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            Abstract
The faces of Old World monkeys and apes (Catarrhini) exhibit every possible hue in the spectrum of mammal colours. Animal colouration experiences selection for communication, physiology and ecology; however, the relative importance of these factors in producing facial diversity in catarrhines is not known. Here we adopt a comparative approach to test whether facial traits have evolved in tandem with social, geographic and ecological pressures across four catarrhine radiations. Our analyses reveal the underlying correlates of two major axes in the evolution of facial diversity. Facial colour patterns are linked to social factors, such that gregarious and highly sympatric species have evolved more colours in their faces. Facial pigmentation tends to be dominated by ecological factors, and species living in tropical, densely forested and humid habitats in Africa have evolved darker faces. Thus, both sociality and ecology have played a role in producing the highest diversity of faces within mammals.
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                    Introduction
Diversity in animal colouration reflects competing selective pressures for a multitude of fitness-relevant functions, including communication (for example, individual and species recognition, mate selection) and homeostasis (for example, thermoregulation, UV absorption or protection). The faces of Old World monkeys and apes (Catarrhini) exhibit almost every possible hue in the spectrum of mammalian colouration, and these colours are often combined to form remarkably complex facial patterns such as those seen in mandrills, guenons and mangabeys. Catarrhines likely constitute the most diverse assemblage of facial colour patterns within mammals. Studies at the species-level in this clade suggest that some of the diversities in facial colours and their patterns may serve in social communication and mate recognition1,2,3.
Facial colour pattern diversity in primates might also be driven by ecological demands for thermoregulation or camouflage, as the evolution of body colours in mammals is tied to these functions4,5,6,7. Although explicit tests for a link between ecology and facial diversity in catarrhines are lacking, ecological factors significantly predict levels of facial diversity in Neotropical primates (Platyrrhini), which form the sister group to catarrhines. In platyrrhines, darker faces evolved in species living in regions occupied by forests, such as the Amazon8. Social factors also explain some aspects of platyrrhine facial diversity, with complex colour patterns tending to evolve in species that live in small social groups and in high levels of congeneric sympatry8.
When compared with their Neotropical relatives, catarrhines exhibit much greater diversity of facial colour patterns, occupy larger extensions and diversity of habitats, and show more extreme variation in average group size9. It is currently not known whether the evolution of the remarkable facial diversity in catarrhines has been shaped by the same factors governing the evolution of facial colours in platyrrhines or coat colour in mammals in general. Here we clarify the bases of the diversity of facial colouration in Old World monkeys and apes by integrating an unprecedented data set on quantitative metrics of facial, social and ecological traits to answer two fundamental questions.
First, is the macroevolution of facial colour patterns explained by sociality? As the recognition of an individualâ€™s identity can be the first step leading to many social interactions, we test the hypothesis that increases in pressures for recognition, both at the individual and species levels, are related to the evolution of more complex facial colour patterns across species. Following principles of modularity10,11, faces with more complex colour patterns would provide templates in which individual parts (variational modules) of the pattern can more easily and independently vary among members of a social group, leading to intraspecific differences that can be used by other members for individual recognition. Additionally, individual parts of the pattern have the potential to evolve across species and increase interspecific diversity that can aid in species recognition, which would be especially important to avoid interbreeding in closely related, sympatric species. Combining these trends, we would expect pressures for recognition to result in the evolution of more complex facial patterns in species that live in relatively large social groups and in high degrees of sympatry with closely related species.
Second, do ecological gradients explain the evolution of facial pigmentation? We test the hypothesis that, if facial colours are adaptive for functions such as concealment from predators, thermoregulation and reduction of solar glare, then the evolution of facial pigmentation would be linked to the speciesâ€™ geographic distribution and habitat characteristics. Specifically, we predict species living in dense, tropical forest habitats to have evolved overall darker faces, in accordance with Glogerâ€™s Rule7, which suggests that darker colouration would facilitate concealment from predators by matching the background provided by the relatively darker environments in the forest understory7,12,13,14, as well as aid in thermoregulation15. We also predict overall lighter facial colouration in species living in temperate and open, brighter habitats, mainly because of advantages for camouflage and cooling. Trends in the macroevolution of facial pigmentation should be more obvious across geographic areas with accentuated ecological gradientsâ€”for example, within the African continent, which spans from tropical forests to subtropical desert ecosystems. In general, we predict that strong ecological pressures within a particular habitat lead to less complex facial colour patterns, as the whole face would evolve to be darker or lighter. Combining this with our previous hypothesis, social and ecological pressures may act antagonistically with regard to the complexity of facial colour patterns. Our comparative analyses across the four catarrhine radiations demonstrate that, whereas the evolution of facial pigmentation is associated with ecological gradients, increasingly complex facial colour patterns evolved in clades with higher pressures for social recognition (that is, large social groups and high levels of congener sympatry). Therefore, the extraordinary facial diversity of catarrhine primates is linked to social and ecological factors acting along largely separate axes of facial phenotype.


