






Color Vision and Fitness Variation in Monkeys 

Table 1. Female Capuchin Color Vision Phenotypes, Survivorship, and Production of Infants. M-L pigment sensitivity describes the
 
peak spectral sensitivity (lmax) of the constituent middle-to-long wavelength sensitive photopigment(s) (red = 561 nm,
 
yellow = 543 nm, green = 532 nm).
 

Color Vision M-L Pigment Age at Departure mean IBIa mean IBIb 

Animal ID Phenotype sensitivity(ies) (years) Depart Type # of Offspring (years) (years) 

BAL Dichromat Red 9.55 End of Study 1 

CHA Dichromat Red 8.05 End of Study 1 

ED 

KIA Dichromat Red 10.56 End of Study 2 2.88 

LIM 

NEM Dichromat Red 8.69 End of Study 1 

NYL 

PIC Dichromat Yellow 9.60 End of Study 2 2.06 

PUM 

SAR Dichromat Red 11.88 End of Study 3 1.86 

SER 

SHA Dichromat Red 9.71 End of Study 2 3.04 

SHE 

SIM Dichromat Red 14.29 End of Study 4 2.06 

TIM 

ZAZ Dichromat Red 13.80 End of Study 3 2.56 

ROS 

RIT Dichromat Red 12.88 End of Study 3 1.96 

FAW 

QUI Dichromat Red 5.55 End of Study 0 

GAI 

ABU Trichromat Green/Red 7.57 End of Study 0 

BLA 

CHU Trichromat Yellow/Red 13.30 End of Study 5 2.24 0.90 

DOS 

KAT Trichromat Yellow/Red 23.19 Death 11 1.83 0.88 

MAY 

ORE Trichromat Green/Red 7.61 End of Study 1 

SAL 

VEL Trichromat Green/Red 6.22 Death 0 

BEA 

ARI Trichromat Green/Red 6.45 End of Study 0 

PAN 

MIN Trichromat Green/Yellow 22.88c End of Study 3 2.27 1.69 

MAX 

LUN Trichromat Green/Yellow 22.88c End of Study 3 2.05 1.84 

FLE 

LIL Trichromat Yellow/Red 15.88c End of Study 4 2.67 0.99 

PET 

MRS Trichromat Green/Red 18.88c End of Study 6 2.21 0.98 

PAD 

CHO Trichromat Green/Red 9.35 Death 2 0.74 

ATH 

ELE Trichromat Green/Yellow 13.88c End of Study 3 1.95 

CAL 

HEL Trichromat Yellow/Red 9.88 End of Study 3 2.05 1.00 

CRE 

Dichromat Red 12.52 End of Study 5 2.34 0.93 

Dichromat Red 22.05 Death 8 2.21 0.67 

Dichromat Red 11.11 Death 4 1.83 1.16 

Dichromat Red 10.59 End of Study 3 1.95 

Dichromat Red 23.44 End of Study 7 2.26 

Dichromat Red 3.58 Death 0 

Dichromat Red 16.51 End of Study 4 1.93 

Dichromat Red 19.37 Death 2 1.49 

Dichromat Yellow 1.21 Death 0 

Dichromat Yellow 4.36 End of Study 0 

Trichromat Green/Yellow 26.75 Death 10 2.05 1.02 

Trichromat Green/Red 20.15 Death 8 1.77 1.01 

Trichromat Yellow/Red 6.20 Death 1 

Trichromat Green/Yellow 16.72 End of Study 6 1.83 

Trichromat Green/Red 6.69 End of Study 0 

Trichromat Green/Red 2.35 Death 0 

Trichromat Yellow/Red 19.81c Death 3 1.80 

Trichromat Green/Red 15.88c End of Study 3 2.08 

Trichromat Green/Red 13.88c End of Study 3 2.61 

Trichromat Green/Yellow 9.88 End of Study 1 

Trichromat Yellow/Red 12.14c Death 3 3.16 

Trichromat Green/Red 11.88c End of Study 5 1.65 0.78 

Trichromat Green/Red 2.77 Death 0 
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Table 1. Cont. 

