an endotherm. Exchanges of

__True metabolizable__|

energy (ME)
— True digestible —
energy
Gross energy of | Lo
ingested food (I) }(J)rslsnezr{lj:)n crey

Heat of digestive fermentation

Fecal energy losses from undigested food (F)
Gaseous products (CHy) of digestion (G)
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energy along these pathways — either in trans-
formations from one form of chemical poten-
tial energy to another or in the performance of
work — are never completely efficient: heat is
produced as a by-product of metabolic
processes. In terms of performing mechanical
work, metabolic heat production represents
wasted energy. From a thermoregulatory per-
spective, however, it is a useful waste, since
this heat can be used to provide much of the
energy of activation necessary to initiate
biochemical reactions, and thus is critical to
sustaining the reactions of catabolism (i.e.,
breakdown of complex organic molecules
into simpler molecules) and anabolism (i.e.,
synthesis of complex organic molecules
from simpler precursors). In a hypothermic

—True maintenance energy:
Basal metabolism -------- » 60%
Activity at maintenance -- - » 85%
Metabolic fetal energy -----i » 60%
Endogenous urinary energy
Cold-induced

— True net — thermogenesis -------- -+ 100%?
energy (R)
—Production energy:
Stored in tissue =-=------- -+ 15%
(growth, fat, hair)
Stored in products -------- » 15%
(milk, fetus)
Work  ----------------- > 85%
L_ Specific dynamic -----=-=-ecocmomeeooo »10-25%
effect of food of Mg

Heat increment as a % of
free energy available to specific reactions

Figure 2. Energy flow through an endothermic animal. The right hand column (shaded) reflects
the relative inefficiency (i.e., the amount of heat produced as by-product relative to the
amount of free energy entering the reaction) or heat increment of various metabolic
processes. Adapted from Moen, 1973.
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environment maintenance of an internal tem-
perature sufficient to sustain these reactions is
critical to survival, and a consideration of
energy flow (as in Figure 2) gives an idea of
the pathways available to an endotherm for
generating body heat if heat loss to the envi-
ronment begins to exceed normal metabolic
heat output (at what is called the lower critical
temperature: see Aiello and Wheeler, 2003).
Anabolic processes, being “uphill” or ender-
gonic (requiring input of energy for the work of
production), have relatively low heat incre-
ments (Blaxter, 1989) — that is, much of the free
energy entering the process is stored as free
energy in the new tissues, and heat production
is negligible. Basal metabolic processes,
requiring the catabolic breakdown of energy-
yielding substrates, are notably better at heat
production. The synthesis of adenosine triphos-
phate (ATP), needed to drive most cellular
processes, requires the exergonic (energy-
yielding) oxidation of glucose, glycogen, or
other substrates. The conversion of energy from
one chemical form to another occurs at about
40% efficiency, thus more than half of the free
energy entering the reaction is liberated as heat
(Martini, 1998). Additional heat will be gener-
ated as the synthesized ATP is used to perform
cellular work, but the timing and rate of this
thermogenesis may not serve the organism’s
immediate thermoregulatory needs.
Endotherms do have more than one path-
way that can be called upon to rapidly increase
thermogenesis. The first is to disregard work
efficiency and simply burn fuel to produce
heat. Under the combined effect of the hor-
mones thyroxine and norepinephrine, cellular
respiration can be revved as much as 40%
above basal levels (see references in Sorensen
and Leonard, 2001: work on rats suggests that
values 80% above basal metabolism are
attainable by some mammals; see references
in Frisancho, 1993). This response, commonly
called nonshivering thermogenesis, can occur
within days of exposure to hypothermic envi-
ronments, and apparently is accomplished by
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increasing the rate of active transport of cellu-
lar substances.’

How much heat can be cranked out by non-
shivering thermogenesis? Various methods
exist for estimating basal metabolic rate
(BMR) in mammals of known mass (although
surface area is the better predictor of BMR:
see below). Following Kleiber (1961) for pla-
cental mammals, BMR (in Watts) scales with
the 3/4 power of mass (M, in kg) as:

BMR = 3.39M°7 (1)

Thus, a male Neanderthal of average mass
(84.5 kg: Wolpoff, 1999) would be expected
to have a BMR of about 94.5 W (which would
burn about 1950 kcal per day).® Human-specific
equations produce nearly identical results
(e.g., BMR =954 W using equation 1 in
Sorensen and Leonard, 2001 and converting
from kcal d~! to W). Alternatively, the masses
of metabolically active tissues can be esti-
mated from body mass, and their contributions
to total BMR (estimated using mass-specific
organ metabolic rates) summed, as in Table 1.
Assuming these tissues in combination con-
tribute about 89% of total BMR (see Table 1
in Aiello and Wheeler, 1995), Neanderthal
BMR can be estimated at about 118 W. These
alternate methods thus suggest BMRs on the
order of 95-118 W in Neanderthals.

Assuming heat production can be elevated
40% above BMR by nonshivering thermogen-
esis, hypothermic Neanderthals could likely
have sustained heat production of 133-165 W
(roughly equivalent to the heat put off by
150-200 W incandescent light bulbs) for days
on end by metabolic processes alone. Would
this be enough to keep a Neanderthal warm
during a European winter? The average tem-
perature of the coldest month during a mild
interval of OIS 3 was likely about —5° C (van
Andel and Tzedakis, 1996); with wind chill
this may drop to —12°C (and as low as —17°C
during the coldest intervals: Aiello and
Wheeler, 2003). Heat loss at an ambient
temperature of 10°C in naked males of
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Table 1. Predicted organ mass (g) and metabolic rate (W-kg™!) in
a Neanderthal of body mass (M) = 84.5 kg

Organ mass prediction

Mass-specific Total organ

Organ method' Predicted mass metabolic rate’ metabolic rate’
Heart 5.2M%%7 415 323 13.4
Lungs 9.0M! 761 6.7 5.1
Gut 17.0M! 1437 12.2 17.5
Liver 32.2M0%4 2085 12.2 25.4
Kidney 6.3M%%7 299 233 7.0
Brain? 1575 11.2 17.6
Skeletal muscle 415M! 35068 0.5 17.5
Skin 7IM! 6507 0.3 2.0
Total 105.5

! Organ mass prediction methods and mass-specific metabolic rates from Aiello and Wheeler, 1995: Table 1 and Figure 3.
2 Average male Neanderthal brain volume from Wolpoff, 1999: Table 102. Mass value assumes a brain tissue mass-density of 1 g-cm™.

3 Total organ metabolic rate in W.

European descent occurs at an average rate of
104.3 = 11.0 Wm™2 (based on data presented
in Budd et al., 1991). Assuming a skin surface
area of about 2 m? (see below) and clothing
insulation on the order of 0.31 m*>KW™!
(equivalent to the insulation of the fur of a
large mammal from a temperate environment:
Cena and Clark, 1978. Note that modern arc-
tic suits provide only 0.558 m*KW ™! of insu-
lation: Brajkovic et al., 2001), at 10°C a
Neanderthal would have lost heat at the rate of
about 144 W. The relatively great muscle mass
of Neanderthals would have provided further
insulation (perhaps cutting heat loss another
5%: Glickman-Weiss, 1993), as may have a
covering of body hair (a relatively sparse cov-
ering of 3.9 cm long body hair would provide
about 0.156 m*KW ! of insulation: Aiello and
Wheeler, 2003). Although we have no way of
knowing how much body hair the
Neanderthals had, its likely that some combi-
nation of insulative materials (clothing, mus-
cle, body hair, and possibly subcutaneous fat
[but see Aiello and Wheeler, 2003]) would
have allowed for thermal maintenance under
mild winter conditions with nonshivering
thermogenesis alone. However, it is not likely
that nonshivering thermogenesis would have
been sufficient during the colder parts of the

winter or under emergency conditions (such
as accidental submersion in cold water).
Greater heat production can be won by
muscular activity, which is performed at a fuel
efficiency of only 15-25% (Heglund and
Cavagna, 1985, 1987). Thus, muscular activ-
ity can be drawn upon — voluntarily or invol-
untarily — to provide a rapid source of heat.
Involuntarily, heat outputs as much as three
times basal metabolic rate (285-355 W) can
be attained after prolonged shivering alone
(Frisancho, 1993).7 With voluntary activity
heat output can be increased further still: a
well-conditioned (championship-level athlete)
adult male can sustain useful power outputs of
300-370 W for a couple of hours, with a cor-
responding heat production of 1020-1280 W
(in the range of heat produced by a toaster
oven) (Wilkie, 1960; Shephard, 1978). Thus,
muscular activity can be called upon to con-
tribute to homeostasis under hypothermic
conditions, both with heat output an order of
magnitude greater than possible by metabolic
processes alone (bearing in mind that not all
of this heat is available for thermoregulation,
since exercise may increase convection and
evaporative heat loss from the skin and losses
from the respiratory passages: Blaxter, 1989),
and with useful output of mechanical work on
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the environment. This pathway, however, is
expensive — costing between 1130-1440 kcal
h™! — and thus periodic bouts of exercise may
be an untenable strategy for keeping warm
when calories are in short supply.

Here is where thoracic size comes into
play, since sustained muscular activity
requires the steady aerobic replenishment of
muscle reserves of phosphagen (ATP and cre-
atine phosphate), which in turn is limited by
the rate of oxygen transport from the atmos-
phere to muscle tissue (Shephard, 1978). For
this reason heat production is linearly related
to maximal aerobic capacity (VO Or maxi-
mal oxygen intake: MacHattie et al., 1960).
The maximum power outputs above require
the absorption and transport of four to five
liters of oxygen per minute (at 11
O, min~! = 330 W power input, correspon-
ding to 75 and 255 W output of mechanical
power and heat, respectively: Astrand and
Rodahl, 1970). Exceptional athletes can hit
peak oxygen consumption rates of six liters
per minute, corresponding to inputs of close
to 2000 W (and heat increments of greater
than 1500 W). Given that Neanderthals had
muscle masses greater than average modern
humans, they may have been able to sustain
heat outputs comparable to or even in excess
of that seen in modern elite athletes, provided
they could supply their muscle tissue with
adequate oxygen.

The amount of oxygen extracted in the
lungs is a constant 3.1% of the respired air
volume (Schmidt-Nielsen, 1984), thus to
extract 4-5 liters of oxygen per minute would
require alveolar ventilation (VA) of 129-161 1
min!. Well-conditioned modern human male
athletes have larger-than-average vital capaci-
ties (VC: the maximum amount of air that can
be expired after a maximum inhalation) by as
much as 30-45% (compare the mean VC of
runners [6.3 1] and swimmers [6.98 1] [Novak
et al.,, 1968] with average males [4.81]
[Martini, 1998]). Using the value cited above
for runners, and assuming that maximum tidal

119

volumes (VT, the amount of air moved into
and out of the lungs in a single respiratory
cycle) during forced breathing never surpass
50% of vital capacity (see Shephard, 1978)
and that these athletes have an anatomic dead
space (the volume of the trachea and other
conducting passageways) of about 0.151
(Martini, 1998), we would expect ventilatory
rates of 43-54 breaths min~! to attain the
work and heat production described above.
Higher rates of oxygen consumption (up to 6 1
min~!: see above) are probably obtained not
by further increasing the ventilation rate, but
by voluntary increases in the maximum tidal
volume to greater than 50% vital capacity (at
levels of respiratory discomfort intolerable to
all but the best-conditioned and most dedi-
cated athletes) (Shephard, 1978). In this
respect, larger chests — and hence greater vital
capacity — facilitate high levels of work and
heat output.

The above analysis makes explicit the sep-
arate pathways by which climatic selection
may favor something like large chests in
Neanderthals — they were likely adaptive in
cold environments for both heat generation
(permitting higher rates of sustained heat out-
put) and heat conservation (providing a SA/V
configuration more conducive to maintaining
thermal constancy) (Figure 3). The problem of
equifinality emerges here in another form: the
development of large chests in Neanderthals
may have been genetic in origin (from selec-
tion for enhanced thermoregulatory ability) or
epigenetic (from enhanced growth of the ribs
and costal cartilages in response to high activ-
ity levels in childhood), or both. Enlarged
thoraces have been demonstrated to be a
developmental, epigenetic effect of growth in
an hypoxic environment (Greksa, 1990;
Frisancho, 1993). Indeed, several aspects of
Neanderthal body form may be developmen-
tal effects related to highly active childhoods
spent in seasonally cold environments.
Leonard et al. (1994) suggested that the short
stature of native Siberians is a function of
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Cold Glacial Conditions
(OIS 6 and 4)

Resource acquisition challenges:
Reduced productivity;
Patchier distribution of food;
Larger average size of prey.
I
behavioral
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Increase mobility to locate prey;

Thermoregulatory challenges:
Cold stress
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Increase muscular effort to
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Figure 3. Large thoraces as an equifinal solution to the various adaptive challenges that stem from cold
glacial conditions. Since enlarged lungs and greater respiratory volume enhance both work and heat
output, and since larger chests may help maintain thermal constancy, identifying the primary adaptive
advantage of Neanderthal thoracic morphology becomes difficult (Abbreviations: OIS — Oxygen
Isotope Stage; BMR — basal metabolic rate; NST — nonshivering thermogenesis; SA/V — surface
area/volume). The dotted lines reflect the role that developmental sequelae of high childhood oxygen
demands may play in producing large adult chest size (and hence SA/V ratios) — see text for details.

their elevated active and resting metabolic
rates, which in turn are aspects of their
thermregulatory adaptation to cold climate.
By this model, the energy demands of staying
warm reduce the amount of energy that can be
allocated to growth, resulting in short adult
stature and foreshortened limbs (a body shape
conforming to Bergmann’s and Allen’s rules).
A similar model, but one focusing on acceler-
ated growth of the respiratory and circulatory
systems at the expense of total body growth,
has been proposed for Andean highlanders
(Frisancho, 1993). Teasing genetic, adaptive

solutions from epigenetic, developmental
effects remains a challenge, but one that
bioenergetic approaches may ultimately help
to resolve.

The bioenergetic perspective provides a
basis for quantifying the costs and benefits of
various adaptive solutions to a given environ-
mental challenge, and draws our attention to
the outstanding questions that need resolution
for a more complete understanding of
Neanderthal adaptation. Further consideration
of thermogenesis in Neanderthals requires
some estimates of their absolute and relative
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chest size (that is, were their lung volumes pro-
portional to body mass, or disproportionately
large?) to refine the above estimates of heat
production at work and rest, and better esti-
mates of body surface area to gauge thermal
conductance under different ambient condi-
tions. Armed with this kind of information, we
can better address the various adaptive
hypotheses in play. Under probable winter con-
ditions, how does heat production compare
with heat loss in a Neanderthal at work, and
what levels of work would be required before
purposeful loss of heat (heat venting) was nec-
essary to prevent thermal stress? What are the
costs and benefits, in terms of water loss and
work of breathing, of venting excess body heat
through the nose rather than the mouth under
various conditions? At what temperature would
a cold-stressed Neanderthal require active
(muscular) heat production above BMR to
maintain thermal balance? By using calories
(or derived equivalents, like Watts) as a cur-
rency, a bioenergetic approach allows a much
finer apprehension of the costs and benefits of
adaptive modalities, and a true appreciation of
the ways in which energy was budgeted in the
Mousterian world.

The Cost of Being a Neanderthal

To understand the energetics and ecology of
Neanderthals we need to know something
about both energy capture and expenditure,
beginning with estimates of foraging effi-
ciency and the caloric costs of somatic and
maturity maintenance (see Nisbet et al.,
2000). Given estimates of net foraging returns
and total maintenance costs, we can estimate
what Neanderthals had left over for produc-
tion (i.e., growth and fat storage) and repro-
duction (i.e., fetal growth, fetal metabolic
energy, and milk production). We are a long
way from knowing these parameters, but
fortunately some insights about the adaptive
value of certain Neanderthal features can be
had with fairly rough estimates of their aver-
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age total energy expenditure (TEE: kcal d™!).
TEE (sometimes called daily energy expendi-
ture) is a measure of the energy needed for
basic metabolic processes, metabolic thermo-
genesis, and productive work (of foraging,
protecting oneself from the elements, avoid-
ing predators, etc).

A number of approaches can be used to
estimate TEE, the most direct being to use
empirically-determined relationships between
TEE and body mass (M) in primates (see
Aiello and Wells, 2002). For a sample of
human and nonhuman primates (Leonard and
Robertson, 1997):

TEE = 86.0M"7" )

Using the mean mass, plus or minus one
standard deviation, of seventeen male (77.6 =
4.5 kg) and nine female (66.4 *= 4.8 kg)
Neanderthals (from Ruff et al., 1997 supple-
mental data) this equation provides estimated
TEE ranges of 2586-2835kcal d~! and
22582532 kcal d~! for males and females,
respectively (Figure 4). These values are low
relative to reported values for extant arctic
foragers (Steegmann et al., 2002), likely
because nonhuman primates have lower daily
energy requirements per unit body mass than
do human foragers generally (Leonard and
Robertson, 1997).

More reasonable estimates of TEE may be
had by estimating BMR in Neanderthals and
then doubling or tripling BMR (as suggested
by the World Health Organization [WHO] to
account for very high activity levels). Using
sex-specific mean Neanderthal masses with
WHO regressions for estimating BMR from
mass, and adjusting for the effects of cold cli-
mate on BMR, Sorensen and Leonard (2001)
estimated mean male and female BMR as
1841 and 1435kcal d~!', respectively.
Doubling and tripling the BMR estimates pro-
duces TEE estimates in the range of
36825523 (males) and 28704305 kcal d!
(females) (Figure 4). If TEE is estimated
instead by using observed calorie consumption
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Figure 4. Estimated total energy expenditure (kcal d™') in Neanderthal males (open bars)
and females (grey bars) from several recent studies.

by arctic foragers and adjusting for the larger
size of Neanderthals (Steegmann et al., 2002),
somewhat lower values are obtained
(33604480 kcal d™! for males; female data
not reported: Steegmann et al., 2002)
(Figure 4). The direct measurement of calorie
consumption in Inuit that still practice a tradi-
tional foraging lifestyle indicate TEEs on the
order of 2.0-2.5 times BMR (see Shephard
and Rode, 1996; Steegmann et al., 2002), sug-
gesting that the high end (3x BMR) of the
estimates by Sorensen and Leonard (2001)
might be too high.

Since various methods of estimating TEE
produce considerably different results (note in
Figure 4 that the highest estimate for males
following Leonard and Robertson [1997] is
below the lowest estimate for females derived
by Sorensen and Leonard [2001]), I sought to
refine estimates of Neanderthal BMR and to

use these, along with adjustments for activity
suggested by observations on extant Inuit
(2.0—2.5X BMR), to refine our estimates of
TEE. BMR has been shown to be proportional
to skin surface area (Winslow and Herrington,
1949; Gehan and George, 1970), thus BMR
estimates can be improved if accurate esti-
mates of Neanderthal surface area can be
determined.

Regression equations for estimating sur-
face area from stature and mass are commonly
employed by anesthesiologists (DuBois and
DuBois, 1916; Gehan and George, 1970;
Bailey and Briars, 1996), because the medici-
nal dosages needed for anesthetics and
chemotherapy are dependent upon organ sur-
face areas and renal (glomerular) filtration
rates, which are themselves proportional to
skin surface area. However, these formulae
are derived from modern human samples, and
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it is unclear if they can accurately estimate
surface area in humans that lie at the extreme
ends of the range of variation in body shape
(i.e., long and linear Nilotics or short and
stocky Inuit). Since Neanderthal body shape
was even more extreme than that of Inuits
(“hyper-arctic”’: Holliday, 1997) , the applica-
bility of clinical equations for estimating
Neanderthal surface area remains open to
question.

A half-size anatomical reconstruction of a
male European Neanderthal was used to eval-
uate the accuracy of clinical SA estimation
equations when applied to Neanderthals.
Scale models have been used to good effect in
other areas of paleontology (Colbert, 1962;
Alexander, 1985; Paul, 1988; Farlow et al.,
1995). In this case, a proportionately correct
half-stature model should have one-fourth the
surface area and one-eighth the volume of his
full size equivalent, and thus SA can be meas-
ured directly on the model and scaled to life
size. The model is based on the dimensions of
the La Ferrassie 1 Neanderthal, both because
this individual is fairly complete, and because
his estimated stature (171 cm) is close to the
mean estimated stature of male Neanderthals
(165.9 = 5.0 cm, n=16). The model was con-
structed of Plasticene on a rigid armature, and
was built by Jeanna Novelli, Laura Gruss,
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Natalia Rybczynski and Michael Black under
my supervision.

Construction of the Half-Size
Neanderthal Model

The dimensions of the skeletal elements that
contribute to the stature of La Ferrassie 1
(LF1) are given in Table 2. Note that the sum
of these dimensions (162 cm) does not take
into account the contribution of soft tissue —
such as the intervertebral discs — to stature,
thus we added nine cm (since LF1’s stature
estimated from femoral length = 171 cm:
Ruff et al., 1997, supplemental data) to trunk
and neck length (proportionally distributed
between the cervical, thoracic and lumbar ver-
tebrae) in determining the proportions of the
full size Neanderthal.

Trunk length was taken as the summed
body heights of T1-L5 plus the height of the
anterior border of the iliac blade (following
Heim, 1982, since the sacrum is not pre-
served) plus a 7.2 cm correction for soft tissue
(79.5% of the total 9 cm correction, corre-
sponding to the portion of the total summed
vertebral body heights occupied by the lumbar
and thoracic vertebrae). Anteroposterior and
mediolateral trunk widths were determined
in three ways. First, we estimated skeletal

Table 2. Height (cm) of elements contributing to stature in La Ferrassie 1

Element Height
Cranial Height (basion-bregma) 13.7
Cervical Vertebrae (summed body heights) 9.9
Thoracic Vertebrae (summed body heights) 25.1
Lumbar Vertebrae (summed body heights) 13.0
Height of Iliac Blade (anterior border)! 11.5
Femur (bicondylar length) 45.8
Tibia (articular length) 355
Talus and Calcaneus 7.5
Stature Minimum 162.0

All measurements from Heim, 1982.

! Used in place of the S1 ventral body height (Heim, 1982).
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bi-iliac breadth from stature using the ratio
(0.1856) suggested by Ruff et al. (1997), and
we also used their recommended soft tissue
correction to arrive at a living bi-iliac breadth
of 34.1 cm. Attempts to estimate shoulder
breadth from clavicular length (following
arguments in Churchill, 1994) produced val-
ues that were clearly too small (70-80% of
bi-iliac breath), thus we employed a bit of
artistic license to sculpt shoulders that were
proportional to hip width based on reference
photos of arctic modern humans (e.g., figure
13.10 in Weiss and Mann, 1985). Antero-
posterior and mediolateral chest widths were
estimated by taking average values from
Nunivak Inuit males (Hrdlicka, 1930) and cor-
recting for the larger size of LF1 relative to
average Inuit male stature (average of group
means = 163 = 3 cm: data from Holden and
Mace, 1999), giving us anteroposterior and
mediolateral diameters of 26.3 cm and
32.1 cm, respectively.
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The model was scaled to one-half linear
size. The head was sculpted on a half-sized
scale model of a Neanderthal cranium (based
on LF1) created by Dr. Steven Wagner. Inter-
and intralimb proportions were determined
from the actual long bone lengths of LFI
(Heim, 1982). The dimensions of the hands
and feet were based on half-sized, scaled
drawing of the manual and pedal skeletons of
LF1 (Heim, 1982). To determine the appropri-
ate muscularity, we compared the size of
upper limb muscle attachment areas (scapular
area, humeral epicondylar breadth and radial
tuberosity area) between Neanderthals and
Aleutian Islander males (data from Churchill,
1994), and determined that the Neanderthals
had on average muscle attachment areas about
12.9% larger than those of the Aleuts
(Aleutian Islanders were used as reference
because they were the only circum-arctic
group for which upper limb muscularity
measures were available). Once again we used

Figure 5. Half-scale model of a male Neanderthal, based on the skeleton of La Ferrassie 1.
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artistic license, and created a model that was
somewhat more muscular than Inuit males
based on reference photos.

The completed model (Figure 5) was
coated in Silastic® RTV Silicone Rubber
(Type E) and cheesecloth to produce a surface
area peel. The peel was cut into small sections
(to lie flat on a scanner) and scanned to digi-
tal files. The area of each piece was deter-
mined with NIH Image 1.62, and the areas
were summed to get a total surface area of the
model. The model was also submerged in
water and the amount of water displaced was
used to determine its volume.

Results of the Model Study

The half-sized model displaced 10.551 of
water, corresponding to a volume for the full-
sized Neanderthal of 84.41. Assuming an
average mass density of 1 gm cm™> for the
human body (Katch et al., 1967), this equates
with a mass of 84.4 kg — very close to the esti-
mate of 85 kg obtained by Ruff et al. (1997)
based on a combination of femoral head and
bi-iliac breadth + stature methods. The skin
SA of the model — 0.5308 m? — corresponds to
a full-sized SA of 2.1232 m>.

The surface area estimated from the model
is compared with estimates derived from SA
estimation equations from the clinical literature
in Table 3 (using stature [171 cm] and mass
[85 kg] estimates derived from La Ferrassie
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I’s skeletal remains). All of the clinical equa-
tions underestimate SA by 4-7% relative to
the model estimate. The clinical equations
used here have also been found to vary in their
predictive accuracy with recent humans.
Wang and colleagues (1992) evaluated the
accuracy of multiple estimation methods and
found those of Boyd (1935) and Gehan and
George (1970) to be the most reliable. Both of
these methods produced SA estimates among
the closest to that derived from the model. The
method of Gehan and George (1970) is a
refinement of that of Boyd (Wang et al., 1992;
Bailey and Briars, 1996), and as it incorpo-
rates infants and children into the estimation
sample it is likely applicable to a wide range
of human body shapes. For this reason it is
probably the most appropriate for use with
populations at the extremes of body form vari-
ation (such as Neanderthals). The relative con-
cordance of the estimates derived from Gehan
and George’s method and from the model
(4.4% difference) suggests that the clinical
equation can be reasonably applied to
Neanderthals.

Neanderthal Energy Budgets

Mass and stature estimates were used to esti-
mate SA and BMR for 5 female and 16 male
Neanderthals (Table 4). Neanderthals have
absolutely greater amounts of surface area com-
pared to modern humans — even arctic-adapted

Table 3. Comparison of clinical equations for estimating Surface Area (m°) of
La Ferrassie 1 relative to estimate derived from model

Method Equation SA Estimate Percentage Difference’
DuBois and DuBois, 1916 0.007184-St"725-M0425 1.9727 =71
Boyd, 1935 0.017827-St"3-M04838 2.0287 —4.5
Gehan and George, 1970 0.0235-St042246.\f0-5146 2.0291 —4.4
Haycock et al., 1978 0.024265-St0-3964.M0-3378 2.0313 —43
Mosteller, 1987 ((StM)/3600)°3 2.0094 —54

Based on skeletally-derived estimates of stature (St: 171 cm) and mass (M: 85 kg) following Ruff et al., 1997.
! Percentage difference between clinically-derived surface area and model-derived surface area estimate of 2.1232 m?.
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Table 4. Estimated mass (kg), stature (cm), surface area (m’) and basal metabolic rate
(kcal d~') in Neanderthals

Mass Stature Surface Area BMR
Females
Grotte du Prince 74.8
La Ferrassie 2 67 155 1.7222 1795
Krapina 208 68.4
Krapina 209 63.7
Krapina 214 62.2
La Quina 5 71.2 163 1.8152 1891
La Quina 18 164
Shanidar 6 59.4 148 1.5875 1654
Spy 1 67.5 161 1.7568 1831
Tabun C1 63.2 156 1.6758 1746
Female Mean 66.4 157.8 1.712 1783
sd 4.8 6.0 0.086 90
n 9 6 5 5
Males
Amud 1 75.3 179 1.944 2025
La Chapelle 1 77.3 163 1.894 1973
La Ferrassie 1 85 172 2.034 2120
Fond de Forét 1 83.9 161 1.965 2047
Kebara 2 75.6 166 1.887 1966
Kiik Koba 1 78.1 164 1.909 1989
Krapina 213 80.6
Lezetziki 1 73.9 166 1.865 1943
Neanderthal 1 78.9 166 1.929 2009
Régourdou 1 72.1 164 1.832 1909
Saint Césaire 1 78.9 165 1.924 2004
Shanidar 1 80.5 172 1.978 2061
Shanidar 2 75.2 160 1.852 1930
Shanidar 3 79.9 166 1.941 2023
Shanidar 4 72 161 1.816 1892
Shanidar 5 68.5 168 1.802 1878
Spy 2 83.6 161 1.961 2044
Male Mean 77.6 165.9 1.908 1988
sd 4.5 5.0 0.064 66
n 17 16 16 16

1. All mass estimates are from Ruff et al. (1997: supplemental data).

2. Stature estimates are the average of two stature estimation techniques reported by Feldesman et al. (1990), except for: Kebara 2, Kiik Koba
1, Lezetxiki 1, Régourdou 1, Saint Césaire 1, Shanidar 2, Shanidar 3, La Quina 5, La Quina 18, Spy 1 and Tabun C1, where stature estimate
was from Ruff et al. (1997: supplemental data).

3. Sex is indeterminate for Régourdou 1 and Lezetxiki 1, they are considered here as male based on their relatively high mass estimates.
4. Surface area estimated following Gehan and George (1970).
5. BMR estimate following Winslow and Herrington (1949).
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modern humans — of similar stature. Inupiats are
close to Neanderthals in mean stature (for
males: 167.4 vs. 165.9 cm, respectively; for
females: 155.9 vs. 157.8 cm, respectively:
Inupiat data from Ruff et al., 2005), yet
Neanderthals average about 0.1 m?> — or about
5-6% — more skin SA regardless of sex (when
sex-specific average Inupiat statures and masses
are used to estimate SA). However,
Neanderthals also tend to be more massive for a
given stature — by 11-13% — than the Inupiat,
and thus tend to have lower ratios of SA to mass
(Figure 6). Of the modern human samples rep-
resented in Figure 6, only the two Inuit samples
(represented by the two triangles closest to the
regression line) fall close to the regression line
that describes the relationship between SA and
mass in Neanderthals. One sample of Evenki rein-
deer herders of Siberia (Galloway et al., 2000) —
represented by the triangle in the lower left
corner of the plot — also appears to be similar in
body shape to Neandertals. Saami, ethnic Finns,
Yakuts and a second sample of Evenki are all
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relatively cold-adapted, but fall farther away
from the line (as seen in the remaining trian-
gles). The earliest modern Europeans (Early
Upper Paleolithic sample) are more similar to
North Africans (North African Epipaleolithic
sample) in SA/M relationships, while by the
later Upper Paleolithic (Late Upper Paleolithic
sample) modern Europeans had converged
somewhat on the SA/M relationship character-
istic of Neanderthals and Inuit. Nilotic east
Africans, not surprisingly, can be seen to have
high SA/M ratios.

The SA estimates in Table 4 allow the esti-
mation of BMR following Winslow and
Herrington (1949) (where BMR = 1042 kcal
m~2 d7!). This produces mean male and
female BMR estimates about 8% and 19%
higher, respectively, than those obtained by
Sorensen and Leonard (2001). However, given
the lower physical activity level multipliers
used here (2.0-2.5 times BMR based on
empirical data on Inuit, versus 2.0-3.0 times
BMR as suggested for active peoples by
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Figure 6. Skin surface area (m?) on body mass (kg) for individual Neanderthals and means of
combined-sex samples of recent and fossil modern humans. Individual Neanderthal male (black
circles) and female (grey circles) data from Table 4. Surface areas for modern humans calculated

from published mean stature and mass: Diamonds, warm-adapted Nilotics (Roberts and Bainbridge,
1963); Triangles, cold adapted Inuit, Evenki, Yakut, Saami and ethnic Finns (Eveleth and Tanner,
1976; Leonard et al., 1996; Galloway et al., 2000; Ruff et al., 2005; Snodgrass et al., 2005);
Squares, European Early [EUP] and Late Upper Paleolithic [LUP] and North Africa
Epipaleolithic [NAE] fossil modern humans (Ruff et al., 1997 supplemental data).
Reduced major axis regression line based on Neanderthals only.
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WHO), the estimates of TEE fall at the lower
end of the range of male values and at the
higher end of the range of female values
reported by Sorensen and Leonard (2001)
(Figure 4). Taken together, the estimates by
Sorensen and Leonard (2001), Steegman et al.
(2002), and this study suggest that it cost, on
average, between about 3500 and 5000 kcal
per day to feed an adult Neanderthal living in
cold conditions.

To put the energetic needs of Neanderthals
into economic perspective, an adult male
Neanderthal would have probably needed to
consume the equivalent of about 2 kg of cari-
bou (in good condition, 9-10% body fat:
Table 5) every day. A social group of ten
Neanderthals comprised of three adult males
(consuming about 4475 kcal d™'), three adult
females (eating about 4015 kcal d ') and four
juveniles (consuming about 3000 kcal d™')
would have required the equivalent of two
80 kg caribou per week. Assuming that meat
was the primary item in the Neanderthal diet
(Fizet et al., 1995; Bocherens et al., 1999,
2001; Richards et al., 2000), that hunting was
the primary means of meat procurement, and
that all the adults were hunting, a group like
this would have required hunting return rates
on the order of 3.8 kg hunter ! d~!. If only the
males were hunting, the group would have
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needed return rates of 7.6 kg hunter ! d~! —
well in excess of the 5.4-5.6 kg hunter™! d™!
recorded for wolves in northern Europe and
North America (Jedrzejewski et al., 2002;
Hebblewhite et al., 2003). Clearly,
Neanderthal bodies were costly, and because
of the energy demands of thermoregulation
they were most costly at the time of year when
calories were most difficult to obtain.

The Adaptive Value of Large Chests
Revisited

What, from all of this, can we infer about the
adaptive significance of Neanderthal body
form? Recent work by Aiello and Wheeler
(2003) suggests that the low SA/M bodies of
Neanderthals bought them relatively little in
terms of maintaining thermal constancy: they
estimate the lower critical temperature (the
temperature at which an unclothed human
must increase internal heat production to
maintain thermal constancy) for
Neanderthals to be 27.3°C, while for modern
humans it is 28.2°C.® Thus, Neanderthals
appear not to have been morphologically
well-suited to staying warm in winter condi-
tions without cultural buffering (i.e., clothing,
shelter and fire) and substantial increases in

Table 5. Caloric value of an 80 kg caribou in good condition: edible mass (kg), average caloric value (kcal kg™!)
and average available energy (kcal) per caribou of various tissues

Tissue Average caloric value Edible Mass Available calories
Meat 1190 28.1 33,439
Viscera 1250 16.1 20,125
Adipose fat 9000 7.8 70,200
Weighted average: Total: Total:
2380 52.0 (65%) 123,764

Caloric value of caribou tissues from Keene, 1985; edible mass data from Foote, 1965.
Available calories for a given tissue = average caloric value x edible mass of the tissue.
Weighted average = the sum of the average caloric value of each tissue times the percentage of the total edible mass represented by that

tissue.
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metabolic heat production (see above). Total
energy expenditures two to two-and-a-half
times BMR, gained through a combination of
activity and increased metabolism of brown
fat (Steegmann et al., 2002), are not unrea-
sonable. An adult male metabolizing
4475 kcal d~! (the middle of the range of esti-
mated values) would generate 217 W
throughout the day, while a male at the high
end of the range (5000 kcal d!) would have
maintained heat production on the order of
242 W throughout the day. Combined with
insulation from clothing and shelter, this kind
of heat production would likely have kept a
Neanderthal warm even under relatively
severe conditions.

