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The Phylogenetic Co-Variation of Anthropoid Colour Signalling 

I have demonstrated co-variation in the development of estrus colouration, male genital 

colouration, and natal coat colouration. The correlations describe a bi-directional 

relationship among all three characters, particularly between male genital colouration and 

natal coat colouration. These correlations suggest a causal relationship and a possible 

evolutionary 'loop'. Phylogenetic reconstruction suggests the presence of contrasting male 

genital colouration and natal coat colouration in the ancestral anthropoid species. The age 

of these characters and the number of correlations among them suggest that the 

development of these characters may have been a key event in the later development of 

estrus colouration. Presence and correlational relationships demonstrated between other 

forms of colour signalling indicate that it is likely that primate species display other colour 

signals, such as pregnancy signals, that have gone unobserved. Demonstrated correlations 

may also relate to the development of trichromatic vision in primates. 
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Glossary 

Anthropoid 

Catarrhine 

Cercopithecine 

Chloasma 

Clade 

Cladistic 

Colobine 

Equivocal 

Mask of 
pregnancy 

Melasma 

Monophyly 

New world 
monkey 

Node 

A member of the suborder Anthropoidea, which includes old and new 
world monkeys, apes and humans (Conroy, 1990). 

A member of the infraorder Catarrhini, as opposed to the Platyrrhini. 
Together these clades form the anthropoid clade (Conroy, 1990). 

A member of the Cercopithecinae, the subfamily of the old world 
monkeys characterized by cheek pouches (Conroy, 1990). 

The melanization of facial pigmentation on the forehead and around 
the eyes, during pregnancy, in humans. 

A group consisting of all the species descended from a single common 
ancestor (Maddison and Maddison, 1992) 

See Phylogeny 

A member of the Colobinae, the subfamily of the old world monkeys 
characterized as leaf-eaters (Conroy, 1990). 

A lineage or node at which the assignment of any of the proposed 
ancestral states is equally parsimonious. 

See Chloasma 

See Chloasma 

Refers to a group containing all the known descendants of an ancestral 
species (Conroy, 1990). 

See Platyrrhine 

The point at which a lineage branches or ends, in a phylogenetic tree 
(Maddison and Maddison, 1992) 

Old world 
monkey 

Phylogeny 

See Catarrhine 

The evolutionary or genealogical relationships among a group of 
organisms; also, phylogenetic tree - a graphic reconstruction of the 
hypothesized patterns of descent of a group of extant species (Conroy, 
1990). 
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Phylogenetically Referring to species characteristics whose phenotypes and distribution 
constrained are constrained by the genetic relationships among related species. 

Platyrrhine 

Polytomy 

Strepsirhini 

Systematics 

Tarsius 

A member of the infraorder Platyrrhini, as opposed to the Catarrhini. 
Together these clades form the anthropoid clade (Conroy, 1990). 

A node with more than two direct descendant nodes (Maddison and 
Maddison, 1990), as opposed to a dichotomously branching tree, in 
which each node has only two descendant nodes. 

A member of the suborder Strepsirhini, which includes Adapidae and 
the Lemuriformes (Conroy, 1990). 

Phylogenetic systematics - classification by means of shared derived 
characters (Conroy, 1990). 
Phylogenetic systematics is the investigation of the phylogenetic 
distribution of the comparative differences of extant species (Hennig, 
1965). 
Members of the infraorder Tarsiiformes, which includes the tarsiers 
and some classifications of the Omomyidae (Conroy, 1990). 
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CHAPTER 1: INTRODUCTION 

There are many publications discussing the proposed functions of primate 

colouration. The primatological community has not, however, explored the interactions 

among the different forms of primate colour. M y thesis is an investigation of the 

phylogenetic covariation of anthropoid colour signals. M y goal is to present a description 

of the phylogenetic relationships among different forms of anthropoid colouration. The 

significance of my research is its contribution to the understanding of the patterns and 

origins of anthropoid colour signal communication. Research into these mechanisms may 

help to clarify the nature of visual communication in the primates, which include the only 

known group of trichromatic mammals. Further, my analysis provides an empirical 

description of the patterns of covariation in colour signalling across the primates. This is 

an important framework from which further functional explanations for specific colour 

signal mechanisms can proceed. 

In the following chapter I wil l first review the existing literature describing 

anthropoid natal coat colouration, male genital colouration and estrus colouration. Various 

arguments pertaining to the functions of these colour signals wil l be explored. In many 

cases there exists a variety of functional explanations for the evolution of colouration, most 

of which are tied to social factors. It is important to understand the functional explanations 

underlying anthropoid colouration, the relationships among different forms of colour 

signalling may be influenced by their functional correlates. In making a comparison of 

species, it is necessary to understand the phylogenetic relationships among the sample 

species. Chapter 3 presents an outline of the basic phylogenetic principles involved in my 

analysis. A composite phylogeny is necessary in any analysis that encompasses a set of as 

many as 184 different species. I wi l l discuss the meaning and construction of the 
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composite phylogenetic tree used in my analysis. I wi l l also address my use of the 

comparative method, the principle of parsimony in trait reconstructions and the set of 

consequent assumptions about the way evolution proceeds. In Chapter 4 I describe my 

methodology. The evaluation of primate colouration, specifically, presents unique 

challenges relating to the quantification of colouration and data access. The process of 

character coding and the mapping of those characters onto an existing phylogeny are also 

described in Chapter 4. I outline my testing methods, which include the application of the 

concentrated changes test and Pearson's r testing of the smaller clades. The concentrated 

changes test accounts for the phylogenetic relationships among species tested, while 

Pearson's r testing treats each species as an independent data point. I describe the results of 

my analysis in Chapter 5. M y results begin with a description of the distribution of each 

character across the phylogenetic tree. I then relate the occurrences of correlated evolution 

observed within the entire anthropoid clade, followed by those occurrences of correlated 

evolution found in the platyrrhine clade and then those in the catarrhine clade. This is 

followed by a description of the occurrences of correlated evolution found in the smaller 

clades tested - the colobines, the cercopithecines, the macaques and the clade formed by 

the baboons, mandrills and mangabeys. In the last section, I relay the results of Pearson's r 

testing, which are then compared with the results of the concentrated changes test. The 

comparisons between these two fundamentally differing tests are discussed. Finally, 

Chapter 6 is a summary of the major findings of my analysis. This includes a discussion of 

the relationships observed among different forms of colour signalling and how some of 

them may relate to the old world primate visual system. I also address the evolution of 

'key' characters or innovations in the colour character sequence of development. One 

issue, which remains unresolved, is the meaning of negative correlations appearing between 



3 

estrus colouration and natal coat colouration. Another unresolved issue is the existence of 

correlations in larger clades, which do not appear in the smaller, daughter clades tested. 

Unfortunately, additional Pearson's r testing results do not clarify the issue. This 

phenomenon may, in fact, relate to the nature of the test used in analysis. Through the 

analysis of my findings I am also prepared to make predictions about the existence and 

distribution of primate pregnancy signals. 
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CHAPTER 2: REVIEW OF COLOUR SIGNALLING 

Primate Colour 

Many primates display areas of body colouration that contrast with the adjacent skin 

or pelage, or possibly with other members of the group. This colour contrast is often 

formed between the genitalia and the ventrum, and inner thigh, in both males and females. 

In females, colouration is most commonly displayed in the anogenital area through estrus 

swellings. The colouration of male genitalia varies according to species and physiological 

factors. Alternately, contrast is also formed between the infant pelage and adult pelage 

when infants are born with a differently coloured natal coat. Natal coats are specific to 

infants, the pelage changes to match adult colouration as the individual matures. In this 

section I wi l l outline some of the physiological and behavioural aspects of genital and coat 

colouration. 

Genital signalling in both sexes would appear to involve red, blue and possibly 

purple colourations. Red skin colouration is the result of the approximation of the blood 

vessels to the surface of the skin (Fox and Ververs, 1960). Blue colouration involves 

Tyndall scattering (Fox and Ververs, 1960). Tyndall scattering occurs when melanin 

pigments behind small protein particles scatter the shorter wavelength components of white 

light and blue colouration is reflected (Fox and Ververs, 1960). Purple colouration is the 

result of the combination of vascularization and Tyndall scattering (Fox and Ververs, 

1960). 

Agouti is a banded pelage pattern of alternating grey and brown and it is concluded 

to be the ancestral primate condition (Treves, 1997). It is hypothesized that biochemical 

changes to hair colour can follow two pathways and are irreversible (Treves, 1997). Agouti 

is produced by alternating black (melanistic) and red (erythristic) banding (Treves, 1997). 
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If the red bands are reduced in number, pelage wil l become dark brown. Continued 

depigmentation of the red banding will result in black pelage, then grey, leading eventually 

to silvery pelage colouration (Hershkovitz, 1977). If black pigmentation is lost first, pelage 

colour will move from red-brown, to red, and eventually to orange, straw and cream 

colours (Hershkovitz, 1977). The direction of change is invariant (Hershkovitz. 1977). 

This can be taken to infer that darker pelage colours are the ancestral state for primate 

pelage. 

Natal coat colouration is the only aspect of pelage colouration I have chosen to 

address. It is widespread among the anthropoids and is a clear visual signal whose meaning 

is generally retained between species. Jonathan Kingdon published an investigation of the 

visual signals and face patterns of Cercopithecus species in 1980. In his investigation, 

Kingdon describes the facial colouration of several Cercopithecus species and the display 

behaviours that highlight them. The ritualisation of particular repertoires of display 

behaviours has lead to the development of species-specific signals. In the case of 

'presenting' behaviours colour is concentrated in the rump and genitals. Conversely, in the 

red-tailed, nose-spotted species, head gestures, which accompanied presentation, have 

become ritualised and are now seen as head-flagging signals. The signalling mechanism is 

presumed to have moved from the genitals to facial colouration. Sympatric species of 

guenon employ different modes of visual signalling; these displays may constitute a 

mechanism reinforcing the genetic isolation of populations (Kingdon, 1980). 

This is a large area of study, which I do not intend to address further. Kingdon has 

adequately addressed the nature and development of the signals conveyed by facial 

colouration. 
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i 
Characters 

Natal Coat 

Figure 2.1: Natal coat colouration in Trachypithecus auratus, photo from Rowe, 1996. 

Many primate species have a natal coat coloured differently than the normal adult 

pelage. In some cases the natal coat is brightly coloured, contrasting greatly with the adult 

coat. Natal coats are usually replaced by the juvenile or adult coat between two and six 

months of age (Ross and Regan, 2000). The precise age at which the natal coat is lost 

varies with the species. It is most commonly hypothesized that contrasting natal coat is a 

signal eliciting parental care, including allomothering and possibly deterring male 

aggression (Ross and Regan, 2000; Treves, 1997; Gartlan, 1969; Poirer, 1968). Reports on 

wild and captive primates support the assertion that distinct infantile coat appears to act as 

an elicitor of protection and care giving (Alley, 1980; Fossey, 1979). Visual cues for infant 

care may have been selected for because behavioural and vocal patterns may increase 

prédation risk, while static visual stimuli may be less likely to attract predator attention 

(Alley, 1980). The lack of context-conditioned variability and persistence of infant care 

behaviour in inappropriate circumstances, such as infant death, show the intensity of 

genetic constraint on infant caretaking behaviour (Alley, 1980). Meaning, despite changes 



in social or environmental context, such as the death of the infant being cared for, females 

wil l persist in caretking behaviors such as carrying or grooming. This demonstrates the 

degree to which caretaking behaviours can be 'programmed' in certain species. A key 

aspect of this phenomenon may be the stimulus presented by a contrasting natal coat, which 

may elicit caretaking behaviours in females, regardless of the context. The solicitation of 

allomothering through a contrasting natal coat may ensure that an infant is always watched 

and is therefore less likely to wander or be subject to prédation in a moment of maternal 

inattention (Gartlan, 1969). This is also evidenced in that adults show a marked decrease of 

interest in infants once the contrasting natal coat is lost (Gartlan, 1969). In the case of the 

mother-infant bond, natal coat may be an element in releasing female maternal behaviour 

(Poirier, 1968). Mothers with newborn infants receive considerably more grooming than 

other group females or than they had previously received (Henzi and Barrett, 2002). The 

significance of natal coats may also lie in a benefit to maternal females who permit access 

to infants while receiving grooming. Despite this evidence, tests have not established a 

firm correlational link between contrasting natal coat and allocare (Ross and Regan, 2000; 

Treves, 1997). However, there are indications that species displaying allocare have higher 

levels of coat reflectance, specifically the reflectance of the crown and outer leg (Ross and 

Regan, 2000). Coat reflectance refers to the visible radiation (400-700nm) reflected from 

the pelage. It is generally measured using spectrophotometry, in which the reflected light is 

collected and measured in relation to a pure white standard (100% reflectance) and a 'black 

body' (0% reflectance). 

Initially, support was also found for the 'paternity cloak' hypothesis, which states 

that infants display natal coats in an effort to mask resemblance to any specific male and 

therefore cloud paternity. Coat colour can be involved in kin recognition, meaning it may 
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be possible for a male to recognize his own offspring through coat colouration. A n 

offspring with a natal coat that differs entirely from the adult norm displays as few 

paternity cues as possible. Hence, such an offspring may be the benefactor of paternity 

confusion and may avoid infanticide risk. Treves showed this link by correlating the 

occurrence of contrasting natal coat with testes size, and therefore likelihood of paternity 

assurance, in different primate communities. In their 2000 study Ross and Regan refute the 

evidence presented by Treves. Having re-tested the apparent correlation while adjusting for 

phylogenetic bias, Ross and Regan found no correlation between contrasting natal coat and 

testes size. 

While arboreal species are found to have more brightly contrasting natal coats, 

terrestrial infants are, in fact, more likely to possess a contrasting natal coat (Ross and 

Regan, 2000). This is not due to a higher level of allocare in terrestrial primates, as there is 

no recognized correlation between terrestriality and degree of allocare. Perhaps terrestrial 

infants are more likely to stray than their arboreal counterparts and a visibly contrasting 

coat may allow mothers or other care givers to locate them more rapidly when predators 

attack (Ross and Regan, 2000). This argument assumes that this advantage outweighs the 

infants' increased conspicuousness to predators. The same study (Ross and Regan, 2000) 

concluded that there is no correlational link between conspicuous natal coat and prédation 

rates, which are, admittedly, difficult to measure. 

There are no reports of individual neonates who lacked a contrasting natal coat in 

those species, which are known to display them. This suggests that the genetic system 

underlying natal coats rapidly evolves to fixation, reflecting a strong selection on the trait 

(Treves, 1997). This also assumes that the trait is adaptive. Extremely contrasting natal 
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coat and minorly contrasting natal coat are inferred to have arisen separately and may be 

adaptive to different selective pressures (Treves, 1997). 

Male Genital Colouration 

Vï'vf! "WW U r t ' « **>'-t »ns 6¡uf d'SM.Í 

Figure 2.2: Male genital colouration in Chlorocebus aethiops, photo from Rowe 1996 

In rhesus monkeys (Macaca mulatta) the red colour of the scrotum intensifies with 

the mating season, along with a doubling of testicular size (Bercovitch, 1996). However, 

by measuring scrotal colour and testosterone levels in patas monkeys (Erythrocebus patas) 

over the course of one year, it was found that while hormonal levels and testicular volume 

changed with the breeding season, scrotal colour did not (Bercovitch, 1996). Nor does the 

colour of the scrotum appear to be seasonally mediated in talapoin monkeys (Miopithecus 

talapoin) or mandrills in Gabon (Bercovitch, 1996). In most species, full male genital 

colouration onset is hormonally mediated, generally occurring at puberty (Bercovitch, 

1996; Dixon et. al., 1993; Henzi, 1985). The intensity of male genital colouration, 

however, does not always relate to hormonal fluctuations. In vervets (Chlorocebus 

aethiops), however, the colour hue of the scrotum has been associated with degree of 

dermal hydration (Bercovitch, 1996). These findings would suggest that, in vervets, scrotal 
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colour does not generally intensify with hormonal changes during the breeding cycle; rather 

scrotal colouration may function as a signal in male-male competition (Bercovitch, 1996). 

This is supported by evidence that genital signals in vervets were associated with intermale 

aggression (Henzi, 1985). Vervet males have a red penis and a powder-blue/robin's-egg 

blue scrotum, which are used in behavioural displays. Female vervets have a red clitoris 

and blue vulvar margins. Henzi (1985) has suggested that the analogous male structures 

may have evolved to imitate the "attractive" female characteristics in order to reduce 

aggression through their display. He points out that in vervets, the testes can be retracted 

and the scrotum effectively removed from view. Top ranking male vervets rarely retract 

their testes for social reasons, while lower ranking males are far more likely to retract their 

testes in a social encounter, usually when the subject was hunched over and backing away 

from an assailant. Conversely, extension of the penis was concluded to accompany 

aggressive behaviour in male-male encounters, and was generally displayed by the more 

dominant individual. In mandrills (Mandrillus sphinx), "fatted" dominant males display 

maximum secondary sexual colouration, while lower ranking "non-fatted" males possess 

more muted colouration (Dixon et. al, 1993). Dominant males appear to be able to 

monopolize copulation opportunities and rank correlates significantly with reproductive 

success (Dixon et. al., 1993). Following from these reports, it is hypothesized that male 

genital colouration is a mechanism of male-male competition and will co-vary with other 

occurrences of primate colour signalling. Male genital colouration likely functions as a 

mechanism in male-male competition, just as estrus colouration plays a role in female 

attractiveness. In both cases the signals appear to be tied to a competitive access mating 

system. In a multi male mating system competition may involve a substantial amount of 

signalling. This is seen in contests involving male 'armament' wherein conflicts are 
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ritualized to mitigate the costs incurred in direct male-male competition. Male genital 

colouration may function as another mechanism in male-male competitive displays. 

Male colouration may play a concurrent role in sexual selection. Primate disease, 

specifically cases of ancylostomiasis (hookworm disease) have been associated with a loss 

of colouration (Fiennes, 1966; Paterson, pers. com.). Bright colouration may indicate 

health and resistance to infection. Such males may be better able to attract female 

attention. 

Estrus Colouration 

Figure 2.3: Estrus colouration in Papio hamadryas, photo from Rowe, 1996. 

In many species of primate, females display swelling and colouration changes of the 

sexual skin (external genitalia and surrounding skin) during estrus. Maximal swelling 

occurs during the late follicular phase of the estrus cycle (Estes, 1991). Evidence shows 

that the colour and swelling of the sexual skin in female primates influences females' 

attractiveness to males (Dixson, 1983; Bielert et. al, 1989). If chacma baboon males are 

allowed visual access to an ovariectomized and estrogen-treated female, they exhibit 

increased frequencies of masturbation and elevations in testosterone levels (Bielert et. al, 
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1989). This does not occur if males can hear and smell the female, but are denied visual 

contact (Bielert et. al, 1989). The visual stimulus of female estrus swellings appears to 

play an important role in male chacma baboon arousal. Bielert et.al. also exposed chacma 

males to a female wearing a thermoplastic model of a swollen female perineum, in a variety 

of colours. Only the red plastic model elicited a similar response to that shown to the 

estrogen-treated female. These results support the view that female perineal colouration 

plays a role in male response, in chacma baboons. Finally, in chimpanzees, alpha males 

and other adult males have shown higher copulatory rates towards females during the latter 

half of their estrus swellings (Wallis and Bettinger, 1993). 

