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Abstract 

 

Primate colour vision in New World primates is intriguingly complex; show a polymorphism 

where males are obligatory dichromats (i.e. perception similar to colour-blind humans that 

cannot differentiate red from green) Females can be either dichromats or trichromats (vision 

similar to normal humans). The role of such polymorphism remains unclear; however, two 

often tested hypotheses are related to predator detection and the locating of specific food 

resources.  Here we investigated behavioural changes in male and female primates relating 

to the colour vision phenotypes and niche divergence as an adaptive feature responsible for 

maintaining colour vision polymorphism. For polymorphic colour vision to be complementary 

advantageous, primates should be able to perceive the behavioural changes resulting from 

sensory abilities of conspecifics. Cooperation tests were used with captive primates to 

investigate the possibility of primates recognising the visual ability of other individuals in the 

group. A molecular study of medium-long wavelength sensitive opsin alleles in Pitheciidae 

indicated a greater variation than reported in the literature and such complexity might 

increase the number of females with trichromatic colour vision. From a geographical analysis 

of South American primates, we found that primates avoided areas with high predator 

richness; however, species that possessed more complex colour vision systems were 

unaffected by predator richness. Thus, colour vision might be related to complementary 

advantages in having different colour vision systems in the same group (again increasing the 

probability of trichromats). Alternative methodologies (i.e. Machine Learning and Computer 

Vision) were employed to investigate the fitness of different phenotypes in detecting 

camouflaged targets showing that, contrary to from traditional hypothesis of advantages of 

dichromatic colour vision, trichromatic colour vision models are best suited for breaking 

through camouflage. A proof of concept to improve the collection of behavioural data and to 

investigate the role of cooperation for the maintenance of polymorphic colour vision is also 

presented. In conclusion, colour vision polymorphism in New World primates enhances the 

visual abilities of primate groups and is maintained by niche sexual diversification. 
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Chapter 1 - General Introduction 

 

Senses are the link between the organism and its environment; they are the product 

of millions of years of evolution and thus, diverse in many aspects. Perceived stimuli can be 

chemical, electrical, magnetic, mechanical, acoustic, visual; light sensitivity is one of the most 

relevant senses in the animal Kingdom. Almost every living creature has a form of light 

detection (i.e., phototaxis or vision). Notably, an imaging forming eye appeared around 540 

million years ago (e.g., trilobites) and this valuable ability allowed visual complexity in the 

sight of predators and prey, which, with other features, ƭŜŘ ǘƻ ŀƴ ŜǾƻƭǳǘƛƻƴŀǊȅ ΨŀǊƳǎ ǊŀŎŜΩ 

(Lamb, Collin, & Pugh, 2007)Φ CƻǊ ǇǊƛƳŀǘŜǎΣ Ǿƛǎǳŀƭ ŀǊŜŀǎ ǊŜǇǊŜǎŜƴǘ ƘŀƭŦ ƻŦ ǘƘŜƛǊ ōǊŀƛƴΩǎ 

neocortex (Van Essen, Anderson, & Felleman, 1992). Besides its biological significance, vision 

is a relative sense relying on perception and it depends on three factors: the light source, the 

object, and the viewer. 

A notorious aspect of vision is the perception of colour. Visible light is composed of a spectrum 

with a narrow range of wavelengths, approximately from 390 nm to 780 nm for humans 

(Stevens, 2013). This visible spectrum ranges from red to violet and human perception is used 

as reference. However, the perception of visible light is even more diverse and complex. Some 

animals are able to perceive ultraviolet range of the spectrum, such as bees and birds. Other 

species, such as vipers, can perceive infrared using electromagnetic radiation as a thermal 

detector (Bowmaker, 1998; Stevens, 2013). Other animals, such as insects and birds, use 

polarized light, which refers to the direction of the light hitting the eye, to navigate (Stevens, 

2013). 5ǳŜ ǘƻ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ŀƴŘ ǊŜƭŀǘƛǾŜƴŜǎǎ ƻŦ ǘƘƛǎ ǎŜƴǎŜΣ ǘƘŜ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ǾƛŜǿŜǊΩǎ 

perception is of fundamental importance to better comprehend ǘƘŜ ǾƛŜǿŜǊΩǎ behaviour, 

evolutionary adaptations, and ecological role. 
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While most research investigates the importance of colour vision to detect food items, the 

importance of predators and sociality remains mostly unexplored (Buchanan-Smith, 2005; 

Pessoa et al., 2014). This report presents an investigation into why New World primates 

present highly polymorphic colour vision. Pitheciidae species, such as Callicebus, are largely 

uninvestigated. Yet, their high allelic diversity of opsins is known in the primate colour vision 

literature (up to 5 alleles; Jacobs & Deegan 2005; Bunce et al. 2011). However, studies 

investigating this diversity were undertaken with inbreeded captive individuals and with 

possible hybrids in the group, while a study in the wild failed to find all five alleles in the same 

population (Bunce et al., 2011; Jacobs & Deegan, 2005). Recently, red-faced uakaris, which 

present a conspicuous red social display, have been reported with a high allelic variation of 

opsins (Corso et al., 2016). Polymorphic colour vision is greatly sex biased, given that only 

females can present trichromatic colour vision in New World primates. In spite of this strong 

sex bias, behavioural differences have not been widely reported. For instance, the advantages 

of dichromatism and trichromatism are well known (Table 1); however, the role of each 

phenotype within a group is not understood. Comparing the opsin diversity and consequently 

the proportion of trichromatic females in the group would help to elucidate the social role of 

trichromatic colour vision. To this end, we evaluated role of socio-sexual communication by 

evaluating a species with a strong red display (i.e., undetectable by dichromats; Sumner & 

Mollon 2003). It is expected that if the socio-sexual communication through reddish displays 

were responsible for driving the evolution of trichromatic colour vision, these species should 

present an enhanced colour perception and will not be polymorphic (i.e., not routinely suffer 

from any type of colour blindness as is the case with the majority of New World Primates; 

Jacobs 2007). As aforementioned, both Callicebus and Cacajao, share a highly polymorphic 

colour vision; however, data are lacking in other genera in this family (Bunce et al., 2011; 
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Corso et al., 2016; Jacobs & Deegan, 2005). Here we assess the allelic diversity in several 

Pitheciidae species (samples from the wild) and find support for high allelic diversity and its 

aforementioned consequences. 

Part of the reason why colour vision and group cooperation is not well understood is that 

many variables are involved in the perception of colour in the wild.  Illumination is highly 

variable in the forest canopy and throughout the day (Koop & Sterck, 1994; Théry, 2001). 

Moreover, the difficulties of working in the field, leads to small sample sizes and a paucity of 

data on group behaviour. While working under laboratory conditions would help to control 

the variables such as light levels, these would prevent the detection of relevant group 

interactions. Here we investigate the behaviour of males and females, in a field study, 

inferring the implications of different colour vision phenotypes. By measuring forest height 

use, food item colour, and time of the day, we investigate behavioural changes related to 

colour vision polymorphism and its relation to group behaviour. 
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Table 1: Summary of the potential benefits of trichromacy and dichromacy in mammals 

CONCEPT HYPOTHESIS 

Benefits of 
trichromacy 

 

Frugivory1 
Trichromats are superior in finding ripe fruits against a green background. Fruit 
consumption is responsible for the evolution of trichromacy 

Folivory2 
Trichromats are superior in detecting young red leaves against a green background. 
Leaves consumption is responsible for the evolution of trichromacy 

Socio-sexual 
signals3 

Discrimination of emotional states, socio-sexual signals and threat displays 

  

Benefits of 
dichromacy 

 

Scotopic 
vision4 

Better foraging and detection of predators in low light conditions 

Camouflage 
detection5 

Better performance in detecting (colour) camouflaged objects 

1- Osorio, D., & Vorobyev, M. (1996). Colour vision as an adaptation to frugivory in primates. Proceedings of the Royal Society 
of London. Series B: Biological Sciences, 263(1370), 593-599. 
2- Dominy, N. J., & Lucas, P. W. (2001). Ecological importance of trichromatic vision to primates. Nature, 410(6826), 363-366. 
3- Changizi, M. A., Zhang, Q., & Shimojo, S. (2006). Bare skin, blood and the evolution of primate colour vision. Biology letters, 
2(2), 217-221. 
4- Verhulst, S., & Maes, F. W. (1998). Scotopic vision in colour-blinds. Vision research, 38(21), 3387-3390. 
5- Morgan, M. J., Adam, A., & Mollon, J. D. (1992). Dichromats detect colour-camouflaged objects that are not detected by 
trichromats. Proceedings of the Royal Society of London. Series B: Biological Sciences, 248 (1323), 291-295. 

 

Predation is a major selective force, which drives behavioural changes, population structure, 

and shapes ecosystems (Sih, Crowley, McPeek, Petranka, & Strohmeier, 1985). Such a strong 

force will have significant impacts on prey ǎǇŜŎƛŜǎΩ life history. Most research on primate 

predation is done by opportunistically registering predation attempts; yet, these attempts are 

rich enough to provide relevant knowledge on primate and predator interaction (Boinski & 

Chapman, 2005). In fact, predator risk is equally a selective force as predator itself, where the 

ǇǊƛƳŀǘŜΩǎ ǇŜǊŎŜƛǾŜŘ Ǌƛǎƪ ƛǎ especially relevant (Hill & Dunbar, 1998). One way of approaching 

the perceived risk and the predatory risk is to analyse the colour vision system present in 

geographic areas with different predator types and predator richness. To this end we mapped 

the distribution of predators and colour vision types (i.e., monochromatic, polymorphic, and 

routine trichromatic) ǘƘǊƻǳƎƘƻǳǘ bŜǿ ²ƻǊƭŘ ǇǊƛƳŀǘŜǎΩ ǎǇŜŎƛŜǎ ǊŀƴƎŜΣ ƻōǎŜǊǾƛƴƎ ǘƘŜ ŜŦŦŜŎǘǎ 
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of the predation risk (i.e. predator species richness) on the local variation of colour vision 

phenotypes. 

To further investigate the performance of colour vision phenotypes, it is important to 

understand if the signals emitted by predators, such as shape and colour, contain sufficient 

information to classify/identify a predator against a camouflaged background. Here we 

employ a computer vision algorithm to classify predator type and evaluate ǘƘŜ ŀƭƎƻǊƛǘƘƳΩǎ 

performance. We built a dataset of full trichromatic colour images and a second dataset with 

the same images, but modified to create colour blind image simulations (i.e., how they would 

be perceived by a red-green colour blind individual). Thus, the model will evaluate the 

performance of dichromatic and trichromatic image classifiers allowing conclusions about the 

abilities of different colour vision phenotypes in recognizing predators. 

The implications of the polymorphic colour vision should be explored by assessing the 

cooperative foraging and vigilance where each colour vision phenotype is more suitable. To 

understand how primates interact in such scenarios will shed light into the evolutionary 

maintenance of this unusual visual system among primates. To do so, we present a proof of 

concept of a methodology to explore collections of live animals, such as in zoos, with the 

minimum interference on the ƪŜŜǇŜǊǎΩ routine. Therefore, increasing research in sensory 

ecology and enhancing behavioural research by facilitating the experimentation in zoos.  
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Experiments on colour discrimination have drawn scientific attention since 1800s. Lubbock 

(1889) summarised different experiments in his book and demonstrated that animals were 

sensitive to colours beyond the visible spectra, and reported that Daphnia sp. were affected 

not only by brightness, but by colours. Von Frisch in 1914 also demonstrated the colour vision 

of bees (Kelber, Vorobyev, & Osorio, 2003).  For primates, in the early 1900s, a series of 

behavioural experiments with two rhesus monkeys and one male Cebus already indicated a 

άŦŀƛƭǳǊŜ ǘƻ ǊŜŀŎǘ ǘƻ ǘƘŜ ǊŜŘέ (Watson, 1909). However, the polymorphic colour vision of New 

World primates was first discovered in 1939 in the studies of Walter Grether, who found 

colour deficient vision in some South American primates and pointed to the sex-linked 

condition of colour blindness in humans (Jacobs, 1998; 2007). In the 30 years following 

GretherΩǎ pioneer research, few studies were done on colour vision of New World primates 

(De Valois & Jacobs, 1968; Jacobs, 1998). De Valois and Jacobs (1968) combined their 

expertise with Old World and New World monkeys, respectively, and concluded that these 

groups have considerable differences in their colour vision. The majority of research articles 

regarding mammalian colour vision were produced from the middle 1990s and the 

association between opsin genes expression and visual perception was the key reason for this 

recent increase (Bowmaker, 1998; Jacobs, 1998, 2010). 

Presently colour vision research is composed mostly of physiology research focused on brain 

processing, neural pathways and photoreceptors.  Behavioural studies with captive species 

require time and it has proven difficult to establish a standardised methodology for evaluating 

different species (Kelber et al., 2003; Martin & Bateson, 2007). Studies in natural 

environments are even more challenging (Samuni, Mundry, & Terkel, 2014; Zuberbühler, 

2014). However, the number of studies in nature is increasing and they usually aim to 

determinate the principal selective pressures for colour vision evolution and understand 
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sensory ecology (Caine et al., 2010; Jacobs, 2010; A.D. Melin, Kline, Hickey, & Fedigan, 2013; 

Amanda D. Melin, Fedigan, Hiramatsu, & Kawamura, 2008) 

Recent studies introduced a new approach in colour vision research by using gene therapy for 

colour blindness (Mancuso et al., 2009), and actively manipulating it through alterations of 

the opsin gene complement in knock-in mice (Jacobs, Williams, Cahill, & Nathans, 2007; 

Jacobs, 2010). Studies on colour vision have also been applied in clinical research for 

Parkinson's disease (Rodnitzky, 1998) and dyslexia (Vidyasagar, 1999). One of the major 

theories for dyslexia is the visual theory, which relates this disability to a visual impairment 

based on the division of two distinct neural pathways (Ramus et al., 2003). 

