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Abstract

Genetic studies have demonstrated that humans and chimpanzees are sister taxa, with gorillas, orangutans and gibbons
successively more distant. Hominoid similarities suggest that the crown ape ancestor was a suspensory, frugivorous, tropical
forest ape. The common ancestor of Pan and Gorilla would likely have been Pan-like. It is therefore likely that the common
ancestor of chimpanzees and humans was also Pan-like, and lived in Late Miocene Africa. But it is possible that most if not all
Miocene apes are unrelated to crown hominoids. More fossils are urgently needed from within the probable Later Neogene
geographical range of the living ape clades. Recent discoveries of very early hominids from Chad raise interesting questions
about this hypothesis. To cite this article: D. Pilbeam, N. Young, C. R. Palevol 3 (2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

L’évolution des hominoidés : synthése de données divergentes. Plusieurs analyses génétiques démontrent que 1’homme
et les chimpanzés forment un groupe-frere, avec les gorilles, I’orang-outan et les gibbons phylogénétiquement plus éloignés. Les
ressemblances anatomiques au sein d’Hominoidea suggerent que leur ancétre commun était un grand singe frugivore, adapté a
la suspension par les membres supérieurs, vivant en milieu tropical. De plus, 1’ancétre commun de Pan et Gorilla ressemblait
probablement a Pan. Il en découle que 1’ancétre commun des chimpanzés et de I’homme était aussi du type Pan, vivant en
Afrique au Mioceéne récent. Toutefois, il est aussi possible que peu, si ce n’est aucun des grands singes du Miocene ne soient
directement apparentés aux hominoidés. Il y a un grand besoin de nouveaux fossiles provenant de la distribution géographique
probable des clades de grands singes actuels au Néogene plus récent. Plusieurs découvertes récentes de restes des plus anciens
homininés soulévent d’intéressantes questions a ce sujet. Pour citer cet article : D. Pilbeam, N. Young, C. R. Palevol 3 (2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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Version francaise abrégée

Au début des années soixante, des données généti-
ques démontrerent que les homininés formaient une
tritomie non résolue, regroupant les gorilles et les
chimpanzés, a I’exclusion des grands singes d’Asie.
Plusieurs études tenterent de reconstruire les liens phy-
logénétiques des hominoidés en utilisant des caracte-
res anatomiques. Quatre études dans les années quatre-
vingts arriverent a des conclusions différentes au sujet
des relations de parenté entre les grands singes
(I’orang-outan, le gorille, les chimpanzés et I’homme),
indiquant le manque de fiabilité de ce type de caracte-
res. De plus récentes études génétiques montrent sans
équivoque que les chimpanzés et I’homme forment un
clade monophylétique, alors que les gorilles sont plus
éloignés. Certaines, mais de loin pas toutes les analy-
ses anatomiques soutiennent ces liens phylogénéti-
ques.Les données moléculaires sont suffisamment den-
ses et solides pour établir un arbre phylogénétique dans
lequel la longueur des branches est plus ou moins
proportionnelle au temps. Suivant la date de calibration
utilisée, un age maximal absolu peut étre estimé pour
chaque nceud de I’arbre. Les ressemblances au sein
d’Hominoidea sont prononcées et suggerent que 1’an-
cétre commun de ce groupe aurait pu étre un grand
singe frugivore adapté a la suspension par les membres
supérieurs, vivant en milieu tropical. Différentes ana-
lyses des relations de parenté des grands singes du
Miocene, obligatoirement basées sur des données ana-
tomiques fossiles, donnent des résultats contradictoi-
res, indiquant que la fiabilité de ces données n’est pas
meilleure dans un contexte fossile, qu’elle ne 1’est pour
les especes vivantes. Il est possible que la plupart, si ce
n’est la totalité des grands singes du Miocene, n’aient
aucune relation de parenté avec les hominoidés. Ceci
est d’autant plus pertinent que la distribution de ces
fossiles est presque entierement en dehors du domaine
géographique des grands singes actuels, et probable-
ment aussi a I’extérieur du domaine des ancétres de ces
derniers au Mioceéne moyen et récent. Il y a ainsi un
grand besoin de nouveaux fossiles provenant de la
distribution géographique probable des clades de
grands singes actuels au Néogéne plus récent. Etant
donné le haut degré de similitude allométrique entre
les especes de Pan et de Gorilla, il est probable que
leur ancétre commun ressemblait a un chimpanzé (en
effet, des années soixante aux années quatre-vingts,

plusieurs auteurs proposerent que les chimpanzés et les
gorilles étaient congénériques). De ce fait, il est proba-
ble que I'ancétre commun des chimpanzés et de
I’homme était anatomiquement aussi du type Pan, vi-
vant en Afrique a la fin du Miocene. Plusieurs décou-
vertes récentes de restes des plus anciens homininés
soulevent d’intéressantes questions a ce sujet.

1. Introduction

In this paper we focus mainly on the phylogenetic
relationships of Miocene and living hominoids, the
timing of the major splitting events in ape evolution,
inferences about the various hominoid morphotypes,
and what can be deduced thereby concerning evolu-
tionary patterns among the hominoids.

We begin by discussing what is currently known of
living hominoid relationships based on genetic data
and what can be inferred about their divergence times
using these genetic data, and follow this by reviewing
some of the attempts to determine relationships using
phenotypic data and note that results vary depending
on who does the analysis. Most analyses are not con-
gruent with the phylogeny inferred from very abundant
genetic data. In particular, hard tissue characters of the
kind available to paleontologists perform for the most
part poorly. As we discuss, there is little better agree-
ment among paleontologists working with Miocene
apes. These differences of interpretation arise because
there is no agreement on how to describe any particular
piece of phenotype as characters. Unlike the situation
with genetic data there are few if any objective rules for
subdividing anatomical complexes into characters, so
different workers will get different results. Sorting out
relationships among the fossil apes will require both
more careful attention to how characters are selected
and more fossil material, particularly from areas in
which living apes are currently found. Even this may
not be enough.

