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The polymorphic color vision system present in most North, Central, and South American monkeys is a textbook case of balancing 
selection, yet the mechanism behind it remains poorly understood. Previous work has established task-specific foraging advantages 
to different color vision phenotypes: dichromats (red-green colorblind) are more efficient foraging for invertebrates, while trichromats 
(color “normal” relative to humans) are more efficient foraging for “reddish” ripe fruit, suggesting that niche differentiation may un-
derlie the maintenance of color vision variation. We explore a prediction of the niche differentiation hypothesis by asking whether 
dichromatic and trichromatic capuchin monkeys (Cebus imitator) diverge in their foraging activity budget, specifically testing whether 
dichromats forage more frequently for invertebrates and trichromats forage more frequently for “reddish” ripe fruit. To assess this, 
we analyze a large data set of behavioral scan samples (n = 21 984) from 48 wild adult female capuchins of known color vision geno-
type, dominance rank, and reproductive status, together with models of food conspicuity. We find no significant differences between 
dichromats and trichromats in the frequency of scans spent foraging for different food types but do find that nursing females forage 
less overall than cycling females. Our results suggest that the potential for color-vision-based niche differentiation in foraging time 
may be curtailed by the energetic requirements of reproduction, behavioral synchrony caused by group living, and/or individual pref-
erences. While niche differentiation in activity budgets by color vision type is not apparent, fine-scale niche differentiation may be 
occurring. This research enhances our understanding of the evolutionary processes maintaining sensory polymorphisms.
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INTRODUCTION
Balancing selection plays an important role in preserving pheno-
typic diversity within populations, which can lead to the persistence 
of  genetic polymorphisms over long stretches of  time. Examples 
span a wide variety of  taxa and include the major histocompat-
ibility complex in vertebrates (Hedrick 1998) and complemen-
tary sex determinism in hymenopterans (Cho et  al. 2006). These 
polymorphisms can be maintained through at least four major 
processes: 1)  heterozygote advantage, in which heterozygotes 
have higher fitness than homozygotes; 2)  frequency dependence, 
in which the fitness of  a phenotype is linked to its prevalence in 
a population; 3)  mutual benefit of  association, in which different 
phenotypes benefit from associating with one another; and 4) niche 

differentiation, in which each phenotype occupies a distinct eco-
logical niche, thereby increasing the fitness of  distinct phenotypes 
by decreasing competition (Hartl and Clark 1997; Hedrick 2006; 
Llaurens et al. 2017). Understanding the processes of  balancing se-
lection contributes to our understanding of  adaptive variation—a 
major goal common to  biological subfields. However, our under-
standing as to how these mechanisms function to maintain genetic 
polymorphisms in wild animal populations remains limited.

We can improve our understanding of  balancing selection by 
investigating systems where the variation is straightforward and 
well characterized. The polymorphic color vision system of  mon-
keys in the Americas (Infraorder Platyrrhini) meets both criteria 
and is a well-suited system in which to investigate how balancing 
selection operates (Kawamura et al. 2012; Brent and Melin 2014). 
Multiple variants of  the gene underlying red-green color vision are 
widespread in platyrrhines (Mollon et al. 1984; Jacobs 1998, 2009; 
Vorobyev 2004). In this system, individuals within the same species 
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and social group may differ in color vision due to the presence of  
a single, polymorphic, middle–long-wave sensitive (M/LWS) opsin 
gene located on the X chromosome. When combined with the auto-
somal short-wave sensitive (S) opsin (Jacobs 2008), the result is par-
tially sex-linked trichromacy: heterozygous females are trichromats, 
while homozygous females and all males are dichromats—effec-
tively red-green colorblind. This system has persisted over deep 
evolutionary time in most platyrrhine genera. The longstanding 
persistence of  this opsin variation, its existence in diverse branches 
of  the platyrrhines, and genetic evidence of  balancing selection on 
opsin genes (Hiwatashi et  al. 2010) suggest that it is adaptive and 
actively maintained by natural selection. The exact mechanism, 
however, has been the subject of  considerable debate.