Results
Catarrhine social and ecological diversity
To address our questions, we adopted a comparative approach and analysed facial traits from 139 catarrhine species within phylogenetic and spatial frameworks. Catarrhines include four radiations that inhabit a wide range of ecosystems and have repeatedly evolved high degrees of sociality along with striking facial features and displays. The Cercopithecidae (Old World monkeys) are widely distributed from Gibraltar throughout Africa and, in a second disjoint distribution, throughout central and southeast Asia. Cercopithecidae is divided into two ecologically and morphologically distinct lineages, Colobinae (leaf monkeys, including African colobus monkeys, Asian langurs and odd-nosed monkeys) and Cercopithecinae (cheek-pouch monkeys, including baboons, guenons and vervet monkeys in Africa, and macaques in Asia, Gibraltar and northwest Africa). Cercopithecids include some of the most social catarrhine species (for example, Mandrillus sphinx, with hordes of 800+ individuals on record16). The gibbons and siamangs of the SE Asian rainforests make up the Hylobatidae, characterized by more modestly sized groups and variable social dynamics that often include high degrees of pair-bonding17. Finally, Hominidae18 comprises four extant genera of great apes (and Homo, which was excluded from our sample). The great apes natively occupy forests in Africa and Asia. Socially, hominids range from solitary to highly gregarious with variable social systems even within species19. They have been extensively studied in regards to their use of facial features and expressions during social interactions20,21,22,23.
Facial colour pattern diversity is explained by sociality
Taxonomically, we found cercopithecines to exhibit the highest and most diverse values of facial colour pattern complexity (FCPC, Fig. 1), followed by colobines, hylobatids and, lastly, hominids (Figs 2, 3, Supplementary Data 1). Spatial phylogenetic comparative analysis of all catarrhine species revealed highly significant correlation between sociality and FCPC across Old World primates. Species living in larger groups have faces with more complex colour patterns than species living in smaller groups (spatial Phylogenetic Generalized Least Squares regression: PGLS, Î²=0.008Â±0.002, t=3.11, df=90, P=0.0025, R2=0.369). Facial colour patterns were also more complex in species experiencing higher number of sympatric congener species, independent of group size (Î²=0.145Â±0.052, t=2.22, df=90, P=0.029, R2=0.369). The error structure for this regression model follows a phylogenetic rather than a spatial structure, with a relatively high proportion of the variation being independent from these factors (Î»â€²=0.60, Ï•=0, Î³=0.40). This indicates that FCPC patterns tend to reflect evolutionary history more than shared habitat and that there might be other, unmeasured factors driving the evolution of FCPC. Only the presence of congeneric species was correlated with FCPC; neither the average nor maximum area of overlap among sympatric congeners was significantly correlated with FCPC.
Figure 1: The face of a vervet monkey illustrating the procedure used to characterize facial colour pattern complexity.[image: figure 1]
Faces were subdivided into 10 areas that were used to record traits describing the hair and skin colour (1: Crown medial, 2: Crown lateral, 3: Forehead, 4: Margin dorsal, 5: Margin medial, 6: Margin ventral, 7: Nose, 8: Mouth, 9: Eye mask, 10: Cheek). Bilaterally symmetrical areas are shown for only one side of the face.


