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Abstract

A recent focus in community ecology has been on how within-species variability
shapes interspecific niche partitioning. Primate color vision offers a rich system in
which to explore this issue. Most neotropical primates exhibit intraspecific varia-
tion in color vision due to allelic variation at the middle-to-long-wavelength opsin
gene on the X chromosome. Studies of opsin polymorphisms have typically sam-
pled primates from different sites, limiting the ability to relate this genetic diversity
to niche partitioning. We surveyed genetic variation in color vision of five primate
species, belonging to all three families of the primate infraorder Platyrrhini, found
in the Yasuni Biosphere Reserve in Ecuador. The frugivorous spider monkeys and
woolly monkeys (Ateles belzebuth and Lagothrix lagotricha poeppigii, family Atelidae)
each had two opsin alleles, and more than 75% of individuals carried the longest-
wavelength (553-556 nm) allele. Among the other species, Saimiri sciureus macro-
don (family Cebidae) and Pithecia aequatorialis (family Pitheciidae) had three alleles,
while Plecturocebus discolor (family Pitheciidae) had four alleles—the largest number
yet identified in a wild population of titi monkeys. For all three non-atelid species,
the middle-wavelength (545 nm) allele was the most common. Overall, we identi-
fied genetic evidence of fourteen different visual phenotypes—seven types of di-
chromats and seven trichromats—among the five sympatric taxa. The differences we
found suggest that interspecific competition among primates may influence intraspe-

cific frequencies of opsin alleles. The diversity we describe invites detailed study of
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niche partitioning.
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1 | INTRODUCTION

Ecologists have long been interested in how sympatric spe-
cies coexist and partition ecological niche space (Gause, 1934;
Hutchinson, 1957; Macarthur & Levins, 1967). Sympatric primates,
for example, may partition niche space through differences in diet,
microhabitat utilization, and/or timing of activity (Ganzhorn, 1989a,
1989b; Schoener, 1974; Snodderly et al., 2019; Terborgh, 1984;
Youlatos, 1999). Primatologists have sought to identify morpho-
logical and behavioral adaptations in sympatric species that might
be associated with resource partitioning (Norconk et al., 2009;
Rosenberger, 1992; Youlatos & Meldrum, 2011), including adapta-
tions for exploiting fallback foods in times of scarcity (Hemingway
& Bynum, 2005; Lambert et al., 2004; Terborgh, 1984), and locomo-
tor adaptations associated with microhabitat usage (Rodman, 1979).
As part of this effort, sensory systems can be particularly import-
ant, as they represent some of the primary ways animals interact
with their environments. Interspecific differences in sensory func-
tion can allow sympatric species to coexist by exploiting different
foods, microhabitats, or other aspects of their environments (Leal
& Fleishman, 2002; Siemers & Swift, 2006; Smith, 2000). In addi-
tion, intraspecific variation in sensory function can expand the
range of resources that a given species can efficiently utilize (Melin
et al., 2007; Smith et al., 2012), broadening its niche, and potentially
improving its competitiveness.

In relation to niche partitioning, color vision has been one of
the best-studied senses due to the ecological importance of vision
and the clear genotype-phenotype relationship between vision
genes and spectral sensitivity of retinal photoreceptors (Hauser &
Chang, 2017; Saito et al., 2005). The role of color vision variation in
niche partitioning is particularly apparent in sympatric fish species
(Hofmann et al., 2009; Nandamuri et al., 2017; Stieb et al., 2017), and
interspecific differences in cone spectral sensitivity have also been
linked to ecological niche characteristics in some terrestrial taxa. For
example, variation in cone spectral sensitivities among sympatric
Anolis lizards is associated with the ambient light environments of
their microhabitats (Leal & Fleishman, 2002), while spectral tuning of
short-wavelength-sensitive cones has been linked to fruit and flower
consumption in nocturnal mammals (Veilleux & Cummings, 2012).

Neotropical primates represent a good group in which to relate
color vision variation to ecological diversity and niche partitioning.
Following their arrival in Central and South America in the mid- to
late Eocene, primates experienced an adaptive radiation into open
ecological niche space (Aristide, Rosenberger, Tejedor, & Perez,
2015; Kiesling, Yi, Xu, Gianluca Sperone, & Wildman, 2015; Seiffert
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et al., 2020; Silvestro et al., 2019). Modern neotropical community
assemblages—particularly those at relatively undisturbed sites in
the Amazon and Orinoco basins—typically include multiple sym-
patric species that vary in their use of food resources (Dew, 2005;
Rosenberger, 1992; Stevenson et al., 2000; Terborgh, 1984), locomo-
tor strategies (Youlatos & Meldrum, 2011), and use of vertical strata
within the forest (Fleagle & Mittermeier, 1980; Sheth et al., 2009;
Youlatos, 1999).

The broad ecological distribution of neotropical primates is ac-
companied by an array of highly variable color vision systems. Most
taxa have a single middle-to-long-wavelength (M/L) opsin gene locus
on the X chromosome and a short-wavelength (S) autosomal locus.
Single nucleotide polymorphisms (SNPs) at critical sites in the M/L
opsin gene can result in M/L opsin proteins with differing spectral
sensitivities (Hiramatsu et al., 2004; Kawamura, 2018; Matsumoto
et al., 2014; Yokoyama et al., 2008). Females homozygous at the X-
linked M/L locus and all males express only one type of M/L opsin
protein in their retinal cones and thus exhibit dichromatic color vi-
sion. Females that are heterozygous at the M/L locus express two
different M/L opsin proteins in their cones, which, in conjunction
with the autosomal S cone, confer “polymorphic trichromacy”
(Jacobs, 2008; Veilleux, 2017). Consequently, most neotropical pri-
mate taxa exhibit a diversity of color vision phenotypes. Two genera
deviate from this pattern: Alouatta (family Atelidae) and Aotus (fam-
ily Cebidae). Alouatta has evolved “routine” trichromatic color vision
due to juxtaposition of two alleles of the ancestral M/L opsin gene
(Jacobs et al., 1996; Matsumoto et al., 2014), such that all individuals
are trichromats. By contrast, the nocturnal/cathemeral genus Aotus
has one M/L opsin allele and has also lost function in the S opsin
gene, resulting in monochromatic color vision (Jacobs et al., 1993;
Mundy et al., 2016).

A recent focus in community ecology has been examining the
importance of intraspecific variability for understanding niche over-
lap and species coexistence (Bolnick et al., 2011; Violle et al., 2012).
While most neotropical primates exhibit polymorphic trichromacy,
prior research suggests that species can differ dramatically in the
number of spectrally distinct M/L opsin alleles they possess. For ex-
ample, non-Alouatta atelids (e.g., Ateles, Lagothrix) typically exhibit
only two alleles (Hiramatsu et al., 2005; Matsumoto et al., 2014),
most cebids (e.g., Saguinus, Saimiri, Cebus, except Aotus) have three
alleles (Hiramatsu et al., 2005; Jacobs et al., 1993; Kawamura &
Melin, 2017; Surridge et al., 2005), and pitheciids (e.g., Plecturocebus
[formerly Callicebus], Pithecia, Cacajao, Chiropotes) can have between
three and six alleles (Bunce et al., 2011; Corso et al., 2016; Goulart
et al., 2017; Jacobs & Deegan, 2005). This variation in the number of
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spectrally different M/L alleles establishes a great diversity of color
vision phenotypes, which potentially facilitate the exploitation of a
diversity of resources (Melin et al., 2014).

Using a coalescence simulation study, Hiwatashi et al. (2010)
compared the nucleotide diversity and the nucleotide configuration
spectrum of the M/L opsin gene to those of neutral genome regions
sampled from the same populations of Ateles geoffroyi and Cebus im-
itator in Costa Rica. Based on their simulations, they rejected a neu-
tral, drift-based null model for the maintenance of polymorphism at
the M/L opsin locus and instead found support for a balancing selec-
tion model. Given this study and the long evolutionary history and
more or less finite population sizes of platyrrhines over that time,
the existence of high allelic polymorphism at the M/L opsin locus in
almost every study population of wild platyrrhines is reasonably re-
garded as empirical evidence for balancing selection surpassing the
effect of random genetic drift in explaining contemporary patterns
of M/L opsin variation. Thus, we are in a stage where it is justified to
consider possible explanations based on balancing selection.

Although variation in color vision among neotropical primates
has been extensively documented, with rare exceptions—for exam-
ple, A. geoffroyi and C. imitator in Costa Rica (Hiramatsu et al., 2005;
Hiwatashi et al., 2010) and Saguinus fuscicollis and S. mystax in Peru
(Surridge et al., 2005)—studies have typically examined opsin poly-
morphism in only one species at a given field site. We examined
intraspecific and interspecific variation in color vision of sympatric
primate species at the Tiputini Biodiversity Station and the nearby

Proyecto Primates Research Area (Di Fiore et al., 2009) in Amazonian

Ecuador. The primate community in this region includes 10 species
from 10 different genera, nine of which are diurnal (Marsh, 2004).
We collected data for five of the diurnal species (Table 1; Figure 1).
These taxa include representatives of all three major evolutionary
lineages of neotropical primates.

Typical of primates, our study taxa utilize their environment flex-
ibly, and they occupy broad, overlapping ecological niches (Table 1).
Home ranges of the different species are spatially superimposed,
and all use upland forests extensively, though there may be differ-
ential, less-extensive use of swampy and periodically water-logged
areas with high densities of certain palms (Sheth et al., 2009). Within
the forest, larger-bodied species tend to occupy higher strata than
smaller-bodied ones (Sheth et al., 2009). While our study species
represent a range of diverse diets and lifestyles, they overlap in
their consumption of ripe fruit, a key dietary resource. For exam-
ple, the eight plant genera that comprise 72% of the fruit feeding
trees used by Saimiri sciureus macrodon also comprise 15% and 26%
of the fruit feeding observations for Ateles belzebuth and Lagothrix
lagotricha poeppigii, respectively (Dew, 2005; Montague, 2011). The
spatial and dietary overlap among primate taxa can result in agonis-
tic interactions at fruiting trees, in which larger-bodied species dis-
place smaller-bodied species, and large social groups displace small
social groups (Bicca-Marques & Heymann, 2013; D.M. Snodderly &
A. Di Fiore, personal observations 2015-2019). In such cases, the
smaller monkeys may benefit from niche partitioning that includes
the utilization of other food sources that have different visual prop-

erties. Here, we document the diversity in color vision alleles and

TABLE 1 Ecological characteristics and numbers of study subjects for the five sympatric primate taxa in this study

Samples in this study

Body mass Dietary Mean forest Social
Species Common name (kg)? preferences® height (m)© Males Females groups
Ateles belzebuth White-bellied spider 9.0-9.3 Fruit, leaves®? 22.5 3 5 2
monkeys
Lagothrix lagotricha Lowland woolly 5.5-7.5 Fruit, leaves, prey’® 21.9 3 6 3
poeppigii monkeys
Plecturocebus Red titi monkeys 0.8-0.9 Fruit, leaves, prey* 10.6 8 8 6
(Callicebus) discolor
Pithecia aequatorialis Equatorial saki 2.0-2.6 Fruit and seeds® 19.1 5 4 4
monkeys
Saimiri sciureus Squirrel monkeys 0.7-0.8 Prey and fruit® 12.4 28 34 4

macrodon

?Body mass data (female-male) for Ateles, Lagothrix, Plecturocebus, and Pithecia at Tiputini (Snodderly et al., 2019). Saimiri data from Smith and

Jungers (1997).

bBased on items comprising more than 4% of the diet, in decreasing order of feeding or foraging time.
“‘Mean observed height in the forest for our study taxa at Tiputini (Sheth et al., 2009).

1Data from Yasuni National Park, Ecuador, ~35 km from Tiputini.
?Dew (2005), Di Fiore et al. (2008), Link and Di Fiore (2006).
Dew (2005), Di Fiore (2004).

“Detailed dietary data for P. discolor are not currently available; these preferences are based on closely related Plecturocebus cupreus ornatus in

Macarena, Colombia (Bicca-Marques & Heymann, 2013).

Data for P. aequatorialis from A. Di Fiore et al. (unpublished data, 2015-2019).

