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In many animal species, males engage in endurance rivalry, competing for mating opportunites over
extended durations. In the rhesus macaque, a seasonally breeding primate species, energetically costly
mating behaviours such as consortship lead to greater reproductive success, and the ability of males to
improve their body condition before the mating season may be crucial in determining their ability to use
such strategies. Here, we explore relationships between male dominance rank, behaviour, body mass
index (BMI) and energetics (assessed through urinary C-peptide of insulin levels, UCPs) in free-ranging
rhesus macaques during a 6-month birth season and subsequent 6-month mating season. We analysed
measures of general activity, mating behaviours and restlessness, here defined as the rate of change
between behaviours. During the birth season, high-ranking males spent more time feeding on high-
energy food, were less restless and spent less time travelling than low-ranking males. Restlessness and
travelling time were both negatively correlated with male BMI and UCPs. Males in good condition during
the birth season were in good condition at the onset of the mating season. During the mating season,
high-ranking males participated in more consortships, which were positively correlated with copulatory
activity. Copulation was negatively correlated with UCP levels, demonstrating the cost of such mating
activities. As a consequence, by the end of the mating season, high-ranking males were in the worst
condition. Our results suggest that male rhesus macaques engage in competitive endurance rivalry, and
that male condition built during the previous birth season is an integral part of mating success.
� 2011 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

In many animal species, males must compete with one another
for mating opportunities over long periods (‘endurance rivalry’:
Andersson 1994). A key component of a male’s success in endur-
ance rivalry is his physical condition; males with good body
conditionmay be able to sustain costlymating activities over longer
periods than males in poorer condition. For example, male grey
seals, Halichoerus grypus, with greater body fat and energy are able
to sustain mating for longer (Lidgard et al. 2005); male bullfrogs,
Rana catesbeiana, in better condition can sustain longer chorus
tenures (Judge & Brooks 2001); and larger male green anoles, Anolis
carolinensis, with better body condition are able to court females for
longer periods than smaller males (Jenssen & Nunez 1998). To
increase success in endurance rivalry, males can improve their own
body condition, adopt strategies that reduce the condition of their
rivals, or both.

Many species of nonhuman primates live in multimale, multi-
female social groups in which mating is highly promiscuous,
competition between males for reproductive opportunities is
intense, and inwhich this competition takes place over an extended
mating season. The consequences of endurance rivalry for male
condition can be dramatic. For example, in provisioned rhesus
macaques, males lose an average of 10e12% of body mass
(Bernstein et al. 1989) and 50% of skinfold fat (Bercovitch &
Nürnberg 1996) during the mating season. The energetic stress of
mating competition undoubtedly contributes to the marked
increase in mortality for adult males (but not for adult females)
during the mating season when compared to the birth season
(Hoffman et al. 2008).

Rhesus macaque males that undertake energetically costly
reproductive strategies such as long consortships (involving
repeated mating and extended mate guarding) have greater repro-
ductive success (Berard et al. 1994). In turn, only males that build
sufficient body condition during the birth season may be capable of
maintaining costly consortships during the subsequent mating
season (Bercovitch 1997). During the birth season, adult males are
therefore expected to maximize their energy intake and resting
time, while minimizing energetically costly activities such as travel,
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in order to build body condition. If individual differences in male
body condition during the birth season are maintained into the
subsequent mating season, then acquiring good condition during
the birth season may be a crucial aspect of successful male mating
strategies (Bercovitch 1997).

Activities other than travelling can result in significant energy
expenditure among primates. Studies of humans have shown that
overfed individuals burn two-thirds of their extra energy intake
through fidgeting (nonfunctional movement) and other non-
exercise activities (Levine et al. 1999). Fidgeting, specifically,
contributes significantly to energetic expenditure (Levine et al.
2000), and has been linked to interindividual differences in
weight and in the tendency to gain and lose mass (Levine et al.
1999; Marra et al. 2007). In humans, fidgeting is often accompa-
nied by restlessness, which includes the tendency to initiate new
activities frequently (i.e. be ‘constantly on the go’; Dunn &
Kronenberger 2003) and an inability to rest. Both fidgeting and
restlessness have been linked to anxiety (e.g. Mehrabian &
Friendman 1986; Heerey & Kring 2007; Kavan et al. 2009).