Full size image

Figure 2: Maximum-Likelihood ancestral state reconstruction of facial colour pattern complexity across catarrhine species.[image: figure 2]
Warmer colours indicate more highly complex facesâ€”that is faces in which the pattern is composed by many colours. Species shown in pictures are: (1) Rhinopithecus avunculus, (2) Nasalis larvatus, (3) Trachypithecus auratus, (4) Piliocolobus tephrosceles, (5) Mandrillus sphinx, (6) Macaca arctoides, (7) Cercopithecus cephus, (8) Miopithecus talapoin, (9) Pan troglodytes and (10) Nomascus leucogenys. Illustrations copyright 2012 Stephen D. Nash/IUCN/SSC Primate Specialist Group. Used with permission.
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Figure 3: Proportion of species within each catarrhine clade across levels of facial colour pattern complexity.[image: figure 3]
Cercopithecid species (Cercopithecinae and Colobinae) score at the highest levels of complexity, hominids only rank at low levels of complexity and hylobatids have intermediate to low values (n=139 species).


Full size image

The relationships between FCPC and social factors for all catarrhines did not hold within each of the four major catarrhine radiations. Notably, some of these trends lost significance within the Cercopithecinae and Hylobatidae (Table 1). In the former group, there is a significant interaction term between social group size and sympatry so that cercopithecines that live in large groups also live in low degrees of sympatry (Table 1). The link between sympatry and FCPC was not tested in hominids, as the speciesâ€™ ranges in our data set did not overlap among congeners.
Table 1 Relationships between facial colour pattern complexity and social factors within catarrhine groups.Full size table

Pigmentation trends are explained by ecological gradients
Interspecific differences in pigmentation across most facial regions were significantly related to the speciesâ€™ geographic distribution and ecological factors in their habitats (Table 2; Fig. 4). Species living at lower, tropical latitudes, East of the Prime Meridian and in environments with a denser forest canopy have evolved darker facial parts and an overall darker face, whereas species living at higher, temperate latitudes and in western open environments have evolved more lightly coloured faces (spatial PGLS for average facial darkness: latitude (absolute value) Î²=âˆ’0.067Â±0.018, P=0.0008; longitude Î²=âˆ’0.030Â±0.017, P=0.103; canopy density Î²=0.016Â±0.006, P=0.009; mean temperature Î²=0.006Â±0.019, P=0.728; all df=107; Î»â€²=0.56, Ï•=0.27, Î³=0.17; R2=0.13; Table 2). Across spatial PGLS regressions involving facial pigmentation of individual facial regions versus ecological variables (Table 2), the values of Ï• ranged from 0.08 to 0.72 and Î»â€²=0.22â€“0.77 (Î»â€²>Ï• in all cases), indicating a variable contribution of spatial versus phylogenetic effects across these traits. When the pigmentation data were analysed by continent, the trends were significant in African but not in Asian species (Table 2; Fig. 4). In all cases, there was neither a clear relationship between facial pigmentation and average temperature across all species nor between FCPC and any ecological or geographic variable.
Table 2 Major statistical trends in the evolution of facial pigmentation with respect to geographic and ecological variables.Full size table

Figure 4: Average darkness of catarrhine faces across their geographic range.[image: figure 4]
Gradients were calculated via a cell moving window average based upon data on the centroid of the speciesâ€™ geographic ranges (each indicated by a circle) and range overlap. Warmer colours illustrate areas occupied by species with overall darker faces.