The large chests of Neanderthals may,
then, reflect a need for oxygen consumption
rather than a need to adhere to Bergmann’s
rule. A liter of oxygen is needed for every
4.8 kcal burned, such that a Neanderthal
male would have required somewhere
between 830 and 1040 1 O, d~!. Given a con-
stant O, capture rate of 3.1% (Schmidt-
Nielsen, 1984), this equates with alveolar
ventilation rates of 19-23 1 of air per minute.
The average adult modern human moves a
half liter of air with each breath, and breathes
12 to 18 times per minute at rest, for a total
alveolar ventilation of 6-91 min™ .
Neanderthals would have needed to increase
their average respiratory rate to 38-46
breaths min~! (which is very fast for a mam-
mal of our size, especially at rest), or they
would have needed greater lung volumes
(and hence greater tidal volumes). While
much more work is needed on Neanderthal
thoracic morphology, thermoregulation, and
activity patterning, the results of this study
support the idea that large thoraces would
have been adaptively advantageous for
Neanderthals for reasons having to do with
heat production (during periods of both
active and resting metabolism) more than
heat retention (a /a Bergmann’s rule).
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The Cost of Cold Adaptation
in Neanderthals

One outcome of the Stage 3 climatic project
(van Andel and Davies, 2003) was the demon-
stration that Neanderthals occupied sites with
warmer winter temperatures, on average, than
did modern humans of the Aurignacian and
Gravettian (median wind chill temperatures
4.0-6.6° C warmer: Aiello and Wheeler,
2003). Thus, despite having bodies that were
on average more massive (and thus better able
to generate heat) and with lower SA/V ratios
compared to early modern Europeans (or even
Inuit, for that matter), the Neanderthals appear
to have been less able to have tolerated
extreme glacial conditions than were their
modern human successors. It is unlikely that
Neanderthals could have inhabited the areas
they did without some form of insulation
(Aiello and Wheeler, 2003). But it may have
been that elevated metabolic heat production
was a more critical component of Neanderthal
cold adaptation than it was for modern humans
(metabolic heat production and insulation are
additive solutions to the problem of cold, and
certainly the adaptive strategies of both groups
relied on both components — I am merely sug-
gesting that the relative importance of the two
components differed between groups). Early
modern humans may have used clothing with
much higher insulative value, and hence may
have had to rely less on metabolic heat produc-
tion. What may have limited the environmental
tolerances of the Neanderthals, then, was not
their physiological ability to generate heat but
rather their ability to capture calories sufficient
to consistently do so. As noted by Aiello and
Wheeler (2003:155) “It should be noted that
physiological capability does not necessarily
imply ecological viability. The costs of main-
taining internal heat production at the required
levels would only have been possible if
Neanderthals were able to sustain a corre-
spondingly high level of dietary energy intake.”
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As also noted by Aiello and Wheeler
(2003), differences in energetic budgets
between Neanderthals and early modern
Europeans may have impacted the competitive
interactions between them. In addition to
limiting their climatic tolerance (and hence
geographic ranges and habitat choices) and
stressing their foraging systems, the higher
energetic demands of Neanderthal thermoreg-
ulation would have reduced the energy
available for reproduction. Even small differ-
ences in completed fertility relative to more
energetically-efficient modern humans would
have had a profound impact on Neanderthal
demographics, and their survival as a species,
when played out over several millennia.
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Notes

1. The term bioenergetics is used here in its broad
sense, meaning the study of the flow of energy in
living systems, with an almost exclusive emphasis
on energy flow at the level of the organism (rather
than its narrower but more widely-used sense of
the study of the biochemistry and thermodynamics
of cellular oxidations and syntheses).

2. Bergmann’s (1847) rule holds that within a species
or a closely related set of species, larger individuals

will tend to be found in colder environments. The
generally (but not universally) accepted explana-
tion is that for a given shape, larger individuals will
have more heat-producing mass relative to heat-
losing surface area, and hence greater ability to
maintain thermal constancy in cold weather.
Allen’s (1877) rule holds that individuals living in
colder environments will tend to have shorter
extremities than conspecifics living in warmer cli-
mates. Since extremities (including ears and tails)
have high surface area to volume ratios, shortening
of extremities reduces heat loss in cold environ-
ments.

The problem of equifinality is by no means
restricted to the study of Neanderthals — take for
example the alternative explanations that have
been proposed to account for the apparent increase
in body size with latitude that characterizes many
endothermic taxa and that forms the empirical
basis for Bergmann’s rule (Rosenzweig, 1968;
McNab, 1971; Geist, 1987), one such alternative
being a need for larger ranges — favoring larger ani-
mals — in environments with lower productivity.
Under normal (non-hypothermic) circumstances,
active transport of sodium and potassium against
their chemical gradients (the Na+/K+ pump) con-
sumes about 12% of cellular energy (van de Graaff
and Fox, 1986). Under the influence of thyroxine the
pump works much faster, thus demanding an
increase in ATP production (using elevated levels of
circulating energy substrates liberated from the liver
and adipose tissue by norepinephrine) at 40% effi-
ciency, and also releasing heat as the ATP is used in
work — moving Na+ and K+ ions “up hill” against
their solution gradients. Since the cell membranes
are permeable to these ions, the last bit of free energy
in the process — the potential energy stored in the
transported ions — is released as they re-cross the cell
membrane and move down the gradient. This situa-
tion is analogous to furiously pumping water from
the downstream to upstream sides of a very leaky
dam — not very effective in keeping one’s feet dry,
but a great way to generate heat!

Watts (Joules sec™!) are a measure of power (rate
of energy expenditure) and are used here when dis-
cussing heat production and work output. The
measure of food energy used here is the kilocalorie
(kcal = 4186.8J). A watt is thus equivalent to
0.2388 X 10~*kcal sec™ .

Aiello and Wheeler (2003) modeled Neanderthal
heat loss assuming heat production equal to esti-
mated BMR and at a heat production equal to three
times BMR (based on the maximum metabolic rate
that can be sustained by humans indefinitely:
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Burton and Edholm, 1955). Neanderthals may
have been able to sustain such an elevation in
metabolic rate through the combined effects of
non-shivering thermogenesis, shivering, high pro-
tein intake, and activity.

8. Aiello and Wheeler (2003) based this estimate on
mean male Neanderthal BMR of 91.630 W
(1891 kcal d™') and SA of 1.898 m?. If the average
values from Table 4 are used instead
(BMR = 1988 kcal d™!, corresponding to 96.3 W;
SA = 1.908 m?) the lower critical temperature
drops only slightly (to 26.9°C).

References

Aiello, L.C., 1997. Brains and guts in human evolution:
the expensive tissue hypothesis. Brazil. J. Genet.
20, 141-148.

Aiello, L.C., Wells, C.K., 2002. Energetics and the evo-
lution of the genus Homo. Ann. Rev. Anthropol.
31, 323-338.

Aiello, L.C., Wheeler, P., 1995. The expensive tissue
hypothesis. Curr. Anthropol. 36, 199-221.
Aiello, L.C., Wheeler, P, 2003. Neanderthal thermoreg-
ulation and the glacial climate. In: van Andel, T.,
Davies, W. (Eds.), Neanderthals and Modern
Humans in the European Landscape During the

Last Glaciation. McDonald Institute for
Archaeological Research, Cambridge, pp.
147-166.

Alexander, R.M., 1985. Mechanics of posture and gait
of some large dinosaurs. Zool. J. Linn. Soc. §3,
1-25.

Allen, J.A., 1877. The influence of physical conditions
in the genesis of species. Rad. Rev. 1, 108—140.

Astrand, PO., Rodahl, K., 1970. Textbook of Work
Physiology. McGraw-Hill, New York.

Bailey, B.J.R., Briars, G.L., 1996. Estimating the sur-
face area of the human body. Stat. Med. 15,
1325-1332.

Bellemare, J.-F., Cordeau, M.-P, Leblanc, P,
Bellemare, F., 2001. Thoracic dimensions at
maximum lung inflation in normal subjects and
in patients with obstructive and restrictive lung
diseases. Chest 119, 376-386.

Bergmann, C., 1847. Ueber die Verhaltnisse der
Warmeokonomie der thiere zu ihrer grosse.
Gottinger Studien 3, 595-708.

Blaxter, K., 1989. Energy Metabolism in Animals and
Man. Cambridge University Press, Cambridge.

Bocherens, H., Billiou, D., Mariotti, A., Patou-Mathis,
M., Otte, M., Bonjean, D., Toussaint, M., 1999.

131

Palacoenvironmental and palacodietary implica-
tions of isotopic biogeochemistry of last inter-
glacial Neanderthal and mammal bones in
Scladina Cave (Belgium). J. Archaeol. Sci. 26,
599-607.

Bocherens, H., Billiou, D., Mariotti, A., Toussaint, M.,
Patou-Mathis, M., Bonjean, D., Otte, M., 2001.
New isotopic evidence for dietary habits of
Neandertals from Belgium. J Hum. Evol. 40,
497-505.

Boyd, E., 1935. The Growth of the Surface Area of the
Human Body. University of Minnesota Press,
Minneapolis.

Brajkovic, D., Ducharme, M.B., Frim, J., 2001.
Relationship between body heat content and fin-
ger temperature during cold exposure. J Appl.
Physiol. 90, 2445-2452.

Budd, G.M., Brotherhood, J.R., Hendrie, A.L., Jeffery,
S.E., 1991. Effects of fitness, fatness, and age
on men’s responses to whole body cooling in air.
J. Appl. Physiol. 71, 2387-2393.

Burton, A.C., Edholm, O.G., 1955. Man in a Cold
Environment. Edward Arnold, London.

Cena, K., Clark, J.A., 1978. Thermal insulation of ani-
mal coats and human clothing. Phys. Med. Biol.

23, 565-591.
Churchill, S.E., 1994. Human upper body evolution in
the Eurasian Later Pleistocene. Ph.D.

Dissertation, University of New Mexico,
Albuquerque, NM.

Churchill, S.E., 1996. Particulate versus integrated evo-
lution of the upper body in late Pleistocene
humans: a test of two models. Am. J Phys.
Anthropol. 100, 559-583.

Colbert, E.H., 1962. The weights of dinosaurs. 4Am
Museum Novitates 2076, 1-16.

Dean, M.C., 1988. Another look at the nose and the
functional significance of the face and nasal
mucous membrane for cooling the brain in fos-
sil hominids. J Hum. Evol. 17, 715-718.

DuBois, D., DuBois, E.F.,, 1916. A formula to estimate
the approximate surface area if height and
weight are known. Arch. Int. Med. 17, 863-871.

Eveleth, P.B., Tanner, .M., 1976. Worldwide Variation in
Human Growth. Cambridge University Press,
Cambridge.

Farlow, J.O., Smith, M.B., Robinson, J.M., 1995. Body
mass, bone “strength indicator,” and cursorial
potential of Tyrannosaurus rex. J. Vert.
Paleontol. 15, 713-725.

Feldesman, M.R., Kleckner, J.G., Lundy, J.K., 1990.
The femur/stature ratio and estimates of stature
in mid- and late-Pleistocene fossil hominids.
Am. J. Phys. Anthropol. 83, 359-372.



132

Fizet, M., Mariotti, A., Bellon, G., 1995. Effect of diet,
physiology and climate on carbon and nitrogen
stable isotopes of collageen in a Late Pleistocene
anthropic palaeoecosystem: Marillac, Charente,
France. J. Arch. Sci. 22, 67-79.

Foote, D.C., 1965. Exploration and resource utilization
in Northwestern Arctic Alaska before 1855.
Ph.D. Dissertation, McGill University, Montreal.

Franciscus, R.G., Churchill, S.E., 2002. The costal skele-
ton of Shanidar 3 and a reappraisal of Neandertal
thoracic morphology. J. Hum. Evol. 42, 303-356.

Franciscus, R.G., Trinkaus, E., 1988. The Neandertal
nose. Am. J. Phys. Anthropol. 75, 209-210.

Frisancho, A.R., 1993. Human Adaptation and
Accommodation. University of Michigan Press,
Ann Arbor.

Galloway, V.A., Leonard, W.R., Ivakine, E., 2000. Basal
metabolic adaptation of the Evenki reindeer
herders of central Siberia. Am. J Hum. Biol. 12,
75-87.

Gehan, E.A., George, S.L., 1970. Estimation of human
body surface area from height and weight. Can.
Chem. Rep. 54, 225-235.

Geist, V., 1987. Bergmann’s rule is invalid. Can. J. Zool.
65, 1035-1038.

Glickman-Weiss, E.L., Nelson, A.G., Hearon, C.M.,
Goss, FL., Robertson, R.J., Cassinelli, D.A.,
1993. Effects of body morphology and mass on
thermal responses to cold water: revisited. Eur:
J. Appl. Phys. 66, 299-330.

Greksa, L.P, 1990. Developmental responses to high-
altitude hypoxia in Bolivian children of European
ancestry: a test of the developmental adaptation
hypothesis. Am. J. Phys. Anthropol. 2, 603—612.

Haycock, G.B., Schwartz, G.J., Wisotsky, D.H., 1978.
Geometric method for measuring body surface
area: A height-weight formula validated in
infants, children, and adults. J. Ped. 93, 62-66.

Hebblewhite, M., Paquet, P.C., Pletscher, D.H., Lessard,
R.B., Callaghan, C.J., 2003. Development and
application of a ratio estimator to estimate wolf
kill rates and variance in a multiple-prey system.
Wildlife Soc. Bull. 31, 933-946.

Heglund, N.C., Cavagna, G.A., 1985. Efficiency of ver-
tebrate locomotory muscles. J. Exp. Biol. 115,
283-292.

Heglund, N.C., Cavagna, G.A., 1987. Mechanical work,
oxygen-consumption, and efficiency in isolated
frog and rat muscle. Am. J. Physiol. 253,
C22-C29.

Heim, J.-L., 1982. Les Hommes Fossiles de la
Ferrassie: Tome II — Les Squelettes Adultes
(Squelette des Membres). Archives de 1’Institut
de Paleontologie Humain, 38, Masson, Paris.

S.E. CHURCHILL

Holden, C., Mace, R., 1999. Sexual dimorphism in
stature and women’s work: a phylogenetic cross-
cultural analysis. Am. J. Phys. Anthropol. 110,
27-45.

Holliday, T.W., 1997. Postcranial evidence of cold
adaptation in European Neandertals. 4Am. J.
Phys. Anthropol. 104, 245-258.

Hrdlicka, A., 1930. Anthropological Survey in Alaska.
46th Annual Report of the Bureau of American
Ethnology, 1928-1929.

Jedrzejewski, W., Schmidt, K., Theuerkauf, J.,
Jedrzejewski, B., Selva, N., Zub, K., Szymura, L.,
2002. Kill rates and predation by wolves on ungu-
late populations in Bialowieza Primeval Forest
(Poland). Ecology 83, 1341-1356.

Jelinek, A.J., 1994. Hominids, energy, environment,
and behavior in the Late Pleistocene. In:
Nitecki, M.H., Nitecki, D.V. (Eds.), Origins of
Anatomically Modern Humans. Plenum Press,
New York, pp. 67-92.

Katch, F., Michael, E.D., Horvath, S.M., 1967.
Estimation of body volume by underwater
weighing: description of a simple method. J.
Appl. Physiol. 23, 811-813.

Keene, A.S., 1985. Nutrition and economy: Models for
the study of prehistoric diet. In: Gilbert, R.I J.,
Mielke, J.H. (Eds.), The Analysis of Prehistoric
Diets. Academic Press, Orlando, FL, pp. 155-190.

Kleiber, M., 1961. The Fire of Life: An Introduction to
Animal Energetics. John Wiley, New York.

Leonard, W.R., Katzmarzyk, PT., Comuzzie, A.G.,
Crawford, M.H., Sukernik, R.I., 1994. Growth
and nutritional status of the Evenki reindeer
herders of Siberia. Am. J Hum. Biol. 6, 339-350.

Leonard, W.R., Katzmarzyk, P.T., Crawford, M.H.,
1996. Energetics and population ecology of
Siberian herders. Am. J Hum. Biol. 8, 275-289.

Leonard, W.R., Robertson, M.L., 1992. Nutritional
requirements and human evolution: a bioener-
getics model. Am. J. Hum. Biol. 4, 179-195.

Leonard, W.R., Robertson, M.L., 1997. Comparative
primate energetics and hominid evolution. Am.
J. Phys. Anthropol. 102, 265-281.

Leonard, W.R., Ulijaszek, S.J., 2002. Energetics and
evolution: an emerging research domain. Am. J.
Hum. Biol. 14, 547-550.

MacHattie, L., Haab, P., Rennie, D.W., 1960. Eskimo
metabolism as measured by the technique of 24-
hour indirect calorimetry and graphic analysis.
Arctic Aeromedical Laboratory Tech. Rep.
AAL-TR-60-43.

Martini, EH., 1998. Fundamentals of Anatomy and
Physiology, 4th Edition. Prentice Hall, Upper
Saddle River, NJ.



NEANDERTHAL THERMOREGULATORY AND ACTIVITY BUDGETS

McNab, B.K., 1971. On the ecological significance of
Bergmann’s rule. Ecology 52, 845-854.

Moen, AN., 1973. Wildlife Ecology: an Analytical
Approach, W.H. Freeman and Company, San
Francisco.

Mosteller, R.D., 1987. Simplified calculation of body-
surface area. New Eng. J Med. 317, 1098.

Nisbet, R.M., Muller, E.B., Lika, K., Kooijman,
S.A.L.M., 2000. From molecules to ecosystems
through dynamic energy budget models. J.
Animal Ecol. 69, 913-926.

Novak, L.P, Hyatt, R.E., Alexander, J.F., 1968. Body
composition and physiologic function of ath-
letes. J Am. Med. Assoc. 205, 764-770.

Paul, G.S., 1988. Predatory Dinosaurs of the World.
Simon and Schuster, New York.

Richards, M.P,, Pettitt, P.B., Trinkaus, E., Smith, FH.,
Paunovic, M., Karavanic, 1., 2000. Neanderthal
diet at Vindija and Neanderthal predation: the
evidence from stable isotopes. Proc. Natl. Acad.
Sci. US.A. 97, 7663-7666.

Roberts, D.F., Bainbridge, D.R., 1963. Nilotic
physique. Am. J. Phys. Anthropol. 21, 341-370.

Rosenzweig, M.L., 1968. The strategy of body size in
mammalian carnivores. Am. Midland Nat. 80,
299-315.

Ruff, C.B., Niskanen, M., Junno, J.-A., Jamison, P,
2005. Body mass prediction from stature and bi-
iliac breadth in two high latitude populations,
with application to earlier higher latitude
humans. J. Hum. Evol. 48, 381-392.

Ruff, C.B., Trinkaus, E., Holliday, T.W., 1997. Body
mass and encephalization in Pleistocene Homo.
Nature 387, 173-176.

Sawyer, G.J., Maley, B., 2005. Neanderthal reconstructed.
Anat. Rec. (Part B: New Anat.) 283B, 23-31.

Schmidt-Nielsen, K., 1984. Scaling: Why is Animal Size
So Important? Cambridge University Press,
Cambridge.

Shephard, R.J., 1978. Human Physiological Work

Capacity. Cambridge University Press,
Cambridge.
Shephard, R.J., Rode, A., 1996. The Health

’,

Consequences of “Modernization”: Evidence
from  Circumpolar  Peoples. Cambridge
University Press, Cambridge.

133

Snodgrass, J.J., Leonard, W.R., Tarskaia, L.A.,
Alekseev, V.P, Krivoshapkin, V.G., 2005. Basal
metabolic rate in the Yakut (Sakha) of Siberia.
Am. J Hum. Biol. 17, 155-172.

Sorensen, M.V., Leonard, W.R., 2001. Neanderthal
energetics and foraging efficiency. J Hum. Evol.
40, 483-495.

Steegmann, A.T.J., Cerny, FJ., Holliday, T.W., 2002.
Neanderthal cold adaptation: physiological and
energetic factors. Am. J. Phys. Anthropol. 14,
566-583.

Trinkaus, E., 1987. Bodies, brawn, brains and noses:
human ancestors and human predation. In:
Nitecki, M.H., Nitecki, D.V. (Eds.), The
Evolution of Human Hunting. Plenum Press,
New York, pp. 107-145.

van Andel, T.H., Tzedakis, P.C., 1996. Palaeolithic
landscapes of FEurope and environs,
150,000-25,000 years ago: an overview. Quat.
Sci. Rev. 15, 481-500.

van Andel, T.H., Davies, W. (Eds.), 2003. Neanderthals

and Modern Humans in the FEuropean
Landscape During the Last Glaciation.
McDonald Institute for Archaeological

Research, Cambridge.

van de Graaff, K.M., Fox, S.I., 1986. Concepts of
Human Anatomy and Physiology. McGraw-Hill,
Boston.

Wang, Y., Moss, J., Thisted, R., 1992. Predictors of
body surface area. J. Clin. Anesth. 4, 4-10.

Weaver, T.D., Steudel-Numbers, K., 2005. Does climate
or mobility explain the differences in body pro-
portions between Neanderthals and their Upper
Paleolithic successors? Evol. Anthropol. 14,
219-223.

Weiss, M.L., Mann, A.E., 1985. Human Biology and
Behavior: An Anthropological Perspective. 4th
Edition. Little Brown, Boston.

Wilkie, D.R., 1960. Man as a source of mechanical
power. Ergonomics 3, 1-8.

Winslow, C.E.A., Herrington, L.P., 1949. Temperature
and Human Life. Princeton University Press,
Princeton, NJ.

Wolpoff, M.H., 1999. Paleoanthropology, 2nd Edition.
McGraw-Hill, Boston.



8. How different were Neanderthals’ habitual activities?
A comparative analysis with diverse groups
of recent humans

O.M. PEARSON

Department of Anthropology, MSC 01—-1040,
University of New Mexico,

Albuquerque, NM 87131-1086, USA
ompear@unm.edu

R.M. CORDERO

Department of Anthropology, MSC 01—1040,
University of New Mexico,

Albuquerque, NM 87131-1086, USA
rcl7767@hotmail.com

AM. BUSBY

Department of Anthropology, MSC 01—1040,
University of New Mexico,

Albuquerque, NM 87131-1086, USA
mandybusby@yahoo.com

Keywords: Neanderthals, cross-sectional geometry, foraging, habitual activity

Abstract

The lifeways of Neanderthals remain poorly understood despite numerous hints from the archaeological record
and from Neanderthal anatomy that their lifestyles may have differed substantially from early modern humans and
from more recent populations. The distinctiveness, inefficiency, or primitiveness of Neanderthal lifestyles and pat-
terns of activity play a central role in many adaptive scenarios that have been proposed to explain the eventual
ascendancy of modern humans and the Neanderthals’ demise. However, many recent studies of faunal remains
accumulated by Neanderthals, stable isotope analyses of Neanderthal bones, and the energetic demands of their
large body mass suggest that these archaic humans were equally efficient hunters as fully modern foragers in sim-
ilar environments. This contradictory evidence inspired the present study. To gain new insights into Neanderthal
behaviors we use a comparative approach, examining indices of residual bone strength and midshaft diaphyseal
shapes of the humerus, femur, and tibia in several groups of Neanderthals (European and Near Eastern), early
modern humans, and sixteen diverse groups of recent humans. The results indicate that Neanderthal limbs bear a
close similarity to a fairly wide spectrum of more recent groups, especially those who practiced intensive forms
of foraging within fairly limited territories. The Neanderthal pattern differs strikingly from those of Skhul-Qafzeh
and Gravettian humans, but these early modern humans also differ substantially from the later, intensive foragers.
These results are probably more indicative of the relative distribution of people to resources in the Mousterian than
the relative behavioral capacities of modern humans and Neanderthals.
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Introduction

This paper presents an attempt to gain insights
into the habitual activities of Neanderthals and
their contemporaries, early modern (or nearly
modern) humans in Israel, and anatomically
modern humans from the Upper Paleolithic of
Europe. This topic has been intensively inves-
tigated in the two decades since Trinkaus’
(1983a, 1983b, 1984) synthesis of functional
differences between Neanderthals and early
modern humans, but a variety of recent studies
have suggested that aspects of that synthesis
may be incorrect and could profitably be revis-
ited (Gaudzinski, 1999; Grayson and Delpech,
2002; Sorensen and Leonard, 2001; Pearson,
2000; Ruff, 2000a).

Anthropologists have long noted anatomical
differences between Neanderthals and modern
human postcranial skeletons. Endo and
Kimura (1970; Endo, 1971) led the way by
focusing attention on the functional implica-
tions of many of these differences, a theme that
was elaborated upon later (e.g., Heim, 1982;
Trinkaus, 1983a). Among those differences
were the presence of well-developed femoral
pilasters in early modern humans in contrast to
nearly circular cross-sections of Neanderthal
femora (McCown and Keith, 1939; Endo and
Kimura, 1970; Trinkaus, 1976; Vandermeersch,
1981), and a marked “flattening” of the mid-
shaft of Neanderthal humeri (Endo and
Kimura, 1970; Heim, 1982; Trinkaus, 1983a).
Endo and Kimura (1970) were the first to apply
the principles of modeling the cross-sections
of limb bones as bent beams in order to gain
insights into the biomechanical strength of
Neanderthal bones, and were soon emulated by
others (Lovejoy and Trinkaus, 1980; Senut,
1985). By the 1990s, much of the work on
functional adaptations in Neanderthals shifted
to analyses of cross-sectional geometry.

The background for the present study thus
begins in the mid-1980s, with Trinkaus’ view
of Neanderthals as extremely active and
immensely strong foragers whose lifestyle —and
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presumably a long history of selection to
allow them to efficiently follow that lifestyle —
was reflected in the robusticity of their long
bones, the sizes of certain muscle markings,
increased leverage available to specific mus-
cles, the thickness of the cortical bone in their
limbs, and a variety of other features found
throughout the skeleton. Trinkaus’ (1983a, b,
1984) emphasis on anatomical and, by exten-
sion, inferred behavioral contrasts between
Neanderthals and modern humans proved to
be both very influential and long lasting. The
view of Neanderthals as inefficient foragers
who needed great physical strength and
endurance to survive was heavily influenced
and substantiated by Binford’s (1985, 1989)
conclusions that the faunal record of
Neanderthals, and even contemporaneous
early moderns from the Middle Stone Age of
South Africa (Binford, 1984), did not show
many signatures of the behavior of ethno-
graphically documented hunter gatherers,
including spatial organization within occupa-
tion sites, planning depth as indicated by the
excavation pits or other features for storing
food at occupation sites, the use of special
purpose sites, and frequent curation of high-
quality tools or raw material.

Interpretations of Neanderthal behavior
have gone though numerous swings from an
emphasis on their behavioral differences from
modern humans to emphasis upon their simi-
larity with modern humans (Trinkaus and
Shipman, 1993). There have always been dis-
agreements about how “modern” or “archaic”
Neanderthal behavior was, and a variety of sci-
entists disagreed with aspects of Binford’s syn-
thesis of Neanderthal behavior, as well as other
contemporary scientists whose syntheses
emphasized the distinctly “non-modern” char-
acter of the Neaderthal archaeological record
(e.g., Mellars, 1996, 2004b; Klein, 1995, 1999,
2003). Among these dissenting voices was
Chase (1986), who noted that the faunal
remains from Neanderthal hunters at Combe
Grenal did not differ substantially from similar
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faunas accumulated by later, “modern” Upper
Paleolithic hunters. Similarly, both Straus and
Clark argued that the archaeological record of
Cantabrian Spain presented no sharp break in
lithic technology or subsistence at the Middle-
Upper Paleolithic boundary (e.g., Straus,
1995, 1997; Clark and Lindley, 1989; Clark,
2002).

In the 1990s and 2000s, more studies
scrutinized the archaeological evidence for
putative differences between Neanderthals
and early modern humans. A variety of
authors argued that at least some sites show
evidence that Neanderthals could be highly
proficient hunters, able to target and kill
prime age adult reindeer or other ungulates
reliably and to accumulate faunas heavily
dominated by a single species (Gaudzinski,
1999; Gaudzinski and Roebroeks, 2000;
Grayson and Delpech, 2002, but see Mellars,
2004a). Similarly, by refitting animal bone
fragments from various species into diaphy-
ses and counting the numbers and types of
skeletal elements present, Marean demon-
strated that, at the Mousterian site of Kobeh
in the Zagros Mountain of Iran, the people
(presumably Neanderthals) had access to
high-utility elements, and thus were most
likely hunters rather than scavengers
(Marean and Kim, 1998, Marean, 1998).
Studies of stable nitrogen preserved in
Neanderthal bones have consistently shown
that Neanderthals consumed a substantial
quantity of meat, comparable to that eaten by
contemporary wolves (Fizet et al., 1995;
Richards et al., 2000; Bocherens et al., 2001;
Drucker and Bocherens, 2004). Neanderthals
had to have been able to procure a substantial
amount of meat by hunting, scavenging, or
some combination of the two.

Sorensen and Leonard’s (2001) recent
analysis of Neanderthal energetics provides
one indication that portions of the mid-1980s
synthesis of Neanderthal behavior and
anatomical correlates may need revision.
Using conservatively low estimates of body

137

mass for Neanderthals (65 kg males, 55 kg
females), they estimated that for a foraging
time of 5.74 hours per day (the primate
average), Neanderthal males would expend
3682-5523 kcal/day and females 2870-—
4305 kcal/day. Given a need for foraging
returns of 1.35 times their daily energy expen-
diture, they argued that Neanderthals would
have to obtain return rates comparable to mod-
ern foragers. However, a variety of authors
have argued that Neanderthals and other late
archaic Homo were substantially heavier with
masses as high as 100 kg for males and 80 kg
females (Kappelman, 1996; Arsuaga et al.,
1999; Rosenberg et al., 1999). Given the same
assumptions made by Sorensen and Leonard
(2001), males that large would have burned
4860-7290 kcal/day and females 3678—
5518 kcal/day, which would have required
their foraging return rates to equal or exceed
those of the most efficient modern hunter-
gatherers. These correspond to very large
amounts of calories, but such high consump-
tion is not unknown from recent times. Based
on a detailed diary kept by Peter Fidler in the
winter of 1791-1792, Helm (1993) calculated
that Chipewyan Indians in the boreal forest of
Canada consumed 5140-5780 kcal (2.80—
3.13 kg of meat) per person per day. To feed
such an enormous appetite it is essential to be
an effective hunter.

Given these multiple lines of evidence, it
should be clear that there is reason to suppose
that at least some aspects of the mid-1980s
synthesis of Neanderthal behavior are likely to
be incorrect. That realization does not help us
to gain a better insight into what the habitual
activities of Neanderthals were like, however,
nor does it help us to understand why
Neanderthals eventually lost out in competi-
tion to modern humans. In part, the synthesis
from the mid-1980s was so influential because
it offered answers to both questions. What can
we now say with certainty about what limb
bones can reveal about the habitual activities
of Neanderthals?
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Materials and Methods

The approach we have adopted is to compare
a limited set of indices designed to capture
variation in the shape and strength of three
major limb bones: the humerus, femur, and
tibia. It has been proposed that the cross-
sectional shape and strength of limb bones
may reflect different aspects of behavior
(Trinkaus et al., 1991) and a number of stud-
ies have documented differences between
ancient and recent populations in these or
related indices (Martin and Saller, 1956; Endo
and Kimura, 1970; Ruff et al., 1984; Ruff,
1987; Churchill, 1996; Churchill et al., 1996b;
Trinkaus and Ruff, 1999a, b), including the
distinctive aspects of Neanderthal diaphyseal
shape and strength described above. We did
not include measures of asymmetry in the
upper limb; previous studies have clearly
demonstrated that, in comparison to a broad
set of comparative populations, both
Neanderthals and early modern humans dis-
play a large amount of asymmetry in the upper
limb that presumably reflects a markedly
greater amount of functional strains applied to
the right arm than to the left (Trinkaus et al.,
1994; Churchill and Formicola, 1997).
Indices of limb bone residual robusticity
were calculated as the ratio of (midshaft
AP*ML (or maximum*minimum) diame-
ters)/(articular breadth). AP*ML diameters
were used for the femur and tibia; maximum
and minimum diameters were used for the
humerus. To some degree, it can be expected
that the distal-most part of the deltoid tuberos-
ity will affect the dimensions of the humeral
midshaft. Therefore, the results reported here
will not be completely comparable to those
from studies of the cross-sectional geometry
of the mid-distal humerus (e.g., Trinkaus
et al.,, 1994; Trinkaus and Churchill, 1999;
Churchill, 1994, 1996; Churchill and
Formicola, 1997). The articular breadths in
question comprised the vertical diameters
of the femoral and humeral heads and the
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medio-lateral breadth of the tibial condyles.
Indices of midshaft maximum to minimum (or
AP vs. ML) diameters served as a measure of
midshaft shape, which is often considered to
be an indicator of habitual activity (e.g., Ruff
et al., 1984; Ruff, 1987; Trinkaus et al., 1991;
Trinkaus and Ruff, 1999a, 1999b).

We compare the values obtained for
Neanderthals for each of the indices to the
entire spectrum of recent humans’ values, not-
ing cases in which similarities exist. In cases
in which Neanderthals closely resemble more
than one recent population, and those popula-
tions share a number of cultural, behavioral,
or work-related factors in common, it would
tend to support (but not prove) that a similar
factor could be responsible for the morphol-
ogy of the Neanderthals. However, if the soci-
eties that resemble Neanderthals in terms of
morphology differ greatly in most respects, it
should serve as a warning that the underlying
cause of the Neanderthal morphology may be
difficult to establish with any degree of
certainty.

We measured the humerus and lower limb
bones from the right side whenever possible.
Given the large amount of humeral asymmetry
that exists in many samples (Churchill and
Formicola, 1997), the requirement to measure
the midshaft dimensions of the right humerus
was strictly observed in fossil specimens; if
only the left humerus was available, the speci-
men was excluded from the analysis. In the
recent samples — which, with the exception of
the Khoisan, tended to display low levels of
bilateral asymmetry — this requirement was
relaxed so that data from the left humerus were
used in cases in which the right humerus was
missing or damaged. The lower limb displays
much less asymmetry than the upper limb, so
in cases in which the right femur or tibia was
missing or damaged, we substituted values
measured from the left side. We adopted a con-
servative approach toward missing data,
choosing not to estimate missing values. We
made four exceptions, estimating the vertical



head diameter of the femoral head of Qafzeh 9
and La Ferrassie 1 to be identical to their pre-
served horizontal diameter, and estimating the
vertical diameter of the humeral head of Dolni
Véstonice 14 and Chancelade from the vertical
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diameters of their femoral heads.