The ancestral state for anthropoid primates is understood to be the presence of slight 

visual signs of estrus, because this is also the condition in both the tarsiodea and the 

strepsirhini - the sister taxa of the anthropoidea (Dixson, 1983; Sillén-Tullberg and M0ller, 

1993). Sillén-Tullberg and M0ller (1993) agree with Dixson (1983) that full sexual 

swellings have evolved independently at least three times. They are, however, rare in the 

new world primates. Among new world primate species only Cebus, Saimirí, Chiropotes 

and Alouatta palliata display estrus signals. One reason for the lack of estrus signalling in 

the new world primates may be their extensive use of olfactory communication (Dixson, 

1983). This may also relate to the extremely arboreal nature of the new world primates and 

levels of habitat visibility. 

Conversely, estrus signalling is common among old world primate species. The 

extensive distribution of sexual swelling in the cercopithecinae would indicate that the last 

common ancestor of this group possessed some form of sexual swelling (Dixson, 1983). 

Alternately, the variability seen in Macaca would suggest that the ancestral condition is the 

possession of sexual swellings with their subsequent loss in those extant species that do not 
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display estrus signals (Dixson, 1983). Derived morphological specializations of the 

genitalia may have served as a reproductive isolating mechanism in fascicularis, sinica and 

arctoides species. These isolating mechanisms likely lead to a loss of estrus swellings 

(Dixson, 1983). 

The phylogenetic association between female estrus swelling and multi-male 

systems may indicate the function of estrus swelling is as a mechanism of intersexual 

signalling (Dixson, 1983; Sillén-Tullberg and M0ller, 1993): in association with a multi-

male system, female estrus swelling may serve to attract suitable males (Dixson, 1983). 

While no recently published studies have demonstrated the covariation of different 

forms of colour signals, the evolution of display morphology and display behaviours have 

been linked in birds and fish (McLennan, 1996; Prum, 1990). Correlations have also been 

demonstrated between the evolution of colouration and toxicity in the frog family 

Dendrobatidae (Summers and Clough, 2001). Conversely, testing demonstrates that the 

evolution of display morphology in male phrynosomal lizards (conspicuously coloured 

throat and belly patches) does not correlate to the evolution of display behaviours (Wiens, 

2000). However, some functional explanations of non-mammalian colouration closely 

parallel those given for similar forms of primate colouration. Colouration has been tied to 

male-male interactions in lizards. Male sceloporus lizards (Sceloporus virgatus) display 

varying degrees of blue colouration on the belly and throat (Abell, 1999). Experimentation 

has shown that enhanced blue colouration may serve as an advantage to larger males when 

engaging in territorial conflicts (Abell, 1999). Alternately, in the Arctic charr (Salvelinus 

alpinus) darker skin colouration has been suggested to signal social subordination 

(Hoglund, Balm and Winberg, 2002). Much like many anthropoids, natal colouration is 

important in American coot chicks {Fúlica americana). Chick colouration is tied to 
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caregiving insofar as parents have been demonstrated to feed highly ornamented chicks 

preferentially over non-ornamented chicks (Lyon, Eadie and Hamilton, 1994). The ties 

between infant colouration and caregiving behaviour exist in both mammalian and avian 

species. Anthropoid estrus colouration may function in male mate choice, particularly as 

estrus colouration can signal fertility status. Variations in female sceloporus lizard 

(Sceloporus virgatus) and female agamid lizard {Ctenophorus omatus) throat colouration 

may identify the different stages of the female reproductive cycle (LeBas and Marshall, 

2000; Weiss, 2002). Just as in many primates, sexual receptivity, ovulation and the 

nonreceptive period can be associated with a specific phase of bodily colouration. In 

lizards this is explained through the courtship-stimulation and courtship-rejection 

hypotheses of signal function (Weiss, 2002). Under these hypotheses males may 

preferentially associate with females expressing receptivity or ovulatory colouration, and 

ignore females who display nonreceptive colouration. Other evidence for male choice 

based on colouration exists in an investigation of male sticklebacks (Gasterosteus 

aculeatus), that have been shown to prefer females with drab pelvic spines (Nordeide, 

2002). This is thought to relate to the fact that spine colouration has a strong function in 

male-male aggressive interactions. 

The existence of multiple functional arguments for the function of primate colour 

signals demonstrates the lack of resolution in this area of study. First, natal coat 

colouration is rarely addressed in primatological literature. In those publications that do 

discuss the function of natal coats, several different hypotheses are presented. A review 

suggests that natal coat colouration may relate equally to infanticide avoidance through 

paternity confusion or to allocare and parental care through the stimulus presented by 

differential infant colouration. Also, despite theories that some natal coats present an 



15 

increased prédation risk, the existence or intensity of anthropoid natal coats does not appear 

to relate to current assessments of prédation rates. The most recent publication on natal 

coats (Ross and Regan, 2000) refutes the evidence presented in support of all of these 

hypotheses. Several plausible explanations of the function of natal coats exist but the true 

mechanisms underlying this phenomenon are, as yet, unresolved. Secondly, this is also true 

of the functional explanations regarding male genital colouration. However, in the case of 

male genital colouration there are no lack of data to support the differing theories. Male 

genital colouration is likely associated with inter-male competition, either through inter-

male dominance displays or through sexual selection. Cross-species variation relates to the 

nature and maintenance of male genital colouration. In different species male genital 

colouration may remain fixed after onset, or vary along with different physiological factors 

such as hydration or dominance rank. Finally, functional explanations of estrus colouration 

are better resolved than those pertaining to either natal coat colouration or male genital 

coloration. The primatological literature has related the function of estrus colouration to its 

role in female attractiveness. This is supported specifically by the associations between 

estrus colouration and male arousal in chacma baboons and between estrus colouration and 

multi-male mating systems throughout the anthropoids. 

Functional explanations for two of the three forms of colouration under 

investigation are numerous and conflicting. The functional correlates of primate 

colouration might be more clearly understood if the relationships among the forms of 

colouration themselves were elucidated. A systematic investigation of the patterns of 

covariation among natal coat colouration, male genital colouration and estrus colouration 

wil l provide an empirical basis from which future functional speculations can proceed. 
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CHAPTER 3: REVIEW OF PHYLOGENETIC PRINCIPLES 

A phylogeny is the branching history of routes of trait inheritance (Maddison and 

Maddison, 1992). The tracing of that phylogeny is the investigation of the historical and 

geneological relationships existing among species or groups of species through the 

comparison of observed traits. In using those traits in comparative biology, consideration 

of the relevant phylogenies is fundamental (Felsenstein, 1985). Closely related species 

share many similarities and such similarities can confound comparative studies (Harvey 

and Pagel, 1991 ). Any valid comparison of organismal traits must account for the routes of 

trait inheritance underlying the relationships among those organisms. Phylogeny is key in 

identifying independent evolutionary events, which are necessary for statistical testing 

(Harvey and Pagel, 1991 ). M y review of colour signalling (Chapter 2), illustrates that 

many species' traits vary, to differing degrees, according to their underlying phylogenetic 

relationships. I focus specifically on colour traits, which are influenced by phylogeny 

through their association with other traits such as toxicity or mating behaviour. 

Colouration in the anthropoids may be similarly influenced. Phylogeny is important in an 

investigation of potential associations among different forms of colour signalling. Previous 

studies have conclusively shown the influence of phylogeny in anthropoid species' 

comparisons, such as the ties between estrus signalling and mating structure (Sillén-

Tullberg and M0ller, 1993) and the demonstration of the influence of phylogeny on 

macaque social behaviour (Thierry et. al, 2000). 

Phylogenetic Principles 

M y research is a phylogenetic analysis of reproductive colour signalling in 

anthropoid primates. By mapping primate colour characteristics onto a broadly recognized 

phylogeny of the anthropoid primates I can compare the nature and frequency of colour 
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signalling within this taxonomic framework. This allows for a comparative analysis while 

accounting for the known genetic relationships among species. The distribution of colour 

signals is influenced by the genetic relationships known to exist among species and are 

most appropriately analyzed from a phylogenetic perspective. 

I wil l demonstrate that the traits male genital colouration, female estrus colouration 

and natal coat colouration tend to manifest themselves in the same species or clades. 

Female genital swelling has been previously demonstrated to correlate significantly with 

phylogeny (Thierry et. al, 2000). In addition, slight signs of ovulation were inferred to be 

ancestral for the anthropoid primates (Sillén-Tullberg and M0ller, 1993). The ancestral 

conditions of male genital colouration and natal coat colouration have not been previously 

reconstructed. 

The Meaning of a Composite Tree 

Purvis (1995) offers a composite estimate of the general cladistic pattern of the 

primates, based upon an extensive data set. This is a suitable skeleton upon which to graft 

the characters for this analysis as it makes use of both morphological and molecular data 

and is better resolved than other composite analyses (Thierry et. al., 2000). Morphological 

resemblance is not an exact measure of the degree of phylogenetic relationship, nor can any 

one method be accepted as an absolute measure (Hennig, 1965). The information about 

phylogenetic relationships provided by diverse characters can vary in its applicability and 

reliability. Because of this variability, Purvis' incorporation of multiple characters 

compensates for any lack of reliability in the descriptions of phylogenetic relationships 

provided by those characters. The combination of these data ensures that the phylogenetic 

relationships described are as accurate as currently possible. There is a reasonably good 

consensus on anthropoid primate phylogeny. The main areas of disagreement are in the 
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monophyly of the strepsirhini and the position of the tarsiers (Sillén-Tullberg and M0ller, 

1993). Neither of these issues clouds the phylogeny of the anthropoid primates themselves. 

For the purposes of this study, using a generalized composite of the primate phylogenetic 

relationships avoids the problem of circularity. Circularity occurs when the very characters 

amongst which a relationship is sought, are the characters used to construct a phylogenetic 

tree, thus almost ensuring a demonstration of some relationship (Hull, 1967). 

There have been arguments that morphological characters should not be used in 

phylogenetic analysis because species evaluated under such regimes cannot be used as 

independent trials in the comparative method. These arguments state that characters of any 

sort are inevitably associated and the possibility of spurious significance of associations 

may arise because of a confounding third variable (Felsenstein, 1985; Ridley, 1989), and 

thus groups of species that share a particular character state through common descent are 

likely to share other character states. It is possible that an association observed between 

two characters is actually due to an association with an unobserved third variable (Ridley, 

1989), however, the risk of spurious significance exists in any analysis and should not be 

used as a reason to ignore available morphological data. The advantage of morphological 

data to this particular analysis is the accessibility it permits. One of the greatest advantages 

of morphological information is its applicability to both preserved and photographic 

collections (Hillis, 1987). Non-independence can be circumvented i f sufficient information 

on the phylogeny is available (Felsenstein, 1985). The wide pool of existing 

reconstructions used in recent, well resolved, composite estimates of primate phylogeny, 

and in particular, that of Purvis (1995), would indicate that adequate information regarding 

anthropoid primate phylogeny is available to overcome the danger of non-independence. 
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There is also a potential risk in using species as the taxonomic level of analysis. If 

species within a genus tend to have similar characteristics, the analysis of data at this level 

will be biased towards those genera containing a larger number of species (Harvey and 

Mace, 1982; Ridley, 1989). Much of the colour signalling variability is manifested 

between species. With respect to natal coat colouration, 16 out of 27 genera (with more 

than one species) show more than one character state among the species within the genus, 

this represents 59% of the genera surveyed. For male genital colouration, 17 out of 27 

genera (63%) show multiple character states, while estrus colouration shows seven out of 

27 genera (26%). The reason the number of multi-state genera is so low in estrus 

colouration is that most new world species do not possess estrus signals. To perform any 

analysis at a generic level would signify a substantial loss of comparative data and the risk 

of bias at the species level in this analysis is judged to be acceptable. 

Arguments have also been made against the use of composite phylogenetic trees. In 

using a composite tree it is unclear what characters contributed to the construction of each 

component tree, how valid these were and relative character and tree weightings 

(Felsenstein, 1985). Despite this caution, I submit that a generalized representation of 

primate phylogeny is more applicable in this analysis as the objective is not to reconstruct 

that phylogeny, rather I am simply tracking character covariance across an accepted 

cladogram. 

The concentrated-changes test discussed by Maddison and Maddison (1992) tests 

for directionality in comparative data. The concentrated changes test is suggested to 

alleviate the problem of phylogenetic bias. This test calculates the probability that one trait 

evolved in certain clades given the overall distribution of traits in a larger clade (Gittleman 

and Decker, 1994; Maddison and Maddison, 1992). The null model would be the assertion 
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that trait change is random (Gittleman and Decker, 1994). For example, the total number 

of nodes (inclusive of the terminal or species nodes) at which natal coat (dependent 

variable) occurs, regardless of the occurrence of male genital colouration (independent 

variable), are counted. This number is then compared to the number of nodes at which 

natal coat occurs in conjunction with male genital colouration (this example follows the 

pattern of those given in Gittleman and Decker, 1994). Simply put, the resulting 

probability calculation yields the likelihood that natal coat evolved only in the presence of 

male genital colouration by chance. 

The Meaning of Parsimony 

The phylogeny of Purvis was re-constructed using MacClade 4.0. The assumption 

of parsimony is fundamental to this program and is used as a foundation for analysis. In 

applying the principle of parsimony, trees are constructed to formulate genealogical 

hypotheses, which minimize the occurrence of homoplasy (Farris, 1983; Maddison and 

Maddison, 1992). Hennig (1965) suggests that homoplasy ought not to be postulated 

beyond necessity. Homoplasy is a form of convergence wherein similar autapomorphies 

are derived independent of common ancestry (Maddison and Maddison, 1992). Arguments 

opposing the use of parsimony (Felsenstein, 1988; Swofford and Olsen, 1990) question the 

assumption that homoplasy is evolutionarily rare. Despite objections, the assumption of 

parsimony allows the operationalization of phylogenetic analysis by limiting the ad hoc 

assumptions made in tree construction (Farris, 1983). By not using parsimony the process 

of hypothesizing descent is so overwhelmingly laden with ad hoc occurrences of 

homoplasy and changing assumptions, as to render it meaningless. Therefore, a parsimony 

rule set of ' A l l Unordered' or Fitch parsimony was employed in my analysis. 
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Morphology and the Comparative Method 

Phylogenetic analysis must, fundamentally, rest on the comparative method. The 

comparative method using variation between taxa is the most effective technique for 

analyzing the phylogeny of behaviour and morphology (Gittleman and Decker, 1994). The 

comparative method can be used to trace how morphology has changed over evolutionary 

time, relative to other traits (Gittleman and Decker, 1994). The technique I have used is the 

overlaying of morphological traits onto systematic classifications formed from independent 

characters. This provides a mapping of traits across a published phylogeny of the primates, 

and is the only feasible methodology for my analysis. 
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CHAPTER 4: M E T H O D 

There are four principle methodological issues in my analysis: the evaluation and 

delineation of character states (Techniques for the Evaluation of Colour, Coding Decisions, 

Exceptions), the choice of phylogenetic tree (Phylogenetic analysis, Species Eliminated and 

Biases), directionality of character change (Phylogenetic Analysis), and testing methods 

(Concentrated Changes Test). The first step is the methodology used in the evaluation of 

character states. Because my analysis involves colour signals, and due to budgetary 

restrictions, characters were evaluated visually and by using published and solicited species 

descriptions. M y evaluation used the degree of contrast formed between the signal colour 

and the surrounding colouration. Based on previous analyses, I used three discrete 

characters states: no contrast (0), minor contrast (1), and extreme contrast (2). I then used 

parsimony methods to reconstruct the tree originally described by Purvis (1995). Because 

my analysis does not include the reconstruction of time or branch length, parsimony was an 

appropriate and easily executed methodology. In tracing my characters onto Purvis' tree, I 

applied an unordered character polarity or 'Fitch parsimony'. In order to test for correlated 

evolution among the distributions of the delineated characters I applied the concentrated 

changes test. 

Techniques for the Evaluation of Colour 

A theoretical concern in the measurement of colour is the fact that colour is not 

itself an inherent trait. It is a product of the perceiver (Bennett, et. al, 1994). The measure 

of colour, however, should ideally be produced through measurement of the properties of 

the signaler, rather than psychologically labile variables such as perception (Bennett, et. al, 

1994). A comparative measurement of colour variation is therefore valid. However, the 

perceptions of the receiver must be taken into account. Due to restrictions of time and cost, 
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my analysis is based upon human perception. Old world primates are trichromatic, attuned 

to the red-green-blue cone cell sensitivities similar to humans (Dulai et. ai, 1999; Paterson, 

pers. com.). Some new world primates are now known to be dichromatic, or even sexually 

dimorphic in their colour perception (Riba-Hernandez and Stoner, 2001; Snodderly, 2001; 

Stoner et. al., 2001 ). Dichromatic primates are sensitive to red and blue wavelengths but 

cannot distinguish green-yellow colours. Most of the objections to human evaluations of 

colour stem from their use in research into avian colouration (Bennett et. al., 1994). Since 

it is known that humans possess the same spectral sensitivities as the old world primates 

and likely the new world primates, a human assessment of colour can be accepted as valid 

in this case (Bennett et. al, 1994). 

It is difficult to quantify characteristics such as colour due to a continuous and 

changeable set of characteristics. Representations of colour include aspects of hue, tint and 

saturation. It is impossible to fully quantitatively measure these with the naked eye. One 

quantitative method for the measure of colour was introduced by Gerald et. al. (2001 ), 

which involved taking digital pictures at a standard distance and with a standard amount of 

light. The red, green and blue levels in these pictures were then measured using Adobe 

PhotoShop. While offering an objective evaluation of colour, this method would 

necessitate taking standardized digital pictures of almost two hundred anthropoid species. 

Both time and cost constraints eliminated this possibility. 

Another technique for the standardization of colour evaluation is the use of the 

Munsell colour chart for comparison. I did not use this method primarily because I elected 

to record characters using the degree of contrast or visibility of the trait rather than an 

evaluation of the colour quality itself. Also, in order to represent a valid standardization, 

the pictures with which I compared the Munsell chart would have to be standardized 
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themselves. This is certainly not true of published photographs from which I extracted a 

substantial portion of my data. Finally, another large pool of information consisted of 

published, descriptive accounts of primate colouration. Without an available photograph, a 

colour evaluation is impossible. 

Morphological systematics usually involves discrete traits (Gittleman and Decker, 

1994). Many scholars point out the lack of standardization and rigour in character state 

delineation (Hall, 1991; Pogue and Mickevich, 1990; Stevens, 1991). Mathematically 

based techniques for character state assessment, such as gap-coding for genetic sequences, 

are suggested (Archie, 1985). While it is possible to standardize the measurement of colour 

to a certain degree (see Method), this involves great expenditure of time and money. 

Without the mathematical component of colour quantification offered by these techniques, 

mathematically rigorous methods for character state delineation are impossible and will not 

be discussed further. 

