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Abstract

Primate colour vision in New Worldimates is intrigingly complexshow a polymorphism
where males are obligatory dichromafise. perception similar to coloublind humans that
cannot differentiate red from greerFemales can be either dichromats or trichromats (vision
similar to normal humans). The roté suchpolymorphismremains unclearhowever, two
often tested hypotheses are related to predator detection and the locating of specific food
resources.Here we investigate behavioural changes in male and femphématesrelating

to the colour vision panotypes and niche divergence as an adaptive featesponsiblefor
maintaining colour vision polymorphisiRor polymorphic colour visidie be complementary
advantageous, primates should be able to perceivelibbavioural changes resulting from
sensoryabilities of conspecifics. Cooperation tests were used with captive primates to
investigate the possibility of primatescognsingthe visual ability of other individuals in the
group. A molecular study of mediuAong wavelength sensitive opsin alleliesPitheciidae
indicated a greater variation than reported in the literature and such complexity might
increase the number of females witichromaticcolourvision From a geographical analysis
of South America primates we found that primates avoided aas with high predator
richness however, species that possessed more complex colour vision systems were
unaffected by predatorichness Thus, colour vision might be related to complementary
advantages in havindifferent colour vision systems in the sargeoup (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
camouflagedargets showing thatcontrary tofrom traditional hypothesis of advantages of
dichromatic colour vision, trichromaticolour visionmodelsare best suited for breakg
through camouflage. A proof of concept to improve the collection of behavioural data and to
investigate the role of cooperatiofor the maintenance of polymorphic colour vision is also
presented. In conclusion, colour vision polymorphisnNew World primategnhance the

visualabilities of primate groupand ismaintained by nicheexualdiversification.



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 thudiverse in many aspects. Perceived stimuli can be
chemical, electrical, magnetic, mechani@aoustic visual light sensitiuly 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 agde.g, trilobites) and this valuableability allowed visual complexity in the
sight of predatos and prey, whichwith other featurest SR G2 |y S@2ft dziA2y |
(Lamb, Collin, & Pugh, 20@Y) C2NJ LINA Yl GSasx @Aadzaf | NSFa N
neocortex(Van Essen, Anderson, & Felleman, 19B2kides its biologicaignificance, vision
is a relative senseelying onperceptionand itdepends 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 ange of wavelengths, approximately from 390 nm to 780 nm for humans
(Stevens, 2013)his visible spectrum rangesih red to violet and human perception is used
as reference. However, the perceptionvigible lightis 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 vips, can perceive infrared using electromagnetic radiation as a thermal
detector (Bowmaker, 1998; Stevens, 2018ther animals, such as insects and birds, use
polarized light, which refers to the direction of the light hitting the eye, to navi¢atevens,
2013)5dzS (G2 GUKS AYLRZNIFYOS YR NBflIGAGSySaa 27
perception is of fundamental importance to better compreheddk S @ b&havibt &

evolutionary adaptations, and ecological role.



While most research investigates the importance of colour vision to detect food items, the
importance of predators and sociality remains mostly unexplgi@dchanarSmith, 2005;
Pessoa et al., 2014YThis report presents an investigation into why New World primates
present highly polymorphic colour visioRithedidae species, such &allicebusare largely
uninvestigated. Yetheir high allelic diversy of opsinsis knownin the primate colour vision
literature (up to 5 allelesjacobs & Deegan 2005urie et al. 2011 However, studies
investigating this diversity were undertaken withbreeded 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]lacobs & Deegan, 2005 ecently, ed-faced uakaris, which
presenta conspicuous red social dlay, have been reported with a high allelic variatain
opsins(Corso et al., 2016Polymorphic 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 teploFor instance, the advantages

of dichromatism and trichromatism are well known (Table 1); however, the role of each
phenotype within a group is not understoo@mparing the opsin diversity and consequently
the proportion of trichromatic females in thgroup would help to elucidate the social role of
trichromatic colour vision. To this end, we evaluated role of ssekxual communication by
evaluating a species with a strong red display,(uedetectable by dichromatsSumner &
Mollon 2003. It is expected that if the socgexual communication through reddish displays
were responsible for driving ghevolution 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, botlCallicebusand Cacajag share ahighly polymorphic

colour vision; howeverdata are lackingn other genera in tis family(Bunce et al., 2011



Corso et al., 2016Jacobs & Deegan, 200FJere we assess the allelic diversity in several
Pithecidae speciegsamples from theavild) and find support for high allelic diversiand its
aforementionedconsequences

Part of the reason whgolour vision and group cooperation is not wetiderstoodis that
many variables are involved the perception ofcolour n the wild. Illuminaibn is highly
variable in the forestanopyand throughout the dayKoop & Sterck, 1994; Théry, 2001)
Moreover, the difficulties of workig in the field, leads to smalhmple sizeand a paucity of
dataon group behaviour. While workingnder laboratory conditions wouldhelp to control
the variables such abght levels these would prevent the detection of relevant group
interactions Here we investigate the behaviour of males and femalasa field stdly,
inferring the implicatios of different colour vision pheatypes. By measuring forebeight
use, food item colour, and time of the day, we investigate behavioural changes related to

colour vision polymorphism antsirelation to group behaviour.



Tale 1: Summary othe potential benefits of trichromacy and dichromaay mammals

CONCEPT HYPOTHESIS
Benefits of
trichromacy

Trichromats are superior in finding ripe fruits against a green background.
consumptionis responsible for the evolution of trichromacy

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

Frugivory

Folivory

Zzzlzlséexual Discrimination of emotipnal states, socisexual signals and threat displays
Benefits  of
dichromacy
Scotopic
visiortf
Camouflage
detectior?

Better foraging and detection of predators in low light conditions

Better performance in detecting (colour) camouflaged objects

1- Ogrio, D., & Vorobyev, M. (1996). Colour vision as an adaptation to frugivory in prirRatesedings of the Royal Society
of London. Series B: Biological Scie2@&¥1370), 59399.

2-Dominy, N. J., & Lucas, P. W. (20Btplogical importance of tricbmatic vision to primatesNature, 410(6826), 363366.

3- Changizi, M. A., Zhang, Q., & Shimojo, S. (2006). Bare skin, blood and the evolution of primate coldBioligjghetters
2(2), 217221.

4-Verhulst, S., & Maes, F. W. (1998). Scotopic visienlourblinds.Vision researct88(21), 33873390.

5- Morgan, M. J., Adam, A., & Mollon, J. D. (1992). Dichromats detect emmouflaged objects that are not detected by
trichromats.Proceedings of the Royal Society of London. Series B: Biologinae$248(1323), 291295.

Predation is a major selective force, which drives behavioural changes, population structure,
and shapes ecosysten(Sih, Crowley, McPeek, Petranka, & Strohmeier, 198483ha strong

force will have significant impactsnopreya LJS Qife $igt@py. Most research on primate
predation is done bgpportunisticallyregisteringoredation attempts yet,theseattemptsare

rich enough to provide relevant knowledge on primate and predator interadfgminski &
Chapman, 200). In fact,predator risk is equallgtselective force as predatatiself, where the

LINR VI (0SQa Lipebdye@arnR(HiN&Duibar A1898)0ne way of approaching

the perceived risk and the predatory risk is to analyse the colour vision system present in
geographiareas with different predator types and predator richseBothis endwe mapped

the distribution of predators and colour vision typ@®., monochromatic, polymorphic, and

routine trichromatic)i K N2 dz3K2dzi bS¢ 22NIR LINAYIFGSEAQ alLl

S

C
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of the predation risk (i.e. predatapeciesrichness) on the local variaim of colour vision
phenotypes.

To further investigate the performancef colour vision phenotypes, it isnportant to
understand if the signals emitted by predators, sashshape and colour, contasufficient
information to chssifyidentify a predator againsta camouflaged background. Here we
employ a computer vision algorithm to classify predator tgmel evaluated KS | £ 32 NA (G K
performance We built a dataset of full trichromatic colour images and a seaatdsetwith

the same images, but modified to createlour blindimagesimulations(i.e., how they would

be perceived by a redreen colour blind individual)Thus the model will evaluate the
performance of dichromatic and trichromatic image classifiers allowing connkesbout the
abilities ofdifferent colour vision phenotypes in recognizing predators.

