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a b s t r a c t

The kipunji, a recently discovered primate endemic to Tanzania’s Southern Highlands and Udzungwa
Mountains, was initially referred to the mangabey genus Lophocebus (Cercopithecinae: Papionini), but
subsequent molecular analyses showed it to be more closely related to Papio. Its consequent referral to
a new genus, Rungwecebus, has met with skepticism among papionin researchers, who have questioned
both the robustness of the phylogenetic results and the kipunji’s morphological distinctiveness. This
circumstance has been exacerbated by the immaturity of the single available specimen (FMNH 187122),
an M1-stage juvenile. Therefore, a geometric morphometric analysis of juvenile papionin cranial shape
was used to explore the kipunji’s phenetic affinities and evaluate morphological support for its sepa-
ration from Lophocebus. Three-dimensional craniometric landmarks and semi-landmarks were collected
on a sample of 124 subadult (dp4-M2 stage) cercopithecid crania. Traditional interlandmark distances
were compared and a variety of multivariate statistical shape analyses were performed for the zygo-
maxillary region (diagnostic in mangabeys) and the cranium as a whole. Raw and size-adjusted inter-
landmark distances show the kipunji to have a relatively taller, shorter neurocranium and broader face
and cranial base than is seen in M1-stage Lophocebus. Principal components and cluster analyses
consistently unite the two Lophocebus species but group the kipunji with Cercocebus and/or Macaca.
Morphological distances (Mahalanobis D2) between the kipunji and Lophocebus species are comparable
to distances between recognized papionin genera. Discriminant function analyses suggest phenetic
affinities between the kipunji and Cercocebus/Macaca and do not support the kipunji’s classification to
Lophocebus or to any other papionin taxon. In canonical plots, the kipunji occupies a region intermediate
between macaques and African papionins or groups with Cercocebus, suggesting that it retains basal
papionin shape characteristics. In shape comparisons among M1-stage papionins, the kipunji cranium is
distinguished from Lophocebus by its relatively unrestricted suborbital fossa, more parasagittally oriented
zygomatic arches, and longer auditory tube and from all papionins by its relatively tall, short neuro-
cranium, broad face and cranial base, short nasals, dished nasal profile, and dorsally oriented rostrum.
The kipunji is thus a cranially diagnosable phenon with a unique combination of cranial traits that cannot
be accommodated within Lophocebus as currently defined. Based upon these results, Rungwecebus
appears to be a valid and useful nomen that accurately reflects the morphological diversity of African
papionins.

� 2008 Elsevier Ltd. All rights reserved.
Introduction

The kipunji, a critically endangered primate species endemic to
Tanzania, was discovered in 2003 by research groups working in
the Livingstone Forest and Udzungwa Mountains. Conservation
concerns trumping taxonomic traditions (Polaszek et al., 2005), the
holotype and paratype specimens of the kipunji were vouchered
as relatively low-resolution photographs showing uniformly
dark facial skin, pronounced suborbital facial fossae, a distinctive
pelage, and backward-arching tail carriage, but little more. The
kipunji was recognized as a mangabey, one of a paraphyletic
All rights reserved.
assemblage of ecomorphologically similar papionin species
(Primates: Cercopithecinae), and was initially referred to the genus
Lophocebus on the basis of external morphological characteristics.
The subsequent death of a juvenile kipunji in a farmer’s trap fur-
nished material for molecular phylogenetic analyses, which sug-
gested that the kipunji was more closely related to Papio. In the
absence of morphological characters linking the kipunji to baboons,
it was referred to a newly created genus, Rungwecebus (Davenport
et al., 2006). This designation has met with skepticism from
papionin researchers (see Ehardt and Butynski, 2006; Milius,
2006), who consider the recognition of an essentially molecular
genus within the poorly resolved Papio-Lophocebus-Theropithecus
clade to be, at best, premature. In an effort to reconcile these con-
flicting viewpoints, geometric morphometric analysis of the kipunji
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juvenile cranium is used to investigate this primate’s morpho-
metric distinctiveness and phenetic affinities.

Background

The Old World monkey tribe Papionini is a monophyletic taxon
comprising macaques (genus Macaca), mangabeys (Cercocebus and
Lophocebus), mandrills and drills (Mandrillus), and baboons (Papio
and Theropithecus) (Kuhn, 1967; Hill, 1974; Delson, 1975a,b; Szalay
and Delson, 1979; Strasser and Delson, 1987). Mangabeysdme-
dium-sized monkeys with long tails, moderate facial prognathism,
pronounced facial fossae, and varying degrees of arborealitydwere
long considered to form a natural group (Kuhn, 1967; Thorington
and Groves, 1970; Hill, 1974; Szalay and Delson, 1979; Strasser and
Delson, 1987), but molecular phylogenetic analyses have consis-
tently rejected mangabey monophyly (Barnicot and Hewett-
Emmett, 1972; Cronin and Sarich, 1976; Hewett-Emmett et al.,
1976; Disotell, 1994; van der Kuyl et al., 1995; Harris and Disotell,
1998; Page et al., 1999; Harris, 2000). Rather, African papionins
(subtribe Papionina) comprise two monophyletic sister clades, with
species of the genus Cercocebus more closely related to Mandrillus,
while Lophocebus, Papio, and Theropithecus form a second group
(referred to hereafter as the Papio clade) whose internal relation-
ships have yet to be satisfactorily resolved (Harris, 2000).

The features that characterize the mangabey morph are clearly
homoplasies (Disotell et al., 1992; Disotell, 1994; Harris, 2000), but
morphocline polarities within this group are poorly understood.
Whether mangabey traits are primitive (Collard and O’Higgins,
2001, 2002), independently derived (Groves, 1978, 2000; Kingdon,
1997; Singleton, 2004, 2005), or a mosaic remains an open ques-
tion. Research in this area proceeds along two main paths:
1) exploration of the developmental, functional, and historical roots
of mangabey craniofacial homoplasy (Collard and O’Higgins, 2001;
Singleton, 2002, 2004; Leigh et al., 2003; Leigh, 2007); and
2) identification and description of morphological traits concordant
with the molecular phylogeny (Groves, 1978; Fleagle and McGraw,
1999, 2002; McGraw and Fleagle, 2006; Gilbert, 2007).

Mangabey morphology

Beginning with Groves’s (1978) landmark revision, an ever
expanding list of skeletal characters distinguishing Cercocebus and
Lophocebus, or the African papionin clades more generally, has been
developed. In support of separation of the mangabey genera,
Groves (1978) cited (among other features): the less flexed and
relatively ‘‘stretched-out’’ Lophocebus cranium; the greater overall
cranial breadth of Cercocebus; the pinched interorbital region,
concave nasal profile, and upturned nasal bones of Lophocebus; the
shallower and broader suborbital fossa of Cercocebus; the deeper
and more anteriorly projecting suborbital bar of Lophocebus; the
broader temporal fossa and more rounded posterior zygomatic of
Cercocebus; the higher zygomatic root and more sinuous zygomatic
arch of Lophocebus; and the elongated and posteriorly angled
auditory tube of Cercocebus. Groves particularly emphasized the
differences in the suborbital fossa, which he considered to be
‘‘differently formed and probably independently derived’’ in the
two genera (1978: 22).

Building on the work of Nakatsukasa (1994, 1996), Fleagle and
McGraw (1999, 2002) described a suite of primarily postcranial
features shared by Cercocebus and Mandrillus, which they linked to
terrestrial foraging and mastication of resistant food items. Their
single cranial trait, increased relative P4 size, has since been joined
by additional features shared by Mandrillus and at least some Cer-
cocebus species. Groves (2000) and McGraw and Fleagle (2006) have
noted that the anterior temporal lines in Cercocebus and Mandrillus
converge relatively farther posteriorly, giving the anterior cranial
vault a ‘‘visorlike’’ appearance (Gilbert, 2007). The paranasal
(maxillary) ridges of Cercocebus and Mandrillus are described as
more medially oriented, converging on the incisors, whereas those
of Lophocebus and Papio run anteriorly toward the canines (McGraw
and Fleagle, 2006; Gilbert, 2007). Gilbert (2007) has observed that
in Cercocebus and Mandrillus the nuchal lines (or crests) turn
upward at the midline, while those of Lophocebus and Papio turn
downward. Differences in the relative positions of the inferior
petrous process and lateral pterygoid plate (more medial in Cerco-
cebus and Mandrillus) and temporomandibular articulation (more
posterior in Cercocebus and Mandrillus) have also been described
(Gilbert, 2007; Tara Peburn, pers. comm.).

Habeas corpus

From the outset the kipunji was recognized as a mangabey, but
of what sort? Sympatric in its northeastern range with Cercocebus
sanjei, the kipunji was initially referred to genus Lophocebus as
L. kipunji on the basis of its noncontrasting eyelids and arboreal
habitus (Groves, 1978; Kingdon, 1997; Jones et al., 2005). At the
same time, Jones et al. (2005) noted differences between the
kipunji and Central African Lophocebus species in pelage, tail
carriage, and especially vocalization, the former substituting
a honk-bark for the latter’s distinctive whoop-gobble loud call. But
absent a physical specimen, little could be said concerning the
kipunji’s morphological affinities.

The death of a juvenile kipunji in a farmer’s trap near the type
locality of Mount Rungwe provided the first opportunity to inves-
tigate this monkey’s phenetic and phylogenetic relationships
(Davenport et al., 2006). The specimen (FMNH 187122, see Fig. 1),
a juvenile male with M1s in full occlusion and permanent incisors
erupting, was described as possessing a number of classic Lopho-
cebus cranial features including relatively narrow zygomatic
breadth, zygomae turning smoothly toward the skull posteriorly,
and a mandibular corpus that deepens anteriorly (Davenport et al.,
2006). The specimen’s postcrania are not sufficiently developed to
allow assessment of most of Fleagle and McGraw’s traits (1999,
2002); however, the kipunji’s scapular proportions were said to
distinguish it from Papio (Davenport et al., 2006).