Because many of the relationships among Miocene
apes are currently indeterminate in our view, and be-
cause most Miocene apes are different in many fea-
tures from the living apes, we cannot yet have an
adequate understanding of patterns of change in rela-
tion to environmental change. But environmental
change during the Neogene has clearly been important
in shaping both the distribution and the adaptations of
the apes.
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2. Living apes: key adaptations

Living apes are unusual animals in that the four
genera, Hylobates, Pongo, Gorilla, and Pan, are con-
fined to equatorial tropical rain forest and a close
relationship to this forest type is reflected in many
aspects of behavior and morphology [26]. All apes are
frugivores, but most importantly they are animals that
seek specifically ripe fruit [22,50,54,90]. Even gorillas
will prefer ripe fruit when it is available [92]. The apes
survive periods when this ‘preferred food’ (ripe fruit) is
scarce by eating a range of lower-quality ‘fallback
foods’; in the case of the African apes, frequently piths
[22,92]. The distribution of living apes is therefore
closely associated with forest type, and particularly by
the availability of enough ripe fruit throughout a sig-
nificant part of the year, along with appropriate fall-
back foods.

Forest structure is also implicated in the unusual
positional behavior and postcranial anatomy of apes
[76]. All four genera show widespread adaptations to a
current or previous positional repertoire in which sus-
pension, arm-swinging, and vertical climbing are very
important. Many features of the torso (such as a broad
and shallow thorax, short lumbar region, broad pelvic
region) and appendicular skeleton (long and limber
forelimbs, long hands, elongated and mobile dorsally
placed scapulae) are adaptations associated with these
behaviors.

Hominins are first detected in the African fossil
record in the Latest Miocene [13]. Given what we
know from comparative genetics (discussed further
below), this would suggest that, if hominins are present
in Africa by this time, apes ancestral and probably
similar to chimpanzees and probably gorillas too were
also present in equatorial African forests during the
Latest Miocene and Early Pliocene. The hypothetical
distribution of rain forest during this interval (Fig. 1)
would have been more extensive latitudinally beyond
that of today’s forest but perhaps not significantly more
longitudinally [67], and we hypothesize that crown ape
lineages would have been coextensive with these for-
ests.

3. Living hominoid relationships from genetic
characters

Although there has been much debate about the
evolutionary relationships of the apes and humans at

Y

Fig. 1. Hypothetical Late Miocene distribution of tropical forest and
crown apes (dark grey).

Fig. 1. Distribution hypothétique des grands singes apicaux et de la
forét tropicale au Miocene récent (gris foncé).

least since Thomas Henry Huxley’s 1863 essay [47],
we — along with effectively all molecular systematists
—regard this issue as now settled. The data overwhelm-
ingly support a tree in which the two chimpanzee
species and humans are sisters, with gorillas, orangu-
tans, and gibbons successively more distant (Fig. 2).
One important approach uses DNA-DNA hybrid-
ization [14], a technique comparing all single copy
nuclear DNA among pairs of species. The technique
examines both coding (genes) and non-coding regions,
and derives an aggregate measure of genomic similar-
ity, which averages out differences in evolutionary
rates across the entire genome. Caccone and Powell
[14] clearly show that humans and chimps are closest.
Morris Goodman’s group first showed that humans and
chimpanzees were probably sister taxa using nuclear

—Homo

— P27

Gorifla

Pongo

Hylobates

Fig. 2. Genetically determined relationships among living homi-
noids.

Fig. 2. Relations de parenté au sein des hominoidés actuels basées
sur des données génétiques et moléculaires.
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DNA sequence data from the globin-complex (e.g.,
Bailey et al. [5]). Horai et al. [46] drew a similar
conclusion based on mtDNA sequence data.

In what has become a definitive study, Ruvolo [70]
analyzed a large number of independently inherited
genes (independent in the sense that they do not segre-
gate together), most of them on different chromo-
somes. Because these genes are inherited indepen-
dently of each other they are independent estimates of
the true phylogeny (Fig. 3). For each gene a gene tree
can be calculated, and the consensus of all gene trees
estimates the species tree. In the case of the hominoids,
the data overwhelmingly support a tree in which chim-
panzees and humans are sisters, with gorillas, orangu-
tans, and gibbons successively more distant (Fig. 2).
This analysis has been expanded by Satta et al. [74]
with additional genes, although the analysis did not
take into account criteria of independence. Over-
simplifying by assuming that genes on the same chro-
mosome are linked regardless of genomic distance
yields the same result as Ruvolo [70]. Finally, Chen
and Li [21] examined 53 randomly selected autosomal
intergenic nonrepetitive (noncoding) DNA sequences,
sampling across the genome, and demonstrated once
again the close relationship of humans and chimpan-
zees, with gorillas more distant.

Supporting Genetic Datasets
mtDNA
Glycophorin A

c-myc
Carbonic anhydrase 1 (CA1)

Immunoglobulin Ce3 pseudogene

Homo-Pan

o1,3 galactosyl-tranferase

8-f-globin intergenic region, y globin, y-n globin

B cell growth factor

HOX2B

Glucose-6-phosphate dehydrogenase (G6PD)
Y-specific regions of ABY; ZFY; SRY
Involucrin

Protamine

Pan-Gorilla

Homo-Gorilla | Immunoglobulin Co1

Fig. 3. Genetic data sets used by Ruvolo [70] in analyzing chimp—
gorilla—human relationships. Protamine later shown [55] to be unin-
formative.

Fig. 3. Ensemble de données génétiques utilisées par Ruvolo [70]
pour établir les liens de parentés d’Hominoidea. La protamine s’ ave-
rera ultéricurement inutile a cette fin [55].

Inasmuch as any issue in such a contentious area as
paleoprimatology can be considered settled, this is
settled.

