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SUMMARY

 

Recent molecular research has provided a con-
sistent estimate of phylogeny for the living papionin monkeys
(

 

Cercocebus

 

, 

 

Lophocebus

 

, 

 

Macaca

 

, 

 

Mandrillus

 

, 

 

Papio

 

, and

 

Theropithecus

 

). This phylogeny differs from morphological
phylogenies regarding the relationships of the mangabeys
(

 

Cercocebus

 

 and 

 

Lophocebus

 

) and baboons (

 

Mandrillus

 

, 

 

Pa-
pio

 

, and 

 

Theropithecus

 

). Under the likely assumption that the
molecular estimate is correct, the incongruence between the
molecular and morphological data sets indicates that the latter
include numerous homoplasies. Knowledge of how these ho-
moplasies emerge through development is important for un-

 

derstanding the morphological evolution of the living papionins,
and also for reconstructing the phylogenetic relationships and
adaptations of their fossil relatives. Accordingly, we have used
geometric morphometric techniques and the molecular phy-
logeny to investigate the ontogeny of a key area of morpho-
logical homoplasy in papionins, the face. Two analyses were
carried out. The first compared allometric vectors of 

 

Cercoce-

 

bus

 

, 

 

Lophocebus

 

, 

 

Macaca

 

, 

 

Mandrillus

 

, and 

 

Papio

 

 to determine
which of the facial resemblances among the genera are ho-
moplasic and which are plesiomorphic. The second analysis
focused on early post-natal facial form in order to establish

whether the facial homoplasies exhibited by the adult papion-
ins are to some degree present early in the post-natal period
or whether they develop only later in ontogeny. The results of
our analyses go some way to resolving the debate over which
papionin genera display homoplasic facial similarities. They
strongly suggest that the homoplasic facial similarities are ex-
hibited by 

 

Mandrillus

 

 and 

 

Papio

 

 and not by 

 

Cercocebus

 

 and

 

Lophocebus

 

, which share the putative primitive state with

 

Macaca

 

. Our results also indicate that 

 

Mandrillus

 

 and 

 

Papio

 

achieve their homoplasic similarities in facial form not through
simple extension of the ancestral allometric trajectory but
through a combination of an extension of allometry into larger
size ranges and a change in direction of allometry away from
the ancestral trajectory. Thus, the face of 

 

Mandrillus

 

 is not
simply a hypermorphic version of the face of its sister taxon,

 

Cercocebus

 

, and the face of 

 

Papio

 

 is not merely a scaled-up
version of the face of its sister taxon, 

 

Lophocebus

 

. Lastly, our
results show that facial homoplasy is not restricted to adult pa-
pionins; it is also manifest in infant and juvenile papionins.
This suggests that the homoplasic facial similarities between

 

Mandrillus

 

 and 

 

Papio

 

 are unlikely to be a result of sexual se-
lection.

 

INTRODUCTION

 

The tribe Papionini comprises the macaques, mangabeys,
and baboons. Paraphrasing Fleagle (1999), macaques are
medium- to large-sized monkeys (3–10 kg) with robust
limbs, moderately long faces, high-crowned but low-cusped
molar teeth, and long third molars. There are some 19 extant
species of macaque, all of which are assigned to the genus

 

Macaca

 

. Macaques are found throughout much of temperate
and tropical Asia, as well as in parts of North Africa and on
Gibraltar, to which they were introduced. Macaques occupy
a broad range of habitats, from lowland secondary forests to
upland hilly environments. Mangabeys are large (6–10 kg),
stout-limbed monkeys that have elongated molars, very large
incisors, prognathic faces, and deeply excavated suborbital
fossae. There are four species of mangabey, two of which are
assigned to the genus 

 

Cercocebus

 

 and two to the genus 

 

Lo-
phocebus

 

. Mangabeys are found in many of the forests of

sub-Saharan Africa, from Kenya in the east, to Equatorial
Guinea in the west, and to Angola in the south. Baboons are
the largest Old World monkeys (12–50 kg). They are charac-
terized by long, robust limbs, elongated faces, pronounced
supraorbital tori, long molars, broad incisors, and, in males,
daggerlike canines. Most taxonomists now divide baboons
into three genera: 

 

Papio

 

, the savannah baboon; 

 

Mandrillus

 

,
the forest baboon; and 

 

Theropithecus

 

, the gelada baboon.

 

Papio

 

 is widely distributed throughout the woodlands and
grasslands of sub-Saharan Africa, whereas 

 

Mandrillus

 

 is re-
stricted to the forests of western Africa and 

 

Theropithecus

 

 is
limited to the grasslands of the Ethiopian highlands.