For years, the heterozygote advantage hypothesis was con-
sidered the most likely mechanism maintaining color vision pol-
ymorphism in platyrrhines. It posits that opsin variation persists 
due to overdominance by heterozygote (trichromatic) females, that 
is, that trichromats are better suited to their environment than are 
dichromats (Mollon et  al. 1984). Direct tests of  this hypothesis, 
however, have yielded mostly equivocal or unsupportive results 
(Vogel et al. 2007; Melin et al. 2009; Fedigan et al. 2014; but see 
Green 2014), highlighting the need to investigate other hypoth-
eses. The niche differentiation hypothesis posits that each color vi-
sion phenotype occupies a distinct foraging niche in their shared 
environment; niche differentiation would allow for higher fitness 
of  all phenotypes by reducing intragroup feeding competition, ul-
timately leading to the persistence of  allelic variation as each color 
vision phenotype occupies a distinct fitness peak according to their 
visual ecology. The possibility of  niche differentiation as a mech-
anism maintaining polymorphic color vision was suggested first 
by Mollon et  al. (1984), who hypothesized that niche specializa-
tion may occur via habitat partitioning. In later iterations of  this 
hypothesis, research groups, including Jacobs (1994), Regan et  al. 
(2001), and Osorio et al. (2004), among others, have suggested that 
dichromats and trichromats may specialize on different food re-
sources due to phenotype-specific differences in foraging efficiency, 
which may lead to frequency-dependent selection or niche differ-
entiation. Such polymorphic resource specialization, in which dif-
ferent morphs within the same species utilize different resources, 
can be found in diverse vertebrate taxa, including African finches 
(Smith 1987), Cocos finches (Werner and Sherry 1987), Arctic 
charr (Snorrason et  al. 1994), and tiger salamanders (Whiteman 
et al. 1996). Intriguingly, evidence of  task-specific foraging advan-
tages in wild platyrrhines based on color vision type (Melin et  al. 
2007, 2017) may set the stage for niche differentiation in activity 
budget if  time allocation to different food types follows detection or 
selection advantages.

Previous work in both wild and captive settings has shown that 
dichromatic and trichromatic platyrrhines have task-specific advan-
tages in foraging efficiency. Trichromatic monkeys have higher ef-
ficiency for reddish (conspicuous) food items, including many red, 
orange and yellow fruit and flowers (Smith et al. 2003; Melin et al. 
2017; Hogan et al. 2018), while dichromats have higher efficiency 
in capturing surface-dwelling invertebrates (Melin et  al. 2007; 
Caine et  al. 2010; Smith et  al. 2012), likely due to an advantage 
of  red-green colorblindness in breaking camouflage (Morgan et al. 
1992). Expanding on this, an analysis of  capuchin dietary fruit 
color finds 70–80% of  the frugivorous diet is modeled to be dis-
criminable to trichromats, while less than a third is discriminable 
to dichromats (Melin, Hiramatsu, et  al. 2014). Such task-specific 
foraging advantages could enable color vision polymorphism to be 

maintained via niche differentiation if, for example, if  dichromats 
and trichromats  forage predominantely on disparate food items. 
The only study to date to investigate color-vision-based niche differ-
entiation found no evidence of  niche differentiation in gross-scale 
foraging time, though small sample size and subjective fruit clas-
sification may have limited the results (Melin et  al. 2008). Given 
recent evidence of  fine-scale niche differentiation in a diverse array 
of  other animal taxa, including Arctic charr (Hawley et al. 2016), 
tree lizards (Lattanzio and Miles 2016), and African cichlids (Ford 
et al. 2016), this hypothesis warrants further attention.

Here, we use a large, multiyear data set of  behavioral scan data 
from wild, adult female white-faced capuchins, combined with the 
quantitative classification of  fruit conspicuity to assess the influence 
of  color vision phenotype on foraging activity budgets. Differences 
in activity budgets may emerge from differences in foraging effi-
ciency in at least two ways. First, individuals may spend more time 
on tasks for which they are less efficient in order to achieve suffi-
cient intake of  this resource type (resource limitation). Second, in-
dividuals may spend more time engaging in tasks for which they 
are more efficient in order to maximize energy and/or nutrient 
gain (niche specialization). A  third option is that activity budgets 
do not vary by color vision type, perhaps due to constraints asso-
ciated with movement, group cohesion, social dominance, or phys-
iological demands. For example, reproductive status and social 
dominance have been shown to influence primate foraging patterns 
(Hemingway 1999; Vogel 2005; McCabe and Fedigan 2007). We 
predict that monkeys with different color vision phenotypes will en-
gage more frequently in the foraging activities for which they are 
more efficient (niche specialization hypothesis). Specifically, we 
predict that dichromats will forage more frequently for surface-
dwelling, camouflaged invertebrates (P1) and trichromats will 
forage more frequently for conspicuous fruits (P2), reflecting their 
higher efficiencies for these food types.

MATERIALS AND METHODS
Study site

We conducted research in Sector Santa Rosa (SSR), Área de 
Conservación Guanacaste, Costa Rica. SSR is a UNESCO World 
Heritage Site (10°45’ to 11°00’ N and 85°30’ to 85° 45’ W). This 
site is in the northwestern part of  the country, near the Nicaraguan 
border and the city of  Liberia, the capital of  Guanacaste province. 
SSR consists of  highly seasonal tropical dry forest. Most annual 
rain (800–2600  mm) falls during a cool, wet season lasting from 
May until December. This is followed by a hot, dry season with 
widespread defoliation from January until April. Temperatures 
peak around 34 °C during the late dry season. Fruit abundance is 
also highly seasonal at this site, reaching its lowest from October to 
March (Carnegie, Fedigan, and Melin 2011).