Single-gene maximum-likelihood and Bayesian analyses of
three mitochondrial (12s rRNA, COI, and COII) and two nuclear
(TSPY and a 1,3-GT) DNA sequences each failed to place the kipunji
with Lophocebus (sensu lato) and instead grouped it with Papio
with varying degrees of statistical support (Davenport et al., 2006).
At the same time, all single-gene analyses including both L. albigena
and L. aterrimus (COII, a 1,3-GT, TSPY) identified them as sister taxa
with strong statistical support. Combined analyses using concate-
nated Lophocebus sequences likewise supported a kipunji-Papio
sister relationship (Fig. 2). These results were thought to make the
retention of the kipunji within Lophocebus untenable; however, an
absence of shared derived features precluded its referral to Papio.
Therefore, Davenport et al. (2006) erected a new genus, Rungwe-
cebus, to accommodate this addition to the papionin clade.

There is ample recent precedent for the creation or realignment
of primate genera on the basis of molecular findings (Roos and
Geissmann, 2001; Tosi et al., 2003, 2004), but Rungwecebus has met
with resistance on both phylogenetic and taxonomic grounds.
Molecular phylogeneticists (see Ehardt and Butynski, 2006; Milius,
2006) have cautioned that Davenport et al.’s (2006) initial phylo-
genetic analysis was based upon a small number (5) of relatively
short (< 700 bp) gene sequences. These results have since been
corroborated using longer sequences and additional loci (Olson
et al., 2008), and the number and length of kipunji sequences will
continue to increase; however, intensive efforts over many years
have failed to resolve molecular relationships within the Papio
clade (Disotell, 1994; Harris and Disotell, 1998; Harris, 2000, 2002).



Fig. 1. Cranium of the Rungwecebus kipunji juvenile (FMNH 187122). The specimen, an M1-stage male with permanent incisors erupting, is shown in frontal (left), lateral (center),
and ventral (right) views.
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This is due in part to the extremely short (< 400,000 years) esti-
mated divergence intervals for these taxa (Harris and Disotell,
1998). More kipunji DNA is unlikely to alter this fundamental
equation, making a purely phylogenetic classification of this group
intrinsically unstable. Additionally, the Papio clade’s estimated
4 Ma divergence date falls well below the 11–7 Ma benchmark
proposed (although not widely accepted) for recognition of
a phylogenetic genus (Goodman et al., 1998). To the minority that
favors collapsing the two African sister clades into Cercocebus and
Papio, respectively, the recognition of yet another papionin genus is
a step in the wrong direction (Goodman et al., 1998; Groves, 2000).

From the taxonomist’s perspective, the description of Rungwe-
cebus lists relatively few uniquely distinguishing charactersdmainly
details of pelage, behavior, and habitatdand adds only one, the
kipunji’s molecular relationship, to the original species diagnosis
(Jones et al., 2005; Davenport et al., 2006). The immaturity of the
single available specimen raises further doubts because key
morphological traits, such as the relative size of the permanent P4,
the configuration of the temporal and nuchal lines, and the relative
development of the deltoid and supinator crests, cannot be assessed.
As it stands, the description is difficult to apply outside the genetics
lab and offers little guidance for the referral of potential new species.
Thus, some primate morphologists and taxonomists consider the
recognition of Rungwecebus as a cryptic molecular genusdespecially
within a clade encompassing forms as morphologically divergent as
Fig. 2. Papionin phylogenetic relationships according to Davenport et al. (2006).
Following Harris (2000, 2002), Lophocebus, Papio, and Theropithecus are shown as an
unresolved trichotomy.
Lophocebus, Papio, and Theropithecusdas premature at best, and
taxonomic inflation at worst (Ehardt and Butynski, 2006; Milius,
2006; Schlick-Steiner et al., 2007).

The most satisfactory reconciliation of these conflicting view-
points would be the identification of morphological attributes to
support the new taxon (Schlick-Steiner et al., 2007). This under-
taking is complicated somewhat by the kipunji specimen’s imma-
turity; however, recent studies have shown that at least some
interspecific differences in primate cranial shape are established
early in development, and many persist throughout postnatal
ontogeny (Collard and O’Higgins, 2001; McNulty et al., 2006). If
morphometric analyses using a developmentally appropriate
comparative sample show the kipunji to be morphologically
distinct from other papionins, the new genus would be strongly
corroborated. Conversely, if the kipunji cannot be distinguished
from Lophocebus, it becomes necessary to invoke either homoplasy
or retention of ancestral conditions to square its phenetic similar-
ities and molecular relationships. To test these alternatives,
a geometric morphometric analysis of subadult (dp4-M2 stage)
papionin cranial shape was used to explore the kipunji’s phenetic
affinities and evaluate morphological support for its separation
from Lophocebus. This approach is analogous to paleontological
analyses (e.g., Delson et al., 2001; Grine et al., 2007; Harvati et al.,
2007) in which phenetic comparisons are used to investigate the
morphological and taxonomic affinities of isolated fossils.

Materials and methods

The comparative sample comprised 124 subadult crania repre-
senting most papionin genera and 2 cercopithecin outgroups (see
Table 1). Multiple species of Cercocebus, Lophocebus, and Macaca
were included to furnish models for the pattern and magnitude of
papionin intrageneric variation. Because of the extreme morpho-
logical diversity of genus Macaca, there is no obviously ‘‘right’’
species for use in intergeneric comparative analyses. In this study,
genus Macaca is represented by M. sylvanus and M. mulatta: the
former because it is the most basal member of the macaque radi-
ation (Delson, 1980; Fooden, 1980; Hayasaka et al., 1996; Morales
and Melnick, 1998), the latter because of its conservative
morphology and use in comparable recent studies (Collard and
O’Higgins, 2001; Leigh et al., 2003). Given the uncertainty of mor-
phocline polarities, both for Macaca and for Papionini as a whole
(Singleton, 2002; Leigh et al., 2003; McGraw and Fleagle, 2006;
Leigh, 2007), the two most basal cercopithecins, Allenopithecus and



Table 1
Study sample by dental stage

Abbreviation dp4 M1 M2 Total

Allenopithecus nigroviridis ann – 3 5 8
Chlorocebus aethiops cax – 7 6 13
Macaca sylvanus msy 3 2 3 8
Macaca mulatta mmx 4 4 5 13
Cercocebus agilis cga – 6 5 11
Cercocebus atys cta 1 5 6 12
Cercocebus chrysogaster cgc 4 1 4 9
Cercocebus torquatus ctt 1 3 1 5
Lophocebus albigena laj 4 4 4 12
Lophocebus aterrimus laa 4 5 7 16
Papio hamadryas kindae phk – 6 11 17
Rungwecebus kipunji rkn – 1 – 1

Dental stages defined by full eruption to occlusion.
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Chlorocebus, were included to provide a broader phylogenetic
context for ingroup morphological variation.

The M. sylvanus sample comprises zoo specimens judged by the
author to present normal (i.e., nonpathological) morphology; all
other specimens save one Allenopithecus individual were wild
collected. Criteria for specimen selection included cranial
symmetry, absence of dental anomalies, and normal bone texture
and density. To bracket the kipunji’s developmental stage
(advanced M1 stage with permanent incisors erupting), the sample
was restricted to dp4-stage (deciduous dentition complete)
through M2-stage (M3 not yet in occlusion) individuals. Owing to
the relative scarcity of immature cranial material, not all stages
could be sampled for all species and the dp4 stage is particularly
underrepresented; Lophocebus samples, however, are well
balanced. Specimens were drawn from the collections of the Royal
Museum for Central Africa (Tervuren), the Royal Belgian Institute of
Natural Sciences (Brussels), and the Field Museum of Natural
History (Chicago).

Data collection and processing

Three-dimensional landmarks and contours were collected by
the author using a Microscribe 3DX contact digitizer (Immersion
Corp., San Diego, CA) (see Appendix 1 in Supplementary Online
Material [SOM]: supplementary data associated with this article
can be found in the online version at doi:10.1016/j.jhevol.2008.07.
012). Error studies using similar protocols and subsets of the
landmarks employed here have previously found average device
and observer errors of 0.24 mm and 0.33 mm, respectively (Marcus
et al., 1997; Singleton, 2002). Landmarks were collected bilaterally,
while contours were collected from the left side only. Dorsal and
ventral aspects of the cranium were digitized separately, and data
were combined using the DVLR 4.12 least-squares fitting program
Fig. 3. Landmarks (white) and semi-landmarks (grey) employed in this
(Raaum, 2006b). Prior to fitting, contours were reduced by linear
interpolation to equal numbers of equidistant semi-landmarks
using the program Resample (Raaum, 2006a). The resulting land-
mark configurations were subjected to generalized Procrustes
analysis (GPA) in Morpheus et al. (Slice, 1998) to remove effects of
translation, rotation, and scale (Dryden and Mardia, 1998). Back-
scaled landmark coordinatesdi.e., aligned coordinates to which
scale has been restoreddwere used to compute standard cranio-
metric distances for M1-stage papionins. To account for differences
of scale among taxa, distance values for each individual were
adjusted by the geometric mean of all 16 distance variables. Stan-
dard descriptive statistics for each species were computed for both
raw and size-adjusted distances.

Following superimposition, missing landmarks were estimated
either by reflection of antimeres (see Singleton, 2002) or substi-
tution of age-specific species-mean coordinates (Slice, 1996).
Because subadult samples are small and individual sexes frequently
unknown, dental-stage means were computed from pooled-sex
samples. As craniofacial shape dimorphism is generally minor prior
to the eruption of the third molar (Collard and O’Higgins, 2001),
this approach was expected to give reasonable estimates for
subadults of both sexes, an assumption that was supported by
visual inspection of the resulting estimated landmark configura-
tions. All substitutions were executed in SAS 9.1 (SAS, Cary, NC)
using IML modules adapted by the author from code written by
Kieran McNulty (2005).

The resulting suite of 153 cranial landmarks and semi-land-
marks (Fig. 3) was analyzed to assess the kipunji’s overall cranial
phenetic affinities. Because the zygomaxillary region, and the
suborbital fossa in particular, are distinctive in mangabeys and
figure prominently in discussions of their taxonomy and natural
history (Tappen, 1963; Hill, 1974; Groves, 1978; Szalay and Delson,
1979; Fleagle and McGraw, 1999, 2002; McGraw and Fleagle, 2006),
this region was also examined separately using a subset of 41
landmarks and semi-landmarks chosen to capture suborbital
morphology.

