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The degree of polygyny is predicted to influence the strength of direct male—male competition, leading to a high variance in male life-
time reproductive success and to reproduction limited to the prime period of adulthood. Here, we explore the variance in male lifetime
reproductive success and reproductive time in an anthropoid primate forming multimale—multifemale groups. Males of this species
form dominance hierarchies, which are expected to skew reproduction toward few high-ranking males. At the same time, however,
females mate with multiple males (polygynandry), which should limit the degree of polygyny. Using 20 years of genetic and demo-
graphic data, we calculated lifetime reproductive success for the free-ranging rhesus macaque (Macaca mulatta) population of Cayo
Santiago for subjects that died naturally or reached senescence. Our results show that 1) male lifetime reproductive success was
significantly skewed (range: 0-47 offspring; males reproducing below average: 62.8%; nonbreeders: 17.4%), 2) variance in male lifetime
reproductive success was 5 times larger than in females, and 3) male lifetime reproductive success was more influenced by variation
in fecundity (60%) than longevity (25%), suggesting that some direct male—male competition takes place. However, the opportunity for
selection (i.e., standardized variance in male lifetime reproductive success) is low compared with that in other large mammal species
characterized by a high degree of polygyny. Moreover, male reproductive life extended much beyond the prime period, showing that
physical strength was not required to acquire mates. We conclude that rhesus macaques exhibit a moderate degree of polygyny and,
therefore, low levels of direct male—-male competition for fertile females, despite the fact that males form linear dominance hierarchies.

Key words: lifetime reproductive success, male-male competition, mammals, opportunity for selection, reproductive skew,
reproductive timing, rhesus macaques.

INTRODUCTION the number of mating partners that can be acquired per unit of
time, leading to a strong influence of fecundity (Bateman 1948;
Trivers 1972; Clutton-Brock 1988). This difference between males
and females should be particularly pronounced in large placental
mammals because 1) female reproductive rate is low and 2) most
parental tasks can only be provided by females (e.g., gestation and
lactation), leading to male reproductive investment often limited to

Sexual selection is proposed to explain the evolution of traits that
provide advantages in terms of reproductive rate (or fecundity)
rather than in survival (or longevity) (Darwin 1871). This evolution-
ary process is usually stronger in males than in females. Indeed,
because female reproductive rate is limited by gamete production
and parental investment, leading to their lifetime reproductive suc-
cess (LRS) being directly linked to survival and health (Bateman

1948; Trivers 1972). In contrast, male LRS is determined by selection. . . . .
The mating system is expected to influence the extent to which

variance in LRS is more pronounced in males than in females and,

mating effort, which in turn creates a strong opportunity for sexual
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traits (Clutton-Brock 1988, 1989). For example, in a polygynous
mating system, a small number of males are able to monopolize
fertile females and exclude other males from reproduction, leading
to a high variance in male LRS within populations (Wade 1979;
Andersson 1994; Arnold and Duvall 1994; e.g, elephant seal,
Mirounga angustirostris: Le Boeuf and Reiter 1988; red deer, Cervus
elaphus: Pemberton et al. 1992; Marshall et al. 1998; bighorn sheep,
Ouvis canadensis: Coltman et al. 2002; green swordtail, Xiphophorus hel-
leri: Tatarenkov et al. 2008). This generates a high level of direct
male—male competition for fertile females, which selects for male
traits that give advantages in contest, such as large male body size
and various forms of weaponry (e.g, antlers, long sharp canines;
Alexander et al. 1979; Loison et al. 1999). Because reproduction
depends on physical strength, only the strongest and largest males
of the population are able to reproduce, and male reproduction is
expected to peak over few years of high fecundity during the prime
period, after which males die or stop reproducing (e.g.,, Clutton-
Brock 1988). As the degree of polygyny decreases and female’s
number of mating partners increases, the variance in male LRS
is expected to decrease, becoming more similar to that of females
(Wade 1979; Andersson 1994; e.g., Soay sheep, Ouvis aries: Coltman
et al. 1999; European roe deer, Cepreolus capreolus: Vanpé et al. 2008;
castern chipmunks, Tamias striatus: Bergeron et al. 2012). In species
where females mate with multiple males, male reproduction relies to
a lesser extent on the ability to win fights and, hence, sexual dimor-
phism in size and weaponry are less pronounced. Moreover, male
reproduction is less constrained to the prime period, with longev-
ity directly influencing LRS (e.g., greater horseshoe bats, Rhinolophus
Jerrumequinum; Rossiter et al. 2006), leading to reproductive timing
and life spans that are more similar to those of females than in spe-
cies facing a high degree of polygyny. Consequently, the extent to
which 1) variance in male LRS is pronounced and 2) reproductive
timing is limited to a few years of high fecundity should provide
some information about the degree of polygyny a given species is
facing and, thus, about its mating system.

The standardized variance in LRS (i.e., variance divided by the
average in LRS) is often used to compare the degree of polygyny
between species, a measure referred to as “opportunity for selec-
tion” (Wade and Arnold 1980; Arnold and Wade 1984). This mea-
sure is believed to provide an estimation of the upper limit of the
strength of the directional sexual selection in a population (Wade
1979; Arnold and Wade 1984; Shuster and Wade 2003; Jones 2009;
Klug, Heuschele, et al. 2010). However, this measure is not suffi-
cient to compare the degree of polygyny between species because
it can be affected by the sampling method (e.g., number of years,
rank, age, and residency status of males included in the calculation)
and it only provides an estimation of whether strong selection can
take place (e.g., Shuster and Wade 2003; Klug, Heuschele, et al.
2010; Klug, Lindstrom, et al. 2010; Krakauer et al. 2011; Jennions
et al. 2012). One way to complement this approach is to explore
how variation in fecundity and longevity contributes to the variance
in LRS (Arnold and Wade 1984; Brown 1988; e.g., Coltman et al.
1999), and the extent to which reproductive output is concentrated
to a few years of high fecundity during prime.