%Data from Tiputini (Montague, 2011).
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FIGURE 1 Speciesincluded in this study. (a) Lagothrix lagotricha poeppigii, (b) Ateles belzebuth, (c) Pithecia aequatorialis, (d) Plecturocebus
discolor, and (E) Saimiri sciureus macrodon. Photo credits for (a), (b), and (e): Sam Hibdige. Photo credits for (c) and (d): Anthony Di Fiore

phenotypes in these sympatric primates that may contribute to

niche partitioning.

2 | MATERIALS AND METHODS
2.1 | Study sites

The Tiputini Biodiversity Station is located in primary lowland rain-
forest along the left bank of the Rio Tiputini—a major tributary
of the Rio Napo that feeds into the Amazon—and adjacent to the
980,000 ha Yasuni National Park in eastern Ecuador (76°08'W,
0°38'S; Bass et al., 2010). The research station occupies ~744 ha of
protected land, 90% of which is unflooded terra firme forest. The
forest is evergreen and there is no pronounced dry season, but there
is about a twofold seasonal variation in rainfall and in the availability
of ripe, fleshy fruit (Snodderly et al., 2019). The Proyecto Primates
Research Area (Di Fiore et al., 2009) is a similarly forested habitat lo-
cated within the Yasuni National Park, ~35 km to the west of Tiputini
and well inland from any large rivers. Samples of all individuals of the
genera Lagothrix, Plecturocebus, Pithecia, and Saimiri were collected
at Tiputini, as were four samples from Ateles. Four additional Ateles

samples were collected at the Proyecto Primates Research Area.

2.2 | Biological samples

Fecal samples were collected opportunistically from identified Ateles
and unidentified Lagothrix individuals between 2003 and 2006, and
from both identified and unidentified individuals of Saimiri between
2006 and 2008. Samples were preserved at room temperature in
RNAIlater (Invitrogen) nucleic acid preservation buffer. Tissue sam-
ples were collected between 2003 and 2016 from known individuals

of Pithecia and Plecturocebus who had been captured to affix radio

collars to them and to collect biometric data. For all species, samples
were confirmed to come from different individuals based on their
unique SSR genotypes across a panel of hypervariable markers (seven
to 12 loci, depending on the species; Montague et al., 2014). For all
species, samples were collected from more than one social group. All
animal capture and sample collection protocols followed guidelines
for the International Primatological Society's Code of Best Practices
for Field Primatology (2014) and were approved by the University
Animal Welfare Committee at New York University (protocol num-
bers: UAWC #01-1103, #04-1217, #04-1218, #05-1250, #05-1252,
and #06-1266) and the Institutional Animal Care and Use Committee
at The University of Texas at Austin (protocol numbers: AUP 2011-
0146 and AUP-2014-00411). Sampling and fieldwork were author-

ized by the Ecuadorian Ministry of the Environment.

2.3 | Genotyping analyses
2.3.1 | DNA extraction and sequencing

We extracted genomic DNA from tissue and fecal samples of all spe-
cies using Qiagen DNeasy Blood and Tissue Kits and QIAmp Stool
Mini Kits, respectively. In primates, variation in M/L opsin tuning is
primarily determined by amino acid sites in exons 3 and 5 of the M/L
opsin gene (Hiramatsu et al., 2005; Jacobs et al., 2017; Yokoyama
et al., 2008). Consequently, we focused attention on exons 3 and
5 in this study. For Ateles, Lagothrix, Plecturocebus, and Pithecia, we
determined opsin genotypes for individual samples by sequenc-
ing exons 3 and 5. We thus used the polymerase chain reactions
(PCRs) to amplify exons 3 and 5 in each individual (PCR conditions
and primer sequences are provided in Supporting Information). For
Plecturocebus and Pithecia samples, PCR products were separated
and sequenced at The University of Texas at Austin on an Applied
Biosystems 3730/3730XL DNA Analyzer, and the chromatograms
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were analyzed using the software Geneious v 9.0.5 (https://www.
geneious.com). Similarly, PCR products for Ateles and Lagothrix sam-
ples were separated and sequenced on an Applied Biosystems 3130
DNA Analyzer at the University of Tokyo, and the chromatograms
were analyzed in Applied Biosystems “Sequencing Analysis 5.2" or
Geneious version 9.0.5 (Kearse et al., 2012).

2.3.2 | M/L opsin genotyping

The spectral sensitivity of primate M/L opsins can be predicted
primarily using the residues at three M/L opsin amino acid sites
(Figure 2): position 180 (located in exon 3) and positions 277 and
285 (both located in exon 5). Consequently, most studies of platyr-
rhine color vision infer the tuning of M/L opsin alleles based on the
so-called “three-sites rule” (Bunce et al., 2011; de Lima et al., 2015;
Goulart et al., 2017; Hiramatsu et al., 2005). However, Matsumoto
et al. (2014) recently identified two novel nonsynonymous muta-
tions (in amino acids 213 and 294) that shift the spectral sensitivities
of M/L opsins more than predicted by the three-sites rule (Figure 2).
These two mutations evolved in the last common ancestor of non-
Alouatta atelids, and they are found in both Ateles and Lagothrix in
Ecuador. The two M/L opsin alleles of non-Alouatta atelids share
aspartic acid at site 213, while the two alleles are segregated into
asparagine and lysine at site 294 (Matsumoto et al., 2014). We used
the “three-sites rule” and residue 294 to distinguish alleles of Ateles,
Lagothrix, Plecturocebus, and Pithecia individuals. In addition, we se-
quenced exon 4 in one of the female Ateles and confirmed the pres-
ence of aspartic acid at site 213. Three females (two Pithecia one
Plecturocebus) were heterozygous at more than one of the three
spectral tuning sites. To estimate the separate alleles for the het-
erozygous females, we used SeqPhase (Flot, 2010) to transform fasta
alignments into input files for the statistical haplotyping program
PHASE v.2.1.1 by which all the mathematically possible haplotypes

are tested whether they meet the Hardy-Weinberg equilibrium to
estimate the true haplotypes (Stephens & Donnelly, 2003; Stephens
et al., 2001).

We employed an alternate genotyping method for Saimiri in-
dividuals. In Saimiri, each of the alternative amino acids present at
position 180 (serine or alanine) is consistently associated with a par-
ticular amino acid at position 277 (tyrosine or phenylalanine, respec-
tively; Cropp et al., 2002; Rowe & Jacobs, 2004). This pattern makes
position 277 redundant with position 180, allowing genotypes (and
the corresponding visual system phenotype) at the “three-sites” to
be determined by resolving only the identity of the amino acids at
positions 180 and 285. Therefore, we genotyped the Saimiri sam-
ples by interrogating just two of the three spectral tuning sites—
positions 180 and 285—using a custom-designed TagMan® (Applied
Biosystems) assay for each of these sites. The procedure allows flu-
orescent oligonucleotide probes to complement and bind to either
one or both of the potential SNP sites at positions 180 and 285 in
each sample of DNA extracted from feces. In samples of males and
homozygous females, only one of the two probes binds to the SNP
site at each of these positions. Detailed description of the genotyp-
ing PCR conditions is provided in Supporting Information (Materials
and Methods S2).

2.4 | Statistical testing and limitations

We evaluated the degree of uniformity of allele distributions and
of differences between allele distributions with the chi-squared
tests in R, version 3.5.2 (R Core Team, 2020). As in most observa-
tional studies, the samples we have for analysis do not represent
a random sample from the population. Consequently, the assump-
tions of the chi-square test cannot be fully satisfied. We also
know that some individuals sampled are related to one another

and therefore their samples are not fully independent. However,

exon1 exon2 exon3 exon4 exon5 exon 6 Predicted Spectral
1 . /l l I Sensitivity
' _ Genotype  Amax

180 277 285 SYT 560 nm

Ser > Ala Tyr > Phe Thr > Ala SET 550 nm

-7 nm -10 nm -15 nm AFT 545 nm

SFA 534 nm

213+ 204+ AFA 532 nm

Tyr > Asp Asn > Lys SFT* 538 nm

*novel in non-Alouatta atelids, AFT* 537 nm

change Ay« SYT* 553 nm/
556 nma

FIGURE 2 Middle-to-long-wavelength (M/L) opsin gene spectral tuning. The “three-sites rule” predicts the spectral tuning of primate

M/L opsins based on known effects of amino acid substitutions at sites 180, 277, and 285 on opsin pigment 1

max- Recent work (Matsumoto

et al., 2014) identified novel substitutions in non-Alouatta atelids (Ateles, Lagothrix) that result in opsin pigment Amax that deviates from
predictions of the three-sites rule (*). *Pigment reconstitution experiments further demonstrate that Anax OF the SYT allele differs between
Ateles and Lagothrix (Matsumoto et al., 2014). Figure adapted and modified from Hiramatsu et al. (2005)
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they are part of the local ecology and participate in competitive
interactions with one another and with individuals of other spe-
cies; thus, it is important to include them. In every case where
we report the results of an inferential test, we also present the
appropriate data so that the magnitude of the differences can be
considered; the chi-square test provides an additional commonly
used measure for interpreting the probability of having obtained
the reported differences.

3 | RESULTS

We analyzed the M/L opsin gene on 161 X chromosomes of 104 in-
dividuals (47 males and 57 females: Table 1), using either the Sanger
sequencing or SNP genotyping assays as described above. Exons 3
and 5 were examined for all individuals; exon 4 was also sequenced
for one of the female spider monkeys as reported in a prior pub-
lication (Matsumoto et al., 2014). For Plecturocebus, Pithecia, and
Saimiri, we predicted peak spectral sensitivity (4 ,,) of the M/L
alleles(s) of each individual based on the amino acids at residues
180, 277, and 285 following the “three-sites rule” and results of
previously published reconstitution experiments (Table 2). For the
atelids (Ateles and Lagothrix), our predictions of peak spectral sen-
sitivity included the effect of the amino acid at site 294; for these
predictions, we assumed that all non-Alouatta atelids had aspartic
acid at site 213 in exon 4, as the Y213D mutation in the common
ancestor of the atelids predates the appearance of the two current

opsin alleles (Matsumoto et al., 2014).

TABLE 2 M/L opsin alleles and peak wavelength (1

max

Opsin 4,,... No. of male
Taxon Alleles? (nm)® dichromats
Ateles SFT 538 2
SYT 553 1
Lagothrix AFT 537 =
SYT 556 3
Plecturocebus AFA 532 2
AFT 545 3
SFT 550 2
SYT 560 1
Pithecia AFA 532 1
AFT 545 3
SYT 560 1
Saimiri AFA 532 2
AFT 545 16
SYT 558 10
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3.1 | Numbers of alleles and variations in allele
frequencies

We found substantial variation in numbers and relative frequencies of
M/L opsin alleles across taxa (Figure 3; Table 2). The non-Alouatta atel-
ids each had only two alleles (Ateles: SFT and SYT; Lagothrix: AFT and
SYT). By contrast, we detected three alleles in Saimiri and Pithecia (AFA,
AFT, and SYT) and four alleles in Plecturocebus (AFA, AFT, SFT, and
SYT). These allele types (i.e., three amino acid haplotypes) were directly
determined from male or homozygous female samples. The presence
of recombinant alleles between them in heterozygous females was not
supported by our PHASE analysis. The most common allele also dif-
fered across taxa. The SYT allele, for example, encodes the opsin with
the most red-shifted A, in both the non-atelids (4 ,, 558-560 nm)
and the atelids (1, 553-556 nm). While the SYT allele was present in
all species, the relative frequency was highly variable (Figure 3). In the
atelids, the frequency of the SYT allele was 62% in Ateles and 73% in
Lagothrix (Figure 3). Considering Ateles and Lagothrix together, the SYT
allele occurred in 82% of atelid individuals. In the non-atelids, however,
the SYT allele occurred in less than half of individuals, and the relative
frequency of the allele was substantially lower: 25% in Plecturocebus,
23% in Pithecia, and 35% in Saimiri. Instead, the most common allele in
the three non-atelid species (Figure 3) was the mid-wavelength AFT
of 545 nm) at 46% (Plecturocebus), 46% (Pithecia), and 53%
(Saimiri). The relatively small sample for Pithecia does not warrant anin-

allele (4, ,,
ferential statistical test, but we found that distributions of opsin alleles
differed from a uniform distribution for both Plecturocebus (;(g =701,
p =.030) and Saimiri (;(g =25.2,p <.001).