Data reduction and analysis

Assuming shape variation is not large, the Euclidean tangent-
space projection of the curved Procrustes shape space may serve as
the basis for parametric statistical analysis of Procrustes-aligned
shape coordinates (Dryden and Mardia, 1998). Marcus et al. (2000)
elegantly demonstrated that for mammalian crania this assump-
tion is extremely difficult to violate: correlations between
Procrustes distances and tangent-space distances exceed 0.99, even
for analyses including animals as different as elephants and
dolphins. Given the comparatively limited range of primate cranial
study. See SOM, Appendix 1 for landmark names and descriptions.
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shape variation, the tangent-space approximation of shape space is
an appropriate basis for statistical shape analysis.

To correct for correlation among landmarks and degrees of
freedom lost to the constraints of translation, rotation, and scale,
principal components analysis (PCA) of the covariance matrix of the
Procrustes-aligned coordinates was used to generate a reduced
matrix of statistically independent shape variables, the principal
shape components (PCs; Dryden and Mardia, 1998). Multivariate
statistical analyses of PC scores performed in SAS 9.1, PAST 1.77
(Hammer et al., 2008), and SPSS 16.0 (SPSS, Inc.) were used to
explore the kipunji’s phenetic affinities. Cluster analysis of mean PC
scores (by taxon and dental stage) was used to explore the phenetic
affinities among taxa. Mahalanobis distances were computed to
measure shape disparity within and between papionin genera and
to gauge the kipunji’s morphological distinctiveness.

Canonical variates analysis (CVA) of PC scores was performed to
ordinate specimens relative to axes of maximum between-species
shape variation. Because Procrustes analysis does not correct for
allometric effects (Singleton, 2002), it was necessary to consider
whether interspecific shape variation was driven, wholly or in part,
by interspecific allometry. Correlation analysis, analysis of covari-
ance (ANCOVA), and multivariate analysis of covariance (MAN-
COVA) of CV scores against log cranial centroid size, the standard
Procrustes size metric (Dryden and Mardia, 1998), were used to rule
out the presence of significant allometric effects. The purpose of
this analysis was not to test for between-group differences, which
the canonical axes are calculated to maximize, but to establish that
those differences are independent of cranial size, thus, not attrib-
utable to allometric effects. Canonical plots of species-mean scores
were used to locate the kipunji relative to other species in canonical
space. Discriminant classification employing jack-knife cross-
validation was used to examine the kipunji’s phenetic affinities and
explore the likelihood that it could belong to a recognized papionin
taxon. Statistical support for these classifications was evaluated
using posterior and typicality probabilities (Albrecht, 1992).

Finally, shape differences among M1-stage papionins were
visualized to identify aspects of cranial shape that distinguish the
kipunji from other taxa. This ‘‘narrow’’ approach (Smith, 1984) was
adopted to minimize the effects of allometric and ontogenetic
shape variation and allow interspecific shape differences to come to
the fore. Superimposition of M1-stage means in Morpheus et al.
(Slice, 1998) allowed direct comparisons between the kipunji and
species-average juvenile crania. Morphologika 2.2 (O’Higgins and
Jones, 2006) was used to visualize cranial and zygomaxillary shape
trends by ‘‘morphing’’ wireframe representations of the M1-stage
consensus shapes along major axes of shape variation (PCs).

Cranial analysis results

Linear distances

Cranial interlandmark distances for M1-stage papionins are
summarized in Table 2. Linear distances calculated for the kipunji
generally agree with caliper measurements reported by Davenport
et al. (2006). Discrepancies in measures of facial breadth (biorbital
and bizygomatic) and cranial height appear to arise from the differing
methodologies: calipers record maximum (or minimum) dimen-
sions, which do not always correspond with the osteometric land-
marks employed here. The kipunji falls within the Lophocebus range
for most length measurements (e.g., cranium, neurocranium, face,
and palate), but slight differences in relative proportions are
apparent. The kipunji exhibits, on average, a slightly longer neuro-
cranium and a slightly shorter face than either L. albigena or
L. johnstoni. The kipunji’s cranial height (basion-bregma) falls above
the maximum observed for either species of Lophocebus and exceeds
the average values for most other papionins. The kipunji’s facial
height (prosthion-nasion) falls just within the Lophocebus range but
well below the averages of all papionins save M. mulatta. This differ-
ence is likely attributable to the incomplete eruption of the kipunji
specimen’s permanent central incisors and consequent superior
displacement of prosthion. The kipunji exceeds Lophocebus species
averages for all measures of facial breadth, in most cases falling either
at the high end of or outside the observed ranges of variation. The
kipunji also exhibits greater biporionic and biauricular breadths, good
surrogates for maximum cranial breadth, but falls below Lophocebus
averages for other measures of neurocranial breadth.

Size-adjusted distances (Table 3) describe a very similar pattern,
but the elimination of scale permits more meaningful comparisons
between the kipunji and larger taxa, particularly Papio. When
adjusted for cranial size, the kipunji’s cranial lengths are actually
shorter than Lophocebus species averages. Its relative neurocranial
length falls at the low end of the Lophocebus range but fits
comfortably within the ranges of Papio, M. sylvanus, and C. atys. The
kipunji’s relative cranial height falls above the observed Lophocebus
range and exceeds all species means except C. torquatus and
M. mulatta. Its relative facial height falls well below all species
averages and outside the ranges of all papionins save M. mulatta,
again suggesting that this measurement is unreliable. The kipunji’s
relative facial breadths exceed Lophocebus species averages, as well
as those of most other papionins. It lacks the narrow interorbital
breadth characteristic of Lophocebus and is more similar in this
measure to Macaca and Cercocebus species. The kipunji’s relative
postorbital breadth falls low in the L. albigena range and is less than
those of most papionin taxa; however, its relative biauricular
breadth falls at the high end of the Lophocebus range and exceeds
most papionin averages.

Principal components analysis

Principal component plots (Fig. 4) for the entire sample reflect
a variety of influences on subadult cranial shape. The first two
principal components (Fig. 4a) summarize different aspects of
cranial development: PC1 separates specimens by dental stage and
is independent of cranial centroid size (r¼ 0.16, p¼ 0.08). PC2 is
significantly correlated with size (r¼ 0.50, p< 0.0001) and
summarizes allometric shape variation, both interspecific and
ontogenetic. In Fig. 4a, vertical displacements between cercopi-
thecins and papionins and between small-bodied papionins and P.
h. kindae are evident; the kipunji falls at the upper end of the small-
bodied papionin distribution. The third principal component
(Fig. 4b) separates ‘‘typical’’ mangabeys with well-developed
suborbital fossae (the kipunji, all Lophocebus, and most Cercocebus
specimens) from species in which the fossa is poorly developed or
absent. The kipunji falls at the bottom of the Lophocebus range with
respect to this axis, indicating relatively weak suborbital fossa
development. Macaques, Cercocebus atys, and the kipunji are
separated from other taxa on PC4 (Fig. 4b and c), while PC5 (Fig. 4c)
separates Cercocebus and Allenopithecus from the remaining
species. Taken together, these plots show the kipunji to fit
comfortably within the cranial morphospace of mangabeys and of
small-bodied papionins generally. But whereas the two Lophocebus
species cluster tightly together, the kipunji stands apart on higher-
order axes that reflect taxonomic, as opposed to ontogenetic, shape
variation. In Fig. 4b, the kipunji groups with Cercocebus and Macaca,
and no higher-order axis clusters the kipunji with either Lophoce-
bus or Papio to the exclusion of the other.

Cluster analysis

Phenograms were generated using Ward’s method, which
minimizes within-cluster variance (Hammer et al., 2008). The
cranial phenogram based upon PCs 1–15 (Fig. 5a) yields two



Table 2
Cranial interlandmark distances for M1-stage papionins

rkn laa laj phk cga cgc cta ctt mmx msy

n 1 5 4 6 6 1 5 3 4 2

Skull length range – 91.76–102.62 92.57–96.31 102.02-122.57 92.06–102.82 – 90.02–98.54 91.69–97.34 85.11–91.40 98.93–101.44
Inion–Prosthion mean 94.36 96.42 94.66 110.71 98.68 94.55 93.68 94.51 88.64 100.18

sd – 3.81 1.65 7.85 3.80 – 3.52 4.00 2.67 1.78
Cranial length range – 74.09–81.70 76.15–79.74 85.08–95.16 76.67–81.92 – 77.87–82.61 75.84–78.98 74.78–80.25 81.48–82.21
Inion–Nasion mean 78.80 77.62 78.12 87.97 80.07 77.17 79.76 77.41 78.58 81.85

sd – 3.35 1.49 4.00 2.15 – 1.83 2.22 2.56 0.52
Facial length range – 59.57–64.15 59.01–64.61 62.31–79.41 59.40–68.20 – 55.48–62.30 57.73–62.00 49.47–55.77 62.12–66.03
Basion–Prosthion mean 60.55 62.39 60.95 70.39 63.86 58.78 59.23 60.15 53.49 64.08

sd – 1.71 2.50 6.54 2.91 – 3.02 2.19 2.76 2.77
Palate length range – 32.19–36.23 31.94–33.68 34.53–43.02 32.29–39.02 – 29.41–35.02 32.77–35.17 26.21–31.05 35.50–37.62
Staphylion–Prosthion mean 33.02 34.02 32.78 38.54 35.65 32.37 32.50 33.67 28.67 36.56

sd – 1.54 0.71 3.39 2.36 – 2.27 1.30 1.99 1.50
Cranial base length range – 25.58–31.23 26.87–31.32 27.54–37.24 27.75–30.38 – 26.56–27.95 25.11–28.30 24.09–26.07 26.93–29.15
Basion–Staphylion mean 27.71 28.49 28.80 32.54 28.64 27.20 27.33 26.83 25.17 28.04

sd – 2.50 1.85 3.46 1.08 – 0.71 1.61 0.88 1.57
Cranial height range – 47.13–50.49 47.46–50.44 54.60–61.52 52.30–55.17 – 49.79–55.55 49.68–52.28 46.50–52.32 51.12–55.40
Basion–Bregma mean 52.47 48.67 48.93 59.23 53.32 50.08 51.77 50.79 49.92 53.26

sd – 1.31 1.57 2.46 1.21 – 2.21 1.34 2.50 3.03
Facial height range – 32.10–39.87 37.07–37.76 36.75–53.06 37.37–43.49 – 35.37–36.75 34.85–40.08 29.70–36.77 39.83–43.00
Prosthion–Nasion mean 32.20 35.93 37.35 45.80 40.73 41.48 35.90 37.43 32.55 41.41