Samples
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In order to evaluate patterns of Neanderthal
limb bone residual strength and shape in a
broad comparative context, we compared
Neanderthals to 17 recent populations and six

Table 1. Samples with Geographic/Behavioral Variables

N N Total  Terrain Subsistence Seafaring Digging Grinding Mobility Climate
Group females males N Tools
Wiirm 4 12 16 rugged H&G absent  absent absent mobile cold
European
Neanderthals
Middle Eastern 3 6 9 rugged H&G absent  absent absent mobile cold
Neanderthals
Neanderthals 7 18 25 rugged H&G absent absent absent mobile cold
(pooled)
Skhul-Qafzeh 3 5 8 moderate H&G absent  absent absent mobile  moderate
Gravettian 3 14 17 rugged H&G absent  absent absent mobile cold
Magdalenian 2 rugged H&G absent  absent absent mobile cold
Epigravettian 0 rugged H&G absent unknown absent semi-  moderate
sedentary
Inuit — 10 11 21 moderate H&G moderate absent  absent semi- cold
Riverine sedentary
Inuit — Coastal 14 51 65 moderate H&G present  absent absent semi- cold
sedentary
Tierra del 9 19 28 moderate H&G present  some  absent mobile cold
Fuego
Chinese 0 25 25 flat industrial ~ absent some  absent sedentary cold
Mesolithic 1 3 7 flat H&G some absent present semi- cold
sedentary
Mesolithic 2 4 4 8 flat H&G some absent unknown  semi- cold
sedentary
Mesolithic 3 0 2 2 rugged H&G absent  absent absent mobile cold
Sami 24 29 53  moderate H&G- absent absent absent semi- cold
herding sedentary
Euro- 25 24 49 flat industrial ~ absent some absent sedentary cold
Americans
Australians 5 15 20 flat H&G absent present present semi- hot
sedentary
Jebel Sahaba 9 12 21 flat H&G absent unknown present semi- hot
sedentary
Khoisan 14 20 34  moderate H&G- absent present females  mobile hot
pastoral only
African 30 40 70 flat industrial  absent some  absent sedentary hot
Americans
Zulu 31 31 62  moderate horticultural absent present present sedentary hot




140

“fossil” populations (Table 1). Details on
other samples have been presented elsewhere
(Pearson, 1997, 2000), with additional popu-
lations or exceptions as described below. In
each population, males and females were
treated separately. Neanderthals were divided
into those from the Wiirm glaciation of
Europe (oxygen isotope stages 4-3) and con-
temporaneous Neanderthals from the Near
East (Israel and Iraq). Fossil specimens
included in the European Neanderthal sample
comprise, for males: La Chapelle-aux-Saints,
La Ferrassie 1, Spy 1 and 2 (here both consid-
ered to be males), Le Régourdou 1 (measure-
ments of casts; here considered as a male),
Neanderthal 1, Kiik-Koba 1 (measurements of
casts), Fond de Forét; females: La Ferrassie 2
and La Quina 5. Fossils in the Near Eastern
Neanderthal sample are as follows. Males
comprise: Kebara 2, Amud 1, Shanidar 1, 3
and 4 (measurements from casts and Trinkaus,
1983a); females include: Tabun C1, Shanidar 6
and 8 (measurements from casts and Trinkaus,
1983a). Fossils in the Skhul-Qafzeh sample
are, females: Skhul II, VII, and Qafzeh 9
(which, interestingly, falls closer to the males
rather than females of many of the recent sam-
ples in the analyses that follow); and males:
Qafzeh 8, Skhul IV, and V. Fossils in the
Gravettian sample include, for males:
Predmosti 1, 3, 5, 9, 14 (from Matiegka,
1938); Dolni Véstonice 13 and 14, Pavlov 1,
Sungir 1 (from Debets, 1967; Khrisanfova,
1980, 1984); Grotte de Enfants 4, Barma
Grande 2, 5, and 6; and for females: Predmosti
4 and 10 (from Matiegka, 1938) Dolni
Véstonice 3 (from Trinkaus and Jelinek, 1997),
and Grotte des Enfants 5. Specimens included
in Magdalenian sample comprise males:
Oberkassel 1, La Madeleine, Neuessing 2,
Chancelade, and Gough’s Cave 1; females:
Oberkassel 2. Fossils in Epigravettian sample
(all males) came from Arene Candide with one
individual from Grotta Continenza.

With respect to the more recent samples of
humans, we subdivided Pearson’s (1997,
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2000) sample of “Mesolithic Europeans” into
three groups identified in the analyses that
follow as “Meso 1,” “Meso 2,” and “Meso 3.”
“Meso 1” comprises a series of skeletons from
the Danish Mesolithic (predominantly indi-
viduals from Ertebelle, supplemented with
measurements provided by Dr. C. Meiklejohn)
(Pearson, 1997). “Meso 2” includes individu-
als from the French Mesolithic sites of Tévic
and Hoédic from the coast of Brittany. “Meso
3” includes only two male individuals, Gramat
and Rochereil (Vallois and de Félice, 1977),
drawn from sites along the drainage of the
Dordogne river, the same topography occu-
pied by the earlier Neanderthals in the region.

Following Collier (1989), Inuit populations
were divided between those from contexts
along the northwestern coast of Alaska who
practiced whaling and intensively hunted
marine mammals and those from predomi-
nantly riverine contexts from southwestern
Alaska (mainly along the Kuskokwim River).
The two Inuit samples are as described previ-
ously (Pearson 1997, 2000), but with the addi-
tion of a large series from Point Hope (included
in the “coastal” group) from the American
Museum of Natural History.

The Australian sample comprises a conti-
nent-wide, pooled sample. Societies in
Aboriginal Australia lived in a wide variety of
habitats and varied greatly in levels of mobil-
ity, their subsistence practices, and other
aspects of their lifestyle (Mulvaney and
Kamminga, 1999). Aboriginal people who
lived along the Murray River tended to follow
intensive foraging patterns, had the smallest
territories, highest population densities, and
apparently, the greatest genetic differentiation
among themselves and between themselves
and the inhabitants of the rest of the continent
(Pardoe, 1994, 1995). We wished to subdivide
the Australian sample into (at least) Murray
Valley and non-Murray Valley groups, but the
resultant sample sizes were undesirably small,
and so we pooled the Australian samples of
each sex.
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The Tierra del Fuego sample is also a com-
bined sample of skeletons of Yaghan
(Yamana) and Selk’nam (Ona) from Instituto
de la Patagonia, Punta Arenas, Chile, Museo
del Fin de Mundo, Argentina, the Museo
Etnografico, Buenos Aires, Argentina, and the
literature (Hyades and Deniker, 1891;
Hultkrantz, 1907; Pearson and Millones,
2003, 2005).

An important aspect of the recent samples is
that more is known, or can confidently be
inferred, about the habitual activities of the
recent groups than is the case for the fossils. We
identified seven geographical and behavioral
characteristics for each population (Table 1).
Ruff (2000b) and Stock and Pfeiffer (2004)
identify the first characteristic, terrain, as an
important correlate with bone strength. We
defined three categories for terrain: rugged,
moderate, and flat. Trinkaus et al. (1991) argues
that the second characteristic, mobility, is also
an important correlate with bone strength. We
characterized the mobility patterns for each
group as mobile, semi-sedentary, or sedentary.
Previous researchers have shown that habitual
behaviors related to economic activity also
show correlations with bone strength (e.g., Ruff
et al., 1984; Collier, 1989; Bridges, 1989;
Churchill, 1994). These activities include sea-
faring, use of grinding stones, and digging/hor-
ticulture. We scored each population for the
presence or absence of these three characteris-
tics. We also added the category “some” to
describe groups that occasionally practice
seafaring or use grinding stones.

Analysis of Relationship between
these Ratios and Data
from Cross-sectional Geometry

It can be argued that cross-sectional geometry
provides a much better indication of biome-
chanical adaptations than external measure-
ments of limb bones. However, because second
moments of area — for example, J, the torsional
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second moment of area, which figures promi-
nently in most analyses of cross-sectional
geometry — depend upon the sum distances
squared of each bit of bone to the axis of bend-
ing in a section, the external dimensions of the
bone have a disproportionate influence upon
the magnitude of second moments of area.
Thus, there is good reason to think that the
external dimensions should provide a reason-
able reflection of second moments of area
(Pearson, 2000). Here, we offer a series of
analyses to evaluate how closely the indices
used in this paper correspond to cross-sectional
properties, which generally are considered to
be some of the best data to use for biomechani-
cal analyses in physical anthropology.

To evaluate the degree of correspondence
between the indices based on external dimen-
sions and cross-sectional geometry, we com-
pared both in a pooled sex, pooled sample
series of 121 skeletons of Khoisan, African
American, or Zulu ancestry that has been
employed in other analyses (Grine et al., 1995;
Churchill et al., 1996a; Pearson and Grine,
1996a, 1996b, 1997; Pearson, 2000). The data
set for these individuals comprises both exter-
nal dimensions and measures of the cross-sec-
tional geometry of the major long bones. First
for each limb bone, we calculated correlations
between the indices of residual robusticity
described above and based on external mid-
shaft dimensions and the adjusted torsional
second moment of area (J) of the midshaft
section. Adjustments were made by dividing
J by the product of bone length (maximum
length of each bone, but excluding the inter-
condylar eminence in the case of the tibia) and
the same measure of epiphyseal size as
employed in the ratio of residual robusticity
(vertical diameter of the femoral head, and
superior-inferior diameter of the humeral
head). Regression analyses showed that in
each case, the index based on external meas-
urements was definitely related to adjusted J
and the relationship was particularly close in
the humerus (R*> = 0.66 for the femur;
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R>=0.69 for the tibia; R*> = 0.81 for the
humerus).

Next, for those who are interested in esti-
mating second moments of area from external
dimensions, we calculated the estimation
equations below by performing multiple
regression with logged data, then transformed
the resultant equations back into raw space.
For J, the predicted values from the external
dimensions are:

Femur: J = 10*1.0618(F9)1.6852(F10)2.3011

+6,377.3 mm*; R?=0.857 (1)
Tibia: J = 1070‘5184(T6)2'2915(T7)1'2546

+5,021.6 mm* R>=0.864 (2)
Humerus: J = 107%5227([13)0-6276( [14)0.1484

+2,172.4 mm* R?=0.901 (3)

In these formulae, F9 is the AP diameter and
F10 is the ML diameter of the femoral mid-
shaft; T6 is the AP diameter and T7 is the ML
diameter of the tibial midshaft; and H3 is the
maximum diameter and H4 the minimum
diameter of the humeral midshaft. The formu-
lae are based on the entire pooled sex, pooled-
group sample; dividing the pooled sample by
sex or group (or both) would likely provide
more appropriate prediction equations for
samples that match various characteristics of
those sub-samples.

Lastly, we explored the relationship
between the midshaft shape indices based on
external measurements and measures of
I aumin, @n analogous variable frequently used
in studies of cross-sectional geometry. As
before, we calculated correlations between
midshaft shape ratios and /,,,mi, in the com-
bined sample of African American, Zulu, and
Khoisan limb bones. For the femur, the corre-
lation was r = 0.55 (p < 0.0001, n = 121),
but a problem arose because 12 individuals in
the sample have a greater ML than AP breadth
of the femoral midshaft. Excluding the three
individuals who had the most severe departures

O.M. PEARSON, R.M. CORDERO & A.M. BUSBY

from an AP>ML breath (i.e., an AP breadth
of 80—85% that of the ML breadth) increased
the correlation to » = 0.69. Thus, it can be
concluded that the ratio of the external dimen-
sions of the femur provides a reasonable, but
certainly not perfect, approximation of 7, /min
ratios for the femoral midshaft. The same
applies even more clearly to the other two
limb bones in the study. For the tibia, the cor-
relation between /,,,min and the ratio of ML
to AP midshaft breadths was r = —0.84
(» < 0.0001, n = 118). For the humerus, the
correlation between 7, mi» and the ratio of
maximum to minimum midshaft breadth was
r=0.88 (p <0.0001, n = 118).

It could be argued that only analogous
ratios of external breadths and ratios of sec-
ond montents of area calculated around the
same anatomical or geometric axes should be
compared. For example, it could be argued
that one should only compare ratios of AP/ML
external dimensions of the femur and tibia to
ratios of Iy, for the bones (rather than /,,,min)
in which /; corresponds to the AP plane and /,
to the ML plane of the bone. We do not agree
with this argument for several reasons. First,
while not precisely the same, the femoral and
tibial midshaft AP and ML dimensions are
close to the maximum and minimum dimen-
sions of these bones’ cross-sections. Second,
comparisons in studies of cross-sectional
geometry of I, between the femur and tibia
are not perfect. Although Ruff and Hayes
(1983) presented a detailed and well-reasoned
set of criteria for aligning the femur and tibia
by allowing their condylar surfaces at the knee
to form two of three points for their ML plane,
this procedure neverthless results in the
frontal planes of the two bones being only
“approximately coplanar” with a frontal plane
that can be expected to deviate 5°—8° from the
actual anterior plane (Ruff and Hayes, 1983,
p- 363). Another difficulty lies in the fact that
I, and [, in this system correspond to axes
around which a researcher assumes that the
bones are bent. There is no guarantee that
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these intuitive assumptions are accurate and,
in the case of the femoral midshaft, there is
reason to suspect that the assumption of AP
bending is inaccurate. Pauwels (1980) has
summarized data and biomechanical models
that suggest that the mode of bending in the
femoral midshaft is from antero-lateral to
postero-medial, approximately 45° from the
AP axis. On the othe hand, /,,/mi, 1S an inher-
ent property of any cross-section that is invari-
ant of the section’s orientation while Z,, will
vary with the section’s orientation in all bone
cross sections except those that are perfectly
circular and have a concentric periosteal and
endosteal perimeter. Furthermore, a funda-
mental tenent of research on cross-sectional
geometry has been that the distribution of
bone in a cross-section (i.e., its shape) reflects
the loading history to which the bone has been
subjected. Whether or not the tenent is true
(Lieberman et al., 2004), if one accepts the
logic of the proposition, it follows that a prop-
erty such as /,,umn Should always reveal
something about the bone’s loading history
while a ratio of I, could be expected to reveal
similar information only if it happened to cor-
respond to a biomechanically relevant axis,
which, for all of the reasons noted above, is
less certain than we might wish. Given these
facts, we think it is both reasonable and sensi-
ble to compare values of I, min Of the long
bones in this sample with their ratios of dia-
physeal midshaft shape based on external
measurements.

The analyses above show that there is good
reason to think that the ratios of residual
strength based on external measurements and
those based on cross-sectional geometry will
show broadly similar results, we wish to add a
few words of caution, for neither approach is
likely to be perfect. As illustrated in Figure 1,
the product of diaphyseal breadths should fol-
low an exponential relationship with increasing
body size. Based on published formulae (e.g.,
those in Grine et al., 1995), body mass is likely
to increase faster than articular dimensions,
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which serve as a proxy for mass in our analy-
ses. As our ratios result from the combination
of these two trends, we expect that the ratios of
residual robusticity will make large-sized indi-
viduals (or populations) appear to be somewhat
“stronger” than they actually are.

Studies of cross-sectional geometry also
have flaws. First, in order to control for the
product of body mass and beam (bone) length,
these studies must estimate body mass.
Estimates of mass based on populations that
differ in physique from the target specimens
will cause systematic errors in mass, and,
unfortunately, the physique of most prehistoric
populations must itself be estimated. In addi-
tion, with fragmentary fossils, in order to use
some of the existing protocols for analyses of
body size- and shape-adjusted cross-sectional
geometry, researchers may be forced to use
estimates of bone length and body mass that
have the potential to produce large uncertain-
ties (Pearson et al., 2001). Finally, experimen-
tal studies have shown that the way bones are
bent in life may not always correspond to the
way we might suppose them to have been bent
on the basis of their cross-sectional geometry
(Gross et al., 1992; Demes et al., 1998; 2001;
Lieberman et al., 2004), although this criticism
necessarily applies to both studies of cross-sec-
tional geometry, it also applies to studies that
evaluate external dimensions, as in the present
case.

Results

UPPER LIMB

Inspection of Table 2 reveals that many of the
aspects of Neanderthal humeral strength and
cross-sectional shape that have seemed remark-
able to various observers can be matched
by several recent populations. With regard to
residual strength, European Neanderthal
males’ mean is matched (or exceeded) by the
males of several recent populations including
Tierra del Fuego, Tévic-Hoédic Mesolithic
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Second |
moment
of area

+ [Index of residual
K robusticity

Increasing size of an articular surface
(e.g., femoral head diameter)

Figure 1. Relationships between increasing

articular dimensions and body mass, indices

of residual robusticity, and second moments
of area (e.g., J).

French, Australians, Danish Mesolithic, Zulu,
African Americans, and European Americans.
The same holds for the Neanderthal females.

Although much has been made of the fact that
Neanderthals appear to have had stronger
humeri relative to their body size than early
modern humans from Skhul and Qafzeh, as
well as, to a lesser degree, Early-Middle Upper
Paleolithic modern humans from Europe
(Gibbons, 1996; Trinkaus et al.,, 1998;
Churchill and Formicola, 1997), the implica-
tion of the present finding is that Neanderthals
are not particularly unusual relative to many
modern groups with respect to the strength of
their arms (once adjusted for body size); rather,
it is the early moderns who stand out as
unusual, as Trinkaus and Churchill (1999) have
noted previously.

The other aspect of Neanderthal humeral
morphology that can be assessed within a
broader context is the “flatness” (platy-
brachia) of the humeral shaft. Neanderthals

Table 2. Humerus — Indices of Residual Robusticity and Midshaft Shape

Residual Robusticity

Midshaft shape index

Males

Females

Males

Females

Group

Wiirm European
Neanderthals
Middle Eastern
Neanderthals
Neanderthals
(pooled)
Skhul-Qafzeh
Gravettian
Magdalenian
Epigravettian
Inuit — Riverine
Inuit — Coastal
Tierra del Fuego
Chinese
Mesolithic 1
Mesolithic 2
Mesolithic 3
Sami
Euro-Americans
Australians
Jebel Sahaba
Khoisan

African Americans
Zulu

Mean = 1SD (n)
8.72 £ 1.04 (3)

12.34—(1)
9.63 * 2.00 (4)

8.46 + 0.03 (2)
8.24 + 1.07 (10)
8.13 + 1.41 (5)
8.57 + 1.02 (6)
9.23 + 1.58 (9)
9.61 * 1.28 (30)
10.28 = 1.14 (10)
8.45 + 1.26 (24)
9.83 + 0.95 (2)
10.19 = 0.92 (3)
7.96 + 0.40 (2)
9.61 * 1.24 (29)
9.43 + 1.05 (24)
9.92 * 1.01 (15)
9.02—(1)

7.19 + 0.98 (18)
9.73 + 1.32 (40)
9.83 + 1.04 (31)

Mean = 1SD (n)
6.93—(1)

7.90—(1)
742 * 0.68 (2)

10.47—(1)
722+ 0.16 (2)
7.97 * 0.15 (2)
7.63 + 0.84 (10)
7.76 + 0.86 (14)
8.58 = 2.16 (8)
6.53—(1)

6.74 + 1.02 (2)
8.01 = 0.98 (23)
7.55 + 1.49 (25)
7.06 * 1.56 (5)
7.53 031 (2)
6.00 * 0.77 (14)
8.43 + 1.12 (30)
8.10 = 1.20 (31)

Mean = 1SD (n)
139.1 £ 6.3 (5)

136.6 = 5.3 (3)
138.1 + 5.7 (8)

117.1 = 7.5 (3)
126.0 + 8.3 (11)
129.2 = 10.7 (5)
136.4 = 7.4 (6)
140.6 = 11.5 (6)
133.2 = 11.8 (32)
134.0 + 9.8 (16)
134.2 + 10.1 (25)
124.0 = 10.7 (3)
138.4 = 10.2 (4)
1273 + 2.5 (2)
130.8 = 11.6 (29)
124.5 + 6.7 (24)
129.3 + 8.3 (15)
117.3 = 11.5 (12)
128.5 + 9.1 (19)
123.0 =+ 9.2 (40)
121.9 + 8.4 (31)

Mean = 1SD (n)
138.8 £7.7(2)

130.2—(1)
136.0 + 7.4 (3)

1252 = 0.9 (3)
128.3 = 10.7 (3)
125.6 = 13.6 (2)
135.9 = 8.7 (10)
137.5 = 8.5 (14)
140.5 = 6.9 (9)
138.0 = 10.7 (3)
127.7 * 6.4 (3)
132.8 = 11.7 (24)
131.6 = 10.2 (25)
141.9 = 12.3 (5)
127.2 = 7.4 (9)
127.2 = 10.4 (14)
126.4 + 7.2 (30)
127.9 = 9.9 (31)
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have often been considered to be unusual in
this regard, but are within the range of mor-
phologies present in human populations
(Trinkaus, 1983a; Hambiicken, 1993). Our
results for the comparative populations serve
to further de-emphasize the distinctiveness of
Neanderthal platybrachia. Many recent
populations, especially populations of hunter-
gatherers, show similar levels of flattening of
the humeral shaft. What may be of greater
interest is the observation that the populations
listed in Table 2 differ greatly in the degree of
sexual dimorphism between the average
male and female cross-sectional shape.
Neanderthals, Gravettians, Khoisan, and a
variety of other populations exhibit almost no
sexual dimorphism in this feature, while
other populations, including the continent-
wide sample of Australian Aboriginal and
terminal Pleistocene people from Jebel
Sahaba in northern Sudan, have marked
dimorphism. If humeral shape provides a
record of the direction that bending forces
have been applied to a long bone, the upshot
may be that Neanderthal males and females
were either doing similar things or perhaps
different activities that nevertheless produced
similar kinds of mechanical responses in the
humerus.

The correlation between index of residual
strength and index of humeral midshaft shape in
the pooled sample is » = —0.17 (p = 0.0004;
n = 425). Thus, there is a weak tendency for the
humeri that have the highest residual strength to
also have more rounded cross-sections.

LOWER LIMB

Tables 3 and 4 present the results for the lower
limb. With respect to the femur, researchers
have long noted that Neanderthals tend to have
anearly round femoral midshaft with relatively
little development of a femoral pilaster (Boule,
1913; McCown and Keith, 1939; Trinkaus,
1976), although the Amud 1 Neanderthal male
from Israel departs from this pattern (Endo and
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Kimura, 1970). Analyses of the cross-sectional
geometry of the femur have tended to conclude
that modern humans who have elevated ratios
Of Lnax/min (OT Iyyyy) Were more mobile or trav-
eled longer distances than those who have
more rounded midshaft cross-sections (Ruff
et al., 1984; Ruff, 1992, 2000a). This interpre-
tation is somewhat problematic with respect to
the Neanderthals, who have been frequently
portrayed as highly active, but perhaps engag-
ing in patterns of movement that did not allow
them to travel in a single direction for extended
periods of time (comment by Trinkaus in
Vandermeersch and Marks, 1992). The ele-
vated Ly index of the femur of St. Césaire has
been interpreted as a behaviorally-driven con-
vergence upon the greater development of a
femoral pilaster present in many Upper
Paleolithic anatomically modern humans,
implying that St. Césaire may have had a pat-
tern of habitual walking or running activity
that was more similar to those of Upper
Paleolithic moderns than earlier Mousterian
Neanderthals, and thus in keeping with techno-
logical aspects of the Chatelperronian
(Trinkaus et al., 1999).

These are persuasive and logically consis-
tent interpretations, but we should not forget
that we do not really know to what extent
habitual activity alters cross-sectional geom-
etry in living people (Jurmain, 1999), and
only a limited number of studies have tried to
investigate the question (for a review, see
Pearson and Lieberman, 2004). One solution
is to restrict the analysis to determining
which recent populations resemble fossil
groups in their residual strength or shape,
then noting what factor or factors those recent
populations share with the fossil groups. It is
also quite possible that there are many ways
to develop similar cross-sectional shapes, and
until we have a better grasp of what factors
cause those shapes to develop, we should per-
haps err on the side of caution in not advanc-
ing interpretations beyond what we actually
know.
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With respect to residual femoral strength,
the Neanderthals have impressively high
ratios, especially those from the Middle East
(i.e., predominantly individuals from
Shanidar). However, the pooled sample of
male Neanderthals is matched by some of the
modern samples including, most prominently,
Epigravettian and Gravettian males. Skhul IV
and the single male from the Danish
Mesolithic upon whom the index can be
calculated are also quite similar to the
Neanderthal male mean. The single female
Neanderthal (La Ferrassie 2) also has a high
ratio of residual femoral strength and is most
closely approximated by the Gravettian
females. The single Skhul-Qafzeh female,
Qafzeh 9, has an extremely high ratio, sub-
stantially higher than Skhul IV and equal to or
higher than most Neanderthal males.

The results for the pilastric index show the
familiar pattern of a low index for
Neanderthals and highly developed pilasters
in the Skhul-Qafzeh early moderns (McCown
and Keith, 1939; Endo and Kimura, 1970;
Vandermeersch, 1981; Trinkaus, 1983a;
Trinkaus and Ruff, 1999a). of more interest is
the fact that among the many hunter-gatherer
populations listed in Table 3, only the Khoisan
(pastoralists and hunter-gatherers) match the
Skhul-Qafzeh people in the development of
the femoral pilaster. Neanderthal males do not
differ significantly from many populations in
the index, which is partially a function of the
substantial amount of variability in the index
among individuals in each population.
Neanderthal females have a lower mean for
pilastric index than the males, as do most of
the more recent females. As was the case for

Table 3. Femur — Residual Robusticity and Pilastric Index

Residual Robusticity

Pilastric index

Group

Males

Females

Males

Mean * 1SD (n)

Mean = 1SD (n)

Mean * 1SD (n)

Females

Mean * 1SD (n)

Wiirm European
Neanderthals
Middle Eastern
Neanderthals
Neanderthals
(pooled)
Skhul-Qafzeh
Gravettian
Magdalenian
Epigravettian
Inuit — Riverine
Inuit — Coastal
Tierra del Fuego
Chinese
Mesolithic 1
Mesolithic 2
Mesolithic 3
Sami
Euro-Americans
Australians
Jebel Sahaba
Khoisan

African Americans
Zulu

17.4 = 1.3 (4)
212 +2.1(3)
19.0 + 2.5 (7)

18.5—(1)
18.7 = 4.0 (10)
18.4 = 1.9 (5)
19.1 + 2.2 (5)
16.1 = 1.7 (11)
17.9 + 2.0 (36)
17.6 = 1.6 (14)
15.6 = 2.0 (25)
18.9—(1)

16.7 + 2.1 (4)
18.3—(1)

153 = 1.9 (29)
16.9 = 1.5 (24)
16.5 = 2.2 (15)
17.9 = 1.1 (6)
16.7 * 1.5 (14)
17.6 = 1.9 (40)
17.5 = 1.8 31)

18.2—(1)

18.4—(1)

24.8—(1)
17.0 = 2.2 3)

15.6 = 1.5 (10)
15.6 = 1.7 (14)
163 = 1.3 (7)
15.6 = 2.0 (2)
15.6 + 1.3 (4)
142 = 1.9 (24)
16.1 = 1.8 (25)
14.6 = 2.4 (5)
16.7 = 1.8 (3)
14.9 = 1.5 (12)
16.5 = 1.5 (30)
16.6 = 1.7 (31)

106.0 = 11.4 (5)
115.0 = 6.6 (3)
109.3 + 10.4 (8)

129.5 + 10.5 (4)
115.0 = 12.8 (13)
115.9 + 12.5 (5)
116.7 = 3.7 (5)

113.3 = 7.9 (11)
114.5 = 9.8 (36)
111.8 = 9.1 (15)
109.2 = 9.9 (25)
117.2 + 23.4 (2)
103.9 = 9.2 (4)

115.0 * 10.5 (2)
104.8 = 8.0 (29)
107.2 = 11.5 (24)
116.1 = 10.4 (15)
116.9 + 8.4 (12)
127.7 = 9.8 (18)
105.4 = 13.9 (40)
111.0 = 8.3 (31)

96.6—(1)
96.4 * 13.6 (2)
96.4 + 9.6 (3)

1162 + 19.8 (2)
100.3 + 6.9 (3)
100.8—(1)
103.4 = 6.2 (10)
110.8 = 6.2 (14)
102.8 = 5.2 (7)
103.6 = 6.7 (2)
101.9 = 9.2 (4)
101.9 + 7.2 (24)
109.0 = 8.4 (25)
112.3 + 10.0 (5)
109.1 = 8.1 (8)
114.5 = 6.7 (13)
111.8 = 11.6 (30)
113.6 = 10.9 (31)
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the males, Neanderthal females do not differ
significantly from a variety of recent human
populations in their pilastric index, but are
most similar to Gravettian, Tévic-Hoédic,
Sami, and riverine Inuit females. For the
femoral indices, a final point of interest
comes from the fact that the correlation
between index of residual strength of the
femur and the pilastric index in the pooled
sample is » = 0.19 (p < 0.0001; n = 437).
Few Neanderthal tibiae are complete
enough to provide data on the residual
strength and mishaft cnemic index (Table 4).
However, the few male tibiae that are suffi-
ciently well preserved produce ratios of resid-
ual robusticity that are less elevated with
respect to recent groups than was the case for
the femur. The pooled group of female
Neanderthals has a more elevated mean for

residual tibial robusticity, but is closely
approximated by Gravettian females and,
somewhat less closely, by Zulu females. With
respect to the midshaft cnemic index,
Neanderthal males show a degree of platycne-
mia that is commonly found in more recent
hunter gatherers and, as is also the case in
modern hunter-gatherers, the index is sexually
dimorphic (Ruff, 1987). Interestingly, the cor-
relation between index of residual strength of
the tibia and the midshaft cnemic index in the
pooled sample is non-significant (» = 0.06;
p = 0.23; n = 408). Unlike the case in the
humerus and femur, the two indices in the
tibia are not even weakly associated.

With respect to the analyses of the indices
of the lower limb, it is interesting to note that
in the pooled sample of fossil and recent indi-
viduals used in these analyses, the pilastric

Table 4.  Tibia — Residual Robusticity and Midshaft Cnemic Index

Midshaft Cnemic Index

Males

Mean * 1SD (n)

Females

Mean * 1SD (n)

Residual Robusticity

Males Females
Group Mean = 1SD (n) Mean * 1SD (n)
European Wiirm 9.5+ 0.5(2) 7.9—(1)
Neanderthals
Middle Eastern — 9.7—(1)
Neanderthals
Neanderthals 9.5%£05(2) 8.8*x1.2(2)
(pooled)
Skhul-Qafzeh 10.1—(1) —
Gravettian 10.5 = 2.5(7) 83+ 1.1(3)
Magdalenian 10.2 = 1.0 (4) —
Epigravettian 10.2 = 0.9 (4) —
Inuit — Riverine 82 +0.8(11) 7.2 0.8 (10)
Inuit — Coastal 8.6 = 0.8 (36) 7.2 0.7 (14)
Tierra del Fuego 9.2 +0.9(14) 8.1 £1.1(8)
Chinese 8.0 = 0.8 (23) —
Mesolithic 1 10.2—(1) 7.6 =1.0(2)
Mesolithic 2 10.3—(1) 7.1—(1)
Mesolithic 3 9.1—(1) —
Sami 7.7 0.9 (24) 7.1 £0.73 (22)
Euro-Americans 8.9 = 1.0 (23) 7.5 0.9 (25)
Australians 8.9 + 1.3 (15) 8.1x13(5
Jebel Sahaba — —
Khoisan 8.6 = 1.1 (16) 6.9 = 0.8 (10)
African Americans 9.0 £ 1.0 (40) 8.1 £ 0.8 (30)
Zulu 9.5+ 1.3 (31) 8.4+ 1231

66.5 + 4.2 (4)
78.8—(1)
68.9 * 6.6 (5)

78.8 +2.3(2)
64.1 = 7.9 (11)
63.7 + 4.7 (4)
59.6 + 4.0 (4)
64.4 + 4.0 (11)
67.0 * 6.5 (36)
71.4 + 3.9 (15)
73.8 + 4.9 (24)
64.0 = 1.0 (2)
69.6 * 5.6 (4)
72.7—(1)

74.8 + 6.8 (28)
72.8 + 4.8 (23)
69.8 * 5.5 (15)
69.0 = 7.1 (11)
64.0 = 5.1 (18)
74.2 * 6.6 (40)
72.1 = 6.8 31)

74.5—(1)
75.2—(1)
74.8 + 0.5

63.6 + 1.0 (3)

69.2 * 5.8 (10)
67.4 * 4.7 (14)
68.3 + 5.8 (9)
64.4 * 6.9 (2)
614 +73(3)
754 * 6.4 (23)
75.9 + 6.5 (25)
73.5+2.9(5)
733 +3.9(9)
69.6 + 3.8 (11)
75.5 * 8.1 (30)
732 + 6.7 (31)
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and cnemic index are, in fact, only weakly
correlated (»r = —0.11; p =0.02; n = 453;
Figure 2). Pearson and Grine (1996b) reported
this for /,,,min indices in the femur and tibia
of the same individual. Stock (2004) argued
that the cross-sectional properties of the tibia
contain less inherent variability and are a bet-
ter reflection of patterns of habitual activity
than the cross-sectional properties of the
femur. The pattern depicted here has been
reported previously for external measure-
ments of the femoral and tibial diaphyses
(Pearson and Millones, 2003; Pearson and
Cordero, 2004). Ruff and colleagues have
argued that femoral cross-sectional geometry
is useful for shedding light on differences in
prehistoric activity patterns (e.g., Ruff et al.,
1984; Ruff, 1992, 2000b) and have described
cases in which variation in femoral and tibial
cross-sectional geometry show concordant
patterns (Trinkaus and Ruff, 1999a, b).
However, Ruff et al. (2005) now argue that
variation in tibia cross-sectional geometry is
much more informative about “habitual activ-
ities” and less correlated with variation in
body shape (bi-iliac breadth and lower limb
length) than is the case for femoral midshaft
shape.

If body shape affects femoral midshaft
shape more than tibial midshaft shape (Ruff
et al., 2005), it is possible that lumping males
and females from all of the populations used
in the analysis has obscured the true relation-
ship between these diaphyseal shapes. We per-
formed two additional sets of analyses to test
this possibility. First, we subdivided the
pooled recent human sample used in Figure 2
by population and sex, then re-ran the correla-
tion in each of the resultant groups. This
subdivision should control for average differ-
ences in body shape between groups and sexes
and allow the relationship between the indices
to be expressed more clearly. The resulting 19
correlations for groups with sample sizes of
n =4 or larger (average n = 20.3 = 10.7)
produced an average correlation between the
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indices of » = 0.030 = 0.257, with a maxi-
mum of r=0.618 and a minimum of
r = —0.514 (both on small samples of n = 4
and n = 8§, respectively). None of the correla-
tions were different than » = 0 at the p < 0.05
level of significance.

Second, although subdivision by popula-
tion and sex should remove average between-
group differences in body shape, there is still
substantial variation in body shape between
individuals in a single sex in each population
(Pearson et al., 2001). It is possible that this
individual variation has obscured the under-
lying pattern. To test this possibility, we exam-
ined the relationships between pilastric index,
midshaft cnemic index, and the ratio of bi-
iliac breadth to maximum femoral length (as a
proxy for body shape) in a sample of n = 18
Inuit males and n = 34 African American
males for whom we had measurements of all
of these variables. In the pooled sample of
n = 52 males, the correlations between the
ratio of bi-iliac breadth to femoral length and
the pilastric and midshaft cnemic index were

. - &
°
1 - S
] o:c’ . o ;
> 7 - 'Q 'y -
< 80 — o ¢ PN A .
= 2y oy & o s ®
= i LI TN ° o o g%
Q2 @ 3”&’:’:30-90 e T+ .
4 .
U.E) * . "0’%’: é: Ll o P *
I R oy o A T
-
‘g 70 — o ’608*1136“‘%& P S 2%
= 4 RIFPVR SN0 PO BN
3 . N 00.0 Wl N ;,”“ . o8
= * LR X LI
= . + " .$0 * 0"0‘ * AR A
60 — PN * *
i < 0’ - :o * et e
i . :"o . -
L LI B L B B B
80 90 100 110 120 130 140 150

Pilastric Index

Figure 2. Plot of Pilastric index versus Cnemic
index in the sample of recent humans. The
ellipse depicts the 90% confidence envelope
(r=—0.11; p = 0.0201; n = 405).
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r=0.180, p=0.201 and r = —0.174,
p = 0.218, respectively. The partial cor-
relation for the pooled sample between the
pilastric index and the midshft cnemic index
with the ratio of bi-iliac breadth to maximum
femoral length held constant was r = —0.162,
which was similar to the raw pairwise correla-
tion between the two diaphyseal shape indices
of r = —0.189. To test for the possibility that
controlling for bi-iliac breadth alone or both
bi-iliac breadth and maximum femoral length
(rather than their ratio) might reveal an under-
lying stronger correlation between midshaft
femoral and tibial shapes, we also ran partial
correlations with these variables held constant
and found nearly identical results. These
analyses should suffice to show that variation
in bi-iliac breadth, femur length, or the ratio
of bi-iliac breadth to femoral length cannot
account for the poor correlations between
midshaft femoral and tibial shapes, at least
with respect to these bones’ external dimen-
sions. Perhaps we do not yet know what deter-
mines the development of femoral pilasters or
platycnemic tibiae but because they are statis-
tically nearly independent, they probably
develop in response to different forces or
influences.