Full size image



Discussion
Several lines of evidence suggest that facial `cues' are crucial to social communication across primates. Beyond the striking diversity of their faces, primates have intricate and highly conserved neurological pathways for facial recognition24,25,26,27, and multiple species have evolved conspicuous facial colours that function during mate selection (for example, red28,29). In the New World primate radiation (Platyrrhini), the evolution of facial colour patterns is linked to social recognition; species with small social groups have evolved complexly patterned faces8. The results presented here expand upon this finding by confirming that facial diversity in catarrhines also evolved in tandem with social group size. However, diversity trends in catarrhines are the opposite from platyrrhines; highly gregarious catarrhines have evolved more complexly patterned faces.
The divergent trends between platyrrhines and catarrhines may be explained by a higher reliance on facial expressions and displays for intraspecific communication in catarrhines30,31,32,33,34. For example, guenons (Cercopithecus spp.) present complex facial colour patterns that are further advertised through stereotyped head â€˜flaggingâ€™ movements during courtship or appeasement behaviours3,31. Thus, more complex faces could have evolved along with an increased ability for facial displays as a strategy to enhance individual recognition in larger groups. Differences in habitat use by platyrrhines versus catarrhines may also have a role, as visibility of facial cues is likely to be affected by the amount of clutter in the habitat and the distances among social group members. Quantitative data on the use of facial expressions30,35, and their relation to metrics of habitat use and social system, are crucial to test these hypotheses.
Across all primates studied to date, higher levels of sympatry with closely related species are associated with the evolution of more complexly patterned faces. Higher facial colour complexity may be a path to achieve phenotypes that are unique and more easily recognizable in the context of multiple sympatric congeneric species. As these species share an ancestral facial template and, in this case, the same habitat, changing the colour of individual patches is a way of generating facial differences without fully compromising functional demands imposed by the environment (see below). The evolution of higher facial colour complexity within genera indicates de-coupling of the phenotype of different facial regions, which is consistent with the idea that these might constitute variational modules10. Modularity of the primate face is a likely advantage of these more structured facial colour patterns because it can enable higher levels of interspecific diversity10,36,37 that would in turn be beneficial for species recognition. A modular framework characterizes the cranial morphology of many mammals, including primates38,39,40; however, facial colour patterns have not been investigated in the context of modularity even though research suggests that various aspects of this system might be modular. First, work on mammal and insect colour patterns indicates that there is modular genetic control to the presence of colour patches and types of colouration41,42. Second, primate studies propose that some neurological elements in the process of face recognition are specific to certain functions, thus modular in that sense43. Further studies, in particular of the ontogeny of facial colour patterns, are necessary to further understand the modular structure of colour patches in primate faces.
Intra- and interspecific social functions seem to be the major drivers of the evolution of FCPC; however, colour shading is tightly linked to spatial and ecological factors. Consistent with findings on the evolution of body colour in primates14, the pigmentation of most facial regions shows patterns that suggest adaptive evolution to habitat. Darker, melanin-based colours in the face and body14 have evolved in tropical, more densely forested regions where these colours may reduce predation pressure by making individuals more cryptic to visually oriented predators12 and increase resistance against pathogens44. Arguments for selection of darker colours for protection against high levels of UV radiation15 or for thermoregulation45 are contentious because arboreal primates can exploit their habitat in three dimensions, and there has been little quantification of the proportion of time different species spend at different forest strata (for example, the upper canopy, which has the highest UV levels, versus the middle- and lower canopy, which are highly shaded9). Interestingly, ecological trends in facial pigmentation are only observed for African species even though this involves a paraphyletic grouping of the species that live in this continent (Cercopithecinae, Colobinae and Hominidae each has representatives in both Africa and Asia). This highlights the key differences in the evolution of primate faces in Africa and Asia. Whereas there are much more distinct habitat gradients within the African continent, the archipelagic nature of some primate ranges in SE Asia may enable other factors (genetic drift, geographic isolation and habitat heterogeneity) to influence the evolution of facial colours in Asian species.
Primate faces are astonishingly diverse. For the largest and most widespread of all primate radiations, we show that the evolution of facial diversity is significantly correlated with both ecological and social factors. Whereas facial pigmentation has evolved in tandem with environmental conditions, the macroevolution of facial colour patterns is strongly associated with social situations that demand enhanced recognition and varied communication. This work demonstrates how high levels of interspecific phenotypic diversity may arise to meet diverse functions and highlights the potential of modular structures in generating this diversity.