In primates, social anxiety may be related to dominance rank
(Maestripieri et al. 1992), such that we might expect individuals of
lower rank to be more restless than individuals of higher rank.
Furthermore, rank may also determine access to food, especially
highly desirable food types. Such rank-related differences in
behaviour may affect the ability of males to build body condition
before themating season, and in turn, affect their ability to compete
for access to fertile females through endurance rivalry. Unfortu-
nately, few studies of free-ranging primates have examined the
energetic components of male mating strategies, due to the past
unavailability of reliable noninvasive measures of energetic
condition. In particular, there is little direct evidence that the
relationship between rank and mating success in promiscuous
male primates may be mediated by body condition and energetic
variables.

We conducted a study of dominance rank, body condition,
energetics and behaviour among adult male rhesus macaques on
Cayo Santiago over a 1-year period, which included a 6-month birth
season and the following 6-month mating season. To assess ener-
getic status over this period, we measured the concentrations of
urinary C-peptide (UCPs), a small polypeptide cleaved in an equi-
molar ratio from proinsulin as it is converted to insulin (Sherry &
Ellison 2007; Emery Thompson & Knott 2008; Deschner et al.
2008). UCP levels are positively correlated with energetic intake
estimates (Emery Thompson & Knott 2008) and body mass
(Deschner et al. 2008), such that higher UCP levels indicate better
body condition. Recent studies using this marker have shown that
variation in UCP levels tracks food availability, with levels
decreasing as food abundance declines (fruit, chimpanzees, Pan
troglodytes: Emery Thompson et al. 2009; leaves, colobus monkeys,
Colobus guereza: Harris et al. 2010). However, to our knowledge, no
study has yet used this technique to investigate the metabolic costs
and benefits of reproductive strategies in free-ranging primates.
During the 6-month birth season, we combined UCPmeasures with
data on behavioural activity (feeding, travelling, resting), and
a novel measure of behavioural restlessness, which we operation-
ally defined as the rate at which individuals change their behav-
ioural state, for example, from resting to travelling to resting to
travelling again (see Methods). We trapped males at the end of the
birth season and weighed and measured them to determine their
relative body condition at this time. We then studied males during
the 6-month mating season, recording the same variables as in the
birth season, in addition to mating behaviours.

We predicted that, during the birth season, high-ranking males
would spend more time feeding, feed more on high-energy
monkey chow, rest more, travel less, and be less restless than low-

ranking individuals. We also predicted that, as a consequence of
their higher energy intake and lower energy expenditure, high-
ranking males would have higher levels of UCPs than low-ranking
males during the birth season, and higher body mass indices at the
end of the birth season. In addition, we predicted that male body
mass indices and UCP levels would be related to behaviour, with
higher levels of feeding, feeding on chow and resting being asso-
ciated with higher levels of UCPs and higher body mass indices.
Conversely, higher levels of travelling and higher levels of rest-
lessness should be associated with lower levels of UCPs and lower
body mass indices. We predicted that male condition during the
birth season would predict male condition during the following
mating season. During themating season, we predicted that mating
would be negatively correlated with feeding behaviour, demon-
strating that mating constrains feeding. We predicted that the
above relationships between dominance rank, behaviour and
energetic condition would also be found during the early parts of
the mating season. However, we predicted that we would addi-
tionally find strong negative relationships between measures of
mating effort and UCP levels, providing direct evidence of the costs
of mating and reproductive strategies. Consistent with this, we
expected that the relationship between rank and UCP levels would
be reversed by the end of the mating season, with high-ranking
males having lower UCP levels due to increasedmating activity. The
overall goal of our study was to provide evidence that male rhesus
macaques engage in endurance rivalry, with male mating success
determined by rank and mediated by energetic condition.