Discussion

Our results and conclusions are necessarily
based on a fairly small set of variables that
comprises only some of the features that
have been noted as distinctive in Neanderthal
limbs (Boule, 1913; McCown and Keith,
1939; Endo and Kimura, 1970; Heim, 1982;
Trinkaus, 1983a; Hambiicken, 1993;
Churchill, 1996). Many of these features
could probably be addressed within a similar
comparative framework, and some already
have been (Churchill, 1994; 1996; Pearson,
1997; Holt, 1998; Trinkaus, 2000). Given
that many of the features under consideration
vary with body size, one set of features that
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could profitably be revisited would be the
muscle markings and longer lever arms avail-
able to specific muscles in Neanderthal
limbs noted by Trinkaus (1983a). Trinkaus
(2000) has already analyzed some of these
traits to see how they covary with size,
but more work is needed. Musculo-skeletal
stress markers (MSMs) have received a great
deal of attention over the last decade
(e.g., Hawkey and Merbs, 1995; Wilczak,
1998; Robb, 1998; Zumwalt et al., 2000;
Weiss, 2003, 2004; Zumwalt, 2004). The eti-
ology of observed marks is still unclear and,
in most cases, still uncertainly related to spe-
cific activities or frequencies, duration, or
intensity of those activities (Jurmain, 1999).

Even though the structural correlates of mus-
cle markings have been poorly explored, there
have been some interesting analyses that have
pointed the way to what could be possible (e.g.,
Churchill, 1996; Bridges, 1997). With regard to
the functional anatomy of Neanderthals, we
offer one final analysis. Trinkaus (1983a)
observed that Neanderthals tend to have wide
insertions for their pectoralis major muscle, the
major protractor of the arm. Pearson (1997)
measured the breadth of the pectoralis major
insertion in most of the samples used in the
analyses in this paper and replicated Trinkaus’
observation. However, it seemed that the ratio of
pectoralis major insertion breadth to maximum
humerus length was higher on average in males
than in females, and in some populations (espe-
cially in Neanderthal, Mesolithic, Sami, riverine
Inuit, and European American males) than oth-
ers. Table 5 presents analyses of the correlations
and partial correlations between pectoralis
major insertion breadth, humeral torsional
strength (estimated via the regression formula
above), maximum humeral length, and femoral
head diameter as a proxy for body mass in the
pooled sample of recent and fossil humans used
in these analyses.

The correlation between estimated humeral
torsional strength and the breadth of the pec-
toralis major insertion is » = 0.68, while the
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Table 5 Humerus — Correlations and Partial Correlations

Variable H6 J* Fi Hl
H6 — 0.68 0.58 0.30
J* 0.53 — 0.71 0.62
F1 0.30 0.25 — 0.64
H1 —0.31 0.41 043 —

Correlations (above the diagonal) and partial correlations with the other variables held constant (below
the diagonal) among pectoralis major insertion width (H6), estimated humeral torsional strength (J*),
superior-inferior femoral head diameter (F1, a proxy for body mass), and maximum humerus length
(H1). Based on n 5 364 individuals from the pooled fossil and recent sample.

partial correlation after controlling for
femoral and humeral head size is » = 0.53.
This suggests that there is indeed a relation-
ship between this muscle’s insertion size and
humeral torsional strength even after the other
effects of size have been removed. This is a
promising result for those who wish to use
muscle markings to make inferences about
activity. However, our analysis made no
attempt to control for the effect of age nor did
we subdivide our sample by sex. When the
sexes are analyzed separately, the partial cor-
relation between pectoralis major insertion
size and estimated torsional second moment
of area remains high for males (» = 0.52), but
decreases in the female sample (» = 0.38).

In addition to new studies of muscle mark-
ings or the inter-relationships among a large
variety of skeletal features, more work is
needed on broad-ranging comparative analyses
of the effects of specific, archaeologically visi-
ble factor in subsistence technology, terrain, or
mobility (which is usually hypothesized rather
than documented empirically). Ruff’s (1987)
analysis of tibial platycnemia and Collier’s
(1989, 1993) and Churchill’s (1994, 1996)
investigations of a series of postcranial features
in populations that differed in lifestyle provide
good models of what can be done to describe
patterns of association between lifestyles and
physical features. In a similar vein, Pearson and
Cordero (2004) analyzed the effects of varying
forms of subsistence practices, mobility, and
the kind of terrain inhabited upon long bone

residual robusticity and diaphyseal midshaft
shape in most of the samples used in the pres-
ent study (summarized in Table 1). In these
data, variation in topography had a more
noticeable effect on males than on females.
Both femoral residual strength and tibial resid-
ual strength increased in more rugged terrain,
replicating Ruff’s (2000b) observation based
on cross-sectional geometry. This increased
strength was most notable in rugged terrain
populations. Tibial midshaft MLL/AP decreased
in both males and females as terrain rugged-
ness increased. Female pilastric index
decreased substantially as terrain increased
from moderate to rugged terrain, while little
change occurred between flat and moderate ter-
rain. Males exhibited a slight increase from flat
to moderate terrain, but no increase from mod-
erate to rugged terrain. As one might suppose,
male humeral residual strength increased with
the presence of seafaring (rowing or paddling).
Curiously, we found that tibial residual strength
also increased slightly with the presence of sea-
faring, although this may be a statistical artifact
from the limited number of populations and
combinations of lifestyle factors that we were
able to observe. Female humeral residual
strength decreased with the presence of seafar-
ing. It should be noted, however, that while sta-
tistically significant, most of the overall effects
of the patterns found by Pearson and Cordero
(2004) were weak in magnitude, generally
accounting for ~10% of the observed variance
in the indices under consideration.
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Conclusions

Our results for the upper limb de-emphasize
the distinctiveness of Neanderthals and, at
least with respect to the indices we consid-
ered, situate them among a variety of recent
populations. Male Neanderthals’ combination
of residual robusticity and midshaft shape for
the humerus bear the closest resemblance to
intensive foragers, such as the Epigravettian
males from Italy. The sample of female
Neanderthal humeri is more limited, but they
too are quite similar to both groups of Inuit
females, as well as to a single well-preserved
Danish Mesolithic female and a single
Gravettian female. In sum, both Neanderthal
males’ and females’ humeri tend to resemble
those of same-sex intensive foragers. While
this does not prove that Neanderthals had the
same behaviors or in the same frequencies as
individuals in those groups, at a minimum, it
is suggestive that something about their over-
all pattern of mechanical loading was similar.

The analyses of the indices of the lower
limb produced similar results. Once again
Neanderthal males are the most similar in
terms of the combination of residual robustic-
ity and shape to a broad spectrum of foraging
peoples. Within this context, only the rela-
tively small development of the femoral
pilaster in Neanderthal males stands out as
distinct. Like the males, female Neanderthals
also tend to resemble a variety of intensive
foraging populations most closely in their
femoral indices. Due to smaller sample sizes
for Neanderthals, less can be said about the
relationship of their tibial indices to recent
populations. However, the data indicate that
Neanderthal tibiae are, if anything, even less
distinctive relative to a variety of recent popu-
lations than their humeri.

The results provide no support for the
hypothesis that Neanderthals “lost an evolu-
tionary ‘arms’ race” to the Skhul-Qafzeh early
modern humans in Israel (Gibbons, 1996),
much less to the Early-Middle Paleolithic
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moderns in Europe. At most, the data pre-
sented here reinforce Trinkaus and Churchill’s
(1999) conclusion that it was the pattern of
arm strength and morphology in the Skhul-
Qafzeh humans that was distinctive, not that
of Neanderthals.

Perhaps the findings for both the humerus
and lower limb bones are most intelligible
within a framework of population density and
subsistence intensification. The major contrast
in upper limb morphology noted between Near
Eastern Neanderthal and Skhul-Qafzeh males
may have to do more with the existence of a
more intensive form of subsistence among the
Neanderthals as proposed by Lieberman and
Shea (Lieberman and Shea, 1994; Lieberman,
1993, 1998; Shea, 1998). Neanderthals were
suggested to occupy their sites multi-
seasonally, whereas modern human occupa-
tions tended to be for single seasons.
Additionally, Shea (1998) has noted that many
Neanderthal lithic assemblages contain a
higher percentage of points, possibly implying
a greater reliance upon intensive hunting.

Likewise, the results provide no substantia-
tion (as also argued by Trinkaus and Churchill
[1999] for the humerus) for a hypothesis that
there was a universal decrease in residual
robusticity from Neanderthals to the present
as proposed by Ruff et al. (1993) with
respect to the femur. Rather, compared to
Neanderthals and many horticulturalists,
some industrialized populations, and later
intensive foragers, the Skhul-Qafzeh early
modern humans and Early Upper Paleolithic
(Gravettian) modern humans appear to have
had unusually low values for residual humeral
robusticity. Temporal declines in femoral and
tibial residual robusticity also appear to be
much less uniform than (most likely) was
thought a decade ago. Finally, we should not
lose sight of the fact that there are still sub-
stantial limitations to what we can interpret
confidently with respect to prehistoric patterns
of habitual activity, and we are still confronted
by the nagging problem of equifinality — the
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possibility, or even likely probability, that
multiple and diverse activities can produce
similar types of loads and similar patterns of
bone modeling.
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Abstract

Neanderthal hand remains are usually compared to those of recent humans because recent human samples are
readily available. These comparisons demonstrate that Neanderthal hand morphologies are at or beyond the range
of recent human samples for traits such as: expanded distal tuberosities, rugose musculotendinous attachment
sites, dorsopalmarly flat metacarpal 1 bases, relatively short thumb proximal phalanges, more parasagittally ori-
ented capitate metacarpal 2 facets, reduced metacarpal 3 styloid processes, radioulnarly flat metacarpal 5 bases,
and large, projecting carpal tubercles. Functional interpretations suggest that Neanderthal hands are adapted pri-
marily for power during manipulation.

Neanderthal hands are rarely systematically compared to those of other Late Pleistocene humans. Metric and
three-dimensional geometric morphometric analyses and qualitative observations demonstrate that Early and Late
Upper Paleolithic hand remains are more similar to recent human hands than to Neanderthal hands and that the
Skhiil/Qafzeh sample is similar to the Upper Paleolithic samples. However, Early and Late Upper Paleolithic hand
remains are not indistinguishable from those of modern humans. Evident in the Early Upper Paleolithic sample are
features reminiscent of Neanderthals, such as the presence (on some specimens) of significant muscle crests on
metacarpals 1 and 5 as well as a Neanderthal-like metacarpal 1 base shape. Additionally, both the Early and Late
Upper Paleolithic samples have intermediate metacarpal 2 and 3 base morphologies relative to Neanderthal and
recent human samples. There are indications of increased stabilization of the mid-carpometacarpal region, the
enhancement of first finger precision movements, and reductions in mechanical advantages in the Early and Late
Upper Paleolithic specimens. Some features found in the Upper Paleolithic samples are likely related to increases
in the frequency and sophistication of hafted tools, while functional adaptations related to more frequent precision
grip usage are argued to be associated with fine finger movements.
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Introduction

The fossil record indicates that anatomically
modern human cranio-facial and postcranial
morphologies evolved in the Old World dur-
ing the Late Pleistocene. Traditionally, analy-
ses of the cranio-facial region have been the
main focus of phylogenetic debates, especially
regarding the “fate” of the Neanderthals. The
primary concern of these debates has been
whether, and to what extent, they contributed
to the recent human gene pool (Stringer &
Andrews, 1988; Wolpoff, 1989a, b, 1992;
Bréuer, 1992; Stringer, 1992, 1994; also see
contributions to this volume).

Sometimes lost in the emphasis on phy-
logeny are issues of human behavioral evolu-
tion, usually the subject of archaeological
analyses. In general, Late Pleistocene archaeo-
logical remains indicate substantial changes in
subsistence strategies, the pace of technologi-
cal innovation and the spatial organization of
sites, which may be indicative of an adaptive
shift towards ethnohistorically documented
hunting and gathering behavioral pattern
(Mellars, 1994). Some paleoanthropologists
have put aside the issues of phylogeny in favor
of quantifying correlated shifts in postcranial
morphology within the framework of the
hypothesis that archaic human behavior was
not simply a technologically limited version of
recent hunter-gatherer behavior (see Trinkaus
[1992b] for a historical perspective).

Central to this intellectual and method-
ological framework is the integration of
Paleolithic archaeology with functional
analyses of the appendicular skeleton
(Trinkaus, 1976, 1977, 1978, 1983a, b,
1986a, b, 1989b, 1992a, b; Lovejoy &
Trinkaus, 1980; Riley & Trinkaus, 1989;
Churchill & Trinkaus, 1990; Trinkaus &
Villemeur, 1991; Churchill, 1994,
Niewoehner et al., 1997b; Niewoechner, 2000,
2001). These analyses indicate that
Neanderthals, as the most numerous and best
preserved examples of Late Pleistocene
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humans, are morphologically and function-
ally distinct from more recent humans in
many developmentally plastic regions of the
skeleton, including the hand. The habitual use
of contrasting manipulative postures changes
the positions in which articulations are peak
loaded and alters the vectors of the principal
joint reaction forces. Between-sample con-
trasts in articular facet orientation could
therefore be indicative of contrasting patterns
of habitual force transmission. This is a rea-
sonable position because animal experiments
demonstrate that subchondral bone has
the ability to dynamically model to restore
effective load transmission when load pat-
terns are altered during growth (Frost, 1987,
1990, 1999; Llinas et al., 1993; Frost et al.,
1998; Plochocki & Organ, 2003). However,
the mechanisms of ontogenetic responses to
loading on cortical bone and subchondral
bone are complex and not well understood
and it appears that the majority of skeletal
responses to altered load patterns in cortical
bone (and perhaps subchondral bone)
occur before sexual maturity (Pearson &
Lieberman, 2004). Thus, the behavioral inter-
pretations presented later should be consid-
ered working hypotheses that, if correct,
reflect sub-adult behaviors that presumably
are carried into adulthood.

Why study hands? The evolution of
hominid manipulative behaviors continues to
generate considerable interest in paleoanthro-
pology, given the primacy of technology in the
human adaptive complex. Central to the eluci-
dation of fossil hominid manipulative capabil-
ities and habitual behaviors is the examination
of fossil hand remains within a comparative
framework. Early Pliocene hominid hands dis-
play a mosaic of ape-like and human-like
traits, being separated from recent humans by
a considerable morphological gap, and they
appear to have not yet achieved fully human
manipulative capabilities (Lewis, 1977; Susman
& Creel, 1979; Marzke, 1983, 1997; McHenry,
1983; Marzke & Marzke, 1987; Marzke &
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Shackley, 1987; Ricklan, 1987; Susman,
1988, 1995; Lewis, 1989; Marzke et al.,
1992).

The morphologies of Neanderthal hand
bones are more similar to the modern human
condition than to early Pliocene hominid hand
bones, so it is logical that Neanderthal hand
remains are most often compared to those of
recent humans, rather than to those of our
Pliocene relatives. Although using recent
human samples is certainly valid and neces-
sary, the danger is that these sample contrasts
might overemphasize the uniqueness of
Neanderthal morpho-functional complexes
relative to less frequently studied hand
remains of other Late Pleistocene humans,
such as those of Upper Paleolithic humans
and the remains from Skhiil and Qafzeh. How
do these other hand remains compare to
Neanderthal and recent human hands and
what, if anything, can these hand remains tell
us about behavioral evolution in the Late
Pleistocene? These questions are the focus of
this chapter.

Methods and Samples

METHODS

Some of the information presented below con-
sists of my qualitative observations. I also
added my own data on Upper Paleolithic speci-
mens to previously published measurements on
Neanderthal and recent human hand bones in
order to broaden the comparative perspective.
My primary research method, though, is to col-
lect three-dimensional landmark data on the
functionally important carpometacarpal joints
(of the wrist) and the second and fifth metacar-
pophalangeal joints and use these in a geomet-
ric morphometric shape analysis. This method
is useful for determining the nature and extent
of between-sample differences in joint shapes
and orientations. The results, discussed later,
are used to further elucidate the nature of
frequency shifts in habitual manipulatory
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behaviors. Below, I present a brief overview of
the methodology (for detailed discussions see
Niewoehner, 2000, 2001, 2005).

Geometric Morphometrics

Three-dimensional landmark coordinates are
used for a geometric morphometric analysis
in which biological shapes are ultimately visu-
alized in a computer software interface,
Morphologika (O’Higgins & Jones, 1998), to
determine how principal components and shape
are related. The first step, a Prucrustes superim-
position of the landmark coordinates, is fol-
lowed by a principal components analysis of the
now registered landmark coordinates, and
finally, by a canonical discriminant function of
the principal components scores.

Landmark data require the use of points that
have the same meaning and locations between
specimens (Bookstein, 1991). Joint surfaces have
few easily identifiable natural landmarks so this
problem is addressed by using a set of specially
prepared slides and a slide projector to project the
image of a 10 X 10 grid onto the joint surface.
Extreme care is used in positioning the grid in the
same manner on each joint surface. This proce-
dure is detailed elsewhere (Niewoehner, 2000,
2001, 2005). Touching the specimen with a digi-
tizing arm results in movement of the specimen
and alters the original grid position, so I use pho-
togrammetry, the extraction of 3D information
from two-dimensional digitized images. The
landmarks on the digital images of the joint sur-
face are manually digitized in Photomodeler
(version 3.1), a software package that calculates
the three-dimensional coordinates of each digi-
tized landmark to within = 0.023 mm. Using the
Morphologika software program, the landmark
coordinates are initially registered through a
generalized Procrustes analysis that removes
translational and rotational differences between
forms and then scales them to the best-fit config-
uration (Gower, 1975; Rohlf & Slice, 1990;
Goodall, 1991).

The interpretation of shape variation along
a principal component is accomplished solely
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by visualization of shape changes within the
software interface. The Morphologika soft-
ware accomplishes this by reconstructing
hypothetical forms along any user-selected
principal component. Next, specimens are
assigned an a priori class, i.e., Neanderthal,
Early Upper Paleolithic, Late Upper
Paleolithic, or recent human male or female,
and their principal components scores derived
from the Morphologika program are used to
produce a separate canonical discriminant
function for each metacarpal base, carpal
facet, or metacarpal head with the SAS statis-
tical software. Only those functions with
significant discriminations (p = 0.05) are dis-
cussed later in reference to joint shape and
joint orientation contrasts. The Skhul/Qafzeh
specimens are inserted into the discriminant
functions as unknowns and assigned to the
nearest class based on the discriminant func-
tion Mahalanobis distance matrix. The results
are indicative of morphological resemblance
only, and they form the basis for the functional
and behavioral inferences discussed later.

SAMPLES

Neanderthals
The Neanderthal specimens discussed in this
chapter are identified in the literature as
Neanderthals sensu stricto. The Neanderthal
specimens that are used in the geometric mor-
phometric analysis (N = 13) are listed in
Table 1. I was not able to collect data on speci-
mens from Krapina, or on Kiik-Koba 1 and
Subalyuk 1. Although Kiik-Koba 1 is an
important specimen, the other specimens are
not critical omissions. The Krapina remains are
all unassociated, none of the metacarpals has
their base preserved and the single capitate has
a damaged distal surface (Radovcic et al.,
1988). Subalyuk 1 only has a fragmentary
metacarpal 2 (Bartucz & Szabo, 1938).

All specimens are considered prime-aged
adults in the sense that they have fused epi-
physes. Although the determination of
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chronological age is difficult, it appears that
Neanderthals did not survive past the age of
about 45 years (Trinkaus & Thompson, 1987),
so this can be considered as their maximum
age. I did not divide the sample by sex for the
geometric morphometric analyses, but I have
nevertheless included the probable sex of the
individuals taken from the literature.
Excluding Le Régourdou 1, which is of inde-
terminate sex (Vandermeersch & Trinkaus,
1995),the sample is a little more than half
(66%) presumed males. On this basis it might
be appropriate to subdivide the sample by sex.
However, their hand skeletons are incomplete
so most analyses would not have a balanced
sex ratio. The approach used is to scale for
size and pool all the individuals. This proce-
dure maximizes sample sizes, therefore
increasing statistical confidence in the results.

The sample spans a great deal of geologic
time and geographic space. The earliest
Neanderthals include Tabun 1, and Shanidar 4
and 6, all of which may be of Last Interglacial
age (Trinkaus, 1983a, 1991), and the youngest
is probably Amud 1 at 40 to 50 ka (Griin &
Stringer, 1991). The European Neanderthals in
this sample are thought to be from the early
Last Glacial (oxygen isotope stages 5 to 3b).
Regardless, the Near Eastern and European
Neanderthals are pooled for the analysis, ignor-
ing the possible effects of ecogeographic pat-
terning of body segment lengths within the
sample (Holliday, 1995, 1997), or possible
reductions in muscularity or changes in joint
shape or orientation through time. These are
interesting issues, but they cannot be addressed
at present due to the lack of precise chronolog-
ical ordering within the sample, and more
importantly, because sample sizes are already
small for most of the analyses.

Upper Paleolithic

The Upper Paleolithic specimens are, with
one exception, all associated with “non-transi-
tional” European Upper Paleolithic industries,
1.e., Aurignacian, Gravettian, Magdalenian,
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Table 1. The Neanderthal sample

Specimen Sex  Cultural association Date/Geological age
European Neanderthals
La Ferrassie 1! M Charentian Wiirm II/
Mousterian® Interpleniglacial®
La Ferrassie 2! F Charentian Wiirm 11/
Mousterian® Interpleniglacial’®
La Chapelle-aux-Saints 14 M Charentian Mousterian® 47+ 3/ 56=* 4 ka’
Le Régourdou 1 I Charentian Mousterian®  Early Wiirm3
Spy 17 F Mousterian® Oxygen isotope stage 5a-3°
Spy 27 M Mousterian® Oxygen isotope stage 5a-3°

Near Eastern Neanderthals

Amud 110 M Mousterian (Tabun B)'! 41/50 ka®
Kebara 212 M Mousterian (Tabun B)'* 60 + 4 ka'*
Shanidar 3" M Mousterian (Zagros)'’ ca. 50-75 ka'’
Shanidar 4'%* M Mousterian (Zagros)'’ 75-100 ka'®
Shanidar 54 M Mousterian (Zagros)'> ca. 50-75 ka®®
Shanidar 6'>* F Mousterian (Zagros)'’ 75-100 ka'®
Tabun 1V F Mousterian (Tabun B)!'! 100/120 ka’
Heim (1982).

1

2 Bourgon (1957).

3 Vandermeersch (1965).

4 Boule (1911-1913).

5 Griin and Stringer (1991).
¢ Piveteau (1963).

7 Fraipont and Lohest (1886).

8 Zeuner (1940).

9 Ulrex-Claret (1990).

10" Endo and Kimura (1970).

I Jelenik (1982).

12 Vandermeersch (1991).

13 Meignen and Bar-Yosef (1989).
14 Valladas et al. (1987).

15 Trinkaus (1983b).

16 Trinkaus (1991).

17 McCown and Keith (1939).

* Casts.
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and Epigravettian. The exception is Ohalo 2,
which is from the Near East, but is associated
with a typologically Upper Paleolithic indus-
try, the Kebaran (Nadel & Hershkovitz, 1991).
The sample has been further sub divided into

the Early (N = 13, Table 2) and Late Upper
Paleolithic (N = 8, Table 3). Specimens
greater than ~20 ka are included in the Early
Upper Paleolithic sample, and younger than
~20 ka are included in the Late Upper
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Table 2. The early Upper Paleolithic sample

Specimen Sex Cultural association Date/Geological age

Abri Pataud 163! F? “Proto-Magdalenian™! 21.9-19.3 ka?
(Gravettian)

Abri Pataud 230! F “Proto-Magdalenian”! 21.9-19.3ka?
(Gravettian)

Arene Candide 13 M Gravettian* > 18.6 ka*

Barma Grande 2° M Gravettian® 26,000-23,000 BP®

Cro-Magnon’ ? Aurignacian?/Gravettian®° 30 ka?>!0

Dolni Véstonice 13! M Eastern Gravettian'? 27.6 ka'?

Dolni Vé&stonice 14! M Eastern Gravettian'? 27.6 ka'?

Dolni Véstonice 15" F Eastern Gravettian'? 27.6 ka'?

Dolni Vé&stonice 16! M Eastern Gravettian'? 27.6 ka'?

Grotte des Enfants 4° M Late Aurignacian/ Upper Pleniglacial'*
Gravettian'*

Paglicci 313 F Gravettian'’ 26 ka'®

Parabita!® ? Gravettian'® 22,220 *+ 360/

22,110 = 330 BP'®
Pavlov 1V M Eastern Gravettian'® 26.6-25.0 ka?
Movius (1958).

Valladas et al. (1987).
Sergi et al. (1974).
Bietti (1987).

Verneau (1906).
Formicola et al. (2004).
Vallois and Billy (1965).
de Sonneville-Bordes (1960).
Gambier (2002).

10" Movius (1958).

1 Vigek (1991).

12 Svoboda (1988).

13 Klima (1988).

14 Mussi (1986).

[ S O

© o 9 o

16 Palma di Cesnola (1993).
17 Vigek (1961).

8 Klima (1959).

19 Klima & Kukla (1963).

Paleolithic sample because a number of work-
ers (Straus, 1983, 1990; Clark & Lindley,
1989; Clark, 2002) have argued that the
behavioral changes near the Middle to Upper
Paleolithic transition are not as great as those
found near the end of the Upper Paleolithic.
The exact date of the Early to Late transition
is arbitrary, although the time period
approaching the Last Glacial maximum in
Europe is most clearly associated with
resource intensification and the increase in the

Mallegni (personal communication cited in Churchill [1994]).

pace of technological changes associated
mostly with the production of microliths used
in projectile weapons for hunting dangerous
and/or elusive game (Mellars, 1989, 1994;
Straus, 1993).

Most of the Upper Paleolithic individuals
are probably of prime age because they have
fused epiphyses. The single exception is Arene
Candide 1, an approximately 15 year old male
(Sergi et al., 1974), in which the metacarpal
heads and the bases of the proximal phalanges
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Table 3. The late Upper Paleolithic sample

Specimen Sex Cultural association Date/Geological age
Arene Candide 3! ? Final Epigravettian® 11.8-10.9 ka?

Arene Candide 5! M Final Epigravettian 11.8-10.9 ka?

Arene Candide 12! ? Final Epigravettian 11.8-10.9 ka?
Bruniquel 24° F Upper Magdalenian* Last glacial*
Continenza’ M Terminal Epigravettian®  ca. 10,000 BP?
Oetrange* ? Magdalenian* Wiirm*

Ohalo 2¢ M Kebaran® 19 ka®

Vado all’Arancio’ M Final Epigravettian® 11,330 + 50 BP®

! Paoli et al. (1980).

2 Bietti (1987).

3 Genet-Varcin and Miquel (1967).

4 Oakley et al. (1971).

> Formicola (personal communication).
® Nadel & Hershkovitz (1991).

7 Minellono et al. (1980).

8 Minellono (1985).

are partially fused. I decided not to use the
metacarpal 2 or metacarpal 5 heads in the mor-
phometric shape analysis since the epiphyseal
plates are so near the metacarpal head articular
margins. I did, however, decide to use the
metacarpal bases and the carpals in the mor-
phometric analysis to bolster the sample sizes.
There are a few specimens (Abri Pataud 163,
Cro-Magnon, and Parabita) where the hand
remains are not securely associated with diag-
nostic crania or postcrania for determining sex.
The Abri Pataud remains consist of (probably)
four hands attributed to three different individ-
uals (Billy, 1975). One of the specimens (#163)
consists of two intermixed hands from Square
G. There are no duplicated bones of the same
side and all are of similar size and have similar
patina and are thought by Billy (1975) to be
from one individual. They may be from a
female, but this attribution is based on size
alone. The other hand (#230) derives from a dif-
ferent locality (complex 22) and is more
certainly part of a female skeleton found there.
The Cro-Magnon metacarpals 3 and 4 are part
of a large group of unnumbered, intermixed

postcranial remains from the site (Oakley et al.,
1971). The hand remains from Parabita
(Cremonisi et al., 1972) are variably preserved.
Some are heavily damaged, while others are
almost perfect. They were unsorted at the time [
studied them, but it is clear that there is more
than one individual represented, so I sorted
them based on coloration and size.

Skhitl/Qafzeh

In the Near East, the Skhiil/Qafzeh early mod-
ern humans (N = 5; Table 4) are associated
with Mousterian lithic technologies, as are the
Near Eastern Neanderthals (Jelenik, 1982;
Bouti¢, 1989). Upon their initial discovery the
Skhiill hominids were considered to be part of
a late “progressive” Neanderthal group
(McCown & Keith, 1939), but now both
groups of hominids are generally agreed to
represent an early though variable manifesta-
tion of non-Neanderthal, early modern cranio-
facial morphology (Klein, 1994); ~100 ka for
Qafzeh (Valladas et al., 1987; Griin & Stringer,
1991), and 40 to 50 ka or 80 to 100 ka for
Skhil (McDermott et al., 1993).
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Table 4. The Skhul/Qafzeh Sample

Specimen Sex Cultural association Geological age
Qafzeh 3! F Mousterian (Tabun C)? 100/120-92 ka**
Qafzeh 7! ? Mousterian (Tabun C)? 100/120-92 ka®*
Qafzeh 8! M Mousterian (Tabun C)? 100/120-92 ka**
Qafzeh 9! F? Mousterian (Tabun C)? 100/120-92 ka**
Skhiil 5° M Phase 2 Mousterian® 40-50 or 80—100 ka’
! Vandermeersch (1981).

2 Boutié (1989).

3 Griin and Stringer (1991).
4 Valladas et al. (1987).

5 McCown and Keith (1939).
¢ Jelenik (1982).

7 McDermott et al. (1993).

Importantly, a number of studies have doc-
umented that the Skhiil/Qafzeh homonids have
contrasting upper limb skeletal features when
compared to Neanderthals (Trinkaus, 1992a;
Churchill, 1994; Trinkaus et al., 1998;
Trinkaus & Churchill, 1999), thus complicat-
ing simple techno-typological/morphological
associations. I have previously argued
(Niewoehner, 2001) that the Skhiul/Qafzeh
hand anatomies are morphologically and func-
tionally more similar to the Upper Paleolithic
specimens than to Neanderthals, and some of
these same arguments will be repeated later
because a comparative analysis of Neanderthal
and Upper Paleolithic hands would be incom-
plete without including this sample.

Unfortunately, the hand remains of the
Skhiil/Qafzeh hominids are not well pre-
served, so there are only one to four speci-
mens that can be included in different aspects
of the geometric morphometric analyses. Of
special note is the sex and age of the best pre-
served, most complete specimen, Qafzeh 9.
This individual is reported as a late adolescent
female by Vandermeersch (1981), although
others (Rosenberg, 1988; Rak, 1990; Wolpoft,
1999) believe that Qafzeh 9 is a male.
Nevertheless, even though Qafzeh 9 was most
likely significantly younger than all the
Neanderthals, the metacarpal epiphyses are
fused, so there are probably no significant
ontogenetic effects to be concerned about.

Recent Humans

Comparative data were collected on three
recent human samples for the geometric
morphometric analysis. The first, a modern
autopsy sample of North American urban
individuals (N = 22), was taken from the
autopsied skeletal collection of the
University of New Mexico’s Maxwell
Museum. The second, a late prehistoric
Amerindian sample (N = 24), dates to
between 1250 and 1600 AD. It consists of
individuals from the Pueblo IV sites of
Kuaua, Pottery Mound, and Supawe of New
Mexico’s central Rio Grande Valley that are
curated at the University of New Mexico’s
Maxwell Museum. The third, a medieval
cemetery sample from Mistihalj Yugoslavia
(N =24), i1s curated at the Peabody
Museum, Harvard University. All of the
aforementioned samples consist primarily of
prime-age adults with an approximately
equal number of males and females and left
and right skeletal elements.

Neanderthal Hands

HISTORICAL INTERPRETATIONS
OF MORPHOLOGY

Some early workers, primarily noting thumb
morphology, argued that Neanderthals had
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limited manipulative capabilities (Boule,
1911-1913; Sarasin, 1932; Bonch-
Osmolovskij, 1941; Musgrave, 1971; Vicek,
1975, 1978). For example, Neanderthal
thumbs were thought to be both absolutely
and relatively short (e.g., Boule, 1911-1913)
which, if true, would have impaired their
fine manipulative capabilities. It has been
demonstrated that relative to either hand or
arm lengths, Neanderthal and recent human
thumbs (summed first metacarpal, first
proximal phalanx, and first distal phalanx
lengths)  have  similar  proportions
(Musgrave, 1971; Trinkaus, 1983b; Trinkaus
& Villemeur, 1991). However, the
Neanderthal proximal phalanx is short rela-
tive to the distal phalanx, and this fact has
important biomechanical consequences that
are discussed later.

Musgrave (1971) argued that
Neanderthals may have lacked the full preci-
sion capabilities of modern humans because
the non-condyloid configuration of the base
of the Neanderthal first metacarpal could
have restricted movements at the trapezio-
metacarpal 1 joint. He also considered the
role of the first dorsal interosseous muscle
in the manipulative abilities of the
Neanderthal hand. He argued that its power-
ful exertion on the metacarpophalangeal
joint would have kept the first finger
pronated so that the pad of the first finger
could not properly oppose the pad of the
thumb. Therefore, although he argued that
Neanderthals would have had powerful
pinch grips, they must have lacked the
degree of fine control of the first finger evi-
dent in recent humans. Furthermore,
Musgrave (1971) argued that the
Neanderthal distal thumb phalanx shows a
high degree of ulnar deviation, which would
have further impaired opposition of the
thumb. It is true that the Neanderthal distal
phalanx deviates ulnarly, but its deviation is
within the upper limits of recent human vari-
ation (Stoner & Trinkaus, 1981).
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On the basis of his study of the Kiik-Koba
hand remains, Vic¢ek (1975, 1978) believed that
Neanderthals and recent humans had pro-
foundly differing manipulative capabilities,
arguing that the flexor pollicis brevis and the
opponens pollicis muscles in Neanderthals
functioned only to adduct the thumb towards
the palm of the hand. This was based on his
belief that the insertion of the opponens polli-
cis on the Neanderthal metacarpal 1 shaft was
shifted too far palmarly to function as a medial
rotator; the lack of full medial rotation of the
thumb  during  adduction  prevented
Neanderthals from forming a modern human-
like precision grip. VIcek further argued that
the insertion of the opponens pollicis must have
shifted radially with the appearance of modern
humans, imbuing them with greater precision.

