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The radiation of red colobus monkeys (Primates, Colobinae): morphological evolution in a clade of endangered African primates ANDREA CARDINI1,2* and SARAH ELTON2 1
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Red colobus monkeys are a group of African monkeys that include some of the most endangered primate populations. Despite urgently needing to understand the importance of particular populations for preserving the biodiversity of this lineage, their evolutionary relationships remain poorly understood, and their taxonomy is unstable, and often enigmatic. Data on behaviour, ecology, genetics, and morphology are thus strongly needed to address taxonomic issues that are not only relevant for primatologists, but also for conservation biologists. In this study, we investigated the morphological diversity and evolution of red colobus by examining the cranial variation of 369 individuals from most living populations. Crania were measured using a set of 64 anatomical landmarks, and were analysed using geometric morphometric methods for the study of three-dimensional landmark coordinates. We found significant differences among most of the populations traditionally described on the basis of pelage colour and geographic distribution. However, differences tended to be smaller within biogeographic assemblages, which might be related to mountain refugia during periods of forest contraction in the Pleistocene.We also found a tendency towards large taxonomic distances, which suggested that populations might have originated earlier than has been traditionally thought, a result congruent with a recent molecular phylogenetic analysis. However, the distinctive forms of East African relict populations might be related to an acceleration of morphological evolution in small peripheral isolates, under strong selective pressures. This indicates that small and isolated populations, which are also the most endangered ones, might indeed be unique representatives of the red colobus radiation, and hence contribute to its biodiversity significantly. However, in- depth morphological studies of red colobus, particularly those in peripheral populations that tend to be rare in the wild, as well as in museum collections, is hampered by a paucity of data. In these cases, populations might be extinct before primatologists and conservationsts can even appreciate what was lost. © 2009 The Linnean Society of London, Zoological Journal of the Linnean Society, 2009. doi: 10.1111/j.1096-3642.2009.00508.x
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INTRODUCTION The red colobus monkeys [Procolobus (Piliocolobus) de Rochebrune, 1887] represent one of the ‘thorniest taxonomic problems among the African primates’ (Grubb et al., 2003: 1339). Like the other members of *Corresponding author: E-mail: [email protected], [email protected]



the African colobine radiation [the monotypic olive colobus, Procolobus (Procolobus) verus (van Beneden, 1838), and the black and white colobus, Colobus (Illiger, 1811)], they have been understudied in comparison with members of the cercopithecine clade. In fact, it was not until relatively recently (O’Leary 2003) that the monophyly of the African colobines was determined, based on morphological similarities (Strasser & Delson, 1987; Groves, 2001; O’Leary,
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Table 1. Taxa used in the analysis and sample sizes N Genus/subgenus



Species



Subspecies



Taxonomic authority



Females



Males



Procolobus (Piliocolobus)



badius



badius temminckii waldroni – – bouvieri epieni preussi – ellioti foai oustaleti tephrosceles tholloni – – – –



(Kerr, 1792) (Kuhl, 1820) (Hayman, 1936) (Matschie, 1900) (Gray, 1868) (Rochebrune, 1887) Grubb & Powell, 1999 (Matschie, 1900) (Peters, 1879) (Dollman, 1909) (de Pousargues, 1899) (Trouessart, 1906) (Elliot, 1907) (Milne-Edwards, 1886) (van Beneden, 1838) Sclater, 1860 Ruppell, 1835 (Zimmermann, 1780)



36 11 15 4 33 1 – 31 5 16 3 9 7 4 20 4 20 11



23 4 6 – 10 – 1 10 1 18 6 5 16 2 7 4 19 7



gordonorum kirkii pennantii



Procolobus (Procolobus) Colobus



rufomitratus sp. sp. sp. sp. sp. verus angolensis Guereza Polykomos



2003) and molecular analyses (Stewart & Disotell, 1998; Sterner et al., 2006). Many of the same studies also confirmed the close relationship of red and olive colobus, which share a number of characters including a small larynx, a four-chambered stomach, and separate ischial callosities (Groves, 2001). In contrast, red colobus tend to be larger than olive colobus, and are clearly distinguished by their (albeit variably expressed) red pelage colour (Colyn, 1991; Kingdon, 1997; Gautier-Hion, Colyn & Gautier, 1999). Currently, five putative red colobus species and a total of 18 populations of uncertain taxonomic status are recognized within this clade (Grubb et al., 2003; see Table 1 for a list of samples included in our study). However, between 1781, when Pennant published the first description of colobus monkeys, and now, more than 30 taxa of red colobus have been described, mostly based on geographic distribution and pelage colour. These taxa were often gathered into just one species (e.g. Schwarz, 1928, cited in Grubb et al., 2003), but are generally considered to show more variability than is found in a single species, and are thus treated as a superspecies divided into assemblages (Grubb et al., 2003; Grubb, 2006). Within Piliocolobus, most authors agree that at least a few populations show remarkably distinctive traits, and are likely to represent separate biological species. However, the taxonomic status of most populations and their relationships are far from clear. According to Grubb et al. (2003), Piliocolobus can be subdivided into assemblages that largely



reflect the allopatric or parapatric distribution of their members (Fig. 1; see Table 1 for taxonomic authorities): (1) Procolobus badius (Kerr, 1792) consists of three populations living in west Africa from Senegal to Ghana; (2) Procolobus pennantii (Waterhouse, 1838) includes four populations from western equatorial Africa; (3) to the east of the range of P. pennantii, several populations are found that form the Central African assemblage [among them, Piliocolobus sp. ellioti (Dollman, 1909), Piliocolobus sp. foai (de Pousargues, 1899), Piliocolobus sp. oustaleti (Trouessart, 1906), Piliocolobus sp. tephrosceles (Elliot, 1907), and Piliocolobus sp. tholloni (MilneEdwards, 1886) were included in our study]; (4) an eastern assemblage that comprises three small and isolated populations in Kenya and Tanzania [Piliocolobus gordonorum (Matschie, 1900), Piliocolobus kirkii (Gray, 1868), and Piliocolobus rufomitratus (Peters, 1879)]. Although the Grubb et al. (2003) taxonomy represents the best consensus scheme currently available, and as such is the one we follow in this study, differences with other recent reviews exist. These mostly concern how to group populations, especially those from western equatorial Africa and Central Africa, into assemblages of species or subspecies (e.g. Colyn, 1991; Kingdon, 1997; GautierHion et al., 1999; Groves, 2001). Phylogenetic reconstructions of red colobus are almost absent from the literature. Before the recent publication of a molecular phylogeny (Ting, 2008), the most comprehensive reconstruction of evolutionary
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Figure 1. Distribution of red colobus taxa (modified from Colyn, 1991). (I) Piliocolobus badius (Kerr, 1792) (western Tropical Africa): (1) Piliocolobus badius ssp. temminckii (Kuhl, 1820), (2) Piliocolobus badius ssp. badius (Kerr, 1792), and (3) Piliocolobus badius ssp. waldroni (Hayman, 1936); (II) Procolobus pennantii (Waterhouse, 1838) (western equatorial Africa): (4) Procolobus pennantii ssp. epieni Grubb and Powell, 1999, (5) Procolobus pennantii ssp. pennantii (Waterhouse, 1838), (6) Procolobus pennantii ssp. preussi (Matschie, 1900), (7) Procolobus pennantii ssp. bouvieri (Rochebrune, 1887); (III) Central African assemblage: (8) Piliocolobus sp. tholloni, (9) Piliocolobus sp. oustaleti, (10) Piliocolobus sp. parmentieri Colyn & Verheyen, 1987, (11) Piliocolobus sp. lulindicus Matschie, 1914 and Piliocolobus sp. foai (de Pousargues, 1899), (12) Piliocolobus sp. langi (Allen, 1925) and Piliocolobus sp. ellioti (Dollman, 1909), (13) Piliocolobus sp. tephrosceles (Elliot, 1907); (IV) Eastern African species: (14) Piliocolobus gordonorum Matschie, 1900, (15) Piliocolobus rufomitratus, (16) Piliocolobus kirkii Gray, 1868. Grey areas are putative Pleistocenic mountain refugia, taken from Mayr & O’Hara (1986).



relationships within the group was based on vocalizations (Struhsaker, 1981). Given the complexity of the group, there is good congruence between the two studies. The molecular data (Ting, 2008: fig. 9) suggest that the red colobus clade initially split into three main lineages during the Pliocene, much earlier than previously speculated using the scant information available on their evolutionary history. These groups approximately correspond to the western, western equatorial and central equatorial/eastern assemblages. As with the molecular data, vocalizations indicate that there are close relationships between the western populations, Piliocolobus badius ssp. badius and Piliocolobus badius ssp. temminckii (Kuhl, 1820) (Struhsaker, 1981). On this basis, Struhsaker (1981) predicted that Piliocolobus badius ssp. waldroni (Hayman, 1936) should also group with the other western (P. badius) populations, an association that to date has not been tested thoroughly using either molecular or morphological data. Of the western equatorial red colobus, Procolobus pennantii ssp. preussi (Matschie, 1900) grouped with another



taxon from the region, Procolobus pennantii pennantii (Waterhouse, 1838) (Ting, 2008). Although vocalizations hinted at a closer link between P. p. preussi and P. badius than is evident from the molecular data, it was argued (Struhsaker, 1981) that P. p. pennantii as well as Procolobus pennantii ssp. bouvieri (Rochebrune, 1887) might be more like P. p. preussi than any other population (including those from the central equatorial assemblage, which are actually geographically closer to P. p. bouvieri). Again, this requires testing. Vocalizations cluster the Central African taxa P. sp. tephrosceles and P. sp. tholloni with the east African P. rufomitratus (Struhsaker, 1981), relationships that are also supported with molecular data, although P. sp. tholloni is polyphyletic in the gene tree (Ting, 2008). Procolobus sp. oustaleti, a species not examined by Struhsaker (1981), but which he predicted would cluster closely with the other central equatorial taxa, does indeed do this. It remains to be seen whether, as Struhsaker (1981) predicted, P. sp. ellioti and P. sp. foai are similar to P. sp. tephrosceles. He also predicted that P.
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sp. foai, at least, should cluster with P. sp. tholloni, which again awaits assessment. Members of the central equatorial assemblage group closely with P. gordonorum and P. kirkii, on the basis of calls and mtDNA, both of which also recover a sister taxa relationship for these two East African species (Struhsaker, 1981; Ting, 2008). There is a pressing need to discover more about the biodiversity, and thus classification and systematics, of red colobus monkeys. Although they can reach high densities, they are very sensitive to the destruction of their forest habitats (Gautier-Hion et al., 1999; Struhsaker et al., 2005), and are heavily hunted for bush-meat. The disappearance of Miss Waldron’s red colobus (P. b. waldroni) could represent the first extinction of a widely recognized primate taxon in the 20th century (Oates et al., 2000), and the majority of other red colobus taxa are endangered or vulnerable. The extreme need to conserve these animals means that detailed work on their taxonomy and systematics is necessary, but differences between red colobus populations, and implications for taxonomy and phylogeny, have only been investigated in remarkably few quantitative studies, partly because the rarity of some taxa has given few oportunities for both field and museum research. The taxonomy of the group has been so hard to resolve that as well as being a ‘thorny’ problem (Grubb et al., 2003), they have been described as such a ‘headache’ that ‘the usual practice has been to “give up” and unite all into one species’ (Groves, 2001). However, of the relatively small number of morphological studies that have been conducted on red colobus (Verheyen, 1957, 1962; Schultz, 1958; Leutenegger, 1971, 1976; Colyn, 1991; O’Higgins & Pan, 2004; Bruner, Pucci & Jones, 2006), the aim of many was to assess the validity of the taxa that have been proposed on the basis of pelage colour. Most populations of red colobus are parapatric (Fig. 1), and are separated to a variable extent by rivers or mountains. However, the red colobus range is not entirely continuous across equatorial Africa, and the reasons for this are yet to be explored in detail (sensu Groves, 2001). Contiguous populations may have diverged because of reductions of gene fluxes during Pleistocenic glacials and subsequent forest contraction (Verheyen, 1957, 1962; Rodgers, Owen & Homewood, 1982; Colyn, 1991; Gautier-Hion et al., 1999). Although scenarios of speciation in Pleistocene refugia have been criticized (Klicka & Zink, 1997; Knapp & Mallet, 2003), recent work on gorillas indicates the potential importance of both refugia and geographic barriers like rivers in creating primate diversity (Anthony et al., 2007). The importance of regional environments in differentiating Plio– Pleistocene monkey taxa has been also highlighted (Elton, 2007). The molecular divergence dates cer-



