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Abstract In groups with multiple males, direct mate compe-
tition may select for the evolution of dominance hierarchies
that sort males into a queue for access to fertile females. The
priority-of-access (PoA) model proposed by Altmann in 1962
makes explicit predictions about the resulting paternity distri-
bution based on an interaction between male dominance rank
and the overlap of female receptive phases. Here, we investi-
gated whether the logic of the PoA model predicted the
distribution of paternity across ranks in a seasonal breeder
with high reproductive synchrony over six consecutive mating
seasons. We studied 18 males that resided in a group of wild
Assamese macaques (Macaca assamensis) in their natural
habitat at Phu Khieo Wildlife Sanctuary, Thailand, between
2006 and 2011 with 5 to 13 conceptions per season. We
assessed whether mate guarding increased paternity success,
described “short-term” deviations from predicted paternity
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distribution, and examined how these are related to the num-
ber of competitors and fertile females. We determined genetic
paternity of 43 (93 %) offspring born into the study group and
found reproductive skew to be relatively low with 29 % alpha
male paternity in accordance with the high degree of female
reproductive synchrony observed. Short-term deviations from
expected paternity distribution over ranks were not explained
by the number of resident males or the number of conceiving
females or their interaction. Within the limits of this study,
these results suggest that even if males cannot discern female
fertile phases, if reproduction is seasonal, and if reproductive
synchrony is high, males may also compete directly over
access to females.

Keywords Priority-of-access model - Paternity -
Dominance - Reproductive skew - Primates - Assamese
macaques - Number of males - Reproductive synchrony

Introduction

Sexual selection theory posits that the sex that is in oversupply
concerning readiness to breed or the sex that has the higher
potential reproductive rate will compete for access to the other
sex (Clutton-Brock and Parker 1992; Trivers 1972). Internal
fertilization, gestation, and lactation, all slowing down female
reproduction, make males the competing sex in most polygy-
nous mammals (Clutton-Brock and Vincent 1991; Clutton-
Brock and Parker 1992). In gregarious species, males may try
to expel rivals from bisexual groups and form harems (Emlen
and Oring 1977). Where exclusion is not economically feasi-
ble, males are predicted to exclude competitors from access to
fertile females present in the group at a given point in time.
Direct competition among individually recognizable conspe-
cifics promotes the formation of dominance hierarchies that
reduce the frequency and intensity of fighting (Willisch and
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Neuhaus 2010; Franz et al. 2011). Where hierarchies evolved,
like in most primates, male reproductive success is generally
predicted by dominance rank, but the degree of inequality, i.e.,
male reproductive skew, varies widely across time, groups,
and species (Cowlishaw and Dunbar 1991; Ellis 1995; Alberts
2012; Majolo et al. 2012).

The priority-of-access (PoA) model originally aimed at
investigating the consequences of extended periods of sexual
receptivity in anthropoid primates (Altmann 1962). It pro-
poses that variation in reproductive skew is driven by varia-
tion in defendability of receptive females living in a group
(Altmann 1962) and provides explicit predictions for the
distribution of reproductive success across male residents
depending on the number of females in the group and the
temporal overlap of their receptive phases. Assuming that a
male can only monopolize access to one female at a time, the
alpha male is allotted all matings/fertilizations in times when
only one female is receptive; the alpha and beta males should
receive half the matings/fertilizations each when two females
are receptive simultaneously; the alpha, beta, and gamma
males should receive each a third when three females are
available; and so on. Each male has an access to a fertile
female only when the number of synchronously available
females is equal to or exceeds his ordinal dominance rank.

Explicitly predicted mating and paternity distributions for a
given monopolizability situation have been shown to overes-
timate or underestimate mating and paternity skew and par-
ticularly the alpha male’s share in primates and other mam-
mals (e.g., Engh et al. 2002; Alberts et al. 2003, 2006; Boesch
et al. 2006; Dubuc et al. 2011; Young et al. 2013). Several
factors have been proposed to explain the residual variation:
female group size, the number of competitors, male related-
ness, leveling coalitions, female choice, and energetic con-
straints on males (Alberts et al. 2003; Port and Kappeler 2010;
Bissonnette et al. 2011; Alberts 2012; Young et al. 2013).
Negative deviation from PoA-predicted skew may increase as
the number of females in the group increases. This factor is
often investigated, but it is unclear whether it creates an
independent effect or is a covariate of the number of males
or costs of mate guarding (Alberts et al. 2003; Charpentier
et al. 2005; Boesch et al. 2006). Male monopolization poten-
tial may decrease with increasing numbers of competitors
(Alberts et al. 2003; Kutsukake and Nunn 2006). Reduced
skew may be predicted by male relatedness if more closely
related males are more tolerant around each other in a com-
petitive situation (Charpentier et al. 2005; but see Widdig et al.
2004; Kutsukake and Nunn 2006). Alternatively, increased
relatedness theoretically may favor high reproductive skew
because subordinates gain inclusive fitness benefits from re-
lated dominant individuals (Clutton-Brock 1998; Johnstone
2000; Port and Kappeler 2010). Males may also form coali-
tions against males to disrupt temporal mating monopolies
and to reallocate matings to less successful males which, in
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effect, level the mating skew (No€ and Sluijter 1990; Kuester
and Paul 1992; Alberts et al. 2003; Pandit and van Schaik
2003; Bissonnette et al. 2011; Young et al. 2013). Male mate-
guarding activity may be energetically constrained, because of
increased energy expenditure and/or decreased energy intake
during temporal mating monopolies, which has been proposed
to be especially problematic in nonseasonal breeders that have
little time to recuperate between mate-guarding episodes
(Alberts et al. 1996; Engelhardt et al. 2006; but see Henzi
et al. 2010). Apart from these factors that determine how
males can and do monopolize access to females, females
themselves may play a crucial role, and their precopulatory
and postcopulatory mate choice may affect males’ ability to
live up to the expectations of the PoA model (Bissonnette
et al. 2011; Dubuc et al. 2011; Young et al. 2013). On a more
methodological level, variation in males’ inability to assess
female fertility may also explain published results on devia-
tion from PoA if not implemented into how the PoA expecta-
tions are calculated (Henzi et al. 2010).