) of the corresponding opsin grouped by genotype and sex

Female trichromats

No. of female Total no. of

dichromats Alleles (2,,.°) No. individual sampled
- 538 + 553 (15) 3 8
2
1 537 + 556 (19) 2 9
3

545 + 550 (5) 1
3 550 + 560 (10) 2 16
- 1
1 545+ 560 (15)
- 532 + 545 (13) 2
= 545 + 560 (15) 1 9
- 532 + 560 (28) 1
1 532 + 545 (13) 4
10 545 + 558 (13) 11 62
5 532 + 558 (26) 3

ILetters correspond to amino acids at sites 180, 277, and 285. The most common allele for each taxon is bolded. Note: For Ateles/Lagothrix, we
assumed site 213 was aspartic acid for all individuals; at site 294, SYT allele had asparagine (N), while SFT and AFT alleles had lysine (K).

bFor Ateles, Lagothrix, and Saimiri, Anax
(Hiramatsu et al., 2004; 2008; Matsumoto et al., 2014).

was determined by reconstitution of the pigments of representative individuals with these genotypes

“Value in parentheses represents the estimated difference in nanometers between the two opsin pigments.
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0.6

0.4

=
0.01 Pithecia
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0.8

0.6

0.4

0.2
0.0 Saimiri -

520 540 560 580

Allele Frequency

0.8

0.6
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0.0 | Ateles

520 540 560 580
0.8

0.6

0.4
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3.2 | Genotype frequencies and numbers of
dichromats and trichromats

We identified both trichromatic and dichromatic genotypes in all
five taxa (Figure 4). Each taxon had at least one dichromat with
each of the detected alleles, contributing to intraspecific diversity

of genotypes. Consistent with the allele frequency results, the most
common dichromatic genotype among both non-Alouatta atelids
was the long-wavelength SYT allele (Figure 4; Table 2). In contrast,
the most common dichromatic genotype among all three non-atelids
had the mid-wavelength AFT allele, again consistent with allele

frequencies.
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The proportion of females that were trichromats varied across
taxa (Table 2), ranging between 22% (Lagothrix) and 37% in Ateles
to 100% (Pithecia); the other two species ranged around 50%
(Plecturocebus—50% and Saimiri—53%). However, sample sizes
were limited, and for Pithecia, three of the sampled females were
related. Thus, any interspecific differences must be interpreted with
caution. Only one trichromatic genotype was possible in the two
atelid taxa because their gene pools only included two M/L opsin
alleles. However, Saimiri and Pithecia each had three segregating
alleles, allowing for three possible trichromatic genotypes, and we
detected individuals of all three types for both species. The distribu-
tion of trichromatic genotypes in Saimiri was nonuniform (;(g =6.35,
p =.042), and the most common genotype was AFT/SYT (545/558,
13 nm difference), found in 11 out of 18 trichromat females. With
four alleles, Plecturocebus could theoretically exhibit as many as
six different trichromatic genotypes; we identified individuals of
three of these types in the Tiputini sample of 8 female individu-
als. Although the most common dichromatic genotype (AFT allele,
545 nm) was shared by all non-atelid species, they appear to differ
in the most common trichromatic genotype (Figure 4). However, ad-
ditional data will be needed to adequately characterize the distribu-

tions of trichromats.

4 | DISCUSSION

The sympatric primates at Tiputini occupy broad, overlapping, mul-
tidimensional ecological niches (Table 1). On the basis of our results,
we suggest that variation in color vision should be included as one of
the traits that may contribute to niche partitioning. We focus here
on possible relationships between variation in color vision and dif-
ferences in food choice and foraging behavior within and across taxa.
Particular color vision genotypes should yield advantages in detect-
ing and utilizing particular food sources, which could contribute to
establishing niches biased toward utilization of those resources. At
the same time, other factors, such as interspecific competition, may
limit access to preferred resources, thereby favoring different vi-
sion genotypes better suited to utilizing alternative resources. Thus,
variation in color vision within and across species may dynamically
contribute to niche partitioning and might do so in a manner that
varies with geographic location and with the composition of the local
ecological community. Here, we describe the color vision genetics of
our study sample and compare our results to data from other sites
with different primate community compositions and habitat types.
Our study is unique in characterizing the diversity of color vision
in five genera of sympatric primates living in a hyperdiverse primary
lowland rain forest (Bass et al., 2010). These data represent the first
genetic determinations of opsin alleles in wild Pithecia aequatorialis
and Plecturocebus discolor. They are also the first population data for
Ecuadorian A. belzebuth, L. lagotricha poeppigii, and S. sciureus mac-
rodon. All the individual alleles that we detected had been reported
previously for the genera we have studied: Ateles and Lagothrix
(Hiramatsu et al., 2005; Matsumoto et al., 2014), Pithecia (Boissinot

et al., 1998), Plecturocebus/Callicebus (Bunce et al., 2011; Goulart
et al., 2017), and Saimiri (Cropp et al., 2002; Hiramatsu et al., 2004,
Neitz et al., 1991; Rowe & Jacobs, 2004).

4.1 | Number and relative frequency of opsin alleles
41.1 | Atelids

Our sample of 17 Ecuadorian non-Alouatta atelids yielded only two
M/L opsin alleles for each species: SFT and SYT for Ateles and AFT
and SYT for Lagothrix. In each species, the longer-wavelength SYT
allele was more frequent. The pattern of two alleles per species, with
a bias toward the SYT allele, is consistent with genetic data from
32 A. geoffroyi from Costa Rica (Hiramatsu et al., 2005; Hiwatashi
et al., 2010) and from 18 muriquis (13 Brachyteles arachnoides with
SFT and SYT and five Brachyteles hypoxanthus with AFA and SYT)
from Brazil (Talebi et al., 2006). The limitation to two alleles is also
consistent with electroretinographic (ERG) results from 56 non-
Alouatta atelids housed in captive colonies (18 A. geoffroyi, 12 Ateles
fusciceps robustus, 17 potential Ateles hybrids, and 9 L. lagotricha po-
eppigii, which likely included animals from Ecuador and Colombia;
Jacobs & Deegan, 2005). In total, accumulated data from 123 indi-
viduals from the three non-Alouatta atelid genera exhibit a clear pat-
tern for this clade: For each species, there is a single X-linked gene
with only two opsin alleles. Where genetic data are available, all
species are found to have the long-wavelength SYT allele, which is
present at a higher frequency than the alternate, middle-wavelength

allele, which differs from species to species.

4.1.2 | Non-atelids: Plecturocebus,
Pithecia, and Saimiri

We observed a very different pattern in the three non-atelid gen-
era. All three species were polymorphic, with either three (Pithecia,
Saimiri) or four (Plecturocebus) opsin alleles. Each of the three spe-
cies also exhibited a bias toward the middle-wavelength AFT allele
instead of the long-wavelength SYT allele.

Plecturocebus

We detected the largest number of opsin alleles (AFA, AFT, SFT,
SYT) in titi monkeys, P. discolor (family Pitheciidae). An additional al-
lele, for a total of five, has previously been identified by ERG meas-
urements in a large captive population (n = 82) that was initially
described as Callicebus moloch (Jacobs & Deegan, 2005). The spe-
cies composition of this captive colony was later clarified to con-
sist of representatives of Plecturocebus cupreus cupreus, P. cupreus
ornatus, and possible hybrids (Bunce, 2009; Bunce et al., 2011).
Consequently, it is an open question whether the allele count for the
captive population (five alleles) represents the true opsin diversity
expected for wild Plecturocebus populations, particularly if there is

any interspecific variation in the number of alleles. The only previous
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study of a wild population of Plecturocebus (P. toppini, in Peru, previ-
ously called Callicebus brunneus) detected only three alleles, with the
most common being AFT (Bunce et al., 2011), similar to our results
for P. discolor. Thus, our results are the first unequivocal evidence
for the presence of more than three opsin alleles in any wild pop-
ulation of Plecturocebus. Notably, our sample size is still relatively
small (n = 16), and studies of wild populations should be expanded
to determine the full opsin gene diversity in Plecturocebus in natural

breeding populations.

Pithecia

We identified three opsin alleles in P. aequatorialis (AFA, AFT, and
SYT). These same alleles were also found previously in 16 male cap-
tive P. irrorata in Brazil (Boissinot et al., 1998). A more recent study
(Goulart et al., 2017) that included museum specimens of two female
P. irrorata identified a single novel allele (AYT), indicating that P. irro-
rata has four opsin alleles. This AYT allele has not yet been detected
in the Tiputini primates. Similar to Plecturocebus, AFT was the most
common allele among Tiputini P. aequatorialis. Our study is the first
to report the M/L opsin gene frequencies for a wild population of

the genus Pithecia.

Saimiri
For Saimiri, we employed a SNP genotyping approach to explore al-
lelic variation in the Tiputini population. A large survey of genetic
data identified only three alleles (AFA, AFT, and SYT) in a sample of
362 X chromosomes from multiple Saimiri species and locales (Rowe
& Jacobs, 2004; Table 3). Additionally, only two exceptional cases of
recombinant alleles have been found in Saimiri: one in S. boliviensis,
with an intermediate predicted 4, of 558 nm, and another one in S.
sciureus, with a predicted 4, of 534 nm (Cropp et al., 2002). These
results suggest that alleles other than the major three are exception-
ally rare in Saimiri, supporting our use of the SNP genotyping ap-
proach in lieu of complete sequencing of multiple opsin exons.
While all Saimiri share the same opsin alleles, the allele frequency
distribution for S. sciureus macrodon, with a particularly high occur-
rence of AFT (53%) and a low occurrence of AFA (11%), differs from
allele distributions of other Saimiri populations that have been stud-
ied (Table 3). Two previous analyses of Saimiri M/L opsin allele fre-
quencies have employed pooled data from multiple Saimiri species

sampled at different unspecified locations (Rowe & Jacobs, 2004), or

TABLE 3 Middle-to-long-wavelength

. .. L Species
opsin allele frequencies in Saimiri
populations S. boliviensis
S. oerstedii
S. sciureus

S. s. macrodon

Pooled data
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from captive colonies of S. boliviensis of diverse geographic origins
(Cropp et al., 2002). However, pooling data in this manner render
interpretation difficult because it may obscure differences between
local populations in different habitats. These considerations empha-
size the importance of specifying the geographic origin of samples
collected for genetic analyses.

Two other Saimiri populations with known geographic origins
have been genotyped (Table 3). For S. sciureus, samples were col-
lected from local populations being studied behaviorally in Guyana
and Suriname ~2000 km east of Tiputini (Cropp et al., 2002). The al-
lele frequency distribution of this eastern Saimiri is substantially dif-
ferent from that of the Tiputini population, with an AFA frequency
2.6 times as high and an AFT frequency only 70% as high (;(g =10.74,
p =.005). This difference in opsin allele frequency distributions may
be related to geographic differences in ecology, including intra- or
interspecies competition (Boinski, 1999). Similar to the eastern
Saimiri, the opsin allele distribution of the relatively isolated S. oer-
stedii population in Costa Rica differs from the Tiputini population in
having a higher frequency of the AFA allele and a lower frequency
of the AFT allele that may be ecologically relevant. However, the
difference in the AFA frequency is not as great, being 1.8 times the
frequency of the Tiputini sample, while the AFT allele is 69% as high
(;(g =5.02,p =.081).