METHODS

Study Site and Population

This study took place on Cayo Santiago, a 15.2 ha island located
1 km off the coast of Puerto Rico. A rhesus macaque colony,
currently managed by the Caribbean Primate Research Center
(CPRC) of the University of Puerto Rico, was established on this
island in 1938 from free-ranging individuals captured in India
(Rawlins & Kessler 1986), with no new individuals introduced to
the population since then except through births. The animals are
provisioned daily with commercial monkey chow, made available
in several feeding corrals on the island. In this population, birth
seasonality has changed over the last 50 years, but there is
currently a 6-monthmating season fromMarch to August, followed
by a 6-month birth season from September to February (Hoffman
et al. 2008). All births occur during this birth season, with peak
births currently occurring in October and November. Data
presented in this study were collected during the October
2008eFebruary 2009 birth season and the March 2009eAugust
2009 mating season. During this time the population included
approximately 1000 individuals living in six social groups. All data
collection took place in Group R, which consisted of an average of
268 individuals (range 243e307) during the study period (group
size changed as a result of births, deaths and male emigration/
immigration). We collected dominance rank data (see below for
rank calculations) on all males in Group R, which numbered up to
44, but with only around 35 males usually seen with sufficient
regularity to consider them real group members, and to observe
them interact with other males with sufficient regularity to include
them in dominance rankings. We collected other behavioural data
and urine samples on a subset of 15 focal males during the birth
season (mean age¼ 13.9 years, range 8.8e21.8 years) and 20 males
during the mating season (mean age¼ 12.9 years, range 5.5e22.4
years). Ranks of focal males ranged from 1 to 34 (birth season) and
1e35 (mating season), so encapsulating the full range of ranks in
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the group. Data onmale ageswere available for all males from long-
term records.

Behavioural Data Collection and Processing

We undertook 30 min continuous focal observations (Altmann
1974) of adult male behaviour using the same ethogram and
methods for both seasons. We recorded all activity, such as feeding,
resting, travelling (all locomotion) and self-directed behaviours,
and all social interactions, including grooming and agonistic
interactions such as chasing and lunging. During themating season,
we also recorded copulation and ejaculatory copulation (consid-
ered separately, since rhesus macaques are serial-mount ejacula-
tors). We also documented the presence of consortships between
males and females, which we defined as occurring when males and
females maintained close (<2 m) association, with exclusive
mating (see Berard et al. 1994 for a similar definition). For social and
sexual behaviours, we recorded the identity of the individual(s)
interacting with the focal, and whether the focal was the actor or
recipient in the interaction. For other behaviours (where there was
no interactant) we recorded, on a continuous basis, the identity of
the focal subjects’ nearest neighbour within 2 m. For feeding
behaviour, we recorded both total feeding time and feeding time on
high-energy, highly desirable monkey chow (the most commonly
eaten food type) separately. We analysed the following behaviours
in relation to rank, body condition and UCP levels: feeding, feeding
on monkey chow only, resting, travelling, copulation, ejaculatory
copulation and restlessness (defined below). As we wanted to
assess our novel measure of restlessness and whether it might be
related to anxiety, we determined whether self-scratching, a vali-
dated index of anxiety (Maestripieri et al. 1992; Troisi 2002), was
correlated with restlessness and dominance rank. We undertook
a minimum of 1 h of focal behavioural observations per week
(although usually more) on all males. Observations for each male
were balanced between two time blocks, from 0700 to 1000 hours,
and from 1000 to 1430 hours, such that each male was followed at
least once within each time block each week. Total observation
timewas 605 � 22 min per male (birth season) and 1676 � 167 min
per male (mating season). Data cannot usually be collected before
0700 hours or after 1430 hours on Cayo Santiago because of
restrictions on access to the island.

Behavioural datawere collected using Behaviour software loaded
onto a Psion hand-held Workabout. Data were parsed into Access
(Microsoft Corp., Redmond, WA, U.S.A.), and Access queries were
then used to generate behavioural rates and durations. Behavioural
data were analysed as the percentage of known time (feeding,
feeding on chow, resting, travelling, copulation, ejaculatory copula-
tion) or rates per hour of observation (restlessness ¼ rate of behav-
ioural change, see below; and rates of self-scratching, copulation,
ejaculatory copulation). We recorded both rates and durations of
copulations and ejaculatory copulations, as copulatory duration is
highly variable and this variation may be important.