Animal ID 
Color Vision 
Phenotype 

M-L Pigment 
sensitivity(ies) 

Age at Departure 
(years) Depart Type # of Offspring 

mean IBIa 

(years) 
mean IBIb 

(years) 

THY Trichromat Green/Red 4.47 End of Study 0 

CAS Trichromat Green/Red 2.97 Death 0 

a = Mean of uncensored (complete) IBIs when the first infant in the interval lived $ one year of age. 
b = Mean of uncensored (complete) IBIs when the first infant in the interval died,one year of age. 
c = entered study as an adult or subadult, age estimate based on morphological features at first sighting in 2007. 
doi:10.1371/journal.pone.0084872.t001 

allele), AB193778 (P543 allele) and AB193784 (P532 allele). 
Amino acid residues at the three critical tuning sites (exon 3, site 
180; exon 5 sites 277 and 285) were determined to assign the color 
vision genotype [26]. We minimized the chances of allelic dropout 
by requiring that at least one fecal sample from each female 
contained no less than 200 pg of genomic DNA. Further details, 
including our PCR and sequencing protocols, are described in 
previous publications [24,26]. 

Measures of Fitness and Reproductive Success 
The rate of infant production (fertility) and survival of those 

infants, and longevity of the mother herself, are three important 
components of female fitness [38,47,48]. We address these three 
variables in turn. 

In iteroparous organisms that habitually give birth to one infant 
at a time (most primates), fertility rates depend on the length of 
time between parturition events, i.e., the interbirth interval, or IBI 
[49]. We calculated the intervals between live births as our 
measure of fertility rate. IBIs are commonly used in primatology as 
a proxy for the number of infants born per female in a given time 
interval [38,50], and since our data on births were unavoidably 
constrained by the arbitrary start and stop dates of our study, it 
was more appropriate to use IBIs rather than number of infants 
born as our measure of female fertility. We included in our 
analyses intervals that were right censored by the stop date of our 
study or death/departure of the mother, since their exclusion may 
result in systematic bias toward shorter intervals [51]. Further

more, our previous finding that death of an infant prior to 1 year 
of age shortens the length of the interbirth interval [39] led us to 
distinguish between intervals in which the first infant died prior to 
the age of 1 year and those in which the first infant survived. By 
separating out IBIs in which the first infant died prematurely, we 
were also able to remove any effects of early infant death/ 
infanticide on IBI length. 

To be reproductively successful, a female primate needs not 
only to produce infants but also to experience high rates of survival 
in her offspring and to live a comparatively long life herself. We 
examined the survival of a female’s infants from their births to two 
years of age. We used age two as the cut-off point for calculating 
offspring survival on the assumption that prior to this age, an 
immature monkey’s survival would be primarily a function of their 
mother’s rather than their own color vision phenotype. This is 
because in the first year or two of life, prior to weaning, a young 
capuchin depends on its mother for milk and because the mother’s 
ecological fitness and health determine the availability of her milk 
and the amount of care (e.g., transportation) and protection she 
can provide to the infant. 

Our second measure of survival was that of the mother herself 
(longevity) which we calculated from two years of age (i.e. post-

weaning) until her death or the end of our study. Sometimes we 
find the cadaver of a deceased study animal on the forest floor, or 

we observe them to be wounded or ill before they disappear, in 
which case we record them as dead. Females seldom disperse 
(,12% of females have emigrated out of, or immigrated into our 
study groups) and in the few cases where females have dispersed 
from our study groups, we have tracked them to a neighboring 
group. Therefore, we assume that any cases of post-weaning 
female disappearances are deaths. 

For both IBIs and the survival of infants, we accounted for 
potential autocorrelations in the fitness events experienced by each 
particular mother by introducing a random effect of the identity of 
the mother in the analyses. As noted by Jones et al. [49], 
introducing the random effect of the mother’s identity also 
provides an indirect measure of ‘‘phenotypic quality’’ or ‘‘frailty.’’ 

Statistical Analyses 
To assess the pace of infant production, we used mixed effects 

Cox regressions (coxme and coxph procedures) [52] in R [53] and 
analyzed the length of 139 interbirth intervals (IBIs, Table 1). 
There were a total of 101 complete/uncensored and 38 censored 
intervals for 37 mothers of known visual phenotypes. The model 
included IBI as the dependent variable, a fixed effect of the 
mother’s color vision phenotype (dichromatic or trichromatic), a 
fixed effect of whether the first infant in the interval died prior to 
age 1, and a random effect of the identity of the adult female. 
Censored values included cases where the female was still alive at 
the end of the study but had not yet given birth to another infant 
and cases where a female had died. Thus, if a female had N births, 
there were N values for IBI, the first being the interval between 
births 1 and 2, and the last being the censored interval between 
last birth and death/end of study. 