Molecular and morphological analyses of papionin phy-
logeny have reached different conclusions regarding the af-
finities of the mangabeys (

 

Cercocebus

 

 and 

 

Lophocebus

 

) and
baboons (

 

Mandrillus

 

, 

 

Papio

 

, and 

 

Theropithecus

 

). The con-
sensus molecular phylogeny (Fig. 1) suggests that the mang-
abeys of the genus 

 

Cercocebus

 

 are most closely related to the
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forest baboons of the genus 

 

Mandrillus

 

, whereas the mang-
abeys of the genus 

 

Lophocebus

 

 are most closely related to
the savannah baboons of the genus 

 

Papio

 

 and the gelada ba-
boons of the genus 

 

Theropithecus

 

 (Disotell 1994, 1996,
2000; Disotell et al. 1992; van der Kuyl et al. 1994; Harris
and Disotell 1998; Harris 2000). In contrast, the majority of
morphological phylogenies have supported a sister-group re-
lationship between 

 

Papio

 

 and 

 

Mandrillus

 

 and a sister-group
relationship between 

 

Cercocebus

 

 and 

 

Lophocebus

 

 (Jolly
1966, 1967, 1970; Delson 1975, 1993; Szalay and Delson
1979; Strasser and Delson 1987; Delson and Dean 1993).
One recent morphology-based phylogenetic analysis of the
papionins supported a sister-group relationship between

 

Cercocebus

 

 and 

 

Mandrillus

 

 (Groves 2000), but another,
more comprehensive, analysis published in the same year
found strong support for phylogenetic relationships that are
incompatible with the consensus molecular phylogeny (Fig.
2) (Collard and Wood 2000).

It has been argued recently that there are several reasons
for considering the molecular estimate of papionin phylog-
eny to be more accurate than the morphological one (Collard
and Wood 2000, 2001). Firstly, in phylogenetics, morphol-
ogy can never be more than a proxy for genetic data as phy-
logenetic relationships are essentially genetic relationships.

Secondly, because osseous characters can be highly influ-
enced by external stimuli, such as the forces generated by ha-
bitual activities (Murray 1934; Currey 1968, 1984; Lieber-
man 1995, 1997, 1999, 2000; Lieberman et al. 1996), they
can be expected to provide misleading information about
phylogeny more frequently than genetic characters, which
are less subject to such stimuli. Thirdly, the methods of mo-
lecular phylogenetics have been successfully tested on taxa
of known phylogeny, whereas comparable tests of morpho-
logical phylogenetic methods have proved unsuccessful
(Fitch and Atchley 1987; Atchley and Fitch 1991; Hillis et
al. 1992). It may be argued that because these tests are based
on subspecific taxa (e.g., inbred strains of mice), they are of
little significance regarding the relationships among the pa-
pionin genera. However, we contend that since subspecific
phylogenies can be expected to be more difficult to recon-
struct than genus-level phylogenies, the tests actually pro-
vide strong reason to favor the molecular phylogeny for the
papionins over any of the phylogenies based on their mor-
phological characteristics. Lastly, the consensus molecular
cladogram for the extant papionins is supported by several
sets of independent data (Disotell 1994, 1996, 2000; Disotell
et al. 1992; van der Kuyl et al. 1994; Harris and Disotell
1998; Harris 2000). These data sets differ regarding the rela-

Fig. 1. Consensus molecular phylogeny for Papionini (Disotell
1994, 1996, 2000; Disotell et al. 1992; van der Kuyl et al. 1994;
Harris and Disotell 1998; Harris 2000).

Fig. 2. Collard and Wood’s (2000) morphology-based phylogeny
for the papionin monkeys.
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tionships among 

 

Lophocebus

 

, 

 

Papio

 

, and 

 

Theropithecus

 

, but
they agree that 

 

Lophocebus

 

, 

 

Papio

 

, and 

 

Theropithecus

 

 form
one clade within Papionini and that 

 

Cercocebus

 

 and 

 

Man-
drillus

 

 form a second. Agreement among multiple indepen-
dent data sets is the strongest support possible for a phyloge-
netic hypothesis.