Methods
Taxonomic sample
Our analyses included four radiations within Catarrhini (Old World monkeys and apes, Supplementary Data 1): Cercopithecidae, which comprises a diverse array of African and Asian species (N=119 species; 69 cercopithecines and 50 colobines); Hylobatidae, which includes the gibbons in Asia (N=14 species); and Hominidae, for which we only included the great apes (N=6 species). We did not include Homo sapiens in our analyses because of the speciesâ€™ worldwide distribution and high intraspecific phenotypic variation, leading to problematic assignment of morphological, social and ecological data.
Facial variables
Facial colour patterns and pigmentation data were generated from photographs of adult males in the All the Worldâ€™s Primate Database (http://www.awpdb.com) and Arkive (http://www.arkive.org). Samples per species included two to ten high-resolution close-up photographs, taken in the wild or in captivity. Facial colour patterns were quantified using the FCPC metric8. This measure represents the total number of uniquely different colour areas on the face. FCPC is calculated by subdividing the face into differently coloured areas (Fig. 1) spanning the diversity in patterns across species and recording the colour of each area based on a reference scale8. All observations were made by one person (S.E.S.). Recording the colour of each facial area also allowed the assignment of a darkness score to each facial part (lowest values=white hair or depigmented skin; highest values=black hair or hyperpigmented skin8) and the generation of a metric that approximated the degree of pigmentation of each facial region. Pigmentation scores across all facial regions were averaged to test for general trends in facial colour; this average was used in the graphic representation shown in Fig. 4.
Social and ecological variables
Average group size was used as a proxy for sociality, as these data can be collected from the literature for a large number of primate species. The mean community size was used for species presenting fissionâ€“fusion societies. Species distribution and sympatry data were generated from geographic distribution shapefiles downloaded from the International Union for the Conservation of Nature database46. These shapefiles contain each speciesâ€™ known range, depicted as polygons where a species is widespread, or as points where there are isolated records. For each species, we used tools in ArcView (ESRI, USA) to determine the overlap in geographic ranges and to generate data on the number of sympatric species at the genus level and the average area (in m2) of these overlaps. Areas of overlap were converted to Logs10 prior to analyses. ArcView was also used to generate data summarizing the speciesâ€™ geographic ranges by calculating the centroid of each polygon and noting its latitude and longitude. The location of these centroids was restricted to be placed in landmasses. Absolute values of centroid latitudes were used for regressions (below), so that greater values represented ranges away from the Equator. Longitude values were not transformed. Raw centroid locations of species distribution were used to source data on canopy density, mean precipitation and average temperature for each species from the USGS Global Forest Resources Assessment data set (http://edc2.usgs.gov/glcc/fao) and the WorldClim Database47. Species were also classified by continent to investigate whether there were differences in the evolutionary trends between African and Asian species, as distribution ranges in these two continents are disjointed and span different magnitudes of environmental gradients.
Phylogenetic and spatial analyses
Phenotypic traits result from both selection for ecological adaptation and past evolutionary history; thus, comparative methods are necessary to disentangle the roles of these processes and to correctly test for trait correlations in an evolutionary context48,49. We used the Freckleton and Jetz47 procedure to simultaneously estimate and account for the spatial and phylogenetic components of trait evolution in our regression models (R code available from R.P. Freckleton upon request). Three parameters are estimated simultaneously in these models48: Ï•, which measures the relative contribution of phylogenetic and spatial effects and varies between 0 (only â€˜phylogenetic effectsâ€™, the error structure of the models follows a phylogenetic rather than a spatial structure) and 1 (only â€˜spatial effectsâ€™, the error structure of the models follows a spatial rather than a phylogenetic structure); Î»â€², a spatially corrected version of Pagelâ€™s Î»50, which is calculated as Î»â€²=(1âˆ’Ï•) Î» and varies from 0 (trait values are independent of phylogeny) to 1 (trait values are structured according to a Brownian motion model of evolution) and Î³, which represents the proportion of trait variation independent of both space and phylogeny and is calculated as (1âˆ’Ï•)(1âˆ’Î»). Parameter estimates were based on a distance matrix generated from latitudes and longitudes of centroids of speciesâ€™ distribution, paired with a recent species-level phylogeny51.
We conducted spatial Phylogenetic Generalized Least Squared (spatial PGLS) regressions with a Brownian motion model of evolution and estimated Ï•, Î»â€² and Î³ within this context. Facial traits (FCPC, pigmentation per region, average pigmentation across the face) were used as response variables in separate regression models, whereas social (group size, number of sympatric species and area of sympatry at the genus level) and ecological (geographic distribution, canopy density and average temperature) variables were the predictors. We found that annual precipitation was positively and significantly correlated with canopy density in our data set (Î²=0.036Â±0.008; t=4.654; P=2.59 Ã— 10âˆ’5); thus, we only included canopy density in our regressions. Upon graphic exploration of the data, two outlier nodes were removed from the data set prior to analyses (Papio anubis-P. cynocephalus and Colobus polykomos-C. vellerosus). Phylogenetic analyses were conducted in R52 using functions in the APE53, GEIGER54 and NMLE55 packages, and those kindly provided by R.P. Freckleton for spatial PGLS.
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                References
	Setchell, J. M. & Kappeler, P. M. Selection in relation to sex in primates. Adv. Stud. Behav. 33, 87â€“173 (2003).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Setchell, J. M. Do female mandrills prefer brightly coloured males? Int. J. Primatol. 26, 715â€“735 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kingdon, J. The role of visual signals and face patterns in African forest monkeys (guenons) of the genus. Cercopithecus Trans. Zool. Soc. Lond. 35, 425â€“475 (1980).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Caro, T., Beeman, K., Stankowich, T. & Whitehead, H. The functional significance of colouration in cetaceans. Evol. Ecol. 25, 1â€“15 (2011).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Edmunds, M. & Dewhirst, R. A. The survival value of countershading with wild birds as predators. Biol. J. Linn. Soc. 51, 447â€“452 (1994).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kamilar, J. M. & Bradley, B. J. Countershading is related to positional behavior in primates. J. Zool. 283, 227â€“233 (2011).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Gloger, C. L. Das AbÃ¤ndern der VÃ¶gel Durch Einfluss des Klimas Breslau (1833).