Variance in male LRS has only been assessed in a limited num-
ber of large mammals, mainly in ungulate species (cf. Vanpé et al.
2008). The limited work on this topic is likely to be due to the dif-
ficulty of obtaining such data. Indeed, assessment of LRS in large
mammals is greatly limited by the extended life span. It is particu-
larly difficult to assess LRS for male mammals because males typi-
cally disperse multiple times throughout their lives and frequently

879

disappear from the study area (Greenwood 1980; Lawson Handley
and Perrin 2007). Moreover, because mating activity is not a reli-
able estimate of reproductive success and, as opposed to females,
males of most species do not maintain close proximity to their lit-
ter, assessing reproductive success must be based on genetic pater-
nity analyses. Finally, short-term studies have long been suspected
to provide poor estimates of the variance in male LRS. In species
facing a high degree of polygyny where male reproduction is lim-
ited to a short period of time at their prime, the variance can be
overestimated by excluding males that only reproduced before or
after the study period (Altmann 1979; Clutton-Brock 1988; Alberts
et al. 2006). In contrast, they can underestimate the variation in
species facing low degree of polygyny because variation in male
longevity contributes to the variance in male LRS (Rossiter et al.
2006; see also Johnston et al. 2013). As such, a complex sampling
management maintained over a long period of time is needed to
assess male LRS based on genetic paternity assignment in large
mammals.

Here, we assess variance in male LRS and reproductive timing
for an anthropoid primate, the rhesus macaque (Macaca mulatta)
(see Bercovitch 1997; Plavcan 2001). This species forms multimale—
multifemale groups (Shultz et al. 2011) in which several immigrant
males live year-round with unrelated females. The genetic mating
system of this species is unclear. On the one hand, males form linear
dominance hierarchies, which suggests a certain degree of polygyny
(Altmann 1962). On the other hand, however, the presence of sev-
eral male competitors facilitates female polyandry (Chapais 1983;
Manson 1992), even during the periovulatory phase of the ovar-
ian cycle (Dubuc et al. 2012; see also Chapais 1983; Small 1990).
Collectively, evidence accumulated from short-term studies suggests
that this species exhibits a low degree of polygyny and, thus, low
levels of direct competition for fertile females (Berard 1999; Dubuc
et al. 2011). Indeed, there is a relatively low yearly correlation
between dominance rank and reproductive success, with the alpha
male often not being the most successful sire of the group (Berard
et al. 1993, 1994; Widdig et al. 2004; Dubuc et al. 2011). Moreover,
males can be highly successful as young adults—that is, when they
are not yet fully developed—and can reproduce years beyond their
prime (Bercovitch et al. 2003). Finally, males are rarely observed
to compete for dominance and rather appear to form dominance
hierarchies through queuing (Berard 1999; see also Drickamer and
Vessey 1973; Higham et al. 2013), suggesting that the costs of fights
are not outweighed by the potential benefits in terms of reproduc-
tive output associated with reaching a high-ranking position (van
Noordwijk and van Schaik 2004). However, because males of this
species have an extended reproductive life (Bercovitch et al. 2003)
and residency and tenure lengths can last several years (e.g., Berard
1999), short-term patterns may not provide accurate insights into
the degree of polygyny and variance in male LRS in this species.

In order to estimate the degree of polygyny, we compared the
variance in LRS and patterns of reproductive timing between
males and females of the same population and also compared these
characteristics with those of other species. Of particular interest,
variance in male LRS has been assessed for one other anthropoid,
the mandrill (Setchell et al. 2005a). Although the 2 species are clas-
sified as having similar social organization and mating systems,
mandrills show a strong yearly correlation between male dominance
rank and reproductive success leading to a very pronounced alpha
male share in paternity (Setchell et al. 2001; Charpentier et al.
2005), suggesting that the mandrill genetic mating system is char-
acterized by a higher degree of polygyny than that of the rhesus
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macaque. Supporting this view, mandrills are one of the most sexu-
ally dimorphic species of all anthropoids (Setchell et al. 2005b),
whereas rhesus macaques rather show moderate levels (Plavcan and
van Schaik 1997; Plavcan 2001). Consequently, we predict that the
standardized variance in male LRS and the contribution of fecun-
dity will be less pronounced and closer to that of females in rhesus
macaques compared with mandrills, with reproduction less limited
to the prime period.

Our study was based on 20 years of data taken from the popu-
lation of Cayo Santiago, using one of the most comprehensive
demographic and genetic databases on males for any free-ranging
primate population. Indeed, the population lives on an island with
several naturally formed groups ranging freely, allowing males to
be tracked throughout their lives and their deaths to be confirmed.
The sampling method, thus, allows all sexually mature males of
the population to be considered when assessing variance in LRS,
even those who failed to immigrate into a social group, preventing
sampling biases and the pitfalls associated with assessing variance in
reproductive success addressed above.