If the consensus molecular phylogeny is accepted as ac-
curate (cf. Fleagle and McGraw 1999; Collard and Wood
2000, 2001), then the disagreement between the phylogenies
derived from the molecular and morphological data sets in-
dicates that the latter contain a large number of homopla-
sies—similarities resulting from mechanisms other than de-
scent from a common ancestor, such as behavior-induced
morphogenesis, convergence, parallelism, and reversal (Willey
1911; Simpson 1961; Cain 1982; Patterson 1982; Sober
1988; Sanderson and Hufford 1996; Lieberman 1999; Lock-
wood and Fleagle 1999). Knowledge of how these similari-
ties emerge through development is necessary to further our
understanding of the morphological evolution of the living
papionins (Harris 2000). Such knowledge is also relevant to
the reconstruction of the phylogenetic relationships and ad-
aptations of their fossil relatives, such as 

 

Procynocephalus

 

,

 

Paradolichopithecus

 

, and 

 

Dinopithecus

 

 because it may as-
sist in choice of characters. Additionally, improved under-
standing of the developmental basis of papionin facial ho-
moplasy may aid phylogenetic analyses of other extinct pri-
mate taxa (e.g., Rae 1997). Since the face has been argued to
be a key area of homoplasy in the papionins (Disotell 1994;
Harris and Disotell 1998; Harris 2000), we have used geo-
metric morphometric techniques (Bookstein 1991; Goodall
1991; Dryden and Mardia 1998; O’Higgins 1999, 2000a,
2000b; O’Higgins and Jones 1998; O’Higgins and Collard
2001 in press) to investigate the post-natal ontogeny

 

1

 

 of the
face in five papionin genera, 

 

Cercocebus

 

, 

 

Lophocebus

 

,

 

Macaca

 

, 

 

Mandrillus

 

, and 

 

Papio

 

. Specifically, we investi-
gated similarities and differences in allometric vectors and in
early post-natal facial form in order to elucidate the origins
and nature of the facial homoplasies.

The aim of the analysis of allometric vectors was to ascer-
tain whether the facial similarities between 

 

Mandrillus

 

 and

 

Papio

 

 are homoplasic and those between 

 

Cercocebus

 

 and

 

Lophocebus

 

 plesiomorphic (shared-primitive), or whether
the facial similarities between 

 

Cercocebus

 

 and 

 

Lophocebus

 

are homoplasic and those between 

 

Mandrillus

 

 and 

 

Papio

 

plesiomorphic. The incongruence between the molecular
and morphological phylogenies indicates that facial ho-
moplasy is present, but it does not indicate which of the sim-
ilarities among the genera are homologous and which are ho-
moplasic. Both possibilities have been supported in the

 

literature. Disotell (1994) and Harris (2000) have suggested
that the long faces of 

 

Mandrillus

 

, 

 

Papio

 

, and 

 

Theropithecus

 

are independently derived from a common ancestor that ex-
hibited a similar facial form to 

 

Cercocebus

 

 and 

 

Lophocebus

 

,
whereas Groves (1978) and Kingdon (1997) have argued
that the common ancestor of 

 

Cercocebus

 

, 

 

Lophocebus

 

, 

 

Man-
drillus

 

, 

 

Papio

 

, and 

 

Theropithecus

 

 was long-faced like 

 

Man-
drillus

 

, 

 

Papio

 

, and 

 

Theropithecus

 

 and that 

 

Cercocebus

 

 and

 

Lophocebus

 

 have independently reevolved shorter faces.
It has been argued frequently that ontogenetic data can be

used to distinguish homologies from homoplasies (e.g., Nel-
son 1978; Reidl 1978; Patterson 1982; Roth 1984; Wood
1988; Wagner 1989; Lieberman 1995, 1999; Lieberman et
al. 1996; Lovejoy et al. 1999; McCollum 1999; but see Cart-
mill 1994; Hall 1998). Under this hypothesis, difference in
developmental process is evidence for homoplasy. Thus, in
the simplest case, if the similarities between 

 

Mandrillus

 

 and

 

Papio

 

 are homoplasic and those of 

 

Cercocebus

 

, 

 

Lophocebus

 

,
and 

 

Macaca

 

 are plesiomorphic, then the allometric vectors
of Mandrillus and Papio should be significantly different
from each other and from those of Cercocebus, Lophocebus,
and Macaca, which should be identical in statistical terms.
Conversely if the similarities between Cercocebus and Lo-
phocebus are homoplasic and those of Macaca, Mandrillus,
and Papio are plesiomorphic, then the allometric vectors of
Cercocebus and Lophocebus should be significantly differ-
ent from each other and from those of Macaca, Mandrillus,
and Papio, which should be statistically indistinguishable.