To determine the effect of the mother’s color vision type and of 
the mother’s identity on the survival of her infants, we used mixed 
effects Cox regressions (combining coxme and coxph procedures) 
in R to analyze the survival of infants from birth to age 2. We 
included all 139 infants born to 37 females with known color vision 
phenotypes (Table 1). The model included age of the infant at 
death or at the end of the study if the infant was still alive but less 
than 2 years of age, as well as a fixed effect of the mother’s color 
vision type and a random effect for the identity of the adult female. 

To examine the longevity of trichromatic versus dichromatic 
females, we used a Cox proportional hazard regression (the coxph 
procedure in R) to analyze the survival of individual females from 
the age of two years on. There were a total of 48 females included 
in this analysis for which we know their color vision phenotype and 
that they survived beyond two years of age (Table 1). The model 
included a survival function for the females as a function of being 
trichromatic or dichromatic. The age at death was right-censored 
for those individuals still alive at the end of the study. The age of 
entry into the study was left censored if the individual did not enter 
the study at birth (in which case we estimated her age, based on 
age-related morphological features such as brow and nipple 
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length, and based on 26 years of observing the aging process in 
females of known age). 

Because the advantage proposed to exist for trichromats is 
hypothesized to be particularly strong for those that have 
maximum sensitivity near the green or red end of the spectrum, 
we repeated all three analyses (IBI, offspring survival, maternal 
survival), using only reproductive data from Green/Red trichro

mats and comparing them to dichromats. 

Results 

Interbirth Interval Duration in Trichromatic versus 
Dichromatic Females 

We examined the length of interbirth intervals (IBIs; N = 139) as 
a function of the effect of: (1) the mother’s color vision phenotype; 
(2) the death of the first infant in the interval at ,1 year of age; 
and (3) the random effect of the mother’s identity. The interbirth 
intervals of trichromatic versus dichromatic females did not differ 
significantly (x 2 = 0.445, df = 1, p = 0.504, Figure 2). For IBIs 
where the first infant in the interval lived at least one year, the 
fitted median IBI was 2.05 years (N = 56) for trichromatic females 
and 2.19 years (N = 45) for dichromatic females. 

In accordance with a previous study [39], we found that 
interbirth intervals in which the first infant died before age 1 were 
significantly shorter than intervals in which the first infant survived 
(x 2 = 59.5, df = 1, P,0.001) and this was true for both trichromats 
and dichromats (Figure 2). For IBIs where the first infant in the 
interval died before age 1, the fitted median IBI was 1.01 years 
(N = 28) for trichromatic females and 1.13 years (N = 10) for 
dichromatic females. 

Finally, we found that the individual identity of the mother (i.e., 
the random effect of the mother independent of her vision 
phenotype) contributed significantly to the explanatory power of 
the model (x 2 = 4.460, df = 1, p = 0.035). 

Survival of Infants Born to Trichromatic versus 
Dichromatic Mothers 

We assessed the survival of infants (N = 139) from birth to the 
age of two years, the typical timing of weaning, as a fixed effect of 
the mother’s color vision phenotype and the random effect of the 
mother’s identity. Infants of trichromatic mothers did not live 
longer (up to two years) than those born to dichromatic mothers 
(x 2 = 1.49, df = 1, p = 0.221), nor did the identity of the mother 
contribute to explaining variation in the probability of the 
offspring surviving to the age of two (x 2 = 0.005, df = 1, 
p = 0.940, Figure 3). For trichromatic females, 61.9% of their 
offspring survived to age 2, whereas for dichromatic females, 
79.6% of their offspring survived to age 2. 

Survival of Trichromatic versus Dichromatic Females Post 
Weaning 

When we examined the survival of females past the age of 2 
years as a function of their color vision phenotype we found that 
survival did not differ between trichromats and dichromats 
(x 2 = 0.91, df = 1, p = 0.339, Figure 4). The median predicted 
survival time for dichromatic females was 22.1 years (N = 20) and 
19.8 years for trichromats (N = 28). Additionally, if we consider 
only those females who actually died before the end of our study, 
we can see from Table 1 that they lived between 1.21 and 26.75 
years. The mean age of survival for the trichromatic females who 
died before the end of the study (n = 11) was 11.99 years and the 
mean age of survival for dichromatic females who died (N = 5) was 
11.46 years. 