tainly do not preclude Pleistocene speciation of red colobus in refugia: although the clade originated in the Pliocene, before the onset of the rapid climatic fluctuations that characterize the Pleistocene, several assemblages appear to have split during the Middle Pleistocene (Ting, 2008), events that could have been influenced by environmental change. Tropical forest fauna may have survived arid Pleistocene interglacials in mountain refugia (Mayr & O’Hara, 1986). Among these, the Fouta Djallon highlands (Guinea, West Africa), the Adamawa Plateau (Cameroon, western equatorial Africa), and the mountains between the Rift Valley and the Lualaba River (central and eastern equatorial Africa) could have been major sources for the recolonization of lowlands during interglacials, when forests expanded. Indeed, the three main refugia correspond quite well to the geographic position of Grubb et al. (2003) assemblages, and are also largely consistent with evidence from vocalizations (Struhsaker, 1981). Furthermore, similarities in the calls of P. p. preussi and P. badius ssp. have been argued to indicate large, and nearly contiguous, refugia from Cameroon to Liberia (Struhsaker, 1981). Patches of lowland forests along major rivers could have also allowed the survival of small populations of forest animals (Colyn, 1991; Colyn, Gautier-Hion & Verheyen, 1991), and members of the western and central equatorial assemblages described by Grubb et al. (2003) have alternatively been placed in separate ‘faunistic regions’ –west central, south central, and east central – within the Congo–Lualaba River basin, demarcated on the basis of hydrology as well as primate distributions (Colyn, 1991). Although these regions partially coincide with the assemblages described by Grubb et al. (2003), there are some interesting differences. Procolobus sp. tephrosceles is separated from other members of Grubb et al.’s (2003) central equatorial assemblage because it resides on the eastern, rather than the western, border of the Rift Valley (Colyn, 1991). Procolobus sp. tholloni, another member of the central equatorial assemblage, is the exclusive occupant of the south central faunistic region, which consists of the lowland forest south of the Congo–Lualaba River (Colyn, 1991). Biogeographic detail notwithstanding, there is consensus that the relationships and contact history of red colobus from the equatorial regions are highly complex (Colyn, 1991; Groves, 2001). However, there is support from cranial and dental data for the species boundaries indicated by pelage (Verheyen, 1957; Colyn, 1991). Most convincingly, the detailed analysis by Colyn (1991) concluded that data from skulls mostly supported findings from the analyses of skin colours, and provided evidence for significant differences between populations. He also argued that hybrids were likely to occur in contact areas [includ-
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MORPHOLOGICAL EVOLUTION OF RED COLOBUS ing at the head of the Ituri River, where the eastern range of P. sp. oustaleti is characterized by uncertain boundaries with P. sp. ellioti (Groves, 2001), and at the north-west of the P. sp. ellioti range where it grades into Piliocolobus sp. langi (Allen, 1925)], and cited the highly variable external morphology of P. sp. ellioti as evidence for its hybrid status (Colyn, 1991; but also see the discussion of this in Groves, 2001; Grubb et al., 2003). Nonetheless, the existence of several differentiated taxa within interfluvial blocks of central equatorial Africa led Colyn et al. (1991) to suggest that populations may have survived in isolated patches of lowland forest within the Congo–Lualaba river basin, a scenario also put forward by Verheyen (1957). Thus, primate diversity in this region might have been shaped by several different processes, including emigration from major mountain refugia during periods of forest re-expansion, which may have interrupted the process of divergence by creating contact areas similar to those present in some parts of Central Africa today (see map in Gautier-Hion et al., 1999: 81), as well as survival of isolated patches of lowland forests and their fauna during arid interglacial periods. Four red colobus populations are completely isolated from all others, either on the continent (P. gordonorum, in the Uzungwa Mountains in Tanzania, and P. rufomitratus, along the Tana River in Kenya) or on islands (P. kirkii in the Zanzibar Archipelago and P. p. pennantii in Bioko). Of these, little is known about P. p. pennantii from Bioko. In contrast, the three populations of the east African assemblage are better studied, and are almost universally considered to be ‘good species’ because of their morphological and behavioural distinctiveness. Procolobus kirkii represents a population of red colobus that presumably remained isolated in the Zanzibar Archipelago when the sea level rose at the end of the Pleistocene (Rodgers et al., 1982), although its origin is likely to predate this event (Ting, 2008). Procolobus gordonorum shares a tricoloured pelage pattern and similarities in vocalizations with P. kirkii; its present isolation is likely to have resulted from the disappearance of forest during the very arid period between 25 000 and 12 000 years BP (Struhsaker, 1981; Rodgers et al., 1982), but, as for P. kirkii, its evolutionary history might be longer (Ting, 2008). Although similar in size and general form to other red colobus, these two species appear to have a shorter muzzle, larger skull breadth, and a longer neurocranium (Bruner et al., 2006). Procolobus rufomitratus is less closely related to the other two East African species, but it is likely to share with P. kirkii a history of geographic isolation in small peripheral populations. This is suggested by the persistence of the metopic
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suture in adults of both populations, which has been interpreted to be a consequence of genetic drift (Schultz, 1958; Verheyen, 1962; Rodgers et al., 1982). In this study, we build on the work of Colyn (1991) and others in examining the cranial diversity of red colobus using three-dimensional coordinates of anatomical landmarks and geometric morphometrics methods. In contrast to previous studies, we include all the endangered East African taxa and also representatives of most of the present populations, with reasonably large samples for at least one taxon within each assemblage. Our first main aim is to assess whether populations based on the taxonomy of Grubb et al. (2003) can be demarcated on the basis of their cranial morphology. Although this is not the first such study, our sample and methodological approach mean that valuable new information will be obtained. Our second main aim is to examine the relationships between different red colobus populations, an area that has been neglected to date, especially in the application of morphological data. Specifically, we investigate the following. 1. Are differences in the size and shape between specimens of currently recognized taxa larger than would be expected if they belonged to the same population? Given previous conflicts of opinion over the magnitude of sexual dimorphism with red colobus (Leutenegger, 1971, 1976; O’Higgins & Pan, 2004 contra Schultz, 1958; Colyn, 1991; Plavcan, 2001), we also examine whether there is significant sexual dimorphism within the clade, in order to determine whether the analysis of splitsex samples is necessary. 2. Is it possible to correctly assign taxa using shape variables? Thus, not only is the significance of difference tested (as in 1), but the magnitude and direction of shape differences are also assessed. 3. What are the shape-based similarity relationships, and do they agree with phylogenies based on genes or behaviour?



MATERIAL AND METHODS SAMPLE The sample comprised 369 adult specimens (of which 230 were female and 139 were male), derived from the collections of the National Museum of Natural History (Washington DC, USA), Museum of Comparative Zoology of Harvard University (Cambridge, MA, USA), Museum für Naturkunde of the Humboldt University (Berlin, Germany), Staatliches Museum für Naturkunde Karlsruhe (Karlsruhe, Germany), Senckenberg Natural History Museum (Frankfurt am Main, Germany), Royal Museum for Central Africa (Tervuren, Belgium), British Museum of Natural
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(a)



(b)



Figure 2. (a) Landmark configuration (modified from Cardini et al., 2007a). (b) The symbols for the study taxa defined here are used in all figures.



History and Hunterian Museum of the Royal College of Surgeons (London, UK), Powell-Cotton Museum (Birchington, UK), and from field collections in Zanzibar (see below). The maturity of each specimen was assessed through third molar and canine eruption. Following the classification scheme of Grubb et al. (2003), taxa were identified on the basis of geographic distribution (taken from the distribution maps of Colyn, 1991) and the published taxonomy of particular specimens (Colyn, 1991). These assignments were generally congruent with the information from museum catalogues. Any specimens that could not be taxonomically assigned with confidence were excluded from the analyses, and utmost care was taken to identify species and define a priori groups, which was necessary given the unstable and unclear taxonomy of red colobus monkeys. These groups were then analysed as if all populations within Piliocolobus were of equal taxonomic rank (i.e. without discriminating between putative species and subspecies). This approach was taken because of the uncertainties of taxonomy within the clade, reinforced by Grubb’s recent suggestion that Piliocolobus should be considered as a geospecies, i.e. a group of populations that are too morphologically distinct to be included in a single species (Grubb, 2006). The decision to demarcate populations following the classification scheme by Grubb et al. (2003) was motivated not only by the fact that it is one of the most comprehensive and



recent reviews of the topic, but also because it represents a consensus view of several taxonomists. As detailed in Table 1, most Piliocolobus taxa were included in the sample. There were no specimens available for P. p. pennantii, P. sp. langi, Procolobus sp. lulindicus Matschie, 1914 and Procolobus sp. parmentieri Colyn & Verheyen, 1987. Procolobus gordonorum (N = 4) and P. p. bouvieri (N = 1) were represented only by females, whereas Procolobus pennantii epieni Grubb and Powell, 1999 was represented by a single male specimen. Specimens of both sexes were available for P. rufomitratus, but the male sample consisted of a single individual. Thus, P. p. bouvieri, P. p. epieni, and (for males) P. rufomitratus were excluded from most analyses. Procolobus (Procolobus) verus, sister clade to Piliocobus, was included in the study. Three species of the closely related genus Colobus were also included as outgroups (Table 1).