4. Genetics and the timing of the hominoid
radiation

The use of genetic comparisons between species has
become commonplace in estimating both phylogenetic
relationships and divergence times in combination
with information from the fossil and geological
records. We believe that, despite this general familiar-
ity, it is still worth drawing attention to the assumptions
and procedures that lie behind such inferences, to the
existence of several different steps in the process, and
to inherent problems.

Several different analytical approaches are available
for estimating phylogenetic relationships from genetic
data: cladistic, probabilistic, and phenetic. Several dif-
ferent kinds of data are available for inter-species com-
parisons: amino acid sequences [36], nucleotide se-
quences both nuclear and mitochondrial, and DNA-
DNA hybridization measures of “total” single copy
nuclear DNA. In the case of densely sampled groups
such as (fortunately for us) the Hominoidea, enough
data exist to be sure about evolutionary relationships.

The “clock-like” nature of genetic change matters
less for inferring relationships, but becomes critical if
proportional or “relative” trees are to be usefully trans-
muted into “absolute” trees from which divergence
dates are estimated. The degree of clock-like behavior
of any genetic system can be determined using the
“rate-test” [72], a measure of the difference in
amount(s) of genetic difference between an outgroup
species and respectively two (or more) ingroup spe-
cies. If the amount of genetic difference in such com-
parisons is subequal (more-or-less equal, or suffi-
ciently so for the task in hand) it can be deduced that
the rates of genetic evolution along the different lin-
eages have also been subequal. It is also possible to
detect situations in which one or more of a group of
monophyletic species has evolved at a faster or slower
rate than the rest. It is worth re-emphasizing that the
rate test is entirely independent of any assumptions
about actual evolutionary rates.

In building such trees, as with estimating relation-
ships, more is better. The more genetic information is
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available, the more likely it is that the number of tree
segments (branches) will be proportional to time. For
example, DNA-DNA hybridization is a technique
which compares all single copy nuclear DNA among
pairs of species, examining both coding (genes) and
the much more extensive non-coding regions, and de-
riving an aggregate measure of genomic similarity
which will average out differences in evolutionary
rates both within and between genomes. For closely
related species this is perhaps the best technique for
producing relative trees.

Some single genes, or combinations of genes, are
also useful. Because nucleotide changes can accumu-
late over time in such a way as to ‘hide’ them (through
back mutations or convergence), mathematical tech-
niques are used to “correct” for these missed changes:
it is then the total number of inferred accumulated
nucleotide changes which are linearly proportional to
time, rather than the actual number of observed differ-
ences. We should remind ourselves that genes need to
be chosen with care. Rapidly evolving genes are essen-
tial for estimating branching sequences and ages of
recently evolved species, but lose their resolving power
with increasingly older divergences. Slowly evolving
genes are important for addressing older divergences,
but lose resolving power when much younger diver-
gence points are being estimated. With the possible
exception of DNA-DNA hybridization, no single gene
will perform adequately over broad ranges of time.
Care is needed in selecting genes for this reason.

Calibrating relative trees using fossil or geological
data also needs to proceed with care. The fossil record
will always allow us to infer a minimum age for the
divergence of two sister lineages, providing that at
least one of the lineages can be recognized on the basis
of (probable) derived characters. It is of course more
difficult to estimate when a split had definitely not
occurred. This requires a very densely sampled fossil
record, dense enough to demonstrate with strong prob-
ability that absence of evidence is evidence of absence.
The solution is to calibrate a well-founded relative tree
at as many branch points as possible, inevitably using
mostly minimum divergence estimates, and then judge
the plausibility of this hypothesis against alternatives,
based on all available evidence.

Our emphasis here is on the Hominoidea. We know
branching sequence; how might we estimate diver-
gence dates? Cercopithecoids and hominoids are sister

taxa, evolving in the Later Cenozoic of Africa. Cerco-
pithecoids have clearly derived bilophodont cheek
teeth, which are readily recognizable in the fossil
record. The oldest eastern African localities with cer-
copithecoids are around 19 Ma [57]. Hominoids can be
recognized with only marginally less confidence
around 21 Ma [32]. So, we can conclude that the
divergence of hominoids and cercopithecoids had hap-
pened certainly 19 Ma and very probably 21 Ma. It is
more difficult to estimate when a cercopithecoid-
hominoid split had definitely not occurred. The abun-
dant anthropoid fauna represented in the younger Oli-
gocene Fayum sediments in Egypt, dated around
33 Ma, probably samples a period prior to the diver-
gence of these two groups [69]. Unfortunately, the
African fossil record between 33 and about 21 Ma is
extremely poor, and selecting a plausible fossil-based
cercopithecoid-hominoid divergence between these
extremes is therefore difficult.

Estimating the age of the cercopithecoid-hominoid
split, and those of the various hominoid lineages, can
be approached in two ways: by extrapolating from the
youngest divergence, Pan-Homo; and by interpolating
from much older divergences associated with the ra-
diation of placental mammalian orders. Starting with
extrapolation, the oldest hominin is Sahelanthropus
tchadensis, with a plausible faunal age of older than
6 Ma and perhaps as old as 7 Ma [13]. As a current best
estimate we choose 6.5 Ma, which dates minimally the
Pan-Homo divergence, and this can then be used to
estimate the other hominoid divergences by extrapolat-
ing. Fig. 4 lists ranges of estimated dates for each
hominoid divergence; these vary because relative
branch proportions vary depending upon the genetic
system being used. The dates for the cercopithecoid-
hominoid split range from 27 to 29 Ma.

As we noted earlier, a complementary approach to
estimating the hominoid-cercopithecoid split is by in-
terpolation from an older calibration point. For this we
need a placental mammal tree that is well supported,
both for ordinal relationships and basal divergence
dates. Considerable progress has been made, but there
are still some interesting problems. Challenges reflect
difficulties in determining and dealing with varying
rates of genetic change between and within major
lineages, and with finding adequate calibration points.

There is general agreement among paleontologists
that the radiation of eutherian orders began in the
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Fig. 4. Estimated divergence times for living hominoids based on relative ages using different genetic systems and calibrated using a date of
6.5 Ma for the hominin—Pan divergence. ‘Caccone and Powell [14], *Sibley et al. [80], ‘Goodman et al. [37], “Kumar and Hedges [52], *Stauffer

et al. [83].