Here, we provide data on wild male Assamese macaques
(Macaca assamensis) that are unusual among cercopithecines,
because during the 4-month mating season, females do not
show behavioral estrus (periodic phases of high proceptivity
and receptivity, Nadler 1994) or typical fertility indicators
(exaggerated sexual swellings, variation in skin coloration,
or female behavior indicative of fertility, Flirtbauer et al.
2010, 2011). Male-mating frequency with females does not
change from nonfertile to fertile preconception periods or
within a conception cycle from 5 days prior to five fertile days
to 5 days after, indicating that ovulation is concealed from
males (Fiirtbauer et al. 2011). As a consequence, female
reproductive synchrony (as it can be assessed by males) is
unusually high. Nevertheless, males engage in mate guarding
with short episodes lasting 1.5 days and long episodes
(>1 week) lasting 19 days on average (Schiilke et al. 2014).
Male mate guarding very closely follows the pattern predicted
by the PoA model, i.e., the rank of the most subordinate guard
equaled the number of simultaneously guarded females on the
vast majority of days, and only the highest-ranking males
(ranks 1-4) engage in long consortships (>1 week, Ostner
et al. 2011). Thus, despite high female reproductive synchro-
ny, male competition has a significant direct component.
However, males do never guard one female throughout the
mating season, and males may fail to guard females during the
fertile phase of their ovarian cycle (Fiirtbauer et al. 2011).
Thus, male competition does not only take the direct form of
close mate guarding but also other forms of contest competi-
tion and sperm competition, and female choice may play a
role in determining paternity in Assamese macaques as well.

The PoA model is, strictly speaking, a model of male mate-
guarding activity and monopolization. Many previous studies,
e.g., on chimpanzees (Pan troglodytes) where other tactics
than monopolization are evident (Stumpf and Boesch 2006;
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Dufty et al. 2007), did not investigate the predictive power of
the PoA model in this strict sense. These studies nevertheless
tested the basic logic of the PoA, i.c., that rank determines
mating or reproductive success and that rank-related repro-
ductive skew is negatively affected by increasing female
reproductive synchrony (Boesch et al. 2006; Kutsukake and
Nunn 2006; Ostner et al. 2008a, Gogarten and Koenig 2012).
Implicitly, these studies assumed that if males do not mate
guard all females throughout their entire receptive phases,
rank and reproductive synchrony may still determine repro-
ductive success as a result of contest competition. In this
situation, contest effects may result from the ability to interfere
in others’ mating being rank related or from subordinate males
avoiding aggression by refraining from mating in sight of
dominants.

Here, we aim at investigating the effect of dominance rank
and female receptive synchrony on the paternity distribution
across ranks based on genetic paternity data for 93 % of the 46
infants born into one group of wild Assamese macaques
across a 6-year study period. We acknowledge that our anal-
yses ignore the role of precopulatory and postcopulatory
female choices and provide a discussion of these mechanisms.
We investigate whether male mate-guarding activity was as-
sociated with increased paternity success, and we complement
our main test of observed paternity distribution against the
expectation from the PoA model with an investigation of the
“short-term” deviation from PoA-predicted paternity distribu-
tion in every mating season and relate deviation to (i) the
number of coresident males, (ii) the number of females that
conceive in a given mating season, and (iii) the interaction of
(i) and (ii). We do not consider the costs of mate guarding,
female choice, and male coalitions leveling the mating skew
as factors related to deviation from PoA in this study because
(i) our research shows that extensive male mate guarding is
performed almost exclusively by the highest-ranking males,
follows a PoA-predicted pattern instead of deviating from it
(Ostner et al. 2011), and does not seem to carry energetic costs
for guarding males (Schiilke et al. 2014); (ii) because of low
sampling density, data indicative of female choice were too
scarce to allow sensible analyses of its differential effect on
deviation from PoA-predicted paternity success; and (iii) be-
cause coalitions did not serve to level the mating skew in our
study group but have other functions (Young et al. 2014).