DATA



COLLECTION



One of us (AC) collected three-dimensional coordinates of anatomical landmarks on crania and mandibles using a 3D-digitizer (MicroScribe 3DX; Immersion Corporation). Landmarks were digitized only on the left side to avoid redundant information in symmetric structures. The set (configuration) of 64 landmarks used for the analysis is shown in Figure 2, and landmarks are listed in Table 2. These landmarks
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Table 2. Definition and numbering of landmarks (L). The terms ‘anterior’ and ‘posterior’ are used with reference to Figure 2 L



Definition



1 2 3 4 5 6–9 10 11–14 15 16 17 18 19 20 21 22 23 24



Prosthion: anteroinferior point on projection of premaxilla between central incisors Prosthion: anteroinferiormost point on premaxilla, equivalent to prosthion, but between central and lateral incisors Posteriormost point of lateral incisor alveolus Anteriormost point of canine alveolus Mesial P3: most mesial point on P3 alveolus, projected onto alveolar margin Contact points between adjacent premolars/molars, projected labially onto alveolar margin Posterior midpoint onto alveolar margin of M3 Contact points between adjacent premolars/molars, projected lingually onto alveolar margin Posteriormost point of incisive foramen Meeting point of maxilla and palatine along midline Greater palatine foramen Point of maximum curvature on the posterior edge of the palatine Tip of posterior nasal spine Meeting point between the basisphenoid and basioccipital along midline Meeting point between the basisphenoid, basioccipital, and petrous part of the temporal bone Most medial point on the petrous part of the temporal bone Most medial point of the foramen lacerum Meeting point of the petrous part of the temporal bone, alisphenoid, and base of the zygomatic process of the temporal bone Anterior and posterior tip of the external auditory meatus Stylomastoid foramen Distal and medial extremities of jugular foramen Carotid foramen Basion: anteriormost point of foramen magnum Anterior and posterior extremities of occipital condyle along margin of foramen magnum Hypoglossal canal Center of condylar fossa Opisthion: posteriormost point of foramen magnum Inion: posteriormost point of the cranium Most lateral meeting point of mastoid part of temporal bone and supraoccipital Nasospinale: inferiormost midline point of piriform aperture Point corresponding to largest width of piriform aperture Meeting point of nasal and premaxilla on margin of piriform aperture Rhinion: anteriormost midline point on nasals Nasion: midline point on frontonasal suture Glabella: most forward projecting midline point of frontals at the level of the supraorbital ridges Supraorbital notch Frontomalare orbitale: where the frontozygomatic suture crosses the inner orbital rim Zygomax superior: anterosuperior point of zygomaticomaxillary suture taken at orbit rim Center of nasolacrimal foramen (fossa for lacrimal duct) Center of optic foramen Uppermost posterior point of maxilla (visibile through pterygomaxillary fissure) Frontomalare temporale: where frontozygomatic suture crosses lateral edge of zygoma Maximum curvature of anterior upper margin of zygomatic arch Zygomax inferior: anteroinferior point of zygomaticomaxillary suture Zygotemp superior: superior point of zygomaticotemporal suture on lateral face of zygomatic arch Zygotemp inferior: inferolateral point of zygomaticotemporal suture on lateral face of zygomatic arch Posteriormost point on curvature of anterior margin of zygomatic process of temporal bone Articular tubercule Distalmost point on postglenoid process Posteriormost point of zygomatic process of temporal bone Foramen ovale (posterior inferior margin of pterygoid plate) Meeting point of zygomatic arch and alisphenoid on superior margin of pterygomaxillary fissure Meeting point of zygomatic arch, alisphenoid, and frontal bone Bregma: junction of coronal and sagittal sutures Lambda: junction of sagittal and lamboid sutures



25–26 27 28,30 29 31 32,35 33 34 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64
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correspond to a subset of cranial landmarks used in several previous studies on skull variation in Old World monkeys (Cardini & Elton, 2007, 2008a, b, c; Cardini, Jansson & Elton, 2007a), as well as to work specifically on red colobus (Nowak, Cardini & Elton, in press; Cardini & Elton, in press). Five per cent of all specimens had between one and four missing landmarks. Values for these specimens were estimated using within-sex species means, as described in Cardini & Elton (2008c). Simulations by Cardini & Thorington (2006) on marmots and Cardini & Elton (2008c) on guenons showed that estimating such a small proportion of missing landmarks in a few specimens using means does not introduce any appreciable error in either size or shape. Also as described in Cardini & Elton (2008c), the measurement error was found to be negligible.



GEOMETRIC



MORPHOMETRICS



Geometric morphometric analyses were performed using MORPHEUS (Slice, 1999), TPSSmall 1.20 (Rohlf, 2006a), NTSYS-pc 2.2L (Rohlf, 2006b), and MORPHOLOGIKA (O’Higgins & Jones, 2006). Geometric morphometrics (Rohlf & Marcus, 1993; Adams, Slice & Rohlf, 2004; Zelditch et al., 2004), now standard practice in most morphological research, compares forms by using the information captured by Cartesian coordinates of sets (configurations) of topographically corresponding anatomical landmarks (Marcus, Hingst-Zaher & Zaher, 2000). Differences in coordinates resulting from rotation and translation of specimens during data collection are removed (known as Procrustes superimposition, Rohlf & Slice, 1990), and size and shape components of form are separated and analysed with multivariate statistics. Size is measured as centroid size, which is the square root of the sum of squared distances between all landmarks and their centroid. The magnitude of shape differences between two configurations is measured by their Procrustes shape distance, which is the square root of the sum of squared differences between corresponding landmarks of two superimposed landmark configurations. Variations in the form of the landmark configurations were examined using Procrustes-based geometric morphometrics, rather than angle- or distancebased approaches, because geometric morphometrics more precisely estimate the mean, and have lower type-I error rates, higher statistical power, and lower bias in simulations based on the assumption of independent isotropic distributions of landmarks (Rohlf, 2000a, b, 2003). Although this assumption is unrealistic, there are good theoretical reasons for using it (Dryden & Mardia, 1993; O’Higgins, 1999), and numerous published studies that suggest deviations



from isotropic distributions still lead to reasonable mean estimates and preserve statistical power, as long as shape variations are small with respect to all possible configurations of landmarks. This is a common situation in biological data, and is very much the case with the present data. Thus, although Procrustes methods can never faithfully represent landmark ‘movements’, they do present a robust means of estimating form variants within a sample, ordinating these with respect to each other in a way that reflects the underlying biology well, and testing for significant differences in the form of landmark configurations taken as a whole. Furthermore, by applying appropriate mathematical functions (e.g. the thin plate spline) to the warping of images or grids, they allow the localization of shape differences between pairs of landmark configurations. An extensive introduction to applications of geometric morphometrics in biology is provided by Zelditch et al. (2004). Detailed mathematical descriptions of geometric morphometric methods are available in Bookstein (1991) and Dryden & Mardia (1998). Guidelines on how to implement linear statistical models in geometric morphometrics can be found in Rohlf (1998) and Klingenberg & Monteiro (2005).



STATISTICAL



ANALYSES: DIFFERENCES IN SIZE AND SHAPE



Sexual dimorphism was examined within each population by means of permutation tests (see below). Because of the significant degree of sexual dimorphism, all analyses were performed using split-sex samples. Thus, correction factors for sexual dimorphism, which make results harder to interpret, were avoided, and it was also possible to double check observed patterns by comparing female and male results. For instance, the congruence of results involving matrices of shape distances between sample means was examined by computing the correlation between the corresponding matrices for females and males. The matrix correlation (Rohlf, 2006b) was calculated as the Pearson correlation of distances between any pair of taxonomic units in the first matrix and the corresponding distances in the second matrix, including all taxa represented in both the female and male samples. We used permutation tests to assess the significance of pairwise comparisons of shape and size between samples. We tested differences in sample means with a nonparametric analysis of variance, where the sum of squares explained by group membership in the data was compared with that for random permutations of group membership (Fontaneto, Melone & Cardini, 2004). The significance level of a difference between two samples was given
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MORPHOLOGICAL EVOLUTION OF RED COLOBUS by the frequency with which a random permutation of the group affiliation of specimens explained as much, or more, of the variation between pseudosamples than that observed in the original samples. The advantage of using permutation tests instead of standard parametric statistics is that they are unaffected by the large number of shape variables relative to sample size. We used a principal component analysis (PCA) of shape variables, which identifies the axes of greatest variation in a sample, to illustrate spatial (similarity) relationships among the samples for each of the species under investigation. As shape coordinates are redundant (seven degrees of freedom are lost in the general Procrustes superimposition of threedimensional data), and are often highly correlated, the number of variables used for the discriminant analysis (see below) was reduced by including only the first principal components of the 192 shape coordinates. The number of principal components that were used was selected by measuring the correlation between the matrix of Procrustes shape distances in the full shape space, and pairwise Euclidean distances in the reduced shape space (5, 10, 15 principal components, and so on). Plots of correlation coefficients onto the number of components can be used in a similar way to scree plots to select how many variables summarize most of the shape variation. Depending on the data set, 30–35 principal components provided a very good summary of the total shape variation (78.4–85.1% of the total variance; correlation with distances in the full shape space ⱖ 0.995).



STATISTICAL



ANALYSES: DISCRIMINANT ANALYSIS



Discrimination of taxa was also examined using discriminant analyses (DA) of the shape of the samples, separated by sex. The smallest samples (N ⱕ 5) were excluded from this analysis. A DA was performed using the first 35 and 30 PCs of shape variance for females and males, respectively, to generate Mahalanobis distances (which measure the differences between groups relative to the within-group variation). Mahalanobis distances were used to compute the number and percentage of specimens correctly classified according to taxon. Analyses were crossvalidated using 50% hold-out samples (Hair et al., 1998). Thus, half the specimens (the analysis sample) were randomly selected and used for computing the discriminant functions (or the shape distances percentiles), and these functions were then used for classifying the remaining 50% of the individuals (the hold-out sample). The cross-validation was then repeated by using the hold-out sample from the previous analysis as the analysis sample, and vice versa.



9



Results were illustrated with scatter plots of specimen scores on the first discriminant axes. Variation on these axes was visualized with surface rendering of shapes predicted by regressing shape coordinates on DA scores (Duarte et al., 2000; Dos Reis et al., 2002a, b; Cardini, 2003; Cardini & O’Higgins, 2004; Klingenberg & Monteiro, 2005).



STATISTICAL



ANALYSES: MEAN SHAPE SIMILARITY RELATIONSHIPS



Cluster analyses were performed on the matrix of shape distances of the observed means. The repeatability of the resulting tree topologies was estimated using bootstraps. Thus, we randomly selected with replacement k individuals from each of the original species/subspecies samples (where k is the number of specimens in the sample). Each bootstrapped sample was Procrustes superimposed and a new mean was calculated. The resulting bootstrap species/subspecies mean shapes were themselves superimposed, and the corresponding matrix of Procrustes distances were computed. Eventually, the matrices of Procrustes shape distances of 1000 bootstrap replicates were used for building trees. The proportion of trees in which each observed node grouping appeared was reported. Nodes with low percentages were strongly affected by sampling error (Cole, Lele & Richtsmeier, 2002; Caumul & Polly, 2005; Cardini & Elton, 2008a, c).