Fig. 4. Temps de divergence extrapolés estimés pour les grands singes actuels, basés sur des dges relatifs obtenus par diverses analyses génétiques
et calibrés 2 6,5 Ma pour la divergence entre les homininés et Pan. ‘Caccone and Powell [14], “Sibley et al. [80], *Goodman et al. [37], “Kumar

and Hedges [52], *Stauffer et al. [83].

Cretaceous, although less agreement as to whether this
was later (around 70 Ma) or earlier (100 to 110 Ma). A
recent and in our opinion plausible analysis [82] uses
segments of 19 nuclear and 3 mitochondrial genes,
9 fossil based calibration points, and a Bayesian ana-
Iytical approach to estimate a eutherian mammal tree
which has its basal root set at 105 Ma. The eutherian
orders diverge in the last 40 Ma of the Cretaceous, but
only begin their crown radiations just before or just
after the Cretaceous/Cenozoic boundary.

An important area of disagreement concerning ordi-
nal relationships of placental mammals lies with the

Rodentia. Springer et al. [82] locate a monophyletic
Rodentia as an order in the super-order Euarchontog-
lires, with rodent crown group radiation beginning
74 Ma. Rodent monophyly is supported by other recent
genetic studies [1,56,66]. Both Lin et al. [56] and Poux
et al. [66] also find support for Euarchontoglires, al-
though Adkins et al. [1] do not. Adkins et al. estimate
the rodent crown group radiation beginning 75 Ma, in
close agreement with Springer et al. [82].

These results disagree with those of Kumar and
Hedges [52] and Hedges and Kumar [45], whose stud-
ies use amino acid sequences of a large number of
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nuclear genes to build a tree, calibrated initially at
310 Ma (estimated age of bird-mammal divergence).
Another [34,59] adopts a similar approach. In these
analyses, the rodents are both paraphyletic and diverge
very early (ca. 110 Ma). However, most other inter-
ordinal age estimates are reasonably concordant with
those of Springer et al. [82]. The rodent discrepancy
can perhaps best be explained by a higher rate of
nucleotide evolution in the rodents [1,91].

We are interested in interpolating estimates for the
hominoid-cercopithecoid divergence, along with intra-
hominoid splits. Kumar and Hedges [52] and (updated)
Hedges and Kumar [45] interpolated estimates for the
various hominoids: cercopithecoid/hominoid 23.3 Ma,
human/chimp 5.4 Ma, /gorilla 6.4 Ma, /orang 11.3 Ma,
/gibbons 14.9 Ma. The intra-hominoid estimates were
based on a calibration point of rodents/other mammals
of 110 Ma [44]. As noted above, this is likely to be a
(considerable) overestimate, the date we prefer being
87 Ma for Rodentia/Primates [82]. Recalibrated homi-
noid dates are then clearly too young, with new dates
for both human/chimp (4.3 Ma) and human/gorilla
(5.1 Ma) being younger than documented fossil homi-
nins. The cercopithecoid/hominoid divergence of
23.3 Ma estimated by Kumar and Hedges [52] and
Hedges and Kumar [45] is based on a mix of 310 Ma
and 110 Ma calibration points [44], and is again there-
fore likely to be an overestimate once the 110 Ma-
based dates (rodent divergence) are recalibrated.

Stauffer et al. [83] begin their estimation of homi-
noid divergence dates by assuming that 23 is good
date, in part because it coincides, approximately, with
the Oligocene-Miocene boundary. Several points can
be made here. There is no African fossil record span-
ning the relevant interval so we have no way of know-
ing whether or not there was a peak of speciation
events at this time. In addition, the Kumar and Hedges’
[52] and Hedges and Kumar’s [45] analyses show no
other major divergence events coincident with other
epoch boundaries.

Springer et al. [82] estimate a date for the crown
primate radiation of 77 Ma. This is close to the paleon-
tologically based estimate of Tavaré et al. [85] of
82 Ma. Figure 5 shows interpolated estimates using
several data sets: the hominoid-cercopithecoid diver-
gence dates range from 23 Ma to 31 Ma. Our prefer-
ence is for the DNA-DNA hybridization dataset [2];
calibrating the strepsirhine/haplorhine split at 77 Ma,

DNA Proteins? Globins
hybridization’ (corrected)’
owMm
25
OWM
30 OowWM
35
40 NWM
45
NWM
50 NWM
7 *Primates *Primates
110 *Primates-Rodents
310 *Mammals-Birds

Fig. 5. Estimated divergence times for various primate groups based
on relative ages using different genetic systems, with calibration
points indicated. / Ahlquist [2], ’Kumar and Hedges [52], ’Goodman
etal. [37].

Fig. 5. Temps de divergence intrapolés estimés pour les grands
singes actuels basés sur des ages relatifs obtenus par diverses analy-
ses génétiques. Les points de calibration sont indiqués par des
astérisques. /Ahlquist [2], ’Kumar and Hedges [52], *Goodman et al.
[37].

the interpolated New World/Old World anthropoid
split is 40 Ma and the hominoid-cercopithecoid split is
28 Ma, concordant with extrapolated estimates sum-
marized above (Fig. 4).

5. Living hominoid relationships from phenotypic
characters

Since the 1950s almost all-possible combinations of
relationships based on phenotypic characters have
been suggested. Schultz’s [75] proposal for a mono-
phyletic Pongidae represents the early 20th century
consensus. Simpson’s tree [81] moved hominins to
become sisters to the African apes (Simpson advocated
a single genus Pan for both chimps and gorillas, com-
mon during this period). Simpson was influenced by
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Homo Homo
Pan Pongo
Gorilla Pan
Pongo Gorilla
Hylobales Hylobates
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_[ Homo Homo
Par Pan
Gorilla Gorilla
Fongo Porngo
Hylobates Hylobates

Hartwig-Scherer’ Braga®
Homo Hormo saprens
Fan paniscus
Pan Pantv
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Gorill Pantt
oma Gorilla g.b.
Gorilla g.r.
Pongo Goritia g.g.
Pongo p.p.
Hylobates Pongo p.a.
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Hylobates

Fig. 6. Phylogenetic relationships of hominoids as proposed during
the 1980s. ‘Kluge [49], ?Andrews and Martin [4], *Schwartz [77],
“Groves [39].