Study animals

White-faced capuchins (Cebus imitator) are medium (3–5 kg), omniv-
orous primates that live in multimale, multifemale groups of  12–35 
individuals (Fedigan and Jack 2001; Fedigan and Jack 2011; Perry 
et  al. 2012; Melin et  al. 2020). Capuchin diets are highly diverse 
and consist of  anywhere from 20% to 85% fruits and 25% to 60% 
invertebrates, including caterpillars, grasshoppers, and cockroaches 
(Young 2005; Melin et al. 2008). White-faced capuchins are known 
for their complex foraging techniques  and relatively large brains 
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(Melin, Young, et al. 2014). The Santa Rosa capuchins have been 
studied for >35 years and are well habituated and individually rec-
ognizable (Fedigan and Jack 2012; Melin, et  al. 2020). Like most 
other platyrrhine primates, white-faced capuchins have allelic 
trichromacy. In this species, three opsin alleles with different peak 
sensitivities are present at the M/LWS locus: 532 (green sensi-
tive), 543 (yellow sensitive), and 561 (red sensitive; Hiramatsu et al. 
2005). All individuals in this study population have been geno-
typed, and all observers were unaware of  individual color vision 
phenotypes at the time of  data collection (Melin, Hiramatsu, et al. 
2014). Of  our 152 genotyped individuals, 109 are dichromats and 
43 are trichromats. To remove confounding variation due to age 
and sex, we analyze data from the 48 genotyped adult females: 17 
dichromats and 31 trichromats. Color vision phenotype and geno-
type breakdowns for adult females by group are shown in Table 1; 
we have only one dichromatic phenotype in our adult female pop-
ulation—the red-shifted (561) phenotype.

Behavioral data collection

Data for this project were collected during by four researchers over 
11 years: 2007–2008 (A.D.M.), 2016 (S.E.W.), 2017 (R.E.W.), and 
2018 (S.E.W.) during all-day (dawn to dusk) follows. Our data set 
spans wet and dry seasons approximately equally. Data were col-
lected from four social groups in 2007–2008 (Guanacaste [GN], 
Los Valles [LV], Exclosure [EX], and Cerco de Piedro [CP]) and 
four social groups in 2016–2018 (GN, LV, AD, and RM). AD and 
RM resulted from a fission event of  CP group in 2013. We report 
data for all adult females across these groups (n = 48). We used 
instantaneous scan sampling to record the behavior of  all visible 
individuals every 30 min within a 10-min window. Foraging be-
haviors include both feeding and searching; invertebrate foraging 
is distinguished from fruit foraging by the context of  the behavior 
(i.e., in a fruiting tree or not) as well as by the behaviors themselves: 
investigating leaves and bark while moving through the environ-
ment at a moderate pace is indicative of  invertebrate foraging, 
while scanning the nearby branches in a fruit patch is indicative 
of  fruit foraging (Supplementary Table 1). For feeding, we also 
recorded the relevant taxon and part being consumed (Altmann 
1974; Melin et  al. 2018). To examine possible confounds of  re-
productive status and dominance, we classified all adult females 
as pregnant, nursing, or cycling by back calculating from known 
births, assuming a 158-day gestation period and a year of  lacta-
tion, following Carnegie, Fedigan, and Ziegler (2011). Lactation 
records were cross-validated by notes on infant suckling behavior. 
If  an infant disappeared within the first year of  life, we assumed 
the cessation of  lactation and resumption of  cycling. We calculated 

dominance using rankings of  mature individuals (≥6  years old) 
collected collaboratively by the Santa Rosa Primate Field Project 
year-round. Rankings are based on the frequency and direction 
of  agonistic interactions between dyads in the same group; males 
and females are ranked separately (Bergstrom and Fedigan 2010). 
Ranks were scaled between 1 and 0 to account for group size differ-
ences, and these were converted to an ordinal variable (Levy et al. 
2020) with the levels low (scaled rank ≤0.33), mid (scaled rank be-
tween 0.34 and 0.66), and high (scaled rank >0.66) to account for 
the relatively relaxe dominance hierarchies characteristic of  this 
species (Bergstrom and Fedigan 2010).