Methods

Study site and study group

The study area Huai Mai Sot Yai is situated in Phu Khieo
Wildlife Sanctuary (PKWS, 16° 05'-35’ N and 101° 20'-55'

E) that is part of the 6,500-km? Western Isaan Forest Com-
plex in Thailand and comprises well-protected natural hill

and dry evergreen forest with patches of bamboo forest
(Borries et al. 2002). The mammal fauna is rich with large
herbivores and carnivores, the vegetation is dense, and the
terrain is hilly (Kumsuk et al. 1999; Borries et al. 2002).
Assamese macaques are strictly seasonal breeders, they mate
from October to January/February and give birth between
April and June/July (Fiirtbauer et al. 2010). The study spans
the mating seasons 2005/2006-2010/2011 in study group
AS that ranged in size from 47 to 56 individuals with 9—
15 males and 12-15 females. We collected fecal samples of
all individuals in the study group for DNA analyses and
only missed 3 out of 46 offspring born in 6 years. For
analyses, the mating season 2008/2009 was divided into
two subperiods (2008/2009 1: 1 October to 2 December
2008; 2008/2009 2: 3 December 2008 to the end of the
mating season) because of drastic changes in male group
composition and dominance ranks.

Behavioral data collection

Behavioral data were collected from October 2006 to Febru-
ary 2011 using 20- or 30-min focal animal sampling of males
(Altmann 1974). Observations were approximately evenly
distributed across 2-h blocks from 6 a.m. to 6 p.m. and across
focal animals and supplemented with ad libitum sampling
(Martin and Bateson 1993). During observations, all social
and sexual interactions were recorded including submissive
behaviors such as give ground, make room, flee, crouch and
silent bared-teeth display, and aggressive behaviors including
bite, head bob, chase, lunge, open-mouth display, ground slap,
push-pull, point, slap, and stare (Ostner et al. 2008b).

The ordinal dominance hierarchy was constructed based
on the exchange of clear submissive signals (make room and
bared teeth) in decided dyadic agonistic interactions (i.e.,
when one individual showed only submission while the
other did or did not show aggression but no submission)
that were used to calculate the corrected normalized David’s
score (nDS, de Vries et al. 2006), a linear measure of
dominance. The hierarchy was based on 290.4+86.3 inter-
actions per season; was significantly linear in all cases, left
19.3+15.4 % of relationships unknown; and had a direction-
al consistency index of 91.9+3.9. Only 13 % of dyads on
average had two-way dominance relations. Inspection of the
two-way relationships did not suggest definite rank changes
during a mating season except in mating season 2008/2009
that was consequently split into two and was treated as two
separate season in all analyses. More details on male dom-
inance relations and how they are related to mating success,
mate-guarding activity, as well as androgen and glucocorti-
coid excretions can be found in Ostner et al. (2008b; 2011).
No dominance data were available for mating season
2005/2006.
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Predicting male paternity success from the PoA model

According to the PoA model, male dominance hierarchies
function as queues in which males wait for mating opportu-
nities (Alberts et al. 2003). The logic is that a lower-ranked
male will be able to mate guard a female only when higher-
ranking males are occupied guarding other mates. Other forms
of direct competition should be affected by the number of
synchronously available females as well. Female Assamese
macaques that will conceive in a given mating season do not
show behavioral estrus, and their mating frequency is consis-
tently low and not related to their hormonal status (Fiirtbauer
et al. 2011). Males seem to neither distinguish between peri-
ovulatory periods and nonfertile days nor between conceptive
and nonconceptive cycles (Fiirtbauer et al. 2011). The original
PoA model used the average proportion of time a female was
in estrus to predict the overlap of female receptive phases for a
given number of females per group in rhesus macaques
(Altmann 1962). Because receptivity is even more extended
and ovulation concealed in female Assamese macaques, all
females that conceived in a given mating season (always a
subset of resident females) were considered receptive and
attractive throughout the entire mating season when calculat-
ing the predictions of the PoA model. We have previously
shown that the probability to conceive depends on the timing
of the last birth (Fiirtbauer et al. 2010), food availability, and
female physical condition prior to the onset of the mating
season (Heesen et al. 2013). At the onset of the mating season,
it is decided who will “cycle” and conceive in a given mating
season and who will not, and the increase in female androgen
levels prior to the onset of the mating season determines the
timing of conception within the mating season (Fiirtbauer
et al. 2013). Together, this creates considerable overlap of
receptive periods which (according to PoA) provides many
males with mating opportunities even if they strictly queue by
rank. The expected proportion of offspring sired by a male on
a given rank position is one/number of conceiving females in
that season for alpha males down to the rank that equaled the
number of conceiving females in that season. Thus, the ex-
pected paternity success is equal for all males that are expected
to get any share and varies between seasons as a strict function
of the number of conceiving females.

Paternity assignment

All fecal samples were collected immediately after defecation
and stored using the two-step ethanol-silica storage method
(Nsubuga et al. 2004). Genomic DNA was extracted from
0.1 g of fecal samples by using the QIAamp stool kit
(QIAGEN) with slight modifications (Nsubuga et al. 2004),
and blanks were included during extraction to monitor for
contamination.
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PCR reactions for microsatellite analysis for all individuals
were performed with a two-step multiplex polymerase chain
reaction protocol (Arandjelovic et al. 2009). We used 15
microsatellite markers with 5’ fluorescently labeled forward
primers. Primer names and 2-step PCR conditions have been
reported elsewhere (Schiilke et al. 2010). Multiple negative
controls were added in each reaction for monitoring the con-
tamination. The concentration of PCR product was estimated
by gel electrophoresis, and all successful PCR reactions were
subjected to fragment analysis.