There appears to be no anatomical or func-
tional basis for the above claims that
Neanderthal thumbs were less mobile than
those of modern humans (Trinkaus, 1983b).
In fact, a computer simulation of the
Neanderthal thumb and first finger leaves no
reason to believe that Neanderthal hands were
significantly less dextrous than our own
hands, at least with regards to precision move-
ments of the thumb and index finger
(Niewoehner et al., 2003).

Thus, recent analyses have exposed the
methodological weaknesses of earlier studies
indicating that Neanderthals were deficient in
their precision capabilities. With new analyses
we can still glean some significant informa-
tion about Late Pleistocene human habitual
manipulative behaviors through a comparative
analysis of features relating to strength,
mechanical advantage, and joint shape and
orientation.

CRITICAL REVIEW OF CURRENT
INTERPRETATIONS OF MORPHOLOGY

Features Relating to Strength
Neanderthals almost certainly possessed
hypertrophied intrinsic hand musculature and
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habitually transmitted higher forces through
their joints. Additionally, increased projection
of a number of carpal tubercles and their
thumb phalangeal proportions augmented
mechanical advantages across the first and
fifth carpometacarpal and the first metacar-
pophalangeal joints. This combination of
hypertrophied muscles plus increased
mechanical advantages without doubt imbued
Neanderthals with prodigious grip strength.
The opponens pollicis muscle forms the
bulk of the thenar eminence while the oppo-
nens digiti minimi forms the bulk of the
hypothenar eminence. Both muscles con-
tribute significantly to movements essential to
both power and precision grips because the 7.
opponens pollicis helps in opposition of the
thumb and the m. opponens digiti minimi
flexes and radially rotates the fifth metacarpal
during cupping of the palm (Kaplan &
Spinner, 1984). Neanderthal hand morphology
is indicative of hypertrophy of both of these
muscles, indicating greater grip strength on the
thumb and little finger sides of the hand.
Evidence for this are prominent opponens
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crests on most Neanderthal first metacarpals
and many fifth metacarpals (Trinkaus, 1983b).

Trinkaus (1983b) calculated the relative
development of the oppomnens pollicis crest
with the opponens pollicis index (maximum
distal shaft breadth/minimum proximal shaft
breadth X 100). Neanderthals have the largest
mean values for this index (Table 5), indicating
exceptional crest development in this sample.
Qafzeh 9 and Skhiil V have intermediate values
(122.9 and 136.5), putting them at the low end
of Neanderthal values and the high end of
recent human values. Opponens pollicis crest
development in the Upper Paleolithic sample is
variable (Figure 1), ranging from little to no
crest development in Abri Pataud 227 and
Ohalo 2 (indices® 100), to moderately well
developed in Parabita and Grotte des Enfants 4
(indices® 120, 123).

A similar index for the opponens crest on
the fifth metacarpal is not possible to calcu-
late, since the form of the crest is not the
same. However, visual inspection of the fifth
metacarpals reveals that crest development
here is variable within each sample. Variation

Distal

Ulnar

KEB

LF2

Figure 1. Opponens pollicis crest variation among Late Pleistocene humans. Palmar views of the
first metacarpals of Parabita (PAR,) Grotte des Enfants 4 (GDE), Abri Pataud 227 (AP), Ohalo 2
(OH), Kebara 2 (KEB), La Ferrassie 2 and 1 (LF2, LF1), and La Chapelle-aux-Saints (LC). The
arrow is pointing to the opponens pollicis crest on Parabita. As a group, the Neanderthals (KEB,
LF2, LF1, and LC) have the largest crests (the crest on LF1 is damaged). Crest development in the
Upper Paleolithic sample is variable, ranging from little to no crest (OH and AP) to moderately well
developed (PAR, GDE). Parabita, La Ferrassie 2, and La Chapelle-aux-Saints are mirror-imaged.



NEANDERTHAL HANDS

167

Table 5. Opponens pollicis index

Sample N Opponens pollicis index!
Neanderthals? 8 141.1 * 16.6°

Qafzeh 92 1 122.9

Skhial V2 1 136.5

Early Upper Paleolithic! 2 110.0 = 14.1

Late Upper Paleolithic* 2 111.5+16.2

Recent Europeans® 20 1113 £ 6.1
Amerindians? 20 114.5 = 10.0

!(Maximum/minimum first metacarpal shaft breadth) X 100
2 Data from Trinkaus (1983b).
3 Mean * 1 SD.
4 Author’s data.

PAR

Figure 2. Opponens digiti minimi crest variation among Late Pleistocene humans. Palmar views
of the fifth metacarpal of La Chapelle-aux-Saints (LC), Kebara 2 (KEB), Ohalo 2 (OH), Grotte
des Enfants 4 (GDE), and Parabita (PAR). The arrow is pointing to the opponens digiti minimi

crest on Kebara. The Neanderthal sample is variable. The La Chapelle-aux-Saints fifth metacarpal
represents one extreme. It has small, raised ridges, without a true crest. Kebara 2 represents the
other extreme. It has an extraordinarily well developed crest. The Upper Paleolithic individuals are
also variable, but none examined has the crest development comparable to Kebara 2. Ohalo 2 has no
crest and the shaft is quite smooth. Both Grotte des Enfants 4 and Parabita have crest development
that exceeds that of most recent humans. La Chapelle-aux-Saints has been mirror-imaged.

in the Neanderthal sample ranges from barely
discernable crests on the La Chapelle-
aux-Saints specimen to the highly developed
crests on Kebara 2 (Figure 2). However, most
other Neanderthal specimens are closer to the
Kebara morphology than to the La Chapelle-
aux-Saints morphology. The crest morphol-
ogy of the Upper Paleolithic specimens is
likewise variable. For example, Abri Pataud

227 and Ohalo 2 have virtually no crest devel-
opment, which is typical of most recent
human fifth metacarpals. On the other hand,
specimens such as Parabita and Grotte des
Enfants 4 have levels of crest development
that are similar to that of many Neanderthals.

The flexor pollicis longus muscle origi-
nates on the radius and its tendon courses up
the first metacarpal shaft, crossing the thumb
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metacarpophalangeal and interphalangeal
joints to insert on the base of the thumb distal
phalanx. It acts primarily to flex the thumb
joints, and is important for isometric contrac-
tion during power gripping and manipulating
objects in pinch grips (Kaplan, 1965). In
Neanderthals, the pit for the flexor pollicis
longus insertion tends to be not only deeply
excavated, but is also generally larger in area,
taking up more of the area on the proximal half
of the distal phalanx than is normally apparent
in modern human samples (Trinkaus, 1983b).
A large and deep insertion for the flexor polli-
cis longus tendon is likely to be indicative of
hypertrophy of the muscle, but Shrewsbury
et al. (2003) question this assumption.
Assessing the morphology of the flexor polli-
cis longus pit is subjective, but it appears that
the pits in the non-Neanderthal fossil samples,
though variable, are intermediate between the
recent human and the Neanderthal condition.
For example, on Qafzeh 9, the pit is broad, but
not as deeply excavated as in most
Neanderthals, and the same can be said of
Barma Grande 2, but the pit on Grotte des
Enfants 4 is not very large or deep.

The prominent ridges on the proximal pha-
langes, marking the attachment of the flexor
tendon sheaths, imply habitual increased ten-
sion on these regions in the Neanderthal hand
caused, most likely, by isometric contraction
of the flexor tendons during gripping. Most
recent human proximal phalanges also have
well defined ridges, but they are not very high
and tend to be blunt. The appearance of these
ridges on Neanderthals are essentially the
same, but they are sharper and extend further
palmarly (Trinkaus, 1983b). The flexor ridges
in the Upper Paleolithic and Skhil/Qafzeh
specimens are closer to the recent human con-
dition than to the Neanderthal condition.

Additional evidence for the inferred grip
strength of the Neanderthal hand is provided
by the morphology of their distal phalanges.
Their pollical distal tuberosities are moder-
ately radioulnarly expanded relative to more
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Table 6. Pollical distal tuberosity radioulnar
breadth (mm)

Sample N Radioulnar breadth
Neanderthals' 8 12.6 = 1.62
Qafzeh 93 1 104

Qafzeh 7° 1 9.0

Early Upper Paleolithic> 5 95=*1.0

Late Upper Paleolithic? 4 10.1 = 1.0
Europeans! 37 10.7 = 1.4
Amerindians' 20 93+1.0

! Data from Trinkaus (1983b).

2 Mean * 1 SD.

3 Author’s data.

recent  humans  (Trinkaus, 1983b).

Measurement of the radioulnar breadth of the
pollical distal tuberosity of Early and Late
Upper Paleolithic specimens and Qafzeh 7
and 9 (Table 6), indicates that they are well
within the recent human range of variation.
The same pattern is apparent when their
remaining distal tuberosities are considered
(Table 7). This radioulnar expansion, plus
their generally greater dorsopalmar thickness,
gives the Neanderthal finger distal tuberosi-
ties a “mushroom-like” appearance, contrast-
ing with the dorsopalmarly short, arrow-head
shape of the Qafzeh, Upper Paleolithic, and
recent human second through fifth distal
tuberosities (Figure 3) (Musgrave, 1973). The
Neanderthal morphology is indicative of
wider fingertips; the larger tuberosities pro-
viding increased attachment area for the pulp
and the nail, and is most likely an adaptation
for effectively transmitting large loads across
the fingertips (Trinkaus, 1983b).

Features Related to Mechanical Advantages

Most Neanderthals have large and projecting
trapezium, hamate, and scaphoid tubercles.
Increased projection of these tubercles would
have created a large carpal tunnel to accom-
modate hypertrophied digital flexor tendons.
Increased tubercle projection also produces
increased mechanical advantages for many
extrinsic muscles of the wrist and for the
intrinsic muscles of the thumb and fifth digit
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Table 7. Finger distal tuberosity radioulnar breadth (mm)

Digit 2 Digit 3 Digit 4 Digit 5
Sample
Neanderthals' 9.5+ 1.0° 114+1.0 10.0 * 1.0 7.6 +0.3
N 6 5 5 4
Qafzeh 9! 6.8 8.0 — 5.7
Early Upper Paleolithic! 7.0x04 6.9 *1.0 6.5*0.6 5.1%0.6
N 4 5 5 4
Late Upper Paleolithic! 79 1.0 7.7+ 1.1 8.4 52*0.7
N 3 3 1 2
Recent Europeans® 79+ 1.0 87+1.2 83+ 1.2 65*1.0
N 38 37 37 37

! Author’s data.
2 Mean = 1 SD.
3 Data from Musgrave (1973).

Figure 3. Distal phalanges of Kebara 2 and Barma Grande 2. Palmar view of the first
through fifth distal phalanges (DP) of an Early Upper Paleolithic human, Barma Grande 2
(top row) and a Neanderthal (cast of Kebara 2). Note that all the Neanderthal distal tuberosities
(arrow) are expanded radioulnarly compared to the recent human condition, but 2—5 are
more markedly expanded. They also tend to be dorsopalmarly thicker. This radioulnar expansion
would have provided more surface area and more effectively transmitted greater levels of force
through the fingers during manipulatory behaviors.

which cross the Ist and 5th carpometacarpal The relative projection of the trapezium
articulations and contribute to flexion and tubercle is calculated as the ratio of tubercle
rotation of the first and fifth metacarpals length to metacarpal facet articular breadth
(Trinkaus, 1983a, b), all important move- (Trinkaus, 1983b). The Neanderthal sample
ments for a variety of grip positions. (Table 8) has the highest mean value. The
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Table 8. Trapezium tubercle projection ratio

Sample N Tubercle projection’
Neanderthals? 6 46.7 = 11.43
Qafzeh 92 1167

Skhiil V# 1 17.1

Early Upper Paleolithic? 6 17.7 £ 6.1

Late Upper Paleolithic? 5 172+ 45

Recent Europeans® 20 273 *£5.0
Amerindians® 20 22,6 £ 42

! (Tubercle projection/maximum articular breadth) X 100.
2 Author’s data.

3 Mean = 1 SD.

4 Data from Trinkaus (1983).

5 Data from Stoner and Trinkaus (1981).

Table 9. Relative hamulus projection of hamate

Sample N Hamulus projection’
Neanderthals? 9 90.9 = 18.2°
Qafzeh 3,8,9 3 63.2 £8.2

Early Upper Paleolithic? 7 66.7 = 13.3

Late Upper Paleolithic? 7 75.2 * 18.7

Recent Europeans? 50 70.0 = 8.4
Amerindians? 42 65.5*178

! (Hamulus projection/maximum hamate height) X 100.
2 Author’s data.
3 Mean = 1 SD.

Early and Late Upper Paleolithic samples, as
well as Qafzeh 9 and Skhiil V, have values that
are well within the recent human range of
variation. A similar ratio of hamulus projec-
tion (hamulus projection/hamate articular
height) reveals that Neanderthals have, on
average, increased relative palmar projection
for the hamulus (Table 9). The remainder of
the Late Pleistocene fossil samples, Qafzeh 3,
8, and 9, Early Upper Paleolithics, and Late
Upper Paleolithics, are all within the recent
human sample ranges of variation.
Neanderthal hamates can be discriminated
from recent human samples based on their
unique combination of more palmarly project-
ing, radioulnarly thicker, and proximodistally
longer hamuli relative to dorsopalmarly and
proximodistally short hamate bodies
(Niewoehner et al. 1997a). If metacarpal 3
articular length is taken to represent the load

W.A. NIEWOEHNER

arm of the hand, then Neanderthal and recent
human samples have similar load arms since
their third metacarpals are of similar length
(Neanderthal mean MC 3 articular length =
64.24 mm, N = 9; recent human mean MC 3
articular length = 61.44 mm., N = 92).
However, if hamulus projection plus 1/2 of the
hamate body height is used to estimate the
moment arm of the muscles inserting there,
the sample mean for Neanderthal hamulus
moment arms (18.09 mm, N = 10) is signifi-
cantly greater than that of recent humans
(mean = 15.07 mm, N = 97). Additionally,
when expressed as a ratio of metacarpal 3
articular length to hamulus moment arm
([hamulus moment arm / MC 3
length] X 100), Neanderthals have signifi-
cantly increased mechanical advantages rela-
tive to more recent humans (Neanderthal
mean = 28.4, N = 9; recent human mean =
24.6, N = 92). The Qafzeh 8 and 9, and Early
and Late Upper Paleolithic samples all have
reduced means relative to the Neanderthal
sample, although their sample ranges of
variation overlap with the lower end of the
Neanderthal sample range of variation
(Table 10).

A comparison of Neanderthal and recent
distal phalanx length to proximal phalanx
length ratios indicates the average
Neanderthal distal phalanx is 92% the length
of the proximal phalanx. Recent humans tend
to have longer proximal phalanges, their distal
phalanx is only about 75% the length of the
proximal phalanx (Trinkaus & Villemeur,
1991). Qafzeh 9’ thumb distal phalanx is
70.5% the length of its proximal phalanx, a
ratio similar to the recent human and Upper
Paleolithic samples (Table 11).

Trinkaus and Villemeur (1991) investigated
the biomechanical consequences of the
Neanderthal’s thumb phalangeal proportions.
The primary flexor of the thumb, flexor polli-
cis longus, crosses and produces flexion at
both the metacarpophalangeal and interpha-
langeal joints. The superficial head of the



NEANDERTHAL HANDS

Table 10. Mechanical advantage on the ulnar

side of the hand
Sample N Mechanical advantage'
Neanderthals? 9 284 + 2.8
Qafzeh 8,9* 2 248 +1.9
Early Upper Paleolithic* 2 25724
Late Upper Paleolithic* 7 242+ 4.1
Recent Humans? 92 246 1.9

! (Hamulus moment arm/metacarpal 3 articular length) X 100.
2 Data from Niewoehner et al. (1997b).

3 Mean * 1 SD.

4 Author’s data.

Table 11. Thumb phalangeal length ratio

Sample N Thumb phalangeal ratio’
Neanderthals® 7 923=*170°

Qafzeh 9* 1 705

Early Upper Paleolithic* 4 70.9 = 6.4

Late Upper Paleolithic* 4  734+38

Recent Europeans? 92 757%59
Amerindians® 58 732=*63

! (Thumb distal phalanx length/proximal phalanx) X 100.
2 Data from Trinkaus and Villemeur (1991).

3 Mean = 1 SD.

4 Author’s data.

flexor pollicis brevis flexes the proximal pha-
lanx at the metacarpophalangeal joint and the
first metacarpal at the trapezio-metacarpal 1
joint. Both of these muscles, and their actions,
are important in both power and precision
grips. However, strong flexion at the metacar-
pophalangeal joint is particularly important
for executing a power grip that requires that an
object be held against the palm of the hand.
When the relative shortness of the
Neanderthal thumb proximal phalanx is
considered in concert with their moderately
dorsopalmarly taller bases, the mechanical
advantage of the flexor muscles acting at the
metacarpophalangeal joint are significantly
increased. When the mechanical advantage of
the flexors crossing the interphalangeal joint is
considered, Neanderthals actually have signif-
icantly reduced mechanical advantages. These
results indicate that Neanderthal thumbs were
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more powerful than recent thumbs during
power grips, yet had reduced mechanical
advantages when manipulating objects at the
fingertips. However, given their general mus-
cular hypertrophy, this decline in mechanical
advantage could have been compensated for by
their greater overall strength (Trinkaus &
Villemeur, 1991). The reduced mechanical
advantage of the thumb metacarpophalangeal
joint during flexion is also apparent in the non-
Neanderthal Late Pleistocene fossil samples
(Table 12). Qafzeh 9’s mechanical advantage is
near the low end of the distribution for the
recent human sample, and the Early and Late
Upper Paleolithic samples are well within the
modern human range of values.

Features Relating to Joint Shape

and Orientation

In contrast with more recent humans, who have
radioulnarly convex and dorsopalmarly con-
cave proximal metacarpal 1 articular surfaces,
Neanderthal metacarpal 1 bases are radioul-
narly convex and variably dorsopalmarly flat to
slightly concave or convex. The La Chapelle-
aux-Saints metacarpal 1 base is extraordinarily
dorsopalmarly convex, even for a Neanderthal
(Figure 4), a condition also apparent in the
Kiik-Koba specimen (Musgrave, 1971). Two
Neanderthals, Shanidar 4 and La Ferrassie 2,
have dorsopalmarly flat bases; whereas
other Neanderthals have slightly concave

Table 12. Mechanical advantage at the thumb
metacarpophalangeal joint

Sample N Thumb phalangeal ratio’
Neanderthals? 11 20.3 = .0123

Qafzeh 9* 1 15.4

Early Upper Paleolithic* 5 16.6 = .010

Late Upper Paleolithic* 6 17.3 = .001

Recent Europeans? 60 17.7 = .014
Amerindians® 79 16.9 = .013

! (1/2 proximal phalanx base articular height/articular length) X 100.
2 Data from Trinkaus and Villemeur (1991).

3 Mean = 1 SD.

4 Author’s data.
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Radial

1 cm

Figure 4. The La Chapelle-aux-Saints first
metacarpal. Palmar view of the La Chapelle-
aux-Saints first metacarpal (right side). The
base is both dorsopalmarly and radioulnarly
convex. This is one of the most extreme
examples of Neanderthal metacarpal
base dorsopalmar convexity. Most other
Neanderthals have dorsopalmarly flat to slightly
concave metacarpal 1 bases.

metacarpal 1 bases. In addition, the correspon-
ding metacarpal 1 articular surface on the tra-
pezium, although sellar, tends to be flatter than
those of recent humans (Stoner & Trinkaus,
1981; Trinkaus, 1983b; Niewoehner, 1999).
Rather than arguing that Neanderthals had
limited thumb mobility relative to recent
humans, Stoner and Trinkaus (1981) and
Trinkaus (1983 a, b) proposed that
Neanderthals would have had a more mobile
thumb, since primates that lack full opposabil-
ity of the thumb have more tightly interlock-
ing articular configurations. In this context, it
has been argued (Trinkaus, 1989a) that the
shape of the Neanderthal trapezio-metacarpal
1 articulation is an adaptive response to high
levels of joint reaction forces that would have
been produced by their hypertrophied muscu-
lature. This idea is based on evidence that in
pinch grips, tip-to-tip, and grasping involving
the thumb, most of the joint reaction forces at
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the first carpometacarpal joint are directed
axially, parallel to the long axis of the bone,
rather than perpendicular to it (Cooney &
Chao, 1977) and a flatter joint surface would
more evenly distribute joint reaction forces
across the joint surfaces.

Riley and Trinkaus (1989) initially quanti-
fied the unusual Neanderthal mid-car-
pometacarpal morphology (the articulations
between the capitate and the second and third
metacarpals), a combination of a relatively
short metacarpal 3 styloid process and a more
parasagittal orientation of the facet for the cap-
itate on the metacarpal 2 base. Niewoehner
et al. (1997b) expanded the sample sizes of
Neanderthals and recent humans and used a
multivariate analysis of linear measurements to
better quantify the morphology of this region.
The univariate results confirmed Riley and
Trinkaus’ (1989) previous analysis; the
Neanderthal sample average metacarpal 2 cap-
itate facet angle is 22°, whereas the recent
human average of 42° is significantly greater.
Thus, recent human capitate facets are indeed
more obliquely oriented in the coronal plane
relative to the long axis of metacarpal 2.
Additionally, a canonical discriminant func-
tion was performed on size corrected variables
of the distal capitate facets and the metacarpal
2 and 3 bases. The results indicate that modern
human capitate-to-metacarpal 2/3 morphology
results from non-allometric increases in distal
capitate breadth and proximal projection of the
metacarpal 3 styloid process and reductions in
the capitate-metacarpal 2 facet height and
metacarpal 3 facet breadth and that these shape
changes are associated with a significantly less
parasagittal orientation of the capitate-
metacarpal 2 facet.

The recent human metacarpal 5 base tends
to have a sellar shape, it is normally dorsopal-
marly convex and radioulnarly concave. The
Neanderthal metacarpal 5 proximal articular
surface, rather than being radioulnarly con-
cave tends to be flat (Heim, 1982) and unlike
recent humans, the matching articular surface
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on the hamate is radioulnarly flat, rather than
convex. The flattening of the Neanderthal
metacarpal 5 base is probably related to the
same phenomenon of evenly distributing joint
reaction forces as mentioned for the
metacarpal 1 base.

The morphology of Neanderthal distal
tuberosities adds support to the notion that
Neanderthal hands are, in many ways, adapted
to transmitting higher levels of force through
their joints. Yet, the full ramifications (if any)
of these shape changes on the kinematics of
the Neanderthal trapezio-metacarpal 1 and
hamate-metacarpal 5 articulations remain
unclear. An additional issue that must be con-
sidered is that when the mechanical advantage
of a muscle is increased it can pull with less
force, thus actually reducing joint reaction
forces.

Given the unique configuration of the
Neanderthal metacarpal 2/3 region, which is
not correlated with measures of metacarpal
diaphyseal robusticity, it has been proposed
that the recent human configuration is adapted
for better resisting axial as well as obliquely
directed joint forces. One possible behavioral
interpretation is that Neanderthals relied pre-
dominantly on transverse power grips, rather
than oblique power grips for most of their
upper limb related subsistence tasks (Trinkaus
& Villemeur, 1991; Niewoehner et al., 1997a).

If the above interpretation is correct, then
there may be other morphological indications
of frequency shifts in preferred manipulatory
postures. One region that may be informative
of a shift from a preference for power grips to
a preference for precision grips is the second
and fifth metacarpophalangeal joints. Recent
human metacarpal 2 and 5 heads, although
condyloid in shape, are asymmetrical
(Susman, 1979; Lewis, 1989). The heads of
the same Neanderthal metacarpals are also
condyloid in shape; however, the metacarpal 2
and 5 heads appear to have reduced radioulnar
asymmetry (see the geometric morphometric
analysis below). These shape differences
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would be important given that the asymmetry
of the recent human metacarpal 2 head facili-
tates, in part, the radial deviation of the sec-
ond digit towards the thumb during metacar-
pophalangeal joint flexion, an important
movement for precision grips. Additionally,
the asymmetry of the recent human
metacarpal 5 head produces an ulnar deviation
of the little finger, a movement that is impor-
tant in the production of both precision and
power grips (Lewis, 1989).

THREE-DIMENSIONAL GEOMETRIC
MORPHOMETRIC ANALYSIS OF
JOINT SHAPE AND ORIENTATION

Given the above indications that Neanderthals
possess some unusual carpometacarpal joint
shapes and somewhat less asymmetric first
and fifth metacarpal heads, I reanalyzed these
regions with a geometric morphometric shape
analysis to get a better idea of the nature and
extent of the between-sample shape differ-
ences (Niewoehner, 2000, 2001, 2005). The
number of landmarks and the number of
eigenvalues used in the principal components
analysis are listed in Table 13. The number of
principal components and eigenvalues out-
putted from the Morphologika program is N
— 1 (the number of specimens —1) or km — 1
(k landmarks times m dimensions — 1),
whichever is smaller. Following Jobsen
(1992), the average eigenvalue of the principal
components was calculated and only those
principal components with eigenvalues equal
to or greater than the average eigenvalue were
retained for the analysis. The null hypothesis
of between-sample shape equivalence is
rejected for the carpal facets of the metacarpal
1, 2, 3, and 5 bases, the metacarpal facets of
the capitate and hamate, and the metacarpal
2 and 5 head-shapes. These differences are
presented in Table 14 as a series of contrasts
between Neanderthal and recent human mor-
phologies because these two groups are
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Table 13. Number of landmarks and eigenvalues used in the geometric
morphometric analysis

Number of Number of Percent of Total Variance'
Landmarks Eigenvalues
Metacarpal 1 Base 65 8 85.6
Metacarpal 2 Base 75 11 80.3
Metacarpal 3 Base 79 11 84.5
Metacarpal 5 Base 71 8 85.0
Capitate 50 8 83.6
Hamate 83 8 86.8
Metacarpal 2 Head 12 6 83.2
Metacarpal 5 Head 12 6 90.1

! The percent of the total sample variance represented by the eigenvalues used in.

Table 14. Neanderthal/recent human contrasts in carpometacarpal joint morphology

Neanderthal morphology relative to the recent human morphology

Metacarpal 1 Base

Metacarpal 2 Base

Metacarpal 3 Base

Metacarpal 5 Base

Dorsopalmarly flatter bases that lack palmar beak development which tend to be torsioned and
more symmetrically convex in the radioulnar direction. Neanderthal, N = 8; Early Upper
Paleolithic, N = 5; Late Upper Paleolithic, N = 7; Recent Humans; N = 37; Skhiil/Qafzeh, N = 2.

Dorsopalmarly shorter, flatter in the radioulnar axis, and slightly more convex in the dorsopalmar
axis. The facet for the capitate is proximodistally shorter and more parasagittally oriented, and the tra-
pezium facet tends to face proximally rather than proximoradially. Neanderthal, N = 8; Early Upper
Paleolithic, N = 7; Late Upper Paleolithic, N = 7; Recent Humans, N = 29; Skhiil/Qafzeh, N = 0.

Radioulnarly expanded capitate facets, more parasagittally oriented, dorsopalmarly flat, and proxi-
modistally short facets for the metacarpal 2, and reduced proximal projection of the metacarpal 3
styloid process. Neanderthal, N = 7; Early Upper Paleolithic, N = 8; Late Upper Paleolithic,

N = 7; Recent Humans, N = 29; Skhiil/Qafzeh, N = 2.

Increased proximodistal height of the facet for the metacarpal 4, a more acute orientation of the
metacarpal 4 face relative to the hamate facet resulting in a more parasagittal orientation of the
metacarpal 4 facet, both of which are accompanied by increases in the dorsopalmar convexity and
radioulnar symmetry of the hamate facet. Neanderthal, N = 6; Early Upper Paleolithic, N = 5;
Late Upper Paleolithic, N = 6; Recent Humans, N = 29; Skhal/Qafzeh, N = 1.

Capitate Metacarpal 3 facets that are dorsopalmarly taller, with metacarpal 2 facets that are proximodistally
short and with reduced concavity in the dorsopalmar axis that tend to face radially rather than
distally; producing a more parasagittal orientation. Neanderthal, N = 6; Early Upper Paleolithic,
N = 3; Late Upper Paleolithic, N = 6; Recent Humans, N = 33; Skhiil/Qafzeh, N = 2.

Hamate Dorsopalmar and radioulnar expansion of the distal facets, accompanied by both a relative

Metacarpal 2 Head

Metacarpal 5 Head

decrease in the radioulnar breadth of the facet for the metacarpal 5 and a more ulnar position of
the hamulus tip. Metacarpal 5 facet shape changes include decreased radioulnar convexity with
increased dorsopalmar concavity. Neanderthal, N = 6; Early Upper Paleolithic, N = 6; Late Upper
Paleolithic, N = 4; Recent Humans, N = 32; Skhil/Qafzeh, N = 2.

Expansion of metacarpal heads on the dorsoradial and mid-dorsopalmar aspects, but the articular
surfaces on the radial lobe tends to extend palmarly, rather than radially. Neanderthal, N = 4;
Early Upper Paleolithic, N = 6; Late Upper Paleolithic, N = 4; Recent Humans, N = 36;
Skhiil/Qafzeh, N = 1.

Ulnar expansion of the dorsoulnar aspect, but not the dorsal aspect, yet reduction in the degree of
ulnar, palmar, and proximal projection of the ulnar lobe. Neanderthal, N = 4; Early Upper
Paleolithic, N = 5; Late Upper Paleolithic, N = 4; Recent Humans, N = 34; Skhiil/Qafzeh, N =
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consistently at the extremes of the combined
sample shape variation. The implications of
the shape contrasts are discussed below in the
context of their division into four functional
regions: the trapezial-metacarpal 1 joint, the
capitate-metacarpal 2/3 joint complexes, and
the hamate-metacarpal 4/5 joint complex. The
shape contrasts in the metacarpal 2 and 5
heads are discussed with the metacarpal 2 and
5 bases, respectively. The discussion empha-
sizes the morphological separation of
Neanderthal and recent human samples, but as
discussed later, this seeming discontinuity is
often bridged by the morphologies of the
Early and Late Upper Paleolithic samples.

The Trapezio-Metacarpal 1 Joint. The pri-
mary shape change identified in this anatomi-
cal complex is the degree of the development
of the palmar beak of the metacarpal 1 base.
The dorsopalmar flatness noted to be typical of
the Neanderthal base (Musgrave, 1971; Stoner
& Trinkaus, 1981; Trinkaus, 1983b) is prima-
rily due to the lack of beak development, while
the recent human metacarpal 1 base is more
concave because the palmar beak is more
strongly developed. Interestingly, there is con-
siderably more shape variation in the
metacarpal 1 base than in the trapezium-
metacarpal 1 facet indicating that the mor-
phology of the metacarpal 1 base is more
responsive to altered force levels through the
thumb than is the morphology of trapezium.

The Capitate-Metacarpal 2/3 Region. The
metacarpal 2 base has to respond to a number
of functional constraints because it contacts
the trapezium on its radial side, the trapezoid
on its proximal base surface, and the capitate
and metacarpal 3 base on its ulnar side.
Significant articular shape differences are
found in the metacarpal 2 facet for the trape-
zoid. The Neanderthal sample tends to have
reduced dorsopalmar concavity relative to the
recent modern human samples. The most rea-
sonable explanation for this shape difference
follows the same logic proposed to explain the
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weak palmar beak on the Neanderthal
metacarpal 1 base. Joint flattening spreads
joint reaction forces more equally across the
joint, thus more efficiently transmitting axi-
ally directed forces.

There are between-sample differences in
the orientation of the facet for the trapezium
on the radial side of the metacarpal 2 base. At
the extremes of morphological variation, the
Neanderthal facet for the trapezium faces
more proximally, rather than proximoradially
as in the recent human sample. The more
proximally facing facet would be in a more
effective orientation to resist axially directed
forces from the metacarpal 2 diaphysis to the
trapezium. Admittedly, these forces would be
primarily transmitted through the larger and
more centrally located trapezoid facet.
However, this small facet, through its contact
with the trapezium, would further increase the
surface area of the base facing in approxi-
mately the same direction as the larger trape-
zoid facet.

The more proximal orientation of the
metacarpal 2-trapezium facet could also be
interpreted as an indication of a significant
difference in the orientation of the
Neanderthal trapezium itself. If this were true,
it would mean that the trapezial-metacarpal 1
facet, as well as the thumb itself, was also
radially deviated. This is somewhat similar to
an idea championed by Vicek (1978), who
suggested that the Neanderthal thumb was
positioned more dorsally (rather than radially
deviated), although his idea was based on the
position of the first dorsal interosseous mus-
cle. One has to be cautious, though, because
the orientation of the trapezial-metacarpal 1
facet cannot be determined without calculat-
ing the matching trapezial-metacarpal 1 facet
orientation relative to the trapezial-metacarpal
2 facet. Also, given that there is a substantial
amount of variance in the position and orien-
tation of the trapezial-metacarpal 2 facet, any
changes in the orientation of the facet on the
metacarpal 2 base could be compensated for
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by changes in the orientation of the trapezial-
metacarpal 2 facet. Therefore, there is no evi-
dence at the present time that Neanderthal and
recent human thumbs differed significantly in
their orientation relative to the rest of the car-
pus, although until this issue is explored fur-
ther it remains a possibility.

On the ulnar aspect of the metacarpal 2
base is the facet for the capitate. The primary
contrast between the Neanderthal and recent
human samples is in the more parasagittal ori-
entation of this facet in the coronal plane. This
difference was discussed earlier in reference
to the works of Riley and Trinkaus (1989) and
Niewoehner et al. (1997b).

Niewoehner et al. (1997b) also noted that
the recent human capitate-metacarpal 2 facet
tends to face distally, rather than being
oriented parasagittally in the coronal plane,
mirroring the orientation of the metacarpal 2-
capitate facet. This feature was also identified
in this analysis and supports their argument
that these features are oriented in the recent
human hand in such a manner as to best trans-
mit oblique as well as axial forces. In addition
to differences in facet orientation, there are
Neanderthal/recent human contrasts in the rel-
ative surface area devoted to the metacarpal 2-
capitate and capitate-metacarpal 2 facets.
Though more apparent in the -capitate-
metacarpal 2 facet, the recent human facets
tend to be proximodistally expanded, thus pro-
viding more surface area for the transmission
of these obliquely directed forces.

The primary contrasts in the metacarpal 3
base include a radioulnar expansion of the
Neanderthal facet for the capitate. This feature
can be understood by considering that on
the Neanderthal capitate there is a relative
reduction of joint surface devoted to the facet
for the metacarpal 2 base. Similarly, the recent
human capitate tends to have increased articu-
lar area devoted to the facet for the metacarpal
2 and less articular area devoted to the facet
for the metacarpal 3 base. These changes are
again likely indicative of adaptations to the

W.A. NIEWOEHNER

predominance of axial forces at the
Neanderthal metacarpal 3 base.

