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Foreword

Science has evolved through the centuries by the entan-
glement of two very different modes of creative inquiry.
The first mode is the straightforward discovery of new
phenomena, typically made more likely by technological
advance. For example, researchers are now able to deter-
mine the age of most fossil and archaeological remains by
the amount of radioactive decay measured within them.
They can track local brain activity with functional magnetic
resonance imaging. By shifting to frequencies higher than
visible light on the electromagnetic spectrum, they are able
to find and study microorganisms too small to be seen with
conventional light microscopy. And by discovering
“missing link” species by whatever means, the researchers
can draw more accurate, and often surprising, evolutionary
family trees.

The second mode of inquiry is the synthesis of new and
old information across disciplines. Soon after the structure
of DNA was adduced, its base-pair code was broken, then
linked to the already well-established principles of partic-
ulate heredity. There ensued a linkage to the mother lode of
established biochemistry and cell architecture. A major
consequence was the inauguration of molecular biology,
whose achievements suffice to designate the second half of
the 20th century as the golden age of modern biology.

As the veils of mystery in biology have been removed
one by one, the cause-and-effect explanations have drawn
closer together. Hybrid disciplines became the rule in
biology, yielding, for example, behavioral ecology, physi-
ological ecology, biochemical physics, developmental
biology, economic botany, neurobiology, population ge-
netics, sociobiology, and a thicket of others, each attended
by its own journals and well-trained experts.

At first thought this proliferation of specialties may
seem a symptom of the splintering of biological knowl-
edge. But the opposite is true. The hybrid disciplines are
better recognized as silos that researchers have built to
master detailed information and thereby to promote original
discoveries. When biology is viewed as a whole, the
principles, the fundamentals, and even the styles of
expression are seen as actually convergent. The overall
network of biological knowledge it expresses is tightening.

One result is the production of ever farther-reaching syn-
theses such as the one presented in this book, which dares
to take biology deeper into the humanities, and the hu-
manities deeper into biology.

The contribution of the present work, On Human Na-
ture: Biology, Psychology, Ethics, Politics, and Religion, is
potentially profound. It is encyclopedic in coverage, written
by leaders in a large part of human biology rarely covered
within a single volume. Its aim, according to the editors, is
to evaluate “the present state of knowledge on human di-
versity and its adaptive significance through a broad se-
lection of representative chapters.” Its center is the
crossroads between biology and the human sciences.

On Human Nature uses detailed information to disclose
how and when humanity originated, what we are today, and
why we behave the way we do in an increasingly fragile
world of our own making. The content is fearless, tracking
change not just through the dawn of history in Neolithic
times, but much deeper into Paleolithic times, when our
physiological and emotional responses were programmed
by genetic evolution.

From the same perspective it is entirely appropriate for
some of the authors in the symposium, as elsewhere among
many scholars, to carry biological reasoning into subjects
traditionally reserved for the humanities. It has become
increasingly evident—although far from conclusively
proven—that the biological sciences are not separated from
humanistic explanations of aesthetics and moral reasoning,
at least not by the divide of seismic proportions formerly
accepted. Like other traits of physiology and behavior, they
are guided by emotional responses programmed from the
start by genetic evolution. “Human nature” is a concept
appropriately applied to characterize traits of this bedrock
origin. Biological research is the truest way to track its
influence, or lack of influence, during the evolutionary
transition from instinct to culture.

Edward O. Wilson

Museum of Comparative Zoology,
Harvard University,

Cambridge, MA, United States
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Preface

The late Nobel Prize winner Jacques Monod used to say
that the ultimate goal of science was to elucidate Human
Nature. Monod, a molecular biologist, had written the
famous book Chance and Necessity, which expressed a
striking neodarwinian, reductionist, and atheist view of the
living world. The properties of the genetic code, recently
discovered at that time (the book was published in 1970)
appeared to Monod as evidence that absolute chance was at
the root of evolution. It was not a hypothesis: it was a
certainty. For the author, blind natural selection (“Neces-
sity”) was able to fully explain teleonomy (the obvious
purposefulness of living organisms’ features).

We now know much more genetics and biology than
Monod did. However, to the eyes of many, genetics and
evolutionary studies are far from being able to provide a
comprehensive and sophisticated view of human nature.
These studies only bring some important parts of the puz-
zle, while many questions remain unanswered. This is also
the thinking of the two editors and initiators of this book.
This is why, when designing the project, we decided to
cover as broad a range as possible of all fields of knowledge
that would enlighten human nature. Controversies are
neither avoided nor hidden. However, subjects that, in the
view of the editors—rightly or wrongly asserting their
decision—do not meet the requirements of methodological
rigor (such as creationism and intelligent design) were not
included in the project. Otherwise, the book presents a fair
balance between social, medical, and biological sciences.
Authors were asked to make their chapters accessible to a
broad range of readers, including students, teachers, and the
educated public. However, all chapters are quite up to date
and include all recent advances in their field, which should
make them highly relevant to specialists as well.

The book comprises three parts, intended to be com-
plementary to each other and purposely featuring some
overlap and redundancy:

Part I: Biological Basis of Human Diversity

Part II: Psychology, Behavior and Society

Part III: Ethics, Politics and Religious Considerations

The editors decided that each author would deliver her/
his chapter independently from other authors. Authors were
aware about the whole design and content of the book, and
of the identity of other authors. However, they did not read
the other chapters of the book. Authors were only given a
few basic indications about the concept of the book.
Chapters were reviewed by the editors only, who interfered
as little as possible with the final outcome. The goal of this
way of processing was to get the personal vision of each
author about her/his own field. The whole design and set of
chapters has been extensively discussed between the two
editors, as well as the selection of authors. The topics were
selected before identifying authors. Once a topic was
agreed on between the two editors, top authors were
selected either from personal contacts or through relevant
databases. The selection of topics is a reflection of how the
editors conceive what should not be a full synthesis about
human nature but rather a diversified sample of how human
intelligence approaches various facets of human nature.
Selection of topics and authors certainly is not beyond
criticism. Moreover, the two editors are both Westerners
and trained in the tradition of modern biology. A book on
human nature designed by Thai Buddhist monks or
Amazonian forest native shamans would certainly have
been quite different—and fascinating. Cultural and pro-
fessional biases as well as ethnocentrism are sins shared by
everyone on Earth. Nevertheless, the design of the book
should be considered to be free of any deliberate bias or
thematic imperialism.

Michel Tibayrenc
Francisco J. Ayala
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Chapter 1

The Advent of Biological Evolution and
Humankind: Chance or Necessity?

C.). Cela-Conde’ and F)J. Ayala’

!University of the Balearic Islands, Palma de Mallorca, Spain; *University of California, Irvine, CA, United States

CHANCE AND NECESSITY

Chance and Necessity is the title of a book written by
Jacques Monod which explains how DNA is expressed in
the enzymes and proteins determining the organism’s
phenotype. Monod holds that “[t]he initial elementary
events which open the way to evolution in the intensely
conservative systems called living beings are microscopic,
fortuitous, and totally unrelated to whatever may be their
effects upon teleonomic functioning” (Monod, 1970, 1971,
p- 114). More than four decades later, we keep in mind the
same view: evolution starts fortuitously, and unrelated to
effects or events. These microscopic events mean “nov-
elties” that, as Monod said, “in the shape of an alteration of
the protein structure, will be tested before all else for its
compatibility with the whole of the system already bound
by the innumerable controls commanding the execution of
the organism’s projective purpose” (Monod, 1971, p. 115).

The word “purpose” obviously is polysemic, meaning
desires, ends, goals, determinations, resoluteness, and de-
signs, but also meaning practical results. The teleonomic
functioning that is affected by the initial, fortuitous events
could be explained in any of these several levels of “pur-
pose.” Environment also counts: “Let us say that the ‘initial
conditions’ of selection encountered by a new mutation
simultaneously and inseparably include both the environ-
ment surrounding it and the total structures and perfor-
mances of the teleonomic apparatus belonging to it.”
(Monod, 1971, p. 121). In the end, “It is obvious that the
part played by teleonomic performances in the orientation of
selection becomes greater and greater, the higher the level
of organization and hence autonomy (Monod’s emphasis)
of the organism with respect to its environment—to the
point where teleonomic performance may indeed be

On Human Nature. http:/dx.doi.org/10.1016/B978-0-12-420190-3.00001-6
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considered decisive in the higher organisms, whose survival
and reproduction depend above all upon their behavior.”
(Monod, 1971, p. 121).

The necessity expressed by the organism’s purposes
may seem to lead us to a Lamarckian-like scheme. How-
ever, “teleonomy” and “purpose” are related, in Monod’s
analysis of the whole process of evolution, to the results of
every organism’s fight for survival and reproduction. A true
Lamarckian scheme should relate the teleonomic purpose to
the reproduction, ie, transmission of the organism’s
achievements in its fight for survival. Is this the case?

Monod’s work is an example of an anti-Lamarckian
interpretation of the links existing between proteins and
nucleic acids. With his own words “there is no possible
(Monod’s emphasis) mechanism whereby the structure and
performance of a protein could be modified, and these
modifications transmitted even partially to posterity, except
an alteration of the instructions represented by a segment of
DNA sequence” (Monod, 1971, p. 107—108).

However, the lack of a mechanism for transmitting
protein modifications to the DNA does not preclude the
existence of other kind of heredity linked not to the genetic
material but to its development. This is the case of epige-
netic processes.

EPIGENETIC PROCESSES

We will take epigenetics as the “DNA sequence-
independent changes in chromosomal function that yield
a stable and heritable phenotype” (Rissman and Adli,
2014). The phenotype may refer to the whole organism, or
to only particular cells or tissues. Three conditions must be
fulfilled for an epigenetic process, currently called trans-
generational epigenetic inheritance (TEI): (1) changes in
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chromosomal function expressed in a different phenotype
(different from parents’ phenotype); (2) independent from
DNA sequences (neither coded in the genome, nor linked to
parents’ germ cells alterations—see Choi and Mango,
2014); (3) which is heritable in a stable way (persisting for
at least three generations). As Choi and Mango say, “Both
invertebrates and vertebrates exhibit such inheritance, and a
range of environmental factors can act as a trigger.” The
challenge is to ascertain “what molecular mechanisms ac-
count for inheritance of TEI phenotypes” (Choi and
Mango, 2014).

Mechanisms leading to TEI have been related to (see
Rissman and Adli, 2014):

e DNA methylation (a biochemical process in which
methyl chemical groups are covalently attached to cyto-
sine residues by DNA methyltransferase enzymes);

e histone modifications (posttranslational modifications in
histone proteins, mainly studied in organisms, such as
Caenorhabditis elegans, lacking DNA methylation);

e ncRNAs (noncoding RNA that alters chromatin struc-
ture and DNA accessibility).

The need for these mechanisms seems clear. Though all
cells share a common nuclear genome, the necessity for
genetic expression, from DNA to proteins, varies in the
different tissues. Thus, a great part of the genome must be
silenced, not leading to codify any protein or enzyme. This
silencing strategy is reached during the ontogenetic devel-
opment, ie, by means of epigenetic episodes. Several fac-
tors, including environmental conditions and parental care,
seem to affect epigenetics. If the alterations provoked are
inherited, we are facing a TEI phenotype.

Chance has a great role in the phylogenetic appearance
of any new organism. As we know, paleontology is a his-
torical science: it does not consist of predictive laws.
Rather, it describes the evolutionary changes that occurred
in evolution. These changes include processes such as
mutation, genetic recombination ensuing from sexual
reproduction, and epigenetic events prompted by particular
environmental circumstances. What about necessity? It is
imposed by the environmental circumstances associated
with each evolutionary episode. Every population of or-
ganisms must remain adapted to the demands of its
ecosystem or it will lose its biological fitness.

Epigenetic processes become a kind of intermediate
expanse between absolute chance—the fortuitous modifi-
cation of DNA—and required necessity—the suitability of
new proteins to adapt to environment. Epigenetics have
been used sometimes as an argument against the neo-
Darwinist approach to evolution. The fact that noncoding
changes could be inherited has been claimed as something
like a Lamarckian approach. However, no mysterious
process that might be achieved by an organism’s alleged
“will” exists. DNA silencing obviously depends on genetic

information appearing by means of well-known molecular
mechanisms. All TEI phenotypes are the result of genetic,
inheritable material that, under external—environmental, at
least relative to the cell or tissue—pressures, becomes
modified. TEI phenotypes are inherited because parents
transmit not only DNA to the progeny but also because the
mother contributes with a whole set of cellular organs, as
well as several kinds of ncRNA, included in the ovule.
This chapter will engage these two components, hazard
and necessity, of human evolution, exploring how they
participate and become integrated in the human phylogeny.

WHAT IS A HOMININ?

We humans form an evolutionary lineage among those
belonging to the order Primata. According to the traditional
classification, the order Primata includes three suborders
(Anthropoidea, Tarsioidea, and Prosimii). The suborder
Anthropoidea includes two infraorders, Catarrhini (African,
European, and Asian monkeys) and Platyrrhini (American
monkeys), which diverged after continental drift separated
South America from Africa. Catarrhini are divided into two
superfamilies: Cercopithecoidea (Old World monkeys) and
Hominoidea (apes and humans; hominoids in popular
terms; see Table 1.1).

In the 1960s, with analyses of proteins in the blood
serum of hominoids, Morris Goodman, a molecular
geneticist at Wayne State University in Detroit, determined
that humans, chimpanzees, and gorillas are closer to each
other than any of them is to orangutans (Goodman, 1962,
1963; Goodman et al., 1960). According to Goodman’s
results the evolution of hominoids proceeded very differ-
ently from what Simpson’s taxonomy implied. The lineage
leading to orangutans was the first to split, then the lineage
of gorillas split from the others, and, finally, the chimpan-
zees and human lineages diverged from each other.
Consequently, using the language of cladistics, lineages of
humans and chimpanzees are “sister groups.” They come
from a common ancestor and thus share remarkable simi-
larities. Regarding the age of the split of these sister groups,
Vince Sarich and Alan Wilson (1967a,b) argued that the
rate of genetic change in chimpanzees and humans was fast,
and estimated that the divergence of the evolutionary
branches of the last two hominoid lineages took place
4—5 Ma (mega-annum, million years) ago.

Here we will adopt a taxonomic classification which
respects the increasing molecular evidence. We will largely
follow Bernard Wood and Brian Richmond (2000;
Table 1.1). The family Hominidae embraces the set of great
apes and humans. Orangutans constitute the subfamily
Ponginae and gorillas the subfamily Gorillinae, while
chimpanzees and humans form the subfamily Homininae.
Within the latter, chimpanzees belong to the tribe Panini
and humans to the tribe Hominini. The human lineage has
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TABLE 1.1 The Suprageneric Taxonomy of Great Apes and Humans

Family Subfamily  Tribe Subtribe Current Species
Hominidae Ponginae Pongini Pongina Orangutans
Gorillinae Gorillini Gorillina Gorillas
Homininae Panini Panina Common chimpanzees;
bonobos
Hominini Ardipithecina (ardipiths) Humans
(hominins) Australopithecina (australopiths)

Paranthropitecina (robusts australopiths)
Hominina (hominans or, for short,

homo)

In brackets, popular names.

Adapted from Wood, B., Richmond, B.G., 2000. Human evolution: taxonomy and paleobiology. Journal of Anatomy 196, 19—60, adding the subtribes

Ardipithecina and Paranthropitecina.

the category of tribe: Hominini (informal name, ‘“homi-
nins”). Two subtribes are included in it. One is Austral-
opithecina (informal name “australopiths”), which
encompasses four genera: Orrorin, Ardipithecus, Austral-
opithecus, Paranthropus. The other subtribe is Hominina
(informal name, “hominina”, or just “homo”), with one
single genus, Homo.

Our interest is focused on the tribe Hominini, which
defines current humans and some of our extinct ancestors as
a distinct group; it does not include our closest living rel-
atives. The question of whether hominin and African ape
clades constitute tribes, as we support, or families, sub-
families, or even genera, is irrelevant to the present
discussion. It does not alter the basic question regarding the
relative distribution of lineages.

The term “hominin” is extensively used in the scientific
literature to identify members of the human lineage, ie,
direct and collateral ancestors that are not also ancestors of
other living hominoids, though it has not yet been widely
adopted in popular writings.

HUMAN SIMILARITIES AND
DIFFERENCES

Apart from taxonomy, what a hominin is can be inferred
from genetic and phenotypic comparison between humans
and modern chimpanzees. DNA hybridization studies
(Sibley and Ahlquist, 1984) have shown that chimpanzees
and humans share close to 98% or 99% of their genomic
DNA. The direct sequencing of the human chromosome
21(Hattori et al., 2000) and its orthologue 22 in chimpan-
zees (Watanabe et al., 2004) allowed the detailed compar-
ison of their genomes, confirming their genetic proximity.
Excluding deletions and insertions, the differences between
the two species amounted to only 1.44% of the nucleotides.
It became obvious that the genomes of humans and

chimpanzees are extremely similar in their DNA sequence.
How similar has become recently known with the publi-
cation of the draft genome sequence of the chimpanzee and
its preliminary comparison to the human genome.

The Human Genome Project of the United States was
initiated in 1989 and funded through two agencies, the
National Institutes of Health (NIH) and the Department of
Energy (DOE) with eventual participation of scientists
outside the United States. A draft of the genome sequence
was completed ahead of schedule in 2001 (International
Human Genome Sequencing Consortium, 2001). In 2003
the Human Genome Project was finished, but the analysis
of the DNA sequences chromosome by chromosome
continued over the following years. Results of these
detailed analyses were published on June 1, 2006, by the
Nature Publishing Group, in a special supplement entitled
Nature Collections: Human Genome.

The draft DNA sequence of the chimpanzee genome
was published on September 1, 2005, by the Chimpanzee
Sequencing and Analysis Consortium (2005) embedded
within a series of articles and commentaries called The
Chimpanzee Genome. The last paper in the collection
presents the first fossil chimpanzee ever discovered
(McBrearty and Jablonski, 2005).

In the genome regions shared by humans and chim-
panzees, the two species are 99% identical. These differ-
ences may seem very small or quite large, depending on
how one chooses to look at them: 1% of the total appears to
be very little, but it amounts to a difference of 30 million
DNA nucleotides out of the 3 billion in each genome.
Twenty-nine percent of the enzymes and other proteins
encoded by the genes are identical in both species. Out of
the one hundred to several hundred amino acids that make
up each protein, the 71% of nonidentical proteins differ
between humans and chimpanzees by only two amino
acids, on average. If one takes into account DNA stretches
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found in one species but not the other, the two genomes are
about 96% identical, rather than nearly 99% identical as in
the case of DNA sequences shared by both species. That is,
a large amount of genetic material, about 3% or some
90 million DNA nucleotides, have been inserted or deleted
since humans and chimps initiated their separate evolu-
tionary ways, about 6—8 Ma ago. Most of this DNA does
not contain genes coding for proteins, although it may
include tool-kit genes and switch genes that impact devel-
opmental processes, as the rest of the noncoding DNA
surely does.

Comparison of the two genomes provides insights into
the rate of evolution of particular genes in the two species.
One significant finding is that genes active in the brain have
changed more in the human lineage than in the chimp
lineage (Khaitovich et al., 2005). Also significant is that the
fastest evolving human genes are those coding for “tran-
scription factors.” These are “switch” proteins, which
control the expression of other genes, that is, they deter-
mine when other genes are turned on and off. On the whole,
585 genes have been identified as evolving faster in
humans than in chimps, including genes involved in
resistance to malaria and tuberculosis. (It might be
mentioned that malaria is a severe disease for humans but
not for chimps.) There are several regions of the human
genome that contain beneficial genes that have rapidly
evolved within the past 250,000 years. One region contains
the FOXP2 gene, involved in the evolution of speech.

Other regions that show a higher rate of evolution in
humans than in chimpanzees and other animals include 49
segments, dubbed human accelerated regions (HARs). The
greatest observed difference occurs in HARIF, an RNA
gene that “is expressed specifically in Cajal-Retzius neu-
rons in the developing human neocortex from 7 to 19
gestational weeks, a crucial period for cortical neuron
specification and migration” (Pollard et al., 2006; see also
Smith, 2006).

All this knowledge (and much more of the same kind
that will be forthcoming) is of great interest, but what we so
far know advances but very little our understanding of what
genetic changes make us distinctively human. Extended
comparisons of the human and chimpanzee genomes and
experimental exploration of the functions associated with
significant genes will surely advance further our under-
standing, over the next decade or two, of what it is that
makes us humans, what it is that differentiates Homo sa-
piens from our closest living species, chimpanzees and
bonobos, and will provide some light on how and when
these differences may have come about during hominid
evolution.

The comparative studies also lead to an initially sur-
prising conclusion: although genome differences are very
tiny, differences between the resulting proteins are not.

Most of the proteins coded by chromosomes 21/22 are
different in humans and chimpanzees. The estimate calcu-
lated by Galina Glazko et al. (2005) places the difference
close to 80%, which naturally leads to the differences be-
tween the phenotypes of Homo and Pan.

How can this fact be interpreted in evolutionary terms?
As Maryellen Ruvolo (2004) said in this regard, when
genomes of more distant species such as humans and mice
are compared, the basic premise is “if it’s conserved, it
must be functionally important.” By contrast, for closely
related species, such as humans and chimpanzees, the basic
premise is “if it’s different, it might be important in
explaining species differences.” Let us proceed, then, with
an attempt to understand the reasons for the differences in
this case.

The discrepancy between small molecular distance and
large protein distance is explained by gene expression, by
the way in which information contained in the genome
leads to a protein. It is clear that genome expression is not
equivalent in chimpanzees and humans. But the genome
itself also contains some notable differences that are not
expressed in genetic distance when compared sequence by
sequence. The human genome is comparatively larger than
that of chimpanzees and other primates like lemurs because
of a greater number of insertions. To give an example, the
human Alu gene has experienced twice the number of in-
sertions as its corresponding gene in chimpanzees during
the separate evolution of both lineages (Hedges et al.,
2004). Chromosomes of each lineage have also suffered
rearrangements, which have been related with encoding
different proteins (Navarro and Barton, 2003), although a
later, larger study denied that relationship (Vallender and
Lahn, 2004). In any case, the basic issue in evolutionary
terms is, as mentioned, to identify which expression regions
of genes carry functional differences—that is, what
particular differences are involved in producing a human or
chimpanzee, starting from a fairly similar DNA.

Much of the difference between the two sibling groups,
from locomotion to the way they communicate, is func-
tional; ultimately, to some extent dependent on those pro-
tein functions to which Ruvolo (2004) referred when
talking about the evolutionary significance of disparities
obtained, either by molecular transformations, positive se-
lection of protein changes, or differential gene expression.
But identifying genetic differences that translate into
functional differences in either lineage is, for the moment,
beyond our capacity. The available panorama is very poor;
for instance, only one gene related to language production,
FOXP2, is known, and its peculiarities appear to be the
result of a mutation that occurred after the human lineage
separated from the chimpanzee (Enard et al., 2002).
However, FOXP?2 is related to motor control disorders that
hinder language, not to the act of speaking (Cela-Conde



et al., 2008). Perhaps the strongest evidence for a genetic,
anatomical, and functional correlate would be the mutations
suffered in the Myosin gene of Homo (Stedman et al.,
2004), which would have allowed the development of large
crania in our genus. The possible role of this gene has also
been discussed (Perry et al., 2005).

THE DISTINCTIVE FEATURES OF
HUMANS

Technically, “apomorphy” is a distinctive feature of a
lineage that is not found in the sibling group, and forms,
therefore, a distinguishing characteristic.

Sean Carroll (2003), in his study of the genetic basis of
the physical and behavioral traits that distinguish humans
from other primates, gave a list of distinctive human
apomorphies:

Body shape and thorax

Cranial features (brain case and face)
Brain size

Brain morphology

Limb length

Long ontogeny and lifespan

Small canine teeth

Skull balanced upright on vertebral column
Reduced hair cover

Elongated thumb and shortened fingers
Dimensions of the pelvis

Presence of a chin

S-shaped spine

Language

Advanced tool making.

Some of the apomorphies listed by Carroll are func-
tional, like language. Others that are anatomical are not
shown in fossils, like hair or the brain’s topology. How-
ever, body shape, brain size, relative length of limbs, and
vertically placed cranium above the vertebral column are
morphological traits that clearly set us apart from any ape.
Moreover, many distinctive human traits have appeared
recently; if we look back in time they disappear from our
lineage. Ten thousand years ago neither writing nor agri-
culture existed. Fifty thousand years ago there were no
people in America. These are negligible time intervals
relative to the several million years that have passed by
since the divergence of the evolutionary branches leading
to the African great apes and humans.

Thus, current human features are generally not very
helpful to reach conclusions about our initial apomorphies.
What we are looking for are derived ancient traits that can
be considered synapomorphic, shared by every hominin
that ever existed. These would define the earliest member
of our lineage as adaptively distinct. Leaving aside the
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necessarily dark period surrounding the exact moment
when the lineages split, are there any such traits? Can we
find a trait that will allow us to determine whether a given
fossil specimen is a hominin?

It is generally accepted nowadays that bipedalism is a
hominin synapomorphy—an apomorphy shared by all the
members of the lineage. Thus, being a primate bipedal
equals being a hominin. Any specimen close to the diver-
gence between the chimpanzee and human lineages is
attributed to the latter if it is bipedal. Most of the modifi-
cations to the trunk, limbs, hip, and the insertion of the
vertebral column in the skull are related to bipedalism,
which distinguishes our species from the apes. Since
bipedal specimen with ages around 6—7 Ma have been
found in Chad (Brunet et al., 2002), Kenya (Senut et al.,
2001), and Ethiopia (White et al., 2009), we may take the
Late Miocene as the epoch in which the split between
chimpanzees and humans took place.

CHANCE AND NECESSITY IN HUMAN
EVOLUTION

Let us summarize what we have presented, thus far. The
hominin lineage appeared about 7 million years ago in the
tropical forests of the Rift depression, associated with an
essential apomorphy: bipedal locomotion that separated
humans from chimpanzees. In time, the human lineage
diversified and dispersed, colonizing the whole planet.

The different clades of the human lineage gradually
developed adaptive specializations. One of its branches, the
genus Homo, managed to live until the present. Coming
back to the title of this chapter, would this journey express
just hazardous episodes that modulated the evolutionary
development of the human lineage? Or was the acquisition
of our current traits—be they bipedalism or the kind of
apomorphies typical of Homo, including language, morals,
aesthetics, and sophisticated technology—somehow
necessary?

According to the roles that we have given to chance and
necessity, following the argument of Monod, one quickly
concludes that both components are involved when any
trait is fixed. Evolution involves, first, the need for
(random) changes to appear in the genetic material, which
often affect epigenetic events whose relationship with the
environment is very close. In that way, the imposed ne-
cessity to adapt to any ecosystem becomes the other side of
the coin in a complex process. The issue is to determine to
what extent genetic and environmental components influ-
ence the appearance of a particular trait.

Can we indicate with which genetic changes bipedalism
is related, and what adaptive advantages it provides in the
ecosystem of the first hominids? The first question has
necessarily a negative answer at this time. The genetic
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components of Miocene hominids are completely un-
known. The alternative chance/necessity could be trans-
ferred, however, to the field of adaptation. If it is possible to
identify clear adaptive advantages in bipedalism, then the
component of necessity gains relevance. If we find it
difficult, or even impossible, to associate bipedalism to
adaptive advantages, the component of chance gains
weight.

Darwin envisioned the following chain of events
regarding human evolution: descent from the trees, biped-
alism, brain size increase, language, and appearance of
culture (with all its components, both intellectual and
technological). Some of these elements can be traced in the
fossil record, but not others. Phenomena such as the
development of moral sense, which Darwin believed was
extremely important, are not associated with fossil remains.
Language does not fossilize either. But the cranium and
bones of the hip and lower limbs leave fossil trails that can
provide firm evidence regarding whether it was our bipedal
posture or our large brain that developed first.

During the early 20th century there were defenders of
two opposite hypotheses. Arthur Keith was one of the
most notorious advocates for bipedalism as the initial trait,
while Grafton Elliot Smith argued that a large encephali-
zation appeared first. The swords were drawn when the
Piltdown fossil specimen appeared on the scene. The
specimen had a large cranium, the size of the cranium of a
modern human, combined with a very primitive mandible,
resembling that of an orangutan or gorilla. The different
fragments that formed the specimen were found in 1912
by Charles Dawson, an amateur archaeologist in the En-
glish town of Piltdown. The story of its discovery and the
controversy it sparked has been told many times. The
article that The London Illustrated News devoted to the
finding in September 1913 renders a very good picture of
the challenges posed by the specimen’s interpretation
(Pycraft, 1913).

The Piltdown fossil exhibited some unconvincing traits,
such as the awkward connection between the cranium and
mandible—raising the suspicion that they belonged to
different specimens. Many paleontologists were indeed
suspicious. Its discoverers did not allow its examination,
alluding to the fragility of the original fossil. It was
necessary to use copies made with a mold. The suspicions
turned out to be well founded. In 1953 (thanks to Joseph
Weiner, Kenneth Oakley, and Wilfred Le Gros Clark) it
was confirmed that the Piltdown fossil was a fraud.
Someone had filed an orangutan’s mandible and canines to
reduce them and fit them, quite sloppily, to a human cra-
nium. The main suspect of the fraud is Martin Hinton,
curator of the Natural History Museum, London. Hinton
was the owner of a trunk found in the museum’s attic in
1996, with bones manipulated in a similar way to those
constituting the Piltdown specimen (Gee, 1996).

Before the Piltdown deception, there already was evi-
dence contrary to the early evolution of a large brain. Re-
mains of fossil beings that were very similar to us were
known since the beginning of the 19th century, before the
controversy between evolutionists and antievolutionists
reached the virulence sparked by Darwin’s work. The
discovery of a very famous specimen in 1856, the Neander
valley cranium (Germany), which would christen the Ne-
andertals, occurred several years before the publication of
Darwin’s Origin of Species. But the first “modern” dis-
coveries, that is to say, interpreted in terms of evolutionary
ideas, were made after 1887, subsequent to the arrival of
the Dutch physician Eugéne Dubois in Indonesia. As a
hobby, Dubois searched for fossils that could prove Darwin
was right. At the Javanese site of Trinil, Dubois discovered
in 1891 remains that completely transcended the realm of
scientists and became universally known. The specimen
includes a primitive and small cranium (with a capacity
of about 850 cc) found beside a femur that was very similar
to that of modern humans. The name given to the
taxon, Pithecanthropus erectus, means upright ape-man,
conveying the idea that it was an intermediate being be-
tween humans and apes (pithecus for ape, and anthropus
for human); and that it had a posture distinctively upright
(erectus) (Dubois, 1894). Eugeéne Dubois gave to the fossil
a very different significance from the one we give it today
(Dubois, 1894). For Dubois, Pithecanthropus was a
gigantic genus of the gibbon’s type, although superior
because of their large brains and ability to assume an erect
posture (Dubois, 1935). The fact that Lydekker had
discovered Paleopithecus sivalensis, ancestor of the
gibbon, in Siwaliks (Pakistan) in 1879, must have influ-
enced this diagnosis.

Subsequent discoveries have required revising Dubois’
interpretations. The Trinil fossil is not an “intermediate”
form between humans and apes, but a fairly advanced
hominin. The upright posture was not a new apomorphy;
rather it was already present in its ancestors. But Dubois’
phylogenetic interpretation was correct: the ancestors of
current humans had fixed a bipedalism similar to our own
before the brain reached its current size.

CAN ADAPTIVE ADVANTAGES OF
BIPEDALISM BE IDENTIFIED?

Most of the modifications to the trunk, limbs, hip, and the
insertion of the vertebral column in the skull are related to
bipedalism, which distinguishes our species from the apes.

Bipedalism can be detected in the fossil record by
means of several anatomic evidences, as well as some
footprints exceptionally conserved. However, its adaptive
advantages are far from being clear. Charles Darwin sug-
gested a hypothesis that related bipedalism, free hands, and
tool use to the extent that their combination would amount



to a single complex phenomenon with morphological and
functional aspects (Darwin, 1871). But, as Tobias (1965)
noted, bipedalism is not a requisite for making or using
tools. Chimpanzees use instruments quite ably, and they do
so sitting up. The essential element in the relation between
posture and the use of cultural elements is upright posture,
not bipedalism. But there is more. Bipedalism appeared in
human evolution long before culture.

Different hypotheses concerning the adaptive advan-
tages of bipedalism in precultural conditions, without
reference to tool use, have been proposed (see Tuttle et al.,
1990). We have retained the original names used by Tuttle
et al. (1990), referred to concepts expressed in a pretty
casual tone. But that does not mean they should not be
taken seriously. For instance, studies on the mechanics of
locomotion have shown the benefits of the bipedal solution
in terms of energetic economy (Kimura et al., 1979;
Reynolds, 1985).

As Tuttle et al. (1990) noted, it is possible that several
factors provided adaptive advantages and that some, or
many, of them combined to achieve the result of bipedal
behavior. There are two separate issues underlying the
search for hypotheses to explain the adaptive advantage of
bipedalism. The first issue concerns the circumstances
behind the appearance of the first bipedal behaviors in a
tropical forest environment. The second issue concerns the
benefits of bipedalism as an adaptation to the savanna.
These two questions must not be confounded: bipedal
behavior existed long before savannas were extensive in the
Rift Valley. The two questions are often confounded by
seeking a “general explanation of bipedalism.” The hy-
potheses summarized in Tuttle et al. (1990) classification
refer to the adaptive advantages of bipedalism in the
savanna, not on the forest floor. Thus, they are inadequate
to explain the reason for an upright locomotion, unless this
evolution is considered to have taken place only during the
last 2.5 Ma.

Yves Coppens suggested the progressive reduction of
the tropical forest thickness as a possible explanation
for the gradual evolution of bipedalism. If the distance
among the trees gradually increased, it would become
necessary to travel longer distances on the ground to go
from one to another. At the same time it would be
imperative to retain the locomotor means for climbing.
Distinct functional responses appeared in the different
lineages leading to current primates: knuckle-walking
bipedalism in the ancestors of gorillas and chimpanzees
and an incipient bipedalism in the first hominins
(Coppens, 1983b, 1991; Senut, 1991).

The gradual substitution of forests for open savanna
spaces would be an increasing selective pressure toward
more complete bipedalism, functionally speaking. The
final result of this process was two evolutionary lineages
of bipedal primates based on different adaptive strategies,
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close to 3.5 Ma. One million years later this divergence
would increase with the decrease in temperatures and the
appearance of extremely robust australopiths and the
genus Homo.

The explanation given by Coppens and Senut has a
considerable advantage: simplicity. Brigitte Senut noted
that the locomotor hypothesis of the origin of bipedalism
has been among the least favored. This hypothesis suggests
that hominins had become bipedal for reasons strictly
associated with locomotion itself (Senut, 1991), that is to
say, the need for traveling on the ground of open forests.
Senut explored eight hypothetical ways in which biped-
alism could have originated from the locomotion of other
primates, but ended up developing with greater detail the
explanation favored by Coppens (1983a,b).

Senut (1991) has argued that the comparative exami-
nation of fossil specimens and current great apes does not
lead to definitive conclusions. The combination of traits
observed in fossil hominin species suggests that their lo-
comotor habit would be very different from the very
specialized locomotion of current great apes. If so, the only
clues regarding the evolution of bipedalism are provided by
fossil hip and limb postcranial remains of Miocene and
early Pliocene members of our tribe, australopiths. The
answers concerning the evolution of bipedalism depend on
the analysis of these morphological traits in early and
current specimens of our lineage. If they are similar but not
identical, what do the differences mean phylogenetically?

“PARTIAL” VERSUS “COMPLETE”
BIPEDALISM

Hominin bipedalism is thought to have developed in
several stages from the incipient bipedalism of early aus-
tralopiths to the complete bipedalism of the specimen found
in Java by Dubois, Homo erectus. But this is not the only
possible interpretation. There are authors who reject the
idea that there were different stages in the evolution of
bipedalism along the hominin lineage. For instance, the
comparative examination of the tibia of australopith spec-
imens from Olduvai (Tanzania), Koobi Fora (Kenya), and
Hadar (Ethiopia) led—as we pointed out earlier—Owen
Lovejoy, renowned specialist in hominin locomotor pat-
terns, to the conclusion that the bipedal locomotion of early
hominins was as developed as our own (Lovejoy, 1975;
Latimer et al., 1987). The study of australopith specimens
from South Africa also indicated, according to Lovejoy
(1975), that there is no morphological reason to consider
that their locomotion was “intermediate” between that of
African apes and modern humans. The morphology of the
pelvis of those early hominins is very similar to that of
living current humans, according to this author. Their
illium is equivalent to that of human beings (this, by the
way, had already been noted since the discovery of the first
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exemplars—Dart, 1949—and generally admitted since
then). The differences observed in their ischium probably
have no functional consequences. And the pubis, in any
case, has little bearing on the question of locomotion.

The idea that the very wide pelvis of australopiths
would have been favorable for bipedal locomotion has been
rejected, however, by Christine Berge (1991) after the ex-
amination of the AL 288-1 specimen from Hadar
(Ethiopia). At the level of the iliac crests and the pelvic
cavity, the pelvis of AL 288-1 is much wider than that of
modern humans. In Berge’s biomechanical reconstruction,
the long neck of the femur, acting as a lever arm, does not
constitute an advantage, as Lovejoy surmised; rather, it
introduces balancing problems. The vertical of the center of
gravity would fall, in the case of Australopithecus afar-
ensis, far from the knee articulation when leaning on one
foot while traveling, leading to a greater instability of the
lower limb (Berge, 1991). As a consequence, the kind of
bipedal locomotion exhibited by A. afarensis would have
required a higher degree of hip rotation to place the leaning
knee within the body’s vertical axis. In her morphometric
study of the mobility of the hip of A. afarensis, and in order
to obviate the difference in height between Lucy and cur-
rent humans, Berge carried out the comparison with the
pelvis of a pigmy woman 137 cm tall.

Regarding the possible reconstruction of the insertion of
the gluteus in the hip of AL 288-1, Berge (1991) pointed
out a noteworthy circumstance. Not much is known about
that insertion, but the two possible alternatives are the
“human” way, with the gluteus maximus inserted in the
illium, and the “ape” way, in which the muscle would be
inserted for the most part in the ischium. When Berge
reconstructed the internal rotation movements of the thigh,
she argued that the hip’s morphology, together with the
“human” reconstruction of the gluteus maximus insertion,
would not allow AL 288-1 to perform the necessary
movements for bipedalism. These could only be performed
with an “ape” insertion of the gluteus. This point is espe-
cially important, given that the role of the gluteus maximus
in the evolution of bipedalism had been considered in a
different way by Sherwood Washburn (1967), who
believed that the transition from quadrupedalism to biped-
alism began precisely with “human” changes to the gluteus,
and John Napier (1967), who believed that this change did
not take place until later stages in the evolution of biped-
alism and carried out functions related only with balance
while running or going up slopes, but not walking. Berge’s
(1991) study supported Napier’s point of view and
concluded that the hip of AL 288-1 suggests that its loco-
motion included partially arboreal behavior.

Latimer et al. (1987) and Latimer (1991) have put for-
ward an argument against the notion of australopith “par-
tial” bipedalism, which, by the way, can be applied to any
evolutionary process. They argue that the earliest hominins

were bipedal, although they preserved some climbing traits.
This claim is based on the fact that, within a Darwinian
scenario, the persistence of primitive traits is not
significant.

In Latimer’s (1991) opinion, the functional value of
primitive and derived traits is not the same. No arboreal
primitive traits are retained by late Pliocene African great
apes (Latimer and Lovejoy, 1989). This means, according to
Latimer, that if australopiths are considered arboreal, they
should be so based on certain derived traits that reveal the
specific way in which they had adapted to their particular
arboreal life. But all australopith-derived traits are related to
bipedalism, not arboreality. Therefore, Latimer (1991)
concluded that there can be no talk of “intermediate de-
grees” of bipedalism. Locomotion is determined by the new
derived bipedal traits, while the presence of primitive
characters must be understood as atavisms. Latimer (1991)
believed this is supported by the morphology of the lower
limbs, very evolved toward bipedalism, while primitive
traits present in the upper limbs have little evolutionary
significance.

THE TWO ADAPTIVE ADVANTAGES OF
BIPEDALISM

Rejecting Lovejoy’s notion of an advantage of australopith
bipedalism has often led to the opposite conclusion. The
bipedalism of early hominins is considered to be partial,
something like a stage prior to development of complete
bipedalism—which is believed to begin with H. erectus,
such as the Trinil specimen. A partial bipedalism—Tlike that
described by Tuttle and Basmajian (1974)—is well
adjusted to the morphology of australopith hands and feet
and would be an adequate way to respond to the environ-
mental demands of a tropical forest in which a considerable
amount of traveling, but not all—and not even most of
it—was done on the ground. But, is such locomotion a first
step toward complete bipedalism?

Randall Susman and Jack Stern (1991) argue that the
evolution of bipedalism was gradual and venture how it
occurred differently in the gracile and robust australopith
species. The earliest exemplars of our genus, Homo
habilis, exhibit bipedal features in their feet (OH 8 from
Olduvai, Tanzania), but their fingers (OH 7, OH 62) are
functionally apt for climbing. However, Fred Spoor et al.
(1994) have suggested a new way of studying the evo-
Iution of bipedalism: examination of the vestibular
apparatus, the inner structure of the ear that is part of the
system that controls movement. Using high resolution
computerized tomography techniques, these authors
analyzed the morphology of the bones of the semicircular
canals of the ear in 31 current primate species, including
our own and several higher apes, as well as different fossil
specimens. Spoor et al. concluded that H. erectus was the



first species to exhibit an undoubtable modern human
morphology. The dimensions of the australopith and
paranthropine semicircular canal are similar to those of
current higher apes. According to Spoor et al. (1994)
H. erectus would necessarily be completely bipedal,
while Australopithecus africanus had locomotor habits
including optional bipedalism and arboreal climbing.
Among australopiths, bipedalism would be a matter of
posture and would not allow them to perform more
complex movements, such as running or jumping.

The studies by Susman and Stern (1991), and Spoor
et al. (1994), suggest that posture and balance differ be-
tween australopiths and the genus Homo. Patricia Kramer
and Gerald Eck’s (2000) study of the energetic balance of
bipedalism puts the finger on the central question in the
evolution of hominin locomotion. Can the same criterion
be applied to calibrate the efficiency of different forms of
hominin locomotion? From the point of view of our
current locomotion, the way in which australopiths
walked can seem inefficient. But the energetic balance of
early bipedalism should be seen as an optimization to a
different ecological niche. Thus, there would be two
different adaptive strategies related with our lineage’s
bipedalism:

e “slow” bipedalism, characteristic of australopiths, with
an excellent energetic balance in foraging tasks at low
velocity, but inefficient for running at higher speeds;

e “fast” bipedalism, apt for running, with high energetic
efficiency when great distances have to be traveled.
This is the characteristic locomotion of H. erectus and
later Homo taxa.

Accepting that the bipedalism of australopiths was
different from that of modern humans does not imply that it
was an incipient stage in human locomotion. This is theo-
retically robust, because intermediate stages do not make
much evolutionary sense. Each taxon has evolved its own
distinctive adaptations, which are, in this sense, final, rather
than intermediate. A given species does not evolve a partial
organ as an intermediate step toward later complete ver-
sions of it.

Within such a scheme, “slow” australopith bipedalism is
not a transitory stage toward more developed locomotion
processes. Morphological and functional indications sug-
gest their locomotion was apt for individuals that lived in
tropical forests and traveled short distances in their foraging
activities. Sarmiento (1998) and Sarmiento and Marcus
(2000) have proposed that Hadar australopiths would adopt
quadrupedalism when they needed to move fast or travel
long distances.

The importance of fast bipedalism in the evolution of
the genus Homo has been brought to light in Dennis
Bramble and Daniel Lieberman’s (2004) study of the role
of running. It is evident that current humans are not among
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the fastest animals in the savanna, nor were our hominin
ancestors. However, running is related not only to speed
itself. After comparing the metabolic costs of running and
walking, Bramble and Lieberman (2004) conclude that
several anatomical traits of the genus Homo—including
narrow pelvis, long legs, short neck of the femur, and big
toe—improved the energetic balance of fast bipedalism,
running, because of enhanced features of fast marching:
balance, thermoregulation, shock absorption, stress reduc-
tion, stabilization of the head and trunk, energy storage, and
so on. The most important characteristic of running would
be related with energy balance factors and not pure speed.
This kind of locomotion would have been efficient for
hunting and scavenging in open savannas when long dis-
tances had to be covered.

THE ORIGIN OF MODERN HUMANS

As we have seen, the study of fossil records, including
using sophisticated models to evaluate the effectiveness of
bipedalism, does not clarify the balance of chance and
necessity in human evolution. Until a more complete pic-
ture is available of the evolution of genetic components
along the phylogeny of our lineage, we must content our-
selves with necessarily incomplete functional explanations
of human distinctive traits and their adaptive scope. A
direct comparison with our closest living siblings is the
only resource that gives us firm evidence regarding func-
tional explanations.

At the level of molecular expression it is already
possible to identify some differences in the expressions of
tissues. Logically, the picture is partial, because tissues are
usually the result of the expression of different genes.
Even so, differential gene expression patterns have been
identified in the brains of humans and chimpanzees
(Marqués-Bonet et al., 2004) and to a greater degree in
their livers (Hsieh et al., 2003).

Paradoxically, the comparison of the members of our
species with our closest relatives, gorillas and chimpanzees,
produces, as we have seen, contradictory results: both are
very similar to or very different from humans, depending
on the chosen trait. Humans and chimpanzees are 99%
identical in the overlapping genome regions, and 29% of
the enzymes and other proteins encoded by the genes are
identical in both species. The nonidentical proteins differ
between humans and chimps by only two amino acids, on
the average. Concluding that minor protein differences and
1% DNA sequence difference imply a virtual biological
identity between chimpanzees and humans would, how-
ever, ignore the immense importance of development
processes.

Epigenetic processes can modify the genetic back-
ground allowing to express, or not, the way in which
environmental challenges are solved to allow any organism
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to each adaptive fitness. How these epigenetic processes
might have evolved into the human lineage is something
very difficult to explain. However, the recovery of the
ancient DNA of species of the human lineage closely
related with the moment of appearance of modern humans,
has opened a promising field of study.

Usually included in modern H. sapiens are modern
humans and their ancestors that are not ancestors of Homo
neanderthalensis as well. To be able to identify whether
any other fossil specimen belongs in our species, we need
to define the apomorphies of H. sapiens. It seems easy to
identify the traits characteristic of modern humans, because
we have an immense number of exemplars. But their
abundance entails enormous intraspecific variation, which
handicaps any effort to establish quantitative measure-
ments. Consider, for example, the paradox faced by
Stringer et al. (1984) seeking to specify the cranial mea-
surements of H. sapiens. If bounds are used that would
distinguish modern humans and their direct ancestors from
other taxa, those bounds would exclude many living
humans from the taxon. The issue is not, of course, how to
know who is human and who is not. Fortunately the
ethnocentrism of past generations that classified the “infe-
rior races” as arboreal primates has long ago disappeared.
The issue, however, is how to identify the taxon of
“modern humans” so that we can decide whether particular
fossils belong or not within the taxon, when this is not
readily obvious.

In order to identify valid human apomorphies, we need
to compare the traits of modern humans with those of our
sister taxon, H. neanderthalensis—assuming, of course,
that this taxon is a different species. William Howells
(1973, 1989) made that comparison with respect to cranial
measurements. More generally, Wood and Richmond
(2000) have listed the apomorphies of H. sapiens. These
apomorphies, as noted by Wood and Richmond, seem to fit
best modern humans from hot, arid climates. This is hardly
surprising since modern humans evolved in tropical Africa
and their earlier expansion was through tropical or sub-
tropical lands.

Molecular genetics has become, over the last few de-
cades, a powerful method for investigating evolutionary
questions. With respect to the origin of modern humans, it
makes it possible to investigate three important issues: (1)
time of origin: when did modern humans evolve? (2) place
of origin: where did modern humans evolve? and (3)
demography: how large was the original population of
modern humans? Mitochondrial DNA (mtDNA) in-
vestigations placed the origin of modern humans in Africa,
the time of origin between 150,000 and 200,000 years ago,
and a mean population size that ranges between 10,000 and
more than 50,000 individuals throughout the Pleistocene
(see Cela-Conde and Ayala, 2007, Chapter 9).

TABLE 1.2 Nucleotide Substitutions and Deletions in
the Comparison of Neandertal and Modern Human
Genome With the Genome of the Chimpanzee
(Green et al., 2010)

Substitutions Deletions
Modern human genome 10,535,445 479,863
Neandertal genome 3,202,190 69,029
Percentage 30% 14%

The development of techniques to recover ancient DNA
has allowed us to obtain not only mitochondrial genetic
material but also nuclear. The high resolution polymerase
chain reaction (PCR) technique permitted the recovery
from Neandertal specimen Vi-80 of Vindija (Croatia), a
total of 254,953 sequences of nuclear DNA of around
1 million bp (0.03 of the total) (Green et al., 2006). This
was the first important step in obtaining the Neandertal
genome.

The complete recovery of the Neandertal genome was
achieved by using PCR techniques on three Neandertal
bone fragments—all of them females—from Vindija
(Green et al., 2010). The comparison of the Neandertal
genome with those from modern humans and chimpanzees
has allowed inferring the number of nucleotide sub-
stitutions and deletions which occurred with respect to the
chimpanzee genome shown in Table 1.2.

The great majority of substitutions and deletions found
in the Neandertal genome (87.9% and 87.3%, respectively)
occurred before its separation from the modern human
lineage. Features derived in modern humans and primitive
in Neandertals could be encoded by only 78 nucleotides
whose substitution would have affected the structure of the
protein, which, according to Green et al. (2010), indicates
few changes at the level of amino acids during the several
100,000s of years that the two lineages, Neandertals and
modern humans, have been separated. In order to under-
stand the process of the hominin lineage evolution in its last
segment, the comparison of single nucleotide poly-
morphisms (SNP)—polymorphisms in which the alleles
differ in one or a few nucleotides—is the most relevant
analysis.

Neandertals exhibit a similar range of SNP variation as
modern humans in many regions of the genome; thus, both
lineages share the same allele currently present in modern
humans. However, in order to detect positive selection in
modern humans, Green et al. (2010) focused on those SNPs
that appeared as derived in our species, while Neandertals
retained the plesiomorphy (shared with the chimpanzee
genome)—ie, changes in the SNPs of the human lineage
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TABLE 1.3 Genes Belonging to Regions With Single Nucleotide Polymorphisms Indicating a Likely Positive
Selection in Modern Humans, With Defective Alleles Associated With Cognitive Disorders (Green et al., 2010)

Chromosome Region

7 6,8662946—69,274,862
21 3,7580123—37,789,088
10 8,3336607—83,714,543
6 4,5440283—45,705,503
7 1,21763417—122,282,663

that emerged after its separation from the Neandertal
lineage—Dby a process, therefore, of positive selection for
the modern human lineage.

Green et al. (2010) identified a total of 212 regions
which have likely experienced positive selection in
H. sapiens. As there is a direct relationship between the
strength of positive selection and the length of the affected
sequence, the authors focused on 20 larger regions with
positive selection SNPs, to identify the genes encoded by
these nucleotide sequences. Five of the regions contained
no protein-coding genes; the remaining 15 regions con-
tained between 1 and 12 genes. The widest region, with an
area of 336,000 bp, has very few derived SNPs in the
Neandertal genome; this region is located on chromosome
2 and contains the THADA gene. Some alterations of this
gene cause type II diabetes; Green et al. (2010) hypothe-
sized a possible role of THADA in early modern humans
which would affect energy metabolism regulation.

Table 1.3 shows different genes associated with con-
ditions affecting cognitive capacity that belong to one of
the 20 regions most likely to have undergone positive
selection.

Obviously, positive selection is meaningless if it leads
to select defective genes. The situation, however, is that in
order to accommodate the need to direct medical research
toward correlates between diseases and genes, the first gene
function to be identified is altered. So far, functions per-
formed by the genes of Table 20.4 in their nondefective
version are unknown. However, it must be remembered
that the Tim Crow evolutionary model on the origin of
schizophrenia contemplates this disorder as a collateral and
undesired outcome of gene positive selection, that, in their
nondefective version, are related to language (see Crow,
1997, 2003, for example).

To verify the scope of Crow’s hypothesis is beyond our
current capabilities. It is unknown to what extent these
genes are expressed in brain tissue, or even what meaning
they might have with respect to cognitive functions. To
pose the question whether the appearance of such human

Genes Associated Disorder
AUTS2 Autism

DYRKTA Down syndrome

NRG3 Schizophrenia

RUNX2 Cleidocranial dysostosis
CADPS2 Autism

cognitive functions could be a random issue or due to
adaptive advantages is speculative. However, using
[lumina techniques to sequence ancient genomes has
permitted the recovery of Neandertal nuclear DNA with an
unexpected level of precision (Prufer et al., 2014). The
starting material was a toe proximal phalanx of about
50,000 years age, found in Denisova Cave, Altai Moun-
tains (Siberia, Russia) (Mednikova, 2011). Another very
accurate retrieval of nuclear DNA, this time from a hand
phalanx of an age of 48,000/30,000 years, found in Deni-
sova Cave and attributed to an unknown group of archaic
humans who have been called “Denisovans” (Meyer et al.,
2012), provides us with genetic material of high quality
from up to three species of humans from the late Paleo-
lithic, enabling the comparison of some epigenetic pro-
cesses in modern humans, Neandertals, and Denisovans.

As we have seen, one of the main epigenetic mecha-
nisms of genetic alteration is DNA methylation, which
consists in most cases in a change on the nucleobase
cytosine preceding a guanine in the base sequence of the
DNA chain (what is known as CpG dinucleotide). This
change converts cytosine into thymine. The amount of
CpG—TpG substitutions allows an estimate of the degree of
methylation of a particular ancient genome (Gokhman
et al., 2014).

David Gokhman et al. (2014) have reconstructed com-
plete methylation maps of recovered Denisova DNA by
comparing it with the current human genome. The authors
identified ~2000 differentially methylated regions
(DMRs), with substantial differences in the gene cluster
HOXD due to methylation. This cluster is related to pro-
cesses that lead to the development of the limbs. Gokhman
et al. (2014) detected hypermethylation in the HOXD9
promoter and in the HOXDI0 gene body of both, Nean-
dertals and Denisovans. In turn, these regions are hypo-
methylated in all 37 bone samples of modern humans.

With regard to modern humans, the biggest difference
in DMRs with respect to archaic humans—Denisovans and
Neandertals—affects nervous, immune, cardiovascular, and
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skeletal systems (Gokhman et al., 2014; supplementary
materials). Moreover, Gokhman et al. (2014) indicated that
“DMR-containing genes in present-day humans are almost
twice as likely to be disease-related... More than a third of
the disease-linked genes (30/81) are involved in neurolog-
ical and psychiatric disorders.” Once again, we are
reminded of Crow’s hypothesis, to which we referred
earlier, relating the evolution of some specifically human
cognitive capacities to their collateral consequences of
having certain mental disorders.

At the current level of knowledge it is impossible to go
beyond speculative explanations about the type of evolu-
tion, random or adaptive, which led to human cognitive
differences. However, the DMRs identified by Gokhman
et al. (2014) highlight the important role of epigenetics in
fixing current human characteristics. The most important
conclusion to be drawn is that the evolutionary models we
use to explain the emergence of hominins and our own
species may be too simple to portray the actual phyloge-
netic processes that occurred.
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Chapter 2

Hominins: Context, Origins, and Taxic

Diversity
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HOMININS LOCATED IN THE TREE
OF LIFE

The idea that the evolutionary history of the living world
can be represented by a tree-like branching structure was
one of Charles Darwin’s many profound insights. All living
taxa are on the tips of the branches that reach the surface of
the Tree of Life (TOL) and all of the taxa that lived in the
past are on branches within the TOL. Not that long ago it
was assumed that the extant great apes—chimpanzees,
bonobos, gorillas, and orangutans—were more closely
related to each other than they were to modern humans.
This was reflected in the premolecular taxonomy that
placed modern humans in their own family, the Hominidae,
and the great apes in a different family, the Pongidae. To
reflect this family-level division, the informal term “hom-
inid” was used to refer to modern humans and any extinct
species considered to be more closely related to modern
humans than to any of the great apes. The equivalent
informal term for the great apes was “pongid.”
Sequencing rapidly replaced hybridization as the
method of choice for analyzing DNA and the number of
sequence-based studies increases each year. There are now
good draft sequences of the nuclear genomes of the chim-
panzee (Consortium, 2005), orangutan (Locke et al., 2011),
gorilla (Scally et al., 2012), and bonobo (Priifer et al.,
2012). Both DNA and morphological evidence (Shoshani
et al., 1996; Gibbs et al., 2002; Lockwood et al., 2004;
Diogo and Wood, 2011) can be used to generate hypoth-
eses about the relationships among living hominoids, and
both lines of evidence are consistent with the hypothesis
that chimpanzees/bonobos are more closely related to
modern humans than they are to gorillas. These new
relationships are reflected in postmolecular taxonomies.
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The one we use in this review demotes modern humans
from their own family to their own tribe, the Hominini.
This means that the term “hominin” should now be used to
refer to modern humans and any extinct species considered
to be more closely related to modern humans than to any of
the great apes.

If these molecular differences are calibrated using
paleontological evidence for the split between the apes
and the Old World Monkeys, and if we make the
assumption that most of the DNA differences are neutral,
this suggests that the hypothetical ancestor of modern
humans and chimpanzees/bonobos lived between about 5
and 8 Ma and probably closer to 5 than to 8 Ma (Bradley,
2008). Estimates based on empirical data about generation
times (Langergraber et al., 2012) and mutation rates (Venn
et al., 2014) suggested that the date may closer to 8 and
13 Ma, respectively, but the most recent analysis of a
larger data set (Prado-Martinez et al., 2013) lends support
to the original estimate of c.5 Ma. Recalibration of the
molecular clock to take account of the Oligocene catar-
rhine Rukwapithecus fleaglei, which has been argued to be
a basal hominoid (Stevens et al., 2013), could further
influence these estimates.

CANDIDATES FOR THE STEM HOMININ

Four different taxa have been proposed to be the stem
hominin (ie, most recent common ancestor of all later
hominins). We consider them in the order of their
discovery rather than in their temporal order as judged
from the date of their first appearance in the fossil record.
For each species we will assess the claim that it (1)
belongs to the hominin clade and that (2) it is the stem
hominin.

17
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Ardipithecus ramidus

The first putative hominin species we consider, Ardipithe-
cus ramidus, was established to accommodate cranial and
postcranial fossils recovered from c.4.5—4.4 Ma localities
at Aramis on the northeastern flank of the Central Awash
Complex in the Middle Awash study area, Ethiopia. The
authors claimed Ar. ramidus shares some features with
living species of Pan, others with the African apes in
general, and, crucially, they suggest that several dental and
cranial features are shared only with later hominins such as
Australopithecus afarensis. The taxon was initially
included within the genus Australopithecus (White et al.,
1994), but it was subsequently transferred to a new genus,
Ardipithecus (White et al., 1995). The first reported addi-
tions to the Ar. ramidus hypodigm came from the Gona
study area (Semaw et al., 2005), but subsequently more
fossils, including the ARA-VP-6/500 associated skeleton
recovered from the Aramis locality (White et al., 2009), as
well as fossils from two other localities, Kuseralee Dora
and Sagantole, in the Central Awash Complex, have also
been added to the hypodigm (White et al., 2009).

The chewing teeth of Ar. ramidus are relatively small
and the form of the reconstructed pelvis and the
morphology of the lateral side of the foot have been cited as
evidence that the posture and gait of Ar. ramidus were,
respectively, more upright and bipedal than is the case in
the living apes. The enamel covering on the teeth is not as
thin as that of chimpanzees/bonobos, but it is not as thick as
that seen in archaic (sensu Wood, 2010) hominins such
as Au. afarensis Suwa et al. (2009), and according to Rak
et al. (2007) the morphology of the ramus of the mandible
is similar to that of Pan. Initial estimates based on the size
of the shoulder joint suggested that Ar. ramidus weighed
c.40 kg, but its discoverers claim the enlarged hypodigm
indicates an estimated mean body mass of ¢.50 kg (Lovejoy
et al., 2009). Estimates by Grabowski et al. (2015) and
Almécija et al. (2015) suggest a smaller (c.32 and ¢.36 kg,
respectively) rather than a larger body mass.

With hindsight, the remains from Aramis may not be
the first evidence of this species to be found, for the
mandibular fragments from Lothagam (KNM-LT 329) and
Tabarin (KNM-TH 13150) in Kenya, dated to ¢.5 Ma and
4.8—4.4 Ma, respectively, may prove to belong to Ar.
ramidus.

Orrorin tugenensis

The next putative stem hominin is Orrorin tugenensis
(Senut et al., 2001), the genus and species established to
accommodate cranial and postcranial remains recovered
from ¢.6.0 Ma Lukeino Formation sediments exposed at
Aragai, Cheboit, Kapcheberek, and Kapsomin in the Bar-
ingo District, Kenya. The femoral morphology has been

interpreted to mean that O. fugenensis was at least a
facultative biped (Pickford et al., 2002; Richmond and
Jungers, 2008; Almécija et al., 2013) but other researchers
interpret the internal structure of the femoral neck as indi-
cating a mix of bipedal and nonbipedal locomotion (Galik
et al., 2004; Ohman et al., 2005). Almécija et al. (2010)
suggested that the palmar surface of the pollical distal
phalanx of O. tugenensis (BAR 1901’01) shows evidence
of a flexor pollicis longus insertion that is modern human-
like. Otherwise, the discoverers admit that much of the
taxonomically critical dental morphology is ‘“‘ape-like”
(Senut et al., 2001, p. 6).

Sahelanthropus tchadensis

The third putative stem hominin is Sahelanthropus
tchadensis. Six fossils, including the type specimen, an
adult cranium (TM 266-01-060-1), and part of a mandible,
were recovered in 2001 from a single locality, TM 266, in
the Anthracotheriid Unit at Toros-Menalla in Chad (Brunet
et al., 2002). The initial biochronology-based age estimate
of between c.7—6 Ma was based on the good match be-
tween the fauna in the Anthrocotheriid Unit and the faunas
known from Lukeino and from the Nawata Formation at the
site of Lothagam in Kenya. More recently the results of
cosmogenic nuclide dating that uses isotopes of beryllium
("“Be/’Be) suggest that the Toros-Menalla locality is older
than 6.83 £ 0.45 Ma and younger than 7.04 & 0.18 Ma
(Lebatard et al., 2008).

The cranium of S. tchadensis is chimp-sized and dis-
plays a novel combination of primitive and derived fea-
tures. Much about the cranial base and neurocranium is
chimp-like, with the exception that the foramen magnum
lies more anteriorly than is generally the case in chimpan-
zees, but its position is in the overlap of the range for
bonobos and modern humans (Ahern, 2005). The presence
of a supraorbital torus, a relatively flat lateral profile of the
face, small, apically worn, canines, low, rounded, molar
cusps, relatively thick enamel, and a relatively thick
mandibular corpus, were all cited by its discoverers as
features that exclude S. tchadensis from any close rela-
tionship with the Pan clade.

More fossils assigned to S. tchadensis were recovered in
2001 and 2002. The additional specimens included an up-
per premolar tooth from TM 266, and mandibles, TM 247-
01-02 and TM 292-02-01, from two new localities (Brunet
et al., 2005). This additional evidence means that a mini-
mum of six, and a maximum of nine, individuals are known
from the Toros-Menalla region of Chad. The new data were
consistent with the hypothesis that a single species was
being sampled that showed a mix of derived (eg, small
canine crown, vertical mandibular symphysis) and primi-
tive (eg, mandibular premolar root form, an upper canine/
lower premolar honing mechanism) morphology with



respect to the hominin clade. According to Emonet et al.
(2014) the subocclusal morphology is ape-like.

Zollikofer et al. (2005) applied the techniques of virtual
reconstruction (images based on CT scans manipulated
using sophisticated computer software) to the TM 266
cranium and claimed that the reconstructed cranium
strengthened the claim that S. tchadensis is an early hom-
inin. But their results can also be interpreted as weakening
the case for S. tchadensis being a hominin, for the logic of
their third “test” (p. 755 and Fig. 3) is flawed. They show it
is not easy to convert TM 226 into either a Pan or a Gorilla
cranium, but although the researchers do not formally test
this, their data suggest that it would be even more difficult
to convert TM 266 into a modern human.

The only reference to differences between O. tugenensis
and S. rchadensis in Brunet et al. (2002) is where the authors
note that S. fchadensis is distinct from the former taxon
because it has upper I's “with multiple tubercles on the
lingual fossa” and because the latter’s upper canines are
“non chimp-like”” and show “extensive apical wear” (p. 146).

Ardipithecus kadabba

The final putative stem hominin is Ardipithecus kadabba.
Fossils recovered from four localities (Saitune Dora,
Alayla, Asa Koma, and Digiba Dora) in the Western
Margin region of the Middle Awash study area were
initially assigned to Ar. ramidus as a separate subspecies,
Ardipithecus ramidus kadabba (Haile-Selassie, 2001), but
subsequently that initial hypodigm, plus some additional
specimens, were elevated to species rank (Haile-Selassie
et al., 2004, 2009). The initial hypodigm consisted of a
partial mandible, four isolated teeth, fragments of a left
upper limb, and a proximal foot phalanx. In 2004 six more
dental specimens recovered from five c.5.8—5.2 Ma local-
ities in the Middle Awash study area in Ethiopia were
added to the hypodigm.