METHODS
Study site and population

The study was conducted on the free-ranging population of rhesus
macaques living on Cayo Santiago, a 15-ha island off the coast of
Puerto Rico. The colony was established in 1938 when approxi-
mately 400 monkeys from various locations in India were transferred
to the island (Rawlins and Kessler 1986). Since then, individuals
have only been added to the population via natural births. Genetic
analyses from pedigree data show no sign of inbreeding (Widdig
A, unpublished data). During the study period, the population was
composed of 800-1000 individuals divided into 4-14 naturally
formed heterosexual troops (average number of groups: 7.5) that
ranged freely throughout the island, allowing for intergroup encoun-
ters and male dispersal between groups. All research procedures
were approved by the Caribbean Primate Research Center (CPRC)
and the Institutional Animal Care and Use Committee IACUC)
of the University of Puerto Rico (protocol number 4060105) and
the export of DNA samples was approved by the US. Fish and
Wildlife Service (FWS) (Cites Export permission # 05US101361/9,
# 06US112079/9, # 07US133766/9, # 08US163309/9, #
09US200870/9, # 09US230435/9, # 11US28371A/9, Cites
Import permission # E-1426/05, # E-1082/06, # E-1207/07, #
E-1215/08, # E01146/09, # E-00049/10, # E-00836/11).

Population management

The population is managed by the CPRC. The animals are provi-
sioned with commercial high-protein biscuits distributed once daily
in the morning at the 3 food dispensers located in corrals (Rawlins
and Kessler 1986). Nevertheless, macaques forage extensively on
natural sources, for example, foliage, fruits, insects, and soil, which
represent 50% of their feeding time (Marriott 1988; Marriott et al.
1989). Water is offered ad libitum via the collection of rainfall in
cisterns and piping of water into drinking basins. There is no medi-
cal intervention on the population, aside from a tetanus inoculation
given when captured as yearlings and a booster shot at age (Rawlins
and Kessler 1982; Kessler et al. 1988, 2006).

Since 1992, all members of the population were sampled for
genetic paternity analyses when they were trapped as yearlings for
the purpose of individual tattooing and vaccination. Population
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size and adult sex ratio of =1:1.3 has been maintained via a
mixture of natural death and culling strategies (see Hernandez-
Pacheco et al. 2013). The main culling strategy involved random
culls of juveniles (46.1%), mainly at 1-2 years of age (1 year old:
13.7%; 2 years old: 23.2%; 3 years old: 9.2%), with a small bias
toward males (54%). In addition, the management removed 3
social groups that accounted for 50% of the population in 1984,
after which social groups (mainly fissions of well-established
groups) were removed in 9 instances over the study period, leading
to 15.8£16.5% of the individuals of each cohort culled at some
point during their reproductive life (age culled: 8.7 £4.3 years old)
during the study period. The CPRC provides a detailed demo-
graphic database that includes dates of birth and death, birth
group, maternal relatedness, dispersal events, and group alloca-
tion, and the team of CPRC census takers has monitored the pop-
ulation daily since 1956.

Selection of male and female subjects

We selected as subjects the members of the population that were
born between 1987 and 1993, that is, individuals for whom the
entire reproductive life could have been covered by the 20-year
study period for which comprehensive paternity data were avail-
able (birth seasons 1992-2011). As such, our study included males
and females that 1) could reach sexual maturity (4 years old; based
on Bercovitch and Berard 1993; Bercovitch et al. 2003) not earlier
than the first year of our study (1992) and 2) could reach senes-
cence (17 years old; based on Bercovitch 1997) not later than the
last year of our study (2011). Hence, the age range of 4-17 years
was only used for selection of subjects, with all years of poten-
tial reproduction over the entire lifetime being considered in our
analysis. We only included individuals who either died of natu-
ral causes during the period covered by the study period or who
reached the age of the estimated onset of senescence. Therefore,
we removed from the analyses all individuals culled by colony
management from our analysis as juveniles (M = 539 males and
439 females), regardless of the age at which they were culled,
and those for which genetic material was not available (N = 14
males and 20 females). As a result, 211 males and 275 females
born between 1987 and 1993 were included as subjects in the
study. Most analyses are limited to the subjects that reached sex-
ual maturity (i.e., 4 years old), which represents 86 males and 132
females.

Calculation of LRS

We calculated LRS based on the individuals born between 1992
and 2011 during which yearlings were systematically sampled for
genetic paternity analyses. LRS was calculated based on the num-
ber of offspring produced that survived their first year of life, that
is, offspring that survived the period of life showing the highest
mortality (for study population, see Sade et al. 1976; Blomquist
2013; see also Dittus 2004). Of the 4524 infants born between
1992 and 2011, 3311 reached at least 1 year old (73.2%), while 809
died within the first year of their life (17.9%), and 404 were culled
along with their mothers during their first months of life (8.9%). Of
the remaining 3311 individuals, genetic material was not available
or not of sufficient quantity for 126 (3.8%) and 5 (0.15%), respec-
tively; almost all of these cases (116 out of 131) concern infants
born in the first 3 years of the study (1992-1994) when sampling
efforts were not yet fully implemented. As such, 3180 offspring were
considered to calculate variance in LRS.
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Paternity assignment

Since 1992, biological samples (mainly blood) were collected from
all individuals of the population surviving the first year of life to
construct a genetic database using on average 14 markers out of
a panel of 21 markers (for sampling details, see Niirnberg et al.
1998; Kulik et al. 2012). Starting in 2008, the CPRC increased the
power of analysis of the previous microsatellite marker panel by
adding 29 markers, including 1 sex-linked marker (compare Rogers
et al. 2006), resulting in a total of 43 markers used in this study.
Furthermore, protocols have been optimized over time in order to
incorporate a multiple tubes (following Morin et al. 2001) and mul-
tiplex approach (Henegariu et al. 1997; Bonhomme et al. 2005).