We operationally defined restlessness as the rate at which
individuals changed their behavioural state, for example, from
resting to travelling to resting to travelling again. Such changes in
behavioural state could be spontaneous, caused by others indirectly
(e.g. by dominant individuals creating anxiety and agitation in
subordinates), or caused by others directly (e.g. by dominant indi-
viduals forcing subordinates tomove). To obtainmeasures of rate of
behavioural change that were as independent of social effects as
possible, we treated the data in three ways. First, we created a score
using the raw behavioural data, which included all behavioural
changes. Second, we removed all dominance interactions as if they
did not take place, so that the rate of behavioural change could
not be affected by them. For example, a behavioural string of ‘reste

being chased by another male e rest’ would not contain any
behavioural changes as the animal was considered resting
throughout this whole period in this index. Third, we removed all
social interactions and all self-directed behaviours as if they never
took place, and focused solely on transitions between the three
major behavioural state types of rest, travel and feed. In this analysis,
for example, a behavioural string ‘travel e groom e self-groom e

chase e travel’ would not count as a behavioural change, but the
string ‘travel e chase e self-groom e groom e rest’ would include
one behavioural change (travel to rest). We undertook these sepa-
rate analyses so that, in addition to utilizing the raw behavioural
data, we also analysed indices that were as independent of direct
dominance interactions, self-directed behaviours or social integra-
tion (relative frequency of social interaction) effects as possible. The
results of all analyses involving the rate of behavioural change did
not differ qualitatively regardless of which of these three indices we
used. Therefore, we present only the analyses of rate of change
between the three major behavioural state types (rest, travel and
feed), hereafter ‘restlessness’.

Calculation of Dominance Rank

We created a separate dominance rank for the birth season and
the mating season, based on the following ‘winnereloser’ domi-
nance interactions: fear grins (winner is the individual grinned at);
avoidances (movement away from an oncoming individual; winner
is the individual avoided); displacements (individual physically
displaced by another, usually at a food or water source; winner is
the displacer); and threats, chases and lunges (winner is the
aggressor in all cases). During the birth season, we recorded 643
such interactions involving all adult (�5.5 years) males. During
the following mating season, ranks changed significantly from 1
June due to the occurrence of a period of revolutionary maleemale
coalitions (Higham & Maestripieri 2010). However, as mating
mainly took place during MarcheMay, we used 812 interactions
between all adult males recorded during these 3 months to
construct a main mating season hierarchy. Finally, we also calcu-
lated an end of mating season ranking to assess male condition by
rank at the end of the mating season. To do this we utilized inter-
actions from 1 July until the end of data collection (ignoring
interactions from June, the month of main rank instability, which
produced inconsistent hierarchies). We compiled interactions from
each period into winnereloser matrices, and used MatMan 1.1
(Noldus Information Technology, Wageningen, The Netherlands) to
create our separate hierarchies. There was a large percentage of
unknown relationships in both seasons (birth season, 69%; mating
season, 71%), due to a large number of males, including many
peripheral males, that interacted only rarely withmost males in the
group. Despite this, following 10 000 iterations, significant linear
hierarchies were produced (linearity test using Landau’s linearity
index corrected for unknown relationships, birth season, P ¼ 0.011;
mating season, P ¼ 0.003, end of mating season, P ¼ 0.049), which
were highly directionally consistent (birth and main mating
seasons, DCI ¼ 0.91; end of mating season, DCI ¼ 0.93). The ranks
formed by this process were used in further analyses.

Collection of Urine Samples and Analysis of Urinary C-peptide of
Insulin

We collected 68 urine samples during the second half of the
birth season (3 November 2008e14 January 2009), between 0720
and 1340 hours, with 78% of samples collected between 0720 and
1020 hours. We collected 289 samples during the mating season
between 0713 and 1615 hours, with 61% collected between 0720
and 1020 hours (see below for sample numbers by male). Urine
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samples were pipetted off the ground or other substrate (e.g. leaves,
rocks) with 1 ml disposable transfer tubes (WVR), only after a male
was directly observed to urinate. Urine was placed into 2 ml
eppendorf safe-lockmicrocentrifuge tubes (VWR,West Chester, PA,
U.S.A.) and placed on ice. The sample was checked for cleanliness,
and if there was any particulate matter in the sample, this was
allowed to settle to the bottom. The supernatant urine was than
pipetted off and this was placed in a fresh microcentrifuge tube.
This process was repeated until the sample was clean. Each day, at
the end of data collection (usually either at 1130 or 1430 hours),
samples were returned to the CPRC laboratory in Punta Santiago,
Puerto Rico. Samples were frozen at �80 �C until transportation on
ice packs to the German Primate Centre (DPZ) in Gottingen,
Germany, where the c-peptide analyses were conducted. All
samples arrived at DPZ frozen.