The implications of the polymorphic colour vision should be explored by assessing the
cooperative foragingand vigilancevhere eachcolour visionphenotype is more suatble. To
understand how primates interact in such scenarios will shed light into the evolutionary
maintenance of this unusuaisualsystemamong primatesTo do so, we present a proof of
concept of a methodology to explore collections of live animalsh fi&cin zoos, with the
minimum interference on thd S S LISutidie OTherefore, increasing research in sensory

ecology and enhancing behavioural resedpgifacilitating the experimentation in zoos
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Experiments on colour discrimination have drawn stfenattention since 1800s. Lubbock
(1889) summarised different experiments in his book and denrated that animals were
sensitiveto colours beyond the visible spectra, and reported tBaphnia spwere affected

not only by brightness, but by coloukgon Frisch in 1914 also demonstrated the colour vision
of bees(Kelber, Vorobyev, & Osorio, 2003For primates, in the early 1900s, a series of
behavoural experiments with two rhesus monkeys and one n@busalready indicated a
GFF AL dzZNB G2 (\WdsbnO1®09)HaweverKtBe pdlynBrphic 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 primated @ointed to the sedinked
condition of colour blindness in humarfdacobs,1998 2007). In the 30 years followm
GrethelQ gioneer researchfew studies were done on colour vision of New World primates
(De Valois & Jacobs, 1968acobs, 1998)De Valois and Jacobs (1968) combined their
expertise with Old World and New World monkeys, respectively, and concluded that these
groups have considerable diffances in their colour vision. The majority of research articles
regarding mammalian colour vision were produced from the middle 1990s and the
associatiorbetween opi genesxpressiorandvisual perceptionvas thekey reason for this
recent increaséBowmaker, 1998; Jacobs, 1998, 2010)

Presently colour vision researchcomposed mostlgf physiolagy 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 methodologyw&duating
different species(Kelber et al., 2003; Martin & Bateson, 2003tudies in atural
environments are even more challengi(®amuni, Mundry, & Terkel, 2014; Zuberbthler,
2014) However, the number of studieim nature is increasing and they usually aim to

determinate the principal selective pressures for colour vision evolution and understand
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sensory ecologyCaine et al., 2010; Jacobs, 2010; A.D. Melin, Kline, Hickey, & Fedigan, 2013;
Amanda D. Melin, Fedigan, Hiramatsu, & Kawamura, 2008)

Recent studies introduced a new approacttolour vision research by using gene therapy for
colour blindnesgMancuso et al., 2009)andactivelymanipulating it through alterations of

the opsin gene complement in knoeak mice (Jacobs, Williams, @él, & Nathans 2007;
Jacobs, 2010)Studies on colour vision have also been applied in clinical research for
Parkinson's diseas@Rodnitzky, 1998and dyslexiaVidyasagar, 19990ne 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 pathwgigamus et al., 2003)

To date, some aspects of colour vision are still imdlerstood for example, itsevolution,
function(BuchanarSmith, 2005)Longterm studies and performance analysis on visual tasks
in different ecological nichegre contributingto our understandingof colour vision variation

among primatendividuals populationsand species(BuchanarSmith, 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 detectedThis is known as duality. Einstein interpreted light as a stream of
particles, called photonéDimitrova & Weis, 2008Cells in the mammalian eye calleabs
are sensitive to the pointhat theycan detect a single photofiRieke & Baylor, 1998Yisible
light in humansis a narrow band of wavelengths froB00 nmto 400000000 nmin an
electromagnetic spectrum that ranges from gammags of 10nm to radio waves of
kilometres long(Land & Nilsson, 2012)saac Newton initially recognized light as colourless,
and then colour perception only as a property of the sensory sygtéewton, 1730) Thus,
light is processed using two majproperties The first is the luminance, which is the
achromatic signal. Achromatioformation is important to distinguish brightness, limits,
motion, depth, and small objec{&ivingstone & Hubel, 1988)he second is colour, which is
the capacity to contrast twgarts of alight spectum, independently of light intensity. We
OFlY AYF3IAYS GKS |OKNRYIGAO ardaylrt a I WAy
paA YOAY3IQOD
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 Essitsve 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, 2012Plotopigments are sensitive to specifiavelengths of light
(Jacobs, Neitz, & Neitz, 1993; Kelber et al., 2008)summary, a chromophore captures

photons, triggering the isomeriian of the opsin. This activates apBotein, causing an
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enzymatic signalling cascade and an electrical response in the photore¢8fguens, 2013)
Colour discrimination requires at least two types of photopigments and neural mechanisms
able to compare signals of photoreceptors in the ret{Rowe, 2002and the presence of
photoreceptors with different spectral sensitivities of sharp colour discrimina(®owmaker,
1998; Kelber et al., 2003Yhe number of receptor types deterngisthe array of colours,
which the animal can potentially percei&tevens, 2013)The majority of mammalsre
dichromats they possesswo receptorswith different peaks of sensitivifywhich produce
colour vision sintar to redgreen colour blindness humans(Jacobs1990;Jacobs, Neitz, &
Crognale, 1987; Mollon, Bowmaker, & Jacobs, 19B4¢hromats, amosthumans and some
primates, have three receptor typgdacobs, 2009)3me fishes, amphibians, reptiles, and
birds, have four @sses of receptorétetrachromats)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 turtle® falvdroplets in
several cones, which enhance colour discrimination reducing spectral overlap from different
cone signalgBowmaker, Heath, Wilkie, & Hunt, 1997; Stevens, 2013; Vorobyev, 2003;
Vorobyev, Osorio, Bennett, Marsha¥l,Cuthill, 1998)The mantis shrimgNeogonodactylus
oerstedi) has12-15 different photoreceptorsit possessesn outstanding degree afolour
visioncomplexity(Marshall & Oberwinkler, 1999; Thoen, How, Chiou, & Marshall, 2014)
There are fivenajor types of \8ual pigments, whictvere present in early vertebrate lineages,
before the origin of the major vertebrate clasgBowmaker, 1998 owmaker, 2008)in fact,

fishe, reptile and bird species are known to have four cone pigments and a rhodopsin,
potentially creatingtetrachromatic colour visio(Bowmaker, 1998; Bowmaker, 20@&icobs,
Neitz, et al., 1993) Mammals haveelatively poor colour vision due to a hocturrammon

ancestor(Bowmaker, 1998)Nocturnal animals usually lose photoretas classes and invest
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in rods, which are better adapted tasion inlow light conditiongBowmaker, 2008jacobs,
20100 ¢ Kdza = | (@ LIAidénsely wdpiaed witradasnd Bniytivy/classes of
cones, as resulthey arelikely dichromats(Bowmaker, 1998)However this scenario has
become more complewith new studies showingreater variationthan expectedamong
mammals. Some Austlian marsupials appear to retain the ancestidieature of medium
wavelengthsensitive photoreceptors, maintaining trichromacyArrese, Beazley, &
Neumeyer, 2006; Arrese, Hart, Thomas, Beazley, & Shand,.2B0#)ermore, some
nocturnal and marine mammalsave lost the short wavelength sensitive opsin and are
monochromatgPeichl, 2005)However, as previously stated, the assumption that eutherian
mammals are mostly dichromats is still va4iBbwmaker, 2008)

1 02dzi op YAffA2Y @SIFNAR 32 GKS ©hiydditdS f A
independently twice. Old World primatelsave duplicated the opsin gene for long and
medium (ML) wavelength on the sex chromosome Mhich slightly shifts the peak of
sensitivity, allowing routine trichromac{Bowmaker, 1998; Jacobs, 20LIycobs, Neitz,
Deegan, & Neitz, 1996)ew World Primates do not have the routine trichromacy. Platyrrhini
have polymorphic M. opsin alleles for the same locus on the sex chromosome X, leading to
a polymorphiccolour vision in a single populatiofdacobs, 2007)Where all males are
obligatory dichromats, homozygotic females are dichromats and betgyotic females are

trichromats (Fig. 1{Jacobs, 1996; Jacobs, 200&c¢obs, 201QFigure 1)
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Polymorphic colour sion is an exceptional featureidNA YI 4§ Sa Q @A &aA2y ae&adas
most abundant and diverse tax&rimaldi & Engel, 2005)heyhave been subjected by opsin

gene loss and gene duplication throughout their evolutionary history; howgwagmorphic

colour vision is not msent in this groupand they show low levels ofntraspecificallelic

variation (Briscoe & Chittka, 2001; Feuda, Marlétaz, Bentley, & Holl2®i6) Pollinating

insects show a close relationship with the flowers they pollinate. Opsin sensitivities are fine
tuned to identify colours in flowers and optimise pollinatjomhich indicates the adaptive

role of photoreceptorChittka & Biscoe, 2001; Chittka & Menzel, 199R) 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 andurther studies are necessary to rule out polymorphism in ins@@tiscoe &
Chittka, 2001)

The polymorphic colour vision of the primate genGallicebusis even more peculiar.
Commonly, Platyrrhini species haiwgo to three alleles for the ML photopigments, while
Callicebusave potentially fivéBunce et al., 2011)As consequence, the number of possible
combinations of allelegses from 6 to 15, and the number of poteritieeterozygote females
also increases. This allelic diversity represents significant differences in visual perception
(Jacobs, 1983, 1984)Iso,differencesbetweendichromatic individualhavereceived little
attention (Jacobs & Deegan, 2003jor instance, two common types of colour blindness,
protanopes and deuteranopes, have some variation in aopmrception(i.e., difference of
higher wavelength sensitivity of 6 nrCole, 2004)With an increased number of M/L opsin
alleles the numbeof trichromaticindividuals increassproportionallywith the combination

of alleles Great curiosity surroundswhat selective forces are maintaining these
polymorphism(Jacobs & Deegan, 2005Among New World monkey two genera are the
exception to this rule. The genusotus the only nocturnal Platyrrhinis a monochromat
(Colquhoun, 2006Jacobs, Deegan, Neitz, Crognale, & Neitz, 1993je genusAlouatta,
gene duplication, similar tahat which occurred in the Catarrhini, has allowed routine
trichromacy(Araujo et al., 2008Furthermore several genera have not yet been studied. For
example thereareno data about colour gion on 50% ahe genera of Pitheciidae family and
this gap in knowledgevill 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 th#aptive value of colour vision? Finding
food resources, detecting predators and observing sesgalial cues arall believed to be

the main factors related to the benefits of trichromacy in primates ([@ah However, other
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mammalsarewell adapted tothese tasks without suckisual complexityso 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 prinsate