Excluding the sex-linked marker (DXS2506), our data showed
no deviation from Hardy—Weinberg equilibrium or presence of null
alleles. The mean number of alleles was 8.10£2.96 per locus, the
mean observed heterozygosity across loci was 0.72 £0.09, the mean
expected heterozygosity was 0.72£0.09, and the mean polymor-
phism information content over all 43 loci was 0.68+0.10 (all val-
ues calculated with Cervus 3.0, Kalinowski et al. 2007). The error
rate, calculated as the proportion of mother—oflspring dyads that
had at least 1 mismatching locus, was 0.02 in the presented data set
(V= 3154 mother—offspring dyads).

The database analyzed for this study consists of 20 years of
genetic data including 3180 animals sampled (number of markers:
mean * standard deviation: 35.24£5.99, range: 13-43), represent-
ing 70.53% of all individuals born between 1992 and 2011 (i.e.,
those conceived during the 1991-2010 mating seasons). Maternity
information from census records was confirmed using genotypic
data for 3048 of 3180 total individuals (95.85%) and, if available,
this information was subsequently used in paternity analyses. Based
on evidence of extragroup paternity (Widdig et al. 2004), all males
on the island were considered as potential sires if they fulfilled 2
criteria: males had to be 1) alive at least 1 month before conception
of the offspring (i.e., counting back 200 days from the date of birth,
following a gestation length estimate of 166.5+ 7.4; Silk et al. 1993)
and 2) older than 1250 days of age (based on youngest possible age
at first reproduction; Bercovitch et al. 2003) on the birth date of the
offspring.

Paternity was determined for 3107 of 3180 potential offspring
sampled (97.70%) using a combination of exclusions and likeli-
hood calculations. In total, 3062 mother—sire—offspring trios had at
least 26 overlapping markers, 21 mother—sire—offspring trios had at
least 13 overlapping markers (for which new markers could not be
used), and 24 sire-offspring duos who had at least 28 overlapping
markers. For 3026 of these, the assigned sire had no mismatch with
the respective mother—offspring pair, and all other potential sires
could be excluded on at least 2 loci. For 12 potential offspring, the
assigned sire had no mismatch with the respective mother—offspring
pair, but one other potential sire could only be excluded at 1 locus.
However, all of these paternity assignments were supported at the
95% confidence level by the maximum likelihood method calcu-
lated by CERVUS 3.0. Tor the remaining 69 potential offspring,
only 1 male of the island had a single mismatch; however, we
accepted these cases because we typed the mother—father—offspring
trio at least on 20 common markers and paternity was confirmed
at the 95% confidence level by the maximum likelihood method
calculated by CERVUS 3.0. Overall, for 73 offspring, we did not
assign paternity either through exclusion or likelihood calculations,
with 60 of these born in 1995 or before when sampling efforts
were less efficient. However, we felt confident about including these
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offspring with unknown paternity in our study, as our study males
(if present and mature at the time of conception of a given infant)
were included in the paternity analysis and consequently excluded
as sires by at least 2 mismatches, suggesting that they were not
the father of those offspring and that a nonsampled male actually
sired the offspring considered. Of the 3107 offspring for which we
assigned paternity, a total of 752 offspring were sired by one of the
male subjects selected for the study.

Data analyses

Variance in LRS

We used 3 approaches to assess whether LRS was skewed among
males and females that reached sexual maturity. Firstly, we cal-
culated the standardized variance in male LRS () in which vari-
ance in LRS is divided by the square of the average in LRS (i.e.,
Oips/ Xirs) (Wade and Arnold 1980; Arnold and Wade 1984),
a method referred to as “opportunity for selection” commonly
used in other studies, which allows interspecific comparison (e.g.,
Madsen and Shine 1994; Coltman et al. 1999; Rossiter et al. 2006;
Tatarenkov et al. 2008; Vanpé et al. 2008; Bergeron et al. 2012).
Higher I, values indicate that only a fraction of males contribute to
the gene pool of the next generation. Based on the range shown for
mammalian species (cf. Rossiter et al. 2006; Tatarenkov et al. 2008;
Vanpé et al. 2008), we considered values of [, < 1 to show weak
opportunity for selection, values between 1 and 3 moderate oppor-
tunity, and values >3 high opportunity for selection.

Secondly, we calculated the Nonacs’ B index (Nonacs 2000,
2003) with the program Skew Calculator 2003 (http://www.eeb.
ucla.edu/Faculty/Nonacs/PLhtml), which tests whether the distri-
bution in LRS is different from expected by chance. Although the
actual range depends on the characteristics of the data set, as a
general rule, a random distribution generates B values close to 0 or
negative, whereas a perfect monopoly generates values close to 1.

Thirdly, we compared the variance in LRS between males and
females using a Kolmogorov—Smirnov test (KS test) and divided
1, by the standardized variance calculated for females (Z,,/1). This
ratio allows for estimation of the opportunity for sexual selection
by accounting for the variance due to females (Wade and Arnold
1980; Clutton-Brock 1983, 1988; for similar approach, see Vanpé
et al. 2008; Bergeron et al. 2012).