We analysed UCPs using a commercial C-Peptide ELISA Kit (Art.
No. RE 53011, IBL International GmbH, Hamburg, Germany), which
we validated for use in macaques. We first demonstrated analytical
validation, and then undertook biological validations, showing
significant correlations between levels of urinary and serum
c-peptide,measures of bodymass andcondition, and responsiveness
to feeding changes (Girard-Buttoz et al., in press). Prior to assay,
urine sampleswere diluted between 1:2 and 1:10 (depending on the
UCP level and amount of urine available) with IBL sample diluent
(Art. No. RE53017) to bring the samples into theworking range of the
assay, and 100 ml of the diluted urine was then assayed using the
provided protocol of the manufacturer. Assay sensitivity was
0.064 ng/ml. Interassay coefficients of variation (CV) calculated from
the measurement of low-, middle- and high-value quality controls
run in each assay were 8.1%, 13.0% and 13.2%, respectively, while
intra-assayCVvalues reportedwere 6.5%, 6.7% and5.1%, respectively.

From the 357 samples analysed, 145 were below assay sensi-
tivity. Thosemales in good body condition (high BMI) typically gave
samples that were easily detectable. In contrast, males in poor
condition (low BMI) gave samples that hovered around the
detectability mark, sometimes being above assay sensitivity, and
sometimes dipping below it. For these values, we assumed the
maximum value possible, which was the value of assay sensitivity
(0.064 ng/ml). Note that this is a very conservative approach to our
data as it means that in samples of low (undetectable) concentra-
tion we slightly overestimated their concentrations, therefore
reducing variation in our data set (slightly overestimating the levels
of males in poor condition). UCP values were adjusted for variation
in urine concentration by indexing them to the level of urinary
creatinine (Erb et al. 1970) measured according to the method
described by Bahr et al. (2000). One sample with a creatinine value
of less than 0.05 mg/ml was discarded (as in, for example, Muller &
Wrangham 2004). Following correction for differences in creatinine
concentration, values are presented as c-peptide (ng)/creatinine
(mg). After samples from the samemale but from different times on
the same day were averaged, we were left with a data set of 64
(birth season) and 267 (mating season) different ‘male-days’
(unique male-day combinations). We had a mean � SE per male of
4.3 � 0.4 (range 2e12) male-days for the birth season and
13.3 � 1.6 (range 3e28) male-days for the mating season. These
were then averaged to provide mean values for each male for each
season. Finally, we also used a subsample of 118 of the mating
season values that came from 1 June until the end of the study to
create one final set of male means. This was used solely to assess
male condition by rank at the end of the mating season.

Collection of Morphometric Data

Between 22 January and 24 February 2009 (i.e. at the end of the
birth season), 13 males (all of which represented birth season

focals, and 12 of which were mating season focals) were captured
during the annual colony trapping procedures. Trained staff
members captured these males between 0830 and 1100 hours in
a 100 m2 feeding corral provisioned with monkey chow, netting or
capturing the monkeys by hand, transferring them to a holding
cage (0.62 � 0.42 � 0.62 m), and then to a field laboratory where
they remained overnight. The following morning, veterinary tech-
nicians anaesthetized the males with ketamine (approximately
10 mg/kg via IM injection), and we weighed the anaesthetized
males in a standard hanging scale graded in tenths of a pound. We
used a 1 m ruler with 1 mm gradations to measure crownerump
length of each male in a standardized position with his back fully
straight. We calculated body mass index (BMI) for each male by
dividing mass (kg) by crownerump length squared (m2) (Campbell
& Gerald 2004).

Statistical Analysis

We analysed mean values of each variable per male over the
course of the birth season, and separately over the course of the
mating season. Behavioural variables were normally distributed,
and therefore correlations between variables were assessed with
Pearson’s coefficient. However, as Pearson’s correlations are
unsuitable for correlating variables when one is a dominance rank
(i.e. an ordinal rather than continuous scale), analyses involving
male rank were assessed using Spearman’s rank correlations. For
analyses linking behaviour to BMI and UCP levels, we also under-
took partial correlations that controlled for rank.