The main differences between Ar. kadabba and Ar.
ramidus are that the apical crests of the upper canine crown
of the former taxon are longer and the P3 crown outline of
Ar. kadabba is more asymmetrical than is the case in Ar.
ramidus. Haile-Selassie et al. (2004) suggest there is a
morphocline in upper canine morphology with Ar. kadabba
exhibiting the most ape-like morphology (see Fig. 2.1D in
Haile-Selassie et al., 2004). Haile-Selassie (2001) also
suggests that there are differences in upper canine
morphology between Ar. kadabba and O. tugenensis with
the later having more “primitive” upper canine crowns
that “lack the elevated crown shoulders” of “Ardipithecus
and all other hominids” (p. 180). The formal diagnosis of
Ar. kadabba (Haile-Selassie et al., 2004) refers to differ-
ences between the upper canines of Ar. kadabba and
O. tugenensis, with the former having “a more circular
upper canine outline” (p. 1504), whereas the latter has an
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upper canine crown that is “relatively more elongate
mesiodistally” (p. 1505). It is also claimed that there are
differences with respect to the morphology of the lingual
face of the crown of the upper canine with that of Ar.
kadabba being “relatively flat,” whereas there is “stronger
hollowing” on the only upper canine of O. tugenensis
(Haile-Selassie et al., 2004, p. 1504). The proximal foot
phalanx (AME-VP-1/71) of Ar. kadabba is said to combine
an ape-like curvature with a proximal joint surface like that
of Au. afarensis (Haile-Selassie, 2001).

ASSESSING THE CLAIMS FOR HOMININ
STATUS

For a taxon to be a viable stem hominin, several aspects of
its morphology need to be features that we can be certain
are only seen in true hominins. There are an impressive
number of differences between the morphology of chim-
panzees/bonobos and modern humans, but the differences
between the earliest hominins and the late Miocene an-
cestors of chimpanzees/bonobos are likely to have been
much more subtle. So what paleoanthropologists have to do
is to focus on the features that distinguish modern humans
and chimpanzees/bonobos and then trace these back in
time. Some of these features, such as those linked with
bipedalism, can be traced back a long way. Others, such as
the relatively diminutive jaws and chewing teeth of modern
humans, were acquired more recently and thus cannot be
used to tell the difference between early hominins and the
ancestors of chimpanzees/bonobos. The presumption is that
the stem panin would have a projecting face, relatively
small chewing teeth, relatively and absolutely large, sexu-
ally dimorphic, honed canine teeth, and a locomotor system
adapted for arboreal quadrupedalism. The presumption
about the taxon at the base of the hominin clade, on the
other hand, is that it would have been distinguished by
cranial and other skeletal adaptations for a predominantly
upright posture and skeletal and other adaptations for a
locomotor strategy that includes substantial bouts of
bipedalism. These features would be combined with a
masticatory apparatus that combines relatively larger
chewing teeth and more modest-sized canines. These in-
ferences are “working hypotheses” that will need to be
reviewed and tested as the appropriate evidence is uncov-
ered (Fig 2.1).

There is also the problem that the presence of only one,
or even a few, of the features that possibly distinguish early
hominins from early panins or from the members of any
closely related extinct clades may not be sufficient to
identify a fossil as a hominin or a panin. This is because
there is evidence that primates, like many other groups of
mammals, are prone to convergent evolution. This results
in homoplasy, which is morphology that is shared by two
or more taxa, but which is not seen in their most recent
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FIGURE 2.1 The relationships among modern humans and the great apes. The approximate dates of each hypothetical common ancestor are based on
the references cited in the text. In version A the only options for a 5 Ma fossil species that shares more morphology with modern humans and chim-
panzees/bonobos than with gorillas is to be an ancestor of modern humans or chimpanzees/bonobos. In version B the species could also belong to an
extinct clade more closely related to modern humans, or to chimpanzees/bonobos, or to a closely related but completely separate clade.



common ancestor. The fact of convergent evolution means
that it is not impossible, indeed it may even be probable,
that some of what many have come to regard as key
morphological adaptations at the base of the hominin
lineage may have arisen more than once. If that is the case,
then what characterizes hominins (and panins and the other
great ape lineages) may not be particular items of
morphology, single characters, but particular combinations
of characters. There is also the problem that being an
ancestor of modern humans or chimpanzees/bonobos is not
the only option for the taxa described above. They could
also belong to a clade closely related to modern humans or
chimpanzees/bonobos that has no living representative. So
labeling any taxon, especially one that has a poor fossil
record and that only samples a few individuals, as one of
the earliest members of the hominin clade is always going
to be a risky enterprise.

Given this context and what we know of the size of the
fossil records of Ar. ramidus, O. tugenensis, S. tchadensis,
and Ar. kadabba, and how little of the skeleton and
dentition three of those hypodigms represent, the case for
any of the four species being the stem hominin is weak. In
addition, what we know of the geological ages of
O. tugenensis and S. tchadensis would suggest that they are
on the old side for a stem hominin. The hypodigm of Ar.
ramidus is larger, and it includes an associated skeleton, but
apart from the regions such as the foot where much of the
morphology is difficult to square with terrestrial biped-
alism, if Ar. ramidus is the ancestor of Australopithecus
anamensis, it is difficult to see how the substantial
morphological differences between Ar. ramidus and Au.
anamensis could have evolved in the short interval that
separates the youngest fossil evidence for Ar. ramidus from
the oldest evidence for Au. anamensis.

LADDER OR BUSH?

The only extinct species that have to be within the TOL are
the ones situated on the branches leading to living species.
In the case of the hominin twig of the TOL there is just one
living species, modern humans, so the only species that
need to be in the hominin clade are the species in the
lineage connecting modern humans with the hypothetical
common ancestor of modern humans and chimpanzees/
bonobos. We may also have nonancestral close relatives,
but they are not necessary for our existence. A consequence
of this minimalist scenario is that throughout human
evolutionary history there only needs to be one hominin
species representing that single lineage, and all of the time-
successive species in that lineage would be ancestors of
modern humans. In this ladder-like model there would be
no hominin taxic diversity (ie, no evidence of more than
one contemporary species within the hominin clade) and
the appropriate null hypothesis about any new species
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recognized in the hominin fossil record is that it is an
ancestor of modern humans. At the other end of the
complexity spectrum are models of human evolution that
expect hominins to be as diverse and speciose as some
groups of large mammals (eg, Alcelaphines, Tragelaphines,
elephants). In these “bushy” scenarios close nonancestral
relatives outnumber ancestors. As a consequence, the null
hypothesis about a newly recognized species in the hominin
fossil record is very different. In a “bushy” scenario it is
assumed to be a nonancestral close relative of modern
humans until proved otherwise.

An example of a ladder-like scenario is the single spe-
cies hypothesis (Wolpoff, 1968, 1971). Wolpoff used the
principle of competitive exclusion (ie, only one species at a
time can occupy a specific ecological niche) to suggest that
human culture is such a specialized ecological niche that
“no more than one culture-bearing hominid could have
arisen and been maintained” (Wolpoff, 1968, p. 477).
Later, he argued that tool use could only have occurred if a
hominin was bipedal (Wolpoff, 1971) and both Washburn
(1950) and Mayr (1950) assumed that all hominins, and
only hominins, were bipedal, with the latter author sug-
gesting that “when the Homo-line acquired upright posture
it entered a completely different adaptive zone” (Mayr,
1950, p. 111). However, as more hominin fossils were
discovered during the late 1960s and early 1970s, espe-
cially in East Africa, most researchers interpreted the new
evidence as strengthening the case for the presence of two
forms of early hominin, referred to informally as “gracile”
and “robust.” Gracile hominin species were allocated to
either Homo, Telanthropus, or Australopithecus, and the
robust species were allocated to Paranthropus or Zinjan-
thropus. Wolpoff (1968) argued that the differences be-
tween the gracile and robust australopiths were the result of
sexual dimorphism in a single species, and thus they
merited no taxonomic distinction. He initially made these
arguments on the basis of evidence of australopiths from
Southern African sites, but later he expanded them to
include the early East African discoveries (Wolpoff, 1971).
However, this interpretation of the fossil evidence implies
that in Southern Africa the males and females of the same
taxon were found at separate, though geographically close,
sites, estimated to be approximately half a million years
apart in time.

For many the discovery and recognition of Telan-
thropus was an effective refutation of the single species
hypothesis because it provided at a single site, Swartkrans,
evidence of a Homo erectus—like hominin alongside
Paranthropus robustus (Broom and Robinson, 1950). But
Wolpoff did not recognize Telanthropus as a distinct taxon,
nor was he convinced Telanthropus and Paranthropus
were synchronic. In 1976 came the demonstration that
an early African Homo erectus cranium (KNM-ER 3733)
and a Paranthropus boisei cranium (KNM-ER 406) had
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been found effectively in situ in Koobi Fora in strata dated
to c.1.7Ma. These two specimens are so different in
morphology that there has been no rational dissent from the
hypothesis that they should be included in separate genera,
and for most, but evidently not all researchers (see Hunt,
2003), their discovery provided a convincing refutation of
the single species hypothesis.

The falsification of the single species hypothesis as
applied to Plio-Pleistocene hominins, along with the
expansion of the hominin fossil record, the introduction of
new dating methods, and the widespread adoption of
phylogenetic methods, has led to the general acceptance
that at several periods in its evolutionary history the hom-
inin clade has consisted of more than one lineage (Wood
and Baker, 2011). But debates about hominin diversity in
early Homo, and prior to the origin of Homo, continue to be
polarized. Those on the diversity side of the scales cite
hominin fossil evidence consistent with multiple hominin
species in three time periods, between c.3.5—3.3 Ma
(Leakey et al., 2001; Spoor et al., 2010; Haile-Selassie
et al.,, 2015), c¢.2.5 Ma (Asfaw et al., 1999; Guy et al.,
2008), and ¢.2.0—1.8 Ma (Leakey et al., 2012; Spoor et al.,
2015). These interpretations have been challenged (eg,
White, 2003; Smith, 2005; Ackermann and Smith, 2007;
White et al., 2009; Lordkipanidze et al., 2013) by
researchers who suggest that those who support hominin
taxic diversity in those time periods did not successfully
demonstrate that the hypodigms of the proposed “new” taxa
lie outside the range of variation of existing taxa.

EVIDENCE OF TAXIC DIVERSITY WITHIN
THE HOMININ CLADE

“Diversity” refers to difference, and most studies of taxo-
nomic diversity interpret difference to mean looking at the
factors that influence the numbers and variety of species
within a given space and time, or the numbers and variety
of species sampled through deep time (Rosenzweig, 1995).
But hominin taxic diversity, in the sense we discuss it here,
does not refer to diachronic diversity (ie, differences
through time and space). Instead, it focuses on whether
there is evidence of synchronic taxonomic diversity (ie,
differences across time and space) at predetermined tem-
poral intervals between the origin of the hominin clade and
the present. In the main section of this review we assess
taxic diversity across the hominin clade as a whole
regardless of whether the species in a time interval are
sympatric or allopatric. This section is an abridged version
of Wood and Boyle (2016).

We assigned the species, site collections, and individual
specimens listed in Table 2.1 to one or more of the time
intervals described below. We exclude hypotheses about
some hominin species that have been proposed that we, and
to judge by the lack of citations, others consider to be

idiosyncratic. We assigned the nonidiosyncratic taxa to one
or more time intervals according to each taxon’s first
appearance datum (FAD), which is the date of a taxon’s
first appearance in the fossil record, and its last appearance
datum (LAD), which is the date of that taxon’s last
occurrence in the fossil record. The time intervals have to
be long enough to capture several taxa, but not so long that
they are uninformative about diachronic changes in taxic
diversity. We are aware that decisions about the length and
the registration of the time intervals can potentially bias the
outcome of the analysis, but when we repeated the exercise
with the longer intervals (see below) registered 0.5 Ma
later, and with the shorter intervals registered at 0.25 and
0.75 Ma, the outcome was not materially different. So,
given this, plus the various reasons why the observed FADs
and LADs are always likely to underestimate the time span
of the species we consider (see Discussion), we suggest that
our results are as robust as the available data allow. The
allocations of species to time intervals are based on con-
servative versions of the FADs and LADs (Table 2.1,
columns 1 and 3) as determined from the published ages of
the fossils.

The first time interval includes the fossil evidence be-
tween c.7 and 5 Ma. Although we are not convinced that
these taxa belong in the hominin clade (see earlier in this
section and Wood and Harrison, 2011), we consider the
three species in that time interval that have been claimed to
be early hominins. The next two time intervals each span
1 million years (ie, 5.0—4.0 Ma and 4.0—3.0 Ma), and the
next four span half a million years (ie, 3.0—2.5 Ma,
2.5—2.0 Ma, 2.0—1.5 Ma, and 1.5—1.0 Ma) to reflect the
larger numbers of hominin species proposed post-3 Ma.
We then consider evidence for diversity within the hominin
clade between 1.0 and 0.25 Ma, and finally in the interval
between 0.25 Ma and the present. If a taxon spans
more than one of these time intervals we review the fossil
and other lines of evidence for it in the earliest time
interval.

After we have considered the hominin species, site
collections, or even individual fossils that have been
recognized as, or suggested to be, discrete evolutionary
units within a time interval, we informally review the evi-
dence for diversity as pairwise comparisons. Our attempts
to rank these in terms of the degree of confidence we have
in any proposed species difference reflect our interpretation
of the literature and own judgment about the strength of
each case. We readily concede that others may well come to
different decisions, but given the multiple variables
involved (eg, what anatomical regions are sampled by the
hypodigm, sample size, preservation, etc.) it was not
immediately clear to us how such judgments, especially
when made across more than 5 million years of hominin
evolution, can be standardized. We are investigating ways
to do this (Fig. 2.2).
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TABLE 2.1 First Appearance Dates (FAD) and Last Appearance Dates (LAD) Used to Allocate Species and
Specimens to Time Intervals

Conservative With Dating Error Conservative With Dating Error
Taxon FAD FAD LAD LAD
Ardipithecus kadabba 6.3 Ma 6.7 Ma 5.2 Ma 5.11 Ma
Ardipithecus ramidus 4.51 Ma 4.6 Ma 4.3 Ma 4.262 Ma
Australopithecus afarensis 3.7 Ma 3.89 Ma 3.0 Ma 2.9 Ma
Australopithecus africanus 3.0 Ma 4.02 Ma 2.4 Ma 1.9 Ma
Australopithecus anamensis 4.2 Ma 4.37 Ma 3.9 Ma 3.82 Ma
Australopithecus bahrelghazali 3.58 Ma 3.85 Ma 3.58 Ma 3.31 Ma
Australopithecus deyiremeda 3.5 Ma 3.596 Ma 3.3 Ma 3.33 Ma
Australopithecus garhi 2.5 Ma = 2.45 Ma 2.488 Ma
Australopithecus sediba 1.98 Ma 2.05 Ma 1.98 Ma 1.91 Ma
Burtele foot 3.4 Ma 3.47 Ma 3.4 Ma 3.2 Ma
Denisovans 48.65 ka 50.63 ka 29.2 ka 28.84 ka
Homo antecessor 1.0 Ma 1.2 Ma 0.936 Ma =
Homo erectus 1.81 Ma 1.85 Ma 27 ka =
Homo ergaster 1.7 Ma 2.27 Ma 1.4 Ma 0.87 Ma
Homo floresiensis® 74 ka 108 ka 17 ka 16 ka
Homo georgicus 1.85 Ma = 1.77 Ma =
Homo habilis sensu stricto 2.35 Ma 2.6 Ma 1.65 Ma =
Homo heidelbergensis 700 ka = 100 ka =
Homo helmei 260 ka = 80 ka =
Homo neanderthalensis 130 ka 197 ka 40 ka 39.22 ka
Homo rhodesiensis 600 ka = 300 ka =
Homo rudolfensis 2.0 Ma 2.09 Ma 1.95 Ma 1.78 Ma
Homo sapiens 195 ka 200 ka Present =
Kenyanthropus platyops 3.54 Ma 3.65 Ma 3.35Ma =
Ledi-Geraru 2.80 Ma 2.85 Ma 2.75 Ma 2.65 Ma
Orrorin tugenensis 6.0 Ma 6.14 Ma 5.7 Ma 5.52 Ma
Paranthropus aethiopicus 2.66 Ma 2.73 Ma 2.3 Ma 2.23 Ma
Paranthropus boisei 2.3 Ma 2.5 Ma 1.3 Ma 1.15 Ma
Paranthropus robustus 2.0 Ma 2.27 Ma 1.0 Ma 0.87 Ma
Sahelanthropus tchadensis 7.2 Ma 7.43 Ma 6.8 Ma 6.38 Ma
Sima de los Huesos (SH) 780 ka — 427 ka 415 ka

For each hominin species, site collection, or individual fossil referred to in this review, we provide the ages that correspond to the consensus (column
one) and more conservative (column two) first appearance dates, and to the consensus (column three) and more conservative (column four) last
appearance dates. For clarity, experimental errors for the ages are not included.

“More recent dates suggest that H. floresiensis is closer to 100 ka.

7.0—5.0 MA S. tchadensis do not justify either of the latter two species
. . . being assigned to their own genus, so they proposed they
Evidence of Diversity should be transferred to the genus with priority (ie,

White et al. (2009) suggest that the morphological differ- Ardipithecqs) as Ardipithecus tugenensis (Senut et al.,
ences between Ar. ramidus and both O. tugenensis and 2001; White et al., 2009) and Ardipithecus tchadensis
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(Brunet et al., 2002; White et al., 2009), respectively.
However, because White et al. (2009) did not question the
decision to recognize O. tugenensis and S. tchadensis as
separate species their proposal does not affect our consid-
eration of taxic (ie, species level) diversity.

Since its initial description publications about
S. tchadensis (eg, Zollikofer et al., 2005; Guy et al., 2005)
have mainly focused on defending its status as a hominin
rather than on defending the decision to recognize it as a
species distinct from O. tugenensis. Zollikofer et al. (2005)
and Guy et al. (2005) each emphasize the substantial
(2500 km) distance separating the localities where the
fossil evidence of the two taxa has been identified, but
there is no a priori reason why the same taxon could not
have existed in the two regions—see, for example, the later
discussion about taxonomic diversity between Au. afar-
ensis and Australopithecus bahrelghazali. When Brunet
et al. (2005) described two new mandibles belonging to
S. tchadensis they made no reference to how they compare
with what is preserved of the mandibular morphology of
O. tugenensis. However, apart from the mandible, and
some positions along the maxillary tooth row, there is little
overlap in the parts of the skeleton preserved in the two
hypodigms.

In the paper establishing Ar. kadabba as a separate
species (Haile-Selassie et al., 2004) the authors drew
attention to differences between the crown morphology of
the upper canines of O. tugenensis and Ar. kadabba, but in
the summary they suggest that with respect to the dentition
“Sahelanthropus and Orrorin... are very similar to Ardi-
pithecus kadabba” (p. 1503). Also, when Haile-Selassie
et al. (2009) reviewed the fossil evidence for Ar. kadabba
they concluded that the mandibular morphology of Sahe-
lanthropus is “broadly compatible with that exhibited by
the ALA-VP-2/10 mandible (of A. kadabba)” (p. 208), but
no evaluation of any similarities or differences between the
mandibular morphology of O. tugenensis and Ar. kadabba
was offered “because of the lack of detailed information”
about O. tugenensis (p. 208). With respect to the postcanine
dentition, Haile-Selassie et al. (2009) concluded that “the
mandibular postcanine dentition of Sahelanthropus
(TM266-02-154-2) closely matches the ALA-VP-2/10
equivalent in the available P4 to M3 metrics” (p. 218), and
once again they offer no comparison with O. tugenensis.
Yet, despite these acknowledged similarities, Haile-Selassie
et al. (2009) do not advocate any change to the conven-
tional taxonomy that recognizes species- and genus-level
differences between O. tugenensis, S. tchadensis, and Ar.
kadabba.

Given the small size of the hypodigms of the three
proposed species, and the lack of overlap in the parts of the
skeleton represented in those hypodigms, it would be un-
wise to assume that the fossils in this time interval sample
three separate species. In our opinion the evidence for
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species differences (ie, taxic diversity) in this time interval
is not as strong as is commonly assumed. The case for
genus-level differences is even weaker.

5.0—4.0 MA

Australopithecus anamensis

Apart from the fossil evidence for Ar. ramidus reviewed
in the previous section, the only other species from the
5.0—4.0 Ma time interval is Au. anamensis (Leakey et al.,
1995). It was established to accommodate a left distal
humeral fragment (KNM-KP 271) recovered in 1965 by
Bryan Patterson at Kanapoi in Kenya (Patterson and
Howells, 1967), plus cranial remains recovered in the
1990s from c.3.9—4.2 Ma localities at Allia Bay and
Kanapoi. Additional fossils from Allia Bay and Kanapoi
were described three years later (Leakey et al., 1998).
Leakey et al. (1995) claimed that aspects of the dental
morphology of the fossils collected at Allia Bay and
Kanapoi are more primitive than those of Au. afarensis
(eg, mandibular canine morphology, the asymmetry of
the premolar crowns, and the relatively simple crowns of
the deciduous first mandibular molars). White et al.
(2006) attributed 31 fossils from the Middle Awash study
area in Ethiopia to Au. anamensis. One, a maxilla, was
found at Aramis, with the remainder coming from three
localities at Asa Issie, a collecting area 10 km/6 miles
west of Aramis, and biostratigraphic dating suggests an
age of c.4.2—4.1 Ma for both sets of Middle Awash
fossils. Craniodentally (eg, anterior tooth and postcanine
relative tooth size, crown morphology, enamel thickness,
etc.) the new material from the Middle Awash is
consistent with an attribution to Au. anamensis. Upper
limb remains have been recovered and were described as
being australopith-like (Leakey et al., 1998), but a tibia
(KNM-KP 29283) with features associated with obligate
bipedalism that was attributed to Au. anamensis was not
included in the list of paratypes. A specimen preserving
the proximal three-quarters of a right femur shaft
from Asa Issie (ASI-VP-5/154) looks like a slightly
more primitive version of the Au. afarensis femoral
morphology.

Evidence of Diversity

Evidence of taxic diversity within the 5.0—4.0 Ma time
interval is dependent on being able to demonstrate signifi-
cant differences between Ar. ramidus and Au. anamensis,
yet even recent comparisons of Ardipithecus and Austral-
opithecus (eg, White et al., 2009 and Suwa et al., 2009) are
still between Ar. ramidus and Au. afarensis.

In their diagnosis of Au. anamensis Leakey et al. (1995)
suggest that the new taxon “can be distinguished from
Ardipithecus” because it has “absolutely and relatively
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thicker tooth enamel; upper canine buccal enamel thickened
apically; molars more buccolingually expanded; first and
second lower molars not markedly different in size; tym-
panic tube extends only to the medial edge of the post-
glenoid process rather than to the lateral edge or beyond it;
lateral trochlear ridge of humerus weak” (p. 565). These
distinguishing features also occur in the list of inferred
shared-derived characters that White et al. (2009) claim
distinguish Ar. ramidus from Au. anamensis (Table 2.1: pp.
82—83).

Unlike the situation in the previous time interval there is
substantial overlap in the parts of the skeleton represented
by the hypodigms of Ar. ramidus and Au. anamensis with 7
out of 11 cranial and mandibular characters and 18 out of
34 dental characters that are in common in the two taxa
differing, this strengthens the case for taxic diversity in this
time interval.

4.0-3.0 MA

Australopithecus afarensis

The hominin species with historical priority in the
4.0—3.0 Ma time interval, Au. afarensis (Johanson et al.,
1978; ICZN, 1999), was established to accommodate the
¢.3.7—3.0 Ma cranial and postcranial remains recovered
from Laetoli, Tanzania, and Hadar, Ethiopia. When White
et al. (1981) compared the hypodigms of Au. afarensis and
Australopithecus africanus they made a compelling case
for recognizing Au. afarensis as a distinct species whose
craniodental anatomy is generally more primitive than that
of Au. africanus. Kimbel et al. (1984, 2004) and Kimbel
and Delezene (2009) provide further information about the
morphological differences between Au. afarensis and Au.
africanus.

To judge from the evidence of the associated skeleton
AL 288-1, the hind limbs of Au. afarensis are substantially
shorter than those of a modern human of similar stature,
and the appearance of the pelvis and the relatively short
lower limb suggest that while Au. afarensis was capable of
bipedal walking it was poorly adapted for long-range
bipedalism. The upper limb, especially the hand and the
shoulder girdle, retains morphology that some workers
suggest reflects a significant element of arboreal locomo-
tion, yet Drapeau (2012) suggests that the Au. afarensis
upper limb morphology was capable of the type of
manipulation needed to manufacture crude artifacts. Recent
body mass estimates for Au. afarensis range from c¢.30 to
c.65 kg (Grabowski et al.,, 2015), endocranial volumes
range between 385 and 550 cm3, and estimates of the
standing height of adult individuals range between 1.0 and
1.5 m. Reno et al. (2003) suggested that skeletal size sexual
dimorphism in Au. afaremnsis is modest, but most re-
searchers (eg, Gordon et al., 2008) accept that this taxon
shows a substantial level of sexual dimorphism.

Australopithecus bahrelghazali

The second hominin species in this time interval, Au.
bahrelghazali (Brunet et al., 1996), was established to
accommodate a tooth-bearing midline mandible fragment
plus an upper premolar tooth, both recovered from
¢.3.5—3.0 Ma sediments in the Bahr el Ghazal region,
Koro Toro, Chad. The mandibular fragment was originally
assigned to Australopithecus aff. Australopithecus afar-
ensis (Brunet et al., 1995), but Brunet et al. (1996)
assigned it to a new species because they claimed it had
thicker enamel than Ar. ramidus, a more vertically ori-
ented and more gracile symphysis than Au. anamensis,
more complex premolar roots than Au. afarensis, and
larger incisors and canines and more complex premolar
roots than Au. africanus.

Kenyanthropus platyops

The next hominin species in the 4.0—3.0 Ma time interval,
Kenyanthropus platyops (Leakey et al., 2001), was estab-
lished to accommodate cranial remains recovered from the
c.3.5 Ma Kataboi Member at Lomekwi, West Turkana,
Kenya. The initial report lists the holotype cranium and the
paratype maxilla. There also 34 other craniodental speci-
mens, but the researchers reserved their judgment about the
taxonomy of most of these remains (Leakey et al., 2001),
some of which had only recently been referred to Au.
afarensis (Brown et al., 2001). Leakey et al. (2001) did not
assign the Lomekwi material to Au. afarensis because of its
reduced subnasal prognathism, more anteriorly situated
zygomatic root, the flatter and more vertically orientated
malar region, the generally relatively small but thick-
enameled molars, and the unusually small M' when
compared to the size of the P* and M>. The authors note the
face of the new material resembles that of Homo rudol-
fensis, but they point out that the postcanine tooth row of
the latter is substantially longer than that of KNM-WT
40000.

Australopithecus deyiremeda

The most recently proposed species in this time interval is
Australopithecus deyiremeda (Haile-Selassie et al., 2015).
It was established to accommodate several c.3.4 Ma cranial
fossils including a left maxilla, part of the right maxilla
from what might be the same individual, and two mandi-
bles, all recovered from the Burtele (BRT) and Waytaleyta
(WYT) collection areas in the Woranso-Mille study area in
Ethiopia. The authors claim that the fossils assigned to Au.
deyiremeda have thicker enamel, more complex P4 roots,
and a more robust mandibular corpus than Ar. ramidus, and
when compared to Au. anamensis it has a mandibular
symphysis that is more vertical, and a mandibular corpus
that is more robust. Haile-Selassie et al. (2015) also claim



that the mandibular corpus of Au. deyiremeda lacks the
lateral hollowing seen in Au. afarensis, the roots of the
mandibular ramus and the zygomatic process of the maxilla
are more anteriorly located, and the M! crown is smaller
than is the case in Au. afarensis. They also suggest that the
mandibular corpus of Au. deyiremeda is more robust and
the root of the mandibular ramus is more anteriorly located
than is the case in most of the mandibles attributed to early
Homo. Dentally, Au. deyiremeda differs from K. platyops
in having a larger canine, and from Australopithecus garhi
because it has smaller canines and smaller postcanine tooth
crowns.

Burtele Foot

The final evidence from this time interval is a partial foot
(BRT-VP-2/73) recovered in 2009 from Burtele in the
Woranso-Mille study area in Ethiopia (Haile-Selassie et al.,
2012). What is notable about the foot is its opposable
hallux, which, while obviously distinguishing it from the
pedal remains of Au. afarensis (Haile-Selassie et al.,
2010a,b, 2015; Ward et al, 2011) aligns it with the
type of foot seen in Ar. ramidus (Lovejoy et al., 2009).
Haile-Selassie et al. (2015) admit that they cannot reject the
null hypothesis “that BRT-VP-2/73 belongs to Au. deyir-
emeda” (Supplementary Note 1), but the authors demur from
assigning the foot to the new taxon because none of the
fossil evidence for the latter “is clearly associated with BRT-
VP-2/73” (p. 483).

Evidence of Diversity

In the past several decades researchers have assembled the
substantial collection of fossils (now >400 specimens) that
makes up the hypodigm of Au. afarensis (Kimbel and
Delezene, 2009; Haile-Selassie et al., 2010a,b; Ward et al.,
2012). Although there have been suggestions that the Au.
afarensis hypodigm samples more than one taxon (Olson,
1981, 1985a,b; Senut, 1983; White et al., 1981; Tardieu,
1983), none of them have received support from the re-
searchers most familiar with the evidence. Thus, any pro-
posal for a new hominin species in the 4.0—3.0 Ma time
interval must demonstrate that the morphology of the new
fossil evidence lies outside of the envelope of morpholog-
ical variation expected within the species represented by the
various site samples of Au. afarensis.

When this test is applied to Au. bahrelghazali, while
Guy et al. (2008) claim that the symphyseal outline of Au.
bahrelghazali distinguishes it from Au. afarensis, others
interpret the modest-sized hypodigm of Au. bahrelghazali
as evidence of geographical variation within Au. afarensis.
We agree with this assessment.

The proposal to establish a new species and genus,
K. platyops, for fossil hominins discovered at West Tur-
kana in 1998 and 1999 was based on the hypothesis that
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two specimens, the type, KNM-WT 40000, a 3.5 Ma
cranium, and the paratype, KNM-WT 38350, a 3.3 Ma
partial maxilla (Leakey et al., 2001) passed the test set out
above. The case for rejecting Au. afarensis as the appro-
priate taxon for this material is made more complicated
because the KNM-WT 40000 cranium is plastically
deformed and permeated by matrix-filled cracks. White
(2003) took the view that these factors are responsible for
the unusual facial morphology, and he interprets KNM-
WT 40000 as a taphonomically altered Au. afarensis
cranium. Spoor et al. (2010) responded by making what,
to us, is a convincing case that the matrix-filled cracking
and deformation are not responsible for the observed
differences. In any event the taphonomic alteration of the
bone cannot explain the dental differences between KNM-
WT 40000 and Au. afarensis.

The case made by Haile-Selassie et al. (2015) that Au.
deyiremeda lies outside of the envelope of Au. afarensis
has elements in common with the argument made by
Leakey et al. (2001) for K. platyops. The authors claim that,
compared with Au. afarensis, the mandibular corpus of Au.
deyiremeda is more robust and lacks lateral hollowing and
the roots of the mandibular ramus and the zygomatic pro-
cess of the maxilla are more anteriorly located. With respect
to the dentition they suggest that the postcanine tooth
crowns are smaller and, as was the case for K. platyops, it is
the M' crown that is particularly small. However, for many
of the differences cited by Haile-Selassie et al. (2015) the
condition in Au. deyiremeda is close to, or at the edge of the
range of, the hypodigm of Au. afarensis. However, as good
as that hypodigm is, it does not circumscribe the range of
variation in that species. In our opinion the claim of
distinctiveness would be much stronger if Haile-Selassie
et al. (2015) had linked Au. deyiremeda with the foot
from Burtele.

In their initial description of the Burtele foot, Haile-
Selassie et al. (2012) noted that the short, opposable,
hallux and overall morphology of the partial foot from
Burtele are sound evidence that it “‘does not belong to the
contemporaneous species Au. afarensis.” They suggest that
BRT-VP-2/73 retains “a grasping capacity that would allow
it to exploit arboreal settings” (Haile-Selassie et al., 2012,
p. 568), making it unlike the foot of Au. afarensis that has
been described as “functionally like that of modern
humans” and the foot of a “committed terrestrial biped”
(Ward et al., 2011, p. 750). Thus, although the Burtele foot
has not been formally assigned to a taxon, we suggest that
the profound structural, and inferred functional, differences
between BRT-VP-2/73 and the foot of Au. afarensis pro-
vide the strongest evidence for hominin taxic diversity in
the 4.0—3.0 Ma time interval.

Several researchers have drawn attention to dental,
facial, and mandibular differences between the early
component of the Au. afarensis hypodigm from Laetoli and
the geologically younger part of the hypodigm from Hadar,
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and to similarities between the Laetoli remains and those of
Au. anamensis (eg, Ward et al., 1999; Kimbel et al., 2000).
It remains to be seen whether these similarities are suffi-
cient evidence to sustain the hypothesis that Au. anamensis
evolved via anagenesis into Au. afarensis (eg, Haile-
Selassie et al., 2010a,b), but even if the taxa are related
in this way it would have no effect on any claims about
hominin taxic diversity because the fossil records of Au.
anamensis and Au. afarensis are not synchronic.

3.0-2.5 MA

Australopithecus africanus

The first of the two species in the 3.0—2.5 Ma time interval,
Au. africanus (Dart, 1925), was established to accommo-
date an immature skull recovered in 1924 from the lime-
works at Taungs (now called Taung) in what is now South
Africa. In addition to Taung the Au. africanus hypodigm as
presently interpreted includes fossils from Member 4 at
Sterkfontein, Members 3 and 4 at Makapansgat, and Gla-
dysvale, all located in South Africa. It remains to be seen
whether the associated skeleton StW 573 from Sterkfontein
Member 2, and 12 hominin fossils recovered from the
Jakovec Cavern (Partridge et al., 2003) belong to Au.
africanus, or to a different species (Clarke, 2008). The
cranium, mandible, and dentition of Au. africanus are well
sampled and although the postcranial and the axial skeleton
are less well represented there is at least one specimen of
each long bone. However, many of the fossils have been
crushed and deformed before they were fully hardened by
fossilization.

Apart from the reduced canines the skull of Au. afri-
canus is relatively ape-like. Its mean endocranial volume is
¢.460 cm®. Morphological and functional analyses suggest
that although Au. africanus was capable of walking
bipedally it was probably more arboreal than most other
archaic hominin taxa. The Sterkfontein evidence suggests
that males and females of Au. africanus differed substan-
tially in body size, but probably not to the degree they did
in Au. afarensis.

Several researchers have commented on the unusual
nature and degree of variation within the hypodigm of Au.
africanus (Lockwood and Tobias, 2002), but there has been
scant agreement on how the specimens that make up the
hypodigm would be partitioned. Clarke (1988, 1999, 2008)
has consistently argued that the Sterkfontein Member 4 and
Makapansgat hypodigm of Au. africanus samples a second,
more Paranthropus-like, taxon. He includes Sts 1 and 71,
StW 183, 252, 384, 498, and 505, and MLD 2 within the
second species, which he refers to as Australopithecus
prometheus (Granger et al., 2015), thus reviving the species
name Dart (1948) used for the hominin fossils from
Makapansgat. The differences between the second taxon
and Au. africanus mainly relate to craniofacial structure and
dental size (Clarke, 2008).

Paranthropus aethiopicus

The second species in the 3.0—2.5Ma time interval
is Paraustralopithecus aethiopicus (Arambourg and Coppens,
1968), now Paranthropus aethiopicus (Chamberlain and
Wood, 1987). The latter is the species name used by re-
searchers who do not recognize Paraustralopithecus as a
separate genus, but who do consider that >2.3 Ma hyper-
megadont hominins from the Omo-Turkana Basin belong
to a species that is distinct from Paranthropus boisei. In
addition to the type specimen the hypodigm includes a well-
preserved adult cranium (KNM-WT 17000) and mandible
(KNM-WT 16005) from West Turkana and isolated teeth
from the Shungura Formation. Some also assign the juvenile
braincase, L. 338y-6, from the Shungura Formation to this
taxon. The only postcranial fossil considered part of the
hypodigm of P. aethiopicus is a proximal tibia from Laetoli.
Compared with P. boisei the face of P. aethiopicus is more
prognathic, the cranial base is less flexed, the incisors, as
inferred from their preserved alveoli, are large, and the
postcanine teeth, especially the mandibular premolars, are
less morphologically specialized than those of P. boisei
(Suwa, 1988).

LD 350-1

The only other hominin from the 3.0—2.5 Ma time in-
terval is represented by a single specimen, LD 350-1, the
left side of a 2.8—2.75 Ma adult hominin mandible, found
in the Lee Adoyta region of the Ledi-Geraru research area
in the Afar Regional State in Ethiopia (Villmoare et al.,
2015). Before deciding to allocate the mandible, which
preserves the crowns and roots of the canine through to
the M3, to Homo sp. the researchers compared it with Au.
afarensis. Their judgment was that although it was within
the size range of Au. afarensis and shared with it features
such as a sloping symphysis and a robust inferior trans-
verse torus, they suggested that it differed from Auw.
afarensis by having a less robust corpus that lacked lateral
hollowing, plus the height of the corpus was consistent
along the tooth row. Dentally, the Pz of LD 350-1 is
more symmetrical, the M{/M, hypoconid is reduced, the
M; has a C7, and the P3/molar wear pattern is reversed
(Villmoare et al., 2015). Villmoare et al. (2015) also
suggest that the isolated left and right P3-M, crowns of a
single individual (KNM-ER 5431) from the upper Tulu
Bor Member (ie, between 3.0 and 2.7 Ma) at Koobi Fora
in Kenya, and nonrobust teeth from Mbs B-C of the
Shungura Formation in Ethiopia, may belong to the same
taxon as LD 350-1.

Evidence of Diversity

There is an excellent case for distinguishing between
P. aethiopicus and both Au. afarensis and the LD 350-1
mandible. Villmoare et al. (2015) understandably focus on
whether LD 350-1 differs from the existing hypodigm of Au.



afarensis and although the mandible does not currently
overlap temporally with that hypodigm, for reasons we set
out below, we believe it was a sensible strategy. This case,
and the one for distinguishing between LD 350-1 and the
synchronic remains of Au. africanus from Southern Africa,
while weaker than the case for distinguishing between
P. aethiopicus and Au. afarensis and LD 350-1, respectively,
are both a good deal stronger than the case for taxic diversity
within the conventional hypodigm of Au. africanus.

2.5—2.0 MA

Paranthropus boisei

The hominin species with historical priority in the
2.5—2.0 Ma time interval is Zinjanthropus boisei (Leakey,
1959), now P. boisei (Robinson, 1960). It has a compre-
hensive craniodental fossil record that includes an espe-
cially complete and well-preserved skull from Konso in
Ethiopia (Suwa et al., 1997), several well-preserved crania,
and many mandibles and isolated teeth. P. boisei is the only
hominin species we know of that combines a massive,
wide, flat, face, massive premolars and molars, and small
anterior teeth. The face of P. boisei is wider than that of
P. robustus, yet their endocranial brain volumes are similar.
The mandible of P. boisei has a large and wide body or
corpus and the tooth crowns apparently grow at a fast rate.
Apart from a partial upper limb from Olduvai Gorge and
two very fragmentary possible P. boisei partial skeletons
from Koobi Fora, no other postcranial evidence can be
attributed to P. boisei with any reliability, but some of the
postcranial fossils from Bed I at Olduvai Gorge tradi-
tionally linked with Homo habilis sensu lato (see below)
may belong to P. boisei (Wood, 1974; Wood and
Constantino, 2007). The range of the size difference in the
P. boisei hypodigm suggests a substantial degree of body-
size dimorphism. The fossil record of P. boisei extends
across about one million years of time during which there
is little evidence of any consistent trends in the size or
shape of the cranium, mandible, and dentition (Wood and
Constantino, 2007).

Homo habilis sensu lato

The next species in this time interval, Homo habilis
(Leakey et al., 1964), was established to accommodate
non-megadont fossil hominins (OH 4, 6, 7, 8, 13, 14, and
16) recovered between 1959 and 1963 from Beds I and II
at Olduvai Gorge in Tanzania. The authors claimed that
the cranial and dental morphology and estimated endo-
cranial volume of that collection of specimens, plus in-
ferences made about the dexterity and locomotion of the
type of animal it sampled, were enough to both distinguish
the new taxon from Au. africanus and justify its inclusion
in Homo. Subsequent discoveries at Olduvai (eg, OH 24,
62, and 65) and from other sites (eg, Koobi Fora: KNM-
ER 1470, 1802, 1805, 1813, 3735; Sterkfontein: Stw 53;
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Swartkrans: SK 847; Hadar: AL 666-1) have also been
assigned to, or affiliated with, H. habilis. The hypodigm
set out above has a relatively wide range of cranial and
dental morphology (eg, endocranial volume ranges from
¢.500 to ¢.800 cm?). All of the crania in this group are
wider across the base of the cranium than across the vault.
Facial and mandibular morphology varies (eg, KNM-ER
1470 has a flat and wide midface, whereas KNM-ER
1813 is broadest across the upper face). Postcanine teeth
also differ in size and crown morphology, with some
mandibular premolars and molars being narrow bucco-
lingually (eg, OH 7), whereas other mandibular premolar
teeth within the hypodigm (eg, KNM-ER 1802) are buc-
colingually broader, and have larger talonids and more
complex root systems. Some researchers consider the
cranial variation within the hypodigm set out above to be
excessive in scale and unlike the pattern of intraspecific
variation seen in the African ape clade, and they suggest
that H. habilis sensu lato subsumes two taxa, Homo
habilis sensu stricto and H. rudolfensis.

Paranthropus aethiopicus

The third species in this time interval, P. aethiopicus, has
already been reviewed.

Australopithecus garhi

The final species to be considered in the 2.5—2.0 Ma time
interval, Au. garhi, was established to accommodate a
fragmented cranium recovered from the c.2.5 Ma Hatayae
Member of the Bouri Formation at the Bouri, Gamedabh,
and Matabaietu collection areas in the Middle Awash study
area of Ethiopia (Asfaw et al., 1999). It combines a prim-
itive cranium with large postcanine teeth, and especially
large P%s. However, unlike other hyper-megadont species
such as P. aethiopicus and P. boisei, the incisors and ca-
nines of Au. garhi are also large and the enamel apparently
lacks the extreme thickness seen in those taxa. A partial
skeleton combining a long femur with a long forearm was
found nearby, but it is not associated with the type of
cranium (Asfaw et al., 1999) and these fossils have not
been formally assigned to Au. garhi.

Evidence of Diversity

The effective synchronicity of P. boisei and H. habilis
sensu lato (Leakey and Walker, 1976; Wood, 1991) is
perhaps the single strongest evidence of taxic diversity in
the hominin fossil record. Even researchers who fiercely
criticize, and even deride, the notion of hominin taxic di-
versity (eg, White, 2003) are willing to accept this example.

There is only one fragmented cranium for Au. garhi,
but the skeletal and dental differences between it and the
cranial hypodigm of P. boisei suggest that the claim for a
distinction between that taxon and P. boisei is also a
strong one.
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However, for various reasons, including sample size, the
other claims for hominin taxic diversity in the 2.5—2.0 Ma
time interval are less compelling. That does not mean there
is no case, just that it is modest in comparison with the
number and scale of the craniodental differences between
P. boisei and H. habilis sensu lato that are inconsistent with
the sort of intraspecific variation one would predict based on
a comparative analysis of the African ape clade (Wood
et al, 1991). The case for distinguishing between
P. aethiopicus and P. boisei is much weaker than the case
for distinguishing the latter from H. habilis sensu lato, but
given that the fossil records of P. aethiopicus and P. boisei
presently do not overlap in geological time, any decision to
recognize these two taxa as separate species has no impact
on the issue of hominin taxic diversity.

2.0—-1.5 MA

Homo erectus

The first species to be considered in the 2.0—1.5 Ma time
interval is H. erectus. In his initial publication of the Trinil
remains, Dubois (1893) referred the skullcap to Anthro-
popithecus erectus, a choice of genus that reflected his
initial conviction that he had discovered the remains of a
fossil ape. But a year later he changed his mind and
transferred the new species to a novel genus, Pithecan-
thropus. The discovery of the Trinil calotte was significant
because of its small cranial capacity (c.940 cm?), low
brain case, and sharply angulated occipital region. Most of
the discoveries made by Ralph von Koenigswald at San-
giran, also in Indonesia, were added to the hypodigm of
Pithecanthropus erectus and fossils that had been recov-
ered from what was then called Choukoutien (now called
Zhoukoudian) and initially assigned to Sinanthropus
pekinensis (Black, 1927) were compared with the
P. erectus hypodigm. The researchers responsible for
analyzing the two collections suggested that the Indone-
sian and Chinese hypodigms were “related to each other...
in the same way as two different races of present
mankind” (von Koenigswald and Weidenreich, 1939, p.
928) and a year later the latter author proposed the two
hypodigms should be formally merged within a single
genus and species, as Homo erectus pekinensis and Homo
erectus javanensis, respectively (Weidenreich, 1940).
Subsequently Meganthropus palaeojavanicus (Mayr,
1944, p. 14; Le Gros Clark, 1955, p. 86—87), Atlan-
thropus (Le Gros Clark, 1964, p. 112), and Telanthropus
(Robinson, 1961) were transferred to H. erectus. Some
researchers (eg, Kaifu et al., 2008) interpret H. erectus as a
chronospecies that evolves through time, whereas others
(eg, Widianto and Zeitoun, 2003) argue there are potential
species-level differences between the Sangiran/Trinil

hypodigms and the more recent evidence from Sam-
bungmacan and Ngandong.

Paranthropus robustus

The second species in this time interval, Paranthropus
robustus (Broom, 1938), was established to accommodate
fossil hominins recovered in 1938 from what was then
referred to as the “Phase II Breccia” (now called Member 3)
at Kromdraai B, in Gauteng Province, South Africa. Most
of the current hypodigm comes from Swartkrans (Mbs 1, 2,
and 3) with other fossil evidence coming from South
African caves called Cooper’s, Drimolen, and Gondolin.
Although the dentition is well represented in the hypodigm
of P. robustus, most of the mandibles are crushed or dis-
torted. The brain, face, and chewing teeth of P. robustus are
larger than those of Au. africanus, yet the incisors and
canines are smaller, and whereas P. robustus includes
crania with ectocranial crests, there are no Au. africanus
crania with unambiguous crests. What little is known about
the postcranial skeleton of P. robustus suggests that the
morphology of the pelvis and the hip joint are much like
that of Au. africanus.

Paranthropus boisei and Homo habilis
sensu lato

Both species were introduced in the previous time interval.

Homo ergaster

The next species in the 2.0—1.5 Ma time interval, Homo
ergaster (Groves and Mazdk, 1975), was established to
accommodate fossil hominins recovered from Koobi Fora
that, in the judgment of the authors, did not belong in the
taxa known at the time. Wood (1994) used the taxon name
H. ergaster for hominin remains (eg, KNM-ER 730, 820,
and 992) that are generally more primitive and lack the
more extreme expressions of some of the derived features
(eg, thick inner and outer table, sagittal keeling, etc.) seen
in Asian H. erectus.

Homo rudolfensis

If the fossils assigned to H. habilis sensu lato (see above)
sample not one, but two species, and if that second species
includes KNM-ER 1470, then the next species with his-
torical priority in this time interval is Pithecanthropus
rudolfensis, subsequently transferred to Homo (Groves,
1989) as H. rudolfensis. Leakey et al. (2012) described a
face (KNM-ER 62000) and two mandibles (KNM-ER 1482
and 60000) that match KNM-ER 1470, and Spoor et al.
(2015) make the case that the dental arcade of the enlarged



hypodigm of H. rudolfensis is distinctively different (eg,
more divergent tooth rows, flatter anterior dental arch) from
the dental arcade of H. habilis sensu stricto.

Homo georgicus

The penultimate species in this time interval, Homo geor-
gicus (Gabounia et al., 2002), was established for the
hominin fossils recovered from Dmanisi. The holotype is
the mandible D2600. No paratypes were formally desig-
nated, but the mandible D211, the calvaria D2280, the
cranium D2282, and the skull and associated skeleton
D2700 were referred to as evidence that “will complete the
characteristics of the new species” (Gabounia et al., 2002,
p. 244). Although several of the authors of the original
publication (eg, Lordkipanidze et al., 2013) no longer
support a separate taxon for this material, we treat it
separately in our discussion of the evidence in this time
interval because the circumstances of the site are that the
hominin evidence from Dmanisi provides a sense of the
range of variation within what some think is a relatively
short interval of time. Overall, the fossils are most similar
to H. erectus, and where there are differences they involve
morphology inferred to be more primitive than that seen in
that taxon.

Australopithecus sediba

The final species in the 2.0—1.5Ma time interval,
Australopithecus sediba (Berger et al., 2010), was estab-
lished to accommodate two associated skeletons, MHI1, a
sub-adult presumed male, and MH2, an adult presumed
female, recovered from Malapa, Gauteng Province, in
South Africa. Berger et al. (2010) suggested that Au.
sediba has cranial (eg, more globular neurocranium,
gracile face), mandibular (eg, more vertical symphyseal
profile, a weak mentum osseum), dental (eg, simple canine
crown, small anterior and postcanine tooth crowns), and
pelvic (eg, acetabulocristal buttress, expanded ilium, and
short ischium) morphology that departs from that seen in
Au. africanus, and which is only shared with early and
later Homo taxa. Carlson et al. (2011), Kivell et al.
(2011), and Zipfel et al. (2011), make similar claims for
Au. sediba’s endocranial, hand, and foot morphology,
respectively.

Evidence of Diversity

There is little doubt that the fossil evidence assigned to
H. erectus, P. robustus, and Au. sediba samples three
different species. There is also compelling evidence to
suggest that P. boisei is distinct from P. robustus (Tobias,
1967; Rak, 1983) and H. habilis sensu lato from H. erectus
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(contra Lordkipanidze et al., 2013), but the evidence for
these latter distinctions, as convincing as it is, is not as
clear-cut as the case for recognizing H. erectus,
P. robustus, and Au. sediba as separate species.

The case for making specific distinctions among
H. erectus, H. ergaster, and H. georgicus is weaker still.
Two categories of features are claimed to distinguish
H. ergaster from H. erectus. The first comprises dental
features for which H. ergaster is more primitive than
H. erectus, the second includes features of the cranial vault
and cranial base that are less derived in H. ergaster than in
H. erectus. For example, it is claimed that H. ergaster lacks
some of the more derived features of H. erectus (eg,
thickened inner and outer tables and prominent sagittal and
angular tori (Wood, 1984, 1991)), but other researchers
dispute the distinctiveness of this material, and Spoor et al.
(2007) claim that the expression of some features is related
to the overall size of the cranium such that larger H. erectus
crania are more likely to show the derived morphology.

1.5—-1.0 MA

Homo erectus, Paranthropus robustus,
Paranthropus boisei, Homo habilis, and
Homo ergaster

All of these species were reviewed in earlier time
intervals.

Homo antecessor

The sixth species in this time interval, Homo antecessor
(Bermudez de Castro et al., 1997), was established to
accommodate hominins recovered from level 6 of the
Gran (or Trinchera) Dolina, a complex of caves in the
Atapuerca hills near Burgos, Spain. The modern human-
like morphology of the face and the apparent lack of
derived Homo neanderthalensis features, combined with
differences between the Gran Dolina hominins and
H. erectus, led Bermudez de Castro et al. (1997) to pro-
pose that the former fossils should be assigned to a new
species, H. antecessor, which they suggest is probably the
most recent common ancestor of H. neanderthalensis and
H. sapiens. H. antecessor is included in this time interval
because a c.1.2—1.1 Ma partial mandible (ATE9-1) from
the Sima del Elefante was provisionally assigned to this
species (Carbonell et al., 2008), and because a reappraisal
of the Ceprano cranium has suggested that it may also
belong to H. antecessor (Manzi et al., 2001). But
H. antecessor is also included in the 1.0—0.25 Ma time
interval because Bermudez de Castro et al. (2011)
concluded there was not enough evidence to assign the
Sima del Elefante mandible to H. antecessor.
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Evidence of Diversity

The evidence for H. erectus and P. boisei, H. erectus and
P. robustus, and H. habilis sensu lato and P. boisei being
distinct species pairs is exceptionally strong. The case for
distinguishing P. boisei and P. robustus is strong, but the
scale of the morphological differences between them is
much less than the differences between the three species
comparisons listed above.

Despite the claims of Lordkipanidze et al. (2013),
the case for distinguishing between H. erectus and
H. habilis sensu lato is a strong one that involves detailed,
and not so detailed, cranial, mandibular, dental, and
postcranial differences. It is a substantially stronger case
than the ones for distinguishing between H. erectus and
H. ergaster, and between H. antecessor and H. erectus/
H. ergaster.

1.0—0.25 MA

Homo erectus

The species with historical priority, H. erectus, was
reviewed in an earlier time interval.

Homo heidelbergensis

The next species in this time interval, Homo heidelbergensis
(Schoetensack, 1908), was created to accommodate a hominin
mandible found in 1907 in a sandpit at Mauer, near Heidelberg
in Germany. Schoetensack concluded that the Mauer mandi-
ble’s mix of primitive (no chin, robust corpus, broad ramus, and
an anterior—posteriorly deep mandibular symphysis) and
derived (reduced canines and modern human-like dental pro-
portions) features was sufficient to distinguish it from Homo
sapiens, H. neanderthalensis, and what was then called
P. erectus. But H. heidelbergensis attracted little interest until it
was suggested that it might be the most appropriate species
name for a group of Afro-European hominin fossils (eg, Arago,
Bodo, Kabwe, Mauer, Ndutu, and Petralona) that had tradi-
tionally been labeled as “archaic” H. sapiens (Rightmire, 1995).
Mounier et al. (2009) set out the morphological grounds for
recognizing H. heidelbergensis as a taxon separate from
H. neanderthalensis, H. sapiens, and H. erectus, as well as
providing a definition and a differential diagnosis (p. 243—244).
The “Afro-European” hypothesis interprets H. heidelbergensis
as a geographically widely dispersed species that gave rise to
H. neanderthalensis in Eurasia and H. sapiens in Affica,
whereas the “European” hypothesis sees H. heidelbergensis
restricted to FEurope where it is only ancestral to
H. neanderthalensis (Mounier et al., 2009). Other researchers
(eg, Dean et al., 1998; Carbonell et al., 2005; Hublin, 2009)
interpret H. heidelbergensis as representing an early stage in the
accretion model for the origin of H. neanderthalensis (ie, it

should be included in H. neanderthalensis if that taxon is
interpreted inclusively) as a chronospecies.

Homo rhodesiensis

The third species in the 1.0—0.25 Ma time interval, Homo
rhodesiensis (Woodward, 1921), was introduced to
accommodate the cranium and limb bones (Kabwe 1 or E
686) recovered from the Broken Hill lead mine at Kabwe,
in what then was the British protectorate of Northern
Rhodesia, now Zambia. Woodward reasoned a new species
was needed because Kabwe 1 was not as primitive as what
we now refer to as H. erectus, nor as derived as either
H. sapiens or H. neanderthalensis. Morphologically similar
remains include fossils from Hopefield/Elandsfontein in
southern Africa, Ndutu in Tanzania, Sale in North Africa,
and Bodo in Ethiopia. The taxon H. rhodesiensis is used by
researchers who see H. heidelbergensis as an exclusively
European premodern Homo taxon (ie, the “European”
hypothesis).

Homo helmei

The last formal species in the 1.0—0.25 Ma time interval,
Homo helmei (Dreyer, 1935), was established for the Flo-
risbad 1 partial cranium discovered in 1932 in Florisbad in
South Africa. Some researchers interpret the cranium as being
intermediate in morphology between H. heidelbergensis and
H. sapiens, with its more steeply inclined frontal bone dis-
tinguishing it from the former, and its large brow ridge, more
receding frontal, and low greatest breadth in the vault
distinguishing it from anatomically modern humans. Others
have suggested that Jebel Irhoud, Ngaloba (aka LH 18), and
Omo IIbelong to the same hypodigm.

Sima de los Huesos

The penultimate group in this time interval is the unusu-
ally complete and well-preserved collection of hominins
recovered from the Sima de los Huesos, one of the many
breccia-filled cave systems that make up the Cueva
Mayor-Cueva del Silo within the Sierra de Atapuerca, near
Burgos in northern Spain. To date, more than 6500
hominin specimens belonging to at least 28 individuals
(Bermudez de Castro et al., 2004) have been recovered
from excavations in the main cave and in the ramp that
leads down to the cave. The hominin remains include
numerous crania, mandibles, hundreds of teeth, a nearly
complete pelvis, vertebrae, ribs, hand and foot bones, and
multiple specimens of long bones. The cranial and
mandibular sample shows a number of derived features
of H. neanderthalensis (eg, pronounced mid-facial prog-
nathism, the form of the brow ridge, a flat articular



eminence of the glenoid fossa, a retromolar space, and an
asymmetrical configuration of the ramus of the mandible).
In contrast, the cranial vault is generally more plesio-
morphic (eg, large, projecting, mastoid processes, rounded
neurocranium), with some incipient derived traits of
H. neanderthalensis (eg, weak expression of the suprai-
niac fossa). The dentition is generally typical of
H. neanderthalensis (Gomez-Robles et al., 2015).

Homo antecessor

This species was reviewed in the previous time interval.

Evidence of Diversity

The best evidence for taxic diversity in the 1.0—0.5 Ma
time interval is the coexistence in time, if not in space,
of H. erectus in China and Southeast Asia and
H. heidelbergensis in Europe. As for hominin taxonomic
diversity within Europe, researchers most familiar with the
evidence from the Sima de los Huesos make a distinction
between that site sample and the hypodigm of
H. neanderthalensis, but even though they assigned the
Sima de los Huesos hominins to H. heidelbergensis
(Arsuaga et al, 1997) they acknowledged that
H. heidelbergensis is related to the Neandertals in the
same way that Au. anamensis is related to Au. afarensis
(see earlier). Those who treat the fossils from the Sima de
los Huesos as evidence of an early stage of an
H. neanderthalensis chronospecies include them within
that taxon (Hublin, 2009). As for H. heidelbergensis and
H. rhodesiensis, the jury is still out on whether the latter is
a junior synonym of the former, or a distinct taxon that
was the common ancestor of both H. neanderthalensis and
modern humans (see Fig. 2.1 in Hublin, 2009).

While some researchers suggest that Florisbad 1 could
serve as the holotype of H. helmei, most take the view there
is no satisfactory diagnosis for such a taxon that separates it
from H. heidelbergensis (or from H. rhodesiensis if the
distinction between H. heidelbergensis and H. rhodesiensis
is accepted) or H. sapiens.

Finally, the case for distinguishing between H. erectus/
H. ergaster and H. antecessor is inevitably weak because of
the small hypodigm of the latter taxon.

0.25 MA TO THE PRESENT

Homo sapiens

The species with historical priority in this time interval is
H. sapiens (Linnaeus, 1758). The first widely accepted
fossil evidence of modern humans came in 1868 when a
series of skeletal remains was discovered at the
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Cro-Magnon rock-shelter at Les Eyzies de Tayac in
France. Since then, discoveries of H. sapiens—like fossils
had been made elsewhere in Europe (eg, Mladec, Pre-
dmosti, and Brno), Asia and Southeast Asia (eg, Wadjak,
Zhoukoudian Upper Cave, and Niah Cave), the Near East
(eg, Skhul and Djebel Qafzeh), and Australia (eg, Will-
andra Lakes). The first African fossil evidence for
H. sapiens came in 1924 from Singa in the Sudan, with
subsequent evidence coming from Border Cave and
Klasies River Mouth in South Africa; Dar es Soltane in
Morocco; and Dire-Dawa, Herto, and Omo-Kibish in
Ethiopia. With the exception of the c.190 ka date for
Omo-Kibish (McDougall et al., 2005) and the c.170 ka
date for Herto (Clark et al., 2003) there is no firm evi-
dence to suggest that any of the above sites is likely to be
older than 150 ka, and most are probably younger than
100 ka.

Homo neanderthalensis

The next species for consideration in this time interval,
H. neanderthalensis (King, 1864), was established for the
partial skeleton recovered in 1856 from the Kleine
Feldhofer Grotte in the part of the Diissel valley named
after Joachim Neander. Excavations of the same sediments
in 1997 and thereafter resulted in the recovery of fauna,
artifacts, and some 80 hominin fragments from at least two
hominin individuals were recovered. Discoveries made
before 1856, such as the infant’s cranium from Engis in
1828, and the partial cranium from Forbes’ Quarry,
Gibraltar, in 1848, were subsequently recognized as
belonging to H. neanderthalensis. In the following half-
century remains attributed to H. neanderthalensis were
discovered at other European sites, including La Naulette
and Spy in Belgium, Sipka in Moravia, Krapina in Croatia,
and Malarnaud, La Chapelle-aux-Saints, Le Moustier
(lower shelter), La Ferrassie, and La Quina, among others,
in France. In 1924—6 the first H. neanderthalensis remains
were found outside of Western Europe at Kiik-Koba in the
Crimea, and thereafter came discoveries at Tabun cave on
Mount Carmel in the Levant, at Teshik-Tash in central
Asia. Further evidence was added after World War II, first
from Shanidar in Iraq, then from Amud and Kebara in
Israel, and from Dederiyeh in Syria. New fossiliferous lo-
calities continue to be discovered in Europe (eg, Saint-
Césaire and Moula-Guercy in France, Zafarraya in Spain,
Vindija in Croatia, and Lakonis in Greece) and Western
Asia (eg, Mezmaiskaya and Denisova in Russia). To date,
Neandertal remains have been found throughout much of
Europe below 55°N, in the Near East. and in Western Asia,
but no evidence has been found in North Africa.

The earliest fossils most researchers accept as
H. neanderthalensis are from OIS 5 (ie, ¢.130 ka): beyond
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that there is no consensus. For example, some (eg, Hublin,
2009) interpret the fossil evidence from Swanscombe (OIS
11, ie, c.425—375ka) and the Sima de los Huesos
(possibly as early as OIS 12, ie, c.475—425ka) as
showing enough Neandertal-like morphology to justify
inclusion in H. neanderthalensis, whereas others see a
distinction between these specimens, which they would
include in H. heidelbergensis, and later “true” Neandertals
they claim do not appear until OIS 6 (eg, Rosas et al.,
20006).

Nuclear and mtDNA have been used to generate esti-
mates of the date of divergence of H. sapiens and
H. neanderthalensis. An estimate using mtDNA and based
on an assumed divergence time of c.6—7 Ma for the
modern human and chimpanzees/bonobo lineages suggests
a coalescence age of 660 + 140 ka (Green et al., 2008).
Estimates of the divergence time of the ancestral modern
human and Neandertal populations based on the nuclear
genome range from 440ka (this assumes an 8.3 Ma
divergence date for chimpanzees/bonobos and modern
humans) to 270 ka (assuming a later, 5.6 Ma, divergence
date) (Green et al., 2010). The evidence of the timing of the
split between modern humans and Neandertals suggest it
was ¢.600 ka.

Homo erectus and Homo heidelbergensis

Both species were reviewed in earlier time intervals.

Homo floresiensis

The next species, Homo floresiensis (Brown et al., 2004),
was established to accommodate LB1, a partial adult
hominin skeleton, and LB2, an isolated left P3, recovered in
2003 from the Liang Bua cave on the island of Flores in
Indonesia. More material belonging to LB1 and evidence
allocated to individuals LB4—9, including LB6, a partial
skeleton lacking a cranium, was recovered in 2004
(Morwood et al., 2005). The hypodigm now includes
close to 100 individually numbered specimens that are
estimated to represent fewer than 10 individuals.

The taxon was immediately controversial for at least
two reasons. First, its estimated geological age of between
c.17 and c.74 ka (it is probably closer to the latter age)
substantially overlapped with the estimated ages of evi-
dence of the presence of modern humans in the region.
Second, its discoverers and describers interpreted its small
overall size (the stature of LB1 is estimated to be ¢.105 cm
and its body mass to be roughly between 25 and 30 kg),
small brain (c.420 cm®), and primitive morphology as ev-
idence of a novel endemically dwarfed Homo species.
Initially it was suggested that H. floresiensis was a dwarfed
H. erectus, but the burden of subsequent analyses suggests
that it may be more closely related to a more primitive

hominin such as H. habilis sensu lato (Tocheri et al., 2007,
Argue et al., 2009; Brown and Maeda, 2009; Morwood and
Jungers, 2009).

Denisovans

The final evidence to be considered in this time interval is
based on the analysis of ancient DNA recovered from the
distal phalanx of the fifth (little finger) digit of a hominin
hand (Denisova 3) recovered from the c¢.48—30 ka layer 11
in Denisova Cave in the Altai Mountains in Russia. When
mtDNA from the distal phalanx was compared with the
mtDNA of 54 modern humans, one chimpanzee and one
bonobo, six Neandertals, and a single fossil H. sapiens
from Kostenki (Krause et al., 2010) it was concluded that it
came from a hominin that, while distinct from both modern
humans and Neandertals, shared a common ancestor with
both species c.1.0 million years ago. Reich et al. (2010)
sequenced the nuclear genome of the Denisova hominin
phalanx and more mtDNA from a large-crowned maxillary
molar (Denisova 8) found in the cave whose crown
morphology is distinct from both modern humans and
Neandertals. Meyer et al. (2015) recently published a high-
coverage sequence from the same individual. Subse-
quently, a deciduous molar (Denisova 2) and another
maxillary molar (Denisova 4) have been identified as
Denisovans (Sawyer et al., 2015; Slon et al., 2015). The
nuclear genome sequence showed that Denisovans and
Neandertals split from each other after their common
ancestor had separated from the line leading to modern
humans, but confirmed that Denisovans and Neandertals
split from each other after their common ancestor had
separated from the lineage leading to modern humans. It
also confirmed the hypothesis that Denisovans and Nean-
dertals were distinct populations, because DNA recovered
from different Neandertals across Europe was consistently
more similar to one another than any was to the Denisovan
DNA. One study of mitochondrial DNA of an individual
from Sima de los Huesos (Meyer et al., 2014) has shown a
closer affinity between the mtDNA of Denisovans and
Sima de los Huesos than between Denisovans and Nean-
dertals or modern humans. The implications of this finding
remain to be tested with nuclear DNA data from Sima de
los Huesos.