STATISTICS



IN SMALL SAMPLES



The paucity of many Piliocolobus specimens in museum collections inevitably means that the results for samples represented by a single individual (P. p. bouvieri, among females, and P. rufomitratus and P. p. epieni, among males) are provisional, and are strongly affected by sampling error, as they often tend to behave as outliers when analysed together with sample means (Cardini, Thorington, Polly, 2007b). In order to make full use of the data, tests and confidence intervals based on resampling statistics were computed for very small samples (N ⱕ 5). However, it must be remembered that analyses based on a very few specimens can be problematic, and their outcome needs to be confirmed by further studies on larger samples. For instance, when estimating the repeatability of phenograms using bootstraps, the actual number of bootstrap samples is less than 1000 in all samples of five specimens or less. This is because the maximum number of independent bootstrap samples is given by (2N - 1)!/N!(N - 1) (Zelditch et al., 2004), and is thus 3 with N = 2, 10 with N = 3, 70 with N = 4, and 756 with N = 5. The use of repeated randomized selection experiments to build progressively smaller
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†P values that are significant after a sequential Bonferroni correction for multiple comparisons using Holm’s method are set in italics, whereas asterisks (*) are used to indicate the smallest samples (N ⱕ 5). ‡S, percentage of significant pairwise tests. §E, average percentage of variance explained in pairwise comparisons.
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32.9 33.8 46.0 36.1 56.2 42.2 58.7 26.9 36.1 31.5 30.0 34.7 81.0 46.6 39.1 53.4



(15) (14)* (13) (12)* (11) (10) (9) (8) (7)* (6) (5) (4)* (3) (2) (1)



IN SIZE AND SHAPE



E§



DIFFERENCES



Sexual dimorphism in size was highly significant (P < 0.01) in all populations, excluding the four smallest samples (female and/or male N < 5), P. p. preussi and P. verus, and explained on average about 50% of the variation observed. Sexual dimorphism in shape was also highly significant (P < 0.001) in all populations, excluding the four smallest samples (female and/or male N < 5), and explained on average 10% of the variation observed. A sequential Bonferroni correction for multiple comparisons did not change the significance of results for both size and shape. Within Piliocolobus, P. kirkii was clearly the smallest species. Females of P. rufomitratus were also small. All other populations, except the subspecies of P. badius and the single male individuals of P. p. epieni and P. rufomitratus, tended to be considerably larger. Pairwise statistical tests of mean differences in size (Tables 3 and 4) were generally congruent in females and males. If the smallest (N ⱕ 5) samples were not considered, most comparisons (~70%) were significant after a sequential Bonferroni correction, and the percentage of variance explained by population differences ranged from 30 to 90%. When results were examined according to assemblages, it was found that: (1) within P. badius, populations did not differ significantly in size; (2) P. p. preussi was unusual in that females (but not males) were considerably larger than the females of most other red colobus populations; (3) among populations of the central equatorial assemblage, only very few comparisons (e.g. P. spp. ellioti, P. spp. oustaleti, and P. spp. tephrosceles) did not reach significance in both sexes, but, even when significant, differences tended to be small; (4) females of P. kirkii were significantly smaller than those of P. gordonorum, but were similar in size to females of P. rufomitratus. Finally, compared with outgroups, representatives of Piliocolobus were evidently larger than P. verus, and were generally smaller than Colobus species. A graphical



S‡



RESULTS



Species



samples from an original data set of approximately 400 vervet monkey skulls (Cardini & Elton, 2007) indicated that the variation around estimates of parameters like mean shapes increases as sample size decreases. Thus, bootstrap confidence intervals are expected to become larger in smaller samples. The mean size, standard deviation of size, and variance of shape were found to be fairly accurate, even in relatively small samples. In contrast, mean shapes were strongly affected by sampling error. Thus, results involving mean shapes derived from samples of a few individuals need to be interpreted with caution.



(16)



A. CARDINI and S. ELTON Table 3. Pairwise tests of mean size differences between females of study taxa; in this and other tables, P estimated using 10 000 random permutations are shown below the main diagonal, and percentages of variance explained by mean differences are shown above†
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72.7 88.2 77.9 93.5 64.8 62.7 43.6 28.5 43.2 29.9 96.2 0.5 0.3 – 74.3 68.7 68.4 87.5 54.5 55.7 25.0 18.6 44.0 11.5 90.8 0.8 – 0.8754 62.8 87.8 73.1 91.9 56.7 52.5 37.6 22.6 32.2 28.8 95.6 – 0.6813 0.7306 81.7 91.9 76.2 70.8 92.4 94.8 97.3 94.2 90.1 96.7 – 0.0032 0.0001 0.0008 32.5 96.4 55.3 90.0 23.0 13.6 0.2 0.1 3.5 – 0.0284 0.2640 0.1296 0.1398 42.5 54.0 47.6 83.0 8.0 1.4 6.3 6.3 – 0.5106 0.0001 0.0098 0.0001 0.0006 46.6 78.6 60.5 88.5 27.3 17.6 0.4 – 0.2629 0.9562 0.0011 0.1860 0.0390 0.0802 52.5 91.8 67.7 93.5 34.0 22.0 – 0.8860 0.2580 0.9308 0.0006 0.0576 0.0103 0.0167 See the footnote to Table 3 for further details of the information presented in this table.



45.8 70.5 55.1 89.8 6.3 – 0.0209 0.0453 0.5106 0.1064 0.0001 0.0014 0.0001 0.0001 23.6 56.9 40.0 83.9 – 0.1947 0.0211 0.0457 0.1562 0.0807 0.0002 0.0045 0.0001 0.0008 62.3 61.0 41.7 – 0.0001 0.0001 0.0004 0.0002 0.0001 0.0161 0.0002 0.0010 0.0001 0.0001 7.1 0.3 – 0.0047 0.0019 0.0007 0.0019 0.0058 0.0006 0.0701 0.0005 0.0052 0.0001 0.0005 10.3 – 0.8745 0.0011 0.0013 0.0002 0.0042 0.0149 0.0004 0.0659 0.0025 0.0267 0.0001 0.0036 – 0.1018 0.1633 0.0001 0.0031 0.0001 0.0001 0.0003 0.0002 0.0069 0.0001 0.0001 0.0001 0.0001 69.2 23.1 38.5 69.2 30.8 53.8 23.1 15.4 53.8 0.0 69.2 7.7 69.2 53.8 P. b. badius P. b. temminckii* P. b. waldroni P. kirkii P. p. preussi P. sp. ellioti P. sp. foai P. sp. oustaleti* P. sp. tephrosc. P. sp. tholloni* P. verus C. angolensis* C. guereza C. polykomos (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)



47.3 65.9 51.6 79.8 44.0 45.2 44.0 37.7 35.5 37.0 89.9 49.5 46.2 54.0



(5) (4) (3) (2)* (1) E S Species



Table 4. Pairwise tests of mean size differences between males of study taxa



(6)



(7)



(8)*



(9)



(10)*



(11)



(12)*



(13)



(14)
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summary of size differences in this sample can be found in Nowak, Cardini & Elton (in press). The majority of pairwise comparisons of shape differences were significant (Tables 5 and 6). As was the case for size, almost all tests (> 90%) were significant if the smallest samples in the analysis were not considered. Positive correlations (r > 0.7, P < 0.01) between sample size and the average percentages of significant pairwise comparisons (size or shape) in both sexes strongly suggested that nonsignificance might often result from inadequate sampling. However, variance explained by shape differences ranged from just 5% to more than 50%. Within red colobus, the variance was on average 10–40%. Among the larger samples (N > 5), P. spp. tephrosceles and P. spp. ellioti were unusual for having no significant shape differences in males and females. Procolobus spp. tephrosceles and P. spp. ellioti did not differ significantly from P. spp. oustaleti, but some of these comparisons involved small samples. Shape variation was illustrated using PCA scatter plots (Figs 3, 4). PC1 mostly discriminated between small, medium, and large taxa, and suggested a paedomorphic trend of neurocranial expansion and facial reduction as size decreases. This paedomorphic aspect was especially evident in P. verus, the smallest species in the analysis, in which specimens clustered at one extreme of PC1. In contrast, the large Colobus species, clustering to the opposite extreme of PC1, had relatively long faces with an elongated palate, relatively smaller and vertically compressed orbits, and a dolichocephalic neurocranium with relatively more vertically oriented supraoccipitals. PC2 separated red colobus and the outgroup species reasonably well. However, within red colobus, all samples except P. kirkii largely overlapped. On PC1– PC2, specimens belonging to the small P. kirkii clustered between the outgroups and the other representatives of Piliocolobus. Their cranial shape, characterized by large orbits, a short face, and a large, fairly hemispherical cranial vault, was also intermediate between the paedomorphic olive colobus and all the other taxa. The inspection of PCs other than the first two suggested that differences in red colobus may be subtle, and are difficult to summarize in a few dimensions. In both sexes, for instance, P. p. preussi and populations of P. badius could be discriminated well with PC4. Compared with the grand mean of all populations, P. p. preussi had a distinctively protruding premaxilla in females, a narrow palate, and a flat but laterally enlarged neurocranium in both sexes, whereas P. badius was characterized by elongated frontal bones, short nasals, and a vertically expanded face. Small but significant differences among the taxa of the central equatorial assemblage were generally
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100.0 80.0 80.0 60.0 93.3 100.0 73.3 66.7 60.0 73.3 53.3 46.7 100.0 66.7 100.0 93.3



(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)



13.5 17.1 17.6 23.7 17.5 20.0 28.8 16.6 19.8 18.7 19.0 20.9 32.4 34.5 30.3 28.2



E – 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0004 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001



(1) 5.0 – 0.0001 0.0015 0.0001 0.0001 0.0004 0.0001 0.0118 0.0003 0.0047 0.0121 0.0001 0.0009 0.0001 0.0001



(2) 7.8 10.9 – 0.0002 0.0001 0.0001 0.0002 0.0001 0.0014 0.0002 0.0001 0.0004 0.0001 0.0002 0.0001 0.0001



(3) 7.3 18.4 12.7 – 0.0043 0.0001 0.0084 0.0004 0.0270 0.0011 0.0033 0.0300 0.0001 0.0286 0.0001 0.0004



(4)* 13.6 13.6 13.3 4.7 – 0.0001 0.0001 0.0002 0.0001 0.0001 0.0001 0.0001 0.0001 0.0014 0.0001 0.0002



(5) 19.6 16.1 14.8 14.9 25.3 – 0.0001 0.0001 0.0005 0.0001 0.0001 0.0001 0.0001 0.0002 0.0001 0.0001



(6) 12.1 22.5 19.5 34.0 12.2 22.0 – 0.0181 0.0009 0.0009 0.0011 0.0096 0.0001 0.0080 0.0003 0.0005



(7)*



84.6 38.5 61.5 84.6 92.3 76.9 46.2 30.8 76.9 0.0 69.2 46.2 84.6 61.5



(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)



18.4 28.2 27.3 32.7 27.8 19.2 26.6 24.4 20.9 29.0 42.9 41.6 39.9 36.6



E – 0.0062 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0036 0.0001 0.0001 0.0001 0.0001



(1) 6.4 – 0.0053 0.0006 0.0013 0.0002 0.0042 0.0076 0.0002 0.0641 0.0028 0.0259 0.0004 0.0039



(2)* 10.1 19.2 – 0.0001 0.0002 0.0001 0.0018 0.0024 0.0001 0.0334 0.0009 0.0043 0.0001 0.0010



(3) 18.3 25.2 22.7 – 0.0001 0.0001 0.0006 0.0004 0.0001 0.0163 0.0001 0.0015 0.0001 0.0002



(4) 15.5 19.3 17.1 27.1 – 0.0001 0.0002 0.0002 0.0001 0.0145 0.0001 0.0001 0.0001 0.0001



(5)



See the footnote to Table 3 for further details of the information presented in this table.