In Chapter 2we invesigate the behaviour of males and females a highly polymorphic
species,Callicebus nigrifrongBunce et al., 2011Jacobs & Deegar?005) Taking ito
consideration behavioural differences of males and females under daily light variation, we
exploreniche divergence as expressedfbyagingbehaviout tree height use, and territorial
behaviou. This is especially relevant as the maintenance of polymorphic colour vision relies
on complementary advantages of each phenotyjgelin et al., 2012)Behavioural studies in

the wild determining the role of polymorphic colour visi@re of special interest as
naturalistic conditions are difficult to replicate in captive studies dhd challenges in
performing research in the wildhasled to a reduced number of publicationshich explain

the importance of colour vision. Unfortunately, we were not able to perfamolecular
analysis to identify the colour vision phenotype for each individual in the grovgstudied

due to low quality DNA and unreliable sequencing results. However, the behavioural data
collected is robust enough to support conclusions on the obldifferent 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. Pithecii(Be)ci, Neitz,
Neitz, de Lima Silveira, & Ventura, 2013Jhe generaacajao CallicebusPithecia and
Chiropotesare extemely variable in group size, body size and colorafidittermeier,
Rylands, & Wilson, 2013jor instanceCacajaofeatures sgcies with a very conspicuous red

face andwith white pelage Cacajao calvusput also a cryptic blaglaced counterpart with a
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with mostly black fur coloratio(Hershkovitz, 1987By 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 mediwhong wavelength sensitive opsinsll sugoort subsequent

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

Predation rsk is a major selective forahaping primate adaptation@lart, 2007; Sih et al.,
1985) In Chapter 4, weaassesghe impact of predator risk, measured by local predator
richness, with monochromat, polymorphic, and trichromat colour vigioimate species
Comparingalready etablished relationships, such as body size and grgime, with the
response of colour visiotypes we analyse the strength of the response of primate genera
towards predatory riskisbell, 2005)By analysing biogeographical patterns and correcting for
phylogenetic gjnal, it is possible texplore theNew World primatecolour vision system as
an adaptation for predator detection. Although primate and predator distribugiame
indirect evidence of predation riskhey possess relevant information regardiegtablished
relationships @ a continental and phylogenetic scale. M@hoomatic colour vision species
should not be affected by a high predation risk tlasy havea different approach to avoid
predation risk(i.e., night activity). This allowthe use of this group as a cant group for
subsequent analyse (Colquhoun, 2006; Hill, 20Q6)Therefore, understatingwhich
phenotypesare mostaffected by a highepredation risk will providevidencefor each colour

vision typein relation topredator detection.

In Chapter 5, we investigate the importance of predator signals, such as sham®land
which allow predator identificationby diclromats and trichromats. Using computer vision

and machine learning, we removed human error from classifying predators. A similar
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approachhasalreadybeenused for classifying cryptic and conspicuous primate food ifems
which was able to excludeuman biasn the procesgMelin et al., 2014)We further explore
the performance of trichromatic and dichromatic trained classsfiein identifying
camouflaged predators; therebgemonstratingwvhichvision type isnosteffective inbreak

through canouflage.

In Chapter 6, we present a proof of concepadyto facilitate behavioural studies ofision
perception in primates. Zoos are an important resource for scientific research; however, the
increasing focus on conservatidead to difficulties in albwing the performance opure
research. By using methods that alloeause minimum impact othe keepef routine and
that does not require enclosure modificatigns/e facilitate sensory ecologhypothesis
testing in captive animals. For instance, testing importance obehaviouralcooperation in
zoo-housedprimates under different scenarios tovestigatethe role of polymorphic colour
vision

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

of cooperation formaintaining polymorphic colour vision, the impacts of predator risk for
different colour vision types, andsing a novel approacthe abilities ofdichromats 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 popht

colour visionwithin primate groups and species
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Chapter 2 ¢Sex differences inehaviour and habitat use of wild titi

monkeys

Abstract

Primates have marked sex differences in niajogy, 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 havetidit roles in infant care, group formation, and
leadership. By investigating less sexual dimorphic species it is possible to identify causes of
behavioural differences in primateb this study, we investigated the behavioural differences
between the sees inCallicebushigrifrons Data on height in trees, canopy use, food colour
and behaviour from four primate groups were recorded in a presedgantic rain forest

area. Males and females showed similar behavioural time budgets and foraged equally on
different food categories. We found that sexes diffeiedree 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 swtesn 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 diffepemception of feeding sites,
staying longer if it is perceived as richer in foddchromatic vision is best suited to identify

ripe fruit, thusfood patcheswill be assessed as of higher quality by trichromatic females and
this explains why they stagriger. Here we show behavioural evidence of niche divergence
between the sexes, which explain tmeaintenance ofcolour vision polymorphisnn the

investigated species
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2.1 Introduction

Sexual dimorphism in primates can result in significant behaviouralgesarFor
instance, troop protection, social and behavioural roles are correlated with physical sexual
dimorphisms(Pickford, 1986)In New World primates, diet alggaysan important role in
sexual dimorphism where folivores species tend to be more sexually dimdFarit & Davis,
1992) Itis known that females have different dietary requirements and metabolic rates due
to pregnancy and lactation leading to a dimorphism in body weigawting males largeghan
females(Pickford, 1986)However,Callicebugsio not have significant sexual dimorphism in
body weight nor a diet based on leayesonsuming mainly fruit¢Caselli & Setz, 2011;
Hershkovitz, 1990)In terms of energy requirements beter sexes and parental care in
Callicebusmales are responsible for infant care and transport, whereas females are only
responsible for nursingMendoza & Mason, 1986}urthermore, 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, ecrepkxternal
genitalia). Energy requirements for parental care, pregnancy and lactation are, probably,
equalsed. The most striking difference between males and female€atlicebuss the
polymorphic colour vision, which can lead to an alterebit in finding food or detecting
predators(Caine et al., 2010; Pessoa et al., 2014; Regan et al.,. Zi0lgebus nigrifronis a
species with cryptic coloration and has little exposed ¢$kiarshkovitz, 1990)Therefore, by
reducing the importance of socieexual colourful displays it is possible to investigate other
variables furtker, such as foraging and predator detectido,explorethe maintenance of
polymorphic colour vision in this speci@Shangizi et al., 2006; Osorio & Vorobyev, 1996;

Pessoa et al., 2014; Regan et al., 2001)



24

Usually, mammalpossesslichromatic colour vision with a reduced ability to distinguish-red
green colour targetéBowmaker, 2008jacobs, 1993Pichromatism is a result of a nocturnal
mammalian anestor that lost the photopigment (i.e. opsin) gene, thereby reducing colour
perception (Bowmaker, 1998)0OId World primatesdo have duplicated the gene for the
mediumlong wavelength sensitive opsin on the X sexual chromosome leading to a
trichromatic colour vision, whereas New World primatks not (Jacobs & Deegan, 1999)
However, mutations at specific sites of the medidong wavelength sensitive opsimas
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., 19B8)ymorphic colour vision is a
characteristic of New World primates and affects how they perceive their environ(ent
Valois & Jacobs, 186Hunt et al., 1998jacobs, Nigz, et al., 1993)

There are different advantages in having trichromatic or dichromatic colour vision. For
instance, the detection of reddish soesexual displays, ripe fruits and tender leaves against
a green background are easily achieved by trichriieneolour vision individualsyhereas
vision in low light levels and breaking through camouflage (i.e. crypsis) are better achieved by
dichromatic individualgCaine et al., 2010; Changizi, Zhang, & Shimojo, 2006; Melin, Fedigan,
Hiramatsu, Sendall, & Kawamura, 2007; Regan et al., 200tHeibandez, Stoner, & Osorio,
2004; Verhulst & Maes, 1998)

It is well establishedthat trichromatic individuals have enhanced food detection abilities
(Dominy, Gaprer, BiccaVlarques, & deAzevedelLopes, 2003; Osorio, Smith, Vorobyev, &

. dzOK I y I y{ YA (tHebhandezn et nall, 2004However, behavioural studies
investigating social foraging are lacking to determinate whether or not this confers an

advantage in terms of maintaining patprphic colour vision in New World primatéRiba
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Hernandez et al., 2004)n the best of our knowledge, sties 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 m@es)iny 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 compos®#d mosaic of light gaps and shades
changing contrast as each canopy layer decrease light intensity beng#tbap & Sterck,
1994; Théry, 2001) This hassignificant implications for colour perception in forest
environments. Forest shade dominated by greenish or yellegreen light with a richer
proportion of middle wavelengths compared to direct illumination composédhe full
aLISOUNHzY 27F f AEhdler, 1998 ddvibweringall identhé the same colour
differently given changes in the illuminant, or even viewers with differentecypes could
perceive the same colour and illuminant as differé@andler, 199Q)

Primates have canopy strata preferences based on weight, food resources, predatory threats
and sympatric species; for example, heavier primates ar¢eldmn the use of thin branches
and have dficulties crossing gaps between treéSant, 1992) The sympatric Neotropical
speciesCebus apelland Saimiri sciureubave different use of the canopy reflecting their
distinct diets, insectivorous foiSaimiriin lower strata and frugivorous b@ebusn medium
canopy level¢Fleagle, Mittermeier, & Skopec, 198A¥ birds of prey are the main predatory
threat to primates, maller species usually dwell in lower strata levels, whereas larger species
can occupy higher strata as prey body weight is a limiting factor for bird pred@ionha,
Vieira, & Grée, 2006; Ferrari, 2008sbell, 2005)Morphological and ecological factors reflect

the general pattern of canopy use by primates; however, sensory ecology is equally important
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strategies.