Evidence of Diversity

Any proposal for a hominin species other than modern
humans in the 0.25 Ma to the present time interval that
uses morphological evidence must demonstrate that the
fossil evidence lies outside the envelope of the morpho-
logical variation documented for H. sapiens. And, if more
than one set of fossil evidence meets that challenge, then
the proposers must demonstrate that each set of fossil



evidence is distinctive enough to be referred to a separate
species.

Those who claim that H. neanderthalensis is specif-
ically distinct from H. sapiens recognize morphological
autapomorphies that distinguish the former from both
earlier (eg, H. erectus and H. heidelbergensis) and
contemporary (ie, H. sapiens) Euro-Asian hominin taxa.
These features are found in the cranium (eg, large, rounded
discrete brow ridges, projecting mid-face, angled cheeks,
small mastoid process, suprainiac fossa, and occipital
bun), mandible (eg, long corpus, retro-molar space, and
asymmetric mandibular notch), dentition (eg, large shovel-
shaped incisors, distinctive occlusal morphology of molars
and premolars, a high incidence of taurodontism), and in
the postcranial skeleton (eg, long clavicle, teres minor
groove extending onto the dorsal surface of the scapula,
large infraspinous fossa, long, thin pubic ramus, and large
joints). There are also reports that the ontogeny of
H. neanderthalensis differs from that of modern humans
(Tillier, 1982; Nelson and Thompson, 2005; Coqueugniot
and Hublin, 2007; Ponce de Leodn et al., 2008; Gunz et al.,
2010; Smith et al., 2010).

The taxon H. neanderthalensis is currently the only
extinct hominin for which ancient DNA evidence has been
recovered from many individuals across several sites. The
draft sequence of the Neandertal nuclear genome (Green
et al., 2010), which focused on three individuals (Vi33.16,
25, and 26) from Vindija, was compared with smaller
amounts of sequence data from Neandertal specimens from
El Sidron, Kleine Feldhofer Grotte, and Mezmaiskaya, as
well as the sequenced nuclear genomes of five modern
humans. The results show that whereas the modern human
sample from sub-Saharan Africa contained no evidence of
Neandertal DNA, the three modern humans from outside of
Africa showed similar, low (between 1% and 4%) amounts
of DNA shared with Neandertals. These results are
compatible with either a deep split within Africa between
the population that gave rise to modern Africans and a
second one that gave rise to present-day non-Africans plus
Neandertals, or with the hypothesis that there was hybrid-
ization between Neandertals and modern humans soon after
the latter left Africa, perhaps in Western Asia. In summary,
the morphological and the genetic differences between
modern humans and Neandertals are both consistent with a
species-level distinction.

With respect to the alpha taxonomy of H. floresiensis,
views are sharply polarized. The consensus is that if you
take the hypodigm as a whole it is most parsimoniously
interpreted as evidence of a novel endemically dwarfed
premodern Homo, or early Homo, species. Less than a
handful of researchers, literally, cling to the view that the
“H. floresiensis hypodigm” samples an H. sapiens
population—most likely related to the small-statured
Rampasasa people who live on Flores today—all of
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which are afflicted by either an endocrine disorder (see
Obendorf et al., 2008 and a rebuttal by Brown, 2012) or
one or more of a range of syndromes that include micro-
cephaly. Both explanations, a novel dwarfed early hominin
species, or a pathological population of modern humans,
are exotic, but those who espouse a pathological explana-
tion for the individuals represented by LB1—15 need to
explain what pathology results in a phenotype that re-
sembles an early Homo-like cranial vault, primitive
mandibular, dental, carpal, and pedal morphology, and a
brain that, while very small, apparently has none of the
morphological features associated with the majority of
types of microcephaly (Vannucci et al., 2011). We sub-
scribe to the interpretation that the fossil evidence from
Liang Bua is a dwarfed early Homo species that is clearly
phenotypically distinct from all of the other taxa in this time
interval.

Differences between the ancient mtDNA and nuclear
DNA extracted from the distal phalanx of the fifth (little
finger) digit of a hominin hand, and the mtDNA
extracted from a large-crowned maxillary molar, both
found in Denisova Cave, and the DNA of modern
humans and Neandertals, are consistent with the Deni-
sovans and modern humans belonging to different spe-
cies (Reich et al., 2011; Patterson et al., 2012; Priifer
et al., 2014). Denisovans and Neandertals were also
likely to have been separate species given that DNA
recovered from Neandertals across Europe was consis-
tently more similar to one another than any was to the
Denisovan DNA.

So within the time interval between 0.25 Ma to the
present time, there seems sound evidence for hominin
taxic diversity in the form of species-level differences
among H. sapiens, H. neanderthalensis, H. erectus, and
H. floresiensis. There is also less strong, but still potential,
evidence for two more taxa, H. heidelbergensis and the
Denisovans. It is also possible that the H. heidelbergensis
hypodigm and the Denisovan DNA sample the same taxon
(Meyer et al., 2014), especially if mtDNA results were to
be confirmed by the results of future nuclear DNA ana-
lyses, but the substantial morphological and metric dif-
ferences between one of the upper molars from Denisovan
and equivalent teeth from the Sima de los Huesos cast
doubt on that scenario.

DISCUSSION

The assessment of taxic diversity depends on generating
hypotheses about the existence of hominin species and how
long-lived they are (Fig. 2.1). Both types of proposal are
bedeviled by sampling problems. Namely, how close are
the available data to the type and scale of data one would
need in order to generate reliable hypotheses about the
presence and time span of each proposed hominin species?
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Turning first to the realm of taxonomy, the criteria that
should be used to determine if a newly discovered fossil
sample falls outside the range of variation of an existing
species are the same ones researchers should use when they
determine if a newly discovered evidence about a living
animal justifies the erection of a new species. They
compare the newly discovered phenotype with museum
collections that sample the species closest to it, and if the
researchers are convinced the new specimen falls
comfortably outside the range of variation of existing
species, they have grounds for erecting a new species. The
equivalent exercise involving the hominin fossil record
would be to use the observed range of variation for the
relevant variables of the reference taxon (eg, Au. afarensis)
in the time interval occupied by the newly discovered
fossils (eg, c.3.4 Ma) and if the newly discovered fossils
fall comfortably outside that range of variation, then there
are grounds for erecting a new fossil species. But while
museum collections of most living animals comprise sam-
ples of complete specimens numbered in the hundreds, we
do not have the equivalent of these comprehensive museum
collections to estimate the parameters of the reference fossil
hominin species, just the fossils that make up the hypo-
digms of those species. To go back to our hominin
example, researchers have access to what in relative terms
is a respectable sample of Au. afarensis from Hadar, with
important but much smaller samples from other sites, but
that becomes a much smaller sample when you restrict it to
the parts of the hypodigm known from c.3.4 Ma. But even
if one relaxes the time constraint, and considers the regions
of the skeleton (eg, dentition and mandible) that are best
represented in the Au. afarensis hypodigm, we are still
talking about sample sizes that would be considered un-
acceptably low in studies of extant primates. If the new
fossil evidence happens to preserve an anatomical region in
which the ratio of inter- to intraspecific variation is favor-
able, and if the specimens are relatively complete, it is
possible to demonstrate taxic diversity even with relatively
small sample sizes. Indeed, there are several instances in
the hominin fossil record where just one new fossil (eg, OH
7) is so different from the fossil evidence of a synchronic
species (eg, OH 5, the type specimen of P. boisei) that the
case for taxonomic distinctiveness is obvious. But not all
claims for new hominin taxa are as securely based as this
example (see Smith, 2005).

How can the situation be improved? The obvious so-
lution is to find additional hominin fossil evidence from
new and existing sites and localities, and then provide, in a
timely fashion, detailed information about the new evi-
dence. This will serve to expand our knowledge of existing
fossil hominin taxa. But while we await the assembly of
these much larger hypodigms, is there anything else we can
do? One strategy is to expand our understanding of varia-
tion within closely related extant taxa and apply any lessons

learned to interpreting the hominin fossil record. Compar-
ative studies that collect data for a particular anatomical
region from large samples of the great apes, such as
the studies of dental morphology by Uchida (2004) and
Pilbrow (2010), are especially helpful because they allow
us to conduct the thought experiment of imagining what
variation in a large sample of an early hominin species
might look like. Another strategy is to look at patterns of
inter- and intraspecific variation within and among the
extant taxa most closely related to fossil hominins. If there
are any common patterns, and if we make the reasonable
working assumption that the hominin clade shares the same
pattern (ie, using the principle of the phylogenetic bracket,
see Witmer, 1995), parsimony suggests the observed
pattern should also apply to fossil hominin taxa. Sound
comparative evidence about inter- and intraspecific varia-
tion could then be used to generate additional criteria to
help researchers make judgments about the taxonomic
significance of morphological differences between small
samples of fossil hominins (eg, Wood, 1975; Wood et al.,
1991). But until we have larger hypodigms for fossil
hominin taxa, the procedures traditionally used in paleo-
anthropology are likely to lead to the “over-reporting” of
new taxa.

The assessment of taxic diversity also depends on the
ability to determine how long-lived taxa are. Studies that
looked at the time span of mammalian taxa in the Ceno-
zoic resulted in estimates of the median duration of a
species that range from 1.7 Ma (Foote and Raup, 1996) to
0.6 Ma (Barnosky et al., 2011). Two early hominin spe-
cies, Au. afarensis and P. boisei, have a good fossil record
with well-dated samples from several sites, and their
hypodigms span c.0.7 and c.1.0 Ma, respectively. Taken
overall these data suggest it is a reasonable working hy-
pothesis to assume that the median duration of an early
hominin species was in the order of one million years, plus
or minus 0.25 Ma years.

We can also work with the data we have for each
hominin species. To assign species, site samples, and in-
dividual fossils to time intervals, we used conservative
versions of the FAD and LAD of each species based on
their published ages (Table 2.1). We also assembled a
second version that, where applicable, incorporates the
published error of the age of the nearest underlying dated
horizon in the case of the FAD, and the published error of
the age of the nearest overlying dated horizon in the case of
the LAD (Table 2.1; for details see Appendix A in Wood
and Boyle, 2016). For various reasons even this observed
FAD of a taxon is almost certainly later than the time the
taxon actually originated in, or migrated into, that region,
just as the equivalent observed LAD of a taxon is almost
certainly earlier than the time the taxon became extinct or
emigrated from that region. Just how much earlier than the
observed FAD the actual origination or migration occurred,



and just how much later than the observed LAD of a taxon
the actual extinction or emigration occurred, is determined
by many factors. These include technical considerations
such as dating error, but a much more potent factor is the
nature of the relevant mammalian fossil record before and
after the current observed FAD and LAD. The problem is
the old adage “absence of evidence is not evidence of
absence”—in other words it is a sampling problem. At most
sites early hominins are such a rare component of the
mammalian faunal record (c.1—2%) that researchers need
to find a substantial number of nonhominin mammalian
fossils (at least several hundred) without finding any evi-
dence of a particular hominin species before it can be
reasonably assumed any hominin species was not part of
the faunal assemblage being sampled. And at sites such as
Koobi Fora where there is a major break in sedimentation
that spans several hundred thousand years prior to the FAD
of several hominin species (ie, there is no fossil record
during that time) we have little basis for concluding there
were no hominins prior to their FAD at that site (Bobe and
Leakey, 2009). We know even less about the time span of
the early hominin species that are presently found only at
Southern African sites.

There are uncertainties about the temporal span of all of
the fossil hominin taxa we reviewed above, especially those
with small hypodigms sampled at just one or two sites. But
what we can say about these uncertainties is that because it
is impossible for a FAD to occur before a species actually
originated, or for a LAD to occur after a species actually
went extinct, any species recognized in the hominin fossil
record is likely to extend into more, rather than fewer, time
intervals. So, all of the species we reviewed, especially the
ones with modestly sized hypodigms, will almost certainly
have had longer temporal spans than the ones we used,
leading to the systematic underestimation of hominin taxic
diversity.

CONCLUSIONS

We summarize our assessment of the strength of the
existing evidence for species distinctions in the form of
pairwise comparisons of species, or species equivalents, for
each of the time intervals (Table 2.2). In each time interval
we list the species, or species equivalents, in order of their
proposal or discovery and score the case for each of the
comparisons into one of three confidence categories: high,
medium, or low. It will be obvious, but in any event we
want to emphasize the obvious, that these are subjective
assessments others can challenge, but at least these pro-
posals for hominin taxonomic diversity are “on the table”
for debate. As can be seen from Table 2.2, apart from the
period prior to 5 Ma, in all of the time intervals we sampled
there is at least one example of diversity that enjoys what
we judge to be a high level of confidence. These examples
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TABLE 2.2 Assessment of the Strength of the
Evidence for Taxic Diversity Within the Time
Intervals Described in the Text

7—5 Ma

High Confidence

N/A

Moderate Confidence

Orrorin tugenensis vs Sahelanthropus tchadensis
Orrorin tugenensis vs Ardipithecus kadabba
Sahelanthropus tchadensis vs Ardipithecus kadabba
Low Confidence

N/A

5—4 Ma

High Confidence

Ardipithecus ramidus vs Australopithecus anamensis
Moderate Confidence

N/A

Low Confidence

N/A

4—3 Ma

High Confidence

Australopithecus afarensis vs Burtele foot
Moderate Confidence

Australopithecus afarensis vs Kenyanthropus platyops
Low Confidence

Australopithecus afarensis vs Australopithecus
bahrelghazali

Australopithecus afarensis vs Australopithecus
deyiremeda

Kenyanthropus platyops vs Australopithecus
deyiremeda

Kenyanthropus platyops vs Burtele foot
Burtele foot vs Australopithecus deyiremeda
3.0—2.5 Ma

High Confidence

Australopithecus africanus vs Paranthropus
aethiopicus

Australopithecus africanus vs LD 350-1
Paranthropus aethiopicus vs LD 350-1
Moderate Confidence

N/A

Low Confidence

N/A

Continued
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TABLE 2.2 Assessment of the Strength of the
Evidence for Taxic Diversity Within the Time
Intervals Described in the Text—cont'd

2.5—2.0 Ma

High Confidence

Australopithecus africanus vs Paranthropus boisei
Paranthropus boisei vs Homo habilis sensu lato
Australopithecus garhi vs Homo habilis sensu lato
Moderate Confidence

Australopithecus africanus vs Homo habilis sensu lato
Australopithecus africanus vs Australopithecus garhi
Paranthropus boisei vs Australopithecus garhi
Homo habilis sensu stricto vs Homo rudolfensis
Low Confidence

N/A

2.0—-1.5 Ma

High Confidence

Homo erectus vs Paranthropus robustus

Homo erectus vs Paranthropus boisei

Homo erectus vs Australopithecus sediba
Paranthropus robustus vs Homo habilis sensu lato
Paranthropus robustus vs Australopithecus sediba
Paranthropus boisei vs Homo habilis sensu lato
Paranthropus boisei vs Australopithecus sediba
Homo habilis sensu lato vs Australopithecus sediba
Moderate Confidence

H.omo erectus vs Homo habilis sensu lato
Paranthropus robustus vs Paranthropus boisei
Homo habilis sensu stricto vs Homo rudolfensis
Low Confidence

Homo erectus vs Homo ergaster

Homo erectus vs Homo georgicus

1.5—1.0 Ma

High Confidence

Homo erectus vs Paranthropus robustus

Homo erectus vs Paranthropus boisei
Paranthropus robustus vs Homo habilis sensu lato
Paranthropus robustus vs Homo antecessor’
Paranthropus boisei vs Homo antecessor’

Homo habilis sensu lato vs Homo antecessor'
Moderate Confidence

Homo erectus vs Homo habilis sensu lato

Paranthropus robustus vs Paranthropus boisei

Continued

TABLE 2.2 Assessment of the Strength of the
Evidence for Taxic Diversity Within the Time
Intervals Described in the Text—cont'd

Low Confidence

Homo erectus vs Homo ergaster

Homo erectus vs Homo antecessor

1.0-0.25 Ma

High Confidence

Homo erectus vs Homo heidelbergensis
Homo erectus vs Homo rhodesiensis

Homo erectus vs Homo helmei

Homo erectus vs Sima de los Huesos

Homo heidelbergensis vs Sima de los Huesos
Homo rhodesiensis vs Sima de los Huesos
Homo helmei vs Sima de los Huesos
Moderate Confidence

N/A

Low Confidence

Homo heidelbergensis vs Homo rhodesiensis
Homo heidelbergensis vs Homo helmei

0.25 Ma—present

High Confidence

Homo sapiens vs Homo neanderthalensis
Homo sapiens vs Homo erectus

Homo sapiens vs Homo heidelbergensis
Homo sapiens vs Homo floresiensis

Homo sapiens vs Denisovans

Homo erectus vs Homo heidelbergensis
Homo erectus vs Homo floresiensis

Homo neanderthalensis vs Homo erectus
Homo neanderthalensis vs Homo floresiensis
Homo heidelbergensis vs Homo floresiensis
Moderate Confidence

Homo neanderthalensis vs Denisovans
Homo erectus vs Denisovans

Low Confidence

Homo neanderthalensis vs Homo heidelbergensis

Homo heidelbergensis vs Denisovans

For each of the nine time intervals relevant to the hominin
fossil record, we assess the strength of the evidence for taxic
diversity among hominin species by allocating each pairwise
comparison to one of three categories of confidence, high,
moderate or low.

“If the partial mandible (ATE9-1) from the Sima del Elefante does not
belong to Homo antecessor, then these “high confidence” pairwise

comparisons fall away.



are likely to grow as hypodigms expand and new sites
extend the time ranges of the existing species. There is also
the potential for finding fossil evidence of additional spe-
cies such as Homo naledi (Berger et al., 2015). Our very
preliminary assessment of the evidence recovered from the
Dinaledi chamber of the Rising Star system suggests that
the claim that this is a new species needs to be taken
seriously. But even if the discoveries in the Dinaledi
Chamber add to the evidence for taxonomic diversity, until
researchers can determine its age (Dirks et al., 2015) we
will not know which time interval, or intervals, would be
affected by this new evidence.

As for the future, researchers who find new fossil
evidence that lies outside the envelope of the hypodigms
of closely related species should at least convince them-
selves that the new material is unlikely to be sampled from
the species from which the existing sample (ie, hypodigm)
has been drawn. That is a very different investigation from
the usual one that decides whether the new fossils are
outside the range of the hypodigms of existing hominin
species from approximately the same time period. We
must guard against the tendency in all of us to “focus on
the strength or extremeness of the available evidence” and
to have “insufficient regard for its weight or credence”
(Griffin and Tversky, 1992, p. 411). This tendency may
explain why people in general, and perhaps paleoanthro-
pologists in particular, are “often more confident in
their judgments than is warranted by the facts” (Griffin
and Tversky, 1992, p. 411). Devising a formal strategy to
take account of this tendency for overconfidence is a
challenge that faces all researchers involved in fossil
discovery.

What this evidence for taxic diversity means for lineage
diversity within the hominin clade is outside the scope of this
review, but while lineage diversity cannot exist without
taxonomic diversity, taxonomic diversity does not always
mean there is lineage diversity. For example, although we
suggest there is evidence of a species-level distinction between
Au. anamensis and Au. afarensis, and between P. aethiopicus
and P. boisei, there is also evidence that at least one of these
pairs of taxa (Kimbel et al., 2006) belong to the same lineage.
Also, we are not as convinced as some of our colleagues that
current phylogenetic hypotheses are sound enough to make
convincing inferences about lineage diversity.

It is evident from this review that proposals to recognize
new hominin taxa are not equally convincing. However, our
interpretation of the fossil evidence suggests that for at least
the past four and a half million years there is compelling
evidence for taxic diversity within the hominin clade.
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Chapter 3

The History of Early Homo

D. Lordkipanidze

Georgian National Museum, Tbilisi, Georgia

For centuries humankind has sought the answer to what
exactly makes us human: when did our history really
begin?

Since 1776, when Linnaeus defined our genus as Homo
(Linnaeus, 1735), scientists have identified several mem-
bers of this genus, and in current encyclopedias of human
evolution more than 50 members have been identified
(Wood, 2011) and the number continues to rise (Berger
et al., 2015). The debates intensify as the public becomes
more interested in the issues of our human origins.
Discoveries in this field frequently make the headlines as
scientists announce the discovery of new Homo species.
However, finding a balance between concrete evidence and
theoretical claims has become a key task for all sciences,
and particularly for paleoanthropology. The media is
particularly interested in this field of sciences, which often
causes premature claims of new species to be made.

There are several definitions for the human genus, but
how can we sort out which is correct? It is simple enough to
determine whether the definition is nonbiological or bio-
logical, and here we would not stop at Platonic notions or
Biblical definitions of either man or species. When the
theological and philosophical approaches are left aside, the
scientific approach to human evolution clearly identifies
stages in the development of this genus. Data that is based
on theoretical biology, human fossils, and recent molecular
studies all provide scientific insights into human evolution.
This said, as human cultural beings, scientists will bring to
the table discussions and methodological approaches that
reflect known data, but also the foundations and pre-
suppositions of their own knowledge, and with which they
create models.

In the 19th century the dominant theory that the chim-
panzee or gorilla was the ancestor of humans gradually
became an obsession—to find the “missing link.” This, in
turn, created another misconception: that since man and ape
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are related, there must be a transitional fossil that could be
found to prove it.

Today, scientists have reached a consensus that humans
have much in common, anatomically and behaviorally,
with other primates. This close biological relationship is
supported by DNA evidence revealing that our closest
living relatives are bonobos and chimpanzees. There is only
about a one percent difference between the chimpanzee
genome and our own, suggesting that we share a common
ancestor. We thus have a relationship with the great apes
that is more one of cousin-to-cousin than grandparent-
to-grandchild, as was formerly believed.

The term “hominins” is now used to describe living
humans and all other species from the lineage that diverged
from that of chimpanzees around 7 Ma. Different hominins
are represented by current and fossil records. The most ancient
hominins became extinct without giving rise to new species.
Although the relationships between different hominins are
complex and often unresolved, aspects of their fossil remains
have enabled us to place them, including Homo, into
groups—or genera—to which our own species, Homo sapi-
ens, belongs (Roberts, 201 1; Potts and Sloan, 2010).

At the end of the 18th century, the German physiologist
and anatomist, Johann Friedrich Blumenbach distinguished
five races of the human species, and was one of the first
scientists to study the identities of different species of pri-
mates (Blumenbach, 1969). In the 19th century, Charles
Darwin stated that when the fossils of our ancestors were
found, “light will be thrown on the origin of man and his
history” (Darwin, 1871). His prediction has come true.
Human fossils found in 1856 in the Neanderthal Valley
(Germany) had strong eyebrows and a retreating forehead,
which distinguished the species from modern man. In 1891,
another important event in human evolutionary research
brought to light the fossil Pithecanthropus in Java, which
became known as Homo erectus.

45



46 PART | I Biological Basis of Human Diversity

A central turning point for the history of the genus
Homo occurred in 1964 with the announcement by Louis
Leakey, Phillip Tobias, and John Napier (Leakey et al.,
1964). Their declaration from the Olduvai Gorge in Africa
describing Homo habilis profoundly changed our under-
standing of human evolution. Several more landmark dis-
coveries have provided new and critical information, yet
many questions remain (Spoor, 2013; Spoor et al., 2015).

It is impossible to discuss the origin of the genus Homo
without including “prehumans.” Fossil evidence suggests
that the first hominins appeared in Africa between 6 and
8 Ma, with many species appearing after this time. Their
genetic relationships probably formed a complex web,
some of which survived until relatively recently, and with
several hominin species existing at the same time.

Specimens, such as Sahelanthropus tchadensis and
Orrorin tugenensis, suggest that the earliest hominin spe-
cies were modest in size, with brains no larger than those of
modern apes, and exhibited a unique set of physical char-
acteristics that allowed both upright walking and climbing.

The discovery in Chad of a 7 million year old hominin
by Michel Brunet, is the oldest known to date.
S. tchadensis, nicknamed “Tumai,u has revealed that this
hominin already used semiterrestrial locomotion, judging
by the time spent on the ground (Brunet et al., 2005; Brunet
et al., 2002).

Over time, and in the context of changing selection
pressures, populations appeared with new characteristics,
and a number of evolutionary trends can be identified.
Powerful jaws and large back teeth, ideal for chewing tough
or fibrous foods, appear in some species. Brains that are
large relative to body size, with smaller jaws and teeth,
appear in others. Bipedalism became the dominant mode of
locomotion, and all later hominins were characterized by
their use of stone-tool technology.

The discovery of a 4.5 million year old Ardipithecus
from Hadar, Ethiopia, brought new perspectives on how
our earliest hominin ancestors—and our closest living
relatives—evolved. The study of the Ardipithecus fossils,
lead by Tim White, represents one of the best cases of
detailed interdisciplinary study of early hominin specimens
in the context of developmental biology, anatomy, ecology,
biogeography, and geology (White et al., 2009).

Before finding Ardipithecus, fossils belonging to
Australopithecus were regularly interpreted in a framework
that used living African apes, especially chimpanzees, as
proxies for the immediate ancestors of the human clade.
Such projections were largely nullified by the discovery of
Ardipithecus (White et al., 2015).

In today’s scientific literature one can find different
names for Australopithecus including Australopithecus
africanus, Australopithecus afarensis, Australopithecus
aethiopicus, A. anamensis, Australopithecus garhi, Aus-
tralopithecus bahrelghazali, and Australopithecus sediba.

Australopithecus can no longer be viewed as a short-lived
transition between apes and humans. Instead, it represents
an adaptive plateau occupied for ~3 million years by the
lineages of four species of small-brained African bipeds
(Roberts, 2011).

Although the half-million year interval between 2.5 and
3 Ma was a period of heightened morphological, taxo-
nomic, and diet-driven adaptive diversity in extinct homi-
nins, all of the known taxa from this interval are of
Australopith grade. Au. africanus in South Africa, studied
by R. Dart in 1924, showed that despite having small
brains, early hominins could walk upright. The name
“Australopithecus” means “southern ape” and was first
given after the discovery of a remarkably preserved baby
hominin skull known as the Taung Child.

While many specimens are fragmented or distorted,
nearly all skeleton parts have been found in the Au. afri-
canus fossils. Evidence points to a hominin whose growth
and maturation were more similar to modern apes than to
humans. Some adult skulls appear to have been much larger
than others, which may indicate differences between the
sexes and perhaps a harem-like social organization similar
to that of modern gorillas. Alternatively, this variability in
skull size may represent two different groups (Roberts,
2011; Potts and Sloan, 2010; Wood, 2011) (Fig. 3.1).

Australopithecus afarensis is one of the best-known
early hominins, exemplified by the 3.2 million year old
iconic skeleton known as “Lucy,” found in 1974 in Hadar
(Johanson), Ethiopia. The fragmented remains of several

FIGURE 3.1

“Skull 57, D4500, from Dmanisi, Georgia.



hundred Au. afarensis individuals have been discovered in
East Africa, including males, females, and juveniles.
Research has revealed evidence for both terrestrial and
arboreal lifestyles, and extreme sexual dimorphism. The
braincase is small compared to the body size, but the face
and jaws are large. The thorax has an erect posture, and the
shape of the legs suggests the species could walk upright,
while other features, such as the length of the arms suggest
good climbing ability. This group of fossils includes very
large and very small individuals and there is debate as to
whether this variation reflects the presence of two species,
or one in which males and females have very different body
size (Wood, 2011).

Hominins were widely distributed in Africa millions of
years ago. Australopithecus bahrelghazali was found in
Chad over 2500 km west of other hominin fossil sites in the
Rift Valley (Brunet et al., 1995). Recent discoveries in
South Africa of the Au. sediba species brought on more
discussions around a possible “missing link” possessing a
mixture of primitive (Australopith-like) and a derived
(Homo-like) morphology (Berger et al., 2010). This was an
attempt to promote Au. sediba as an ancestor of Homo, but
it has not yet been accepted by the scientific community.

Indeed, it is impossible to present an overview of the
entire history of research on our genus in this chapter.
Symposia, review articles, exhibitions, etc. have been
devoted to it at length, and syntheses are found in major
scientific journals. The most recent reviews admit that there
are many unresolved problems on the topic of our origins,
and that although more fossils and archeological finds will
continue to enhance our understanding of the evolution of
early Homo, the comparative biology of mammals
(including humans) will also continue to provide valuable
frameworks for the interpretation of existing material. This
comparative approach has been used to formulate and test
robust models of the relationships between energy, life
history, brain and body size, diet, mortality, and resource
variability, and will yield a deeper understanding of human
evolution (Schwartz and Tattersall, 2015; Aiello and
Anton, 2012; Antén et al., 2014; Wood and Collard, 1999;
Wood, 2014).

In my humble opinion, a main problem remains that of
incomplete data. We now have great fossil discoveries, but
very rarely do we find sites where we can integrate data on
human anatomy (eg, both cranial and postcranial), clear
stratigraphy and absolute age, or paleontological and
archeological records.

THE FIRST HOMO

Homo habilis, considered the first member of the genus
Homo that appears in fossil records, is associated with the
earliest stone-tool technology. This species is characterized
by a moderately large brain (Leakey et al., 1964)
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and exemplifies the lower end of the range of Homo fossil
brain size (600 cm®), with medium-sized molars and pre-
molars compared to earlier hominins. It was a species that
was usually relatively small in stature and more lightly
built than most australopithecines but had a larger brain
and a body capable of bipedal locomotion. The arms were
longer and perhaps stronger than those of modern humans.
However, there is enough variation in these traits across
specimens to generate controversy. Some anthropologists
have argued that these specimens should be placed within
the genus Australopithecus, or that the taxon should be
split into subgroups (Wood and Collard, 1999; Villmoare
et al., 2015).

The type specimen (a specimen used to name and define
a new species) of H. habilis consists of only one juvenile
mandible. Other, more complete specimens are variably
affiliated with H. habilis, but there is no consensus about
their affiliations. Today scholars identify Homo rudolfensis
by using only one specimen. Other candidates include an
earlier specimen claimed by Villmoare et al. (2015), iden-
tified as a ~2.8 Ma mandible with some teeth (LD350-1)
from Ethiopia’s Ledi-Geraru, as being the earliest member
of Homo. Another known fossil candidate is a 2.3 partial
AL-666 (Kimbel et al., 1996; Berger et al., 2015), AL-
666-1 (Hadar Formation, Ethiopia c. 2.3 Ma). This spec-
imen, found in 2.3 million-year-old sediments at Hadar,
Ethiopia, is a maxilla, most likely of a male individual, with
most of the dentition (Kimbel et al., 1997).

Fossils differing from Australopiths appear in the
Turkana Basin and in the Middle Awash region dating ca.
2.3 Ma, and it is very likely that Homo evolved in Africa.
The earliest representatives of our genus are still poorly
documented. Following the announcement of H. habilis in
1964, a number of specimens from Olduvai and other lo-
calities have been referred to this species. In addition, it
has been argued that a second, larger-brained taxon is
present in the record. Unfortunately, most of the remains
are incomplete or damaged. It has proved especially diffi-
cult to define H. rudolfensis, as the proposed hypodigm
includes only one intact cranium and nothing is known of
the postcranial skeleton (Bromage et al., 1995). Whether
one or two species should be recognized, and whether they
are sufficiently like later humans to merit placement within
Homo, are questions for which there is no clear consensus.
Another early hominin found in this area includes the
Kenyanthropus platyops (Leakey et al., 2012).

Most scientists consider that a major shift to humanlike
patterns of cranial anatomy, body size, and behavior
occurred with the emergence of H. erectus (eg, Anton,
2003; Shipman and Walker, 1989). Many researchers
considered that H. erectus had numerous anatomical and
life history hallmarks that are seen in modern humans. As
the earliest nonerect Homo and Australopithecus were
reconstructed as essentially bipedal apes, to some
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researchers the gap between these groups suggested that
earlier species, such as H. habilis should be excluded from
Homeo (Collard and Wood, 2007; Wood and Collard, 1999).
The recent idea that habilis should belong to its own genus
is also claimed (Wood, 2014).

THE DISCOVERY OF HOMO ERECTUS

Homo erectus was the first hominin species to be identified
outside of Europe. With a type specimen from Java,
Indonesia, it has been recognized from many sites across
Asia, yet there is considerable disagreement as to whether
European or African fossils should be included in this
species. The Asian fossils, presented as the core fossil re-
cords of H. erectus from East and Southeast Asia, are
dominated by skulls, jaws, and teeth. The few remains
from other parts of the body are fragmented, show signs of
disease, or are questionably dated, however taking these
clues into account, it appears that H. erectus was a large-
bodied, fully modern bipedal with a relatively large
brain. The face and cranial vault were distinctive, with a
strong brow region and wide cheekbones. Morphological
variations in this species may be attributable to differences
between the sexes, regional changes, or variations over
time. The Javan H. erectus is remarkable for how long it
lived there; evidence shows its presence as early as
1.8—1.7 Ma, and until only 25,000 years ago (Potts and
Sloan, 2010).

China is also remarkable for its records of H. erectus.
No fewer than 40 individuals were found at one site, the
famous Zhoukoudian site near Beijing.

A large-brained skull of what was most likely an adult
female H. erectus was discovered in Kenya. It was about
1.8 million years old, which shows that our own genus
lived at the same time as other hominins. It is classified as
H. erectus, but some scientists suggest that it, and other
early African H. erectus fossils, should have their own
species name, Homo ergaster (Kimbel et al., 2014; Kimbel,
2009; Wood, 2009).

The skulls and jawbones currently included in this
species show a wide variation in shape and size. KNM-ER
WT 15,000 is the most complete skeleton ascribed to
H. ergaster, and in many respects (apart from the skull) it is
very similar to modern humans: slender body frame and tall
in stature, with relatively shorter arms and longer legs than
any earlier hominin species. This change in limb and body
proportions probably reflects the development of fully
terrestrial bipedalism (Walker and Leakey, 1993).

H. erectus is usually thought to have originated in
Africa before 1.80 MYA, therefore overlapping with
H. habilis both temporally and geographically. However,
recently some have questioned the species’ African origins,
suggesting that a more primitive form of Homo initiated the
colonization of Eurasia.

Recently Homo naledi specimens have been discovered
in South Africa. Opinions differ as to the phylogenetic
(evolutionary) position of this species and its relevance to
our understanding of the origins of the genus Homo,
especially to the emergence of H. erectus. This incredibly
rich collection of human fossils has been attributed by
discoverers to previously unknown species of extinct
hominin. Homo naledi is characterized by body mass and
stature similar to small-bodied human populations, but with
a small endocranial volume (around 400 c3) similar to
Australopiths. The cranial morphology of H. naledi is
unique, but similar to early Homo species including
H. erectus, H. habilis, and H. rudolfensis. Although prim-
itive, the dentition is generally small and simple in occlusal
morphology. H. naledi has humanlike manipulatory adap-
tations of the hand and wrist and a humanlike foot and
lower limb. These humanlike aspects contrast in the post-
crania with more primitive or Australopith-like features
(Berger et al., 2015). Scientists who oppose accepting
H. naledi as a new species stress that the same character-
istics are found in other Homo species, particularly
H. erectus. Main problems remain a lack of clear dating and
the ambiguous geological contexts of the site.

DMANISI

As a case for the early Homo, 1 would like to present the
story of hominins from Dmanisi, Georgia, in more detail.
Since I have been working at the site since 1991, I believe
that in Dmanisi we have very complete evidence about
anatomy, paleoenvironment, way of life, and behavior of
early Homo (Fig. 3.2).

For a long time, scientists thought that the first hominin
out-of-Africa migrants were those with large brains and a
stature approaching human dimensions. This group was
widely assumed to have stepped out of Africa into the
world around 1 Ma, once their greater intelligence, more
modern and humanlike body proportions had evolved, and
once they had invented more advanced stone tools.

Georgia, in the Caucasus, is known as the country of the
Golden Fleece and of the earliest wine culture. The wealth
of prehistoric finds from Dmanisi has put it on the scientific
map in terms of the earliest Paleolithic period. Dmanisi is in
Southern Georgia about 85 km from the capital Tbilisi, and
was a medieval city situated on a hilltop. In 1983,
archeological excavations in the ruins of the old city led to
the fortuitous discovery of Plio-Pleistocene sediments
containing animal bones. Following this, stone tools and
hominin remains were recovered from the site (Fig. 3.3).

The archeological site is on a promontory overlooking
the confluence of the Pinazauri and Mashavera Rivers.
These rivers eroded through 80—100 m of basalt beginning
in the early Pleistocene, leaving the site high above the
rivers today. Scientists dated the age of the fossils using



FIGURE 3.2 Aerial photo of Dmanisi Archaeological Museum-Reserve.

radiometric techniques from deposits directly atop a thick
layer of volcanic rock dating from 1.85 Ma. The fresh,
unweathered contours of the basalt indicate that little time
had passed before the fossil-bearing sediments blanketed it.
Paleomagnetic analyses show that sedimentation occurred
around 1.77 Ma, when Earth’s magnetic polarity reversed,
a phenomenon called the “Matuyama Reversal” (Gabunia
et al., 2000).

Remains of known prehistoric animals accompany the
hominin fossils found here—a rodent called Mimomys, for
instance, only lived between 1.6 and 2.0 Ma. The
1.76 million year old layer of basalt at a nearby site caps the
same stratigraphy. Dmanisi is a snapshot of time, like a
time capsule (Fig. 3.4).

HOMININS

The Dmanisi site has offered up the remains of several
hominin individuals (5 skulls—4 with maxillas; 4 mandi-
bles; and 100 postcranial remains). This is the richest and
most complete collection of indisputable early Homo re-
mains from any single site with a comparable stratigraphic
context. The Dmanisi sample comprises variations ac-
cording to age: subadult D2700/D2735 with erupting M3s.
The cast of this skull and mandible can be seen in the
exhibit; adults D2280, D2282/D211, D4500/D2600; old
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FIGURE 3.3 Reconstruction of the “Skull 5” from Dmanisi by Paleo-
Artist John Gurche.

individuals D3444/D3900 and sexual dimorphism. Despite
certain anatomical differences between the Dmanisi speci-
mens, we do not presently see sufficient grounds to assign
them to more than one hominin taxon. Thus, the Dmanisi
assemblage offers a unique opportunity to study variability
within an early Homo population.

Our analyses show that the Dmanisi people were small
(c. 150 cm). Related to body size, their brains were smaller
(545—760 cm?) than those of “classic” H. erectus from
Africa and Asia (800—1000 cm?) (Lordkipanidze et al.,
2007; Rightmire and Lordkipanidze, 2009). In this respect,
they are closer to the very first representatives of the genus
Homo (H. habilis from Africa, ¢. 2 Ma) than to their later
conspecifics. Dmanisi people were almost modern in their
body proportions, and were highly efficient walkers and
runners, but their brains were tiny compared to ours, and
their arms moved in a different way.

The Skull 5 cranium with its mandible, found
earlier, represents the world’s first completely preserved
adult hominin skull from the early Pleistocene. It has the
smallest braincase of the Dmanisi individuals (546 cm’, or
about one-third that of a modern human), but the largest
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Dmanisi, Georgia

-

FIGURE 3.4 Possible migration roots of early homo.

face and teeth—a combination previously unknown for
early Homo. The skull’s face, large teeth, and small brain
size resemble those of earlier fossil humans, but the
detailed anatomy of its braincase, which gives clues to
the “wiring” of the brain, is similar to that of the more
recent early human species, H. erectus. The Dmanisi site
has fueled an ongoing discussion over whether the Dmanisi
humans were an early form of H. erectus, a distinct species
called Homo georgicus, or something else (Fig. 3.5).

PALEOENVIRONMENT

Faunal and paleobotanical evidence makes it possible to
reconstruct the ecology of the Dmanisi hominins. At the
time of occupation, the site was near a lake shore that
formed when the Masavera lava flow dammed the Masa-
vera and Pinasaouri Rivers. At the Dmanisi site more than
50 groups of animals have been identified; faunal remains
include several large carnivores, bovids, an equid, and other

FIGURE 3.5

Dmanisi Hominins, from left to right D4500 cranium, 2600 mandible, 211 mandible and D2700 cranium.



open-steppe and gallery-forest taxa. In Dmanisi we found
bones of saber-tooth cats, giraffes, rhinos, elephants, and
other extinct animals. The data reflect a paleoenvironment
that spread like a mosaic over a large area around the
site: woodland and gallery forests, bush land, tree savan-
nahs, open grasslands, and semidesert-like rocky terrains
with shrub vegetation. Generally, Dmanisi was a forested,
relatively humid habitat in a temperate zone, with cool
winters. In contrast, East Africa had a relatively dry and hot
steppic environment.

STONE TOOLS

The Dmanisi site is very rich archeologically, where more
than 10,000 stone tools have been discovered. The site
preserves a complex archeological record of numerous
reoccupations, measured by both stratigraphic and spatial
concentrations of artifacts and faunal remains across all
areas of the site.

While flakes comprise the majority of tools recovered,
some cores and choppers have also been found. The raw
materials for lithic artifacts come from nearby rivers. The
differences in technology are not only observed in the
changes in the material composition of the assemblages, but
also the techniques. Before the Dmanisi finds, experts
believed that humans could not have left Africa before
having developed an advanced technology, such as
Acheulean types of tools that were symmetrically shaped,
manufactured, and standardized. The tools found at Dma-
nisi, however, are simple flakes and choppers, much the
same as the primitive Oldowan tradition that hominins in
Africa practiced nearly a million years earlier.

We found many unmodified stones at the site origi-
nating from elsewhere; there was no possible way they
could have arrived there naturally. The larger rocks were
likely used as tools for pounding flesh, cutting meat, or
smashing bones, while certain smaller stones might have
served different purposes, such as enabling aggressive
scavenging. Small hominins who lived there stuck together
for protection and perhaps threw rocks to pilfer food from
carnivores (Ferring et al., 2011).

Evidence including lithics and fossil human anatomy
supports the hypothesis that the initial evolution of “elite
human throwing” arose as part of power-scavenging and/or
hunting adaptation. The capacity to throw with elite skill
is expected to have had important social consequences and
to have driven the evolution of a uniquely human type of
kinship-dependent social cooperation. The evolution of
elite throwing for power-scavenging is a catalytic
“accident” or “preadaptation” that set off a social revolution
producing a uniquely human species (Bingham and
Souza, 2011).

Other indirect evidence of social cooperation comes
from the human skull D-3444 cranium and jaw. These
fossils belonged to an individual who had lost all but one of
his teeth before he died. How could a toothless person
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survive for years in a cold environment, without using
fire to cook food? The consumption of soft animal tissues,
such as marrow and brains is indicated by associated
mammal bones and pounding tools. Even more compelling
is the possibility that he was cared for (Lordkipanidze
et al., 2005).

POST—HOMO ERECTUS EVIDENCE

No complete skeletons have been found for Homo ante-
cessor, but some parts of the body, including the skull,
thorax, and feet, are well represented in the disarticulated
and mixed fossil collection from Gran Dolina, Spain
(Carbonel et al.). Together, these fossils suggest that the
H. antecessor population was of a similar average stature to
modern humans and fully bipedal, but with longer, more
slender arms and wider chests. The skull of the species was
rounded and quite lightly built, with an average brain ca-
pacity of approximately 1000 cc. This species’ face would
have had a remarkably modern appearance, including a
prominent nose, but receding chin.

Many skulls from Europe and Africa are ascribed to
Homo heidelbergensis, but much of what is known about
the rest of the body comes from the Sima de los Huesos
fossil collection. This includes the remains of at least 30
individuals, mostly young adult men, women, and juve-
niles. Bone analyses have shown that H. heidelbergensis
was robust and relatively tall, with adult males averaging
1.75m (5ft, 9in.). Some skeletons show evidence of
disease and healed injuries, perhaps reflecting the harsh
conditions of Pleistocene Europe.

The path to our modern physical form is anything but
clear, yet there are many fossil clues and theories about
how it happened. One of the most controversial issues is
whether H. sapiens—our species—evolved and eventually
replaced all other hominins, or whether there was instead a
global blending of genes that led to our species evolving
everywhere more or less at the same time.

Key players in this process were H. heidelbergensis and
an archaic H. sapiens. Some scientists view these two as
species that evolved later in two different directions:
H. heidelbergensis led to Neandertals (Homo nean-
derthalensis); and archaic H. sapiens, at least the African
form also known as Homo rhodesiensis, led to H. sapiens.
The oldest human DNA comes from 300,000 to 400,000
year old human bones classified as H. heidelbergensis
found in Spain’s Sima de los Huesos site.

Genetic studies and new African fossil finds, such as
Homo sapiens idaltu, a hominin that has both archaic and
anatomically modern H. sapiens features, suggest that
Neandertals and modern humans went their separate ways
genetically about 600,000 years ago. Many scientists see
this evidence as strong support for the view that H. sapiens
evolved in Africa and then completely replaced the Nean-
dertals and any other hominins living at the same time. This
view, however, is still debated.



52 PART | | Biological Basis of Human Diversity

HOBBIT

Scholars were stunned a decade ago to learn that H. erectus
might have survived on the island of Java in Indonesia until
25,000 years ago, well after the arrival of H. sapiens in the
region and even after the disappearance of Europe’s
Neandertals.

The recent revelation that a third hominin, dubbed
Homo floresiensis, also lived in the area until just
12,000 years ago has proven even more provocative.
Archeologists recovered the remains of H. floresiensis from
a large limestone cave known as Liang Bua located in
western Flores. H. floresiensis, nicknamed “Hobbit,” has
been estimated to have a height of about 1—1.10 m, and a
body weight of 25 kg, with a remarkably small brain of less
than 400 cm®. The critics of establishing the new species
argue that peculiarities are a result of diseases, particularly
microcephaly, and that H. floresiensis is a small H. sapiens.

No one knows exactly how humans first reached the
island of Java—they may have made the sea crossings by
boat, or may have drifted from natural rafts by accident. For
me, the most logical explanation is that we have a case of
insular dwarfism previously unknown in humans.

Geographically, the Javan H. erectus is a good candi-
date for being the ancestor of H. floresiensis; however, its
resemblance to specimens from Africa and from Dmanisi
raise the question of whether H. floresiensis stemmed from
a different hominin migration into Southeast Asia than the
one that evolved into the Javan H. erectus. Future exca-
vations on Flores and other Indonesian islands may cast
light on these mysteries.

CONCLUSION: WHAT WE LEARNED
FROM THE DMANISI CASE

The main components distinguishing Homo and more
primitive hominins are brain and body size, posture, loco-
motion, and of course culture. Tool manufacture is
considered under culture, and there are several claims of
tool use in non-Homo hominins, claims fueled by the dis-
covery of 3.3 million-year-old tools (Harmand et al., 2015).
The brain size of 600 cm for Homo was a long-standing
distinguishing element; however the Naledi, Flores, and
Dmanisi fossils invalidate this.

The Question: Is Homo habilis the First
Homo?

Considering its brain and body proportions, the character-
istics of its jaws and teeth, and features related to loco-
motion, H. habilis is more Australopith-like than
previously thought. The emergence of H. erectus (without
distinguishing either H. ergaster or H. georgicus) could be
considered as the birth of our genus. I think it’s premature

to classify H. naledi, however. I am sure that soon we will
learn the age of these fantastic fossils, and then will be able
to place them in the evolutionary tree.

So if H. erectus is indeed the first representative of our
genus, the best hard evidence we have comes from
Dmanisi. We have never had such accurately dated mate-
rial, so many well-preserved human fossils—both cranial
and postcranial—or such a rich fauna and thousands of
stone tools from any other single site.

Here we discovered Skull 5, the world’s first completely
preserved adult hominin skull from the early Pleistocene. It
has a small braincase of 546 cm® (about one-third of a
modern human’s), but the largest face and teeth, a combi-
nation previously unknown for early Homo. Dmanisi has
indeed yielded multiple fossils of the same geological age
and from a single locality. This provides the first oppor-
tunity to actually quantify and test hypotheses about intra-
and interspecific variation in early Homo. Skull 5 is key to
these analyses because it unites features that have been
used to define different species of early Homo. In other
words, had the braincase and the face of Skull 5 been found
as separate fossils in Africa, they might have been attrib-
uted to different species (Fig. 3.6).

Comparing variations in the Dmanisi sample with var-
iations in modern human and chimpanzee populations now
shows that all the Dmanisi individuals belong to a popu-
lation of a single early Homo species. Indeed, the five
Dmanisi individuals are conspicuously different from each
other, but not more different than any five modern human
individuals, or five chimpanzee individuals from a given
population. Dmanisi has let us capture a clear snapshot of
the evolution of early Homo.

What is the most complete portrait of representative of
the genus Homo? As we mentioned already Dmanisi draws
the most complete picture.

We have a group of creatures with small brains, small
stature, with very developed lower limbs, and highly

FIGURE 3.6  Reconstruction of Dmanisi hominins by Paleo-Artist
Elisabeth Daynes.



efficient walkers and runners with almost modern body
proportions; and though their arms moved in a different
way, they use primitive stone tools and have a social
system; also, they live in a temperate environment, very
different from Africa.

Yet, in spite of these exciting discoveries, the early
evolution of the genus Homo and the number of species is
still shrouded in mystery. The hypothesis that early Homo
represents one variable species versus multiple species is
still in progress (Spoor, 2013). We are not rejecting the
possibility of a number of Homo species, but I do not think
this issue should be considered a simple discussion between
“splitters” and “lumpers.” Indeed, the senior authors of our
article on Skull 5 (See Lordkipanidze et al., 2013 and
Zollikofer et al., 2014), which is considered an additional
“lumping” paper, were among the first to show—through
quantitative data—that Neandertals and modern humans are
two separate species.

The extraordinary preservation of Dmanisi specimens
from different biological ages has enabled us to use ap-
proaches from population biology. Thus, the Dmanisi
finds have brought new standards to these discussions. I
am sure that the discovery of new fossils and the further
development of scientific methods will shed more light on
why and how both of these seemingly divergent ap-
proaches to taxonomy—and perhaps uniquely new
paradigms—will contribute to understanding the history of
our species.
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Chapter 4

The Contribution of Genetic Ancestry
From Archaic Humans to Modern

Humans

M. Stoneking

Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany

MODELS OF HUMAN ORIGINS

For many years, many anthropologists, archaeologists,
geneticists, and other researchers were kept busy trying to
answer the following question: what were the circumstances
leading to the origins of our own species, anatomically
modern humans (hereafter referred to as AMH)? Although
there were various models proposed over the years, begin-
ning in the 1980s three models dominated this discussion,
as reviewed in more detail elsewhere (Stoneking, 2008): a
recent African origin (RAO) with complete replacement of
non-African archaic humans; an RAO with assimilation of
non-African archaic humans; and multiregional evolution.
All three models (Fig. 4.1) take as their starting point the
paleontological evidence that indicates that archaic species
of Homo began migrating out of Africa around 1.8—2.0 Ma,
and spread throughout the Old World, evolving into various
different groups of archaic humans. According to both RAO
models, modern humans subsequently arose in Africa more
recently, around 250 Ka, and began dispersing from Africa
to the rest of the world beginning around 60—90 Ka. The
two RAO models then differ in terms of what happened
next: according to the RAO with replacement (RAO-R)
model, AMH completely replaced all non-African archaic
humans with no interbreeding; according to the RAO with
assimilation (RAO-A) model, AMH interbred with some
archaic humans. There are different versions of the RAO-A
model, positing different amounts of interbreeding between
archaic humans and AMH in different parts of the world.
For example, one version suggests that interbreeding
occurred only between Neandertals and AMH, while
another version suggests that interbreeding occurred

On Human Nature. http://dx.doi.org/10.1016/B978-0-12-420190-3.00004-1
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between AMH and archaic humans in Australasia but
nowhere else. The crucial distinction between the RAO-R
model and these various RAO-A models is that the RAO-
R model predicts that there is no non-African archaic hu-
man ancestry in AMH, whereas the RAO-A models predict
that there is some archaic human ancestry in AMH in some
parts of the world.

In contrast to the various RAO models, which posit a
single distinct origin of AMH in Africa and then spread
throughout the Old World, multiregional evolution instead
holds that there was no single distinct origin of AMH
anywhere in the world (Wolpoff et al., 1984). Instead,
following the initial dispersal of Homo from Africa some
1.8—2.0 Ma, the entire Old World population of archaic
humans (encompassing Africa, Europe, Asia, and Austral-
asia) evolved in concert, via gene flow between populations
as well as regional developments due to selection, to
become modern humans, without any major exodus from
Africa (or any other region in the world).

Thus, according to the RAO model, all modern human
populations should show a genetic signature of highest
genetic diversity in Africa (since this is the source of all
modern populations); diversity outside of Africa should be
a subset of that within Africa; and human populations
should be closely related, having diverged only in the past
60—90 Ka. By contrast, the multiregional evolution model
predicts that there should be no indication of a single source
of genetic diversity in modern populations, as all Old
World populations of archaic hominins contributed to the
genetic diversity of modern populations, and moreover the
genetic divergence among human populations should be
quite old, as much as 1.5—2 Ma.

55
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Although all of these models were originally proposed
based on fossil and archaeological evidence (Stringer and
Andrews, 1988; Wolpoff et al.,, 1984), distinguishing
among them based on such evidence proved very difficult.
The resolution of the at times contentious debate over these
models was ultimately provided by genetic evidence, first
from contemporary humans, and then more recently
with the addition of genomic data from archaic humans.
A simple prediction of the RAO models is that human
populations should show a genetic signature of highest
genetic diversity in Africa (since this is the source of all
modern populations), and moreover the genetic diversity
outside of Africa should be a subset of that within Africa. In
addition, all human populations should be relatively closely
related, having diverged only in the past 60—90 Ka. By
contrast, the multiregional evolution model predicts that
there should be no strong indication of a single source of
genetic diversity in modern populations, as all Old World
populations of archaic hominins contributed more or less
equally to the genetic diversity of modern populations, and
moreover the genetic divergence among human populations
should be quite old, as much as 1.8—2.0 Ma. Thus, these
different models make contrasting predictions that can be
tested with genetic evidence.

The first genetic evidence to bear on this issue came
from mitochondrial DNA (mtDNA), a small, circular
genome found in the mitochondria (structures that produce
energy) of cells. MtDNA has the convenient property of
being strictly maternally inherited, so it reflects the
maternal history of human populations (Pakendorf and
Stoneking, 2005). Beginning in the late 1980s, a series of
studies convincingly and consistently showed that the roots
of human mtDNA diversity were in Africa, that the mtDNA
variation outside of Africa is a subset of that in Africa, and
that human mtDNA variation arose within the past
150—250 Ka (Cann et al., 1987; Ingman et al., 2000;

RAO - assimilation

Multiregional evolution

Models for the origins of modern humans. Adapted, with permission, from Stoneking, M., 2008. Human origins. The molecular

Vigilant et al., 1991). Thus, human mtDNA variation
appears to support the RAO models.

Analyses of variation in the Y-chromosome (which is
the male counterpart to mtDNA, as the Y-chromosome is
passed on from fathers to sons and hence reflects the
paternal history of human populations) came to similar
conclusions, namely greatest diversity within Africa; vari-
ation outside Africa is a subset of that within Africa; and
human Y-chromosome variation has a recent origin
(Underhill et al., 2000). Analyses of dense genome-wide
datasets (consisting of thousands to millions of genetic
markers distributed all across the genome, and more
recently, whole genome sequences) have come to similar
conclusions (1000 Genomes Consortium, 2012; Li et al.,
2008; Prugnolle et al., 2005; Rosenberg et al., 2002). In
sum, there is a strong and consistent signature of an RAO
all across our genome, which supports the RAO model and
refutes the multiregional evolution model (Stoneking,
2008).

However, distinguishing between RAO-R versus RAO-
A proved more difficult with genetic data only from
contemporary populations. Several studies attempted to
address this question by looking for unusual patterns of
genetic variation that could not be accounted for by the
RAO-R model. For example, genes that show deeper
divergences among non-African populations than between
African and non-African populations could be the signature
of interbreeding between modern humans and non-African
archaic hominins (Wall and Hammer, 2006), and some
studies claimed to find such evidence (Garrigan et al., 2005;
Harding et al., 1997; Harris and Hey, 1999). However, the
results were equivocal, as it is extremely difficult to rule out
that such unusual patterns are not simply due to inadequate
sampling of African genetic diversity, the influence of
natural selection, or even just chance (Fagundes et al.,
2007).
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The advent of new methods for obtaining and
sequencing DNA from ancient remains (reviewed in
Stoneking and Krause, 2011) provided an opportunity to
address the question of admixture by directly screening
AMH genomes for segments of DNA that might have come
from archaic humans. Indeed, the first such ancient DNA
analysis, of mtDNA from the Neandertal type specimen
(Krings et al., 1997), found that Neandertal mtDNA falls
outside the range of modern human mtDNA variation. All
subsequent studies of Neandertal mtDNA have confirmed
the original observation (Briggs et al., 2009); thus there is
no evidence that Neandertals contributed their mtDNA to
modern humans.

However, while mtDNA is extremely informative, it is
only a single genetic locus and hence may not reflect the
entire genome. With the development of powerful new
methods for sequencing DNA, it became possible to obtain
a whole genome sequence from a Neandertal (Green et al.,
2010), and thus to examine if there is any indication of any
genetic contribution from Neandertals to modern humans.
Three different analyses were used to address this question,
based on different predictions as to what would be found in
the genomes of modern humans if their ancestors had
interbred with Neandertals. All three analyses gave the
same answer: there is a consistent signal of about 1—4%
Neandertal DNA in the genome of every non-African
studied, but not in the genome of any African studied
(Green et al., 2010).

Although this result was widely hailed as indicating
that the ancestors of modern humans had indeed interbred
with Neandertals, there is another potential explanation
for the signal of Neandertal ancestry in the genomes of
non-African AMH, namely ancient substructure in African
populations (Durand et al., 2011; Green et al., 2010). The
idea is that since Neandertals have descended from an
earlier migration from Africa, if the same African popula-
tion that gave rise to Neandertals also later gave rise to the
AMH that migrated out of Africa, then Neandertals and
non-African AMH are expected to share some ancestry
because they stem from the same African source popula-
tion. The analyses that were performed in the Neandertal
genome study (Green et al., 2010) do not distinguish
between these two possible explanations. However, ap-
proaches were subsequently developed that could distin-
guish between these competing explanations of Neandertal
interbreeding versus ancient substructure in Africa, and
these all unequivocally indicated that Neandertal inter-
breeding was the most likely explanation (Sankararaman
et al., 2012; Yang et al., 2012). Thus, the conclusion is that
all modern non-African human populations seem to be
descended from a single non-African population that
interbred with Neandertals, and this conclusion is rein-
forced by an additional, high-quality Neandertal genome
sequence (Prufer et al., 2014). Hence, the spread of AMH

from Africa did not involve complete replacement of the
non-African archaic humans; Neandertal genes live on in
modern populations, and so the RAO-R model is rejected in
favor of the RAO-A model.

OTHER ARCHAIC HUMAN GENOMES

During the course of screening fossils that might be suitable
for Neandertal genome sequencing, a portion of a fingertip
bone from Denisova Cave in Southern Siberia was
analyzed. Remarkably, the mtDNA sequence from this
fossil revealed that it was neither from a modern human nor
from a Neandertal, but rather from something different
(Krause et al., 2010). The complete genome sequence was
subsequently obtained, and revealed that the population
represented by this fossil—called Denisovans—was a sister
group to Neandertals—that is, Denisovans and Neandertals
both descend from a common ancestor that is more
distantly related to modern humans (Reich et al., 2010). In
addition to the fingertip bone, the only other currently
known fossils of Denisovans are a few teeth; thus, what
little we know of Denisovans comes largely from the
genome sequence, which was subsequently much improved
in quality due to additional improvements in extracting and
sequencing ancient DNA (Meyer et al., 2012).

Did Denisovans contribute any ancestry to AMH?
Comparison of the Denisovan genome sequence to a
worldwide sample of modern humans indicated that
~4—8% Denisovan DNA is found in populations from
New Guinea and Bougainville, but nowhere else (Reich
et al., 2010). This result is quite surprising, as Denisova
Cave is over 7000 km from New Guinea. A follow-up
study confirmed this result (Reich et al., 2011), and the
implications are discussed in more detail later in this
chapter. The important conclusion is that we see evidence
of ancestry in AMH from both archaic humans from which
we have genomic data (namely, Neandertals and Deniso-
vans), providing further support for the RAO-A model of
human origins. Moreover, the archaic genomes provide
some extremely useful insights into other aspects of AMH
(beyond the sexual habits of our ancestors); archaic
ancestry is a source of information about the dispersals of
AMH, and about particular genes that were subject to
positive selection during the evolution of AMH; I turn now
to a discussion of these topics.

ARCHAIC GENOMES AND MODERN
HUMAN DISPERSALS

We have previously seen that all non-African AMH carry a
similar signal of Neandertal ancestry. This result strongly
implies that there was a single major dispersal of AMH
from Africa that met and interbred with Neandertals shortly
after leaving Africa. Where and when this interbreeding
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took place is still a matter of conjecture; however the Near
East is viewed as a likely place, as it is close to Africa and
fossils of both Neandertals and early AMH have been
found there. Some attempts have been made to date
the interbreeding, and these indicate dates of about 60—
70 Ka, with large confidence intervals (Fu et al., 2014;
Sankararaman et al., 2012), consistent with other genetic
evidence for the dispersal of AMH from Africa.

Given that interbreeding took place between AMH and
Neandertals at least once, it seems likely that additional
interbreeding events must have occurred. The current maps
of the distribution of Neandertal ancestry in modern human
genomes are too crude to allow this question to be
addressed, but further refinements—as well as additional
Neandertal genome sequences—should permit an estimate
of the number of different interbreeding events that are
represented by traces of Neandertal ancestry in AMH ge-
nomes. Indeed, the finding that Oase 1, an early AMH
fossil from Romania, had high amounts of Neandertal
ancestry but apparently did not contribute to the ancestry of
modern Eurasians, already indicates an additional episode
of interbreeding (Fu et al., 2015).

Moreover, studies indicate that East Asians have a small
amount of additional Neandertal ancestry (on the order of
0.5—1%) compared to Europeans (Prufer et al., 2014; Wall
et al., 2013). This result seems counterintuitive, as Nean-
dertals overlapped with AMH for a longer period of time in
Europe than in Asia and thus there should have been more
opportunity for interbreeding in Europe. A potential
explanation is that there was stronger selection against
Neandertal ancestry in European genomes than in East
Asian genomes; according to this explanation, ancestral
populations of Europeans and East Asians started with the
same amount of Neandertal ancestry, but selection removed
more Neandertal ancestry from FEuropeans than from
Asians, resulting in more Neandertal ancestry in East
Asians than in Europeans. However, other studies refute
this explanation, and instead favor additional interbreeding
between Neandertals and the ancestors of East Asians (Kim
and Lohmueller, 2015; Vernot and Akey, 2015); where,
when, and how many times this interbreeding might have
occurred is presently a matter for conjecture.

The Denisovan ancestry in AMH has also been inves-
tigated in more detail, and used to make inferences about
AMH dispersals. The original study that found that
Denisovan DNA was limited to populations from New
Guinea and Bougainville included only a sparse sampling
of populations from East Asia, no populations from island
Southeast Asia, and only these two populations from
Oceania. It thus became of interest to survey additional
populations from Southeast Asia and Oceania for signals of
Denisovan ancestry, and a follow-up study was carried out
of genome-wide data from across Southeast Asia and
Oceania (Reich et al., 2011). This study found significant

evidence of Denisovan admixture in another population
from New Guinea; aboriginal Australians; several groups
from Eastern Indonesia; Fiji and Polynesia; and a Philip-
pine Negrito group, the Mamanwa. However, no evidence
of Denisovan gene flow was found in populations from
western Indonesia, mainland East Asia, or South Asia
(Reich et al., 2011).

The Australians and New Guineans possess similar
levels of Denisovan DNA (about 4—8%), consistent with a
common ancestry for Australians and New Guineans
(McEvoy et al., 2011). Many of the other groups that show
Denisova admixture are thought to have recent ancestry
and/or gene flow from New Guinea (in particular, Eastern
Indonesia, Fiji, and Polynesia), which raises the question as
to whether the Denisova admixture in these groups could be
explained by shared ancestry—and hence a shared signal of
Denisova admixture—with New Guinea. To test this
hypothesis, the amount of New Guinea ancestry was
estimated for each population showing significant evidence
of Denisova admixture (Reich et al., 2011). The predicted
outcome of this analysis is that if New Guinea ancestry is
accounting for the signal of Denisova admixture in a
population, then the amount of New Guinea ancestry
should be correlated with the amount of Denisova admix-
ture. The results of this analysis showed that for all of the
Eastern Indonesian groups, Fiji, and Polynesia, the amount
of Denisova admixture was indeed correlated with the
amount of New Guinea ancestry. Thus, as expected from
previous studies showing New Guinea ancestry in these
groups (Kayser et al., 2006; Mona et al., 2009), shared New
Guinea ancestry accounts for their Denisova admixture
signal. However, the Philippine Negrito group, the
Mamanwa, have significant Denisova admixture but no
detectable New Guinea ancestry. Hence, recent ancestry or
gene flow from New Guinea does not account for the
Denisova admixture in the Mamanwa.