4.2 | Visual ecology and intraspecific diversity of
visual phenotypes

Each of the five taxa we investigated at Tiputini exhibited a diversity
of inferred color vision phenotypes, reflecting the diversity of alleles
in the population. Previous attempts to interpret the ecological rel-
evance of opsin phenotype diversity have emphasized the different
visual capabilities of dichromatic and trichromatic individuals in the
context of intraspecific niche partitioning (Hogan et al., 2018; Melin
et al., 2008, 2014, 2019; Veilleux et al., 2016). Naturalistic experi-
ments (Caine et al., 2010; Saito et al., 2005; Smith et al., 2012), as well
as modeling studies (De Araujo et al., 2006; Dominy & Lucas, 2001;
Melin et al., 2014; Melin, Khetpal, et al., 2017; Osorio et al., 2004;
Regan et al., 2001; Riba-Hernandez et al., 2004), have provided evi-
dence that trichromats should have an advantage over dichromats in

finding conspicuously colored yellowish-reddish objects (e.g., fruits,

AFA AFT SYT Data
24 (26.1) 41 (44.6) 27 (29.3) Cropp et al. (2002)
14 (20.6) 25 (36.8) 29 (42.6) Cropp et al. (2002)
29 (29.9) 36(37.1) 32(33.0) Cropp et al. (2002)
11 (11.5) 51(53.1) 34 (35.4) This study

106 (29.3) 124 (34.3) 132 (36.5) Rowe and

Jacobs (2004)

Note: Pooled data include data from Cropp et al. (2002), as well as all other sources compiled by
Rowe and Jacobs (2004). They do not include data from this study. Allele counts are listed, with
percentages in parentheses.
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flowers, young leaves) in a background of mature green foliage.
Consistent with this expectation, Melin and colleagues found that
trichromatic capuchins (C. imitator) in Costa Rica had higher intake
rates of conspicuously colored fruits than dichromats (Melin, Chiou,
et al., 2017) and also detected more small ephemeral flower patches
(Hogan et al., 2018). By contrast, experimental and field studies sug-
gest that dichromatic phenotypes are better at detecting camou-
flaged objects, such as insects (Caine et al., 2010; Melin et al., 2007;
Smith et al., 2012; but see Abreu et al., 2019). These results have
led researchers to suggest that the M/L opsin gene polymorphism
facilitates mutual benefit of association between trichromatic and di-
chromatic individuals in a same foraging group or intraspecific niche
divergence, wherein trichromats and dichromats forage on different
food items and/or under different light conditions and achieve similar
reproductive success (Fedigan et al., 2014; Melin et al., 2007, 2008;
Mollon et al., 1984; Surridge et al., 2003; Veilleux et al., 2016).

Very little work has explored the performances of different color
vision phenotypes within trichromacy and dichromacy. Most of the
studies are model-based, and they predict how different color vi-
sion phenotypes should perform in discriminating fruit against a
background of green foliage. For example, trichromatic individuals
with visual pigments more widely spectrally separated are predicted
to have better discrimination on the red-green chromatic axis than
those with more closely spaced pigments, and thus to be better at
detecting yellowish-reddish fruits and flowers against a background
of green foliage (De Aradjo et al., 2006; Matsumoto et al., 2014;
Melin et al., 2014; Osorio et al., 2004; Perini et al., 2009; Rowe &
Jacobs, 2004). Indeed, the only field study of phenotype performance
found that trichromatic capuchins with the largest spectral separation
between their opsin alleles had the highest acceptance rates when
foraging on reddish-ripening figs (Melin et al., 2009), suggesting that
individuals with this particular trichromatic phenotype may be better
than other types of trichromats in evaluating ripeness and palatability.

Model predictions, however, depend on the fruits included in
the sample. For trichromats, Melin et al. (2014) predicted that fe-
male capuchins with the more red-shifted trichromatic phenotype
(545/561 nm) should have the best detection performance for pre-
ferred and heavily consumed foods, while the phenotype with the
greatest spectral separation (532/561 nm) should have the best de-
tection performance for seasonally critical foods. For males and for
female dichromats, they predicted that the SYT dichromats should
have the highest performance in detecting yellowish-reddish fruits
against green foliage, while the AFA dichromats should have the
lowest performance on this discrimination, but instead, be better
at detecting bluish fruits (Melin et al., 2014; Osorio et al., 2004).
Field studies have not yet been able to test these predictions of the

foraging performance of different dichromat phenotypes.

4.2.1 | Visual ecology of the atelids

Both Ateles and Lagothrix rely heavily on ripe fruit in their diets
(Dew, 2005; Di Fiore, 2004; Di Fiore et al., 2008; Link & Di

Fiore, 2006; Stevenson et al., 1994), which suggests strong selec-
tive pressure for detecting ripe fruit compared with other primate
species. For these highly frugivorous atelids, the absence of the AFA
allele limits the spectral separation that is possible for trichromats
and may imply a limitation to red-green discrimination important for
detecting reddish ripe fruits. However, this limitation is partially off-
set by enlargement of the spectral separation of the SYT and either
the SFT (Ateles) or AFT (Lagotrhix) alleles by the substitutions Y213D
and N294K at other sites in the protein (Matsumoto et al., 2014).
The spectral separation of the M and L pigments is 15 nm for Ateles
and 19 nm for Lagothrix. Although these are smaller than the spec-
tral separation of some trichromatic phenotypes of the non-atelids
(Table 2), a previous behavioral experiment shows that the 15-nm
spectral separation is still sufficient in discriminating red-green color
contrast (Saito et al., 2005). At the population level, the lack of an
AFA allele, along with the high frequency of the long-wavelength
SYT allele, may be adaptive because it results in a high proportion
of dichromats with the SYT allele (Kawamura, 2018), which are
predicted to be better than AFT or SFT dichromats at detecting
yellowish-reddish ripe fruits (Melin et al., 2014; Osorio et al., 2004).
Field studies of atelid visual ecology are limited and thus far have
failed to detect foraging differences among color vision phenotypes.
For example, a study of A. geoffroyi at Sector Santa Rosa, a dry forest
in Costa Rica, found no differences in foraging efficiency at short
range between dichromats and trichromats (Hiramatsu et al., 2008,
2009). Given this result, Hiramatsu, Melin et al. hypothesized that
trichromacy may provide a greater advantage for long-distance
detection of yellowish-reddish resources (particularly small and/or
ephemeral patches), while luminance cues and olfactory cues may be
more salient for short-range fruit detection (Hiramatsu et al., 2008,
2009; Melin et al., 2014). Currently, there has been no study relating
color vision phenotype to foraging ecology in A. belzebuth or any
Lagothrix species. While the Tiputini A. belzebuth and the Santa Rosa
A. geoffroyi share the same vision phenotypes with high proportion
of SYT dichromats, Tiputini represents a vastly different floristic en-
vironment with a larger community of sympatric primates and other
frugivores. Hence, the potential competitive situation is quite differ-
ent. Moreover, Lagothrix seasonally consumes a substantial amount
of animal prey (Dew, 2005; Di Fiore, 1997, 2004), which adds an-
other dimension to its visual ecology. An analysis of the foraging
performance of different visual phenotypes of these two atelids
at Tiputini would be valuable for understanding the evolution and
maintenance of polymorphic trichromacy in these genera.

4.2.2 | Visual ecology of Plecturocebus,
Pithecia, and Saimiri

In our non-atelid taxa, the larger number of segregating M/L alleles
is accompanied by a greater diversity of visual phenotypes, including
more types of dichromats and trichromats with peak sensitivities in
different wavelength regions. This greater diversity of visual pheno-

types may reflect a sensory adaptation for greater dietary diversity,
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including increased consumption of animal prey and/or seeds (Bicca-
Marques & Heymann, 2013; Charpentier et al., 2015; Lopes, 2016;
Montague, 2011). In contrast to the atelids, only 17% (Plecturocebus),
20% (Pithecia), and 34% (Saimiri) of non-atelid dichromats carried
the long-wavelength SYT allele best suited for detecting yellowish-
reddish fruits. Instead, 50%-60% of these dichromats carried the
mid-wavelength (545 nm) AFT allele. A small-to-moderate percent-
age of dichromats carried the short wavelength (532 nm) AFA al-
lele, predicted to be the best for detecting bluish objects (Melin
et al., 2014; Osorio et al., 2004): Plecturocebus, 17%; Pithecia, 20%;
and Saimiri, 7%. We note that the colors of plant foods consumed
by Saimiri at Tiputini generally covary with opsin allele frequencies;
most plant taxa consumed were yellow/green (48%) or yellow-red
(44%) rather than bluish (<8%; Montague, 2011), mirroring the
higher frequency of the mid-wavelength AFT allele and the low fre-
quency of the short-wavelength AFA allele in the Saimiri population.
Similar data on food color are not yet available for Plecturocebus or
Pithecia at Tiputini.

The greater opsin and dietary diversity within the non-atelid taxa
may facilitate intraspecific partitioning of “visual niche space,” per-
mitting individuals within a social group to reduce intraspecific com-
petition by feeding on different resources. At other study sites, for
example, dichromats are more efficient than trichromats at captur-
ing camouflaged insects (Melin et al., 2007, 2010; Smith et al., 2012).
There is currently little evidence that different dichromatic phe-
notypes vary in detecting different types of insects or fruits (e.g.,
Abreu et al., 2019), and further study will be important for under-
standing the ecology and evolution of opsin genotypes.

For each of the three non-atelid taxa, we identified three dif-
ferent types of trichromats with differing degrees of spectral sep-
aration between the mid- and long-wavelength alleles (Table 2).
Surprisingly, for Plecturocebus, spectral separation of the alleles was
relatively small for two of the three trichromatic phenotypes (5 and
10 nm), which may result in poor red-green color discrimination. This
result is particularly interesting given the presence of four alleles in
the population. The evolution of these spectrally similar alleles may
reflect a relaxation of selection for acute color discrimination or the
increased use of other sensory cues, such as shape, brightness, odor,
or touch, to acquire essential foods. Future work should explore the
sensory characteristics of Plecturocebus foods and signatures of se-
lection on the M/L opsin gene in this population to investigate these
possibilities.

For Pithecia and Saimiri, all trichromats had spectral separations
roughly comparable to or greater than those characterizing the fru-
givorous atelids (Ateles and Lagothrix: 15-19 nm; Pithecia and Saimiri:
13-28 nm). Thus, the AFA/SYT trichromats of the seed predator
Pithecia and the insectivore/frugivore Saimiri should theoretically
perform better than the atelids at detecting ripe red-yellow fruits
against a background of green foliage. For reference, we note that
the color vision of human trichromats is based on a 22-29 nm spec-
tral separation of visual pigments (Merbs & Nathans, 1992), similar
to the widest spectral separation seen in our sample of neotropical

primates. Yet in Saimiri, the only species for which sample size was
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sufficient to compare the frequency of trichromatic phenotypes,
only 16% of trichromats had the widest spectral separation (26 nm).
Instead, well over half of Saimiri trichromats (61%) exhibited a more
red-shifted trichromatic phenotype (545/558 nm), suggesting that
individuals with different trichromatic phenotypes may differ in re-
sources that they are best able to detect, a possibility that has not
yet been tested empirically in any field study.

Overall, the diversity of dichromatic and trichromatic pheno-
types observed in these sympatric species offers multiple possibili-
ties for intraspecific niche partitioning. Visual diversity may enable
individual members of foraging groups to exploit somewhat differ-
ent resources, thus reducing within-group competition, broadening
the available resource base (Hogan et al., 2018; Melin et al., 2007,
2010; Smith et al., 2012), and creating a mutual benefit to group
members (Veilleux et al., 2016). Individuals with different visual
phenotypes may also be able to better detect different predators
(Pessoa et al., 2014) or have other perceptual advantages that could
contribute to overall fitness. Further studies of the behavior of spe-
cific color vision phenotypes are needed to clarify how different
phenotypes utilize “visual niche space.”

4.3 | Intraspecific variation, interspecific
variation, and niche partitioning

At Tiputini, each atelid species had one type of trichromat and two
types of dichromats, while each of the non-atelids exhibited three
or four types of dichromats and three types of trichromats. The im-
plications of these results for feeding ecology and niche partition-
ing depend upon the interactions of visual phenotypes with dietary
preferences, anatomical and physiological adaptations, and environ-
mental factors for each species. However, the predicted differences
in performance among color vision phenotypes for different food
objects provide potential mechanisms for both intraspecific and in-
terspecific niche partitioning.