Blackfronted titi monkeys, Callicebusnigrifrons are a medium sized primate species
weighingapproximately 2kilogrammes that, typically,live in family groups of an adult pair

and usually up to three offsprin@yrne et al 2016; Ferrari, 2008/eiga et al., 2013Figure

2). Titi monkeys are highly social species showing strong social bond towards each other,
spendinggreat part of their active hours grooming or in physical contact with thaitst
intertwined (Anzenberger, Mendoza, & Mason, 1986; Clyvia et al., 2014; Fernanupe,
Valeggia, & Mason, 20Q0)erritories are stablishedthrough collaborative duetting among
individuals at the border of their ard&inzey, R@nberger, HeisleRrowse, & Trilling, 1977;
Robinson, 1981)This species features a highly diverse colour vision polymorphism system
where males are obligatory dichromats (i.e. having vision similar tegreen colour blind
humans) and females can pess either dichromatic or trichromatic colour vision (i.e. similar

to normal vision humansjBunce et al., 2011;adobs, 1996;Jacobs & Deegan2005)
Callicebushas six allelic variations for threedium-long wavelength opsin, probably, evenly
distributed across the population, it is therefore predicted that 83.33% of females will possess

trichromatic colour visiorfVG unpublished data).
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We predict behavioural changes between the sexes, where females will makadsteof

their enhanced colour vision perception (assuming they are trichromats) and thereby show a
niche divergence from their social group maldswever, some level of variation is expected
since dichromatic females astatistically possiblevithin our study groups. Tree height use

will be different as the illumination is variable across the canopy strata; this variation in
daylightpenetratingthe forestwill determinate a different use of strata. The consumption of
green and norgreen food items will vary between sexes dudlifferent perceptual abilities

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

2.2.1 Study ara

The Reserv®articulardo Patriménio NaturaBSantuario da Serra do Caragehich is
an 11000 hectares private natural heritage reserve located in Minas Gsvais;eastBrazi
consists ohtransitionzone from Brazilian savanna (j.€errado) and #antic 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 Septemb@zasar, 2012; dos Santos, Galvao, & Young, 2012)
Sample points were selected in areas with habituasealy animals from research ongoing
since 2003 Casar, Byrne, Young, & Zuberbuhler, 2012; Casar, Zuberbuhler, Young, & Byrne,

2013)

2.2.2 Data collection

The study was conducted from January 2007 @oudry 2008 and November 2009 to
November 2010 with a total of 12 individuals G&llicebusigriforns sampled from four
different groups. Trailsstablishedby previous research were used to follow the animals from
dusk to dawn. Each group was followedesst one day per month. We uséatalsampling

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
arangefinder Nikon modeForestry 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 interactionyocalsation, 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 ioaible-blind routine where the data collection and

molecular analysis and statistics were performed independently.



Top

Canopy

Intermediate

| ower

Ground

Figure2: Categories of canopy levels recorded during behavioural observations

29



30

The study site is composed of a continuous patch of trees. For instance, the monkeys did not
need todescendfrom a tree to move to another one. Thus, the prefed canopy level for
expressing behaviours was chosen based on the natural behaviour of the species and not due
to the configuration of the landscapé-ood items consumed were recorded and colour
classified as green or naggreen(Yamashita, Stoner, Rifbternandez, 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 exampleg aathe
feeding site, animals would consume fruit, leaves and insects.

Behaviours were categorized as follows: foragiwdhen actively searching for fodd
manipulating food items or eating; movirfgghen the animal was in motion either vertically

or horizortally in any tree stratg resting(when the animal is stationary paying attention to

the surroundings or in a relaxed styterocalizingwhen the animal performed any type of
vocalization, such as alarm calls or djes®cial interactiowhen the animawas engaged

in interactions with other individuals in the group such as grooiniagd(sleeping site when

the animal reached the site where it will stay during the njght

2.2.3 Statistical analysis

First, a Chsquare test was used to analyse general diffexs in the behaviour of males and
females food type by sex, and food colour by sex. Asghiare test was also used to compare
the behaviour among females to check for discrepancies regarding the probabilities of
polymorphic colour vision. This mearthecking 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 performediaeardiscriminant analysis to determine if males and

females could belistinguished based on behaviours and height use.
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Ageneralsedlinearmixedmodel (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, ihie categorytop of the canopyis uniform inheight across the
study area Goups were consideredas random effect. A secondGLMM was used to
investigae the time spent at feeding sites and the fruit colour within the sexes having the
amount of time at thefeeding 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 usedo model the effect of monthly precipitation, tree height use and hour by sex using
groups as aandomeffect. To do so, we used the canopy level as the response variable and
monthly precipitation, tree height in metres and hour of the destedby sex as predictors.
One femalewvasremoved from thebehaviouralanalysisas it was not an adt. All statistical

tests were performed using (R Core Team, 201é)d MCMCglmm packageadfield, 201Q)
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2.3 Results

During the study, monkeys speuwf their time 39.30% resting, 36.16% foraging,
17.99% moving, 3.65% in social interactions, 1.8@€alsing, 1.17% in the sleeping sitend
of daily behavioural sampling) and 0.13% in other behaviours (T3bl&V/e found no
difference in the behaviour expressed by male and femafes8(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%Yable 3) We were not able to identify food items in 2.55% of feeding
observations. No difference was found inet proportion of food type consumed by sex
(.°=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’£49.6927, DF= 25, P=0.00A3).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=
4572, Male=3.130 Probability Female=0.327, Male 0.67&ven removing the female
identified in the discriminant analysis, no difference is found in the behaviour of males and

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

Table2: Percentage of behavioursxpressed from November 2009 to November 2010@sgllicebus nigrifornsit 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
Sociainteraction 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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Table3: Percentage of food items consumed I@allicebus nigrifronén 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 10.4& 4.63(meant SD). Tre strata use was mostly: canopy

55.78%followed by the top of the tre0.47%, the intermediate sita 18.02%, lower strata

5.45%, and ground 0.28%. By removing the ground strata dveridew observations ad

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

mostly for foraging, while resting, social interactiomecalsationsand sleeping sites most

frequently under the canopy (Tab{p. Females and males had a sanitanopy level usage,

however, males were overall higher in the trees than the females (Fure

Table4: Percent usage of tree strata from November 2009 to November 201Chflicebus nigrifornsit the private
natural heritagereserve Santuario do Caraca, Brazil.

Behaviour Low Intermediate Canopy Top
Foraging 6.47 8.60 45.93 39.00
Moving 3.35 2045 61.34 14.87
Others 0.00 50.00 0.00 50.00
Resting 579 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 2047
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By using &5LMMwe found that foraging wasignificantlynegatively related to tree height
use, as were moving and restingpcalsationshad a significant positive correlation with tree
height use byCallicebugpredicting morevocalsationsin the higher strata). As expected,
sleeping sites were positively related to tree height. Although not significant, social

interactions were negatively rated to tree height use (Tablg.5
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Table5: Generalised linear mixed models ressifor the effect of behaviour on tree height used allicebus 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

Cl=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 thbdass of activity,
females and males stay close to the same height finishing the day at the sleepi(ijgite

5).
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Figure4: Tree height use variation per hour iGallicebus nigrifronén the private natural heritage reser Santuario do
Caraca, Brazil.

Since trees were different in height and considering the different study sites, we compared
through aGLMMthe tree heights in the canopyWe found that the canopy levels were
significantly related to tree heighiicrossthe study area and it is possible as to use this

classification in subsequent analysis (Ta)le

Table6: Results of the generalised linear mixed model for tree height (response) and strata (predigterpyCallicebus
nigrifronsin 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
Cangy 2.4023 2.3122 2.5026 <0.001
Top 2.5024 2.4233 2.6134 <0.001

Cl=Confidence Interval; * = No P values given

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

investigated the oddsgatio of findingCallicebusn 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;His effect was not observed in males (Table

Table7: Ordinal logistic regression of canopy level by the time of the day, rainfall and seC#&licebus nigrifronén the
private natural heritage reserve Santuario do Caraca, Bla

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 +gsaen food items consumed by sex

.2=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 ngneen food items between the sexes. Males spent

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

feeding in norgreen food sites compared males (Table)8

Table8: Generaligd linear mixed model coefficients for the time spent at feeding site in seconds in relation to sex and
food item colour forCallicebusnigrifronsin 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: NorGreen 759 g 719.2 7425 <0.001
Male: NonGreen 620.1 609.3 632.8 <0.001
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2.4 Discussion

The tree height preference @allicebusigrifronsis for thed anopye  OF (G S32 NB
level, which ranged from 10 to 14 metres from the grouasl foundother studies(Trevelin,
PortCarvalho, Silveira, & Morell, 2007he activitypattern of our study groups was similar
to that reported for the spcies in other studie@Céasar, 2012; Caselli & Setz, 20E1yits were
the main food item consumed b@ nigriforns Resting, foraging and moving were the main
behavioural categories expressed and were similar ipg@riion when compared to reported
data (Caselli & Set22011; Trevelin et al., 2007Males 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 morninggireeia
Callicebusleave their sleeping site to forage witinales often the last to leave, thus
corroborating our finding that females are higher during the first hours oftleeningdue to
foraging behaviou(Kinzey & Becker, 1983)

Callicebusnigrifrons use a duetvocalsation to establishterritories against neighbouring
groups, these duets are a sequence of alternatedalsations performed by males and
females when in physical contact or very close proxirfNller & 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 dusttags
(Robinson, 1981)Having malesstablishingthe 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 causenfdne divergence in the species
(Mason, 1966) Extrapair copulations were recorded at the study site aae known to

interfere in groupsocial dynamicgCasar, 2012)



40

The lower canopy levas where most behavioural categories were expressed and this is
related to predator avoidare; principally raptors, which are the main predatory threat to
small primategBiccaMarques & Heymann, 2014; Ferrari, 2008leeping sites are selected

to provide thebestprotection against pedators with animals spending the night at locations
protected byentangledvines, closed canopy and exposed trunks that impede terrestrial
predators from climbing(BiccaMarques & Heymann, 2014)This explains the positive
relationship ofsleepingsite 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 foundCimigrifrons it is expected that a high
number of females will havé&richromaticcolour vision in our study groug3acobs & Deegan
2005 Goulart et al. Unpublish dataHaving three to six opsin alleles in equal propoion
would result in a 66% or 83.33% of trichromatic colour vision females in the groups,
respectively. For instance, Bunce and collabora{@fs 1)found a proportion of 57.14% of
trichromatic females in a study of wild groups @allicebusrunneus which possesthree

opsin alleleslt was not possible to assess the colour vision state in each animaliras
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 prima{Bsince et al., 2011}acobs, Neitz, et

al., 1993) We report the fact that one female had behaviour similar to the males as a
consequence opolymorphic colour vision. We suspect that this fembabe dichromatic
colour vision phenotype and this explains Heghavioural, foraging and tree height use
similarity to malesAs 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 Deegai2005) 73.90% of females would be heterozygotes (i.e. trichromatic
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colour vision). Therefore, we expected at least ohthe studied females to have dichromatic
colour vision (i.e homozygote).