Important information can also be gleaned from
populations who do not show significant evidence of
Denisova gene flow. In particular, there is no evidence of
Denisova gene flow in two groups thought to be related to
the Mamanwa, New Guineans, and Australians: a Malay-
sian Negrito group, the Jehai; and in the Andamanese Onge
(Reich et al., 2011). A modeling approach called Admix-
ture Graph Analysis (Reich et al., 2009) was then applied to
the data, to come up with a model of population history that
best explains all of these results. In Admixture Graph
Analysis, various statistics are estimated from the genome-
wide data as well as from a graph that represents the
divergence pattern and gene flow between the populations;
the graph that provides the best fit between the observed
data and the statistics estimated from the model is taken as
the most likely model of population history. The results
from applying Admixture Graph Analysis to the genome-
wide data (Reich et al., 2011) indicate that the ancestors



Archaic Human Ancestry in Modern Humans Chapter | 4 59

of the Onge, Jehai, Mamanwa, Australians, and New
Guineans are all descended from an earlier migration to
Southeast Asia and Near Oceania than are the ancestors of
all other East and Southeast Asians (Fig. 4.2). The ances-
tors of the Onge and Jehai diverged first, followed by
admixture with Denisovans in a population that was
ancestral to the Mamanwa, Australians, and New Guineans.
The Mamanwa then diverged, followed by divergence
between Australians and New Guineans. This was followed
by a second dispersal to East and Southeast Asia, and the
ancestors of this second dispersal also admixed heavily
with the Jehai and Mamanwa, but not the Onge (Reich
et al., 2011).

This scenario, while by no means proven, strongly
supports multiple dispersals to Asia and Oceania. The
number of dispersals to Asia and Oceania has been disputed
by researchers; some studies have argued for multiple
dispersals (Lahr and Foley, 1994), while others have argued
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for a single major dispersal of modern humans to this re-
gion (Abdulla et al., 2009). The admixture signals in
modern humans from Denisovans argue strongly for mul-
tiple dispersals. Another analysis of genome-wide data
from populations from Asia and New Guinea, which was
not based on admixture with extinct hominins but instead
used a different approach to fit a model of population
history to the genome-wide data, also concluded that the
best-fitting model involved multiple dispersals (Wollstein
et al., 2010). Moreover, an analysis of the genome sequence
of an aboriginal Australian, obtained from 100-year-old
hairs, also supports separate dispersals of Australians and
East Asians (Rasmussen et al., 2011). The current evidence
from genome-wide studies thus strongly and convincingly
supports multiple dispersals of modern humans to Asia and
Oceania.

The second implication of the scenario outlined above is
that it implies that admixture with Denisovans most likely
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FIGURE 4.2 A putative scenario depicting human migration history as revealed by signals of archaic human admixture (Reich et al., 2011). The X
marks the location of Denisova Cave. Modern humans arise in Africa, migrate from Africa, and soon after, admix with Neandertals. This is followed by a
dispersal from this non-African source population that presumably followed a southern route (solid line) as the first populations to diverge are ancestors of
the Onge and Jehai. There is then admixture with Denisovans, followed by divergence of the ancestors of the Mamanwa, Australians, and Papuans. The
ancestors of other east Asian populations, such as Han Chinese, are descended from subsequent migrations from this non-African source population,
perhaps along a more northerly route (dashed line). This figure first appeared in, and is re-used with permission from: Stoneking, M., 2016. Archaic
genomes and the peopling of South Asia. In: Schug, G.R., Walimbe, S. (Eds.), A Companion to South Asia in the Past, Wiley-Blackwell.
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TABLE 4.1 Genes Exhibiting Potential Signals of Adaptive Introgression

Candidate Archaic AMH Populations Gene Putative Reason for

Gene Source Influenced Function Selection References

HLA A, B, C N, D Eurasians, Oceanians Immune Disease resistance Abi-Rached et al. (2011)
response

STAT2 N Oceanians Immune Disease resistance Mendez et al. (2012)
response

OAS2 N Europeans Immune Disease resistance Sankararaman et al. (2014)
response

SLC16AT1 N Native Americans Lipid Diet SIGMA Type 2 Diabetes Con-
metabolism sortium (2014)

EPAST D Tibetans Hypoxia High altitude Huerta-Sanchez et al. (2014)
response

HYAL2 N East Asians uv Skin pigmentation Ding et al. (2014)
response

AMH, Anatomically modern human; N, Neandertal; D, Denisovan.

occurred somewhere in the eastern islands in Southeast
Asia. If that is indeed the case, then Denisovans were
spread across an enormous geographic and environmental
range. Denisova Cave is some 7000—8000 km from where
the admixture is inferred to have occurred with modern
humans (Fig. 4.2), and this range encompasses environ-
ments that range from the taiga forests of Southern Siberia
to tropical Southeast Asia. The inference is that Denisovans
must have been capable of existing in a wide variety of
environments—more so than any other hominin known to
date, with the exception of our own species. Thus, the
admixture analysis not only informs us about modern
humans, but also sheds some light on the abilities of the
Denisovans.

However, studies have added further layers of compli-
cation to the already complicated picture in Fig. 4.2. It now
appears that Denisovan ancestry is much more widespread
across East Asia and extends into the Americas, at a barely
detectable level of ~0.2% (Prufer et al., 2014; Skoglund
and Jakobsson, 2011). Moreover, this widespread East
Asian Denisovan ancestry appears to be related to the
Denisovan ancestry that is at higher frequency in Oceania
(Qin and Stoneking, 2015). There are two potential sce-
narios that could account for these results. First, a popu-
lation ancestral to East Asians and Oceanians interbred
somewhere with Denisovans and then spread across East
Asia and Oceania. This was followed by a later migration to
East Asia of people without Denisovan ancestry; these
people interbred with the East Asians and thereby reduced
the amount of their Denisovan ancestry, but this migration
did not extend to Oceania, and so Oceanians retain the
higher signal of Denisovan ancestry. Second, a population
ancestral specifically to Oceanians interbred with Deniso-
vans (eg, as depicted in Fig. 4.2) and then there was a

back-migration to East Asia whose descendants interbred
with East Asian populations, thereby contributing a smaller
amount of Denisovan ancestry. Further work—in partic-
ular, whole genome sequences—will be needed to
distinguish between these two scenarios.

ARCHAIC GENOMES AND SELECTION

In addition to providing information about migrations, the
archaic genomes have been a source of insights into genes
that have been subject to positive selection during the
origin and dispersal of AMH. The basic idea is that if one
looks at the landscape of archaic human ancestry across the
chromosomes of AMH genomes, one can identify “de-
serts” and “islands” of archaic ancestry (Sankararaman
et al.,, 2014; Vernot and Akey, 2014). That is, in the
absence of selection, archaic ancestry should be distributed
at random across the chromosomes of an individual.
However, a chromosomal region that is significantly
depauperate in archaic ancestry (when analyzing many
individuals from a population; there is not enough infor-
mation in the genome of a single individual to carry out
this analysis) could indicate that the archaic form of some
gene(s) in this region were selected against, presumably
because the AMH form had a significant selective advan-
tage. Thus, genes important in the evolution of AMH may
reside in such deserts of archaic ancestry. Conversely,
there may also be chromosomal regions which have
significantly more archaic ancestry (again, when analyzing
many individuals) than would be expected if archaic
ancestry is distributed randomly across chromosomal re-
gions. These islands of archaic ancestry may harbor
gene(s) for which the archaic form conferred a significant
selective advantage in AMH.
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Currently, the methods for accurately identifying such
genomic deserts and islands are still in their infancy.
However, some intriguing signals have been identified.
For example, one desert of Neandertal ancestry in the
genomes of all non-Africans contains a gene called
FOXP2 (Vernot and Akey, 2014). Defects in this gene
interrupt the normal production of speech (Lai et al.,
2001), and while AMH and Neandertals share the same
form of the FOXP2 protein, there may be significant dif-
ferences in the regulation of FOXP2 gene expression be-
tween AMH and Neandertals (Maricic et al., 2013). It is
thus tempting to speculate that there may have been
important differences in speech production (or related
cognitive abilities) between Neandertals and AMH, but
currently this is just speculation.

There are, however, some very intriguing cases where it
does appear that the archaic form of a gene was contributed
to some AMH population(s) by interbreeding and subse-
quently was selected for because it conferred some advan-
tage. These cases are summarized in Table 4.1 and include a
few surprises as well as some that make more sense. An
example of a very surprising finding is that the form of a
gene called EPASI, which is associated with adaptation
to high altitude in Tibetans (Simonson et al., 2010; Yi
et al., 2010), appears to have come from Denisovans
(Huerta-Sanchez et al., 2014). How this came about is still a
matter of conjecture, but may certainly indicate that
interbreeding with Denisovans occurred over a wider area
than initially suspected, as discussed previously. A finding
that is less surprising is that some genes associated with
resistance/susceptibility to infectious diseases seem to have
been contributed from both Neandertals and Denisovans to
some AMH populations (Table 4.1). If one thinks about it,
this “adaptive introgression” (Racimo et al., 2015) does
make sense: after all, the ancestors of Neandertals and
Denisovans spread out of Africa hundreds of thousands of
years ago, spread across the Old World, and were successful
in adapting genetically to the new environments, climates,
diseases, parasites, sources of nutrition, etc., that they
encountered. Then, 60—90 Ka, our ancestors start spreading
out of Africa and have to do the same thing all over again.
So if by interbreeding with archaic humans the AMH an-
cestors were able to pick up genes that helped them adapt to
the new circumstances out of Africa, this would have given
them a leg up. Who knows: maybe in the absence of such
interbreeding, our ancestors would not have been able to
survive out of Africa. This is admittedly pure speculation,
but for sure the advantageous genes contributed to our an-
cestors by interbreeding with archaic humans must have
benefitted our ancestors—otherwise, we would not see the
significant signals of positive selection associated with such
genes.

CONCLUDING REMARKS

In summary, the overall picture of recent human evolution
is not one of long-term continuity and isolation, but rather
multiple events of migration and interbreeding, the latter
involving not just AMH and archaic humans, but also
among various AMH populations (Pugach and Stoneking,
2015). It is quite likely that every human population,
including African populations, which probably interbred
with some as-yet-unknown archaic human(s) (Hammer
et al., 2011), has some history of interbreeding. The fact
that humans have such a long history of migration is
perhaps an important fact that governments grappling with
current issues surrounding migration and immigration
would do well to remember; the spread of our own species
across and out of Africa, and the ensuing contacts with
archaic humans, may have been the first migration
“problem.”
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INTRODUCTION

A human individual is born, perhaps moves around during
her or his lifetime, perhaps has children a few times, and
ultimately dies. The existence of the human species,
however, transcends that of a human individual in both
time and space. The total human population has a contin-
uous turnover of individuals as some die and others are
born. Through reproduction, the population persists over
time for periods far longer than that of any individual.
Because the population consists of many individuals at
any given time, the population can exist over a wide
geographical space that is far greater than the space that any
individual will live in during his or her lifetime. Each hu-
man individual also bears three genomes: one nuclear
genome inherited from the father, another nuclear genome
from the mother, and a mitochondrial genome from the
mother. This genetic material also has an existence in both
space and time that transcends the individuals that tempo-
rally bear it. Because DNA can replicate, the genes found in
an individual’s genomes have come from the past and
can be passed on to the future. The individual is mortal,
but her or his genes can travel into the future through
replication and reproduction. Because of DNA replication,
several identical copies of a specific type of gene can
simultaneously exist in multiple individuals. Although an
individual can only be at one place at one time, the identical
copies of the genes that this individual bears can be at many
places at one time. Hence, a gene’s existence transcends
that of an individual in time and space. The fate of human
genes through time and space is the primary concern of this
chapter.

On Human Nature. http:/dx.doi.org/10.1016/B978-0-12-420190-3.00005-3
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Genes do not move through space on their own, but
rather depend upon individuals to move them. Biological
dispersal is the movement of individuals (and in some
species, their gametes) that has the potential for moving
genes through space; that is, an individual disperses when
he or she moves from their place of birth to other places
where they might reproduce, thereby causing the movement
of genes. The movement of gene copies through space
across generations is called gene flow.

Gene flow can occur through individual dispersal, but in
social species such as humans, individuals often disperse as
part of a larger group. This group could be a family, a clan,
a tribe, or even some larger group. Dispersal of populations
of humans also results in gene flow and can greatly amplify
the magnitude of that gene flow beyond what a single
individual dispersing would cause. When populations
disperse, they sometimes come into contact with other
populations with which there had been little or no previous
gene flow for many generations. When populations have
little or no gene flow for many generations, they tend to
become genetically differentiated. Mutations that arose in
one population may be absent from the other. The sampling
effects associated with Mendelian inheritance cause
random changes in the frequencies of even those genes
shared by both populations—a phenomenon called genetic
drift. Finally, natural selection can only operate upon the
genetic variation available in the gene pool of the popula-
tion, so differences caused by mutation and genetic drift
can be amplified by natural selection. This is particularly
important when the dispersing population had previously
inhabited a different environment that favored different
local adaptations through natural selection. When
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population dispersal results in two or more genetically
differentiated populations to come into contact, inter-
breeding between these populations can ensue. The
gene flow caused by interbreeding between previously
genetically differentiated populations is called admixture.
An alternative to admixture when populations meet is that
one population drives the other to extinction without any
interbreeding. This process is called replacement.

The basic models of human evolution over the last
2 million years are primarily defined by the hypothesized
patterns, amounts and timing of individual and population
dispersal, gene flow, admixture, and replacement. There is
a strong consensus that the human lineage originally
evolved in Sub-Saharan Africa and remained there until the
expansion of Homo erectus populations out of Africa into
Eurasia about 1.9 to 1.8 Ma. The models differ in the events
that occurred after that original expansion of H. erectus out
of Africa.

The “classic” model of human evolution that was
popular in the first half of the 20th century is that the Old
World hominin populations subdivided into many
divergent evolutionary branches, with one branch expand-
ing out into the regions inhabited by the others, driving
them to complete extinction (Dobzhansky, 1944). Some
anthropologists regarded these regional branches as so
divergent as to constitute different species of humans
(Howells, 1942). The classic model has no role for gene
flow or admixture, only for population dispersal and
replacement. At first it was not clear which regional branch
of humanity was the “winner,” but subsequent fossil finds
indicated that many anatomical features associated with
living humans first arose in Sub-Saharan Africa and only
later spread out of Africa. Accordingly, the classic model
became the out-of-Africa replacement (OAR) model
(Stringer and Andrews, 1988). This model posits that
anatomically modern humans arose first in Sub-Saharan
Africa, and then around 60,000 to 70,000 years ago
(although some argue for 100,000 to 130,000 years ago),
expanded out of Africa, driving to complete extinction all
the other human populations encountered in FEurasia
(Fig. 5.1A). The modern populations that replaced the
archaic Eurasian populations then split into the modern
“races.” This modern version of the classic model also has
no role for gene flow or admixture, only population
dispersal and replacement. It also predicts that all living
humans trace all of their genetic ancestry to Sub-Saharan
Africa, with no genetic input at all from other regions of
the Old World.

In the 1940s, Weidenreich proposed the multiregional
hypothesis (Fig. 5.1B) as an alternative to the classic
model (Weidenreich, 1946). The multiregional model
posits that human populations living in both Africa and
Eurasia evolved into their modern forms as a single
species, with gene flow interconnecting them throughout

the process. Consequently, there is no evolutionary tree of
human populations, as in the classic model (Fig. 5.1A),
but rather a trellis indicating genetically interconnected
regional populations. These regional populations still
showed local genetic differentiation due to the gene flow
being restricted and/or natural selection for local
adaptation. Even under restricted gene flow, a mutation
arising anywhere in the Old World could spread to all
populations, particularly if it were selected. In great
contrast to the OAR hypothesis, there is no single place of
origin for living humans, but rather living humans
represent a genetic amalgam from many ancestral regions.
Gene flow is a major evolutionary force in the multire-
gional model.

The diametric opposite of the multiregional model is
the candelabra model (Fig. 5.1C; Coon, 1962). This
model posits that the human populations established in
Africa, Europe, and Asia at the time when H. erectus
became fragmented from one another, with no gene flow
or admixture, just as with the OAR model. However, there
was no replacement; instead, each regional population
evolved independently into a modern race of living
humans in the same geographical regions that they
inhabited throughout the Pleistocene. Hence, as with the
classic model, there is no role for gene flow or admixture,
but unlike the classic model there is also no role for
population dispersal and replacement. The candelabra
model is also similar to the classic model in positing that
the modern races of humans are separate branches on an
evolutionary tree, but the time of separation differs greatly
in these two models. In the OAR model, this split is
relatively recent; in the candelabra model this split
occurred at the time of the expansion of H. erectus out of
Africa, now regarded as about 1.9 to 1.8 Ma. However,
because the candelabra model also posited a multiregional
ancestry for living humans, it has also frequently been
called a “multiregional” model. This dual use of the word
multiregional has caused great confusion. Theodosius
Dobzhansky, a great population geneticist and one of the
major architects of the 20th century evolutionary syn-
thesis, attempted to clarify the evolutionary differ-
ence between the Weidenreich multiregional model and
the candelabra model. Dobzhansky (1944) argued for the
implausibility of the candelabra model and even the
classic model on the basis of their assumption of complete
reproductive isolation for 1 million years or more, with
the candelabra model being particularly implausible from
an evolutionary perspective as it required an extremely
unlikely degree of parallel evolution during the evolution
of human modernity from a H. erectus—like ancestor.
Dobzhansky came down on the side of Weidenreich’s
model on the basis of these population genetic principles
because gene flow would eliminate the need for parallel
evolution and the unlikely persistence of reproductive
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FIGURE 5.1

Three models of human evolution. All three models show that the human lineage was confined to Africa until about 1.9 Ma, when Homo

erectus expanded into Eurasia. In the out-of-Africa replacement model, Panel A, humanity then split into three branches. Anatomically modern humans
evolved in the African branch, which then spread out-of-Africa into Eurasia between 60,000 and 130,000 years ago. All the archaic Eurasian populations
were driven to complete genetic extinction, indicated by the broken branches in Eurasia. In Weidenreich’s multiregional model, Panel B, the African and
Eurasian populations were interconnected by gene flow after the expansion of H. erectus, as indicated by a trellis-like structure. All humans evolved into
modernity together because of gene flow, with no single location being the origin of all modern humans. Panel C shows Coon’s candelabra model which
posits that humanity split into three branches after the expansion of H. erectus, and all three branches independently evolved into their current forms with

no gene flow interconnecting them.

isolation over long periods of time. Dobzhansky (1944, p.
262) also argued that, contrary to the classic model, ge-
netic mixing negates the “a priori need to assume that the
character and gene complexes which are collectively
known as the modern species Homo sapiens arose in any
one place or at any particular time.” Instead, the gene
complexes of modern humans were put together through
gene flow and natural selection from mutations arising in
“different parts of the distribution area of a species”
(Dobzhansky, 1944, p. 262). However, Dobzhansky was
not against the idea of one regional population expanding
into the territories of other populations, but he envisioned
that such a population expansion would result in admix-
ture, not replacement. In a direct attack on the classic
model, Dobzhansky (1944, pp. 262—263) wrote “The
conception that the modern Homo sapiens arose in some
definite place, then spread the world over destroying
outright all other hominid strains, and finally split up into
races which in turn proceeded to diverge from each other,
is probably an oversimplification of the actual story.” His
concession to the classic model was that “The ‘classic’
theory is probably justified to the extent that some of the
races of the past have contributed more germ plasm
than others to the formation of the present humanity”
(Dobzhansky, 1944, p. 263). Dobzhansky’s suggestion
has morphed into what is now known as the “mostly out-
of-Africa hypothesis” (Relethford, 2001), which posits
that the recent human population expansion out of Africa

resulted in limited admixture with Eurasian populations
and not complete replacement. Under this model, much,
but not all, of our genetic ancestry traces to Sub-Saharan
Africa, but there is still a smaller component of Eurasian
origin. An even greater role for admixture and gene flow
arose from analyses of genetic data that indicated a mid-
Pleistocene population expansion from Sub-Saharan
Africa into Eurasia that also resulted in admixture, not
replacement, and the establishment of restricted gene flow
between African and Eurasian populations by the
mid-Pleistocene that resulted in a trellis-like structure
from that point onwards in human evolution (Fig. 5.2)
(Templeton, 2002, 2007, 2013, 2015).

The differences between the models shown in Figs. 5.1
and 5.2 are in the role, timing and location of gene flow,
admixture, population dispersal, and replacement. Hence,
these are the central issues in addressing the various models
of the evolution of modern humanity.

PHYLOGEOGRAPHY AND MODELS OF
HUMAN EVOLUTION

Coalescent Theory and Mitochondrial Eve

The models of human evolution shown in Fig. 5.1 were
motivated primarily from the fossil record, although
theoretical population genetic considerations did play a role
in some of these models (Dobzhansky, 1944). As genetic
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FIGURE 5.2 A model of human evolution arising from statistical hypotheses testing of genomic regions showing little to no recombination. Thin
vertical lines indicate genetic descent within a local region, and diagonal lines indicate gene flow between regions. Population expansion events are
indicated by thick arrows. No lines of descent are broken by these expansion events as the hypothesis of replacement is always rejected.

technologies developed and became more powerful,
genetics began to play an increasingly important role in our
understanding of human evolution over the last 2 million
years, starting with the landmark publication of a study on
mitochondrial DNA variation in living human populations
(Cann et al., 1987). Moreover, a new area of theoretical
population genetics, known as coalescent theory (Kingman,
1982a,b), had developed that produced a new framework
for analyzing DNA variants in the present to understand the
past.

As mentioned in the introduction, DNA can replicate
and pass on identical copies of itself to the next generation,
albeit for the occasional mutation that produces a new
genetic variant. A forward perspective of looking toward
the next generation dominated the initial modeling of
evolution by population geneticists. However, in most
evolutionary genetic studies, the DNA that could be

surveyed for variation was the DNA sampled from living
individuals, with the inferences often being directed toward
the past, not the future; that is, how did the evolutionary
process create the amount and patterns of genetic variation
observed today? The essence of coalescent theory is to look
at DNA replication backward in time. When DNA
replicates, it produces two copies of itself. But starting with
the two copies and looking backward in time, these two
DNA molecules “coalesce” into a single DNA molecule.
Hence, DNA coalescence is the time-inverse of DNA
replication. Any two homologous pieces of DNA observed
today coalesced into a single molecule of DNA at some
time in the past. Coalescent theory is concerned with the
dynamics of the coalescent process in which all the ho-
mologous molecules of DNA observed today merge into a
single ancestral molecule in the past through a series of
coalescent events between DNA lineages. DNA is in
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essence a living fossil; each piece of DNA contains many
nucleotide sequences that came from previous generations
through the process of DNA replication. Some parts of the
sequence have changed through the process of mutation
and recombination, but coalescent theory allows the current
DNA variation to make inferences about the past.

Consider a sample of n copies of a homologous gene
that are surveyed from a living population. As one looks
backward in time, eventually two of these n DNA lineages
will coalesce; that is, a DNA replication event is encoun-
tered that produced the two present-day DNA lineages.
This coalescent event reduces the number of DNA lineages
to n — 1. As one looks further and further back in time,
additional coalescent events are encountered, each one
reducing the number of DNA lineages by one, until finally
the n present-day DNA lineages in the original sample
coalesce into a single DNA molecule that is the ancestral
molecule of all the » DNA copies sampled in the present.
The time in generations to coalesce of all n copies of a gene
to the common ancestral gene is 2xN (1 — 1/n) where x is
the ploidy level and N, is the inbreeding effective size
(Kingman, 1982a,b). The inbreeding effective size is an
idealized parameter in population genetics that measures
the power of genetic drift as an evolutionary force. It is not
the census size of a population. In a species such as humans
that has a long history of sustained growth in population
size (Coventry et al., 2010), the inbreeding effective size is
expected to be much smaller than the census size, often by
orders of magnitude (Templeton, 2006).

For a large sample (n large), the expected coalesce time
is approximately 2xN,z. Most genes in the human genome
are autosomal, and since we are a diploid species, x = 2.
Hence, human autosomal genes have an expected time to
coalesce for all copies of 4N, Mitochondrial DNA
(mtDNA) and Y-chromosomal DNA (Y-DNA) are
inherited as a haploid (x = 1). In addition, both of these
types of DNA are inherited only through one sex; females
for mtDNA and males for Y-DNA. The N, that is appli-
cable to autosomal DNA is not applicable to unisexually
inherited DNA. Instead, the expected time to ultimate
coalescence of mtDNA is influenced only by the inbreeding
effective size of females, say Nee. Thus, with x =1, the
expected coalescence time of mtDNA is 2N,p. Similarly,
Y-DNA is inherited as a paternal haploid, so its expected
coalescent time is 2Nz, the inbreeding effective size for
males. Because the sex ratio is close to 50:50 in humans, it
is commonplace to approximate the sex-specific inbreeding
sizes by V2N,r such that the expected coalesce time for mt-
and Y-DNA is N, Coalescence theory also indicates that
there can be a large amount of variation around these ex-
pected values.

The complete historical pattern of coalescent events that
reduces the n copies of DNA sampled in the present to a
single ancestral DNA molecule defines a gene tree.

Recombination can greatly complicate the evolutionary
history of a gene (Templeton et al., 2000), but fortunately
much of the human genome, including all of the mtDNA,
has little to no recombination. It is in such regions of no to
little recombination that the evolutionary history of DNA is
written most clearly. Another complication to reconstruct-
ing the gene tree is that when current copies of DNA are
identical in sequence, there is no way to order their coa-
lescent events historically. However, one or more mutations
occurring in a DNA lineage provides the necessary genetic
markers to observe past coalescent events among DNA
lineages. The n copies of sampled DNA are sorted into
haplotypes; that is, a genetically distinct set of nucleotide
states over all variable sites in the DNA region being
sampled. Standard phylogenetic techniques can then be
used to estimate a haplotype tree that depicts the evolu-
tionary relationships among the haplotypes as marked by
mutational events. The haplotype tree is a lower resolution
version of the gene tree, with the limit of resolution
dependent on the number of mutations that have occurred
since the ultimate coalescent event to the ancestral DNA
molecule. It turns out that mtDNA has an exceptionally
high mutation rate in humans, making it an ideal candidate
for producing high-resolution haplotype trees.

Much was made of the fact that all human mtDNA
coalesces back to a single ancestral molecule born by a
single female individual (given that mtDNA is maternally
inherited) (Cann et al., 1987). Indeed, this inference
captured the public imagination, and the female bearing
the ancestral mtDNA of all of humanity was soon called
“mitochondrial Eve” in both general public and scientific
articles, thereby linking mitochondrial coalescence to the
Biblical story of the mother of us all. However, the
equations for coalescence time given above are applicable
to all samples of homologous DNA in all organisms—
coalescence of a sample of homologous genes is a uni-
versal phenomenon. Thus, the coalescence of all human
mtDNA to a common ancestral molecule borne by a
woman is of no special significance per se, and is
completely uninformative about models of human evolu-
tion. Moreover, mitochondrial Eve was not the mother of
us all, only the ancestor for one small element of our total
genetic legacy.

More informative was the inference that the root of the
mtDNA haplotype tree was located in Sub-Saharan Africa
between 140,000 and 290,000 years ago (Cann et al.,
1987). This inference was regarded as strongly supporting
the OAR model and falsifying the multiregional model.
This was done by regarding mitochondrial Eve as a mem-
ber of a distinct African population that was ancestral to all
modern humans with no genetic input from any outside
populations. This interpretation of mitochondrial Eve is
unjustifiable by coalescent theory or population genetics.
First, a single individual does not define a population. Did
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the population in which mitochondrial Eve live have
sharply defined genetic boundaries, or was her local pop-
ulation just a point on a continuum of genetic
differentiation over a continuously distributed meta-
population? These and other questions simply cannot be
answered from the inference of a single individual being
the ancestral carrier of all modern mtDNA. Unfortunately,
this scientifically indefensible elevation of a single
individual to population status continues even in the recent
literature on human evolution, as will be pointed out in the
section dealing with ancient DNA. Second, because of gene
flow, admixture, recombination, and assortment of
chromosomes, coalescent theory does not predict that the
ancestral individual for a particular piece of DNA, such as
mtDNA, was a member of a population that was ancestral
for all modern DNA. Subsequent studies clearly show that
different components of the human genome coalesce to a
common ancestral DNA sequence in different places (both
Africa and Eurasia) and across millions of years of time
(Templeton, 2007). This pattern vindicates Dobzhansky’s
insight that modern humans arose genetically from many
different places and times and not a single population
(Dobzhansky, 1944).

Hypothesis Compatibility Versus
Hypothesis Testing

The original genetic evidence in favor of the OAR model
was that there is a female ancestor of all modern mtDNA
(mitochondrial Eve) who lived in Africa between 140,000
and 290,000 years ago (Cann et al., 1987). All of these
inferences are indeed compatible with the OAR hypothesis,
but they are also compatible with other models of human
evolution. As noted earlier in this chapter, the existence of a
mitochondrial Eve is a universal consequence of coales-
cence that is true under all models of human evolution.
Under the multiregional model, the coalescence to a
common mtDNA ancestral molecule could occur anywhere
hominins were living, proportional to their regional
population size. Since most hominins lived in Africa at that
time (Relethford, 1998), Africa is the most likely place for
this coalescent event under the multiregional model.
Finally, as Dobzhansky (1944) so clearly pointed out, the
DNA descendants of this ancestral mtDNA could spread
throughout the world via gene flow or admixture long after
the original expansion of H. erectus to Eurasia, so the date
of coalescence between 140,000 and 290,000 years ago is
also compatible with the multiregional model. The mtDNA
coalescence time is also compatible with the mostly out-of-
Africa model and the model shown in Fig. 5.2. The support
for the OAR model could therefore also be regarded
as support for many models of human evolution, but the
data were generally presented as supporting only the

replacement model. Indeed, throughout the debate about
these models of human evolution, there was a strong ten-
dency to avoid the scientific approach of hypothesis testing
in favor of the weaker inference of hypothesis compatibility
(Templeton, 1994). Again and again, proponents of the
replacement model would search out for data compatible
with their favored model, but not address the issue of
whether or not these data actually tested the model in the
sense of falsifying the alternatives. In this way, much data
were assembled that gave the appearance of strong
genetic support for the OAR model, but in reality none of
these genetic data sets falsified most alternative models
(Templeton, 1994, 2007).

There were some data sets that could be used to falsify
some of the models of human evolution, including the
original mtDNA data set of Cann et al. (1987). Cann et al.
pointed out that a coalescence time between 140,000 and
290,000 years ago was incompatible with the candelabra
model (Fig. 5.1C) as that model predicts that the common
ancestral mtDNA of all living humans must have lived
nearly 2 Ma (regarded as 1 Ma at the time of publication
in 1987). Unfortunately, Cann et al. (1987) called the
candelabra model (Fig. 5.1C) the “multiregional model”
(Fig. 5.1B) even though these two models are diametrical
opposites (Templeton, 2007). This misrepresentation was
understandable given the long-established tendency in the
anthropology literature to call both models multiregional.
Indeed, one of the main goals of Dobzhansky’s 1944
paper was to clarify the profound differences between
these two models. Shortly after the publication of Cann
et al. (1987), supporters of the multiregional model
pointed out this misrepresentation (Wolpoff et al., 1988).
Nevertheless, this misrepresentation continued, as did the
effort to correct the misrepresentation (Wolpoff and
Thorne, 1991; Wolpoff et al., 1994, 2000; Wolpoff,
1996). After repeated corrections, the proponents of the
OAR model began to present the “multiregional model”
as a candelabra model with a few arrows interconnecting
the three major lineages to depict weak gene flow be-
tween them (Fig. 5.3). However, unlike the original
multiregional model that had no separate lineages of
humans but only locally differentiated populations in a
geographical continuum due to gene flow (Fig. 5.1B),
Fig. 5.3 portrays humanity as split into three major
evolutionary lineages after H. erectus expanded out of
Africa connected by only very limited genetic inter-
change. To avoid confusion with Weidenreich’s no-
lineage model, the model in Fig. 5.3 will be called the
multiregional lineage model. However, even a weak gene
flow model cannot be falsified by a coalescent date of
mtDNA between 140,000 and 290,000 years ago, so now
there was no genetic support in favor of rejecting even
this multiregional model.
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FIGURE 5.3 The multiregional lineage model of human evolution.
Humanity is subdivided into three major lineages, shown by thick arrows,
as under the candelabra model (Fig. 5.1C). However, the three lineages are
now interconnected by weak and sporadic gene flow, shown by thin
double-headed arrows between lineages.

There is one strong prediction of the replacement model
that is testable with the same type of logic used by Cann
et al. (1987) to falsify the candelabra model. Under the
replacement model, all genome elements of modern
humans are hypothesized to stem from a Sub-Saharan
population that expanded out of Africa no earlier than
130,000 years ago, with no genetic input from archaic
Eurasian populations. Hence, it is impossible under the
replacement model for any DNA region in the human
genome to coalesce to a Eurasian location at a time greater
than 130,000 years ago but less than 1.9 Ma since those
populations are hypothesized to have made no genetic
contribution to modern humans. In contrast, under the
multiregional model or multiregional lineage model, most
genomic DNA regions should coalesce in Africa (where
most hominins lived), but some could coalesce in Eurasia
(Dobzhansky, 1944). The early phylogeographic studies
(the geography of haplotype trees) almost always used
mtDNA because this molecule was small and abundant,
making it more amenable to study with the technology
available at the time. Moreover, because mtDNA did not
recombine, it was relatively easy to estimate haplotype
trees. However, as DNA technology advanced and it was
discovered that recombination in the nuclear human
genome is concentrated into hotspots that separate areas of
low to no recombination, it became increasingly common
to study haplotype trees in the nuclear genome as well.
Harding et al. (1997) reported haplotypes at the
beta-hemoglobin locus that were of Asian origin and older
than 200,000 years but much less than 1.9 Ma, and soon

many other nuclear DNA regions were found to coalesce in
Eurasia in this time range (Templeton, 2007). Each one of
these old Eurasian coalescent events represents an absolute
falsification of the OAR model. Hence, the genetic data
clearly falsified the replacement model, but was compatible
with the multiregional and multiregional lineage models, as
well as the model shown in Fig. 5.2.

Although the proponents of the out-of-Africa replace-
ment model readily embraced the falsification of the
candelabra model on the basis of time to coalescence in
Africa of mtDNA that was too recent for that model, the
multiple observations of times to coalescence in Eurasia
that falsified replacement had little to no impact on the
dominance of the OAR model among much of the scientific
community. Indeed, even when proponents of the
replacement model discovered old Eurasian coalescent
events themselves, they ignored the logical implications of
this discovery and continued their support for African
replacement. For example, Takahata et al. (2001) examined
15 X-linked and autosomal DNA regions and inferred the
geographical root for 10 of these, with 9 being in Africa
and 1 in Asia. Thus, the results reported in this paper
patently falsified the OAR model (which they called “uni-
regionality”’) and indicated that roughly 10% of the nuclear
genome of living humans was of non-African origin.
However, they still supported “uniregionality” by claiming
(Takahata et al., 2001, p. 174), “However, emphasizing the
overwhelming genetic contribution of only one founding
population is equivalent to uniregionality.” Thus, Takahata
et al. (2001) dismissed the falsification of the replacement
model by their own analysis by redefining the OAR model
to be “equivalent” to the mostly out-of-Africa model.
However, as pointed out long ago by Dobzhansky (1944), a
model that has most but not all of modern human genetic
ancestry coming from one region is actually a special case
of the multiregional model because it incorporates the
evolutionary forces of gene flow and/or admixture and re-
sults in a mixed genetic ancestry for modern humans across
space and time.

Some types of computer simulation were also used to
access hypothesis compatibility without hypothesis testing.
This approach is illustrated by two papers that came out
within a week of each other, but with opposite conclusions.
Eswaran et al. (2005) simulated the OAR model and an
isolation by distance model extending over Africa and
Eurasia with some selective sweeps, in accordance with the
multiregional model. They concluded that the isolation by
distance model with selection explains well the observed
patterns of genetic distances and diversities, whereas the
replacement model does not. Indeed, the title of their paper
was “Genomics refutes an exclusively African origin of
humans.” About one week later, Ray et al. (2005) simulated
the OAR model and the “multiregional” model (actually,
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the multiregional lineage model; see Fig. 5.3). They
claimed that their simulations strongly favored the OAR
model over the multiregional lineage model. One way of
resolving these apparently contradictory results is to notice
that both simulations are consistent with the ordering:
multiregional with isolation by distance > OAR > multi-
regional lineage with weak gene flow. That is, although
both papers simulated a multiregional model, they were not
the same multiregional model. Hence, there is no necessary
contradiction between these two sets of simulations.
However, a more fundamental problem is that neither paper
presents any formal tests of alternative hypotheses. Instead,
both papers give a heuristic assessment of goodness of fit of
the data to the simulated models but with no evaluation of
whether the goodness of fit measures among the various
models are significantly different or not. Thus, both papers
merely show hypothesis compatibility with a favored
scenario with no hypothesis testing.

Computer Simulations With Bayesian
Hypothesis Testing

One method of combining hypothesis testing with
computer simulation is through the method of approxi-
mate Bayesian computation (ABC). In ABC, a detailed
model or models of the evolutionary history of a group of
interest is constructed. Such detailed models often depend
upon many parameters whose values are not known. A
prior probability distribution is assigned to these
parameters, and the evolutionary scenarios are simulated
many times, drawing parameter values from the prior
distributions. Various summary statistics are calculated at
the end of each simulation that are chosen to be infor-
mative about the models to be tested, and the results of
repeated simulations can be used to approximate the
posterior probabilities on the parameters and summary
statistics. These posterior probabilities can then be used in
a variety of ways, both to estimate parameters and to test
hypotheses.

Fagundes et al. (2007) purported to provide statistical
evidence in favor of the OAR model. They simulated three
basic types of models of human evolution: the replacement
model (Fig. 5.1A); a model identical to Fig. 5.1A except it
allowed for admixture of the expanding African population
with Eurasian populations by adding an admixture param-
eter M to the OAR model that can vary from O (no
admixture) to 1 (complete admixture); and the multire-
gional lineage model (Fig. 5.3). The resulting posterior
probabilities on these three models were 0.781 for the
replacement model, 0.001 for the model allowing admix-
ture, and 0.218 for the multiregional lineage model. There
are two important features of these probabilities. First, their
ABC simulations did not discriminate between the OAR

model and the multiregional lineage model with weak gene
flow. The probability of 0.218 for the model with gene flow
is not regarded as low enough to reject a model in the
general scientific literature. Commonly, a threshold of 0.05
or smaller is required. The probability of 0.001 for the
model with admixture seemingly would reject the hypoth-
esis of any admixture of the expanding African population
with Eurasian populations, but there is a fundamental
problem with this probability. Fagundes et al. (2007)
explicitly treated these three models as mutually exclusive
alternatives, but the replacement model is actually a special
case of their admixture model that occurs when M = 0; that
is, the replacement model is logically nested within their
admixture model. One of the fundamental properties of
probability measures is that the probability of an event
nested within a more general event must be less than or
equal to the probability of the general event. Obviously,
0.781 is not less than or equal to 0.001—a mathematically
impossible result for a probability measure. Such a viola-
tion of elementary probability theory and Boolean logic is
called incoherence, so their rejection of admixture is an
incoherent inference (Templeton, 2010) that was a mathe-
matical artifact of erroneously treating a nested model as if
it were an exclusive model. By using the same posterior
probabilities generated by these simulations with a well-
established coherent Bayesian test, the null hypothesis of
no admixture (M = 0; that is, the OAR model) was rejected
relative to the more general admixture model with a
probability less than 0.025 (Templeton, 2010)—a reversal
of the relative probabilities of these two models by five
orders of magnitude! It is important to note that this
reversal is not a flaw of the ABC method per se because the
reversal is based on the same ABC posterior probabilities;
rather, it reflects a serious statistical and logical flaw in how
Fagundes et al. (2007) used their priors before the simu-
lations were performed and the posterior probabilities after
the simulations. Hence, contrary to the claims of Fagundes
et al. (2007), the ABC approach when used in a coherent
fashion rejects replacement in favor of limited admixture of
the expanding African population with populations in
Eurasia. This result is compatible with the falsification of
replacement by Eurasian coalescent events in haplotype
trees, that also indicated limited admixture (Templeton,
2007).

Building Models Through Hypothesis
Testing

The early phylogeographic studies in both humans and
other species were mostly based on overlaying a haplotype
tree (usually a mtDNA tree) upon geography and
describing a scenario compatible with that overlay. This
was strictly an exercise in hypothesis compatibility. There
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was no hypothesis testing, and there was not even any
testing to see if the sample sizes were large enough to result
in a haplotype tree that had significant geographic associ-
ations. Nested clade phylogeographic analysis (NCPA) was
developed to address these deficiencies (Templeton, 1998b;
Templeton et al., 1995), thereby initiating the field of
statistical phylogeography. Once a haplotype tree has been
estimated [allowing uncertainty, which is quantified using a
Bayesian procedure (Templeton and Sing, 1993)], the
association of the haplotype tree with geography is quan-
tified by distances that measure the geographical extent of a
haplotype and of clades (a branch in the haplotype tree) and
the geographical distances between haplotypes and clades
that are evolutionarily close together on the haplotype tree.
A statistical test is then performed to identify those
distances that are significantly large or small. If none of the
distances are significant, there is no significant association
of the haplotype tree with geography. If there are significant
geographical associations, these significant associations are
interpreted using coalescent theory to make phylogeo-
graphic inferences. The validity of this inference structure
was tested against many known cases of phylogeographic
events, making NCPA the most validated method of
phylogeographic inference (Templeton, 2008, 2009b).
The original NCPA was a single-DNA region analysis,
reflecting the empirical fact that almost all phylogeographic
studies at the time were based only on mtDNA. As DNA
technology advanced, it became possible to include nuclear
DNA regions. One major limitation of NCPA is that it re-
quires a haplotype tree of the DNA region, which in turn
requires a DNA region with little or no recombination.
Fortunately, the human genome has recombination
concentrated into hotspots separated by stretches of no or
little recombination. The low recombination stretches are
regions at which evolutionary history is most clearly
written and are the most informative about past human
evolutionary events. Accordingly, a multilocus version of
NCPA was developed (MLNCPA) (Templeton, 2002). A
cross-validation and expanded hypothesis testing frame-
work was developed (Templeton, 2002, 2004a,b, 2009a)
allowing direct statistical testing of all phylogeographic
hypotheses. The strength and validity of MLNCPA was
confirmed by computer simulations. Knowles and
Maddison (2002) simulated a difficult phylogeographic
scenario of microvicariance. The phylogeographic
approaches that they favored did not perform well with
these simulations, but neither did NCPA. However, they
used the single-locus, 1998 version of NCPA despite the
fact that MLNCPA had been published nine months earlier.
Moreover, the single-locus NCPA inference structure
explicitly excludes microvicariance (Templeton et al.,
1995), so the poor performance of single-locus NCPA was
not surprising. However, when the 2002 version of
MLNCPA was applied to the simulation outputs of

Knowles and Maddison (2002), a 100% accurate phylo-
geographic reconstruction was possible without any false
positives or false negatives (Templeton, 2009b), thereby
illustrating the ability to make accurate inference in the
most difficult of phylogeographic situations that was
impossible with single locus analyses. Panchal and
Beaumont (2010) directly tested MLNCPA using computer
simulations of a variety of phylogeographic situations, and
concluded that there was a high false positive rate.
However, this conclusion was due exclusively to their
treatment of gene flow. Panchal and Beaumont (2010)
claimed that there was no statistical test for concordance of
gene flow inferences, so they performed no tests and
obtained a high error rate only for gene flow inferences.
However, these tests do exist and were given in the papers
that Panchal and Beaumont (2010) cited as their sources for
how to implement MLNCPA (Eq. 12 in Templeton, 2004a;
Eq. 2 in Templeton, 2009a). Once this patently false claim
of Panchal and Beaumont (2010) is corrected, the
actual false positive error rate in their simulations is always
below the nominal rate of 5% (Templeton, 2013, 2015).
Hence, the computer simulations of Panchal and Beaumont
(2010) strongly vindicate the statistical validity of
MLNCPA.

Fig. 5.2 shows all the statistically significant inferences
arising from an MLNCPA of 25 regions of human genomes
with little to no recombination (for details, see Templeton,
2004a, 2009a, 2015). Although some have presented
MLNCPA and ABC phylogeographic analysis as antago-
nistic opposites (Beaumont and Panchal, 2008), in reality
they are highly synergistic techniques that complement one
another (Templeton, 2015). One great strength of
MLNCPA over ABC is that MLNCPA does not require a
prior model; rather, the model, such as that shown in
Fig. 5.2, emerges naturally through statistical hypothesis
testing. In contrast, a detailed model(s) has to be specified a
priori with ABC, and all inference is limited to just the
models simulated. Because no prior model is needed,
MLNCPA can discover unanticipated features of human
evolution not found in any of the prior-model approaches.
For example, MLNCPA discovered a significant range
expansion out of Africa into FEurasia during the
mid-Pleistocene that occurred at a significantly different
time than the expansion of H. erectus out of Africa and that
of anatomically modern humans out of Africa, indicating
that there were at least three out-of-Africa expansions, not
two (Fig. 5.2). This middle expansion is consistent with the
archaeological and paleontological record that indicates a
major cultural transition, the Acheulean, that first arose in
Africa in the Early Pleistocene and then spread into Eurasia
during the mid-Pleistocene during a favorable climatic
regime (Alperson-Afil et al., 2009; Cuenca-Bescés et al.,
2011; Pei et al., 2015; Potts et al., 2004; Rightmire, 2009;
Scott and Gibert, 2009), although there may have been a
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more limited expansion in the Early Pleistocene into India
(Pappu et al., 2011) not detected by MLNCPA. Moreover,
the null hypothesis that the Acheulean expansion was a
replacement event is rejected at the 5% level of significance
(»p =0.003) in favor of admixture of the Acheulean
population with Eurasian hominin populations. Despite all
this genetic, archeological, paleontological, and paleocli-
matic evidence favoring a mid-Pleistocene expansion out of
Africa, this expansion was totally ignored in the simula-
tions of Fagundes et al. (2007) even though most of this
evidence was available before 2007. In terms of the
Bayesian framework used in their paper, they assumed a
prior probability of zero (absolute certainty) that an
Acheulean expansion never occurred, without a single
citation explaining their certainty and their rejection of the
prior genetic, archeological, and fossil evidence for the
Acheulean expansion. Bayesian approaches have and
continue to be controversial because, as pointed out by the
statistician B. Efron (2013), “The trouble and the
subsequent busts [of Bayesian approaches] came from
overenthusiastic application of the theorem in the absence
of genuine prior information.” Efron therefore recommends
“to use Bayesian analysis in the presence of genuine prior
information.” In this case, much genuine prior information
did exist, and the prior probability invoked by Fagundes
et al. (2007) was incompatible with all prior information.
This is indefensible within a Bayesian framework.

Many of the other features portrayed in the MLNCPA
model in Fig. 5.2 represent a mixture of features found in
the prior models described earlier. After the expansion of
H. erectus out of Africa at 1.9 Ma, there is no statistically
significant evidence for gene flow between the African and
Eurasian populations, consistent with the candelabra
model. After the Acheulean expansion, the null hypothesis
of no gene flow between African and Eurasian populations
is rejected in favor of a hypothesis of gene flow restricted
by isolation by distance in which individuals or groups
mostly interbred with nearby populations but with no
permanent barriers to gene flow within the range of the
species, as under the multiregional model. This recurrent
gene flow after the Acheulean expansion (perhaps only
recurrent on a time scale of tens of thousands of years as the
resolution of MLNCPA is coarse) is consistent with
frequent “green Sahara” periods after the mid-Pleistocene
until about 80,000 years ago, when the Sahara entered
into its most consistent desert-like phase in the past
350,000 years (Larrasona, 2012). Around 130,000 years
ago, anatomically modern humans expanded into Eurasia
out of Africa (Fig. 5.2), as under the OAR model, but the
null hypothesis of no admixture (replacement) is strongly
rejected with a statistical significance of 10~'¢. However,
the admixture was at a low level as under the mostly out-of-
Africa model (Templeton, 2002). Recall that the ABC
procedure also rejected the hypothesis of replacement in

favor of admixture when analyzed coherently, but with a
much weaker p-value of 0.025. Part of this weaker rejection
of replacement stems from the priors used by Fagundes
et al. (2007). As already noted, they used a prior probability
of zero for the Acheluean expansion in spite of diverse
prior information to the contrary. They also had a prior
probability of zero (absolute certainty) for no gene flow at
all between Africa and Eurasia throughout the Pleistocene
despite the previously published MLNCPA results that
indicated such gene flow. Finally, they placed prior
probabilities on the size of the Eurasian population that was
several fold too small given the prior publication of nuclear
DNA coalescence times that are directly proportional to
inbreeding effective sizes, as pointed out earlier. The
impact of all these “priors” that were incompatible with the
prior information available at the time was to strongly bias
their simulation results against admixture and in favor of
replacement (Templeton, 2010). Despite this strong bias,
the resulting posterior probabilities still rejected replace-
ment and favored a mostly out-of-Africa model when
analyzed in a statically coherent fashion.

MLNCPA makes it clear that some aspects of all the
prior-models of human evolution are defensible within a
hypothesis-testing framework, but none of the prior-models
has all of its elements justified via hypothesis testing.
Moreover, all of the prior models of human evolution
missed important features, such as the Acheulean
expansion.

Ancient DNA Studies

All of the genetic studies described up to now used
samples of living peoples to make inferences about the
past. As DNA technology has advanced, it has become
possible to look directly at DNA from human fossils,
thereby providing a direct window into our evolutionary
past.

The oldest hominin ancient DNA is mtDNA from a
fossil in Northern Spain that is over 300,000 years old
(Meyer et al., 2014), and perhaps 400,000 years old
(Orlando, 2014). The skeletal remains display distinct
Neandertal features and other traits associated with its
European location, but the mtDNA is closely related to
mtDNA genomes from Eastern Eurasia. This indicates that
archaic human populations across the Eurasian continent
were not genetically isolated. Ancient DNA from a 24,000-
year-old fossil indicates that this pattern of genetic
interconnectedness across large distances continued such
that a single metapopulation stretched from Europe to Asia
in the Upper Paleolithic (Seguin-Orlando et al., 2014).
These results support the inference from MLNCPA that
gene flow, although restricted by isolation by distance, has
existed since the mid-Pleistocene and continues to the
present.
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By far the most controversial inference from MLNCPA
was the strong rejection of replacement in favor of limited
admixture, about 10%. This inference has been strongly
vindicated by ancient DNA studies. DNA has been isolated
and sequenced from Neandertal fossils (Green et al., 2010),
a population of archaic humans that lived in the western
half of Eurasia and that coexisted with anatomically mod-
ern humans after their expansion out of Africa, thereby
providing the opportunity for gene flow or admixture. The
ancient DNA studies on Neandertals clearly show that
genetic interchange with modern humans occurred with an
admixture rate of 3.4—7.3% (Lohse and Frantz, 2014).
DNA was extracted from another archaic individual found
in Denisova Cave in Southern Siberia (Meyer et al., 2012),
and some 4—6% of the DNA found in modern Melanesians
traces to DNA from the Denisovan specimen (Reich et al.,
2010), with other modern Asian and Indonesian
populations showing evidence of some genetic introgres-
sion as well (Mendez et al., 2012; Povysil and Hochreiter,
2014). Hence, as inferred originally through MLNCPA
hypothesis testing, replacement has been falsified in favor
of limited admixture.

The original depiction of the ancient DNA studies was
as if two isolated events of admixture occurred that allowed
introgression of archaic hominin genes into modern pop-
ulations (Reich et al., 2010). However, with more data and
analysis, this picture has proven to be too simple. The
ancient DNA is sparse in time and space and with limited
sample sizes, and this makes it difficult to distinguish
between an admixture event versus recurrent genetic
interchange, including isolation by distance (Eriksson and
Manica, 2014). With additional sampling from modern
populations, it became evident that Neandertals contributed
more to East Asian populations than to Europeans, and that
Neandertal and Denisovan DNA is also found in Sub-
Saharan African populations (Povysil and Hochreiter,
2014; Wall et al., 2013), indicating a broad spread of these
archaic genes throughout modern humanity. Additional
ancient DNA sequences indicated that several gene flow
events occurred among Neandertals, Denisovan-related
individuals, and early modern humans (Prufer et al.,
2014). Indeed, it is now apparent from ancient DNA studies
that our ancestors were part of a web of “populations linked
by limited, but intermittent or sometimes perhaps even
persistent, gene flow” (Paabo, 2015, p. 313), exactly as
inferred from MLNCPA (Templeton, 2002, 2015).

Although the evidence indicates that multiple gene
flow/admixture events occurred between modern humans
and archaic Eurasian populations, the results clearly show
that this was a mostly out-of-Africa model. Recall that
Dobzhansky (1944) regarded such a model as a multire-
gional model rather than a replacement model. Dobzhan-
sky, through his own work on fruit flies, was well aware
that even limited genetic interchange can have dramatic

evolutionary consequences, so that there is an important
qualitative evolutionary difference between no gene flow or
admixture (replacement) versus even small amounts of
gene flow or admixture. Even limited genetic interchange
can introduce genetic variation into a population’s gene
pool at a rate far greater than that possible through muta-
tion, and genetic variation is the raw material of all
evolutionary change. Long ago, Workman et al. (1963)
demonstrated in modern human populations that admixture
is a very dynamic and heterogeneous evolutionary force,
with neutral genes introgressing at the gene flow/admixture
rate, other genes being stopped from introgression by se-
lection against them in their new gene background or
environment, and yet other genes increasing rapidly in
frequency due to positive selection once introduced by gene
flow or admixture. The ancient DNA studies make it clear
that the same was true when modern humans came out of
Africa and began to interbred with Eurasian populations.
Some Neandertal alleles have been selected against, perhaps
due to decreased male fertility when placed on a modern
human genetic background, whereas other Neandertal al-
leles have been selected for and have helped modern
humans adapt to non-African environments (Racimo et al.,
2015; Sankararaman et al., 2014), such as skin phenotypes
(Vernot and Akey, 2014), response to ultraviolet radiation B
(UVB) irradiation that varies with latitude (Ding et al.,
2014), and high altitude adaptation (Huerta-Sanchez et al.,
2014). Interestingly, modern humans and the archaic
Eurasian populations shared most of the same alleles for
cognitive genes (Paixao-Cortes et al., 2013).

FOSSILS, ARCHAEOLOGY, AND MODELS
OF HUMAN EVOLUTION

One Human Lineage or Multiple Species?

The human fossil record is more complete than that for
many other taxa, but it is still sparse over both time and
space with a few exceptions. This sparseness causes many
difficulties in the interpretation of the hominin fossil
record over the last 2 million years. The paleoanthropo-
logical literature varies from having just one hominin
species at any given time during the Pleistocene to having
multiple species coexisting until modern humans became
dominant (Curnoe and Thorne, 2003; Hunt, 2003), with
estimates as high as 27 archaic species (Bokma et al.,
2012). Although this variety of opinion is often described
as a debate between “lumpers” versus “splitters” (Bokma
et al., 2012), a more accurate distinction is between
essentialistic or typological thinking versus population
thinking (Wolpoff and Caspari, 2000). Essentialism
regards species as natural types that can be represented by
a “type specimen,” with individual variation from the type
being nonessential or accidental (Mayr, 1994). In contrast,
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population thinking regards individuals as uniquely
different, with this individual variation being the critical
biological feature of the species that allows evolution to
occur, including the origin of the species itself (Mayr,
1994). With the acceptance of Darwinian evolution,
population thinking should completely displace typolog-
ical thinking in biology (Mayr, 1982), but typological
thinking is still common in paleoanthropology and has
played a critical role in the debate about models of human
evolution (Wolpoff and Caspari, 2000). Typological
thinking is well illustrated by the elevation of the Deni-
sovan specimen to species status (Bokma et al., 2012).
This “species” is defined by two teeth and a part of one
finger at one site, and by ancient DNA studies on this one
individual. From the most elementary principles of pop-
ulation genetics and statistics, such a sample is inadequate
to make an inference of a “species” or even a distinct
population or hominin lineage within a species. What are
the boundaries of this species or population temporally
and geographically? Indeed, is it a population at all in any
meaningful sense, or is this an individual fossil and
genome from a continuum of populations interconnected
by gene flow without distinct population-level bound-
aries? Of course, one cannot answer these questions from
a single specimen. Yet the literature generally refers to the
Denisovans rather than the Denisovan specimen and por-
trays “them” as a distinct lineage or species of archaic
hominins that “split” from the rest of humanity, complete
with an estimated time of this ancient “population sepa-
ration” (Reich et al., 2010).

The Denisovan specimen illustrates the fundamental
problem of much of paleoanthropology: the fossil record
is often so sparse in time and space that it is difficult to
implement population thinking because there exists only
one or very few specimens. Two methods have been used
to overcome this extreme sparseness. First, one can use
living species (typically modern humans, chimpanzees,
gorillas, or baboons—the other primate species in addition
to humans that adapted to a terrestrial, savanna environ-
ment) as models of intraspecific variation and test the null
hypothesis that the variation found in fossil specimens,
often at widely scattered sites and times, falls within these
modern models of intraspecific variation (Ackermann,
2002; Ackermann and Smith, 2007; Thackeray, 2007;
Thackeray et al., 1997). When this hypothesis-testing,
population approach is applied to the human fossil record
over the past 2 million years, the null hypothesis of a
single species can rarely be rejected for roughly contem-
poraneous fossils even when they are pooled together
from both Africa and Eurasia (Ackermann, 2002, 2005;
Baab, 2008; Van Arsdale and Wolpoff, 2013; Villmoare,
2005). This is also true for “anatomically modern humans”
versus contemporaneous “archaic humans,” which are

generally treated as distinct, well-defined groups in much
of the human evolution literature. In reality, the
morphology of these groups is highly variable in the fossil
record (including being highly variable in living humans),
with different “modern” traits displaying disparate
geographical and temporal patterns, resulting in indistinct
borders between “archaic” and “modern” fossil specimens
(Pearson, 2008). Treating “anatomically modern humans”
and “archaic humans” as separate species reinforced the
idea of replacement rather than admixture, as a new
“species” came out of Africa and displaced a more prim-
itive, separate “species.” With population thinking, this
scenario turns into a differentiated but variable human
population coming out of Africa that encountered other
human populations of the same species in Eurasia. This
later scenario makes genetic interchange seem much more
reasonable, and as shown in the previous section, that is
what the genetic data indicate.

The second way of addressing the problem of the
sparseness of the fossil record is to make use of the few
exceptions: that is, sites that yield large numbers of indi-
vidual specimens found in a narrow time range. Such sites
allow a direct implementation of population thinking. For
example, the Dmanisi site in Georgia provides the earliest
evidence for H. erectus outside of Africa, dating to 1.85 to
1.78 Ma (Ferring et al., 2011). This site has produced
crania from five individuals over a time range of
centuries—a small sample for living populations, but large
for a human fossil site this old. These five skulls span a
large morphological range and encompass the range of
variation previously used to define three separate
contemporaneous species of Homo from Africa and Eur-
asia (Lordkipanidze et al., 2013). Productive sites from the
Middle and Late Pleistocene reveal a similar pattern, with
extreme variability within a site coupled with remarkable
similarity between sites that are roughly contemporaneous.
These discoveries at the handful of rich fossil sites imply
“sporadic, but continuing multi-directional migrations and
gene flow” (Simmons, 1999, p. 107).

In light of these two lines of evidence and a preference
for hypothesis testing and population thinking, there are
no convincing fossil data to reject the null hypothesis of a
single hominin species at any given time throughout the
entire Pleistocene. Different species only exist in the
sense of chronospecies; that is, the evolution over time of
a named species into a differently named species because
of the accumulation of many evolutionary changes over
time. There certainly could have been isolated populations
throughout this period, but there is no evidence subject to
a hypothesis testing framework to suggest that any such
isolated population speciated into a novel hominin species
that coexisted at the same time with other hominin
species.
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Concordance of Fossils and Archaeology
With Models of Human Evolution

The failure to reject the null hypothesis of only a single
hominin species throughout the Pleistocene is difficult to
reconcile with the OAR model (Fig. 5.1A) or the cande-
labra model (Fig. 5.1C), as both of these models have
human populations isolated from one another for over
1.7 million years. However, a single hominin species is
compatible with the original multiregional model
(Fig. 5.1B), the multiregional model with weak gene flow
(Fig. 5.3), or the model that emerges from MLNCPA
(Fig. 5.2).

The MLNCPA analysis (Fig. 5.2) is remarkably
concordant with the fossil, archaeological, and paleocli-
matic data in many of its details (Templeton, 2015). Its first
statistically significant inference is an expansion out of
Africa into Eurasia that dates to 1.9 Ma just using the ge-
netic data alone. This is consistent with the fossil record
that finds H. erectus fossils exclusively in Africa until 1.85
to 1.78 Ma when they first appear in Eurasia (Ferring et al.,
2011). Next, there is a limited period of potential isolation
that certainly ends in the mid-Pleistocene with the Acheu-
lean expansion and its resulting admixture. As discussed
earlier, the Acheulean expansion is also supported by the
fossil, archaeological, and paleoclimatic records. The
establishment of statistically significant levels of gene flow
restricted by isolation by distance by the mid-Pleistocene is
consistent with the fossil pattern of much variation within
sites with little differentiation between sites found in this
time period (Simmons, 1999) and with the recurrent green
Sahara paleoclimatic phases in this time period (Larrasofia,
2012). The next statistically significant inference from
MLNCPA is an expansion with admixture of modern
humans out of Sub-Sahara Africa dated at 130,000 years
ago with the genetic data (Fig. 5.2). This date is consistent
with this being an expansion of anatomically modern
humans as the fossil record shows that many anatomically
modern traits first appeared in Sub-Saharan Africa around
200,000 years ago (McDougall et al., 2005). However, the
date of 130,000 for the out-of-Africa expansion was
another source of controversy about the model emerging
from MLNCPA because most of the advocates of the OAR
model dated this expansion to about 60,000 to 70,000 years
ago (eg, Fagundes et al., 2007). The fossil and archeo-
logical records support the older date suggested by
MLNCPA, indicating that anatomically modern humans
appeared outside of Sub-Saharan Africa in Northern Africa,
the Arabian Peninsula, and the Levant between 130,000
and 125,000 years ago (Armitage et al., 2011; Grun et al.,
2005; Vanhaeren et al., 2006). This evidence has been
dismissed by advocates of the more recent out-of-Africa
expansion as a temporary excursion of anatomically

modern humans into this region that is close to Sub-
Saharan Africa but that did not expand into the rest of
Eurasia (Soares et al., 2012). However, this explanation is
inconsistent with the archeological record that indicates
modern humans were in India by at least 74,000 years ago
(Haslam et al., 2011) and by the discovery of modern hu-
man fossils in far eastern Asia at least by 110,000 years ago
(Jin et al., 2009; Liu et al., 2010). Hence, the fossil and
archeological records indicate that the expansion of
anatomically modern humans began at 130,000 years ago
and had reached the eastern part of the Eurasian continent
by 110,000 years ago or earlier—a result consistent with
MLNCPA. The MLNCPA dating has also been supported
by more recent genetic analyses. After recalibrating the
molecular clock by direct estimates of human mutation
rates using next-generation sequencing, Scally and Durbin
(2012) dated the origin of non-African modern humans to
90,000 to 130,000 years ago, and an analyses of Y-DNA
dated this origin to 115,000 years ago (Scozzari et al.,
2014). A genetic and cranial morphological analysis
(Reyes-Centeno et al., 2014) also supports the older date of
130,000 years ago, as well as the inference from MLNCPA
(Fig. 5.2) that the out-of-Africa expansion of modern
humans was a two-stage process, with the initial expansion
being primarily along the southern part of Eurasia followed
by an expansion into Northern Eurasia around 50,000 years
ago.

IMPLICATIONS OF RECENT HUMAN
EVOLUTION FOR CURRENT PATTERNS
OF HUMAN GENETIC DIVERSITY

The Impact of Gene Flow and Admixture
on Genetic Diversity

By taking a strict hypothesis testing approach, all models of
human evolution that do not incorporate gene flow and
admixture since at least the mid-Pleistocene can be rejected.
Repeated episodes of admixture overlaid upon recurrent
gene flow since the mid-Pleistocene have resulted in
humans evolving into their current state as a single evolu-
tionary lineage with most genetic diversity found among
individuals within populations and modest levels of genetic
differentiation among populations, even those on different
continents (Templeton, 2013). Indeed, humans are one of
the most genetically homogeneous species across space
despite our global geographical range (Templeton, 1998a).

There is still some genetic differentiation among human
populations. Most of the gene flow inferred in recent hu-
man evolution has been restricted by isolation by distance,
with some long distance gene flow (Fig. 5.2). Isolation by
distance does lead to genetic differentiation among pop-
ulations, particularly those that are located far apart from
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each other, but this level of genetic differentiation is still
modest in humans, even between geographically distant
populations (Templeton, 2013). Another aspect of the
impact of isolation by distance upon the distribution of
human genetic diversity is that the genetic differences
between human populations accumulate gradually with
distance, with no obvious breaks once one adjusts for the
fact that until recently, most human movements were over
land and avoided long distances over water (Fig. 5.4, based
on a figure from Ramachandran et al., 2005). Gene flow
and admixture obviously play a major role in determining
how genetic diversity is distributed within and between
human populations.