To classify color conspicuity of  different fruits (n = 64 species) as 
conspicuous only to trichromats, conspicuous to both trichromats 
and the red-shifted dichromatic phenotype, cryptic to all pheno-
types, or dark, we used fruit reflectance data and capuchin visual 
space color models (Melin, Hiramatsu, et  al. 2014; Melin et  al. 
2017). We use reflectance spectrometry methods and capuchin-
specific color space models that allow us to objectively classify fruits 
as cryptic or conspicuous to color vision phenotypes of  Cebus im-
itator rather than subjective classifications based on the human 
visual system. A  fourth category, “dark,” consists of  fruits that are 
similarly visible to both dichromat and trichromat phenotypes due 
to strong luminance contrasts. Detailed methods are provided in 
Melin, Hiramatsu, et  al. (2014) and Melin et  al. (2017). In brief, 
we measured reflectance spectra of  five ripe fruits of  each fruit spe-
cies, as well as surrounding upper and lower leaves, using a port-
able spectrometer, together with irradiance spectra collected in the 
forest. Reflectance spectra across individual fruits were averaged 
before calculating species chromaticity values. Variation around 
the species mean for fruits and for leaves was low (standard devi-
ation ranged from 0.0004 to 0.11 across fruits) and did not affect 
conspicuity categorization, that is, each individual fruit of  a given 
species would have been assigned the same chromaticity category. 
These spectra were used to calculate chromaticity values—modeled 
as the ratio of  quantum catches for the different L, M, and S al-
leles found in our study population. Chromaticity values were as-
sessed under a “forest shade” illuminant. Given the phenomenon 
of  color constancy in vertebrate visual systems and consistency of  
the color contrast of  fruits and leaves across different illuminants 
(e.g., open, shaded, and closed canopy) in Santa Rosa, we do not 
anticipate the diurnal illuminant used to strongly affect our re-
sults (Neumeyer 1998; Ebner 2007; Melin, Hiramatsu, et al. 2014; 
Melin et al. 2017). A machine-learning approach was then used to 
determine if  simulated trichromat and dichromat phenotypes could 
accurately discriminate between fruits and leaves, thus eliminating 
any human bias or a priori cutoff values. For two species, Cissus 
verticillata and Paullinia cururu, reflectance data were not available. 

Table 1
Frequency of  each genotype and phenotype by social group of  adult female white-faced capuchins in SSR, Costa Rica. λ max refers to 
the peak wavelength sensitivities of  each M/LWS cone. Because this analysis only includes females, two M/LWS alleles are present. 
Only one dichromatic genotype (red shifted, RR) is found in our adult female study population. Due to a group fission event that 
occurred after the 2007–2008 season, three individuals from CP group occur in multiple study groups: two in RM, and one in AD

Frequency per group

Peak sensitivity (λ max) of  cone photopigment(s) Genotype Phenotype AD CP EX GN LV RM

532–561 (Widest separation) GR Trichromat 5 0 1 6 2 4
532–543 (Green shifted) GY Trichromat 0 0 1 3 2 0
543–561 (Red shifted) RY Trichromat 0 0 1 2 4 0
561–561 (Red shifted) RR Dichromat 2 6 0 5 3 4
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We classified these species with fruits that appear visually similar to 
human trichromacy and for which we do have data (Table 2).

Unfortunately, methods of  estimating color conspicuity and 
crypsis are not readily transferable from fruits to invertebrates. 
While some exceptions may exist, we take advantage of  the fact 
that almost all of  the palatable invertebrates eaten by primates and 
gleaned from surfaces are well camouflaged as a defense mech-
anism (Stevens and Merilaita 2011; Ruxton et al. 2019; Goodman 
2020), and we classify all gleaned prey as camouflaged.

Data analysis

We grouped the data by rotation (n = 147), consisting of  2–5 con-
secutive days of  data collection on the same social group. Animals 
were excluded from the analysis if  they had less than three scan 
records per rotation. We analyzed all data using R statistical soft-
ware (R Core Team 2020; RStudio Team 2019) and the package 
lme4 (Bates et al. 2015). We fit a series of  generalized linear mixed 
models with a Poisson distribution to determine the significant pre-
dictors, if  any, of  different foraging activities. In all models, color 
vision phenotype, social dominance rank, and reproductive status 
were designated as fixed effects, while monkey ID nested within 
social group was included as a random effect. In all models, we 
also included average maximum temperature (degree Celsius), av-
erage minimum temperature, and average rainfall (centimeters) as 
fixed effects to control for the pronounced seasonality characteristic 
of  SSR, which is known to affect the behavior of  all individuals 
(Campos and Fedigan 2009). Finally, we used log-transformed total 
behavioral scans per monkey per rotation as an offset variable to 
control for differences in observational effort per individual per ro-
tation, that is, variation in how often any one animal was sampled 
during the scan data collection for each group rotation.

Our first model tested for differences in total foraging scans 
(including scans recorded as visually foraging, extractive inver-
tebrate foraging, fruit foraging, surface-dwelling invertebrate 
foraging, and “other” foraging) by fitting a model with total 
scans in any foraging behavior (Supplementary Table 1) as 
the response variable and all behavioral scans recorded as the 
offset. We then tested for differences in the frequency of  fruit 
and invertebrate foraging behavior between color vision pheno-
types. First, we tested for differences in total fruit foraging by 
designating total scans fruit foraging as the response variable and 
all behavioral scans as the offset. To evaluate whether there were 
differences in scans devoted to gleaning surface-dwelling inverte-
brates, we modeled number of  scans invertebrate foraging as the 
response variable with all behavioral scans as the offset. Finally, 
we ran a model to test for differences in the number of  scans 
devoted to conspicuous fruit foraging, with all behavioral scans 
as the offset. In this model, we used scans foraging for fruits that 
are conspicuous to trichromats only as the response variable. To 
ascertain the strength of  each fixed effect, we ran chi-square 
tests for each model using the drop1 function in the R package 
lme4 (Bates et  al. 2015). We also computed estimated marginal 
means for each model using the emmeans function in the R 
package emmeans (Lenth et  al. 2020). We conducted pairwise 
comparisons between trichromats and dichromats and included 
a Tukey honest significant difference adjustment to account for 
running multiple tests on the same data and used this to visu-
alize model results. Model results are summarized in Table 3. 
All code for these analyses can be found at https://github.com/
allegradepasquale/scan_niche_divergence_analysis.