To date, some aspects of colour vision are still not understood, for example, its evolution, 

function (Buchanan-Smith, 2005). Long-term studies and performance analysis on visual tasks 

in different ecological niches are contributing to our understanding of colour vision variation 

among primate individuals, populations and species  (Buchanan-Smith, 2005). 
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1.1 Light, colour and vision 
 

Light is an electromagnetic wave. It behaves as a wave when it propagates and as a 

particle when detected. This is known as duality. Einstein interpreted light as a stream of 

particles, called photons (Dimitrova & Weis, 2008). Cells in the mammalian eye called rods 

are sensitive to the point that they can detect a single photon (Rieke & Baylor, 1998). Visible 

light in humans is a narrow band of wavelengths from 800 nm to 400000000 nm in an 

electromagnetic spectrum that ranges from gamma-rays of 10 nm to radio waves of 

kilometres long (Land & Nilsson, 2012). Isaac Newton initially recognized light as colourless, 

and then colour perception only as a property of the sensory system (Newton, 1730). Thus, 

light is processed using two main properties. The first is the luminance, which is the 

achromatic signal. Achromatic information is important to distinguish brightness, limits, 

motion, depth, and small objects (Livingstone & Hubel, 1988). The second is colour, which is 

the capacity to contrast two parts of a light spectrum, independently of light intensity. We 

Ŏŀƴ ƛƳŀƎƛƴŜ ǘƘŜ ŀŎƘǊƻƳŀǘƛŎ ǎƛƎƴŀƭ ŀǎ ŀ ΨƭƛƴŜ ŘǊŀǿƛƴƎΩ ŀƴŘ ǘƘŜ ŎƘǊƻƳŀǘƛŎ ǎƛƎƴŀƭ ŀǎ ŀ ΨǿŀǘŜǊ 

paƛƴǘƛƴƎΩΦ 

Light is detected by photoreceptors. Rods are evenly distributed on the retina and are related 

to scotopic vision (sensitive to low illumination), usually not participating in colour 

perception. Cones cells are denser at the fovea; they are less sensitive than rods and are 

classified according to their wavelength band, and mainly function in colour perception. 

Photoreceptors are composed of a carotenoid chromophore and a protein called opsin or 

rhodopsin (Land & Nilsson, 2012). Photopigments are sensitive to specific wavelengths of light 

(Jacobs, Neitz, & Neitz, 1993; Kelber et al., 2003). In summary, a chromophore captures 

photons, triggering the isomerization of the opsin. This activates a G-protein, causing an 
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enzymatic signalling cascade and an electrical response in the photoreceptor (Stevens, 2013). 

Colour discrimination requires at least two types of photopigments and neural mechanisms 

able to compare signals of photoreceptors in the retina (Rowe, 2002) and the presence of 

photoreceptors with different spectral sensitivities of sharp colour discrimination (Bowmaker, 

1998; Kelber et al., 2003). The number of receptor types determines the array of colours, 

which the animal can potentially perceive (Stevens, 2013). The majority of mammals are 

dichromats, they possess two receptors with different peaks of sensitivity, which produce 

colour vision similar to red-green colour blindness in humans (Jacobs, 1990; Jacobs, Neitz, & 

Crognale, 1987; Mollon, Bowmaker, & Jacobs, 1984). Trichromats, as most humans and some 

primates, have three receptor types (Jacobs, 2009). Some fishes, amphibians, reptiles, and 

birds, have four classes of receptors (tetrachromats) for colour vision (Bowmaker, 1998). 

Coloured filters in the retina, such as oil droplets, can adjust the colour perception altering 

photoreceptor sensitivity. Some diurnal birds, lizards, fish and turtles have oil droplets in 

several cones, which enhance colour discrimination reducing spectral overlap from different 

cone signals (Bowmaker, Heath, Wilkie, & Hunt, 1997; Stevens, 2013; Vorobyev, 2003; 

Vorobyev, Osorio, Bennett, Marshall, & Cuthill, 1998). The mantis shrimp (Neogonodactylus 

oerstedii) has 12-15 different photoreceptors: it possesses an outstanding degree of colour 

vision complexity (Marshall & Oberwinkler, 1999; Thoen, How, Chiou, & Marshall, 2014). 

There are five major types of visual pigments, which were present in early vertebrate lineages, 

before the origin of the major vertebrate classes (Bowmaker, 1998; Bowmaker, 2008). In fact, 

fishe, reptile and bird species are known to have four cone pigments and a rhodopsin, 

potentially creating tetrachromatic colour vision (Bowmaker, 1998; Bowmaker, 2008; Jacobs, 

Neitz, et al., 1993).  Mammals have relatively poor colour vision due to a nocturnal common 

ancestor (Bowmaker, 1998). Nocturnal animals usually lose photoreceptors classes and invest 
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in rods, which are better adapted to vision in low light conditions (Bowmaker, 2008; Jacobs, 

2010)Φ ¢ƘǳǎΣ ŀ ǘȅǇƛŎŀƭ ƳŀƳƳŀƭΩǎ ǊŜǘƛƴŀ is densely populated with rods and only two classes of 

cones, as result they are likely dichromats (Bowmaker, 1998). However, this scenario has 

become more complex with new studies showing greater variation than expected among 

mammals. Some Australian marsupials appear to retain the ancestoral feature of medium-

wavelength-sensitive photoreceptors, maintaining trichromacy (Arrese, Beazley, & 

Neumeyer, 2006; Arrese, Hart, Thomas, Beazley, & Shand, 2002). Furthermore, some 

nocturnal and marine mammals have lost the short wavelength sensitive opsin and are 

monochromats (Peichl, 2005). However, as previously stated, the assumption that eutherian 

mammals are mostly dichromats is still valid (Bowmaker, 2008). 

!ōƻǳǘ ор Ƴƛƭƭƛƻƴ ȅŜŀǊǎ ŀƎƻΣ ǘƘŜ ǇǊƛƳŀǘŜ ƭƛƴŜ ΨǊŜƛƴǾŜƴǘŜŘΩ ŎƻƭƻǳǊ ǾƛǎƛƻƴΣ ŀƴŘ ǘhey did it 

independently twice. Old World primates have duplicated the opsin gene for long and 

medium (M-L) wavelength on the sex chromosome X, which slightly shifts the peak of 

sensitivity, allowing routine trichromacy (Bowmaker, 1998; Jacobs, 2010; Jacobs, Neitz, 

Deegan, & Neitz, 1996). New World Primates do not have the routine trichromacy. Platyrrhini 

have polymorphic M-L opsin alleles for the same locus on the sex chromosome X, leading to 

a polymorphic colour vision in a single population (Jacobs, 2007). Where all males are 

obligatory dichromats, homozygotic females are dichromats and heterozygotic females are 

trichromats (Fig. 1) (Jacobs, 1996; Jacobs, 2007; Jacobs, 2010) (Figure 1). 
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X= Sexual chromosome X; Y= Sexual chromosome Y; S= Short wavelength opsin found at the autosomal 

chromosome 7; M/L= Middle/Long wavelength opsin; ᶑ= Male; ᶏ= Female. 

Figure 1: Genetic basis of colour vision in Old World (A) and New World (B) primates 

 

Polymorphic colour vision is an exceptional feature in ǇǊƛƳŀǘŜǎΩ Ǿƛǎƛƻƴ ǎȅǎǘŜƳΦ LƴǎŜŎǘǎ ŀǊŜ ǘƘŜ 

most abundant and diverse taxa (Grimaldi & Engel, 2005). They have been subjected by opsin 

gene loss and gene duplication throughout their evolutionary history; however,  polymorphic 

colour vision is not present in this group and they show low levels of intraspecific allelic 

variation (Briscoe & Chittka, 2001; Feuda, Marlétaz, Bentley, & Holland, 2016).  Pollinating 

insects show a close relationship with the flowers they pollinate. Opsin sensitivities are fine 

tuned to identify colours in flowers and optimise pollination, which indicates the adaptive 

role of photoreceptors (Chittka & Briscoe, 2001; Chittka & Menzel, 1992). In the same way, 

some insects are highly cooperative species could cooperate employing polymorphic vision. 

Despite polymorphic colour vision not being observed in insects, the is paucity of research on 
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the subject and further studies are necessary to rule out polymorphism in insects (Briscoe & 

Chittka, 2001)   

The polymorphic colour vision of the primate genus Callicebus is even more peculiar. 

Commonly, Platyrrhini species have two to three alleles for the M-L photopigments, while 

Callicebus have potentially five (Bunce et al., 2011).  As consequence, the number of possible 

combinations of alleles rises from 6 to 15, and the number of potential heterozygote females 

also increases. This allelic diversity represents significant differences in visual perception 

(Jacobs, 1983, 1984) Also, differences between dichromatic individuals have received little 

attention (Jacobs & Deegan, 2005). For instance, two common types of colour blindness, 

protanopes and deuteranopes, have some variation in colour perception (i.e., difference of 

higher wavelength sensitivity of 6 nm) (Cole, 2004). With an increased number of M/L opsin 

alleles the number of trichromatic individuals increases proportionally with the combination 

of alleles. Great curiosity surrounds what selective forces are maintaining these 

polymorphism (Jacobs & Deegan, 2005).  Among New World monkeys, two genera are the 

exception to this rule. The genus Aotus, the only nocturnal Platyrrhini is a monochromat 

(Colquhoun, 2006; Jacobs, Deegan, Neitz, Crognale, & Neitz, 1993). In the genus Alouatta, 

gene duplication, similar to that which occurred in the Catarrhini, has allowed routine 

trichromacy (Araújo et al., 2008). Furthermore, several genera have not yet been studied. For 

example, there are no data about colour vision on 50% of the genera of Pitheciidae family and 

this gap in knowledge will be addressed in this research project. 

The evolution of trichromacy in Old World primates and the polymorphism observed in New 

World monkeys leads to the question: What is the adaptive value of colour vision? Finding 

food resources, detecting predators and observing social-sexual cues are all believed to be 

the main factors related to the benefits of trichromacy in primates (Table 1). However, other 
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mammals are well adapted to these tasks without such visual complexity: so why are primates 

so different? 
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In the following chapters we employed a multidisciplinary approach to tackle the problem of 

understanding polymorphic colour vision in New World primates. 

In Chapter 2 we investigate the behaviour of males and females of a highly polymorphic 

species, Callicebus nigrifrons (Bunce et al., 2011; Jacobs & Deegan, 2005). Taking into 

consideration behavioural differences of males and females under daily light variation, we 

explore niche divergence as expressed by foraging behaviour, tree height use, and territorial 

behaviour. This is especially relevant as the maintenance of polymorphic colour vision relies 

on complementary advantages of each phenotype (Melin et al., 2012). Behavioural studies in 

the wild determining the role of polymorphic colour vision are of special interest as 

naturalistic conditions are difficult to replicate in captive studies and the challenges in 

performing research in the wild has led to a reduced number of publications, which explain 

the importance of colour vision. Unfortunately, we were not able to perform molecular 

analysis to identify the colour vision phenotype for each individual in the groups we studied 

due to low quality DNA and unreliable sequencing results. However, the behavioural data 

collected is robust enough to support conclusions on the role of different vision phenotypes 

in the groups studied. 

In Chapter 3 we investigate how polymorphic New World primates are by molecular 

investigations of opsin diversity in an understudied family (i.e. Pitheciidae) (Bonci, Neitz, 

Neitz, de Lima Silveira, & Ventura, 2013) . The genera Cacajao, Callicebus, Pithecia, and 

Chiropotes are extremely variable in group size, body size and coloration (Mittermeier, 

Rylands, & Wilson, 2013). For instance, Cacajao features species with a very conspicuous red 

face and with white pelage (Cacajao calvus), but also a cryptic black-faced counterpart with a 
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with mostly black fur coloration (Hershkovitz, 1987). By understanding the variation in opsins 

in this group, it is possible to infer the role of polymorphic colour vision in social signalling. 

For instance, are species with different social displays more polymorphic? Consequently, the 

data on allelic variation of medium-long wavelength sensitive opsins will support subsequent 

studies in this thesis by providing a bigger picture on the extent of variation in colour vision. 

Predation risk is a major selective force shaping primate adaptations (Hart, 2007; Sih et al., 

1985). In Chapter 4, we assess the impact of predator risk, measured by local predator 

richness, with monochromat, polymorphic, and trichromat colour vision primate species. 

Comparing already established relationships, such as body size and group size, with the 

response of colour vision types we analyse the strength of the response of primate genera 

towards predatory risk (Isbell, 2005). By analysing biogeographical patterns and correcting for 

phylogenetic signal, it is possible to explore the New World primate colour vision system as 

an adaptation for predator detection. Although primate and predator distributions are 

indirect evidence of predation risk, they possess relevant information regarding established 

relationships on a continental and phylogenetic scale. Monochromatic colour vision species 

should not be affected by a high predation risk, as they have a different approach to avoid 

predation risk (i.e., night activity).  This allows the use of this group as a control group for 

subsequent analyses (Colquhoun, 2006; Hill, 2006). Therefore, understating which 

phenotypes are most affected by a higher predation risk will provide evidence for each colour 

vision type in relation to predator detection. 

In Chapter 5, we investigate the importance of predator signals, such as shape and colour, 

which allow predator identification by dichromats and trichromats. Using computer vision 

and machine learning, we removed human error from classifying predators. A similar 
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approach has already been used for classifying cryptic and conspicuous primate food items, 

which was able to exclude human bias in the process (Melin et al., 2014). We further explore 

the performance of trichromatic and dichromatic trained classifiers in identifying 

camouflaged predators; thereby, demonstrating which vision type is most effective in break-

through camouflage. 