Fig. 6. Relations phylogénétiques entre les hominoidés, telles que
proposées dans les années quatre-vingts. ‘Kluge [49], ?Andrews and
Martin [4], *Schwartz [77], “Groves [39].

Morris Goodman’s early genetic work [35] showing
humans close to African apes, and this is clearly re-
flected in his tree. However, Goodman had detected
equidistant genetic relationships among Pan, Gorilla,
and Homo, while Simpson and other morphologists
who followed his results always placed Pan and Go-
rilla much closer to each other.

By the 1980’s this was perhaps the preferred pattern
among primatologists. This decade saw a burst of cre-
ative analyses: Kluge [49] rediscovered a monophyl-
etic Pongidae; Schwartz [77] proposed that humans
and orangutans were sisters; Andrews and Martin [4]
preferred characters that showed chimps and gorillas to
be closest; while Groves [39] proposed tentatively that
humans and chimps were closest relatives (Fig. 6). As
we know now, Groves was correct, although at that
time the genetic data were still far from definitive in
showing a chimp-human link. But even though genetic
data did become more clearly supportive of that rather
surprising relationship during the 1990’s, disagree-
ments continued among morphologists, and between
morphologists and geneticists (Fig. 7).

Fig. 7. Phylogenetic relationships of hominoids as proposed during
the 1990s. 'Hartwig-Scherer [43], “Braga [12], “Gibbs et al. [33].
Fig. 7. Relations phylogénétiques entre les hominoidés, telles que
proposées dans les années quatre-vingt-dix. ‘Hartwig-Scherer [43],
?Braga [12], °Gibbs et al. [33].

Thus Hartwig-Scherer [43] argued for a Pan-
Gorilla link using elegant allometric studies of apes to
show that many chimp-gorilla similarities in growth
patterns are likely to be homologous, but without rec-
ognizing the possibility that they could be symplesio-
morphies (which most probably are). Braga [12]
looked at hominoid non-metric cranial traits, and in-
cluded ape subspecies also covered in a number of
genetic studies [30,71]. Although his preferred tree
linked humans and bonobos, in other details it re-
sembled genetic trees. In several papers, Begun (e.g.,
[8]) used hard tissue characters to analyze relation-
ships among living and fossil hominoids, and was able
to (just) recover a tree joining hominins (represented
by Australopithecus) and Pan. However, this study,
and others, raises the serious question of character
definition, choice, and selectivity. Finally, Gibbs et al.
[33] used soft tissue characters (muscles, nerves, blood
vessels) and recovered a tree identical to the genetic
tree, with humans and chimps closest.

So, unlike the situation with genetic data where
different workers can come to similar conclusions con-
cerning the nature of independence and objectivity,
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CLADE Shared Similarities
12 similar in size and shape to I'

Basal keel of lower canine absent

Homo-Pan
2 Ankle epiphyses fuse at same time as hip and elbow

Pendulous scrotum

Dorsal extension of articular surface of metacarpals

Thumb short relative to body weight

Flexor digitorum superficialis strongly developed

Proportion Pattern 1 Enamel

| Brachial index <80

Homo-Gorilla | Power arm of foot >35% of lever :

| Valvulae conniventes well developed in adult

| Ovaries >40mm long

Metaconid of P, enlarged

Upper ear height 40% of ear length

Gall bladder with very slight or no bend

Retardation of shoulder and wrist ossification

Eccrine glands abundant over body

Pan-Gorilla- | Small single larynx tuberculum cuneiforme
Pongo Six sacral vertebrae

Short ethmoid-lachrymal contact (40-90%)

Pan-Gorilla

Pongo-Homo

Fig. 8. Phenotypic similarities supporting different hominoid sister
relationships (from Groves and Paterson [40]).

Fig. 8. Ressemblances phénotypiques soutenant différentes phylo-
génies au sein d’Hominoidea [40].

with morphological data different workers can arrive at
radically different phylogenetic results, largely be-
cause of lack of rules governing character description
and selection. It is not a case of ‘molecules’ versus
‘morphology’, because there are morphological analy-
ses that concur with the molecular, but rather a prob-
lem of differing results from different morphological
studies and the absence of biologically plausible crite-
ria for choosing the ‘correct’ characters and therefore
the ‘correct’ morphological tree. It is worth noting that
differences between genetic and phenotypic trees have
also been found in other primate groups. For example,
among papionins, baboons and mandrills are not sister
taxa, despite their morphological similarities [25]. And
spider monkeys and woolly spider monkeys are prob-
ably not sisters, again despite many morphological
similarities [27].

Returning to the hominoids, in summary we can see
a clear difference between the genetic data sets and the
phenotypic data sets. As the genetic data accumulated,
it became increasingly clear that just one tree (Fig. 3)
was abundantly supported [70]. This did not occur with
phenotypic characters. Chimp-human morphological
similarities are obviously present (Fig. 8), but so too
are similarities supporting just about every other pos-
sible combination of hominoids [40]. The problems are
first, there are no clear and objective rules for selecting
characters; the same anatomical region can be de-

scribed differently by two morphologists. And second,
there are no rules for deciding whose characters are
better [19,20,64,73]. Finally, we suspect that some
notion of the “correct” phylogeny unconsciously may
guide the selection of morphological characters.