Table 2
Fruit conspicuity categorizations for 64 dietary fruits included 
in this study. Categorizations are based on fruit reflectance and 
subsequent chromatic discrimination modeling for each color 
vision phenotype from Melin et al. (2014)

Fruit taxon Family Color category

Sciadodendron excelsum Araliaceae Dark
Spondias mombin Anacardiaceae Conspicuous (tri only)
Sapranthus palanga Annonaceae Cryptic
Annona reticulata Annonaceae Conspicuous (tri only)
Stemmadenia obovata Apocynaceae Conspicuous (both)
Acrocomia aculeata Areacaceae Conspicuous (tri only)
Cordia guanacastensis Boraginaceae Conspicuous (tri only)
Cordia panamensis Boraginaceae Cryptic
Bromelia pinguin Bromeliaceae Conspicuous (both)
Bromelia plumieri Bromeliaceae Conspicuous (tri only)
Bursera simaruba Burseraceae Conspicuous (tri only)
Holocereus costaricensis Cactaceae Conspicuous (tri only)
Hirtella racemosa Chrysobalanaceae Cryptic
Curatella americana Dilleniaceae Conspicuous (tri only)
Doliocarpus dentatus Dilleniaceae Conspicuous (tri only)
Davilla kunthii Dilleniaceae Conspicuous (tri only)
Diospyros salicifolia Ebenaceae Conspicuous (tri only)
Sloanea terniflora Elaeocarpaceae Conspicuous (both)
Erythroxylum havanense Erythroxylaceae Conspicuous (tri only)
Sapium glandulosum Euphorbiaceae Conspicuous (tri only)
Margaritaria nobilis Euphorbiaceae Cryptic
Sebastiana pavoniana Euphorbiaceae Conspicuous (both)
Hymanea coubaril Fabaceae Conspicuous (tri only)
Vachellia collinsi Fabaceae Conspicuous (tri only)
Quercus oleoides Fagaceae Cryptic
Zuelania guidonia Flacourtiaceae Conspicuous (both)
Casearia arguta Flacourtiaceae Conspicuous (both)
Muntingia calabura Flacourtiaceae Conspicuous (tri only)
Casearia sylvestris Flacourtiaceae Conspicuous (tri only)
Byrsonima crassifolia Malpighiaceae Conspicuous (both)
Bunchosia ocellata Malpighiaceae Conspicuous (tri only)
Malvaviscus arboreus Malvaceae Conspicuous (tri only)
Miconia argentea Melastomataceae Conspicuous (tri only)
Mouriri myrtilloides Melastomataceae Dark
Trichilia martiana Meliaceae Conspicuous (tri only)
Trichilia glabra Meliaceae Conspicuous (both)
Ficus cotinifolia Moraceae Conspicuous (tri only)
Ficus hondurensis Moraceae Conspicuous (tri only)
Ficus ovalis Moraceae Conspicuous (both)
Maclura tinctoria Moraceae Cryptic
Ficus goldmanii Moraceae Cryptic
Trophis racemosa Moraceae Conspicuous (tri only)
Ficus obtusifolia Moraceae Cryptic
Castilla elastica Moraceae Conspicuous (tri only)
Ficus morazaniana Moraceae Cryptic
Psidium guajava Myrtaceae Conspicuous (tri only)
Karwinskia calderoni Rhamnaceae Dark
Krugiodendron ferreum Rhamnaceae Conspicuous (tri only)
Genipa americana Rubiaceae Conspicuous (both)
Randia monantha Rubiaceae Conspicuous (tri only)
Guettarda macrosperma Rubiaceae Conspicuous (tri only)
Alibertia edulis Rubiaceae Conspicuous (tri only)
Dipterodendron costaricense Sapindaceae Conspicuous (tri only)
Allophylus occidentalis Sapindaceae Conspicuous (tri only)
Paullinia cururu Sapindaceae Conspicuous (tri only)
Manilkara chicle Sapotaceae Conspicuous (tri only)
Simarouba glauca Simaroubaceae Dark
Guazuma ulmifolia Sterculiaceae Dark
Jacquinia nervosa Theophrastaceae Conspicuous (both)
Luehea candida Tiliaceae Conspicuous (tri only)
Luehea speciosa Tiliaceae Conspicuous (tri only)
Apeiba tibourbou Tiliaceae Conspicuous (tri only)
Cecropia peltata Urticaceae Conspicuous (tri only)
Cissus verticillata Vitaceae Dark
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RESULTS
In total, we analyzed 21 984 individual scans for 48 adult females. 
Color vision phenotype was not a significant predictor of  the pro-
portion of  the activity budget devoted to foraging behavior, that is, 
the total number of  foraging scans (χ  2 = 1.217, degrees of  freedom 
[df] = 1, P = 0.270), or of  the total scans spent foraging for fruit, 
controlling for all scans they were observed (χ  2 = 1.759, df  = 1, P 
= 0.185). Contrary to our prediction, color vision phenotype was 
not a significant variable in explaining the variation in foraging ac-
tivity budget for surface-dwelling invertebrates (χ  2 = 0.484, df  = 
1, P = 0.487) or conspicuous fruit (χ  2 = 1.596, df  = 1, P = 0.206). 
Dichromats did not forage more frequently for surface-dwelling 
invertebrates (Figure 1c) and trichromats did not forage more fre-
quently for conspicuous fruits (Figure 1d). We computed estimated 
marginal means for color vision phenotype, including a Tukey 
honest significant difference test, and compared them using z-tests. 
(Figure 1a–d).