	Santana, S. E., Lynch Alfaro, J. & Alfaro, M. E. Adaptive evolution of facial colour patterns in Neotropical primates. Proc. Roy. Soc. B 279, 2204â€“2211 (2012).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Fleagle, J. Primate Adaptation and Evolution Academic Press (1999).

	Wagner, G. Homologues, natural kinds and the evolution of modularity. Amer. Zool. 36, 36â€“43 (1996).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Wagner, G., Pavlicev, M. & Cheverud, J. The road to modularity. Nat. Rev. Genet. 8, 921â€“931 (2007).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zink, R. & Remsen, J. Jr Evolutionary processes and patterns of geographic variation in birds. Curr. Ornithol. 4, 1â€“69 (1986).

                    Google ScholarÂ 
                

	Stevens, M. & Merilaita, S. Animal camouflage: current issues and new perspectives. Phil. Trans. Roy. Soc. B 364, 423â€“427 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kamilar, J. M. & Bradley, B. J. Interspecific variation in primate coat colour supports Glogerâ€™s rule. J. Biogeogr. 38, 2270â€“2277 (2011).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Caro, T. The adaptive significance of colouration in mammals. Bioscience 55, 125â€“136 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Abernethy, K., White, L. & Wickings, E. Hordes of mandrills (Mandrillus sphinx): extreme group size and seasonal male presence. J. Zool. 258, 131â€“137 (2002).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Fuentes, A. Hylobatid communities: changing views on pair bonding and social organization in hominoids. Am. J. Phys. Anthropol. 113, 33â€“60 (2000).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Wilson, D. E. & Reeder, D. A. M. Mammal Species of the World: A Taxonomic and Geographic Reference Vol. 2, (Johns Hopkins University Press (2005).

	Malone, N., Fuentes, A. & White, F. Variation in the social systems of extant hominoids: comparative insight into the social behavior of early hominins. Int. J. Primatol. 33, 1â€“27 (2012).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Ekman, P. Darwin and Facial Expression: A century of Research in Review Ishk (2006).

	Burrows, A. The facial expression musculature in primates and its evolutionary significance. Bioessays 30, 212â€“225 (2008).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Burrows, A. M., Diogo, R., Waller, B. M., Bonar, C. J. & Liebal, K. Evolution of the muscles of facial expression in a monogamous ape: evaluating the relative influences of ecological and phylogenetic factors in hylobatids. Anat. Rec. 294, 645â€“663 (2011).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Burrows, A. M., Waller, B. M., Parr, L. A. & Bonar, C. J. Muscles of facial expression in the chimpanzee (Pan troglodytes): descriptive, comparative and phylogenetic contexts. J. Anat. 208, 153â€“167 (2006).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Pascalis, O. & Bachevalier, J. Face recognition in primates: a cross-species study. Behav. Proc. 43, 87â€“96 (1998).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Calder, A. & Young, A. Understanding the recognition of facial identity and facial expression. Nat. Rev. Neurosci. 6, 641â€“651 (2005).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tsao, D. Y. & Livingstone, M. S. Mechanisms of face perception. Annu. Rev. Neurosci. 31, 411 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pokorny, J. J. & de Waal, F. B. M. Face recognition in capuchin monkeys (Cebus apella). J. Comp. Psych. 123, 151â€“160 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Setchell, J. Do female mandrills prefer brightly coloured males? Int. J. Primatol. 26, 715â€“735 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Fernandez, A. & Morris, M. Sexual selection and trichromatic colour vision in primates: statistical support for the preexisting-bias hypothesis. Am. Nat. 170, 10â€“20 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Dobson, S. D. Socioecological correlates of facial mobility in nonhuman anthropoids. Am. J. Phys. Anthropol. 139, 413â€“420 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kingdon, J. Facial patterns as signals and masks. eds Jones S.et al. The Cambridge Encyclopedia of Human Evolution161â€“165 ((1992).