Comparison of Green/Red Trichromats to Dichromats for 
Interbirth Intervals, Offspring Survival and Maternal 
Survival 

Because the L/M photopigments of Green/Yellow and Red/ 
Yellow trichromats are less spectrally-separated (equivalent to 
‘‘anomalous’’ trichromacies in humans) than the photopigments of 
Green/Red trichromats, it is possible that the former phenotypes 
might experience lower fitness and bring down the trichromatic 
group mean. To test for this, we performed the same analyses as 
those presented above, but this time we limited the sample of 
trichromats to the Green/Red phenotype. 

We found that the results for all of these analyses were 
qualitatively identical to those presented above for the trichromat

dichromat comparison. There were no significant differences 
between Green/Red trichromats and dichromats on any of our 
three measures of female fitness. Specifically, the phenotype of the 
mother (Green/Red trichromat versus dichromat) has no discern

ible effect on the length of her IBI (x 2 = 1.41, df = 1, p = 0.234), 
and the early death of the first offspring in an IBI leads to a shorter 
IBI for both Green/Red trichromats and dichromatic mothers 
(x 2 = 34.0, df = 1, p,0.001). Second, the mother’s vision pheno

type does not affect the offspring’s survival up to 2 years (x 2 = 2.54, 
df = 1, p = 0.109). Third, the survival of females after the age of 2 is 
not significantly affected by their vision phenotype (x 2 = 3.66, 
df = 1, p = 0.055) and the trend is in the direction of dichromats 
surviving better than the Green/Red trichromats. 

Discussion 

Although heterozygote superiority appears from the literature to 
be a widely accepted mechanism explaining primate color vision 
polymorphism, we found no significant advantage to trichromats 
over dichromats for the three measures of fitness we examined in 
female monkeys. Not only did the differences fail to reach 
significance, the trends for infant and maternal survival were in the 
opposite direction than predicted by the heterozygote superiority 
hypothesis (Figures 3 & 4). The one clear and consistent prediction 
from the literature is that Green/Red trichromats should 
experience visual advantages (and therefore fitness advantages) 
in comparison to the five other phenotypes found in capuchins, 
and in particular Green/Reds should do better than the 
dichromats [54–60]. However, even when we limited our analyses 
to the Green/Red trichromat females, there was no indication 
whatsoever that green/red trichromatic females do better than 
dichromats on any measure of fitness (fertility rates, offspring 
survival, maternal survival). We suggest therefore that an alternate 
selective mechanism is operating to maintain color vision 
polymorphism in our study animals. 

Despite the lack of fitness differences due to color vision 
phenotype, we did find significant variation in IBIs attributable to 
the mother’s identity, indicating that some aspect of phenotypic 
quality, other than color vision, is influential in the pace of infant 
production in our capuchins. These results are in accordance with 
other recent studies on female primates (e.g., 49]) in which the 
effect of the mother’s identity was investigated. Dominance rank 
and age are unlikely to explain these characteristic IBI lengths that 
are consistent over a female’s lifetime, in particular because rank 
and age change over the course of a female capuchin’s life and 
because our previous studies of the effects of dominance and age 
failed to demonstrate that these variables are significant predictors 
of IBI length in our study animals [39]. However, other aspects of 
a female’s behavior may affect her life-long fertility pattern, in that 
some females may consistently behave in ways to enhance their 
probability and frequency of producing offspring. For example, 

PLOS ONE | www.plosone.org 6 January 2014 | Volume 9 | Issue 1 | e84872 

http:www.plosone.org






Color Vision and Fitness Variation in Monkeys 

References 
1.	 Surridge AK, Mundy NI (2002) Trans-specific evolution of opsin alleles and the 

maintenance of trichromatic color vision in Callitrichine primates. Mol Evol 11: 
2157–2169. 

2.	 Hiwatashi T, Okabe Y, Tsutsui T, Hiramatsu C, Melin AD, et al. (2010) An 
explicit signature of balancing selection for color-vision variation in new world 
monkeys. Mol Biol Evol 27: 453–464. 

3.	 Mollon JD, Bowmaker JK, Jacobs GH (1984) Variations of color vision in a New 
World primate can be explained by polymorphism of retinal photopigments. 
Proc R Soc Lond B Biol Sci 222: 373–399. 

4.	 Surridge AK, Osorio D, Mundy NI (2003) Evolution and selection of 
trichromatic vision in primates. Trends Ecol Evol 51: 198–205. 