The remaining readily apparent shape con-
trasts on the radial aspect of the metacarpal 3
base, plus those already mentioned for the
same region of the capitate and the metacarpal
2 base, are all indicative of a major shift in
functional anatomy in this region. Not only
does the recent human metacarpal 3 styloid
process project further proximally, but a sec-
ondary effect of the recent human larger sty-
loid process is to produce a more dorsopal-
marly concave facet for the ulnar aspect of the
metacarpal 2 base. This creates a deeper more
rounded “cup” for the metacarpal 2 base, per-
haps enhancing the conjunct rotation of the
recent human metacarpal 2.

The conjunct rotation of the metacarpal 2
is important in the production of precision
grips involving the first finger and thumb
(Lewis, 1989; Craig, 1992). Of additional
importance is the shape of the recent human
metacarpal 2 head. The primary contrasts
identified in this region are slight changes in
the shape of the radial aspect of the
metacarpal 2 head. Neanderthal metacarpal 2
heads tend to be expanded on the dorsoradial
aspect; however, the radial lobe does not proj-
ect as far radially as the recent human radial
lobe. Admittedly, this is minor variation and
most apparent at the extremes of morphologi-
cal variation. Nevertheless, the evidence from
this analysis for enhanced pronation of the
recent human metacarpal 2, plus this orienta-
tion difference is potentially an important
indicator of a “fine tuning” of the fine manip-
ulative capabilities of the recent human hand
that deserves further research.

To reiterate, the primary shape contrasts
identified in the capitate-metacarpal 2/3 region
are consistent with a shift from primarily axi-
ally oriented forces through this region of the
Neanderthal hand to a combination of axial and
oblique forces in the recent human hand.
Between-sample shifts in facet orientation are
apparent for the metacarpal 2-trapezium facet,
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the metacarpal 2-capitate facet, and the capi-
tate-metacarpal 2 facets. This difference in
facet orientations is accompanied by shifts in
the relative sizes of the capitate-metacarpal 2
and 3 facets. The radioulnar flattening of the
Neanderthal metacarpal 2-trapezoid facet and
their non-projecting metacarpal 3 styloid
process are further evidence for the predomi-
nance of axial forces in this region. There are
no indications that Neanderthals lacked fine
manipulative abilities due to insufficient
metacarpal 2 conjunct rotation, or that the
metacarpal 2 head shape is radically different
from the modern human condition. Yet, signif-
icant changes in the shape of the “cup” for the
ulnar aspect of the metacarpal 2 base, plus
changes in the radial aspect of the metacarpal 2
head that enhance the radial deviation and
supination of the first finger, are evidence for
continued “fine tuning” of precision grips
involving the first finger and thumb.

The Hamate, Metacarpal 5 base, and
Metacarpal 5 head. One of the primary con-
trasts between the extremes of recent human
and Neanderthal hamate facet morphology is
the difference in the relative radioulnar extents
of the facets for the metacarpal 5 and
metacarpal 4. The tendency is for the
Neanderthal hamate-metacarpal 5 facet to
comprise less of the hamate’s total radioulnar
breadth compared to the recent human ten-
dency of metacarpal 5 facet radioulnar expan-
sion. Even though the Neanderthal metacarpal
5 facet tends to be relatively narrow, it never-
theless tends to be relatively taller in the dor-
sopalmar axis. It is possible that the recent
human hamate-metacarpal 5 facet occupies a
greater proportion of the distal hamate surface
because the metacarpal 4 facet is reduced in its
radioulnar extent relative to the Neanderthal
hamate-metacarpal 4 facet. This difference in
relative joint surface area, plus the fact that
Neanderthals have significantly increased
metacarpal 4 and 5 cortical areas (Niewoehner,
2000), implies that Neanderthals experienced
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primarily axial loads at both the fourth and
fifth metacarpal bases, whereas recent humans
are adapted to reduced axial loads at the
metacarpal 4 base.

The only noticeable facet shape differences
between the Neanderthal and recent human
samples are found on the hamate-metacarpal
5 facet. There is a slight increase in the dor-
sopalmar concavity of the Neanderthal facet
and a slightly more pronounced increase in
the convexity of the facet in the radioulnar
axis. These shape changes are more subtle
than the Neanderthal/recent human differ-
ences in the shape of the metacarpal 5 base
discussed below. Finally, it is not clear why the
Neanderthal hamulus tends to be positioned
further ulnarly than in modern humans, but it
is likely that this is merely the product of
increased palmar projection of the ulnarly
tilted hamulus and/or their (radioulnarly)
thicker hamuli.

The primary shape differences identified at
the metacarpal 5 base are contrasts in the
degree of concavity/convexity in the radioul-
nar axis of the facet for the hamate. Although
among the Neanderthals this was consistently
the most heavily damaged of the metacarpal
bases, there is still enough of the base present
to demonstrate significant shape differences
between Neanderthals and recent humans. At
the extreme ends of the recent human sample
variation, the metacarpal 5-hamate facet is
saddle-shaped, being dorsopalmarly convex
and mildly radioulnarly concave. The
Neanderthal metacarpal 5-hamate facet tends
to lack the radioulnar concavity of most recent
human specimens, and although the dorsoul-
nar aspect is damaged on the Neanderthal
specimens, it is clear that the convexity here is
generally lacking. Following the logic pre-
sented earlier for the metacarpal 1 and 2
bases, the shape contrasts in both the hamate
(in terms of radioulnar flattening of the facet
for the metacarpal 5) and the metacarpal 5
base are most likely further evidence of adap-
tations to the transmission of axial forces
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across the Neanderthal distal carpometacarpal
row. Additionally, as in the trapezio-metacarpal
1 joint, there is more shape variation in the
metacarpal base than in the matching facet on
the carpal (Niewoehner, 2000).

There are more pronounced differences
between the Neanderthal and recent
metacarpal 5 heads that are analogous to the
shape contrasts described for the metacarpal 2
head. The primary Neanderthal/recent human
contrasts are in the reduced ulnar, palmar, and
proximal projection of the ulnar lobe of the
Neanderthal metacarpal 5 head. The func-
tional importance of the recent human
metacarpal 5 head shape has been previously
detailed. The shape difference found in the
Neanderthal metacarpal head also implies
slightly reduced ulnar deviation and supina-
tion of the fifth proximal phalanx during fin-
ger flexion. The effect this may have had on
fine manipulative abilities when objects were
held at the tips of the fingers is unclear, since
this shape difference is not dramatic.
However, this appears to be further evidence
that the recent human hand is “fine tuned” for
precise manipulation.

Another interesting morphological differ-
ence is the more parasagittal orientation of the
facet for the metacarpal 4 base relative to the
radioulnar plane of the facet for the hamate in
the Neanderthal metacarpal 5 base. It is possi-
ble that there is no functional significance to
this feature, as again, it is most noticeable at
the extremes of Neanderthal/recent human
ranges of variation. There remains the possi-
bility that the recent human fifth metacarpal is
tilted slightly more proximoulnarly than the
Neanderthal fifth metacarpal, assuming simi-
lar degrees of proximodistal curvature of the
distal carpal row. This would place the recent
human fifth metacarpal in a position more
analogous to the first metacarpal on the radial
side of the hand (however, this interpretation
is the opposite of Musgrave’s [1971] proposal
that Neanderthal fifth metacarpals were more
ulnarly deviated, giving them a wide finger
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span). Furthermore, the slight expansion of
the articular surface on the dorsal aspect of the
recent human metacarpal 5 base may be
indicative of increased range of metacarpal 5
extension, and the more open configuration of
the recent human hamate-metacarpal 5 facet
in the dorsopalmar axis would allow for
generally greater mobility in the flexion-
extension axis.

One note of caution has to be sounded at
this point. Although I am certain of the
“reality” of the shape changes at the
hamate-metacarpal 5 facet, and the relative
orientation of the metacarpal 5-hamate and
metacarpal 4 facets, I am less certain of the
“reality” of the dorsal extension of the
metacarpal 5 articular surface. First, this
principal component accounts for only 2.5%
of total sample variance (Niewoehner,
2000). Second, the metacarpal 5 base is dif-
ficult to digitize because it is so small and
most of the Neanderthal metacarpal 5 bases
have damage near the dorsal aspect.
Nevertheless, slight increases in mobility of
the metacarpal 5, especially in flexion, plus
the metacarpal 5 head shape differences
already mentioned would further enhance
the fine manipulative postures of the fifth
finger.

The radioulnar flattening of the
Neanderthal metacarpal 5 base is analogous
to the shape changes identified in the
Neanderthal metacarpal 1 base. Of note is
the apparent reduction of the radioulnar
extent of the joint surface for the metacarpal
4 base at the extremes of recent human vari-
ation, implying reduced load transmission
through the metacarpal 4 base. There is
some evidence for increased range of flex-
ion/ extension of the recent human
metacarpal 5, and less certain evidence for a
more pronounced proximoulnar tilt.
However, the shape of the recent human
metacarpal 5 head is indicative of enhanced
ulnar deviation and supination of the fifth
proximal phalanx.
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Stasis and Change in Late Pleistocene
Hand Functional Anatomy

As the preceding review has made clear,
numerous features of the Neanderthal hand
are consistent with hypertrophied hand mus-
culature, indicating increased grip strength
relative to recent humans. Adding to the power
from hypertrophied musculature would have
been increased mechanical advantages at the
first and fifth carpometacarpal joints pro-
duced by their large, projecting scaphoid, tra-
pezium, and hamate tubercles. The intrinsic
hand muscles that originate on or near the tra-
pezium tubercle and contribute to flexion,
opposition, and rotation of the first
metacarpal (abductor pollicis brevis, oppo-
nens pollicis, and flexor pollicis brevis) all
operated with increased mechanical advan-
tage. On the ulnar side of the hand, the extrin-
sic hand muscle (flexor carpi ulnaris) that has
part of its attachment on the flexor retinacu-
lum through the pisiform probably had
increased mechanical advantage for wrist
flexion and hand adduction. The intrinsic
muscles on the ulnar side of the hand that
originate on or near the hamulus through the
flexor retinaculum are the abductor digiti
minimi, flexor digiti minimi brevis, and oppo-
nens digiti minimi. Of these, the opponens
muscle almost certainly operated with greater
mechanical advantage during opposition of
the fifth metacarpal while cupping the palm of
the hand.

The Neanderthal hand, therefore, seems to
be adapted primarily to produce increased
grip strength during circumduction of the
thumb at the trapezio-metacarpal 1 joint, dur-
ing cupping of the palm through the opposi-
tion of the fifth metacarpal, during flexion of
the wrist and adduction of the hand, and, given
the previously discussed mechanical advan-
tage of their thumb phalangeal proportions,
during flexion of the thumb metacarpopha-
langeal joint. All of these movements are
important in the production of power grips.
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Again, this is not to say that Neanderthals
could not produce precision grips, since there
are no morphological indications of limited
joint movements (Stoner & Trinkaus, 1981;
Trinkaus, 1983a, b; Trinkaus et al., 1991;
Trinkaus & Villemeur, 1991; Niewoehner
et al., 1997a; Niewoehner, 2003). Added to the
previous features are the joint shape and joint
orientation contrasts between Neanderthal and
recent human samples that seem to be indica-
tive of large axially directed forces being
transmitted through the carpometacarpal
joints.

The morphological gulf between the recent
human hand and the Neanderthal hand is
bridged by the other Late Pleistocene samples.
With reference to joint shapes and orientations
identified in the geometric morphometric
analysis, there appear to be four basic patterns
of morphological affinities (Figure 5). The
first, evident in the lack of significant mor-
phological separation between any of the sam-
ples, is that the trapezia and metacarpal 4
bases are essentially indistinguishable. The
second pattern, evident in the capitate,
hamate, metacarpal 2 and 5 heads, and the
metacarpal 5 base, is one in which the
Neanderthal and recent human samples are
distinct, but the Early and Late Upper
Paleolithic samples are morphologically
indistinguishable from modern humans. The
third pattern, evident in the metacarpal 2 and
metacarpal 3 base morphologies, is one in
which the Neanderthal and recent human sam-
ples are well separated, but the Early and Late
Upper Paleolithic samples are morphologi-
cally intermediate between the Neanderthal
and recent human ranges of variation. The
fourth, and perhaps, the most interesting pat-
tern, is for the first metacarpal base. Here, the
Neanderthal and Early Upper Paleolithic sam-
ples are similar to each other, and as a com-
bined sample they contrast with the recent
human and Late Upper Paleolithic samples
that, in turn, are indistinguishable from each
other in their morphology. The Skhiil/Qafzeh
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Trapezium
Metacarpal 4 base
Neanderthal
Early Upper Paleolithic
Late Upper Paleolithic
Recent humans
Capitate
Hamate

Metacarpal 5 base
Metacarpal 2 and 5 heads

Neanderthal

Early Upper Paleolithic

Metacarpal 2 and 3 bases

» | Late Upper Paleolithic
Recent Humans

Neanderthal |

Early Upper Paleolithic
Late Upper Paleolithic

Recent
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\ 4

Metacarpal 1 base

Neanderthal

Late Upper Paleolithic

Early Upper
Paleolithic

v

Recent humans

Figure 5. The mosaic nature of morphological transitions in the carpometacarpal and
metacarpophalangeal regions. The samples are grouped in boxes according to their
morphological similarities and arrows indicate morphological transitions.

sample is difficult to incorporate into the pat-
terns mentioned above because of sample size
problems (the largest sample size is three, see
Table 14), but as has been discussed at length
before (Niewoehner, 2001), in their total mor-
phological pattern they are more similar to the
combined Upper Paleolithic sample than to
either Neanderthals or modern humans.
These results, coupled with qualitative
observations, demonstrate that Early and Late
Upper Paleolithic hand remains are more sim-
ilar to recent human hands than to
Neanderthal hands in features such as the
morphology of the distal phalanges and in
measures of carpal tubercle projection and

hand/wrist mechanical advantages. The values
for relative tubercle projection on both the tra-
pezium and hamate, the thumb phalangeal
ratios, and the mechanical advantage at the
metacarpophalangeal joint and the ulnar side
of the hand decrease rapidly with the advent
of Early Upper Paleolithic humans, indicating
contrasts in these measures are primarily
between Neanderthals and all other samples.
Significantly though, Early and Late Upper
Paleolithic hand remains are not indistinguish-
able from those of modern humans. Evident in
the Early Upper Paleolithic sample are some
features that are reminiscent of Neanderthals.
These features include the presence (on some
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specimens) of significant muscle crests on
metacarpals 1 and 5 as well as a Neanderthal-
like metacarpal 1 base shape. Of special note is
the fact that Early Upper Paleolithic and
Neanderthal thumb carpometacarpal articula-
tions are similar, although somewhat greater
development of the metacarpal 1 palmar beak
is evident in Early Upper Paleolithic humans.
Evidently, Early Upper Paleolithic humans and
Neanderthals shared manipulatory behaviors
that produced similar levels of axial loads at
the base of the thumb. However, both Late
Upper Paleolithic and recent human
metacarpal 1 bases are almost invariantly dor-
sopalmary concave, indicating reduced load
levels and/or altered load orientations
(Hamrick, 1996) at the base of the thumb.

Additionally, both the Early and Late
Upper Paleolithic samples have intermediate
metacarpal 2 and 3 base morphologies relative
to Neanderthal and recent human samples.
Functionally, there are indications of
increased stabilization of the mid-car-
pometacarpal region, the enhancement of first
finger precision movements, coupled with the
aforementioned significant reductions in hand
and wrist mechanical advantages in the Early
and Late Upper Paleolithic specimens.
Whereas the Neanderthal metacarpal 2 base is
adapted for the transmission of primarily axi-
ally directed joint reaction forces, Early Upper
Paleolithic metacarpal 2 and metacarpal 3
bases (given increased projection of their sty-
loid process) are both adapted for increased
oblique loads. These adaptations are more
apparent in Late Upper Paleolithic specimens
and are fully developed in recent human sam-
ples. This indicates that the Middle to Upper
Paleolithic behavioral transition, insofar as
manipulative behaviors are concerned,
involved subtle, rather than radical frequency
shifts, and the Early Upper Paleolithic humans
(primarily Gravettians in this sample)
employed manipulative behaviors that pro-
duced high levels of force at the base of the
thumb.
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Discussion

A major concern relevant to the interpretation
of Neanderthal upper limb morphology is the
degree to which Mousterian and Upper
Paleolithic lithic technologies made use of the
increased mechanical advantages of hafted
tools. Microscopic indications of hafting have
been reported both by Anderson-Gerfaud
(1990) and Beyries (1988) for convergent and
transverse sidescrapers, as well as endscrap-
ers, but there is no indication of how fre-
quently this may have occurred within these
typological categories. Bitumen residues
reported from the Umm el Tlel site in Syria
(Boéda et al., 1996) are from the terminal
Mousterian layer (40,000 BC), and they were
found on only two pieces: a convergent
scraper and a small Levallois flake. What is
surprising is not that there is evidence for
hafting in the Mousterian, but that the macro-
scopic evidence is so rare. This is a significant
contrast with the more abundant evidence for
hafting in the Upper Paleolithic (Kuhn, 1995).
Another complicating factor is the possibility
that Levantine Mousterians utilized hafted
lithics (at least spear points) more frequently
than European Mousterians (Shea, 1988,
1989, 1997).

Given the location and morphology of
microwear traces, it is probable that single
lithic elements were hafted onto the distal end
of wood or bone handles. It is less likely that
multiple flakes were regularly set into the lat-
eral aspect of the shaft as is typical of some
Upper Paleolithic tools. Experimental replica-
tion of the possible ways to haft a Mousterian
convergent scraper (Anderson-Gerfaud, 1990)
yields one plausible scenario that is in accord
with functional analyses of the Neanderthal
hand. Figure 6 illustrates one possible use of a
scraper that has been hafted into the distal end
of a wood handle and used for woodworking.
The user grasps the handle transversely, rather
than obliquely across the hand, requiring
approximately equal flexion at each of the
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Figure 6. Hypothetical hand position for a
Mousterian hafted tool. This reconstructed tool
was used to scrape wood. The hand is slightly
abducted and the tool placed transversely across
the hand while the thumb stabilizes the shaft.
Drawing by Karen Fennell of a photograph in
Anderson-Gerfaud (1990).

finger metacarpophalangeal joints. The han-
dle is stabilized in the hand not only by flex-
ion of the fingers, but also by bracing the
thumb against the handle itself. This would
require powerful flexion of the fingers plus
isometric contraction of flexor muscles
around the thumb metacarpophalangeal and
trapezio-metacarpal 1 joints. In this posture,
the thumb interphalangeal joint does not have
to be flexed. The increased mechanical advan-
tage at the Neanderthal thumb metacarpopha-
langeal joint could reflect habitual use of this
type of grasp. Also note that the hand is
slightly abducted, characteristic of the most
stable wrist position for power grips.
Increased muscular stabilization of the wrist
would be important for maintenance of this
posture.

Of course, this is neither the only possible
hafting method nor the only possible manipu-
lative posture. It is merely suggestive of a pos-
sible Neanderthal positional “preference” for
their use of hafted tools. Interestingly, this
behavioral interpretation is also in accord with
functional interpretations of the Neanderthal
mid-carpometacarpal region which indicate a
predominance of axial, rather than axial and
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oblique forces being habitually transmitted
through the mid-carpometacarpal region
(Riley & Trinkaus, 1989; Niewoehner et al.,
1997b; Niewoehner, 2000).

The majority of non-convergent
Mousterian tool types, such as many scrapers
and most denticulates, probably had to be held
in the hand without the benefit of a handle,
since they do not show hafting marks
(Anderson-Gerfaud, 1990). Neanderthal
hands are better suited than other Late
Pleistocene human hands for habitually and
effectively using non-hafted tools. Important
anatomical correlates of this are indications of
generally hypertrophied hand musculature,
especially of the digital flexor muscles and
their (presumably) large dorsal interosseous
muscles which aid in finger flexion at the
metacarpophalangeal joints. Also, their
expanded distal tuberosities, producing wider
fingertips, would have aided their ability to
firmly grasp objects against the fingertips. If
the smaller tools, such as denticulates, were
held in pinch grips between the thumb and the
side of the index finger, the combination of a
hypertrophied first dorsal interosseous muscle
with powerful flexion of the thumb would
have enabled Neanderthals to produce a pow-
erful, vise-like grip.

If the use-wear studies are correct, that
Mousterians spent much of their time shaping
wood into various forms (Anderson-Gerfaud
& Helmer, 1987; Anderson-Gerfaud et al.,
1987; Beyries, 1987, 1988; Anderson-
Gerfaud, 1990), a large part of their techno-
logical repertoire has not been preserved in
the archaeological record. This is a reason-
able inference for the Neanderthals during
the early glacial period (oxygen isotope
stages Se through 5a), since even during the
coldest periods (stages 5d and 5b) most of
northern and western Europe still had signif-
icant patches of birch-pine forests (Zagwin,
1990). During the middle glacial period
(oxygen isotope stage 4) most of northern
Europe consisted of tundra (Behre, 1990;
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Zagwin, 1990), severely limiting the supply
of wood. However, even during the coldest
periods of oxygen isotope stage 4, pollen
cores from Eastern France (Le Grande Pile
and Les Echets) indicate the continued pres-
ence of birch and pine in this region at least
(Woillard, 1978; Beaulieu & Reille, 1984).
Thus, wood was probably more or less con-
tinuously available as a raw material
throughout most of Europe during the early
and middle glacial periods, except the north-
ern part of Europe during the coldest periods
of oxygen isotope stage 4.

It is possible that an emphasis on wood-
working, their habitual grip positions, their
hafting methods, and especially their emphasis
on grip strength, are all at least partially related
to the modification of this archaeologically
invisible component of the Neanderthal tech-
nological repertoire. The extreme reduction in
Early and Late Upper Paleolithic carpal tuber-
cle projection and most of the mechanical
advantages in the hand could be indicative of a
shift away from wood as the primary material
and its replacement in many circumstances by
alternate materials such as bone and antler,
although antler and wood may have similar
properties. Of course, working wood with few
hafted tools and other hand held tools is not the
only behavior that requires hand strength and
alternate grip positions, and certainly other
subsistence behaviors contributed to these
functional adaptations.

It is convenient to propose a behavioral
hypothesis based on archaeological “evi-
dence” (wood) that is generally not preserved
and even perhaps not universally abundant
during the coldest phases of the first half of
the last glaciation; yet the functional anatomy
of the Neanderthal hand supports the afore-
mentioned reliance on wood as one possible
interpretation of developmentally plastic
aspects of their manual anatomy. It is also
possible that Neanderthals and the earliest
Upper Paleolithic humans preferred different
raw materials (wood vs. bone and antler), but
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used them for essentially the same subsistence
purposes. This hypothesis is relevant to those
interested in the extent and nature of
Mousterian vs. Early Upper Paleolithic con-
trasts in subsistence behaviors and it under-
scores the need for functional analyses that
focus on changes in mechanical effectiveness
of tools as well as changes in the frequency of
hafting itself during the Early Upper
Paleolithic.

Unfortunately, although this scenario may
make sense for the European Early Upper
Paleolithic (with the reservations expressed
above), it does not work at all for the Near
Eastern Mousterian because it requires that
the Skhiil/Qafzeh hominids be associated with
Aurignacian-like bone and/or antler artifacts.
Yet, it does point out that we have to begin
looking at these problems in alternative ways,
and develop more research strategies to inves-
tigate questions of behavioral variability
(Niewoehner, 2001).

Microwear traces on Upper Paleolithic
burins and some Font-Robert points (both of
which are thought to have been hafted) indi-
cate they were used to scrape, drill, and
groove bone and antler (Anderson-Gerfaud &
Helmer, 1987; Otte & Caspar, 1987) and the
proliferation of Upper Paleolithic end scrapers
is taken to be indicative of the more intensive
preparation of hides (Anderson-Gerfaud,
1990). The unanswered question though, is to
what degree did these shifts in tool technolo-
gies and material preparation occur in the
early versus the latter stages of the Upper
Paleolithic? The answer may lie, in part, in the
consideration of hypothesized shifts in manip-
ulative postures, and their morphological
correlates, that would have been required to
manufacture Mousterian and Upper Paleolithic
tools (Table 15). Of course, there are certainly
many activities beyond tool manufacture and
use that could contribute to functional differ-
ences, but it is difficult to identify them
archaeologically. Mousterian tools, utilized
primarily to work wood, stone, skin and meat,
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and some bone, could have been used effec-
tively with four basic techniques: percussion,
whittling, scraping, and cutting, although
other techniques listed for the Upper
Paleolithic could certainly have been used at
low frequencies. These four techniques all
require repetitive hand motions within the
same plane, most of the leverage coming from
the elbow and shoulder, while the other hand
holds the worked material immobile (Dennell,
1983). Functionally, these behaviors would
require the maintenance of the observed upper
limb muscular strength and mechanical
advantages in the forearms of Neanderthals
(Trinkaus, 1983a, b, 1986a; Trinkaus &
Churchill, 1988; Churchill, 1994).

The manufacture and use of Upper
Paleolithic tools still used basic Mousterian
techniques, but had to include higher frequen-
cies of pressure flaking, drilling, twisting, and
grinding. Frequency shifts in manufacturing
techniques, plus associated shifts in hand pos-
tures that were required to effectively use
Upper Paleolithic tools, necessitated
increased use of a number of habitual grip
positions such as oblique power grips and
hand/finger motions such as twisting of the
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fingers against the thumb for drilling, and
slow precise motions of the hand for engrav-
ing (Dennell, 1983). Functionally, adaptive
changes in the hand would be expected; espe-
cially those reflecting an emphasis on preci-
sion handling versus power, as well as joint
configurations indicative of altered force
transmission through the hand as the fre-
quency of oblique grip use increased.

If manipulative postures changed signifi-
cantly at the beginning of the Early Upper
Paleolithic, one should find that Early Upper
Paleolithic and Late Upper Paleolithic hand
anatomies are essentially the same. In other
words, we should find the same types and
magnitudes of morphological contrasts in
muscularity, mechanical advantages, and joint
shape and orientation between Neanderthals
and both Early and Late Upper Paleolithic
hands. However, we do not find this. The fact
that Early Upper Paleolithic and Late Upper
Paleolithic hands are slightly different lends
support to those who argue that the behavioral
transition from the Middle to the Upper
Paleolithic (at least with regards to behaviors
involving manipulation such as tool use and
manufacturing) was slow and gradual rather

Table 15. Probable Middle and Upper Paleolithic manufacturing techniques

Middle Paleolithic

Upper Paleolithic

Technique Material Technique Material
Percussion Bone, Stone Percussion Bone, Stone
Whittling Wood Whittling Wood, antler
Scraping Wood, skin Scraping Wood, skin
Cutting Wood, skin, meat Cutting Wood, skin, meat
Pressure flaking Stone
Drilling Bone, ivory, antler,
wood, shell
Carving Stone, antler, bone,
ivory
Engraving Stone, antler, bone,
tooth, ivory
Grinding, Stone, bone
polishing

Modified from Dennell (1983).
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than abrupt (Clark, 2002). Finally, given the
samples employed in this review it becomes
clear that the most interesting and most
informative hand remains are those which
have yet to be discovered and analyzed, those
of the earliest Aurignacian.
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Abstract

Much debate has focused on the significance of the “modern” cultural elements found in European Late Middle
Paleolithic (Chatelperronian, Uluzzian, and Szeletian) contexts. In light of evidence suggesting cultural interaction
between the makers of these industries and the makers of the Aurignacian (presumably anatomically modern
humans) it is imperative that the taxonomic affiliation of the hominins associated with these “transitional” indus-
tries be accurately identified. The fossil remains from the Chatelperronian levels (VIII-X) at the Grotte du Renne
(Arcy-sur-Cure, France) comprise a series of isolated teeth, as well as a child’s temporal bone. While the temporal
bone has been analyzed (and identified as having Neanderthal affinity), most of the 29 teeth from these levels have
not been described. The Chatelperronian dental remains from the Grotte du Renne comprise both permanent and
deciduous teeth. Fortunately, most are well preserved and relatively unworn. Simple dental dimensions are not par-
ticularly helpful in attempts to differentiate between Neanderthals and anatomically modern humans. The dimen-
sions of the postcanine teeth in these two groups overlap completely. However, Neanderthals are known to have
larger anterior teeth (on average), especially relative to their postcanine tooth size. Not surprisingly, we find that the
crown dimensions for the postcanine teeth from the Grotte du Renne fall within the ranges of both hominin groups.
The crown dimensions of the anterior teeth, however, strongly suggest that they belong to Neanderthal individuals.
The buccolingual measurements of all but one tooth fall outside the range of Upper Paleolithic modern humans and
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within the range of Neanderthals. Research by the first author has identified key dental morphological features that
can be used to differentiate Neanderthals and anatomically modern humans. These key characters are found in the
upper incisors, upper molars, P, and lower molars. Fortunately all but the upper molars are represented by the
Chatelperronian remains at the Grotte du Renne. The strongly shoveled, labially convex lateral incisors with strong
lingual tubercles, the asymmetrical P, with a strong, mesially placed metaconid and multiple lingual cusps, and the
presence of the mid-trigonid crest on lower molars all point to a Neanderthal affinity of these individuals. In addi-
tion, the morphology of the deciduous teeth more closely resembles that of Neanderthals than it does that of anatom-
ically modern humans. There is no single dental morphological character present exclusively in Neanderthals.
Rather, it is the frequency with which certain characters occur and, more importantly, the combinations of mor-
phological features that are important diagnostic tools. The distinctive combinations of features characteristic of
Neanderthal teeth are all found in the Chatelperronian-associated teeth from the Grotte du Renne. Our analysis of
both the permanent and deciduous teeth, therefore, is in agreement with the analysis of the temporal bone indicat-

ing the makers of the Chatelperronian at the Grotte du Renne were Neanderthals.

Introduction

The sites of Arcy-sur-Cure, located south-
east of Paris in the Yonne department, con-
sist of a network of caves carved out by the
Cure River. These caves were excavated
under the direction of André Leroi-Gourhan
between 1946 and 1963 (Leroi-Gourhan,
1958, 1961). The Grande Grotte and the
Grotte du Cheval are well known by
Paleolithic art enthusiasts for their painted
walls dating to between 24 and 32 ka. Other
caves, the Grotte de 1’Hyene, the Grotte du
Renne and the Galerie Schoepflin, preserve
evidence of Mousterian occupation, includ-
ing fossils and/or artifacts.

The Grotte du Renne has been of particular
interest because of the discovery of a
Chatelperronian artifact assemblage, which is
rich in bone tools and personal ornaments
(d’Errico et al., 1998). Fourteen stratigraphic
units were identified at the Grotte du Renne.
The Chatelperronian artifacts are contained in
three stratigraphic levels (VIII-X) that are
sandwiched between an Aurignacian level (VII)
and three Mousterian levels (XI-XIII).
Gravettian levels (IV-VI) have also been iden-
tified (Figure 1). A child’s temporal bone was
recovered from the Chatelperronian level Xb,
which has been dated by the ' C method. If only
the AMS dates are taken into consideration, the
ages obtained are 33,820 = 720 BP (OxA-
3462), 34,450 £ 750 BP (OxA-8452/Ly-895)

and 33,400 (OxA-9122/Ly-1055) (David et al.,
2001). An older date of 38,300 =1300 (OxA-
8451/ly-894) may result from a sample inver-
sion (David et al., 2001). Although there has
been some controversy regarding dates in the
Arcy sequence where conventional “C dates
show evidence of contamination (David et al.,
2001; White, 2001), palynological and
chronostratigraphical information, together
with information from other Chatelperronian
sites, suggests that the Chatelperronian began
at the start of the des Cottés Interstadial
(Interstade des Cottés), and lasted about 5000
years, which places it generally between 38,000
and 33,000 '“C years BPp.

Much debate has surrounded the signifi-
cance of the Chatelperronian industry at
Arcy-sur-Cure. Initially, conventional thought
presumed that anatomically modern humans
were the makers of the Chatelperronian, as
well as of other early Upper Paleolithic-like
assemblages. Doubts had already been raised
about this view by Leroi-Gourhan himself,
who claimed some teeth from Arcy could be
non-modern (Leroi-Gourhan, 1958, 1961).
After the discovery of a well-preserved partial
Neanderthal skeleton clearly associated with
the Chatelperronian at St. Césaire (Lévéque
and Vandermeersch, 1980), attention turned to
hypotheses regarding the explanation of
Neanderthal remains with Upper Paleolithic
artifacts. Several authors have supported the
view that the cultural evolution of the very last
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East West

Figure 1. Profiles from the Grotte du Renne, Arcy-sur-Cure. A. Eastern aspect B. Northern
aspect (Drawn by R. Humbert, taken from Connet, 2002 with permission).



194

Neanderthals could result from an accultura-
tion process by the modern invaders (Demars
and Hublin, 1989; Harrold, 1989; Hublin
et al., 1996; Mellars, 2004). Alternatively,
some have proposed an independent invention
of some of the Upper Paleolithic cultural
innovations by the last Neanderthals, in par-
ticular, the use of body ornaments (d’Errico
et al., 1998).

Recently, the re-dating of several Upper
Paleolithic sites (e.g., Vogelherd, Cro-
Magnon) has led some to suggest that we do
not know who the makers of any of the early
or initial Upper Paleolithic assemblages
were (Conard et al., 2004). One primary
issue is that the human remains associated
with such assemblages are generally poorly
preserved, and in certain cases consist nearly
wholly of teeth. For example, recently Henry-
Gambier et al. (2004) claimed that the
human remains associated with the early
Aurignacian at Brassempouy are undiagnos-
tic and could be either Neanderthal or
anatomically modern. A critical analysis of
the available data does not support this view,
but rather confirms the anatomically modern
nature of these remains (Bailey and Hublin,
2005).

Similar to Brassempouy, the fossil sample
associated with the Chatelperronian assem-
blage at the Grotte du Renne consists mainly
of teeth. As a result, the taxonomic affiliation
of the fossils, as well as their association with
the Chatelperronian artifacts, has been ques-
tioned. In addition to isolated teeth, the fossil
sample consists of some skeletal remains
including an infant’s temporal bone. The six
teeth originally recovered from the
Chatelperronian levels were described as
“paleoanthropic” and indistinguishable from
those from lower Mousterian levels by Leroi-
Gourhan (1958). More recently, Hublin et al.
(1996) showed that the infant’s temporal bone
from Level Xb had a clear Neanderthal affin-
ity. Coming after the Saint-Césaire discovery,
this provided support that Neanderthals, not
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modern humans, were responsible for the
assemblage.

Recently the association between the tem-
poral bone and the Chatelperronian artifacts
has been questioned by Connet (2002). This
author suggests that the temporal bone derives
from a part of the cave where there is the
potential for disturbance resulting from the
sloping of the deposits away from the cliff
wall in an area where a Mousterian fossil
could have “moved up” in the stratigraphy. If
this were the only human fossil associated
with the assemblage, it could indeed be prob-
lematic. However, subsequent to Leroi-
Gourhan’s original 1958 publication an
additional 25 teeth mostly, but not exclusively,
from level Xb have been recovered. With this
expanded dental sample we observe not one,
but several individuals associated with the
Chatelperronian assemblage of Arcy. When
plotted on a map of the site (Figure 2), it is
apparent that the teeth are not limited to any
particular area. An equal number of teeth
come from the horizontal deposits more
than one meter thick in the back of the shelter
and from the thinner deposits of the slope.
Although it is possible to argue, as did Connet
(2002), that the latter witnessed some distur-
bance in relation with processes of site forma-
tion, this argument does not apply to the
former.