To test for possible confounding effects of age, we tested both
linear and quadratic relationships between rank and male age (as
previous studies of macaques have found both types of relation-
ship; e.g. linear: Paul 1989; quadratic: Takahashi 2002). Rank was
unrelated to age among both the 15 birth season focal subjects and
the 20 mating season subjects either linearly (two-tailed Spearman
rank correlation: birth season: rS ¼ 0.211, N ¼ 15, P ¼ 0.451; mating
season: rS ¼ 0.075, N ¼ 20, P ¼ 0.759), or in the form of a quadratic
relationship (two-tailed quadratic regression: birth season:
R2 ¼ 0.256, P ¼ 0.170; mating season: R2 ¼ 0.193, P ¼ 0.179). As
such, age effects were not considered further in our data analyses
and we present correlations without controlling for age. Since we
had clear and specific predictions in all our analyses, all probabili-
ties are one tailed, unless otherwise noted. Probability values below
0.05 were considered significant. Mean birth season UCP values
were affected by two outliers (both>2 SDs above themean of other
males); all mean UCP data were therefore log transformed for
analyses, following which data were normally distributed. All other
data were normally distributed (KolmogoroveSmirnov tests: all
P > 0.05). We undertook all statistical tests in SPSS 18.0 (SPSS Inc.,
Chicago, IL, U.S.A.).

RESULTS

Birth Season

During the birth season, there was a negative but nonsignificant
relationship between rank and feeding time (rS ¼ �0.404, N ¼ 15,
P ¼ 0.068), and a significant negative correlation between rank and
feeding time on chow only (rS ¼ �0.443, N ¼ 15, P ¼ 0.049), with
higher-ranking individuals feeding more on chow than lower-
ranking individuals did. Contrary to our prediction, there was no
significant relationship between rank and time spent resting
(rS ¼ 0.207, N ¼ 15, P ¼ 0.230). However, lower-ranked males spent
more time travelling than higher-ranked males did (rS ¼ 0.682,
N ¼ 15, P ¼ 0.003). Restlessness was also highly significantly
correlated with male dominance rank, with higher-ranked males
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changing behaviours less often than lower-ranked males
(rS ¼ 0.721, N ¼ 15, P ¼ 0.001; Fig. 1a). To determine whether this
effect was due to low-ranked males being more frequently
disturbed by the presence of other individuals around them, we
calculated the mean percentage of time spent alone by each male.
This was highly correlated with male rank, such that lower-ranked
males spent more time alone (rS ¼ 0.864, N ¼ 15, P < 0.001).
Therefore, it appears unlikely that the higher restlessness of lower-
ranked males was mainly the result of disturbance by other indi-
viduals. Furthermore, rate of self-scratching was also positively
correlated with restlessness (r13 ¼ 0.580, P ¼ 0.012), as well as with
rank (rS ¼ 0.693, N ¼ 15, P ¼ 0.002), such that lower-ranked indi-
viduals self-scratched at higher rates.

As predicted, higher-ranked males had higher body mass indices
than low-rankedmales (rS¼ �0.527, N¼ 13, P¼ 0.032). There was no
significant relationship between BMI and percentage time spent
feeding (r11 ¼ �0.020, P¼ 0.474), feeding on chow only (r11¼ 0.315,
P¼ 0.148), or resting (r11¼ 0.165, P¼ 0.296). However, there was
a significant negative correlation between percentage time spent
travelling and BMI (r11¼�0.550, P¼ 0.023), such that males that trav-
elled more during the birth season had lower body mass indices than
those that travelled less. Restlessness was the strongest predictor of
BMI (r11¼ �0.678,P¼ 0.006), such thathigher restlessnesswas related
to lower BMI (Fig. 1b). In partial correlations controlling for rank,
restlessness was still significantly correlated with BMI (r10 ¼ �0.536,
P¼ 0.036), but travelling time was not (r10 ¼ �0.297, P¼ 0.174).

As predicted, there was a significant relationship between male
rank and mean UCP levels, with higher-ranked individuals having
higher levels (rS ¼ �0.461, N ¼ 15, P ¼ 0.042). Mean UCP levels
were not significantly correlated with time spent feeding, feeding
on chow only, or resting (all P > 0.1). There were significant rela-
tionships between mean UCP levels and both time spent travelling

(r13¼�0.525, P ¼ 0.023) and restlessness (r13 ¼ �0.535, P ¼ 0.020).
However, neither relationship was significant after controlling for
rank effects using partial correlations (both P > 0.1).