5.	 Melin AD, Hiramatsu C, Fedigan LM, Schaffner CM, Aureli F, Kawamura S 
(2012) Polymorphism and adaptation of primate color vision. In Pontarotti P, ed. 
Evolutionary Biology: Mechanisms and Trends. Heidelberg: Springer-Verlag. 
225–241. 

6.	 Jacobs GH (2009) Evolution of colour vision in mammals. Philos Trans R Soc 
Lond B. 364: 2957–2967. 

7.	 Sharp LT, Stockman A, Jagle H, Nathans J (1999) Opsin genes, cone 
photopigments, color vision and color blindness. In Gegenfurtner KR, Sharpe 
LT, eds. Color vision: from genes to perception. New York: Cambridge Univ. 
Press. 3–51. 

8.	 Deeb S, Lindsey D, Hibiya Y, Sanocki E, Winderickx J, et al. (1992) Genotype-
phenotype relationships in human red/green color-vision defects: molecular and 
psychophysical studies. Am J Hum Genet 51: 687–700. 

9.	 Caine NG, Mundy NI (2000) Demonstration of a foraging advantage for 
trichromatic marmosets (Callithrix geoffroyi) dependant on food colour. Proc R Soc 
Lond B Biol Sci 267: 439–444. 

10.	 Saito A, Kawamura S, Mikami A, Ueno Y, Hiramatsu C, et al. (2005a) 
Demonstration of a genotype-phenotype correlation in the polymorphic color 
vision of a non-callitrichine New World monkey, capuchin (Cebus apella). 
Am J Primatol 67: 471–485. 

11.	 Bradley BJ, Lawler RR (2011) Linking genotypes, phenotypes, and fitness in wild 
primate populations. Evol Anthropol 20: 104–119. 

12.	 Hartl DL, Clark AG (2007) Principles of Population Genetics, 4th Edition. 
Sunderland, Sinauer. 

13.	 Melin AD, Fedigan LM, Hiramatsu C, Kawamura S (2008) Polymorphic color 
vision in white-faced capuchins (Cebus capucinus): Is there foraging niche 
divergence among phenotypes? Behav Ecol Sociobiol 62: 659–670. 

14.	 Kawamura S, Hiramatsu C, Melin AD, Aureli F, Fedigan LM, et al. (2012) 
Polymorphic color vision in primates: evolutionary considerations. In Hirai H, 
Imai H, Go Y, eds. Post Genome Biology of Primates. Tokyo: Springer Press. 
pp. 93–120. 

15.	 Mollon JD (1989) ‘‘Tho’ she kneel’d in that place where they grew…’’ The uses 
and origins of primate color vision. J Exp Biol 146: 21–38. 

16.	 Sumner P, Mollon JD (2000) Chromacy as a signal of ripeness in fruits taken by 
primates. J Exp Biol 203: 1987–2000. 

17.	 Regan BC, Julliot C, Simmen B, Vienot F, Charles-Dominique P, et al. (2001) 
Fruits, foliage and the evolution of primate colour vision. Philos Trans R So. 
Lond B 356: 229–283. 

18.	 Smith AC, Buchanan-Smith HM, Surridge AK, Mundy NI (2003) Leaders of 
progressions in wild mixed-species troops of saddleback (Saguinus fuscicollis) and  
mustached tamarins (S. mytax) with emphasis on color vision and sex. 
Am J Primatol 61: 145–157. 

19.	 Dominy NJ, Lucas PW (2001) Ecological importance of trichromatic vision to 
primates. Nature 410(6826): 363–366. 

20.	 Kamilar JM, Heesy CP, Bradley BJ (2013) Did trichromatic color vision and red 
hair coevolve in primates? Am J Primatol 75: 740–751. 

21.	 Changizi MA, Zhang Q, Shimojo S (2006) Bare skin, blood and the evolution of 
primate color vision. Biol Lett 2: 217–221. 

22.	 Caine NG (2002) Seeing red: consequences of indvidual differences in color 
vision in callitrichid primates. In Miller LE, ed. Eat or Be Eaten. Cambridge: 
Cambridge Univ. Press. 58–73. 

23.	 Sumner P, Mollon JD (2003) Colors of primate pelage and skin: objective 
assessment of conspicuousness. Am J Primatol 59: 67–91. 