The genotyping was done on two systems because lab
work was first conducted in Leipzig, Germany, and later in
Bangkok, Thailand. Genotyping of samples from mating sea-
sons 2005/2006—2008/2009 was performed on an ABI system
(ABI 3100 genetic analyzer; Applied Biosystems), and
GeneMapper (version 3.7) software was employed to assess
fragment size compared with a ROX HDA400 internal size
standard (Schiilke et al. 2010). Samples of offspring con-
ceived in mating seasons 2009/2010-2010/2011 were geno-
typed with a CEQ system (CEQ™ 8000 Genetic Analysis;
Beckman Coulter, Inc.), and CEQ™ 8000 Genetic Analysis
System (Beckman Coulter, Inc.) was used for fragment size
assessment compared to a GenomeLab DNA Size Standard
Kit—400 internal standard sizes. In order to avoid genotyping
errors due to the change of systems, nine samples that had
been genotyped with the ABI system were also analyzed with
the CEQ system which allowed comparing and standardizing
the allele size scores. A locus was accepted as heterozygous
when it was amplified at least two times in independent PCR
reactions. For a locus to be scored as homozygous, it needed
to show one allele only in at least four reactions (Morin et al.
2001; Schiilke et al. 2010). An allele which was observed only
once in six replicate reactions was rejected as a false allele. A
maximum of nine replicates were run. Individual identity was
confirmed by comparing the genotypes of known mother-
offspring pairs, i.e., genotyping two or more independently
extracted DNA from the same identified individual in order to
confirm the identity of that individual (average of 2.23
samples/individual). Expected heterozygosity, the exclusion-
ary power of the locus, and the deviation from Hardy-
Weinberg equilibrium (HWE) for each locus were calculated
by ARLEQUIN v.3.1. Fj; was calculated by FSTAT 2.9.3.2
(Goudet 1995).

We identified the paternity of 43 offspring born between
2006 and 2011 combining exclusion and likelihood ap-
proaches. All 18 adult and large subadult males that resided
in the group over that period were included in the paternity
analysis until their death was verified (three males). Since
subadult males have been shown to sire offspring sometimes
(de Ruiter et al. 1992), we also included all four small subadult
males. Eighteen females were included in our analyses as
mothers. In addition, five juveniles were included in the
analysis of allele frequencies (88 individuals in total). A male
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was excluded from paternity if he showed one allelic mis-
match with the specific mother-offspring dyad. The remaining
male that was not excluded after comparing all loci was
considered the most likely father of the respective offspring.
Subsequently, we used CERVUS 3.0.3 (Field Genetic Ltd.,
Marshall et al. 1998) to confirm paternity in two sets of
likelihood analyses with (1) mothers as known from behav-
ioral observations and (2) with the most likely mother among
all adult females given hers and the offspring’s genotype.
Likelihood analyses with 95 % confidence levels confirmed
all our maternity assignments from behavioral observations.
Thus, the paternity analysis (1) with one parent known was
supported. In order to confirm assigned paternities derived via
exclusion, all paternities were additionally supported at the
95 % confidence level in favor of the male with the highest
LOD score calculated by CERVUS 3.0.3 (genotyping error
rate set to 0.041 as calculated by CERVUS from mother-
offspring mismatches, minimum number of loci typed 9, 22
candidate fathers).

The mean number of alleles per locus was 6.93. The range
of observed heterozygosity (Hp) was 0.47-0.89 and 0.72 on
average. The mean expected heterozygosity (Hg) was 0.715
and the range 0.46-0.90 (Supplementary Material Table 1).
The mean polymorphic information content (Pjc) over 15
microsatellite markers was 0.66. The mean+SD nonexclusion
probability of a randomly chosen male as the second parent
was 0.000038+0.000076 across offspring (range
0.000000013-0.00040), the individual probability of identity
(Pip) was 5.38x107'%, and the probability of sib identity (P-
Dsi) was 2.53% 1 0°°. Thus, it is extremely unlikely that an-
other male than the assigned father has sired the offspring,
i.e., paternity probability is very high.

Data analysis

To calculate whether the observed skew was different from a
random distribution, we chose Nonacs’ binomial skew index
or B index (Nonacs 2000, 2003) which assesses male skew
independently of male dominance hierarchy. The B index was
calculated using the program Skew Calculator 2003 (https://
www.eeb.ucla.edu/Faculty/Nonacs/PIL.html) and tested
whether the observed B index occurred by chance. Large
values of the B index above one indicate high reproductive
skew. We calculated the B index for the observed number of
offspring sired by each male across 2006-2011.