The analysis of early post-natal facial form sought to es-
tablish whether the facial homoplasies exhibited by adult pa-
pionins are to some degree present early in the post-natal pe-
riod or whether they develop only later in ontogeny. The
analysis was undertaken in part to test Harris’ (2000) sugges-
tion that the trend toward disproportionate facial lengthening
in Mandrillus, Papio, and Theropithecus is related to a gen-
eral social system in which there is strong sexual dimor-
phism with intense intermale competition. Given that signif-
icant sexual differences in the papionin facial skeleton do not
emerge until the eruption of M2 (O’Higgins and Jones 1998;
O’Higgins and Collard 2001 in press), if Harris’ hypothesis
is correct the homoplasies should occur only late in develop-
ment. Conversely if Harris’ hypothesis is incorrect, the ho-
moplasies should arise early in development. The latter find-
ing would suggest that the similarities are likely to be due to
some other process, presumably natural selection and/or de-
velopmental canalization.

MATERIALS AND METHODS

The data employed in the study comprised three-dimensional (3-D)
landmark coordinates recorded on the faces of mixed sex, infant-
to-adult ontogenetic series representing five papionin genera. The

1During ontogeny, the face changes in size and shape over time. Here we
use “allometry” to refer to changes in shape with size, “growth” to refer to
changes in size over time, and “development” to refer to changes in shape
over time.
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landmark data were acquired with a Polhemus 3 Space Isotrak II
digitizer (Polhemus Incorporated, Colchester, VT) linked to a lap-
top computer running a spreadsheet program. Thirty-one landmarks
were employed (Table 1). These were chosen to represent the loca-
tions of sutural junctions, maxima of curvature, and a number of
other anatomical features (Fig. 3). The data were collected by a sin-
gle observer and were recorded to the nearest 0.05 cm.

The taxa sampled were Cercocebus (49 specimens of C. torqua-
tus including seven adult males and eight adult females), Lophoce-
bus (41 specimens of L. albigena including 16 adult males and 13
adult females, plus eight specimens of L. aterrimus, none of which
was adult), Macaca (46 specimens of M. mulatta including 10 adult
males and 12 adult females), Mandrillus (31 specimens of M. leu-
cophaeus including 13 adult males and seven adult females), and
Papio (34 specimens of P. cynocephalus including four adult males
and five adult females). Unfortunately we were unable to measure
a sufficient number of infant and juvenile gelada specimens to in-
clude Theropithecus in the analysis. Adult crania were selected on
the basis of completed dentition. Infant and juvenile specimens
were aged using standard dental criteria. It should be noted that the
ages of the specimens were used only to ensure evenness of sam-
pling within the available collections. Specimens were sexed on the
basis of field records. Most of the Cercocebus specimens we exam-
ined are housed in the Department of Anatomy and Developmental
Biology, University College London. The other specimens form
part of the primate collection maintained by the Mammals Section
of the Natural History Museum, London.

The analytical approaches used in this study are from the field
of geometric morphometrics (Bookstein 1991; Goodall 1991; Dry-
den and Mardia 1998; O’Higgins 1999, 2000a, 2000b; O’Higgins

and Jones 1998; O’Higgins and Collard 2001 in press). These meth-
ods allow patterns of variation in shape and size to be investigated
within a well understood statistical framework that yields easily in-
terpreted numerical and visual results. The methods deal with coor-
dinate data as opposed to the interlandmark distances of traditional
morphometrics, and operate within a non-Euclidean shape space
(Kendall 1984), the geometric and statistical properties of which are
both well defined and highly desirable (O’Higgins 1999, 2000a,
2000b). The methods have been argued to offer considerable advan-
tages in terms of statistical analysis and visualization in comparison
with other approaches to the analysis of landmark data (Rohlf 1999,
2000a, 2000b).

Two analyses were carried out. The first focused on the allom-
etric trajectories of the five genera. Shape variation in the mixed
age/sex series of each genus was examined using the geometric
morphometrics package morphologika (O’Higgins and Jones 1998;
O’Higgins 1999, 2000a, 2000b; O’Higgins and Strand Vidarsdottir
1999). The pooling of sexes is justified since other studies of sexual
dimorphism using these data indicate that male and female allomet-
ric trajectories only diverge to a significant degree after M2 comple-
tion but even then continue to share important aspects of allometry
(O’Higgins and Jones 1998; O’Higgins and Collard 2001 in press).
Since we concern ourselves in this study with comparison of inter-
generic patterns of allometry, and not with the mechanism by which
sexual dimorphism arises, combined sex samples are appropriate.

Scale, translational, and rotational differences were minimized
by generalized procrustes analysis (GPA) (Gower 1975; O’Higgins
and Jones 1998; Rohlf and Slice 1990; Bookstein 1991; Goodall
1991). In the GPA specimen scale was represented by centroid size,
which is defined as the square root of the sum of squared Euclidean
distances from each landmark to the centroid (Bookstein 1991;

Table 1. Landmark definitions. (See Fig. 3 for locations).