In Chapter 6, we present a proof of concept study to facilitate behavioural studies of vision 

perception in primates. Zoos are an important resource for scientific research; however, the 

increasing focus on conservation lead to difficulties in allowing the performance of pure 

research. By using methods that allows cause minimum impact on the keeperΩs routine and 

that does not require enclosure modifications, we facilitate sensory ecology hypothesis 

testing in captive animals. For instance, testing the importance of behavioural cooperation in 

zoo-housed primates under different scenarios to investigate the role of polymorphic colour 

vision. 

In summary, here we discuss the complexity of polymorphic colour vision, the potential role 

of cooperation for maintaining polymorphic colour vision, the impacts of predator risk for 

different colour vision types, and using a novel approach the abilities of dichromats and 

trichromats to identify predators. This will support and guide future developments in 

understanding not only the advantages of each vision type, but also the role of polymorphic 

colour vision within primate groups and species. 
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Chapter 2 ςSex differences in behaviour and habitat use of wild titi 

monkeys 

 

Abstract 

Primates have marked sex differences in morphology, physiology, and social behaviour; 

however, the consequences of such differences are not well stablished for several groups. 

When compared with Old World primates, New World primates are less sexual dimorphic. 

Even though, males and females have distinct roles in infant care, group formation, and 

leadership.  By investigating less sexual dimorphic species it is possible to identify causes of 

behavioural differences in primates. In this study, we investigated the behavioural differences 

between the sexes in Callicebus nigrifrons. Data on height in trees, canopy use, food colour 

and behaviour from four primate groups were recorded in a preserved Atlantic rain forest 

area. Males and females showed similar behavioural time budgets and foraged equally on 

different food categories. We found that sexes differed in tree height use with males staying 

higher than females. However, females were higher than males during the first hours of the 

day. In addition, females spent significantly more time at feeding sites when compared to 

males. We conclude that males and females have a distinct use of the canopy and it is marked 

during times where forest illumination is favourable for trichromatic colour vision 

phenotypes. Each colour vision phenotype will have a different perception of feeding sites, 

staying longer if it is perceived as richer in food. Trichromatic vision is best suited to identify 

ripe fruit, thus food patches will be assessed as of higher quality by trichromatic females and 

this explains why they stay longer. Here we show behavioural evidence of niche divergence 

between the sexes, which explain the maintenance of colour vision polymorphism in the 

investigated species.  
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2.1 Introduction 
 

Sexual dimorphism in primates can result in significant behavioural changes. For 

instance, troop protection, social and behavioural roles are correlated with physical sexual 

dimorphisms (Pickford, 1986). In New World primates, diet also plays an important role in 

sexual dimorphism where folivores species tend to be more sexually dimorphic (Ford & Davis, 

1992).  It is known that females have different dietary requirements and metabolic rates due 

to pregnancy and lactation leading to a dimorphism in body weight, having males larger than 

females (Pickford, 1986). However, Callicebus do not have significant sexual dimorphism in 

body weight nor a diet based on leaves, consuming mainly fruits (Caselli & Setz, 2011; 

Hershkovitz, 1990). In terms of energy requirements between sexes and parental care in 

Callicebus, males are responsible for infant care and transport, whereas females are only 

responsible for nursing (Mendoza & Mason, 1986). Furthermore, this species makes a good 

model to compare sex differences in terms of vision since the species does not display any 

physical sexual dimorphism (i.e. males and females appear identical, except for external 

genitalia). Energy requirements for parental care, pregnancy and lactation are, probably, 

equalised. The most striking difference between males and females in Callicebus is the 

polymorphic colour vision, which can lead to an altered habit in finding food or detecting 

predators (Caine et al., 2010; Pessoa et al., 2014; Regan et al., 2001). Callicebus nigrifrons is a 

species with cryptic coloration and has little exposed skin (Hershkovitz, 1990). Therefore, by 

reducing the importance of socio-sexual colourful displays it is possible to investigate other 

variables further, such as foraging and predator detection, to explore the maintenance of 

polymorphic colour vision in this species (Changizi et al., 2006; Osorio & Vorobyev, 1996; 

Pessoa et al., 2014; Regan et al., 2001).  
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Usually, mammals possess dichromatic colour vision with a reduced ability to distinguish red-

green colour targets (Bowmaker, 2008; Jacobs, 1993). Dichromatism is a result of a nocturnal 

mammalian ancestor that lost the photopigment (i.e. opsin) gene, thereby reducing colour 

perception (Bowmaker, 1998). Old World primates do have duplicated the gene for the 

medium-long wavelength sensitive opsin on the X sexual chromosome leading to a 

trichromatic colour vision, whereas New World primates do  not (Jacobs & Deegan, 1999). 

However, mutations at specific sites of the medium-long wavelength sensitive opsin has 

allowed heterozygotic females to have two different alleles on each chromosome allowing 

trichromatic colour vision, whilst males having only one chromosome X are obligatory 

dichromats (Jacobs, Neitz, et al., 1993; Shyue et al., 1998). Polymorphic colour vision is a 

characteristic of New World primates and affects how they perceive their environment (De 

Valois & Jacobs, 1968; Hunt et al., 1998; Jacobs, Neitz, et al., 1993). 

There are different advantages in having trichromatic or dichromatic colour vision. For 

instance, the detection of reddish socio-sexual displays, ripe fruits and tender leaves against 

a green background are easily achieved by trichromatic colour vision individuals, whereas 

vision in low light levels and breaking through camouflage (i.e. crypsis) are better achieved by 

dichromatic individuals  (Caine et al., 2010; Changizi, Zhang, & Shimojo, 2006; Melin, Fedigan, 

Hiramatsu, Sendall, & Kawamura, 2007; Regan et al., 2001; Riba-Hernández, Stoner, & Osorio, 

2004; Verhulst & Maes, 1998). 

It is well established that trichromatic individuals have enhanced food detection abilities 

(Dominy, Garber, Bicca-Marques, & de Azevedo-Lopes, 2003; Osorio, Smith, Vorobyev, & 

.ǳŎƘŀƴŀƴπ{ƳƛǘƘΣ нллпΤ wƛōŀ-Hernández et al., 2004). However, behavioural studies 

investigating social foraging are lacking to determinate whether or not this confers an 

advantage in terms of maintaining polymorphic colour vision in New World primates (Riba-
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Hernández et al., 2004). In the best of our knowledge, studies to date did not find niche 

divergence in foraging time, tree height use or discriminate feeding sites between sexes in 

polymorphic species (i.e. trichromatic females versus dichromatic males) (Dominy et al., 2003; 

Melin, Fedigan, Hiramatsu, & Kawamura, 2008). 

Colour is highly dependent on environmental light, which is variable under the forest canopy 

(Endler, 1993). For example, canopy light is composed of a mosaic of light gaps and shades 

changing contrast as each canopy layer decrease light intensity beneath it (Koop & Sterck, 

1994; Théry, 2001). This has significant implications for colour perception in forest 

environments. Forest shade is dominated by greenish or yellow-green light with a richer 

proportion of middle wavelengths compared to direct illumination composed of the full 

ǎǇŜŎǘǊǳƳ ƻŦ ƭƛƎƘǘ όŜΦƎΦ άǿƘƛǘŜέύ (Endler, 1993).  A viewer may identify the same colour 

differently given changes in the illuminant, or even viewers with different cone types could 

perceive the same colour and illuminant as different (Endler, 1990). 

Primates have canopy strata preferences based on weight, food resources, predatory threats 

and sympatric species; for example, heavier primates are limited in the use of thin branches 

and have difficulties crossing gaps between trees (Cant, 1992). The sympatric Neotropical 

species Cebus apella and Saimiri sciureus have different use of the canopy reflecting their 

distinct diets, insectivorous for Saimiri in lower strata and frugivorous by Cebus in medium 

canopy levels (Fleagle, Mittermeier, & Skopec, 1981). As birds of prey are the main predatory 

threat to primates, smaller species usually dwell in lower strata levels, whereas larger species 

can occupy higher strata as prey body weight is a limiting factor for bird predation (Cunha, 

Vieira, & Grelle, 2006; Ferrari, 2008; Isbell, 2005). Morphological and ecological factors reflect 

the general pattern of canopy use by primates; however, sensory ecology is equally important 
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ƛƴ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǎǇŜŎƛŦƛŎ ǎǇŜŎƛŜǎΩ ǾŀǊƛŀǘƛƻƴǎ ŀƴŘ ƛƴŦƻǊƳŀǘƛǾŜ ŦƻǊ ŘŜǎŎǊƛōƛƴƎ behavioural 

strategies. 

Black-fronted titi monkeys, Callicebus nigrifrons, are a medium sized primate species 

weighing approximately 2 kilogrammes that, typically, live in family groups of an adult pair 

and usually up to three offspring (Byrne et al., 2016; Ferrari, 2008; Veiga et al., 2013) (Figure 

2). Titi monkeys are highly social species showing strong social bond towards each other, 

spending great part of their active hours grooming or in physical contact with their tails 

intertwined (Anzenberger, Mendoza, & Mason, 1986; Clyvia et al., 2014; Fernandez-Duque, 

Valeggia, & Mason, 2000). Territories are established through collaborative duetting among 

individuals at the border of their area (Kinzey, Rosenberger, Heisler, Prowse, & Trilling, 1977; 

Robinson, 1981). This species features a highly diverse colour vision polymorphism system 

where males are obligatory dichromats (i.e. having vision similar to red-green colour blind 

humans) and females can possess either dichromatic or trichromatic colour vision (i.e. similar 

to normal vision humans) (Bunce et al., 2011; Jacobs, 1996; Jacobs & Deegan, 2005). 

Callicebus has six allelic variations for the medium-long wavelength opsin, probably, evenly 

distributed across the population, it is therefore predicted that 83.33% of females will possess 

trichromatic colour vision (VG unpublished data). 
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We predict behavioural changes between the sexes, where females will make the most of 

their enhanced colour vision perception (assuming they are trichromats) and thereby show a 

niche divergence from their social group males. However, some level of variation is expected 

since dichromatic females are statistically possible within our study groups. Tree height use 

will be different as the illumination is variable across the canopy strata; this variation in 

daylight penetrating the forest will determinate a different use of strata. The consumption of 

green and non-green food items will vary between sexes due to different perceptual abilities 

(i.e. it is predicted that females will consume more non-green food items).  
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2.2 Methods 

 

2.2.1 Study area 

 

The Reserva Particular do Patrimônio Natural Santuário da Serra do Caraça, which is 

an 11000 hectares private natural heritage reserve located in Minas Gerais, south-east Brazil, 

consists of a transition zone from Brazilian savanna (i.e., Cerrado) and Atlantic rainforest. The 

climate is composed of two marked seasons with a rainy period from October to March and 

a dry cooler winter from April to September (Cäsar, 2012; dos Santos, Galvão, & Young, 2012). 

Sample points were selected in areas with habituated study animals from research ongoing 

since 2003 (Cäsar, Byrne, Young, & Zuberbühler, 2012; Cäsar, Zuberbühler, Young, & Byrne, 

2013). 

2.2.2 Data collection 

The study was conducted from January 2007 to January 2008 and November 2009 to 

November 2010 with a total of 12 individuals of Callicebus nigriforns sampled from four 

different groups. Trails established by previous research were used to follow the animals from 

dusk to dawn. Each group was followed at least one day per month. We used focal sampling 

of individuals for 30 minutes with instantaneous records every 5 minutes, alternating 

individuals during the day according to a Latin square design. Data on height in metres (using 

a rangefinder; Nikon model Forestry 550), GPS coordinates (Garmin 76 CSX), canopy level (i.e. 

ground, low, intermediate, canopy, and top), and behaviour (i.e. foraging, moving, sleeping 

site, social interaction, vocalisation, and resting) were recorded (Figure 3). Faecal samples 

were collected from all individuals and stored in RNA later to assess the colour vision 

phenotypes. The study was designed in a double-blind routine where the data collection and 

molecular analysis and statistics were performed independently.  
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Figure 2: Categories of canopy levels recorded during behavioural observations 
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The study site is composed of a continuous patch of trees. For instance, the monkeys did not 

need to descend from a tree to move to another one. Thus, the preferred canopy level for 

expressing behaviours was chosen based on the natural behaviour of the species and not due 

to the configuration of the landscape. Food items consumed were recorded and colour 

classified as green or non-green (Yamashita, Stoner, Riba-Hernández, Dominy, & Lucas, 2005). 

Non-green food items were yellow, orange, brown, pink, purple and red. Along with fruit 

consumption, the time spent at feeding sites in seconds was also recorded. The feeding site 

was considered geographically independent from the food source; for example, at the same 

feeding site, animals would consume fruit, leaves and insects. 

Behaviours were categorized as follows: foraging (when actively searching for food), 

manipulating food items or eating; moving (when the animal was in motion either vertically 

or horizontally in any tree strata); resting (when the animal is stationary paying attention to 

the surroundings or in a relaxed state); vocalizing (when the animal performed any type of 

vocalization, such as alarm calls or duets); social interaction (when the animal was engaged 

in interactions with other individuals in the group such as grooming); and (sleeping site when 

the animal reached the site where it will stay during the night). 

2.2.3 Statistical analysis 

First, a Chi-square test was used to analyse general differences in the behaviour of males and 

females, food type by sex, and food colour by sex. A Chi-square test was also used to compare 

the behaviour among females to check for discrepancies regarding the probabilities of 

polymorphic colour vision. This meant, checking if there were any females that behaved 

differently, which will be later related to the probability of dichromatic or trichromatic colour 

vision phenotype. We also performed a linear discriminant analysis to determine if males and 

females could be distinguished based on behaviours and height use. 
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A generalised linear mixed model (GLMM) was used to compare the canopy level and the tree 

height in metres to find if the trees varying in height have the same canopy level 

proportionally. For example, if the category top of the canopy is uniform in height across the 

study area. Groups were considered as random effect. A second GLMM was used to  

investigate the time spent at feeding sites and the fruit colour within the sexes having the 

amount of time at the feeding site as a response variable and sex nested for food colour as 

predictors in a GLMM: again with groups as random factors.  An ordered logistic regression 

was used to model the effect of monthly precipitation, tree height use and hour by sex using 

groups as a random effect. To do so, we used the canopy level as the response variable and 

monthly precipitation, tree height in metres and hour of the day nested by sex as predictors. 