In order to extract the maximum amount of information from the literature, I elected 

to use the scale of contrast published by Treves (1997) and modified it as appropriate to 

this study. I quantified colour characteristics according to degree of contrast visible 

between the specified area of the body and the rest of the pelage. Degree of contrast is 

represented in my analysis using a three-point scale of perceptual difference; no contrast, 

minor contrast, and extreme contrast. The degree of contrast is a better reflection of the 

quality of the signal conveyed because it represents the strength and degree of visibility of a 

visual signal. A n analysis of the quality of the colour of the signal alone fails to convey the 

strength of a signal transmitted in a visually complex environment. In the case of natal 

coats, I assumed infants to have more contact with females and the contrast was made 

between the infant and the normally observed female pelage colour. M y final method was 



largely determined by the availability of data. In order to reduce subjectivity in state 

determination I use multiple sources of information whenever possible. I relied primarily 

on published photographs and species descriptions for data collection, particularly Rowe, 

1996 and the species descriptions of Hi l l (1957-1974). In those cases where a photograph 

of the trait in question was available, I evaluated the degree of contrast visually. I was the 

only individual coding the degree of contrast. While other observers may code the same 

characters differently, thus influencing the external validity of my results, the method 

employed offers the advantage of internal consistency. If photographic data were not 

available, I turned next to published accounts and species descriptions. In this I relied 

heavily on the wording of the accounts used. When no published photographic or textual 

data were available I contacted individuals holding direct knowledge of the species. I 

questioned knowledgeable academics and professionals through email and at the American 

Society of Primatologists annual meeting in Savannah, Ga., (August, 2001 ) regarding the 

colouration of primates of interest. 

Coding Decisions 

I coded all three characters (natal coat colouration, male genital colouration, estrus 

colouration) on a three-point scale. I chose this scale for the purposes of comparison to 

previous studies and in order to be able to use the previously published character states in 

both Treves (1997) on natal coat and Sillén-Tullberg and M0ller (1993) on estrus signals. 

The scale and criteria are: 

State (Q)-no contrast 

• Infants who are indistinguishable from adult colouration or whose colouration is within 
the normal adult range. 

• Species which do not display any observable change or contrast in the adult male and 
female genitalia. 
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• Published descriptions that make no contrast or differentiation between the general 
pelage and the trait in question, and descriptions in which estrus signals are noted not to 
occur. 

State {\)-minor contrast 

• Infants who contrasted with adults but were not considered 'eye-catching'. For 
example a different shade of the same colour or a close complementary colour. 

• Species in which males display an observable but not 'eye-catching' or extreme 
contrast in genital colouration are coded as state 1. 

• Species in which females display small or slight signs of estrus including slight 
colouration changes and vulvar or slight perineal swelling, are also assigned a character 
state of 1. 

• Colouration described in publications simply as present or different from the body 
pelage or female pelage, and estrus signals described as slight or present. 

State (2)-extreme contrast 

• Describes infants who are distinct, with bright contrasting colouration (Treves, 1997). 
• Species in which male genital colouration and estrus swellings are extreme or obvious 

are also coded as state 2. 
• Published descriptions of colouration and estrus signals described as highly visible, 

flamboyant, shocking or extreme. 

Exceptions 

It was necessary to infer some character states from the general pattern displayed in 

the genus. If data were unavailable for one species but the genus as a whole displayed an 

obvious pattern in relation to one character, this genus-wide state was inferred as the state 

for the species for which data were absent as well. Rather than code characters as 

unknown, these character states were inferred based on the strength of the evidence 

indicating a particular character state within the genus. Because there are no data available 

to permit polymorphic coding, inference allowed for as complete a data set as possible. 

The two species for which character states had to be inferred are: 

Alouatta fusca - estrus colouration 
Cercopithecus dryas - natal coat colouration 



In the case of A. fusca there are five other Alouatta species for which all character 

states are adequately known. With the exception of A. palliata, all other Alouatta species 

display no visible signs of estrus. The presence of four closely related species with no 

estrus signals and A. palliata, which shows only minor signs, supports the inference of 

character state 0 (no visible signs of estrus) for A. fusca. Closely related species tend to 

share traits, and the absence of estrus signals in four of the five remaining Alouatta species 

suggests that this is the likely state for A. fusca. Estrus signals have been widely studied in 

most primate species, including those of the genus Alouatta (Hrdy and Whitten, 1987). If 

A. fusca displayed estrus signals it is likely that they would have been reported previous to 

this point. In fact, of the 361 published papers relating to A. fusca listed in the University 

of Wisconsin's PrimateLit database, none refer to estrus. 

Throughout the nineteen Cercopithecus species, natal coat colouration is 

consistently described as lighter than or conspicuously different from the adult pelage. The 

natal coat in Cercopithecus species often consists of a darker spinal stripe and cap. I have 

coded all of these natal coat colourations as character state 1. The overwhelming 

consistency manifested in the remaining cercopithecoid species seems to justify the 

inference of state 1 for the character natal coat colouration in C. dryas. 

The only missing datum in my analysis is the character state for male genital 

colouration in Aotus nigriceps. I did not infer a state for this species because the genus is 

represented by only two species and there are not enough data available in order to infer a 

genus-wide character state. While other scholars have determined that there are as many as 

seven (7) separate species of Aotus, they are grouped into the grey-necked and red-necked 

groups (Groves, 2002). In my analysis the grey-necked group is represented by A. 

nigriceps and the red-necked group is represented by A. trivirgatus. Species within these 
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groups are cryptic and do not represent any variation of colour, therefore their inclusion 

would not contribute any new data. M y method of analysis is affected by the distribution 

of species within a tree, rather than the total number of species. The exclusion of one 

species, particularly one from a genus represented by other, similar, species, does not affect 

the results of my analysis. 

Species Eliminated and Biases 

I eliminated the following three species from the analysis due to lack of data: 

Leontopithecus chrysopygus 
Alouatta sarà 
Alouatta coibensis 

A. coibensis is differentiated as a species solely on the basis of fingerprint evidence 

(Groves, 2001 ). In this case the evidence supporting the elevation of the taxon to the 

species level is small enough that their elimination from my analysis does not represent a 

great loss of data. The similarity of all of these taxa to other species in the same genera and 

the presence of several of these other species means that the configuration of characters 

present in the three eliminated species is still represented in the final tree. 

If species within a genus tend to have similar characteristics, the analysis of data at 

this level wil l be biased towards those genera containing a large number of species (Harvey 

and Mace, 1982; Ridley, 1989). Despite this bias much of the colour signalling variability 

is manifested between species and therefore, to perform any analysis at a generic level 

would signify a substantial loss of comparative data. The concentrated changes test 

(Maddison and Maddison, 1992) is a test for directionality in comparative data. It is 

suggested as a means to alleviate the problem of phylogenetic correlation bias. This test 

was also used by Sillén-Tullberg and M0ller (1993) in their demonstration of the constraint 
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of mating system on estrus signalling in primates and by Weins (2000) in his demonstration 

of the lack of correlated evolution between display morphology and behaviour in 

phrynosomatid lizards. 

Phylogenetic Analysis 

The issue in question is whether or not the manifestations of these forms of 

anthropoid colour signalling co-vary across species. Phylogenetic reconstruction allows for 

the comparison of characters among numerous species, while accounting for the relatedness 

among those species, which may affect the distribution of the characters in question. I 

adopted this methodology as the most suitable approach to the problem. In this technique 

the relevant characters are mapped onto an existing phylogenetic reconstruction of the 

anthropoid primates and then tested for co-variant patterns of distribution across the tree. 

I entered the characters and their various states for 184 anthropoid species into 

MacClade 4.0 and reconstructed the tree described in Purvis' 1995 composite estimate of 

primate phylogeny. Rather than using the characters outlined by Purvis to reconstruct the 

tree independently, I created a tree using the characters estrus colouration, male genital 

colouration and natal coat colouration. I then manipulated this tree to parallel the descent 

relationships shown in Purvis' composite. Essentially, Purvis' composite served as an 

established cladogram within the framework of my analysis. 

Using MacClade I traced the three characters, natal coat colouration, male genital 

colouration and estrus colouration, on the resulting tree. The principle of parsimony was 

used in reconstruction and all characters were left as unordered since there is no data on 

relevant genetic mechanisms. 
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Table 1 : Summary of the parameters used in phylogenetic reconstruction 

Tree Inference Parsimony Methods 
Characters Estrus Colouration 

Natal Coat Colouration 
Male Genital Colouration 

Character States 0- no visible contrast 
1- minor visible contrast 
2- extreme visible contrast 

Character Polarity Unordered/Fitch Parsimony 
Transformation (see p. 35) D E L T R A N 

Lemuridae 
aubentoniidae  
Indriidae 

Cheirogaleidae 

Galagidae 
Lorisidae 
Tarsiidae ~ 

Callithrtcidae 

Cebidae 

Cercopithecidae 

HylobatKJae 

Pongidae-f Homo 

Figure 3.1: A composite estimate of primate phylogeny, from Purvis, 1995. 
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Concentrated Changes Test 

There exist several methods to test for correlated evolution. The most widely used 

programs are: Comparative Analysis via Independent Contrasts (CAIC, MacroCAIC) 

(Purvis and Rambaut, 1995), C O M P A R E (Martins, 1999), Another Comparative Analysis 

Program ( A C A P ) (Ackerly, 1997) and C O N T R A S T / P H Y L I P (Felsenstein, 1985). A l l of 

these tests rely on a maximum likelihood reconstruction as outlined by Felsenstein in 1985. 

Maximum likelihood methods choose the phylogeny for which it would have been most 

likely to observe the data, under a particular stochastic model of evolution (Maddison and 

Maddison, 1992). These methods have the advantage of considering branch length and the 

probability of character change along a given branch. One of the disadvantages, however, 

is that likelihood methods may fail i f the stochastic model used is incorrect (Maddison and 

Maddison, 1992). Unfortunately all of these tests focus specifically on molecular and 

genetic data and allow only for the testing of continuous characters, making them 

inapplicable to this analysis. 

The test designed by Pagel (1994) (DISCRETE) allows for the use of discrete 

characters, while still using a maximum likelihood model. This test does not make 

assumptions by estimating specific ancestral character states. Instead, D I S C R E T E allows 

for all possible ancestral character states while weighting them according to their respective 

probability of occurrence. This test, like other maximum likelihood tests, constructs two 

models: one under the assumption of no correlated evolution (random model) and another 

under the assumption that the evolution of characters is correlated. Testing is done in order 

to determine which model most closely fits the data observed. This test's strengths are the 

use of branch length estimation and the lack of reliance upon any one reconstruction of 

ancestral character states (Pagel, 1994). The specific advantage of D I S C R E T E is its ability 



to test hypotheses about the temporal order and direction of changes in two variables 

(Pagel, 1994). The largest disadvantage of D I S C R E T E is its extremely computationally 

intensive nature (Pagel, 1994). Because the focus of this analysis does not involve the 

estimation of the temporal order or direction of character change, and given the intensive 

nature of Pagel's test, I have concluded that D I S C R E T E doe not provide an appropriate 

testing method for this analysis. 

I performed my analysis using the concentrated changes test (see Maddison, 1990), 

which is a logical and powerful test, particularly suited to testing hypotheses of correlated 

evolution (Lorch and Eadie, 1999). Unlike maximum likelihood methods, the concentrated 

changes test assumes all branch lengths to be equal and therefore cannot allow for character 

change within a given branch. Through the use of parsimony, reconstructions using the 

concentrated changes test also make assumptions by assigning fixed ancestral character 

states. One of the advantages to this testing method, however, is that the concentrated 

changes test is sensitive to type I error and is unlikely to detect correlated evolution 

between characters when none exists (Lorch and Eadie, 1999). It is also not affected by 

tree shape when both gains and losses are allowed by parsimony. The test has the 

advantage of requiring fewer changes in traits than other tests to gain sufficient statistical 

power to detect correlated evolution (Cooper et. al, 2002). These traits, combined with 

software availability make the concentrated changes test appropriate for my analysis. 

The concentrated changes test requires binary characters. To achieve this I re-coded 

characters in two ways. In order to demonstrate the covariance of the presence of colour 

signalling, I initially separated the established 0/1/2 character states by assigning a state of 

0 to those species already characterized by no contrast (0). The states recorded as minor 

contrast (1) and extreme contrast (2), were re-assigned a state of 1 (Table 2, left). The 
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demonstration of the covariance of extreme colour signalling was shown by re-coding 

characters of no contrast (0) and minor contrast (1) both as state 0, and characters of 

extreme contrast (2) as state 1 (Table 2, right). 

Table 2: Character state re-coding for use in the concentrated changes test. 

Colour Signalling 
Original State Re-Coded State 

0 0 
1 1 
2 

1 

Extreme Colour Signalling 
Original State Re-Coded State 

0 0 
1 

0 

2 1 
This converts to the set of relationships shown in igure 3.2. 

Estrus Male Estrus Male 

extreme. Estrus extreme Male 
/ 

Natal 

Male 

extreme Estrus extreme Male 

extreme Natal 

Figure 3.2: Character state re-coding diagram. 

Testing among ''present' characters represent tests one through six of the series of 

twenty-four concentrated changes tests (see Table 3). Testing among 'extreme ' characters 

represent tests seven through twelve of the series of twenty-four concentrated changes tests 

(see Table 3). Cross-correlations are any correlations that appear when testing is performed 

using one character re-coded as 'present' and one character re-coded as 'extreme '. These 

are the remaining concentrated changes tests, thirteen through twenty-four (see Table 3). 

While it is possible that bias may be introduced through extensive testing, a review 

of recent literature reveals that other analyses using the concentrated changes test do not 

adjust their results for multiple comparisons. Up to thirty comparisons have previously 



been made without correction (Wiens, 2000), and it appears that no methodology currently 

exists for adjusting concentrated changes test results for multiple comparisons. 

Table 3: A listing of the series of twenty-four dyadic concentrated changes test performed 

Independent Character Dependent Character 
1 Estrus Male 
2 Male Estrus 
3 Estrus Natal 
4 Natal Estrus 
5 Male Natal 
6 Natal Male 
7 Extreme Estrus Extreme Male 
8 Extreme Male Extreme Estrus 
9 Extreme Estrus Extreme Natal 
10 Extreme Natal Extreme Estrus 
11 Extreme Male Extreme Natal 
12 Extreme Natal Extreme Male 
13 Estrus Extreme Male 
14 Extreme Male Estrus 
15 Estrus Extreme Natal 
16 Extreme Natal Estrus 
17 Male Extreme Estrus 
18 Extreme Estrus Male 
19 Male Extreme Natal 
20 Extreme Natal Male 
21 Natal Extreme Estrus 
22 Extreme Estrus Natal 
23 Natal Extreme Male 
24 Extreme Male Natal 

The test also requires a dichotomously branching tree. Polytomies occur when the 

descent relationship cannot be clearly reconstructed. Purvis' composite contains 

polytomies among Saguinus tripartas, S. inustus and S. nigricollis, between Callicebus 

torquatus and C. modestas, among the four species of Chiropotes and Cacajao, between 

the two species of Lagothrix, and among all species of Presbytis and Trachypithecas. It is 
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not within the purview of my analysis to determine the descent relationships within these 

polytomies. A l l the polytomies present in Purvis' composite tree were, therefore, resolved 

randomly. Only one resolution was used because my focus is on the distribution of 

character states, and the potential relationships among those different distributions. The 

three assigned character states 'follow' each species, regardless of their distribution within 

the clade. Subsequent random resolutions would have little influence on my analysis. 

Please note that because both Presbytis and Trachypithecus species form a single polytomy, 

upon resolution these species are randomly sorted and may appear mixed within the 

resulting clade. 

Because it is equally possible that a character may select for gains in another 

character or be the character in which gains are selected, each character (at both the 

presence and extreme levels) was tested as both the independent and dependent character. 

By allowing each character to act alternately as the dependent and independent variable, I 

was able to determine directionality in any relationship. I used the test to determine the 

probability that the number of gains in the dependent character, which were observed to 

develop along branches possessing or gaining the independent character, occurred by 

chance. When totaling the number of gains and losses in each tree I assigned branches with 

equivocal states to the state displayed at the first defined ancestral node, rather than those of 

the descendant nodes. This assumption acted in a similar way as the D E L T R A N 

optimization routine in MacClade. D E L T R A N shows the most-parsimonious assignments 

that delay changes away from the root, maximizing parallel changes (Maddison and 

Maddison, 1992). 

Because of the large number of taxa, it was necessary to choose the simulation 

testing option, rather than testing for the actual number of changes in the tree. In a 



simulation mode MacClade generates 1000 random trees containing the observed number 

of gains and losses in the dependent character. These trees are then tested in order to 

determine if gains occur along branches distinguished by the independent character more 

than would be dictated by chance. Because each simulation results in the generation of a 

different set of 1000 trees, multiple tests may result in slightly different probability (p) 

values. Having established the covariation of the presence of colour signalling, the test was 

applied to the demonstration of covariation between extreme forms of colour signalling. 

Testing was then performed by combining characters at the presence and extreme levels in 

order to reveal covariation between the two levels of colour signalling. A n alpha level of 

0.050 is a conventional indicator of a significant result (Healy, 1996; Labovitz, 1968). I 

employed a 'best fit' statistical method through the combination of the concentrated 

changes test, which is resistant to type I error (Lorch and Eadie, 1999), and the use of an 

alpha level of 0.050, which minimized the chance of type II error (Healy, 1996). While an 

alpha level of 0.05 is appropriate to my methodology, it is possible that this may result in 

the identification of spurious relationships that would not be identified if a smaller alpha 

level was used. 

A resulting probability of 0.050 or less was considered significant, meaning that the 

observed incidence of correlated evolution was not the result of random chance. I 

considered probabilities between 0.099 and 0.053 as suggesting a trend relationship. If a 

resulting p value was within the 0.050 - 0.052 range I considered the correlation significant 

because the variation in probability allowed by the simulation in C C T testing will result in 

variable p values without affecting the actual significance of the tested evolutionary 

correlation. 
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In order to determine i f the same patterns existed in the lower clades, I ran the same 

tests on several smaller clades within the anthropoids - specifically: the catarrhines, the 

platyrrhines, the colobines, the macaques, the cercopithecines and the baboons, mandrills 

and mangabeys. Whenever the number of taxa and gains/losses permitted, I ran an exact 

numbers concentrated changes test as well as a simulation. This included clades with 31 -40 

taxa and a maximum of 4 gains or losses, clades with 21-30 taxa and a maximum of 5 gains 

or losses and finally clades with 20 taxa or less and a maximum of 6 gains or losses 

(Maddison and Maddison, 1992). Again, ap value of 0.050 or less was considered 

significant and values between 0.099-0.051 indicated a strong trend. Because many of 

these tests represented an actual tally of all of the possible configurations of the stated gains 

and losses (exact count CCT) I did not consider the range of p values between 0.050 and 

0.052 to be indicative of a significant correlation. 

Pearson's r Test 

In an effort to illuminate the relationships existing in the smaller clades, I performed 

Pearson's r tests within the following clades: the old world monkeys, the colobines, the 

cercopithecines, the macaques and the clade formed by the baboons, mandrills and 

mangabeys. In each clade tests were performed in order to investigate the co-occurrence of 

estrus colouration and natal coat colouration, of estrus colouration and male genital 

colouration, and of natal coat colouration and male genital colouration. In these tests, each 

species was treated as an independent data point and the three character states assigned to 

each species were used as numerical data points for the investigation of the co-occurrences 

among these states. A l l character states were used in testing, meaning character values fell 

within the range of 0-2, inclusive. The Pearson's r test results in a value between negative 

one (-1) and one (1). Negative one indicates a perfect negative correlation, while one 
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indicates a perfect positive correlation. A result of zero indicates a total lack of correlation. 