Mating Season

Mating occurred over a 6-month period from March to August,
but peaked between March and May. Mating activity was nega-
tively correlated with feeding time (copulation rate: r18 ¼ �0.384,
P ¼ 0.047; copulation duration: r18 ¼ �0.435, P ¼ 0.028; ejacula-
tory copulation rate: r18 ¼ �0.553, P ¼ 0.006; ejaculatory copula-
tion duration: r18 ¼ �0.343, P ¼ 0.070). Mean mating season and
birth season UCP levels were significantly positively correlated
(r11 ¼ 0.608, P ¼ 0.027), suggesting that individual differences in
male condition during the birth season are maintained to the onset
of the following mating season. High-ranking males spent far more
time consorting females than low-ranking males (rS ¼ �0.754,
N ¼ 20, P < 0.001; Fig. 2), but rank did not predict measures of
copulation (all P > 0.1). However, time spent in consortship was
itself positively correlated with measures of copulation (copulation
rate: r18 ¼ 0.637, P ¼ 0.001; copulation duration: r18 ¼ 0.589,
P ¼ 0.003; ejaculatory copulation rate: r18 ¼ 0.416, P ¼ 0.034;
ejaculatory copulation duration: r18 ¼ 0.550, P ¼ 0.006). In contrast
to the birth season, high-ranking males spent less time feeding
than low-ranking males (rS ¼ 0.514, N ¼ 20, P ¼ 0.012), but similar
to the birth season, high-ranking males were less restless than low-
ranking males (rS ¼ 0.528, N ¼ 20, P ¼ 0.020). High-ranking males
did not spend more time resting than low-ranking males
(rS ¼ �0.351, N ¼ 20, P ¼ 0.070), and neither travelling time nor
time spent feeding on chow only were significantly related to rank
(both P > 0.1).

Consistent with our prediction, we found significant negative
relationships between UCP levels and measures of copulation
(copulation rate: r17 ¼ �0.408, P ¼ 0.028; copulation duration:
r17 ¼ �0.369, P ¼ 0.055; ejaculatory copulation rate: r17 ¼ �0.395,
P ¼ 0.042; ejaculatory copulation duration: r17 ¼ �0.570,
P ¼ 0.004). However, after controlling for rank using partial corre-
lations, only ejaculatory copulation duration was significantly
negatively correlated with UCP levels over and above the effects of
rank (r16 ¼ �0.507, P ¼ 0.016; Fig. 3). No other behaviours predicted
mating season UCP levels (all P > 0.1). By the end of the mating
season, high-ranking males had lower levels of UCPs than low-
ranking males (rS ¼ 0.465, N ¼ 18, P ¼ 0.026).

DISCUSSION

Our results provide evidence that free-ranging rhesus macaque
males engage in endurance rivalry, with dominance rank,
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Figure 1. Relationships between restlessness (presented as mean rate of behavioural
change between major state categories) and (a) male dominance rank and (b) body
mass index (BMI) in free-ranging rhesus macaques.
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ranging rhesus macaques.
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behaviour, body condition and energetic status all playing impor-
tant roles in determining mating success. During the birth season,
high-ranking males were less restless, travelled less, fed more on
high-energy monkey chow, had higher levels of UCPs and were in
better body condition than low-ranking males. Given that weight
gain and loss in an individual are a direct consequence of rela-
tionships between energetic intake and expenditure, it seems
highly likely that the observed differences in body condition
between high- and low-ranking males may have resulted from
differences in feeding behaviour and behavioural energy expendi-
ture. Since restlessness was the only behavioural measure found to
impact body condition above and beyond the effects of rank, our
birth season data suggest that the rate at which an individual cycles
through his/her behavioural repertoire might provide important
information about the relationship between behaviour and energy
use in free-ranging primates.