One female was removed from the behavioural analysis as it was not an adult. All statistical 

tests were performed using R (R Core Team, 2016) and MCMCglmm package (Hadfield, 2010).   
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2.3 Results 
 

During the study, monkeys spent of their time 39.30% resting, 36.16% foraging, 

17.99% moving, 3.65% in social interactions, 1.57% vocalising, 1.17% in the sleeping site (end 

of daily behavioural sampling) and 0.13% in other behaviours (Table 2). We found no 

difference in the behaviour expressed by male and females (2̝=3.1781, DF= 6, P=0.7862). The 

most consumed food item was fruit (58.49%), followed by leaves (16.47%), flowers (13.75%) 

and insects (8.74%) (Table 3). We were not able to identify food items in 2.55% of feeding 

observations. No difference was found in the proportion of food type consumed by sex 

( 2̝=0.422, DF= 3, P=0.9356). Among females, one individual presented a different behavioural 

pattern with an increased proportion of resting and a decreased proportion of foraging 

behaving similarly to the males (̝2=49.6927, DF= 25, P=0.0023). By performing a discriminant 

analysis, this one female was assigned more closely related to male behaviour and height use 

than to females (Predicted group = Male; True group= Female; Squared distance Female= 

4.572, Male=3.130; Probability Female=0.327, Male 0.673). Even removing the female 

identified in the discriminant analysis, no difference is found in the behaviour of males and 

females ( 2̝=3.746; GL=6; p=0.7110).   

 

Table 2: Percentage of behaviours expressed from November 2009 to November 2010 by Callicebus nigriforns at the 
private natural heritage reserve Santuario do Caraca, Brazil. 

Behaviour Female Male All 

Resting 34.37 43.49 39.30 

Foraging 42.22 31.04 36.16 

Moving 18.02 17.97 17.99 

Social interaction 2.83 4.34 3.65 

Vocalizing 1.31 1.80 1.57 

Sleeping site 1.09 1.24 1.17 

Others 0.15 0.12 0.13 
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Table 3: Percentage of food items consumed by Callicebus nigrifrons in the private natural heritage reserve Santuario do 
Caraca, Brazil 

 Female Male All 

Flowers 13.12 14.26 13.75 

Fruits 58.75 58.28 58.49 

Insects 10.08 7.67 8.74 

Leaves 15.78 17.02 16.47 

NA 2.28 2.76 2.55 

 

The tree height used by primates ranged from 0 (i.e. ground) to 26 metres from the ground 

with a mean tree height of 10.48 ± 4.63(mean ± SD). Tree strata use was mostly: canopy 

55.78%, followed by the top of the tree 20.47%, the intermediate strata 18.02%, lower strata 

5.45%, and ground 0.28%. By removing the ground strata due to very few observations and 

analysing the behaviours expressed in the different strata, we found that the top is used 

mostly for foraging, while resting, social interactions, vocalisations and sleeping sites most 

frequently under the canopy (Table 4). Females and males had a similar canopy level usage, 

however, males were overall higher in the trees than the females (Figure 4). 

 

Table 4: Percent usage of tree strata from November 2009 to November 2010 by Callicebus nigriforns at the private 
natural heritage reserve Santuario do Caraca, Brazil. 

Behaviour Low Intermediate Canopy Top 

Foraging 6.47 8.60 45.93 39.00 

Moving 3.35 20.45 61.34 14.87 

Others 0.00 50.00 0.00 50.00 

Resting 5.79 25.62 59.32 9.28 

Sleeping Site 0.00 0.00 97.14 2.86 

Social interaction 0.92 12.84 82.57 3.67 

Vocalizing 2.13 17.02 74.47 6.38 

All 5.45 18.02 55.78 20.47 
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Figure 3: Behaviours expressed by mean tree height (m) by Callicebus nigrifrons in the private natural heritage reserve 
Santuario do Caraca, Brazil. 

 

By using a GLMM we found that foraging was significantly negatively related to tree height 

use, as were moving and resting. Vocalisations had a significant positive correlation with tree 

height use by Callicebus (predicting more vocalisations in the higher strata). As expected, 

sleeping sites were positively related to tree height. Although not significant, social 

interactions were negatively related to tree height use (Table 5). 

  



35 
 

Table 5: Generalised linear mixed models results for the effect of behaviour on tree height used by Callicebus nigrifrons 
in the private natural heritage reserve Santuario do Caraca, Brazil. 

 Coefficient Lower 95% CI Upper 95% CI P Value 

Random factor 
Group 1.9600 0.1716 5.2510 *  
Fixed effects     

Intercept 12.4385 11.0234 13.9738 <0.001 
Foraging -1.9481 -2.7835 -0.9619 <0.001 
Moving -1.9208 -2.8137 -0.9967 <0.001 
Resting -2.5198 -3.4726 -1.6290 <0.001 
Sleeping site 2.4103 1.5176 3.4190 <0.001 
Social interaction -0.7374 -1.6523 0.2124 <0.001 
Vocalizing 1.3555 0.3608 2.2669 <0.001 

CI = Confidence Interval; * = No P values given 

 

However, when analysing tree height use variation during the day we found that females start 

the day higher than males and then go lower during the day. During the last hours of activity, 

females and males stay close to the same height finishing the day at the sleeping site (Figure 

5). 
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Figure 4: Tree height use variation per hour in Callicebus nigrifrons in the private natural heritage reserve Santuario do 
Caraca, Brazil. 

 

Since trees were different in height and considering the different study sites, we compared 

through a GLMM the tree heights in the canopy. We found that the canopy levels were 

significantly related to tree height across the study area and it is possible as to use this 

classification in subsequent analysis (Table 6). 

 

Table 6: Results of the generalised linear mixed model for tree height (response) and strata (predictor) use by Callicebus 
nigrifrons in the private natural heritage reserve Santuario do Caraca, Brazil. 

 Coefficient Lower 95% CI Upper 95% CI P Value 

Random factor 
Group 0.0104 0.0008 0.0288 *  
Fixed effects     

Low 0.9950 0.8604 1.1248 <0.001 
Intermediate 1.9868 1.8983 2.0962 <0.001 
Canopy 2.4023 2.3122 2.5026 <0.001 
Top 2.5024 2.4233 2.6134 <0.001 

CI=Confidence Interval; * = No P values given 

Given that tree height was proportional to the canopy level across the study area, we 

investigated the odds ratio of finding Callicebus in the canopy level given the time of day, sex 
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and rainfall. We found no effect of rainfall on the use of the canopy. During the first hours of 

the day (i.e., 0700 hrs), the odds of having females moving in the canopy level is 25 times 

greater than at other time; this effect was not observed in males (Table 7). 

Table 7: Ordinal logistic regression of canopy level by the time of the day, rainfall and sex for Callicebus nigrifrons in the 
private natural heritage reserve Santuario do Caraca, Brazil. 

 Coefficients Std. Error t value Odds Ratio P value 

Intercepts      

Low|Intermediate -3.0839 0.1693 -18.2128 *  0.0000 

Intermediate|Canopy -1.3884 0.1538 -9.0245 *  0.0000 

Canopy|Top 1.2195 0.1532 7.9593 *  0.0000 

 
     

Predictors      

Rainfall -0.0009 0.0002 -4.0452 0.9990 0.9664 

Females      

Hour 6  -0.2078 0.3875 -0.5363 0.8123 0.0485 

Hour 7 3.2525 1.0889 2.9869 25.8541 0.0006 

Hour 8 0.4084 0.2963 1.3784 1.5044 0.3402 

Hour 9 0.6137 0.2247 2.7307 1.8473 0.4972 

Hour 10 0.0220 0.2134 0.1032 1.0223 0.1792 

Hour 11 -0.0457 0.2039 -0.2241 0.9553 0.2721 

Hour 12 -0.4853 0.2084 -2.3287 0.6155 0.5086 

Hour 13 0.0613 0.2204 0.2783 1.0632 0.9251 

Hour 14 -0.3387 0.2125 -1.5940 0.7127 0.5878 

Hour 15 -0.1705 0.2136 -0.7981 0.8432 0.0001 

Hour 16 -0.1916 0.2219 -0.8629 0.8256 0.0000 

Males      

Hour 6 0.0199 0.2831 0.0702 1.0201 0.0000 

Hour 7 1.0149 0.7607 1.3341 2.7589 0.4729 

Hour 8 0.8249 0.2725 3.0276 2.2818 0.0698 

Hour 9 0.1517 0.2148 0.7063 1.1638 0.6934 

Hour 10 0.2651 0.1944 1.3631 1.3035 0.4807 

Hour 11 0.2894 0.1993 1.4519 1.3356 0.3529 

Hour 12 -0.0807 0.1992 -0.4051 0.9225 0.0746 

Hour 13 -0.3777 0.2068 -1.8264 0.6854 0.7669 

Hour 14 -0.1238 0.2018 -0.6134 0.8835 0.8820 

Hour 15 0.0464 0.3128 0.3128 1.0475 0.8820 

Hour 16 -0.0675 0.2219 -0.3043 0.9347 0.8312 

 

No difference was found in the amount of green and non-green food items consumed by sex 

( 2̝=1.290, DF= 1, P=0.2561) or food type consumed by sex; however, the time spent at the 
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feeding site was different for green and non-green food items between the sexes. Males spent 

less time feeding in green food feeding sites than females, and also females spent more time 

feeding in non-green food sites compared to males (Table 8). 

Table 8: Generalised linear mixed model coefficients for the time spent at feeding site in seconds in relation to sex and 
food item colour for Callicebus nigrifrons in the private natural heritage reserve Santuario do Caraca, Brazil. 

 Coefficient Lower 95% CI Upper 95% CI P Value 

Random factor 
Group 150.7 8.451 490.0 *  
Fixed effects     

Female: Green 372.5 360.7 384.0 <0.001 
Male: Green 361.7 349.9 1191 <0.001 
Female: Non-Green 730.9 719.2 742.5 <0.001 
Male: Non-Green 620.1 609.3 632.8 <0.001 

 

  



39 
 

2.4 Discussion 
 

The tree height preference of Callicebus nigrifrons is for the ά/anopyέ ŎŀǘŜƎƻǊȅ ƭŜǾŜƭ 

level, which ranged from 10 to 14 metres from the ground, as found other studies (Trevelin, 

Port-Carvalho, Silveira, & Morell, 2007). The activity pattern of our study groups was similar 

to that reported for the species in other studies (Cäsar, 2012; Caselli & Setz, 2011). Fruits were 

the main food item consumed by C. nigriforns. Resting, foraging and moving were the main 

behavioural categories expressed and were similar in proportion when compared to reported 

data (Caselli & Setz, 2011; Trevelin et al., 2007). Males and females behaved similarly; 

however, they differed in tree height use by sex. Males were significantly higher in trees than 

females, except during the first hour of light.  In the first hours of the morning the genera 

Callicebus leave their sleeping site to forage with males often the last to leave, thus 

corroborating our finding that females are higher during the first hours of the morning due to 

foraging behaviour (Kinzey & Becker, 1983). 

Callicebus nigrifrons use a duet vocalisation to establish territories against neighbouring 

groups, these duets are a sequence of alternated vocalisations performed by males and 

females when in physical contact or very close proximity (Müller & Anzenberger, 2002).  In 

the morning, a calling bout performed by males alone defines the location and proximity of 

neighbouring groups, if another group approaches, the female vocalises and duetting occurs 

(Robinson, 1981). Having males establishing the territory boundaries prevents other males 

from copulating with females or could provide an opportunity to copulate during intergroup 

encounters, which would contribute as a proximate cause for niche divergence in the species 

(Mason, 1966). Extra-pair copulations were recorded at the study site and are known to 

interfere in group social dynamics (Cäsar, 2012). 
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The lower canopy level is where most behavioural categories were expressed and this is 

related to predator avoidance, principally raptors, which are the main predatory threat to 

small primates (Bicca-Marques & Heymann, 2014; Ferrari, 2008).  Sleeping sites are selected 

to provide the best protection against predators with animals spending the night at locations 

protected by entangled vines, closed canopy and exposed trunks that impede terrestrial 

predators from climbing (Bicca-Marques & Heymann, 2014). This explains the positive 

relationship of sleeping site height observed. Similarly, foraging, moving, social interactions 

and resting were more frequently expressed by monkeys when protected under the canopy. 

Due to the highly polymorphic vision system found in C. nigrifrons, it is expected that a high 

number of females will have trichromatic colour vision in our study groups (Jacobs & Deegan, 

2005, Goulart et al. Unpublish data). Having three to six opsin alleles in equal proportions 

would result in a 66% or 83.33% of trichromatic colour vision females in the groups, 

respectively. For instance, Bunce and collaborators (2011) found a proportion of 57.14% of 

trichromatic females in a study of wild groups of Callicebus brunneus, which possess three 

opsin alleles. It was not possible to assess the colour vision state in each animal as our 

molecular sequencing with the faecal samples collected failed (we did this analysis after 

behavioural data collection as we were using a blind experimental design); however, a general 

polymorphic state is expected for New World primates (Bunce et al., 2011; Jacobs, Neitz, et 

al., 1993). We report the fact that one female had behaviour similar to the males as a 

consequence of polymorphic colour vision. We suspect that this female had dichromatic 

colour vision phenotype and this explains her behavioural, foraging and tree height use 

similarity to males. As expected due to the proportions of opsin alleles in the species, one of 

the females would present a dichromatic vision. Based on the allelic frequencies found by 

Jacobs and Deegan (2005), 73.90% of females would be heterozygotes (i.e. trichromatic 
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colour vision). Therefore, we expected at least one of the studied females to have dichromatic 

colour vision (i.e., homozygote). 