The Coefficient of Determination (r ) indicates the amount of the variation in one character 

that can be attributed to the variation of the other character tested. A n r value of zero (0) 

indicates that the variation in x accounts for none of the variation in y, while an r~ value of 

one ( 1 ) indicates that the variation in x accounts for all of the variation in y. 
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CHAPTER 5: RESULTS 

M y analysis resulted in three separate trees, each tracking the phylogenetic 

development of natal coat colouration, male genital colouration, and estrus colouration, 

respectively. I then report and diagram the ten relationships revealed by the concentrated 

changes tests performed on the anthropoid clade. The next section describes the two trends 

found in the platyrrhines and the eleven relationships found in the catarrhines. I move on to 

report the results of smaller clade testing, where testing reveals four relationships in the 

colobines, and one each in the cercopithecines and in the baboons, mandrills and 

mangabeys. 

Phylogenetic Distribution of Natal Coat Colouration 

The presence of natal coat colouration is reconstructed to have occurred at the root 

node of the tree, indicating that natal coat colouration was present in the ancestral 

anthropoid species (Figure 4.1 ). While the majority of anthropoids display some form of 

differential natal colouration, the majority of occurrences, particularly of extreme 

examples, are found among the old world primates. Minor and extreme natal coats are 

particularly prevalent among the cercopithecines and the colobines (Figure 4.2). One of the 

clades within the colobines (Trachypithecus, Presbytis, Semnopithecus) was originally a 

polytomy, which was resolved randomly in order to allow for testing. This resolution did 

not affect the individual character states coded for each species. Of the nineteen species in 

this clade, fifteen display extremely contrasting natal coats, regardless of whether the clade 

exists as a polytomy or is resolved to be dichotomously branching. 
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Figure 4.1 : The character of natal coat colour traced on the anthropoid clade of Purvis' 
1995 composite estimate of primate phylogeny. 
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Figure 4.2: Natal coat colouration in the colobines and cercopithecines. 

Almost all the occurrences of differing natal coat colouration in the new world 

species show minor contrast. Figures 4.1 and 4.2 point to a case of persistence of at least 

minor natal contrast, maintained in one clade of the new world anthropoids. This includes 

species from the genera Pithecia, Cacajao, Chiropotes, Alouatta, Ateles, Lagothrix, 

Brachyteles, Saguinus, Callithrix and one species of Callicebus. 
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Figure 4.3: Selected platyrrhine species, including those displaying extreme natal coat 
colouration. 

Extreme natal coat colouration (state 2) is restricted, in the platyrrhines, to two 

widely disparate species, Cacajao calvus and Ateles geojfroyi. Both of these extreme 

examples are reconstructed to have descended from ancestral species displaying an 

equivocal character state. Conversely, the presence of natal coat colouration (state 1) 

appears to have evolved independently a minimum of six times in the ten genera of the 

platyrrhines. When the new world species are considered as a whole clade, a contrasting 

natal coat is lost and then independently re-acquired at least six times. This is unlikely 

under the assumption of parsimony and represents a violation of Dollo's law, which states 

that a complex trait is more easily lost than (re)-acquired. Similarly, in the cercopithecoid 

clade, contrasting natal coat colouration is lost in the lineage leading to the Lophocebus, 

Cercocebus and Mandrillus species, and then reappears in Mandrillus leucophaeus (see 

Figure 4.4). 
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Figure 4.4: Natal coat colouration in Lophocebus, Cercocebus, Mandrillus, Papio and 
Theropithecus. 

In three cases, lineages bearing state 2, extreme contrast (coded as black), arise 

exclusively from lineages already possessing state 1, minor contrast (coded as pink). The 

remaining nine transitions are cases of extreme contrast branches arising from equivocal 

lineages (see Figure 4.3). The largest equivocal lineages (see Figure 4.1) occur in 

Saguinus, Cercopithecus and Colobus. These indicate that the ancestral conditions are 

reconstructed as equally parsimonious (minor contrast, state 1 and the extreme, contrast 

state 2). MacClade cannot suggest the most parsimonious state for the branches indicated. 

However, the conditions within the clade suggest that in an evolutionary scenario, the 

common ancestral node should reflect state 1 - minor contrast. 

Phylogenetic Distribution of Male Genital Colouration 

Male genital colouration is more widespread throughout the anthropoids in both its 

minor and extreme forms. While the descent pattern of this character is not as clearly 

demonstrated in the ancestral old world species, due to equivocation between minor and 

extreme contrast, male genital colouration is also reconstructed to have been present in the 

ancestral anthropoid species. Again, the pattern of loss and re-acquisition of this character 
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Figure 4.5: The character of male genital colour traced on the anthropoid clade of Purvis' 
1995 composite estimate of primate phylogeny. 



shown in the new world species, the cercopithecines, and in the cases of Lagothrix and 

Trachypithecus contradicts the assumption of parsimony through the apparent violation of 

Dol lo ' s Law (Figure 4.5). 

In these cases extreme male genital colouration evolves from lineages possessing no 

male genital colouration at all . Extreme colouration also evolves from lineages of 

equivocal character state, so there does not appear to be any consistent sequence of state 

acquisition. Many of the old world ancestral lineages are equivocal and an ancestral state 

cannot be determined. Despite these inconsistencies, the occurrence of extreme male 

genital colouration does occur in groupings. Extreme male genital colouration occurs 

primarily in the genera Callithrix, Leontopithecus, Alouatta, Mandrillus, and among the 

clades of cercopithecines and colobines. The evolution and retention of this character is not 

specific to either the old or new world lineages but the occurrence of the extreme state is 

more common in the old world species. 

Phylogenetic Distribution of Estrus Colouration 

Estrus colouration occurs almost exclusively among the old world primates and is 

displayed in extreme form particularly among macaque and baboon species. The other 

cluster of extreme estrus signals is found in the Procolobus species. This distribution is 

highly restricted. The only new world species possessing estrus signalling are the Cebus, 

Saimirí and Chiropotes species and Alouatta palliata. In each of these cases the estrus 

signal is minor. 

The presence of estrus colouration in the ancestral anthropoid species is equivocal 

in this reconstruction. In those cases where MacClade can reconstruct the ancestral state, 

extreme estrus signals evolve only from lineages possessing minor estrus signals. 
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Figure 4.6: The character of estrus colour traced on the anthropoid clade of Purvis' 1995 
composite estimate of primate phylogeny. 



Since the greater part of old world primate ancestry is equivocal in this reconstruction it is 

unclear if a specific sequence of state acquisition can be indicated. Application of a 

consensus rule or 'commonality principle' would suggest that the presence of estrus 

colouration (state 1 ) could exist at the base cercopithecoid node and at the catarrhine node. 

This is because the equivocal lineages would appear to be either minor or extreme contrast. 

Estrus colouration also violates Dolio's Law through the loss and re-acquisition of 

minor estrus signals in both the macaques and the cercopithecines. 

In my reconstruction natal coat colouration and male genital colouration are both 

present (state 1 ) at the ancestral anthropoid node, at the ancestral catarrhine node and at the 

ancestral platyrrhine node. 

The anthropoid node displays an equivocal state reconstruction for estrus 

colouration, however other analyses show the presence of slight estrus signals at the root 

anthropoid node, and have concluded that this character was present in the ancestral 

anthropoid population (Sillén-Tullberg and M0ller, 1993). Estrus is again equivocal at the 

catarrhine node. The presence of estrus signalling in the catarrhine ancestor is, however, 

likely, given the wide distribution of estrus signals in the descendant clades and it's 

proposed existence in the anthropoid ancestor. Conversely, estrus signalling is not present 

in the platyrrhine ancestor (state 0). 

Of the smaller clades, the macaques, the colobines and the baboons, mandrills and 

mangabeys clade show the presence of natal coat colouration at their root nodes (state 1). 

While the cercopithecine node is equivocal, the application of the commonality principle 

would suggest that natal coat colouration was likely present (state 1) at this node as well. 

The macaque node and the baboons, mandrills and mangabeys node are both 

reconstructed to possess male genital colouration at the presence level (state 1 ). The 
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cercopithecine node, however, shows male genital colouration at the extreme level (state 2). 

The ancestral colobine state is indeterminate, as the character at the colobine node is 

equivocal. 

The macaque clade, the cercopithecine clade, and the baboons, mandrills and 

mangabeys clade all show extreme estrus (state 2) at their root nodes. The colobine node is 

reconstructed as equivocal, but again, estrus signalling at the presence (state 1) or extreme 

(state 2) level is likely. 

Figure 4.7: Estrus colouration in selected old world species, showing character loss and re-
acquisition in the macaques and cercopithecines. 
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Concentrated Changes Test 
Table 4: Correlated evolution between different forms of anthropoid colour signalling. 

Independent Character Dependent Character Gains Probability (p) 

1 Estrus Male 1 0.107 
2 Male Estrus 9 0.122 
3 Estrus Natal 2 0.105 
4 Natal Estrus 14 0.008 
5 Male Natal 8 0.252 
6 Natal Male 6 0.244 
7 Extreme Estrus Extreme Male 4 0.198 
8 Extreme Male Extreme Estrus 0 0.422 
9 Extreme Estrus Extreme Natal 0 0.048 
10 Extreme Natal Extreme Estrus 0 0.553 
11 Extreme Male Extreme Natal 6 0.015 
12 Extreme Natal Extreme Male 9 0.003 
13 Estrus Extreme Male 10 0.093 
14 Extreme Male Estrus 4 0.168 
15 Estrus Extreme Natal 4 0.149 
16 Extreme Natal Estrus 2 0.291 
17 Male Extreme Estrus 2 0.081 
18 Extreme Estrus Male 0 0.336 
19 Male Extreme Natal 12 0.042 
20 Extreme Natal Male 4 0.028 
21 Natal Extreme Estrus 5 0.096 
22 Extreme Estrus Natal 1 0.258 
23 Natal Extreme Male 19 0.167 
24 Extreme Male Natal 5 0.039 

I 1 Significant Correlation 1 I Trend I I No Correlation 

Table 4 shows all the significant occurrences of correlated evolution, strong trends 

and inconclusive tests resulting from the concentrated changes test on the whole data set for 

the anthropoids. The probability values of tests 4, 9, 11, 12,19, 20, and 24 indicate 

correlated evolution between the tested forms of colour signalling that is significant at the 

5% level. Seven of the twenty-four tests yielded significance at the 0.05 level. Probability 

values 13, 17, and 21 indicate strong trends, but are not significant. These results indicate 
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that it is unlikely that the number of gains in the dependent character occurred along 

branches marked by the presence of the independent character, by chance. 

Character Covariation Within the Anthropoid Clade 

Anthropoids 

Figure 4.8: Significant covariations and trends among three forms of anthropoid colour 
signalling. 

Figure 4.8 diagrams the nature and direction of the occurrences of correlated 

evolution I found in my analysis of the anthropoid clade. For the sake of simplicity I have 

elected to diagram the direction of any relationship using arrows. This form of diagram is 

also used in statistical texts, when representing multiple correlations (Sokal and Rohlf, 

1995), and does not represent a causal relationship. In those cases where the relationship is 

unidirectional, the independent character selects for gains in the dependent character; when 

the character dependency is reversed there are no significant occurrences of correlated 

evolution. The lowest p value exists between natal coat and male genital colouration 

(involving both the presence and extreme forms both characters). The number of 



significant relationships between these two characters indicates a close evolutionary 

relationship. Trends exist between the following characters: estrus - extreme male, male -

extreme estrus and natal - extreme estrus. Estrus and male genital colouration are not 

directly related at the 5% level or as a trend. The relationship between these characters is 

indirect and non significant. A l l but one of the occurrences of correlated evolution are 

positive, meaning the characters are demonstrated to occur together more than can be 

expected by chance. The only negative relationship exists between extreme estrus and 

extreme natal coat colouration. The unidirectional nature of the relationship means that the 

presence of extreme estrus signalling precludes the presence or development of extreme 

natal coat colouration - apparently an either/or relationship. The other significant positive 

relationship, outside of the natal coat - male genital colouration relationship, is between 

natal coat and estrus colouration. This relationship is also uni-directional, the presence of 

natal coat colouration dictates the likely presence or development of estrus colouration. 

Similarly, the presence of extreme male genital colouration dictates the likely presence or 

development of natal coat colouration. The bi-directional relationships between extreme 

natal coat colouration and both present and extreme male genital colouration mean that the 

occurrence of each trait selects for gains in the other. 

Many of the relationships described in Figure 4.8 are circular and are more easily 

examined separately. I wi l l deconstruct the relationships shown here and address them 

separately. Figures 13 through 16 diagram each of these relationships and allow for a 

clearer understanding of the interaction of these characters. 
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Anthropoids 

/7=0.015 

N a t a l 

Figure 4.9: The first relationship 'loop' among the forms of anthropoid colour signalling 
shown in Figure 4.8. 

Anthropoids 

Figure 4.10: The second relationship 'loop' among the forms of anthropoid colour 
signalling shown in Figure 4.8. 
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Figures 4.9 and 4.10 describe the bi-directional covariation between both levels of 

male genital colouration and extreme natal coat colouration. The presence of correlated 

evolution at both character state levels illustrates the strength of the relationship between 

these two characters. Other indications of correlated evolution exist in the ties between 

extreme male genital colouration and extreme natal coat colouration (^=0.003) and between 

extreme natal coat colouration and extreme male genital colouration (p=0.015) (Figure 4.9). 

The occurrences of correlated evolution between extreme natal coat colouration and male 

genital colouration that is not extreme are also significant, though they have higher p values 

than the occurrences of correlated evolution between extreme characters. Male genital 

colouration enables gains in extreme natal coat colouration with a p value of 0.042. The 

occurrence of correlated evolution in which extreme natal coat colouration enables gains in 

male genital colouration has a p value of 0.028. A l l of these relationships are positive and 

significant. The relationships between extreme natal coat colouration and both levels of 

male genital colouration is extremely strong. It is interesting to note that, despite the 

number of instances of correlated evolution between male genital colouration and natal coat 

colouration uncovered in my analysis, there is no direct tie between these characters at the 

presence level. 
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Anthropoids 

Figure 4.11: The third relationship 'loop' among the forms of anthropoid colour signalling 
shown in Figure 4.8. 

Anthropoids 

Natal 

Figure 4.12: The fourth relationship 'loop' among the forms of anthropoid colour signalling 
shown in Figure 4.8. 



Character Loops 

The existence of a negative relationship between extreme estrus and extreme natal 

colouration makes the nature of the relationships among the characters in Figure 4.11 

unclear. The negative correlated evolution of extreme estrus on extreme natal coat is 

significant, with a p value of 0.048. The occurrence of correlated evolution between 

extreme natal coat colouration and male genital colouration is also a significant relationship 

(/7=0.028). A trend exists between male genital colouration and extreme estrus colouration 

(/7=0.081). Both loops (Figures 4.11 and 4.12) exist between characters at the presence 

level and the extreme level of signalling. 

Figure 4.12 is a diagram of the last apparent 'loop' among the three different forms 

of colour signalling tested. The most obvious instance of correlated evolution exists 

between natal coat colouration and estrus colouration (/7=0.008). The occurrence of 

correlated evolution between extreme male genital colouration and natal coat colouration is 

also significant with a p value of 0.039, while the relationship between estrus and extreme 

male is simply a trend (/7=0.093). This loop initially appears to exist concurrently and 

function in the opposite direction of the first 'loop' found in this analysis (Figure 4.11). 

The reliability tests give a clearer picture of the character interactions shown here. 
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Character Covariation Within the Platyrrhine Clade 

The numerical results of my reliability tests are shown in Appendix B , I present 

here diagrams of those results. The first two test clades were the platyrrhines and the 

catarrhines. 

Platyrrhines 

Estrus 

Figure 4.13: Colour character relationships found within the platyrrhine clade. 

Only two trends appear in the platyrrhine clade. Extreme male genital colouration 

co-varies with natal coat colouration with a p value of 0.086. Natal coat coloration is also 

correlated with estrus colouration. This relationship is unidirectional, with ap value of 

0.051. Both of these relationships also exist in the overall anthropoid clade. 



Character Covariation Within the Catarrhine Clade 

Catarrhines 

Figure 4.14: Colour character correlated evolution and trends found within the catarrhine 
clade. 



A substantial difference between the relationship patterns of the catarrhines and the 

overall anthropoid clade is the existence of 3 distinctive occurrences of correlated 

evolution. The most obvious of the instances of correlated evolution found among the 

catarrhines, but not found in the anthropoids, exists between male genital colouration and 

estrus colouration. Male genital colouration co-varies with the presence and development 

of estrus colouration with a p value of 0.011. The other two of the exclusively catarrhine 

occurrences of correlated evolution are the relationship between extreme estrus and extreme 

male (/7=0.048) and the relationship between estrus and extreme natal (p=0.022) (Figure 

4.14). A l l of the remaining occurrences of correlated evolution in Figure 4.14 are also seen 

in the smaller clades analysed. P values for these remaining occurrences of correlated 

evolution are lower in the catarrhine clade than in any of its smaller, constituent clades. 

The majority of these occurrences of correlated evolution show lower p values at the 

catarrhine level than at the anthropoid level. The occurrence of correlated evolution 

between estrus colouration and extreme male genital colouration has a p value of 0.035 in 

the catarrhine clade, which is lower than the p value of the corresponding trend in the 

anthropoid clade (/)=0.093). Similarly, the occurrence of correlated evolution between 

male genital colouration and extreme estrus manifests as a trend in both clades, with p 

values of 0.078 in the catarrhines and 0.081 in the anthropoids (see Figures 15 and 18). 

This is the only trend identified in the catarrhine clade. 

The prevalence of the relationship between extreme natal coat colouration and the 

two levels of male genital colouration is carried into the catarrhine clade. The p values of 

the relationships between extreme male and extreme natal are similar in both clades. In the 

anthropoids extreme male co-varies with extreme natal with a p value of 0.015 and extreme 

natal co-varies with extreme male with a p value of 0.003 (Figure 4.9). In the catarrhines 
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both relationships yield a p value of 0.015 (Figure 4.14). Male genital colouration and 

extreme natal colouration also exhibit a circular relationship in both clades. In the 

catarrhines male genital colouration co-varies with extreme natal at a level of /7=0.019 and 

the opposite occurrence of correlated evolution is significant with a p value of 0.007. In the 

anthropoids these relationships carry p values of 0.028 and 0.042 respectively (Figure 

4.10). 

The relationship between extreme male and natal coat colouration yields lower p 

values at the anthropoid level than at the catarrhine level. In the catarrhines, extreme male 

genital colouration co-varies with natal coat colouration at a p level of 0.047. The same 

pairing shows a p value of 0.039 in the anthropoids. 

The lowest p value relationship in the catarrhine clade exists between extreme estrus 

and extreme natal. In both the catarrhines and the anthropoids extreme estrus displays a 

negative relationship with the manifestation of extreme natal coat colouration. This 

remains the only occurrence of negatively correlated evolution found and persists in both 

the catarrhines (/7=0.005) and the anthropoids (/7=0.048). 

Having tested for all of the same possible occurrences of correlated evolution in the 

platyrrhines and catarrhines separately, my original diagram of anthropoid colour character 

interactions (from Figure 4.8) now appears as Figure 4.15. 

A l l of the occurrences of correlated evolution and loops in Figures 4.9 through 4.12 

are reflected in the catarrhine/platyrrhine clades at a significant level. The platyrrhine 

occurrences of correlated evolution shown in Figure 4.13 (also Figure 4.15 for platyrrhine-

catarrhine comparison) are in fact the only two correlations found among the platyrrhines. 