sd – 2.83 0.31 5.99 2.39 – 0.57 2.62 3.02 2.24
Bizygomatic breadth range – 54.01–58.27 53.46–56.89 55.11–70.79 53.68–62.09 – 55.78–59.35 54.73–60.02 52.72–55.82 62.70–65.37
R/L Zyg–temp sup. mean 59.65 56.20 54.86 63.44 58.77 54.33 56.93 56.87 54.52 64.04

sd – 1.68 1.49 5.07 3.07 – 1.43 2.79 1.34 1.89
Biorbital breadth range – 46.66–52.22 46.76–51.22 51.17–61.80 47.79–53.85 – 48.89–51.58 48.09–49.41 47.94–51.68 52.99–55.26
R/L Frontomalare temp. mean 51.47 49.79 48.31 55.92 51.32 46.03 50.14 48.95 49.95 54.13

sd – 2.17 2.01 3.56 2.27 – 1.04 0.74 1.54 1.61
Interorbital breadth range – 4.00–4.83 3.09–4.32 4.31–6.64 4.31–5.91 – 4.51–7.18 4.66–5.21 4.44–5.57 6.45–6.67
R/L Dacryon mean 5.54 4.38 3.91 5.61 5.08 3.40 5.63 4.98 4.86 6.56

sd – 0.41 0.57 0.76 0.60 – 1.14 0.28 0.51 0.16
Postorbital breadth range – 45.45–48.01 41.21–45.64 48.07–53.53 43.18–47.23 – 43.29–47.99 42.48–43.75 40.51–46.01 45.60–52.40
R/L Pterion ant. mean 44.17 46.23 43.48 51.32 45.02 42.72 45.84 43.01 42.86 49.00

sd – 1.04 1.81 1.95 1.56 – 1.92 0.66 2.38 4.80
Bicanine breadth range – 19.99–21.58 19.94–21.41 19.06–25.30 20.08–23.11 – 19.51–21.82 18.95–22.20 17.19–18.78 19.27–20.79
R/L Premax–max inf. mean 21.62 20.59 20.62 23.05 21.83 20.34 20.62 20.69 17.83 20.03

sd – 0.70 0.60 2.37 1.22 – 0.84 1.64 0.68 1.08
Bimolar breadth range – 25.52–29.33 25.80–26.47 27.95–36.88 26.55–32.75 – 23.58–27.90 26.91–28.30 25.24–27.22 27.14–30.89
R/L M12 contact mean 28.98 26.85 26.23 33.14 30.72 26.50 26.06 27.72 26.53 29.01

sd – 1.56 0.30 3.69 2.17 – 1.97 0.73 0.92 2.65
Biporionic breadth range – 48.08–52.81 50.77–53.65 54.68–65.38 50.33–56.86 – 53.03–55.58 51.96–54.47 47.94–52.04 53.62–56.80
R/L Porion mean 57.28 50.86 52.46 60.01 55.05 56.77 54.65 53.25 50.23 55.21

sd – 1.72 1.21 3.66 2.36 – 1.05 1.26 1.72 2.25
Biasterionic breadth range – 43.92–48.33 44.93–49.41 47.99–57.40 46.72–49.58 – 44.42–48.09 44.80–59.21 43.42–46.26 43.30–43.37
R/L Asterion mean 43.55 45.73 46.68 51.52 48.39 51.92 46.03 49.85 44.89 43.34

sd – 1.90 2.03 3.42 1.00 – 1.45 8.11 1.48 0.04
Biauricular breadth range – 55.73–61.58 58.64–59.52 62.91–69.52 59.72–63.73 – 58.82–62.22 58.80–60.66 55.63–60.67 61.17–61.69
R/L Auriculare mean 61.45 58.42 59.21 67.06 62.38 61.59 60.85 59.81 57.53 61.43

sd – 2.18 0.39 2.71 1.42 – 1.32 0.94 2.20 0.37

All distances in millimeters. See SOM, Appendix 1 for landmark definitions; taxon abbreviations follow Table 1.
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primary clusters: the first comprising dp4- and M1-stage manga-
beys and macaques; the second, M2- and M3 stages of all taxa.
Within these groups, congeners cluster by dental stage. The kipunji
is the outgroup to M2- and M3-stage Lophocebus. Because this
analysis was clearly influenced by developmental and perhaps also
allometric variation, a second phenogram was produced excluding
PCs 1–2, the variables summarizing dental-stage and size-corre-
lated shape differences. The second phenogram (Fig. 5b) shows
a much stronger taxonomic signal and correctly groups all opera-
tional taxonomic units (OTUs) by species but three: dp4-stage C.
atys groups with macaques, while dp4-stage L. albigena and L.
aterrimus group together within the Lophocebus cluster. The kipunji
groups with C. torquatus.

Canonical discriminant analysis

Mahalanobis distances based on cranial PCs 1–15 (81% total
shape variance) are shown in Table 4. The kipunji is phenetically
most similar to M. sylvanus (D2¼ 43.50), L. atterimus (45.52), and C.
atys (46.21), and quite distant from Papio (D2¼142.58). The
kipunji’s distances to L. aterrimus (45.52) and L. albigena (53.10)
exceed their mutual pairwise distance (12.95) by a factor of three
and are comparable to or greater than all Cercocebus-Lophocebus
distances. Thus, the kipunji’s D2 values exceed mangabey intra-
specific distances and are comparable to or greater than distances
between currently recognized papionin genera.

The first three canonical variates account for 80% of total shape
variance. ANCOVA of individual CVs with log centroid size finds no
significant size effect; MANCOVA of CVs 1–3 likewise finds no
significant size effect. Thus, these variates are not separating species
on the basis of size-correlated shape variation. A plot of the first
three canonical variates (Fig. 6a) groups the kipunji with other
mangabeys on the first canonical axis, which separates cercopithe-
cins from papionins, as well as on CV2, which separates mangabeys
from other cercopithecines. However, the third canonical axis
groups the kipunji with macaques, suggesting that it retains basal
papionin shape characteristics. This places the kipunji in its own
region of the canonical space, well removed from other papionins.



Table 3
Scaled cranial interlandmark distances for M1-stage papionins

rkn laa laj phk cga cgc cta ctt mmx msy

n 1 5 4 6 6 1 5 3 4 2

Skull length range – 2.373-2.541 2.434-2.460 2.377-2.475 2.336-2.402 – 2.308-2.424 2.372-2.419 2.344-2.435 2.335-2.400
Inion–Prosthion mean 2.345 2.457 2.443 2.425 2.369 2.443 2.346 2.396 2.375 2.367

sd – 0.064 0.012 0.039 0.024 – 0.048 0.034 0.042 0.046
Cranial length range – 1.916-2.043 1.991-2.052 1.829-2.066 1.875-1.976 – 1.939-2.032 1.962-1.963 2.010-2.184 1.892-1.977
Inion–Nasion mean 1.958 1.978 2.016 1.931 1.923 1.986 1.998 1.963 2.106 1.934

sd – 0.051 0.027 0.086 0.037 – 0.041 0.001 0.073 0.060
Facial length range – 1.541-1.618 1.542-1.638 1.497-1.591 1.505-1.587 – 1.425-1.533 1.493-1.672 1.362-1.499 1.507-1.520
Basion–Prosthion mean 1.504 1.590 1.573 1.540 1.533 1.512 1.483 1.569 1.433 1.513

sd – 0.032 0.044 0.037 0.031 – 0.039 0.092 0.057 0.009
Palate length range – 0.827-0.936 0.822-0.862 0.806-0.866 0.804-0.908 – 0.755-0.861 0.848-0.911 0.722-0.835 0.861-0.866
Staphylion–Prosthion mean 0.820 0.868 0.846 0.843 0.856 0.833 0.814 0.878 0.768 0.864

sd – 0.044 0.017 0.021 0.040 – 0.039 0.032 0.049 0.003
Cranial base length range – 0.661-0.789 0.707-0.794 0.663-0.746 0.665-0.709 – 0.681-0.693 0.650-0.779 0.663-0.684 0.653-0.671
Basion–Staphylion mean 0.688 0.726 0.743 0.711 0.688 0.700 0.685 0.701 0.674 0.662

sd – 0.058 0.037 0.031 0.017 – 0.005 0.069 0.010 0.012
Cranial height range – 1.178-1.268 1.227-1.295 1.232-1.389 1.256-1.331 – 1.223-1.367 1.235-1.439 1.239-1.405 1.240-1.275
Basion–Bregma mean 1.304 1.241 1.263 1.300 1.281 1.289 1.297 1.326 1.338 1.258

sd – 0.038 0.031 0.063 0.026 – 0.057 0.104 0.071 0.025
Facial height range – 0.830-0.997 0.942-0.984 0.884-1.063 0.919-1.038 – 0.864-0.924 0.902-1.028 0.776-0.979 0.966-0.990
Prosthion–Nasion mean 0.800 0.915 0.964 1.000 0.978 1.067 0.900 0.975 0.873 0.978

sd – 0.059 0.018 0.068 0.043 – 0.024 0.066 0.085 0.017
Bizygomatic breadth range – 1.377-1.506 1.373-1.470 1.326-1.444 1.363-1.445 – 1.362-1.461 1.416-1.538 1.448-1.483 1.505-1.521
R/L Zyg–temp sup. mean 1.482 1.433 1.416 1.389 1.410 1.398 1.427 1.482 1.461 1.513

sd – 0.052 0.041 0.046 0.031 – 0.044 0.062 0.016 0.012
Biorbital breadth range – 1.203-1.318 1.196-1.321 1.158-1.256 1.203-1.250 – 1.205-1.298 1.193-1.357 1.316-1.346 1.267-1.281
R/L Frontomalare temp. mean 1.274 1.265 1.243 1.223 1.229 1.182 1.253 1.275 1.333 1.274

sd – 0.045 0.059 0.034 0.019 – 0.036 0.082 0.013 0.010
Interorbital breadth range – 0.101-0.125 0.080-0.111 0.096-0.139 0.105-0.138 – 0.117-0.175 0.126-0.135 0.119-0.146 0.149-0.162
R/L Dacryon mean 0.138 1.112 0.101 0.123 0.122 0.088 0.141 0.130 0.130 0.155