Reproductive status was a significant predictor of  total overall 
foraging scans (χ  2 = 7.789, df  = 2, P = 0.020) but not of  scans re-
corded in specific foraging activities: surface-dwelling invertebrate 
foraging (χ  2 =3.879, df  = 2, P = 0.144), general fruit foraging (χ  2 
= 4.120, df  = 2, P = 0.127), or conspicuous fruit foraging (χ  2 = 
1.872, df  = 2, P = 0.392). Estimated marginal means for each re-
productive state are shown in Figure 1e–h. Nursing females foraged 
significantly less than cycling females (cycling–nursing: estimate = 
0.091, standard error [SE] = 0.037, P = 0.034; nursing–pregnant: 
estimate = −0.087, SE = 0.040, P = 0.081; pregnant–cycling: es-
timate = 0.00515, SE = 0.0424, P = 0.9919). Social dominance 
was not a significant predictor for three of  the four variables con-
sidered here: total foraging (χ  2 = 1.860, df  = 2, P = 0.395); total 
fruit foraging (χ  2 = 2.203, df  = 2, P = 0.332); and surface-dwelling 
invertebrate foraging (χ  2 = 3.102, df  = 2, P = 0.212). However, 

dominance category was a significant predictor of  conspicuous fruit 
foraging (χ  2 = 12.300, df  = 2, P = 0.002). There was no difference 
between high-, mid-, and low-ranking individuals in total foraging 
scans, total fruit foraging, or invertebrate foraging, but high-ranking 
individuals foraged less frequently for conspicuous fruits (high–low: 
estimate = −0.158, SE = 0.071, P = 0.069; high–mid: −0.270, SE 
= 0.084, P = 0.004; low–mid: estimate = −0.112, SE = 0.087, P 
= 0.405; Supplementary Figure 1). When we ran the conspicuous 
fruit foraging model with an interaction between dominance cate-
gory and color vision phenotype to determine if  color vision and 
dominance could be influencing one another, this interaction was 
not significant (χ  2 = 1.960, df  = 2, P = 0.375). We similarly ran 
the conspicuous fruit foraging model with an interaction between 
reproductive status and color vision phenotype, which also was not 
significant (χ  2 = 0.395, df  = 2, P = 0.821).

DISCUSSION
We predicted task-specific differences in foraging activity budgets 
based on color vision phenotype—specifically that dichromats would 
forage more frequently for cryptic invertebrates and trichromats 
would forage more frequently for conspicuous resources due to pre-
vious findings indicating a trichromat advantage when foraging for 
conspicuous fruits and flowers, and a dichromat advantage when 
foraging for camouflaged invertebrates (Caine and Mundy 2000; 
Smith et  al. 2003, 2012; Melin et  al. 2007, 2017; Caine et  al. 
2010). Contrary to our predictions, we found that dichromats and 
trichromats did not differ in either of  these variables. These find-
ings are consistent with past research using a far more limited data 
set that found no broad-scale differences in capuchin foraging ac-
cording to color vision type (Melin et al. 2008). This indicates that, 
despite the discrete differences in invertebrate and fruit-foraging 

Table 3
Summary of  generalized linear mixed models predicting four variables: number of  scans spent in all foraging states, number of  
scans spent fruit foraging, number of  scans spent surface-dwelling invertebrate foraging, and number of  scans spent conspicuous 
fruit foraging. Asterisks denote statistical significance (P < 0.05)

Model name Fixed effect χ  2 df P value

Total foraging model Color vision phenotype 1.217 1 0.270
Dominance 1.860 2 0.395
Reproductive status 7.789 2 0.020*
Max temperature (°C) 23.465 1 <0.001*
Min temperature (°C) 6.166 1 0.013*
Rainfall (cm) 3.124 1 0.077

Total fruit foraging model Color vision phenotype 1.759 1 0.185
Dominance 2.203 2 0.332
Reproductive status 4.120 2 0.127
Max temperature (°C) 7.579 1 0.006*
Min temperature (°C) 42.779 1 <0.001*
Rainfall (cm) 0.416 0.519