	Kingdon, J. Primate visual signals in noisy environments. Folia. Primatol. 78, 389â€“404 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kingdon, J. S. The role of visual signals and face patterns in African forest monkeys (guenons) of the genus. Cercopithecus. Trans. Zool. Soc. Lond. 35, 425â€“475 (1980).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Mancini, G., Ferrari, P. F. & Palagi, E. Rapid facial mimicry in geladas. Sci. Rep. 3 (2013).

	Dobson, S. D. & Sherwood, C. C. Correlated evolution of brain regions involved in producing and processing facial expressions in anthropoid primates. Biol. Lett. 7, 86â€“88 (2011).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Bolker, J. Modularity in development and why it matters to evo-devo. Int. Comp. Biol. 40, 770â€“776 (2000).

                    Google ScholarÂ 
                

	Yang, A. Modularity, evolvability, and adaptive radiations: a comparison of the hemi-and holometabolous insects. Evol. Dev. 3, 59â€“72 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Goswami, A. Cranial modularity shifts during mammalian evolution. Am. Nat. 168, 270â€“280 (2006).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Lieberman, D. E., Carlo, J., de Leon, M. P. & Zollikofer, C. P. E. A geometric morphometric analysis of heterochrony in the cranium of chimpanzees and bonobos. J. Hum. Evol. 52, 647â€“662 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Porto, A., de Oliveira, F. B., Shirai, L. T., De Conto, V. & Marroig, G. The evolution of modularity in the mammalian skull I: morphological integration patterns and magnitudes. Evol. Biol. 36, 118â€“135 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Monteiro, A., Prijs, J., Bax, M., Hakkaart, T. & Brakefield, P. M. Mutants highlight the modular control of butterfly eyespot patterns. Evol. Dev. 5, 180â€“187 (2003).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Miltenberger, R. J. et al. Molecular and phenotypic analysis of 25 recessive, homozygous-viable alleles at the mouse agouti locus. Genetics 160, 659â€“674 (2002).
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Nachson, I. On the modularity of face recognition: the riddle of domain specificity. J. Clin. Exp. Neuropsychol. 17, 256â€“275 (1995).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Burtt, E. H. Jr & Ichida, J. M. Glogerâ€™s rule, feather-degrading bacteria, and colour variation among song sparrows. Condor 106, 681â€“686 (2004).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Burtt, E. H. An analysis of physical, physiological, and optical aspects of avian colouration with emphasis on wood-warblers. Ornithol. Monogr. 38, 1â€“126 (1986).

                    Google ScholarÂ 
                

	International Union for the Conservation of Nature Red List Species data, http://www.iucnredlist.org/technical-documents/spatial-data (2012).

	Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G. & Jarvis, A. Very high resolution interpolated climate surfaces for global land areas. Int. J. Climatol. 25, 1965â€“1978 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Freckleton, R. P. & Jetz, W. Space versus phylogeny: disentangling phylogenetic and spatial signals in comparative data. Proc. Roy. Soc. B 276, 21â€“30 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Felsenstein, J. Phylogenies and the comparative method. Am. Nat. 125, 1â€“15 (1985).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Pagel, M. Inferring the historical patterns of biological evolution. Nature 401, 877â€“884 (1999).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Chatterjee, H., Ho, S., Barnes, I. & Groves, C. Estimating the phylogeny and divergence times of primates using a supermatrix approach. BMC Evol. Biol. 9, 259 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	R Development Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing (2008) http://www.R-project.org.

	Paradis, E., Claude, J. & Strimmer, K. APE: analyses of phylogenetics and evolution in R language. Bioinformatics 20, 289â€“290 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Harmon, L., Weir, J., Brock, C., Glor, R. & Challenger, W. GEIGER: investigating evolutionary radiations. Bioinformatics 24, 129â€“131 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pinheiro, J., Bates, D., DebRoy, S. & Sarkar, D. NMLE: linear and nonlinear mixed effects models. R Package Version 3, 1â€“111 (2013).