The importance of light levels is weBtablishedfor the nocturnal generaotus which has
monochromaticvision (Colquhoun,2006; Curtis & Rasmussen,(0®) Jacobset al., 1993)
Species will behavenhancing visual perceptiomhen expressing visual related activities such
as foraging'Yamashita et al., 2005The detection of ripe fruits is critically affected by the
lighting where early or late in the day natural illumination will make oraregkefruits more
detectable for trichromatic colour vision individugEndler, 1993)This would also explain
why females were significantlydher in trees than males at the beginning of the day, then
later males with their better low light (dichromatic) vision were higl{&ndler, 1993;
Yamashita et al., 2008)nfortunately, we did not record vigilance behaviour to determine if
thiswas related to tree height usélowever, vigilant New World primates are usually lower
when compared to noivigilant individuals, as in lower levels threats from mammalian
predators and ambushes from raptors are more probgl@mith, Kelez, & Buchan&mith,
2004)

Trichromats have a speed advantage in finding ripe food (i.e. red) quicker and more dfficient
than dichromatgSmith, Buchana®mith, Surridge, Osorio, & Mundy, 200Bhis is especially
relevant under mesopic light levels found under forest canopy where trichrenfiethales
are best suited for detecting fruit, insects and predat®regel, Neitz, & Dominy, 2000Qther
studies have not found a foraging niche divergence by sex based on time used to find cryptic
or coloured resources. Furthermorgichromatic femalesre spatially furtheapartfrom the
group as this represents an advantage for predator detec{idelin et al., 2008; Snfit
BuchanarSmith, Surridge, & Mundy, 2005; Smith et al., 2003)ccording to optimum

foraging theory, animals will spend more time in patches with the highest perceived food
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abundance(Pyke, Pulliam, & Charnov, 197Regarding time allocated at feeding sites, it is
expected that animals will estimatbe numberof 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 expectationjKrebs, Ryan, & Charnov, 19.78herefore, dichromatic colour vision
individuals (males) will perceive the environment differentlynfi 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
neighbourirg 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 byagdight
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 depeon the type of vision

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

Ptheciidae

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. Thadaptive valueof high allelicdiversity of opsins, a light
sensitive protein, foundh Y LINJA Y |réimBigs QnknSwenSStudies revealing the allelic
diversity areimportant as theyshed light on our understanding of the adaptive value of
differences in tle colourationof species andheir ecologes. Here we investigate the alleli
types found in Pitheciidae, an unds#udied New World primate faryj, revealing the diversity

of medium/long wavelength sensitive opsibsth in cryptic and conspicuous speciasthis
primate family We foundfive alleles inCacajao six inCallicebinae(i.e. Plecturocebus,
Cheracebusand Callicebu} four inChiropotesand three inPithecia some of them reported

for the first time. Both cryptic and conspicuous spegreshis 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) routinglkrichromatic 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, 1998Jacobs, 208). Srepsirrhine primate species have a potential
polymorphic colour vision however, this primate suborder lacksbehavioural studies
confirminga polymorphic colour visioas possessed by New World primaiggonhardt,
Tung, Camden, Leal, & Drea, 2009; Surridge, OgbNtyndy, 2003) This variation in colour
vision in New World primategigesfrom a single locus for the gene coding the medilamg
(M/L) wavelength sensitive opsin on the X chromosddaeobs, 200 dacobs & Rowe, 2004)
that is, males are obligatory dichromats as they are hemizygotes, anddsroah be either
dichromats (i.e., homozygotes) or trichromats (i,eheterozygotes)(Jacobs, Neitz, et al.,
1993) In New World primates, high allelic diversity of thedium-long wavelength sensitive
opsin results in intraspecifi@avation in colour vision perceptiofdacobs & Deegan, 2005)

The functional role of opsin polymorphism is still not completely understood; however, both
trichromatic and dichromatic colour vision phenotypese aproven 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; Morgardan, & Mollon, 1992; Osorio & Vorobyev,
1996; Regan et al., 2001; Verhulst & Maes, 1988kial signals, observed on bare skin, such

as emotional states, sexual signadsdthreat displays are cited as factors leading to the
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evolution of routine trichronatic colour visiofChangizi et al2006) 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/lopsin alleles in a heterozygotic female were
separated by less than 10 nf@eMarco, Pokorny, & Smith, 1998nomalous trichromacy

(i.e., impaired colour vision but not complete loss) is frequent in howler monkeys and might
be common in highly polymorphic colour vision spe¢Matsushita, Oota, Welker, Pavelka,

& Kawamura, 2014)

UakariesgenusCacajagare a Neotropical primate species occurringh@upper Amazonian
region and they are represented byo contrastngcolourphenotypes, one redaced(i.e.C

calvug and the other blackfaced (C ayresj C hosomj C melanocephalus(Hershkovitz,
1987) Udaris area seedeating specialiss living in groups with up to 200 individgaln
fissionfusion sociekes(Barnett & Brandorlones, 1997; Boubli et al., 2008; Bowler & Bodmer,
2009, 2011; Bowler, Knogge, Heymann, & Zinner, 2@&)ajaovas, until recently, a major
lineage not investig&td regarding its colour vision. ik now know that Cacajaccalvushas

high allelic diversity of opsingCorso et al., 2016)The bareface of the bald rediakariis
thought tobe related to communication among group membétssimpleone coloured face

could allowfor efficient communication through faal movements and expressiof&antana,
Lynch Alfaro, & Alfaro, 2012)mpoNZi | yif 8 2 GKS NBR O2f 2dzNFdzf RA
may present variations in haemoglobin pigmentation, which might indicate emotional states
or healthstatus such as esitement and parasite infectio(Changizi et al., 2006; Mayor et al.,
2015)LY T RRAGAZ2Y S GKS O0lFfR dzFr {FNAQA QAaAA2Y g1 &
with six functional alleles for th#/L wavelength sensitive opsin. This makes $ipecies an

interesting sibject to test the mportance of reddish displays ¢ime evolution of colour vision
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Interestingly, the cryptic blaetaced congeneric (i.eC melanocephalusC ayresiand C
hosom) lacka bare face. To date, nothing is known abdw tolour visioron thesespecies
and this is one of the objectives of the present study.

The genug£hiropotesalso possesses species with red skin exposed on theGaalbifiasu$,
whereas other species in the genus do not possess thisactaistic (Hershkovitz, 1985)
These medium sized primates are secretive and difficult to observe in the wild; this is why
there are few studies on their behaviq@&iccaMarques & Heymann, 2013bjfowever, it is
known thatChiropotedorm fissionfusion groups with highly affiliative behaviour, and males
are more gregarious and tolerant towards juveniles than fem@exaMarques & Heymann,
2013Db;Veiga, Silva, & Ferrari, 2008)neChiropotespecies € utahickag was investigatd
with regards to its colour vision and three Mdpsin alleles were found, also possessing a
colour vision similar to other New World primatésma etal., 2015)

Pitheciais a specieswith cryptic colourationand lives in smallgroup sizeg(i.e., 4 to 6
individuals) however, their diet is similar toCacajaoand Chiropotes(Barnett, Boyle, &
Thompson, 2016)n thepitheciidae the genugitheciapresents the highest degree of sexual
dichromatism(BiccaMarques & Heymann, 2013bThis is aelevantfactor when studying
the polymorphic colour vision system in New World primates, especiafigidering the
importance of this characteristic in relation to visual communication. This genus also
possessea polymorphic colour vision system as observed in other New World praweata
three differentknownalleles for the M/L opsin gengima et al., 2015)

In the Callicebinae, the genuBlecturocebusvere also found to possess a relatively high
number of allelesfor M/L opsins.While most New Wod primates have three types of
photopigments for theM/L wavelength,P. molochhave five cone types in a range from 530

to 562 nm(Jacobs & Deega005) Despite similarities irhe higher allelic diversity;acajao
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and Plecturocebusare contrasting in many ways. Callicebinaethe New World primate
subfamily with the greatest number of species (@8ognsed species)Byrne et al., 2016;
Mittermeier et al., 2013)Despite the number of species, it is one of the least studied primate
subfamilies(BiccaMarques & Heymann, 2013aJiti monkeys are small (1.5kg) with timid
behaviour spending most of the time under umbrdilee canopy, forming family groups
commonly offive individuals with a diet consisting of leaves and fr@@g&caMarques &
Heymain, 2013a; Mason, 1966/eiga 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)nterestingly, only two species have been investigated so
far regarding their colour visiof®ecturocebu$runneusand Plecturocebusnoloch.