P. b. badius P. b. temminckii* P. b. waldroni P. kirkii P. p. preussi P. sp. ellioti P. sp. foai P. sp. oustaleti* P. sp. tephrosc. P. sp. tholloni* P. verus C. angolensis* C. guereza C. polykomos



S



Species 11.2 11.6 13.6 21.5 13.8 – 0.0027 0.0469 0.0001 0.0326 0.0001 0.0002 0.0001 0.0001



(6)



Table 6. Pairwise tests of mean shape differences between males of study taxa



See the footnote to Table 3 for further details of the information presented in this table.



P. b. badius P. b. temminckii P. b. waldroni P. gordonorum* P. kirkii P. p. preussi P. rufomitratus* P. sp. ellioti P. sp. foai* P. sp. oustaleti P. sp. tephrosc. P. sp. tholloni* P. verus C. angolensis* C. guereza C. polykomos



S



Species



Table 5. Pairwise tests of mean shape differences between females of study taxa



11.1 26.5 26.3 33.8 24.1 8.0 – 0.3823 0.0043 0.1026 0.0007 0.0044 0.0001 0.0007



(7)



9.3 10.0 11.0 14.8 14.6 13.4 20.9 – 0.0299 0.0111 0.0159 0.1396 0.0001 0.0002 0.0001 0.0001



(8)



11.1 26.0 23.5 31.1 20.8 6.4 10.9 – 0.0194 0.0925 0.0018 0.0096 0.0001 0.0019



(8)*



6.0 13.3 11.7 30.8 7.7 10.2 37.6 8.1 – 0.1025 0.0317 0.0614 0.0005 0.0313 0.0004 0.0031



(9)* 18.9 30.2 31.2 53.4 25.3 23.1 58.5 30.4 49.5 37.1 44.1 47.1 42.1 – 0.0002 0.0011



(14)*



28.8 55.2 50.3 52.6 46.6 34.0 50.0 45.5 30.4 59.8 60.5 – 0.0004 0.0001



(12)*



27.0 29.4 31.7 20.8 23.8 42.9 28.9 33.5 20.5 34.2 25.2 26.8 – 0.0004 0.0001 0.0001



(13)



27.5 40.1 36.0 23.5 39.1 33.3 48.6 46.5 35.8 49.6 – 0.0029 0.0001 0.0003



(11)



5.6 12.6 11.5 32.2 12.5 6.9 42.6 6.5 24.5 13.3 17.2 – 0.0005 0.0269 0.0003 0.0011



(12)*



10.4 40.1 30.9 33.3 20.6 8.3 18.2 21.6 13.6 – 0.0265 0.0638 0.0043 0.0288



(10)*



6.9 10.7 11.1 23.8 10.3 15.5 24.8 7.4 16.1 10.6 – 0.0066 0.0001 0.0027 0.0001 0.0001



(11)



13.8 15.7 16.7 26.3 21.3 8.8 10.7 8.5 – 0.0136 0.0001 0.0003 0.0001 0.0001



(9)



9.3 11.5 13.4 22.2 13.5 13.5 24.3 6.9 12.3 – 0.0213 0.0093 0.0001 0.0013 0.0001 0.0001



(10)



46.7 38.5 45.4 58.0 51.2 46.4 37.9 31.6 41.6 28.3 60.1 14.4 – 0.0025



(13)



33.1 28.6 34.7 31.8 41.6 35.6 33.9 34.2 21.3 29.1 30.8 24.9 53.7 9.6 – 0.0001



(15)



28.4 43.0 42.9 51.1 45.1 32.1 39.6 33.7 28.7 42.2 57.6 12.9 19.1 –



(14)*



21.5 24.4 28.1 34.1 29.8 26.4 38.0 28.3 27.9 29.4 31.2 29.2 46.1 16.3 12.2 –



(16)
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(a)



(b) Figure 3. Females. Scatter plots of the first principal components (PCs) of shape variables (percentages of variance explained in parentheses). Shape changes at positive extremes of the axes are illustrated using surface rendering with a two-fold magnification (the same magnification is used in all figures). The average shape (origin of the PCA axes) is shown by the upper right corner of the scatter plots in this and other figures. (a) PC1 vs. PC2. (b) PC3 vs. PC4.



difficult to detect in PCA scatter plots, whereas, in the eastern assemblage, P. gordonorum and P. rufomitratus showed some overlap with the distinctive P. kirkii.



DISCRIMINANT



ANALYSIS



The discriminant analysis of shape was restricted to species with samples in which N > 5. Analyses were



highly significant in both sexes (females, Wilks’ l = 1.9 ¥ 10-6, F350,1608.2 = 13.427, P = 8.8 ¥ 10-303; males, Wilks’ l = 4.1 ¥ 10–7, F270,738.9 = 12.287, P = 2.5 ¥ 10–160), and the percentage of correctly classified specimens (hit ratio) was close to 100% (Table 7). Hit ratios were also high (ⱖ 84%) in all hold-out samples used for cross-validation (Table 7). Misclas-
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A. CARDINI and S. ELTON



(a)



(b) Figure 4. Males. Scatter plots of the first principal components of shape variables. See Figure 3 for the key.



sified specimens generally tended to occur either within P. badius populations or within the central equatorial assemblage (P. sp. ellioti, P. sp. foai, P. sp. oustaleti, and P. sp. tephrosceles). Mahalanobis distances between centroids of female and male samples are presented in Table 8. These distances were highly correlated between sexes (r = 0.719) and with mean shape Procrustes distances (rfemales = 0.964; rmales = 0.945), which are used below to reconstruct similarity relationships between the taxa studied.



Figures 5 and 6 illustrate shape variation along discriminant axes (DF), with shapes regressed onto each of the first four DFs. Shapes predicted for extreme points of these axes are shown together with scatter plots of specimen scores. By computing axes that maximize between-group to within-group variation, the DA emphasized differences among taxa. However, the main clusters were quite similar to those produced by the PCA. As in the PCA, size differences (small vs. large) and phylogenetic relationships (outgroups vs. red colobus) were strongly impli-
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Table 7. Percentages of correctly classified specimens in discriminant analyses. Discriminant functions were computed using the first 35–30 principle components of shape (respectively, for females and males) in the largest (N > 5) available samples Females



Males



Species



All



In (1)



Out (1)



In (2)



Out (2)



All



In (1)



Out (1)



In (2)



Out (2)



P. b. badius P. b. temminckii P. b. waldroni P. kirkii P. p. preussi P. sp. ellioti P. sp. foai P. sp. oustaleti P. sp. tephrosc. P. verus C. guereza C. polykomos Total



97.2 90.9 100.0 100.0 100.0 100.0 – 88.9 100.0 100.0 100.0 100.0 98.6



100.0 83.3 100.0 100.0 100.0 100.0 – 100.0 100.0 100.0 100.0 100.0 99.0



83.3 60.0 100.0 100.0 100.0 50.0a – 50.0 25.0b 100.0 100.0 100.0 86.5



100.0 100.0 100.0 100.0 100.0 100.0 – 100.0 100.0 100.0 100.0 100.0 100



88.9 33.3c 100.0 100.0 100.0 37.5d – 40.0e 66.7 100.0 100.0 83.3 84.8



100.0 – 100.0 100.0 100.0 100.0 100.0 – 100.0 100.0 100.0 100.0 100.0



100.0 – 100.0 100.0 100.0 100.0 100.0 – 100.0 100.0 100.0 100.0 100.0



90.9 – 33.3 100.0 100.0 55.6f 66.7 – 100.0 100.0 88.9 100.0 85.2



100.0 – 100.0 100.0 100.0 100.0 100.0 – 100.0 100.0 100.0 100.0 100.0



91.7 – 33.3g 80.0 100.0 66.7h 100.0 – 62.5i 100.0 100.0 100.0 83.6



a



Two specimens misclassified in P. sp. oustaleti and two in P. sp. tephrosceles. Two specimens misclassified in P. sp. ellioti. c Two specimens misclassified in P. b. badius. d Four specimens misclassified in P. sp. oustaleti. e Two specimens misclassified in P. sp. tephrosceles. f Three specimens misclassified in P. sp. foai. g Two specimens misclassified in P. b. badius. h Two specimens misclassified in P. sp. tephrosceles. i Three specimens misclassified in P. sp. ellioti. b



cated in separating groups along DF1 and DF2. Interestingly, however, the first two DFs in the male sample also discriminated within red colobus in a direction that was fairly congruent with geography (excepting P. kirkii, the only insular species in the analysis). Thus, on a diagonal line that approximately runs from negative to slightly positive scores on DF1, and vice versa on DF2, the westernmost populations (P. badius ssp.) appear first, followed by the western equatorial assemblage (P. p. preussi), and eventually by the central equatorial populations (P. sp. ellioti, P. sp. foai, and P. sp. tephrosceles). This cline in shape approximately corresponded with a cline in size, where populations to the west were generally smaller than those in Central Africa, before the trend is reversed further towards the east (around the Rift Valley) and size again reduces. Thus, unsurprisingly, shape changes suggested by surface rendering appeared largely allometric in nature, with a trend towards facial elongation and neurocranial reduction from west to central equatorial Africa, and then vice versa from Central to East Africa. The next pair of DFs produced scatter plots that were very similar for both females and males. Procolobus kirkii, P. p. preussi and P. badius ssp. were



clearly separated. Besides the differences mentioned above, the shape predicted by DF3 and DF4 suggested that P. p. preussi had an enlarged supraorbital ridge and elongated nasals compared with the other taxa. Populations of the central equatorial assemblage clustered together in scatter plots, and showed good separation from other samples on DF5 (not shown) in females and DF2 in males. A narrowing of the anterior region of the temporal fossa, a larger supraoccipital region, and, at least in males, a longer snout were some of the most distinctive traits of this cluster.