Number
Definition (based on anatomical orientation of 
the face)

1 and 19 Most lateral point on zygomatico-frontal 
suture on orbital rim

2 and 20 Most superolateral point on supraorbital rim
3 and 21 Uppermost point on orbital aperture
4 and 22 Zygomatico-frontal suture at the lateral aspect of 

the orbital aperture
5 and 23 Fronto-lacrimal suture at medial orbital margin
6 and 24 Zygomatico-maxillary suture at inferior orbital 

margin
7 and 25 Superior root of zygomatic arch
8 and 26 Inferior root of zygomatic arch
9 and 27 Zygomatico-maxillary suture at root of zygomatic 

arch
10 and 28 Most posterior point on maxillary alveolus
11 and 29 Deepest point in maxillary fossa
12 and 30 Maxillary-premaxillary suture at alveolar margin
13 and 31 Nearest point to maxillary-premaxillary suture on 

nasal aperture
14 Upper margin of supraorbital rim in the midline
15 Nasofrontal suture in the midline
16 Tip of nasal bones in the midline
17 Premaxillary suture at the inferior margin of the 

nasal aperture in the midline
18 Premaxillary suture at alveolar margin

Fig. 3. Location of landmarks used in study. See Table 1 for defi-
nitions.
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Goodall 1991; Dryden and Mardia 1998; O’Higgins and Jones
1998; O’Higgins 1999, 2000a, 2000b). The resulting shape coordi-
nates were subject to Principal Components Analysis (PCA) in the
tangent space to Kendall’s shape space (Kent 1994; Dryden and
Mardia 1998; O’Higgins and Jones 1998; O’Higgins 2000a,
2000b). The principal component (PC) scores for each ontogenetic
series were examined for evidence of a significant relationship be-
tween shape and centroid size in order to identify which represented
size-related shape changes during ontogeny. In all genera only the
first PC was found to describe allometric changes in facial shape
(see below). Thereafter, the angles between the first PCs of pairs of
genera were calculated by PCA of coordinates derived from joint
Procrustes fitting, and the significance of the differences between
the angles was then assessed using a permutation test (Good 1993),
in which the true angles were compared with the distribution of an-
gles calculated for 1000 random samples. Lastly, the similarities
and differences between the angles between the allometric vectors
were interpreted in the light of the papionin consensus molecular
phylogeny (Fig. 1).

The aim of this analysis was to ascertain whether the facial sim-
ilarities between Mandrillus and Papio are homoplasic and those
between Cercocebus and Lophocebus plesiomorphic, or vice versa.
Under the hypothesis that difference in developmental process is
evidence for homoplasy (Nelson 1978; Reidl 1978; Patterson 1982;
Roth 1984; Wood 1988; Wagner 1989; Lieberman 1995, 1999; Lie-
berman et al. 1996; Lovejoy et al. 1999; McCollum 1999), if the
similarities between Mandrillus and Papio are homoplasic and
those of Cercocebus, Lophocebus, and Macaca are plesiomorphic,
then the allometric vectors (PC1s) of Mandrillus and Papio should
be significantly different from each other and from those of Cerco-
cebus, Lophocebus, and Macaca, which should be identical in sta-
tistical terms. Conversely if the similarities between Cercocebus
and Lophocebus are homoplasic and those of Macaca, Mandrillus,
and Papio are plesiomorphic, then the allometric vectors of Cerco-
cebus and Lophocebus should be significantly different from each
other and from those of Macaca, Mandrillus, and Papio, which
should be statistically indistinguishable.

The second analysis concentrated on early post-natal facial form
and sought to establish whether the facial homoplasies exhibited by
adult papionins are to some degree present early in the post-natal
period or whether they develop only later in ontogeny. The analysis
employed the PC1 scores obtained in the first analysis. Early post-
natal facial form was estimated using morphologika’s warp func-
tion. The overall mean for each genus was warped to the score on
PC1 consistent with a centroid size of 11 cm. The overall differ-
ences in shape of these means were then summarized by computing
a matrix of Procrustes chord distances and deriving from these a
UPGMA dendrogram. The Procrustes chord distances were calcu-
lated in morphologika; the UPGMA dendrogram was produced us-
ing NTSYS-PC (Applied Biostatistics Inc.). Lastly, the dendrogram
was compared with the papionin consensus molecular phylogeny
(Fig. 1).