The greater diversity of opsin genotypes and the relatively low
frequency of SYT dichromats among non-atelids at Tiputini may
represent a form of interspecific partitioning of visual niche space.
Ateles and Lagothrix—which primarily carry the SYT dichromatic
phenotype—are large-bodied primates, and they can readily displace
other primate species when competing for ripe fruit (D.M. Snodderly
& A. Di Fiore, unpublished observations 2015-2019). Thus, interspe-
cific feeding competition may exert selective pressure on the non-
atelid taxa to exploit food resources that are better detectable by
non-SYT phenotypes, which would subsequently influence the allele
frequency distribution of the M/L opsin gene in those taxa. Indeed,
all three non-atelid species exhibit a greater dietary diversity than
the atelids with less dependence on ripe fruit and greater consump-
tion of animal prey and seeds (Bicca-Marques & Heymann, 2013;
Charpentier et al., 2015; Montague, 2011).

Questions about intraspecific variation and “visual niche space”
are particularly interesting to consider for sites like Tiputini with

rich biodiversity, large primate communities, and a host of other
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mammalian and avian species that also forage in the forest canopy.
We identified substantial variation between sympatric species, as
well as variation between populations at our site and congeners at
other sites. We suggest that the differences in opsin allele frequen-
cies between Saimiri at Tiputini and Saimiri at other sites may reflect
niche partitioning with different sets of sympatric species.

Allele frequency data for the same primate species in different
habitats are rare, but they are available for two Cebus populations
in northwestern Costa Rica. At Sector Santa Rosa, where Cebus is
found sympatrically with A. geoffroyi and Alouatta palliata, allele fre-
quencies were 20.6% for AFA (530 nm), 36% for AFT (545 nm), and
56.1% SYT (560 nm; Melin et al., 2014). However, Ateles is not pres-
ent at the Lomas Barbudal Biological Reserve, likely due to human
hunting (Chapman et al., 1989), and interestingly, allele frequencies
in the Cebus population were substantially different: 41.4% AFA,
13.8% AFT, and 44.8% SYT (Vogel et al., 2007). It is intriguing to
speculate that the loss of a major competitor and/or other environ-
mental differences led to a shift in the “visual niche space” occupied
by Cebus at Lomas Barbudal, leading to a concomitant change in al-
lele frequencies.

5 | CONCLUSIONS

Given the renewed interest in the effects of within-species varia-
tion on interspecific niche partitioning (Bolnick et al., 2011; Violle
etal., 2012), opsin gene polymorphisms among neotropical primates
provide an exciting and rich system to investigate these questions.
In this study, we surveyed M/L opsin diversity in five of the ten
primate species at the Tiputini Biodiversity Station in Amazonian
Ecuador, offering the most extensive survey so far of opsin diversity
across a neotropical primate community. We found the first evi-
dence of four opsin alleles in a wild Plecturocebus population and
substantial interspecific and intraspecific variation in opsin allele
and genotype frequencies among other sympatric taxa. Our results
highlight a need to understand the role of different vision pheno-
types in foraging efficiency and detection performance for differ-
ent foods consumed by each primate species. We conclude that a
deeper understanding of opsin gene diversity and foraging ecology
will shed light on niche partitioning, flexibility, and resilience in neo-

tropical primates.

ACKNOWLEDGMENTS

We are grateful to the Ecuadorian Government and the Ministerio
de Ambiente for permission to work in the Yasuni region and to the
directors and staff of the Pontificia Universidad Catdlica of Ecuador,
the Yasuni Scientific Research Station, the Universidad San Francisco
de Quito, and the Tiputini Biodiversity Station for facilitating our pri-
matological research. Special thanks are due to David and Consuelo
Romo, Kelly Swing, Diego Mosquera, and all of the TBS “tigres” who
have provided continuous logistical support and friendship to our
research team in the field. We thank undergraduate research assis-

tants in the Snodderly and Di Fiore laboratories at The University of

Texas at Austin, including Raven Cortright, Chelsea Ogan, Miranda
Jankovic, and Selby Olsen, for help with data collection. Ryan Raaum
and Todd Disotell provided valuable assistance in the Laboratory
of Human and Primate Evolutionary Genetics at Lehman College
and NYU's Molecular Anthropology Laboratory. Marcelo Rotundo,
Dylan Schwindt, Delanie Hurst, and Gabriel Carrillo provided criti-
cal assistance during early fieldwork at the Tiputini Biodiversity
Station. This research was supported, in part, by grants from the
National Science Foundation (BCS 1062540 to MJM/AD), the L.S.B.
Leakey Foundation (to AD/EFD), the Wenner-Gren Foundation for
Anthropological Research (to MJM/AD/EFD), the J. William Fulbright
Association (to AD), the Harry Frank Guggenheim Foundation (to
AD/AL), the National Geographic Society (to EFD/AD), the New York
Consortium in Evolutionary Primatology (NYCEP), The University of
Texas at Austin (DMS/AD), and 15H02421 and 18H04005, Grants-
in-Aid for Scientific Research (A), Japan Society for the Promotion of
Science (JSPS; to SK).

CONFLICT OF INTEREST
None declared.

AUTHOR CONTRIBUTIONS

Carrie C. Veilleux: Conceptualization (equal); Data curation (equal);
Formal analysis (equal); Investigation (equal); Methodology (equal);
Project administration (lead); Supervision (equal); Visualization
(lead); Writing-original draft (lead); Writing-review & editing (equal).
Shoji Kawamura: Conceptualization (equal); Data curation (equal);
Formal analysis (equal); Investigation (equal); Methodology (equal);
Resources (equal); Supervision (equal); Writing-review & editing
(equal). Michael J. Montague: Conceptualization (equal); Data cu-
ration (equal); Formal analysis (equal); Funding acquisition (equal);
Investigation (equal); Methodology (equal); Writing-review & edit-
ing (equal). Tomohide Hiwatashi: Investigation (equal); Methodology
(equal). Yuka Matsushita: Data curation (equal); Formal analy-
sis (equal); Investigation (equal); Methodology (equal). Eduardo
Fernandez-Duque: Funding acquisition (equal); Investigation (equal);
Writing-review & editing (equal). Andres Link: Investigation (equal);
Methodology (equal); Writing-review & editing (equal). Anthony
Di Fiore: Conceptualization (equal); Data curation (equal); Formal
analysis (equal); Funding acquisition (equal); Methodology (equal);
Project administration (supporting); Resources (equal); Supervision
(equal); Writing-original draft (supporting); Writing-review & edit-
ing (equal). D. Max Snodderly: Conceptualization (equal); Formal
analysis (equal); Funding acquisition (equal); Project administration
(equal); Resources (equal); Supervision (equal); Writing-original draft

(lead); Writing-review & editing (equal).

DATA AVAILABILITY STATEMENT

DNA sequences for exons 3 and 5 of the M/LWS opsin gene
for Plecturocebus and Pithecia individuals have been deposited
in GenBank (accession numbers: MT984248-MT984263 and
MT995856-MT995889; see Supporting Information for accession

numbers by individual and species).


info:x-wiley/peptideatlas/M
info:x-wiley/peptideatlas/T984248
info:x-wiley/peptideatlas/MT984263
info:x-wiley/peptideatlas/MT995856
info:x-wiley/peptideatlas/MT995889

VEILLEUX ET AL.

ORCID
Carrie C. Veilleux https://orcid.org/0000-0003-4441-7521
https://orcid.org/0000-0003-0350-6050

https://orcid.org/0000-0003-0253-4404

Shoji Kawamura

Michael J. Montague

REFERENCES

Abreu, F., Souto, A., Bonci, D. M. O., Mantovani, V., Pessoa, D. M. A, &
Schiel, N. (2019). Detection of insect prey by wild common marmo-
sets: The effect of color vision. American Journal of Primatology, 81(3),
€22963. https://doi.org/10.1002/ajp.22963

Aristide, L., Rosenberger, A. L., Tejedor, M. F., & Perez, S. I. (2015).
Modeling lineage and phenotypic diversification in the New
World monkey (Platyrrhini, Primates) radiation. Molecular
Phylogenetics and Evolution, 82, 375-385. https://doi.org/10.1016/j.
ympev.2013.11.008

Bass, M. S., Finer, M., Jenkins, C. N., Kreft, H., Cisneros-Heredia, D. F.,
McCracken, S. F., Pitman, N. C. A,, English, P. H., Swing, K., Villa, G.,
Di Fiore, A., Voigt, C. C., & Kunz, T. H. (2010). Global conservation
significance of Ecuador's Yasuni National Park. PLoS One, 5(1), e8767.
https://doi.org/10.1371/journal.pone.0008767

Bicca-Marques, J. C., & Heymann, E. W. (2013). Ecology and behavior of
titi monkeys (genus Callicebus). In A. A. Barnett, L. M. Veiga, M. A.
Norconk, & S. F. Ferrari (Eds.), Evolutionary biology and conservation of
titis, sakis and uacaris (pp. 196-207). https://doi.org/10.1017/CBO97
81139034210.023

Boinski, S. (1999). The social organizations of squirrel monkeys:
Implications for ecological models of social evolution. Evolutionary
Anthropology, 8(3), 101-112. https://doi.org/10.1002/(SICI)1520-
6505(1999)8:3<101:AID-EVAN5>3.0.CO;2-0

Boissinot, S., Tan, Y., Shyue, S.-K., Schneider, H., Sampaio, I., Neiswanger,
K., Hewett-Emmett, D., & Li, W.-H. (1998). Origins and antig-
uity of X-linked triallelic color vision systems in New World mon-
keys. Proceedings of the National Academy of Sciences of the United
States of America, 95(23), 13749-13754. https://doi.org/10.1073/
pnas.95.23.13749

Bolnick, D. I., Amarasekare, P., Aratjo, M. S., Biirger, R., Levine, J. M.,
Novak, M., Rudolf, V. H. W., Schreiber, S. J., Urban, M. C., & Vasseur,
D. A. (2011). Why intraspecific trait variation matters in community
ecology. Trends in Ecology & Evolution, 26(4), 183-192. https://doi.
org/10.1016/j.tree.2011.01.009

Bunce, J. A. (2009). Ecology and genetics of color vision in Callicebus brun-
neus, a neotropical monkey. PhD dissertation, University of California
at Davis, Davis, CA.

Bunce, J. A, Isbell, L. A., Neitz, M., Bonci, D., Surridge, A. K., Jacobs,
G. H., & Smith, D. G. (2011). Characterization of opsin gene alleles
affecting color vision in a wild population of titi monkeys (Callicebus
brunneus). American Journal of Primatology, 73(2), 189-196. https://
doi.org/10.1002/ajp.20890

Caine, N. G., Osorio, D., & Mundy, N. I. (2010). A foraging advantage
for dichromatic marmosets (Callithrix geoffroyi) at low light intensity.
Biology Letters, 6, 36-38. https://doi.org/10.1098/rsbl.2009.0591

Chapman, C. A., Chapman, L. J., & Glander, K. E. (1989). Primate popu-
lations in Northwestern Costa Rica: Potential for recovery. Primate
Conservation, 10, 37-44.

Charpentier, E. J., Garcia, G., & Aquino, R. (2015). Uso y competicién por
plantas alimenticias entre Pithecia aequatorialis (Primates: Pitheciidae)
y otros animales en la Amazonia peruana. Revista Peruana De Biologia,
22,225-232. https://doi.org/10.15381/rpb.v22i2.11356

Code of best practices for field primatology. International Primatological
Society, 2014. http://www.internationalprimatologicalsociety.org/
docs/Code%200f_Best_Practices%200ct%202014.pdf

Corso, J., Bowler, M., Heymann, E. W., Roos, C., & Mundy, N. I. (2016).
Highly polymorphic colour vision in a New World monkey with red

Fcology and Evolution o 5755
= WILEY- L%

facial skin, the bald uakari (Cacajao calvus). Proceedings of the Royal
Society B: Biological Sciences, 283(1828), 20160067. https://doi.
org/10.1098/rspb.2016.0067

Cropp, S., Boinski, S., & Li, W.-H. (2002). Allelic variation in the squirrel
monkey x-linked color vision gene: Biogeographical and behavioral
correlates. Journal of Molecular Evolution, 54(6), 734-745. https://doi.
org/10.1007/s00239-001-0073-2

De Aratjo, M. F. P, Lima, E. M., & Pessoa, V. F. (2006). Modeling dichro-
matic and trichromatic sensitivity to the color properties of fruits
eaten by squirrel monkeys (Saimiri sciureus). American Journal of
Primatology, 68(12), 1129-1137. https://doi.org/10.1002/ajp.20312

de Lima, E. M., Pessoa, D. M. A., Sena, L., de Melo, A. G. C., de Castro,
P. H. G, Oliveira-Mendes, A. C., & Pessoa, V. F. (2015). Polymorphic
color vision in captive Uta Hick’s cuxius, or bearded sakis (Chiropotes
utahickae). American Journal of Primatology, 77(1), 66-75. https://doi.
org/10.1002/ajp.22311

Dew, J. L. (2005). Foraging, food choice, and food processing by sym-
patric ripe-fruit specialists: Lagothrix lagotricha poeppigii and Ateles
belzebuth belzebuth. International Journal of Primatology, 26(5), 1107~
1135. https://doi.org/10.1007/s10764-005-6461-5

Di Fiore, A. (1997). Ecology and behavior of lowland woolly monkeys
(Lagothrix lagotricha poeppigii, Atelinae) in Eastern Ecuador. PhD dis-
sertation, University of California, Davis, Davis, CA.