Much stronger genetic differentiation is possible be-
tween human populations for specific alleles favored by
natural selection to local environmental conditions. For
example, human populations living in malarial regions
have high frequencies of alleles that confer resistance to
malaria, such as the sickle-cell allele that is in high fre-
quency in the malarial regions of Africa, the Arabian
Peninsula, and India. The sickle-cell allele is in low fre-
quency in human populations living in nearby areas that
do not have malaria (Templeton, 2006). When local en-
vironments change gradually over space, human adapta-
tions to those environments often result in gradual clines.
For example, skin color is an adaptation to the level of
UVB in the environment, representing a balance between
natural selection favoring dark skin to protect the indi-
vidual from the damage that UVB can induce versus
natural selection favoring light skin to allow the produc-
tion of vitamin D (Hochberg and Templeton, 2010;
Jablonski and Chaplin, 2013). UVB is most intense in the
tropics and falls off with increasing latitude away from the
tropics. Human skin color shows gradual clinal variation
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FIGURE 5.4 Isolation-by-distance in human populations. The x-axis
is the geographical distance between two populations, as measured through
waypoints that minimize travel over oceans. The y-axis is the pairwise f;,
between two populations, a standard measure of genetic distance. Modified
from Ramachandran, S., Deshpande, O., Roseman, C.C., et al., 2005.
Support from the relationship of genetic and geographic distance in hu-
man populations for a serial founder effect originating in Africa. PNAS
102, 15942—15947.

that tracks these latitudinal differences, with darker skin in
the tropics versus lighter skin in the higher latitudes
(Jablonski and Chaplin, 2013).

To Tree or Not to Tree, That Is the
Question

It is commonplace in the human evolutionary literature to
portray human populations as long-standing evolutionary
lineages that define branches on an evolutionary tree of
human populations (eg, see Figs. 5.1A,C and 5.3). Popu-
lation trees occur when populations “split” from one
another, followed by long-term isolation with no or very
weak gene flow with other “branches.” Many computer
programs exist that will construct such trees, often esti-
mating the times of the splits as well. However, these
programs will construct such trees from any genetic data
set regardless of whether or not the underlying genetic data
are actually compatible with a tree-like structure of pop-
ulation splits and isolation. Hence, Smouse (1998) wrote a
paper entitled “To tree or not to tree, that is the question.”
His answer was simple: when dealing with intraspecific
samples, populations generally define a multiply inter-
connected network due to gene flow and admixture rather
than a strict evolutionary tree (Smouse, 1998, 2000). Why,
then, do population trees dominate the human evolutionary
literature and not network diagrams?

The frequent presentation of human population trees is
certainly not because of hypothesis testing. One of the
earliest measures of how well a genetic data set fit the
constraints of a tree-like structure was the cophenetic
correlation. This correlation measures the fit between the
observed genetic distances between populations with the
expected genetic distances assuming an optimized tree
(Rohlf, 1993). Many human data sets were scored with
this measure, all of which had come from publications that
presented population trees based on these data, but not a
single data set fit the constraints of an evolutionary tree
with this measure (Templeton, 1998a). A statistical test of
the null hypothesis of a population tree was presented by
Cavalli-Sforza and Piazza (1975). Long and Kittles (2003)
updated this test and applied it to genetic data drawn from
global human populations. The test of the null hypothesis
of a strict population tree was rejected with a p-level of
3.8 x 107*. The fit to a relaxed tree that allowed different
rates of genetic divergence on each branch was also
rejected with a p-level of 1.3 x 10~°. Hence, there is an
overwhelming rejection of the null hypothesis that human
populations fit a population tree of splits and isolation. A
population tree is also impossible to reconcile with the
genetic distance data shown in Fig. 5.4. If a human
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population tree did exist, there would be strong breaks and
a step-like appearance to genetic distance versus
geographical distance plots (Templeton, 2013). Fig. 5.4
shows that this is not the case.

Do Human Races Exist?

Human races certainly exist in a cultural, social, economic,
and political sense, but are they biologically meaningful
categories? Races, or subspecies, are geographically cir-
cumscribed populations within a species that have sharp
genetic boundaries that separate them from the remainder
of the species (Templeton, 2013). The boundary can be
defined either quantitatively as exceeding some threshold
level of genetic differentiation, or qualitatively as arising
from separate evolutionary lineages or branches of a pop-
ulation tree within the species (Templeton, 2013). The
concept of race is inapplicable to humans because there are
no sharp genetic boundaries of any sort in humans, as
shown in Fig. 5.4 for neutral genetic variation. Adaptive
traits, such as skin color that is also used to define races
culturally, mostly show clinal variation and not sharp
boundaries. In some parts of the world, a history of colo-
nization sometimes creates the appearance of sharp
boundaries in skin color. For example, the colonization
history of North America placed together three human
populations from distant geographical locations (Native
American, Western European, and Western, tropical Afri-
can) with few individuals coming from geographically in-
termediate areas. These “sharp” boundaries are simply a
historical artifact of colonization and do not reject the
biological reality observed from more complete geograph-
ical sampling, such as that shown in Fig. 5.4. Another
aspect of Fig. 5.4 is that even the maximum genetic dis-
tances observed between human populations at the global
level are below the thresholds used in the nonhuman
literature to identify subspecies (Templeton, 2013). As
noted in the section on population trees, the hypothesis that
humans are subdivided into distinct, mostly isolated
branches is overwhelmingly falsified when put into a
hypothesis-testing framework.

MLNCPA can also be used to test for separate evolu-
tionary lineages in both positive and negative senses.
Nested clade analysis is particularly powerful at detecting
fragmentation events (splits followed by isolation, although
weak levels of gene flow are not excluded) as shown both
by the analysis of known fragmentation events (Templeton,
1998b, 2004b) and simulated fragmentation events (Tem-
pleton, 2009b). Yet, the null hypothesis of no fragmenta-
tion events in human evolutionary history over the last
2 million years cannot be rejected (Templeton, 2015).
Because the temporal resolution of MLNCPA is coarse,

isolated populations could have existed on the order of tens
of thousands of years, but there is no evidence for longer
periods of fragmentation in our species. Alternatively,
MLNCPA can test the null hypothesis that the populations
from a specific geographical area have been significantly
isolated from other populations in the species over a
specified time interval (Templeton, 2009a). Using this test,
the null hypothesis of isolation between African and
Eurasian populations cannot be rejected for the early
Pleistocene, but the null hypothesis of isolation is rejected
from the mid-Pleistocene to the present (Fig. 5.2).
Combining the results of testing both of these null hy-
potheses, there have been no long-term human isolates
since the mid-Pleistocene. Hence, there are no biological
races in modern humans.

SUMMARY AND CONCLUSIONS

Hypothesis Testing in Scientific Inference

Testing hypotheses, and in particular the falsification of a
hypothesis, is often regarded as one of the strongest types
of scientific inference (Popper, 1959). Yet, after the pub-
lication of Cann et al. (1987), the OAR hypothesis domi-
nated the human evolutionary genetic literature for almost a
quarter of a century despite the fact that not a single genetic
data set ever supported it within a hypothesis testing
framework and several genetic data sets overwhelmingly
rejected and falsified it, as shown throughout this article.
Moreover, advocates of the replacement model did not
attempt any statistical hypothesis testing of replacement
versus other models with only one exception, the ABC
analysis of Fagundes et al. (2007). Although this paper was
presented as support for replacement, even a complete
acceptance of their results does not support this conclusion
as the posterior probability of replacement was 0.78 and
that of the multiregional lineage model was 0.22. Using the
norms for statistical inference, the only conclusion that is
justified from their published analysis is that their data are
compatible with both replacement and the multiregional
lineage model. Moreover, the strong rejection of any model
with nonzero admixture (a posterior probability of 0.001)
was based on a failure to properly account for the logical
relationships of the models being tested, resulting in a
mathematically impossible, incoherent result. When this
mistake was corrected by using a coherent statistic with the
same posterior probabilities, the replacement model was
rejected with a probability value of 0.025 for replacement
compared to an admixture model (Templeton, 2010).
Hence, by 2010, multiple genetic data sets and analyses had
falsified or significantly rejected the replacement hypothe-
sis, and not a single statistical test supported it. Yet
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FIGURE 5.5 A population tree of humans with arrows indicating admixture from archaic human populations in the past. Modified from Reich, D.,
Green, R.E., Kircher, M., et al., 2010. Genetic history of an archaic hominin group from Denisova Cave in Siberia. Nature 468, 1053—1060.

replacement remained the dominant model for human
evolution. Only with the publication of direct evidence for
admixture with ancient DNA did the support for the
replacement model finally begin to erode.

This erosion still did not lead to an acceptance of
hypothesis testing in the area of human evolutionary
studies. For example, Fig. 5.5 is based on Fig. 5.3 from
Reich et al. (2010), the paper that reported the inference of
admixture from the Denisovan specimen. Note that this
figure presents human evolution as a population tree with
just two admixture events; one from Neandertals and one
inferred from the Denisovan specimen. Note that the
Denisovan specimen has been elevated to the status of a
long-standing and isolated evolutionary lineage of hu-
manity despite the absence of data to support this depiction.
Moreover, the modern populations of humans are depicted
as isolated branches on an evolutionary tree, with Africans
in particular being portrayed as a completely genetically
isolated lineage from the rest of humanity for 3000 gen-
erations (75,000 years, assuming a generation length of
25 years). The authors claim that this figure is “compatible”
with their data, but this statement is false since they per-
formed no test of the testable hypothesis of a tree-like
structure for modern human populations. Moreover, every
time a population tree structure has been tested for humans,
the hypothesis of a tree has been rejected. Indeed, the idea
that Africans have been genetically isolated from the rest of
the world from 75,000 years ago unto the present is clearly
false as simulations based just on historical data indicate
that all living humans, both Africans and non-Africans,
share a common ancestor just a few thousand years ago
(Rohde et al., 2004).

Figures similar to Fig. 5.5 have appeared repeatedly
not only in the scientific literature, but also in newspapers
and websites (Templeton, 2013). Such figures convey the
message that humanity is subdivided into distinct lineages
or races, even though that hypothesis has been strongly
rejected by hypothesis testing. Contrast the message of
discrete human lineages found in Fig. 5.5 with the

continuity of human genetic diversity found in the data
plot shown in Fig. 5.4 or the trellis structure shown in
Fig. 5.2. Human diversity can be portrayed in a manner
compatible with hypothesis testing (Fig. 5.2). If authors,
reviewers, and/or editors insisted upon testing testable
hypotheses, figures like Fig. 5.5 would disappear from
journals and textbooks, and hopefully from newspapers
and websites. Only then would our pictorial representa-
tions of human evolution educate and not mislead the
general public.

THE EVOLUTIONARY AND GENETIC
UNITY OF THE HUMAN SPECIES

The one overwhelming message that emerges from hy-
pothesis testing in the area of human evolution is the
importance of gene flow and admixture in keeping the
human species together as a single, evolving entity, both
now and in the past. This is exactly the opposite message
conveyed by the OAR hypothesis (Fig. 5.1A) that had no
role for gene flow or admixture, only expansion and
replacement.

Although all human populations represent a single
evolutionary lineage, there are some genetic differences
between human populations. These differences are minor
compared to the interpopulation differences observed in
most other species. We are not subdivided into discrete
groups and clusters, as most of our diversity displays
gradual changes (eg, Fig. 5.4), including such traditional
“racial” traits such as skin color. The few genetic changes
that show a more discrete distribution have distributions
that reflect local selective agents and not races. For
example, sickle cell is found in high frequency in malarial
regions and is not a disease of “blacks,” as it is in high
frequency in many non-African populations that live in
malarial regions. The vast majority of genetic diversity in
humans exists between us as individuals, not members of a
population, making each of us genetically unique.
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LIST OF ABBREVIATIONS

AFA African American

AFR African

AIM Ancestry informative marker

AJ Ashkenazi Jew

ASA Asian American

Bp Base pair (the elementary unit of the DNA sequence)
CV Common variant

EUR European

EURA European American

GWAS Genome-wide association study
HGDP Human Genome Diversity Project
HISP Hispanic

LFV Low- frequency variant

MAF Minor allele frequency

ME Middle East

NAM Native American

OOA Out of Africa

PCA Principal component analysis

RV Rare variant

SEA South East Asian

SRA Self-reported ancestry

SV Structural variation

Baby-boomer biologists (myself included) have lived a
professional dream. Their whole career has been accom-
panied with the advent and incredible improvement of
amazing technologies. All the more admirable is the genius
of our elders, Gregor Mendel, Thomas Hunt Morgan, and
Theodozius Dobzhansky, among many others, who
founded genetics and population genetics with only peas
and fruit fly salivary gland chromosomes to sink their teeth
into. From the very start, the spoiled baby boomers have
been able to play with isoenzyme markers, and, not long
after, with a wealth of DNA technologies: restriction
fragment length polymorphism, random amplified

On Human Nature. http:/dx.doi.org/10.1016/B978-0-12-420190-3.00006-5
Copyright © 2017 Elsevier Inc. All rights reserved.

polymorphic DNA, amplification fragment length poly-
morphism, microsatellites, and the alike. To spoil us even
more, we have benefited from the advent and exponential
development of computers. All these breakthroughs have
been massively applied to the study of human genetics and
evolution. The field is a burning one. Several key papers
come out weekly, and data published only a few years ago
might be severely outdated. This is why in the present
chapter, I have attempted to privilege the most recent
advances in the field. The chapter focuses on population
rather than individual variation. It does not aim to be a
comprehensive review of the field, but rather, to catch the
main currents of research in the field.

A MANKIND POPULATION GENETICS
FRAMEWORK FOR APPLIED RESEARCH

Where applied research is concerned (exploring genes and
variants of interest), it is convenient to first draw an
exhaustive population genetic framework of the species
under study in its whole ecogeographical range. Then the
relevant genes and variants are mapped onto this general
picture. This makes it possible to compare the specific
evolution of these genes to the overall evolution of the
whole species (phylogenetic character mapping; Avise,
2004). This approach is highly recommended when
performing applied research in humans (Tibayrenc, 2007a).
Moving toward this goal, a wealth of data have been
gathered by three major international projects, namely the
HapMap project (http://hapmap.ncbi.nlm.nih.gov/), the
Human Genome Diversity project (HGDP; http://www.
hagsc.org/hgdp/), and the 1000 Genomes Project (http://
www.1000genomes.org/). These multicontinental projects
are completed by geographically restricted programs, such
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as the “UK10K consortium” (http://www.uk10k.org/). These
projects, together with many outstanding pioneering studies,
have made it possible to reach the main results summarized
in the following sections.

Most Genetic Variation Occurs Within
Continental Groups

Before direct DNA analysis was possible, the only reliable
genetic tools were blood groups and isoenzymes. These
pioneering markers made it possible to evidence a key fact
that has been fully confirmed by the most recent tech-
nologies: taking the set of markers as a whole, when
considering the native inhabitants of major continental
regions (Europe, the Americas, Africa, Asia, and Oceania),
the intragroup variability far exceeds the intergroup vari-
ability: about 0.85 versus 0.15 (Lewontin, 1972). Inter-
group differences are conveniently measured by the Fst
statistic (Wright, 1978; see box 1). This remarkable feature
has been confirmed by all subsequent studies, based on
various molecular markers, with some fluctuations, but
always the same strong tendency: 30 microsatellites and
79 RFLP: Fst=0.10 (Barbujani et al., 1997); micro-
satellites: 0.10; RFLP: 0.13; Alu insertion sequences: 0.14
(Lachance and Tishkoff, 2013); gene sequences: 0.159;
microsatellites: 0.057 (Long et al., 2009); Alu insertion
sequences: 0.127 (Romualdi et al., 2002); microsatellites:
0.153 (Rosenberg et al., 2005); and single nucleotide
polymorphisms (SNPs): 0.052 (Auton et al., 2009);
0.132 (Shriver et al., 2004). Depending on the poly-
morphism considered, Jakobsson et al. (2008) have found
different figures for percentages of variants that are not
shared among continents: the value for SNPs roughly
fitted the classical feature (18.7%). However, for haplo-
type clusters and copy-number variants (CNVs), the re-
sults were 87.57% and 38.81%, respectively. These figures
do not represent Fst statistics, strictly speaking. However,
they show that the percentage of unshared polymorphisms
among continental regions is highly dependent upon the
polymorphism considered. Conrad and Hurles (2007)
found a Fst =0.11 for CNVs.

This result concerning Fst patterns among populations
involve common variants (CVs; frequency >5%) and what
can be called “historical markers,” markers that do not
undergo natural selection, whose polymorphism is pro-
portional to the time elapsed since population separation.
The pattern is very different when rare variants
(frequency <0.5%) and adaptive polymorphisms are
considered (see later in this chapter and in Chapter 38).

Clines, Clusters, Clinal Clusters, Trees?

In spite of this limited intergroup variability, another strong
result has emerged since human populations started to be

surveyed with genetic markers: populations could be reli-
ably grouped according to their geographical origin. This
was already possible with isoenzymes, although this marker
has a relatively limited resolution and undergoes homo-
plasy. Fig. 6.1 shows a phylogenetic tree depicting the
genetic distances for 11 isoenzyme loci and 11 blood
groups among major human continental groups (Nei,
1978). This early study can be considered as the first,
pioneering attempt to build an overall genealogical tree of
the genetic diversity of our species. A more recent study,
relying on 29 isoenzyme loci, gave a more precise picture
of this diversity (Nei and Roychoudhury, 1993, Fig. 6.2).
General clustering in both studies match the generally
recognized geographical populations well (Europeans,
Asians, Africans, Native Americans, Oceanians). Both trees
show that Africans constitute a specific cluster that is
clearly separated from another cluster encompassing all
non-African populations. These pioneering studies using
rustic, low-resolution markers, and very simple phyloge-
netic methods show that it is untrue to state that
geographical groupings can be evidenced only through the
use of carefully selected modern markers and sophisticated
analyses (Jordan, 2008, Chapter 6). The results of these
early studies have been confirmed by many others relying
on various markers and different population samples.
Modern DNA-based tools greatly refined the picture, but
did not upset the results gathered by protein markers
(Cavalli-Sforza and Feldman, 2003). Hierarchical relation-
ships among geographical groups have been slightly
modified by more recent studies, and at nowadays, modern
DNA tools are able to accurately identify the region of
origin of individuals, not only populations, which was
impossible with isoenzymes and blood groups. However,
the main features (clear groupings according to geograph-
ical ancestries, and separation between Africans and
non-Africans) remain (Fig. 6.3).

This tree-based approach has been criticized because
(1) “it has been falsified whenever tested, so this practice is
scientifically indefensible”; (2) “it is also socially irre-
sponsible as these pictorial representations of human evo-
lution have more impact on the general public than nuanced
phrases in the text of a scientific paper” (Templeton, 2013).
However, tree representations of human diversity are
widely used by many, if not most, authors working in the
field and constantly yield convergent results. It is obvious
that such trees do not show, strictly speaking, clades. They
should be merely considered as population trees, a
convenient visual summary of our species’ genetic
diversity. Such trees do not mean that geographical pop-
ulations are strictly separated; they are not. Ethical and
semantic issues concerning human diversity are presented
in detail in Chapter 38.

Together with this tree approach, there is now a ten-
dency to use “unsupervised,” model-free, nonphylogenetic
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A phylogenetic tree of the main human ethnic groups designed from 11 isoenzyme markers and 11 blood groups. Nei, M., 1978. The theory

of genetic distance and evolution of human races. Japanese Journal of Human Genetics 23, 341—369.

methods, in which the unit of analysis is not the population
(defined a priori), but instead the individual: principal
component analysis (PCA), ADMIXTURE, FRAPPE
(Alexander et al., 2009), and STRUCTURE (Pritchard
et al., 2000). These methods, although they are rooted in
totally different assumptions, give quite convergent results
with trees and phylogenies. They present the advantage of
yielding a precise estimation of admixture rates within
populations. STRUCTURE infers a subdivision of the
samples into K clusters and explores which K number fits
the data best. Individuals are ranked into given clusters.
They can belong to several clusters, with membership
coefficients summing to 1 across clusters (Rosenberg et al.,
2002). As is the case for any approach, the reliability of the
results is dependent upon sampling quality (populations
and molecular markers). In the seminal article by
Rosenberg et al. (2002), based on 1056 individuals
worldwide (from the panel of the HGDP) and 377 micro-
satellite loci, STRUCTURE uncovered six major clusters,
of which five corresponded to major continental regions
(Africa, Europe, the part of Asia south and west of the
Himalayas, East Asia, Oceania, and the Americas). The
sixth grouping largely corresponded to the Kalash, an
Indo-Iranian-speaking population of Pakistan, whose origin
is debated. It has been claimed that his clustering pattern
was partly artifactual, due to sampling biases (Serre and
Piidbo, 2004). However, this hypothesis has been refuted by
Hunley et al. (2009) and by the authors themselves, who

fully confirmed their results with a broader range of genetic
markers (783 microsatellite loci and 210 insertion-deletion
sequences [“indels”: see CNV]) (Rosenberg et al., 2005).
In the latter study, the role played by geographical dis-
persion was clarified: within the clusters, genetic dis-
tances are correlated with geographical distances (clinal
variation). However, among clusters, major geographical
obstacles (the Sahara, oceans, Himalayas) play a role,
and have an impact on genetic distances equivalent to
3100 km. The authors concluded that both clines and
clusters were evidenced in their study. Pigliuci (2013)
has emphasized the fact that five clusters could appear
somewhat arbitrary, since, according to the level of anal-
ysis, K could be either 3 or 5. However, K =5 is the figure
that fits the data better (Cavalli-Sforza, 2007). Tishkoff and
Kidd (2004) characterized 37 populations with 80 loci (41
haplotyped loci, 36 biallelic loci, and three short tandem
repeat polymorphisms, and found the same continental
groups as Rosenberg et al. (2002, 2005)). Interestingly,
African-Americans (AFAs) are clearly within the African
cluster, although it is generally considered that AFAs have
a European admixture rate ranging from 7% to 20%,
depending on the location (Gonzdlez Burchard et al., 2003).
Although in their study, “clusters correlate with the
common concept of ‘races,” ”” the authors cautiously warned
that “the distribution of genetic variation is quasi contin-
uous in clinal patterns related to geography.” They stated
that if there were more intermediary populations, clustering



88 PART | I Biological Basis of Human Diversity

75— Pygmy
89 L———— Nigerian
(A) 100 —— Bantu
San
Lapp
76 Finn
German
English
Italian
Iranian
Northern Indian
45|:Japanese
56 Tibetan
— Korean
C
( ) 3 — Mongolian
— Southern Chinese
11
Thai
29
25 | — Filipino
28 Indonesian
43
Polynesian
30
83 i
Micronesian
42 (E) Australian
91 Papuan
52 North Amerindian
(D) South Amerindian
89 )
Eskimo

[

0.01
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would be less clear. Still the fact remains that, with such
large and diversified samples, the presence of the five major
continental populations seems to be robust. There is a clear
phylogenetic signal among geographically separated
populations, although they are not strictly separated and
have diverged from one another relatively recently (the
“out-of-Africa” [OOA] hypothesis, generally dated
at —50,000 to —60,000 years). The five major continental

populations have been corroborated by many different
markers. The polymorphism of structural variation (SV; see
further) is congruent with that of SNPs (Armengol et al.,
2009; Conrad and Hurles, 2007; Sudmant et al., 2015a).
Contrary to what is stated by Barbujani and Colonna
(2010), in the study reported by Jakobsson et al. (2008), the
phylogenies inferred from SNP, CNV and haplotypes show
fair parity for the major continental groupings, and are
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corroborated by nonphylogenetic, Bayesian clustering
(Fig. 6.4). The CNV phylogeny differs only in the
hierarchization of lower branches.

Li et al. (2008) typed 938 individuals from the HGDP
with 650,000 common SNPs. With the FRAPPE software,
at K=35, they found the same groupings as Rosenberg
et al. (2002, 2005). At K = 7, the populations clustered into
Africa, the Middle East, Europe, Central/South Asia, East
Asia, Oceania, and America. This clustering pattern was
fully confirmed by a maximum likelihood tree. Ldpez
Herrdez et al. (2009), with nearly 1 million SNPs, found an
optimum K = 6 on HGDP populations as well. Continental

groupings were Africa, America, Europe/North Africa/
Middle East, Central and South Asia, and East Asia
and Oceania. With a very specific sample based on
the POPRES collection (http://www.ncbi.nlm.nih.gov/
projects/gap/cgi-bin/study.cgi?study_id=phs000145.v4.p2),
encompassing admixed and urban populations identified by
self-reported ancestry (SRA), by using 443,434 SNPs,
Auton et al. (2009) found groupings that parallel those of
the HapMap and HGDP samples. Long et al. (2009) found
that trees based on either sequences or microsatellites were
in agreement with each other and with previously published
trees.
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This convergence of various methods and sampling
strategies suggests that this pattern (clustering following
major continental ancestries) is a robust one, according to
one criterion of the “principles of genealogical concor-
dance,” namely the congruence across independent gene
trees in delineating the geographical position of a major
phylogeographical break between sets of populations
(Avise, 2004). The convergence between phylogenetic and
nonphylogenetic clustering approaches, between radically
different kinds of markers (isoenzymes, microsatellites,
SNPs, haplotypes, CNVs, sequences) is an especially
telling illustration of the robustness of this clustering
pattern (Tibayrenc and Ayala, 2012).

The pattern is clinal when migration routes throughout
continents are used as a sampling strategy (Barbujani and
Colonna, 2010). However, this approach imperfectly
reflects the overall structure of populations. At the level of
worldwide populations, major geographical obstacles

(Himalaya, oceans, Sahara) introduce some clustering
together with the clinal variation (Rosenberg et al., 2005),
as already noted by Dobzhansky (1966). Shiao et al. (2012)
have proposed the concept of “clinal classes” to describe
this pattern.

The clustering is at first glance somewhat unexpected
when considering the limited intergroup differences pre-
sented earlier. This is explained by the fact that F'st statistics
considers each locus independently, while the allelic fre-
quency differences among geographical populations are
correlated (Mitton, 1977, 1978; Edwards, 2003; Jorde and
Wooding, 2004).

Now this gross clustering pattern represents a bird’s
eye view, so to speak, of the genetic variability of our
species. More detailed studies uncover a great deal of
additional stratification within each of the five major pop-
ulations, which has immense evolutionary and biomedical
implications.
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Russian Dolls Everywhere

Francisco J. Ayala and I have proposed the “Russian doll
model” (Tibayrenc and Ayala, 2013) for microbial patho-
gens. Briefly, the model says that within clusters, there are
smaller clusters, within which there are even smaller clus-
ters, etc. It looks like the same obtains in human
populations. When microbes are concerned, this pattern is
explained by in-built genetic properties leading to pre-
dominant clonal evolution. In humans, the dolls are caused
mainly by allopatry, additionally by cultural factors, in
particular languages (Cavalli-Sforza et al., 1992). It seems
that separation by distance is able to operate at very small
geographical scales. This human “micro-population ge-
netics” has been made possible by the advent of markers
with an increased resolution (SNPs, microsatellites) and a
massive use of them: studies relying on several hundreds of
thousands of markers are today not exceptional. Stratifica-
tion and Russian doll patterns within main geographical
populations are chiefly due to low-frequency variants
(“Goldilocks variants”; frequency 0.5—5%; Nelson et al.,
2012) and even more, rare variants (frequency <0.5%). As
a matter of fact, the rarer the variant, the more its tendency
to be geographically localized. This explains why stratifi-
cation within populations can be strong even when Fst
among major populations are not. Fst are computed from
CVs. Allele sharing of rare variants is limited, even be-
tween close populations (Mathieson and McVean, 2012).
As we will see below, rare variants have a strong influence
on phenotypic polymorphisms.

Lewontin and Hartl (1991) warned about the risk of not
taking into account additional genetic structuration within
major ethnic groups in forensic analyses: the rough US
census categories (African, European, Asian, Native Amer-
icans, etc.) are far from being genetically homogeneous.

Elhaik et al. (2014) applied the geographic population
structure algorithm to the study of populations collected in
the framework of the genographic project (https://
genographic.nationalgeographic.com/). The populations
were selected for not having undergone migrations for
several centuries. The authors were able to assign 83% of
individuals to their birth country, and 66% to specific re-
gions. In the specific case of Sardinia, 25% of individuals
were assigned to their village of origin, and most of the rest
within 100 km of their birthplace.

Using SNPs, Leslie et al. (2015) characterized 2039
rural British individuals and 6209 individuals from other
European countries, all of European ancestry. The British
subjects were selected so that their four grandparents had
lived in the same area, in order to lower the impact of very
recent migrations. The authors found a clear structuration
linked to geography and natural obstacles in both the
United Kingdom and other European countries. A clear
clustering pattern was evidenced in the British sample.

The genetic contribution of the Saxons was estimated at
10—40%. Scandinavian contribution was limited except
on Okney Island. While English people appeared to be
genetically homogeneous, individuals of Celtic ancestry
were not. Data are consistent with ancestry of British
people mainly from Germany, Belgium, and Northwest
France. Another study (The UK10K Consortium, 2015)
relying on a different sampling strategy (people were not
selected according to their grandparents’ birthplace)
still found that populations were structured according to
rare and very rare variants, but to a lesser extent than
in the study by Leslie et al. (2015). This shows that
modern times increasingly cause growing homogenization
in people.

Lopez Herrdez et al. (2009) found a clear structuration
of European populations, correlated to geographical dis-
tance. This correlation was not observed in Africa and the
Americas, although the populations of these regions were
obviously genetically heterogenous. In Africa and the
Americas, populations instead clustered according to the
ethnic origin (Bantus, Yorubas, San, Mbuti, and Biaka
Pygmies in Africa; Piapoco, Curripaco, Maya, Pima,
Karitiana, and Suriu in the Americas). Interestingly, these
results were not changed when retrieving the SNPs with the
10% highest Fst values. This shows that these Russian doll
patterns reflect genome-wide properties, and are not caused
by just a few, highly differentiated SNPs.

Moreno-Estrada et al. (2014) surveyed 511 Native
Mexicans pertaining to 20 different tribes, and admixed
Mexicans from Mexico and Los Angeles, with 1 million
SNPs. They found that Native Mexican genetic variability
followed a Northwest—Southeast cline. Interestingly, this
particular population structure was conserved in admixed
Mexicans from Mexico, but not in those from Los Angeles.

Nelson et al. (2012) have found that rare variants in
Europe were stratified following a north-south gradient.
Finnish populations had one-third of the rare variant
diversity of Southern Europeans.

By typing 3192 individuals of the POPRES collection
with 500,000 SNP, Novembre et al. (2008) and Novembre
and Ramachandran (2011) found that genetic polymorphism
closely followed geography in Europe. Iberic peninsula, Italy,
Southeast Europe, Turkey, and Cyprus were clearly individ-
ualized. Micro-population genetics was able to go down to the
village scale, the authors said. Interestingly, German-,
French-, and Italian-speaking Swiss were separated from one
another, which suggested that linguistic separation, together
with allopatry, plays a role in Russian dolling.

The work by Longobardi et al. (2015) seems to support
this hypothesis. The authors found significant correlations
between genomic and linguistic diversity in Europe (both
Indo-European and non-Indo-European languages).
Language appeared to be a better predictor of genomic
differences than geography. Similarly, Wang et al. (2012)
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found that Bantu-speaking populations were grouped
together by genetic markers, even if they were separated by
large geographical distances.

This Russian doll structure explains why the number of
races described by classical anthropology may vary greatly
from one author to another, depending on the level of
resolution the authors wish to address. Vallois (1976)
describes four “groups” (also called grand races, or great
races) and 27 races. He also notes that some authors
describe “subraces” and “populations.” This terminology is
a reflection of the Russian doll structure of human pop-
ulations. As stated by Dobzhansky (1966), differences
among races are objective facts, while the number of races
the authors describe is a matter of convenience and depends
upon the goal of the study. These points will be extensively
discussed in Chapter 38.

The concept of “clinal classes” (Shiao et al., 2012;
Shiao, 2014) clearly describes this pattern. The clinal
classes are compared to watersheds, some ones being large
(the Mississippi watershed), other ones being smaller,
within the large ones. The STRUCTURE approach, with its
flexible number of K categories, makes it possible to
evidence large and lesser clinal classes, if the marker’s level
of resolution and the population sampling are sufficient.

The main geographic clusters of the human species and
their Russian-doll lesser subdivisions are to some extent
similar to the “near-clade” concept we forged to describe
the genetic variability of human pathogens (Tibayrenc and
Ayala, 2012): evolutionary lines imperfectly separated from
one another, whose discreteness is clouded by occasional
genetic exchange. Now again in microbes, genetic isolation
is caused by predominant clonal evolution, while in
humans, it is due to isolation by distance and geographical
obstacles, reinforced by cultural differences. In both cases,
humans and micropathogens, imperfect discreteness makes
that applying excessively strict cladistic demands would be
misleading. For pathogens, we have proposed to use a
flexible phylogenetic approach instead, based on a
congruence criterium, namely that adding relevant data will
lead to increasing evidence, whenever the working
hypothesis is valid. This works with human genetic data:
the use of more and more discriminative and diversified
markers on more and more populations has made the
overall picture of mankind genetic variability far more
precise.

All Admixed

Not only do human populations exhibit this highly stratified
Russian doll structure, but they also prove to have under-
gone thorough and complex admixtures. This corroborates
the view of classical anthropology, which divided human
populations into “primary races” resulting only from the
action of evolutionary forces, and ‘“secondary races”

resulting from long-continued intermixture of two or more
primary races within an area of relative isolation. Second-
ary races (admixed) were considered as representing most
of the present populations in the world, while primary races
were considered as relictual populations (Hooton, 1926).
This does not mean that present human populations are
homogeneous, either phenotypically or genetically. On the
contrary, the data summarized above show that they are
clearly diversified. Nevertheless, extensive genetic
exchange throughout history has been the rule rather than
the exception. “Pure” populations (primary races; Hooton,
1926) virtually do not exist.

The revolutionary use of ancient DNA makes it possible
to reliably uncover ancient admixture. It has evidenced that
the European populations of today are a result of a mixture
of three ancient populations related to Mesolithic Western
Hunter-Gatherers (WHG), Early European Farmers (EEF),
and steppe pastoralists (Yamnaya)/Ancient North Eurasians
(ANE) (Haak et al., 2015; Lazaridis et al., 2014; Mathieson
et al., 2015). Present European people have different
dosages of the ancestral populations: in the Baltic region,
WHG ancestry is stronger, and there is only 30% of EEF
ancestry. In Mediterranean populations the EEF ancestry is
90% (Lazaridis et al., 2014). The Yamnaya ancestry is
stronger in Northern than in Southern Europe (Haak et al.,
2015).

Gallego et al. (2015) have sequenced the DNA of a
4500-year-old Ethiopian hunter-gatherer. By comparing
this sequence with that of present-day Ethiopians and other
Africans, they found an indication of ancient migrations
from the Middle East to remote people such as the South
African Khoisans and Congo Pygmies.

All populations studied by Elhaik et al. (2014) within
the framework of the genographic project proved to be
admixed. The least admixed population was the Yoruba
from Nigeria. Puerto Rico and the Bermudas exhibited the
highest rate of admixture.

In the framework of the African Genome Variation
project, Gurdasani et al. (2015) characterized the dense
genotypes from 1481 individuals and whole-genome se-
quences from 320 individuals across sub-Saharan Africa.
They found complex, regionally distinct hunter-gatherer
and Eurasian admixture across sub-Saharan African
populations.

Hellenthal et al. (2014) have analyzed 1490 individuals
from worldwide populations, including 53 populations
from the HGDP. Populations were typed with 474,491
autosomal SNPs. The authors found complex patterns of
admixture in most populations, and were able to corrobo-
rate historical events such as the Bantu expansion, the Arab
slave trade, and the Mongol empire.

The so-called Hispanic US census category is a set of
admixed populations, with European, Native American,
and African ancestries (Risch et al., 2002). The percentage
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of these ancestries varies among countries and populations.
In Colombia, the European contribution is stronger in the
Andean part of the country, while the African ancestry is
stronger on the coast (Cardona-Castro et al., 2015).

Lastly, the percentage of European ancestry in AFAs
generally ranges from 7% to 20% (Gonzdlez Burchard
et al., 2003).

Ancestry informative markers (AIM) make it possible to
evaluate the degree of admixture even at the individual
level (Sarich and Miele, 2004, Chapter 1).

Admixed populations are precious in elucidating the
genetic background of phenotypes, including pathological
traits, through the approach of admixture mapping (Leroi,
2005; see Chapter 10).

Toward Homogenization?

These multiple admixture events could lead to the belief
that humankind is on the way to thorough homogenization,
since human populations are becoming increasingly
admixed (Dobzhansky, 1966; Mersha and Abebe, 2015).
However, this belief could prove to be only partially true.
Indeed, cultural obstacles (language, and most probably
racial prejudice) limit gene flow among populations of
different ancestries living in sympatry. Since 2000, the US
census has abandoned the “one-drop rule” (people had to
attribute themselves to only one ancestry). People are
allowed to declare two or more ancestries. It is interesting
to note that 97.5% of people have declared that they belong
to only one race. If mixed marriages were random, the
result should have been 42% (Risch et al., 2002). The rate
of mixed marriages between European and AFAs in the
United States, according to the 2000 census, was 0.3% in
European Americans (EURAs) and 4% in AFAs (Ousley
et al., 2009). Data are not available for France, since ethnic
statistics are against the law in that country. Perhaps cul-
tural obstacles are not the only explanation for the rarity of
mixed marriages in the United States. A biological phe-
nomenon of homogamy might play a role. People tend to
marry to people who look like them to some extent. It is
rare to see very tall men who marry very short women and
the opposite is even rarer. Risch et al. (2009) evidenced
assortative mating in admixed Mexican and Puerto Rican
populations analyzed with 104 AIMs. Correlations were
not attributable to variation in socioeconomic status or
geographic heterogeneity. So the tendency to look for
partners of similar ancestry could have something
biological.

Ancestry Informative Markers Versus
Self-Reported Ancestry

If one wants to identify the geographical origin of
individuals involved in a given study, two approaches are

possible: either a genetic identification is performed by
using adequate markers or subjects are directly asked from
which geographical group they originate.

AIMs are variants whose frequency is very different
from one geographical population to another. The use of a
carefully selected set of AIMs makes it possible to reliably
identify populations of origin as well as degrees of
admixture, even at the individual level. AIMs are not
“tautological constructs” (Morning, 2014); they are not
selected a priori to fit ethnic classifications. They are
selected a posteriori after natural groupings have been fully
confirmed by randomly selected markers and blind,
unsupervised, working hypothesis-free approaches such as
with the STRUCTURE model. Lahn and Ebenstein (2009)
have noted that the attribution of any individual to one of
the major geographic groups was almost 100% reliable
with DNA markers. AIMs are very powerful tools to
evaluate admixture rates in populations (Pfaff et al., 2001).
According to Sarich and Miele (2004), Chapter 1,
DNAPrint Genomics (ceased operations in 2009) used to
propose a kit of 73 AIMs able to evaluate the percentage of
admixture at the individual level. On 3000 blind assays,
there was no mistake. Galanter et al. (2012) have designed
AIM Kkits to evaluate contributions of African, European,
and Native American ancestries in Latin America.
Admixture quantification was reliable for 314, 194, and 88
AIMs, and less reliable with lower numbers. Admixture
patterns were variable in the same country, even in the
same region. This approach is crucial for association
studies of medical traits (see Chapter 10). Parra et al. (2004)
measured the correlation between skin pigmentation
(estimated with a spectrometer) and level of admixture
(estimated by AIMs) in five populations of admixed
ancestry. The authors stated that the correlation was quite
variable. However, it was constantly high (p < 10 in four
populations out of five, the weakest p being 8 x 102,
which still is quite significant). The authors recommended
the use of AIMs as the most reliable means for evaluating
the degree of admixture.

In conclusion, AIMs are a method of choice to identify
the ancestry of a given individual, including in admixed
populations. However, their use remains costly and requires
a rather high level of expertise. Scientists may prefer to rely
on SRA. This is especially adequate in multiracial countries
such as the United States (and France), where a limited
number of populations with rather dissimilar ancestries live
in sympatry. People are offered to identify themselves
using the categories of the US census, and can declare
several ancestries (no use of the “one-drop rule,” which was
designed for red tape, not science). It is obvious that genetic
markers are preferable (Bustamante et al., 2011), especially
in the case of admixed populations such as Hispanics.
However the “poor man’s method” SRA is better than
nothing and is widely used in biomedical research. Risch
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et al. (2002) consider it as a very reliable approach.
Gonzalez Burchard et al. (2003) found a fair match between
the five continental groups identified by microsatellites and
SNPs on the one hand, and SRA on the other. Tang et al.
(2005) have compared the results obtained from genetic
clustering using 326 microsatellite markers and SRA in 15
localities in the United States and Taiwan. The rate of
erroneous attributions by SRA was 0.14% only. Although it
has been heavily criticized, especially by social scientists,
SRA is considered by many as a useful proxy for
biomedical research (Auton et al., 2009; Guha et al., 2012;
Li et al., 2008; Mountain and Risch, 2004; Need et al.,
2009; Nelson et al., 2012; Novembre et al., 2008;
Rosenberg et al., 2002; Shiao et al., 2012).

The Contribution of Ancient DNA: Archaic
Adaptative Introgression

The sequencing of ancient DNA is a fearsome technolog-
ical challenge (Pickrell and Reich, 2014). Although the
DNA molecule is extremely stable, old DNAs are
degraded. Climate conditions play an important role. Dry,
cold climates are favorable for preserving DNA. Moreover,
the risk of contamination by modern DNA is high. In spite
of these obstacles, advanced laboratories have been able to
gather impressive results in the recent years. The present
limit is —400,000 years (Pickrell and Reich, 2014).

As we have seen earlier (“All admixed”), ancient DNA
was able to elucidate several events of past admixture by
comparing DNA from ancient humans with that of
contemporary populations. Old debates have been reignited
by ancient DNA (Pickrell and Reich, 2014): (1) the origin
of the Basques and the Indo-Europeans; (see later in
this chapter); (2) “pots versus people”: are culture and
technology spread by cultural contacts only, or also by
physical migrations? (3) demographic stasis (present pop-
ulations descend directly from ancient populations) versus
rapid demographic changes. Against the demographic stasis
hypothesis the following cases can be cited: (a) ancient
DNA has revealed that Paleosiberians were closer to
present-day Native Americans than to present-day Sibe-
rians; both modern Europeans and Native Americans may
have partly originated from an ancient North Eurasian
population; (b) ancient, 4000-year-old inhabitants of
Greenland were closer to modern Siberians than to present-
day Greenlanders; (c) 5000-year-old Swedish populations
showed that Swedish hunter-gatherers of the time were
closer to present-day Northern Europeans, while Swedish
farmers were closer to modern southern Europeans; and
finally, (4) serial founder effect versus replacement/
admixture. The serial founder effect is a classic and popular
model for retracing human demography: small populations
invade a new, empty territory. They grow, then send out

new, small groups of emigrants, and so on (Prugnolle et al.,
2005). Ancient DNA data seem to favor the replacement/
admixture model most (Pickrell and Reich, 2014). The
analysis of ancient DNA can yield direct evidence for
recent selection, provided that local populations have not
been replaced (Wilde et al., 2014; see below: recent
evolution).

The analysis of archaic humans’ DNA somewhat
revolutionized our view on human evolution. Archaic
adaptive introgression (AAI; the capture of adaptive ge-
netic variants by modern humans from archaic cousins
through occasional crossbreeding) may have provided
moderns with many favorable traits, not only for climatic
adaptation and resistance to pathogens, but also possibly
cognitive properties. This would partly explain the “cre-
ative explosion” of the upper Paleolithic in Europe and
Asia (Cochran and Harpending, 2009, Chapter 2 and
conclusion). Of course this audacious hypothesis about the
capture of cognitive traits remains speculative. However,
clear indications of AAI for other traits are available. The
contribution of archaic genomes to present-day humans
would be 1.2—4% Neanderthal in European, Asian, and
Native American populations; 3—6% Denisovan in native
populations of Papua New Guinea, Australia, and
Melanesia; and 0.2% Denisovan in Asian populations
(Alves et al., 2012; Novembre and Ramachandran, 2011;
Racimo et al., 2015; Stoneking and Krause, 2011).
Modern Africans do not show (yet?) any Neanderthal
or Denisovan introgression. Apart from introgressions
favoring defense against pathogens (see Chapter 10), AAI
has been evidenced for: (1) brain genes (see “Brain
Genes” in this chapter) and (2) the adaptation of Tibetans
to altitude (see “Mountaineers” in this chapter). According
to Racimo et al. (2015), AAI is a rich reservoir of new
genetic diversity, providing a considerable source of
adaptation to new environments. The knowledge of new
sequences from archaic humans could help understand the
genetic background of phenotypic differences among
human populations.

Abundant indication of AAI refutes the hypothesis that
Neanderthals did not interbreed with our ancestors (Currat
and Escoffier, 2004; Jordan, 2008, Chapter 2).

Old Debates Revisited: Basques,
Indo-Europeans, and Jews

Modern population genetics tools and ancient DNA allow
us to revisit long-standing historical and linguistic debates
dealing with the origin of present and past populations.
Many populations have been reexamined this way. We will
focus on Basques, Indo-Europeans, and Jews.

Present-day Basques live in Northwest Spain and
Southwest France. They are a proud people who feel very
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different from their Spanish and French neighbors. They
call their country “Euzkadi” in their mysterious language,
which does not have an Indo-European origin and is
distinct from Spanish and French. They claim that they
have a very ancient, common origin. Ancient DNA has
recently shed some light on this enigma (Giinther et al.,
2015). The study dealt with eight individuals from the El
Portalén cave in Spain. The age of the individuals ranged
from —5500 to —3500 years (from the Chalcolithic to the
Bronze era). They have been compared with various
present European populations. Unlike other Iberian pop-
ulations, present-day Basques showed little or no admixture
from North Africa and Caucasus/Central Asia and were the
closest populations to the eight cavemen. Modern Basques,
therefore, are hypothesized to be the direct descendants of
early Iberian farmers, and their language, which has no
proven relationships with any other language, could be a
retention of the preagricultural linguistic diversity in that
region.

The cradle of the Indo-European languages is another
old enigma. Linguists have long recognized close
relationships between most European languages (except
Basque and Finno-Hungarian languages), and Indo-Iranian
languages. The first debate questions the explanation of this
kinship: pots or people (see earlier)? Spread mostly by
cultural contacts (Demoule, 2014) or by migrations? If the
migration hypothesis is retained, what was the geographical
origin of the proto-Indo-Europeans? Two places were
candidates: Anatolia and the Russian steppes. Ancient
DNA has provided new information to the debate (Haak
et al., 2015). Ninety-four ancient Europeans were compared
to 2345 present-day individuals within 203 populations.
About 400,000 SNPs were used. Modern Europeans are
believed to originate from two major migrations: (1) from
the Middle East during the early Neolithic era and (2) from
the Yamnaya steppe during the recent Neolithic era. This
study therefore favors migration rather than cultural
contacts only (people rather than pots), and supports the
steppe hypothesis rather than the Anatolia hypothesis.
However, it does not explain the origin of Indo-Iranian and
Southeastern European languages.

The origin of modern Jews has long been discussed.
Data from high-resolution genetic markers show that
modern Jews share common polymorphisms that help to
identify them at the population and, to a certain extent, at
the individual level (Cochran et al., 2006; Cochran and
Harpending, 2009, Chapter 7; Guha et al., 2012; Need
et al., 2009; Novembre and Ramachandran, 2011; Ostrer
and Skorecki, 2013). Guha et al. (2012) have focused on
Ashkenazi Jews (AlJs), who are assumed to be of recent
origin (about 1000 years). They characterized 1394 Als
from Israel with 95,600 SNPs (a relatively low number
compared to other studies based on up to 1 million SNPs;
Lépez Herrdaez et al., 2009). AJs were compared with

populations from Europe, the Middle East, and Central/
South Asia. The ADMIXTURE analysis clearly differen-
tiated AJs from the other populations under study. PCA
showed that AJs occupied a position between Europe and
the Middle East, but with a specific dimension, orthogonal
to the two other populations. The authors insisted on the
value of AJ population genetics for disease gene mapping
(see Chapter 10). Need et al. (2009) considered a random
sample of 611 unrelated self-described Caucasian subjects
mostly residing in America. The subjects reported them-
selves whether they were of Jewish ancestry and if so, how
many Jewish grandparents they had. Individuals reporting
four Jewish grandparents were categorized as full Jewish
ancestry (FJA). Most people of Jewish ancestry were Als.
No less than 550,000 SNPs were used. Relationships
among populations were visualized using PCA. FJA sub-
jects were clearly separated from non-Jewish individuals.
As expected, subjects with one to three Jewish grandparents
showed intermediary positions on the PCA representation.
On a PCA representation of all the populations studied,
Jewish subjects were intermediary between European and
Middle Eastern populations. These studies suggest that
present-day Jews have kept a notable component of their
original Middle Eastern ancestry.

Out-of-Africa and That’s It? Not So Simple

We now clearly see the main features of population
structure of modern humans at the world level. The dogma
for many years has been that this population structure was
the result of the so-called OOA hypothesis (Stringer and
Andrews, 1988): non-African populations are reportedly
the outcome of migrations from FEast Africa some
100,000 yeas ago, and modern humans would have entirely
replaced local archaic hominids. However, little by little, a
more complex picture is emerging.

First of all, the OOA ancestry of modern humans some
100,000 years ago (as evaluated by Templeton, 2012; this
would instead be —130,000 years) has not been the
only one. Homo erectus went OOA about 1.3—1.7 million
years ago and spread throughout the world (Cavalli Sforza
and Feldman, 2003; Templeton, 2012), as far as the Island
of Java (the Pithecanthropus) and China (the Sinan-
thropus). Then the Acheulean expansion took place some
650,000 years ago (Templeton, 2012).

Moreover, we have seen above that some interbreeding
took place between modern humans and their archaic
cousins, which seems to have been crucial for the adapta-
tions of OOA emigrants to new environments. The
replacement therefore has not been 100% (Templeton,
2012). This is why the OOA has been considered “over-
simplified” (Vasseur and Quintana-Murci, 2013). At least
two admixture processes have occurred, with Neanderthals
(all non-African populations) and with Denisovans (mainly
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Oceanian populations) (Alves et al., 2012; Racimo et al.,
2015; Stoneking and Krause, 2011). Taking these archaic
admixtures into account is very relevant for population
genetic analyses. Not doing so leads to overestimating
population size and the antiquity of most recent common
ancestors. If admixtures are better known, migration pat-
terns will be better evidenced (Alves et al., 2012).

The multiregional model of human evolution
(Weidenreich, 1946) proposed a unique OOA some 1.9
million years ago, followed by continuous gene flow
among geographically separate populations. Coon (1962)
has proposed the candelabra model, in which, following an
ancient OOA, different H. erectus populations would have
separately reached the Homo sapiens stage without genetic
exchange among them, and would thus be at the origin of
major races. Lastly, the OOA replacement model with no
archaic admixture was classically the accepted model
(Stringer and Andrews, 1988). Nested-clade analysis,
which uses information extracted from haplotypes, shows
that gene flow has played and continues to play an
important role in human evolution, resulting in all modern
humans representing a single evolutionary lineage.
Moreover, this approach makes it possible to reject the
multiregional and candelabra models, and to confirm
archaic interbreeding (Templeton, 2012).

The present state-of-the art on OOA might be
profoundly modified in the near future by more refined
population genetics analyses taking more into account the
variability of rare and low-frequency variants, which will
give a better estimate of recent and present gene flow in
human populations. The analysis of more ancient DNA
samples could also reveal unexpected archaic admixtures,
such as between Neanderthals and Denisovans (Gibbons,
2015), or maybe between different H. erectus populations,
or between H. erectus and Neanderthals, Denisovans, or
H. sapiens. It should be recalled that AAI seems to play a
major role in human evolution and adaptation. In science,
especially in human evolution, never say “it didn’t
happen” but rather “it has not been evidenced until now.”
The discovery of Homo floresiensis (the “Hobbit”) in
2003 (Morwood and van Oosterzee, 2007) shows that
prehistoric science can still be upset by new discoveries.
Fossil DNA is a fantastic tool. However, (1) until now,
few individuals have been conveniently analyzed; (2)
fossils are rare and are by no means random samplings of
ancient times. The French prehistorian Father Henri
Breuil used to say: “the cradle of mankind is a cradle on
wheels.”

The present-day advances in human population
structure might be still much refined. However, it is quite
unlikely that the main features will be upset, namely: (1) at
least when common historical variants are considered, the
genetic diversity within geographical populations is far
greater than that between populations; (2) major continental

groupings can be evidenced by both phylogenetic and
nonphylogenetic (unsupervised, working-hypothesis free)
approaches; (3) when enough markers (for example: up to
0.5—1 million SNPs) are used, a highly stratified, Russian
doll structure is visible within major continental groupings,
at an extremely reduced geographical scale; (4) thorough
admixture, but not homogenization, can be evidenced in
most present populations. When recent admixture is
considered (AFAs, Hispanics), the degree of admixture of
populations and individuals can be evaluated by AIMs;
(5) AIMs can trace the ancestry of any individual; (6) SRA
can be a useful ersatz to identify the ancestry of subjects in
multiracial societies.

We now have handy the reliable population genetic
framework on which it will be possible to map adaptive,
selected genetic, and phenotypic traits (phylogenetic
character mapping or PCM; Avise, 2004). Let us now
consider some features that are highly relevant for the study
of human adaptation.

RARITY MATTERS: RARE VARIANTS AND
LOW FREQUENCY VARIANTS

Human population genetics has long relied on common
variants, more specifically, neutral, historical markers. CVs
tend to be shared among geographical populations, and only
some frequency differences make it possible to evidence
continental groupings. When phenotypes, and more specif-
ically, disease risks, are considered, the common disease/CV
hypothesis states that disease susceptibility was caused by the
cumulative action of CVs whose individual penetrance was
weak (Keita et al., 2004; see Chapter 10). The massive use of
whole genome sequencing, DNA microarrays, and high-
resolution markers (for example: up to 1 million SNPs) has
upset our view on human genetic variation. CVs are generally
defined as having a minor allele frequency (MAF) of >5%.
Low-frequency variants (LFVs) have an MAF ranging from
0.5% to 5% (Goldilocks variants). Rare variants (RV) are
below 0.5% (Mersha and Abebe, 2015; Nelson et al., 2012).
We speak here about sequence variants. SV will be discussed
later. The contribution of RVs and LFVs to relevant traits
remains largely unexplored (The UKIOK Consortium,
2015).

Crucial features of LFVs and RVs are that they tend to
(1) have originated recently, and (2) be localized, and
hence population-specific, proportionally to their rarity
(Bustamante et al., 2011). Even if the Fst calculated
from CVs is low, LFVs and RVs are able to reliably
separate major continental groups (Africa including
AFAs, East Asia, Europe, the Americas, including admixed
populations). Seventeen percent of LFVs are specific of
only one ancestral group. For RVs, the figure is 53%
(The 1000 Genomes Project Consortium, 2012). In a
survey dealing with 2054 individuals from 26 geographical
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populations from Africa, Southeast and South Asia,
Europe, and the Americas, analyzed by microarrays and
deep sequencing, 88 million variants were evidenced. Most
of the variants were rare: 64 million autosomal SNPs were
RVs. Only 8 million were CVs. Eighty-six percent of the
variants were specific of only one continental group (The
1000 Genomes Project Consortium, 2015).

Another specificity of RVs and LFVs, precisely
because they are rare, is that they are most often missed by
microarrays and Genome-Wide Association Studies
(GWAS). Whole genome sequencing is the best approach
to detect RVs and LFVs (Novembre et al., 2008; Rowell
et al., 2012).

Lastly, the proportion of deleterious alleles is higher in
RVs than in CVs (Henn et al., 2015).

When protein-coding variants are considered, the vast
majority of them are rare, and indeed enriched with
deleterious alleles. These rare protein-coding variants are
probably highly relevant for the study of phenotypes and
diseases (Belizario, 2013). According to Casals and
Bertranpetit (2012), the demographic explosion linked to
the advent of agriculture 10,000 years ago, has yielded a
vast excess of RVs compared to the expectations of
classical population genetics, many of them being possibly
deleterious. This would be due to the impossibility of
natural selection to eliminate the deleterious mutations in
too short a time, and could affect the fitness of future
generations. The authors have estimated that 70—90% of
RVs were continent-specific, while 20—30% were specific
of populations within continents.

Fu et al. (2013) studied 4298 EURAs and 2217 AFAs
by resequencing 15,336 genes. In agreement with the
hypothesis postulated by Casals and Bertranpetit (2012),
they have inferred a huge excess of rare variants. By
coalescence simulations, the authors have estimated that
86.4% of the single-nucleotide variants (SNVs) had arisen
in the past 5000 years (91.2% and 77.0% for EURAs and
AFAs, respectively). This recent demographic explosion
would have resulted in a deluge of rare functionally
important variation, with a larger burden of Mendelian
disorders, but also a new reservoir of advantageous alleles
(Hawks et al., 2007).

Tennessen et al. (2012) performed exome sequencing
on 1351 EURAs and 1088 AFAs identified by AIMs. They
have found 86% of RVs, of which 82% were unknown, and
52% were restricted to either EURAs or AFAs. According
to the authors, RVs and LFVs would explain the heritability
of common complex diseases (see Chapter 10), while CVs
would be responsible for only a modest fraction of the
heritability of most phenotypic traits. In agreement with the
results by Casals and Bertranpetit (2012) and Fu et al.
(2013), the authors have found a great excess of RVs,
suggesting a recent demographic explosion about
5000 years ago. The vast majority of the coding variation

appears to be recent, rare, and enriched with deleterious
alleles. These features are most relevant for phenotypic
variation and disease susceptibility. Since most RVs are
population-specific, association studies among different
populations are challenging.

In summary, LFVs, and even more, RVs, tend to be
population-specific and of recent origin, as a result of a
recent demographic explosion. They seem to play a much
greater role than CVs in phenotypic and disease suscepti-
bility diversity.

COPY NUMBER MATTERS: STRUCTURAL
VARIATION

One major discovery of modern genomics has been to
show that human populations exhibit a high variability of
structural variants—that is to say, segments of the genome
that have one, two, or more copies, or have different
orientations among individuals and populations. Accord-
ing to Conrad and Hurles (2007), all of population ge-
netics science should be revisited in light of SV. The
database of genomic variants (http://dgv.tcag.ca/dgv/app/
hom) has cataloged more than 100,000 CNVs (Belizario,
2013).

SV is observed in healthy individuals (Conrad and
Hurles, 2007; Lander, 2011). It comprises: (1) CNVs,
which can be diallelic or multiallelic, and involve deletions
and duplications; (2) inversions and balanced trans-
locations. The former changes the DNA dosage, the latter
do not. SV ranges from 1 kilobase (kb) to more than
3 megabases (Mb) (Conrad and Hurles, 2007). CNVs are
considered to play a more important role in phenotypic
variation and human adaptation than SNVs (Belizirio,
2013; Fu and Akey, 2013; Gonzaga-Jauregui et al., 2012;
Vasseur and Quintana-Murci, 2013), and “SVs seem to
have a disproportionate impact on gene expression relative
to their number” (Sudmant et al., 2015b). SV affects more
base pair (bp) polymorphisms than do SNPs outside SV
(Sudmant et al., 2015b). According to Sudmant et al.
(2015a), 7.01% of the human genome is variable because
of CNVs, while SNVs are the cause of 1.1% of this vari-
ability only. About 2100—2500 SVs affect 20 million
nucleotide bp (The 1000 Genomes Project Consortium,
2015).

SVs are observed in healthy subjects. However, they are
involved in various pathologies (see Chapter 10).

Lastly, as we have already shown (see “A Mankind
Population Genetics Framework for Applied Research”),
SV varies among populations and corroborates continen-
tal groupings evidenced by microsatellites, SNPs, and
other genetic markers (Jakobsson et al., 2008; Sudmant
et al., 2010). As is the case for genic RVs, rare SVs tend
to be specific of continental groupings (Sudmant et al.,
2015b)
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NOT ONLY GENES: REGULATION IS A
MAJOR ACTOR

Gene regulation is considered to have a major role in
evolution. King and Wilson (1975) have hypothesized that
biological differences between humans and chimpanzees
were better explained by regulatory mutations than by
sequence differences. Indeed, the sequences of the two
species present a high similarity (98.77%; Chimpanzee
Sequencing and Analysis Consortium, 2005). This
hypothesis has been recently supported by Fu and Akey
(2013), who have stated that differences in gene expression
between humans and chimpanzees were considerable,
particularly at the level of the brain.

Belizario (2013) has underlined the relevance of
studies dealing with delineation of genome-wide DNA
methylation patterns (epigenome) and full characterization
of coding and noncoding RNAs (transcriptome), together
with classical genome sequencing approaches, to better
elucidate the mechanisms of phenotype and disease risk
diversity. The author has noted that 90% of the SNPs
associated with human phenotypes are not in protein-
coding regions. According to Enard et al. (2015), Fraser
(2013), Grossman et al. (2013), Lander (2011), and
Stranger et al. (2007), regulatory changes and gene
expression have been more important than amino acid
substitutions in the evolution and local adaptation of hu-
man populations. Fu and Akey (2013) have proposed that
regulatory, soft, polygenic, epistatic adaptation was more
important than hard adaptive events (“hard sweeps”: see
“Abundant Indications for Recent and Geographically
Differentiated Evolution”), in human evolution, a view
shared by Karlsson et al. (2014). Spielman et al. (2007)
compared gene expression of transformed lymphoblastic
cells in three populations of the HapMap project: 60 CEU
(EURAS), 41 Han Chinese (CHB), 41 Japanese (JPT), and
24 Han Chinese from Los Angeles (CHLA). Differences
were highly significant at a statistical level of p < 1077
between groups of European versus Asian ancestry. Dif-
ferences involved 1097 out of 4197 genes. The highest
difference was for the UGT2B17 gene (which codes for an
enzyme), ie, expression in the CEU group was 22 times
higher than in the CHB + JPT samples. Heyn et al. (2013)
have analyzed whole genome DNA methylation profiles
of B-lymphocyte cells in 96 AFAs, 96 EURAs, and 96
Asian Americans (ASAs; Han Chinese). They found that
DNA methylation profiles clearly separated the three
populations (Fig. 6.5).

One-third of the DNA methylation variation was not
related to any genetic modifications: variation in
population-specific sites would be explained by both the
genetic and epigenetic modifications, underlining the
relevance of epigenetic activity in human variation. The

results suggested a regulatory network that contributes to
the variance observed between populations. Martin
et al. (2014) have sequenced the genomes, exomes, and
transcriptomes of Epstein—Barr virus transformed lym-
phoblastoid cell lines derived from 45 individuals of
diversified geographical origins (HGDP; Namibian San,
Mbuti Pygmies of Congo, Mozabites, Pathan of Pakistan,
Cambodians, Yakut, and Mayans of Mexico). They found
that about 25% of the variation in gene expression could
be attributed to population differences. However, few
genes were systematically differentially expressed among
populations. Lastly, Sudmant et al. (2015b) have noted
that SV seemed to have “a disproportionate impact on
gene expression relative to their number.”

The data above show that (1) gene regulation is probably
more important than amino acid changes in human evolution
and adaptation. Consequently, whole exome sequencing,
which concerns only the coding part of the genome, is not
relevant to capture this key feature of human adaptation
(Manry and Quintana-Murci, 2013). (2) Populations of
different geographical origins exhibit different patterns of
gene regulation, probably related to local adaptation and
different selective pressures.

WHAT ABOUT PHENOTYPIC
GEOGRAPHICAL VARIATION?

We have shown in this chapter that there is a clear
association between: (1) diversity of genes, gene regula-
tion, and SV on one hand and (2) geographic origin on the
other hand. What about phenotypic variation? Everyday
experience suggests that to a large extent it is possible to
guess the geographic origin of individuals according to
their external aspect. This is largely due to the fact that
phenotypic traits are not independent of each other, but
show clear correlations. People of African ancestry not
only have darker skin than Europeans but they also never
have blue eyes. Blue eyes are more frequent in blond
individuals. Slanting (never blue) eyes in people of Asian
ancestry are generally associated with dark, thick, coarse
hair. But everyday experience is not enough for scientific
conclusions. What about data?

According to Relethford (2009), the heritability of skin
color is 0.66. Harpending (2002) noted that the Fst (which
shows the differences between populations) applied to skin
color ranged from 0.60 to 0.90, a far higher figure than the
Fst inferred from common genetic variation (0.05—0.15).
Relethford (2009) found Fst = 0.88 for skin color between
the five main geographical regions and noted that there
were no major discontinuities in skin darkness among
human populations. Both strong Fst and progressive vari-
ations are hardly astonishing: color reflects climatic adap-
tation (Relethford, 2009) and is correlated with UV
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FIGURE 6.5 DNA methylation (involved in gene regulation) separates African-American (AF, brown), Caucasian-American (CA, pink), and Han
Chinese-American (AS, yellow) individuals. (A) Hierarchical clustering of 439 differentially methylated DNA sites separating the three populations using
absolute DNA methylation levels (low: green; high: red). (B) Multiscale bootstrap resampling (n = 10,000) of the 439 DNA sites significantly differ-
entially methylated between African, Asian, and Caucasian individuals. The three populations cluster separately and consistently with prior genetically
defined proximities. (C) Principal component analysis (PCA) of the differentially methylated DNA sites. (D) ADMIXTURE analysis of these patterns of
differential methylation. Each individual is represented by a vertical line, with the lengths corresponding to the ancestry coefficients in up to three inferred

ancestral groups (Heyn et al., 2013).

radiation (although Harpending (2002) proposed that
sexual selection plays a role as well). Let us recall here that
Parra et al. (2004) have found a significant correlation
between skin color and admixture level evaluated by AIMs,
which shows that this phenotype is related to general
genetic polymorphism, since AIMs have no role in skin
color.