Contribution of fecundity and longevity to LRS
We then used 3 approaches to tease apart the contribution of fecun-
dity and longevity to LRS for both males and females. We expected
that the higher the opportunity for direct male—male competition,
the more pronounced the role of fecundity would be among males.
Firstly, we calculated the relative contribution of longev-
ity (reproductive life span starting at 4 years old) and fecundity
(reproductive rate throughout reproductive life) to the total vari-
ance in male LRS, an approach that allows interspecific compari-
son (Arnold and Wade 1984; Brown 1988; for similar approaches,
see Madsen and Shine 1994; Coltman et al. 1999; Setchell et al.
2005a; Vanpé et al. 2008). The portion of the total variance due
to fecundity is considered to be a good estimator of the potential
strength of sexual selection processes, whereas the portion of the
variance due to longevity estimates the potential contribution of
natural selection processes (Arnold and Wade 1984; Brown 1988).
We calculated longevity (L) as the number of mating seasons spent
in the population once sexually mature and fecundity (F) as the aver-
age yearly reproductive rate during this period (i.e., =4 years old).
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We calculated the contribution of these 2 components to the vari-
ance among breeders (i.e., subjects that produced at least 1 offspring)
based on the formula [I=(c/x;)+(c%/%3)+Q . |, where &)
and ¥, are the variance and mean in longevity, respectively, and &
and ¥, are the variance and mean in fecundity (Brown 1988). O,
was calculated by subtracting the 2 other components of the equa-
tion from 1. Q;; can be seen as the contribution of the joint varia-
tion of longevity and fecundity among breeders, with positive values
indicating some degree of positive association between fecundity
and longevity (Coltman et al. 1999). F, L, and Q; are presented as
the percentage of contribution to /(e.g., F =100(c’ /x,)/1). Then,
in order to assess the contribution of nonbreeders to the variance in
LRS, we calculated the contribution of breeders and nonbreeders
(i.e., subjects that never reproduced), respectively, as [PB(GLRs)]
and [py(1— py)(¥ixs )], where pg is the proportion of breeders, and
Grgs and ¥, are variance and mean of breeders LRS, respectively
(Brown 1988; see also Coltman et al. 1999; Vanpé et al. 2008). In a
context of high degree of polygyny, one would expect a large por-
tion of the males to never breed, leading to nonbreeders account-
ing for a large portion of the variance. We then applied this to all
males of the population by including the individuals that died before
reaching maturity (i.e., zmmatures) for comparison purposes.

Secondly, we recalculated the skew in LRS, among subjects that
reached sexual maturity, this time taking into account male longev-
ity in the calculation of the B index (Byggevity)- Indeed, calculation
of the B index offers the possibility to take into account differen-
tial time access to fertile females, which can influence the skew
independently of behavioral tactics (see Nonacs 2000, 2003). In a
context of high degree of polygyny, one would expect a skew in
male LRS to be detected even if longevity is taken into account.
However, in a context of very low degree of polygyny, differen-
tial longevity is expected to contribute the variance in LRS, which
could lead to a By iy being not different from a random distribu-
tion, as for females.

Thirdly, we explored how reproductive output and life span are
distributed across life for males and females. The higher the degree
of polygyny, the more male reproduction is expected to be concen-
trated during the prime period, and the more males are expected
to die at a young age. Based on Bercovitch (1997), males were
considered to be at their prime from 9 to 12 years of age, with
other age-classes referred to as young (5-8 years old), postprime
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(1316 years old), and senescent (1720 years old). We plotted the
average yearly fecundity per age group for males and females in
order to visually explore whether male reproduction peaks during
their prime or whether it extends over a longer period. In a con-
text of high degree of polygyny, one would expect the difference in
fecundity to be limited to the period of prime, with no difference
in average yearly output detected between other age categories.
We used the IFriedman test to compare fecundity between age-
classes among males and females (M = 30 males and 74 females
that reproduced in all categories). Next, we used a Mann—Whitney
U test to compare the maximal fecundity, ages at first and last
reproduction, and life span between females and males. Moreover,
in order to explore whether all males of different LRS followed
the same pattern of reproductive timing, we also compared these
4 dependent variables between 4 male breeder categories based on
their LRS using quartiles: top breeders (= quartile 3, i.e., top 25%,
N = 22), good breeders (between quartiles 2 and 3, N = 22), poor
breeders (between quartiles 1 and 2, N'= 22), and bottom breed-
ers (between quartiles 0 and 1, i.e., bottom 25%, N = 20) using
Kruskal-Wallis test.

Statistical analyses
Statistical analyses were performed in IBM SPSS Statistic 20. Level
of significance was set at o = 0.05.

RESULTS
Variance in male LRS

Among males reaching sexual maturity (i.e., =4 years old; N = 86),
male LRS ranged from 0 to 47 offspring, with an average of 8-9
offspring produced in a males’ lifetime (Table 1). Reproductive
life lasted on average 9.78 £5.85 years long (range: 1-20) during
which males actually produced offspring on average in 4.80£2.97
breeding years (range: 1-12). Male average yearly fecundity was
0.80%0.75 offspring (range: 0-3.1) during their reproductive lives,
with 2.01 £0.99 offspring (range: 1-6.2) produced during the years
they actually bred and 3.54+2.31 offspring (range: 1-12) during
their most successful year (maximal yearly fecundity). Top breeders
produced on average 21.9 2.3 offspring over their lifetime (range:
13-47), good breeders produced 8.5*0.4 offspring (range: 6-12),

Table 1
Distribution of LRS in both males and females of the population

All subjects Sexually mature Senescent

Males Females Males Females Males Females
N 211 275 86 132 30 78
Mean age at death 9.6 12.0 12.8 15.7 19.9 19.1
% subjects® 100 100 40.8 48.0 14.2 28.4
% breeders” 33.6 45.8 82.6 95.5 100 98.7
% top® 10.4 27.6 25.6 57.6 46.7 84.6
Range LRS 047 0-16 0-47 0-16 2-47 0-16
Average LRS (¥') 3.6 3.7 8.7 7.7 14.3 10.0
Variance LRS (0?) 58.5 22.3 98.7 15.4 131.9 7.3

We focused the analyses on the individuals that reached the age at sexual maturity (=4 years old) but also provide figures when considering all the individuals
that were born in 1987-1993 (i.e., all subjects) and those that reached senescence (=17 years old) for comparative purposes.