Those occurrences of correlated evolution attributed to the catarrhines in Figure 4.15 
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exclude those occurrences of correlated evolution found exclusively among the catarrhines 

(see Figure 4.14) but not in the anthropoids. A l l occurrences of correlated evolution 

discovered to exist in both in the catarrhine/platyrrhine clades and in the anthropoids are at 

the same level of significance (trend vs. correlation) and exist in the same direction in every 

case. 

Anthropoids 

Natal 
Platyrrhines (NWM) 
Catarrhines (OWM) 

Figure 4.15: Covariations and trends shown in the catarrhine and platyrrhine clades. 
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Catarrhines 

extreme Natal 

Figure 4.16: The 'loop' between extreme natal and extreme male seen in the catarrhine 
clade. 
Catarrhines 

extreme Natal 

tal 

Figure 4.17: The 'loop' between extreme natal and male seen in the catarrhine clade. 
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Catarrhines 

Estrusi^ Male 

extreme Estrus 

extreme Natal 

Figure 4.18: The 'loop' described in Figure 4.11 as manifested in the catarrhine clade. 

The anthropoid 'loop' shown in Figure 4.11 is clearly represented within the 

catarrhine clade, where occurrences of correlated evolution exist with both the presence of 

estrus colouration and extreme estrus colouration (Figure 4.18). This reinforcement results 

from the appearance of two occurrences of correlated evolution that exist at the catarrhine 

level but not at the anthropoid level. The relationships between male genital colouration 

and estrus colouration and between estrus colouration and extreme natal coat colouration 

strengthen this circular relationship in the catarrhines. The addition of these occurrences of 

correlated evolution further supports the relationships by virtue of the fact that, among the 

catarrhines, the loop exists at both the estrus and extreme estrus levels of characterization. 

The negative relationship between extreme estrus and extreme natal contributes to the 

structure of this loop, however the mechanism underlying this negative relationship is 
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unclear. These data would suggest that the interaction of colour signalling mechanisms 

was most effective in the catarrhine ancestral line. 

Catarrhine/Platyrrhine 

Natal 

Figure 4.19: The 'loop' described in Figure 4.12 as manifested in the catarrhine and 
platyrrhine clades. 

The 'loop' originally shown in Figure 4.12 exists across the anthropoid clade as a 

whole, but upon analyzing smaller clades, this loop is shown to exist partly in the 

catarrhines and partly in the platyrrhines (Figure 4.19). The covariations among platyrrhine 

species exist as trends (natal-extreme male /7=0.086/estrus-natal /7=0.051), while those 

among the catarrhines are statistically significant (estms-extreme male /7=0.0351extreme 

male-natal /7=0.047). The occurrence of correlated evolution between natal coat and estrus 

colouration almost achieves significance at/7=0.051 in the platyrrhines. The same 

occurrence of correlated evolution is much more obvious in the larger, anthropoid clade 

(/7=0.008) (Figure 4.12). The relationship between extreme male genital colouration and 



natal coat colouration shows up in both clades (platyrrhine and catarrhine). There is likely 

a very strong, and possibly very old connection between these characters. 

Character Covariation Within Smaller Clades 

Some of the occurrences of correlated evolution found in the catarrhine clade can 

also be found in the smaller, constituent clades - 1 ) the cercopithecines; 2) the colobines; 

and 3) the baboons, mandrills and mangabeys. I did not find any occurrences of correlated 

evolution among the macaques (4 t h clade). The results of these tests are listed in Appendix 

B and diagramed as Figure 4.20. 



o I General Catarrhines 
cL Cercopithecines (1) 
5a Baboons, Mandrills & Mangabeys (3) 

(2) 
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Character Covariation Within the Colobine Clade 

Colobines 

Estrus Male 
p=0.033 

extreme Estrus 
extreme Male 

/7=0.098 

extreme Natal 

Natal 

Figure 4.21: Character relationships found within the colobine clade. 

The colobinae are the catarrhine constituent clade that displays the largest number 

of significant and trend level occurrences of correlated evolution. The strong two-way 

interaction between extreme male and extreme natal seen in both the anthropoids (Figure 

4.8) and the catarrhines (Figure 4.14) also manifests in the colobines, but only as a bi

directional trend withp values of 0.074 and 0.068 (see Figure 4.21). This ioop ' , 

statistically significant within the catarrhine and anthropoid clades, is not significant within 

the colobines. The third occurrence of correlated evolution that exists within the colobines 

links extreme natal coat colouration and extreme estrus colouration. The trend has a p value 

of 0.098 and is the only occurrence of correlated evolution found within a constituent clade 

and not found within the catarrhines as a whole. This trend exists in a direction opposite to 

the occurrence of negatively correlated evolution between extreme estrus and extreme natal 
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seen in both the anthropoids and the catarrhines. The relationship in the colobines is also 

positive. Whereas, in the anthropoids and catarrhines, the existence of extreme estrus 

precludes the presence or development of extreme natal, in the colobines the existence of 

extreme natal correlates with the presence or development of extreme estrus. The 

mechanism driving the reversal of the direction and polarity of this relationship in the 

colobines is unknown. 

The fourth, and only significant, occurrence of correlated evolution within the 

colobines exists between male genital colouration and estrus colouration (/7=0.033). This is 

also a significant occurrence of correlated evolution in the catarrhines, though no 

corresponding occurrence of correlated evolution appears in the anthropoids. 

Character Covariation Within the Cercopithecine Clade and the Baboons, Mandrills and  
Mangabeys Clade 

Cercopithecines 

Estrus [Male! 

reme Estrus exti 

/ E T = 0 . 0 9 6 

extreme Natal 

Natal 

Figure 4.22: Character relationships found within the cercopithecine clade (1). 



68 

Baboons, Mandrills and Mangabeys 

extreme Ma le 

exl 

Natal 

Figure 4.23: Character relationships found within the baboons, mandrills and mangabeys 
clade. 

The cercopithecine clade (1) and the baboons, mandrills and mangabeys clade (3) 

both show a single occurrence of correlated evolution. Both of these occurrences are 

significant at the anthropoid and catarrhine clade levels (Figure 4.8 and Figure 4.14), but 

manifest only as trends among the cercopithecines (/7=0.096) and baboons, mandrills and 

mangabeys (/7=0.083) (Figures 4.22 and 4.23). The combined presence of these trends 

further reinforces the relationship between male genital colouration and natal coat 

colouration, though in both clades the influence is unidirectional. 

Many of the patterns observed in the anthropoids and catarrhines do not appear in 

smaller clade testing. The cause of this ambiguity is unclear. Despite the disappearance of 

other occurrences of correlated evolution, the relationships between natal coat colouration 

and extreme male genital colouration, extreme natal coat colouration and male genital 

colouration, and extreme natal coat colouration and extreme male genital colouration persist 

throughout all the clades tested. The choice of a significance level of 0.05 led to the 

identification of occurrences of correlated evolution that would not have been observed 



with a lower (0.01 ) alpha value. Perhaps some of the occurrences of correlated evolution 

identified in the larger clades are spurious relationships. Alternately, the concentrated 

changes test may suffer from reduced power in smaller clades. There are fewer taxa in 

these clades, therefore, the test may not be able to identify occurrences of correlated 

evolution. 

Pearson's r Test 

Table 5: Pearson's r correlation coefficients at the species level in several selected clades. 
Estrus/Natal Estrus/Male Natal/Male 

O W M -0.54 -0.06 0.25 
Colobines -0.70 -0.20 0.11 
Cercopithecines -0.57 0.33 0.08 
Macaques -0.20 0.59 -0.13 
Baboons, Mandrills and Mangabeys 0.00 0.00 0.12 

While the concentrated changes test shows correlated evolution among all three 

characters, the relationship between estrus colouration and male genital colouration 

receives less support from Pearson's r testing, with a resulting coefficient of -0.06. Healy 

(1996) describes a coefficient of +/-0.50 as indicating a 'moderately strong' correlational 

relationship. The coefficient of determination for this relationship (r2) is 0.004, meaning, 

0.4% of the variation in estrus colouration can be explained by the variation in male genital 

colouration. The relationship between natal coat colouration and male genital colouration 

demonstrated by the concentrated changes test, results in a Pearson's r value of 0.25 and an 

r value of 0.06, while the negative relationship between estrus colouration and natal coat 

colouration appears with a value of -0.54 and an r value of 0.29. Estrus colouration and 

natal coat colouration display the most apparent linear relationship through Pearson's r 

testing, wherein 29% of the variation in one character can be related to the variation in the 

other character. 



The coefficient for the estrus-natal relationship in the colobines is -0.70, indicating 

9 

a definite correlation with an r value of 0.49. The coefficient of determination indicates 

that 49% of variance in estrus colouration is accounted for by the variation in natal coat 

colouration. The relationship indicated by Pearson's r testing, however, is negative, while 

the relationship indicated by the concentrated changes test is positive. The concentrated 

changes test indicates a significant occurrence of correlated evolution between estrus 

colouration and male genital colouration, in the colobines. The same relationship bears a 
9 

Pearson's correlation coefficient of 0.20 and an r value of 0.04. Similarly, the 

concentrated changes test shows two trends existing between natal coat colouration and 

male genital colouration, while Pearson's r gives a value of 0.11 to the same pair of 
9 

characters. These characters do not show an apparent linear relationship with an r value of 

0.01. 

Pearson's r shows a relationship between estrus colouration and natal colouration (-

0.57) and between estrus colouration and male colouration (0.33) in the cercopithecines, 

while no occurrences of correlated evolution among these characters are indicated by the 

concentrated changes test. In the estrus-natal relationship, 32% of the variation in one 

character is related to the variation in the other character tested ( r =0.32), and 11% of the 

variation in one character is related the variation in the other character tested (r 2 =0.11) in 

the estrus-male relationship. One trend is shown by the concentrated changes test, between 

natal coat colouration and male genital colouration. The same characters display a 

Pearson's r coefficient of 0.08 and an r value of 0.006. 

The concentrated changes test indicates no occurrences of correlated evolution 

among the macaques. Conversely, Pearson's r tests show relationships between estrus 
9 

colouration and natal coat colouration (r=-0.20, r =0.04), between estrus colouration and 



male genital colouration (r=0.59, r =0.35), and between male genital colouration and natal 

coat colouration (r =-0.13, r2 =0.02). In this clade only 4% of the variance in estrus 

colouration can be attributed to the variance in natal coat colouration and only 2% of the 

variance in male genital colouration can be attributed to the variance in natal coat 

colouration. The most powerful linear relationship demonstrated in the macaques is 

between estrus colouration and male genital colouration where 35% of the variation in one 

character is related to the variation of the other character. 

Among the baboons, mandrills and mangabeys, the concentrated changes test 

reveals a trend relationship between male genital colouration and natal coat colouration. 

Pearson's r tests also show a relationship between these characters (r =0.12, r =0.01). In 

both cases, the male-natal relationship is the only one shown to exist within the clade. 

The baboons, mandrills and mangabeys clade is the only clade in which the concentrated 

changes test and Pearson's r test reveal the same relationship. In the catarrhines the estrus-

male relationship is alternately shown as positive (concentrated changes test) and negative 

(Pearson's r). This is also true in the colobines (estrus-natal and estrus-male), and in the 

cercopithecines (estrus-natal). Pearson's r tests show all estrus-natal relationships as 

negative, while concentrated changes testing never indicates a negative estrus-natal 

relationship. Another area of disagreement is focused in the macaque clade. While the 

concentrated changes tests indicate no occurrences of correlated evolution within the 

macaques, Pearson's r tests indicate existing relationships among all three characters. The 

highest calculated coefficients of determination were for the estrus-natal relationships in the 

catarrhines, the colobines and the cercopithecines, as well as the estrus-male relationship in 

the macaques. These data are in contrast with the concentrated changes test, which most 

often shows a relationship between natal coat colouration and male genital coloration, and 



shows no relationships within the macaque clade. Only one relationship indicated by 

concentrated changes test is negative - the estrus-natal relationship in the catarrhines. 

Conversely, Pearson's r tests show many negative correlations, meaning that the variation 

of one character can be attributed to the variation in the other character tested, insofar as 

both characters are rarely displayed by one species - they consistently do not occur 

together. Several relationships are indicated by the Pearson's r tests used, they do not, 

however, parallel those relationships revealed through concentrated changes testing and are 

not illustrative of phylogenetic evolution. 
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CHAPTER 6: DISCUSSION 

Anthropoid colour signals co-vary widely. A l l of the occurrences of correlated 

evolution seen in the anthropoids also appear in the O W M clade. Conversely, only two 

trends appear in new world monkey (NWM) clade. I have demonstrated that social 

signalling using colour is far more prevalent in the O W M and that these signals appear to 

have existed long enough to show significant correlations. 

Both male genital colouration and natal coat colouration are reconstructed to have 

been present in the anthropoid ancestor. While estrus signals, in this analysis, are 

reconstructed as equivocal in the anthropoid ancestor, Sillén-Tullberg and M0ller (1993) 

concluded that slight signs of estrus are ancestral in the anthropoid clade. The frequency of 

male- natal occurrences of correlated evolution may indicate a longer and stronger 

relationship between these characters, than among any other characters in my analysis. In 

the anthropoids, five separate relationships exist between the two forms of natal coat 

colouration and the two forms of male genital colouration. Testing of the catarrhine clade 

reveals the same five occurrences of correlated evolution as seen in the anthropoids. The 

relationship persists in the smaller clades, demonstrated by the associations of extreme natal 

coat and extreme male genital colouration in the colobines, extreme natal coat and male 

genital colouration in the cercopithecines, and natal coat and extreme male genital 

colouration in the baboons, mandrills and mangabeys. 

Many of the occurrences of correlated evolution in this analysis form association 

'loops' through bi-directional correlated evolution between two forms of colouration and 

through unidirectional correlated evolution tying all three forms of colour signalling 

together. These 'loops' appear in the anthropoids, the catarrhines and the colobines. 
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Despite this, causation factors in all occurrences of correlated evolution remain 

undetermined. M y analysis shows strong co-evolutionary relationships among different 

forms of colour signalling, meaning that the state in the independent character may be 

enabling or selecting for gains in the dependent character (Maddison and Maddison, 1992). 

These relationships do not imply causation. It is possible that estrus, male genital and natal 

coat colouration each select for gains in the other two characters under a stabilizing 

selection evolutionary model. Alternately, it is also possible that the network of colour 

signalling I have observed may be related to an additional, undetermined and untested, 

variable. 

The establishment of one or more 'key' colour characters may have selected for the 

development of others. A new mutation producing a key innovation may release the 

ancestral phenotype from some developmental constraint, thus allowing for the possibility 

of a new adaptive radiation (Harvey and Pagel, 1991). This may be the case if male genital 

colouration and natal coat colouration were established earlier than estrus signals. Colour 

signals are energetically inexpensive to produce and maintain, and can be seen at a 

distance. Hence they may represent an efficient and highly conserved character in 

evolutionary terms. The development of one form of colour signal and the advantages of 

that mode of communication may predispose a population to the transmission and reception 

of colour coded information. The development of certain 'key' characters may even be a 

necessary step in the later development of other traits. 

Future outgroup analysis with the strepsirhines and the inclusion of social and 

environmental characters may help with the reconstruction of time frames and the 

sequencing of character development. The sequence of character development may in turn, 

suggest the presence of appropriate 'key' characters. 



Circular Loops and 'Key" Characters 

One theoretical concern is that of reconstruction. Further study is needed to clarify 

whether these occurrences of correlated changes demonstrate a real biological phenomenon 

or i f they are artefacts of the phylogenetic reconstruction. Even if the occurrences of 

correlated changes exist as a result of analysis, rather than physiology, they may still be 

indicative of the evolutionary pathways of anthropoid colour signalling. The mechanism 

underlying the occurrences of correlated change is unknown. Again, the identification of 

'key' characters may clarify the origins of these loops. Of particular interest is the 

occurrence of negatively correlated change seen between extreme estrus and extreme natal 

in both the anthropoids and the catarrhines. This occurrence of correlated change is then 

countered by an opposing, and positive, trend between extreme natal and extreme estrus in 

the colobines. The signal value of these occurrences of correlated evolution is unclear, 

particularly in how they relate to the relationships between all three characters. The 

opposing occurrence of correlated evolution in the colobines may actually be more 

significant than my analysis suggests. 

Smaller Clade Testing 

Most of the relationships existing in the smaller clades are identified as trends, 

rather than significant occurrences of correlated evolution. The smaller clades contain a 

lower proportion of 'white' branches (branches possessing a state of 0 for both characters 

being tested). The concentrated changes test has been demonstrated to produce higher p 

values in clades containing fewer than approximately 20% 'white' branches (Lorch and 

Eadie, 1999). This can increase the possibility of type II errors in smaller clade testing. 

Alternately, this may purely be an effect of sample size in the concentrated changes test, as 

the test uses data only within the clade indicated. There are fewer species in the smaller 



clades - it is possible that colour signals are just as significantly correlated in these clades, 

but testing cannot demonstrate this. In Sillén-Tullberg and M0ller's (1993) reading of 

Cohen (1988) they conclude that the concentrated changes test is susceptible to reduced 

power in small subclades because of the small number of taxa involved. There are, 

however, no published analyses specifically addressing how the concentrated changes test 

is affected by small numbers of taxa. 

A n alternative explanation may be that many of the relationships demonstrated in 

the larger clades are spurious, resulting from a larger alpha level. Those relationships seen 

in the smaller clades are, however, real, because a larger alpha level (0.05-0.10) is 

appropriate to a small sample size (Labovitz, 1968). In this, the phylogenetic relationships 

among different forms of colour signalling exist mainly within the smaller clades tested. 

Relationships between variable at one taxonomic level are not necessarily the same as those 

at another level. For example, in lizards, the relationship between variability in body 

temperature and thermal performance breadth is positive within a number of genera, but 

negative across genera (Harvey and Pagel, 1991). I performed a series of Pearson's r 

correlational test in order to determine if treating species as independent data points would 

yield results similar to those derived from the concentrated changes test. The correlations 

shown using Pearson's correlation coefficients do not parallel those revealed by the 

concentrated changes test. While all of the Pearson's coefficients are statistically 

significant, most of them show that less than ten percent (10%) of the variation in one 

character can be attributed to the variation in the other character tested. The exceptions are 

the relationships between estrus colouration and natal coat colouration in the catarrhines 

(29%), the colobines (49%) and the cercopithecines (32%). Also, whereas theconcentrated 

changes test revealed no correlations in the macaque clade, Pearson's coefficients indicate a 
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relationship between estrus colouration and male genital colouration, in which thirty-five 

percent (35%) of the variation in one character can be attributed to the variation in the other 

character tested. These results neither confirm nor obviate the correlations found using the 

concentrated changes test. As I pointed out in my third chapter, closely related species 

share many similarities and such similarities can confound comparative studies (Harvey 

and Pagel, 1991). Any valid comparison of organismal traits must account for the routes of 

trait inheritance underlying the relationships among those organisms. The Pearson's r tests 

are simply a compliment to phylogenetic testing. The possibility of spurious correlations is 

still present in my analysis, however, evidence from previous analyses, as well as existing, 

independent, evaluations of the concentrated changes test lead me to believe that I have 

encountered a previously unpublished handicap of the concentrated changes test. Further 

analyses are necessary to determine the extent to which the concentrated changes test 

suffers from loss of strength due to small sample size. 