sd – 0.012 0.014 0.015 0.013 – 0.025 0.004 0.012 0.009
Postorbital breadth range – 1.157-1.196 1.084-1.180 1.037-1.201 1.030-1.199 – 1.128-1.172 1.056-1.179 1.089-1.203 1.106-1.206
R/L Pterion ant. mean 1.098 1.178 1.122 1.127 1.083 1.099 1.148 1.122 1.148 1.156

sd – 0.015 0.041 0.054 0.069 – 0.019 0.062 0.057 0.071
Bicanine breadth range – 0.505-0.558 0.515-0.551 0.445-0.528 0.504-0.552 – 0.477-0.569 0.490-0.611 0.450-0.505 0.467-0.479
R/L Premax-max inf. mean 0.537 0.525 0.532 0.504 0.524 0.523 0.517 0.541 0.478 0.473

sd – 0.002 0.016 0.031 0.018 – 0.034 0.063 0.024 0.008
Bimolar breadth range – 0.639-0.731 0.670-0.684 0.672-0.778 0.674-0.762 – 0.615-0.685 0.696-0.770 0.693-0.732 0.658-0.711
R/L M12 contact mean 0.720 0.684 0.677 0.724 0.737 0.682 0.652 0.723 0.711 0.685

sd – 0.036 0.006 0.041 0.034 – 0.031 0.041 0.020 0.037
Biporionic breadth range – 1.244-1.326 1.335-1.387 1.240-1.355 1.277-1.366 – 1.327-1.426 1.326-1.500 1.320-1.367 1.301-1.307
R/L Porion mean 1.423 1.296 1.354 1.316 1.322 1.461 1.370 1.390 1.346 1.304

sd – 0.035 0.023 0.041 0.036 – 0.038 0.096 0.022 0.005
Biasterionic breadth range – 1.136-1.208 1.139-1.277 1.078-1.183 1.115-1.226 – 1.093-1.235 1.114-1.630 1.178-1.227 0.998-1.051
R/L Asterion mean 1.082 1.165 1.205 1.129 1.163 1.336 1.154 1.307 1.203 1.024

sd – 0.031 0.063 0.035 0.043 – 0.054 0.281 0.021 0.037
Biauricular breadth range – 1.442-1.539 1.505-1.542 1.388-1.515 1.445-1.535 – 1.508-1.550 1.508-1.619 1.520-1.586 1.420-1.484
R/L Auriculare mean 1.527 1.489 1.528 1.472 1.498 1.585 1.524 1.559 1.541 1.452

sd – 0.035 0.017 0.049 0.032 – 0.017 0.056 0.031 0.045

Interlandmark distances scaled by the geometric mean of all distances. See SOM, Appendix 1 for landmark definitions; taxon abbreviations follow Table 1.
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The only evidence of baboon affinities is seen on CV1, where the
kipunji occupies an intermediate position between Papio, which
defines one extreme of variation, and other mangabeys.

Jack-knife cross-validation of the cranial discriminant function
(SOM, Appendix 2) yielded an overall error rate of 18%. Classifica-
tion rates for mangabeys ranged from 46% correct for C. chrys-
ogaster to 92% for C. atys and L. albigena; 87% of L. aterrimus
individuals were correctly classified to species, and all Lophocebus
specimens were correctly classified to genus. One Cercocebus
torquatus specimen was incorrectly classified to Lophocebus; no
other specimens were classified outside their own genus. When
treated as an unknown, the kipunji classifies to M. sylvanus with
a posterior probability of 0.61 (Table 5). L. aterrimus (p¼ 0.22) and
Cercocebus atys (p¼ 0.16) are the only alternate classifications with
nonzero posterior probabilities. Typicality probabilities, which
more accurately reflect the likelihood of group membership
(Albrecht, 1992), are extremely low (p< 0.0001), indicating that the
kipunji cannot be classified to any sample species. This species-
level classification offers important insights into the kipunji’s
cranial-shape affinities, but it is unfair to expect it, as a member of
a recognized species, to classify with any certainty at the species
level. Repeating the analysis at the genus level (Table 5), discrimi-
nant classification does place the kipunji in Lophocebus with
a posterior probability of 0.84; however, the typicality of p< 0.0001
shows that this is simply the best of several extremely poor fits.

Cranial shape variation

In Fig. 7, the kipunji cranium is superimposed on M1-mean
cranial shapes of its nearest relatives, L. albigena, L. aterrimus, and
P. h. kindae, as well as M. sylvanus and C. atys, taxa to which it
displays strong morphometric affinities. These direct comparisons
show many similarities but also key differences between the
kipunji and other papionins across all cranial regions.

Face
The kipunji’s overall facial proportions are similar to those of

other mangabeys (see Fig. 7) and consistent with established



Fig. 4. Principal components analysis of all specimens. Cranial plots are shown in the left column (a–c); zygomaxillary plots in the right (d–f); symbols signify dp4-M2 dental stages.
In both analyses, the first two principal components separate specimens by dental stage and size, respectively (see a, d). In these plots the kipunji falls within the mixed mangabey
distribution. In plots b and e, species are separated on the basis of suborbital fossa development and the kipunji groups with Cercocebus. Plots c and f separate Papio, Lophocebus, and
the cercopithecins from Cercocebus, Macaca, and the kipunji.
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patterns of papionin cranial allometry (O’Higgins and Jones,
1998; Ravosa and Profant, 2000; Collard and O’Higgins, 2001;
Singleton, 2002; Leigh et al., 2003), but its face shows a number
of differences from Lophocebus species. Its orbits, although
similarly shaped, are more widely set, thus it lacks the pinched
interorbital region that is particularly evident in L. albigena. The
kipunji’s interorbital region is also more vertically oriented
(relative to Frankfurt horizontal) than those of other mangabeys.
In this feature it approximates Papio, but it lacks the latter’s
slightly concave anteorbital profile. In dorsal view, the kipunji’s
lateral orbital margins are more anteriorly positioned and its
supraorbital torus is more coronally oriented than in Lophocebus,



Fig. 5. Phenograms of species dental-stage means produced by cluster analysis of PC scores for the cranial (a–b) and zygomaxillary (c–d) landmark sets. Abbreviations follow
Table 1; numbers indicate dental stages: 1 ¼ dp4, 2 ¼M1, 3 ¼M2. Cluster analyses of the full variable set (PCs 1–15) are strongly influenced by developmental and allometric shape
trends and cluster mangabeys by dental stage rather than species (a, c). In these analyses, the kipunji clusters with M2- and M3-stage Lophocebus (a) and M3-stage small-bodied
papionins (c). Cluster analyses excluding PCs 1-2 show strong taxonomic signal and cluster dental-stage means by species and genus (b, d). In these analyses, the kipunji clusters
with C. torquatus (b) or C. atys (d).

M. Singleton / Journal of Human Evolution 56 (2009) 25–42 33
both more similar to Cercocebus. Its unusually broad malars and
laterally positioned zygomatic arches are evident in all inter-
specific comparisons. Its nasals are both shorter and less pro-
jecting than those of any mangabey, a feature in which it most
Table 4
Cranial and zygomaxillary morphological distances (unadjusted Mahalanobis D2)a

cax cga laj laa cta cgc

aethiops 0 90.18 100.82 96.05 89.12 9
agilis 144.51 0 36.02 26.33 18.76 *

albigena 169.27 35.96 0 16.50 27.40 3
aterrimus 165.89 38.26 12.95 0 30.06 1
atys 140.84 14.43 30.67 28.02 0 1
chrysogaster 147.08 10.84 33.12 38.73 14.85
hamadryas 244.31 112.93 136.62 120.64 130.73 9
kipunji 223.40 69.80 53.10 z45.52 z46.21 6
mulatta 110.20 51.37 71.27 70.85 39.78 4
nigroviridis 66.99 113.61 146.35 141.49 111.37 10
sylvanus 147.60 79.67 79.39 65.25 44.06 6
torquatus 146.70 39.76 35.82 35.59 39.60 3

a Cranial distances below the diagonal; zygomaxillary distances above. Taxon abbreviat
D2 values with values adjusted for unequal sample sizes (Neff and Marcus, 1980) showe
between species generally or for the kipunji specifically were not affected. As discrimin
values are reported and were carried through to subsequent analyses.
closely resembles M. mulatta (not shown), but are slightly
upturned as in Lophocebus. The dished nasal profile, produced by
the intersection of the vertical interorbital region and the more
dorsally oriented maxillary body, is unique among papionins
phk rkn mmx ann msy ctt

2.67 161.64 132.47 85.06 54.53 105.60 90.03
5.70 61.74 z34.22 36.66 70.76 64.62 37.05
3.59 77.00 z41.29 56.66 83.79 89.67 24.88
9.72 51.17 *30.53 33.17 80.54 57.46 20.89
8.54 63.32 *23.89 25.84 55.35 56.77 28.85
0 43.57 *34.83 26.98 71.57 52.34 32.54
7.17 0 78.77 66.48 83.19 63.67 48.96
6.88 142.58 0 *47.70 106.38 67.93 *37.47
4.37 105.26 73.84 0 55.99 46.96 37.23
0.72 156.82 212.37 97.47 0 63.35 39.62
7.16 102.35 z43.50 40.66 140.33 0 45.33
9.70 91.34 75.38 62.87 89.67 65.84 0

ions follow Table 1. *NS; zp< 0.05; all others, p< 0.001. A comparison of Mahalanobis
d adjusted values to be uniformly smaller; however, rankings of pairwise distances
ant classification results and probabilities are based upon the unadjusted D2, these



Fig. 6. Canonical variates analysis of all specimens. Canonical plots for cranial (a) and zygomaxillary (b) analyses of PCs 1–15. In the cranial plot (a), the kipunji falls well outside the
mangabey distribution and closest to macaques. On the zygomaxillary plot (b), the kipunji falls outside the Lophocebus distribution and at the margin of the Cercocebus cluster.