There are three main methodsyloyed to determir colour vision perceptiorbehavioural
studies, direct physiologicaheasurementsand molecular analysis of opsin gern&@omes,
Pessoa, dmaz, & Pessoa, 2002acobs, Neitz, & Krogh, 1996) the behavioural appach,
animals are trained to select colour referenced stimuli in discrimination experimesish
evaluate the degree of difficulty tdetect coloued stimuli (Gomes et al., 2002)n the
physiological approaglan electroretinogramis performedwherethe spectral sensitivitpf
photoreceptors in the retina is measured spectrophotometry ofin vitro reconstituted
photopigments fromcDNA are masured (Jacobs, 2007)Molecular analysis ithe most
widely employed method From molecular analysis, it is possible tofer the peak of
sensitivity of the expressed opsin gehgverifying amino acid changes at specific s{&0zo
Yokoyama, Yang, & Starmer, 2Q0B)e combination of both molecular and ecological data
promises tgrovidenewinsights on the role of colour vision evolution in primatBschanan

Smith, 2005)
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The maintenance of such a high number of alleles in this familgngly suggests that
polymorphismdhas an adaptive function. Here we evaluate, qualitatively, the allelic diversity

in the family PitheciidaeGacajag Plecturocebus, Cheracebus, Callicebus, Chiropatels,

Pithecig.
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3.2 Methods

3.2.1 DNA extraction

Genomic D was extracted fronprimate muscle tissue (Tabl®) stored in 100%
SGKIFIy2t dzaAy3 5bSkaeé o0f22R FyR GAadaadzsS (Al
without modifications. The extracted DNA was quantified using a NanoDrop 2000 (Thermo
Scientific) © rule out allelic dropouts (i.e.sequencing onecopy of the geneonly in
heterozygous individuals) by using samples with a DNA concentration higher than 200
picograms/microliter (BejaPereira, Oliveira, Alves, Schwartz, & Luikart, 2009; Morin,

Chambers, Boesch, & Vigilant, 20015 dza SR m >[ 2F SEGNI} OG SR

5b

Hcn YY NBFRAY3IE LINBPGARAY3I GKS 5b! 02y OSy (NI G
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Table9: List of species used in the molecular analysis of allelic types of Medium/Lon@l/jsiotopigments

Species Female Male Total
Cacajao ayresi
Cacajaccalvus
Cacajachosomi
Cacajaamelanocephalus
Plecturocebus cinerascens
Plecturocebus bernhardi
Cheracebus lugens
Plecturocebus miltoni
Plecturocebus moloch
Callicebus nigrifrons
Chiropotes albinasus
Chiropotes israelita
Chiropotes satanas
Pithecia irrorata
Pitheciapithecia

Total
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3.2.2 Sex Assignment

¢2 O2Yy TANY (8 allsiplas| Polghie@se &tiB ReRdtidns (PCR) were
O2YyRdzOUSR dzaAy3d (GKS LINAYSNR F2NJ GKS d YSf23:
ACCACCAGCTTCCCAGIGTAT | Y R oGCSTEEOWTABAACCAAGOTG U -ZD@ NJ |
bp fragment, and the Ynked sexdeteNXY' A Yy Ay 3 NEIAZ2Y 0w, 0 o
AGTGAAGCGACCCATGAAE® T I YR wBIIGOCACYGGAMGAATE® 0 F2 NJ |
165 bp fragmen(Di Fiore,2008) ! wp >[ t/w ¢l & LISNF2NYSR n o
{O0F NI +SNEA2Y oOmMOdOHp dzyAlaosz 6AGK modp > 2F E
>[ 2F SFEOK LINAYSNI G mnn LIY2Ek>[3X o >[ 2F i
complete the firal 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 s@tx) 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
Lu 6. AferangeSThe ahpkfication 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 agase 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

t NAYSNAR F2N KS 9ETYCAACCAARKTBGCAUBRD | WRJ P 0K &
p & ATCACAGGTCTCTGGTGTCo Q@® t NAYSNE F2NJ (KS ©OE2y p
GAATCCACCCAGAAGGCABAGT w ScASOEESTTETAGATAGT@BARCRS were
OF NNASR 2dzi dzaAy3 ndup >[ 2F ¢l YlIwl 9E ¢I |t
9E ¢l lj 6dZFFSNE n >[ 2F uHdp Ya Rb¢t YAEGdINBZ
. {! o0bS¢ 9y3IAtlYR .A2[F 0oawp o>[>[2 R FLIAZNY LI /I vt S5 I
Hp >[ NBFOGA2Yy® bSIFHGAGBS O2yiNRfa gSNBE SYLX 2
of DNA template. The Exon 3 thermocycling profile consisfezhe initial cycle of 98°C for
five minutes; 40 cycles of 98°C &0 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 ycle. PCR cleamp 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, 27728%lin Exon 5 are responsible for major
AKATOa Ay (GKS LISF] FTo0a2NblyOS 2F (83 (8« [NHHISZ
(Hiramatsu et al., 2005¢okoyama & Radlwimmer, 200Bor instance, a change at the site
180 from an Alanine for a Serine shift the absorbance peak man@metres at the site 277,
aPhenylalanine for a Tyrosine shift A@nometres and at the ge 285 a change @n Alanine

for a Threonine shift the peak of absorbance in +15 nanometres. Ioakeof an opposite
substitution, it is possible to subtract the constant for the site and obtain an approximate
sensitivity peak. The site 294 is als@Wwm to shift the predicted peak in spectral sensitivity

in Atelids and was also verifi¢iMatsumoto et al., 2014By examining these siteallowsto
identify sixmajor types ofphotopigmentsfound 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 mappethé¢o
reference opsin geneGenBank NM000513Nathans, Thomas, & Hogness, 1986alysed
using GeneioufKearse et al., 2012pouble peaks in the chromatogram were used to assign
the individual as domozygote heterozygote, or hemizygote employing a specific plugin of
Geneious software (Heterozygote@earse et al., 2012)ndividuals 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 analy®ysanalysing the sites
180 at the exon 3 and sites 277, 285, and 29%atdxon 5 we were able to find six allelic
variations of the M/L opsin gene (Tabl@dnd11). We foundfive alleles in theCacajagyenus
(532, 545, 550, 55%60<manm). We foundC.ayresiwith the alleles AFA (532nanm), AYT
(555<manim)and SYT (56€nanm); C.hosomiwith the alleles AFA, AFT (54&:nm)and SYT;
C. melanocephalugith AFT, AYT and SYT. These t@aeajacspecies have highly pigmented
skin.C.calvus which has exposed red facial skin, had four of these alleles, nafteAFT,
SFT and SYT.
We found 6 #Heles inCallicebinag532, 534, 545, 550, 55560 <nanm): P. bernhardiwith
AFT, AYT, and SYCIginerascensvith SYT, AYT, and SF30(§nanm); C.lugenswith AFA,
SFA, AFT, SFT, AYT and B¥Yiittoni with SFTand AFTP. molochwith AFT and SFT; add
nigrifrons with SFT, AYT, AFT, and S¥Was not possible to identify the allele in one
individual ofC lugensdue to double heteozygous sites at 277 and 285.
We foundfour allelesin Chiropoteg532, 545, 555560<manm): C.albinasuswith allele SYT;
C.israelitawith the alleles AFA, AFT, AYT and SYTCaadanaswith allele AFAnPithecia
three alleles(532, 545, 555manm). P.irrorata with AFA, AFT and AYT dngitheciawith
AFT.
All quencesvere identified fronrepeatedsequencingsrom both strands anéhdependent
PCR reactionsSequences are available in GenBank (Accession numbers KY345056

KY345113).
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Tablel0: Observed numbers adllelesof Medium/Long wavelength sensitive opsin in Pitheciidae primate species

Species Allele SYT AYT SFT AFT SFA AFA
9 E LIS Giki8R < 560 555 550 545 534 532
Cacajao ayresi 1 1

calvus 3 1

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 6 1 1
Chiropotes albinasus 1

israelita 1 2

satanas
Pithecia irrorata 1
Pithecia pithecia

Tablel1: List of species and medium/long wavelength sensitive opsiemotypesfound in Pitheciidae

Species Sex 180 277 285 294 Allele Provenance

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

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

Cacajao calvus Male S Y T N SYT Sacado do Tauac4, 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, Brazi
Cacajao hosomi Female A F T/A N AFT  AFA Serra do Imeri, Xamata, Amazonas, Brazi
Cacafo hosomi Male A F T N AFT Salto Hua, Amazonas, Brazil

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

Cacajao melanocephalus Female A YIF T N AYT AFT Manacapuru, Amazonas, Brazil

Cacajao melanocephalus Female A/S Y T N AYT SYT Sata Isabel do Rio Negro, Amazonas, Br:
Plecturocebus cinerascen: Female S Y T N AYT Aripuana, Amazonas, Brazil
Plecturocebus cinerascen. Male S F T N SFT Pimenta Bueno, Rondénia, Brazil
Plecturocebus cinerascen. Female A/S Y T N AYT SYT Pimenta Bueo, Rondénia, Brazil
Plecturocebus cinerascen. Male S Y T N SYT Pimenta Bueno, Rondénia, Brazil
Plecturocebus cinerascen Female S Y T N SYT Pimenta Bueno, Rondbnia, Brazil
Plecturocebus cinerascen. Female A/S Y T N AYT SYT Cabixi, Rondbnia, Brazil