The importance of light levels is well established for the nocturnal genera Aotus, which has 

monochromatic vision (Colquhoun, 2006; Curtis & Rasmussen, 2006; Jacobs et al., 1993). 

Species will behave enhancing visual perception when expressing visual related activities such 

as foraging (Yamashita et al., 2005). The detection of ripe fruits is critically affected by the 

lighting where early or late in the day natural illumination will make orange-red fruits more 

detectable for trichromatic colour vision individuals (Endler, 1993). This would also explain 

why females were significantly higher in trees than males at the beginning of the day, then 

later males with their better low light (dichromatic) vision were higher (Endler, 1993; 

Yamashita et al., 2005). Unfortunately, we did not record vigilance behaviour to determine if 

this was related to tree height use. However, vigilant New World primates are usually lower 

when compared to non-vigilant individuals, as in lower levels threats from mammalian 

predators and ambushes from raptors are more probable (Smith, Kelez, & Buchanan-Smith, 

2004). 

Trichromats have a speed advantage in finding ripe food (i.e. red) quicker and more efficiently 

than dichromats (Smith, Buchanan-Smith, Surridge, Osorio, & Mundy, 2003). This is especially 

relevant under mesopic light levels found under forest canopy where trichromatic females 

are best suited for detecting fruit, insects and predators (Vogel, Neitz, & Dominy, 2007). Other 

studies have not found a foraging niche divergence by sex based on time used to find cryptic 

or coloured resources. Furthermore, trichromatic females are spatially further apart from the 

group as this represents an advantage for predator detection (Melin et al., 2008; Smith, 

Buchanan-Smith, Surridge, & Mundy, 2005; Smith et al., 2003).  According to optimum 

foraging theory, animals will spend more time in patches with the highest perceived food 
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abundance (Pyke, Pulliam, & Charnov, 1977). Regarding time allocated at feeding sites, it is 

expected that animals will estimate the number of resources in a feeding patch, from their 

sampling behaviour, leaving the site when it has acquired the expected amount of food (i.e. 

hunting by expectation) (Krebs, Ryan, & Charnov, 1974). Therefore, dichromatic colour vision 

individuals (males) will perceive the environment differently from trichromatic colour vision 

individuals, spending less time at feeding sites because they perceive sites to be of lower 

quality than trichromatic females. This would explain our observations as to why females 

spend more time at feeding sites. 

In summary, we provide behavioural evidence of niche divergence between males and 

females as a possible adaptive advantage in maintaining the polymorphic colour vision in New 

World primates. As discussed here, males were more attentive to encounters with 

neighbouring groups during the first hours of the day while females were using their 

enhanced colour perception to find foraging sites. Males made use of the higher light levels 

in the vertical stratification of the forest to improve their detection of objects by using light 

variation in the forest strata. The time allocated at the feeding sites by individuals appeared 

to be predicted by the perception of the patch quality, which depends on the type of vision 

possessed by individuals. 
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Chapter 3 - Medium/Long wavelength sensitive opsin diversity in 

Pitheciidae 

 

Abstract 

New world primates feature a complex colour vision system. Most species have polymorphic 

colour vision where males have a dichromatic colour perception and females can be either 

dichromatic or trichromatic. The adaptive value of high allelic diversity of opsins, a light 

sensitive protein, found ƛƴ ǇǊƛƳŀǘŜǎΩ ŜȅŜǎ remains unknown. Studies revealing the allelic 

diversity are important as they shed light on our understanding of the adaptive value of 

differences in the colouration of species and their ecologies. Here we investigate the allelic 

types found in Pitheciidae, an understudied New World primate family, revealing the diversity 

of medium/long wavelength sensitive opsins both in cryptic and conspicuous species of this 

primate family. We found five alleles in Cacajao, six in Callicebinae (i.e. Plecturocebus, 

Cheracebus, and Callicebus), four in Chiropotes, and three in Pithecia, some of them reported 

for the first time. Both cryptic and conspicuous species in this group presented high allelic 

diversity. 
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3.1 Introduction 
 

While most terrestrial mammals possess dichromatic colour perception, similar to a 

red-green colour blind human, primates may exhibit: 1) monochromatic colour vision in 

nocturnal species; 2) routinely trichromatic colour vision, mostly in Old World primates; and 

3) polymorphic colour vision in most New World primates where males are obligatory 

dichromats, whereas females can have either dichromatic or trichromatic colour vision 

systems (Bowmaker, 1998; Jacobs, 2009). Strepsirrhine primate species have a potential 

polymorphic colour vision; however, this primate suborder lacks behavioural studies 

confirming a polymorphic colour vision as possessed by New World primates (Leonhardt, 

Tung, Camden, Leal, & Drea, 2009; Surridge, Osorio, & Mundy, 2003).  This variation in colour 

vision in New World primates arises from a single locus for the gene coding the medium-long 

(M/L) wavelength sensitive opsin on the X chromosome (Jacobs, 2007; Jacobs & Rowe, 2004); 

that is, males are obligatory dichromats as they are hemizygotes, and females can be either 

dichromats (i.e., homozygotes) or trichromats (i.e., heterozygotes) (Jacobs, Neitz, et al., 

1993).  In New World primates, high allelic diversity of the medium-long wavelength sensitive 

opsin results in intraspecific variation in colour vision perception (Jacobs & Deegan, 2005). 

The functional role of opsin polymorphism is still not completely understood; however, both 

trichromatic and dichromatic colour vision phenotypes are proven to have different 

behavioural advantages. Dichromatic individuals are better at detecting camouflaged stimuli 

and seeing in low light levels, whereas finding ripe food and new leaves are better detected 

by trichromats (Dominy & Lucas, 2001; Morgan, Adam, & Mollon, 1992; Osorio & Vorobyev, 

1996; Regan et al., 2001; Verhulst & Maes, 1998). Social signals, observed on bare skin, such 

as emotional states, sexual signals, and threat displays are cited as factors leading to the 
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evolution of routine trichromatic colour vision (Changizi et al., 2006). Undoubtedly, bare skin 

is an important source of information, which might not be perceived by individuals with 

dichromatic colour vision. Even species that possess trichromatic colour vision might have 

difficulty to differentiate colours if the M/L opsin alleles in a heterozygotic female were 

separated by less than 10 nm (DeMarco, Pokorny, & Smith, 1992). Anomalous trichromacy 

(i.e., impaired colour vision but not complete loss) is frequent in howler monkeys and might 

be common in highly polymorphic colour vision species (Matsushita, Oota, Welker, Pavelka, 

& Kawamura, 2014). 

Uakaries, genus Cacajao, are a Neotropical primate species occurring in the upper Amazonian 

region and they are represented by two contrasting colour phenotypes, one red-faced (i.e. C. 

calvus) and the other black-faced (C. ayresi, C. hosomi, C. melanocephalus) (Hershkovitz, 

1987). Uakaris are a seed-eating specialists living in groups with up to 200 individuals in 

fission-fusion societies (Barnett & Brandon-Jones, 1997; Boubli et al., 2008; Bowler & Bodmer, 

2009, 2011; Bowler, Knogge, Heymann, & Zinner, 2012). Cacajao was, until recently, a major 

lineage not investigated regarding its colour vision. It is now known that Cacajao calvus has 

high allelic diversity of opsins (Corso et al., 2016). The bare face of the bald red-uakari is 

thought to be related to communication among group members. Its simple one coloured face 

could allow for efficient communication through facial movements and expressions (Santana, 

Lynch Alfaro, & Alfaro, 2012).  ImpoǊǘŀƴǘƭȅΣ ǘƘŜ ǊŜŘ ŎƻƭƻǳǊŦǳƭ ŘƛǎǇƭŀȅ ƻƴ ǘƘŜ ōŀƭŘ ǳŀƪŀǊƛΩǎ ŦŀŎŜ 

may present variations in haemoglobin pigmentation, which might indicate emotional states 

or health status, such as excitement and parasite infection (Changizi et al., 2006; Mayor et al., 

2015). Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ ōŀƭŘ ǳŀƪŀǊƛΩǎ Ǿƛǎƛƻƴ ǿŀǎ ǊŜŎŜƴǘƭȅ ǊŜǇƻǊǘŜŘ ŀǎ ōŜƛƴƎ ƘƛƎƘƭȅ ǇƻƭȅƳƻǊǇƘƛŎ 

with six functional alleles for the M/L wavelength sensitive opsin. This makes the species an 

interesting subject to test the importance of reddish displays on the evolution of colour vision.  
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Interestingly, the cryptic black-faced congeneric (i.e. C. melanocephalus, C. ayresi and C. 

hosomi) lack a bare face.  To date, nothing is known about the colour vision on these species 

and this is one of the objectives of the present study. 

The genus Chiropotes, also possesses species with red skin exposed on the face (C. albinasus), 

whereas other species in the genus do not possess this characteristic (Hershkovitz, 1985). 

These medium sized primates are secretive and difficult to observe in the wild; this is why 

there are few studies on their behaviour(Bicca-Marques & Heymann, 2013b). However, it is 

known that Chiropotes form fission-fusion groups with highly affiliative behaviour, and males 

are more gregarious and tolerant towards juveniles than females (Bicca-Marques & Heymann, 

2013b; Veiga, Silva, & Ferrari, 2005). One Chiropotes species (C. utahickae) was investigated 

with regards to its colour vision and three M/L opsin alleles were found, also possessing a 

colour vision similar to other New World primates (Lima et al., 2015). 

Pithecia is a species with cryptic colouration and lives in small group sizes (i.e., 4 to 6 

individuals); however, their diet is similar to Cacajao and Chiropotes (Barnett, Boyle, & 

Thompson, 2016). In the pitheciidae, the genus Pithecia presents the highest degree of sexual 

dichromatism (Bicca-Marques & Heymann, 2013b). This is a relevant factor when studying 

the polymorphic colour vision system in New World primates, especially considering the 

importance of this characteristic in relation to visual communication. This genus also 

possesses a polymorphic colour vision system as observed in other New World primates with 

three different known alleles for the M/L opsin gene (Lima et al., 2015). 

In the Callicebinae, the genus Plecturocebus were also found to possess a relatively high 

number of alleles for M/L opsins. While most New World primates have three types of 

photopigments for the M/L wavelength, P. moloch have five cone types in a range from 530 

to 562 nm (Jacobs & Deegan, 2005). Despite similarities in the higher allelic diversity, Cacajao 
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and Plecturocebus are contrasting in many ways. Callicebinae is the New World primate 

subfamily with the greatest number of species (33 recognised species) (Byrne et al., 2016; 

Mittermeier et al., 2013). Despite the number of species, it is one of the least studied primate 

subfamilies (Bicca-Marques & Heymann, 2013a). Titi monkeys are small (1.5kg) with timid 

behaviour spending most of the time under umbrella-like canopy, forming family groups 

commonly of five individuals with a diet consisting of leaves and fruits (Bicca-Marques & 

Heymann, 2013a; Mason, 1966; Veiga et al., 2013). Some species show countershading 

coloration with a bright coppery colour. It is assumed that this colouration is not visible to 

dichromatic colour vision individuals and the role of this conspicuous colouration is still 

unknown (Sumner & Mollon, 2003). Interestingly, only two species have been investigated so 

far regarding their colour vision: Plecturocebus brunneus and Plecturocebus moloch. 

There are three main methods employed to determine colour vision perception: behavioural 

studies, direct physiological measurements and molecular analysis of opsin genes (Gomes, 

Pessoa, Tomaz, & Pessoa, 2002; Jacobs, Neitz, & Krogh, 1996). In the behavioural approach, 

animals are trained to select colour referenced stimuli in discrimination experiments, which 

evaluate the degree of difficulty to detect coloured stimuli (Gomes et al., 2002). In the 

physiological approach, an electroretinogram is performed where the spectral sensitivity of 

photoreceptors in the retina is measured or spectrophotometry of in vitro reconstituted 

photopigments from cDNA are measured (Jacobs, 2007). Molecular analysis is the most 

widely employed method. From molecular analysis, it is possible to infer the peak of 

sensitivity of the expressed opsin gene by verifying amino acid changes at specific sites (Shozo 

Yokoyama, Yang, & Starmer, 2008). The combination of both molecular and ecological data 

promises to provide new insights on the role of colour vision evolution in primates (Buchanan-

Smith, 2005). 