The analysis was undertaken in part to test Harris’ (2000) sug-
gestion that the trend toward disproportionate facial lengthening in
Mandrillus, Papio, and Theropithecus is related to a general social
system in which there is strong sexual dimorphism with intense in-
termale competition. Given that significant sexual differences in the
papionin facial skeleton do not emerge until the eruption of M2

(O’Higgins and Jones 1998; O’Higgins and Collard 2001 in press),
if Harris’ hypothesis is correct then the homoplasies should occur
only late in development and the dendrogram of early post-natal fa-
cial shape should be compatible with the molecular phylogeny re-
garding the relationships of Cercocebus, Lophocebus, Mandrillus,
and Papio. It should group Cercocebus with Mandrillus, and align
Lophocebus with Papio. Conversely if Harris’ hypothesis is incor-
rect, then the homoplasies should arise early in development and
the dendrogram of early post-natal facial shape should disagree
with the molecular phylogeny.

RESULTS

The first PC was judged to be an adequate description of
size-related changes in facial shape in all five genera. In
Macaca, the correlation between scores on the first PC and
centroid size was �0.86, P � 0.001 and the first PC ac-
counted for 42% of the total variance in the sample. For Cer-
cocebus these figures were r � �0.95, P � 0.001 and 52%;
for Lophocebus, r � �0.62, P � 0.001, 40%; for Mandril-
lus, r � 0.94, P � 0.001, 73%; and for Papio, r � 0.97, P �
0.001, 62%. No other PC showed evidence of a significant
relationship between size and shape in any genus. It should
be noted that there is no a priori reason to expect a strong cor-
relation between PC1 and centroid size. Unlike classic allo-
metric methods (Jolicouer 1963), the analytical approach
used here prescales coordinates such that the strong correla-
tion between shape variation described by PC1 and centroid
size indicates that ontogenetic allometry explains a consider-
able proportion of adult facial morphology and dominates all
other influences on face shape in the five ontogenetic series.
Figure 4 shows PC1 versus centroid size from the analyses
of the five age series.

The angles between the first PCs indicate the degree of
overall similarity of allometric changes in facial shape. They
are given in Table 2, along with an estimate of their signifi-
cance. The angle between the PC1s of Mandrillus and Papio
is significant, as are the angles between the PC1 of Mandril-
lus and the PC1s of Cercocebus, Lophocebus, and Macaca,
and the angles between the PC1 of Papio and the PC1s of
Cercocebus, Lophocebus, and Macaca. The angle between
the PC1s of Cercocebus and Lophocebus is also significant.
However, the angle between the PC1s of Cercocebus and
Macaca is not significant and neither is the angle between
the PC1s of Lophocebus and Macaca. This indicates that the
allometric vectors in shape of Mandrillus and Papio are sig-
nificantly different from each other and from those of Cerco-
cebus, Lophocebus, and Macaca. It also indicates that while
the allometric vectors of Cercocebus and Lophocebus are
significantly different from one another, the allometric vec-
tors of these genera are not significantly different from the
allometric vector of Macaca.
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Fig. 4. PC1 (horizontal axis) versus centroid size in cm (vertical axis) from analyses of each genus. Row 1 � Macaca, 2 � Cercocebus, 3 �
Mandrillus, 4 � Lophocebus, 5 � Papio. Circles � males, squares � females, triangles � unknown sex, black � adult, gray � subadult.
Inset to left and right of each plot is a surface-rendered representation of the generic mean shape warped to the left and right extremes
of PC1, respectively. These insets (not to scale) indicate the aspects of shape variation represented by the first principal component.
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Figure 5 shows the estimate in each genus of post-natal
shape at centroid size 11 cm and a dendrogram indicating the
clustering order between the genera based on Procrustes
chord distances between these estimates (Table 3). The
branching pattern of the dendrogram differs from that of the
molecular phylogeny. It places Cercocebus and Lophocebus
in one group and Mandrillus and Papio in another, and there-

fore agrees with the majority of morphology-based analyses
of papionin phylogeny. It should be noted that additional
analyses not reported here found comparable results over a
range of centroid sizes typical of young faces. The finding
was further supported by unreported analyses of selected in-
fant faces from each genus.

DISCUSSION

Two geometric morphometric analyses were undertaken to
investigate facial homoplasy among the papionin monkeys.
The aim of the first analysis was to compare allometric vec-
tor trajectories in order to ascertain whether the facial simi-
larities of Mandrillus and Papio are homoplasic and those of
Cercocebus and Lophocebus plesiomorphic, or vice versa.
This was accomplished by calculating the significance of the

Table 2. Angles between first principal components of 
age series with significance levels in brackets.