We find the Gibbs et al. [33] hominoid soft tissue
data set particularly interesting here because it is con-
gruent with the genetic tree, and supports a human-
chimpanzee sister relationship. Characters were col-
lected from a literature accumulated mostly during a
pre-Hennigian era, and by scholars who were not pri-
marily concerned with phylogenetic analysis. Charac-
ters tend to be discrete, easy to describe and count, and
largely unaffected by epigenetic interactions. Unfortu-
nately, they are the kinds of characters we do not have
for fossils!

6. Hominoid morphotypes: until the Miocene ape
fossil record began to improve...

Until the description of Proconsul postcrania in the
1960’s it was assumed by many that the common
ancestor of living apes was postcranially ape-like
rather than monkey-like. That is, it was a suspensory
form with many adaptations of the torso (broad and
shallow thorax, short lumbar region, wide pelvis) and
limbs (long and limber) for hanging and swinging
below branches [48,75,76,86]. With the discovery of
the obviously non ape-like Proconsul the idea that at
least some hominoid postcranial features had evolved
in parallel became more common. However, it was still
widely believed that the common ancestor of chimps
and gorillas was chimp-sized and chimp-like because
many (although by no means all) cranial and postcra-
nial features scale allometrically in Pan and Gorilla
[43,79]. So close was the gorilla-chimp relationship
believed to be that they were widely treated as conge-
neric (e.g., Simpson [81], Tuttle [86], Groves [38]).
That the common ancestor of chimps and gorillas was
chimp-sized and chimp-like was almost universally
accepted until very recently when the closer relation-
ship of humans and chimps was established. Similarly,
postcranial similarities of the African apes and the
orangutan were generally treated as homologies
[39,76].

But as the Miocene ape record has accumulated
over the past two decades, paleontologists have noted
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i

Pan Sivapithecus

Pongo

Fig. 9. Cranium and humerus of Pan (left), Sivapithecus (center),
and Pongo (right). Sivapithecus and Pongo are similar facially, while
Sivapithecus differs from all living apes in humeral shaft morpho-

logy.

Fig. 9. Crane et humérus de Pan (a gauche), Sivapithecus (au centre)
et Pongo (a droite). L’anatomie faciale de Sivapithecus et Pongo est
similaire, tandis que Sivapithecus est différent de tous les grands
singes actuels dans 1’anatomie de la colonne humérale.

the generally nonape-like postcrania of most of these
fossil taxa. Based on cranial or dental features, they
have concluded that many of these apes are crown
hominoids, and therefore that some to many suspen-
sory postcranial adaptations of living apes have
evolved in parallel (e.g., Begun et al., [11]). A major
reason for this conclusion is the recognition that the
Asian Miocene ape Sivapithecus resembles the oran-
gutan specifically in facial-palatal characters while dif-
fering markedly from all living apes, and especially the
large apes, in a number of postcranial features (dis-
cussed further below) (Fig. 9).

Evidence from the comparative analysis of living
mammals including primates has been used to support
the plausibility of parallelism. First, not all ape postc-
ranial similarities are unique to this group, as some of
these features have either evolved in hanging mammals
(e.g., sloths) or suspensory primates such as the spider
monkey, Ateles [18,28]. This suggests these traits are
highly associated with function and are likely to evolve
in parallel given similar selection pressures, particu-
larly in animals that share a very similar morpho-
logical/genetic starting point. Second, a recent study
has showed that living ape postcrania are much more

variable than had been previously recognized and are
markedly similar in only those features found in Mi-
ocene apes [53]. This observation has been used to
argue for multiple independent pathways for the evo-
lution of suspensory characters from a quadrupedal
ape ancestor.

However, reanalysis of many of the trunk and limb
traits [53] which link the living apes along with new
fossil evidence from the Early Miocene indicates the
above arguments for parallelism may need to be refo-
cused. Young [93,94] demonstrated that both hominoid
overlap with Ateles and within hominoid variability
can be largely ascribed to Hylobates. A likely func-
tional explanation for this result is that the locomotion
of both Ateles and Hylobates includes a high percent-
age of brachiation (20 and 40%, respectively) [16,
29,31] and these behaviors play a proportionally large
selective role on anatomy. On the other hand, great
apes are much more similar to each other and distinct
from other primates, despite locomotor differences.
This contrast suggests that including Hylobates spe-
cializations may lead to a skewed reconstruction of the
ancestral morphotype, both in terms of anatomy and
behavior.

An alternative to the assumption that all living
hominoids inform equally about the ancestral morpho-
type is to instead interpret Hylobates’ morphology as
specialized/divergent and secondarily-derived from a
more great ape-like ancestor. The Early Miocene ape
Morotopithecus makes its first appearance before or
contemporaneous with the inferred Hylobates diver-
gence date (Fig. 4), yet shares a number of postcranial
similarities with great apes to the exclusion of Hylo-
bates [95]. Although, not the only possible interpreta-
tion, this result is congruent with a model in which the
earliest apes shared a body plan more in common with
great apes than with gibbons. Apes lacking these post-
cranial features, such as Proconsul and Sivapithecus,
would be unrelated to the crown radiation. A more
appropriate locus for testing parallelism would then be
the characters where the great apes resemble each
other and some fossil apes, but differ from all others.

These inferences clearly imply that the focus of
future tests of parallelism should be on the documen-
tation and exploration of great ape postcranial variabil-
ity and selection pressures. Here there are many unan-
swered questions. For example, unlike the case for
Hylobates and Ateles, it is less clear what behaviors
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unify great apes and link them to some fossil apes (e.g.,
selection for vertical climbing? hang-feeding? slower,
more cautious generalized climbing?), and, conse-
quently, what could be the common selection factor
that led to parallelism. Indeed, the postcranial parallel-
ism model must explain how, if the most common
locomotor behaviors of living great apes range from
predominantly terrestrial and quadrupedal knuckle-
walking (e.g., gorillas) to virtually exclusive arboreal-
ity and quadrumanism (e.g., orangutans), these species
could still look so similar. In other words, if current
similarities are the result of functional convergence
rather than common ancestry, it is somewhat perplex-
ing that these species have evolved to be so similar
given their divergent current locomotor behaviors.