Di Fiore, A.(2004). Diet and feeding ecology of woolly monkeys in a west-
ern Amazonian rain forest. International Journal of Primatology, 25(4),
767-801. https://doi.org/10.1023/B:1JOP.0000029122.99458.26

Di Fiore, A. D., Link, A., & Dew, J. L. (2008). Diets of wild spider monkeys.
In Spider monkeys: Behavior, ecology and evolution of the genus Ateles
(pp. 81-137). https://doi.org/10.1017/CBO9780511721915.004

Di Fiore, A, Link, A., Schmitt, C. A., & Spehar, S. N. (2009). Dispersal pat-
terns in sympatric woolly and spider monkeys: Integrating molecular
and observational data. Behaviour, 146(4/5), 437-470. https://doi.
org/10.1163/156853909X426345

Dominy, N. J., & Lucas, P. W. (2001). Ecological importance of trichro-
matic vision to primates. Nature, 410(6826), 363-366. https://doi.
org/10.1038/35066567

Fedigan, L. M., Melin, A. D., Addicott, J. F., & Kawamura, S. (2014). The
heterozygote superiority hypothesis for polymorphic color vision
is not supported by long-term fitness data from wild Neotropical
monkeys. PLoS One, 9(1), e84872. https://doi.org/10.1371/journ
al.pone.0084872

Fleagle, J. G., & Mittermeier, R. A. (1980). Locomotor behavior, body
size, and comparative ecology of seven Surinam monkeys. American
Journal of Physical Anthropology, 52(3), 301-314. https://doi.
org/10.1002/ajpa.1330520302

Flot, J. (2010). segphase: A web tool for interconverting phase input/out-
put files and fasta sequence alignments. Molecular Ecology Resources,
10(1), 162-166. https://doi.org/10.1111/j.1755-0998.2009.02732.x

Ganzhorn, J. U. (1989a). Niche separation of seven lemur species in the
eastern rainforest of Madagascar. Oecologia, 79(2), 279-286. https://
doi.org/10.1007/BF00388489

Ganzhorn, J. U. (1989b). Primate species separation in relation to sec-
ondary plant chemicals. Human Evolution, 4(2), 125-132. https://doi.
org/10.1007/BF02435441

Gause, G. F. (1934). Experimental analysis of Vito Volterra's mathemat-
ical theory of the struggle for existence. Science, 79(2036), 16-17.
https://doi.org/10.1126/science.79.2036.16-a

Goulart, V. D. L. R, Boubli, J. P., & Young, R. J. (2017). Medium/long
wavelength sensitive opsin diversity in Pitheciidae. Scientific Reports,
7(1), 7737. https://doi.org/10.1038/s41598-017-08143-2

Hauser, F. E., & Chang, B. S. (2017). Insights into visual pigment adapta-
tion and diversity from model ecological and evolutionary systems.
Current Opinion in Genetics & Development, 47, 110-120. https://doi.
org/10.1016/j.gde.2017.09.005


https://orcid.org/0000-0003-4441-7521
https://orcid.org/0000-0003-4441-7521
https://orcid.org/0000-0003-0350-6050
https://orcid.org/0000-0003-0350-6050
https://orcid.org/0000-0003-0253-4404
https://orcid.org/0000-0003-0253-4404
https://doi.org/10.1002/ajp.22963
https://doi.org/10.1016/j.ympev.2013.11.008
https://doi.org/10.1016/j.ympev.2013.11.008
https://doi.org/10.1371/journal.pone.0008767
https://doi.org/10.1017/CBO9781139034210.023
https://doi.org/10.1017/CBO9781139034210.023
https://doi.org/10.1002/(SICI)1520-6505(1999)8:3%3C101:AID-EVAN5%3E3.0.CO;2-O
https://doi.org/10.1002/(SICI)1520-6505(1999)8:3%3C101:AID-EVAN5%3E3.0.CO;2-O
https://doi.org/10.1073/pnas.95.23.13749
https://doi.org/10.1073/pnas.95.23.13749
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1002/ajp.20890
https://doi.org/10.1002/ajp.20890
https://doi.org/10.1098/rsbl.2009.0591
https://doi.org/10.15381/rpb.v22i2.11356
http://www.internationalprimatologicalsociety.org/docs/Code of_Best_Practices Oct 2014.pdf
http://www.internationalprimatologicalsociety.org/docs/Code of_Best_Practices Oct 2014.pdf
https://doi.org/10.1098/rspb.2016.0067
https://doi.org/10.1098/rspb.2016.0067
https://doi.org/10.1007/s00239-001-0073-2
https://doi.org/10.1007/s00239-001-0073-2
https://doi.org/10.1002/ajp.20312
https://doi.org/10.1002/ajp.22311
https://doi.org/10.1002/ajp.22311
https://doi.org/10.1007/s10764-005-6461-5
https://doi.org/10.1023/B:IJOP.0000029122.99458.26
https://doi.org/10.1017/CBO9780511721915.004
https://doi.org/10.1163/156853909X426345
https://doi.org/10.1163/156853909X426345
https://doi.org/10.1038/35066567
https://doi.org/10.1038/35066567
https://doi.org/10.1371/journal.pone.0084872
https://doi.org/10.1371/journal.pone.0084872
https://doi.org/10.1002/ajpa.1330520302
https://doi.org/10.1002/ajpa.1330520302
https://doi.org/10.1111/j.1755-0998.2009.02732.x
https://doi.org/10.1007/BF00388489
https://doi.org/10.1007/BF00388489
https://doi.org/10.1007/BF02435441
https://doi.org/10.1007/BF02435441
https://doi.org/10.1126/science.79.2036.16-a
https://doi.org/10.1038/s41598-017-08143-2
https://doi.org/10.1016/j.gde.2017.09.005
https://doi.org/10.1016/j.gde.2017.09.005

VEILLEUX ET AL.

5756 WI LEY_ECObe and Evolution

Open Access,

Hemingway, C. A., & Bynum, N. (2005). The influence of seasonality on
primate diet and ranging. In C. P. van Schaik & D. K. Brockman (Eds.),
Seasonality in primates: Studies of living and extinct human and non-
human primates (pp. 57-104). https://doi.org/10.1017/CBO9780511
542343.004

Hiramatsu, C., Melin, A. D., Aureli, F., Schaffner, C. M., Vorobyev, M., &
Kawamura, S. (2009). Interplay of olfaction and vision in fruit forag-
ing of spider monkeys. Animal Behaviour, 77(6), 1421-1426. https://
doi.org/10.1016/j.anbehav.2009.02.012

Hiramatsu, C., Melin, A. D., Aureli, F., Schaffner, C. M., Vorobyev, M,
Matsumoto, Y., & Kawamura, S. (2008). Importance of achromatic
contrast in short-range fruit foraging of primates. PLoS One, 3(10),
e3356. https://doi.org/10.1371/journal.pone.0003356

Hiramatsu, C., Radlwimmer, F. B., Yokoyama, S., & Kawamura, S. (2004).
Mutagenesis and reconstitution of middle-to-long-wave-sensitive
visual pigments of New World monkeys for testing the tuning effect
of residues at sites 229 and 233. Vision Research, 44(19), 2225-2231.
https://doi.org/10.1016/j.visres.2004.04.008

Hiramatsu, C., Tsutsui, T., Matsumoto, Y., Aureli, F., Fedigan, L. M., &
Kawamura, S. (2005). Color-vision polymorphism in wild capuchins
(Cebus capucinus) and spider monkeys (Ateles geoffroyi) in Costa
Rica. American Journal of Primatology, 67(4), 447-461. https://doi.
org/10.1002/ajp.20199

Hiwatashi, T., Okabe, Y., Tsutsui, T., Hiramatsu, C., Melin, A. D., Oota, H.,
Schaffner, C. M., Aureli, F.,, Fedigan, L. M., Innan, H., & Kawamura, S.
(2010). An explicit signature of balancing selection for color-vision
variation in new world monkeys. Molecular Biology and Evolution,
27(2), 453-464. https://doi.org/10.1093/molbev/msp262

Hofmann, C. M., O'Quin, K. E.,Marshall,N. J., Cronin, T. W.,, Seehausen, O.,
& Carleton, K. L. (2009). The eyes have it: Regulatory and structural
changes both underlie cichlid visual pigment diversity. PLOS Biology,
7(12), €1000266. https://doi.org/10.1371/journal.pbio.1000266

Hogan, J. D., Fedigan, L. M., Hiramatsu, C., Kawamura, S., & Melin, A.
D. (2018). Trichromatic perception of flower colour improves re-
source detection among New World monkeys. Scientific Reports, 8(1),
10883. https://doi.org/10.1038/s41598-018-28997-4

Hutchinson, G. E.(1957). Concluding remarks. Cold Spring Harbor Symposia
on Quantitative Biology, 22, 415-427. https://doi.org/10.1101/
SQB.1957.022.01.039

Jacobs, G. H. (2008). Primate color vision: A comparative perspective.
Visual Neuroscience, 25(5-6), 619-633. https://doi.org/10.1017/
50952523808080760

Jacobs, G. H., & Deegan, J. F. (2005). Polymorphic New World mon-
keys with more than three M/L cone types. Journal of the Optical
Society of America A, 22(10), 2072-2080. https://doi.org/10.1364/
JOSAA.22.002072

Jacobs, G. H., Deegan, J. F., Neitz, J., Crognale, M. A., & Neitz, M.
(1993). Photopigments and color vision in the nocturnal mon-
key, Aotus. Vision Research, 33(13), 1773-1783. https://doi.
org/10.1016/0042-6989(93)90168-v

Jacobs, G. H., Neitz, M., Deegan, J. F., & Neitz, J. (1996). Trichromatic
colour vision in New World monkeys. Nature, 382(6587), 156-158.
https://doi.org/10.1038/382156a0

Jacobs, R. L., MacFie, T. S., Spriggs, A. N., Baden, A. L., Morelli, T. L.,
Irwin, M. T., Lawler, R. R., Pastorini, J., Mayor, M,, Lei, R., Culligan, R.,
Hawkins, M. T. R., Kappeler, P. M., Wright, P. C., Louis, E. E., Mundy,
N. I, & Bradley, B. J. (2017). Novel opsin gene variation in large-
bodied, diurnal lemurs. Biology Letters, 13(3), 20170050. https://doi.
org/10.1098/rsbl.2017.0050

Kawamura, S. (2018). Colour vision genetics learned from New World
monkeys in Santa Rosa, Costa Rica. In U. Kalbitzer & K. M. Jack
(Eds.), Primate life histories, sex roles, and adaptability: Essays in honour
of Linda M. Fedigan (pp. 257-277). https://doi.org/10.1007/978-3-
319-98285-4_13

Kawamura, S., & Melin, A. D. (2017). Evolution of genes for color vision
and the chemical senses in primates. In N. Saitou (Ed.), Evolution of

the human genome I: The genome and genes (pp. 181-216). https://doi.
org/10.1007/978-4-431-56603-8_10

Kearse, M., Maoir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock,
S., & Drummond, A. (2012). Geneious Basic: An integrated and ex-
tendable desktop software platform for the organization and analy-
sis of sequence data. Bioinformatics, 28(12), 1647-1649. https://doi.
org/10.1093/bioinformatics/bts19

Kiesling, N. M. J., Yi, S. V., Xu, K., Gianluca Sperone, F., & Wildman, D. E.
(2015). The tempo and mode of New World monkey evolution and
biogeography in the context of phylogenomic analysis. Molecular
Phylogenetics and Evolution, 82, 386-399. https://doi.org/10.1016/j.
ympev.2014.03.027

Lambert, J. E., Chapman, C. A., Wrangham, R. W., & Conklin-Brittain,
N. L. (2004). Hardness of cercopithecine foods: Implications for the
critical function of enamel thickness in exploiting fallback foods.
American Journal of Physical Anthropology, 125(4), 363-368. https://
doi.org/10.1002/ajpa.10403

Leal, M., & Fleishman, L. J. (2002). Evidence for habitat partitioning
based on adaptation to environmental light in a pair of sympatric
lizard species. Proceedings of the Royal Society of London. Series B:
Biological Sciences, 269(1489), 351-359. https://doi.org/10.1098/
rspb.2001.1904

Link, A., & Di Fiore, A. (2006). Seed dispersal by spider monkeys and its
importance in the maintenance of neotropical rain-forest diversity.
Journal of Tropical Ecology, 22(3), 235-246. https://doi.org/10.1017/
S50266467405003081

Lopes, M. A. (2016). Ecologia alimentar de Saimiri macrodon (Elliot, 1907)
(Primates: Cebidae) em floresta de vdrzea na Amazénia Central. PhD
dissertation, Universidade Federal do Pard e Museu Paraense Emilio
Goeldi.