Sarich and Miele (2004; the race affair) emphasized that
morphological variation (skull and face among continental
populations, ie, “races”) was 10 times stronger than
between genders in the same continental group, and higher
than the morphological differences between chimpanzees
and bonobos, two different species of apes. Unfortunately,
their book lacks precise scientific references.

More reliable data come from tooth and skull studies.
Edgar (2009) has compared dental morphology (assumed to

be neutral and heritable) in 1445 subjects (EURAs and
AFAs) and their ancestors since the 17th century.
According to the author, Europeans of different origins
(west, south, east) were fairly admixed (in spite of the fact
that Southern and Eastern FEuropeans were long
discriminated against in the United States), while admixture
obtained much less between EURAs and AFAs. This study
shows that biological distances inferred from dental
morphology can distinguish Europeans from different
origins, and EURAs from AFAs. Moreover, it suggests that
cultural obstacles still limit interbreeding between EURAs
and AFAs today, although biological homogamy could
play a role too (see “Toward Homogenization?””). Studying
4666 male skulls from various populations, plus a more
limited sample of female skulls, Manica et al. (2007) found
that the loss of genetic diversity having followed the OOA
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was correlated with a loss of phenotypic diversity (after
correction for the climatic impact).

Ousley et al. (2009) noted that craniometric variation
worldwide showed strong geographic patterning, but also
differences among populations from the same continent.
Their results show that individuals can be accurately
classified into geographic origin using skull measurements,
although different groups overlap. When the number of
measurements increased, the discrimination was clarified,
which shows that different traits are correlated: this calls
for multivariate methods. Multivariate analysis confirmed
that AFAs and EURAs could be distinguished by
craniometrics.

Relethfod (2009) confirmed that craniometric data
were able to assign individuals to their geographic origin.
A cluster analysis built from the craniometric distance
matrix showed a clear separation between the six
geographic regions covered by the sample (Polynesia,
Australasia, East Asia, the Americas, FEurope, and
sub-Saharan Africa). This pattern is similar to the one
observed with genetic markers (see Figs 6.1—6.4) and with
gene regulation diversity (Fig. 6.5). However, the author
observed that this collection was not randomly sampled and
was based on regions far away from each other. Moreover,
like Ousley et al. (2009), Relethford (2009) has found that
craniometric measures exhibited an overlap between
different geographical populations.

Two classical morphometric studies have been revisited
using modern statistical tools. Sparks and Jantz (2002)
reexamined an important part of the skulls studied by Boas
(1912) with modern statistics. They claimed that the main
hypothesis by Boas (that cranial morphology variation is
weakly heritable and mostly explainable by environmental
parameters) was wrong. According to the authors, genetics
plays a stronger role than environment in skull
morphology. Moreover, they have observed that cranial
morphology of AFAs and EURAs evolved, but did not
converge, which would be expected if environment had a
major impact. Another revisited classical study dealt with
the results produced by Morton (1849) on cranial com-
parisons between AFAs and EURAs. These results had
been severely criticized by Gould (1981). However, Lewis
et al. (2011) have reexamined both studies and have
directly remeasured almost 50% of the approximately 1000
skulls studied by Morton (while Gould had only checked
Morton’s measurements). Lewis et al.’s conclusion was that
only 2% of the results by Morton were wrong, and there-
fore, that Gould’s criticism was not justified. AFAs and
EURAs did show significant differences in cranial mea-
surements, which confirm the results by Sparks and Jantz
(2002).

In summary, skin color as well as dental and cranial
morphology are heritable and exhibit strong geographical
diversity. Skin color and cranial morphology do not show

discrete variation, but rather change progressively among
populations. Both dental and cranial morphology can be
used to reliably identify the geographical origin of the in-
dividuals under study, as do genetic markers.

ABUNDANT INDICATIONS FOR RECENT
AND GEOGRAPHICALLY
DIFFERENTIATED EVOLUTION

Two recent books of scientific popularization (Cochran
and Harpending, 2009; Wade, 2014) have supported
roughly the same hypothesis: that evolution has not stopped
with the advent of modern humans 40,000—50,000 years
ago, as was widely believed (Mayr, 1963; Lawler, 1978;
Gould, 2000), but on the contrary, it (1) sped up in
non-African populations through admixture with archaic
humans; (2) exploded with the Neolithic revolution and the
advent of agriculture; and (3) was abundant, local, and
geographically diversified (Hawk et al., 2007). Cochran
and Harpending (2009), Chapter 1 hypothesized that
present-day humans have very different minds and bodies
from those of people only a few 1000 years ago. Differently
from Sarich and Miele (2004), the books by Cochran and
Harpending and by Wade cite abundant sources of refer-
ences. Some of the hypotheses proposed by these authors,
in particular those dealing with cognitive evolution, and
correlations between genetically driven cognition and the
economic success of societies, remain speculative.
However, many of the data they present are corroborated by
recent scientific studies. Lahn and Ebenstein (2009) and
Stearns et al. (2010) share the view that human evolution
has not stopped and still is going on.

As a start, it should be noted that evolution and natural
selection are obviously operating in the present before our
very eyes if we consider transmissible diseases (Tibayrenc,
2004, 2007a,b). One example among many others, Malaria,
kills an incredible number of infants every year, especially
in sub-Saharan Africa. It would be unexpected that natural
selection did not favor the genetic background of the
survivors. This point will be developed in Chapter 10.

A few reminders will help understand this part on
selection/adaptation. Evolutionists distinguish several types
of selection. (1) Purging selection is the most common
mode of selection, and concerns the elimination of delete-
rious alleles. If alleles are only mildly deleterious, their
elimination can take a long time. In this case, many alleles
will exhibit intermediary frequencies, because they are on
the way to being eliminated and the process continues.
(2) Darwinian = directional = positive selection deals with
the selection of favorable alleles that augment the fitness of
the organism. Again, if the allele is only slightly favorable,
its fixation (frequency =1) will be slow, and mildly
favorable alleles will often exhibit intermediary
frequencies. (3) Balanced selection occurs when the
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advantage of the allele is frequency-dependent, or when the
heterozygous state is favored, while the homozygous states
are not. Sickle cell anemia is a classical case of balanced
selection. Heterozygous individuals are protected against
malaria, while subjects who are homozygous for the sickle
cell anemia trait undergo a high mortality rate (see Chapter
10). In principle, adequate statistics dealing with genomic
patterns can distinguish between the different kinds of
selection, and their respective strength (Cavalli-Sforza and
Feldman, 2003; Colonna et al., 2014; Enard et al., 2015; Fu
and Akey, 2013; Fumagalli et al., 2015; Lachance and
Tishkoff, 2013; Pritchard et al., 2009; Shriver et al., 2004;
Tennessen and Akey, 2011; Vasseur and Quintana-Murci,
2013). Lastly, it is important to emphasize the fact that
selection acts on global phenotypes rather than directly on
genotypes (Stearns et al., 2010).

“Selective sweeps” designate the changes of allele
frequencies due to selection events. The most classical kind
is the “hard sweep,” in which strong selection drives new
mutations quickly to fixation in given populations. “Soft
sweeps” use existing (standing) variation and select alleles
that are moderately favorable, or alleles that are roughly
equally favorable at the same locus. The genomic signature
of hard sweeps is much stronger than that of soft sweeps
(Pritchard et al., 2009). Convergent evidence suggests that
recent human adaptation relies little on hard sweeps and
much more on soft sweeps of multiple genes, regulatory,
and epistatic phenomena (Alves et al., 2012; Daub et al.,
2013; Fu and Akey, 2013; Karlsson et al., 2014; Tennessen
and Akey, 2011; Wade, 2014, Chapter 1). Soft selection
operates on standing variation and is therefore comparable
to artificial selection on domesticated plants and animals.

Everything that has been said above on RVs/LFVs, rare
CNVs, and geographically localized genetic regulation is
highly relevant to human recent evolution. As stated above,
RVS/LFVs tend to be restricted to geographical groups,
including at a small scale. Moreover, they are considered to
play a major role (greater than that of CVs) in phenotypic
diversity, adaptation, and disease risk, as do CNVs and
regulatory mechanisms. Some remarkable examples of
recent adaptation will be exposed in the next sections.

Mountaineers

Some human groups live at high altitudes; this is the case
for Tibetans, Native Americans of the Altiplano in Andean
countries (Aymaras), and the Ethiopians of the Highlands.
The three groups show a remarkable adaptation to altitude,
although through different mechanisms. The oxygen satu-
ration profile of Ethiopian highlanders is different from that
of Aymaras and Tibetans (Lachance and Tishkoff, 2013).
Tibetans exhibit specific mutations in the EPASI gene that
are associated with hypoxia, and are reported to come from
a Denisovan archaic introgression (Racimo et al., 2015).

According to Fu and Akey (2013), EPASI patterns in
Tibetans corresponds to a hard sweep. The frequency dif-
ference with Han Chinese is considerable. Aymaras do not
have EPAS] mutations but they do have selection signals
related to altitude in the PRKAAI and NOS2A genes, which
Tibetans do not have. Both Tibetans and Aymaras have
altitude-related selection signals in the EGLNI gene (Vas-
seur and Quintana-Murci, 2013). Aymaras have a striking
morphological and physiological adaptation to altitude. I
know these people well, having spent more than 7 years in
Bolivia. They have a barrel-shaped chest allowing a greater
respiratory capacity, and show physiological polyglobulia
(see Fig. 6.6). Long-term studies of the Bolivian Institute of
Altitude Physiology (Instituto Boliviano de Biologica de
Altura, IBBA; http://saludpublica.bvsp.org.bo/ibba/), sup-
ported by French cooperation, have shown that the adap-
tation to altitude was optimal for Aymaras, who are the
most anciently established people on the Altiplano. Adap-
tation is less good for Quechuas, who are the descendants
of the Incas, and have been there for a few 100 years only.
(The few) Bolivians of European ancestry exhibit the worst
adaptation to altitude. Even individuals born in La Paz may
suffer from pathological polyglobulia and may have to live
in the lowlands. Admixed people (the case of many Boli-
vians) are halfway between people of European ancestry
and Native American Bolivians.

White-Skinned, Blue-Eyed

A classical explanation for light skin adaptive value is the
necessity to absorb more UV and synthesize more
pro-vitamin D in climates with low UV radiation (Cochran
and Harpending, 2009, Chapter 3; Vasseur and
Quintana-Murci, 2013). According to Wilde et al. (2014),
Neolithic diet changes would have played an indirect

FIGURE 6.6 This Aymara woman and her child show typical “Altiplano
faces” with red cheeks, indicating a physiological polyglobulia. This is an
adaptation to the low oxygen level that exists at 4000 m.
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selective role. Preagricultural societies enjoyed a meat and
fish, vitamin D-rich diet, in particular through the
consumption of fish livers. The agricultural diet was far less
vitamin D rich, and therefore led to a selective pressure for
light skin. In Europe, the SLC24A5 and SLC45A2
variants are considered to be responsible for light skin
(Cochran and Harpending, 2009, Chapter 1; Colonna et al.,
2014; Lachance and Tishkoff, 2013). The SLC24A5 variant
has a strong selective advantage. It seems to have
spread throughout Europe in 5800 years (Cochran and
Harpending, 2009, Chapter 4). It is present in
approximately 100% of Europeans, and is nearly absent in
people of African and East Asian ancestry (Lahn and
Ebenstein, 2009). The SLC24A2 and SLC24A5 variants are
not the only ones involved in light skinning. Analyzing
ancient DNA from Ukrainian individuals of early Neolithic
and Bronze Age eras, and by comparing them with that of
modern Ukrainians, Wilde et al. (2014) have found direct
evidence for selection, not only for SLC24A2, but also for
two other genes involved in pigmentation pathways,
namely HERC2 and TYR. An SNP in the BNC2 gene is
associated with skin pigmentation and freckling in
Europeans, in whom a Neanderthal archaic variant of this
gene has a frequency of 0.70, while it is absent in Asia and
Africa (Racimo et al., 2015). According to Novembre and
Han (2012), comparable selective pressure (low UV
radiation) has led to different genetic responses leading to
light skin in different geographical areas, therefore consti-
tuting a case of convergent evolution (Cochran and
Harpending, 2009, Chapter 4; Jablonski and Chaplin, 2012;
Wade, 2014, Chapter 4). The MCIR variant responsible for
light skin is found in East Eurasia and the Americas
only, while the SLC24A5 variant is restricted to Western
Eurasia, namely Europe, the Middle East, and Central Asia
(Pickrell et al., 2009), and the KITLG variant is observed
throughout Eurasia and the Americas (Novembre and Han,
2012). An ABCAI2 variant is reported to be involved in
adaptation to low UV radiation as well. Its derived allele
frequency is 0.96 in Asia, 0.91 in Europe, and 0.13 in
Africa (Colonna et al., 2014). OCA2, MYO5A, DTNBPI,
and TYRPI are four genes involved in skin pigmentation.
They show clear evidence of selection in Europeans
(Voight et al., 2006). OCA2 and TYRPI both show very
different frequencies between Europe and Central Asia
(Pickrell et al., 2009).

Some genetic backgrounds that could play a role in skin
color still have to be identified; Grossman et al. (2013) have
uncovered various genes involved in biological pathways,
including skin pigmentation, thought to have undergone
recent selection. Quantitative trait loci (QTLs) are loci
harboring genes that command quantitative traits such as
skin color. Quantitative phenotypes have a polygenic
command. The role of these QTLs in skin-color variance
remains poorly known (Gonzaga-Jauregui et al., 2012).

Lastly, gene regulation appears to play a role in skin
pigmentation; Fraser (2013) has inferred that regulatory
phenomena were involved in adaptation to UV radiation.
Vernot et al. (2012) have found enrichment in regulatory
noncoding regions involved in melanogenesis in
Europeans.

The OCA2 gene pertains to the melanin pathway
(melanin is the pigment that makes the skin more or less
dark). This gene is involved in skin pigmentation (Pickrell
et al., 2009; Voight et al., 2006), and is also responsible for
blue eyes, through a regulatory mechanism operated by the
neighbor gene HERC?2 (Colonna et al., 2014). The variant
concerned is more frequent in Northern Europe and is
centered on the Baltic Sea (Cochran and Harpending, 2009,
Chapters 4 and 5).

Milk Drinkers

In most populations of the world, only babies are able to
drink and properly digest milk, thanks to an enzyme
called lactase, allowing them to digest the lactose (the sugar
found in the milk). After babyhood, the lactase gene is
repressed, except in a few human groups. Lactase
persistence is a now-classical example of recent human
adaptation due to a specific diet. It is observed in human
groups who rely on milk feeding: Europeans (more in the
north), some East Africans, and the Fulani in West Africa.
In Europe, a mutation in the promoter (the DNA region
that initiates transcription of a given gene) of the lactase
gene is responsible for lactase persistence. In East
Africans, a different mutation is involved (Vasseur and
Quintana-Murci, 2013). This is a case of convergent
evolution. In the Fulani, the European polymorphism
responsible for lactase persistence has a frequency of 0.37.
It has been hypothesized (Arama et al., 2015) that lactase
persistence played a role in the specific malaria resistance
observed in the Fulani (see Chapter 10). Mathieson et al.
(2015) analyzed 230 ancient West Eurasians DNAs (—6500
to —1000 years) and found that the earliest appearance of
the variant responsible for lactase persistence was —2200
or —2300 years old. According to Cochran and Harpending
(2009), Chapter 3, this variant was absent 7000 years ago.
These authors (Chapter 6) have hypothesized that lactase
persistence had given a strong selective advantage to the
Indo-Europeans, since dairy farming produces five times
more calories per hectare than fleshing.

Other Examples of Recent Evolution

Since the advent of agriculture, bones have become
slighter. Brow ridges have disappeared, except in
Australian natives. UK skull morphology has changed a
great deal over the past few 100 years (Cochran and
Harpending, 2009, Chapter 4). A decrease in long bone
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strength since the upper Paleolithic has been confirmed by
Ruff et al. (2015). Analyzing ancient DNA from West
Eurasians, Mathieson et al. (2015) found indications for
selection at loci dealing with diet, height, tooth
morphology, and hair thickness. For most of the selection
signals detected, allele frequencies of present Europeans
were outside the range of any ancient populations, sug-
gesting that phenotypically, Europeans of 4000 years ago
were different in important respects from Europeans today
despite having overall similar ancestry. This corroborates
Cochran & Harpending’s view (2009), Chapter 1. The
Inuits exhibit a remarkable adaptation to cold climates and
a marine diet (Tishkoff, 2015). Lastly, according to Wade
(2014), Chapter 1, the age of first reproduction is tending to
decrease, while the contrary is true for the age of
menopause.

Coevolution Between Culture and Genetics

Cochran and Harpending (2009; conclusion) emphasized
the importance of coevolution between culture and biology.
The “niche construction theory” states that organisms
modify their environment, which in turn has an impact on
their evolution (Laland et al., 2010). Richerson et al. (2010)
have proposed that cultural evolution was the leader rather
than the lagger of biological evolution. The “Baldwin
effect” states that learned behaviors have an impact on
evolution and selection. This could have been very
important in human evolution. Lactase persistence in dairy-
producer human groups is a remarkable example of this.

Brain Genes and Cognition

This is obviously a touchy subject. I will stick to a few
rough observations and examples. Ethical aspects on hu-
man population differences will be more developed in
Chapter 38. Richardson (2011) noted that before the pre-
sent postgenomic era, supporters of racial IQ differences
have never been able to prove that culture and education
did not have a major impact on intelligence/IQ (see Arvey
et al., 1994; Rushton and Jensen, 2006). Postgenomics
might change the game. Research on recent positive se-
lection on brain genes has “potentially explosive implica-
tions” (Richardson, 2011). Many scientists are of the
opinion that positive selection on cognitive genes has acted
differently on populations after OOA and that people of
different ancestries could have different intellectual
strengths (Richardson, 2011). However, until further
notice, no clear relation between brain genes and intelli-
gence has been established. Now some relevant observa-
tions on brain genes have been made. Ayub et al. (2013)
looked for positive selection in target genes of the tran-
scription factor FOXP2, involved in language and language
disorders. They have found clear evidence for positive
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selection in FOXP2 target genes in Europeans, not in
Asians and Africans. FOXP2 is the result of a selective
sweep in modern humans. It is shared between them and
Neanderthals. It would come either from a Neanderthal
AAI, or from the common ancestor between Neanderthals
and modern humans (Cochran and Harpending, 2009,
Chapter 2; Krause et al., 2007). The brain growth and
development-related genes ASPM and microcephalin 1
(MCPH1) exhibit signs of natural selection and a clear
geographic structure, correlated to linguistic tone variation
(Laland et al., 2010). Mekel-Bobrov et al. (2005) observed
that a variant of the ASPM gene, having arisen about
5800 years ago, was clearly more frequent in Europe and
the Middle East than in other regions, due to recent positive
selection. The authors inferred that the human brain was
still undergoing adaptive evolution. The ASPM and
MCPH]I genes have been the theme of intense debates
some years ago. Evans et al. (2005, 2006) proposed that the
MCHPI Haplogroup D, which is hypothesized to be the
outcome of an AAI (possibly from Neanderthal; Wolpoff,
2009), and arose approximately 37,000 years ago (at the
time of the advent of modern human behavior such as art
and the use of symbolism), had undergone strong natural
selection, possibly associated with brain phenotypes, and
had radically different frequencies among geographical
populations. These conclusions were challenged by
Richardson (2011), who observed that (1) these variants
show no correlation with either brain size or 1Q; and
(2) they are expressed in various tissues, not the brain only.
However, the debate on ASPM, MCPH 1, and cognition still
goes on. It has been proposed that microcephalin was not
associated with IQ at the individual level, but exhibited a
strong correlation with IQ at the population level (59
populations compared; Woodley et al., 2014).

As a last example of recent evolution of cognition,
Cochran et al. (2006) presented an audacious and fasci-
nating hypothesis to explain the high level of intelligence in
Als. As we have seen, this community is assumed to have a
recent origin (about 1000 years ago), and has maintained
strong endogamy for religious reasons and because of
persecutions. In Medieval Europe, Als specialized in
money trade jobs, which require high mental abilities. The
better they were at the job, the richer they became, and the
more children they had. This with endogamy gave the
classical conditions for accelerated natural selection. Ac-
cording to the authors, AJs have paid a heavy price for their
increased IQ. Selection would have acted on genes that
boosted 1Q at a heterozygous state, but provoked severe
disorders (such as Tay-Sacks disease, very frequent in AJs)
at a homozygous state.

It is most probable that cognition and behavioral traits
have a polygenic basis and that environment and education
play a major role in their expression (Jordan, 2008, Chapter
4; Jorde and Wooding, 2004; Zietsch et al., 2015), which
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makes the study of cognitive traits a challenge. However
the progress of genomics should make it possible to clarify
the genetic background of psychological traits and of their
possible variations among geographical populations.

It can therefore be concluded that as a whole, Cochran
and Harpending’s (2009) and Wade’s (2014) hypothesis
that clear signs of recent (and possibly present) and
geographically differentiated evolution exist, for many
traits, including diet adaptation, morphological features,
and brain adaptation. Evidence for recent selection on
pathological traits will be presented in Chapter 10.
However, the data should be interpreted with caution, since
this field is subject to much storytelling (the Panglossian
paradigm; Gould and Lewontin, 1979). It is safe to infer
that lactase persistence has been selected by the special diet
of diary-feeding populations. It is very tentative to infer that
isolated genetic data will make it possible to understand
macrohistorical features. For example, it has been proposed
that wealth differences among geographical populations
could be explainable by the level of genetic diversity (ex-
pected heterozygosity), which would be optimal in Euro-
peans and Asians, excessive in Africans, and insufficient in
Native Americans (Ashraf and Galor, 2011; Conley et al.,
2014). In turn, there is no proof of a total lack of influence
of human biological diversity on history and civilizations,
as claimed by Levy-Strauss (1952).

CONCLUSION

We are only at the beginning of the wave. Exponential
technological progress in genomics, postgenomics, data
computation, and the concomitant drastic decrease of their
costs will soon make population genomics and personalized
medicine (see Chapter 10) a routine affair. Our knowledge
on the human population structure has already reached an
unbelievable level of refinement. Many data have been
gathered on indications of recent selection in human
populations. However, strong challenges remain. The fact
that rare and very rare variants seem to play a major role in
human evolution explains much of the still ongoing
“missing heritability” (Lander, 2011; Nelson et al., 2012),
since by nature, these variants are extremely difficult to
detect and make that GWAS requires huge sample sizes.
The role of regulation, epistasis, interaction between alleles
of the same gene and between different genes, and CNV
still lacks sufficient knowledge. Last but not least,
exploring the interaction between biological evolution and
environmental/cultural factors is the new frontier of our
knowledge on human nature. Many authors have pleaded
for integrative and holistic strategies able to cross this
frontier (see, for example, Cochran and Harpending, 2009,
conclusion; Vasseur and Quintana-Murci, 2013). The very
design of the present book, with its balance between
various social and biological disciplines, reflects the

thought that human nature can be explored only by thor-
ough multidisciplinary approaches.

GLOSSARY OF SPECIALIZED TERMS

Allopatry Living in different geographic locations (see sympatry).

Alu insertion sequence Dispersed repeated DNA sequences in the
human genome, consisting of roughly 300 bp in approximately
3—5 x 10° copies, constituting roughly 5% of the human
genome. These sequences are easily transposable. They are spe-
cifically cleaved by the restriction enzyme Alu 1.

Amplification fragment length polymorphism (AFLP) Selective
amplification of genomic restriction fragments (obtained by
RFLP) by PCR.

Autosomal Designates all chromosomes, but sexual chromosomes.

Clade Evolutionary lineage defined by cladistic analysis. A clade is
monophyletic (it has only one ancestor) and is genetically isolated
(it evolves independently) from other clades.

Cladistic analysis A specific method of phylogenetic analysis
designed by the German entomologist Willy Hennig (1966). It is
based on the polarization of characters that are separated into
ancestral (plesiomorphic) and derived (apomorphic) characters.
Only those apomorphic characters that are shared by all members
of a given clade (synapomorphic character) are considered to be
phylogenetically informative. For example, feathers are specific of
the clade “birds” (which is a class) and are featured by all birds.
They are synapomorphic characteristics of that clade.

Coalescence time Time elapsed between the common ancestral copy
(one gene in one individual) and two or more copies of a given
gene at the present time.

Copy-number variant (CNV) DNA sequence >1 kb, present with a
variable copy number by comparison with a reference genome.
Includes insertions, deletions, and duplications.

DNA microarray (=DNA chip) A set of microscopic DNA spots
attached on a solid surface. DNA microarrays are used to measure
the expression levels of large numbers of genes simultaneously or
to genotype various genomic regions. Each DNA spot (=probe)
contains picomoles (=10~"% mol) of a specific DNA sequence.

Epigenetics Deals with the activation and deactivation of genes
without any change in the corresponding DNA sequence of the
organism.

Epistasis Occurs when the expression of one gene is affected by the
expression of one or more independently inherited genes.

Exome The coding part of the genome (no more than 1—2% of the
total human genome).

Fitness The relative ability of an organism to survive and to transmit
its genes to the next generation.

Genome-wide Association study (GWAS) Compares the repartition
of DNA markers across the genome (either microsatellites or
SNPs) in people with a disease or other phenotypic traits to people
without the disease or traits. The goal is to identify the genomic
region where the genes responsible for the traits under study is
localized.

Heritability Proportion of variation in a trait among individuals in a
population that can be attributed to genetic effects.

Heterozygote, heterozygous In a diploid organism (each chromo-
some has two copies, one comes from the male, one comes from
the female), the two copies of a given gene in one individual have
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a different molecular structure: this individual harbors two
different alleles of the same gene.

Homozygote, homozygous In a diploid organism, the two copies of a
given gene in one individual have identical molecular structures.

Homoplasy Possession in common by distinct phylogenetic lineages
of identical characters that do not originate from common
ancestry. The origin of homoplastic characters include the
following: (1) convergence (possession of identical characters
derived from different ancestral characters, due to convergent
evolutionary pressure, for example, the wings of birds on one
hand and of bats on the other hand); (2) parallelism (possession of
identical characters derived from a single ancestral character, and
generated independently in different phylogenetic lineages); and
(3) reversion (restoration of an ancestral character from a derived
character).

Isoenzymes Protein extracts of the biological samples
analysis are separated by electrophoresis. The gel is then
processed with a histochemical reaction involving the specific
substrate of a given enzyme. This enzyme’s zone of activity is
then specifically stained on the gel. From one sample to another,
migration differences can be visible for this same enzyme. These
different electrophoretic forms of a given enzyme are referred to
as isoenzymes or isozymes. When given isoenzymes are driven by
different alleles of a single gene, they are more specifically
referred to as alloenzymes or allozymes. Differences in migration
result from different overall electrical charges between iso-
enzymes. Overall electric charges are a resultant of the individual
electric charges of each amino acid (AA) of a given enzyme. The
AA sequence is the direct result of the DNA sequence of the gene
that codes for this enzyme. It is therefore considered (and verified)
that isoenzyme polymorphism is a faithful reflection of the genetic
polymorphism of the organism under study.

Microsatellite A short DNA sequence, usually 1—4 bp long, which is
repeated together in a row along the DNA molecule. In humans,
as in many other species, there is great variation from one person
to another (widely used in forensic applications for individual
identification) and among different populations in the number of
repeats. Numbers of repeats for a given locus define microsatellite
alleles. There are hundreds of places in human DNA and in most
other species that contain microsatellites.

Penetrance The extent to which a given gene is expressed in the
phenotype of the individuals who carry it.

Phenotype All observable characteristics of a given individual or a
given population distinct from the genome. The phenotype is not
limited to morphological characteristics and includes, for
example, physiological parameters (blood pressure, muscular
strength, etc.) biochemical parameters (level of cholesterol, etc.),
or cognitive properties. The phenotype is produced by the
interaction between genotype and the environment. The variable
part that is driven by the action of the genotype constitutes the
heritability of the character under study.

Random primer amplified polymorphic DNA (RAPD) In the
classical polymerase chain reaction method, the primers used are
known DNA sequences, whereas the RAPD technique relies on
primers whose sequence is arbitrarily determined. RAPD primers
are generally 10 bp long. The possible combinations are virtually
unlimited. For a given genotype of a given individual or strain,
different primers will reveal different polymorphisms. RAPDs are

under

an extremely powerful method of exploring the genetic variability
of organisms. However, their use in routine identification is
limited by their lack of reproducibility.

Restriction fragment length polymorphism (RFLP) Variability in
the DNA of a given organism evidenced by the use of bacterial
restriction endonucleases. The endonuclease cuts the DNA at
specific restriction sites characterized by given sequences, and the
polymorphism of the DNA fragments thus obtained can be
visualized on gels, either directly by ethidium bromide staining, or
by Southern blot hybridization with specific probes.

Short tandem repeat polymorphism (STRP) Synonymous with
microsatellites.

Single nucleotide polymorphism (SNP), Single-nucleotide Variant
(SNV) Polymorphisms of one-letter variations in the DNA
sequence. SNPs contribute to differences among individuals and
populations. Most of them have no effect; others cause subtle
differences in countless features, such as appearance, while
some affect the risk for certain diseases. SNPs are widely used as
high-resolution population markers and are the basic tool used in
the so-called HapMap project. SNPs can be detected by: (1)
restriction fragment length polymorphism, (2) sequencing,
(3) denaturating high-performance liquid chromatography, (4)
mass spectrometry, and (5) array-based resequencing/micro-
arrays. SNPs constitute approximately 90% of all human genetic
variations, and SNPs with a minor allele frequency of >1%
occur every 100—300 bases throughout the human genome, on
average. It is important to note that there are allelic frequency
variations among different human populations, with the result
that an SNP that is common in one geographical or ethnic group
may be much rarer in another (see ancestry informative
markers).

Sympatry Living in the same geographic location (see allopatry).

Transcription factor Protein that binds to specific genes, and
modulates the rate of transcription of genetic information from
DNA to messenger RNA.

REFERENCES

Alexander, D.H., Novembre, J., Lange, K., 2009. Fast model-based esti-
mation of ancestry in unrelated individuals. Genome Research 19,
1655—1664.

Alves, 1., Sramkovad Hanulova, A., Foll, M., Excoffier, E., 2012. Genomic
data reveal a complex making of humans. PLoS Genetics 8 (7),
€1002837. http://dx.doi.org/10.1371/journal.pgen.1002837.

Arama, C., Maiga, B., Dolo, A., et al., 2015. Ethnic differences in
susceptibility to malaria: what have we learned from immuno-
epidemiological studies in West Africa? Acta Tropica 146,
152—156.

Armengol, L., Villatoro, S., Gonzélez, J.R., et al., 2009. Identification of
copy number variants defining genomic differences among major
human groups. PLoS One €7230. http://dx.doi.org/10.1371/journal.
pone.0007230.

Arvey, R.D., Bouchard Jr., T.J., Kaufman, N.L., et al., 1994. Mainstream
science on intelligence. The Wall Street Journal. December 13.

Ashraf, Q., Galor, O., 2011. The “Out of Africa” Hypothesis, Human
Genetic Diversity, and Comparative Economic Development. NBER
Working  Paper No. 17216, July 2011; JEL No.
N10,N30,N50,011,050,Z10. http://www.nber.org/papers/w17216.



106 PART | | Biological Basis of Human Diversity

Auton, A., Bryc, K., Boyko, AR., et al., 2009. Global distribution of
genomic diversity underscores rich complex history of continental
human populations. Genome Research 19, 795—803.

Avise, J.C., 2004. Molecular Markers, Natural History and Evolution,
second ed. Chapman & Hall, New York, London.

Ayub, Q., Yngvadottir, B., Chen, Y., et al., 2013. FOXP2 targets show
evidence of positive selection in European populations. The American
Journal of Human Genetics 92, 696—706.

Barbujani, G., Colonna, V., 2010. Human genome diversity: frequently
asked question. Trends in Genetics 26, 285—295.

Barbujani, G., Magagni, A., Minch, E., Cavalli-Sforza, L., 1997. An
apportionment of human DNA diversity. Proceedings of the National
Academy of Sciences of the United States of America 94,
4516—4519.

Belizdrio, J.E., 2013. The humankind genome: from genetic diversity to
the origin of human diseases. Genome 56, 705—716.

Boas, F., 1912. Changes in the bodily form of descendants of immigrants.
American Anthropologist 14, 530—562.

Bustamante, C.D., Gonzdlez Burchard, E., De La Vega, F.M., 2011.
Genomics for the world. Nature 475, 163—165.

Cardona-Castro, N., Cortés, E., Beltran, C., Romero, M., Badel-
Mogollén, J.E., Bedoya, G., 2015. Human genetic ancestral compo-
sition correlates with the origin of Mycobacterium leprae strains in a
leprosy endemic population. PLoS Neglected Tropical Diseases 9 (9),
€0004045. http://dx.doi.org/10.1371/journal.pntd.0004045.

Casals, F., Bertranpetit, J., 2012. Human genetic variation, shared and
private. Science 337, 39—40.

Cavalli-Sforza, L., 2007. Human evolution and its relevance for scientific
epidemiology. Annual Review of Genomics and Human Genetics 8,
1-15.

Cavalli-Sforza, L.L., Feldman, M.W., 2003. The application of molecular
genetic approaches to the study of human evolution. Nature Genetics
(Suppl. 33), 266—275.

Cavalli-Sforza, L.L., Minch, E., Mountain, J.L., 1992. Coevolution of
genes and languages revisited. Proceedings of the National Academy
of Sciences of the United States of America 89, 5620—5624.

Chimpanzee Sequencing and Analysis Consortium, 2005. Initial sequence
of the chimpanzee genome and comparison with the human genome.
Nature 437, 69—87.

Cochran, G., Hardy, J., Harpending, H., 2006. Natural history of Ashke-
nazi intelligence. Journal of Biosocial Science 38, 659—693.

Cochran, G., Harpending, H., 2009. The 10,000 Year Explosion — How
Civilization Accelerated Human Evolution. Basic Books. A member
of the Perseus Books Group, New York.

Colonna, V., Ayub, Q., Chen, Y., et al., 2014. Human genomic regions
with exceptionally high levels of population differentiation identified
from 911 whole-genome sequences. Genome Biology 15, R88.

Conley, D., Fletcher, J., Dawes, C., 2014. The Emergence of Socio-
Genomics. Contemporary Sociol 43, 458—467.

Conrad, D.F., Hurles, M.E., 2007. The population genetics of structural
variation. Nature Genetics 39 (Suppl. 7), S30—S36.

Coon, C.S., 1962. The Origin of Races. Alfred A. Knopf, New York.

Currat, M., Excoffier, L., 2004. Modern humans did not admix with
Neanderthals during their range expansion into Europe. PLoS Biology
2 (12), e421.

Demoule, J.P., 2014. Mais ou sont passés les Indo-Européens? La librairie
du XXIe siecle. Editions du Seuil, Paris.

Dobzhansky, T., 1966. L’Homme en évolution. Flammarion ed., Paris.

Daub, J.T., Hofer, T., Cutivet, E., Dupanloup, 1., et al., 2013. Evidence for
polygenic adaptation to pathogens in the human genome. Molecular
Biology and Evolution 30, 1544—1558.

Edgar, H.J.H., 2009. Biohistorical approaches to ‘‘Race’’ in the United
States: biological distances among African Americans, European
Americans, and their ancestors. American Journal of Physical
Anthropology 139, 58—67.

Edwards, A.W.F., 2003. Human genetic diversity: Lewontin’s fallacy.
BioEssays 25, 798—801.

Elhaik, E., Tatarinova, T., Chebotarev, D., et al., April 29, 2014. Nature
Communications 5, 3513. http://dx.doi.org/10.1038/ncomms4513.
Enard, D., Messer, P.W., Petrov, D.A., 2015. Genome-wide signals of
positive selection in human evolution. Genome Research 24,

885—895.

Evans, P.D., Gilbert, S.L., Mekel-Bobrov, N., et al., 2005. Microcephalin,
a gene regulating brain size, continues to evolve adaptively in humans.
Science 309, 1717—1720.

Evans, P.D., Mekel-Bobrov, N., Vallender, E.J., Hudson, R.R.,
Lahn, B.T., 2006. Evidence that the adaptive allele of the brain size
gene microcephalin introgressed into Homo sapiens from an archaic
Homo lineage. Proceedings of the National Academy of Sciences of
the United States of America 103, 18178—18183.

Fraser, H.B., 2013. Gene expression drives local adaptation in humans.
Genome Research 23, 1089—1096.

Fu, W., Akey, J.M., 2013. Selection and adaptation in the human
genome. Annual Review of Genomics and Human Genetics 14,
467—489.

Fu, W., O’Connor, T.D., Jun, G., et al., 2013. Analysis of 6,515 exomes
reveals the recent origin of most human protein-coding variants. Na-
ture 493, 216—220.

Fumagalli, M., Moltke, I., Grarup, N., et al., 2015. Greenlandic Inuit show
genetic signatures of diet and climate adaptation. Science 349,
1343—1346.

Galanter, J.M., Fernandez-Lopez, J.C., Gignoux, C.R., et al., 2012.
Development of a panel of genome-wide ancestry informative
markers to study admixture throughout the Americas. PLoS
Genetics 8 (3), €1002554. http://dx.doi.org/10.1371/journal.pgen.
1002554.

Gallego Llorente, M., Jones, E.R., Eriksson, A., et al., 2015. Ancient
Ethiopian genome reveals extensive Eurasian admixture throughout
the African continent. Science (online). http://www.sciencemag.org/
content/early/2015/10/07/science.aad2879.

Gibbons, A., 2015. Humanity’s long, lonely road. Science 349, 1270.

Gonzaga-Jauregui, C., Lupski, J.R., Gibbs, R.A., 2012. Human genome
sequencing in health and disease. Annual Review of Medicine 63,
35—61.

Gonzélez Burchard, E., Ziv, E., Coyle, N., et al., 2003. The importance of race
and ethnic background in biomedical research and clinical practice. The
New England Journal of Medicine 348, 1170—1175.

Gould, S.J., 1981. The Mismeasure of Man. W. W. Norton and Company,
New York.

Gould, S., 2000. “The spice of life”. Leader to Leader 15, 19—28.

Gould, S.J., Lewontin, R.C., 1979. The spandrels of San Marco and the
Panglossian paradigm: a critique of the adaptationist programme.
Proceedings of the Royal Society of London B 205, 581—598.

Grossman, S.R., Andersen, K.G., Shlyakhter, I, et al, 2013.
Identifying recent adaptations in large-scale genomic data. Cell 152,
703—713.



Human Population Variability and Its Adaptive Significance Chapter | 6

Guha, S., Rosenfeld, J.A., Malhotra, A.K., et al., 2012. Implications for
health and disease in the genetic signature of the Ashkenazi Jewish
population. Genome Biology 13, R2.

Giinther, T., Valdiosera, C., Malmstrom, H., et al., 2015. Ancient genomes
link early farmers from Atapuerca in Spain to modern-day Basques.
Proceedings of the National Academy of Sciences of the United States
of America 112, 11917—11922.

Gurdasani, D., Carstensen, T., Tekola-Ayele, F., et al., 2015. The African
Genome Variation Project shapes medical genetics in Africa. Nature
517, 327-332.

Haak, W., Lazaridis, L., Patterson, N., et al., 2015. Massive migration
from the steppe was a source for Indo-European languages in Europe.
Nature 522, 207—211.

Harpending, H., 2002. Race. Population genetics perspective. In: Pagel, M.
(Ed.), Encyclopedia of Evolution, pp. 979—981.

Hawks, J., Wang, E.T., Cochran, G.M., Harpending, H.C., Moyzis, R.K.,
2007. Recent acceleration of human adaptive evolution. Proceedings
of the National Academy of Sciences of the United States of America
104, 20753—20758.

Hellenthal, G., Busby, G.B.J., Band, G., et al., 2014. A genetic atlas of
human admixture history. Science 343, 747—751.

Henn, B.M., Botigué, L.R., Bustamante, C.D., Clark, A.G., Gravel, S.,
2015. Nature Reviews Genetics 16, 333—343.

Hennig, W., 1966. Phylogenetic Systematics. University of Illinois Press,
Urbana, Illinois.

Heyn, H., Moran, S., Hernando-Herraez, L., et al., 2013. DNA methylation
contributes to natural human variation. Genome Research 23,
1363—1372.

Hooton, E.A., 1926. Methods of racial analysis. Science 63, 75—81.

Hunley, K.L., Healy, M.E., Long, J.C., 2009. The global pattern of
gene identity variation reveals a history of long-range migrations,
bottlenecks, and local mate exchange: implications for biological race.
American Journal of Physical Anthropology 139, 35—46.

Jablonski, N.G., Chaplin, G., 2012. Human skin pigmentation, migration
and disease susceptibility. Philosophical Transactions of the Royal
Society B 367, 785—792.

Jakobsson, M., Scholz, S.W., Scheet, P., et al., 2008. Genotype, haplotype
and copy-number variation in worldwide human populations. Nature
451, 998—1003.

Jordan, B., 2008. L’humanité au pluriel. La génétique et la question des
races. Editions du Seuil, Paris.

Jorde, L.B., Wooding, S.P., 2004. Genetic variation, classification and
“race”. Nature Genetics 36 (Suppl. 11), S28—S32.

Karlsson, E.K., Kwiatkowski, D.P., Sabeti, P.C., 2014. Natural selection
and infectious disease in human populations. Nature Reviews Ge-
netics 15, 379—383.

Keita, S.0.Y., Kittles, R.A., Royal, C.D.M,, et al., 2004. Conceptualizing
human variation. Nature Genetics 36 (Suppl. 11), S17—S20.

King, M.C., Wilson, A.C., 1975. Evolution at two levels in humans and
chimpanzees. Science 188, 107—116.

Krause, J., Lalueza-Fox, C., Orlando, L., et al., 2007. The derived FOXP2
variant of modern humans was shared with Neandertals. Current
Biology 17, 1908—1912.

Lachance, J., Tishkoff, S.A., 2013. Population genomics of human
adaptation. Annual Review of Ecology, Evolution, and Systematics
44, 123—143.

Lahn, B.T., Ebenstein, L., 2009. Let’s celebrate human genetic diversity.
Nature 461, 726—728.

107

Laland, K.N., Odling-Smee, J., Myles, S., 2010. How culture shaped the
human genome: bringing genetics and the human sciences together.
Nature Reviews Genetics 11, 137—148.

Lander, E.S., 2011. Initial impact of the sequencing of the human genome.
Nature 470, 187—197.

Lawler, J.M., 1978. 1Q, Heritability, and Racism. International Publishers,
New York.

Lazaridis, I., Patterson, N., Mittnik, A., et al., 2014. Ancient human
genomes suggest three ancestral for present-day
Europeans. Nature 513, 409—413.

Leroi, A.M., March 14, 2005. A Family Tree in Every Gene. The New
York Times.

Leslie, S., Winney, B., Hellenthal, G., et al., 2015. The fine-scale genetic
structure of the British population. Nature 519, 309—314.

Levy-Strauss, C., 1952. Race et histoire. Editions Denogl, Paris.

Lewis, J.E., DeGusta, D., Meyer, M.R., et al., 2011. The mismeasure of
science: Stephen Jay Gould versus Samuel George Morton on skulls
and bias. PLoS Biology 9 (6), e1001071. http://dx.doi.org/10.1371/
journal.pbio.1001071.

Lewontin, R.C., 1972. The apportionment of human diversity. Evolu-
tionary Biology 6, 381—398.

Lewontin, R.C., Hartl, D.L., 1991. Population genetics in forensic DNA
typing. Science 254, 1745—1750.

Li, JZ., Absher, D.M., Tang, H., et al., 2008. Worldwide human
relationships inferred from genome-wide patterns of variation. Science
319, 1100—1104.

Long, J.C., Li, J., Healy, M.E., 2009. Human DNA sequences: more
variation and less race. American Journal of Physical Anthropology
139, 23—34.

Longobardi, G., Ghirotto, S., Guardiano, C., et al., 2015. Across
language families: genome diversity mirrors linguistic variation

populations

within Europe. American Journal of Physical Anthropology 157,
630—640.

Lépez Herrdez, D., Bauchet, M., Tang, K., et al., 2009. Genetic variation
and recent positive selection in worldwide human populations:
evidence from nearly 1 million SNPs. PLoS One 4 (11), €7888. http://
dx.doi.org/10.1371/journal.pone.0007888.

Manica, A., Amos, W., Balloux, F., Hnihara, T., 2007. The effect of
ancient population bottlenecks on human phenotypic variation. Nature
448, 346—349.

Manry, J., Quintana-Murci, L., 2013. A genome-wide perspective of hu-
man diversity and its implications in infectious disease. Cold Spring
Harbor Perspectives in Medicine 3, a012450.

Martin, A.R., Costa, H.A., Lappalainen, T., et al., 2014. Transcriptome
sequencing from diverse human populations reveals differentiated
regulatory architecture. PLoS Genetics 10 (8), €1004549. http://
dx.doi.org/10.1371/journal.pgen.1004549.

Mathieson, 1., Lazaridis, 1., Rohland, N., et al., 2015. Eight Thousand
Years of Natural Selection in Europe. Preprint at bioRxiv at. http://doi.
org/4wt.

Mathieson, I., McVean, G., 2012. Differential confounding of rare and
common variants in spatially structured populations. Nature Genetics
44, 243-246.

Mayr, E., 1963. Animal Species and Evolution. Belknap Press of Harvard
University Press, Cambridge.

Mekel-Bobrov, N., Gilbert, S.L., Evans, P.D., et al., 2005. Ongoing
adaptive evolution of ASPM, a brain size determinant in Homo sa-
piens. Science 309, 1720—1722.



108 PART | | Biological Basis of Human Diversity

Mersha, T.B., Abebe, T., 2015. Self-reported race/ethnicity in the age of
genomic research: its potential impact on understanding health dis-
parities. Human Genomics. http://dx.doi.org/10.1186/s40246-014-
0023-x.

Mitton, J.B., 1977. Genetic differentiation of races of man as judged by
single-locus and multilocus analyses. The American Naturalist 111,
203—-212.

Mitton, J.B., 1978. Measurement of differentiation: reply to Lewontin,
Powell, and Taylor. The American Naturalist 112, 1142—1144.
Moreno-Estrada, A., Gignoux, C.R., Ferndndez-Lépez, J.C., et al., 2014.
The genetics of Mexico recapitulates Native American substructure

and affects biomedical traits. Science 344, 1280—1285.

Morning, A., 2014. Does genomics challenge the social construction of
race? Sociological Theory 32, 189—207.

Morton, S.G., 1849. Catalogue of Skulls of Man and the Inferior Animals,
third ed. Merrihew and Thomson Printers, Philadelphia.

Morwood, M.J., van Oosterzee, P., 2007. The Discovery of the Hobbit:
The Scientific Breakthrough that Changed the Face of Human History.
Random House, Sydney.

Mountain, J.L., Risch, N., 2004. Assessing genetic contribution to
phenotypic differences among “racial” and “ethnic” groups. Nature
Genetics 36 (Suppl. 11), S48—S53.

Need, A.C., Kasperaviciuté, D., Cirulli, E.T., Goldstein, D.B., 2009.
A genome-wide genetic signature of Jewish ancestry perfectly
separates individuals with and without full Jewish ancestry in a large
random sample of European Americans. Genome Biology 10, R7.

Nei, M., 1978. The theory of genetic distance and evolution of human
races. Japanese Journal of Human Genetics 23, 341—369.

Nei, M., Roychoudhury, A.K., 1993. Evolutionary relationships in human
populations on a global scale. Molecular Biology and Evolution 10,
927—943.

Nelson, M.R., Wegmann, D., Ehm, M.G,, et al., 2012. An abundance of
rare functional variants in 202 drug target genes sequenced in 14,002
people. Science 337, 100—104.

Novembre, J., Han, E., 2012. Human population structure and the adaptive
response to pathogen-induced selection pressures. Philosophical
Transactions of the Royal Society B 367, 878—886.

Novembre, J., Johnson, T., Bryc, K., et al., 2008. Genes mirror geography
within Europe. Nature 456, 98—101.

Novembre, J., Ramachandran, S., 2011. Perspectives on human population
structure at the cusp of the sequencing era. Annual Review of Ge-
nomics and Human Genetics 12, 245—274.

Ostrer, H., Skorecki, K., 2013. The population genetics of the Jewish
people. Human Genetics 132, 119—127.

Ousley, S., Jantz, R., Freid, D., 2009. Understanding race and human
variation: why forensic anthropologists are good at identifying race.
American Journal of Physical Anthropology 139, 68—76.

Parra, E.J., Kittles, R.A., Shriver, M.D., 2004. Implications of correlation
between skin color and genetic ancestry for biomedical research.
Nature Genetics 36 (Suppl. 11), S54—S60.

Pfaff, C.L., Parra, E.J., Bonilla, C., et al., 2001. Population structure in
admixed populations: effect of admixture dynamics on the pattern of
linkage disequilibrium. The American Journal of Human Genetics 6,
198—207.

Pickrell, J.K., Coop, G., Novembre, J., et al., 2009. Signals of recent
positive selection in a worldwide sample of human populations.
Genome Research 19, 826—837.

Pickrell, J.K., Reich, D., 2014. Toward a new history and geography of
human genes informed by ancient DNA. Trends in Genetics 30,
377-389.

Pigliucci, M., 2013. What are we to make of the concept of race? Thoughts
of a philosopher—scientist. Studies in History and Philosophy of
Biological and Biomedical Science 44, 272—277.

Pritchard, J.K., Pickrell, J.K., Coop, G., 2009. The genetics of human
adaptation: hard sweeps, soft sweeps, and polygenic adaptation.
Current Biology 20, R208—R213.

Pritchard, J.K., Stephens, M., Donnelly, P., 2000. Inference of population
structure using multilocus genotype data. Genetics 155, 945—959.

Prugnolle, F., Manica, A., Balloux, F., 2005. Geography predicts neutral
genetic diversity of human populations. Current Biology 15,
R159—R160.

Racimo, F., Sankararaman, S., Nielsen, R., Huerta-Sanchez, E., 2015.
Evidence for archaic adaptive introgression in humans. Nature Re-
views Genetics 16, 359—371.

Relethford, J.H., 2009. Race and global patterns of phenotypic variation.
American Journal of Physical Anthropology 139, 16—22.

Richardson, S.S., 2011. Race and IQ in the postgenomic age: the micro-
cephaly case. BioSocieties 6, 420—446.

Richerson, P.J., Boyd, R., Henrich, J., 2010. Gene-culture coevolution in
the age of genomics. Proceedings of the National Academy of Sci-
ences of the United States of America 107 (Suppl. 2), 8985—8992.

Risch, N., Burchard, E., Ziv, E., Tang, H., 2002. Categorization of humans
in biomedical research: genes, race and disease. Genome Biology 3 (7)
comment2007.1—comment2007.12.

Risch, N., Choudhry, S., Via, M., et al., 2009. Ancestryrelated assortative
mating in Latino populations. Genome Biol 10, R132.

Romualdi, C., Balding, D., Naside, LS., et al., 2002. Patterns of human
diversity, within and among continents, inferred from biallelic DNA
polymorphisms. Genome Research 12, 602—612.

Rosenberg, N.A., Pritchard, J.K., Weber, J.L., et al., 2002. Genetic
structure of human populations. Science 298, 2381—2385.

Rosenberg, N.A., Mahajan, S., Ramachandran, S., et al., 2005. Clines,
clusters, and the effect of study design on the inference of human
population structure. PLoS Genetics 1 (6), €70.

Rowell, J.L., Dowling, N.F., Yu, W., et al., 2012. Trends in population-
based studies of human genetics in infectious diseases. PLoS One 7
(2), 25431. http://dx.doi.org/10.1371/journal.pone.0025431.

Ruff, C.B., Holt, B., Niskanen, M., et al., 2015. Gradual decline in
mobility with the adoption of food production in Europe. Proceedings
of the National Academy of Sciences of the United States of America
112, 7147-7152.

Rushton, J.P., Jensen, A.R., 2006. The totality of available evidence shows
the race IQ gap still remains. Psychological Science 17, 921—922.

Sarich, V., Miele, F., 2004. Race: The Reality of Human Differences.
Westview Press, Boulder, Colorado, USA.

Serre, D., Péibo, S., 2004. Evidence for gradients of human genetic di-
versity within and among continents.
1679—1685.

Shiao, J.L., 2014. Response to HoSang; Fujimura, Bolnick, Rajagopalan,

Genome Research 14,

Kaufman, Lewontin, Duster, Ossorio, and Marks; and Morning. So-
ciological Theory 32, 244—258.

Shiao, J.L., Bode, T., Beyer, A., Selvig, D., 2012. The genomic chal-
lenge to the social construction of race. Sociological Theory 30,
67—88.

Shriver, M.D., Kennedy, G.C., Parra, EJ., et al., 2004. The genomic
distribution of population substructure in four populations using 8,525
autosomal SNPs. Human Genomics 1, 274—286.

Sparks, C.S., Jantz, R.L., 2002. A reassessment of human cranial
plasticity: Boas revisited. Proceedings of the National Academy of
Sciences of the United States of America 99, 14636—14639.



Human Population Variability and Its Adaptive Significance Chapter | 6

Spielman, R.S., Bastone, L.A., Burdick, J.T., et al., 2007. Common genetic
variants account for differences in gene expression among ethnic
groups. Nature Genetics 39, 226—231.

Stearns, S.C., Byars, S.G., Diddahally, R., Govindaraju, D.R., Ewbank, D.,
2010. Measuring selection in contemporary human populations.
Nature Reviews Genetics 11, 611—622.

Stoneking, M., Krause, J., 2011. Learning about human population history
from ancient and modern genomes. Nature Reviews Genetics 12,
603—614.

Stranger, B.E., Nica, A.C., Forrest, M.S., et al., 2007. Population genomics
of human gene expression. Nature Genetics 39, 1217—1224.

Stringer, C.B., Andrews, P., 1988. The origin of modern humans. Science
239, 1263—1268.

Sudmant, P., Kitzmann, J.O., Antonacci, F., et al., 2010. Diversity of
human copy number variation and multicopy genes. Science 330,
641—646.

Sudmant, P.H., Mallick, S., Nelson, B.J., et al., 2015a. Global diversity,
population stratification, and selection of human copy-number
variation. Science. http://dx.doi.org/10.1126/science.aab3761.

Sudmant, P.H., Rausch, T., Gardner, E.J., et al., 2015b. An integrated
map of structural variation in 2,504 human genomes. Nature 526,
75—81.

Tang, H., Quertermous, T., Rodriguez, B., et al., 2005. Genetic structure,
self-identified race/ethnicity, and confounding
association studies. The American Journal of Human Genetics 76,
268—275.

Templeton, A.R., 2012. Gene flow, haplotype patterns and modern human
origins. In: eLS. John Wiley & Sons, Ltd, Chichester. http://
dx.doi.org/10.1002/9780470015902.a0020795.pub2.

Templeton, A.R., 2013. Biological races in humans. Studies in History and
Philosophy of Biological and Biomedical Science 44, 262—271.
Tennessen, J.A., Akey, J.M., 2011. Parallel adaptive divergence among
geographically diverse human populations. PLoS Genetics 7 (6),

€1002127. http://dx.doi.org/10.1371/journal.pgen.1002127.

Tennessen, J.A., Bigham, A.W., O’Connor, T.D., et al., 2012. Evolution
and functional impact of rare coding variation from deep sequencing
of human exomes. Science 337, 64—69.

in case-control

The 1000 Genomes Project Consortium, 2012. An integrated map of
genetic ariation from 1,092 human genomes. Nature 491, 56—65.
The 1000 Genomes Project Consortium, 2015. A global reference for

human genetic variation. Nature 526, 68—74.

The UK10K Consortium, 2015. The UK10K project identifies rare variants
in health and disease. Nature 526, 82—89.

Tibayrenc, M., 2004. The impact of human genetic diversity in the
transmission and severity of infectious diseases. In: Dronamraju, K.
(Ed.), Infectious Disease: Host-Pathogen Evolution. Cambridge
University Press, pp. 315—324.

Tibayrenc, M., 2007a. Human genetic diversity and epidemiology of
parasitic and other transmissible diseases. Advances in Parasitology
64, 378—428.

109

Tibayrenc, M., 2007b. Human genetic diversity and the spread of
Tibayrenc, M. (Ed.), Encyclopedia of
Wiley & Sons,

infectious diseases. In:

Infectious Diseases: Modern Methodologies.
pp. 321-335.

Tibayrenc, M., Ayala, F.J., 2012. Reproductive clonality of pathogens: a
perspective on pathogenic viruses, bacteria, fungi, and parasitic pro-
tozoa. Proceedings of the National Academy of Sciences of the United
States of America 109 (48), E3305—E3313.

Tibayrenc, M., Ayala, F.J., 2013. How clonal are Trypanosoma and
Leishmania? Trends in Parasitology 29, 264—269.

Tishkoff, S., 2015. Strength in small numbers. Science 349, 1282—1283.

Tishkoff, S.A., Kidd, K.K., 2004. Implications of biogeography of human
populations for “race” and medicine. Nature Genetics 36 (Suppl. 11),
S21-S27.

Vallois, H.V., 1976. Les Races Humaines. Presses Universitaires de
France, Paris.

Vasseur, E., Quintana-Murci, L., 2013. The impact of natural selection on
health and disease: uses of the population genetics approach in
humans. Evolutionary Applications 6, 596—607.

Vernot, B., Stergachis, A.B., Maurano, M.T., et al., 2012. Personal and
population genomics of human regulatory variation.
Research 22, 1689—1697.

Voight, B.F., Kudaravalli, S., Wen, X., Pritchard, J.K., 2006. A map of
recent positive selection in the human genome. PLoS Biology 4 (3),
e72.

Wade, N., 2014. A Troublesome Inheritance. Genes, Race and Human
History. Penguin Books, New York.

Wang, C., Zollner, S., Rosenberg, N.A., 2012. A quantitative comparison
of the similarity between genes and geography in worldwide human
populations. PLoS Genetics 8 (8), e1002886. http://dx.doi.org/
10.1371/journal.pgen.1002886.

Weidenreich, F., 1946. Apes, Giants, and Man. University of Chicago
Press, Chicago, IL.

Wilde, S., Timpson, A., Kirsanow, K., et al., 2014. Direct evidence for

Genome

positive selection of skin, hair, and eye pigmentation in Europeans
during the last 5,000 y. Proceedings of the National Academy of
Sciences of the United States of America 111, 4832—4837.

Wolpoff, M.H., 2009. How Neandertals inform human variation.
American Journal of Physical Anthropology 139, 91—102.

Woodley, M.A., Rindermann, H., Bell, E., Stratford, J., Piffer, D., 2014.
The relationship between Microcephalin, ASPM and intelligence: a
reconsideration. Intelligence 44, 51—63.

Wright, S., 1978. Evolution and the Genetics of Populations, Vol. 4,
Variability Within and Among Natural Populations. University of
Chicago Press, Chicago, IL.

Zietsch, B.P., de Candia, T.R., Keller, M.C., 2015. Evolutionary
behavioral genetics. Current Opinion in Behavioral Sciences 2,
73—-80.






Chapter 7

Evolution and Implications of Genomic
Diversity on “Human Kind” in India

R.M. Pitchappan' and G. Arunkumar’

!Chettinad Academy of Research & Education, Chennai, India; 2SASTRA University, Thanjavur, India

INTRODUCTION

India is the greatest story of humankind told until now, as a
six-part BBC historical documentary series reveals (Wood,
2007; “The story of India,” Youtube.com). As an ancient
civilization, India has become the world’s largest
democracy; one can reflect on and admire the determining
factors in India’s success. The Indian subcontinent and its
people are more diverse than anywhere else in the world in
terms of its gene pool, culture, and landscape (Shastri,
1976). This was the result of the first coastal Southern route
migration ~ 60,000 ybp, and the subsequent migrations,
which led to many autochthonous evolution of its lineages
(Mellars et al., 2013; Underhill et al., 2001; Wells et al.,
2001). The early settlers were isolated in various niches of
India, particularly in hilly tracts, while later migrants
occupied the plains and river beds (Sahoo et al., 2006;
Sanghvi et al., 1981). The later migrants formed self-
sustainable demes in various niches, resulting in enor-
mous diversity and absorption of the first coastal migrants
into their fold (ArunKumar et al., 2012b). The degree of
natural selection that operated on these demes through in-
fectious diseases and bottlenecks, in addition to population
level forces like migration and miscegenation, is still an
enigma (Norman et al., 2007; Rajalingam et al., 2008).
Nevertheless, we can obtain evidence for many of these
factors that operated on the Indian gene pool to make it a
diverse region (Pitchappan, 1988, 2002; Shanmugalakshmi
et al., 2003).

The Indian population has been broadly -classified
into tribes and castes. The primitiveness of their traits,
distinctive culture, geographical isolation, shyness of con-
tact, and backwardness are all characterized as scheduled
tribes (STs) deserving constitutional preferences (Ministry

On Human Nature. http:/dx.doi.org/10.1016/B978-0-12-420190-3.00007-7
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of Tribal Affairs, 2015). The STs forming 8.6% of
Indian populations in 2011 are concentrated in Central
India (20%—40% of total population) and the Northeast,
particularly Arunachal Pradesh and areas surrounding
Assam (>40%) (Ministry of Tribal Affairs, 2015), while
castes live mostly in plains and river-bed civilizations, with
the highest proportion of castes in Indo-Gangetic doab and
Tamil Nadu/Kerala, the Southern part of the Deccan
Plateau, with <5% STs. It is interesting to note that after
independence, Indian states (from now, referred to as
States) were reorganized as linguistic states based on the
premise that people speaking a given language share
similar cultures within a restricted geographical region
(Ambedkar, 1956). Though this may be true at times, it
has never been true all of the time. The genetic
polymorphisms of Indian populations have thrown light on
their diversity and affinity to the world populations
(Arunkumar et al.,, 2012a; Balakrishnan et al., 1996;
Pitchappan, 2002; Pitchappan et al., 1984, 1997). These
studies have revealed the regional differences and social
structure that correlated to many genetic, physical, and
cultural-anthropological characteristics (ArunKumar et al.,
2012b, 2015a,b; Sanghvi et al., 1981; Shanmugalakshmi
et al.,, 2003; Underhill et al., 2010). Contrary to the
common notion, tribes were not always drawn from the
early settlers of the region as some of them were drawn
from later migrations. A classical example in the state of
Tamil Nadu are the ancient tribes Paliyar, Pulayar, Paniyar,
Kadar, and Irula with ancient NRY clade F* while the Toda
and Kota are the later migrants with their animal husbandry
and metallurgy; the later cluster with Brahmin-related
populations in their NRY Rs and Js of the Neolithic
people and Central Asian populations (ArunKumar et al.,
2012b). The gene pool of each state is thus never panmictic,
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and the “intrastate” diversity of various demes is greater
than the interstate diversity (Majumder, 1998). Under-
standing the causes of this diversity will help in under-
standing better the role of the immunogenome in health and
diseases.

A major genome block involved in immune and
inflammatory responses are strewn in the major histocom-
patibility complex (MHC) region located in the short
arm of chromosome 6 (Trowsdale and Knight, 2013). The
investigations on MHC and non-MHC gene profiles in
various populations of peninsular India and the Deccan,
and their correlates to health and disease, have revealed
enormous diversity, a result of sympatric isolation
(Jayalakshmi et al., 2012; Pitchappan, 2002). Various
demes and population groups show diverse genetic profiles,
suggesting a differential susceptibility to infectious diseases
such as leprosy, tuberculosis (TB), and HIV (Brahmajothi
et al., 1991; Jagannathan et al., 2011; Ravikumar et al.,
1999; Siddiqui et al., 2001). Many of these diseases do
have unique epidemiological profiles in their distribution
and manifestations; not all these demes and population
groups may be equally susceptible to a given epidemic
(Pitchappan, 2002). There are three partners in determining
the outcome of an infectious disease, viz., pathogen, host,
and environment. As we know, most diseases have a
nature—nurture relationship, and we need to study all three
partners and their diversity on the same cohort to under-
stand a disease. The existence of varied gene pools—
populations and demes—in different States make each State
unique and adds a new dimension to the disease studies.

With the advent of DNA technology, biology has
become a more exact science and it is now possible to draft
a well-designed study inclusive of all the confounding
factors mentioned above. This essentially needs to cover
the local epidemiological scenario, genetic landscape of the
population, country investigated, and the nature of the
disease. Here we review our understanding of the peopling
of India, how the early settlers contributed to the diversity
of the gene pool of India, and how later migration and
cultural evolution shaped this diversity and the resultant
immunogenome diversity, and we argue how one can make
use of these variables to study disease processes.

PEOPLING OF INDIA
Early Settlers

Homo sapiens sapiens arrived in India some 60,000 ybp
(Wells et al., 2001), which was the Southern route and the
coastal highway to reach Australia (Cavalli-Sforza et al.,
1994). The sea was low at that time, making Indonesia one
land mass, which allowed them to walk through the coastal
belt (https://www.youtube.com/watch?v=-dDXIX-y6aY).
As a result of this early migration, some people stayed

enroute giving rise to some isolated groups, the signature
of which we see even today in both the tribal and caste
populations of India (Arunkumar et al., 2012a,b; Zhong
et al., 2010). We hasten to add that the tribe and caste
designations were originally described by the anthropolo-
gists of the past, and the classifications could change. As
per the constitution of India these tribes have been provided
with special incentives and privileges to uplift their
standard of living. All these tribes have not been derived
from the earlier settlers alone. Most of them live in difficult
niches in hilly tracts and dense forest covers, isolated from
the rest of the plains populations; but early Neolithic people
who settled in these regions also took up isolated lifestyle
to be called as tribes, as in the case of Toda and Kota tribes
of Tamil Nadu (ArunKumar et al., 2012b).