But it is also important to remember that although
great apes share a number of similarities, they also
differ in many interesting and largely unexplored ways
that have the potential to help illuminate this problem.
For example, in an analysis of similarity in the primate
scapula, Young [93] demonstrated that there are no-
table morphological differences between African apes
and the orangutan. These include the size and shape of
the supraspinous fossa, the angle, orientation and
length of the scapular spine, and the size of the teres
major fossa. However, it is not clear at this time what
the functional meaning of these differences may be or,
critically, whether they correspond to unique locomo-
tor differences or are different ways of solving similar
functions. Questions such as these will need to be
better addressed in order to decide between the alter-
native models.

In sum, the substantial similarities of the living
apes, and particularly the great apes, suggest that the
ancestral hominoid morphotype was more like a large
ape (e.g., Morotopithecus or Dryopithecus) than Hylo-
bates. A possible interpretation is that Hylobates’ small
size and postcranial specializations are secondarily
derived specializations for brachiation. Alternatively,
the postcranial parallelism model posits the ancestral
morphotype was an above-branch, quadrupedal arbo-
realist, and fossil and living ape suspensory similarities
are the result of multiple episodes of parallelism (as
many as five independent events). To decide between
these alternatives will require a more detailed under-
standing of living great ape postcranial variability, how
it is linked to common functions or behaviors, and a
more complete record of the postcranial evolution of
fossil apes.

7. Miocene ape relationships and distributions

As we have noted, the Miocene apes are for the most
part quite different from the living apes cranially, den-
tally, and postcranially, and this presents a challenge to
understanding hominoid evolutionary history because
it makes both phylogenetic and behavioral reconstruc-
tion difficult [62,63,64]. For example, one of the two
best known Miocene ape genera (in terms of skeletal
parts sampled) is Proconsul from the Early Miocene of
east Africa, which differs from all living apes in many
skeletal features [89]. Its phylogenetic position is still
unclear, although there is general agreement about its
fundamentally nonape-like nature. Another well-
sampled genus is Oreopithecus from the Late Miocene
of Italy [41,51]. Some postcranial features recall extant
arboreal apes, others bipedal hominins, while cranially
and dentally the genus is uniquely different from all
living hominoids. Most other Miocene ape genera are
less to much less well sampled, making phylogenetic
and paleobiological interpretation problematic.

The Miocene ape record has improved considerably
over the past two decades, but most taxa are still known
primarily from teeth, jaws, some facial material, and
generally inadequate postcranials [62,63]. There are
considerable differences of opinion (Fig. 10) over the
phylogenetic relationships of Miocene apes and their
positioning relative to crown hominoids (e.g., Begun et
al. [11], Moya-Sola and Kohler [58], Harrison and
Rook [42], Cameron [15], Schwartz [78]). Sivapith-
ecus is an exception to this; there is general agreement
that it is sister to the orangutan, Pongo. This is because
of significant facial-palatal resemblances in the two
genera. Yet there are significant dental and postcranial
differences between Sivapithecus and all large homi-
noids [23,62,87].

This is a good example of an important problem —
that of character conflict between cranial-facial and
dental-postcranial features (Fig. 9). Depending on how
many characters are defined for a particular body re-
gion, or how much weight is given to particular char-
acters, the phylogenetic position of Sivapithecus or any
other taxon can change. Sivapithecus might be sister to
Pongo; this would mean either that crown ape postcra-
nial similarities evolved in parallel, or that Sivapith-
ecus postcranials are derived relative to the crown ape
pattern. Alternatively, Sivapithecus might be unrelated
to any crown hominoid.
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Fig. 10. Proposed phylogenetic relationships of Miocene and crown
hominoids. ‘Moya-Sola and Kohler [58], “Harrison and Rook [42],
jBegun [9], “Andrews and Bernor [3].

Fig. 10. Relations phylogénétiques proposées pour les grands singes
miocénes et actuels. “Moya-Sola and Kéhler [58], “Harrison and
Rook [42], “Begun [9], “Andrews and Bernor [3].

In addition to inadequate sampling of body parts,
there is a second significant problem to which we have
already alluded — that of character definition. The same
piece of anatomy can be described differently when
rendered into characters [17,19,20,73]. For example,
Begun et al. [11] and Moya-Sola and Kohler [58]
describe the nasoalveolar region with both different
character descriptions and numbers of characters
(Fig. 11), and the phylogenetic trees supported by
these characters are different. Begun et al.’s characters
support a Sivapithecus-Pongo clade with Dryopith-
ecus linked to African apes and humans, whereas
Moya-Sola and Kohler’s single character supports a
Pongo clade including Sivapithecus, Lufengpithecus
and Dryopithecus. This disagreement can occur be-
cause there are no rules governing the language of
anatomical description [65]. The precise nature of the
character, or how many characters are used to describe
an anatomical region, are not subject to any rules
governing selection and description. This was one fac-
tor contributing to the lack of phylogenetic agreement
in the case of living hominoids, although in that case
we have genetics to guide us to the correct relation-
ships. But with fossils we are less fortunate.

8. Geography of Miocene apes

A final problem concerns the geographical distribu-
tion of Middle and Late Miocene ape localities. With
few exceptions they fall outside the current and prob-
able recent past range of living apes (Fig. 12). We
cannot reconstruct habitats for most of these fossil apes
with sufficient accuracy to say definitely they could not
have supported living apes. But we think it improbable
that sufficient ripe fruit would have been available in
most of them to make suitable habitats for an orangu-
tan or a chimpanzee.

Faunal evidence from several regions of Europe and
Asia suggests that substantial environmental change
happened during the Later Miocene. In Pakistan this is
clearly documented by a habitat shift on the flood-
plains around 8 Ma from C3-dominated forests and
dense woodlands to C4-dominated open woodlands
and grasslands [6]. Among other faunal changes,
Sivapithecus disappears at this time [7]. Similar events
occur throughout Eurasia during the Late Miocene [3].