MEAN



SHAPE SIMILARITY RELATIONSHIPS



Female and male mean shapes showed fairly congruent patterns of similarity relationships, demonstrated by the phenograms, and also by the large correlation between matrices of Procrustes shape distances of female and male mean shapes (r = 0.918). Excluding samples represented by a single specimen, the outgroup species were clearly distinct from members of Piliocolobus, with the olive colobus emerging as sister to red colobus, and black and white colobus being more distant. However, in males, P.
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14.66 – 13.26 16.45 16.85 13.04 12.74 – 13.60 16.40 7.76 0.00 16.10 – 15.26 18.78 17.13 13.10 12.25 – 14.33 18.84 0.00 6.24 10.52 – 11.94 10.67 13.62 14.12 15.64 – 15.02 0.00 15.14 14.38 9.32 – 10.17 11.15 10.85 4.92 6.46 – 0.00 11.63 12.32 12.32 – – – – – – – 0.00 4.57 13.36 11.84 12.04 9.29 10.39 10.06 0.00 – 3.38 4.19 12.71 11.47 11.56 9.17 10.73 0.00 6.99 – 7.21 7.80 12.73 12.61 12.14



9.71 – 10.45 13.21 11.62 4.56 0.00 – – – – – 9.00



8.75 – –



8.41 – 9.33 0.00 8.38 7.53 – 8.09 7.74 11.00 12.48 11.48 6.26 – 0.00 7.58 7.67 6.89 – 7.88 7.16 12.24 10.96 10.69 – 0.00 6.19 7.60 7.63 5.22 – 6.29 5.74 12.24 11.49 11.18 0.00 4.26 6.12 7.58 8.11 6.40 – 7.31 6.57 11.39 11.79 11.51 P. b. badius P. b. temminckii P. b. waldroni P. kirkii P. p. preussi P. sp. ellioti P. sp. foai P. sp. oustaleti P. sp. tephrosc. P. verus C. guereza C. polykomos (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)



(3) (1) Species



(2)



(4)



(5)



(6)



(7)



(8)



(9)



(10)



(11)



(12)



A. CARDINI and S. ELTON Table 8. Mahalanobis distances between centroids for female and male species samples (below and above the main diagonal, respectively; correlations between matrices of Mahalanobis distances and corresponding matrices of mean Procrustes shape distances are ⱖ 0.945)
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kirkii grouped with P. verus, in contrast to the female sample, in which P. kirkii was part of the main red colobus cluster. The position of P. kirkii close to P. verus in males was supported by a fairly high bootstrap proportion of node repeatability (0.784), although the long branches separating the two species suggested that alongside the superficial similarities, there were some important differences. Within red colobus, a large cluster consisting of two main groups of population mean shapes was found in both sexes. Of these two groups, one included populations from western tropical Africa (although the inclusion of P. b. waldroni was not supported in males). The other comprised representatives of the central equatorial assemblage (to the exclusion of three populations, P. p. epieni, P. sp. foai, and P. sp. tholloni, which all have a sample size of N ⱕ 5). Procolobus pennantii preussi, from the western equatorial assemblage, either grouped next to these two clusters (females) or together with them (males). In the female sample, P. gordonorum and P. kirkii formed a cluster with a high proportion of node repeatability (0.850). This cluster was close to the main red colobus cluster, which did not include P. rufomitratus. A highly distinctive shape for this latter species was also suggested by the phenogram of male mean shapes. However, in both sexes the sample of P. rufomitratus was small, and it was only in females that its position was supported by a very high bootstrap proportion of node repeatability (0.949).



SHAPE



VARIATION WITHIN RED COLOBUS



The comparison of population mean shapes relative to the grand mean of all taxa (illustrated with surface rendering for selected taxa in Figs 7, 8) gives important information about distinctive shape variation within red colobus. Descriptions refer to both sexes unless stated differently, and were mostly based on the largest available samples (given in parentheses). 1. Western populations (P. badius ssp., except P. b. temminckii in males): the face was dorsoventrally expanded and more vertically oriented, premaxilla and maxilla were deep, nasals short, orbits wide, and supraorbital ridges and zygomatich arches were laterally enlarged. The supraoccipital was smaller and more vertically oriented than in the grand mean of all populations. 2. Western equatorial assemblage (P. p. preussi): the face was large with wide orbits and laterally prominent orbital ridges; the nasals were long; the neurocranium was laterally enlarged and dorsoventrally compressed in both sexes. 3. Central equatorial assemblage (P. sp. ellioti, P. sp. tephrosceles, P. sp. oustaleti, females only; P. sp.
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(a)



(b) Figure 5. Females. Scatter plots of the first discriminat axes (DAs) of species using shape (first 35 principal components; percentages of variance explained by DA in parentheses). Shape changes predicted by regressing shape coordinates onto DA are illustrated using surface rendering for positive extremes of the axes.



foai, males only): distinctive characters were similar in both sexes, but were more pronounced in females, and mostly concerned an elongated but laterally compressed face, with an often protruding premaxilla and a deep maxilla (the latter in males only); also, the neurocranium narrowed in correspondence with the anterior part of the orbital fossa, but tended to be vertically expanded in most taxa, and with long frontal bones. 4. Eastern assemblage: the three species with the easternmost range had cranial shapes that were quite distinctive compared with other red colobus.



The sister species P. kirkii and P. gordonorum were also more similar to each other than they were to P. rufomitratus. It must be noted that these species, with the exception of P. kirkii, were represented by small samples, and that male specimens were almost completely missing. Thus, this description mostly refers to females. Despite its larger size, P. gordonorum looked almost as paedomorphic as its sister species P. kirkii (Nowak, Cardini & Elton, in press). The face was short and the neurocranium was large. The orbits were large, the zygomatic arch was laterally enlarged,
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(a)



(b) Figure 6. Males. Scatter plots of the first discriminant axes (DFs) of species using shape (first 30 principal components; percentages of variance explained by DF in parentheses).



and the maxillary process was slightly shifted forwards. Procolobus rufomitratus had some traits that were not found in any other population of Piliocolobus. In both sexes the face was characterized by a relatively vertically contracted premaxilla and maxilla. The nasals formed a relatively pronounced angle with the frontal bones. Other distinctive features suggested by the comparison with the grand mean of all red colobus populations (enlarged zygomatic arch, long frontal bone, and small occipital) were distinctive but not unique to this species.



DISCUSSION SEXUAL



DIMORPHISM



Some have assumed that differences in cranial characters between male and female red colobus are small (Leutenegger, 1971, 1976) or nonsignificant (O’Higgins & Pan, 2004). However, other authors (Verheyen, 1957; Schultz, 1958; Colyn, 1991, Plavcan, 2001) have shown that a degree of sexual dimorphism may be found within the clade. Assessment of sexual dimorphism was not a primary aim of this study, but, excluding the smallest samples, size and shape
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Figure 7. Females. Phenogram of the species mean shapes with bootstrap proportions of node repeatability (shown if > 0.5). Mean shapes of representatives of the study taxa are shown using surface rendering. The grand mean of all species means is also shown. Asterisks indicate very small samples (N ⱕ 5).



dimorphism is highly significant in all study populations, except in P. p. preussi and P. verus, which show little size dimorphism. Procolobus pennantii preussi males are of medium size compared with other red colobus monkeys, but females are unusually large, reducing the magnitude of dimorphism. The biological reasons for this observation are unclear, but it is unlikely that the observation is just an artifact of sampling error in the small male sample, as estimates of average centroid size, and to a lesser extent its standard deviation, are reasonably accurate, even when as few as ten specimens are sampled (Cardini & Elton, 2007). The nonsignificance of size sexual dimorphism in P. verus is much easier to explain, as it follows the predictions of Rensch’s rule that sexual dimorphism will be reduced in species with small overall body sizes (Smith & Cheverud, 2002). Sexual



dimorphism may be expressed differently across structures. It has been argued that facial dimorphism in red colobus is larger than neurocranial dimorphism (Verheyen, 1957; Schultz, 1958). Plavcan (2001) noted that although canine dimorphism in most African colobine species was strong, size dimorphism was merely moderate. Our findings support this observation. In guenons, another African forest primate radiation, around 75% of skull size variance and 20% of shape variance are explained by sex (Cardini & Elton, 2008b). In the colobine sample, about 50% of size and 10% of shape variance are explained by sex. The differences in shape sexual dimorphism are thus especially pronounced with guenons being twice as dimorphic as colobus monkeys. As average guenon body size is fairly similar to that of colobus monkeys, the different magnitudes of sexual dimorphism
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Figure 8. Males. Phenogram of the species mean shapes. See Figure 7 for further explanation.



observed in the two groups are unlikely to be explained by Rensch’s rule. Although considerable attention has been paid to sexual dimorphism within primates (for a recent overview, see Cardini & Elton, 2008b), these findings indicate that there is still scope for future research into the factors that determine patterns of sexual dimorphism within the order. Our results indicate that sexual dimorphism in red colobus, and indeed other African colobines, is significant, so it is probable that different findings in previous studies are either the result of low statistical power in small and heterogeneous samples (O’Higgins & Pan, 2004), or the result of differences in selective pressures on specific structures like incisors and postcanine teeth (Leutenegger, 1971, 1976), where preserving a similar size may be adaptive if the same trophic niche is exploited by both sexes. The presence of sexual dimorphism indicates that studies of variation in the colobine skull should be undertaken either



with separate sexes (as in the present study) or using a correction for sexual dimorphism.



DEMARCATING



TAXA: DIFFERENCES IN SIZE AND



SHAPE AND DISCRIMINANT ANALYSIS



The taxonomy of the red colobus group is notoriously complicated, as is the assessment of morphological differences. Indeed, Struhsaker (1981) warned that morphological comparisons of skulls might be hampered by the remarkable variation of form within populations. In our analysis, PCA scatter plots for shape showed large overlaps between several red colobus populations. A similar pattern has also been identified for size (Nowak, Cardini & Elton, in press). However, most pairwise tests for size or shape differences were significant. This indicates that small but directionally consistent differences in cranial form are present between most red colobus populations, and
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MORPHOLOGICAL EVOLUTION OF RED COLOBUS suggests that quantitative studies of skull variation can aid our understanding of the diversity and evolutionary history of this group. Nonetheless, the high correlation between sample size and percentages of significant pairwise comparisons indicates low statistical power in small samples. This is congruent with similar findings from guenons (Cardini & Elton, 2008a), and indicates that taxonomic issues within primate subgenera, genera, and tribes must be addressed, where possible, using large samples to obtain robust and reproducible results. There were significant differences in cranial size between most of the major red colobus assemblages and populations. However, within P. badius, there were no significant size differences, and in the Central equatorial assemblage, size differences tended to be relatively small, even when they were statistically significant. Although a potentially important taxonomic ‘marker’, size is generally more labile than shape. Thus, the congruence between size and taxonomic group may be related to regional environmental differences, which are likely to be less pronounced in geographically closer populations. Similarities in environmental pressures (such as limited resources in isolated patches of forests) may also help to explain the small sizes of P. kirkii and P. rufomitratus. The independent reduction in size of these two east African taxa is phylogenetically parsimonious, as the closest relatives of P. kirkii or P. rufomitratus are red colobus of medium-to-large size (Struhsaker, 1981; Ting, 2008). Furthermore, it is unlikely that the small size of P. rufomitratus is merely an artifact of sampling error in a small sample, as our finding is consistent with Groves’ (2001) observation that this species, like P. kirkii, is very small. The small size of P. kirkii is, in turn, consistent with predictions of the island rule that large mammals, including primates, may become smaller on islands (Lomolino, 2005). It is harder to determine why P. ruformitratus is so small, as the island rule is more difficult to apply to mainland populations. However, it is possible that P. rufomitratus has evolved in a small peripheral isolate – effectively an ‘island’ within the continent – where food resources were limited. Such resources are determined in part by habitat productivity. Several studies have drawn attention to the links between body size and proxies of habitat productivity, such as rainfall, in Old World monkey taxa (Dunbar, 1990; Barrett & Henzi, 1997; Cardini et al., 2007a). Within red colobus as a whole, there seems to be a size gradient that increases from west to Central Africa, and then decreases from Central to East Africa. This pattern is most evident in males, and is also found within females. The main sex difference is the steeper female cline in western equatorial Africa, which results from
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the unusually large size of P. p. preussi females, but not males, as mentioned above. This notwithstanding, the male and female clines are reminiscent of a similar cline reported in vervets [Cercopithecus aethiops (Linnaeus, 1758)], which is related to the variation in rainfall and habitat productivity (Cardini et al., 2007a), and hence to access to resources. Comparisons of cranial shape in red colobus taxa are mostly significant, and suggest the presence of greater differences than would be expected in a panmictic population. The percentages of variance explained by population differences in pairwise comparisons of the largest samples are, on average, smaller within assemblages (7.9–10.1%) than between them (13.2–19.1%). A few populations from north-east of the Congo–Lualaba River basin do not show differences at all: P. sp. ellioti, for example, was not significantly different to several other central equatorial populations, and, as also reported in an earlier study (Verheyen, 1957), did not have a distinctive form. These observations could indicate gene fluxes among populations from Central Africa now or in the relatively recent past. The shape data are also compatible with the notion (Colyn, 1991) that some of these taxa might be the product of hybridization between neighbouring populations. Interestingly, however, similarities in shape are not only present in the populations that Colyn (1991) included in his east central faunistic region, but are also found in P. sp. tephrosceles, which is separated from them by the mountains of the Rift Valley, but which groups closely in gene trees to some other Central African populations that diverged around 0.8 Mya (Ting, 2008). The results of the pairwise statistical tests are mirrored in the DA. As with the PCA scatter plots, large overlaps are evident between populations. However, small but significant differences, difficult to visualize in a few dimensions, are present. DA helps in this respect by emphasizing differences between samples relative to within-sample variation. Thus, the DA scatter plots show a better separation of taxa, both for the comparison of Piliocolobus with the colobine outgroups (olive and black and white colobus), and for the discrimination between red colobus populations. These differences are further demonstrated by the large percentage of correctlyassigned specimens (ⱖ84% with cross-validation), a result that is congruent with an earlier study based on linear measurements (Colyn, 1991). The DA also reinforces the results of the pairwise analyses in showing less differentiation within the western populations (P. badius ssp.) and central equatorial assemblages, and a more marked difference between P. kirkii and P. preussi and other taxa. Mahalanobis distances within the western (P. badius ssp.) and central equatorial assemblages (4.05–6.26) are on