To estimate the deviation from the PoA model, we built
linear mixed models (LMMs) with Gaussian error structure
and log link function in R 2.15.0 using the function Imer of the
package lme4 (Bates et al. 2012; R Development Core Team
2012). We used the proportion of offspring sired on every rank
position in a single period as the response (i.e., one data point
per rank position per season) and the proportion of offspring
expected to be sired from PoA predictions on that rank

position that year, the number of coresident males, the number
of conceiving females, and the interaction between the num-
ber of males and number of conceiving females as fixed
effects and male ID and season as random effects. The re-
sponse variable was first log transformed to better fit assump-
tions about normality. All variables were then z transformed.
To control for possible within-subject or within-season differ-
ences, we included random slopes as well as random inter-
cepts in our models (Schielzeth and Forstmeier 2009). We
used likelihood ratio tests to examine the significance of the
full model versus the null model (including only random
factors) using the R function ANOVA. We also compared
the full model with a model excluding random slopes using
the function ANOVA and found no difference between the
models indicating that there were no significant within-subject
differences in the data. Assumptions about normality and
homogeneous residuals were respected for the analyses, and
colinearity was not a problem in our analyses as indicated by
variation inflation factors generated from general regression
models all being below 3 (Bowerman and O’Connell 1990;
Mayers 1990), calculated using the function Vif from the R
package car (Fox and Weisberg 2010). To increase the reli-
ability of our P values, we fitted the model with a maximum
likelihood rather than a restricted likelihood (Bolker et al.
2009). Markov chain Monte Carlo sampling was used to
generate P values for the individual effects (Baayen 2008)
derived from the function pvals.fnc from the R package
languageR (Baayen 2010).

For comparison with published studies, we also ran a
simple regression of observed overexpected paternity success
across the entire study period in Statistica 10 (StatSoft, Tulsa,
OK, USA). Inspection of residuals (see above) did not indicate
problems with violation of regression assumptions. It may be
argued that the model fit is increased artificially if too many
low-ranking males are included in the analysis that have both
zero observed and zero expected paternity success (see
Bercovitch 1986; McMillan 1989 for similar arguments).
Exclusion of males ranked 11 and lower did not change the
significance of predictors in our models. Explained variance
changed only slightly to 80 % when we excluded ranks 11 and
up. Alpha was set to 0.05 and all tests were two tailed.

Results
Description of paternity success across males and ranks

A majority of 61 % (11/18) of males sired at least one
offspring. The average number of infants sired per male across
the study period was 2.4+2.6 (mean+SE) and ranged from
zero to nine. All offspring were fathered by resident males,
and we detected no evidence of extra-group paternity. The
alpha males sired 29 % (11/38) of all infants born into the
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study group, and paternity success across the study period was
highly correlated with male dominance rank (average number
of offspring sired across years correlated to dominance rank
position with alpha-assigned rank 1: Spearman’s rho=—0.90,
P<0.001). This correlation was maintained if only the top half
of the hierarchy was considered (ranks 1-7: rho=0.90;
P<0.01). The observed paternity distribution across ranks
for 2006/2007-2010/2011 was shallow but significantly
skewed (B=0.087, P<0.0001). Sires ranked between the al-
pha and as low as the 12th position in the male hierarchy, but
males that ranked 8th and 11th did not father an offspring

(Fig. 1).
Paternity success and male mate guarding
Male mate guarding increased paternity success. In mating

seasons 2007/2008 and 2008/2009, 11 out of 14 conceiving
females were mate guarded throughout or for parts of the
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Fig. 1 PoA-predicted and PoA-observed reproductive skews (paternity
success) by dominance rank from 2006/2007 to 2010/2011; upper pane
regression of observed over expected percent offspring sired by males on
specific dominance rank positions (/ine linear regression), lower pane
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fertile phase of their conception cycle by one or several males
in succession. In 64 % of the cases, the only guarding male or
the one with the highest mate-guarding frequency sired the
offspring which is a much larger proportion than the 29 % of
all paternities that the most successful male can secure in the
long run. For this analysis, we added information on paternity
and on short consortships (<1-week duration) to the published
data set on timing of ovulation and male mate-guarding activ-
ity in Fiirtbauer et al. (2011).

Observed paternity success and predictions of the PoA model

For comparison with other studies, we ran a simple regression
of observed overexpected paternity success and found that
paternity success on a given rank position across the study
period was predicted by the logic of the PoA model (adj. R*=
0.62, Fy 13=23.7, P<0.001, Fig. 1). The largest deviations
were found at ranks 1, 4, and 7.

In order to describe variation over time in deviation from
PoA predictions (short-term variation), we split the data into
mating seasons. In some mating seasons, the fit between
observed paternity distributions and each PoA expected dis-
tribution was less pronounced than that across the entire study
period (Fig. 2). The alpha males sired at least one offspring
every year, never sired less than the predicted proportion of
offspring, and had the highest paternity success in half of the
cases. In only three cases, from three different mating seasons,
a single offspring was sired by a low-ranking male (ranks 9,
10, and 12, respectively) that was not predicted to sire off-
spring in that season. In the remaining 33 cases, the right tails
of the expected and the observed distributions matched at zero
paternity success. In accordance with the logic of the PoA
model, the number of different males that sired offspring was
positively correlated to the number of conceiving females
(Spearman’s rho=0.72, P<0.05). We investigated potential
predictors of deviation from PoA in LMMs of the observed
proportion of offspring sired on every rank position in every
period (Table 1). Both the models with and the one without the
interaction between the number of males and number of
conceiving females as a predictor were significant (full model
vs null model including random effects Chi’=9.6, P<0.05;
reduced model without interaction term vs null model includ-
ing random effects Chi*=9.5, P<0.05). Expected paternity
success was the only significant predictor in all models
(Table 1). Residual variation after accounting for the effect
of expected paternity success can be construed as the devi-
ation from PoA. The interaction between the number of
males and the number of conceiving females did not explain
this deviation. In a reduced model without the interaction,
neither the number of conceiving females nor the number or
coresident males explained the significant parts of the resid-
ual variation.
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Discussion