24.	 Melin AD, Fedigan LM, Hiramatsu C, Hiwatashi T, Parr N, et al. (2009) Fig 
foraging by dichromatic and trichromatic Cebus capucinus in a tropical dry forest. 
Int J Primatol 30: 753–775. 

25.	 Hiramatsu C, Melin AD, Aureli F, Schaffner CM, Vorobyev M, et al. (2009) 
Interplay of olfaction and vision in fruit foraging of spider monkeys. Anim Behav 
77: 1421–1426. 

26.	 Hiramatsu C, Melin AD, Aureli F, Schaffner CM, Vorobyev M, et al. (2008) 
Importance of achromatic contrast in short-range fruit foraging of primates. 
PLoS One 3: 1–12. 

27.	 Freitag FB, Pessoa DMA (2012) Effect of luminosity on color discrimination of 
dichromatic marmosets (Callithrix jacchus). J Optical Soc Amer A-Optics Image 
Sci and Vision 29: A216–A222. 

28.	 Vogel E, Neitz M, Dominy N (2007) Effect of color vision phenotype in the 
foraging of white-faced capuchins, Cebus capucinus. Behav Ecol 18: 292–297. 

29.	 Morgan MJ, Adam A, Mollon JD (1992) Dichromats detect colour-camouflaged 
objects that are not detected by trichromats. Proc Royal Soc Lond B Biol Sci 
248: 291–295. 

30.	 Saito A, Mikami A, Kawamura S, Ueno Y, Hiramatsu C, et al. (2005b) 
Advantage of dichromats over trichromats in discrimination of color-
camouflaged stimuli in nonhuman primates. Am J Primatol 67: 425–436. 

31.	 Melin AD, Fedigan LM, Hiramatsu C, Sendall C, Kawamura S (2007) Effects of 
colour vision phenotype on insect capture by a free-ranging population of white-
faced capuchins (Cebus capucinus). Anim Behav 73: 205–214. 

32.	 Melin AD, Fedigan LM, Young HC, Kawamura S (2010) Can color vision 
variation explain sex differences in invertebrate foraging by capuchin monkeys? 
Curr Zool 56: 300–312. 

33.	 Caine NG, Osorio D, Mundy NI (2010) A foraging advantage for dichromatic 
marmosets (Callithrix geoffroyi) at low light intensity. Biol Lett 6: 36–38. 

34.	 Smith AC, Surridge AK, Prescott MJ, Osorio D, Mundy NI, et al. (2012) Effect 
of colour vision status on insect prey capture efficiency of captive and wild 
tamarins (Saguinus spp.). Anim Behav 83: 479–486. 

35.	 Montague M, Disotell T, Di Fiore A (2013) Population genetics, dispersal and 
kinship among wild squirrel monkeys. Preferential association among closely-

related females and its implications for insect prey capture. Int J Primatol doi: 
10.1007/s10764-013-9723-7. 

36.	 Cropp S, Boinski S, Li WH (2002) Allelic variation in the squirrel monkey x-

linked color vision gene: biogeographical and behavioral correlates. J Mol Evol 
54: 734–745. 

37.	 Hiramatsu C, Tsutsui T, Matsumoto Y, Aureli F, Fedigan LM, et al. (2005) 
Color vision polymorphism in wild capuchins (Cebus capucinus) and spider 
monkeys (Ateles geoffroyi) in Costa Rica. Am J Primatol 67: 447–461. 

38.	 Pusey A (2012) Magnitude and sources of variation in female reproductive 
performance. In Mitani JC, Call J, Kappeler PM, Paolombit RA, Silk JB, eds. 
The Evolution of Primate Societies. Chicago: University of Chicago Press. pp. 
343–366. 

39.	 Fedigan LM, Carnegie SD, Jack KM (2008) Predictors of reproductive success in 
female white-faced capuchins. Am J Phys Anthropol 137: 82–90. 

40.	 Fedigan LM (2003) The impact of male takeovers on infant deaths, births and 
conceptions in Cebus capucinus at Santa Rosa, Costa Rica. Int J Primatol 24: 723– 
741. 

41.	 Fedigan LM, Jack KM (2004) The demographic and reproductive contexts of 
male replacements in Cebus capucinus. Behaviour 141: 755–775. 

42.	 Fedigan LM, Jack KM (2011) Two girls for every boy: the effects of group size 
and composition on the reproductive success of male and female white-faced 
capuchins. Am J Phys Anthropol 144: 317–326. 