© 2009 The Linnean Society of London, Zoological Journal of the Linnean Society, 2009



22



A. CARDINI and S. ELTON



average smaller than between populations of different assemblages (7.24–10.26). Distances between P. kirkii (7.48–10.54) and P. p. preussi (7.68–10.24) and other populations with large samples are, on average, larger than those seen in western populations or the central equatorial assemblage. Thus, unsurprisingly, misclassified specimens tend to come from the western and central equatorial assemblages. In summary, comparisons of size and shape between taxa, as well as the DA, generally provide support for the separation of populations recognized by Grubb et al. (2003), although not all of the taxa identified by these authors were available for this study. Thus, morphological differences, however subtle, tend to track the populations evident through the study of pelage and geographic distribution. This is similar to the trend evident in guenons (Cardini & Elton, 2008a). Our red colobus results also suggest that the West African taxa (P. badius ssp.), and at least some populations of the central equatorial assemblage, are relatively homogeneous for either size or shape, whereas P. p. preussi and the East African taxa have more distinctive morphologies. Recent molecular analyses (Ting, 2008) indicate that genetic divergence may be deeper and evolutionary history longer than traditionally thought for red colobus, with intial divergence occurring during the Pliocene. This observation is also supported by large Mahalanobis distances between red colobus populations from different assemblages. However, some lineages may have diversified later, in the Middle Pleistocene (Ting, 2008), possibly as a result of climate change and forest fragmentation. Pleistocene refugia and also river barriers have been implicated as major factors that shaped modern forest primate diversity in Africa, from guenons (Hamilton, 1988) to gorillas (Anthony et al., 2007). That differences tend to be smaller within red colobus assemblages than between them may imply that an initial reduction in gene flux occurred among populations in mountain refugia (Mayr & O’Hara, 1986), with a further reduction occurring more recently because of river barriers (e.g. in West Africa and central equatorial Africa) or vicariance events in forest patches (P. kirkii and, presumably, the other two East African populations).



EXAMINING



RELATIONSHIPS: CRANIAL SHAPE SIMILARITY



Examining similarity (phenetic) relationships based on shape goes hand-in-hand with the investigation of whether morphological differences are congruent with current taxonomic interpretations. Comparing shapebased groupings with phylogenies based on genes or behaviour provides important clues about the rate and pattern of morphological evolution, as well as the



influential processes. In the present analysis, mean shape distances of females and males are highly correlated, and phenograms mostly suggest similar relationships between taxa. Populations represented by the smallest samples tend to be part of polytomies because of low repeatability, and/or cluster far from other red colobus taxa. The most evident case is P. p. bouvieri, the single female specimen of which is sister to all other red colobus plus the olive colobus. Previous work has demonstrated that single individuals or means from very small samples often behave like outliers (Cardini et al., 2007b), and that the bootstrap standard errors around estimates of mean shape increase as the sample size becomes smaller (Cardini et al., 2007b; Cardini & Elton, 2008a). Randomized selection experiments (Cardini & Elton, 2007) suggest that in samples of less than ten specimens the error in estimates of skull mean shape distances between well-separated and ecologically divergent primate species can be larger than 40% of the distance observed in larger samples. Unfortunately, large samples of red colobus are difficult to find in museums. Some populations, like those from East Africa, or P. p. pennantii from Bioko Island, are also very small in the wild. Thus, even though results from the smallest samples are probably less robust than those from the larger samples, including them was important, not least because they sample several endangered or vulnerable populations. Red colobus cluster closer to olive than to black and white colobus. This is congruent with the phylogeny (Strasser & Delson, 1987; Stewart & Disotell, 1998; Groves, 2001; O’Leary, 2003; Sterner et al., 2006; Ting, 2008), and supports the supraspecific distinction of olive and red colobus within Procolobus, and the generic differentiation of Procolobus and Colobus. Interestingly, however, our result is different to earlier findings that there are stronger similarities in ontogeny and adult shape between red and black and white colobus, than between either of them and olive colobus (O’Higgins & Pan, 2004). A number of factors might explain this. O’Higgins & Pan (2004) used geometric morphometric methods, as in the present study, but focused only on the face, rather than the whole cranium.They also performed their analysis on samples with pooled sexes, as sexual dimorphism was found to be negligible (discussed above). Small and potentially heterogeneous red colobus samples from different populations might have reduced statistical power. However, it is also possible that the incongruencies between our study and that of O’Higgins & Pan (2004) are attributable not to inadequate sampling but to the choice of morphological region studied. Even bearing in mind that our landmark configuration is not identical to the one used by O’Higgins & Pan (2004), cluster analyses of mean shapes using
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MORPHOLOGICAL EVOLUTION OF RED COLOBUS facial landmarks from our data set (results not shown) yielded a comparable result, in which red colobus was closer to black and white colobus in both sexes. This echoes the result of another geometric morphometric study, in which it was found that red colobus were facially more similar to black and white colobus than to olive colobus, although overall cranial morphology pointed to stronger links between red and olive colobus (Bruner et al., 2006). Thus, it appears that the colobus face might be less informative about phylogeny than other regions, a trend that also occurs in guenons (Cardini & Elton, 2008c). Schultz (1958) noted that the colobus face and mandible tend to be more variable than the neurocranium. This may be because the facial skeleton is highly adaptable, and grows under the influence of various functional matrices (O’Higgins & Pan, 2004), leading some aspects of facial morphology to diverge rapidly, and others to remain close to the ancestral form. The resulting mix of apomorphic and plesiomorphic characters might confound the phylogenetic signal, a situation that has very probably occurred in another group of African Old World primates, the papionins (Collard & Wood, 2000; Collard & O’Higgins, 2001; O’Higgins & Collard, 2002). Using data from the whole cranium, the phenograms generated for red colobus are congruent with similarities suggested by pairwise comparisons and discriminant analyses. Thus, populations of P. badius on the one hand and the central equatorial taxa on the other formed two separate clusters. In P. badius, however, similarities were strongly supported only in females, and this is likely to be the result of larger errors in mean shape estimates in the small male samples of P. b. waldroni (N = 6) and P. b. temminckii (N = 4). Our study indicates that, as argued by Struhsaker (1981), P. b. waldroni (probably now extinct) is very similar to the other two populations of P. badius, although small but significant shape differences are present. Shared characters, including a slightly smaller size, and specific shape traits like a tall face and small supraoccipital, support their origin from a common ancestor, possibly from the Liberian mountain refugium. In contrast to predictions based on vocalizations (Struhsaker, 1981), but congruently with molecular data (Ting, 2008), P. badius, a member of the West African assemblage, did not cluster close to P. p. preussi, whose populations belong to the western central equatorial assemblage. Thus, cranial morphology does not support the speculated contiguity of Pleistocene refugia from Cameroon to Liberia (Struhsaker, 1981). In fact, P. p. preussi had a highly distinctive cranial shape and was also unusual in its large female size, and there is no clear similarity between it and other red colobus groups. The paucity of specimens from other western central equatorial
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populations (we found no P. p. pennantii material in the museums visited, and only one P. p. bouvieri individual) makes it impossible to study within-group shape relationships. The lack of data for P. p. pennantii, the Bioko Island red colobus, is especially disappointing as its insularity may have have resulted in it being a unique branch in the red colobus radiation, not dissimilar to P. kirkii. If this is the case, this potentially unique population may soon be lost, as the Bioko red colobus is close to extinction (Fa, Yuste & Castelo, 2000). Among populations from central equatorial Africa, only those represented by the smallest samples (N ⱕ 5) did not group together in the main cluster formed by P. sp. ellioti, P. sp. oustaleti, P. sp. tephrosceles, and (only males) P. sp. foai. Thus, overall, it seems that vocalizations (Struhsaker, 1981), genetic data (Ting, 2008), and our own analysis on cranial shape support close relationships not only within the westernmost assemblage (P. badius ssp.), but also among those populations of the central equatorial African group that live north-east of the Congo– Lualaba River. This is in line with Struhsaker’s (1981) expectations that P. sp. ellioti, P. sp. foai, and P. sp. oustaleti should be similar to P. sp. tephrosceles. Whether similarities between P. sp. ellioti, which Groves (2001) describes as ‘inextricably variable’, and other central equatorial taxa are truly indicative of hybridization with neighbouring populations needs to be investigated with the help of genetic data. Furthermore, our observations do not support Colyn’s (1991) view that P. sp. tephrosceles is, as far as Central African monkeys are concerned, actually part of a different faunistic region. Colyn (1991) himself found that P. sp. tephrosceles has a skull morphology similar to those of P. sp. foai and P. sp. oustaleti. Determining the morphological relationships of P. sp. tholloni, another taxon from the central equatorial assemblage placed by Colyn (1991) in a separate faunistic region, is problematic, especially given the limited morphological data currently sampled by us. Similarities in skull form between P. sp. tholloni and P. sp. langi or P. sp. lulindicus have been noted (Colyn, 1991), and it has also been suggested (Struhsaker, 1981) that P. sp. foai should resemble P. sp. tholloni. The history of this taxon is made even more intriguing by the recent observation from molecular data that it is polyphyletic, a result attributed in part to possible hybridization or retention of ancestral lineages (Ting, 2008). Representatives of the central equatorial and East African assemblages are quite phenetically distinct, in both females and males, Contrary to Groves (2001), the cranium of P. kirkii does not closely resemble those of either P. sp. tephrosceles or P. sp. foai. The distinctive form of P. kirkii is probably related to an accel-
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eration of morphological evolution in small and isolated populations, as suggested by the presence of a metopic suture in adults (Schultz, 1958; Verheyen, 1962), and by the remarkably larger partial disparity in cranial size of P. kirkii compared with all other red colobus (Nowak, Cardini & Elton, in press). The hypothesis that morphological evolution may be faster in insular mammals like P. kirkii has recently found strong support in a large-scale analysis by Millien (2006, 2007). Also, an interesting parallel can be drawn between the Palaeotropical P. kirkii and the Nearctic rodent Marmota vancouverensis Swarth, 1911. These populations share a similar history of recent isolation from the continent as a result of sea level rise during Pleistocene interglacials. As in the case of the Zanzibar red colobus, the Vancouver Island marmot is one of the most distinctive representatives of its clade for behaviour, and skull and external morphology (Cardini, 2003; Cardini & O’Higgins, 2004; Cardini, Hoffmann & Thorington, 2005, Cardini et al., 2007b), despite being the youngest species in the genus. However, whereas divergence in P. kirkii seems to have mostly occurred in cranial size and sizerelated shape, M. vancouverensis is similar to its continental sister species in size, but not in shape. Male and female P. kirkii show slightly different patterns of similarity relationships. In males, P. kirkii is almost as far from other red colobus as is the olive colobus, and actually clusters with the olive colobus. This echoes the findings of Verheyen (1962), who commented on the extremely small size of P. kirkii, as well as its similarity to the olive colobus. We found that the male P. kirkii cranial shape is more distinctive than in females, with its pronounced paedomorphic traits leading to its clustering with the olive colobus, which is even smaller than P. kirkii (Nowak, Cardini & Elton, in press). A series of evolutionary steps that led to this pattern can be hypothesized (Nowak, Cardini & Elton, in press): (1) the ancestral population of P. kirkii became isolated in the Zanzibar Archipelago by sea level rise in the Pleistocene; (2) following the island rule (Lomolino, 2005) for large mammals, a reduction in size was positively selected to reduce competition for limited resources; (3) as predicted by Rensch’s rule (Smith & Cheverud, 2002), sexual dimorphism also became less pronounced because of size reduction; (4) thus, the reduction in size was comparatively larger in males than in females, and the concomitant changes in allometric shape made males of P. kirkii on average more like those of the smaller but less closely related P. verus. Among females, P. kirkii clusters away from most other populations, although it remains within red colobus, and groups with P. gordonorum. Investigation of the P. kirkii–P. gordonorum relationship was impossible for males, as as no male specimen of this