Table 5
Discriminant classification results

Classificationa Cranial Zygomaxillary

D2 Probability D2 Probability

Posterior Typicality Posterior Typicality

Species
M. sylvanus 43.50 0.61 <0.0001 C. atys 23.89 0.95 0.02
L. aterrimus 45.52 0.22 <0.0001 L. aterrimus 30.53 0.03 0.002
C. atys 46.21 0.16 <0.0001 C. agilis 34.22 0.01 0.001
Genus
Lophocebus 41.61 0.84 <0.0001 Cercocebus 23.01 0.95 0.002
Cercocebus 45.52 0.12 <0.0001 Lophocebus 28.76 0.05 < 0.001
Macaca 47.60 0.04 <0.0001

a Discriminant classifications of the kipunji using jack-knife cross-validation.
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Fig. 7. Pairwise cranial shape comparisons between the kipunji skull (black wireframe) and M1-stage species means (grey wireframes). Each row represents one interspecific
comparison. The lateral view shows both landmarks and semi-landmarks; dorsal and frontal views show landmarks only.
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examined. The snubbed appearance (lateral view) of the
kipunji’s premaxillary alveolar process is almost certainly an
artifact of the incomplete eruption of its permanent incisors, an
effect that is masked in other groups by the averaging of indi-
viduals at different stages of incisal eruption.

Neurocranium
The kipunji’s neurocranium is taller and shorter than those of

either Lophocebus species, and (consistent with the interlandmark
distances) its greatest breadth falls relatively low. The kipunji’s
calvaria resembles most closely that of the Cercocebus species (e.g.,
C. atys) and Papio. The latter’s slightly larger neurocranium is
consistent with Leigh’s (2007) finding of accelerated brain growth
in Papio. The landmark set employed in this study does not record
the contour of the anterior temporal lines, precluding direct
assessment of their convergence point (Groves, 2000; McGraw and
Fleagle, 2006; Gilbert, 2007). In any case, the anterior temporal
lines vary markedly over the course of development, making this
trait difficult to judge in juveniles. Consistent differences were
observed, however, in the location of the temporal point landmark
(TMP; SOM, Appendix 1), which marks the coronal suture’s inter-
section with the anterior temporal line. This landmark is posteriorly
positioned in Papio and Lophocebus species but more anteriorly
located in Cercocebus (see Fig. 7). While the kipunji shares the
posterior temporal point position of Papio and Lophocebus, its
temporal line intersection is more superiorly located. In this feature
it most closely resembles M. sylvanus and, thus, may conserve
a more primitive morphology. No consistent differences in nuchal
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shape were apparent, probably due to the weak development of the
juvenile nuchal line.

Basicranium
The shape of the petrous temporal bone is virtually identical in

the two Lophocebus species, but varies considerably within Cerco-
cebus (not shown). Nevertheless, the elongated and posteriorly
oriented auditory tube described by Groves (1978) for Cercocebus is
evident in the relatively posterolateral position of porion and the
oblique orientation of the petrosal’s long axis (Fig. 8). The kipunji is
most similar to C. atys in overall petrosal shape, but when indi-
vidual traits are considered, a mosaic pattern emerges. In the
kipunji, the anterolateral position of porion signifies a long auditory
tube, similar to Cercocebus, that is transversely oriented as in
Lophocebus. However, consistent with its relatively shorter
cranium, the kipunji’s petrosal is more anteriorly located than in
Fig. 8. Pairwise shape comparisons between the kipunji (black wireframe) and M1-stage sp
and pterygoid process of the sphenoid bone. Lateral and frontal views of left zygomaxillary la
Lophocebus. The juvenile inferior petrous process (IPP) is weakly
developed and differences among African papionins in its relative
position were absent or small. Where differences were discernable,
the Cercocebus process was slightly more medial, as described by
Gilbert (2007). The kipunji’s IPP is lateral to that of Cercocebus
species, but also slightly lateral to that of Lophocebus and Papio. As
described by Peburn (pers. comm.), Cercocebus species exhibit more
medially positioned lateral pterygoid plates than Lophocebus,
whose condition the kipunji shares. Its temporomandibular joint
(TMJ) position, however, is posterior to that of Lophocebus and more
similar to that of Papio and Cercocebus (Fig. 8).

Figure 9 shows principal component ordinations for the
M1-stage papionin subsample. Consistent with known patterns of
primate cranial allometry, the first principal shape component
(21% total shape variance) separates larger taxa (Papio and
M. sylvanus) from smaller-bodied species and summarizes variation
ecies means (grey wireframes). Left column shows landmarks of the left temporal bone
ndmarks and semi-landmarks are shown in the center and right columns, respectively.



Fig. 9. Principal components analysis of M1-stage papionins. Cranial plots and shape comparisons are shown in the left column (a–c); zygomaxillary, in the right (d–f). Wireframes
representing extremes of shape variation for the corresponding component axes illustrate the cranium in left lateral view and the zygomaxillary complex in left lateral and frontal
views (see Fig. 8). The kipunji exhibits typical craniofacial proportions for a small-bodied papionin (a), overlapping C. agilis and both Lophocebus species. It overlaps Papio and
Lophocebus on axes describing relative frontal proportions (c) and zygomatic arch shape and position (e). The kipunji is strongly separated from Lophocebus and Papio on plots
describing relative cranial height and facial breadth (b) and suborbital fossa configuration (d, f).
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in the relative proportions of the face and neurocranium (Fig. 9a).
PC2 (15% variance) separates species with more ventrally oriented
faces (Papio and Macaca) from those with more dorsally oriented
faces (Lophocebus, C. agilis, and the kipunji). In this plot, the kipunji
falls at the intersection of the Lophocebus and Cercocebus distri-
butions, but closer to the Lophocebus centroid. In Fig. 9b, PC3 (9%
variance) separates macaques from Papio and Cercocebus, while PC4
(7% variance) separates the kipunji, Macaca, and Cercocebus from
Lophocebus and Papio. The former axis primarily summarizes
differences in facial proportions, contrasting the reduced midfacial
height and relatively broader orbits and zygomae (not shown) of
the kipunji and macaques with the relatively taller, narrower faces
of Papio and Cercocebus. Along PC4, there is variation in relative
facial length and orientation and in neurocranial shape, contrasting
the kipunji’s relatively short nasals, dished nasal profile, and tall
neurocranium with the elongated neurocranium and more linear
facial profile of Lophocebus. In Fig. 9b, the kipunji falls closest to the
macaque cluster but outside the distributions of all other taxa. On
PC5 (Fig. 9c), Papio-clade members, including the kipunji, are
separated from Cercocebus and distinguished by more medially
oriented maxillary ridges and an expansion of the anterior frontal
that is particularly evident at glabella.

To summarize, the kipunji is characterized by a number of
features (broad malars and cranial base; laterally positioned
zygomatics; short, upturned face; and tall neurocranium) that
combine to give it a boxier cranial morphology in contrast to the
‘‘swept-back’’ appearance of Lophocebus crania (Groves, 1978). The
PC5 axis (6% shape variance) also separates the kipunji at one
extreme from Lophocebus species at the other and contrasts the low
cranial vault and projecting, upturned nasals of Lophocebus with
the shorter, less prominent nasals and shorter, taller neurocranium
of the kipunji. This axis also describes variation in relative cranio-
facial breadth similar to that summarized by PC3.

Zygomaxillary analysis results

Principal components analysis

The right column of Fig. 4 (plots d, e, and f) shows zygomaxillary
PCA ordinations for the entire subadult sample. The first two
zygomaxillary principal components (Fig. 4d) are linearly related to
centroid size across all taxa (PC1: r¼ 0.24, p¼ 0.007; PC2: r¼ 0.38,
p< 0.0001) and reflect developmental and allometric shape trends
similar to those present in the cranium as a whole (Fig. 4a). In this
case, cercopithecins overlap the mangabey distribution, while
Macaca and especially Papio are distinct. The kipunji falls amid the
M1-stage Cercocebus and Lophocebus specimens. The third prin-
cipal component (Fig. 4e) separates cercopithecins from papionins,
while PC4 separates macaques. On this plot, most mangabeys
cluster toward the lower right quadrant, while the kipunji falls in
the upper right, just outside the Lophocebus distribution in the area
of overlap between Cercocebus and Macaca. In Fig. 4f, PC5 separates
Papio and Lophocebus from the kipunji and most Cercocebus and
Macaca specimens. On this axis, the kipunji slightly overlaps Papio
and falls well outside the Lophocebus range but within the Cerco-
cebus and macaque distributions. As seen previously, zygomaxillary
PCs that summarize taxonomic (versus developmental) shape
variation consistently cluster the two Lophocebus species but group
the kipunji more closely with Cercocebus and Macaca.

Cluster analysis

The phenogram derived from zygomaxillary PCs 1–15 (Fig. 5c)
shows a very strong developmental effect, with only the most
distinctive taxa (Papio and the cercopithecins) clustering by
species. The phenogram based upon PCs 3–15 (Fig. 5d) shows more
taxonomic structure, although less than in the comparable cranial
analysis. There are fewer discrete genus clusters, and there is some
sorting by dental stages within species groups (e.g., C. chrysogaster
and C. agilis). In this phenogram, Papio nests within Lophocebus,
which in turn nests within C. torquatus. The kipunji is grouped with
C. atys and M. mulatta.

Canonical discriminant analysis

Mahalanobis distances derived from the first 15 zygomaxillary
PCs (88% total shape variance) are shown in Table 4. In its overall
zygomaxillary shape, the kipunji is most similar to C. atys
(D2¼ 23.89), L. aterrimus (30.53), and C. agilis (34.22); it is consid-
erably more distant from L. albigena (41.29). As in the cranial
analysis, distances between the kipunji and Lophocebus species
equal or exceed those between members of the two recognized
mangabey genera.

The MANCOVA of zygomaxillary CVs 1–3 (75% total shape
variance), as well as ANCOVA of CVs 1–2, found no significant size
effect; however, a significant size effect (F¼ 5.45, p¼ 0.02) was
found for CV3. The latter effect accounts for less than 5% of
explained variance (partial e2¼ 0.047) and CV scores show no
linear size relationship either within or across species (not shown).
This result may be an artifact of the extreme position of Papio, the
largest species sampled; regardless of its source, size does not
appear to drive species separation on this axis.

The zygomaxillary canonical plot (Fig. 6b) shows a clump of
‘‘typical’’ mangabeys ringed by more distant species. The kipunji is
separated from Lophocebus along CV3, occupying a position inter-
mediate between C. agilis and C. atys. The CV3 scores of kipunji fall
within the Cercocebus and Macaca ranges, suggesting it retains
a more primitive zygomaxillary shape and less well developed
suborbital fossa. The strong separation of the kipunji and Papio in
canonical space is consistent with their large morphological
distance.