Ancestral Colour Signals 

The strength and frequency of the O W M (catarrhine) occurrences of correlated 

evolution versus the N W M (platyrrhine) occurrences implies an explosion of differing 

forms of colour signalling in the catarrhine ancestor, after the catarrhine-platyrrhine split. 

This is also supported by the three occurrences of correlated evolution found in the 

catarrhines but not in the anthropoid clade as a whole. Many of the catarrhine occurrences 

of correlated evolution are also seen in smaller clades, particularly in the colobines. I 

conclude that the catarrhine ancestor experienced the strongest proliferations of colour 

signalling mechanisms and the repercussions of those developments are retained in extant 

species. Having descended from an anthropoid ancestor possessing strong colour 
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signalling mechanisms, the extant colobines may have retained a stronger colour-signalling 

framework because of its advantages in a visually complex environment. While this 

argument applies equally to many new world species, the extant platyrrhines do not suggest 

the possession of strong ancestral colour signalling mechanisms. 

Primate Visual Systems 

Old world species are known to be uniformly trichromatic in their colour 

recognition capability, while new world species are generally dichromatic or dimorphic 

(both dichromatic and trichromatic) within a population. The only fully trichromatic new 

world species are Alouatta seniculus and A. carayá (Dulai et. al, 1999). This occurrence 

of trichromacy in the platyrrhines is concluded to have evolved independently, after the 

catarrhine-platyrrhine split (Dulai et. al, 1999). Many platyrrhine species have a single, 

polymorphic X-linked opsin gene. A l l individuals possess a short wave spectral sensitivity 

(SW). Males receive only one form of the X-linked polymorphic opsin gene. This leads to 

males with SW sensitivity and either medium wave (MW) sensitivity or long wave (LW) 

sensitivity, meaning platyrrhine males are all dichromats. Platyrrhine females can be 

homozygous M W / M W or L W / L W , leading to female dichromats. Those females that are 

heterozygous (MW/LW) are trichromats, possessing spectral sensitivity in the SW, M W 

and L W spectra. Approximately one third of females in polymorphic populations are 

dichromats, the remaining two thirds perceive trichromatic colour. 

Catarrhines have separate M W and L W opsin genes on the X chromosome. These 

separate M W and L W genes arose through gene duplication at the base of the catarrhine 

lineage, putatively between 30 and 40 mya (Dulai et. al., 1999). Before gene duplication, 

the ancestral anthropoid condition is hypothesized to be the single opsin gene observed in 

extant new world species. 



The ancestral catarrhine proliferation of colour signalling mechanisms and their 

interaction shown in my analysis coincides well with the time of development of 

trichromatic vision. Old world primates are the only known clade of trichromatic mammals 

(Dulai et. al., 1999). Further analyses of the presence and covariation of colour signalling 

in other trichromatic species may shed light on the mechanisms underlying the 

development of an interaction of colour signals. 

The continuation of my research wil l include outgroup analysis and the inclusion of 

social and environmental characters in order to clarify evolutionary influences on the 

development of colour signalling and possible 'key' characters. One potential 'key' 

character was the evolution of trichromatic vision in the ancestral catarrhine lineage. The 

existence of trichromatic vision was likely a necessary precursor to the development of a 

variety of body colouration signals. Identification of any of these colouration signals as 

pre-dating others may indicate how and why the demonstrated occurrences of correlated 

evolution originated. Future avenues of investigation include the relationship between the 

development of trichromacy and catarrhine body coloration as well as the identification of 

the genetic mechanisms underlying anthropoid colour signalling. The inclusion of genetic 

data wil l further elucidate the interaction of these primate characteristics. 

Pregnancy Signals 

Other primate colour signals include colour changes associated with pregnancy. In 

many women, particularly those of darker complexion, the face changes colour during 

pregnancy. The darkening of skin pigmentation across the forehead and down around the 

eyes is known as chloasma, melasma or, more commonly, 'mask of pregnancy' (Masters 

and Johnson, 1969). It is associated exclusively with gestation, as the facial pigmentation 

often lightens again between six months and one year post-partum. Female colour changes 



associateci with pregnancy are reported in only fourteen other anthropoid species. The most 

widely reported of these is the lightening of the facial pelage and skin in pregnant and 

lactating Patas monkeys (Erythrocebus patas) (Hershkovitz, 1977; Loy, 1974). Others 

include labial reddening or colour changes in the nipples or anogenital area (Gauthier, 

1999; Gauthier-Hion, 1971; Gilbert & Gillman, 1945; Graham, 1988; Hampton et. ai, 

1966; Haitman, 1932; Rowe, 1996). Many of these reports are simply short notations 

regarding pregnancy changes within a text focusing on another subject. Based on the 

numerous signal interactions demonstrated in this analysis, I suggest that pregnancy signals 

are occurring in primate species more frequently than currently reported. 

The very low p values of many of the observed occurrences of correlated evolution 

suggest the possibility that unreported pregnancy signals occur in the old world primates, 

and may be related to the demonstrated covariant network of colour signals. Unfortunately 

it is impossible to predict, with any accuracy, which clades are most likely to display 

pregnancy signals. Current published data indicate that those species known to 

demonstrate colour pregnancy signals include humans, patas monkeys and many baboon 

species (Hrdy and Whitten, 1987; Loy, 1974; Gilbert and Gillman, 1951). M y data suggest 

that pregnancy signals would be most likely to occur in the colobines by virtue of their 

retention of many occurrences of colour signal co-evolution and the significance of those 

occurrences of correlated evolution. Another consideration is my assumption that colour 

pregnancy signals are likely to co-vary in the same manner as demonstrated by estrus, male 

genital and natal colouration. It is possible that pregnancy signals do have a relationship 

with the development and distribution of other forms of colour signalling. However, the 

prediction of which species demonstrate pregnancy signalling is further affected by those 

other forms of signalling with which pregnancy is most closely associated. As an 



exclusively female signal, perhaps pregnancy is most closely associated with estrus 

colouration. Conversely, the strength and longevity of the male-natal relationship may 

indicate that pregnancy signals are more closely associated with either (or both) of these 

phenomena. The prediction of which species are likely to display pregnancy signalling is 

also affected by what other forms of signalling pregnancy colouration is most associated 

with - estrus, natal coat or male genital. 

Conclusions 

Anthropoid colour signals co-vary insofar as I have demonstrated that the presence 

or development of one form of colour signalling is involved in the presence and 

development of other forms of colour signalling. This is particularly evident in the 

numerous occurrences of correlated evolution between male genital colouration and natal 

coat colouration. I suspect that these forms of signalling pre-date estrus signals. They may 

play a role as 'key' characteristics in the evolution of anthropoid colour communication. 

The numerous occurrences of correlated evolution among the six different forms of 

colour signal tested form a framework for further analyses of the function of primate colour 

signals. This includes my predictions that: 1) The evolution of colour signals is tied to the 

evolution of trichromatic vision in the catarrhine lineage, and 2) Pregnancy associated 

colouration changes are more prevalent in the primates than current literature suggests. 
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Appendix A: Character States 

Appendix A lists all of the character states used in this analysis and the sources of 

information used in determining those states. 

Estrus Colouration Character States 

Species Reference State 
Allenopithecus nigroviridus Rowell, 1988; Dixson, 1983; Hrdy & Whitten, 1987 2 
Lophocebus albigena Hrdy & Whitten, 1987 2 
Lophocebus aterrimus Hrdy & Whitten, 1987 2 
Cerocebus agilis Hrdy & Whitten, 1987 2 
Cerocebus torquatus Hrdy & Whitten, 1987 2 
Cerocebus torquatus atys Hrdy & Whitten, 1987 2 
Cerocebus galeritus Hrdy & Whitten, 1987 2 
Macaca arctoides (also 
speciosa) Hrdy & Whitten, 1987; Dixson, 1983 1 
Macaca assamensis Hrdy & Whitten, 1987; Dixson, 1983 0 
Macaca cyclopis Hrdy & Whitten, 1987; Dixson, 1983 1 
Macaca fascicularis Hrdy & Whitten, 1987; Dixson, 1983 1 
Macaca fuscata Hrdy & Whitten, 1987; Dixson, 1983 1 
Macaca mauro (also manurus) Hrdy & Whitten, 1987; Dixson, 1983 2 
Macaca mulatta Hrdy & Whitten, 1987; Dixson, 1983 1 

Hrdy & Whitten, 1987; Dixson, 1983; Roonwal & 
Macoca nemestrina Mohnot, 1977 2 
Macaca nigra Hrdy & Whitten, 1987; Dixson, 1983 2 
Macaca ochreata Hrdy & Whitten, 1987; Dixson, 1983 2 
Macaca radiata Hrdy & Whitten, 1987; Dixson, 1983 1 
Macaca silenus Hrdy & Whitten, 1987; Dixson, 1983 2 
Macaca sinica Hrdy & Whitten, 1987; Dixson, 1983 0 
Macaca sylvanus Hrdy & Whitten, 1987; Dixson, 1983 2 
Macaca thibetana Hrdy & Whitten, 1987; Dixson, 1983 0 
Macaca tonkeana Hrdy & Whitten, 1987; Dixson, 1983 2 
Papio hamadryas anubis H i l l , 1974; Hrdy & Whitten, 1987 2 
Popio hamadyras cynocephalus Hrdy & Whitten, 1987; Butler, 1974 2 
Papio hamadryas hamadryas Hrdy & Whitten, 1987 2 
Papio hamadryas papio H i l l , 1974; Hrdy & Whitten, 1987 2 
Papio hamadryas ursinus H i l l , 1974; Hrdy & Whitten, 1987; Butler, 1974 2 
Mandrillus leucophaeus Hrdy & Whitten, 1987 2 
Mandrillus sphinx Hrdy & Whitten, 1987 2 
Theropithecus gelada Hrdy & Whitten, 1987 2 
Miopithercus talapoin Hrdy & Whitten, 1987 2 
Erythrocebus patas Hrdy & Whitten, 1987 1 
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Species Reference State 
Chlorocebus aethiops Andleman, 1987; Hrdy & Whitten, 1987 0 

Cords, 1987, 1988; Butler, 1974; Hrdy & Whitten, 
Cercopithecus ascanius 1984 0 
Cercopithecus campbelli Cords, 1987, 1988; Butler, 1974 0 
Cercopithecus cephus Cords, 1987, 1988; Butler, 1974 0 
Cercopithecus diana Cords, 1987, 1988; Butler, 1974 0 
Cercopithecus dryas Cords, 1987, 1988; Butler, 1974 0 
Cercopithcus erythrogaster Cords, 1987, 1988; Butler, 1974 0 
Cercopithecus erythrotis Cords, 1987, 1988; Butler, 1974 0 
Cercopithecus hamlyni Cords, 1987, 1988; Butler, 1974 0 
Cercopithecus Ihoesti Cords, 1987, 1988; Butler, 1974 0 

Cords, 1987, 1988; Butler, 1974; Hrdy & Whitten, 
Cercopithecus mitis 1984 0 
Cercopithecus mona Cords, 1987, 1988; Butler, 1974 0 

Cords, 1987, 1988; Lutenegger & Lubach, 1987; 
Cercopithecus neglectus Butler, 1974 0 

Cords, 1987, 1988; Hrdy & Whitten, 1987; Butler, 
Cercopithecus nictitans 1984 1 
Cercopithecus petaurista Cords, 1987, 1988; Butler, 1974 1 
Cercopithcus pogonias Cords, 1987, 1988; Butler, 1974 1 
Cercopithecus preussi Cords, 1987, 1988; Butler, 1974 1 
Cercopithecus sclateri Cords, 1987, 1988; Butler, 1974 1 
Cercopithecus solatus Cords, 1987, 1988; Butler, 1974 1 
Cercopithecus wolfi Cords, 1987, 1988; Butler, 1974 1 
Colobus angolensis Hrdy & Whitten, 1987 0 
Colobus guereza Struhsaker & Leland, 1987; Hrdy & Whitten, 1984 0 
Colobus polykomos Hrdy & Whitten, 1987 0 
Colobus satanás Struhsaker & Leland, 1987 2 
Colobus vellerosus Hrdy & Whitten, 1987 0 
Procolobus( Piliocolobus ) 
badius Struhsaker & Leland, 1987; Burton & Eaton, 1995 2 
Procolobus( Piliocolobus ) 
pennantii Struhsaker & Leland, 1987 2 
Procolobus( Piliocolobus ) 
preussi Struhsaker & Leland, 1987 2 
Procolobus( Piliocolobus ) 
rufomitratus Struhsaker & Leland, 1987 2 
Procolobus(Procolobus) ve rus Struhsaker & Leland, 1987 2 
Presbytis cornata (also aygula) Thetford, 2001 0 
Presbytis femoralis Fuentes, 2001 0 
Presbytis frontata Fuentes, 2001 0 
Presbytis hosei Fuentes, 2001 0 
Presbytis melalophos Thetford, 2001 ; Nunn, 1999 0 
Presbytis potenziani Burton & Eaton, 1995 1 
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Presbytis rubicunda Nunn, 1999 0 
Presbytis thomasi Fuentes, 2001 0 
Semnopithecus entellus Struhsaker & Leland, 1987; Hrdy & Whitten, 1984 0 
Trachypithecus(Trachypithecus) 
auratus Jay, 1965 0 
Trachypithecus( Trachypithecus ) Struhsaker & Leland, 1987; Hrdy & Whitten, 1984; 
cristata Jay, 1965 0 
Trachypithecus(Trachypithecus) 
delacouri Jay, 1965 0 
Trachypithecis(Trachypithecus) 
francoisi Jay, 1965; Nunn, 1999 0 
Trachypithecus(Trachypithecus) 
geei Jay, 1965 0 
Trachypithecus (Kasi) johnii Struhsaker & Leland, 1987; Hrdy & Whitten, 1987 1 
Trachypithecus(Trachypithecus) 
obscurus 

Struhsaker & Leland, 1987; Hrdy & Whitten, 1987; 
Burton & Eaton, 1995 1 

Trachypithecus(Trachypithecus) 
phayrei Jay, 1965; Burton & Eaton, 1995 0 
Trachypithecus(Trachypithecus) 
pileatus Jay, 1965; Nunn, 1999 0 
Trachypithecus (Kasi) vetulus 
(also senex) Struhsaker & Leland, 1987; Jay, 1965 0 
Pigathrix (Pigathrix) nemaeus Napier & Napier, 1988; Burton & Eaton, 1995 1 
Pigathrix (Pigathrix) ni gripes Jay, 1965 0 
Pygathrix (Rhinopithecus) 
avunculus Zhiziang et. ai, 1982 1 
Pygathrix (Rhinopithecys) bieti Zhiziang et. al., 1982 1 
Pygathrix (Rhinopithecus) 
brelichi Zhiziang et. ai, 1982 1 
Pygathrix (Rhinopithecus) 
roxellana Zhiziang et. ai, 1982 1 
Nasalis (Nasalis) larvatus Struhsaker &Leland, 1987 2 
Nasalis (Simas) concolor Struhsaker & Leland, 1987; Tenaza, 1989 2 
Hylobate s (Bunopithecus) Struhasaker & Leland, 1987; Butler, 1974; Burton & 
hoolock Eaton, 1995 1 

Struhasaker & Leland, 1987; Butler, 1974; Burton & 
Hylobates (Hylobates) agilis Eaton, 1995 1 
Hy lobate s (Hylobates) klosii Struhasaker & Leland, 1987; Butler, 1974 1 

Struhasaker&Leland, 1987; Butler, 1974; 
Hylobates (Hylobates) lar Hrdy&Whitten, 1987; Burton & Eaton ,1995 1 

Struhasaker & Leland, 1987; Butler, 1974; Burton & 
Hylobates (Hylobates) moloch Eaton, 1995 1 

Struhasaker & Leland, 1987; Butler, 1974; Burton & 
Hylobates (Hylobates) mue He ri Eaton, 1995 1 
Hylobates (Hylobates) pileatus Struhasaker & Leland, 1987; Butler, 1974 1 
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Struhasaker & Leland, 1987; Butler, 1974; Burton & 

Hylobate s (Nomascus) concolor Eaton, 1995 1 
Hylobates (Nomascus) 
gabriellae Struhasaker & Leland, 1987; Butler, 1974 1 
Hy lobates (nomascus) 
leucogenys Struhasaker & Leland, 1987; Butler, 1974 1 
Hylobates (Symphalangus) 
syndactalus 

Struhasaker & Leland, 1987; Hrdy & Whitten, 1984; 
B & E , 1995 1 

Pongo abelii Graham, 1988 0 
Pongo pygmaeus Graham, 1988 0 
Gorilla gorilla berengei Butler, 1974; Hrdy & Whitten, 1987 1 
Gorilla gorilla gorilla Butler, 1974; Hrdy & Whitten, 1987 1 
Gorilla gorilla graueri Butler, 1974; Hrdy & Whitten, 1987 1 
Pan paniscus Hrdy & Whitten, 1987 2 
Pan troglodytes Butler, 1974; Hrdy & Whitten, 1987 2 
Homo sapiens Hrdy & Whitten, 1987 1 
Callimico goeldii Goldizen, 1987 0 
Callithrix argentata French & Stribley, 1987; Goldizen, 1987 0 
Callithrix aurita French & Stribley, 1987; Goldizen, 1987 0 
Call it h rix fla viceps French & Stribley, 1987; Goldizen, 1987 0 
Callithrix geffroyi French & Stribley, 1987; Goldizen, 1987 0 
Callithrix humeralifer French & Stribley, 1987; Goldizen, 1987 0 

French & Stribley, 1987; Goldizen, 1987; Hrdy & 
Callithrix jacchus Whitten, 1987 0 
Callithrix kuhlii French & Stribley, 1987; Goldizen, 1987 0 
Callithrix mauesi French & Stribley, 1987; Goldizen, 1987 0 
Callithrix nigriceps French & Stribley, 1987; Goldizen, 1987 0 
Callithrix penicillata French & Stribley, 1987; Goldizen, 1987 0 

French & Stribley, 1987; Goldizen, 1987; Soini, 1987; 
Callithrix pygmaea Hrdy & Whitten, 1987 0 
Saguinus bicolor French & Stribley, 1987; Goldizen, 1987 0 

French & Stribley, 1987; Goldizen, 1987; Hrdy & 
Saguinus fuscicollis Whitten, 1987 0 
Saguinus geffroyi French & Stribley, 1987; Goldizen, 1987 0 
Saguinus imperator French & Stribley, 1987; Goldizen, 1987 0 
Saguinus inustus French & Stribley, 1987; Goldizen, 1987 0 
Saguinus labiatus French & Stribley, 1987; Goldizen, 1987 0 
Saguinus leucopus French & Stribley, 1987; Goldizen, 1987 0 
Saguinus midas French & Stribley, 1987; Goldizen, 1987 0 
Saguinus mystax French & Stribley, 1987; Goldizen, 1987 0 
Saguinus nigricolis French & Stribley, 1987; Goldizen, 1987 0 

French & Stribley, 1987; Goldizen, 1987; Hrdy & 
Saguinus oedipus Whitten, 1987 0 
Saguinus tripartitus French & Stribley, 1987; Goldizen, 1987 0 
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Species Reference State 
French & Stribley, 1987; Goldizen, 1987; Hrdy & 