There are two primary questions that need
to be addressed with regard to the
Chatelperronian dental sample from the
Grotte du Renne. First, is it possible to iden-
tify the taxonomic affinity of the sample
based solely on isolated teeth? And second, if
the teeth are diagnosable as Neanderthal, are
those teeth that exhibit diagnostically
Neanderthal characters limited to the areas of
the site where vertical displacement is a
viable and likely explanation? The expanded
fossil sample, as well as recent work on
Neanderthal dental morphology, provides us
with an opportunity to address this issue in a
novel way.
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Figure 2. Distribution of the isolated teeth at the Grotte du Renne in Chatelperronian levels. Black
dot: tooth with diagnostic Neanderthal features; unfilled circle: tooth consistent with (but not prov-
ing) Neanderthal morphology; grey star: child’s temporal bone. Black line extending from W7 to B6
shows limit between the plateau (above) and the slope (below) in the site. All tooth positions take into
account changes in the coordinate system before 1956. Four teeth (Nos. 4, 5, 6 & 7 are not plotted
because of the uncertainty of their exact location (see Note 2, Table 1). Original drawn by

R. Humbert, modified (with permission) from Connet, 2002.
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The Dental Sample

Leroi-Gourhan (1958) originally described six
human teeth recovered from the
Chatelperronian levels, two of which were later
identified as non-human. Subsequent excava-
tions between 1959 and 1963 uncovered an
additional 25 human teeth. The dental sample
now consists of 15 permanent and 14 decidu-
ous teeth. Most are relatively unworn and
derive from young individuals. A complete
description of the entire dental set can be found
in Bailey and Hublin (2006).

Table 1 presents the list of Chatelperronian-
associated specimens. While the 14 deciduous
teeth greatly expand the fossil deciduous tooth
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sample, to date there has been no systematic
study comparing Neanderthal and anatomi-
cally modern deciduous tooth morphology
using agreed upon methods and standards.
Therefore, the taxonomic assessment pre-
sented here will be based primarily on the
permanent teeth.

It has sometimes been assumed that the
teeth of Neanderthals and anatomically mod-
ern humans are very much alike. However,
recent comprehensive analyses of the
Neanderthal dentition have shown this
assumption to be misconceived. While simple
measurements of the postcanine teeth show
complete overlap between Neanderthals and
anatomically modern humans, the anterior

Table 1. List of human teeth from the Chdtelperronian levels of the Grotte du Renne, Arcy-sur-Cure

Spec no Level Specimen label Tooth (side) Age Publication

11 VIII Z11 451 I, (L) Subadult >8 yrs Bailey and Hublin, 2006
42 IX IXb B7 P, (L) 12-18 yrs Leroi-Gourhan, 1958

13 IX IXc Z13 P*(R) 15-18 yrs Bailey and Hublin, 2006
16! IX RIX B7 M, (R) adult Bailey and Hublin, 2006
52 X RXb A6 M, (R) >15 yrs Leroi-Gourhan, 1958

6’ X RXb A6 M; (R) adult Leroi-Gourhan, 1958

7? X RXb 78 C, (L) 12+ yrs Leroi-Gourhan, 1958
17! X RXa C7 M, (R) >15 yrs Bailey and Hublin, 2006
18 X RXb1 D10 dm,; (R) 4-7 yrs Bailey and Hublin, 2006
19 X RXbl D10 > (L) 4-6 yrs Bailey and Hublin, 2006
20 X RXbl D10 P3 (L) 5-7 yrs Bailey and Hublin, 2006
21 X RXblc All M, (R) 7-9 yrs Bailey and Hublin, 2006
22 X RXb2 B5 1916 di? (R) 4-6 yrs Bailey and Hublin, 2006
23 X RXb2 B6 1506 2 (L) 6-8 yrs Bailey and Hublin, 2006
24 X RXb2 B6 P’ (L) 5-7 yrs Bailey and Hublin, 2006
25 X RXb2 B11 3191 dm; (R) 5-7 yrs Bailey and Hublin, 2006
26 X RXb2 C7 dm? (R) 9-12 mo Bailey and Hublin, 2006
27 X RXb2 C7 di' (R) <18 mo Bailey and Hublin, 2006
28 X RXb2 C7 di? (R) 7-12 mo Bailey and Hublin, 2006
29 X RXb2 C8 dm, (R) 7-15 mo Bailey and Hublin, 2006
30 X RXb2 C8 M; (R) 9-18 mo Bailey and Hublin, 2006
31 X RXb2 C8 dc, (R) 7-15 mo Bailey and Hublin, 2006
32 X RXb2 C8 di' (L)? >5-6 yrs Bailey and Hublin, 2006
33 X RXb2 C8 dm, (R) 6-11 mo Bailey and Hublin, 2006
34 X RX C7 dm! (L)Y 7-11 mo Bailey and Hublin, 2006
35 X RXc A7 M; (R) 6-9 yrs Bailey and Hublin, 2006
36 X RXb2 BS di' (L) birth Bailey and Hublin, 2006
37 X RXc Z6 dc’ (R) 37 yrs Bailey and Hublin, 2006
38 X RXc C9 de’ (L) 4-8 mo Bailey and Hublin, 2006

!'Not used in the analysis because worn or damaged.

2 These teeth are of uncertain location because of changes in the coordinate system before 1956. The locations of all other teeth have been

checked according to the post-1956 grid.
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Table 2. A list of trait frequencies that distinguish Neanderthals from Upper Paleolithic moderns
and their presence or absence in the Arcy-sur-Cure sample

Trait presence Upper
(based on Mousterian Paleolithic
ASUDAS' and Neanderthal Modern
Tooth Trait Bailey, 2002b) Arcy-sur-Cure % present (n) % present (n)
I2(n=2)
Shoveling Grade 3+ present 93 (27) 43 (7)
Lingual tubercles Grade 1+ present 100 (25) 0(7)
(Tuberculum dentale)
Two of the above present 100 (24) 0(7)
P’ (n=2)
Essential crest Grade 1+ present 100 (19) 43 (7)
Maxillary Premolar Accessory ~ Grade 1+ present (1/2) 69 (16) 25 (4)
Ridges (MxPAR)
Two of the above present (1/2) 88 (16) 0(5)
PPin=1)
Essential crest Grade 1+ present 100 (18) 67 (6)
Maxillary Premolar Accessory ~ Grade 1+ present 77 (22) 50 (2)
Ridges (MxPAR)
Two of the above present 78 (18) 50 (2)
C,(n=1
Distal accessory ridge Grade 2+ present 67 (12) 29 (7)
Py(n=1)
Distolingual cusp Grade 2+ present 90 (30) 39 (13)
Transverse crest Grade 2+ absent 77 (27) 7 (14)
Asymmetry Grade 1+ present 92 (25) 33.(9)
Two of the above present 91 (22) 9 (11)
(distolingual cusp
+ asymmetry)
M, (n = 2)
Mid-trigonid crest Grade 1+ present 94 (28) 0(23)
Cusp 6 Grade 1+ present 26 (19) 19 (21)
Two of the above present (1/2) 57 (7) 0 (15)
M, (n = 2)
Y-pattern Y present (1/2) 79 (34) 44 (25)
Cusp 6 Grade 1+ present 55 (20) 24 (17)
Mid-trigonid crest Grade 1+ present 91 (24) 9(23)
Anterior fovea Grade 2+ present 88 (24) 53 (19)
Three of the above present 63 (20) 0 (13)
(Cusp 6+ mid-trigonid crest
+anterior fovea)
M;(n=1)
Four cusps absent 0(23) 32 (19)

! ASUDAS: Arizona State University dental anthropology system (Turner et al., 1991).
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dentition of Neanderthals is relatively larger
than that of anatomically modern humans
(Bytnar et al., 1994). A recent study of tooth
root lengths also indicates that the roots of
several teeth are significantly longer in
Neanderthals than in Upper Paleolithic mod-
ern humans (e.g., I', 12, C', 1, I, C, P5, P, and
M,); and, for some teeth (e.g., I', C’ and I,)
there is little or no overlap in their ranges
(Bailey, 2005).

Morphologically, while no single dental
morphological character is uniquely present in
Neanderthals, the frequencies with which
certain traits occur and, perhaps more impor-
tantly, the combination of traits in a single
individual or in individual teeth has proven to
be an important set of diagnostic tools (Bailey,

2002a, b, 2004; Bailey and Lynch, 2005).
Table 2 provides a list of tooth traits in which
frequencies distinguish Neanderthals from
Upper Paleolithic modern humans and their
presence or absence in the Grotte du Renne
sample.

For example upper incisors show marked
differences between Neanderthals and
anatomically modern humans. Not only do they
tend to be relatively larger in Neanderthals
(especially buccolingually), but they show a
distinctive combination of morphological
features as well (Mizoguchi, 1985; Crummett,
1995; Bailey, 2000). Mizoguchi described
Neanderthal incisors as having “extremely
developed marginal ridges which run parallel
to each other, a very deep lingual fossa and a

Table 3. Comparative buccolingual measurements for the Arcy-sur-Cure sample, Mousterian
Neanderthals and Upper Paleolithic modern humans

Mousterian Neanderthal Upper Paleolithic
The Grotte du Renne, mean (n) modern mean (n)
Arcy-sur-Cure range’ range’

I2 8.2,838 82(n=27) 6.7 (n=11)
7.4-8.8 5.8-8.3

p? 113 10.1 (n = 17) 9.7 (n = 12)
8.1-11.3 8.7-10.6

p4 10.5 10.2 (n = 11) 9.7 (n = 12)
8.2-11.3 8.8-10.9

L 7.8 7.5m="17) 6.8 (n =21)
6.0-8.0 6.0-7.5

C, 9.8 8.5 (n = 10) 8.4 (n = 16)
5.6-9.8 7.2-9.7

P, 10.2 88 (m=11) 84 (n=14)
7.6-10.5 7.1-9.2

M, 11.1 10.8 (n = 18) 10.9 (n = 28)
9.7-11.8 9.8-11.9

M, 11.6,11.6 10.9 (n = 16) 10.7 (n = 30)
9.9-12.1 8.6-12.3

M; 10.8 10.8 (n = 13) 10.6 (n = 12)
7.8-13.1 7.7-12.5

! Bailey, unpublished data: Comparative samples include the following sites:
Mousterian Neanderthals: Arcy-sur-Cure (levels XI and XII), Ciota Ciara, Grotte Guattari, Hortus,
Krapina, Kulna, La Fate, La Quina, Melpignano, Montmaurin, Ochoz, Pontnewydd, Petit Puymoyen,

Régourdou and Spy.

Upper Paleolithic moderns: Abeilles, Abri Blanchard, Abri Castanet, Abri Pataud, Aurignac, Bruniquel,
Gough’s Cave, Dolni VEstonice, Farincourt, Fourneau-du-Diable, Grottes d’Isturitz, La Chaud, La Ferrassie,
La Gravette, La Gréze, La Linde, La Madeleine, Les Vachons, Laugerie Basse, Les Rois, Mieslingtal,

St. Germain-la-Riviere and Vindija.
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large lingual tubercle” (“Type 2 shoveling:
Mizoguchi, 1985: 47). He clearly distin-
guished this form from that of modern
humans and also noted that the presence of
this morphology in the lateral incisors further
distinguished Neanderthals from Homo erec-
tus. Crummett (1995) noted that, in addition
to the aforementioned characters, Neanderthal
incisors are typified by marked labial convex-
ity. Shoveling and lingual tubercles on the
upper central incisor are primitive characters
found in other fossil hominins as well
(Mizoguchi, 1985). The degree of expression
and the combination of these three characters
in a single tooth, however, is distinctive of
Neanderthals.

The two wupper lateral incisors in the
Chatelperronian sample are large. The buc-
colingual dimension of one falls at the upper
end of the Upper Paleolithic variation, and
that of the other falls above its range
(Table 3). Morphologically, they show strong
shoveling, marked lingual tubercles and
labial convexity (Figure 3). The combination
of shoveling and lingual tubercles in the I?
occurs in 92% of Neanderthals and only 13%
of Upper Paleolithic moderns (Table 2). In
their combination and expression of these
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Figure 3. Two left I’s from Level X, Grotte du
Renne. Both show strong shovel shape (A),
lingual tubercles (B) and labial
convexity (not shown).

three features they clearly show affiliation to
Neanderthals.

Upper premolars of Neanderthals are
quite similar to those of other archaic humans.
The three upper premolars recovered from
the Grotte du Renne are, as Leroi-Gourhan
first described them, “paleoanthropic”. They

Figure 4. Upper premolars from the Grotte du Renne. Left: left P* (Level X).
Middle: left P? (Level X). Right: right P* (Level IX). A: essential crest, B: MxPAR
(maxillary premolar accessory ridges).
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present strong essential (median) crests on
the buccal and lingual cusps and two of the
three present accessory ridges (MxPAR:
Burnett, 1998) (Figure 4). The frequencies of
these features are lower in Upper Paleolithic
modern specimens than in Neanderthals.
Separately they are not particularly useful
traits for taxonomic affiliation; however, in
combination they are more informative. One
of the five scorable Upper Paleolithic mod-
ern P3s presents accessory ridges (Table 2),
but it does not exhibit a definite essential
crest. However, a majority (88%) of the
Neanderthal specimens present these traits in
combination. For the P*% again, 78% of
Neanderthals show these traits in combina-
tion while only one of the two scorable
Upper Paleolithic moderns shows this com-
bination.

Metrically, the buccolingual dimension of
the P3 falls outside the range of Upper
Paleolithic modern specimens and within the
range of Neanderthals (Table 3), while that of
the P* falls within the range of both Upper
Paleolithic moderns and Neanderthals. The
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root of the P*, however, is quite long. It falls
within the range of Neanderthals and is much
longer than the two Upper Paleolithic modern
P*s with measurable roots (Table 4).

The single lower incisor (an I,) possesses
archaic features, including moderate shovel-
ing, median ridge development and a cingu-
lum shelf (Figure 5). Its buccolingual breadth
falls outside the range of Upper Paleolithic
moderns and within the range of Neanderthals
(Table 3). Bytnar et al. (1994) have shown that
late archaic humans (Neanderthals) and early
modern humans in the Near East differ signif-
icantly in I, buccolingual dimensions. SEB
has found that European Neanderthals also
have I,s with significantly larger buccolingual
dimensions than those of Upper Paleolithic
moderns (see Table 3, t = 4.34, p < .0001,
df = 34, Bailey unpublished data). The buc-
colingual dimensions of this tooth, together
with its archaic morphology, suggest
Neanderthal affiliation.

Like the I,, the lower canine is archaic in its
size and morphology. Leroi-Gourhan (1958)
noted that its robust crown dimensions and

Table 4. Root lengths in the Arcy-sur-Cure sample compared to that of Mousterian
Neanderthals and Upper Paleolithic modern humans

The Grotte du

Mousterian Neanderthal

Upper Paleolithic

Renne, Arcy-sur- mean (n) modern mean (n)
Cure range’ range’

P4 16.6 17.6 (n = 10) 11.9(n=2)
16.2-19.0 10.5,13.3

C, 18.0 197 (n="17) 159 (n = 4)
17.3-23.2 13.2-19.0

Py 17.4 187 (n=17) 14.5 (n = 6)
14.5-21.0 13.0-17.1

M, 13.6 143 (n=9) 132 (n=23)
12.2-16.8 11.6-14.0

M, 14.4 153 (n = 6) 13.7(n="7)
14.3-16.3 12.6-16.8

M; 15.0 143 (m=25) no data
11.8-14.1

! Bailey, unpublished data: Comparative samples include the following sites:

Mousterian Neanderthals: Krapina, Hortus, Ciota Ciara, Petit Puymoyen, Régourdou, La Quina

and Spy.
Upper Paleolithic moderns:

Fourneau-du-Diable,

Gough’s Cave, Grottes d’Isturitz,

La Chaud, La Ferrassie, La Gravette, La Gréze, Les Vachons, Les Rois and St. Germain-la- Riviére.
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Figure 5. Left I, from Level VIII, Grotte du
Renne with cingulum (A) and median
ridge (B) development. Left: lingual view,
Right: distal view.

Figure 6. Left C, from Level X, Grotte du Renne
showing marked distal accessory
ridge (A). Left lingual view, right: mesial view.

double channeled root were similar to canines
from earlier Mousterian levels. Indeed, its
buccolingual dimensions are outside the range
of Upper Paleolithic moderns and at the high
end of the range for Neanderthals. The pres-
ence of a strong distal accessory ridge is also
more common in Neanderthals than in Upper
Paleolithic moderns (Table 2). Compared to
other Neanderthal lower canines, the fully
formed root is somewhat diminutive in length.
However, the marked hypercementosis and
absence of crown wear strongly suggest that
the tooth was impacted (Figure 6). Therefore,
we caution against using root length in the
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Figure 7. Left P, from Level IX, Grotte du
Renne possessing a large mesially placed
metaconid (A) and an second lingual cusp (B).
Occlusal outline is markedly
asymmetrical. Left: buccal view,
right: occlusal view.

interpretation. In all other attributes the tooth
1s most closely affiliated with Neanderthals.

The single P, presents a markedly asym-
metrical occlusal crown outline and multiple
lingual cusps. It also possesses a large and
mesially placed metaconid (Figure 7). The
combination of asymmetry and multiple lin-
gual cusps can be found in 91% of
Neanderthals, but it is rare (~8%) in Upper
Paleolithic moderns (Table 2). About 60% of
Neanderthals also present a prominent contin-
uous transverse crest connecting the metaconid
and protoconid. However, while the essential
crests of the buccal and lingual cusps of this
tooth are markedly developed, they do not join
to form a transverse crest. The buccolingual
breadth of the P, is at the high end of the
Neanderthal range of variation and two stan-
dard deviations above the range for Upper
Paleolithic moderns (Table 3). Its root length
is also above the Upper Paleolithic modern
range. In morphology and size the affinity of
this tooth is much closer to Neanderthals than
to Upper Paleolithic moderns.
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Seven lower molars have been recovered
from the Chatelperronian levels of the Grotte
du Renne. Three of these provide little or no
morphological information due to their
marked wear or partial preservation. Because
molar length and breadth dimensions of
Neanderthals and anatomically modern
humans overlap extensively, there is little we
can reliably infer about the taxonomic affilia-
tion of these three worn teeth. However, the
remaining teeth are less worn and more
informative (Figure 8). Each of the two M;
present a mid-trigonid crest (or epicristid:
Zubov, 1992), which has a much higher fre-
quency in Neanderthals than in Upper
Paleolithic moderns (Table 2). Of the two M,s,
one presents a continuous mid-trigonid crest,
while the other presents a mid-trigonid crest
that is divided by a shallow groove. Both M,s
possess large hypoconulids (Cusp 5). In addi-
tion, at least one clearly possesses a tuberculum
sextum (Cusp 6). The distal portion of the
other M, is obscured by wear. The trait com-
bination — mid-trigonid crest + anterior

Figure 8. Unworn or slightly worn lower molars,
Level X, Grotte du Renne. 1: right M1,
2: right M2, 3: right M1, 4: right M2. Traits
referred to in the text: mid-trigonid crest (A),
hypoconulid (B) and tuberculum sextum (C).

S.E. BAILEY & J.-J. HUBLIN

fovea + cusp 6 — is observed in 63% of
Neanderthals but not in Upper Paleolithic
moderns (Table 2). Thus, the combination of
traits observed in the M, clearly suggests
Neanderthal affinity. Although quite worn, the
single M; certainly possessed more than four
cusps — a characteristic found in 100% of
Neanderthals and 68% of Upper Paleolithic
moderns.

To summarize, in size and morphology all
of the teeth from the Chatelperronian levels at
the Grotte du Renne are consistent with
Neanderthal affinity. Certain teeth in this
sample present traits and/or trait combina-
tions that are rare or absent in Upper
Paleolithic modern humans, but occur with
high frequency in Neanderthals. When we
consider each of the traits for which Upper
Paleolithic and Neanderthals have substantial
differences in frequency (Table 2), and com-
bine that with the available metric data, it is
clear that the likelihood that these teeth come
from anatomically modern humans is quite
low. In fact, if we assume that the
Chatelperronian assemblage represents a sin-
gle population, and compare it to the combi-
nation of trait frequencies observed in
Neanderthals and Upper Paleolithic moderns,
we find the posterior probability that the pop-
ulation can be assigned to Upper Paleolithic
moderns to be 0'.

SPATIAL DISTRIBUTION

Three teeth likely belonging to a single indi-
vidual between the ages of 4 and 6 years were
recovered from level Xb1, Square D10 located
towards the back of the shelter (Figure 9). In
addition to developmental age, the color and
the state of preservation all suggest the teeth
derive from the same individual. The I? pos-
sesses the distinctive Neanderthal combination
of strong shovel shape, labial convexity and a
well-developed lingual tubercle. The dm, pres-
ents a strong crest connecting buccal and
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Figure 9. Location of square D10 and associated teeth (see Table 1) Original drawn by
R. Humbert, modified (with permission) from Connet, 2002.



204

lingual cusps, which is similar to that found in
the permanent P, of Neanderthals. The P?
presents a strong and bifurcated essential crest,
consistent with (but not proving) Neanderthal
affinity. The fragmentary nature and incom-
pleteness of this set suggest possible distur-
bance. However, it remains that three teeth
likely belong to the same individual and come
from a square that is in the back of the shelter,
away from the sloping part of the deposits.
This suggests some level of integrity of the
layer in this particular square.

Similarly, four of the five teeth recovered
from Xb2, Square C8 (Figure 10) have a high
probability of belonging to the same individ-
ual with a developmental age of 9 to 18
months (dc,, dm,, dm,, M, but not the di').
The permanent M, has a high probability of
belonging to a Neanderthal, with its marked
mid-trigonid crest, low mesial marginal ridge
and six cusps. The dm, presents compressed
and internally placed cusps typical of
Neanderthals, and the morphology of its
mid-trigonid crest is nearly identical to that
of the M,. The dm; shows morphology simi-
lar to that seen in Neanderthal P,s, including
a prominent, continuous crest between the
buccal and lingual cusps. The color, preser-
vation and developmental age of these four
specimens, together with the morphological
similarity between the dm, and the perma-
nent M, strongly suggest that they belong to
the same infant. This again suggests that dis-
turbance in this part of the cave, and this
square in particular, was limited and likely
not to account for the association between
these  Neanderthal teeth and the
Chatelperronian assemblage.

Finally, an M, from Xblc, Square All
(Figure 11) presents a combination of traits
found in 63% of Neanderthals, but not found
in any Upper Paleolithic modern humans
sampled. The occlusal complexity of the
tooth, together with the morphology of the
mid-trigonid crest strongly suggests it
belonged to a Neanderthal. Square All, is

S.E. BAILEY & J.-J. HUBLIN

located in the back of the shelter where the
likelihood is low that vertical displacement
would explain the presence of a Neanderthal
tooth in this level.

Summary and Conclusions

Our goal was to use new methods (dental
anthropology) to identify the makers of the
Chatelperronian at the Grotte du Renne, and
to investigate the likelihood that inter-level
movement of objects and/or teeth could
account for the association between the fossils
and the cultural remains. The use of the dental
sample increases the number of individuals
associated with the assemblage (MNI = 6)
and confirms the conclusions derived from
the study of the temporal bone (Hublin et al.,
1996) that Neanderthals are the only
fossils associated with the Chatelperronian at
Arcy-sur-Cure.

The Grotte du Renne is indeed geologically
and stratigraphically complex. There is evi-
dence of periodic roof collapse and there is
the potential for mixture of once distinct
archaeological units in the section of the site
formed before the threshold of the bedrock
located some 8 m from the back of the shelter.
However, nearly half of the Neanderthal teeth
derive from areas where this type of distur-
bance and mixture is unlikely.

After the recent excavation of a preserved
section at the Grotte du Renne located virtually
at the center of the cave, David et al. (2001:
218) concluded that level X is “a key bed in the
stratigraphy of sedimentary refilling of the
Grotte du Renne. It is well defined by its thick-
ness, color, nature, structure and archeological
contents”. Moreover, our investigation of the
association of certain fossils shows conclu-
sively that, although some level of disturbance
is possible, spatial clusters of teeth belong to
particular individuals, suggesting that move-
ment of the remains was minimal. Finally, it
should be noted that level Xb, which yielded
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Figure 10. Location of Xb2, square C8 and associated teeth (see Table 1). Original drawn
by R. Humbert, modified (with permission) from Connet, 2002.



206 S.E. BAILEY & J.-J. HUBLIN

20

T o ¢

Current limit
of the vault

17

16

15

14

13

12

11

10

Figure 11. Location of Xblc, Square A1l and associated tooth (see Table 1). Original drawn
by R. Humbert, modified (with permission) from connet, 2002.



DENTAL REMAINS FROM ARCY-SUR-CURE

the majority of these remains, is not the lower-
most Chatelperronian level of the site. On part
of its extension it is separated from the
Mousterian levels by an older Chatelperronian
level (Xc). Conversely, level Xb is also sepa-
rated from the overlying Aurignacian deposits
by two other Chatelperronian levels (IX and
VIII) reaching 50 cm and 20 cm thick in some
places. The uppermost layer VIII also yielded a
diagnosable Neandertal tooth, which is well
above the uppermost Mousterian Layer XI. In
addition, it must be noted that no Aurignacian
small artifacts or modern human teeth are
found in level Xb. It is, in our view, unlikely
that the occurrence of body ornaments associ-
ated to the Neanderthal remains in level Xb
could be explained by a selective migration of
such items from level VII through levels VIII
and IX (also see discussion in d’Errico et al.,
1998, 2003).

Recently, the idea that there are no distin-
guishing characteristics of Neanderthal teeth,
espoused by Boule and Vallois (1957), has
been revived by Henry-Gambier et al. (2004).
This idea is based on the fact that metrically
there is a great deal of overlap between the
groups, and morphologically there are no
traits found in Neanderthals that cannot be
found, at least on occasion, in anatomically
modern humans. It seems to be linked to a
recent trend to question the generally held
assumption that the makers of the early
Aurignacian were modern humans. This trend
is partly the result of recent re-dating of sev-
eral Aurignacian sites (e.g., Vogelherd, Cro-
Magnon), which now appear to be much
younger than once thought. Conard et al.
(2004) have suggested that we perhaps do not
know who made the Aurignacian. This sug-
gestion has recently been echoed by Henry-
Gambier et al. (2004) in their analysis of the
early Aurignacian fossils from Brassempouy.

Neanderthal teeth are distinguished from
those of anatomically modern humans prima-
rily in their trait frequencies and in the combi-
nation of traits in a single tooth, not in the
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presence of a particular trait (the mid-trigonid
crest on the M3 may be an exception: Bailey,
2002a). However, it is misguided to conclude
that taxonomic affiliation cannot be deter-
mined from isolated teeth. To date, we find no
evidence to support that any hominins other
than Neanderthals are associated with the
Chatelperronian or that any hominins other
than anatomically modern humans are associ-
ated with the early Aurignacian.

Acknowledgements

We would like to thank Katerina Harvati and
Terry Harrison for organizing the
Neanderthals Revisited symposium and for
inviting us to participate. We also appreciate
the reviewers’ helpful comments and sugges-
tions on the original manuscript. For access
to the Arcy-sur-Cure fossils we thank
Professor H. de Lumley and D. Grimaud-
Hervé. We would also like to thank N.
Connet, C. Letourneux and M. Julien for
providing excavation data on the spatial
distribution. Much of the comparative data
presented in this study was collected while
SEB was a PhD student at Arizona State
University, and she is grateful to all the peo-
ple who provided access to, and assistance
with, the fossils and contemporary speci-
mens examined during this time. Data col-
lection and research for SEB’s dissertation
were supported by grants from the National
Science Foundation (BCS-0002481), LSB
Leakey foundation and the Philanthropic
Educational Organization (PEO).

Note

1. The combination of features found in some of the
Arcy Chatelperronian teeth was never observed in
the modern human series. Assuming that the Arcy
series represents a homogeneous sample, a posterior
probability of this series to be modern, computed
from the observed frequency in our reference popu-
lations, will inevitably give a null result.
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Abstract

Analyses of mitochondrial DNA sequences extracted from several Neanderthal remains have provided new
information on their genetic relationship with modern human individuals. However, these results have been inter-
preted very differently among anthropologists. Here we review these results and present additional data directly
addressing the question of genetic continuity among human populations during the Late Pleistocene. An analysis
of additional Neanderthal and early modern human remains from Western and Central Europe do not provide any
evidence of gene flow between the two groups. We also show that under reasonable assumptions of human demog-
raphy, these data rule out a major genetic contribution by Neanderthals to the modern human gene pool. Finally,
we present preliminary results showing that ancient DNA studies can also contribute to unraveling aspects of
Neanderthal demography. Promising avenues of research, such as the investigation of Neanderthal population
genetic diversity and organization, as well as analyses of mammal populations contemporary with Neanderthals,
could allow us to better understand the dynamics, and perhaps causes, of the demographic changes that occurred
in Eurasia during the Late Pleistocene.

Introduction Africa around two million years ago to

colonize Europe and Asia as far as Indonesia
Most researchers agree that the first hominids (e.g., Wolpoff and Caspari, 1997; Gabunia
evolved in Africa (e.g., Campbell, 1988; Klein, et al., 2000; Oms et al., 2000; Wood and
1989; Lewin, 1999) and that Homo erectus left Richmond, 2000; Roebroeks, 2001; Balter and
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Gibbons, 2002; Vekua et al., 2002). However,
the fate of archaic human populations that
evolved regionally from this ancestral stock is
much debated, especially with regards to a sec-
ond wave of colonization from Africa around
100 ka. Most notably, attention has been
focused on the fate of the Neanderthals,! the
archaic humans that inhabited Europe and
Western Asia during the later part of the
Pleistocene (i.e., between 300 ka and 30 ka).
Recent '*C-dating confirms that the last
Neanderthals could have co-existed with the
first modern humans in Europe (Bocquet-
Appel and Demars, 2000). However, it is still
unclear whether this possible cohabitation
influenced the gene pool of the newcomers or
if, on the contrary, the Neanderthals went
extinct without contributing to the gene pool
of early modern humans in Europe.

In 1997, Krings extracted DNA from a
humerus of the Neanderthal holotype (Krings
et al., 1997). The 379 base pairs (bp) ampli-
fied from the hypervariable region of the
mitochondrial (mt) genome were different
from all modern human DNA sequences.
Furthermore, this DNA sequence was too dif-
ferent from the current human sequences
observed in the gene pool to be likely to be
found in an individual that has not been ana-
lyzed yet. Tree reconstructions confirmed
these analyses: while all human mtDNA
sequences group together with a recent com-
mon ancestor,”> the sequence retrieved from
the type specimen of Neanderthal shows a
much deeper separation with strong statistical
support. This result is often interpreted as
compelling evidence for the absence of inter-
breeding between Neanderthals and modern
humans, or even as proof that Neanderthals
and modern humans were two different
species (e.g., Lindahl, 2000). However, even
after the publication of two additional mtDNA
sequences, very similar to that of the first
individual (Krings et al., 2000; Ovchinnikov
et al., 2000), many scenarios are still consis-
tent with the data.

D. SERRE & S. PAABO

Two problems limit the range of the con-
clusions drawn from these studies: first, due
to the impossibility of differentiating modern
contamination from endogenous DNA
sequences, a sample from a Neanderthal indi-
vidual carrying a sequence similar to that of a
current human could be discarded as putative
contamination (Nordborg, 1998; Trinkaus,
2001). Second, the absence of early modern
human DNA sequences leaves a long time
span during which simple demographic
processes can lead to the loss of Neanderthal
sequences even with a substantial amount of
admixture in the past (e.g., Relethford, 1998,
1999, 2001). Thus, the Neanderthal mtDNA
could have been swamped by a continuous
influx of modern human mtDNA into the
Neanderthal gene pool (Enflo et al., 2001),
lost by genetic drift (Nordborg, 1998), or by a
population replacement much later than the
Paleolithic transition, for example during the
Neolithic expansion (e.g., Cavalli-Sforza
et al., 1993). Here we summarize results that
overcome these problems. The paper
addresses the question of continuity or
replacement between Neanderthals and early
modern humans, as well as, more generally,
aspects of what happened to the human popu-
lations during the transition from the Middle
to Upper Paleolithic in Europe.

Looking for Gene Flow Between
Neanderthals and Early
Modern Humans

Contamination is the major problem of
ancient DNA studies dealing with human
remains because it is currently impossible to
differentiate endogenous DNA sequences
from modern contaminants present on the
bones and those potentially left by excavators,
curators and scientists that handled the bones.
It has been shown that most ancient animal
remains yield human DNA sequences when
sensitive enough amplifications are used
(Hofreiter et al., 2001; Wandeler et al., 2003).
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This hampers the range of conclusions that
can be drawn from studies of Neanderthal
mtDNA, since (1) possible evidence of gene
flow from modern humans to Neanderthals,
such as a Neanderthal specimen yielding only
a modern mtDNA sequence, could be consid-
ered a contamination artifact and therefore
discarded, and (2) there are no conclusive
mtDNA sequences from early modern
humans that can be compared with
Neanderthals. These DNA sequences would
be especially informative due to their closer
proximity in time to that of Neanderthals than
current genetic diversity (Relethford, 1998,
1999, 2001).

However, one can investigate the genetic
relationship between Neanderthals and early
modern humans by making use of the fact that
the Neanderthal mtDNA sequences retrieved
so far are distinguishable from all current
mtDNA sequences found in the human popu-
lation. Thus, one way to look for gene flow
between Neanderthals and early modern
humans is to ask two questions: (1) Do all
Neanderthal remains yield a “Neanderthal-
like” mtDNA sequence? (2) Do any early
modern human remains yield a “Neanderthal-
like” mtDNA sequence?

As this approach relies on the presence/
absence of a Neanderthal mtDNA sequence it
requires some independent criteria to validate
that any non-retrieval of Neanderthal mtDNA
is effectively due to its absence and not to a
lack of preservation of the biomolecules. We
used animal remains, for which contamination
is easily differentiable from endogenous DNA,
to determine which state of biomolecular
preservation is correlated with successful
retrieval of endogenous DNA. We looked at
the preservation of amino acids, the building
blocks of the proteins that represent the major
biomolecular component of the bone.
Analyses of numerous faunal remains showed
that using three independent measurements of
amino acids preservation (i.e., the total amount
of molecules, the ratio of two amino acids, and
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the chemical preservation of a particular
amino acid) we could define strict criteria by
which endogenous DNA from animal remains
could always be successfully retrieved and
amplified (Serre et al., 2004). This method
also offers the advantage of being quick and
largely non-destructive (less than 10 mg of
bone powder is required), thus allowing
screening of a large collection of material from
which one can later choose only the most
promising ones. We screened more than
25 Neanderthal and 40 early modern human
remains for amino acid preservation. Five
Neanderthal bones and five early modern
humans (Table 1) fulfilled our criteria of
preservation and therefore must contain
retrievable endogenous DNA sequences (Serre
et al., 2004; Beauval et al., 2005).

We extracted DNA from each of the ten
remains and amplified it under two different
conditions:

1. an amplification of mtDNA was per-
formed under conditions where mod-
ern human and Neanderthal, as well as
chimpanzee and gorilla, DNA were
successfully amplified. This amplifica-
tion allowed a wide screening of possi-
ble molecules present in the bones. For
example, if a bone contained an
mtDNA sequence different both from
Neanderthal and from modern human

Table 1. Specimen included in the gene flow study

Specimen

Neanderthal remains

Vindija 77 (Vi-77) (Croatia)

Vindija 80 (Vi-80) (Croatia)

Engis 2 (Belgium)

La-Chapelle-aux-Saints (France)
Les-Rochers-de-Villeneuve (RdV 1) (France)

Early modern human remains
Mladec 25¢ (Czech Republic)
Mladec 2 (Czech Republic)
Cro-Magnon (France)

Abri Pataud (France)

La Madeleine (France)
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sequences, this “unspecific” amplifi-
cation could likely detect it.