The zygomaxillary discriminant function has relatively high
error rates (SOM, Appendix 3), ranging from 6% for Papio to 60% for
C. torquatus. Error rates for L. albigena (17%) and L. aterrimus (25%)
are also increased relative to the cranial analysis, and four speci-
mens (one albigena, three aterrimus) misclassify to Cercocebus.
When treated as an unknown, the kipunji classifies to C. atys with
a 0.95 posterior probability, to L. aterrimus with p¼ 0.03, or to
C. agilis at p¼ 0.01. Low typicality probabilities (Table 5) demon-
strate the poor fit of all of these assignments. The genus-level
discriminant function refers the kipunji to Cercocebus (posterior
p¼ 0.95) or Lophocebus (p¼ 0.05); typicality probabilities for these
classifications are low, at p< 0.01.

Zygomaxillary shape variation

Direct shape comparisons between the kipunji juvenile and
papionin M1-stage mean shapes (see Fig. 8) show the kipunji’s
zygomaxillary morphology to differ from other papionins in several
respects. In comparison with Papio and M. sylvanus, the kipunji’s
zygomatic is more anteriorly positioned and the arch more sinuous,
i.e., ‘‘mangabeylike.’’ In comparison with Cercocebus, the kipunji
exhibits weaker paranasal ridge development, a slightly deeper
suborbital fossa, and a more sinuous zygomatic arch. In these
features it is more similar to Lophocebus; however, the kipunji’s
broader malar results in a less restricted suborbital fossa and more
laterally positioned zygomatic arch than is seen in either species of
Lophocebus. Relative to both mangabey genera, the kipunji shows
a relatively broad suborbital fossa.

Principal shape component visualizations (Fig. 9d–f) are
generally consistent with the direct shape comparisons. Zygo-
maxillary shape components calculated for the M1-stage papionin
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sample are independent of cranial centroid size within genera.
Across the entire subsample, only PC4 (r¼ 0.50, p¼ 0.002) and PC5
(r¼ 0.38, p¼ 0.02) are significantly, albeit weakly, correlated with
size. In general, separation among groups is weaker than for the
cranial analysis, but taxonomic patterning is similar. In Fig. 9d, the
first zygomaxillary shape component (28% total shape variance)
separates Papio and M. sylvanus, with their longer and more ante-
riorly located maxillary alveolar processes and weakly developed
suborbital fossae, from the mangabeys, with their shorter and more
retracted alveolar processes and deep suborbital fossae. On PC2, the
Papio clade (including the kipunji) and C. agilis are separated from
C. atys and the macaques. This axis summarizes variation in zygo-
matic depth and suborbital fossa breadth, contrasting the relatively
narrow, restricted fossa typical of Lophocebus, at one extreme, with
the broader, more open fossa of Cercocebus. On this plot, which
summarizes differences in maxillary prognathism and suborbital
fossa shape and depth, the kipunji falls well out-
side the Lophocebus distribution and closest to C. torquatus and
C. chrysogaster.

In Fig. 9e, PC3 (11% variance) separates Cercocebus (excluding
C. torquatus) from the remaining taxa; this axis contrasts the lateral
zygomatic root and squared-off zygomatic arch of Cercocebus with
the latter group’s more medial zygomatic root and more acute jugal
angle. On PC4, non-torquatus Cercocebus species, especially C. atys,
are separated from Papio, Lophocebus, and Macaca. More positive
scores (e.g., those of C. atys) signify a more laterally positioned
zygomatic root. Taken jointly, the two axes group most Cercocebus
mangabeys toward the upper right quadrant, while macaques,
C. torquatus, and the Papio-clade species fall in the lower left. The
kipunji clusters with Papio and Lophocebus at the periphery of the
Lophocebus distribution.

On PC5 (Fig. 9f), most Cercocebus mangabeys, particularly
C. torquatus, fall toward the positive end, while Lophocebus
mangabeys and macaques have more negative scores. This axis
contrasts the relative strong maxillary ridges of C. torquatus with
the more modestly developed ridges seen in other taxa. On PC6, the
broad malar region and linear, parasagittally aligned zygomatic
arches of the kipunji are contrasted with the relatively narrow
malar region and more bowed zygomatic arches of Lophocebus
albigena. In summary, the kipunji shares aspects of zygomaxillary
shape, e.g., the more sinuous zygomatic, with Lophocebus and Papio,
but differs from Lophocebus in features such as malar breadth and
suborbital fossa shape.

Discussion

Conclusions based upon morphological analysis of a single
juvenile specimen are necessarily provisional. By using a develop-
mentally appropriate comparative sample and employing a variety
of mensural, statistical, and geometric comparisons, this study
attempts to minimize the risk of drawing taxonomic inferences on
the basis of developmental or individual variation. Some aspects of
the kipunji specimen’s morphology (e.g., its abbreviated and
irregular premaxillary alveolar process) appear to be artifacts of
ongoing developmental processes. Nevertheless, coherent shape
differences distinguishing this specimen from other papionin taxa
are found across the cranium’s major functional and developmental
regions, and the results of this study consistently support the
kipunji’s morphometric distinctiveness.

Comparisons of raw and size-corrected linear distances (Tables 2
and 3) show the kipunji to possess a relatively taller, broader
neurocranium and broader face than is observed in M1-stage
juveniles of most other papionin taxon sampled. These differences
are particularly marked in relation to the two Lophocebus species.
Although comparable in absolute length, the kipunji’s neuro-
cranium is relatively shorter than those of L. albigena and L.
aterrimus, as well as absolutely and relatively taller. The kipunji’s
facial and biporionic breadths are likewise absolutely and relatively
greater than those of the Lophocebus specimens sampled. While
sample sizes are too small to assess statistical significance, the
kipunji’s linear dimensions do not seem consistent with its attri-
bution to Lophocebus.

In PCA ordinations of the entire subadult sample (Fig. 4), the
kipunji groups with Lophocebus mangabeys only in those plots that
clearly summarize developmental shape variation (Fig. 4a and d) or
that unite Lophocebus and Papio to the exclusion of other papionins
(Fig. 4c). Plots that most strongly separate papionin genera (e.g.,
Fig. 4b) group the kipunji with Cercocebus and/or Macaca. Similar
patterns are evident in cranial and zygomaxillary phenograms
derived from principal component scores (Fig. 5). Cluster analyses
including shape components that summarize developmental shape
variation (PCs 1–2) cluster mangabeys primarily by dental stage. In
these analyses, the kipunji groups with the M2-M3 stages of
Lophocebus and Cercocebus. Analyses excluding PCs 1–2 correctly
group dental-stage means by species and, to a lesser extent genus,
reflecting the presence of taxonomic shape differences. In these
analyses, the Lophocebus species cluster closely, but the kipunji
groups with C. torquatus (cranium) and C. atys (zygomaxillary
region), suggesting morphometric affinities with these outgroups
to the Papio clade.

These phenetic patterns, based upon Euclidean distances, are
mirrored by analyses based upon Mahalanobis distances. Distances
between the kipunji and other papionin species (Table 3) far exceed
those between Lophocebus speciesdor mangabey intrageneric
distances generallydand are as great as or greater than distances
between members of recognized papionin genera. The kipunji’s
smallest morphological distances are not to its clademates,
Lophocebus and Papio, but rather to Macaca sylvanus and Cercocebus
atys. This pattern is reflected in canonical plots, which place the
kipunji in its own region of canonical space between mangabeys
and macaques (cranium) or group it with Cercocebus (zygomaxil-
lary region). Canonical variate scores are largely independent of
size, thus the kipunji’s morphometric distinctiveness cannot be
attributed to allometric effects. Discriminant function analyses
treating the kipunji as an unknown cannot place it in any recog-
nized papionin taxa with any real statistical support. Although
discrimination of non-mangabey species was excellent and results
for Lophocebus, with 82–100% of individuals classifying back to
their own genus, were generally good, the high error rates for
Cercocebus species urge caution in interpretation. Minimally, the
discriminant analysis results corroborate the kipunji’s lack of
similarity to Lophocebus.

The kipunji’s morphometric affinities with Cercocebus and
Macaca suggest that it retains basal papionin shape characteristics.
Taken trait by trait, its morphology is a mosaic of features, some
unique among papionins, some shared with Papio and/or Lopho-
cebus, and many shared with outgroup taxa. Unique to the kipunji
are its short nasal bones and dished nasal profile, broad malars,
dorsally oriented rostrum, broad neurocranium, and parasagittally
oriented zygomatics. These features combine to give its cranium
a compact, boxy appearance that is strikingly at odds with the more
streamlined cranial shape traditionally associated with Lophocebus
(Groves, 1978); if classic Lophocebus is a roadster, the kipunji is
a Volkswagen Bug.

The significance of the kipunji’s laterally positioned inferior
petrous process is uncertain given the structure’s weak develop-
ment in juveniles and the subtlety of the shape differences among
M1-stage means. Ontogenetic studies of this trait are needed to
determine whether observed differences persist, and are perhaps
magnified, through ontogeny before the taxonomic significance of
the kipunji’s petrous morphology can be known. Also unique is the
kipunji’s elongated but transversely oriented auditory tube. The
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long auditory tube, evidenced by the lateral position of porion, may
simply be a correlate of the kipunji’s broader cranial base. However,
variability within Cercocebus and the kipunji’s mixed morphology
raise the possibility that character sorting has occurred in the two
major African papionin lineages.

Papio-clade membersdPapio, Lophocebus, and the kipunjid
were found to share a more posteriorly located intersection of the
anterior temporal line and coronal suture than is seen in Cercoce-
bus. This signals a consistent difference in frontal shape that may be
linked to the temporal-line trait discussed by Fleagle and McGraw
(2002) and Gilbert (2007), but the nature of the relationship is
unclear. Logically, more anterior convergence of the anterior
temporal lines, as described for Papio and Lophocebus, would shift
their intersection with the coronal suture not only posteriorly, but
also more superiorly. While this is the case in the kipunji, it is not so
in Papio and Lophocebus. The posterosuperior temporal-point posi-
tion of Rungwecebus is most closely approximated by M. sylvanus
(Fig. 7); however, M. mulatta (not shown) exhibits a more anterior
temporal point. Uncertain polarity notwithstanding (and pending
confirmation of its presence in juvenile Mandrillus), this trait is
a useful discriminator of the two African papionin clades that can be
reliably assessed in subadult individuals.