43.	 Fedigan LM, Jack KM (2012) Tracking monkeys in Santa Rosa: lessons from a 
regenerating tropical dry forest. In Kappeler P, Watts D, eds. Long-term Field 
Studies of Primates. Heidelberg: Spring Verlag. pp. 165–184. 

44.	 Jack KM, Fedigan LM (2004a) Male dispersal patterns in white-faced capuchins 
Part 1: patterns and causes of natal dispersal. Anim Behav 67: 761–769. 

45.	 Jack KM, Fedigan LM (2004b) Male dispersal patterns in white-faced capuchins 
Part 2: patterns and causes of secondary dispersal. Anim Behav 67: 771–782. 

46.	 Jack KM, Fedigan LM (2009) Female dispersal in a female-philopatric species, 
Cebus capucinus. Behaviour 146: 437–470. 

47.	 Brown D (1988) Components of lifetime reproductive success. In Clutton-Brock 
TH, ed. Reproductive Success. Chicago: University of Chicago Press. 439–453. 

48.	 Clutton-Brock TH, Albon SD, Guinness FE (1988) Reproductive success in red 
deer. In Clutton-Brock TH, ed. Reproductive Success. Chicago: University of 
Chicago Press. 325–343. 

49.	 Jones JH, Wilson, Murray C, Pusey A (2010) Phenotypic quality influences 
fertility in Gombe chimpanzees. J Anim Ecol 79: 1262–1269. 

50.	 Strier KB (2004) Reproductive strategies of New World primates: interbirth 
intervals and reproductive rates. A Primatol. no Brasil 8: 53–63. 

51.	 Singer JD, Willett JB (2003) Applied Longitudinal Data Analysis: Modeling 
Change and Event Occurrence. Oxford: Oxford University Press. 

52.	 Therneau T (2012) A Package for Survival Analysis in S. R package version. 
2.36–14. 

53.	 R Core Team (2012) R: A language and environment for statistical computing. 
R Foundation for Satistical Computing, Vienna, Austria. ISBN 3-900051-0700, 
URL http://www.R-project.org/. 

54.	 Melin AD, Young HC, Mosdossy KN, Fedigan LM (2013) The behavioral 
ecology of color vision: considering fruit conspicuity, detection distance and 
dietary importance. Int J Primatol doi: 10.1007/s10764-013-9730-8. 

55.	 Melin AD, Kline DW, Hickey C, Fedigan LM (2013) Food search through the 
eyes of a monkey: a functional substitution approach for assessing the ecology of 
primate color vision. Vision Res 86: 87–96. 

56.	 Osorio D, Smith AC, Vorobyev M, Buchanan-Smith HM (2004) Detection of 
fruit and the selection of primate visual pigments for color vision. Am Nat 164: 
696–708. 

57.	 Riba-Hernandez P, Stoner KE, Osorio D (2007) effect of polymorphic color 
vision for fruit detection in the spider monkey Ateles geoffroyi, andits implications 
for the maintenance of polymorphic color vision in platyrrhine monkeys. J Exper 
Biol 207: 2465–2470. 

58.	 Rowe MP, Jacobs GH (2004) Cone pigment polymorphism in New World 
monkeys: are all pigments created equal? Vis Neurosci 21: 217–222. 

59.	 Surridge AK, Suarez SS, Buchanan-Smith HM, Smith AC, Mundy NI (2005a) 
Color vision pigment frequencies in wild tamarins (Saguinus spp). Am J Primatol 
67: 463–470. 

PLOS ONE | www.plosone.org	 9 January 2014 | Volume 9 | Issue 1 | e84872 

http:www.plosone.org
http:http://www.R-project.org


Color Vision and Fitness Variation in Monkeys 

60.	 Surridge AK, Suarez SS, Buchanan-Smith HM, Smith AC, Mundy NI (2005b) 61. Yamashita N, Stoner K, Riba-Hernandez P, Dominy N, Lucas P (2005) Light 
Non-random association of opsin alleles in wild groups of red-bellied tamarins levels used during feeding by primate species with different color vision types. 
(Saguinus labiatus) and maintenance of the color vision polymorphism. Biol Lett 1: Behav Ecol Sociobiol 58: 618–629. 
465–468. 

PLOS ONE | www.plosone.org	 10 January 2014 | Volume 9 | Issue 1 | e84872 

http:www.plosone.org