Leontopithicus caissara Whitten, 1987 0 
French & Stribley, 1987; Goldizen, 1987; Hrdy & 

Leontopithecus chrysomelas Whitten, 1987 0 
Leontopithecus rosalia(& subsp 
chrysopygus) 

French & Stribley, 1987; Goldizen, 1987; Hrdy & 
Whitten, 1987 0 

Aotus nigriceps Robinson and Janson, 1987 0 
Aotus trivigatus Robinson and Janson, 1987 0 
Callicebus brunneus Robinson and Janson, 1987 0 
Call ice bus calli gatus Robinson and Janson, 1987 0 
Callicebus cinerascens Robinson and Janson, 1987 0 
Callicebus cupreus Robinson and Janson, 1987 0 
Callicebus donacophylus Robinson and Janson, 1987 0 
Callicebus dubius Robinson and Janson, 1987 0 
Callicebus hoffmannsii Robinson and Janson, 1987 0 
Callicebus modestus Robinson and Janson, 1987 0 
Callicebus moloch Robinson and Janson, 1987; Hrdy & Whitten, 1984 0 
Callicebus oenanthe Robinson and Janson, 1987 0 
Callicebus olallae Robinson and Janson, 1987 0 
Callicebus personatus Robinson and Janson, 1987 0 
Callicebus torquatus Robinson and Janson, 1987 0 
Cebus albifrons Hrdy & Whitten, 1987 1 
Cebus apella Hrdy & Whitten, 1987; Burton & Eaton, 1995 1 
Cebus capucinus Hrdy & Whitten, 1987; Butler, 1974 1 
Cebus olivaceus Hrdy & Whitten, 1987; Burton & Eaton, 1995 1 
Saimirí boliviensis Tsuji & Tatsumi, 1981 1 
Saimirí oerstedii Tsuji & Tatsumi, 1981 1 
Saimirí sciureus Tsuji & Tatsumi, 1981 1 
Saimirí ustus Tsuji & Tatsumi, 1981 1 
Saimirí vanzolinii Tsuji & Tatsumi, 1981 1 
Pithicia aequatorialis Robinson and Janson, 1987 0 
Pithicia albicans Robinson and Janson, 1987 0 
Pithicea irrorata Robinson and Janson, 1987 0 
Pithicia monachus Robinson and Janson, 1987 0 
Pithicia pithecia Robinson and Janson, 1987 0 
Chiropotes albinasus Robinson and Janson, 1987; Hrdy & Whitten, 1984 1 
Chiropotes satanus Robinson and Janson, 1987; Hrdy & Whitten, 1984 1 
Cacajao calvus Robinson amd Janson, 1987; Burton & Eaton, 1995 0 
Cacajao melanocephalus Robinson and Janson, 1987 0 
Alouatta belzebul H i l l , 1960 0 
Alouatta carayá Crockett & Eisenberg, 1987 0 
Alouatta fusca Paterson, 2001 0 
Alouatta paliatta Crockett & Eisenberg, 1987; Jones, 1985 1 
Alouatta pigra Brockett, Horwich & Jones, 2000 0 
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Alouatta seniculus Crockett & Eisenberg, 1987; Hrdy &Whitten, 1984 0 
Ateles belzebuth Robinson & Janson, 1987 0 
Ateles chamek Robinson & Janson, 1987 0 
Ateles fuciceps Robinson & Janson, 1987 0 
Ateles geffroyi Robinson & Janson, 1987; Butler, 1974 0 
Ateles marginatus Robinson & Janson, 1987 0 
Ateles paniscus Robinson & Janson, 1987 0 
Lagothrix flavicauda Robinson & Janson, 1987 0 
Lagothrix Iagotricha Mack & Kafka, 1978; Robinson & Janson, 1987 0 
Brachyteles arachnoïdes Milton, 1985 0 
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Natal Coat Colouration Character States 

Species Reference State 
Allenopithecus nigroviridus H i l l , 1966 0 
Lophocebus albigena Chalmers, 1968; Hi l l , 1970 0 
Lophocebus aterrimus H i l l , 1970 0 
Ce roce bus agi I is H i l l , 1970 0 
Cerocebus torquatus H i l l , 1970 0 
Cerocebus torquatus atys H i l l , 1970 0 
Cerocebus galeritus H i l l , 1970 0 
Macaca arctoides (also Roonwal & Mohnot, 1977; Bertrand, 1969; Rowe, 
speciosa) 1996; Fooden eí. al. 1985 2 
Macaca assamensis H i l l , 1974; H i l l , 1970; R & M , 1977 1 
Macaca cyclopis H i l l , 1974; H i l l , 1970 1 
Macaca fascicularis Medway, 1969; Rowe, 1996; H i l l , 1974; R & M , 1977 1 
Macaca fuscata Bertrand, 1969 1 
Macaca maura (also manurus) Fooden, 1969; Hi l l , 1970 1 
Macaca mulatta Roonwal & Mohnot, 1977 1 
Macaca nemestrina H i l l , 1970 1 
Macaca nigra Fooden, 1969 
Macaca ochreata Rowe, 1996; Fooden, 1969 1 
Macaca radiata Roonwal & Mohnot, 1977 1 
Macaca silenus Roonwal & Mohnot, 1977; Rowe, 1996; H i l l , 1974 1 
Macaca sinica H i l l , 1974; Osman-Hil, 1970 1 
Macaca sylvanus Osman-Hil, 1970 0 
Macaca thibetana Rowe, 1996; Fooden et. al., 1985 0 
Macaca tonkeana H i l l , 1970; Fooden, 1969 0 
Papio hamadryas anubis Napier & Napier, 1967* 1 

Napier & Napier, 1967; Hall & DeVore, 1965; 
Papio hamadyras cynocephalus Kummer, 1969; Rowe, 1996 1 

Napier & Napier, 1967; Hall & DeVore, 1965; 
Papio hamadryas hamadryas Kummer, 1969; Rowe, 1996 1 

Napier & Napier, 1967; Hall & DeVore, 1965; 
Papio hamadryas papio Kummer, 1969 1 
Papio hamadryas ursinus Napier & Napier, 1967*; Rowe, 1996 1 
Mandrillus leucophaeus H i l l , 1970; H i l l , 1974 1 
Mandrillus sphinx Groves, 1970; H i l l , 1974 0 
Theropithecus gelada Dunbar & Dunbar, 1975 1 
Miopithercus talapoin H i l l , 1974 0 
Erythrocebus patas Hall , 1965; Rowe, 1996; Chism, 1986 2 
Chlorocebus aethiops Gartlan & Brain, 1968; Struhsaker, 1971 2 
Cercopithecus ascanius Booth, 1962; Treves, 1997; Wickler, 1972 1 
Cercopithecus campbelli Booth, 1962; Wickler, 1972 1 
Cercopithecus cephus Booth, 1962; Wickler, 1972 1 
Cercopithecus diana Booth, 1962; Treves, 1997; Wickler, 1972 1 
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Species Reference State 
Cercopìthecus dryas Booth, 1962; Treves, 1997; Wickler, 1972 1 
Cercopithcus erythrogaster Booth, 1962; H i l l , 1966; Wickler, 1972 1 
Cercopìthecus eiythrotis Booth, 1962; H i l l , 1966; Wickler, 1972 1 
Cercopìthecus hamlyni Booth, 1962; H i l l , 1966; Rowe, 1996; Wickler, 1972 2 
Cercopìthecus Ihoesti Booth, 1962; Treves, 1997; Wickler, 1972 2 
Cercopìthecus mitis Booth, 1962; Treves, 1997; Wickler, 1972 1 
Cercopìthecus mona Booth, 1962; H i l l , 1966; Wickler, 1972 1 

Booth, 1962; H i l l , 1966; Treves, 1997; Rowe, 1996; 
Cercopìthecus iieglectus Wickler, 1972 2 
Cercopìthecus nictitans Booth, 1962; Wickler, 1972 1 
Cercopìthecus petaurista Booth, 1962; Wickler, 1972 1 
Cercopithcus pogonias Booth, 1962; Wickler, 1972 1 
Cercopìthecus preussi Booth, 1962; Wickler, 1972 1 
Cercopìthecus sclateri Booth, 1962; Wickler, 1972 1 
Cercopìthecus solatus Booth, 1962; Wickler, 1972 1 
Cercopìthecus wolfi Booth, 1962; Wickler, 1972 1 
Colobus angolensis Rowe, 1996; Oates et al, 1994 2 

Horwich & Manski, 1975; Rowe, 1996; Oates et al, 
Colobus guereza 1994 2 

Horwich & Manski, 1975; Rowe, 1996; Oates et al, 
Colobus polykomos 1994 2 
Colobus satanás Rowe, 1996; Oates et al, 1994 1 
Colobus vellerosus Teichroeb, 2001; Oates et al, 1994 2 
Procolobus( Piliocolobus ) 
badius Chaplin & Jablonski, 1998 1 
Procolobus( Piliocolobus ) 
pennantii Chaplin & Jablonski, 1998 1 
Procolobus( Piliocolobus ) 
preussi Chaplin & Jablonski, 1998 1 
Procolobus( Piliocolobus ) 
rufomitratus Groves, 2001 0 
Procolobus(Procolobus) verus Rowe, 1996; Oates et. al. 1994 1 

Presbytis cornata (also aygula) 
Oates et. al. 1994; Medway,1969; Napier & 
Napier, 1967; Ruhiat,1983 2 

Presbytis femoralis Oates et. al. 1994; Aimi & Bakar, 1992 2 
Presbytis frontata Oates et. al. 1994; Aimi & Bakar, 1992 2 
Presbytis hosei Rowe, 1996 1 

Presbytis melalophos 

Napier & Napier, 1967; Rowe, 1996; Oates et. al. 
1994; A i m i & Bakar, 1992; Ruhiyat, 1983; Medway, 
1969; Roonwal&Mohnot, 1977 2 

Presbytis potenziani Rowe, 1996; Oates et. al. 1994; Groves, 1970 2 
Presbytis rubicunda Napier & Napier, 1967 2 
Presbytis thomasi Oates et. al. 1994; Aimi & Bakar, 1992 2 
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Semnopithecus entellus 
Napier & Napier, 1967; Jay, 1962; Roonwalt & 
Mohnot, 1977; Chaplin & Jablonski, 1998 1 

Trachypithecus(Trachypithecus) 
auratus Rowe, 1996 2 
Trachypithecus(Trachypithecus) 
cristata 

Napier & Napier, 1967; Bernstein, 1968; Medway, 
1969; Rowe, 1996; R & M 2 

Trachypithecus(Trachypithecus) 
delacouri Rowe, 1996 2 
Trachypithecis( Trachypithecus ) 
francoisi Rowe, 1996 2 
Trachypithecus(Trachypithecus) 
geei 

Napier & Napier, 1967; Roonwalt & Mohnot, 1977; 
Rowe, 1996; Oates et. al. 1994 2 

Trachypithecus (Kasi) johnii 
Napier & Napier, 1967; Poirier, 1968; Roonwal & 
Mohnot, 1977 1 

Trachypithecus(Trachypithecus) 
obscurus 

Medway, 1969; Rowe, 1996; Roonwal &Mohnot, 
1977 2 

Trachypithecus(Trachypithecus) 
phayrei 

Medway, 1969; Rowe, 1996; Roonwal &Mohnot, 
1977 2 

Trachypithecus(Trachypithecus) 
pileatus 

McCann,1942; Rowe, 1996; Oates et. al, 1994; Islam 
& Husain, 1982; Roonwal & Mohnot, 1977 2 

Trachypithecus (Kasi) vetulus 
(also senex) 

Napier & Napier, 1967; Roonwal & Mohnot, 1977; 
Rowe, 1996 1 

Pigathrix (Pigathrix) nemaeus 
BlafferHrdy, 1977; Rowe, 1996; Groves, 1970; 
Burton & Eaton, 1995; Sleeper & Wolfe, 1997 1 

Pigathrix (Pigathrix) nigripes Chaplin & Jablonski, 1998 1 
Pygathrix (Rhinopithecus) 
avunculus Rowe, 1996 1 
Pygathrix (Rhinopithecys) bieti Chaplin & Jablonski, 1998 1 
Pygathrix (Rhinopithecus) 
brelichi Rowe, 1996 1 
Pygathrix (Rhinopithecus) 
roxellana Napier & Napier, 1967; Rapaport & Mellen, 1990 2 

Nasal is (Nasal is) larvatus 
Napier & Napier, 1967; Rowe, 1996; Groves, 1970; 
Sleeper & Wolfe, 1997 1 

Nasalis (Simas) concolor Rowe, 1996; Chaplin & Jablonski, 1998 0 
Hy lobates (Bunopithecus) 
hoolock 

Napier & Napier, 1967; Rowe, 1996; Malinow, 1968; 
Horwich & Gebhard, 1986; Roonwal & Mohnot, 1977 2 

Hy lobates (Hy lobates) agii is Geissmann, 2001 1 
Hylobates (Hylobates) klosii Burton & Eaton, 1995 0 
Hylobates (Hylobates) lar Napier & Napier, 1967; Roonwalt & Mohnot, 1977 1 
Hylobates (Hylobates) moloch Rowe, 1996; Geissmann, 2001 1 
Hylobates (Hylobates) muelleri Geissmann, 2001 1 
Hylobates (Hylobates) pileatus Rowe, 1996; Malinow, 1968; Geissmann, 2001 1 
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Napier & Napier, 1967; Rowe, 1996; Malinow, 1968; 

Hylobates (Nomascus) concolor Hi l l , 1974; Geissmann, 2001 1 
Hylobates (Nomascus) 
gabriellae Rowe, 1996; Geissmann, 2001 1 
Hylobates (nomascus) 
leucogenys Rowe, 1996 1 
Hylobates (Symphalangus) 
syndactalus Geissmann, 2001 1 
Pongo abelii Blaffer Hrdy, 1976; Rijksen, 1978 1 
Pongo pygmaeus Blaffer Hrdy, 1976; Rowe, 1996; Rijksen, 1978 1 
Gorilla gorilla berengei Fossey, 1979; Schaller, 1963 1 
Gorilla gorilla gorilla Observation 1 
Gorilla gorilla graueri Fossey, 1979 1 
Pan paniscus Rowe, 1996 1 
Pan troglodytes Lawick-Goodall, 1968; Rowe, 1996 1 
Homo sapiens Observation 0 
Callimico goeldii Hi l l , 1957; Hershkovitz, 1977 0 
Callithrix argentata Bicca-Marques, 2001 0 
Callithrix aurita Hershkovitz, 1977 0 
Callithrix flaviceps Bicca-Marques, 2001 0 
Callithrix geffroyi Bicca-Marques, 2001 0 
Callithrix humeralifer Bicca-Marques, 2001 0 
Callithrix jacchus H i l l , 1957; Hershkovitz, 1977 1 
Callithrix kuhlii Cary Ross, U . of Nebraska, A S P 2001 0 
Callithrix mauesi Bicca-Marques, 2001 0 
Callithrix nigriceps Bicca-Marques, 2001 0 
Callithrix penicillata Hershkovitz, 1977 1 
Callithrix pygmaea Hershkovitz, 1977 0 
Saguinus bicolor H i l l , 1957 1 
Saguinus fuscicollis H i l l , 1957 1 
Saguinus geffroyi Bicca-Marques, 2001 0 
Saguinus imperator H i l l , 1957 1 
Saguinus inustus Bicca-Marques, 2001 0 
Saguinus labiatus Bicca-Marques, 2001 0 
Saguinus leucopus Bicca-Marques, 2001 0 
Saguinus midas Rowe, 1996; H i l l , 1957; Hershkovitz, 1977 1 
Saguinus mystax Hi l l , 1957 0 
Saguinus nigricolis H i l l , 1957; Hershkovitz, 1977 1 
Saguinus oedipus H i l l , 1957 0 
Saguinus tripartitus Bicca-Marques, 2001 0 
Leontopithicus caissara Bicca-Marques, 2001 0 
Leontopithecus chrysomelas Bicca-Marques, 2001 0 
Leontopithecus rosalia(& subsp 
chrysopygus) Bicca-Marques, 2001 0 
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Species Reference State 
Aotiis nigriceps Wright, 1984, H i l l , 1960 0 
Aotus trivigatus Wright, 1984, H i l l , 1960 0 
Callicebus brunneus Wright, 1984, H i l l , 1960 0 
Callicebus calligatus Wright, 1984, H i l l , 1960 0 
Callicebus cinerascens Wright, 1984, H i l l , 1960 0 
Callicebus cupreus Wright, 1984, H i l l , 1960 0 
Callicebus donacophylus Wright, 1984, H i l l , 1960 0 
Callicebus dubius Wright, 1984, H i l l , 1960 0 
Callicebus hoffmannsii Wright, 1984, H i l l , 1960 0 
Callicebus modestus Wright, 1984, H i l l , 1960 0 
Callicebus moloch Wright, 1984, H i l l , 1960 0 
Callicebus oenanthe Wright, 1984, H i l l , 1960 0 
Callicebus olallae Wright, 1984, H i l l , 1960 0 
Callicebus personatus Wright, 1984, H i l l , 1960 1 
Callicebus torquatus Wright, 1984, H i l l , 1960 0 
Cebus albifrons Bicca-Marques, 2001 0 
Cebus apella Bicca-Marques, 2001 0 
Cebus capucinus Rowe, 1996; Personal observation 0 
Cebus olivaceus Bicca-Marques, 2001 0 
Saimirí boliviensis H i l l , 1960 0 
Saimirí oerstedii H i l l , 1960 0 
Saimirí sciureus H i l l , 1960 0 
Saimirí ustus H i l l , 1960 0 
Saimirí vanzolinii H i l l , 1960 0 
Pithicia aequatorialis Bicca-Marques, 2001 0 
Pithicia albicans Rowe, 1996 1 
Pithicea irrorata Bicca-Marques, 2001 0 
Pithicia monachus Rowe, 1996; H i l l , 1960 1 
Pithicia pithecia Rowe, 1996 1 
Chiropotes albinasus H i l l , 1960 1 
Chiropotes satanus H i l l , 1960 1 
Cacajao calvus Rowe, 1996 2 
Cacajao melanocephalus Bicca-Marques, 2001 0 
Alouatta belzebul Bicca-Marques, 2001 0 
Alouatta carayá Rowe, 1996; H i l l , 1962 0 
Alouatta fusca Bicca-Marques, 2001 0 
Alouatta paliatta Horwich & Gebhard, 1986 1 
Alouatta pigra Rowe, 1996; Horwich & Gebhard, 1986 1 
Alouatta seniculus Osman-Hil, 1962 1 
Ateles belzebuth Rowe, 1996 1 
Ateles chamek Rowe, 1996 1 
Ateles fuciceps Rowe, 1996 0 
Ateles gejfroyi Rowe, 1996 2 
Ateles marginatus Bicca-Marques, 2001 0 
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Species Reference State 
Ateles paniscus Rowe, 1996 1 
Lagothrix flavicauda H i l l , 1962 1 
Lagothrix lagotricha Rowe, 1996; H i l l , 1962 1 
Brachyteles arachnoïdes H i l l , 1962 1 
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Male Genital Colouration Character States 

Species Reference State 
Allenopithecus nigroviridus Rowe, 1996; H i l l , 1966 2 
Lophocebus albigena H i l l , 1970 1 
Lophocebus aterrimus H i l l , 1970 1 
Cerocebus agilis H i l l , 1970 0 
Cerocebus torquatus H i l l , 1970 0 
Cerocebus torquatus atys H i l l , 1970 1 
Cerocebus galeritus H i l l , 1970 1 
Macaca arctoides (also 
speciosa) H i l l , 1970 ! 