In accordance with general patterns across mammals living in
multimale groups (Say et al. 2001; Engh et al. 2002; Alberts
et al. 2006; Rodriguez-Llanes et al. 2009; Wroblewski et al.
2009), paternity in wild Assamese macaques was significantly

Table 1 Analysis of “short-term” deviation of observed paternity success
from PoA expected success

Model Predictor Estimate t value pMCMC

Obs. paternity~exp. paternity +#males*#fem+#males+#females

exp. paternity 0.41+0.14 2.92 0.0046

#males*#females —0.37+0.10 —0.36 0.72
Obs. paternity ~exp. paternity+#males+#females

exp. paternity 0.41+0.14 2.92 0.0026

#males —0.04+0.10 —0.369 0.72

#females 0.08+0.11 0.72 0.48

LMMS of the proportion of offspring sired (obs. paternity) on each rank
position in each period (N=75 observations). Expected proportion of
offspring sired is modeled as a fixed factor, and residual variance repre-
sents deviation from PoA expected success. The full model included the
expected proportion of offspring sired (exp. paternity), the interaction
between number of males and number of conceiving females
(#males*#females), and both main effects (#males, #females) as predic-
tors as well as male ID and season (observation period) as random factors.
Results of two models are provided that did and did not include the
interaction term. Neither the main effects nor the interaction between
the number of males and the number of females explained significant
portions of the residual variance

skewed toward higher-ranking males, paternity was predicted
by dominance rank, and across the entire study period, alpha
males sired the largest proportion of offspring. The observed
reproductive skew was quite low, however, with B=0.87,
29 % alpha male share of paternity and only a third of males
not siring any offspring. The three males that held the alpha
position all had similar paternity success of 28, 25, and 33 %,
respectively. Both the distribution across ranks and the shal-
low skew across the study period were not unexpected given
the logic of the PoA model that rank-related reproductive
skew is negatively affected by the degree of female reproduc-
tive synchrony. Thus, within its limits, our 6-year study sug-
gests that constraints on male monopolization may affect male
reproductive skew in predictable ways even when female
reproductive synchrony is very high and the species repro-
duces seasonally.

Observed paternity distribution also deviated to some ex-
tent from PoA predictions. Expected rank-related reproductive
skew (16 % alpha male paternity) was even shallower than
observed patterns, observed paternity success did not decrease
strictly with rank, and “short-term” deviation of observed
paternity from expected success was pronounced in some
mating seasons and could not be explained by variation in
the number of males or conceiving females or their interac-
tion. In the following, we first go through caveats of our study
and then discuss the state of the art concerning factors
predicting deviation from PoA-predicted paternity skew.

Our analyses were set up as test of the logic of the PoA
model. We investigated the combined effects of male

@ Springer



1104

Behav Ecol Sociobiol (2014) 68:1097-1108

monopolization and other mechanisms of direct precopulatory
competition like the dominants’ ability to aggressively inter-
fere in others’ mating and subordinate avoidance of such
aggression. We have shown here that monopolization in the
form of mate guarding during the peri-ovulatory phase
(possessive strategy sensu Wroblewski et al. 2009) is imper-
fect, because the guarding male often did not sire the off-
spring. Nevertheless, monopolization seems to increase the
siring probability with individual guarded females (64 %)
above the level that can be achieved across females by the
most successful males (28 %). Strong rank effects on male
mate-guarding activity (Ostner et al. 2011) suggest that this
form of access is contested among males. It remains unclear,
however, whether the assumption of the PoA model that male
mating success predicts male reproductive success is met in
Assamese macaques. This test would require dense observa-
tional data on mating during many peri-ovulatory phases
which are difficult to obtain if females do not show morpho-
logical or behavioral signs of ovulation (Fiirtbauer et al. 2010;
2011).