With Lophocebus, the kipunji shares a relatively anteriorly
positioned zygomatic root and sinuous zygomatic arch, though in
each case its expression of the trait is less pronounced. Its zygo-
matic arch also differs in its more lateral position and parasagittal
(versus incurving) course. The kipunji lacks the prominent subor-
bital bar that characterizes L. albigena (Groves, 1978; Singleton,
2007), and is distinguished from both Lophocebus species by its
greater malar breadth. Its suborbital excavation is equivalent to that
of Lophocebus. This combination yields a relatively open suborbital
fossa, in contrast to the restricted, deeply overhung fossa of classic
Lophocebus, and may account for the kipunji’s discriminant classi-
fication to Cercocebus. If the kipunji’s Lophocebus-like zygomatic
morphology and Cercocebus-like suborbital fossa are hypothesized
to be primitive retentionsdfrom the last common ancestor (LCA) of
the Papio clade and the common papioninan ancestor, respective-
lydthe kipunji’s morphological and molecular affinities are
considerably easier to reconcile.

This is particularly important given that the most consistent
result across all analyses is the absence of phenetic similarity, either
global or regional, between the kipunji and its ostensible sister
taxon, Papio. While both exhibit relatively tall, globular crania,
vertical interorbital regions, and flexed nasal profiles, differences
between Rungwecebus and Papio in the prominence and relative
position of glabella produce rather different anteorbital profiles.
Comparisons with Macaca suggest that what similarity there is may
be primitive.

The kipunji’s mosaic morphology can be interpreted as
a montage of primitive traits retained from ancestors of varying
remoteness: a macaque-like facial profile from the papionin LCA;
Cercocebus-like suborbital fossae from the LCA of the African radi-
ation; Lophocebus-like zygomatic shape from the common ancestor
of the Papio clade; with a few potential autapomorphies (e.g., facial
breadth) for good measure. This scenario explains the kipunji’s
overall lack of similarity to its hypothesized sister taxon, but what
resemblance the story bears to actual phylogenetic history must
await the tests of time and data.

Although many questions concerning the kipunji remain to be
answered, results of this study suggest that: 1) it is a cranially
diagnosable phenon possessing unique characteristics; and 2) it is as
distinct from Lophocebus (sensu stricto) as the latter is from other
recognized papionin genera. By this standard, Rungwecebus is a valid
and arguably even necessary nomen, irrespective of the kipunji’s
exact position within the Papio clade. While this congruence
between molecular and morphological results is satisfying, it does
not resolve the thornier taxonomic issues the kipunji poses. Should
the initial molecular findings fail to be corroborated, can the kipunji
be restored to Lophocebus? Not, it seems, without fundamentally
altering our understanding of this genus. If, as is generally
acknowledged, paraphyletic genera are unacceptable, then what of
Cercocebus, whose monophyly has also come under question
(McGraw and Fleagle, 2006)? If C. torquatus is truly most closely
related to Mandrillus, we might soon have a seventh African papio-
nin genus. Facing a scenario much like that playing out in cercopi-
thecin taxonomy (Tosi et al., 2003, 2004, 2005), shall we opt for
a proliferation of papionin genera or shall we follow the suggestion
of Groves and colleagues (Goodman et al.,1998) and collapse the two
African clades into Cercocebus and Papio respectively? As heretical as
this might seem, the resulting genera arguably are no more
heterogeneous than extant Macaca, whose morphological, ecolog-
ical, and geographical diversity is presently unmatched. As much as
the desire for taxonomic stability, the difficulty of accommodating
savannah baboonsdgenerally recognized as subspecies of P. hama-
dryas (Jolly, 2003)dwithin this scheme make its adoption unlikely. If
nothing else, the kipunji reminds us that if we are to resolve such
questions, we must first acknowledge and embrace the complexity
of papionin evolutionary history.

Conclusions

Morphometric analysis of subadult papionin cranial shape
shows the kipunji to be phenetically distinct from Lophocebus and
Papio and to have strong morphometric similarities to both Cerco-
cebus and Macaca. Morphological distances between the kipunji
and other papionins are as great as or greater than those between
currently recognized genera, and principal component and
canonical discriminant analyses consistently separate the kipunji
from Lophocebus. While the kipunji shares the anterior malar
position and sinuous zygomatic arch of classic Lophocebus, it lacks
other features shared by L. aterrimus and L. albigena and possesses
unique characters that distinguish it from Lophocebus and from
other papionins generally. The kipunji cranium differs from that of
Lophocebus in its unrestricted suborbital fossa, parasagittally
oriented zygomatic arches, and long auditory tube, and from all
papionins in its relatively tall, short neurocranium; broad face and
cranial base; short nasals and dished nasal profile; and dorsally
oriented rostrum. Molecular results notwithstanding, no unam-
biguously unique morphological similarities between the kipunji
and Papio were identified. Based upon these results, Rungwecebus
appears to be a valid and useful nomen that accurately reflects
morphological diversity within the Papio clade. Future analyses of
adult skeletal material and additional molecular results will
undoubtedly modify conclusions drawn from the kipunji juvenile.
In the interim, the questions raised by this problem child under-
score the complexity of papionin morphological evolution and the
analytical and philosophical challenges posed by this young and
adaptively dynamic primate radiation.

Acknowledgments

My thanks to the following institutions and individuals:
L. Heaney and W. Stanley (Field Museum of Natural History),
L. Olson, T. Davenport, and E. Sargis, for access to the kipunji
specimen; E. Gilissen and W. Wendelen (Royal Museum for Central
Africa) and Georges Lenglet (Royal Belgian Institute of Natural
Sciences), for access to specimens, curatorial assistance, and
extraordinary hospitality; R. Thorington and L. Gordon (National
Museum of Natural History) for curatorial and photographic assis-
tance; E. Delson, the late L. Marcus, and members of the NYCEP
Morphometrics Group, particularly T. Peburn, K. Baab, R. Raaum,
K. McNulty, S. Frost, and K. Harvati, for ongoing contributions to this



M. Singleton / Journal of Human Evolution 56 (2009) 25–42 41
research; S. Inouye and S. Leigh for valuable feedback; and S. Antón
and anonymous reviewers for helpful comments on earlier versions
of this paper. This work was supported by NYCEP (NSF Research &
Training Grant BIR 96022-34, Special Program Grant ACI-9982351),
Midwestern University, the Field Museum of Natural History, and
the University of Illinois–Urbana-Champaign. This paper is NYCEP
Morphometrics Contribution #22.

Supplementary data

Supplementary data associated with this article can be found in
the online version, at doi:10.1016/j.jhevol.2008.07.012.
References

Albrecht, G.H., 1992. Assessing the affinities of fossils using canonical variates and
generalized distances. Hum. Evol. 7 (4), 49–69.

Barnicot, N.A., Hewett-Emmett, D., 1972. Red cell and serum proteins of Cercocebus,
Presbytis, Colobus, and certain other species. Folia Primatol. 17, 442–457.

Collard, M., O’Higgins, P., 2001. Ontogeny and homoplasy in the papionin monkey
face. Evol. Devel. 3, 322–331.

Collard, M., O’Higgins, P., 2002. Why such long faces? a response to Eugene Harris.
Evol. Devel. 4 (3), 169.

Cronin, J.E., Sarich, V.M., 1976. Molecular evidence for dual origin of mangabeys
among Old World primates. Nature 260, 700–702.

Davenport, T.R.B., Stanley, W.T., Sargis, E.J., De Luca, D.W., Mpunga, N.E.,
Machaga, S.J., Olson, L.E., 2006. A new genus of African monkey, Rungwecebus:
morphology, ecology, and molecular phylogenetics. Science 312, 1378–1381.

Delson, E., 1975a. Evolutionary history of the Cercopithecidae. In: Szalay, F.S. (Ed.),
Contributions to Primatology. Volume 5: Approaches to Primate Paleobiology.
Karger, Basel, pp. 167–217.

Delson, E., 1975b. Paleoecology and zoogeography of the Old World monkeys. In:
Tuttle, R. (Ed.), Primate Functional Morphology and Evolution. Mouton, The
Hague, pp. 37–64.

Delson, E., 1980. Fossil macaques, phyletic relationships, and a scenario of deploy-
ment. In: Lindburg, D.G. (Ed.), The Macaques: Studies in Ecology, Behavior and
Evolution. Van Nostrand Reinhold, New York, pp. 10–30.

Delson, E., Harvati, K., Reddy, D., Marcus, L.F., Mowbray, K., Sawyer, G.J., Jacob, T.,
Marquez, S., 2001. The Sambungmacan 3 Homo erectus calvaria: a comparative
morphometric and morphological analysis. Anat. Rec. 262, 389–397.

van der Kuyl, A.C., Kuiken, C.L., Dekker, J.T., Perizonius, W.R.K., Goudsmit, J., 1995.
Phylogeny of African monkeys based upon mitochondrial 12S rRNA sequences.
J. Mol. Evol. 40, 173–180.

Disotell, T.R., 1994. Generic level relationships of the Papionini (Cercopithecoidea).
Am. J. Phys. Anthropol. 94, 47–57.

Disotell, T.R., Honeycutt, R.L., Ruvolo, M., 1992. Mitochondrial DNA phylogeny of the
Old World monkey tribe Papionini. Mol. Biol. Evol. 9, 1–13.

Dryden, I.L., Mardia, K.V., 1998. Statistical Shape Analysis. John Wiley, New York.
Ehardt, C.L., Butynski, T.M., 2006. The recently described highland mangabey,

Lophocebus kipunji (Cercopithecoidea, Cercopithecinae): current knowledge
and conservation assessment. Prim. Conserv. 2006 (21), 81–87.

Fleagle, J.G., McGraw, W.S., 1999. Skeletal and dental morphology supports diphy-
letic origin of baboons and mandrills. Proc. Natl. Acad. Sci. 96, 1157–1161.

Fleagle, J.G., McGraw, W.S., 2002. Skeletal and dental morphology of African
papionins: unmasking a cryptic clade. J. Hum. Evol. 42, 267–292.

Fooden, J., 1980. Classification and distribution of living macaques (Macaca Lacé-
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