48 
 

The maintenance of such a high number of alleles in this family, strongly suggests that 

polymorphisms has an adaptive function. Here we evaluate, qualitatively, the allelic diversity 

in the family Pitheciidae (Cacajao, Plecturocebus, Cheracebus, Callicebus, Chiropotes, and 

Pithecia). 
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3.2 Methods 
 

3.2.1 DNA extraction 

 

Genomic DNA was extracted from primate muscle tissue (Table 9) stored in 100% 

ŜǘƘŀƴƻƭ ǳǎƛƴƎ 5bŜŀǎȅ ōƭƻƻŘ ŀƴŘ ǘƛǎǎǳŜ ƪƛǘ όvL!D9bύ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜΩǎ ǇǊƻǘƻŎƻƭ 

without modifications.  The extracted DNA was quantified using a NanoDrop 2000 (Thermo 

Scientific) to rule out allelic dropouts (i.e., sequencing one copy of the gene only in 

heterozygous individuals) by using samples with a DNA concentration higher than 200 

picograms/microliter (Beja-Pereira, Oliveira, Alves, Schwartz, & Luikart, 2009; Morin, 

Chambers, Boesch, & Vigilant, 2001). ²Ŝ ǳǎŜŘ м ˃[ ƻŦ ŜȄǘǊŀŎǘŜŘ 5b! ƛƴ ōǳŦŦŜǊ !9 ǘƻ ƻōǘŀƛƴ 

нсл ƴƳ ǊŜŀŘƛƴƎǎ ǇǊƻǾƛŘƛƴƎ ǘƘŜ 5b! ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ ǿƘƛŎƘ ǿŜǊŜΣ ƻƴ ŀǾŜǊŀƎŜ нлллл ǇƎκ˃ƭΦ 
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Table 9: List of species used in the molecular analysis of allelic types of Medium/Long visual photopigments 

Species Female Male Total 

Cacajao ayresi 2 0 2 

Cacajao calvus 2 4 6 

Cacajao hosomi 1 2 3 

Cacajao melanocephalus 2 1 3 

Plecturocebus cinerascens 4 2 6 

Plecturocebus bernhardi 2 2 4 

Cheracebus lugens 8 3 11 

Plecturocebus miltoni 1 2 3 

Plecturocebus moloch 1 1 2 

Callicebus nigrifrons 5 3 8 

Chiropotes albinasus 1 0 1 

Chiropotes israelita 3 1 4 

Chiropotes satanas 0 1 1 

Pithecia irrorata 2 0 2 

Pithecia pithecia 0 1 1 

Total 34 23 58 

 

3.2.2 Sex Assignment 

 

¢ƻ ŎƻƴŦƛǊƳ ǘƘŜ ǇǊƛƳŀǘŜǎΩ ǎŜȄ ŦǊom all samples, Polymerase Chain Reactions (PCR) were 

ŎƻƴŘǳŎǘŜŘ ǳǎƛƴƎ ǘƘŜ ǇǊƛƳŜǊǎ ŦƻǊ ǘƘŜ !ƳŜƭƻƎŜƴƛƴ ƛƴ ǘƘŜ · ŎƘǊƻƳƻǎƻƳŜ όCƻǊǿŀǊŘΥ рΩ ς

ACCACCAGCTTCCCAGTTTA ς оΩΤ ŀƴŘ wŜǾŜǊǎŜΥ рΩ ς GCTGGGWTAGAACCAAGCTG ς оΩύ ŦƻǊ ŀ ~200 

bp fragment, and the Y-linked sex-deteǊƳƛƴƛƴƎ ǊŜƎƛƻƴ ό{w¸ύ όCƻǊǿŀǊŘΥ рΩ ς 

AGTGAAGCGACCCATGAACG ς оΩΤ ŀƴŘ wŜǾŜǊǎŜΥ рΩ ς TGTGCCTCCTGGAAGAATGG ς оΩύ ŦƻǊ ŀ 

~165 bp fragment (Di Fiore, 2005)Φ ! нр ˃[ t/w ǿŀǎ ǇŜǊŦƻǊƳŜŘ лΦнр ˃[ ƻŦ ¢ŀYŀwŀ 9Ȅ ¢ŀǉϯ Iƻǘ 

{ǘŀǊǘ ±ŜǊǎƛƻƴ όмΦнр ǳƴƛǘǎύΣ ǿƛǘƘ нΦр ˃[ ƻŦ Ȅмл 9Ȅ ¢ŀǉ ōǳŦŦŜǊΣ п ˃[ ƻŦ нΦр Ƴa Řb¢t ƳƛȄǘǳǊŜΣ лΦу 

˃[ ƻŦ ŜŀŎƘ ǇǊƛƳŜǊ ŀǘ млл ǇƳƻƭκ˃[Σ о ˃[ ƻŦ ǘŜƳǇƭŀǘŜ 5b!Σ ŀƴŘ мп ˃[ ƻŦ ǇǳǊŜ t/w ǿŀǘŜǊ ǘƻ 

complete the final volume. All reactions were performed with a negative control using pure 

PCR water instead of DNA template. 

The thermal cycling profile followed one cycle of initial denaturation at 94°C for two minutes; 

then 40 cycles of denaturation at 94°C for 30 seconds, annealing at 58°C for 30 seconds, and 
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elongation at 72°C for 30 seconds; lastly, a final elongation cycle of 72°C for 5 minutes. 

Amplifications were confirmed by electrophoresis in a 1.3% agarose gel, using HyperLadder 

Lϰ ό.ƛƻƭƛƴŜύ ŀǎ reference. The amplification of the Amelogenin, gene present in all samples at 

the X chromosome, was used as a positive control for all reactions and confirmed through 

molecular weight. The presence of two bands (i.e. one for the X and one for the Y 

chromosome) in the agarose gel allowed the assignment of males, while one band 

determinate females (i.e. one band for the X chromosome) through a benchtop verification 

(Di Fiore, 2005). 

 

3.2.3 Amplification and sequencing 

 

tǊƛƳŜǊǎ ŦƻǊ ǘƘŜ 9Ȅƻƴ о ǿŜǊŜΥ CƻǊǿŀǊŘ рΩ ς CTCCAACCAAAGATGGGCGG ς оΩΤ wŜǾŜǊǎŜ 

рΩ ς ATCACAGGTCTCTGGTCTCTG ς оΩΦ tǊƛƳŜǊǎ ŦƻǊ ǘƘŜ 9Ȅƻƴ р ǿŜǊŜΥ CƻǊǿŀǊŘ рΩ ς 

GAATCCACCCAGAAGGCAGAG ς оΩΤ wŜǾŜǊǎŜ рΩ ς ACGGGGTTGTAGATAGTGGCA ς оΩ.  PCRs were 

ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ лΦнр ˃[ ƻŦ ¢ŀYŀwŀ 9Ȅ ¢ŀǉϯ Iƻǘ {ǘŀǊǘ ±ŜǊǎƛƻƴ όмΦнр ǳƴƛǘǎύΣ ǿƛǘƘ нΦр ˃[ ƻŦ Ȅмл 

9Ȅ ¢ŀǉ ōǳŦŦŜǊΣ п ˃[ ƻŦ нΦр Ƴa Řb¢t ƳƛȄǘǳǊŜΣ лΦнр ˃[ ƻŦ ŜŀŎƘ ǇǊƛƳŜǊ ŀǘ млл ǇƳƻƭκ˃[Σ лΦр ˃[ ƻŦ 

.{! όbŜǿ 9ƴƎƭŀƴŘ .ƛƻ[ŀōǎύ о ˃[ ƻŦ ǘŜƳǇƭŀǘŜ 5b!Σ ŀƴŘ мпΦнр ˃[ ƻŦ ǇǳǊŜ t/w ǿŀǘŜǊ ǘƻ ŀ Ŧƛƴŀƭ 

нр ˃[ ǊŜŀŎǘƛƻƴΦ bŜƎŀǘƛǾŜ ŎƻƴǘǊƻƭǎ ǿŜǊŜ ŜƳǇƭƻȅŜŘ ƛƴ ŀƭƭ ǊŜŀŎǘƛƻƴǎ ǳǎƛƴƎ ǇǳǊŜ t/w ǿŀǘŜǊ ƛƴǎǘŜŀŘ 

of DNA template. The Exon 3 thermocycling profile consisted of one initial cycle of 98°C for 

five minutes; 40 cycles of 98°C for 30 seconds, 62°C for 30 seconds decreasing 0.1°C per cycle, 

and 72°C for 30 seconds; followed by a final elongation cycle of 72°C for 5 minutes. The Exon 

5 used the same thermocycling profile, but the annealing temperature was 60°C decreasing 

0.1°C per cycle. PCR clean-up and sequencing were performed independently by Source 
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Bioscience Sequencing commercial service (Rochdale, UK) using Applied Biosystems 3730 

series DNA Analysers. 

 

3.2.4 Genotype determination 

 

Amino acid changes at site 180 in Exon 3, 277 and 285 in Exon 5 are responsible for major 

ǎƘƛŦǘǎ ƛƴ ǘƘŜ ǇŜŀƪ ŀōǎƻǊōŀƴŎŜ ƻŦ ǘƘŜ aκ[ ǇƘƻǘƻǇƛƎƳŜƴǘ ŀƴŘ ŀǊŜ ƪƴƻǿƴ ŀǎ ǘƘŜ άǘƘǊŜŜ-ǎƛǘŜ ǊǳƭŜέ 

(Hiramatsu et al., 2005; Yokoyama & Radlwimmer, 2001). For instance, a change at the site 

180 from an Alanine for a Serine shift the absorbance peak in +7 nanometres; at the site 277, 

a Phenylalanine for a Tyrosine shift +8 nanometres, and at the site 285 a change of an Alanine 

for a Threonine shift the peak of absorbance in +15 nanometres. In the case of an opposite 

substitution, it is possible to subtract the constant for the site and obtain an approximate 

sensitivity peak. The site 294 is also known to shift the predicted peak in spectral sensitivity 

in Atelids and was also verified (Matsumoto et al., 2014). By examining these sites allows to 

identify six major types of photopigments found in New World monkeys. Sequencing from 

both forward and reverse strands from, at least, two independent PCRs were used to 

determinate the type of M/L photopigment. Fragments were edited and mapped to the 

reference opsin gene (GenBank NM000513) (Nathans, Thomas, & Hogness, 1986) analysed 

using Geneious (Kearse et al., 2012). Double peaks in the chromatogram were used to assign 

the individual as a homozygote, heterozygote, or hemizygote employing a specific plugin of 

Geneious software (Heterozygotes) (Kearse et al., 2012). Individuals assigned as double 

heterozygotes (i.e. double peaks at 180, 277, or 285) were not considered. 
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3.3 Results 
 

All individuals had their sex confirmed by molecular analysis. By analysing the sites 

180 at the exon 3 and sites 277, 285, and 294 at the exon 5 we were able to find six allelic 

variations of the M/L opsin gene (Table 10 and 11). We found five alleles in the Cacajao genus 

(532, 545, 550, 555, 560 ˂ maxnm). We found C. ayresi with the alleles AFA (532 ˂maxnm), AYT 

(555 ˂ maxnm) and SYT (560 ˂maxnm); C. hosomi with the alleles AFA, AFT (545 m˂axnm) and SYT; 

C. melanocephalus with AFT, AYT and SYT. These three Cacajao species have highly pigmented 

skin. C. calvus, which has exposed red facial skin, had four of these alleles, namely, AFA, AFT, 

SFT and SYT. 

We found 6 alleles in Callicebinae (532, 534, 545, 550, 555, 560 ˂ maxnm): P. bernhardi with 

AFT, AYT, and SYT; C. cinerascens with SYT, AYT, and SFT (550 ˂ maxnm); C. lugens with AFA, 

SFA, AFT, SFT, AYT and SYT; P. miltoni with SFT and AFT; P. moloch with AFT and SFT; and C. 

nigrifrons with SFT, AYT, AFT, and SYT. It was not possible to identify the allele in one 

individual of C. lugens due to double heterozygous sites at 277 and 285. 

We found four alleles in Chiropotes (532, 545, 555, 560 ˂ maxnm): C. albinasus with allele SYT; 

C. israelita with the alleles AFA, AFT, AYT and SYT; and C. satanas with allele AFA. In Pithecia, 

three alleles (532, 545, 555 m˂axnm): P. irrorata with AFA, AFT and AYT and P. pithecia with 

AFT. 

All sequences were identified from repeated sequencings from both strands and independent 

PCR reactions. Sequences are available in GenBank (Accession numbers KY345056-

KY345113). 
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Table 10: Observed numbers of alleles of Medium/Long wavelength sensitive opsin in Pitheciidae primate species 

Species Allele SYT AYT SFT AFT SFA AFA 

9ȄǇŜŎǘŜŘ ˂max nm 560 555 550 545 534 532 

Cacajao ayresi 1 1    1 

 calvus 3  1 1  2 

 hosomi 1   2  1 

 melanocephalus 1 3  1   

Plecturocebus  cinerascens 4 3 1    

 bernhardi 1 2  1   

 miltoni   1 3   

 moloch   1 3   

Cheracebus  lugens 1 3 1 2 1 4 

Callicebus  nigrifrons 4 6 1 1   

Chiropotes  albinasus 1      

 israelita  1  2  2 

 satanas      1 

Pithecia irrorata  1  1  1 

Pithecia  pithecia    1   
 

Table 11: List of species and medium/long wavelength sensitive opsins genotypes found in Pitheciidae 

Species Sex 180 277 285 294 Allele Provenance 

Cacajao ayresi Female A F A N AFA  Araçá River, Amazonas, Brazil 

Cacajao ayresi Female A/S Y T N AYT SYT Araçá River, Amazonas, Brazil 

Cacajao calvus Male S Y T N SYT  Sacado do Tarauacá, Acre, Brazil 

Cacajao calvus Male A F A N AFA  Jutai River, Amazonas, Brazil 

Cacajao calvus Male A F A N AFA  Jutai River, Amazonas, Brazil 

Cacajao calvus Female A/S F T N AFT SFT Jutai River, Amazonas, Brazil 

Cacajao calvus Female S Y T N SYT  Jutai River, Amazonas, Brazil 

Cacajao calvus Male S Y T N SYT  Jutai River, Amazonas, Brazil 

Cacajao hosomi Male S Y T N SYT  Serra do Imeri, Xamata, Amazonas, Brazil 

Cacajao hosomi Female A F T/A N AFT AFA Serra do Imeri, Xamata, Amazonas, Brazil 

Cacajao hosomi Male A F T N AFT  Salto Hua, Amazonas, Brazil 

Cacajao melanocephalus Male A Y T N AYT  Amanã Lake, Amazonas, Brazil 

Cacajao melanocephalus Female A Y/F T N AYT AFT Manacapuru, Amazonas, Brazil 

Cacajao melanocephalus Female A/S Y T N AYT SYT Santa Isabel do Rio Negro, Amazonas, Brazil 