In 2001 we identified the descendants of the first coastal
migration to India, carrying the marker NRY HG C-M130
in Tamil Nadu (Arunkumar et al., 2012a; Wells et al.,
2001). This first coastal migration left the sporadic NRY
HG C-M130 marker, the marker for out-of-Africa (OOA)
migration, estimated ~ 60,000 years old, mostly in the
Western Ghats, Eastern plains, and sporadically across
Northeast and Central India. The NRY HG F*-M89
representing the second wave, with an estimated age of
~ 55,000 years, has been very successful, and as of today,
90% of the world population is the descendant of these
ancestors. A serial founder effect with successive bottle-
necks during range expansion progressively reduced the
genetic and phenotypic diversity with distance from Africa,
and a similar founder effect seems to have operated on
human culture and languages as well (Atkinson, 2011;
Ramachandran et al., 2005). In India the NRY clade
F*-M89 is seen in many populations of the Deccan and
Southern India and sporadically in Gujarat and Northeast,
interestingly without any distinction of castes and tribes
(ArunKumar et al., 2012b). Many lineages of this clade
have expanded and have been very successful in India,
characterizing various demes.

Autochthonous Expansions

Under the aegis of the Genographic, a global collaborative
study (www.genographic.com), we have now studied
~ 11,527 male samples from 91 tribes and 129 castes, for
their NRY and mtDNA polymorphisms. The study has
revealed a nonuniform pattern of distribution of NRY and
mtDNA clades in different states and regions of India
(Watkins et al., 2008). NRY HG H-M69 and its clades are
unique and ubiquitous in most parts of India except
Arunachal Pradesh and Nepal (The Genographic—
Madurai, unpublished, Fig. 7.1; Underhill et al., 2001). On
the other hand, NRY HG L1-M27, considered as a marker
for Dravidian (Sengupta et al., 2006), is present in
most parts of India with the highest frequency and diversity
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Distribution of major Non recombinant Y Haplo group (NRY HG) in various states of India. Major alleles are distributed in most of

the states though in varied proportions. Thus the Indo-Gangetic doab and Western Frontier are characterized by Rlal, East by O2a, O3a3, and K, and
Southern India by Lla. Nonetheless at the exact population/deme level (caste/tribe) there is enormous variation as shown in our Tamil Nadu paper
(ArunKumar et al., 2012b). A similar trend prevails in various States of India. Compiled based on “The Genographic India” data set of 11,420 samples.

in Tamil Nadu, Karnataka, and Andhra (Fig. 7.1), and it is
absent in Assam, Bengal, Northeast, and Himalayas. On the
contrary, the marker for Austroasiatic speakers NRY HG
02a-M95 is restricted to the East and parts of Central and
Northeast India (Arunkumar et al., 2015b; Kumar et al.,
2007). The NRY R clades, R1al-M17 and R2-M124, are
present in highest frequencies in Indo-Gangetic doab
region, particularly Uttar Pradesh, Bihar, and Western India
(Fig. 7.1). The literature and our study have thus shown
evolution and autochthonous expansion of many new NRY
clades in India: a small founder settling in a niche, bottle-
neck, and a huge uninterrupted expansion might have lead
to the current scenario. Since it has now been confirmed
that the genetics correlate with the linguistics, particularly
various NRY clades, it suggests that this was the trend from
the very beginning of OOA exodus, and it makes one
wonder whether language was instrumental to various
cultural evolutions with better communication tools
(Arunkumar et al.,, 2012a, 2015b; Atkinson, 2011; Bal-
anovsky et al., 2011; Quintana-Murci and Fellous, 2001;
Semino et al., 2004).

Arrival of Neolithic Farmers

The origin and expansion of various populations in
different niches of India have been well documented. These

early settlers further received many gene pools and
migrations from both East and the West of India during the
Neolithic period (Kivisild et al., 1999; Renfrew, 1996).
Males with NRY HG 02a-M95 arrived at the Northeastern
frontiers 10,000—5000 ybp, from Laos with their Austro-
asiatic tongue to expand and give rise to the Munda lan-
guage (Arunkumar et al., 2015b; Chaubey et al., 2011).
Similarly from the West, many streams of Neolithic people
came in from Central Asia with their technology and cattle
rearing. These include people with NRY HGs J-M304 and
R-M207 male chromosomes (Basu et al., 2003; McElrea-
vey and Quintana-Murci, 2005). The most successful
expansion within the NRY HG R-M207 clade was Rlal-
M17 and R2-M124 people with Indo-European tongue
spreading into the whole of Indo-Gangetic doab, and North
of Vindhyas. Paradoxically the rice cultivation thought to
be a technology of the eastern world was well adopted by
these people, and wetland agriculture was successfully
implemented in both Northern and Southern India (Bell-
wood et al., 2002; Fuller, 2006; Higham, 2002; Trivedi
et al., 2008). Rice was not common in the early Harappan
phase (Kochhar, 2000) and it was brought from the
northeast to India (Higham, 2002). While the demic
expansion may explain the various language speakers and
their cultures, the rice cultivar adoption implies a quick
technology change.
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Population Stratification

At the dawn of independence, scholars of India debated and
carved out various administrative provinces as linguistic
states, since the people speaking a given language shared
similar cultures (Ambedkar, 1956). Many studies have also
proved that these might be true at the gene pool level as
well, for various languages are restricted to different
geographical regions of India—the Indo-European
speakers in the North; Austroasiatic and Tibeto-Burmese
speakers to the East and Northeast, respectively; and
Dravidian in the Deccan/South (ArunKumar et al., 2012b,
2015b; Sanghvi et al., 1981; Thapar, 1995). In most of the
states the intrastate diversity is greater than the interstate
diversity, though very definite Y chromosome signatures
reflect on the whole genome, irrespective of their
present-day distribution in India (ArunKumar et al., 2015a;
Majumder, 2008). As mentioned earlier, the enormous
degree of regional differences in gene pool and population
stratification of various kinds is attributed to their history
of migration, settlement, and expansion, and serial founder
effect (Ramachandran et al., 2005). Nonetheless, it was
observed that the mode of subsistence is the most powerful
tool of this isolation and stratification in the early migrants
(ArunKumar et al., 2012b).

Enigma of Dravidian Land

Among various states of India, Tamil Nadu is the South-
ernmost region of the Deccan and the heartland of
Dravidian cultural evolution. Dravidian also includes a
group of people who share cultural practices and values.
Their characteristic cross-cousin marriages and place names
are shared with Gujarat and Maharashtra states as well
(Fuller, 2007; Southworth, 2005a,b; Trautmann, 1981),
proposing a relationship between the people of these two
regions, though the continuum of this culture and
place names are absent in the intervening regions. The
Dravidian language Tamil has a very ancient literary
tradition dating back to second millennium BC and many
ancient literary works describe a well stratified, occupa-
tionally specialized society; the earliest literary work itself,
a grammar by Tholkappiar, a Brahman, implies that the
spoken language must have been in vogue at least a few
millennia earlier to that period. The great epics of Sangam
literature, such as Agananuru and Purnananuru, depict early
life style of eloping and marriages, and a hunter-gatherer
mode of subsistence. The Sangam literature Silappathi-
karam depicts the lifestyle of a well-organized society and
various religious thoughts 2000 ybp. Our study has
revealed that the identified population stratification of
Tamil Nadu crystallized 7000 ybp and no admixture be-
tween the identified subsistence-based demes took place
during the past 3000 years (ArunKumar et al., 2012b).

Thus the mode of subsistence, such as fishery in the coast,
dry land farming in the interior rain shadow regions, and
foraging, hunting, and gathering in the hilly tracts played a
dominant role in determining the lifestyle and technology
of these demes, giving rise to the stratified society of Tamil
Nadu. This is indeed much earlier to the formation of castes
that was ushered in with the arrival of wet land irrigation,
settled agriculture, private land holdings, and crystallization
of religious ethos (Champaklakshmi, 2001). Both
geographical and cultural isolation sufficiently lead them to
inbreed amongst themselves resulting in unique genetic
signatures in each one of them. Thus the present day hill
tribes of Western Ghats are characterized by NRY HG F*-
M89, an ancient marker (~ 55,000 ybp), the dry land
farmers (DLF) of the Western Ghat rain shadow regions
and plains accounting for about 50% of Tamil Nadu (TN)
population by NRY HG L1-M20, a characteristic of
Dravidian (Sengupta et al., 2006) and Vellala and
Brahmin—related populations by NRY HG R1al-M17 and
R2-M205 (Bamshad et al., 2001; Sharma et al., 2009).

Deccan, Dry Land Farmers, and NRY
HG L1

If we presume that the early successful settlers of the
Deccan were the DLF, who survived on abundant palm
trees in most of the scrub jungle fauna and flora, and
subsequently on seasonal monsoon-driven wild crops such
as pulses (Misra, 2001), rice in Tamil Nadu appears only
during the megalithic period 300 BC. Southern India seems
to have thus developed a shared linguistic, literary, and
cultural tradition—Dravidian, predominantly non-Vedic
and non-Sanskrit in origin (Fuller, 2006). This fits well
with the equation of NRY HG L1-M20 as Dravidian
marker with its autochthonous divergence and expansion.
This HG is present in high frequency and diversity in Tamil
Nadu (average 16%, DLF ~50%) and most of the Deccan,
the Southern Dravidian territory, and is also present in low
frequencies in Western frontiers and Central India. Inter-
estingly, this clade is not seen in Central Dravidian
speakers and its territory, such as Orissa. On the other hand
an ancient, NRY HG H1-M52 lineages are the commonest
in both Central and Southern India with highest frequency
(32%) in Madhya Pradesh (Central India) and Dravidian
land (Fig. 7.1). As it stands the Western Ghats and Central
Indian rain forests seem to be the earliest home of these
early migrants, giving rise to Dravidian cultural evolution.
Whether it is autochthonous or originated somewhere else
to blossom in Tamil Nadu is a question to be addressed.

Demic Expansion

The Dravidian is a language family and its origin is a highly
contentious issue though not the cultural elements
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(Krishnamurti, 2003; Trautmann, 2011). In the absence of
archaeological evidences on early humans in Southern
India, one may need to interpret it in the light of genetic
data taking cultural elements into consideration. A demic
expansion hypothesis of proto-Dravidian speakers who
came from the Fertile Crescent to India was proposed
originally based on the Nostratic hypothesis, a commonly
held view that the proto-Dravidian language originated
from the proto-Elamite language (McAlpin, 1981; Renfrew,
1996). As an evidence to this, the Neolithic archaeological
finds at Mehrgarh in Afghanistan identifying a sedentary
population in stratigraphy is quoted often (Kochhar, 2000).
Similar archaeological evidences are yet to be identified in
Southern India. Nonetheless, the absence of Vedic fire al-
ters, rice, and horse relics in the excavations of early phases
Harappan sites are taken as evidence of Dravidian spoken
in the Indus valley civilization, though the writings of the
Indus are still debatable (Allchin and Allchin, 1997,
Kochhar, 2000; Mahadevan, 1977). The studies equating
NRY HG L1-M20 to Dravidian (Sengupta et al., 2006) and
the unique and high frequency and diversity of this clade in
Tamil Nadu makes this land as a cradle of Dravidian
civilization though not its origin. The absence of NRY HG
L1-M20 in Central Dravidian speakers of Orissa suggests
that the Dravidian linguistics or cultural elements were
much prior to their origin. Brahui, the Westernmost region
of Dravidian language-isolate speakers of Afghanistan/
Pakistan share local Y chromosome profile with some
specific lineages (Qamar et al., 2002) and thus suggesting
this still is a relic of the early migration from the West that
has been absorbed by later arrivals in large scales:
presumably these migrants found the Brahui handy to
communicate. Thus L1-M20 may still be a marker of demic
expansion of this language for its people to blossom on the
canopy, the Tamil Nadu. Whole genome studies indeed
support a huge expansion of people in Southern India and
dispersal towards the North and the East (Javed et al., 2012;
Metspalu et al., 2011; Reich et al., 2009). The wetland
farming was introduced into Tamil Nadu only during Chola
period 300s BCE to 1279 CE, Southern Neolithic people in
Karnataka has been dated around 2nd Century BCE. This
period is the arrival of Indo-European-speaking people into
Tamil Nadu to document Tamil Sangam the ancient literary
period of Tamil language, 300 BC—200 AD, with a well-
developed society.

The demic expansion and the arrival of the Central
Asian gene pool need to be corroborated with the scenario
described earlier. It is interesting to note that two waves of
Pleistocene expansion took place in India between 50,000
and 37,000 ka (Shi et al., 2010; Underhill et al., 2001); a
coalescence of various South Asian populations dates back
to 36—46 ka (Wei et al., 2013). Worldwide human settle-
ment history and genome-wide patterns of variations have
supported this dispersal and serial founder effects from
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Africa toward the East (Li et al., 2008; Liu et al., 20006).
These are in close agreement with archaeological and
anthropological evidence (Mellars et al., 2013). This
implies that an ancient Northern Indian expansion occurred
without influencing the Southern Deccan, and the
7000 years of Mehrgarh and ~ 5000 years of Harappan as a
well-organized stratified society with maritime trades with
Egyptians and Romans must have been the pinnacle of this
ancient civilization (Allchin and Allchin, 1997).

Settled Agriculture

Settled agriculture is considered a primary cause of the
formation of families and extended families, demes-
population groups, and the possession and inheritance of
properties (Chaix et al., 2004). The Harappan, a city-state
with well-established technology and maritime trade with
the West, and with its city planning and architecture,
disappeared without trace (Thapar, 1995). Nonetheless,
the very successful Swat Pirak culture, with painted grey
wares, is considered the origin of Vedic culture in India:
be it arrival from Central Asia via the Hindu Kush ranges
or autochthonous (Cavalli-Sforza, 1997; Kochhar, 2000;
Sharma et al., 2009; Wells et al., 2001). The origin of this
culture ~2500 BC and the purported absence of Vedic
influence in this culture till the late Harappan phase
(cf. Kochar, 2000) need to be looked at in the context of
the recent genetic evidences of Y chromosome/male
migrations that the marker for Indo-European language
speakers in India, NRY HG Rlal-M17, might have
arrived in India from North or West somewhere between
10 and 20,000 ybp. The wet land agricultural expansion in
Indo-Gangetic doab marks the evolution of definite demes
and stratified society with the torch bearers of Vedic rit-
uals with this NRY HG R1al-M17 or its derivatives yet to
be identified. Studies on NRY HG Rlal-M17 in Euro-
peans and South Asians have shown a deep coancestry
predating mid-Holocene period (~ 10,000 ybp) (Underhill
et al., 2010). Our study on the geospatial pattern of skin
color allele SLC24AS5 reflects a strong influence of lan-
guage, geography, and demographic history of the pop-
ulations, and further, sequencing 11.74kb of 95
individuals worldwide has revealed the monophyletic
nature of rs1426654-A alleles in South Asian and West
Eurasian populations with a coalescence date at 22—28 ka
(Basu Mallick et al., 2013). The study further revealed
that this gene has also been a target for positive selection
in Europe, the Middle East, Central Asia, Pakistan, and
North India but not in South India. The claim that
R1al-M17 clade of India is autochthonous in origin
(Sharma et al., 2009) can best be interpreted by an ancient
seeding of Rlal ancestral allele through the mountainous
ranges of Swat Pirak culture, followed by new mutations
and expansion of its derivatives in Northwestern India,
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and crisscross population movements through Kyber and
Bolan passes, hence a high diversity identified in this
study. The higher social tiers of present-day Northern
Indian populations starting from Gujarat to Bengal
including the Brahmins, the torch bearers of Vedic culture
sans the tribal populations, might be the descendants of
this expansion. It is the demic expansion and the dispersal
of wetland irrigation and Paddy cultivation that trickled
down from the Indo-Gangetic doab, Orissa down through
coastal Andhra Pradesh to Tamil Nadu and Pallava-Chola
country, Cauvery, and other riverine belts during the post-
Sangam period, 600—1000 AD that brought down these
people to Tamil Nadu. The R1al-M17 is a predominant
and ubiquitous clade seen in Brahmins, artisan, and
warrior populations of the whole of Northern and
Northwest India and the Deccan, except the dry land
farming Dravidian and tribal populations (ArunKumar
et al., 2012b; Kavitha, 2008), of Dravidian and Austro-
asiatic speaking belts. The arrival of this wetland farming
in Tamil Nadu ushered in “Mutt” (religious congregation
and community living) concepts, these religious centers
being the link between the Brahman and the locals in
cultivation and resource sharing (Champaklakshmi, 2001;
Shastri, 1976). The male hegemony and patrilineal
concept of family must have thus arrived from Central
Asia (Chaix et al., 2004), through Northern India, since
the early Chola society of Tamil Nadu was more female-
centric (Karashima et al., 1978). The private land holdings
appeared in Tamil Nadu only during the later and post-
Chola period, with the male hegemony and patriarchal
ethos as in the case of Kazakhstan (Chaix et al., 2007).
Thus the wetland farming communities, Vellala (artisans
and farmers), Kar Katha Vellala of Chola country, Saiva
Pillaimars of Pandiya country, and Kongu Vellala of
Chera country played crucial roles in the agricultural
development and local polity and power.

The genomic identity of these people in the context of
the Central Asian, East European, and Northern Indian
populations will tell the recent history of India better.
Nonetheless, this was the golden period of Tamil Nadu,
when Raja Raja Chola conquered the Himalayas and had
maritime trade not only with the Egyptians and Romans on
the West, but also with Indochina and Bali, Indonesia,
establishing the Hindu culture in these places. However,
has not impacted the whole of Tamil Nadu, except the
Cauvery and other river belts. The societal stratification
identified by disparate gene pools that was laid down
7000 ybp itself has not become similar by these later mi-
grations and criss-cross population movements, until date
(ArunKumar et al., 2012b). The subsistence-based demes
living in various niches was further crystallized by cultural
evolution leading to the caste formation, the last in recent
times <2000 years further maintaining the distances of
these gene pools.

Culture, an Isolation Parameter

Culture as a factor of isolation is supported by the
picture we get from epigraphic records of Tamil Nadu.
The societies in early Chola period (~ 800 AD) were more
female-centric as their names appear in inscriptions, and
male names appear only during the later Chola period
(~1200 AD) (Karashima et al., 1978; Subbarayalu,
2012). It was during this period the Brahmadeya concept
was introduced. Under this model the Brahmin settle-
ments, called Agraharam of various temple cities and Seri,
the earlier settlers living on the periphery of these settle-
ments appeared in Tamil Nadu (Champaklakshmi, 2001).
This temple-centric and ritual-driven society lead to the
state cultivation of crops, community kitchens, etc.
Various Mutts (religious sect heads and community
living) controlled the water-taming technology and the
resultant agriculture. The later migrant populations with
water-taming technology settled amidst preexisting
populations isolated or mingled to various degrees, rein-
forcing the societal stratification further by cultural
elements and value systems. The Varna system and a color
caste system were introduced, characterized by familial
occupation crystallized with codified conduct and func-
tions in the subdivided, hierarchical society. This, indeed,
was reflected in the NRY chromosome composition of
various stratified demes (castes and tribes) of Tamil Nadu.
The initial settlements in various niches far apart from
each other (100s of km) and expansion lead to
geographical dispersal, and hence we could observe the
coancestry of many demes as we described in the Southern
Indian DLF populations such as Piramalai Kallar, Van-
niyar, Nadar, Ezhava, and Thiyya, all with similar family,
lifestyle, and subsistence (ArunKumar et al., 2012b;
Kavitha, 2008)—whereas in the case of Brahmin- and
Vellala-related communities, they were closer to each
other and stand isolated from the rest of the population
irrespective of the state from where they live now
(ArunKumar 2012; ArunKumar et al., 2012b). The genetic
landscape thus fits well with an ancient demic expansion
with dry land cultivation of this L1 gene pool, and a later
migration of Rlal people, with wet land agriculture
technology. Presumably the religion was incidental and
the Vedic culture made them stay isolated at the NRY
level through the anuloma and prathiloma concepts,
resulting in many Brahmin populations of India absorbing
early settled female gene pools into their fold (Majumder,
2008; Shastri, 1976). The lifestyle of the Sangam period
explains the religious harmony of that period with Bud-
dhism, Jainism, and a more appealing Hinduism—Bakthi
movements, Vaishnava philosophy, and birth reincarna-
tion. The urban centers and sea ports such as Poompuhar,
Vanchi, and Korkai of the East and West coasts of the
lower Deccan traded pearls, peacocks, sandalwood, teak,



Genomic Diversity & “Human Kind” in India Chapter | 7

ebony, and pepper with Romans, known as “Yavanars”
(Thapar, 1995). The affluent, urban life style of this period
is described at length in great epics “Silappathikaram” and
“Manikegalai,” the Sangam literature (~2000 ybp). The
advent of land holdings presumably in combination with
these religious thoughts lead to further crystallization of
various demes. Family, the basic unit of a modern society
with patriarchy and monogamy, came into vogue in these
modern populations, though many tribal populations even
today show varied cultures, values, and belief systems in
marriage and lifestyle. As on date in a caste characterized
by endogamy and clan exogamy, many times the clans,
paternal lineages of a given caste have been drawn from
various directions. Higher the status in social hierarchy,
hegemony, and affluence, was strong their belief system
(Pitchappan et al., unpublished). These pointers indicate
that the caste system in Tamil Nadu (Sanghvi et al., 1981)
is very young, only ~2000 years, and it reinforced the
already structured Tamil society. A similar picture is
emerging in many parts of the country as well (the
Genographic India data). These divergent gene pools,
living sympatrically isolated in a given geography may not
be equally susceptible to a given epidemic as we discuss in
the next section.

IMPLICATIONS IN HEALTH AND DISEASE
Not All the Infected Develop the Disease

It is common knowledge that every body in the population
does not contract a flu or cold, and this is by virtue of the
individual genetic composition: immunogenome. We have
shown enormous genetic distances between various caste
groups and populations of India (Pitchappan, 2002). Thus
not all the castes may be susceptible to a given epidemic to
the same degree. A classical example is the correlation
between HIV-infected “long term nonprogressors” and
HLA B57 allele that is present only in select populations/
castes of India and not in all (Rajasekar et al., 1987;
Jagannathan et al., 2011; Pitchappan, 2015). With the
advent of germ theory, all the infections are considered as
the product of an infectious agent, virus, or bacteria. We
now know that in many instances a disease is not directly
caused by the concerned bacteria/virus itself, rather it is
the host reaction, be it immune response (HIV),
biochemical imbalance (diabetes), or the germ-induced
pathology (leprosy). Many times the immunopatholog-
ical response to the antigenic constituents (proteins,
breakdown products) results in the disease state, such as
nephritis and multiple sclerosis (MS) (Cardona and Ivanyi,
2011). Major loci that harbor many of these genes
involved in antigen presentation, immunological, and in-
flammatory pathways are located in the MHC region in
c6p21.3: allelic polymorphism is the highest in some of
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these loci (Trowsdale and Knight, 2013) (Table 7.1). The
greater the diversity of a given locus, the greater it is
generally believed that it is involved in natural selection
processes (Cavalli-Sforza, 2007). In spite of these great
discoveries and better understanding of these diseases,
many of them defy solution and better understanding
(HIV, leprosy, MS, diabetes, etc.). Diseases other than the
monogenic, and many times complex and chronic disease
are polygenic and multifactorial. One will not thus get a
disease that easily. If we invoke six different loci involved
in a disease process, the probability of obtaining such
combination is one in million—similar to winning the
lottery. But within a family among two given sibships, it is
of the order of one or two digits depending on the linkage
of these loci on the chromosome and among the parents.
These are exemplified by the fact that not all the intimate
contacts of leprosy patients sharing the same domicile and
nutrition develop the disease during their lifetime but the
concordance rate of leprosy and TB manifestation is
~85% in identical twins (Chakravartti and Vogel, 1973;
van der Eijk et al., 2007). This is an indicator that host
genetics is more important in disease manifestation rather
than the infectious agent per se. This assumes greater
significance at the “ethnic,” population, and continental
level. By virtue of the founder effect, inbreeding, and
endogamy, even many six loci MHC haplotypes are
unique to given populations (Balakrishnan et al., 1996)
and one may not expect all of them to behave in a similar
fashion to an infection.

Lotus and Cactus Model

We call this the “Lotus and Cactus model” (Pitchappan,
2015b): a lotus grows in a pond and a cactus in a desert:
but not the other way. Thus a TB patient’s lung is an ideal
“nutrient broth” for the TB bacilli to grow. Our whole
Genome Scan using microsatellite markers in 256 affected
sib pair from India has identified a handful of markers in
the genome predisposing for leprosy (Siddiqui et al.,
2001; Tosh et al., 2002). Our study has been replicated in
Vietnamese cohorts: a rare event that two genome scans
on entirely different cohorts are concordant (Mira et al.,
2003). Furthermore, the utility of disparate demes in
disease studies have been demonstrated time and again in
leprosy. Genome scans that proved positive with c10p13
in our study did not hold for another marker in c20: while
c20 association is valid in Tamil Nadu samples, it did
not show any association in patients from Andhra Pradesh
(Tosh et al., 2002). Similar observations have been made
in psoriasis, TB (Pitchappan, 2002; Pitchappan et al.,
1989), and cardiovascular diseases (unpublished). In
these cases the relative risks increased multifold on
stratification of samples based on caste matched case
controls.
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TABLE 7.1 Allelic (Sequence) Polymorphism of Select Major Histocompatibility Loci in c6-p21.3, as of July 2015:
The Phenotype (Protein Level) Polymorphisms are Also Listed (Ref: www.hla.alleles.org/nomenclature/stats.html)

HLA Class |
Gene A B C E F G
Alleles 3192 3977 2740 17 22 50
Proteins 2245 2938 1941 6 4 16
Nulls 150 128 89 1 0 2
HLA Class Il
Gene DRA DRB DQA1 DQB1 DPA1 DPB1 DMA DMB DOA DOB
Alleles 7 1868 54 807 40 550 7 13 12 13
Proteins 2 1364 32 539 20 447 4 7 3 5
Nulls 0 45 1 20 0 15 0 0 1 0
HLA Class Il - DRB Alleles
Gene DRB1 DRB2 DRB3 DRB4 DRB5 DRB6 DRB7 DRB8 DRB9
Alleles 1764 1 59 16 21 3 2 1 1
Proteins 1290 0 47 9 18 0 0 0 0
Nulls 39 0 1 3 2 0 0 0 0
Other Non-HLA Genes
Gene MICA MICB TAP1 TAP2
Alleles 102 41 12 12
Proteins 80 27 6 5
Nulls 2 2 1 0
Pharmacogenomics is one of the common alleles in India to be called a Telugu

There are many studies in recent times showing an
unequivocal association of select genes with hypersensi-
tivity to select drugs. One such widely known is Abacavir,
an antiretroviral drug commonly used to treat AIDS pa-
tients, and patients with HLA-B*57:01 develop severe
adverse reactions. Another sister clade of this HLA, viz
B*58:01 has on the other hand been shown to cause severe
cutaneous adverse reactions with an allopurinol treatment
for gout patients. Hence the clinics have started testing
HLA B*57 and *58 status before prescribing these drugs.
Nonetheless, the major catch in this approach is the fre-
quency of these alleles in various populations. It is known
that HIV infected patients with HLA B*57 normally turn
into long-term nonprogressors (LTNP) and in India too
these patients show good CD4 count and may stay healthy
for a long time without progressing toward AIDS (Jagan-
nathan et al., 2011). HLA B17, particularly its split, B*57,

haplotype in a Durban, South African study, as early as
1979 (Hammond et al., 1979). This allele and its haplotype
HLA A1-B17 is present only in certain populations of India
and, again, not all the castes of a state (Pitchappan, 2015a).
In order to put these tools to effective use one may need to
map the immunogenome of a country. The “ethnic” di-
versity, though, could pose a problem to clinicians and
epidemiologists; it is a boon to geneticists to unravel the
mysteries of disease susceptibility. Many times epidemi-
ologists look at the variables known to them only to forget
the host and pathogen genomic diversities.

Survival Dictum

The MHC haplotypes of various world populations are very
disparate, and this is true with Indian castes as well. When a
polygenic and multifactorial etiopathology is invoked for a
disease, the combination of genome and markers involved
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need to be looked at as we know that these may be different
from one population to another. The genomic diversity at
the level of host and parasite poses a greater hurdle in
vaccine development (Walker and McMichael, 2012).
In the process of coevolution of a host and parasite over a
period of time, this is not surprising. An elegant study on
the correlates of genomic deletions in the TB bacilli and the
extant of lung lesions in TB patinets revealed greater
the genomic deletions in the pathogen, was less extensive
the lung lesions—that means a less severe disease
(Gagneux and Small, 2007). This has great relevance in
high endemic areas; it is important what bug (virulent vs
less virulent; more deleted vs less deleted) infects a child
when born in to this world. If less virulent TB bacilli infects
the baby first, the chances of not developing a clinical
disease and becoming immune is greater. If a virulent,
“more infectious” bug infects, the child might develop
clinical TB. This is the rationale of administering the TB
vaccine (BCG) soon after birth. This milieu of epidemi-
ology is ever changing and contemporary and this is all the
more important in deciphering the diseases; the epidemi-
ology of Chengleput now is not the same as that of 40 years
ago when BCG vaccine trial was conducted. This is true for
viral infections as well: in many HIV-infected individuals
the infections do not progress toward disease that easily.
Individuals with HLA B57 infected with HIV in general
become an long term non-progressor (LTNP), and their
CD4 counts are normal for a long time (Jagannathan et al.,
2011). These patients with HLA B57 are known to develop
escape mutants, thus evading attack by cytotoxic T cells of
the immune system and generated to kill the virus infected
CD4 cells (Leslie et al., 2004). In terms of epidemiology,
these apparently healthy “carriers” stay in the population
for a while, thus infecting more partners (Pitchappan,
2015a).

Recent genomic studies also conform to the findings on
classical genetics. Modeling single nucleotide poly-
morphism (SNP) haplotype diversities obtained through
studying 600,000 SNPs suggests that both the Indian
ancestry components, one shared with West Asia and the
Caucasus and the other restricted to South Asia accounting
for more than 50% of the ancestry in Indian populations are
much older than the purported Indo-Aryan invasion
3500 ybp. Many candidate genes of positive selection have
also been identified in India. Two of these, MSTN and
DOK35, both have potential implications in lipid metabolism
and the etiology of type 2 diabetes (Metspalu et al., 2011).
Positive selection operating on KIR polymorphisms have
selected natural killer cells expressing the dominant
KIR3DL1 at high frequency and high surface density,
respond strongly to cells perturbed in Bw4 expression.
Among the five binding-site motifs residues of KIR, DO new
splits are more prevalent in Europeans and South Asians
markedly increasing their functional 3DL1 diversity, beyond
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that defined by D1—D2 motifs alone (Norman et al., 2007).
A recent collaborative genome-wide association study of
large international HIV cohorts, using 1.3 million SNPs
strewn over all the chromosomes, has demonstrated the
utility of such stratification and clustering of samples into
ethnic groups, as of European, Hispanic, and African-
American ancestry based on PCA, to find the real meaning
of identified associations and point out the purpose of
rigorously controlling for ethnicity (Carrington and Walker,
2012). We have shown the importance of such stratification
and matching the case control for castes in ancient gene
pools like India (Pitchappan et al., 2008; Ravikumar et al.,
1999), wherein geography and languages correlate to the
whole genome and also Y chromosomes (ArunKumar et al.,
2015a; Pitchappan, 2008). Studies that do not match case
controls for ethnicity and other demographic variables may
not identify the real association with the genes.

INDIA: GRANDEST EXPERIMENT OF
NATURE

Dobzhansky, who visited India during the 1960s (Prof.
Krishnaswamy (late) personal communication) was
curious to understand the caste system in Southern India,
known for its inbreeding and endogamy. In many of his
writings Dobzhansky (1973) argues about the develop-
ment of excellence and purification, if any, by such
methods. He commented “Caste system in India is the
greatest biological experiment ever done on Homo sapi-
ens” (Sanghvi et al., 1981). India is no less true to the
words of Dobzhansky or Lalit Sanghvi, author of the B
squared method of genetic distance, a mathematician
turned genetic epidemiologist and a postdoctoral student
of Dobzhansky’s and Iravathi Karve’s—one of the doyen
in social anthropology from India, Deccan College,
Pune—who were the first to appreciate the evolutionary
implications of such diverse gene pool. The enormous
diversity and distances identified between the various
social groups of India serve as ideal models to study the
role of these disparate gene pools in health and disease
status. The Genographic study and the genome scan studies
on India that have been carried out open up new avenues of
research in genetic epidemiology and community genetics.
The evolution and implications of genomic diversity of
humankind in India is thus indeed Nature’s grandest bio-
logical experimentation.

CONCLUSION

The enormous genetic diversity observed in India is a
sequela of ancient migrations and settlements in various
niches, and autochthonous expansion with incidental
language developments, all determined primarily by the
mode of subsistence. This initial stratification crystallized
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into caste system with the advent of settled agriculture and
the resultant patriarchal society. By virtue of their origin,
migration, divergence and settlements, and the resultant
genetic composition, all of these demes living sympatri-
cally isolated in a given niche/State may not be equally
susceptible to a given epidemic or disease. The host
genome and MHC determines whether all the infected
develop the disease or not—an evolutionary way of
thinking. One has to explore this experimentation to un-
ravel the mysteries of the challenging diseases. This is very
much applicable in this genomic era as well.
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INTRODUCTION

If we accept that cognition and behavior are functions of
the brain, and if we accept that humans have evolved
specialized cognitive and behavioral abilities, it follows that
there are properties of the human brain that are uniquely or
distinctively human, and that understanding those
distinctive features is the proper goal of the scientific study
of human brain evolution. For biologists of many stripes,
this has been difficult to accept. Claims of human special-
ization smack of special pleading, amounting to denial of
the continuity of species, an attempt to create a false barrier
between humans and our closest relatives, the African great
apes. The propinquity of humans to chimpanzees and
bonobos has encouraged some to place them all in the
human genus, Homo (Goodman et al., 1998), or, with
similar logic, to regard humans as the “third chimpanzee”
(Diamond, 1992). This attitude seems consistent with
Darwin’s view that the differences between humans and
our closest relatives are matters of degree rather than kind
(Darwin, 1871), a view echoed by Huxley in his treatment
of human brain evolution (Huxley, 1863). For experimental
neuroscientists, whose evolutionary commitments may not
run very deep, human specializations can seem challenging
as well, potentially calling into question the value of results
obtained in model animals, be they monkeys, rodents, or
fruit flies (Preuss and Robert, 2014).

Yet much of evolutionary biology is about barriers and
differences, specifically, the reproductive barriers created
by speciation and the differences that emerge between
species after the establishment of reproductive isolation.
Evolution is, after all, a theory of change, and species are,
after all, defined by the features that make them different
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from each other. Claims about human specializations must
ultimately stand or fall on the weight of evidence: One
can always be mistaken about matters of fact, and one can
make the more general error of failing to acknowledge
that species other than humans have evolved their own
special characteristics. But there is nothing necessarily
unnatural or unbiological in proposing species-specific
characteristics of the human brain—that is just what
evolutionary biologists do for other species and other
organ systems (Preuss, 2012a).

Of course, the validity of empirical claims about human
brain evolution ultimately rests on the power of the
investigative methods deployed and the quality of data
obtained. For much of its history, the field has focused on
the analysis of fossil brains, or more accurately, the
impressions of brains left on the inner surface of the skull
(endocasts). This paleoneurological approach provides
information about when in evolutionary history changes
took place in the size and shape of the brain, and sometimes
about changes in cortical folding, although impressions of
folds (gyri) and grooves (sulci) are rarely well preserved in
large-brained animals. Unfortunately, endocasts provide us
with no direct information about the neural structures and
circuits that carry out brain functions. Inferring brain
function from endocasts is like trying to understand how a
computer works by studying the box it came in—not
pointless, especially if that is all you have to work with (or
if you think size is really all that matters, as some have), but
less than ideal. Clearly, we would be greatly aided by
having information about how the brains of humans
resemble and differ from those of other living species—that
is, comparative experimental studies of actual brains. Until
recently, however, most of the experimental techniques
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available to neuroscientists were suited for use almost
exclusively in experimental animal species, such as mon-
keys and rodents, because they require invasive and
terminal procedures. These techniques include injecting
chemicals into the brain to trace neuronal connections and
inserting electrodes to record from or electrically stimulate
neurons, and they usually end with the death of the subject,
in order to determine where the tracers went or to confirm
where the electrode was placed. While these provide very
detailed information about model species, they cannot be
used in species off-limits for invasive research, which
include not only humans but, significantly, great apes as
well.

Fortunately, we now have noninvasive neuroscientific
methods that can provide data of a quality often
approaching, and for some purposes exceeding, that of
traditional invasive methods (Preuss, 2010; Rilling, 2008).
Prominent among these are the different neuroimaging
modalities, mainly different varieties of magnetic resonance
imaging (MRI). There are MRI-based methods for
documenting brain morphology, for mapping myelin den-
sity (which is useful for making cortical maps), and for
tracking connectional pathways through white matter.
Connectivity studies, employing diffusion-weighted or
diffusion-tensor imaging (DWI, DTI), are especially
important, given that the functions of brain regions depend
on their connections. There are also functional MRI
techniques, which measure regional brain activity levels.
These include task-based paradigms, where one compares
activity in different behavioral conditions, and ‘“resting-
state” paradigms, used to identify brain regions that show
correlated patterns of activity or “functional connectivity”
(in contrast to the structural connectivity evaluated with
DWI). Not surprisingly, structures that are functionally
connected tend to be structurally connected, although the
relationship is not perfect. The virtue of these techniques,
from the standpoint of studying human evolution, is that
they can be used to directly study and compare humans,
great apes, and other nonhuman primates. The structural
techniques can even be used with brains acquired post-
mortem. An additional set of methods that has been brought
to bear on questions of brain evolution comes from
comparative molecular biology, including techniques from
genomics, proteomics, and related fields. As with the
neuroimaging techniques, these do not require invasive
techniques, and so are ideal for comparative studies.

Although the application of these techniques for
studying human brain evolution, beginning in earnest in the
1990s, has greatly improved the research situation, there are
still serious obstacles. By definition, human specializations
are features of organization that evolved in our lineage after
it separated from the lineages leading to our closest
relatives, now generally considered to be the chimpanzee-
bonobo lineage (Figs. 8.1 and 8.2). Logically, therefore, a

candidate human specialization must be present in the hu-
man lineage, but absent in the chimpanzee-bonobo lineage.
Of course, a mere difference between humans and chim-
panzees could have resulted from a change in the
chimpanzee-bonobo lineage, rather than the human lineage.
For this reason, we need ‘“outgroup” information—data
from other closely related groups to estimate what the
human-chimp ancestor was like. Ideally, we would also
have information from gorillas, orangutans, gibbons, and
Old World monkeys (such as macaques)—in that order of
importance (Fig. 8.1).

In practice, we are far from the ideal. Currently, the
nonhuman primates for which we have the most informa-
tion are macaque monkeys, and thanks to the imaging
revolution, our knowledge of human brain organization is
rapidly growing. But access to a critical resource—the apes
themselves—has been sharply reduced in recent years. We
have some information about chimpanzees, but very little
about the other apes. This places serious limitations on the
quality of inferences we can make about human brain
specializations. Certainly, we can say quite a bit about the
similarities and differences between humans and macaques,
and while these are useful and suggestive, they do not paint
a very accurate or complete picture of human brain evo-
lution. Suppose, for example, that one were to identify
corresponding (homologous) brain areas in humans and
macaques that differ to some degree in their functional
properties (a number of such instances will be discussed
later in this chapter). With information only from humans
and macaques, we could not say whether the difference
arose in the human lineage or the macaque lineage. And if
it arose in the human lineage, it might have occurred after
the human-chimpanzee split, in which case it would be a
human specialization, or prior to it, in which case it would
be an ape-human (hominoid) specialization. In some cases,
one can plausibly (if not definitively) attribute changes to
the human side of the macaque-human split, such as the
tool-selective properties of the anterior inferior parietal
lobule of humans compared to its macaque homologue
(Peeters et al., 2009), but can we be sure chimpanzees do
not share that specialization? In general, the safest attri-
butions are probably those that involve major changes in
the size of a structure, given the enormous overall size of
the human brain. Yet even those inferences must be
considered highly provisional in lieu of appropriate
comparative evidence.

The following review of human brain evolution is
necessarily selective, given space constraints. I focus on the
cortex, which is the part of the brain about which the most
data are available, reflecting the generally held view that
the cortex is where most of the action occurred in
human brain evolution, although it is certainly not the
only brain region modified in human evolution. In addition,
I emphasize comparative studies over paleoneurology, not
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FIGURE 8.1 Phylogeny and taxonomy of the anthropoid primates. Branching orders and times are from Perelman et al. (2011). Branching time
estimates vary between studies; most current estimates of the human-chimpanzee divergence fall between 5 and 8 Ma. The hominoid taxonomy is from

de Sousa and Wood (2007).

only because I am more familiar with comparative research
but also because it speaks more directly to changes in the
internal organization of the brain and thus bears more
directly on functional changes. I also briefly review some
results from comparative genomic and molecular biological
studies that are especially relevant to human brain evolu-
tion. In all these fields, 1 prioritize studies that include
chimpanzees, as well as humans, for reasons outlined
above. Finally, I emphasize results that speak to general
principles, rather than trying to cover the literature
comprehensively.

This is very much my own view of human brain
evolution, and there are certainly others. In fact, a number
of books and reviews on this subject have been published in
recent years, in which you will find coverage of issues not
dealt with here, as well as points of view that are sometimes
in accord with my own, and sometimes at variance with
them (eg, Allen, 2009; Cohen, 2010; de Sousa and Cunha,
2012; Falk, 2015; Gazzaniga, 2008; Holloway, 2008; Kaas
and Preuss, 2013; Passingham, 2008; Premack, 2010;
Rilling and Stout, 2014; Schoenemann, 2006; Sherwood
et al., 2008).
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SOME BASIC NEUROANATOMY

It is not possible to give anything like a detailed account of
human brain structure here; instead, I will introduce the
structures most germane to the remainder of the chapter,
mainly the cortex and related structures.

It is convenient to divide the brain into the
cerebrum and the brainstem (Fig. 8.3). The paired cerebral
hemispheres are covered by the gray matter of the cerebral
cortex, a thin band composed of cell bodies (neurons and
glia), nerve fibers, and blood vessels beneath which lies
the white matter, composed mainly of the axons of
nerve cells traveling between different cortical regions
and between the cortex and structures deep in the hemi-
spheres and in the brainstem. The cells of the cortex are
stratified into six layers (Fig. 8.4A—C), each of which
receives a specific set of incoming fibers and gives rise to
a specific set of outgoing fibers. The cells of different
layers are also interconnected, with the strongest local
(intrinsic) connections being organized so as to link cells
into vertical arrays, often termed “mini-columns.” Mini-
columns are considered to be fundamental units of the

information-processing architecture of the cortex. Groups
of adjacent cell arrays form larger units, termed “areas,”
which share common inputs, outputs, and intrinsic con-
nections. Sometimes these areas can be distinguished by
microscopic examination, because when stained for cells
they have distinctively layering of cells or cells of unusual
size or density or because of some other distinctive his-
tological feature, such as horizontal and vertical distri-
bution of myelinated fibers (Fig. 8.4D and E). These
microscopic approaches are called “cytoarchitecture” (or
cytoarchitectonics) and “myeloarchitecture,” respectively.
Even larger divisions are the lobes of the cerebral cortex,
including the frontal, parietal, temporal, and occipital
lobes, which are named for the skull bones that overlie
them (Fig. 8.3).

Each lobe contains numerous areas, which fall into
several types. There are the primary sensory areas,
including the primary visual, auditory, and somatosensory
areas (Fig. 8.5). They are termed “primary” because they
receive strong and direct projections from divisions of the
thalamus, a structure at the top of the brainstem that
themselves receive strong inputs from the sensory systems,
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FIGURE 8.3 Human brain morphology. (A, B) The location of the major lobes are shown in lateral (A) and medial (B) views of the left cerebral
hemisphere. The central sulcus (CS) separates the frontal and parietal lobes; the Sylvian fissure (SF) separates the temporal lobe from the frontal and
parietal lobes. The insula is a region of limbic cortex buried within the SF. The cingulate sulcus (CgS) separates the cingulate cortex from the frontal and
parietal cortex. (C—E) T2-weighted MRI images showing the relationship of the cerebral hemispheres to deep structures, including the thalamus (th),
cerebellum (cb), and brainstem (bs). The section in C is in a parasagittal plane, with anterior (A) to the left. D and E are coronal sections; their locations are
marked in C. In T2-weighted images, the cortical gray matter appears as a light rim surrounding the darker white matter (wm). Images were captured from
the Human Connectome Project (HCP) datasets using HCP Workbench software (Van Essen et al., 2013). Additional abbreviations: /, inferior; L, left;

P, posterior; R, right.

with the result that neurons in the primary areas respond
rapidly to stimulation of their corresponding sense organs.
There is also a primary motor area, which sends strong
projections to the motor neurons of the spinal cord, and so
gives rise to brisk movements when stimulated electrically.
Whereas in most mammals, the primary areas occupy a
large fraction of the total cortex, the cortical mantle of
anthropoid primates is dominated by nonprimary cortex,
which consists of secondary sensory areas and higher-order
association cortex. In primates, each primary sensory area
is connected with a set of secondary areas; these connec-
tions are organized partly in sequence (hierarchically) and
partly in parallel, forming subnetworks that process
different aspects of visual, auditory, and somatosensory
information. Areas higher in the chain represent more
complex features of stimuli. There is a similar arrangement
for the motor system, with more complex or abstract facets
of movement being represented in secondary areas, termed
“premotor” areas in this system. For New World and Old
World monkeys, these systems of areas and connections
have been extensively studied over the past four decades

(see, for example, the contributions in Kaas and Preuss,
2007).

The sensory and motor systems each occupy substantial
portions of the lobes in which they reside—visual in the
occipital lobe, auditory in the superior gyrus of the tem-
poral lobe, somatosensory in the anterior parietal lobe, and
motor in the posterior part of the frontal lobe. The rest of
the cortex is conventionally referred to as the association
cortex. We have known for over a century, based on
observation of individuals with brain injuries, that the
association cortex is critically involved in higher-order
cognitive functions: Damage to temporal and parietal
association cortices disrupts specific perceptual functions,
while damage to the frontal association cortex (the
so-called prefrontal cortex) and to portions of the parietal
association cortex disrupts the organization of action and
cognition on both short and long time scales. Like the
sensory regions, the association cortex consists of
collections of functionally specialized areas, as indicated by
lesion studies and confirmed by neuroimaging. The idea
that the association cortex functions as an undifferentiated
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FIGURE 8.4 Laminar, columnar, and areal organization of cerebral cortex. (A) An unstained section through the posterior right cerebral hemisphere of a
human; the inset shows the small region of gray matter illustrated at higher magnification in B. (B) A section of cortical gray matter stained for Nissl
substance to illustrate the six tangential layers and the vertically oriented mini-columns. In this section, the columnar appearance of the cortex is most
obvious in layers 4 and 5. (C) A schematic representation of cortical microstructure, showing the vertical clustering of neurons and the predominantly
vertical, intracolumnar organization of intrinsic (local) connections, although some layers also have prominent horizontal, intralaminar connections as
well. Most long connections travel in the white matter (wm). Collections of continuous minicolumns, with similar connections and cellular organization,
make up the areas, the next higher-order unit. (D, E) Low-magnification view of a horizontal section through the posterior right hemisphere of an
orangutan, stained for Nissl (D) and myelin (E) to illustrate cyto- and myeloarchitectonic differences between cortical areas. Posterior is to the left, lateral
to the bottom. In both stains, the distinctive, highly laminated character of the primary visual area (V1) is apparent, and the border between V1 and the
second visual area (V2), marked with arrowheads, is easily identified. Laterally, the border is close to the lip of the lunate sulcus (LuS, a deep fissure in
apes and macaques, but absent in monkeys). While the other cortex in these sections is not homogeneous in Nissl or myelin, distinct borders, such as that
between V2 and V3, which presumably occupies the anterior bank of the LuS, are often difficult to distinguish.

whole, as famously claimed by the influential neuropsy-
chologist Karl Lashley (1949), cannot be sustained. That
said, the association areas do not function in isolation, but
rather participate in transcortical networks of inter-
connected areas that span multiple lobes and instantiate
specific functions. These networks were first identified in
macaque monkeys (see especially Goldman-Rakic, 1988),
using chemical tracer techniques, and later in humans and
nonhuman primates, using neuroimaging methods (eg, Li
et al., 2013; van den Heuvel and Sporns, 2013; Yeo et al.,
2011). It is important to note that the distinction between
secondary sensory areas and the association cortex is

somewhat arbitrary, especially in the parietal and temporal
lobes, where areas involved in the identification of objects
and actions are typically dominated by the analysis of
visual features.

In addition to the sensory, motor, and association areas,
the cortical mantle includes a number of “limbic” regions,
located along the margins of the cortical mantle in the
cingulate gyrus and the insular island, the latter buried deep
in the lateral fissure. These regions link cortex (mainly the
association cortex) with outposts of the autonomic nervous
system in the brainstem that regulate emotion and moti-
vation, and with the hippocampus, a specialized region at
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FIGURE 8.5 The major sulci, gyri, and functional divisions of the cortex in humans, chimpanzees, and macaques. These are lateral views of the left
cerebral hemisphere drawn to scale. Figurines in the left panel illustrate similarities and differences in the folding patterns of the three species. Both
chimpanzees and macaques possess a deep lunate sulcus (LuS), which separates primary visual cortex (V1) from secondary visual areas; humans lack an LuS.
Also, macaque frontal lobes have a single longitudinal fissure, the principal sulcus (PS) rather than the two longitudinal fissures present in chimpanzees and
humans, the inferior and superior frontal sulci (IFS, SES). Figurines in the right panel display color maps of the myelin density across the cortex. The densely
myelinated primary sensory areas—visual (V1), somatosensory (S1), and auditory (Al) are red, as is the primary motor area (M1). The densely myelinated
middle temporal visual region (MT+) is largely exposed on the surface in humans, but buried within the posterior part of STS in chimpanzees and macaques.
The secondary sensory and premotor areas, somewhat less heavily myelinated, shade from red to green. The higher-order association regions are mainly blue.
Association cortex makes up a much greater fraction of the cortical mantle in humans than in chimpanzees or macaques. Additional abbreviations: B, Broca’s
area; CS, central sulcus; IFG, inferior frontal gyrus; IP, inferior parietal lobule; IPS, intraparietal sulcus; /TG, inferior temporal gyrus; ITS, inferior temporal
sulcus; MFG, middle frontal gyrus; MTG, middle temporal gyrus; M7+, the middle temporal visual complex; PT, planum temporale; SF, Sylvian fissure;
SFG, superior frontal gyrus; SPL, superior parietal lobule; STG, superior temporal gyrus; ST, superior temporal sulcus; W, Wernicke’s area. Images were
captured from the Human Connectome Project (HCP) datasets using HCP Workbench software; the chimpanzee and macaque data are from scans collected
at the Yerkes National Primate Research Center, processed through HCP pipelines. Scale bar is 1 cm.

THEMES AND THEORIES IN HUMAN
BRAIN EVOLUTION

Before considering current evidence about human brain

the extreme margin of the cortical mantle involved in
memory.

The left and right hemispheres of the human brain are
notably asymmetric in several features. For example, the

human brain exhibits torque, the right frontal lobe extended
further anteriorly than the left, and the left occipital lobe
further posteriorly than the right. Also, the folding patterns
in Broca’s region differ on the left and right, as do the
patterns in the posterior language region, where the Sylvian
fissure extends into the parietotemporal junction region.
The differences in the latter region are attributable at least
in part to the larger size, on average, of the planum tem-
porale in the left hemisphere, that is, the cortical territory
immediately posterior to primary auditory cortex that is
usually identified with Wernicke’s area proper (Geschwind
and Levitsky, 1968).

evolution, it is useful to review some of the ideas that
emerged prior to the advent of techniques that allow us to
directly compare the internal organization of human and
nonhuman primate brains, as these ideas remain influential.

Association Cortex Enlargement by the
Addition of Areas

It is commonly thought that the evolutionary enlargement
of the human brain resulted from expansion of the associ-
ation cortex. An important proponent of this view was
Korbinian Brodmann (1909), whose comparative cortical
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maps remain staples of neuroscience textbooks today.
Brodmann charted cortical areas in humans based on dif-
ferences in cytoarchitecture; in the same era, others pro-
duced maps based on myeloarchitecture. Brodmann’s
results seemed to indicate that species with larger cortices
have more discrete cortical areas. In humans, for example,
Brodmann recognized divisions within Broca’s area (areas
44 and 45) and in the association cortex of the inferior
parietal lobule (IPL; areas 40 and 39) that he did not
recognize in other primates. He also argued for the
expansion of the prefrontal cortex in human evolution
(Brodmann, 1912). Much later, using more reliable
anatomic and physiological mapping techniques than those
available to Brodmann, John Allman and Jon Kaas sum-
marized evidence indicating that larger-brained mammals
generally have more cortical areas than smaller-brained
species (Allman, 1982; Kaas, 1987), although they did
not have data for apes or humans. The idea that enlarge-
ment of the human brain proceeded by the addition of new
areas is thus reasonable, and its appeal is probably
enhanced by the intuition that human-specific cognitive
functions, such as language, are likely to be instantiated by
human-unique brain areas (eg, Crick and Jones, 1993,
Geschwind, 1970).

Association Cortex Expansion, Without
Internal Compartmentation

While enlargement of the association cortex was widely
accepted throughout the 20th century, its organization was
hotly disputed. Most scientists accepted that the association
cortex contained multiple subdivisions, with different
functions, but there was little agreement about the exact
number of areas or the location of the borders
between them. Lashley (1949) concluded there really
were no divisions, that the association cortex operated as
an undifferentiated whole, and that what mattered func-
tionally was the amount of cortex possessed by different
species.

If this is the case, then brain size is a highly meaningful
variable. There is a complication, however, brain size
varies with body size, but they do not vary proportionally
(isometrically): as body size increases, so does brain size,
but not to the same extent. In order to compare the relative
brain sizes of species that differ in body size, one must take
this allometric relationship into account. The classical
approach to this is to take brain and body sizes for a large
sample of mammals, log transform the data (which turns
the plot into something more nearly linear), and then fit a
line using regression. The result is a baseline for assessing
relative brain size, an equation for generating the expected
value of brain size for a mammal of a given body size. This
was the approach taken by Harry Jerison (1973) in his
classic work. Although Jerison was not the first to do this,

his underlying theoretical approach was an expression of
Lashley’s ideas, in which the brain is composed of two
compartments, one that scales with brain size, and
another—the association cortex, essentially—that does not.
In addition, he provided a way to express relative brain size
with his encephalization quotient (EQ), which is simply the
ratio of the observed brain size for a species divided by the
brain size expected for a mammal of that brain size.
Significantly, Jerison believed EQ could be understood as
an index of behavioral or cognitive capacity: “biological
intelligence,” in his argot. In his original formulation, he
took no account of possible species differences in the or-
ganization of the cortex, apart from size, and he followed
Lashley in assuming association cortex is internally un-
differentiated (although he subsequently acknowledged
such differentiation; Jerison, 1977). According to Jerison,
human brains are about 7—8 times the size of an average
mammal.

Association Cortex Enlargement With the
Same Areas, but Reorganized

Despite the influence of Lashley on brain-evolutionary
studies—mainly through Jerison’s work—his core idea
that the association cortex is structurally and functionally
undifferentiated did not win wide favor. Nevertheless, by
the mid-20th century, the large number of areas proposed
by Brodmann was seen as excessive. The view emerged
that although the association cortex was not homogeneous,
the number of constituent areas was relatively small and did
not increase in human evolution (Bailey and Bonin, 1951;
Bailey et al., 1950; Bonin and Bailey, 1947, 1961). More
recently, Petrifies and Panda (1994) remapped the
cytoarchitecture of frontal cortex in humans and macaques,
and concluded that both species possess the same com-
plement of areas.

If there are, in fact, no new areas in human cortex, what
changes took place that could account for the evolution of
human cognitive specializations? In a seminal paper, Hol-
loway (Holloway, 1966; see also Holloway, 2008), under
the general rubric of “reorganization,” considered a variety
of other types of change, including a general expansion of
existing areas, changes in the relative sizes of different
structures, changes in the way structures are interconnected,
hemispheric differences, and changes in brain microstruc-
ture, such as in the density and distribution of specific re-
ceptor molecules across cortical areas. Although Holloway
is best known for his later research on brain endocasts of
extinct and extant species, his conceptualization of possible
changes in brain internal organization, articulated in the
1960s when little was known in detail about cortical or-
ganization, was remarkable. It served as an inspiration to
new generations of scientists (including this author), when
techniques became available for comparing the internal



brain organization of living species (Broadfield and Hol-
loway, 2010).

Humans as Scaled-Up Apes

The modern appreciation of just how closely humans are
related to the African great apes has exerted a significant
influence on how scientists have viewed human brain
evolution and the molecular mechanisms involved. In their
classic paper, King and Wilson (1975) noted that, for the
proteins and protein-coding genes studied up to that time,
humans and chimpanzees were identical on average at
98—99% of nucleotide or amino-acid positions: remarkably
similar, given the apparent behavioral and other phenotypic
differences between humans and apes. To explain the
disparity, they proposed that the phenotypic differences
resulted from changes in genes that regulate the expression
of other genes, which could result in a common set of genes
and proteins being expressed in different quantities and at
different points in development in different species. Picking
up on this idea, Gould (1977) argued that changes in reg-
ulatory genes would have especially profound phenotypic
effects if they acted early in development, and a human-like
phenotype, with a large brain and small face, could be
produced from a chimpanzee-like ancestor by extending
early developmental programs and truncating later ones, a
phenomenon known as neoteny.

This kind of thinking invites consideration of how
species differences might be understood as predictable
outcomes of general rules of development. Finlay and
Darlington (1995) noted that the sequence in which
different parts of the brain region emerge in development is
widely conserved across mammals, with cells in brainstem
structures generated early and cells in the forebrain gener-
ated later, with cortical cells latest of all. Large-brained
mammals, however, develop over a longer timespan than
small-brained mammals, and the effect of extending
development is not linear—later developing structures
show disproportionately protracted periods of cell genera-
tion, and thus are disproportionately enlarged in adults.
Because of the evident tight coupling of brain structures in
development, one can predict the sizes of brain structures
from total brain size (except for olfactory structures, which
play by a different set of rules).

From this perspective, it is a small step to viewing the
human brain as a scaled-up version of an ape brain—a
simple extension of the ape plan—at least with respect to
size. Semendeferi and colleagues examined the proportions
of the frontal, parietal, and temporal lobes in humans and
apes, and found that although these lobes are larger in
humans, they occupy about the same fraction of total cortex
in all these species (Semendeferi and Damasio, 2000;
Semendeferi et al., 2002). On this basis, they disputed the
claim that the prefrontal association cortex was
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differentially expanded in human evolution, although they
did not measure prefrontal cortex directly (which is difficult
to do without histological examination of tissue). The same
inference would follow for the parietal and temporal as-
sociation regions. Others have made the same point, noting
that in regression analyses, the amount of frontal cortex (or
temporal cortex, or cortex generally) in humans is about
what would be expected for a great ape of our brain
size—larger, absolutely, but not disproportionately large
(Barton and Venditti, 2013; Bush and Allman, 2004; Hol-
loway, 2002; Passingham, 1973; Rilling and Insel, 1999).
These findings have prompted the suggestion that any
cognitive differences in humans involving the frontal lobe
are not related to its overall relative size, but rather to
changes in the proportions of different areas, and in their
microstructure and connectivity (Semendeferi et al., 2002;
Teffer and Semendeferi, 2012).

EVOLUTION OF BRAIN SIZE AND
EXTERNAL MORPHOLOGY

Brain size is an attractive variable for scientists, having the
virtue of being measurable in both living and extinct spe-
cies. For this reason, and because cortical organization and
its variations across mammalian groups were very poorly
understood for much of the 20th century, studies of brain
evolution during that period strongly emphasized the evo-
lution of relative brain size (encephalization). Jerison’s
(1973) methodology was highly influential, although not
without challenge. The correct assessment of relative brain
size (EQ) depends on the slope of the regression line used
to generate expected brain size for a given body weight:
higher slopes will yield smaller EQs for larger-bodied
species and higher EQs for smaller-bodied species. Jer-
ison favored a slope of 2/3, whereas Martin (1981) argued
for 3/4, based on a larger sample of species. Today, how-
ever, perhaps because of growing appreciation of the di-
versity of brain structure among mammals as well as of the
variations in body proportions and composition, it is not
obvious that there is or should be a single baseline for all
mammals.

One consequence of the diversity of brain organization
is that it compromises the utility of EQ as an index of
cognitive capacity: species with similar EQs can have brains
organized quite differently (Holloway, 1966). Nevertheless,
comparisons of relative brain size among closely related
species remain useful, because marked changes in size
suggest the action of selection to modify cortical functions
and cognitive capacities. The matter is rendered simpler if
the species in question are similar in body size, in which
case the distinction between absolute and relative brain size
dissolves. To a first approximation, this is the case with
humans and the other members of the great ape clade.
Average adult human body size falls between that of
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chimpanzees and gorillas (de Sousa and Wood, 2007;
Leigh and Shea, 1996). Human brains average about
1450 cm® in volume, however, whereas chimpanzee and
gorilla brains average about 380—400 cm® (Barks et al.,
2015a; de Sousa and Wood, 2007; Schoenemann, 2006), so
humans are about 3—4 times as encephalized as our African
ape relatives. For comparison, rhesus macaque brains
average about 90 cm?® (Herndon et al., 1998), so human
brains are about 14 times as large, but macaques also
have much smaller bodies than apes or humans. One recent
allometric analysis suggests there are three different levels
(or grades) of encephalization among Old World anthropoid
primates, with macaques and other Old World monkeys,
plus gibbons, constituting one level, the great apes a higher
level, and humans a higher level still (Passingham and
Smaers, 2014).

These comparisons suggest that humans underwent
enormous brain enlargement since the divergence of the
human lineage from those leading to the other African
hominoids, ~5—8 Ma (dates reviewed by Langergraber
et al., 2012), even allowing for the possibility that chim-
panzees and gorillas underwent some independent brain
enlargement (Fig. 8.2). Even early hominins, such as
Australopithecus and Paranthropus, appear to have been
modestly encephalized compared to the living African apes,
having smaller bodies but slightly larger brains (de Sousa
and Wood, 2007), with a trend toward increasing enceph-
alization through time. One long-running controversy
concerns the location in australopithecines of the lunate
sulcus, which in apes and most monkeys separates the
primary visual cortex, located at the posterior pole of the
hemisphere, from the remainder of the cortex (Figs. 8.4 and
8.5) (for reviews, see Falk, 2014; Holloway, 2008). Early
accounts of the first australopithecine fossil discovered in
1924 at Taung in South Africa, which includes a partial
natural brain endocast, argued that the lunate was displaced
posteriorly compared to apes, suggesting an expansion of
the association cortex. Falk (1980) later argued that the
Taung lunate is actually located in a more anterior, ape-like
location. Holloway (1981) responded that the lunate was
not preserved on the Taung endocast, but other features
suggested association cortex enlargement. My view is that
the sulcal patterns of Taung and other australopithecines are
quite chimpanzee-like; at the same time, the likelihood that
australopithecines are slightly encephalized compared to
living apes makes some degree of association cortex
expansion plausible as well.

A dramatic acceleration of brain volume began with the
appearance of the genus Homo, however, by about 2.5 Ma,
close in time to the appearance of the oldest stone tools,
assigned to the Oldowan tradition, followed several hun-
dred thousand years later by the more complex tools of the
Acheulean tradition (Stout, 2011). Nearly modern brain
size was achieved perhaps as early as 500,000 years ago,

with Homo heidelbergensis; a later hominin, Homo nean-
derthalensis, which evolved largely independently of our
own species, had a brain of nearly equivalent average size
(reviewed in de Sousa and Wood, 2007; Holloway et al.,
2009). However, Homo sapiens has a distinctive brain
shape, sometimes characterized as globular, contrasting
with the more elongated form of other members of the
genus Homo (Bruner, 2004). This may be related to an
expansion of the medial part of posterior parietal cortex, the
precuneus (Bruner et al., 2016). This shape change
occurred at a time when indicators of modern human
behavior, such as decorative objects, items of personal
adornment, fine blades, increasingly standardized tool
types, and long-distance material exchange, first appeared
in the archeological record, beginning by around
200,000 years ago, in Africa (Mcbrearty and Brooks,
2000).

Evolutionary increases in total brain size reflect mainly
changes in the cortical gray matter and associated white
matter, which make up the largest fraction of brain volume.
There likely were size changes in other structures as well,
but because the cortex is connected with many other
structures—both physically, in adults, by means of axonal
connections, but also in development, as described
above—it is difficult to identify changes that occurred
independently. For example, humans have larger cerebella
than do chimpanzees or monkeys, and the prefrontal cortex
projection to the cerebellum is much larger in humans than
in other primates (Balsters et al., 2010). Did the cerebellum
enlarge as a consequence of prefrontal expansion, or vice
versa?