                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank Noel Rowe, Jonathan Chang, Jida Wang, Ryan Harrigan and Rob Freckleton for assistance during data collection and analyses; Stephen Nash for illustrations of primate faces; and Tim Caro for useful suggestions to improve the manuscript. This study was partially supported by a Postdoctoral fellowship from the UCLA Institute for Society and Genetics to S.E.S., NSF BCS 0918748 and DEB 6861953.


Author information
Authors and Affiliations
	Department of Biology and Burke Museum of Natural History and Culture, University of Washington, Seattle, 98195, Washington, USA
Sharlene E. Santana

	Institute for Society and Genetics, University of California Los Angeles, Los Angeles, 90095, California, USA
Jessica Lynch Alfaro

	Department of Anthropology, University of California Los Angeles, Los Angeles, 90095, California, USA
Jessica Lynch Alfaro

	Department of Ecology and Evolutionary Biology, University of California Los Angeles, Los Angeles, 90095, California, USA
Andrew NoonanÂ &Â Michael E. Alfaro


Authors	Sharlene E. SantanaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jessica Lynch AlfaroView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Andrew NoonanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Michael E. AlfaroView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
S.E.S. and A.N. collected the data and performed the analyses. All the authors participated in designing the study, discussed the results and collaborated in the preparation of the manuscript.
Corresponding author
Correspondence to
                Sharlene E. Santana.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Data 1
Raw data and summary statistics for Facial Colour Pattern Complexity (FCPC) across the catarrhine clades. The Shannon-Wiever index represents the diversity of FCPC values across all species within each clade, higher values indicate higher diversity in facial color patterns in a group (XLS 38 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Santana, S., Alfaro, J., Noonan, A. et al. Adaptive response to sociality and ecology drives the diversification of facial colour patterns in catarrhines.
                    Nat Commun 4, 2765 (2013). https://doi.org/10.1038/ncomms3765
Download citation
	Received: 30 January 2013

	Accepted: 14 October 2013

	Published: 11 November 2013

	DOI: https://doi.org/10.1038/ncomms3765


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Melanism in a Wild Sifaka Population: Darker Where Cold and Fragmented
                                    
                                

                            
                                
                                    	Elizabeth Tapanes
	Jason M. Kamilar
	Brenda J. Bradley


                                
                                International Journal of Primatology (2023)

                            
	
                            
                                
                                    
                                        Ecological factors are likely drivers of eye shape and colour pattern variations across anthropoid primates
                                    
                                

                            
                                
                                    	Juan Olvido Perea-GarcÃa
	Kokulanantha Ramarajan
	AntÃ³nia Monteiro


                                
                                Scientific Reports (2022)

                            
	
                            
                                
                                    
                                        Chimpanzee (Pan troglodytes) gaze is conspicuous at ecologically-relevant distances
                                    
                                

                            
                                
                                    	Will Whitham
	Steven J. Schapiro
	Jessica L. Yorzinski


                                
                                Scientific Reports (2022)

                            
	
                            
                                
                                    
                                        Skull variation in Afro-Eurasian monkeys results from both adaptive and non-adaptive evolutionary processes
                                    
                                

                            
                                
                                    	Lauren Schroeder
	Sarah Elton
	Rebecca Rogers Ackermann


                                
                                Scientific Reports (2022)

                            
	
                            
                                
                                    
                                        The Evolutionary Ecology of Primate Hair Coloration: A Phylogenetic Approach
                                    
                                

                            
                                
                                    	Rachel B. Bell
	Brenda J. Bradley
	Jason M. Kamilar


                                
                                Journal of Mammalian Evolution (2021)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
        You have full access to this article via your institution.

        
    
        
            
                Download PDF
                
            
        

    

        
    



            

            
                

    
        

        
        
            
    
        
            
                Download PDF
                
            
        

    

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Open Access Fees and Funding
                                
                            
	
                                
                                    Calls for Papers
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Editors' Highlights
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    Top Articles
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For authors
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Communications (Nat Commun)
                
                
    
    
        ISSN 2041-1723 (online)
    
    


                
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