“Percentage of subjects that reached that age category.

YPercentage of subjects that fit this category that produced at least 1 offspring in their lifetime.
“Percentage of subjects that produced a number of offspring in the top 25% of the range (based on quartile 3). The value for males is 13 offspring and that for

females is 8 offspring.
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poor breeders produced 3.5£0.2 offspring (range: 2-5), and bot-
tom breeders produced 0.25%0.10 offspring (range: 0-1).

Male LRS was skewed toward certain males in the study popula-
tion (Figure 1a). A total of 82.6% of all males reaching sexual matu-
rity reproduced, and 37.2% of those produced more offspring than
average (Table 1). Hence, 17.4% of mature males never reproduced
in their life. Moreover, only 5 males (5.8% of the males) accounted
for a quarter of the offspring produced (26.3%), and only 14 males
(16.3% of the males) accounted for half of the offspring (49.7%).
Variance in male LRS is not highly pronounced, however. Indeed,
the opportunity for selection Z,, = 1.29 is lower than 3 and close
to 1, suggesting a moderate to low level (see Methods). Moreover,
although the observed distribution of male LRS was significantly
different from a random distribution (B = 0.0136, P < 0.001), the
B value is far closer to 0 than to 1 and, thus, closer to a random
distribution than to a monopoly.

Variance in LRS was more pronounced for males than for
females. Indeed, the opportunity for selection for females /; = 0.26
is lower than 1 (suggesting a low level), and the ratio 1,/ is of
4.99, meaning that the opportunity for selection is 5 times higher
for males than for females. Accordingly, although LRS was also
significantly skewed for females (B = 0.001, P < 0.001), the vari-
ance is higher for males than for females (Kolmogorov—Smirnov:
L = 1.482, P-exact = 0.010, N = 86 males, 132 females; Figure 1).

Contribution of fecundity and longevity to
male LRS

Fecundity explains 50-60% of the total variance in LRS among
breeding males, whereas longevity accounts for only 20-25%
(Figures la and 2; Table 2). In contrast, fecundity and longevity
contribute to 6-8% and 50-60% to the variance in female LRS,
respectively (Table 2). Positive Oy values reveal a positive joint vari-
ance of fecundity and longevity for both sexes, although it is over
2 times more pronounced for females (Table 2). Moreover, when
nonbreeders are included in the analyses, death before reaching
maturity (i.e., immatures) is the main factor explaining the vari-
ance in female LRS, whereas variation in fecundity still explains
a large part of variance among males (Table 2). Further support
of the larger impact of fecundity than longevity in the observed
variance is provided by the skewed distribution of male LRS even
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if life span is accounted for (B ey = 0.009, P < 0.001), whereas
females show no such effect (B ,geviiy = —0.0002, P = 0.960).

Males’ fecundity varies across lifetime between different age
categories (x> = 42.383, degrees of freedom [df] = 3, P < 0.001,
N = 30). Indeed, in contrast to females, males showed a peak in
reproduction at 6-12 years of age, that is, in the young and prime
age-classes, after which it constantly decreased (Iigure 3a and
Table 3). Although female fecundity varies across age categories
(x> = 9.083, df = 3, P = 0.028, N = 74), this is due to a lower
fecundity during the senescence period than in the 3 other periods
(Table 3 and Figure 3a). Furthermore, although there is no differ-
ence in life span (i.e., age at death) between the sexes (U = 3833.0,
Z=-1.671, P=0.095; N'= 71 males and 126 females) (Figure 4a
and Table 4), females start reproducing younger (U = 819.0,
L = —9.762, P < 0.001) and stop reproducing later than males
(U=3217.5, = —3.277, P=0.001) (Figure 3a and Table 4). Male
reproduction is, therefore, more concentrated over a certain period
of time than female reproduction, but less than expected in species
facing high degree of polygyny.

Although there is no difference in age at first reproduction for
males of different breeder categories (Kruskal-Wallis %> = 4.843,
df = 2, P = 0.088, N = 66), males differ in terms of age at last
reproduction (x*> = 14.590, df = 2, P = 0.001, N = 66) and death
(x> = 49.446, df = 3, P < 0.001, N = 86). Indeed, in contrast to
poor and bottom breeders, top and good breeders typically breed
and survive passed their period of prime (Table 3). Therefore, the
most successful males of the population reproduced at a higher rate
over a longer period of time than least successful males (Figure 3b).