endangered population could be found in any museum. The close relationship between P. kirkii and P. gordonorum females is consistent with both Struhsaker’s (1981) and Ting’s (2008) phylogenies. Interestingly, this occurs despite potential inaccuracies in the mean shape estimate of P. gordonorum, for which only four specimens were available, and the fact that P. gordonorum is considerably larger than P. kirkii. A large difference in size generally leads to a pronounced divergence because of allometric scaling, with shape variation following a pattern of relative facial expansion and neurocranial reduction when size increases (Cardini & Elton, 2008a), a trend that is reminiscent of the mammalian ontogenetic pattern of early neurocranial and late facial expansion (Laghenbach & Van Eijden, 2001), which leads, unsurprisingly, to paedomorphic traits in small species. A number of studies suggest that this evolutionary allometric pattern is common, if not the rule, in many primates (Collard & O’Higgins, 2001; O’Higgins & Collard, 2002; Cardini & Elton, 2008a). Our results suggest that it also occurs in African colobines. For instance, the small olive colobus is paedomorphic compared with the large red, and black and white colobus, and the small P. kirkii is paedomorphic compared with other red colobus (Nowak, Cardini & Elton, in press). However, this ‘allometric rule’ does not apply to P. gordonorum, which is similar in cranial size to central equatorial populations, and is significantly larger than P. kirkii. Nevertheless, when compared with populations with large samples and after correcting for multiple comparisons, it is not significantly different in shape to P. kirkii and P. sp. tephrosceles. Its stronger similarity to P. kirkii is supported by the high proportion (0.850) of node repeatability for a cluster including P. gordonorum and P. kirkii in the cluster analysis. Indeed, the visualization of changes in mean shapes (not shown) using either surface rendering or thin plate spline deformation grids (Bookstein, 1991) shows small differences, like a relatively taller face and slightly flatter neurocranium, in P. kirkii compared with P. gordonorum. In contrast, shared features uncommon in other red colobus populations are particularly evident. Both P. gordonorum and P. kirkii have relatively flat and tall faces (an aspect also noted for P. gordonorum in previous studies; Groves, 2001; Bruner et al., 2006), wider orbits, and tall neurocrania. Paedomorphic traits such as large eyes, small face, and a big neurocranium are not surprising in the small P. kirkii, in contrast with their presence in P. gordonorum, which has – to a certain extent – a cranium that is an isometrically scaled version of that of P. kirkii. Thus, it seems very likely that a paedomorphic shape was already present in the common ancestor of the two populations. As paedomorphic
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MORPHOLOGICAL EVOLUTION OF RED COLOBUS traits are generally associated with size reduction, and size is more labile than shape, it is possible that the ancestor was a small red colobus, similar to P. kirkii or P. rufomitratus. Size reduction may be related to lower habitat productivity, and, to a lesser degree, temperature, as has been observed in East African populations of vervets (Cardini & Elton, 2007). Assuming that food availability commonly influences size in monkeys, the larger size of P. gordonorum could be a derived condition in a more productive and cooler mountain environment. Another East African red colobus, P. rufomitratus, also has a distinct cranial morphology (Groves, 2001). In the present study, only one male specimen was available, so our interpretations necessarily rely on data included from five female specimens. Procolobus rufomitratus is about the same size as P. kirkii. However, P. rufomitratus has a mix of paedomorphic traits and highly autoapomorphic characters like bent nasals, dorsoventrally compressed premaxilla/ maxilla, short palate and long cranial base, with a large foramen magnum, and conspicuous condyles. A history of intense isolation in a small population might help explain this unusual mix of derived traits (Schultz, 1958; Verheyen, 1962; Rodgers et al., 1982). The origins and evolutionary histories of P. rufomitratus and the other two isolated East African populations are unclear. It has been suggested that red colobus reached East Africa following a single migration route from the central equatorial region (Rodgers et al., 1982). Under this scenario, the Tana River colobus population (represented today by P. rufomitratus) underwent slow evolution, which preserved similarities in pelage colour and vocalization with central equatorial populations, whereas the Uzungwa and Zanzibar colobus populations were isolated from Tana to the north and Ufipa (P. spp. tephrosceles) to the west, and thus evolved rapidly to achieve distinctive pelage and behavioural traits (Rodgers et al., 1982). Today, dry riverine woodland comprises the major part of the vegetation along much of the upper course of the Tana River (Rodgers et al., 1982). The disappearance of gallery forest in this region may have isolated the ancestral P. kirkii–P. gordonorum population in the south, allowing evolution of their characteristic tricolour pelage pattern (Rodgers et al., 1982). However, our study shows that P. rufomitratus has a distinct cranial morphology. If it was isolated recently, its distinctiveness suggests accelerated rather than slow morphological evolution. In addition, the phylogenies of Struhsaker (1981) and Ting (2008) group the East African populations into two separate clades, one consisting of P. rufomitratus and central equatorial species, and the other consisting of P. kirkii and P. gordonorum. These observations do not support the hypothesis of a single colonization route
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into East Africa. Alternatively, it is possible that red colobus spread from a refugium in the mountains between the Rift Valley and the Lualaba River, along both a northern and a southern route, during a late Pleistocene period of climatic amelioration, finally reaching the Tana forests in the north and Uzungwa in the south (Rodgers et al., 1982). It is plausible that the vocalizations and pelage colour of P. rufomitratus remained similar to those of the ancestral population from central equatorial Africa, whereas the cranial morphology evolved faster. This scenario, although largely untested, is more likely than one based on a recent single dispersal into East Africa.



CONCLUSIONS The extent to which presently recognized populations and taxonomic assemblages of red colobus truly represent separately evolving segments within this lineage is still a matter of debate. This issue is relevant not only for taxonomists and primatologists interested in the study of red colobus, but also for conservationists who need more detailed information on patterns of biodiversity to set conservation priorities in a rapidly changing environment. Some populations of red colobus may have already become extinct, and others might soon disappear before we even have a chance to understand what was lost. A deeper understanding of biodiversity requires that populations are studied using a multidisciplinary approach. Appreciating if and how much red colobus taxa differ, and what might be unique in these populations, is a crucial step towards a better understanding of the biodiversity and evolution of this group. Our morphological study supports the red colobus population distinctions recognized by Grubb et al. (2003). Differences are larger than would be expected in a panmictic population, so it is likely that divergence has not only influenced external morphology, but also behaviour (Struhsaker, 1981) and cranial form (Verheyen, 1957; Colyn, 1991). These differences may be related partly to clinal and environmental variation, but results of molecular analyses (Ting, 2008) indicate that genetic divergence may be deeper, and that the evolutionary history may be longer than has been traditionally thought for red colobus. Populations tend to show less variation within assemblages than between them, particularly in the West African assemblage (P. badius ssp.) and the largest samples from the central equatorial assemblage. This is again consistent with results from behavioural (Struhsaker, 1981) and genetic (Ting, 2008) studies, and is congruent with the hypothesis of main refugia where evolutionary divergence might have started during periods of forest contraction. Isolation might
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have accelerated morphological evolution in small peripheral isolates, particularly the East African P. kirkii and P. rufomitratus. Further attention now needs to be paid to why another East African population, P. gordonorum, has the unsual combination of large size and paedomorphic features, effectively contradicting the strong trend that primate cranial shapes scale allometrically rather than isometrically. Increasing our knowledge of the morphology of the West African populations would also be beneficial: the distinctiveness of the cranial shape of P. p. preussi, and its unusually small sexual dimorphism in size, raise tantalizing questions about the evolutionary history of red colobus in the region. However, the western equatorial assemblage was represented in our sample only by P. p. preussi and a small number of individuals for other subspecies (with P. p. pennantii being completely absent). Unless further studies are performed as a matter of urgency, it will become increasingly difficult to investigate the evolutionary history of West African red colobus satisfactorily, as at least one of the four subspecies, P. p. pennantii, is or could soon be extinct through the activities of bushmeat traders (Fa et al., 2000).
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