Macarthur, R., & Levins, R. (1967). The limiting similarity, convergence,
and divergence of coexisting species. The American Naturalist,
101(921), 377-385. https://doi.org/10.1086/282505

Marsh, L. K. (2004). Primate species at the Tiputini Biodiversity Station,
Ecuador. Neotropical Primates, 12(2), 75-78.

Matsumoto, Y., Hiramatsu, C., Matsushita, Y., Ozawa, N., Ashino, R.,
Nakata, M., & Kawamura, S. (2014). Evolutionary renovation of L/M
opsin polymorphism confers a fruit discrimination advantage to
ateline New World monkeys. Molecular Ecology, 23(7), 1799-1812.
https://doi.org/10.1111/mec.12703

Melin, A. D., Chiou, K. L., Walco, E. R., Bergstrom, M. L., Kawamura, S.,
& Fedigan, L. M. (2017). Trichromacy increases fruit intake rates of
wild capuchins (Cebus capucinus imitator). Proceedings of the National
Academy of Sciences of the United States of America, 114(39), 10402-
10407. https://doi.org/10.1073/pnas.1705957114

Melin, A. D., Fedigan, L. M., Hiramatsu, C., Hiwatashi, T., Parr, N., &
Kawamura, S. (2009). Fig Foraging by Dichromatic and Trichromatic
Cebus capucinus in a Tropical Dry Forest. International Journal of
Primatology, 30(6), 753. https://doi.org/10.1007/s10764-009-9383-9

Melin, A. D., Fedigan, L. M., Hiramatsu, C., & Kawamura, S. (2008).
Polymorphic color vision in white-faced capuchins (Cebus capucinus):
Is there foraging niche divergence among phenotypes? Behavioral
Ecology and Sociobiology, 62(5), 659-670. https://doi.org/10.1007/
s00265-007-0490-3

Melin, A. D., Fedigan, L. M., Hiramatsu, C., Sendall, C. L., & Kawamura,
S. (2007). Effects of colour vision phenotype on insect capture by a
free-ranging population of white-faced capuchins, Cebus capucinus.
Animal Behaviour, 73(1), 205-214. https://doi.org/10.1016/j.anbeh
av.2006.07.003

Melin, A. D., Fedigan, L. M., Young, H. C., & Kawamura, S. (2010). Can
color vision variation explain sex differences in invertebrate forag-
ing by capuchin monkeys? Current Zoology, 56, 300-312. https://doi.
org/10.1093/czool0/56.3.300

Melin, A. D., Hiramatsu, C., Parr, N. A., Matsushita, Y., Kawamura,
S., & Fedigan, L. M. (2014). The Behavioral ecology of color vi-
sion: Considering fruit conspicuity, detection distance and dietary


https://doi.org/10.1017/CBO9780511542343.004
https://doi.org/10.1017/CBO9780511542343.004
https://doi.org/10.1016/j.anbehav.2009.02.012
https://doi.org/10.1016/j.anbehav.2009.02.012
https://doi.org/10.1371/journal.pone.0003356
https://doi.org/10.1016/j.visres.2004.04.008
https://doi.org/10.1002/ajp.20199
https://doi.org/10.1002/ajp.20199
https://doi.org/10.1093/molbev/msp262
https://doi.org/10.1371/journal.pbio.1000266
https://doi.org/10.1038/s41598-018-28997-4
https://doi.org/10.1101/SQB.1957.022.01.039
https://doi.org/10.1101/SQB.1957.022.01.039
https://doi.org/10.1017/S0952523808080760
https://doi.org/10.1017/S0952523808080760
https://doi.org/10.1364/JOSAA.22.002072
https://doi.org/10.1364/JOSAA.22.002072
https://doi.org/10.1016/0042-6989(93)90168-v
https://doi.org/10.1016/0042-6989(93)90168-v
https://doi.org/10.1038/382156a0
https://doi.org/10.1098/rsbl.2017.0050
https://doi.org/10.1098/rsbl.2017.0050
https://doi.org/10.1007/978-3-319-98285-4_13
https://doi.org/10.1007/978-3-319-98285-4_13
https://doi.org/10.1007/978-4-431-56603-8_10
https://doi.org/10.1007/978-4-431-56603-8_10
https://doi.org/10.1093/bioinformatics/bts19
https://doi.org/10.1093/bioinformatics/bts19
https://doi.org/10.1016/j.ympev.2014.03.027
https://doi.org/10.1016/j.ympev.2014.03.027
https://doi.org/10.1002/ajpa.10403
https://doi.org/10.1002/ajpa.10403
https://doi.org/10.1098/rspb.2001.1904
https://doi.org/10.1098/rspb.2001.1904
https://doi.org/10.1017/S0266467405003081
https://doi.org/10.1017/S0266467405003081
https://doi.org/10.1086/282505
https://doi.org/10.1111/mec.12703
https://doi.org/10.1073/pnas.1705957114
https://doi.org/10.1007/s10764-009-9383-9
https://doi.org/10.1007/s00265-007-0490-3
https://doi.org/10.1007/s00265-007-0490-3
https://doi.org/10.1016/j.anbehav.2006.07.003
https://doi.org/10.1016/j.anbehav.2006.07.003
https://doi.org/10.1093/czoolo/56.3.300
https://doi.org/10.1093/czoolo/56.3.300

VEILLEUX ET AL.

importance. International Journal of Primatology, 35(1), 258-287.
https://doi.org/10.1007/s10764-013-9730-8

Melin, A. D., Khetpal, V., Matsushita, Y., Zhou, K., Campos, F. A., Welker,
B., & Kawamura, S. (2017). Howler monkey foraging ecology sug-
gests convergent evolution of routine trichromacy as an adapta-
tion for folivory. Ecology and Evolution, 7(5), 1421-1434. https://doi.
org/10.1002/ece3.2716

Melin, A. D., Nevo, O., Shirasu, M., Williamson, R. E., Garrett, E. C., Endo,
M., Sakurai, K., Matsushita, Y., Touhara, K., & Kawamura, S. (2019).
Fruit scent and observer colour vision shape food-selection strate-
gies in wild capuchin monkeys. Nature Communications, 10(1), 2407.
https://doi.org/10.1038/s41467-019-10250-9

Merbs, S. L., & Nathans, J. (1992). Absorption spectra of human
cone pigments. Nature, 356(6368), 433-435. https://doi.
org/10.1038/356433a0

Mollon, J. D., Bowmaker, J. K., & Jacobs, G. H. (1984). Variations of co-
lour vision in a New World primate can be explained by polymor-
phism of retinal photopigments. Proceedings of the Royal Society of
London. Series B: Biological Sciences, 222(1228), 373-399. https://doi.
org/10.1098/rspb.1984.0071

Montague, M. J. (2011). A behavioral and genetic study of the color vision
polymorphism in wild squirrel monkeys (Saimiri sciureus). PhD disserta-
tion, New York University, New York.

Montague, M. J., Disotell, T. R., & Di Fiore, A. (2014). Population genetics,
dispersal, and kinship among wild squirrel monkeys (Saimiri sciureus
macrodon): Preferential association between closely related females
and its implications for insect prey capture success. International
Journal of Primatology, 35, 169-187. https://doi.org/10.1007/s1076
4-013-9723-7

Mundy, N. I, Morningstar, N. C., Baden, A. L., Fernandez-Duque, E.,
Davalos, V. M., & Bradley, B. J. (2016). Can colour vision re-evolve?
Variation in the X-linked opsin locus of cathemeral Azara's owl mon-
keys (Aotus azarae azarae). Frontiers in Zoology, 13, 9. https://doi.
org/10.1186/s12983-016-0139-z

Nandamuri, S. P., Yourick, M. R., & Carleton, K. L. (2017). Adult plasticity
in African cichlids: Rapid changes in opsin expression in response to
environmental light differences. Molecular Ecology, 26(21), 6036-
6052. https://doi.org/10.1111/mec.14357

Neitz, M., Neitz, J., & Jacobs, G. H. (1991). Spectral tuning of pigments
underlying red-green color vision. Science, 252(5008), 971-974.
https://doi.org/10.1126/science.1903559

Norconk, M. A., Wright, B. W., Conklin-Brittain, N. L., & Vinyard, C. J.
(2009). Mechanical and nutritional properties of food as factors
in platyrrhine dietary adaptations. In P. A. Garber, A. Estrada, J. C.
Bicca-Marques, E. W. Heymann, & K. B. Strier (Eds.), South American
primates: Perspectives in the study of behavior, ecology, and conserva-
tion (pp. 279-319). Springer.

Osorio, D., Smith, A. C., Vorobyev, M., Buchanan-Smith, H. M., & Ryan, A.
E. M. J. (2004). Detection of fruit and the selection of primate visual
pigments for color vision. The American Naturalist, 164(6), 696-708.
https://doi.org/10.1086/425332

Perini, E. S., Pessoa, V. F., & de Pessoa, D. M. A. (2009). Detection of
fruit by the Cerrado's marmoset (Callithrix penicillata): Modeling color
signals for different background scenarios and ambient light inten-
sities. Journal of Experimental Zoology Part A: Ecological Genetics and
Physiology, 311A(4), 289-302. https://doi.org/10.1002/jez.531

Pessoa, D. M. A., Maia, R., de Albuquerque Ajuz, R. C., De Moraes, P. Z.
P. M. R., Spyrides, M. H. C., & Pessoa, V. F. (2014). The adaptive value
of primate color vision for predator detection. American Journal of
Primatology, 76(8), 721-729. https://doi.org/10.1002/ajp.22264

R Core Team. (2020). R: A language and environment for statistical com-
puting (version 3.5.2). Retrieved from https://www.R-project.org/

Regan, B. C., Julliot, C., Simmen, B., Viénot, F., Charles-Dominique,
P., & Mollon, J. D. (2001). Fruits, foliage and the evolution of pri-
mate colour vision. Philosophical Transactions of the Royal Society of

Fcology and Evolution o 5757
= WILEY- -7

London. Series B: Biological Sciences, 356(1407), 229-283. https://doi.
org/10.1098/rstb.2000.0773

Riba-Hernandez, P., Stoner, K. E., & Osorio, D. (2004). Effect of polymor-
phic colour vision for fruit detection in the spider monkey Ateles geof-
froyi, and its implications for the maintenance of polymorphic colour
vision in platyrrhine monkeys. Journal of Experimental Biology, 207(Pt
14), 2465-2470. https://doi.org/10.1242/jeb.01046

Rodman, P. S. (1979). Skeletal differentiation of Macaca fascicularis and
Macaca nemestrina in relation to arboreal and terrestrial quadruped-
alism. American Journal of Physical Anthropology, 51(1), 51-62. https://
doi.org/10.1002/ajpa.1330510107