Previous studies of captive rhesus macaques have shown that
higher-ranked males are fatter than lower-ranked males
(Bercovitch & Nürnberg 1996), and that males lose substantial body
mass and fat during the mating season (Bernstein et al. 1989;
Bercovitch 1992; Bercovitch & Nürnberg 1996). However, the data
in these studies of captive populations precluded thorough explo-
rations of relationships between behaviour, dominance rank and
body condition (Bercovitch 1997). During the mating season, in
free-ranging populations, there is variation in male reproductive
strategies both within and between individuals, with costly
behaviours such as mate guarding increasing male reproductive
success (Berard et al. 1994). In our study, male energetic condition
during the birth season was correlated with condition during the
mating season. The negative correlation between mating activity
and feeding during the mating season suggests that mating acts as
a significant constraint on the ability of males to spend time
foraging. Therefore, it is primarily during the birth season that
males have the opportunity to build condition. High-ranking males
were in the best condition in the birth season, and only these
males adopted consortship as a mating strategy. Consortship, in
turn, was positively correlated with measures of copulatory
activity, which was significantly negatively correlated with UCP
levels. By the end of the mating season, high-rankingmales had the
lowest UCP levels. Our results are consistent with the hypothesis
that male rhesus macaques engage in endurance rivalry, with rank-
related differences in body condition and energetic status during
the birth season directly determining differences in the ability of
different males to undertake costly mating activities during the 6-
month mating season. Similar differences in condition have been
shown to determine differences in male ability to sustain mating in
grey seals (Lidgard et al. 2005), mating chorus tenures in bullfrogs
(Judge & Brooks 2001) and courtship periods in male green anoles

(Jenssen & Nunez 1998). As such, this type of phenomena could be
widespread in the animal kingdom, although it is often not well
documented. Endurance rivalry may also be seen as a type of ‘carry-
over effect’, in which processes in one season directly determine
success in another (Harrison et al. 2011).

During the mating season, only measures of mating predicted
measures of energetic expenditure, suggesting that variation in
mating overrides the importance of variation in any other behav-
iours in determining energetic condition during this period. In
contrast, a number of behaviours were related to male rank during
the birth season, andmeasures of energetic expenditure (travelling,
restlessness) were also related to measures of body condition (BMI,
UCP levels). However, only restlessness was related to any measure
of body condition after controlling for rank effects. Moving from
one state to another should use more energy than remaining in one
state.When an animal is travelling it hasmomentum and it is easier
to keep travelling and then rest than it is to stop, start, stop again
and start again, even if the overall time spent resting and travelling
are the same. This is because energy has to be repeatedly put into
stopping the animal’s forward movement against its momentum,
and then restarting it, against its resting state. In addition, fidgeting
and restlessness generally occur together (e.g. Dunn &
Kronenberger 2003) and both are associated with increased
energy consumption (e.g. Levine et al. 1999, 2000). As such, it could
also be that our restlessness measure is acting more generally as
a measure of fidgeting and nonexercise related activity.

There are two closely related mechanisms that may account for
restlessness in lower-ranked individuals: greater disturbance by
others, or greater levels of agitation and anxiety. By focusing solely
on changes in behaviour between major state types (so ignoring
social and self-directed behaviours), by showing that lower-ranked
individuals spend more time alone (in fact, low-ranked individuals
spent a majority of their time alone, and so were far less disturbed
by others) than higher-ranked individuals, and by showing that rate
of behavioural change is correlatedwith self-scratching (an index of
anxiety in primates), we have provided evidence that differences in
restlessness may reflect, at least in part, a higher level of anxiety.
Clearly, however, the two mechanisms are not necessarily inde-
pendent: greater disturbance by others is likely to lead to greater
anxiety. Whatever the exact mechanism, lower-ranked males are
more restless than higher-ranked males, and there appears to be
direct energetic consequences of this.

In rhesus macaques and numerous other primate species, high-
ranking individuals attack low-ranking individuals at high rates,
often seemingly at random (Miller 1997; Silk 2002; Maestripieri
2007). It has been suggested that such random attacks are benefi-
cial to attackers because they cause chronic activation of the stress
response in victims, leading to health and fertility problems for
lower-ranked individuals (Silk 2002). Here, we suggest a further
consequence of such attacks; the anxiety that they cause may also
lead to increased restlessness and energy expenditure. Anxiety-
related energy expenditure, in turn, may reduce the ability of low-
ranking males to gain weight and improve body condition, and
hence to compete sustainably for females over time during the
mating season (endurance rivalry). Thus, the results of our study
add a dimension of complexity to the social competitive strategies
of male primates and could lead to a better understanding of
variability in mating and reproductive success.
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