DISCUSSION

Male LRS was significantly skewed in the studied population of
rhesus macaques, with only one-third of all males that reached
sexual maturity contributing more than average to the genetic pool
of the next generation and with approximately one-fifth of sexu-
ally mature males not contributing at all over their lifetime. As pre-
dicted by sexual selection theory, the standardized variance in LRS
was 5 times more pronounced among males than among females,
which corresponds to a stronger opportunity for selection on males
(Wade 1979; Clutton-Brock 1983, 1988; Andersson 1994; Arnold

LRS
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Figure 1

Distribution of (a) male (V= 211) and (b) female (V= 275) LRS in relation to life span. Each data point illustrates the LRS of a subject, whereas the line
illustrates the average LRS of individuals that reached that age. Only males and females who died of natural causes or reached senescence (=17 years old)

were included as subjects in the study; only offspring that reached 1 year of age were considered in the calculation of LRS.
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Figure 2
Association of LRS with fecundity (i.e., average number of offspring produced per year) for (a) male (N = 86) and (b) female (N = 132) that reached sexual
maturity.
Table 2

Partitioning of total variance in LRS (in %) into its main components for 3 samples: 1) breeders, 2) sexually mature (24 years old),

and 3) all subjects based on Brown’s (1988) equation

Males Females
Components Breeders Sexually mature All subjects Breeders Sexually mature All subjects
Breeders 100.0 83.6 57.3 100.0 81.6 27.1
Longevity (L) 26.07 21.7 14.9 64.9" 52.9> 17.6
Fecundity (F) 62.9" 52.6" 36.12 7.6 6.2 2.1
Orr 11.0 9.2 27.5% 22.4 7.5
Nonbreeders 16.4 42.7 — 18.4 72.9
Matures 16.4 — 18.4 2.9
Immatures — 38.1¢ — — 70.0°

The total variance due to breeders is divided into the contribution of longevity (L), fecundity (F), and their interaction (0Q) (see Methods for details). Contribution
of nonbreeders (i.e., subjects that did not reproduce during their lifetime) is divided into the contribution of subjects that died before reaching maturity (i.e.,

“immatures”) and those that reached sexual maturity (i.e., “matures”).
“Factors explaining 225% of the variance.
PFactors explaining =50% of the variance.

and Duvall 1994). Moreover, as opposed to females, annual fecun-
dity explained more of the variance in male LRS than longevity
(Arnold and Wade 1984; Brown 1988), suggesting that there is an
opportunity for sexual selection on male traits in the population.
However, as predicted based on short-term patterns (Berard et al.
1993; Dubuc et al. 2011), the opportunity for selection appears to
be low in rhesus macaques when compared with some other large
mammalian species (see review in Tatarenkov et al. 2008), suggest-
ing moderate to low degree of polygyny. Indeed, with a 7, of 1.29,
males of the study population show higher standardized variance
than reported for solitary ungulate species that exhibit territorial-
ity (roe deers: [, = 0.75; Vanpé et al. 2008) but lower than those
forming harems (Bighorn sheep: I, = 4.52; Coltman et al. 2002)
and those living in dominance-based polygynandrous mating sys-
tems (Soay sheeps: 1, = 3.46; Coltman et al. 1999). In particular,
the standardized variance is 4.31 lower in rhesus macaques than in
highly sexually dimorphic mandrills (Z,, = 5.57; calculated based on
data from Setchell et al. 2005a), the other anthropoid primate for
which data on LRS are available (Setchell et al. 2005a). With values
above 5, mandrills show a standardized variance (/) similar to those
obtained for other highly sexually dimorphic mammals forming
harems (cf. Tatarenkov et al. 2008; Vanpé et al. 2008). Moreover,

although the range in male LRS is similar between the 2 species
(rhesus macaques: 0—47 vs. mandrills: 041 offspring; Setchell et al.
2005a), the percentage of breeders is 2.6 times lower for man-
drills (rhesus macaques: 82.6% vs. mandrills: 32.1%; Setchell et al.
2005a). These observations suggest that the degree of polygyny—
and thus the strength of direct male-male competition—is much
greater in mandrills than in rhesus macaques, despite similarities in
their social mating systems.

The difference in degree of polygyny between these 2 species
is also supported by the difference in the contribution of fecun-
dity and longevity to the variance in LRS. Although fecundity
(F) explained 60% of the variance in male LRS among breeders
of the studied rhesus macaque population, longevity (L), a better
estimator of natural selection processes, explained 20-25% of the
variance alone and 10% in a joint action with fecundity (Q). Those
figures echo those obtained in polygynandrous roe deers (¥ = 56%,
L = 33%, Q = 11%; Vanpé et al. 2008) but are in striking con-
trast to those obtained for highly sexually dimorphic mandrills
(F'=17.8%,L=0.5%, Q=91.7%; Setchell et al. 2005a). Although
fecundity explained 15.6 times more of the variance than longev-
ity in mandrills (as opposed to 2.42 for rhesus macaques), the joint
action of fecundity and longevity explained most of the variance
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Figure 3

Average T standard error of the mean (SEM) reproductive output per age (a) for males (V= 86) and females (N = 132) that reached sexual maturity (=4 years
old) and (b) for males classified based on their reproductive success: top (N'= 22 males), good (N = 22), poor (N = 22), and bottom (N = 20) breeders. Note that
the x axis refers to the age at the time of birth of the offspring (rather than age at conception).