Rosenberger, A. L. (1992). Evolution of feeding niches in New World
monkeys. American Journal of Physical Anthropology, 88(4), 525-562.
https://doi.org/10.1002/ajpa.1330880408

Rowe, M. P,, & Jacobs, G. H. (2004). Cone pigment polymorphism in New
World monkeys: Are all pigments created equal? Visual Neuroscience,
21(3), 217-222. https://doi.org/10.1017/s0952523804213104

Saito, A., Kawamura, S., Mikami, A., Ueno, Y., Hiramatsu, C., Koida, K.,
Fujita, K., Kuroshima, H., & Hasegawa, T. (2005). Demonstration
of a genotype-phenotype correlation in the polymorphic color vi-
sion of a non-callitrichine New World monkey, capuchin (Cebus
apella). American Journal of Primatology, 67(4), 471-485. https://doi.
org/10.1002/ajp.20201

Schoener, T. W. (1974). Resource partitioning in ecological commu-
nities. Science, 185(4145), 27-39. https://doi.org/10.1126/scien
ce.185.4145.27

Seiffert, E. R., Tejedor, M. F., Fleagle, J. G., Novo, N. M., Cornejo, F. M.,
Bond, M., de Vries, D., & Campbell, K. E. (2020). A parapithecid stem an-
thropoid of African origin in the Paleogene of South America. Science,
368(6487), 194-197. https://doi.org/10.1126/science.aba1135

Sheth, S. N., Loiselle, B. A., & Blake, J. G. (2009). Phylogenetic constraints
on fine-scale patterns of habitat use by eight primate species in east-
ern Ecuador. Journal of Tropical Ecology, 25(6), 571-582. https://doi.
org/10.1017/50266467409990216

Siemers, B. M., & Swift, S. M. (2006). Differences in sensory ecology
contribute to resource partitioning in the bats Myotis bechsteinii and
Myotis nattereri (Chiroptera: Vespertilionidae). Behavioral Ecology
and Sociobiology, 59(3), 373-380. https://doi.org/10.1007/s0026
5-005-0060-5

Silvestro, D., Tejedor, M. F., Serrano-Serrano, M. L., Loiseau, O., Rossier,
V., Rolland, J., Zizka, A., H6hna, S., Antonelli, A., & Salamin, N. (2019).
Early arrival and climatically-linked geographic expansion of New
World monkeys from tiny African ancestors. Systematic Biology,
68(1), 78-92. https://doi.org/10.1093/sysbio/syy046

Smith, A. C. (2000). Interspecific differences in prey captured by asso-
ciating saddleback (Saguinus fuscicollis) and moustached (Saguinus
mystax) tamarins. Journal of Zoology, 251(3), 315-324. https://doi.
org/10.1111/j.1469-7998.2000.tb01082.x

Smith, A. C., Surridge, A. K., Prescott, M. J., Osorio, D., Mundy, N. I., &
Buchanan-Smith, H. M. (2012). Effect of colour vision status on in-
sect prey capture efficiency of captive and wild tamarins (Saguinus
spp.). Animal Behaviour, 83(2), 479-486. https://doi.org/10.1016/j.
anbehav.2011.11.023

Smith, R. J., & Jungers, W. L. (1997). Body mass in comparative pri-
matology. Journal of Human Evolution, 32(6), 523-559. https://doi.
org/10.1006/jhev.1996.0122

Snodderly, D. M., Ellis, K. M., Lieberman, S. R,, Link, A., Fernandez-
Duque, E., & Fiore, A. D. (2019). Initiation of feeding by four sym-
patric Neotropical primates (Ateles belzebuth, Lagothrix lagotricha
poeppigii, Plecturocebus (Callicebus) discolor, and Pithecia aequatori-
alis) in Amazonian Ecuador: Relationships to photic and ecological
factors. PLoS One, 14(1), e0210494. https://doi.org/10.1371/journ
al.pone.0210494

Stephens, M., & Donnelly, P. (2003). A comparison of Bayesian meth-
ods for haplotype reconstruction from population genotype data.


https://doi.org/10.1007/s10764-013-9730-8
https://doi.org/10.1002/ece3.2716
https://doi.org/10.1002/ece3.2716
https://doi.org/10.1038/s41467-019-10250-9
https://doi.org/10.1038/356433a0
https://doi.org/10.1038/356433a0
https://doi.org/10.1098/rspb.1984.0071
https://doi.org/10.1098/rspb.1984.0071
https://doi.org/10.1007/s10764-013-9723-7
https://doi.org/10.1007/s10764-013-9723-7
https://doi.org/10.1186/s12983-016-0139-z
https://doi.org/10.1186/s12983-016-0139-z
https://doi.org/10.1111/mec.14357
https://doi.org/10.1126/science.1903559
https://doi.org/10.1086/425332
https://doi.org/10.1002/jez.531
https://doi.org/10.1002/ajp.22264
https://www.R-project.org/
https://doi.org/10.1098/rstb.2000.0773
https://doi.org/10.1098/rstb.2000.0773
https://doi.org/10.1242/jeb.01046
https://doi.org/10.1002/ajpa.1330510107
https://doi.org/10.1002/ajpa.1330510107
https://doi.org/10.1002/ajpa.1330880408
https://doi.org/10.1017/s0952523804213104
https://doi.org/10.1002/ajp.20201
https://doi.org/10.1002/ajp.20201
https://doi.org/10.1126/science.185.4145.27
https://doi.org/10.1126/science.185.4145.27
https://doi.org/10.1126/science.aba1135
https://doi.org/10.1017/S0266467409990216
https://doi.org/10.1017/S0266467409990216
https://doi.org/10.1007/s00265-005-0060-5
https://doi.org/10.1007/s00265-005-0060-5
https://doi.org/10.1093/sysbio/syy046
https://doi.org/10.1111/j.1469-7998.2000.tb01082.x
https://doi.org/10.1111/j.1469-7998.2000.tb01082.x
https://doi.org/10.1016/j.anbehav.2011.11.023
https://doi.org/10.1016/j.anbehav.2011.11.023
https://doi.org/10.1006/jhev.1996.0122
https://doi.org/10.1006/jhev.1996.0122
https://doi.org/10.1371/journal.pone.0210494
https://doi.org/10.1371/journal.pone.0210494

VEILLEUX ET AL.

5758 WI LEY_ECObe and Evolution

Open Access,

American Journal of Human Genetics, 73(5), 1162-1169. https://doi.
org/10.1086/379378

Stephens, M., Smith, N. J., & Donnelly, P. (2001). A new statistical
method for haplotype reconstruction from population data. The
American Journal of Human Genetics, 68, 978-989. https://doi.
org/10.1086/319501

Stevenson, P. R., Quinones, M. J., & Ahumada, J. A. (1994). Ecological
strategies of woolly monkeys (Lagothrix lagotricha) at Tinigua
National Park, Colombia. American Journal of Primatology, 32(2), 123-
140. https://doi.org/10.1002/ajp.1350320205

Stevenson, P. R., Quifiones, M. J., & Ahumada, J. A. (2000). Influence
of fruit availability on ecological overlap among four neotropical
primates at Tinigua National Park, Colombia. Biotropica, 32(3), 533-
544, https://doi.org/10.1111/j.1744-7429.2000.tb00499.x

Stieb, S. M., Cortesi, F., Sueess, L., Carleton, K. L., Salzburger, W., &
Marshall, N. J. (2017). Why UV vision and red vision are important
for damselfish (Pomacentridae): Structural and expression variation
in opsin genes. Molecular Ecology, 26(5), 1323-1342. https://doi.
org/10.1111/mec.13968

Surridge, A. K., Osorio, D., & Mundy, N. I. (2003). Evolution and selection
of trichromatic vision in primates. Trends in Ecology & Evolution, 18(4),
198-205. https://doi.org/10.1016/50169-5347(03)00012-0

Surridge, A. K., Suarez, S. S., Buchanan-Smith, H. M., Smith, A. C., &
Mundy, N. I. (2005). Color vision pigment frequencies in wild tama-
rins (Saguinus spp.). American Journal of Primatology, 67(4), 463-470.
https://doi.org/10.1002/ajp.20200

Talebi, M. G., Pope, T. R, Vogel, E. R., Neitz, M., & Dominy, N. J.
(2006). Polymorphism of visual pigment genes in the muriqui
(Primates, Atelidae). Molecular Ecology, 15(2), 551-558. https://doi.
org/10.1111/j.1365-294X.2005.02822.x

Terborgh, J. (1984). Five New World primates: A study in comparative ecol-
ogy. Princeton University Press.

Veilleux, C. C. (2017). Genetics of primate color vision. The International
Encyclopedia of Primatology. https://doi.org/10.1002/9781119179
313.wbprim0098

Veilleux, C. C., & Cummings, M. E. (2012). Nocturnal light environments
and species ecology: Implications for nocturnal color vision in for-
ests. Journal of Experimental Biology, 215(Pt 23), 4085-4096. https://
doi.org/10.1242/jeb.071415

Veilleux, C. C., Scarry, C., Di Fiore, A., Kirk, E. C., Bolnick, D. A., & Lewis,
R. J. (2016). Group benefit associated with polymorphic trichromacy
in a Malagasy primate (Propithecus verreauxi). Scientific Reports, 6.
https://doi.org/10.1038/srep38418

Violle, C., Enquist, B. J., McGill, B. J., Jiang, L., Albert, C. H., Hulshof, C.,
Jung, V., & Messier, J. (2012). The return of the variance: Intraspecific
variability in community ecology. Trends in Ecology & Evolution, 27(4),
244-252. https://doi.org/10.1016/j.tree.2011.11.014

Vogel, E. R., Neitz, M., & Dominy, N. J. (2007). Effect of color vision phe-
notype on the foraging of wild white-faced capuchins, Cebus capuc-
inus. Behavioral Ecology, 18(2), 292-297. https://doi.org/10.1093/
beheco/arl082

Yokoyama, S., Yang, H., & Starmer, W. T. (2008). Molecular basis of
spectral tuning in the red- and green-sensitive (M/LWS) pigments in
vertebrates. Genetics, 179(4), 2037-2043. https://doi.org/10.1534/
genetics.108.090449

Youlatos, D. (1999). Comparative locomotion of six sympatric primates in
Ecuador. Annales des Sciences Naturelles - Zoologie et Biologie Animale,
20(4), 161-168. https://doi.org/10.1016/S0003-4339(00)88884-X

Youlatos, D., & Meldrum, J. (2011). Locomotor diversification in New
World monkeys: Running, climbing, or clawing along evolution-
ary branches. Anatomical Record, 294(12), 1991-2012. https://doi.
org/10.1002/ar.21508

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Veilleux CC, Kawamura S,

Montague MJ, et al. Color vision and niche partitioning in a
diverse neotropical primate community in lowland Amazonian
Ecuador. Ecol Evol. 2021;11:5742-5758. https://doi.
org/10.1002/ece3.7479



https://doi.org/10.1086/379378
https://doi.org/10.1086/379378
https://doi.org/10.1086/319501
https://doi.org/10.1086/319501
https://doi.org/10.1002/ajp.1350320205
https://doi.org/10.1111/j.1744-7429.2000.tb00499.x
https://doi.org/10.1111/mec.13968
https://doi.org/10.1111/mec.13968
https://doi.org/10.1016/S0169-5347(03)00012-0
https://doi.org/10.1002/ajp.20200
https://doi.org/10.1111/j.1365-294X.2005.02822.x
https://doi.org/10.1111/j.1365-294X.2005.02822.x
https://doi.org/10.1002/9781119179313.wbprim0098
https://doi.org/10.1002/9781119179313.wbprim0098
https://doi.org/10.1242/jeb.071415
https://doi.org/10.1242/jeb.071415
https://doi.org/10.1038/srep38418
https://doi.org/10.1016/j.tree.2011.11.014
https://doi.org/10.1093/beheco/arl082
https://doi.org/10.1093/beheco/arl082
https://doi.org/10.1534/genetics.108.090449
https://doi.org/10.1534/genetics.108.090449
https://doi.org/10.1016/S0003-4339(00)88884-X
https://doi.org/10.1002/ar.21508
https://doi.org/10.1002/ar.21508
https://doi.org/10.1002/ece3.7479
https://doi.org/10.1002/ece3.7479