Pecturocebus 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, Rondbnia, Brazil
Cheracebus lugens Female A Y T N AYT S&o Gabriel da Cachoeira, Amazonas, Bri
Cheracebus lugens Female A F T/A N AFT  AFA Ig Mandiquie, Amazonas, Brazil
Cheracebus lugens Female S F T/IA N SFT SFA Rio Marauia, Amazas, 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 lg Anta, Amazaas, Brazil

Cheracebus lugens Male A F A N AFA Ig Cuieiras, Amazonas, Brazil
Cheracebus lugens Female S YIF T/A N * Sao Gabriel da Cachoeira, Amazonas, Bri
Cheracebus lugens Female S Y T N SYT Sao Gabriel da Cachoeira, Amazonas, Bri
Cheracebuligens 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, Amazonasy&il
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 nignibns 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 nigitions 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

Chirgotes albinasus Female S Y T N SYT Maués Acu River, Amazonas, Brazil
Chiropotes israelita Female A YIF T N AYT AFT Ig Anta, Amazonas, Brazil

Chiropotes israelita Female A F A N AFA lg 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 YIF 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 reportechere show that the diversity of M/L opsins found @acajao,
Callicebus, Plecturocebus, Cheracebus, ChiropatelsPithecia is greater than previously
NBLIRZ2NISR® ! fGK2daAK GKS &l YL SaQ 2NARIAAya | yF
determinate the opsin frequency, our results contribute to the knowledge of colour vision
polymorphism in New World primates. Some allelariations were found in only one
individual per species requiring further studies for confirmation. For instance, the allele SFA
was found in one specimen Gheracebus lugenand we suggest further confirmation.

We found five alleles iblackheadeduakais, the Cacajao melanocephalugroup (Cacajao
ayresi, C. hosomgnd C. melanocephaljisuggesting a similar diversity their redfaced
counterpart Cacajao calvugCorso et al., 2016Boubli et al., 2008; Ferrarim, Guedes,
FigueiredeReady, & Barnett, 2014 hus, we suggest that the red colourful display found in
C. calvusis not the ultimate cause for the high allelic variation of the Medium/Long
wavelength sensitive opsin in New World primatdsis, challenging the importance of socio
sexual displays in ¢hevolution of routine trichromatic colour visig€hangizi et al., 2006)o

the best of our knowledge, this is the first report on the opsin diversity of Heecded
uakaris (i.eC ayresj C hosomj C melanocephalus

From physiological studies usimfectroretinogram flicker photomey, Plecturocebusvas
reported to have the highest number of opsin alleles within a speétesnploch, showing
five different M/L photopigments in captive individugliacobs & Deegan, 200%) a study
with wild populations ofP. brunneususing a molecular approach, three alleles were found
representing the most common typdéom the aforementioned research (i.e. AFA, AFT, and

SYTJBunce et al., 2011 hese three alleles were found for the Callicebigsalefamily in our
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analysis. In addition, from the two individuals Bf molochinvestigated here, the allelic
variation SFT was found negsenting an absorbance peak of 58nm. Considering the
subfamily Callicebinaenly, we have evidence of six different alleles, which increases the
known opsin diversity found.

Inthe genusChiropotesin additionto the alleles AFA, AFT, and SYT reported in the literature
(Lima et al., 2015)we foundan additionalvariant AYT with a peak spectral sensitivity of 555
<madiM in Chiropotessraelita thus, increasing the number of funciial alleles from three to

four in this genus Furthermore, the genuPitheciawas reported with the alleles AFA, AFT,
and SYTBoissinot et al., 1998We found a variant AYT allele with the sensitivity ped#56f
<maddM, increasing the number éhown opsin alleles from three to four.

The SYA allele is commonly found in howler monkgssuysAlouatta), and has recently been
found inCallithrix jacchugAmador, 2015; Kawamura, 2016; Matsushita et al., 20PMleles
thought to be present in certain species groups are now being found in different species.
Further genetic and ecological studg®uld indicate if all allelic combinations according to
0KS e@®alAKINS NHzf S¢ | NB LINBaSyid Ay DbSg 22NIR
phenotypes will interact with the environmenEor instance, the benefits of trichromatic
colour vision forfolivory has been widely discussed in the literatf@ominy & Lucas, 2001)
Sincethe only routindy trichromatic colour visioNew Worldprimate (i.e.Alouatta) feeds
mainly on leavesandthe increased opsin diversity in Callitrichines, which mostly forage on
insects, fruit and gumt would be interesting to investigate how similar trichromatic colour
vision phenotypes i\louatta and Callithrixperform in colour based ecological taskbus,
helping us to understand the role of highly polymorphic colour vision in New World primates

(Araujo et al., 2008; Garber, Estrada, & BiRques, 2008; Surridge & Mundy, 2002)

LJr
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Spectral shifts in opsin sensitivity could also result from mutations in other sites of the M/L
opsin gengShyue et al., 1998However, the M/L opsin sensitivity peaks are best explained
08 UK S-siteiNHK NBSkByama & Radlwimmer, 2001Now that this variation in
Pitheciidae is known, one possible approach is to iconthe sensitivity of this proteifin
vitro. cDNAcanbe usedto produce functioning opsinis vitro by cloning in cultured cells to
measure the photopigment sensitivity by spectrophotometric measureméHisamatsu,
Radlwimmer, Yokoyama, & Kawamura, 200A)ternatively, electroretinography from
Pitheciidae species in captivity would help to confirm the high allelic variation found.
Similarly to Corset al (2016) we found no evidence of routine trichromatic colour vision in
the redfaced uakari. Additionally, we alfmund noevidence of routine trichromatic colour
visionin the blackheaded uakaridf routine trichromatic colour vision was found in the red
faced uakari, as iAlouatta (Araujo et al., 2008}this would support the importance of so€io
sexual signals in the evolution of colour vision in primdtésangizi et al., 2006Joesnot
seem to behe caseHoweve, both cryptic and conspicuo@acajaanorphs share high opsin
diversity. Thisresults in an increased number of heterozygotes apdtentially more
trichromatic females in a grouj@imilarly in Callicebinae (a subfamily in which mogaoial

skin is coered 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
onthe skin(Changizi et al., 2008here is evidence that the ability to discriminasgrcolours

in primate vision evolved after red visual traits in primate spe@tesnandez & Morris, 2007)
For exampleprimate species that are able to discriminate 1gr@en hues have less red fur
than dichromate speciegKamilar, Heesy, & Bradley, 201Qjher species, such &hiropotes

albinasushave strong red facial marking, but do not have routine trichromatic colour vision.
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Geographical and ecolagl factors may also affect the morphology of primate species. Group
size and incidence of UV light nlagd to more complex faces and dark facial magantana

et al., 2012) Thus, variations in facial colouration are expected to be generated from both
social and biogeographical pressures.

The exaggerad 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 usefodigysiand 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 colouratiattgon. Future research should focus

on the benefits of primate groups possessing both dichromatic and trichromatic individuals
rather than focusing only on the conseques of different colour visiomian individual

primate.
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Chapter 4 - Are predator richness amtedator type related to colour

vision polymorphism in New World primates?

Abstract

Most New World primates feature a polymorphic colour vision system where malesahave
dichromaticcolour vision and females can either have trichromatic or dichromagiorvi The

role of such complex visual system can be related to finding foexdteptionof sociesexual
displays and predator detection. Investigating the predator detection hypothesis in nature is
difficult because predatory events are rarely observedreHve present an investigation of
how spatial organisation diew Worldprimate specieson a continental scalare related to
environmental factors and predatory pressures using a biogeographic analysis of primates
and their predators.When consideringphylogenies (i.e. species as nstatistically
indeperdent units), no effect of body sizer predator type wa found. Snake richness was
negatively related to group size, but no effect was found for mammal and raptor richness.
Predator richnessdid not significantly affect the distribution of primate species with
monochromaticor trichromatic vision, while polymorphic colour vision primate species were
affected by predator typeWe conclude that the lack of effect of predatspecies richness
found along the trichromatic colour vision speciedistribution indicates & 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, dedhales caneither have
trichromatic or dichromatic colour visiof(De Valois & Jacobs, 1968; Jacobs, 1996; Jacobs,
2007; Jacobs & Rowe, 2004)hus, in most species of New World primates groups are
composed ofboth trichromatic and dichromatic individualsThis poymorphic situation is
caused by a selinked gene for the mediuAong wavelength sensitive opsing(, protein
responsiblefor convertinglight into electrochemical signals for the brain) locamdthe X
(sex) chromosomégDulai, von Dornum, Mollon, & Hunt, 1999)The genuf\otus have a
monochromatic colour vision, not being able to differentiate colours, probably, as a césult
its nocturnal behaviourDonati & BogogniniTarli, 2006;Jacobs, Deegan, et al., 1993)
Whereaghe genusAlouatta, hasduplicated the gene in the X chromosome, as the Old World
primates have done, resulting in trichromatcolour vision(Aradjo 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 visidmas some fitness consequences
(Fedigan, Melin, Adicott, & Kawamura, 2014]Jacobs & Bradley, 20I6However,several
hypothess 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 leavélsucas et al., 2003; Osorio & Vorobyev, 1996;
Regan et al., 2001yvhile dichromatic colour vision individuals have a better vision in low light
levels anctan betterdetect camouflaged stimufCaine et al., 2010; Morgan et al., 199P)e

balance between these two features might be responsible for the maintenance of the
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polymorphic colour vision system found in these spediRbaHernandez et al., 2004)
especially since New World primate groups will often be composed of trichromatic and
dichromatic individuals.