Plecturocebus cinerascens Female S Y T N AYT  Aripuana, Amazonas, Brazil 

Plecturocebus cinerascens Male S F T N SFT  Pimenta Bueno, Rondônia, Brazil 

Plecturocebus cinerascens Female A/S Y T N AYT SYT Pimenta Bueno, Rondônia, Brazil 

Plecturocebus cinerascens Male S Y T N SYT  Pimenta Bueno, Rondônia, Brazil 

Plecturocebus cinerascens Female S Y T N SYT  Pimenta Bueno, Rondônia, Brazil 

Plecturocebus cinerascens Female A/S Y T N AYT SYT Cabixi, Rondônia, Brazil 

Plecturocebus bernhardi Male A Y T N AYT  Aripuana, Amazonas, Brazil 
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Plecturocebus bernhardi Female A F T N AFT  Aripuana, Amazonas, Brazil 

Plecturocebus bernhardi Male A Y T N AYT  Aripuana, Amazonas, Brazil 

Plecturocebus bernhardi Female S Y T N SYT  Machadinho D'Oeste, Rondônia, Brazil 

Cheracebus lugens Female A Y T N AYT  São Gabriel da Cachoeira, Amazonas, Brazil 

Cheracebus lugens Female A F T/A N AFT AFA Ig Mandiquie, Amazonas, Brazil 

Cheracebus lugens Female S F T/A N SFT SFA Rio Marauia, Amazonas, Brazil 

Cheracebus lugens Female A Y T N AYT  Balawau, Amazonas, Brazil 

Cheracebus lugens Female A F A N AFA  Marari, Amazonas, Brazil 

Cheracebus lugens Female A F A N AFA  Ig Anta, Amazonas, Brazil 

Cheracebus lugens Male A Y T N AYT  Ig Anta, Amazonas, Brazil 

Cheracebus lugens Male A F A N AFA  Ig Cuieiras, Amazonas, Brazil 

Cheracebus lugens Female S Y/F T/A N *   São Gabriel da Cachoeira, Amazonas, Brazil 

Cheracebus lugens Female S Y T N SYT  São Gabriel da Cachoeira, Amazonas, Brazil 

Cheracebus lugens Male A F T N AFT  Marari, Amazonas, Brazil 

Plecturocebus miltoni Male A F T N AFT  Aripuana, Amazonas, Brazil 

Plecturocebus miltoni Female A/S F T N AFT SFT Aripuana, Amazonas, Brazil 

Plecturocebus miltoni Male A F T N AFT  Aripuana, Amazonas, Brazil 

Plecturocebus moloch Female A/S F T N AFT SFT Alta Floresta, Mato Grosso, Brazil 

Plecturocebus moloch Male A F T N AFT  Alta Floresta, Mato Grosso, Brazil 

Plecturocebus moloch Male A F T N AFT  Alta Floresta, Mato Grosso, Brazil 

Callicebus nigrifrons Male A Y T N AYT  Minas Gerais, Brazil 

Callicebus nigrifrons Female A/S Y T N AYT SYT Minas Gerais, Brazil 

Callicebus nigrifrons Male A F T N AFT  Minas Gerais, Brazil 

Callicebus nigrifrons Female A Y T N AYT  Minas Gerais, Brazil 

Callicebus nigrifrons Male S F T N SFT  Minas Gerais, Brazil 

Callicebus nigrifrons Female A/S Y T N AYT SYT Minas Gerais, Brazil 

Callicebus nigrifrons Female A/S Y T N AYT SYT Minas Gerais, Brazil 

Callicebus nigrifrons Female A Y T N AYT SYT Minas Gerais, Brazil 

Chiropotes albinasus Female S Y T N SYT  Maués Açú River, Amazonas, Brazil 

Chiropotes israelita Female A Y/F T N AYT AFT Ig Anta, Amazonas, Brazil 

Chiropotes israelita Female A F A N AFA  Ig Anta, Amazonas, Brazil 

Chiropotes israelita Female A F T N AFT  Marauia River, Amazonas, Brazil 

Chiropotes israelita Male A F A N AFA  Demeni River, Amazonas, Brazil 

Chiropotes satanas Male A F A N AFA  Unknown locality 

Pithecia irrorata Female A F A N AFA  Autazes, Amazonas, Brazil 

Pithecia irrorata Female A Y/F T N AYT AFT Jari Lake, Amazonas, Brazil 

Pithecia pithecia Male A F T N AFT  Manaus, Amazonas, Brazil 
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3.4 Discussion 
 

The results reported here show that the diversity of M/L opsins found in Cacajao, 

Callicebus, Plecturocebus, Cheracebus, Chiropotes, and Pithecia is greater than previously 

ǊŜǇƻǊǘŜŘΦ !ƭǘƘƻǳƎƘ ǘƘŜ ǎŀƳǇƭŜǎΩ ƻǊƛƎƛƴǎ ŀƴŘ ǘƘŜ ǎŀƳǇƭŜ ǎƛȊŜǎ ǿŜǊŜ ƴƻǘ ŀǇǇǊƻǇǊƛŀǘŜ ǘƻ 

determinate the opsin frequency, our results contribute to the knowledge of colour vision 

polymorphism in New World primates. Some allelic variations were found in only one 

individual per species requiring further studies for confirmation. For instance, the allele SFA 

was found in one specimen of Cheracebus lugens, and we suggest further confirmation. 

We found five alleles in black-headed uakaris, the Cacajao melanocephalus group (Cacajao 

ayresi, C. hosomi, and C. melanocephalus) suggesting a similar diversity to their red-faced 

counterpart Cacajao calvus (Corso et al., 2016; Boubli et al., 2008; Ferrarim, Guedes, 

Figueiredo-Ready, & Barnett, 2014). Thus, we suggest that the red colourful display found in 

C. calvus is not the ultimate cause for the high allelic variation of the Medium/Long 

wavelength sensitive opsin in New World primates, thus, challenging the importance of socio-

sexual displays in the evolution of routine trichromatic colour vision (Changizi et al., 2006). To 

the best of our knowledge, this is the first report on the opsin diversity of black-headed 

uakaris (i.e. C. ayresi, C. hosomi, C. melanocephalus). 

From physiological studies using electroretinogram flicker photometry, Plecturocebus was 

reported to have the highest number of opsin alleles within a species (P. moloch), showing 

five different M/L photopigments in captive individuals (Jacobs & Deegan, 2005). In a study 

with wild populations of P. brunneus using a molecular approach, three alleles were found 

representing the most common types from the aforementioned research (i.e. AFA, AFT, and 

SYT) (Bunce et al., 2011). These three alleles were found for the Callicebinae subfamily in our 
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analysis. In addition, from the two individuals of P. moloch investigated here, the allelic 

variation SFT was found representing an absorbance peak of 550 m˂axnm. Considering the 

subfamily Callicebinae only, we have evidence of six different alleles, which increases the 

known opsin diversity found. 

In the genus Chiropotes, in addition to the alleles AFA, AFT, and SYT reported in the literature 

(Lima et al., 2015), we found an additional variant AYT with a peak spectral sensitivity of 555 

m˂axnm in Chiropotes israelita, thus, increasing the number of functional alleles from three to 

four in this genus.  Furthermore, the genus Pithecia was reported with the alleles AFA, AFT, 

and SYT (Boissinot et al., 1998). We found a variant AYT allele with the sensitivity peak of 555 

m˂axnm, increasing the number of known opsin alleles from three to four. 

The SYA allele is commonly found in howler monkeys (genus Alouatta), and has recently been 

found in Callithrix jacchus (Amador, 2015; Kawamura, 2016; Matsushita et al., 2014). Alleles 

thought to be present in certain species groups are now being found in different species. 

Further genetic and ecological studies should indicate if all allelic combinations according to 

ǘƘŜ άǘƘǊee-ǎƛǘŜ ǊǳƭŜέ ŀǊŜ ǇǊŜǎŜƴǘ ƛƴ bŜǿ ²ƻǊƭŘ ǇǊƛƳŀǘŜ ǎǇŜŎƛŜǎ ŀƴŘ Ƙƻǿ ǘƘŜ ǊŜǎǳƭǘƛƴƎ 

phenotypes will interact with the environment. For instance, the benefits of trichromatic 

colour vision for folivory has been widely discussed in the literature (Dominy & Lucas, 2001). 

Since the only routinely trichromatic colour vision New World primate (i.e. Alouatta) feeds 

mainly on leaves, and the increased opsin diversity in Callitrichines, which mostly forage on 

insects, fruit and gum, it would be interesting to investigate how similar trichromatic colour 

vision phenotypes in Alouatta and Callithrix perform in colour based ecological tasks, thus, 

helping us to understand the role of highly polymorphic colour vision in New World primates 

(Araújo et al., 2008; Garber, Estrada, & Bicca-Marques, 2008; Surridge & Mundy, 2002). 



58 
 

Spectral shifts in opsin sensitivity could also result from mutations in other sites of the M/L 

opsin gene (Shyue et al., 1998). However, the M/L opsin sensitivity peaks are best explained 

ōȅ ǘƘŜ άǘƘǊŜŜ-site-ǊǳƭŜέ (Yokoyama & Radlwimmer, 2001). Now that this variation in 

Pitheciidae is known, one possible approach is to confirm the sensitivity of this protein in 

vitro. cDNA can be used to produce functioning opsins in vitro by cloning in cultured cells to 

measure the photopigment sensitivity by spectrophotometric measurements (Hiramatsu, 

Radlwimmer, Yokoyama, & Kawamura, 2004). Alternatively, electroretinography from 

Pitheciidae species in captivity would help to confirm the high allelic variation found. 

Similarly to Corso et al (2016), we found no evidence of routine trichromatic colour vision in 

the red-faced uakari.  Additionally, we also found no evidence of routine trichromatic colour 

vision in the black-headed uakaris. If routine trichromatic colour vision was found in the red-

faced uakari, as in Alouatta (Araújo et al., 2008), this would support the importance of socio-

sexual signals in the evolution of colour vision in primates (Changizi et al., 2006), does not 

seem to be the case. However, both cryptic and conspicuous Cacajao morphs share high opsin 

diversity. This results in an increased number of heterozygotes and potentially more 

trichromatic females in a group. Similarly in Callicebinae (a subfamily in which most of facial 

skin is covered with fur) shows high allelic diversity again resulting in a high proportion of 

trichromatic females. 

Despite the fact that trichromatic colour vision is best suited to distinguish colour modulations 

on the skin (Changizi et al., 2006), there is evidence that the ability to discriminate red colours 

in primate vision evolved after red visual traits in primate species (Fernandez & Morris, 2007). 

For example, primate species that are able to discriminate red-green hues have less red fur 

than dichromate species (Kamilar, Heesy, & Bradley, 2013). Other species, such as Chiropotes 

albinasus, have strong red facial marking, but do not have routine trichromatic colour vision. 
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Geographical and ecological factors may also affect the morphology of primate species. Group 

size and incidence of UV light may lead to more complex faces and dark facial masks (Santana 

et al., 2012). Thus, variations in facial colouration are expected to be generated from both 

social and biogeographical pressures. 

The exaggerated reddish displays in uakaris and the coppery coloration in Callicebinae could 

be an evolutionary adaptation to allow dichromatic colour vision individuals to identify social 

signals. Further studies measuring skin and fur colouration would be useful to understand the 

role of exaggerated reddish displays in New World primates, for instance, if variations in the 

red-faced uakari are detectable by dichromatic colour vision individuals. This would indicate 

why these species show this exaggerated colouration pattern. Future research should focus 

on the benefits of primate groups possessing both dichromatic and trichromatic individuals 

rather than focusing only on the consequences of different colour vision in an individual 

primate. 
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Chapter 4 - Are predator richness and predator type related to colour 

vision polymorphism in New World primates? 

 

Abstract 

Most New World primates feature a polymorphic colour vision system where males have a 

dichromatic colour vision and females can either have trichromatic or dichromatic vision.  The 

role of such complex visual system can be related to finding food, perception of socio-sexual 

displays and predator detection. Investigating the predator detection hypothesis in nature is 

difficult because predatory events are rarely observed. Here we present an investigation of 

how spatial organisation of New World primate species, on a continental scale, are related to 

environmental factors and predatory pressures using a biogeographic analysis of primates 

and their predators. When considering phylogenies (i.e. species as non-statistically 

independent units), no effect of body size or predator type was found. Snake richness was 

negatively related to group size, but no effect was found for mammal and raptor richness.  

Predator richness did not significantly affect the distribution of primate species with 

monochromatic or trichromatic vision, while polymorphic colour vision primate species were 

affected by predator type. We conclude that the lack of effect of predator species richness 

found along the trichromatic colour vision species distribution indicates an adaptation to 

predator detection. 
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4.1 Introduction 
 

New World primates possess a polymorphic colour vision system where males have 

dichromatic colour vision, similar to colour blind humans, and females can either have 

trichromatic or dichromatic colour vision (De Valois & Jacobs, 1968; Jacobs, 1996; Jacobs, 

2007; Jacobs & Rowe, 2004). Thus, in most species of New World primates groups are 

composed of both trichromatic and dichromatic individuals.  This polymorphic situation is 

caused by a sex-linked gene for the medium-long wavelength sensitive opsin (i.e., protein 

responsible for converting light into electrochemical signals for the brain) located on the X 

(sex) chromosome (Dulai, von Dornum, Mollon, & Hunt, 1999).  The genus Aotus have a 

monochromatic colour vision, not being able to differentiate colours, probably, as a result of 

its nocturnal behaviour (Donati & Borgognini-Tarli, 2006; Jacobs, Deegan, et al., 1993), 

Whereas the genus Alouatta, has duplicated the gene in the X chromosome, as the Old World 

primates have done, resulting in trichromatic colour vision (Araújo et al., 2008; Julliot & 

Sabatier, 1993). 