A recent detailed study by Nelson [60,61] of fauna
from the late Miocene of the extensive and highly
fossiliferous Siwalik Series of Pakistan shows that
Sivapithecus and associated fauna inhabited seasonal
monsoon forests similar to those found today in south-
ern China. Microwear and stable isotopes of both
Sivapithecus and many elements of the associated
fauna indicate a degree of frugivory equivalent to that
found in extant apes. But we still do not understand in
sufficient detail the nature of such Miocene ‘forest’
habitats outside the current equatorial forest zones of
west and central Africa and southeast Asia. And we
have yet to decipher adequately the dental and postcra-
nial anatomy of these Miocene apes. So, we do not
understand sufficiently the possible range of their ad-
aptations and are limited therefore in our understand-
ing of the mechanisms underlying the pattern of ex-
tinctions and survivals we see with these hominoids.

9. Hominoid evolution and geography

We have noted already that the distribution of Mi-
ocene apes falls almost entirely outside that of living
apes and their Late Neogene ancestors, and that the ape
fossil record is virtually non-existent within that area.
Did crown hominoids evolve in Africa? This is perhaps



D. Pilbeam, N. Young / C. R. Palevol 3 (2004) 305-321 317

Begun et al. (1997)

incisive fossa position

incisive fossa

subnasal f oor
nasal clivus
nasoalveolar clivus length

nasoalveolar clivus orientation

incisive canal caliber

Sivapithecus
Pan

Gorifia
Alfropithecus

Dryopithecus

Lufengpithecus

Hylobates

FProconsul

/
Hard palate

Nasal opening to
the incisive canal

Incisive canal

Nasoalveolar clivus

Oral opening to
the incisive canal

Moya-Sola & Kéhler

(1996)

nasoalveolar morphology

Sivapithecus

Dryoprthecus

Lurengpirihecus

Pan

Gorilla
Hylobales
Alropithecus

Proconsul

Fig. 11. Alternative phylogenies supported by different descriptions of hominoid nasoalveolar anatomy.
Fig. 11. Phylogénies alternatives soutenues par des analyses divergentes de 1’anatomie nasoalvéolaire ches les hominoidés.

the majority opinion [3]. Or did they evolve in Asia; a
minority view recently advocated by several col-
leagues [10,84]? Begun and Giileg [10] and Stewart
and Disotell [84], hypothesize crown hominoids radi-
ating from central Eurasian regions including Turkey,
outside the equatorial tropics. This hypothesis pro-
ceeds from the assumption that absence of evidence (of
crown ape ancestors within the distributional geogra-
phy of their living descendants) is evidence of absence
(and therefore that basal crown apes evolved originally
outside equatorial Africa (and Asia).

This scenario strikes us as unlikely, given that, for
example, we know that Turkish habitats in the Middle
Miocene were unlike those in which we find living
apes, being more seasonal and open [68]. This would
apply even more so to many Late Miocene habitats. We
find it an unlikely scenario because, as we noted be-
fore, all living apes share the need for a (preferred) diet
dominated by abundant ripe fruit, which we regard as a
probable crown ape synapomorphy.

An alternative possibility is that the absence of
tropical and subtropical equatorial ape fossils, particu-



318 D. Pilbeam, N. Young / C. R. Palevol 3 (2004) 305-321

[ Probable distribution of Miocene apes at its widest extent
[ Probable distribution of crown apes in the "latest’ Miocene
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Fig. 12. Distribution of Miocene ape localities (dots) relative to hypothetical Late Miocene distribution of tropical forest (dark grey) and crown

ape lineages (darker grey).

Fig. 12. Distribution de localités de grands singes du Miocene (points), relative a la distribution hypothétique de la forét tropicale (en gris clair)

et des lignées de grands singes actuels (en gris foncé) au Mioceéne récent.

larly those from the Late Miocene and Pliocene, is a
taphonomic artifact and that until (or if) they are found
it will not be possible to improve our currently inad-
equate phylogenetic picture of the hominoid radia-
tion(s). A recent careful review by Cote [24] has shown
that most Later Miocene fossil localities would not be
expected to sample apes because of small sample size,
poor preservation, or inappropriate habitat sampling.
We incline to the belief that the African and Asian
tropics have been home to apes with the feeding adap-
tations of the living species (that is, to a diet dominated
by ripe fruit) at least since the Middle Miocene, while
the majority of non-tropical Miocene apes are adap-
tively somewhat different and phylogenetically distant.

Beyond broad generalizations about extinctions of
the Miocene non-equatorial apes, until we know more
about their paleobiology and can be more confident in
their phylogenetic relationships, we cannot go much
further.

10. Hominin origins

Finally, we make some comments about the earliest
hominins and their origins. Brunet et al. [13] describe
the oldest currently known hominin, Sahelanthropus
tchadensis, from Chad. The age, based mainly on fau-
nal comparisons to east African localities, is as we
noted earlier at around 6.5 Ma, and perhaps even older.
Based on derived features such as small and apically
worn canines, and postcanine teeth and basicranium
resembling later hominins, the specimen clearly repre-
sents a hominin. Its faunal associations and geological
context suggest a lakeside habitat comprising gallery
forest, but with more open habitats close by; clearly not
an equatorial rain forest [88].

We continue to believe that the common ancestor of
chimpanzees and humans lived in the African tropical
rainforests during the Late Miocene, and was an
arboreal-terrestrial knuckle-walking ripe fruit-eater
not unlike Pan troglodytes. Sahelanthropus shows
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that, by at least 6.5 Ma, hominins had shifted their
habitats, adopted a new diet (evidenced by cheek tooth
differences from Pan), undergone some significant
shift in social behavior (evidenced by reduced male
canines and relatively enormous brow ridges), and
perhaps positional behavior as well (the basicranial
and other cranial changes changes are compatible with
some kind of bipedal posture and locomotion). Postc-
ranial material is of course essential to confirm or
refute this hypothesis. Older hominoids from Chad and
other areas of Africa are awaited with great interest.
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