The observed paternity distribution could also result from
other mechanisms of sexual selection than direct male com-
petition via monopolization, interference in others’ mating,
and avoidance of aggression (Engelhardt et al. 2006). First,
frequent mating with individual females (sensu Meller and
Birkhead 1991) could be used as an alternative strategy if
mate guarding is ineffective and sperm competition ensues.
Sperm competition does occur, because female Assamese
macaques mate with all resident males over the course of a
mating season and usually with more than one male during the
peri-ovulatory phase of their conceptive cycles (Fiirtbauer
et al. 2011). For the reasons laid out above, good estimates
of relative male mating success during these phases are lack-
ing though. Thus, it has to remain unclear whether frequent
mating (or cryptic female choice sensu Eberhardt 1996) af-
fected male reproductive skew. Males may also succeed in
sperm competition, because their ejaculates have more, faster,
or otherwise higher-quality sperm (Stockley 2004; Tourmente
etal. 2006). If this mechanism was the main driver of paternity
distribution in our study, success in sperm competition would
have to be related to dominance rank. However, we have
shown previously that male androgen levels which play a
pivotal role in sperm production and quality (Sharpe 1994;
McLachlan et al. 2002) are not related to male dominance rank
in our study group (Ostner et al. 2011). Therefore, it seems
unlikely that postcopulatory male competition was the main
factor driving paternity distribution in this study.

As we have laid out earlier (Fiirtbauer et al. 2011; Ostner
et al. 2011), a high degree of female reproductive synchrony
as found in Assamese macaques facilitates precopulatory fe-
male choice, because monopolization of access to all receptive
females by a single or few males is hampered. Compared to
situations with reproductive asynchrony, more females, i.e.,
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those females that are not being monopolized by the highest-
ranking males, may more easily realize their mate preferences
(Fiirtbauer et al. 2011; Ostner et al. 2011). Female behavior
may also affect which female is guarded by one of the few top
dominants that use the possessive strategy, because receptive
females are always in oversupply and males could move on to
another female if their initial partner was uncooperative. Thus,
female choice may influence both whether a male can guard a
female for extended periods in the possessive form and wheth-
er a male and a female simply associate spatially more often
and longer (consortship strategy sensu Wroblewski et al.
2009). Male-female affiliation or association has recently been
shown to affect male mating and paternity success in rhesus
macaques, chimpanzees, Assamese macaques, and in all spe-
cies with low expected and observed reproductive skews
(Kulik et al. 2011; Massen et al. 2012; Langergraber et al.
2013; Ostner et al. 2013). With the exception of the Massen
et al. (2012) study in which both males and females invested
heavily in the affiliative relationship, male-female sociality
was measured on the dyadic level with a socio-spatial index
or a composite sociality index. Therefore, it remains to be
established whether high rates of male-female affiliation and
association result from female mate choice. In all chimpanzee
communities studied to date as well as in Assamese macaques,
paternity success is positively correlated to male dominance
rank though (Boesch et al. 2006; Wroblewski et al. 2009;
Newton-Fisher et al. 2010) a pattern seems unlikely to result
from female choice alone.

All these other mechanisms are set aside, parts of the
deviation of observed from expected paternity success in our
study may result from two methodological issues. First, ex-
pected paternity distribution was calculated based on the
number of females that conceived during a given mating
season irrespective of whether the offspring was included in
the paternity analyses or not. In three cases (one in 2008, two
in 2009-2), offspring could not be genotyped, because they
died before a sample was taken. Thus, the expected values
mirror the competitive situation but could have never been
matched perfectly by observed values. Second, information
about the degree to which males can predict the probability
of female ovulation is crucial for calculating PoA-predicted
paternity distributions. The positive deviation of alpha male
paternity from the expected value may have resulted from
an overly conservative interpretation of male behavior in
relation to female fertility in Assamese macaques
(Fiirtbauer et al. 2011), indicating that males consider all
conceiving females as equally attractive from the onset to
the end of the mating season. This problem may partly be
responsible for the variation in deviation from PoA across
different studies.

It is currently difficult to assess the generality of the PoA
model as a mechanism generating reproductive skew across
mammals living in multimale groups. Few studies provide the
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necessary data on paternity, dominance rank, and the overlap
of female reproductive phases. In mandrills (Mandrillus
sphinx; Setchell et al. 2005) and chimpanzees at Tai and
Budongo (Boesch et al. 2006; Newton-Fisher et al. 2010),
alpha males sired 5-30 % more offspring than expected, while
in rhesus macaques (Dubuc et al. 2011), chimpanzees at
Gombe (Wroblewski et al. 2009), and yellow baboons
(Papio cynocephalus; Alberts et al. 2006), the alpha male
share was lower than expected from the PoA model. The
variation in deviation from PoA model predictions both be-
tween species/populations and within groups over time may
stem from sampling issues, methodological differences, theo-
retical issues, or actual differences in male competitive
regimens.

Sampling issues may arise when tests of the model’s fit are
run on small numbers of genotyped offspring. The PoA model
predicts the proportion of offspring sired on a continuous scale
while the observed values are generated from count data that
produce step functions with large increments when the num-
ber of observations is small. The residuals become smaller as
the number of females (and offspring) increases which makes
it difficult to test the prediction that deviation from PoA
increases with female group size. However, the study with
the largest sample size (208 offspring) also produced the
largest deviation from PoA-predicted patterns (Alberts et al.
20006).

A methodological issue concerns the accuracy of male
dominance rank assessment. Discrepancies between expected
paternity success on a given rank position and observed
success on that position may simply result from rank assess-
ments being inadequate or slow at picking up changes in the
hierarchy. Some studies assume rank to be relatively stable
and include years for which no observational data on male
agonistic relationships are available. Other studies do not
report how many observations their dominance assessments
are based upon or which method was used to order males into
a hierarchy so that the quality of the rank assessment remains
unclear. Despite the efforts we made to avoid this problem
(see “Methods”), it still seems possible that males and females
sense upcoming rank changes before they are reflected in
decided dyadic conflicts.