Macaca Cercocebus Mandrillus Lophocebus

Cercocebus 25 (0.207)
Mandrillus 32 (�0.001) 33 (�0.001)
Lophocebus 34 (0.499) 29 (0.007) 27 (�0.001)
Papio 34 (�0.001) 36 (�0.001) 21 (0.002) 32 (�0.001)

Fig. 5. Dendrogram derived from Procrustes chord distances between estimates of early post-natal facial form in five papionin genera.
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angles between the first PCs derived from PCAs of the age
series (PC1 in each genus was the only PC to correlate sig-
nificantly with size). The analysis indicated that the allomet-
ric trajectories of Mandrillus and Papio differ significantly
from the shape allometric trajectories of Cercocebus, Lopho-
cebus, and Macaca. It also indicated that Cercocebus and
Lophocebus differ significantly in their ontogenetic allome-
tries. Lastly, the analysis indicated that the PC1s of Cercoce-
bus and Lophocebus are statistically indistinguishable from
the scaling PC of Macaca. Assuming that Macaca displays
the primitive condition, this result suggests that the facial
similarities between Mandrillus and Papio are homoplasic,
being derived from different allometric trajectories, whereas
the facial similarities between Cercocebus and Lophocebus
are plesiomorphic. This strongly supports Disotell’s (1994) and
Harris’ (2000) hypotheses regarding facial homoplasy among
the African papionins and fails to support those of Groves
(1978) and Kingdon (1997). It is worth noting that Steven
Leigh of the Department of Anthropology, University of Il-
linois, has recently reached the same conclusions using dif-
ferent allometric methods (personal communication 2000).

In addition to clarifying which of the African papionins
display homoplasic facial similarities, the results of the first
analysis shed light on the nature of those similarities. Harris’
(2000) support for the hypothesis that Mandrillus and Papio
exhibit facial homoplasy was based on work suggesting that
there is a general allometric trend among the papionins for
disproportionate lengthening of the face to be correlated with
increasing body size (Freedman 1962; Jolly 1970). How-
ever, the results of our first analysis indicate that simple ex-
tension of ontogenetic allometry does not fully account for
the facial similarities between Mandrillus and Papio. The
significant difference between the allometric trajectories of
Cercocebus and Mandrillus indicates that the face of Man-
drillus is not simply a hypermorphic version of the face of
Cercocebus. Likewise, the significant difference between
the allometric trajectories of Lophocebus and Papio indi-
cates that the face of Papio is not merely a scaled-up version
of the face of Lophocebus. Thus the similarities in facial
form between Mandrillus and Papio are achieved through a
combination of an extension of allometry into larger size
ranges (allometric change) and an alteration in direction
away from the ancestral allometric trajectory.

The second analysis assessed whether the facial ho-
moplasy exhibited by adult papionins is to some degree
present early in the post-natal period or whether it only de-
velops later. This was accomplished by comparing the
branching pattern of a dendrogram summarizing interge-
neric similarities and differences in estimated early post-
natal facial form with the branching pattern of the group’s
molecular phylogeny. The dendrogram’s branching pattern
was found to differ in placing Cercocebus and Lophocebus
in one group and Mandrillus and Papio in another. This is
consistent with the phylogeny favored by the majority of
morphology-based analyses of papionin phylogeny. Since
there are grounds for considering the molecular phylogeny to
be a reliable estimate of papionin phylogeny, this result indi-
cates that facial homoplasy is not restricted to adult papion-
ins; it is also manifest in infant and juvenile papionins.

One important implication of this result concerns the role
of sexual selection in the evolution of the homoplasic simi-
larities in the faces of Papio and Mandrillus. Harris (2000)
has suggested that the trend toward disproportionate facial
lengthening in Mandrillus, Papio, and Theropithecus is re-
lated to a general social system in which there is strong sex-
ual dimorphism with intense intermale competition. How-
ever, this hypothesis is not supported by the agreement
between the early post-natal dendrogram and the majority of
phylogenies derived from adult morphology. Given that sig-
nificant sexual differences in the facial skeleton do not
emerge until the eruption of M2 (O’Higgins and Jones 1998;
O’Higgins and Collard 2001 in press), if Harris’ hypothesis
is correct we would have expected a better fit between the
early post-natal dendrogram and the molecular phylogeny
than between the early post-natal dendrogram and the phy-
logeny derived from adult morphology. In other words, if
Harris’ hypothesis is correct we would not have expected in-
fant Mandrillus and Papio to have exhibited facial ho-
moplasy. Yet this is precisely what the comparison between
the early post-natal dendrogram and the molecular phylog-
eny revealed. Mandrillus and Papio exhibit homoplasy at all
stages of ontogeny. Thus, the analysis of early post-natal fa-
cial form does not support the suggestion that sexual selec-
tion is responsible for the homoplasic similarities exhibited
by Mandrillus and Papio. It suggests instead that the similar-
ities are likely to be due to some other process, presumably
natural selection and/or developmental canalization.