The evolutionary explanation for polymorphic colour vision in primates is still unclear in the 

scientific literature: does polymorphism in colour vision has some fitness consequences 

(Fedigan, Melin, Addicott, & Kawamura, 2014; Jacobs & Bradley, 2016)? However, several 

hypotheses have been proposed relating to foraging, social, or predation pressures. 

Trichromatic individuals are better adapted to detect colour variations in food items and more 

able to identify ripe fruits and edible leaves (Lucas et al., 2003; Osorio & Vorobyev, 1996; 

Regan et al., 2001), while dichromatic colour vision individuals have a better vision in low light 

levels and can better detect camouflaged stimuli (Caine et al., 2010; Morgan et al., 1992). The 

balance between these two features might be responsible for the maintenance of the 
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polymorphic colour vision system found in these species (Riba-Hernández et al., 2004), 

especially since New World primate groups will often be composed of trichromatic and 

dichromatic individuals. 

Another potential advantage of the polymorphic colour vision system is predator detection. 

Theoretically, cryptic predators, such as snakes, would be better detected by dichromats 

(Saito et al., 2005), while trichromatic individuals would be better able to detect conspicuous 

predators (Pessoa et al., 2014). Researchers have demonstrated the performance of both 

colour vision systems in detecting predator threats. For example, Pessoa and collaborators 

(2014), have shown that normal colour vision humans (trichromats) outperform colour blind 

individuals (dichromats) in detecting carnivore predators in a naturalistic setup. However, 

testing predator detection by different colour vision phenotypes is difficult to accomplish in 

the wild as predation events are rarely observed. One possible alternative is to investigate 

the occurrence of traits present in areas with different predatory pressures. 

The predators of New World primates are either raptors, mammalian carnivores or snakes 

(Ferrari, 2008). Raptors are abundant and have predation strategies ranging from aerial 

searching, ambush and long chase flights to attack their prey (Hart, 2007; Robinson, 1994). 

Several feline species have been identified as mammalian primate predators (Hart, 2007). 

Predation by large snake species, such as Boa constrictor and venomous snakes, such as 

rattlesnakes represent a significant threat (Boinski, 1988; Cisneros-Heredia, León-Reyes, & 

Seger, 2005; Corrêa & Coutinho, 1997). The geographic distribution of both primates and 

predators generates different selective pressures in different geographic areas, and therefore 

allows the testing of favoured traits (Thompson, 1999). Group size and body size has an 

established relationship to predation pressure, with predation risk declines with the increase 

in group size or body weight (Isbell, 2005).  The behavioural strategy to avoid predation is 
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equally informative such as visual detection by many eyes (Lima, 1995; Roberts, 1996). In this 

sense, the sensory abilities are relevant; for example, if the many eyes have different 

perceptual capabilities and are coopertative then predator detection could be more efficient 

(Morgan et al., 1992; Pessoa et al., 2014; Surridge et al., 2005). 

Here we investigate the spatial organisation of Neotropical primates and their predators 

verifying the variation of speciesΩ richness geographically and then determining which 

variables best predict primate distribution (such as environmental variables or predators). We 

predict that environmental variables will partially explain the distribution of primates; the 

established relation of predator risk and body size or group size will be observable in 

geographic scale.For instance, small primates should be more succeptible to raptor predation 

while heavier primates will be more affected by mammalian predation. Colour vision systems 

will be affected by predator richness allowing a conclusion concerning the role of vision in 

New World primate species (e.g. best suitable phenotypes, such as routine thrichormatic 

colour vision, will not be affected negatively by predator richness).  Our main aim is to analyse 

the effects of predator richness and predator type on the occurrence of polymorphic colour 

vision traits in New World primates. 

  



64 
 

4.2 Methods 
 

To investigate the effect of predator richness on primate colour vision traits a grid of 1350 

cells of measuring 1x1 decimal degree, was built over the full platyrrhine distribution using 

ArcGIS 10.3 and the Geospatial Modelling Environment extension (Beyer, 2015; ESRI, 2008) 

(Figure 6). This selected area was then used to define the richness of co-occurring predator-

prey species.  A total of 142 primate species distribution polygons from 19 platyrrhine genera 

were used to calculate the primate richness in number of species in each grid cell (IUCN 2015). 

Bird predator species were identified from the scientific literature concerning recorded 

predation events on New World primates and 18 species of raptors were included as reported 

avian predators (del Hoyo & Elliott 1994; Hart 2007; BirdLife International and NatureServe 

2013). Similarly, mammalian predators, including felines and mustelids, from reported cases 

in the scientific literature, were identified and are listed in the Appendix I (Bianchi & Mendes 

2007; Hart 2007; Ferrari 2008; IUCN 2015). Constrictors and venomous snakes families were 

all selected due to the strong response they evoke in primates (Boinski, 1988; Hart, 2007; 

Isbell, 2006).  A total of 162 genera from Colubridae, Elapidae, Boidae and Viperidae were 

included in the analysis (GBIF, 2015). Point data were used to create minimum convex 

polygons for snake distributions using GME extension for ArcGIS 10.3 (Beyer, 2015; ESRI, 

2008). Capuchin monkeys (Cebus sp.) and other exceptional cases of predator species such as 

coatis (Nasua sp.), toucans (Ramphastos sp.), and caimans (Caiman sp.) despite occasional 

reports were not included as predators (Boinski, 1987; Ferrari, 2008; Rose et al., 2003; 

Sampaio & Ferrari, 2005). Species distribution polygons of mammalian and avian predators 

were obtained from the International Union for Conservation of Nature (IUCN 2014) and 

NatureServe (2013). Predator distributions were compared between each other using the 
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package ecespa using Cramer-von Mises test (Masetre, Escudero, & Bonet, 2010). This 

analysis allowed to compare predator distributions to find if there are significant spatial 

differences between two distributions. 

 

Figure 5: Grid cells based on primate species distribution 
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Environmental variables considered were  mean annual temperature in degrees Celsius, mean 

annual precipitation in millimetres, altitude in metres, and Global Potential Evapo-

Transpiration (PET) (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005; Trabucco & Zomer, 

2009). Temperature and precipitation were obtained from annual mean from 1950 to 2000 

with a resolution of 30 arc-seconds (approximately one kilometre); altitudinal data followed 

the same resolution (Hijmans et al., 2005). The PET data demonstrated a potential for 

vegetative growth at a resolution of 30 arc-seconds (the annual mean from 1950-2000) 

(Trabucco & Zomer, 2009) (Figure 7). 

 

Figure 6: Terrestrial ecoregions in Central/South America 

 

A matrix of species by spatial unit (1 x 1 decimal degrees grid) was overlapped with polygons 

of speciesΩ range to find the number of species per cell and the related environmental data. 

The data were ŎƘŜŎƪŜŘ ŦƻǊ {Ǉŀǘƛŀƭ !ǳǘƻŎƻǊǊŜƭŀǘƛƻƴ όaƻǊŀƴΩǎ Lύ ǳǎƛƴƎ ǘƘŜ {Ǉŀǘƛŀƭ {ǘŀǘƛǎǘƛŎǎ 
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module in ArcGIS 10.3 (ESRI, 2008) and SAM 4.0 (Rangel, Diniz-Filho, & Bini, 2010).  The 

aƻǊŀƴΩǎ L LƴŘŜȄ ƛǎ ŀ ǎǇŀǘƛŀƭ ŀǳǘƻŎƻǊǊŜƭŀǘƛƻƴ ŀƴŀƭȅǎƛǎΣ which evaluates if occurrences are 

distributed evenly or clustered in space (Chen, 2013; Moran, 1948). The existence of spatial 

autocorrelation means that the observed data were not independent (i.e. geographically 

biassed). A Geographically Weighted Regression (GWR) and an Ordinary Least Squares 

Regression were performed to understand the pattern of distribution of primate species if 

the data presented a Spatial Autocorrelation using ARCGIS 10.3 (ESRI, 2008). 

To verify the effect of group and body size, New World primate genera were grouped into 

two major categories.  Primate body size classes were grouped according to body weight in 

the following categories: Miniature (<0.7 kg) including Callibella, Callimico, Callithrix, 

Cebuella, Leontopithecus, Mico, and Saguinus; Small (0.7-2 kg) with Callicebus, and Saimiri; 

Medium (2-5 kg) with Cacajao, Cebus, Chiropotes and Pithecia; Large (>5 kg) Ateles, 

Brachyteles, Lagothrix and Oreonax (Ferrari, 2008). Group size classes were grouped 

according to social organization and number of individuals as follows: Nuclear family including 

Callicebus usually ranging from two to seven group members; Extended family including 

Callibella, Callimico, Callithrix, Cebuella, Leontopithecus, Mico, Saguinus, and Pithecia ranging 

from four to 20 group members; Harem including Cebus also with four to 20 group members; 

and Large including Ateles, Brachyteles, Cacajao, Chiropotes, Lagothrix, Oreonax, and Saimiri 

showing more than 20 individuals in the groups. A phylogenetic generalised linear mixed 

model was performed to verify the effect predator richness on the distribution of primates 

varying in body size and group size. This approach was used to control for the phylogenetic 

signal on primate distribution (Hadfield, 2010). The phylogeny used was based on Perelman 

and collaborators (2011) (Figure 8). 
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Figure 7: Phylogenetic tree considered to perform statistical analysis correcting species as non-independent statistical 
units. 

 

To investigate the effect of polymorphic colour vision on primate distribution, we used the 

occurrence of each primate species as response variable and the colour vision type (i.e., 

monochromat, dichromat, and trichromat) nested by predator type (i.e. mammals, snakes, 

and raptors) corrected for phylogeny using a phylogenetic generalised linear model (Hadfield, 

2010)(Hadfield, 2010)(Hadfield, 2010)(Hadfield, 2010). The GLMMs were performed using the 

package MCMCglmm and RStudio (Computing, R Foundation for Statistical Vienna, 2015; 

Hadfield, 2010; RStudio Team, 2015). 
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4.3 Results 
 

4.3.1 Patterns of distribution 

 

aŀƳƳŀƭ ǇǊŜŘŀǘƻǊǎ ǿŜǊŜ ǇǊŜǎŜƴǘ ƛƴ Ƴƻǎǘ ƎǊƛŘ ŎŜƭƭǎ ǿƛǘƘ ŀ ƳŜŀƴ ǎǇŜŎƛŜǎΩ ǊƛŎƘƴŜǎǎ ƻŦ 

6.45±1.19 and were only not present in eight of 1350 grid cells (Figure 9). The mean raptor 

ǎǇŜŎƛŜǎΩ ǊƛŎƘƴŜǎǎ ǇŜǊ ŎŜƭƭ ǿŀǎ млΦсҕнΦул ŀƴŘ ƻƴƭȅ п ƎǊƛŘ ŎŜƭƭǎ ŘƛŘ ƴƻǘ ǎƘƻǿ any avian predators 

(Figure 10). Snake ǎǇŜŎƛŜǎΩ ǊƛŎƘƴŜǎǎ ǇŜǊ ŎŜƭƭ ǿŀǎ пнΦфҕмлΦфо ŀƴŘ ƻƴƭȅ ŦƻǳǊ ƎǊƛŘ ŎŜƭƭǎ ƘŀŘ ƴƻ 

snake species (Figure 11). When comparing predator distributions Mammals with Raptors 

(psi=0.5271, P=0.0001), Mammals with Snakes (psi=2.1103, P=0.0001), and Snakes with 

Raptors (psi=1.0086, P=0.0001) they presented distinct distributions across the New World 

primŀǘŜ ǎǇŜŎƛŜǎΩ ǊŀƴƎŜǎ όCƛƎΦ мύΦ 
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Figure 8: Distribution of Hot Spot grid cells of mammal predators 
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Figure 9: Distribution of Hot Spot grid cells of Bird predators 
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Figure 10: Distribution of Hot Spot grid cells of Reptile predators 

All primate species and predators studied showed a global spatial autocorrelation. Snakes 

(MoranΩǎ LҐлΦутΤ tғлΦлрύΣ ǊŀǇǘƻǊǎ όaƻǊŀnΩǎ LҐлΦсуΤ tғлΦлрύ ŀƴŘ ƳŀƳƳŀƭǎ όaƻǊŀnΩǎ LҐлΦсмΤ 

P<0.05) did not have a random distribution in space. The same was observed for Aotus 

(MoranΩǎ LҐлΦунΤ tғлΦлрύΣ Alouatta (MoranΩǎ LҐлΦсуΤ tғлΦлрύΣ aƛƴƛŀǘǳǊŜ ǎƛȊŜŘ ǇǊƛƳŀǘŜǎ 

(MoranΩǎ LҐлΦутΤ tғлΦлрύΣ {Ƴŀƭƭ όaƻǊŀnΩǎ LҐлΦусΤ tғлΦлрύΣ aŜŘƛǳƳ όaƻǊŀnΩǎ LҐлΦурΤ tғлΦлрύΣ 

and Large primates (MoranΩǎ LҐлΦурΤ tғлΦлрύΦ bǳŎƭŜŀǊ ŦŀƳƛƭȅ ƎǊƻǳǇǎ όƛΦŜΦ Callicebusύ όaƻǊŀǎΩǎ 

I=0.76; P<0.05), extended family groups (MoraƴΩǎ LҐлΦууΤ tғлΦлрύΣ Ƙarems (Cebus) (MoranΩǎ 

I=0.74; P<0.05), and large groups (MoranΩǎ LҐлΦутΤ tғлΦлрύΣ ŀƭǎƻ ǎƘƻǿŜŘ ǎǇŀǘƛŀƭ 


















































































































































































