A theoretical explanation for the observed variation in
deviation from the PoA model predictions is that the alpha
male’s goal may not always be to monopolize all reproduction
but that alpha males cede reproduction to lower-ranking males
in certain situations. These concessions may be adaptive (i) if
subordinates support the alpha in conflicts with competitors
from outside the group as in geladas (Theropithecus gelada,
Snyder-Mackler et al. 2012) or from within the group as in
chimpanzees (Duffy et al. 2007) or (ii) if subordinates aid in
the protection of offspring (likely sired by the alpha male) for
which subordinates have a nonzero chance of paternity
(Boyko and Marshall 2009; chacma baboons, Papio ursinus,

Henzi et al. 2010) or (iii) if the subordinate is very closely
related to the alpha male (assessed by Widdig et al. 2004;
Snyder-Mackler et al. 2012). Theoretical reproductive skew
models are not readily applicable here, because they make
explicit assumptions that are usually not fulfilled in nonhuman
primates (Port and Kappeler 2010). Generalizations about
male relatedness, e.g., based on male dispersal regime, do
not easily explain variation in the PoA model fit across species
because positive and negative deviations are observed in both
male philopatric (Boesch et al. 2006 vs. Wroblewski et al.
2009) and male dispersal species (Setchell et al. 2005 vs.
Dubuc et al. 2011). We refrained from analyzing relatedness
effects on reproductive skew, because dyadic relatedness es-
timates based on relatively small numbers of autosomal mi-
crosatellite markers are associated with large errors (Csilléry
et al. 2006; Van Hom et al. 2008).

Although not significant in our study, variation in the
number of competitors has received most support as a driver
of alpha male paternity (de Ruiter et al. 1992; Muniz et al.
2010; Gogarten and Koenig 2012) or mating success
(Cowlishaw and Dunbar 1991; Kutsukake and Nunn 2006)
and of deviation from PoA-predicted paternity distribution
(Alberts et al. 2006; Boesch et al. 2006). The more males
coreside in a group, the lower the alpha share and the more
pronounced the deviation from PoA (but see Charpentier et al.
2005; Henzi et al. 2010) are, which has been explained by at
least three mechanisms. First, increasing numbers of compet-
itors may require high-ranking males to increase investment
into fending-off rivals from proximity to a guarded female.
Where mate guarding carries time or energy constraints
(Alberts et al. 1996; Higham et al. 2011), additional chases
and fights may render mate guarding economically inefficient
and consequently may cause negative deviation from PoA-
predicted skew. Male Assamese macaques do not suffer these
mate-guarding costs though (Schiilke et al. 2014). Second,
more males may decrease high-ranking males’ efficiency at
prohibiting sneak copulations (Soltis et al. 2001; Overduin-De
Vries et al. 2012). It is currently not possible to assess the
generality of this argument for deviation from PoA across
primates, but densely structured habitats and higher female
cycle synchrony should both promote this alternative mating
strategy. In our study group, not all females were always mate
guarded, and females managed to mate with virtually all males
in the group over the course of the mating season (Flirtbauer
etal. 2011; Ostner et al. 2011). It may be argued that all males
should be equally efficient in sneaking copulations, and pa-
ternity should therefore be reallocated from high-ranking
males to any resident. The largest positive deviations from
PoA expectations, however, were observed in the top third of
the dominance hierarchy, and only 7 % of offspring were sired
by low-ranking males from the bottom third of the hierarchy.
Third, an increase in the number of males may promote the
formation of coalitions that level the mating skew. The
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number of coresident males was a strong predictor of the
frequency of male coalition formation across primates in a
comparative analysis (Bissonnette et al. 2014). Leveling coa-
litions may peripheralize males to restrict their access to fertile
females (Bissonnette et al. 2011) but are used more commonly
to break up a consortship/mate-guarding episode between a
male (usually high ranking) and a female (No€ and Sluijter
1990; Kuester and Paul 1992; Bissonnette et al. 2011). Level-
ing coalitions may be a major driver of deviation from PoA-
predicted paternity distribution in yellow baboons (Alberts
et al. 2006). Although, mathematical models suggest that
leveling coalitions evolve when male contest competition
potential is low (Pandit and van Schaik 2003); male coalitions
do not affect mating skew in rhesus or Assamese macaques
where both expected and observed paternity skews are low
(Higham and Maestripieri 2010; Dubuc et al. 2011; Ostner
and Schiilke 2014; Young et al. 2014).

Although the role of female cooperation in both the pos-
sessive and the consortship strategies remains to be assessed
in more detail, we conclude that the rather close match of
expected and observed paternity distributions in relation to
dominance rank suggests that even when (i) males cannot
discern the female fertile phase (Engelhardt et al. 2000), (ii)
reproduction is seasonal (Dubuc et al. 2011), and (iii) female
reproductive synchrony is high, males in multimale groups
may still compete also directly over access to receptive fe-
males and therefore invest in attaining and maintaining high
social status.
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