Macaca assamensis H i l l , 1970 1 
Macaca cyclopis H i l l , 1970 1 
Macaca fascicularis H i l l , 1970 
Macaca fuscata H i l l , 1970 1 
Macaca inaura (also manurus) H i l l , 1970 1 
Macaca mulatta Rowe, 1996; H i l l , 1970 1 
Macaca nemestrina H i l l , 1970; Roonwal & Mohnot, 1977 1 
Macaca nigra Rowe, 1996; Sleeper & Wolfe, 1995 
Macaca ochreata H i l l , 1970 1 
Macaca radiata H i l l , 1970 
Macaca silenus H i l l , 1970 1 
Macaca sinica H i l l , 1970 
Macaca sylvanus H i l l , 1970 1 
Macaca thibetana H i l l , 1970 
Macaca tonkeana H i l l , 1970 1 
Papio hamadryas anubis H i l l , 1974 1 
Papio hamadyras cynocephalus H i l l , 1974 1 
Papio hamadryas hamadryas H i l l , 1974 1 
Papio hamadryas papio H i l l , 1974 1 
Papio hamadryas ursinus H i l l , 1974 0 
Mandrillus leucophaeus H i l l , 1974 2 
Mandrillus sphinx H i l l , 1974 2 
Theropithecus gelada Rowe, 1996 1 
Miopithercus talapoin H i l l , 1966 2 
Erythrocebus patas Rowe, 1996; H i l l , 1966 2 
Chlorocebus aethiops Rowe, 1996; H i l l , 1966 2 
Cercopìthecus ascanius H i l l , 1966 0 
Cercopìthecus campbelli H i l l , 1966 0 
Cercopìthecus cephus H i l l , 1966 2 
Cercopìthecus diana H i l l , 1966 0 
Cercopìthecus dryas Paterson, 2001 0 
Cercopithcus erythrogaster H i l l , 1966 0 
Cercopìthecus erythrotis H i l l , 1966 1 
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Species Reference State 
Cercopithecus hamlyni Rowe, 1996; Groves, 2001 1 
Cercopithecus Ihoesti Groves, 2001 1 
Cercopithecus mitis H i l l , 1966 0 
Cercopithecus mona H i l l , 1966 2 
Cercopithecus neglectus Rowe, 1996; H i l l , 1966; Groves,'2001 2 
Cercopithecus nictitans Hi l l v.6 1 
Cercopithecus petaurista H i l l , 1966 2 
Cercopithcus pogonias Hi l l , 1966 0 
Cercopithecus preussi H i l l , 1966 0 
Cercopithecus sclateri Oates & Anadu, 1989 0 
Cercopithecus solatus Rowe, 1996; Groves, 2001 2 
Cercopithecus wolfi Groves, 2001 2 
Colobus angolensis Groves, 2001 2 
Colobus guereza Oates, 2001 2 
Colobus polykomos Groves, 2001 2 
Colobus satanás Brugiere, 2001 0 
Colobus vellerosus Groves, 2001; Teichroeb, 2001 2 
Procolobus( Piliocolobus ) 
badius Rowe, 1996; Burton & Eaton, 1995 2 
Procolobus( Piliocolobus ) 
pennantii Burton & Eaton, 1995 1 
Procolobus( Piliocolobus ) 
preussi JDP, 2001 1 
Procolobus( Piliocolobus ) 
rufomitratus JDP, 2001 1 
Procolobus(Procolobus) verus Burton & Eaton, 1995 0 
Presbytis cornata (also ay gula) Brandon-Jones, 2001; Thetford, 2001 2 
Presbytis femoral is Brandon-Jones, 2001 2 
Presbytis frontata Brandon-Jones, 2001 1 
Presbytis hose i Rowe, 1996 2 
Presbytis melalophos Thetford, 2001 2 
Presbytis potenziani Fuentes, 2001 2 
Presbytis rubicunda Brandon-Jones, 2001 0 
Presbytis thomasi Fuentes, 2001 2 
Semnopithecus entellus Hrdy, 1977 2 
Trachypithecus(Trachypithecus ) 
auratus Thetford, 2001 2 
Trachypithecus(Trachypithecus) 
cristata Sleeper & Wolfe, 1997; Brandon-Jones, 2001 1 
Trachypithecus(Trachypithecus) 
delacouri Brandon-J ones, 2001 1 
Trachypithecis(Trachypithecus) 
francoisi Brandon-Jones, 2001 0 
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Species Reference State 
Trachypithecus(Trachypithecus) 
geei Fuentes, 2001 0 
Trachypithecus (Kasi) johnii Fuentes, 2001 0 
Trachypithecus(Trachypithecus) 
obscurus Thetford, 2001 0 
Trachypithecus(Trachypithecus) 
phayrei Brandon-Jones, 2001 1 
Trachypithecus( Trachypithecus ) 
pileatus Roonwal & Mohnot, 1977 0 
Trachypithecus (Kasi) vetulus 
(also senex) Fuentes, 2001 0 
Pigathrix (Pigathrix) nemaeus Rowe, 1996 2 
Pigathrix (Pigathrix) nigripes Rowe, 1996 
Pygathrix (Rhinopithecus) 
avunculus Rowe, 1996; Burton & Eton, 1995 2 
Pygathrix (Rhinopithecys) bieti Groves, 2001 0 
Pygathrix (Rhinopithecus) 
brelichi Rowe, 1996 2 
Pygathrix (Rhinopithecus) 
roxellana Rowe, 1996 2 
Nasalis (Nasalis) larvatus Rowe, 1996 1 
Nasalis (Simas) concolor Rowe, 1996; Burton & Eaton, 1995 1 
Hylobates (Bunopithecus) 
hoolock Groves, 2001 1 
Hylobates (Hylobates) a g His Geissmann, 2001 2 
Hylobates (Hylobates) klosii Geissmann, 2001 0 
Hylobates (Hylobates) lar Groves, 2001 1 
Hylobates (Hylobates) moloch Geissmann, 2001 0 
Hylobates (Hylobates) muelleri Geissmann, 2001 1 
Hylobates (Hylobates) pileatus Groves, 2001; Geissmann, 2001 1 
Hylobates (Nomascus) concolor Geissmann, 2001 0 
Hylobates (Nomascus) 
gabriellae Geissmann, 2001 0 
Hylobates (nomascus) 
leucogenys Geissmann, 2001 0 
Hylobates (Symphalangus) 
syndactalus Rowe, 1996; Geissmann, 2001 0 
Pongo abelii Nadler, 1988 1 
Pongo pygmaeus Graham, 1988 1 
Gorilla gorilla berengei Fossey, 1979 0 
Gorilla gorilla gorilla Personal observation 0 
Gorilla gorilla graueri Rowe, 1996 0 
Pan paniscus Rowe, 1996 0 
Pan troglodytes Rowe, 1996 
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Species Reference State 
Homo sapiens Observation 0 
Callimico goeldii H i l l , 1957 0 
Callithrix argentata H i l l , 1957; Hershkovitz, 1977 (p.574) 2 
Callithrix aurita H i l l , 1957 1 
Cal lit h rix flaviceps H i l l , 1957 1 
Callithrix gejfroyi H i l l , 1957 1 
Callithrix humeralifer H i l l , 1957; Hershkovitz, 1977 2 
Callithrix jacchus H i l l , 1957; Paterson, 2001; Hershkovitz, 1977 2 
Callithrix kuhlii Cary Ross, U . of Nebraska 0 
Callithrix mauesi Mittermeier, Schwarz & Ayers, 1992 2 
Callithrix nigriceps Rowe, 1996 2 
Callithrix penicillata H i l l , 1957 1 
Callithrix pygmaea H i l l , 1957;Hershkovitz, 1977 0 
Saguinus bicolor H i l l , 1957 0 
Saguinus fuscicollis H i l l , 1957 0 
Saguinus gejfroyi H i l l , 1957 1 
Saguinus imperato)' H i l l , 1957 0 
Saguinus inustus Rowe, 1996; H i l l , 1957; Hershkovitz, 1977 1 
Saguinus labiatus H i l l , 1957; Hershkovitz, 1977 0 
Saguinus leucopus H i l l , 1957 0 
Saguinus midas H i l l , 1957; Hershkovitz, 1977 0 
Saguinus mystax Rowe, 1996; H i l l , 1957; Hershk, 1977 2 
Saguinus nigricolis H i l l , 1957 2 
Saguinus oedipus H i l l , 1957 0 
Saguinus triparti tus H i l l , 1957 1 
Leontopithicus caissara Hershkovitz, 1977 2 
Leontopithecus chrysomelas H i l l , 1957; Hershkovitz, 1977 2 
Leontopithecus rosalia(& subsp 
chrysopygus) H i l l , 1957; Hershkovitz, 1977 2 
Aotus nigriceps 
Aotus trivigatus H i l l , 1960 1 
Callicebus brunneus H i l l , 1960 1 
Callicebus calligatus H i l l , 1960 1 
Callicebus cinerascens H i l l , 1960 1 
Callicebus cupreus H i l l , 1960 1 
Callicebus donacophylus H i l l , 1960 1 
Callicebus dubius H i l l , 1960 1 
Callicebus hoffmannsii H i l l , 1960 1 
Callicebus mode s tus H i l l , 1960 1 
Callicebus moloch H i l l , 1960 1 
Callicebus oenanthe H i l l , 1960 1 
Callicebus olallae H i l l , 1960 1 
Callicebus personatus H i l l , 1960 1 
Callicebus torquatus H i l l , 1960 0 
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Species Reference State 
Cebus albifrons H i l l , 1960 1 
Cebiis apella H i l l , 1960 1 
Cebus capucinus H i l l , 1960 1 
Cebus olivaceus H i l l , 1960 1 
Saimirí boliviensis H i l l , 1960 0 
Saimirí oerstedii H i l l , 1960 0 
Saimirí sciureus H i l l , 1960 0 
Saimirí us tus H i l l , 1960 0 
Saimirí vanzolinii H i l l , 1960 0 
Pithicia aequatorialis Hershkovitz, 1987 1 
Pithicia albicans H i l l , 1960 1 
Pithicea irrorata Hershkovitz, 1987 1 
Pithicia monachus H i l l , 1960 1 
Pithicia pithecia H i l l , 1960 1 
Chiropotes albinasus Rowe, 1996 2 
Chiropotes satanus Rowe, 1996; H i l l , 1960 1 
Cacajao calvus H i l l , 1960 1 
Cacajao melanocephalus Defler, 2001 2 
Alouatta belzebul Rowe, 1996 1 
Alouatta carayá H i l l , 1962 2 
Alouatta fusca H i l l , 1962 2 
Alouatta paliatta Rowe, 1996; H i l l , 1962 2 
Alouatta pigra Rowe, 1996; Deitz-Linder, 2001 2 
Alouatta seniculus H i l l , 1962 1 
Ateles belzebuth H i l l , 1962 0 
Ateles chámele H i l l , 1962 0 
Ateles fuciceps H i l l , 1962 0 
Ateles geffroyi H i l l , 1962 0 
Ateles marginatus H i l l , 1962 0 
Ateles paniscus H i l l , 1962 0 
Lagoth rix fla vicauda Rowe, 1996; H i l l , 1962 1 
Lagothrix Iagotricha H i l l , 1962 0 
Brachyteles arachnoides H i l l , 1962 0 



Appendix B; Testing Within Restricted Clades 

Appendix B lists the results of the series of twenty-four concentrated changes tests 

performed on each clade in this analysis (See Table 4 for anthropoid test results). 

Platyrrhine Testing 

Dependent Character Independent Character Gains Probability (p) 

1 Estrus Male 4 0.207 
2 Male Estrus 3 0.716 
3 Estrus Natal 4 0.051 
4 Natal Estrus 9 0.211 
5 Male Natal 3 0.412 
6 Natal Male 9 0.268 
7 Extreme Estrus Extreme Male 0 -
8 Extreme Male Extreme Estrus 9 1.000 
9 Extreme Estrus Extreme Natal 0 -
10 Extreme Natal Extreme Estrus 2 1.000 
11 Extreme Male Extreme Natal 9 0.857 
12 Extreme Natal Extreme Male 2 0.661 
13 Estrus Extreme Male 4 0.108 
14 Extreme Male Estrus 9 0.433 
15 Estrus Extreme Natal 4 0.944 
16 Extreme Natal Estrus 2 0.738 
17 Male Extreme Estrus 3 1.000 
18 Extreme Estrus Male 0 -
19 Male Extreme Natal 3 0.962 
20 Extreme Natal Male 2 0.414 
21 Natal Extreme Estrus 9 1.000 
22 Extreme Estrus Natal 0 -
23 Natal Extreme Male 9 0.086 
24 Extreme Male Natal 9 0.308 

] Significant Correlation I I Trend ] No Correlation 
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Catarrhine Testing 

Dependent Character Independent Character Gains Probability (p) 

1 Estrus Male 10 0.011 
2 Male Estrus 5 0.101 
3 Estrus Natal 10 0.283 
4 Natal Estrus 2 0.304 
5 Male Natal 5 0.598 
6 Natal Male 2 0.449 
7 Extreme Estrus Extreme Male 5 0.265 
8 Extreme Male Extreme Estrus 20 0.048 
9 Extreme Estrus Extreme Natal 5 0.379 
10 Extreme Natal Extreme Estrus 11 0.005 
11 Extreme Male Extreme Natal 20 0.015 
12 Extreme Natal Extreme Male 11 0.015 
13 Estrus Extreme Male 10 0.322 
14 Extreme Male Estrus 20 0.035 
15 Estrus Extreme Natal 10 0.335 
16 Extreme Natal Estrus 11 0.022 
17 Male Extreme Estrus 5 0.275 
18 Extreme Estrus Male 5 0.078 
19 Male Extreme Natal 5 0.007 
20 Extreme Natal Male 11 0.019 
21 Natal Extreme Estrus 2 0.313 
22 Extreme Estrus Natal 5 0.530 
23 Natal Extreme Male 2 0.047 
24 Extreme Male Natal 20 0.272 

Significant Correlation I 1 Trend I I No Correlation 
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Colobine Testing 

Dependent Character Independent Character Gains Probability (p) 

1 Estrus Male 4 0.033 
2 Male Estrus 3 0.384 
3 Estrus Natal 4 0.900 
4 Natal Estrus 0 1.000 
5 Male Natal 3 0.931 
6 Natal Male 0 1.000 
7 Extreme Estrus Extreme Male 3 0.211 
8 Extreme Male Extreme Estrus 11 0.181 
9 Extreme Estrus Extreme Natal 3 0.098 
10 Extreme Natal Extreme Estrus 4 0.403 
11 Extreme Male Extreme Natal 11 0.074 
12 Extreme Natal Extreme Male 4 0.068 
13 Estrus Extreme Male 4 0.451 
14 Extreme Male Estrus 11 0.138 
15 Estrus Extreme Natal 4 0.359 
16 Extreme Natal Estrus 4 0.311 
17 Male Extreme Estrus 3 0.609 
18 Extreme Estrus Male 3 0.447 
19 Male Extreme Natal 3 0.203 
20 Extreme Natal Male 4 0.383 
21 Natal Extreme Estrus 0 1.000 
22 Extreme Estrus Natal 3 0.901 
23 Natal Extreme Male 0 1.000 
24 Extreme Male Natal 11 0.638 

Significant Correlation I I Trend | | No Correlation 
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Cercopithecine Testing 

Dependent Character Independent Character Gains Probability (p) 

1 Estrus Male 5 0.368 
2 Male Estrus 2 0.442 
3 Estrus Natal 5 0.693 
4 Natal Estrus 1 0.318 
5 Male Natal 2 0.831 
6 Natal Male 1 0.318 
7 Extreme Estrus Extreme Male 0 1.000 
8 Extreme Male Extreme Estrus 5 0.693 
9 Extreme Estrus Extreme Natal 0 1.000 
10 Extreme Natal Extreme Estrus 5 0.648 
11 Extreme Male Extreme Natal 5 0.459 
12 Extreme Natal Extreme Male 5 0.160 
13 Estrus Extreme Male 5 0.368 
14 Extreme Male Estrus 5 0.372 
15 Estrus Extreme Natal 5 0.410 
16 Extreme Natal Estrus 5 0.311 
17 Male Extreme Estrus 2 0.863 
18 Extreme Estrus Male 0 1.000 
19 Male Extreme Natal 2 0.108 
20 Extreme Natal Male 5 0.096 
21 Natal Extreme Estrus 1 0.932 
22 Extreme Estrus Natal 0 1.000 
23 Natal Extreme Male 1 0.318 
24 Extreme Male Natal 5 0.693 

Significant Correlation I I Trend I I No Correlation 
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Baboons, Mandrills and Mangabeys Testing 

Dependent Character Independent Character Gains Probability (p) 

1 Estrus Male 0 -
2 Male Estrus 0 1.000 
3 Estrus Natal 0 -
4 Natal Estrus 1 1.000 
5 Male Natal 0 1.000 
6 Natal Male 1 0.929 
7 Extreme Estrus Extreme Male 0 -
8 Extreme Male Extreme Estrus 1 1.000 
9 Extreme Estrus Extreme Natal 0 -
10 Extreme Natal Extreme Estrus 0 -
11 Extreme Male Extreme Natal 1 1.000 
12 Extreme Natal Extreme Male 0 -
13 Estrus Extreme Male 0 -
14 Extreme Male Estrus 1 1.000 
15 Estrus Extreme Natal 0 -
16 Extreme Natal Estrus 0 -
17 Male Extreme Estrus 0 1.000 
18 Extreme Estrus Male 0 -
19 Male Extreme Natal 0 1.000 
20 Extreme Natal Male 0 -
21 Natal Extreme Estrus 1 1.000 
22 Extreme Estrus Natal 0 -
23 Natal Extreme Male 1 0.083 
24 Extreme Male Natal 1 0.538 

Significant Correlation I I Trend I l No Correlation 
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Macaques Testing 

Dependent Character Independent Character Gains Probability (p) 

1 Estrus Male 1 0.180 
2 Male Estrus 0 1.000 
3 Estrus Natal 1 0.944 
4 Natal Estrus 0 1.000 
5 Male Natal 0 -
6 Natal Male 0 1.000 
7 Extreme Estrus Extreme Male 0 1.000 
8 Extreme Male Extreme Estrus 1 0.433 
9 Extreme Estrus Extreme Natal 0 1.000 
10 Extreme Natal Extreme Estrus 1 0.567 
11 Extreme Male Extreme Natal 1 0.967 
12 Extreme Natal Extreme Male 1 0.967 
13 Estrus Extreme Male 1 0.986 
14 Extreme Male Estrus 1 0.800 
15 Estrus Extreme Natal 1 0.982 
16 Extreme Natal Estrus 1 0.800 
17 Male Extreme Estrus 0 1.000 
18 Extreme Estrus Male 0 1.000 
19 Male Extreme Natal 0 1.000 
20 Extreme Natal Male 1 0.800 
21 Natal Extreme Estrus 0 1.000 
22 Extreme Estrus Natal 0 1.000 
23 Natal Extreme Male 0 1.000 
24 Extreme Male Natal 1 0.133 

Significant Correlation I I Trend I l No Correlation 