One further issue that deserves consideration is the im-
pact of the results of this study on current understanding of
the phylogenetic relationships of the fossil papionin species.
These relationships are contested (e.g., Delson and Dean
1993; Jablonski 1993), but the consensus view is that
Macaca prisca, Macaca majori, Macaca libyca, Macaca
anderssoni, Macaca palaeindica, Macaca jiangchuanensis,
Paradolichopithecus arvenensis, Procynocephalus subhi-
malayensis, and Procynocephalus wimani are members of

Table 3. Procrustes chord distances between estimated 
juvenile specimens.

Macaca Cercocebus Mandrillus Lophocebus

Cercocebus 0.106067
Mandrillus 0.120509 0.096705
Lophocebus 0.123534 0.092086 0.100977
Papio 0.124346 0.105597 0.094626 0.101647
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the macaque lineage and that Parapapio broomi, Parapapio
jonesi, Parapapio whitei, Parapapio antiquus, and Parapa-
pio ado form a lineage close to the ancestry of the mang-
abeys and baboons (Fleagle 1999). The consensus view also
holds that Papio robinsoni, Papio izodi, Papio quadratiros-
tris, Dinopithecus ingens, and Gorgopithecus major are mem-
bers of the savannah baboon lineage and that Theropithecus
oswaldi, Theropithecus delsoni, Theropithecus darti, Thero-
pithecus brumpti, and Theropithecus baringensis are mem-
bers of the lineage leading to the gelada baboon (Fleagle 1999).

Our finding that the similarities in facial form between
Mandrillus and Papio are homoplasic rather than homolo-
gous suggests that a number of these hypothesized relation-
ships may need to be reconsidered. In particular, if a prog-
nathic face has evolved independently in Mandrillus and
Papio, which belong to lineages that separated around 11
million years ago (Harris 2000), then it is possible that such
a face may have evolved several times in the putative lineage
comprising Papio, Dinopithecus, Gorgopithecus, Lophoce-
bus, and Theropithecus. Given that molecular analyses have
so far been unable to resolve the relationships among the ex-
tant members of this lineage (Fig. 1), it is entirely possible
that, contrary to the current consensus, the two extinct gen-
era, Dinopithecus and Gorgopithecus, do not form a mono-
phyletic group with Papio but instead represent one or more
additional long-faced lineages that arose from the ancestral
Lophocebus-like lineage. Likewise, it is feasible that some of
the extinct species assigned to Papio and Theropithecus in
fact may have arisen independently from the Lophocebus-
like lineage or from the lineage(s) to which Dinopithecus
and Gorgopithecus belong. There is, we suggest, a pressing
need for analyses designed to evaluate these possibilities. In
the meantime, the results of this study indicate that the char-
acter “long face” should be given little weight in phyloge-
netic analyses of the fossil papionins.

CONCLUSIONS

In the study described here we used geometric morphometric
techniques to investigate homoplasy in the papionin mon-
keys. Specifically we investigated the origins and nature of
the facial homoplasy exhibited by the tribe through analyses
of allometric vectors and analyses of early post-natal facial
form. Our results indicate that the homoplasic facial similar-
ities are exhibited by Mandrillus and Papio rather than by
Cercocebus and Lophocebus, which are hypothesized to
share the plesiomorphic state with Macaca. Our results also
suggest that Mandrillus and Papio achieve their homoplasic
similarities in facial form not through simple extension of
the ancestral allometric trajectory but through a combination
of allometric change and change in direction of allometry
away from the ancestral trajectory. As such, the face of Man-

drillus is not simply a larger version of the face of its sister
taxon, Cercocebus, and the face of Papio is not merely an en-
larged version of the face of its sister taxon, Lophocebus.
Lastly our results show that facial homoplasy is not re-
stricted to adult papionins; it is also manifest in infant and ju-
venile papionins. This suggests that the homoplasic facial
similarities between Mandrillus and Papio are most likely
not a consequence of sexual selection. Overall, this study
demonstrates how analyses of allometry using 3-D morpho-
metric techniques can be combined with molecular phyloge-
netic information to produce new insights about the evolu-
tion of the nonhuman primate face. This approach may well
have utility for investigating the evolution of other groups of
animals.
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