Surface-dwelling invertebrate foraging model Color vision phenotype 0.484 1 0.487
Dominance 3.102 2 0.212
Reproduction 3.879 2 0.144
Max temperature (°C) 0.071 1 0.790
Min temperature (°C) 30.063 1 <0.001*
Rainfall (cm) 0.203 1 0.653

Conspicuous fruit foraging model Color vision phenotype 1.596 1 0.206
Dominance 12.300 2 0.002*
Reproductive status 1.872 2 0.392
Max temperature (°C) 1.526 1 0.217
Min temperature (°C) 40.364 1 <0.001*
Rainfall (cm) 1.636 1 0.201
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efficiency previously reported between dichromats and trichromats 
in our study population (Melin et al. 2007, 2010, 2017), the hypo-
thesis that this results in divergent activity budgets can be robustly 
rejected. Dichromats and trichromats do not appear to have dis-
tinct foraging activity budgets. This may reflect constraints on time 
allocation due to living in a cohesive social group or to individual-
level differences that shape diet and behavior.

Our finding that reproductive status is a significant predictor 
of  overall foraging scans is consistent with previous evidence that 
pregnant and nursing females of  some species spend less time in 
foraging states, and more time resting, than cycling conspecifics 
(Rose 1994; Hemingway 1999; Vasey 2002; McCabe and Fedigan 
2007). Given the high energetic costs of  reproduction in primates, 
particularly during lactation, this finding is unsurprising. Sexually 
mature female mammals are predicted to face the greatest pressure 
to avoid feeding competition and separate their niches from other 
group members as their reproductive success hinges most directly 
on food resources (Wrangham 1980; Ruckstuhl and Neuhaus 2002; 
Watts 2005; Breed et  al. 2006; Hierlihy et  al. 2013). Rather than 
switching food resources to avoid competition, our results indicate 
that females engage in an energy-minimizing strategy to cope with 
reproductive costs. This strategy likely outweighs any potential ef-
fect of  color vision on foraging time. Thus, the potential for niche 
differentiation in activity budget due to color vision type is likely 
constrained in part by reproductive costs.

We find that social dominance significantly impacts conspic-
uous fruit foraging and that this pattern is primarily driven by 
high-ranking individuals foraging less frequently for conspicuous 
fruit. This finding was unexpected, and we hypothesize that it 

could be an artifact of  faster patch processing time in small food 
patches by dominant monkeys. Through dominance-biased priority 
of  access, high-ranking individuals are often able to monopolize 
small, high-value resources, such as ripe fruit patches (Tilson and 
Hamilton 1984; Janson 1985; van Schaik and van Noordwijk 1988; 
Stockley and Bro‐Jørgensen 2011; Dorning and Harris 2017). In 
white-faced capuchins, high-ranking females have been shown to 
have higher efficiency in ripe fruit patches (Vogel 2005). While 
it is puzzling that a dominance effect is not found in our overall 
fruit foraging model, it is likely related to the fact that most of  the 
“conspicuous” fruit species in this analysis are smaller tree spe-
cies (Supplementary Figure 2); these “small patch” species are the 
most likely to be monopolizable by dominant individuals (Vogel 
2005). Our results suggest that an efficiency advantage of  being 
high-ranking translates into fewer scans observed foraging on small, 
conspicuous resources than that of  mid- or low-ranking individuals, 
likely because these lower-ranking individuals need more time to 
locate fruit in a slightly depleted food patch, making these lower-
ranking individuals more likely to be observed while foraging for 
conspicuous fruits.