The prominent left-right asymmetries of the cerebral
hemispheres are commonly viewed as the basis of the
distinctive behavioral lateralities of humans, principally our
overwhelming right-handedness (at a population level) and
left-hemisphere dominance for language. Nevertheless,
apes show many of the same asymmetries of gross brain
morphology as humans, at least qualitatively (Cantalupo
et al., 2009; Gannon et al., 1998; Gilissen and Hopkins,
2013; Holloway and de la Coste-Lareymondie, 1982;
Hopkins and Marino, 2000; Hopkins and Nir, 2010). For
this reason, it has been argued that the anatomical foun-
dations of human communication, gesture, and manipula-
tion were inherited from our hominoid ancestors
(Cantalupo et al., 2009). So, it is currently unclear whether
there are human-unique asymmetries, at least at the level of
external morphology. This remains an area of active
investigation, however, and it has been claimed that
humans, but not chimpanzees, have a strong asymmetry
within a region of higher-order association cortex, the
middle portion of the human superior temporal sulcus
(Leroy et al., 2015). Moreover, as discussed below, there is
evidence for human specializations of hemispheric asym-
metry at finer levels of brain organization.



INTERNAL CHANGES

Enlargement of Higher-Order Cortex and
Thalamus

There are few conclusions one can state with great confi-
dence about human brain evolution, but one can confidently
assert that humans have a much larger proportion of the
cortical mantle devoted to the higher-order, nonprimary
cortex (the association cortex and secondary sensory re-
gions) than do apes or monkeys. Evidence from both
classical and modern work unambiguously supports the
idea that the primary cortical areas are about the same size
in human and apes and that nonprimary regions are much
larger. The quantitative work of Brodmann (1912), Blinkov
and Glezer (1968), Deacon (1997), and Passingham (1998),
reinforces the impression of differential enlargement ob-
tained from simple visual inspection of the architectonic
maps of humans and nonhuman primates. Cell counts in the
thalamic nuclei that project to the different parts of the
cortex tell much the same story, the primary sensory nuclei
having about the same numbers of neurons in humans and
great apes, while the association nuclei have several-fold
more in humans (Armstrong, 1982).

Recent analyses, using data from comparative MRI
research, also support this conclusion. Avants et al. (2006)
compared humans and chimpanzees, using an approach that
involves identifying homologous landmarks in the cortex
and then “deforming” one species to match the other,
concluded that frontal and temporal association cortex are
about twice as large in humans, relative to total cortical
volume. Another approach involves using MRI to measure
and map the myelin content of gray matter (Glasser and
Van Essen, 2011), which is useful because primary and
secondary areas tend to be heavily myelinated, while
association areas tend to be lightly myelinated. When
applied to humans, chimpanzees, and macaques with
comparable imaging protocols, the much greater extent of
association cortex in humans, in both relative and absolute
terms, is dramatically apparent (Glasser et al., 2014)
(Fig. 8.5).

How do we reconcile these results with the finding that
the major lobes of the brain are about the same proportions
in humans and apes? The major lobes contain a mixture of
primary, secondary, and association cortex; if the primary
areas are relatively static in size in human evolution, we
need to only assume that the nonprimary cortex expanded
to similar extents in the different lobes. This is reasonable,
given the strong connections and functional dependencies
between association regions (eg, Goldman-Rakic, 1988;
Yeo et al., 2011). These dependencies are highlighted by
the discovery that the association cortex is the home of a
number of connectivity “hubs,” that is, key nodes in net-
works that link areas dispersed among the different lobes

Human Brain Evolution Chapter | 8 135

(eg, Buckner et al., 2009; Li et al., 2013; van den Heuvel
and Sporns, 2013). A similar argument has been advanced
by Barton and Venditii (2013).

What about the claim that humans have about as much
frontal cortex—or prefrontal cortex, or association
cortex—as would be expected for a great ape of our brain
size? The validity of this claim, with respect to prefrontal
cortex specifically, has been disputed (Deacon, 1997,
Passingham and Smaers, 2014), but for the sake of argu-
ment, let us assume it is true. Does it matter? One would
never expect a nonhuman primate to have a brain of our
size: apes of our body size have brains of about 400 cm® in
size, rather than 1400—1500 cm3, and the difference is
almost entirely due to the greater amount of secondary and
higher-order association cortex (and underlying white
matter) in humans. There is simply no getting around the
fact that humans have a lot more neural machinery devoted
to higher-order systems than do other primates, and while
this is not the only difference in brain organization between
humans and apes, it must be an important one. The question
of whether the amount of association cortex humans
possess is similar to that predicted for a primate of our brain
size might bear on the question of how humans came to
have such capacious association regions—perhaps it is the
case that humans follow a primate-general law of growth
(Finlay and Darlington, 1995)—but that doesn’t make
those regions any less enormous (Passingham, 2002;
Preuss, 2011).

Changes in Areal Organization, Function,
and Connectivity

Turning to matters of how evolution modified the internal
structure, connectivity, and function of cortex, it is useful to
start with a detailed analysis of language. This is because
we know a great deal about its neural substrates in humans,
because there are numerous studies bearing on whether
homologous structures and systems exist in nonhuman
primates, and because language has been a central focus in
discussions of human brain evolution and human psycho-
logical uniqueness. As it happens, the language system
exemplifies the variety of modifications that occurred dur-
ing human brain evolution.

It is reasonable to suppose that the evolution of lan-
guage, as one of the key specializations of humans
comprising a set of functions that engages a remarkably
large fraction of the cortex (Price, 2012), has had a huge
impact on human brain organization. Not surprisingly, the
classical frontal and temporoparietal language regions—
Broca’s and Wernicke’s areas—have sometimes been
treated, explicitly or implicitly, as uniquely human (eg,
Brodmann, 1909; Crick and Jones, 1993; Geschwind,
1970). Nevertheless, there is a clear consensus among those
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who have studied the issue that there are homologues of
Broca’s and Wernicke’s areas in chimpanzees, macaques,
and other nonhuman primates, based on similarities in
cytoarchitecture, location relative to other cortical areas,
and nonlinguistic functional and physiological characteris-
tics, such as representation of species-specific calls (for
reviews, see Aboitiz, 2012; Arbib, 2012; Deacon, 2006;
Ghazanfar and Miller, 2006; Preuss, 2011; Rilling and
Stout, 2014; Schoenemann, 2012; Sherwood et al., 2008).
In fact, the idea that a homologue of Broca’s area, at least,
is present in nonhuman primates dates back at least as far as
Bonin (1944), who suggested that this area was “recruited”
to language in human evolution (as discussed in Preuss,
1995).

If evolution “recruited” Broca’s and Wernicke’s area to
support language, it must have modified them in some
ways. Currently, there is evidence for major changes in the
long-distance, extrinsic connections of language cortex. In
humans, fibers connecting the frontal and posterior lan-
guage regions were classically thought to travel in a distinct
fiber bundle, the arcuate fasciculus (Geschwind, 1970).
Because the trajectories of fibers through the white matter
can be tracked with DWI, the organization and distribution
of arcuate fibers was the first connectivity system to be
studied using comparative DWI in humans, chimpanzees,
and macaques (Rilling et al., 2008, 2011). Rilling and
colleagues found two pathways interconnecting the inferior
frontal gyrus (Broca’s area) and posterior superior temporal
gyrus (STG), including its most posterior segment, the
planum temporale (Wernicke’s area, as often construed).
These include a dorsal pathway running deep to the lateral
parietal and frontal cortex, corresponding to the arcuate
fasciculus, and a ventral pathway, running deep to the
insula. Interestingly, the dorsal pathway is larger on the left
than the right in both humans and chimpanzees, as is the
size of the planum temporale (Gannon et al., 1998). The
arcuate pathway is enlarged relative to the ventral pathway
in humans compared to chimpanzees; moreover, in
humans, but not in chimpanzees or macaques, the main
termini of arcuate fibers in the temporal lobe is actually
inferior to the planum temporale, in the posterior STG and
middle temporal gyrus (MTG). In humans, this MTG re-
gion, which is located immediately anterior to a region of
higher-order visual representation (the area MT + com-
plex), is known to be involved in representation of word
meanings, and in semantic representation more generally. It
is also connected with areas in posterior parietal cortex
involved in tool use (Ramayya et al., 2010).

These results raise the question whether changes in
human arcuate anatomy represent only changes in con-
nectivity, or whether the MTG semantic region is an area
lacking in nonhuman primates. Currently, there is no evi-
dence for an MTG semantic-area homologue in nonhuman
primates; if there is, it must have been highly modified in

hominoid or hominin evolution. Similar issues arise when
we consider the extended language system. For example, in
humans, cortex at the anterior pole of the temporal lobe is
also thought to be involved in semantic representation
(Jefferies, 2013), and there is currently no plausible ho-
mologue known in macaques (much less in chimpanzees).

Presumably, changes in the functions of areas involved
in language were accompanied by changes in the internal,
microstructural organization of areas. In fact, the spatial
organization of neurons in Broca’s and Wernicke’s areas is
different in humans compared to chimpanzees and ma-
caques. Specifically, the spacing between the vertical
neuronal arrays (minicolumns) of Broca’s and Wernicke’s
areas is greater in the left hemisphere than the right in
humans, but not in the nonhumans (Buxhoeveden et al.,
2001; Schenker et al., 2008). While these results have been
interpreted as indicating increased space for synaptic pro-
cessing in the left, language-dominant hemisphere, we
currently know nothing about specific patterns of connec-
tions between neurons in these areas and how they differ
across species.

From the language system, then, we have evidence for
evolutionary modifications in the functions of preexisting
areas, changes in extrinsic cortico-cortical connectivity, and
changes in microstructure. While it is possible that the
complement of cortical areas is not identical in humans,
chimpanzees, and macaques, we lack clear evidence of
human-unique areas.

Next to language, probably the best studied system,
from a comparative perspective, is the distributed network
of frontal, posterior parietal, and temporal areas involved in
the visually guided control of object grasping and manip-
ulation. This is sometimes referred to as the mirror system,
because similar patterns of cortical activation result when
an experimental participant observes another individual
grasping an object with the hands or mouth, or when the
participant makes that movement themselves (Buccino
et al., 2001). There is good reason to think this system was
modified in evolution. For one, the system includes areas
that are engaged when humans manipulate or make tools,
including stone tools, as demonstrated in experimental
studies of human subjects taught to make Oldowan and
Acheulean implements (Stout et al., 2011). For another,
there are important species differences in imitative pro-
clivities (Whiten et al., 2009): Humans are extreme imita-
tors, focusing on the forms and sequences of action, even
when some of the elements of the action are not necessary
to produce the intended outcome. Macaques, by contrast,
have very limited abilities to copy actions. Chimpanzees
can copy actions but are less inclined than humans to copy
actions that have no functional consequences. In humans,
furthermore, areas of the mirror system are activated when
actions are directed toward an object (transitive move-
ments) or when they are merely mimed (intransitive



movements); in macaques, they are activated only when
viewing transitive movements (Buccino et al., 2001).

Hecht et al. (2013) carried out comparative neuroimaging
studies of the mirror system. Using positron-emission to-
mography (PET), a functional imaging technique, they
compared cortical activity in humans and chimpanzees
while subjects grasped an object, or observed others
grasping the same object (transitive condition), or
observed another miming the action (intransitive condi-
tion). In one respect, chimpanzees were similar to humans,
showing increased activation in the intransitive condition,
as well as in the transitive observation and grasping
conditions. Both species, furthermore, showed activation
in frontal and parietal cortex, although chimpanzees
showed relatively greater activation of frontal than parietal
cortex compared to humans. In addition, humans showed
considerable activation in the temporal lobe, including the
posterior MTG, whereas there was little temporal-lobe
activation in chimpanzees. The authors suggest that the
bias toward frontal activation in chimpanzees is consistent
with their greater propensity for copying outcomes than
the details of action, the latter involving representations in
posterior cortex. Interestingly, macaques are reported to
show greater activation of frontal cortex relative to sec-
ondary visual cortex than humans while viewing objects
(Denys et al., 2004).

Subsequent examination of the connections between
cortical elements of the mirror system in humans, chim-
panzees, and macaques, using DWI, found that all three
species have connections between the inferior frontal
gyrus, the IPL, and portions of temporal cortex (Hecht
et al, 2015a). Compared to macaques, however,
chimpanzees and humans showed greater connectivity
between the temporal and parietal cortex, while humans
showed even further enhancement of temporal
connectivity with the parietal cortex, including
connections with portions of the superior parietal cortex
related to spatial attention, as well as stronger
parietofrontal connections overall than chimpanzees or
macaques. Evidently, the connections of the mirror
system were modified in hominoid and human evolution,
with the possible recruitment of additional cortical areas
into the network in humans. Whether those areas have
homologues in nonhuman primates remains to be
determined.

Hecht and colleagues have also compared the sizes and
distributions of the major fiber bundles that interconnect the
frontal and parietal lobes—that is, the different divisions of
the superior longitudinal fasciculus (SLF)—in humans and
chimpanzees (Hecht et al., 2015a). They report that the
inferior limb of SLF (SLFIII), which connects cortical
regions involved in the higher-order control of grasping and
manipulation—the anterior inferior parietal cortex and
ventral premotor and prefrontal cortex—makes up a
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significantly larger fraction of total SLF volume in humans
than in chimpanzees. In addition, SLFIII is right-lateralized
in humans, but not chimpanzees. In humans, the right
inferior frontal gyrus is thought to be specialized for fine
motor control (Liakakis et al., 2011), and in experimental
studies of stone-tool making, the right inferior parietal and
ventral frontal cortex are activated more when individuals
make Acheulean tools compared to the simpler Oldowan
tools (Stout et al., 2011). Moreover, training individuals to
make tools results in structural enhancement of the SLFIII
and increased volume of the frontal and parietal areas it
connects (Hecht et al., 2015b). These results suggest that
right inferior parietofrontal networks were modified in
human evolution.

A third system that has been studied in humans, chim-
panzees, and macaques is the so-called default-mode
network (DMN). The DMN was discovered in human
neuroimaging experiments as a set of areas that are acti-
vated when subjects rest in the scanner, not engaged in any
externally driven task, but are deactivated when such tasks
are initiated: hence the characterization as ‘“default”
(Buckner, 2012; Raichle et al., 2001). Subjects report that
while resting in the scanner, they daydream about past
events in their lives, or about future plans, or about possible
interactions with other persons (Buckner and Carroll,
2007). As it happens, there are experimental conditions that
can activate the DMN, specifically conditions that cause
subjects to think about social situations or to engage in self-
examination; thus, the DMN and its constituent areas are
now seen as components of the social brain and substrates
of self-representation (Mars et al., 2012). There is evidence
for important differences between humans and other pri-
mates in the realm of social cognition, including our un-
usual imitative proclivities, our sensitivity to rank and
social status in evaluating truth claims and for modeling
behavior (Henrich, 2015), and our sophisticated abilities to
represent mental states and understand their operation
(Povinelli and Eddy, 1996). Given this, one might expect
there to be major human specializations of social cognitive
systems, including the DMN. Nevertheless, there is good
functional imaging evidence that the DMN exists in
chimpanzees (Barks et al., 2015b; Rilling et al., 2007) and
macaques (Mantini et al., 2011; Vincent et al., 2007), and
includes many of the same anatomical areas as in humans,
although it is not clear whether an identical set of areas and
connections is involved in all three species.

The discussion above prioritized studies that included
human-chimpanzee comparisons, these being necessary (if
not sufficient) for identifying human specializations. It is
useful, however, to also consider some of the recent neu-
roimaging studies comparing humans and macaques,
because these make it clear that there was much evolu-
tionary change in the functions of homologous areas in
primate evolution, even if it is not always clear whether the
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changes constitute human specializations, hominoid spe-
cializations, or macaque (or Old World monkey)
specializations.

The posterior parietal cortex is of special interest
because, in both humans and macaques, parietal-lobe le-
sions impair the ability to grasp and manipulate objects, and
in both species, multiple areas along the intraparietal sulcus
(IPS) and anterior IPL respond to the visual presentation of
objects. Human and macaque parietal areas are sensitive to
different qualities of motion, however. For example, Pee-
ters et al. (2009) found that humans displayed enhanced
responsiveness in the anterior IPL when shown video clips
of an object being grasped by a tool compared to by a hand,;
macaques responded no differently to tools versus hands
(Peeters et al., 2009, 2013). While the original study sug-
gested the area in question might be uniquely human, the
later study concluded that it is probably homologous to a
division of macaque anterior IPL.

Vanduffel et al. (2002) showed subjects stick figures
moving in two dimensions (ie, in a plane) or appearing to
move in depth, including movement around an internal
axis, giving the impression of a three-dimensional object (a
structure-from-motion display). Both conditions activated
lower-order visual areas and IPS cortex in both species, but
humans showed greater activation of IPS cortex with the
3D structure-from-motion display than with the 2D display.
At least some of the areas that show differential activation
in humans probably have homologues in macaques, as the
anatomical organization of this region is generally similar
in humans and macaques (Mars et al., 2011).

Mantini and colleagues used functional MRI to extract
networks of physiologically coupled areas (resting-state
networks) in humans and macaques to identify potentially
homologous networks, and to detect differences (Mantini
et al., 2013). Most of the networks they identified have
plausible homologues in both species, although the set of
areas that make up a given network differs in some cases
between humans and macaques. They did identify separate
left and right frontoparietal networks in humans as being
without counterparts in macaques; however, this might
reflect a species difference in cortical lateralization, as the
areas in question probably have homologues in both spe-
cies and could belong to the ventral parietofrontal networks
discussed above in relation to object manipulation.

Evidence for New Areas?

The evidence reviewed above strongly suggests that much
of the action in brain evolution involved the modification of
the connections and functions of areas common to humans
and nonhuman primates. There is also some evidence that
new areas evolved in the lineages under consideration. A
survey of the functional connectivity of human and ma-
caque temporal cortex identified a territory at the anterior

end of the superior temporal sulcus (STS) lacking a definite
counterpart in macaques, and having properties suggesting
involvement in social cognition (Mars et al., 2013), which
is consistent with results from task-based functional neu-
roimaging studies of humans (Zahn et al., 2007). Func-
tional connectivity data also suggest that humans possess a
region of frontopolar cortex (the lateral part of Brodmann’s
area 10) that is not present in macaques (Sallet et al., 2013).
Area 10 is reportedly enlarged in humans compared to
other apes and to monkeys (Semendeferi et al., 2001),
raising the possibility that this is a human specialization.
Probably the clearest evidence for differences in areal or-
ganization comes from studies of face-sensitive areas in the
temporal lobe. Macaques have face-selective foci in the
STS, while humans possess STS foci as well as one or more
additional foci in the fusiform gyrus, comprising the so-
called fusiform face area (Pinsk et al., 2008). While this
likely represents a real difference in areal organization,
there is reason to think it is not a human specialization,
because a PET study in chimpanzees yielded face sensitive
foci in both STS and fusiform gyrus (Parr et al., 2009),
consistent with behavioral experiments indicating chim-
panzees process faces in ways more similar to humans than
to macaques (Parr, 2011).

To summarize, while there is evidence that new areas
evolved in Old World anthropoid primates, it is currently
unclear that there are new human, as opposed to homi-
noid, areas. Definitive resolution of this matter awaits the
construction of cortical maps for chimpanzees comparable
in resolution to those available for macaques and humans.
Yet for one region, the frontal cortex, which is the part of
the cortex that has been most carefully studied with
respect to areal compartmentation and homologies, it is
remarkable how little difference there is between humans
and macaques: if not quite identical in areal organization
(Petrides and Pandya, 1994), they nonetheless appear to
be extremely similar (Neubert et al., 2014; Sallet et al.,
2013).

Evolutionary Modifications of Sensory and
Limbic Cortex

Given the traditional emphasis on modifications of associ-
ation cortex in human evolution, one might suppose that
other regions of the brain, such as sensory and limbic
structures, were evolutionarily static. This is not the case.
Although there have been few comparative studies of most
of the sensory and motor regions, the visual cortex of
humans and macaques has been intensively studied, and
their organization compared (for a review, see Preuss,
2004). Both species possess, in addition to the primary
visual area (V1, also known as “striate” cortex, because it
has a prominent band of myelinated fibers in its middle
layers; see Fig. 8.3), a large set of secondary, “extrastriate”



areas. Many of these are present in both species, and
indeed, there are many areas common to both New World
and Old World anthropoids (Lyon, 2007; Rosa and
Tweedale, 2005). Collectively, the secondary visual areas
appear to be larger, relative to the size of area V1, in
humans (Van Essen et al., 2001; Vanduffel et al., 2014).
Also, in the lateral occipital cortex, which is dominated by
representation of central vision, recent human parcellations
posit several cortical divisions (designated with the prefix
LO) in addition to area V4 (Kolster et al., 2014), an area
present in all primates that have been studied. There are
also well-documented differences in the motion sensitivity
of homologous cortical areas in the dorsal extrastriate
cortex (Tootell et al., 1997; Vanduffel et al., 2001). Dif-
ferences in these areas could contribute to the differences in
parietal cortex motion sensitivities discussed above,
although as with the parietal areas, without detailed studies
of great apes, we cannot reconstruct the history of evolu-
tionary change in extrastriate cortex.

In addition to sensory, motor, and association cor-
tex, there are large territories along the margins of the
cortical mantle—in the orbitofrontal and insular regions,
laterally, and on the cingulate gyrus, medially—that are
considered to be cortical outposts of the limbic system,
by virtue of their connections with subcortical structures
that regulate emotion and motivation. In fact, they are
involved in sensory and cognitive, as well as affective,
functions. These regions include tissue lacking the six
cell layers characteristic of the “neocortex” that makes
up the largest part of the cortical mantle, and have thus
been designated as “paleocortex” or “archicortex,” and
as those terms suggest, homologues of some of their
divisions evolved before mammals separated from other
vertebrates. The fact that they are primitive, in that
sense, however, does not mean they were frozen in
evolutionary time. In fact, major changes in limbic
cortex organization occurred in primate evolution,
including changes in the hominoid and human lineages
(Barger et al., 2014; Preuss, 2007).

The insula, an island of cortex buried within the lateral
sulcus of primates, includes multiple divisions and a di-
versity of functions, including interoceptive and extero-
ceptive sensory functions and cognition (reviewed by
Nieuwenhuys, 2012). The anterior portions have been
proposed to be crucial loci in the representation of the self,
social cognition, and conscious awareness (eg, Allman
et al., 2011; Craig, 2011; Seeley et al., 2012). The anterior
insula contains a distinctive histological division in apes
and humans, the frontoinsular region, marked by the
presence of a characteristic cell type, the large spindle cells,
or Von Economo (VE) neurons, and is reported to be
differentially enlarged in apes and humans (Bauernfeind
et al., 2013). The anterior insula is connected with other
limbic regions, including the anterior cingulate cortex, and
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Mantini et al. (2013) indicate these regions are more
strongly coupled functionally in humans than in macaques.
Like the insula, the cingulate cortex is composed of
multiple divisions, with diverse functions (eg, Torta and
Cauda, 2011; Vogt, 2005). As indicated in Brodmann’s
(1909) maps of humans and monkeys, humans have a
prominent superior limb of the prelimbic area (area 32), that
extends posteriorly over the anterior cingulate area (area
24). Based on differences in neurochemistry, Vogt et al.
(2013) indicate that this region contains two subdivisions in
humans, areas d32 and 32/, that are not present in macaque
monkeys, rats, or mice. This is extremely interesting, given
the participation of this region in representing mental states
and in other social-cognitive functions (eg, Abu-Akel and
Shamay-Tsoory, 2011; Gobbini et al., 2007; Masten et al.,
2011). The status of chimpanzees is, again, unknown.

Microstructural Changes

Within the neuroscience community, there have long been
those who believe that the microstructure of the cortex—its
cellular and laminar organization, and its intrinsic
connectivity—are basically uniform across cortical areas
and across species (a landmark statement of this position
can be found in Rockel et al., 1980). Consistent with this,
Crick and Jones (1993), allowed that humans were likely to
possess cortical areas that other animals lack, and also
differences in extrinsic connectivity, but gave short shrift to
specializations of microstructure. Nevertheless, evidence
for such differences across mammalian species, and among
primates, has accumulated steadily (Charvet et al., 2015;
Collins, 2011; Herculano-Houzel et al., 2008; Hof and
Sherwood, 2005; Preuss, 1995, 2001). This, plus the evi-
dence that homologous areas differ in function between
humans and nonhuman primates, means there is a high
probability that humans evolved specializations of cortical
microstructure.

Nevertheless, given the prevailing Zeitgeist, and
because the tissue required for these studies can be difficult
to obtain from humans and apes (even though useful tissue
can be obtained from human autopsies and from animals
that die of natural causes), dedicated studies of human
microstructural specializations are of fairly recent vintage.
One of the first concerned the VE neurons (spindle cells)
introduced earlier in this chapter. These were described
initially as a unique population of large neurons in the
anterior cingulate cortex of great apes and humans (Nim-
chinsky et al., 1999), and later in the frontoinsular cortex
(for reviews, see Allman et al., 2005; Seeley et al., 2012).
VE cells were said to be especially large and numerous in
humans. Although it is difficult to trace the connections of
individual neurons in humans, it was speculated (reason-
ably) that these cells have long connections, facilitating
rapid cortico-cortical communication of socially relevant
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information (Allman et al., 2005). Subsequently, the
comparative-anatomical claim has been qualified, as similar
neurons, in similar locations, have been described in a
wider variety of primate species, as well as in some non-
primate mammals, including large-brained animals with
complex social systems, such as elephants and cetaceans
(Butti et al., 2013). It remains the case, however, that
humans have an unusually prominent VE cell population
compared to most other primates, and the areas where they
are found are important in social cognition and emotional
regulation.

There is additional indication of human or hominoid
specializations at the level of cell phenotypes. Among
mammals, there is considerable diversity in the biochem-
istry and morphology of the major cortical neuron classes,
namely, pyramidal cells, which form long, excitatory con-
nections, and the predominantly short-axoned, inhibitory
interneurons (Hof and Sherwood, 2007). There is evidence
that humans or hominoids have specialized phenotypes of
both cell classes (del Rio and DeFelipe, 1997; Hof et al.,
2001). In addition, an important series of studies by
Raghanti, Sherwood, and their collaborators has high-
lighted variation among hominoid primates in the laminar
distribution of axon terminals and terminal morphology in
the cortex arising from deep structures that express major
neurotransmitters and neuromodulators such as acetylcho-
line, dopamine, and serotonin (Raghanti et al., 2007,
2008a,b). In addition, they have documented differences in
the distribution of interneuron classes and their intracortical
connections (Raghanti et al., 2014, 2009, 2010). These
workers also suggest that the greater width of neuronal
minicolumns in some cortical areas in humans compared to
chimpanzees and other primates, reflects species differ-
ences in innervation of the cortex by acetylcholine-
containing neurons in the basal forebrain, and possibly of
a specific class of interneurons (calbindin-expressing
double-bouquet cells) that may be important in organizing
minicolumn structure (Raghanti et al., 2010).

Perhaps the most thoroughly explored cortical area,
from a comparative microstructural standpoint, is the pri-
mary visual area, V1, which exhibits both hominoid and
human specializations of cellular morphology, biochem-
istry, and connectivity. In most New World and Old World
monkeys, visual inputs to V1 from the main visual nucleus
of the thalamus, the lateral geniculate nucleus, terminate in
two main bands in the middle layers of cortex, termed
layers 4A and 4C. Although it is difficult to directly study
connections at this level of organization in apes and
humans, there are reliable chemical markers for geniculate
synapses in the cortex, and studies with those markers
indicate that geniculate projections to layer 4A were lost in
hominoid evolution (Bryant et al., 2012; Preuss et al.,
1999). Also, in great apes and humans, and unlike
monkeys, layer 4A is densely packed with small cells that

express calbindin. In humans, furthermore, the calbindin
cells are segregated into clusters separated by bands of cell
bodies and dendrites that label with antibody Cat-301
(Preuss and Coleman, 2002). As Cat-301 is a marker for
the so-called “magnocellular” pathway, a visual subsystem
important in motion processing, Preuss and colleagues have
suggested that humans underwent changes in motion
sensitivity at early stages of visual processing, and that
these might contribute to the differences reported in
extrastriate cortex and the IPS.

Cellular specializations are not limited to neurons: there
is evidence for phyletic diversity in glial cells, once
considered to be merely structural and metabolic supporters
of neurons, but increasingly seen as active partners in the
information-processing business of the brain (Fields et al.,
2014). Differences have been described between mammals
orders in the morphology and physiology of astrocytes, a
major class of glia (Colombo et al., 2000). Also, humans
and chimpanzees, but not monkeys, reportedly possess a
class of astrocytes residing in the deepest cortical layers
that have long, horizontal processes studded with
varicosities (Oberheim et al., 2009).

MOLECULAR SPECIALIZATIONS
RELEVANT TO HUMAN BRAIN
EVOLUTION

In the years since King and Wilson (1975) published
their landmark review highlighting the similarities of hu-
man and chimpanzee gene and protein sequences, and the
likely evolutionary importance of changes in gene expres-
sion, our knowledge of the genome and mechanisms of
genetic regulation has grown immensely, and the methods
available for probing species differences in molecular
biology greatly improved. Sequencing genomes can now be
done rapidly and cheaply; we can survey the set of tran-
scribed genes (messenger RNAs) in tissue samples using
gene chips (microarrays) or by resequencing the transcripts;
and mass spectrometry is coming of age as a tool for
identifying and quantifying the molecular composition of
tissue samples.

The results have made it clear that the molecular dif-
ferences between humans and other primates are much
more extensive than the analysis of King and Wilson would
lead one to expect (for review, see Preuss, 2011). While it is
true that the protein-coding sequences of humans and
chimpanzees are the same at about 98% of nucleotide
positions, when noncoding DNA is included, overall DNA
sequence similarity is much lower. In the human lineage,
thousands of genes underwent evolutionary changes in
expression level (ie, in the number of transcripts produced)
and hundreds of genes, at least, show evidence of having
undergone positive selection. Genes that underwent
positive selection include a number that code for



transcription factors (TFs), proteins that bind to noncoding
DNA sequences that regulate gene expression. The DNA
regulation sites themselves underwent changes that affect
TF binding and methylation state, another regulator of gene
expression. There were changes in microRNAs, a class of
molecules (unknown in 1975) that regulate the translation
of RNA transcripts to proteins. Perhaps most surprisingly,
evolution has produced some species-specific genes,
including human-specific and chimpanzee-specific genes.
Bear in mind, too, that these differences in nucleic acids
may reflect only a relatively small fraction of the molecular
differences between humans and chimpanzees, as proteins,
lipids, and other classes of molecules have yet to be
comprehensively surveyed (Bauernfeind et al., 2015a).

The tremendous number and diversity of human
molecular specializations presents a problem: How do we
relate changes in genes and other macromolecules to visible
phenotypic changes? If the genetic changes merely affected
a small number of regulatory genes—TFs, for example—
one could imagine telling a reasonable story about its
phenotypic consequences, based perhaps on correlations
between polymorphisms in the TF sequence and variations
in phenotypes. But the situation is not so simple: even when
we have genes that seem to have a strong relationship to a
particular phenotype, it is very difficult, given our
current research methodologies, to nail down the causal
connection.

A case in point is FOXP2, a gene that codes for a TF
and that may be related to the evolution of language.
FOXP?2 is regarded as a language gene because individuals
in a family in England who share a loss-of-function
mutation of the gene have marked language deficits, as well
as some other, possibly less obvious cognitive and behav-
ioral deficits (Vargha-Khadem et al., 1995). The FOXP2
gene and protein sequences are highly conserved among
primates, but two amino acid substitutions occurred in the
human lineage, an amount of change much greater than
expected based on chance (Enard et al., 2002a). This
prompted the suggestion that the amino acid changes in
the human lineage were the result of natural selection
related to the evolution of language (Enard, Przeworski,
et al., 2002). Although this is a plausible suggestion, a
direct demonstration of the connection has proven elusive.
What sort of ethical experimental manipulation of a gene
could demonstrate its role in language? One approach
adopted was to engineer a transgenic mouse that expresses
a humanized FOXP2 sequence (Enard et al., 2009,
Hammerschmidt et al., 2015; Reimers-Kipping et al.,
2011). As pups, these mice exhibit changes in their ultra-
sonic vocalizations and changes in the morphology and
physiology of neurons in the basal ganglia, a structure that,
in humans, is involved in language. It is not obvious,
however, that mouse vocalizations have a specific rela-
tionship to human language, and the basal ganglia is

Human Brain Evolution Chapter | 8 141

involved in many functions other than language. Another
approach has been to engineer humanized and “chimpan-
ized” FOXP2 genes and express them in cell culture to
determine the suite of genes regulated by the TF product of
FOXP2 (Konopka et al., 2009). This demonstrated that
FOXP2 protein regulates numerous genes involved in
neural development, and that the sets of genes regulated
by the human and chimpanzee versions of FOXP2 are not
identical. Furthermore, in humans, FOXP2 is a key gene
in a cluster of genes that covary in expression in a human-
specific manner—a gene-expression module, as these are
known (Konopka et al., 2012). Certainly, it is possible that
such differences are related to language, but again, there is
no smoking gun. It is, plainly, difficult to relate changes in
human genetics to language or other human-specific
macrophenotypes using the standard tools of molecular
biology, such as transgenic mice and cell culture. New
methods are needed.

Stem-cell technology offers intriguing possibilities.
Using embryonic stem cells, or stem cells de-differentiated
from mature cells (induced pluripotent stem cells, or
iPSCs), one can generate a variety of species-specific cell
types, including different types of neurons and glia from
specific brain regions. The cells are grown in a dish, and
under appropriate conditions, they exhibit patterns of gene
expression, growth, and mature morphology that resemble
their counterparts in natural tissue. Multiple cell types can
be cultured together, and can organize themselves spatially
in ways that reproduce some of the architectural features of
normal tissue: “cortex in a dish,” as it has been called
(Gaspard et al., 2009), or “cerebral organoids” (Lancaster
et al., 2013). The process of organization can even resemble
the sequence of events in normal neurodevelopment (Eir-
aku et al., 2008). Cultures could be experimentally
manipulated: for example, one might express humanized
transgenes in chimpanzee neurons. Just how far we can go
in building brain tissue in vitro is uncertain, but it might be
possible to reproduce many aspects of development, his-
tology, and physiology with these technologies. These
technologies have attracted great interest for their potential
tools for elucidating the mechanisms of neurological dis-
ease, but they could also be valuable for understanding
human brain evolution (Hrvoj-Mihic et al., 2014).

If comparative molecular studies have so far failed to
yield much insight into the evolution of language, or other
conspicuous phenotypes, they have nonetheless opened our
eyes to possible human specializations of cell biology,
physiology, and postnatal development (Preuss, 2012b;
Varki et al., 2008). Among the genes identified as
undergoing increased expression in human cortex in early
comparative studies of gene expression (Caceres et al.,
2003; Enard et al., 2002a; Uddin et al., 2004) are several
involved in cerebral energy metabolism and synaptic
plasticity, suggesting that selection promoted increased
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levels of brain physiological activity in humans (Céceres
et al., 2003; Caceres et al., 2007; Preuss, 2004). Recent
studies, with better data, support this idea (Bauernfeind
et al., 2015a; Fu et al., 2011). Intriguingly, there was also a
high rate of evolutionary changes of brain-enriched lipid
elements in the human cerebral cortex (but not cerebellum),
with corresponding changes in the expression of genes for
lipid-related enzymes (Bozek et al., 2015). As brains are
largely lipid, these results suggest an extensive reorgani-
zation or remodeling of brain membrane structure in human
evolution.

There is evidence of important evolutionary changes in
other molecular systems. Konopka et al. (2012), using next-
generation sequencing to compare the transcriptomes of
humans, chimpanzees, and macaques, identified a number
of human-unique gene-expression modules in the prefrontal
cortex in addition to the one that includes FOXP2. This
suggests that systems of gene and protein interaction were
reorganized in the evolution of human association cortex.

Recent studies point to evolutionary changes in the
timing of gene and protein expression in the human brain.
Somel et al. (2009) identified a subset of gene and protein
products in the prefrontal cortex that are expressed
earlier in postnatal development in humans than in
chimpanzees and macaques, a phenomenon they refer to as
“transcriptional neoteny.” Genes involved in growth and
development were especially abundant in this set.
Interestingly, there is also evidence from gene expression
studies (Arora et al., 2009; Bauernfeind et al., 2015b),
backed by experimental studies in cell culture (Arora et al.,
2012), for inhibition of programmed cell death
(apoptosis) in humans. Inhibition of apoptosis could
conceivably play a role in increasing brain size in early
development, but it could also help preserve neurons over
the course of the long human lifespan. Like other primates,
all the neocortical neurons we humans possess are
generated prenatally (Bhardwaj et al., 2006), but humans
have evolved an extended lifespan potential—decades
longer than other primates (Blurton Jones et al., 2002)—so
we most likely have evolved enhanced mechanisms for
preserving our neurons.

CONCLUSIONS

In summary, the currently available evidence allows us to
conclude with some confidence that human brain evolution
entailed the enlargement of association cortex, modifica-
tions of the long-distance, cortico-cortical connectivity, and
modification of the intrinsic, microstructural organization
of cortical areas. Change was not restricted to association
cortex, but also involved primary and secondary sensory
areas and limbic cortex. (Motor systems have not been
extensively investigated.) In addition, there were major

modifications of molecular systems that imply important
changes not only in brain development, but also in
cellular physiology. There is currently no definitive
evidence for human-unique cortical areas, although the
possibility cannot be excluded, and there can be no
principled objection to this possibility, given some of the
human-macaque differences discussed above, as well as
the evidence that new areas evolved at other points in
primate history (Preuss, 2007). That said, current evidence
suggests that cortical expansion mainly involved enlarge-
ment of existing areas, along with modifications of their
extrinsic, network connectivity, and their intrinsic
architecture.

Classical accounts of human brain evolution that
emphasized the enlargement of prefrontal and other
regions of the association cortex, with accompanying
modification of cognitive functioning, capture an
important truth, but there was too much going on in other
systems to be dismissed as unimportant. Moreover, changes
in the intrinsic organization of brain structures, and in the
morphology, biochemistry, and physiology of brain
cells—changes at levels of organization few would have
suspected are important in human brain evolution—must
have profound effects on function. Human brains are thus
not simply scaled-up ape or monkey brains: they are rife
with differences in virtually every system that has been
examined in detail to date, and at virtually every level of
organization, from the genome up. It seems unlikely that
most of these differences can be accounted for by a small
set of genetic changes, although of course some changes
must have had bigger effects than others. Rather, human
brain evolution probably involved many episodes of
selection, acting on many different systems. Even if
selection targeted a particular structure or system, the result
might have been general enlargement of the nonprimary
cortex, as suggested by Finlay and Darlington (1995), but it
is difficult at present to see how one can explain the
extensive changes in the network organization of areas and
changes at finer levels of organization without more
particularistic accounts.

What might the future of human brain evolutionary
studies offer? Clearly, it is important to have more detailed
and comprehensive brain maps of chimpanzees and other
great apes, comparable to maps currently available for ma-
caques and currently in development for humans. These are
necessary to identify homologous areas across species, an
essential first step for a variety of critical analyses. These
analyses include: determining the extent to which evolution
modified the sizes of individual areas; identifying networks
of cortical areas and assessing changes in their cortico-
cortical connectivity; and localizing targets for assessing
changes in intrinsic areal organization. Producing these maps
is within the capabilities of current imaging and histological



techniques, as are many of the analyses they would support.
More detailed investigations of cortical intrinsic organization
would, however, benefit greatly from higher-resolution im-
aging than is commonly employed at present.

Another priority is improving our understanding of the
chronology of human brain evolution, that is, determining
when in human prehistory particular changes in the in-
ternal organization of the brain occurred, and relating
those to changes in behavior, as inferred from archeology.
Strengthening the ties between paleoneurology and
neuroanatomy would help: if it were the case, for example,
that changes in internal skull morphology reflect changes
in brain shape, rather than vice versa, then it should be
possible to infer changes in the proportions of different
cortical regions from changes in brain shape (Bruner et al.,
2016). Genetic approaches might take us further, if we
could tie specific anatomical and physiological changes to
specific genetic changes, and if we could date those
genetic changes, which is possible in some cases based on
linkage disequilibrium. If this were to prove practical, it
could inform us about changes at multiple levels of or-
ganization. By combining this approach with stem-cell
(Hrvoj-Mihic et al., 2014) and embryonic tissue-culture
techniques (Letinic and Rakic, 2001), it might even be
possible to recreate features of ancestral brain organization
in a dish.

It is vital to appreciate that all these advances—even the
modest ones—require the continued study of chimpanzees
and other great apes. We are fortunate to now have a variety
of noninvasive methods for studying apes. Yet the animals
themselves are likely to be the critical limiting resources in
the future, given the decreasing numbers of great apes in
captivity and the likelihood they will become extinct in the
wild over the next several decades (Povinelli and Preuss,
2012). The future of human brain evolution studies, and
indeed of scientific approaches to human nature generally,
depends critically on the preservation of great apes.
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How Different Are Humans and “Great
Apes”? A Matrix of Comparative

Anthropogeny
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THE CHALLENGE OF COMPARATIVE
ANTHROPOGENY

Comparisons of nonhuman hominids with humans are
difficult, as so little is known about their phenotypic features
(great ape phenomes), in contrast to what we know about
humans (Varki et al., 1998). Ethical, fiscal, and practical
issues also limit collection of further data about these species
(Gagneux et al., 2005; McConkey and Varki, 2005), all of
which are currently endangered in the wild. A Matrix of
Comparative Anthropogeny (MOCA) has been established
at the website of the Center for Academic Research and
Training in Anthropogeny (CARTA), and attempts to collect
existing information about human-specific differences from
“great apes” currently scattered in the literature. Having such
information in one location could lead to new insights and
multidisciplinary interactions, and to ethically sound studies
to explain differences and uniquely human specializations. It
is for this reason that MOCA is called a matrix, ie, an
arrangement of information from which something else
originates, develops, or takes form. This approach could
allow us to connect the dots between different human spe-
cializations, and shed light on how and in what sequence
each difference came about.

OUR EVOLUTIONARY HERITAGE AND
PRIMATE NATURE

Classification

Humans are one of approximately 400 primate species.
Eighty million years of evolution have given rise to a
staggering range of primate species, ranging in size like that
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of a small rodent, to the several 100 pound gorilla silver-
backs (Martin, 2012). The fossil record places human origins
firmly in Africa, with ~4 million years of bipedal hominin
evolution on that continent before the first hominin fossils
appear outside Africa (Anton et al., 2014). Following initial
waves of migration of members of the genus Homo out of
Africa, there was a final migration of behaviorally modern
Homo sapiens from Africa, a species that replaced all other
extant members of the hominin clade, with limited inter-
breeding (Varki, 2013; Paidbo, 2015).

Common Phenotypic Features of Humans

Like most other primates, humans are usually born as sin-
gletons, have long lactation periods, and manifest a rela-
tively slow development of the young. Like most nonhuman
hominids, humans are also long-lived, and belong to com-
plex social groups. Humans have the same number of bones
and teeth as chimpanzees (with the exception of a missing
baculum/penis bone in human males). Similarities in the
organization of our brains are also obvious, such as the
sharing of all major areas and a six-layered cortex. It is not
uncommon for a human observer of wild chimpanzees to be
reminded of human acquaintances through one of the ape
subjects. But these individuals have and use no names, never
sit around a fire, and they do not discuss the details of
yesterday or plan for tomorrow.

Comparative Genomics

Our genomes have a very similar size (~3 billion base
pairs for each parental haploid genome) to those of our
closest relatives and even show similar packaging into
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chromosomes (with the exception of a fused chromosome
in humans, we have 23 pairs as compared to the 24 pairs
found in great apes; Ventura et al., 2012). The total number
of genes is also similar. Complete sequencing of the great
ape genomes confirmed that these are very similar to our
own (Prado-Martinez et al., 2013). At the level of alignable
sequences we are ~99% identical. However, around 5% of
the total DNA in the chimpanzee genome differs from that
of humans, if one considers the DNA that is missing in
either species but present in the other (Britten, 2002). With
the discovery of novel functional elements in our genomes
comes the realization that noncoding DNA differences
probably play important roles in the regulation of gene
expression (Capra et al., 2013). This supports the classical
suggestion that regulatory changes likely explain much of
the phenotypic differences between humans and our ape
relatives (King and Wilson, 1975).

COMPARATIVE ANTHROPOGENY
What Is Anthropogeny?

Anthropogeny is a classic term encompassing the explo-
ration of the origins of the human species (Hooper, 1839).
It contrasts with traditional anthropology, which includes
the much broader study of modern humans and their varied
cultures and behaviors, as well as studies of other primates.

PHENOTYPES:
molecules to societies

A Comprehensive Comparative Approach
Is Needed

Given the lack of understanding of the factors that shaped
the evolution of our species from ape-like ancestors over
the last 6 million years or so, explaining the origin of the
human phenomenon will critically rely on interactive in-
sights gained from drastically different scientific domains:
biological, social, medical, physical, and computational
(see Fig. 9.1).

Limited Information Is Available on the
Phenomes of Nonhuman Hominids

Compared with the vast store of information we have on
humans, our knowledge of great ape phenomes is very limited
(Fig. 9.2). All living great ape species are currently also en-
dangered due to the rapid destruction or deterioration of their
habitats (tropical forests in Africa and Southeast Asia), pre-
dation by human bush meat hunting, and emerging infectious
diseases arising from ecological disturbances. In the best of all
possible worlds there would be a concerted effort to more fully
understand the phenomes of their captive counterparts, not
only for the purposes of understanding human origins, but also
for improving the care for these endangered populations
(Gagneux et al., 2005). However, traditionally, only chim-
panzees have been kept for research purposes, with very few
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bonobos, gorillas, or orangutans in captivity (mostly restricted
to zoos). Research activities on captive great apes have also
now all but ceased around the world with few notable ex-
ceptions: Japan, the United States, Gabon, and African ape
sanctuaries. There are several dozen great ape research sites
where great apes are studied in their natural environment, and
most of these sites have ape populations that are completely
habituated to the presence of human observers. These provide
precious remaining research opportunities but unfortunately,
also greatly increase the risk of predation and infectious dis-
ease to these populations (Kondgen et al., 2008).

Ethical and Practical Limitations on Further
Acquisition of Information

The phylogenetic proximity and psychological similarity of
great apes and humans have raised strong objections and
prompted legislation prohibiting any invasive or destructive
research on these species (Altevogt et al., 2011; de Waal,
2012). However, routine medical care of captive pop-
ulations remaining in sanctuaries could generate urgently
needed materials to enhance our knowledge of great ape
basic biology (Gagneux et al., 2005). In practice, oppor-
tunities to collect more phenotypic information on these
species remains limited, and the current situation of
asymmetric phenotypic information is unlikely to ever
change for the better.

Body, Mind, and Society of Humans Show
Major Departures From Those of “Great
Apes”

Humans differ from great ape species in external and in-
ternal anatomy, cognition, and social behavior in many
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important ways. This, and a good dose of anthropocen-
trism, explain why our closest relatives the chimpanzees
were traditionally grouped into the nonexistent taxonomic
group that used to be called “pongids” or colloquially, the
“great apes.” A systematic approach to human differences
from these close evolutionary cousins is exemplified by
MOCA.

MATRIX OF COMPARATIVE
ANTHROPOGENY

Origins and Rationale

MOCA started as a simple list of features allegedly unique
to humans kept by one of us (A.V.). With the establishment
of CARTA came the opportunity to expand and correct this
list, which has grown into over 500 items (topics) falling
into 24 different domains (see section: Organization Into
Domains of Human Knowledge in this chapter).

Goals

MOCA attempts to collect existing information currently
scattered in the literature about human-specific differences
from great apes (O’Bleness et al., 2012). Having such in-
formation in one location could lead to new insights and
multidisciplinary interactions, and to ethically sound
studies to explain differences, as well as uniquely human
specializations. This is why MOCA is called a matrix. This
approach will hopefully allow us to connect the dots among
different human specializations and shed light on how and
in what sequence these have evolved. Furthermore, it may
allow us to connect different specializations and potentially
discover which ones may have caused others. Importantly,
such a chronology will be very helpful in ruling out certain
scenarios due to inconsistencies in timing. By definition,
MOCA will always be a work in progress.

Organization Into Domains of Human
Knowledge

MOCA is organized into 24 different alphabetically sorted
domains based on areas of scientific knowledge, and each
topic is assigned to the domain it most closely relates to.
Topics are cross-listed with other topics across all domains
whenever warranted. For example the entry on “composi-
tion of milk” in the MOCA domain Biochemistry would be
cross-listed with blood group antigens (Pathology),
domestication (Behavior), duration of lactation (Develop-
ment), parental investment (General Life History), sialic
acid content of the brain (Neuroscience), difficulty in
breastfeeding, and breast development without pregnancy/
lactation (Reproductive Biology and Disease), and should
further be cross-listed with microbiome (Ecology).
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SELECTED EXAMPLES OF COMPARATIVE
ANTHROPOGENY

Space does not allow a systematic and complete summary
of the information currently in the MOCA resource. The
following is a brief mention of just a few topics in each of
the 24 domains.

Anatomy and Biomechanics

Among the striking human features are reduced fur, upright
posture and ability for sustained running (Bramble and
Lieberman, 2004), visible sclera (whites) of the eyes
(Tomasello et al., 2007), and a larger and better opposable
thumb (Tocheri et al., 2008). Great apes also appear to have
much stronger skeletal muscles (Walker, 2009).

Behavior

Humans are an “invasive species” that occupy a wide range
of habitats. Some other primate species use a fixed place as
night shelter (eg, baboons). Humans build camps or villages
and use sites (home bases) for prolonged periods of time.
Places, individuals, and social groups have names. The use
of fire allowed the transformation of materials (silcrete,
pitch, compound adhesives), which opened numerous new
possibilities uniquely to our species (Wadley et al., 2009).
Cooking with fire profoundly affected the hominin lineage,
by allowing access to much wider variety of food sources:
plant tubers and seeds could be detoxified, and meat and
plants rendered much more easily digestible (Wrangham
et al., 1999). Fire also allowed an extension of human daily
activity into the night (Wiessner, 2014) and the colonization
of much colder ecosystems (Roebroeks and Villa, 2011).
The use of fire and other controlled energy sources eventu-
ally launched the anthropocene, an epoch in which humans
have been altering landscapes, climate, and the fate of
countless animal species (Balter, 2013).

Cell Biology and Chemistry

The composition of milk is different between humans and
other hominids. Like humans, great apes produce milk with a
much higher number of free milk oligosaccharides than most
mammals do (over 200 compared to 50) (Urashima et al.,
2009). But humans appear to have longer oligosaccharides
and lack the ability to produce the sialic acid Neu5Gc in their
milk (and in the rest of their body) (Tao et al., 2011).

Cogpnition

Drastic differences in cognitive development include very
early tendencies of shared attention in humans and rapid
language acquisition by normal children learning thousands

of words by age three and often multiple languages. Human
children exhibit profound interest in others’ minds and
pronounced prosocial tendencies (Jaeggi et al., 2010). So-
cial cognition also develops earlier in human children
(Wobber et al., 2014), and could be related to cooperative
breeding in our species (Hrdy, 2009).

Communication

Perhaps one of the most important human characteristics is
our linguistic capacity. Whereas other primates clearly
communicate, their communication system is not open-
ended, ie, they do not have means to convey infinite
meanings and information about events displaced in time
and space (ie, displaced reference) (Penn et al., 2008).
Symbols open up possibilities of defining identity and
practicing magic. Language also allows sharing of minds
by communication about events and concepts removed in
time and space. Importantly, language also allows for
gauging individual reputation, the existence of which pro-
foundly affects the likelihood of altruistic acts, even when
these are not mutualistic (Fehr, 2004). The origin of human
language remains a very contested field of research. The
role of gesture and music as launching systems for spoken
language are worth investigating (Fay et al., 2014) and so
are tantalizing connections between complex (Acheulian
and Levallois) stone tool manufacture and the need and
capacity for syntax (Stout and Chaminade, 2007; Stout
et al., 2015).

Culture

The effective intergenerational transmission of information
with language and theory of mind allows for rapid ratch-
eting of cultural innovations even across societies (Tennie
et al., 2009). Such networks made possible trade of rare
materials such as shells, pigments, and obsidian. All large
human societies have institutions, which are involved in
regulating the lives and interactions of society members.
Such institutions can also contribute to high levels of social
stress, as those individuals with the power to control the
institutions can strongly interfere with the lives of large
numbers of individuals in their societies. Key biological
phenomena regulated by cultures include sexual and
reproductive behaviors (Pemberton et al., 2012).

Dental Biology and Disease

Humans lack a pronounced sexual dimorphism in their
canines (Plavcan, 2012). The much shortened face and jaw
of humans contributes to the impaction of wisdom teeth.
While humans and their hominin ancestors also have much
thicker enamel than extant apes (Horvath et al., 2014), the
overall size of human molars is much reduced, possibly due
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to the long history of consuming cooked food and much
reduced need for chewing (Wrangham et al., 1999).

Development

Human development, especially neurodevelopment is
delayed even further, far beyond that seen in other primates.
A high fetal rate of brain growth is maintained throughout
gestation and continues in the first year of life (Leigh, 2004).
Myelination (the insulation of nerve fibers) in humans is
only complete in the third decade—in contrast to chimpan-
zees, where the process completes around age 10 (Miller
et al., 2012).

Ecology

Humans occupy the highest trophic level in most envi-
ronments. The use of technology such as fire, projectile
weapons, hunting machines (nets, traps, snares), and ani-
mals skins for warmth and protection has allowed humans
to colonize ecosystems around the world. Our species has
also increasingly engaged in niche construction (Rendell
et al., 2011; Creanza and Feldman, 2014). The ability to
swim and to manufacture watercraft (rafts, floats, and
boats) further supported the spread of our species.

Endocrinology

Chimpanzees may have higher levels of active thyroid
hormone in their circulation (Gagneux et al., 2001).
Evidence suggests potential changes in dehydroepiandros-
terone (DHEA) metabolism (Blevins et al., 2013) and a
unique adolescent growth spurt (Bogin, 1999), potentially
mediated by hormones.

General Life History

Childhood, defined as a relative slowing in somatic growth
but continued brain development, and the postreproductive
survival of females appear to be uniquely human, among
primates. Both phenomena contribute to the transfer of
behavior, language, and culture between generations (Bogin,
2009) and are linked to the cooperative nature of human
child rearing (Hrdy, 2009).

Genetics

While the vast majority of genes are shared between humans
and other hominids, there are a few that only exist func-
tionally in humans or in chimpanzees (O’Bleness et al.,
2012). Many regulatory regions in the genome have also
undergone changes unique to humans or to one of the other
ape (hominid) lineages. Examples abound. Multiple changes
have occurred in genes associated with sialic acid biology
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(Varki, 2010). Human accelerated regions have been iden-
tified and include DNA coding for small regulatory RNA
(Capra et al., 2013). Several of these functional genomic
elements affect brain cortical development in utero (McLean
et al., 2011; Charrier et al., 2012; Boyd et al., 2015; Reilly
et al., 2015). Studies of gene expression patterns in a variety
of tissues and individuals of varying ages are rapidly adding
formidable amounts of data with high relevance for under-
standing human specific phenotypes, eg, brain gene
expression, testes gene expression (Khaitovich et al., 2006;
Somel et al., 2009).

Genomics

The levels of genetic diversity tend to be surprisingly high
in most great ape populations, which despite their low
numbers, maintain over twice the diversity found in
humans. Notable exceptions are bonobo and mountain
gorillas, which exhibit levels of genetic diversity lower than
humans (Prado-Martinez et al., 2013). Unstable repeat el-
ements in the genome of great apes have differentially
expanded in chimpanzees and gorillas (Marques-Bonet
et al., 2009). Recent families of transposable elements
and endogenous retroviruses have differentially expanded
and inserted in humans and chimpanzees (Magiorkinis
et al., 2015). Most recently, evidence for differential and
strong selection on the X chromosomes of great apes has
been interpreted as resulting from lineage specific control
of selfish (testis expressed, meiotic drive) elements on large
tracts of the X chromosome (Nam et al., 2015).

Immunology

Several aspects of the human immune system have recently
been modified by natural selection, possibly due to the
unique pathogen regimes that humans encountered. Possibly
related to this, humans have undergone biochemical changes
with regard to certain molecules found on the surface of
most of their cells as well as receptors on a variety of im-
mune cells (Parham et al., 2012; Varki, 2010). Much
research is currently focused on understanding how the
microbiome of humans and their closest living relatives
contributes to immune system maturation, and how humans
came to carry much reduced microbial diversity (Moeller
et al., 2014).

Medical Diseases

There are many differences in disease susceptibility be-
tween humans and other hominids. Examples include fal-
ciparum Malaria, Influenza A, frequency of progression of
HIV infection to AIDS, and bacterial sexually transmitted
infections (chlamydia, chancroid, syphilis, and gonorrhea)
(Varki and Varki, 2015; Varki et al., 2011).
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Mental Disease

Humans are prone to a range of mental diseases never so far
diagnosed in any ape. These include early onset syndromes
such as autism, but also later onset diseases such as bipolar
disorder, schizophrenia, and Alzheimer’s disease.

Neuroscience

Relative to body size, the human brain is three times larger
than any ape brain. However some of the early claims of major
regional allometric differences between human and other
primate brains have not been substantiated (Semendeferi et al.,
1997). But much new evidence has been found for differences
in cellular architecture, the packing of mini columns in several
cortical areas (Schenker et al., 2008), as well as in connec-
tivity, such as the massively increased arcuate fasciculus
connecting language areas in humans (Rilling et al., 2008).
Comparing gene expression in different brain regions across
species also revealed that micro RNAs are involved in shaping
human-specific brain development (Somel et al., 2011). The
emerging field of stem cell and induced pluripotent cell
biology allows direct comparison of human and nonhominid
cells in vitro. Derived neuronal cell lineages exhibit interesting
differences in gene expression, motility, and branching pat-
terns (Marchetto et al., 2013).

Nutrition

Hominin ancestors used their technical and cognitive skills
to become top predators around 2 million years ago. While
some great apes regularly hunt and consume a range of
vertebrate prey, only humans habitually hunt and some-
times even cover much of their caloric intake with meat (at
higher latitudes). The use of fire brought with it the in-
vention of cooking. Cooking allows access to novel food as
it detoxifies tubers and seeds, renders food much more
digestible and easy to chew, and also permits the preserving
of animal foods by smoking (Smith et al., 2015).

Organ Physiology

Heat dissipation through eccrine sweating, and the phe-
nomenon of emotional lacrimation (crying) appear unusu-
ally pronounced in humans. Emotional blushing is a
physiological reaction to social embarrassment and has
never been described in nonhumans, and one of the most
peculiar emotions of humans (Darwin, 1872). The reaction
occurs in all humans but is more readily visible in in-
dividuals with light (melanin poor) skin.

Pathology

Cancers of epithelial origin (carcinomas) appear to be rare in
nonhuman hominids but are among the most common killers

in our species (Varki and Varki, 2015). Also not been
described in the great apes is Alzheimer’s disease (Finch and
Austad, 2014) or coronary thrombosis (Varki et al., 2009).

Pharmacology

Most human societies use mind-altering drugs. There are no
reports of wild apes using such agents, even though wild
chimpanzees have been shown to self-medicate by ingesting
plants (Huffman, 2003). Psychedelic drugs can contain psy-
choactive chemicals that induce altered states of conscious-
ness, including spiritual sensations (Sullivan and Hagen,
2002).

Reproductive Biology and Disease

While pair-bonding is very common in human societies, none
of the other primates exhibit prolonged pair-bonding in the
context of multimale, multifemale groups. A certain degree of
confidence in paternity combined with personal names and
kinship terms allows for paternal kinship networks spanning
many social groups, allowing for the existence of clans and
tribes (Chapais, 2013). The prolonged postreproductive sur-
vival of females allows grandmothers to help with the care of
the young, and also to pass on much cultural information (Kim
et al., 2014). Cultural transmission by the elderly might even
have allowed selection for genetic variants that protect
cognitive capacities late in life (Schwarz et al., 2015; Hawkes,
2015). Cooperative breeding is also strongly distinctive of
humans, as compared to all the great apes (Hrdy, 2009).

Skin Biology and Disease

Reduced hair, increased subcutaneous fat, and a great
variation in skin, hair, and eye pigmentation are unusual
human features (Jablonski, 2012; Kuzawa, 1998). Perma-
nent breast development in adult human females is another
obvious difference (Dixson, 2009).

Social Organization

For most of human prehistory, preagricultural humans lived
in small groups but large social networks. Larger groups,
even larger social networks, and complex hierarchies, arose
among agrarian societies (Smail, 2008).

TOPIC TIMELINES AND RELATIONSHIPS

How are these and other uniquely human features func-
tionally related to each other and which ones arose first
along the lineage leading to humans? As an example, a
rough sequence of major items based on current evidence
would be as follows: facultative bipedality, changes in the
hand anatomy, full striding/running bipedality, control of
fire, cooking, home base use, much larger brains, burials,
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MOCA Topic Timeline

PAST
6M 5M 4M 3M

B Definite ™ Probable ™ Possible

PRESENT

2M 1.5M 1M 500K 0 (years ago)

Personal Names

Drumming

Assisted Childbirth

Inter-group Coalition Formation
Skeletal Robusticity

Psychosis

Music

Sclera Pigmentation

Emotional Lacrimation (Crying)
Cuisine

Art

Arcuate Fasciculus Size/Trajectory
Food Sharing

Home Base

Pair-bonding

Organized Gathering of Food
Accurate Overhand Throwing
Behavior In Water

Sustained Running Behavior
Fatness at Birth

Control of Fire

Striding Bipedalism

Cultural Transmission

Tool Making

Brain Size

FIGURE 9.3 Example of timeline analysis derived from Matrix of Comparative Anthropogeny (MOCA) topic data.

symbolic capacity, and projectile weapons. There is a
special problem with obtaining definitive time lines for
various forms of cognitive behavior such as musicality and
language, which do not easily leave fossil evidence. This is
also true of more ephemeral materials like ropes and nets.
But with most apparently human-unique features it is
possible to assign three rough time points at which the
emergence of the feature may have occurred: possible,
probable, and definite. Shown in Fig. 9.3 is an example of a
collection of such timelines for various prominent examples
of uniquely human features, relative to the great apes.
Someday, if such a diagram could contain definitive dating
for the emergence of all of the items in MOCA, the story of
human origins would essentially tell itself.

GENERATING NETWORKS OF
RELATIONSHIPS AMONG MATRIX OF
COMPARATIVE ANTHROPOGENY
TOPICS

Volunteer writers of MOCA topic entries are encouraged to
indicate relationships to other topics, designated at the same

three levels as above: possible, probable, and definitive. As
such entries are completed it will be increasingly feasible to
create complex networks of relationships between many
uniquely human features. An early example of such a
network is shown in Fig. 9.4. Connections arising from
genetic and genomic topic entries will eventually emerge,
bringing together the roles of nature and nurture in the origin
and evolution of our species.

SYNTHESIS WITH EXISTING THEORIES
OF HUMAN ORIGINS

There is no shortage of so-called “umbrella hypotheses,”
which try to explain most, if not all, human features based on
one underlying mechanism. Given the long time period during
which hominins evolved from one or possibly a combination
of some ancestral lineages giving rise to modern humans, this
is extremely unlikely. On the other hand each of the theories
may have something to contribute to understanding human
origins. They can all now be reexamined in the context of
MOCA Topics, Timelines, and Networks. Eventually, new
theories and syntheses may emerge.
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FIGURE 9.4 Example of a relational Matrix of Comparative Anthro-
pogeny (MOCA) topics.

CAVEAT: ABSENCE OF EVIDENCE IN
NONHUMAN PRIMATES IS NOT
EVIDENCE FOR ABSENCE

Many aspects of claimed human uniqueness have been
challenged in recent times. For example, symbolic commu-
nication is well documented in several species of nonhuman
primates (vervets, guenons). Cultural phenomena have been
well described in common chimpanzees, where different
types of complex tool uses and foraging behaviors are
clearly passed on intergenerationally, by observational
learning (Tennie et al., 2009). By the same token, there is no
evidence that chimpanzees are aware (have a meta-
representation) of their own cultures (Gruber et al., 2015).

MOVING THE GOALPOSTS

With each discovery of a human-like behavior in a nonhuman
primate, there is a tendency to redefine the human-like trait so
as to exclude the new observation. One is then accused of
“moving the goalposts” each time this happens. The problem
may lie with where the goalposts were placed to begin with.
We should be comparing the capabilities of the average adult
human with that of the average great ape, not that of the most
successful ape known with that of a four-year-old human. But
then, one might be accused of being anthropocentric and
promoting human exceptionalism. While there are indeed

many risks involved in pursuing such views, a balanced
approach to anthropogeny inherently requires an emphasis on
human uniqueness.

CONCLUSIONS AND FUTURE
PROSPECTS

It is abundantly clear that the long list of attributes setting
humans apart from their ape relatives did not arise overnight,
nor were they driven by a single factor. Rather, these traits are
the combinatorial outcome of over 6 million years of evolu-
tion, during which ancestral populations experienced succes-
sive and potentially conflicting selective pressures arising
from climate, competition with other species, infectious dis-
ease, demographic collapse and recovery, founder events
(bottle necks), and niche construction, whereby our ancestors
set in place ecological and social-cultural niches which in turn
exerted strong selection on past populations. While it is very
informative to ponder the circumstances that could have
exerted these combined effects on our species, the lack of any
other species with symbolic, linguistic, and ratcheting culture
makes for an immense challenge when attempting an
evidence-based approach to anthropogeny. Humans are both
“biologically cultural” with brain development requiring lin-
guistic input and “culturally biological” as cultural practices
such as cooking actively changed human biology. The evident
animal nature of humans combined with these many human-
unique attributes make for a striking paradox.
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