2. a “Neanderthal-specific” amplification
was performed. Under the conditions
used, only mtDNA sequences similar to
those retrieved from the previously ana-
lyzed Neanderthal remains could be
amplified while the amplification did
not work on modern human mtDNA
sequences. This procedure allowed us to
“fish out” a Neanderthal mtDNA
sequence, even if it was in the presence
of'a much larger amount of contaminant
sequences.

All remains (the five Neanderthals and the
five early modern humans) analyzed yielded
DNA sequences identical to contemporary
human DNA sequences when amplified using
the “unspecific” conditions. In 75% of the
cases, more than one human mtDNA
sequence was amplified from a single bone
(Serre et al., 2004). This confirmed previous
results that most ancient remains yield human
DNA sequences when sensitive enough
amplifications are used (Hofreiter et al., 2001;
Wandeler et al., 2003). Additionally, all DNA
sequences retrieved from the early modern
human remains were identical to modern
human mtDNA sequences present in DNA
sequence database (http://www.ncbi.
nlm.nih.gov/Genbank/). Due to ubiquitous
contamination in four samples (i.e., those
yielding each more than one sequence) and
the fact that any DNA sequence amplified can
potentially be a contaminant, it is impossible
to identify the endogenous mtDNA sequence
for any of the early modern human remains. In
our view, this shows that it is currently impos-
sible to trust the veracity of any ancient DNA
sequence similar to the one found in the mod-
ern human gene pool.

By contrast, when the DNA amplification
was performed under “Neanderthal-specific”
conditions, none of the five early modern
human remains yielded an amplification
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product. Interestingly, all five Neanderthal
remains did yield an amplification product
and, after sequencing, a short mtDNA
sequence fragment was identified that was
identical to the corresponding region of one of
the four Neanderthals already sequenced
(Krings et al., 1997, 2000; Ovchinnikov et al.,
2000; Schmitz et al., 2002). Given that the
overall state of preservation of the biomole-
cules 1is similar, this shows that the
Neanderthals formed a homogenous genetic
population different from that of early modern
humans (Serre et al., 2004; Beauval et al.,
2005). This result is supported by the mtDNA
sequence of a fragment of 47bp recently
retrieved from a Neanderthal from El Sidréon
Cave, Spain, that is identical to the sequences
from Vindija and Feldhofer 1 (Lalueza-Fox
et al., 2005).

Thus, while we applied an unbiased
methodology that can detect gene flow
between populations, we did not find any evi-
dence of gene flow in either direction. It is
important to stress here that some of the sam-
ples analyzed in this study have been
described as “transitional” between “classi-
cal” Neanderthals and early modern humans,
such as the Vindija Neanderthals (Smith and
Spencer, 1984; Wolpoff, 1999) and the
Mlade¢ individuals (Frayer, 1992; Wolpoff,
1999), so they represent good candidates to
reveal potential gene flow.

What is the maximum genetic
contribution that might have occurred?

Our analysis of five Neanderthal remains and
five early modern humans did not detect any
evidence of gene flow. However, given the
small sample size one might question the
power of this study to detect genetic contribu-
tion. In other words, one might want to esti-
mate the level of genetic contribution that can
be statistically ruled out given the data. It is
important to note that, while the former
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results were obtained by straight-forward
analyses of the data, estimation of the maxi-
mum genetic contribution relies on a theoretical
model of what we think is a fair representation
of human demographic history: what were the
population sizes of Neandertals and early
modern humans, when did they meet each
other, how long did they interact for, when and
how quickly did the modern human popula-
tion expanded? All these parameters need to
be estimated in the model. Therefore, one
should keep in mind that any results obtained
using this approach are dependant on the
assumptions made.

We decided to use the simplest model possi-
ble (to account for the small data set we have)
and to work under the assumption that the
human population is panmictic (i.e., random
mating) and of constant size through time. We
estimated, using this model (Tavare, 1984), that
the current mtDNA gene pool had only between
four and seven ancestors at 20-30 ka. This
shows the limitations of using only current
diversity to obtain insights about the mtDNA
gene pool in the late Pleistocene. In fact, the five
early modern human individuals analyzed here
provide almost as much information about the
mtDNA gene pool of modern humans in the late
Pleistocene as would the sequencing of mtDNA
sequence from all now-living humans. They
also add information that could not be obtained
by studying additional now-living individuals.
The mtDNA ancestry of current humans is
already intensively explored with respect to
deep divergences, so that additional major line-
ages are unlikely to be discovered (Sykes,
2001). Given that all Neanderthal bones ana-
lyzed yield mtDNA sequences that are similar to
each other and absent in the five early modern
humans analyzed, as well as in all modern
humans, we can exclude (at 95% confidence)
any Neanderthal contribution to the modern
human gene pool greater than 25% (Serre et al.,
2004). This might seem a rather uninformative
result, but it is in fact a major improvement.
When Neanderthal mtDNA sequences are
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considered alone, only a scenario of random-
mating  population  comprising  both
Neanderthals and modern humans can be
excluded (Nordborg, 1998). Thus, even using a
conservative model of population history we
can exclude a large Neanderthal contribution to
the modern human gene pool.

If we consider a more realistic scenario
where the spread of modern humans (before
and during their migration out of Africa and
subsequent colonization of western Eurasia)
was accompanied by a population growth, we
can exclude a smaller Neanderthal contribution.
However, the importance of the contribution
that can be excluded depends critically on when
and how the expansion occurred. For example,
Currat and Excoffier (2004) recently estimated
that under a much more complex scenario, in
which an expanding modern human population
spread progressively in Europe and competed
with the less numerous Neanderthals, the maxi-
mal genetic contribution compatible with the
data is smaller than 0.1%.

Can Ancient DNA Studies Tell us
What Happened to the Neanderthals
During the Middle to Upper
Paleolithic Transition?

The genetic data collected so far support a
scenario of no major interbreeding between
the two human populations in the Late
Pleistocene. Leaving aside discussions of
species/sub-species status and interbreeding
capacity/incapacity, we can still try to under-
stand why Neanderthals disappeared during
the transition from Middle to Upper
Paleolithic. Two avenues of research are
promising for this purpose: (1) the analyses of
genetic diversity within Neanderthals that can
lead to a greater understanding of their demo-
graphic history; and (2) the investigations of
potential demographic changes in animal pop-
ulations contemporary with the Neanderthals
to obtain a more global understanding of the
environment and its influences.



216

By comparing the Neanderthal mtDNA
sequences of the four individuals with the most
complete genetic information, we find that the
Neanderthals carry a genetic diversity for the
mtDNA similar to that of the current human
population and approximately 5 times smaller
than that of the African great apes (Krings
et al., 2000; Schmitz et al., 2002). We have
shown that this low diversity within
Neanderthals is not an artifact, since all well-
enough preserved remains yield very similar
sequences (Serre et al., 2004). One commonly
proposed explanation for the reduced genetic
diversity in humans relative to our closest liv-
ing relatives is that gorillas and chimpanzees
have always lived in the African rainforest,
which was not drastically modified by climatic
changes (e.g., Lahr and Foley, 1998). The
African great apes may, therefore, have main-
tained a stable population over a long period of
time and accumulated a large genetic diversity.
In contrast, human populations expanding in
open environments were more exposed to cli-
matic fluctuations and likely underwent a
series of drastic reductions in population size
followed by expansions (e.g., Takahata, 1994;
Lahr and Foley, 1998; Reich and Goldstein,
1998; Zietkiewicz et al., 1998; Adams et al.,
2000). The preliminary data concerning the
Neanderthal population show the same general
trend, and suggest a rather unstable population
history. Additionally, it is interesting to note
that the mtDNA sequence retrieved from the
second individual of Feldhofer, Germany
(Schmitz et al., 2002) carries three differences
from the type specimen mtDNA sequence
(Krings et al., 1997) while carrying only one
difference from the Croatian Neanderthal
mtDNA sequence (Krings et al., 2000). This
suggests that no strong geographical clustering
of mtDNA sequences was present in
Neanderthals, at least in western and central
Europe. It is clear that more individuals are
needed in order to arrive at more definitive
conclusions about the geographic organization
of the Neanderthal mtDNA gene pool, but it is
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interesting that this preliminary observation
contrasts with the picture given by some pale-
oanthropologists who present Neanderthals as
having strong cultural or behavioral differ-
ences correlated with their geographical ori-
gins (e.g., Bahn, 1998; d’Errico et al., 1998;
Stringer et al., 2000). In this context, one can
note that all Neanderthal DNA analyzed so far
dates from the early to middle part (~59-35 ka)
of the MIS 3 interstadial. An interesting work-
ing hypothesis would be that the Neanderthals
of the Saalian glaciation (MIS 6, ~195-128 ka)
consisted of a metapopulation with strong phy-
logeographical structure, and that the MIS 3
Neanderthal population is the result of post-
glacial expansion of only one, or a few, surviv-
ing local population(s).

Another promising approach to better
understand the history of Neanderthal and
early modern human populations is to analyze
faunal remains contemporary with these pop-
ulations. Ancient DNA analyses of animal
remains are far easier and more efficient than
those of human remains because: (1) many
more samples are available for analyses; and
(2) contamination is not an issue.’ In a recent
pilot study we analyzed remains from cave
bears, cave hyenas, and brown bears across
Europe, all dated to ~70-30 ka (Hofreiter
et al., 2004). In none of these data sets were
we able to detect a correlation between the
mtDNA sequence carried by an individual and
its geographical origin (sometimes this is
referred to as phylogeographic structure). This
finding is striking when compared to current
genetic diversity data: most species living
today in Europe show a strong correlation
with the mtDNA gene pool organized in two
or three clades found almost exclusively in
Western Europe, Eastern Europe or Southern
Europe (e.g., Taberlet et al., 1998; Avise,
2000; Hewitt, 2000). This organization of cur-
rent genetic diversity is believed to be the
result of glacial periods when many species
survived only in a few ice-free refugia (the
Iberian Peninsula, the Balkans, and Italy) and
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spread from there across Europe at the end of
the glaciation. Interestingly, while the time of
the setting of this phylogeographic structure is
believed to date to early in the Pleistocene
(e.g., Hewitt, 2000), we find no evidence of
such organization in the three species we
looked at. We concluded that the setting of
this phylogeographic structure possibly
occurred just a couple of tens of thousands of
years ago (Hofreiter et al., 2004). It will be
interesting to see if this result holds when
more species contemporary with the
Neanderthals are analyzed. This preliminary
result might indicate that many species under-
went major demographic rearrangements
around the time that Neanderthals became
extinct. This observation is of particular inter-
est as any event that affected the environment
so drastically must have affected the human
populations as well, if not directly, at least
through the changes of the dietary resource
availability. An understanding of the dynamics
of animal populations in the Pleistocene might
therefore lead to major breakthroughs in our
understanding of Neanderthal extinction.

Conclusion

We have shown here that genetic analyses of
Neanderthal and early modern human remains
can provide information about the relationship
and dynamics of these two populations.
Neanderthals, at least those living in the last
interglacial period, constitute a homogenous
genetic population different from the early
modern humans that followed them in Europe.
Recent analyses of Paleolithic human remains
found no evidence of gene flow between the
two populations in either direction, and we
can show that, if any, the genetic contribution
from the Neanderthals to the modern human
gene pool must have been limited. We are also
beginning to obtain some information con-
cerning the demography of the Neanderthals.
Their low genetic diversity relative to that of
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the African great apes, and similar to that of
current humans, suggests major demographic
changes during the Late Pleistocene. The geo-
graphic homogeneity of the gene pool of the
Neanderthals investigated so far, strikingly
contrasts with their apparent cultural diversity
and requires further investigation. Preliminary
analyses of faunal remains contemporary with
the Neanderthal suggest that major demo-
graphic changes occurred in Europe around
the time when Neanderthals became extinct.
Further investigations in this direction might
lead to a better understanding of the context in
which this disappearance occurred and per-
haps to its causes. Analyses of the DNA mol-
ecules preserved in Pleistocene human bones
are tedious and, unfortunately, still require the
destruction of a small amount of material.
Nonetheless, these analyses provide informa-
tion that cannot be obtained by looking at the
current genetic diversity or through morpho-
logical/archeological studies. Eight years after
the publication of the first Neanderthal
mtDNA sequence we have shifted the research
focus towards understanding of the
Neanderthal population history, and we are
only beginning to reveal this fascinating
period of human evolution. The conclusions
are still limited, but future analyses of addi-
tional individuals will allow us to verify (or
contradict) our preliminary results and offer
an exciting challenge for the coming years.

Notes

1. Throughout this paper we use the term “human
population” to describe both Neanderthals and
early modern humans. All the results presented
here deal with the population history of “modern
humans” and “Neanderthals” and can be explained
by demographic processes that do not necessitate
reproductive isolation or any other biological crite-
rion that can be used to define species.

2. The concept of genetic ancestry, as used throughout
this paper, is not identical to the popular meaning of
ancestry. In its most common meaning, the ances-
tors of a particular individual are his/her parents, the
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parents of this individual’s parents and so on. As a
consequence, the number of ancestors increases
continuously when one looks back in time, at least
during the first generations. In contrast, if one con-
siders a short fragment of a DNA molecule in an
individual, it is inherited from only one of her/his
parents, who has also inherited it from only one par-
ent. Therefore, the number of genetic ancestors
does not increase with the number of generations.
Additionally, as one looks back in time, two now-
living individuals will have inherited the fragment
of DNA considered from a common ancestor in the
nth generation. Working from this definition of
genetic ancestry, only this last individual will be a
genetic ancestor of the two now-living individuals
in the nth generation, while all other individuals
will not be (despite the fact that they are all ances-
tors per the popular meaning). Thus, the number of
genetic ancestors decreases when one looks back in
time as more and more individuals have common
ancestors until, eventually, a single most recent
common ancestor (MRCA) remains. It is worth not-
ing here that this MRCA (sometimes referred to as
“eve” for the mitochondrial DNA) is not an isolated
individual, but the particular member of a large
population that carries the fragment of DNA pres-
ent in all now-living individuals (who can harbor
different DNA sequences due to the accumulation
of mutations).

3. [tis trivial to differentiate a human DNA sequence
from that of non-human animal and, additionally,
animal DNA contamination is unlikely if standard
laboratory procedures are followed.
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Abstract

At present, the direct evidence for Neanderthal genetic variation and gene phylogeny is limited to the control
region of the mitochondrial DNA (mtDNA). Neanderthal mtDNA sequences are divergent from those of recent
humans. This fact, when coupled with the assumptions of selective neutrality and a recently expanding human
population, argues for the complete and utter extinction of Neanderthals without living issue. But an alternative
hypothesis is that human mtDNA has recently undergone an episode of positive selection, or a “selective sweep.”
Five converging lines of evidence suggest that mtDNA has undergone recent positive selection: (1) mtDNA vari-
ants in living humans are associated with life history and metabolic traits that changed dramatically during recent
human evolution; (2) Statistical tests show that the distribution of human mtDNA variation is clearly inconsistent
with neutrality; (3) Nuclear genomic variation is not consistent with a single recent population expansion as nec-
essary to explain human mtDNA variation; (4) A neutral mtDNA necessitates a population replacement to explain
its pattern of variation, but many autosomal and X chromosomal loci show strong phylogeographic or genealogi-
cal evidence for the survival of archaic human gene lineages and therefore reject population replacement; and
(5) Anatomical and archaeological evidence shows some degree of anatomical and behavioral continuity between
Upper Paleolithic Neanderthals and later Europeans and likewise reject population replacement. The hypothesis
of positive selection on mtDNA is in accord with recent estimates of genome-wide rates of selection and is con-
tradicted by no known evidence. Molecular and comparative evidence further suggests that the current pattern of
human mtDNA variation represents only the most recent episode of positive selection among many during human
evolution. Selection on mtDNA cannot prove that other Neanderthal genomic lineages survived, although such
survival may be suggested by other anatomical and genetic evidence. Nevertheless, the substantial probability of
such selection renders Neanderthal mtDNA variation phylogenetically uninformative.
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Introduction

As Darwin recognized over a century ago, the
most important force leading to the evolution
of human populations has been natural selec-
tion. Molecular genetic discoveries during the
past fifteen years have increasingly demon-
strated the importance of adaptive evolution to
the variation of human genes and their pattern
of similarities and differences compared to
other hominoid species. Some of the known
genetic targets of selection are tabulated by
Vallender and Lahn (2004), including many
with roles in neurobiology, the developmental
genetics of the skeleton, longevity, and other
systems, that have changed substantially dur-
ing human evolution.

Mitochondrial DNA (mtDNA) has a his-
tory of adaptive evolution in recent human
populations (reviewed in Wallace, 2005a).
This molecule is unique compared to most of
the nuclear genome because of its lack of
recombination, its clonal transmission, and its
maternal pattern of inheritance. All of these
factors reduce the expected diversity of the
mtDNA within populations, and combine to
ensure that any adaptive changes affect the
variation of the entire molecule (Spuhler,
1989). On the other hand, the mtDNA has a
relatively higher mutation rate than the
nuclear genome (Wallace, 2005b). This high
mutation rate tends to increase the genetic
diversity within populations, but it also may
increase the rate of both negative and positive
selection. The mtDNA exists in each mito-
chondrion, meaning that there are thousands
of copies in each cell (Wallace, 2005a). This
high copy number makes it possible to extract
mtDNA more reliably from degraded skeletal
remains than nuclear DNA. But it also greatly
increases the possibility of deleterious
somatic mutations. From these considerations,
the selective history of human mtDNA can be
expected to be complex.

However, some of these same factors make
genealogical reconstruction from mtDNA
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enormously simpler than for most nuclear
genetic loci (Cann et al., 1987). It is possible to
trace ancestry along the maternal line back to a
single common ancestor for all humans. The
high mutation rate means that close and distant
relatives may be distinguished easily, even
within the past few generations (Howell et al.,
1996) — a fact that has enabled the growth of
mtDNA genealogy testing services. Because
they are clonal, these maternal lineages can be
traced over thousands of years, enabling the
examination of the relative maternal contribu-
tion of different ancient regions to recent
populations. And the high copy number has
made it possible to extract partial mtDNA
sequences from the ancient skeletal remains of
Neanderthals (Krings et al., 1997).

Study of these Neanderthal mtDNA
sequences has shown them to be distinct
from those of living humans in several ways.
This distinctiveness is great enough to sug-
gest that Neanderthal mtDNA variants
probably do not survive today (Currat and
Excoffier, 2004). Under the assumption that
mtDNA has not been under selection across
the intervening 30,000 or more years, the
lack of any Neanderthal mtDNA lineages in
living human populations is highly signifi-
cant: it would indicate that any Neanderthal
ancestry for living people must have been
next to negligible (Currat and Excoffier, 2004;
Weaver and Roseman, 2005). But this con-
clusion hinges on the assumption that
mtDNA has in fact been selectively neutral
during this time period.

There are good reasons to think that
mtDNA has been significantly selected within
the past 30,000 to 50,000 years or more. There
are five lines of evidence leading to this
conclusion:

1. Presently segregating mtDNA variants
are associated with phenotypic varia-
tion in longevity, degenerative disease,
mortality, metabolic efficiency, brain-
related disorders, diet and climate.
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2. Human mtDNA variation is statistically
inconsistent with neutral evolution.

3. Human nuclear genomic variation is
inconsistent with the pattern of varia-
tion of human mtDNA.

4. Mitochondrial DNA neutrality can only
be maintained if a population replace-
ment occurred (Currat and Excoffier,
2004; Weaver and Roseman, 2005), but
many nuclear genetic loci show evi-
dence of ancient phylogeographic struc-
ture, and therefore are inconsistent with
population replacement.

5. Fossil and archaeological data from
Neanderthals and later Europeans are
likewise inconsistent with complete
population replacement, and instead
indicate some amount of Neanderthal
genetic persistence.

Each of these lines of evidence points
toward the same conclusion: the replacement
of Neanderthal mtDNA variation was a conse-
quence of selection rather than extinction.
This chapter reviews these lines of evidence,
beginning briefly with the current state of
knowledge about Neanderthal mtDNA varia-
tion and its interpretation in the absence of
selection.

Neanderthal mtDNA Variation

Serre et al. (2004) review the evidence of
Neanderthal mtDNA variation and its relation
to the mtDNA variation in recent humans.
However, there are certain weaknesses in the
evidence that have been reviewed elsewhere.
Here, I review many of these arguments. Many
of these are not central to the hypothesis of
selection, but they do lend ambiguity to the
interpretation of the data. I review them here
as necessary cautions on the dates and samples
that document ancient mtDNA variability.

For the purposes of examining the demog-
raphy of the Neanderthal population and the

223

relationship of Neanderthals to later humans,
there are four salient observations on human
and Neanderthal mtDNA variation:

¢ Relative to all living and recent humans,
the known Neanderthal sequences belong
to a separate clade (Knight, 2003).

e This clade is basal compared to those
including living humans (although see
Gutiérrez et al. [2002] concerning possi-
ble ambiguity on this position).

e The date linking this clade with that of
living humans is likely between 317,000
and 741,000 years ago (Krings et al.,
1999).

e The variation within the Neanderthal
clade is comparable in level to that
within the clade including all recent
humans (Krings et al., 2000); indicating
a most recent common ancestor for
Neanderthal mtDNA substantially more
recent than the Neanderthal-modern
human mtDNA ancestor.

These observations depend mainly on the
accurate estimation of the mutation rate of
mtDNA and the accurate estimation of phy-
logeny. They do not depend strongly on the
assumption of neutrality, except to the extent
that the effective rate of mutations and the
occurrence of homoplastic variants may have
been affected by negative selection on new
deleterious variants and positive selection on
new adaptive variants. Estimating the possi-
ble error in such estimates of phylogeny and
dates is a complicated subject in its own right
(Templeton, 1993; Wills, 1995; Wise et al.,
1997). However, while the dates and phyloge-
nies may have been affected by selection,
they do not themselves suffice to demonstrate
it. Nor would the presence of some selection
necessarily result in erroneous dates or
mtDNA  genealogical reconstructions.
Instead, the key error is the assumption that
mtDNA variants form a one-to-one corre-
spondence with populations (Templeton,
1993).
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Our confidence in the samples is a more
relevant issue to the interpretation of selection
versus neutrality. Clearly, if some
Neanderthal-like mtDNA variant were to be
found in a post-Neanderthal European, it
would be clear evidence that the mtDNA
replacement was discordant with the bound-
aries between Neanderthal and later populations,
as currently defined. Such a late-persisting
Neanderthal mtDNA variant has not yet been
found. Serre et al. (2004) failed to amplify
Neanderthal-like mtDNA sequences in a sam-
ple of five early modern European fossils.
Likewise, the amplification of mtDNA from
two Upper Paleolithic Italian fossils resulted
in only modern variants (Caramelli et al.,
2003). But this sample is too small and too
late to establish clearly when the mtDNA type
of recent humans initially arrived in Europe,
or the mode by which it replaced the earlier
Neanderthal mtDNA type. On the one hand,
the modern variant may have arrived within
Neanderthal populations as a consequence of
gene flow from elsewhere; on the other,
Neanderthal variants may have survived into
later populations at not-yet-detectable fre-
quencies. At present, it can be said only that
some recent European mtDNA haplogroups
(specifically, I, HV, and U) originated earlier
than 25,000 years ago (U may be as old as
50,000), and could have arrived in Europe
during this time period (Richards, 2003). The
contemporaneity of this haplogroup with the
transition from Neanderthals to modern
humans in Europe suggests an association,
although the hypothesis of an exclusive asso-
ciation of recent human mtDNA types with
modern human anatomy would require further
samples from early modern Europeans.

The other major caveat about the fossil
sample is the possibility of contamination.
Where an mtDNA variant is amplified that is
clearly not present in known samples of living
people, contamination is unlikely (Serre et al.,
2004). But the amplification of sequences that
are present in samples of recent humans may
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not be verifiably endogenous. Multiple con-
trols may reduce the likelihood of contamina-
tion to some extent, but even known
Neanderthal fossils result in a high proportion
of modern human contaminants. This problem
may mitigate against the temporal resolution
of the mtDNA discontinuity: although a large
sample of later humans can indicate the lack
of Neanderthal-like mtDNA variants, a simi-
larly large sample may never demonstrate
the absence of humanlike variants within
Neanderthals.

The interpretation of Neanderthal mtDNA
variation in terms of population replacement
depends very strongly on the assumption of
neutrality. This is because in the absence of
selection, the likelithood of loss of mtDNA
variants is related to the size of a population.
Within a very small population of a few
thousand individuals, the disappearance of an
initially widespread mtDNA variant would be
conceivable over the course of a few thousand
generations. Indeed, Nordborg (1998) used
the assumption of a small effective population
size to show that the odds of Neanderthal
mtDNA disappearance would be as high as 50
percent. But by 30,000 years ago, the global
human population was not small. With a geo-
graphic distribution spanning the Old World,
the ancestors of living humans must have
numbered in the hundreds of thousands or
more (Biraben, 2003).

Nor was the European population after
30,000 years ago stable in size; it was growing
(Harpending et al., 1993; Hawks, 1999; Stiner
et al., 2000). In a growing population, the like-
lihood is very small that a neutral allele will
be extinguished by genetic drift — especially
an allele once possessed by a substantial
proportion of the European population
(Manderscheid and Rogers, 1996). As demon-
strated by Currat and Excoffier (2004), the
clear implication is that if Neanderthals con-
tributed their mtDNA type to later modern
Europeans and if mtDNA variation was neu-
tral, then we should observe Neanderthal-like
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mtDNA variants in the gene pool of present-
day Europeans (also discussed by Weaver and
Roseman, 2005). The fact that we observe no
such variants is a strong refutation of one of
these assumptions.

Selection and Recent mtDNA Variation

Based on current samples, 167 fixed amino
acid substitutions separate the mtDNA genomes
of humans and chimpanzees (Kivisild et al.,
2006). This number does not include any of
the 414 amino acid sites that are polymorphic
in humans, some of which may have func-
tional effects, nor does it count the possibility
of repeated substitutions at hotspots. Only
around half this number occurred on the
human lineage (the other half occurred on the
chimpanzee lineage), and the vast majority of
these substitutions were probably neutral. But
the number is large enough to indicate a sub-
stantial possibility of functional change.

The hypothesis of past selection on human
mtDNA depends on two observations: that
mtDNA variants may have advantageous
functions for the individuals who carry them,
and that the pattern of variation in humans is
inconsistent with neutral evolution.

Adaptive Evolution of mtDNA in
Recent Human Populations

Within humans, there is abundant evidence
that mtDNA variants have phenotypic expres-
sions related to health and lifestyle. Human
mtDNA variants have been found to be asso-
ciated with chronic diseases of aging (Wallace
et al.,, 2001; Wallace and Lott, 2002), brain
disorders (Wallace et al., 1999, 2001; Zhu
et al., 2004), performance in athletes (Niemi
and Majamaa, 2005), and longevity itself
(Niemi et al., 2005). The present pattern of
variation also appears to be correlated with
climate (Ruiz-Pesini et al., 2004), and may
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affect dietary energetics and insulin metabo-
lism (Lowell and Shulman, 2005).

Not only are mtDNA variants expressed in
phenotypes, but there is also substantial evi-
dence that they have been adaptively evolving
in human populations. Ruiz-Pesini et al. (2004)
proposed that human mtDNA variants might
mediate a tradeoff between increased energy
production and increased longevity. In their
hypothesis, specific mtDNA lineages were pro-
posed to promote health and survival due to a
decrease in the production of radical oxygen
species (ROS). But this decrease in ROS was a
side-effect of a decrease in ATP production.
Thus, they viewed this balance as a reflection
of selection for greater heat production in cold
climates: decreasing the efficiency of ATP
production tends to increase heat at the same
time it decreases oxidative damage to cellular
function. They found that these variants occur
repeatedly in macrohaplogroups common at
higher latitudes.

Wallace (2005a) reviews evidence for
ancient adaptive mutations of the mtDNA in
humans, which today result in regional
specificity of certain macrohaplogroups.
This evidence includes regional correlations
for mutations in several mtDNA genes
(Mishmar et al., 2003), with different
patterns among ATP6, cytochrome b and
cytochrome oxidase I. Some haplogroups
are more frequent at northern latitudes and
others are restricted to Africa, and these
restrictions correspond to an increase in the
variation of ATP6 in northern populations.
This increase is especially suggestive of
selection, since ATP6 is highly conserved in
other mammals. Additional evidence of
adaptive mutations comes from the strong
effect of some common variants on neu-
ropathological diseases of aging (Wallace,
2005a), which may represent a changed
tradeoff between longevity itself and meta-
bolic production in the wake of recent
increases in human longevity (Caspari and
Lee, 2004).



226

Kivisild et al. (2006) found that nonsyn-
onymous variants were generally more com-
mon in recent mtDNA clades, which had a
nonsynonymous-to-synonymous (NS/S) ratio
of 0.62, compared to older clades that have a
ratio of 0.37. The predominance of nonsyn-
onymous variants in younger clades may rep-
resent a weaker degree of purifying selection
in recently expanding populations. But
according to Kivisild et al. (2006), the NS/S
ratio even in the oldest human mtDNA clades
is still significantly higher than the interspe-
cific value between humans and chimpanzees
(ca. 0.20). This difference would require puri-
fying selection to have been more effective on
the human lineage as a whole than it has been
during the recent worldwide diversification of
humans. This seems very unlikely considering
that a global increase in effective population
size should have heightened purifying selec-
tion, rather than decreasing it. An alternative
hypothesis that is more consistent with the
recent expansion of the human population is
that the NS/S ratio in recent human popula-
tions has been inflated by positive selection on
present mtDNA variants in humans. In sup-
port of this idea, Kivisild et al. (2006) suggest
that changes in human diet may have favored
the threonine and valine codon replacements
that are observed more commonly among
living humans than in other primate lineages.

Additionally, there is evidence for substan-
tial changes in the frequency of some mtDNA
variants in recent European prehistory.
Ancient DNA extracted from Neolithic skele-
tons of the Linearbandkeramik culture found a
high proportion (ca. 25 percent) of the Nla
haplotype, currently carried by only one in
five hundred people (Haak et al., 2005). The
radical decrease in the frequency of this
variant over the past 7000 years is analogous
to the disappearance of Neanderthal-like
variants in Europe over a much longer
time period. Haak et al. (2005) found that the
decrease was inexplicable as a result of
genetic drift alone.

J. HAwks

Tests of Neutrality

As suggestive as recent adaptive mtDNA
mutations may be, ancient mtDNA substitu-
tions within the human population as a whole
must be substantiated by demonstrating a
departure from neutrality for the global
human population. The proportion of rare
nucleotide sites for the mtDNA is far higher
than expected under the hypothesis of neu-
trality (Merriwether et al., 1991). This has
been shown not only for the noncoding
D-loop but also for functional genes (Wise
etal., 1997, 1998). The pattern of geographic
diversity of human mtDNA, with a sequence
of apparent expansions early in Africa and
later in Asia and Europe (Harpending et al.,
1993) is consistent with a recent selective
sweep originating in Africa and spreading
from there to the rest of the Old World (Hawks
et al., 2000a). A natural inference from these
data would be that a recent episode of positive
selection did in fact occur (Hawks and
Wolpoft, 2001).

A weaker argument is that positive selec-
tion on mtDNA during human evolution must
have been rare, because the ratio of synony-
mous to nonsynonymous site differences
between humans and chimpanzees is consis-
tent with neutrality. In the absence of selec-
tion, this ratio within species is expected to be
equal to the same ratio between species
(McDonald and Kreitman, 1991). But this
test 1s very weak, particularly in the presence
of purifying selection (Fay et al., 2001): it
would take many repeated instances of posi-
tive selection on the human lineage to refute
the hypothesis of neutrality using this test.
Even so, where this test has been applied,
human mtDNA has been shown to be signifi-
cantly nonneutral. Wise et al. (1998) has
shown a departure from neutrality for the
NADH?2 mitochondrial gene, inferring the
possibility that both purifying and positive
selection may have occurred during human
evolution.
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Population Expansions

There is one kind of neutral event that could
explain the violation of mutation-drift equilib-
rium in human mtDNA without recourse to
selection: a massive population expansion.
A number of geneticists have estimated the
magnitude of such an expansion under the
assumption that mtDNA is neutral. The extent
of disequilibrium of human mtDNA leads to
the estimate of an extreme demographic event:
an expansion of a hundred-fold or greater from
an initial effective population size of fewer
than 10,000 individuals to many millions
(Harpending et al., 1993, 1998; Sherry et al.,
1994). This event is proposed to have occurred
anytime from 40,000 years ago to as much as
150,000 years ago or longer —although the data
indicate that it must have occurred earlier in
Africa and later in Europe and East Asia
(Sherry et al., 1994). The appearance of a
series of expansions may be consistent with the
progressive dispersal of humans from an ini-
tially East African source (Sherry et al., 1994;
Tishkoff et al., 1996; Macaulay et al., 2005).
The hypothesis of population expansion
can be tested by looking at other regions of the
genome. If the ancient human population
actually expanded massively in size, then all
neutral regions of the genome should show
evidence of the same pattern of increasing
population size. However, this hypothesis has
been very difficult to test. Because of the
unique aspects of mtDNA inheritance, and its
uniquely high mutation rate, nuclear and
mtDNA loci are expected to show somewhat
different patterns of variation after a popula-
tion expansion. Also problematic is the fact
that some nuclear genomic loci have them-
selves been subject to recent positive selection
(Enard et al., 2002), meaning that the overall
pattern of variation includes sites and loci that
have not evolved neutrally (Harpending and
Rogers, 2000). Only recently has the study of
nuclear genomic loci begun to show the
inconsistency of nuclear and mtDNA
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variation (Eswaran et al., 2005). The most par-
simonious explanation for this inconsistency
is selection on mtDNA.

Multilocus Genomic Comparisons

The demographic history that has been recon-
structed to explain human mtDNA variation is
a massive expansion from a single small pop-
ulation, beginning approximately 50,000 to
100,000 years ago (Harpending et al., 1993;
Sherry et al., 1994; Harpending et al., 1998).
This expansion is estimated to have increased
the population size by anywhere from a
hundredfold to a thousandfold from an initial
effective population size of around 10,000
individuals. The pattern of demographic
growth is different in different regions of the
world, and apparently oldest within Africa and
youngest in Europe (Sherry et al., 1994).

Of nuclear genomic approaches, the results
that come closest to consistency with mtDNA
have been derived from human microsatellite
loci. The largest study of such loci is that
of Zhivotovsky et al. (2003). This study exam-
ined four different geographically dispersed
samples: African hunter-gatherers, African
farmers, Eurasia, and East Asia. All except the
hunter-gatherers were consistent with substan-
tial recent population expansions, with dates
ranging from 35,000 years ago in African
farmers to 17,600 years ago in East Asia. The
population sizes before this expansion were
estimated as 1883 in African farmers, 1760 in
Eurasia, and 1688 in East Asia. Estimates
from African hunter-gatherers diverged from
this pattern, with expansion from only 4300
years ago and a slightly larger initial size of
2609 individuals. These estimates undercut
the most recent estimates from mtDNA by a
factor of around threefold (comparing like
geographic regions).

At the other extreme, Ptak and Przeworski
(200