Constraints on niche differentiation in foraging 
activity budget

Our results highlight possible constraints of  living in small, co-
hesive, and socially hierarchical groups where the ability to 
search for disparate resources is likely curtailed by the need for 
frequent and cohesive group movement in search of  food, as well 
as by vigilance behaviors (Isbell and Young 1993; Molvar and 
Bowyer 1994; Osorio et al. 2004; Majolo et al. 2008; Aivaz and 
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Figure 1
Foraging activity budget of  white-faced capuchin monkeys by color vision phenotype and reproductive status. We present estimated marginal means of  
number of  scans per rotation spent in all foraging states (A/E; includes visual foraging, extractive invertebrate foraging, surface-dwelling invertebrate foraging, 
fruit foraging, and foraging “other”), total fruit foraging (B/F), surface-dwelling invertebrate foraging (C/G), and fruit foraging only for conspicuously colored 
fruits (D/F). Estimated marginal means are generated from models including dominance, reproductive status, maximum and minimum daily temperature, 
and rainfall to isolate the effect of  color vision phenotype. Asterisks denote statistical significance.
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Ruckstuhl 2011; Olson et  al. 2015). The costs of  group living 
are well recognized, though most studies to date have exam-
ined the effect of  group size on intragroup feeding competition, 
with larger groups exhibiting greater competition and greater 
daily travel length (Janson and Goldsmith 1995; Chapman and 
Chapman 2000a, 2000b). Rather than offsetting the costs of  
group living by fissioning into smaller subgroups, as is character-
istic of  African elephants and spotted hyenas, as well as the pri-
mate genera Pan and Ateles (members of  which inhabit the same 
habitats as Cebus), capuchin groups remain cohesive year-round, 
regardless of  seasonal fluctuations in habitat-wide fruit availa-
bility (Chapman 1990). This may limit their ability to diverge 
significantly in activity budgets due to pressures of  maintaining 
group coordination, ultimately leading to a large degree of  be-
havioral synchrony (Kavanagh 1978; Harrison 1985; Agetsuma 
1995; King and Cowlishaw 2009). Our results additionally 
highlight individual-level constraints due to reproduction, as 
seen in the depressed foraging activity of  nursing capuchins, as 
well as to other aspects of  biology, including thermoregulation. 
Temperature, a significant variable in all of  our models, impacts 
foraging activity budgets (Campos and Fedigan 2009; Bergstrom 
2015). Given the intense seasonality characteristic of  our field 
site, monkeys spend much time resting in the hot, dry season as 
a means of  thermoregulating. Half  of  our data points each year 
are from the hot dry season in SSR. Combining this impact with 
increased resting time due to reproduction, as well as the need 
to achieve a nutritionally balanced diet, likely constrains the po-
tential for color vision phenotype to significantly affect activity 
budget (Felton et al. 2009).

Comments on hypotheses of balancing selection

While niche differentiation is not evident in the variables ana-
lyzed here, we cannot rule out the possibility that finer-scale diet 
differentiation is occurring at the level of  net food intake. For ex-
ample, research in wild montane ungulates (Hobbs 1983), gener-
alist grasshoppers (Behmer and Joern 2008), and sympatric mule 
and white-tailed deer populations (Berry et  al. 2019) all suggest 
that differentiation in nutritional intake may underlie such phe-
nomena as species coexistence and ecological invasion. Dichromats 
and trichromats may occupy distinct nutritional niches due to dif-
ferences in intake rates of  different food types (Melin et  al. 2007, 
2010, 2017), and their constituent nutrients, even though the results 
of  this study indicate that foraging activity budgets may not differ. 
Furthermore, it should be noted that diet is only a single axis of  the 
ecological niche; differentiation in habitat use due to lighting con-
ditions that facilitate foraging efficiency is another axis that should 
be considered (Yamashita et al. 2005; Caine et al. 2010; Freitag and 
Pessoa 2012).

It also remains plausible that niche differentiation is not a mech-
anism favoring the maintenance of  color vision polymorphism. 
Future studies should address the possibility of  mutual benefit 
of  association in platyrrhines, which posits that dichromats and 
trichromats have equal fitness by living in mixed color vision phe-
notype groups, likely due to both resource and predator detection 
benefits (Caine 2002; Pessoa et  al. 2014). The mutual benefit of  
association hypothesis has been previously supported in sifakas 
with polymorphic color vision (Veilleux et  al. 2016), where it was 
found that individuals in mixed-phenotype, dichromat–trichromat 
groups had higher body mass and longer fruit foraging times than 
dichromat-only groups. It may be fruitful to examine foraging 
outcomes and vigilance behaviors between dichromat-only and 

dichromat–trichromat groups. Lastly, Green (2014) reports results 
in support of  the heterozygote advantage hypothesis in tufted cap-
uchin monkeys (genus Sapajus), suggesting that this mechanism may 
also require further attention.

CONCLUDING REMARKS
The hypotheses for balancing selection that emphasize foraging 
differences are inherently confounded by the complex interactions 
between multimodal foraging and social learning. Monkeys with 
different color vision types may achieve similar foraging activity 
budgets through various mechanisms of  behavioral compensa-
tion. For example, dichromats have been suggested to compensate 
for the lack of  visual information by using olfactory informa-
tion: they sniff fruits significantly more than trichromats (Melin 
et al. 2019). Capuchins are highly intelligent, social animals and 
learn many of  their foraging behaviors from observing conspe-
cifics. Dichromats may learn from an early age how to locate fruit 
without red-green color vision, and trichromats may learn how 
to glean invertebrates despite an impeded ability to break visual 
camouflage.

Despite decades of  research, the adaptive value of  polymorphic 
color vision continues to invite future study. While it is clear at this 
point that broad-scope differentiation in foraging activity budgets 
likely does not underlie the maintenance of  this variation, fine-scale 
niche differentiation and mutual benefit of  association both warrant 
further investigation. Understanding color vision polymorphism and 
its behavioral correlates will help us understand the fundamental ev-
olutionary processes of  balancing selection and adaptation. Due to 
this widespread applicability, researchers from overlapping fields such 
as behavioral ecology, evolutionary biology, and animal behavior all 
stand to benefit from future investigations into this fascinating system.

SUPPLEMENTARY MATERIAL
Supplementary data are available at Behavioral Ecology online.
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