Another potential advatage of the polymorphic colour vision system is predator detection.
Theoretically, cryptic predators, such as snakes, would be better detected by dichromats
(Saito et al., 2005while trichromatic individuals would be better able to detect conspicuous
predators (Pessoa et al., 2014Researchers have demonstrated the performance of both
colour vision systems in detecting predator threats. Example, Pessoa and collaborators
(2014) have shown that normal colour vision humans (trichromats) outperfastour blind
individuals (dichromats) in detecting carniegoredators in a naturalistic setup. However,
testing predator detection by different colour vision phenotypesdifficult to accomplish in

the wild as predation events are rarely observed. Onesjlbs alternative is to investigate
the occurrence of traits present in areas with different predatory pressures.
Thepredatorsof New World primatesre either raptors, mammalian carnivoresr snakes
(Ferrari, 2008) Raptorsare abundant and have predatiostrategies rangig from aerial
searching, ambushnd longchaseflights to attack thé prey (Hart, 2007;Robinson, 1994)
Several feline speciebave beenidentified asmammalianprimate predators(Hart, 2007)
Predation by large :iake speciessuch asBoa constrictorand venomous snakessuch as
rattlesnakesrepresent a significant threaiBoinski, 1988; Cisnerdteredia, LedReyes, &
Seger, 2005; Corréa & Coutinho, 199Me geographic distribution of both primates and
predators geneates different selective pressures in different geographic areas, and therefore
allows the testing of favoured traitThompson, 1999)Group size and body size has an
established relationship to predation pressuratiwpredaton risk declines with the increase

in group size or body weiglftsbell, 2005) The behavioural strategy to avoid predation is
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equally informative such as visual detection by many éyiesa, 1995; Roberts, 1996 this
sense, the sensory abilities are relevant; for example, if the many eyes have miffere
perceptual capabilitieand are coopertativéhen predator detection could be more efficient
(Morgan et al., 1992; Pessoaa., 2014; Surridge et al., 2005)

Here we investigate the spatiargansation of Neotropical primates and their predators
verifying the variation of speci€sichness geographicallgnd then determining which
variables best predict primate distributia (such agnvironmental variablesr predatorg. We
predict that environmental variables will partially explain the distribution of primates; the
establishedrelation of predator risk and body size or group size willdbsewable in
geographic scal€or instance, small primateshouldbe more succeptible to raptor predation
while heavier primates will be more affected by mammalian predat@obur vision systems
will be affected by predator richness allowing@nclusionconcerning the role of vision in
New World primate species (e.g. best suitable phenotypes, such as routine thrichormatic
colour vision, will not baffected negativelypy predator richness)Our main aim is to analyse
the effects of predator richness and predator type on teeurence of polymorphic colour

vision traits in New World primates.
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4.2 Methods

To investigate the effect gfredator richnes®n primatecolour visiortraits agrid of 1350
cells of measuring 1x1 decimal degree, was built over the full platyrrhine distribution using
ArcGIS 10.3 and the Geospatial Modelling Environment exteiiBeyer, 2015; ESRI, 2008)
(Figure 6) This selected area was then used to define the richness-otcarring predator
preyspecies. A total of 142 primate species distribution polygons from 19 platyrrhineagener
were used to calculate the primate richnessiinmber of species ieach grid cell (IUCN 2015).
Bird predator species weralentified from the scientific literature concerning recorded
predation events oNew World primates antl8 species of raptors weracludedas reported
avian predatorgdel Hoyo &Elliott 1994; Hart 2007; BirdLife International and NatureServe
2013) Similarly, rammalian predators, including felines and mustelids, from reported cases
in the scientiic literature, were identified and ae listed in theAppendix (Bianchi & Mendes
2007; Hart 2007; Ferrari 2008; IUCN 20Tostrictors and venomous snakes families were
all selected due to the strong response they evakeiimates(Boinski, 1988; Hart, 2007;
Isbell, 2006) A total of 162yererafrom Colubridae, Elapidae, Boidae and Viperidae were
included inthe analysis(GBIF, 2015)Point data wereused to create minimum convex
polygons for snake distributions using GME extension for ArcGIS(Béyar, 2015; ESRI,
2008) Capuchin monkey<gbus sp and other exceptionacasef predatorspecies such as
coatis (Nasua sp, toucans Ramphastos sjp. and caimansGaiman sp.despite occasional
reports were not included as predators(Boinski, 1987; Ferrari, 2008; Rose ét d003;
Sampaio & Ferrari, 2005%pecies distribution polygons of mammalian and avian predators
were obtained fromthe International Unionfor Conservation of Naturel (CN 2014) and

NatureServe (2013Predator distributions were compareoetween each othewusing the



65

packageecespausing Cramervon Mises test (Masetre, Escudero, & Bonet, 2010)his
analysis allowed to compare predator distributions todfiif there are significant spatial

differences between twalistributions
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Figure5: Grid cells based on primate species distribution
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Environmental variables considered wareeanannual temperature in degrees Celsius, mean
annual precipitation in millimetres, altitude in metres, and Global Potential Evapo
Transpiration (PETHijmans, Cameron, Parra, Jones, & Jarvis, 2005; Trabucco & Zomer,
2009) Temperature and precipitation we obtained from annual mean from 1950 to 2000
with a resolution of 30 arseconds (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 aseconds (the annuahean from 19502000)

(Trabucco & Zomer, 200&igure 7)
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Figure6: Terrestrial ecoregions in Central/South America

A matrix of species by spatial unit (1 x 1 decimal degrees grid) wasppedlavith polygons
of specieSrange to find the number of species per cell and the related environmental data.
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module in ArcGIS 10.ESRI, 2008nd SAM 4.qQRangel, DiniFilho, & Bini, 2010) The
a2NlyQa L LYyRSE A& | &wbichi dvhldateslifdzécarOrgestdt | ( A 2
distributed evenly or clustered in spa@hen, 2013; Moran, 1948)he existence of spatial
autocorrehtion means that the observed data were not independent (i.e. geographically
biassed. A GeographicallyVeighted Regression (GWR) and an Ordinary Least Squares
Regression were performed to understand the pattern of distribution of primate species if
the daa presented aSpatial Autocorrelation using ARCGIS 1BSRI, 2008)

To verify the effect of group and body sidew World primate genera were groupéato

two major categories. Primate body size classere grouped according to body weight in
the following categories: Miniature (<0.7 kg) includi@allibella, Callimico, Callithrix,
Cebuella, Leontopithecus, Miamd Saguinus Small (0.72 kg) withCallicebusand Saimirj
Medium (25 kg) with Cacajao,Cebus, Chiropoteand Pithecig Large (>5 kgAteles,
Brachyteles, Lagothriand Oreonax (Ferrari, 2008) Group size classewere grouped
accordingo social organiation and number of individuals as follows: Nuclear family including
Callicebususually ranging from two to seven group members; Extended family including
Callibella, Callimico, Callithrikebudla, Leontopithecus, Mico, SaguinasdPitheciaranging
from four to 20 group members; Harem includi@gbusalso with fourto 20 group members;
and LargencludingAteles, Brachyteles, Cacajao, Chiropotes, Lagothrix, Oremma$aimiri
showing more than 20 individuals in the grougs phylogenetic generalisethéar 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 usemhtwl| for the phylogenetic
signal on primate distributiofHadfield, 201Q)The phylogeny used was based on Perelman

and collaborators(2011)(FigureB).
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Figure7: Phylogenetic tree considered to perform statistical analygiorrecting speies as noAindependent 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 andtrichromat) nested by predator type (i.e. mammals, snhakes,
and raptas) corrected for phylogenysing a phylogenetic generalised linear madtadfeld,
2010)Hadfield, 2010)(Hadfield, 20X8)adfield, 2010 The GLMMs were performed using the
package MCMCglmm and RStu@@omputing, R Foundation for Statistical Vienna, 2015;

Hadfield, 2010; RStudio Team, 2015)
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4.3 Results

4.3.1 Patterns of distribution

al YYIf LINBRFG2NBR 6SNB LINBaSyd Ay Yz2aid 3INJ
6.45+£1.19 and were only not presiein eight of 1350 grid celidigure 9) The mean raptor
ALISOASEAQ NAOKyYySaa LISNI OStf 41 adanyaviahprgdatdy n | Y R
(Figure 10)Snaked LISOA SAQ NAOKy Saa LISNI OStf 41 & nHODDPE
snake spcies(Figure 11) When comparing predator distributions Mammals with Raptors
(psi=0.5271, P=0.0001), Mammals whmakes(psi=2.1103, P=0.0001), arghakeswith
Raptors (psi=1.0086, P=0.0001) they presented distinct distributions across the New World

primt S &aLISOASEAQ NIly3ISa 6CAIP MmO O
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Figure8: Distribution of Hot Spot grid cells of mammal predators
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Figure9: Distribution of Hot Spot grid cells of Bird predators
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FigurelQ: Distribution of Hot Spot grid cells of Reptile predators

All primate species and predators studied showed a global spatial autocorrel&mnakes

(MoranQ& LT nody 1T tfm@aphBn e yJi 2 NE 1 &a gBEF | LyTRT OEFMYT
P<0.05) did not have emndom distribution in space. The same was observedAfmius

(MoranQ& LT n oy Alduatta Marsb@p O I T ndcy T tfndnpovI aAiAyAl
(MoranQa LT nodytTT tn@®nphp0EOY YT f ar@BAPA T nab§ RA dzY f ¢
and Large primae(MoraQ& LT ndypT t fnodnp alicelndt SHraNd NI 3 YRS
1=0.76; P<0.05),x¢ended family groups (Mosa Q& L ' n ®yayefs Gebup Woram® & K

[=0.74; P<0.05), and larggroups (MoranQ a LT noyTT tfnodnpovz £ 3



























































































































































































































































































