Table 3

Average * SEM fecundity (number of offspring/years) for males and females across 4 age categories: young (N = 84 males and 131
females), prime (N = 59 males and 114 females), postprime (N = 38 males and 98 females), and senescent (N = 30 males and 75

females)

Young (5-8 years old) Prime (9-12 years old) Postprime (13-16 years old) Senescent (17-20 years old)
Males 1.09+0.13 1.31+0.17 0.68£0.13 0.15£0.05
Females 0.64+0.02 0.65£0.02 0.64+0.03 0.55%0.04

in mandrills, a phenomenon that emerges in species characterized
by age-dependent mating systems associated with a high degree of
polygyny (Coltman et al. 1999). This is due to the fact that man-
drills reproduce most at prime (10-14 years old), soon after which
male mortality rate is very high (cf. Setchell et al. 2005a), leading to
the 2 variables being highly correlated. In rhesus macaques, high
male fecundity is maintained from 6 to 12 years old, after which
it gradually decreases over a long reproductive life, leading to a
weaker association between fecundity and longevity. Examination
of reproductive timing in rhesus macaques further suggests a low
degree of polygyny in this species. As reported in a previous study
(Bercovitch et al. 2003), rhesus males can reach high reproductive

success at a young age (i.e., 6 years old), before body size is fully
developed (Bercovitch 1997; Bercovitch et al. 2003). Moreover, the
most successful breeders of the population both reproduced at a
higher fecundity and over a longer period of life than less successful
males, showing that extended longevity contributes to male LRS.
Together, this suggests that the mating system of rhesus macaques
might be less age dependent than that of mandrills, which in turn
further supports the view that direct competition through physical
fights and intimidation is less important in rhesus macaques.
Together, our results confirm the prediction that the degree of
polygyny is lower in rhesus macaques than in mandrills, based on
the differences in 1) the strength of short-term association between
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Figure 4

Proportion of subjects alive per age (a) for males and females and (b) for males classified based on their reproductive success: top (N = 22 males), good
(V= 22), poor (N = 22), and bottom (N = 20) breeders.

Table 4

Average * SEM age at first reproduction, age at last reproduction, and age at death and fecundity (number of offspring/years) for
males (N = 86) and females (N = 132) that reached sexual maturity (24 years old), with males classified based on their reproductive
success as top (N = 22 males), good (N = 22), poor (N = 22), and bottom (N = 20) breeders

Fecundity Age at first Age at last Death
Males 0.79%0.08 7.04£0.15 12.85+0.52 12.78+0.63
Top 1.65+0.49 6.64£0.17 15.50+0.52 17.45+0.83
Good 0.85+0.37 7.14£0.09 13.64%+0.28 15.27+1.05
Poor 0.52£0.22 7.46£0.05 10.82+0.15 11.55£0.94
Bottom 0.07%£0.10 6.60%0.03 6.60+0.10 6.25+0.03
Females 0.60%0.02 4.83£0.10 14.89+0.42 15.07£0.43

dominance rank and reproductive success (cf. Charpentier et al.
2005; Dubuc et al. 2011) and 2) degree of sexual dimorphism in
size between these species (Plavcan and van Schaik 1997; Plavcan
2001). The reduced degree of polygyny in rhesus macaques is
linked to an increased opportunity for female to mate with several
mating partners, leading to indirect forms of male-male competi-
tion such as sperm competition (Bercovitch and Rodriguez 1993;
see also Dubuc et al. 2011). Because anthropoid primate males

typically form linear dominance hierarchies, it seems to be often
assumed that males in general have the same reproductive strat-
egy: fighting to reach the highest dominance rank possible, which
allows access to females through mate guarding (e.g, Paul 2002;
Setchell 2008). However, the great interspecific variation in 1) the
strength of the correlation between dominance rank and repro-
ductive success over short-term periods (reviewed in Kutsukake
and Nunn 2006; Ostner et al. 2008; Gogarten and Koenig 2012),
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2) sexual dimorphism (Plavcan 2011), and 3) probability of queuing
versus fighting for high-ranking positions (van Noordwijk and van
Schaik 2004) does not support this view (Dubuc et al. 2011, 2013).
There rather appears to be an important variation in the degree
of polygyny and, thus, in the genetic mating system, among mul-
timale-multimale anthropoids, even if these species are considered
to have the same social organization and mating system.

Even though very little medical intervention takes place in the
study population, the fact that animals are provisioned and face no
predation risks and that a proportion of animals are culled to pre-
vent overpopulation might have influenced our results by limiting
the variance in longevity and offspring survival. Because our results
suggest that longevity contributes to both male and female LRS,
one may predict that the variance in LRS might be even more pro-
nounced in wild populations. The main conclusions of our study
are robust, however, because they are based on a comparison of
males and females of the same population of rhesus macaques and
are compared with a population of mandrills also provisioned and
lacking predation. Future studies conducted in wild populations of
anthropoid primates would be relevant to further confirm the pat-
tern observed here.

In sum, our results suggest that rhesus macaques face moder-
ate degree of polygyny, facilitating polygynandrous mating system.
In such a context, the importance of direct male-male competi-
tion for fertile females on male trait evolution is reduced, creating
opportunities for indirect forms, such as sperm competition, to take
place (Harcourt et al. 1995). In addition to its consequence for the
dynamics of sexual selection, the extent to which the variance in
male LRS is pronounced can also have a significant impact on
social evolution. Indeed, whether a large portion or only a fraction
of males in the population contributes to the gene pool of a social
group is likely to influence the pattern of relatedness among indi-
viduals and, thus, the opportunity for kin selection (Altmann 1979;
Altmann et al. 1996; Widdig 2013). More studies conducted on spe-
cies varying in terms of polygyny and male dominance are needed
to better understand the effect of the strength of variance in male
and female LRS on genetic diversity and relatedness among mem-
bers of future generations.
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