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In principle, widespread polyandry (female promiscuity) creates
potential for sexual selection in males both before and after copula-
tion. However, the way polyandry affects pre- and postcopulatory
episodes of sexual selection remains little understood. Resolving this
fundamental question has been difficult because it requires extensive
information on mating behavior as well as paternity for the whole
malepopulation.Hereweshowthat in replicate seminatural groupsof
red junglefowl, Gallus gallus, polyandry eroded variance in male mat-
ing success, which simultaneously weakened the overall intensity of
sexual selection but increased the relative strength of postcopulatory
episodes. We further illustrate the differential effect of polyandry on
pre- and postcopulatory sexual selection by considering the case of
male social status, a key determinant of male reproductive success in
this species. In low-polyandry groups, however, status was strongly
sexually selected before copulation because dominants mated with
more females. In high-polyandry groups, sexual selection for status
was weakened and largely restricted after copulation because domi-
nants defended paternity bymating repeatedlywith the same female.
These results reveal polyandry as a potent and dynamic modulator of
sexual selection episodes.

cryptic female choice | sperm competition | selection gradient |
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Polyandry is a taxonomically widespread consequence of sexual
reproduction and a key modulator of fundamental evolution-

ary processes (1), including sociality (2, 3), sex allocation (4),
selfish genetic elements (5), speciation (6), inbreeding (7), and
evolutionary conflicts [e.g., between diploid and haploid genomes
(8), between parents and offspring (9), and between the sexes
(10)]. The realization of widespread polyandry has been particu-
larly revolutionary for our understanding of sexual selection (11).
Darwin (12) proposed that sexual selection operates on individual
variation in the number of partners (i.e., mating success) and their
reproductive quality (e.g., fecundity) to promote traits that confer
an advantage in intrasexual competition (see also refs. 13–15). By
inducing the ejaculates of multiple males to compete for fertil-
ization, polyandry introduces an additional postcopulatory source
of variation in male reproductive success—variation in the pro-
portion of a set of eggs fertilized by different males—creating
additional episodes of selection after copulation, namely sperm
competition and cryptic female choice (11). Although the study of
postcopulatory sexual selection hasmushroomed over the last 30 y,
theway in which polyandry affects the operation of sexual selection
remains unclear. A number of studies have concluded that poly-
andry increases the strength of sexual selection on males by pro-
moting variation in male reproductive success (e.g., refs. 16–19).
Other studies, however, have suggested that the amount of varia-
tion in male reproductive success caused by polyandry is limited
and that polyandry might in fact weaken sexual selection by re-
ducing the mating skew among males (e.g., refs. 20–23). This lack
of consensus means that we still do not fully understand how
precopulatory sexual selection interacts with postcopulatory sexual
selection caused by polyandry (24, 25). These fundamental issues
remain unresolved because empirical efforts have largely been
restricted to either mating or paternity data. However, the

unbiasedmeasurement of pre- and postcopulatory sexual selection
requires extensive information on variation in both mating success
and paternity for all of the males of a population (25, 26). Here we
adopt an experimental approach to measure sexual selection in
small seminatural replicate groups of polyandrous red junglefowl,
Gallus gallus. The red junglefowl represents an appropriate model
to study polyandry and sexual selection. In nature, red junglefowl
live in small groups that are structured into social hierarchies (27,
28). Females are often polyandrous, although socially dominant
males typically have privileged access tomating opportunities (29).
Female fowl can store viable sperm for approximately 2 wk after
insemination (30), creating potential for episodes of post-
copulatory sexual selection (29). We investigated the impact of
polyandry on (i) the opportunity and strength of precopulatory,
postcopulatory, and overall sexual selection, and (ii) the way sex-
ual selection operates on individual male traits.

Results
We measured sexual selection using experimental groups, a
methodological approach that has been successfully implemen-
ted in the past (e.g., refs. 26, 31–35). We assembled 13 groups of
three adult males and four adult females each, reflecting the size
and sex ratio of natural social groups (27, 36). In each group, we
monitored mating behavior for 10 consecutive days and assigned
parentage of the resulting embryos (Materials and Methods). The
average polyandry of a group (i.e., the number of males with
whom each female mated averaged across all of the females of
a group) ranged naturally from one to three. Variance in the
reproductive success (T) of a focal male is determined by three
constituents: male mating success (M, number of females
mated), the average fecundity of these mates (N, i.e., the aver-
age number of eggs, or clutch size, of the females successfully
mated by the focal male), his average paternity share (P, the
proportion of embryos sired by the focal male out of the total
number of eggs produced by all of the females with whom he
successfully mated), such that T = (M × N × P) + ε, where ε
represents an error term (37). To measure the impact of poly-
andry on sexual selection we first partitioned the variance in T
into M, N, and P and the covariances in M and P, M and N, and
N and P (16, 18). Variation in P was by far the largest source of
variation in male reproductive success (46% of the variance of
T), followed by the variance of M and by the covariance of P and
M (Table 1), with variation in mate fecundity (N) having virtu-
ally no effect on T. An alternative quantitative approach (38),
which does not consider covariance between M, N, and P,
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yielded qualitative very similar results, identifying P as the
largest source of variance in T (Table S1). Together, these
results indicate that polyandry plays a critical role in sexual se-
lection in this species.
We then investigated the way polyandry affects sexual selection

across individual groups and found that pre- and postcopulatory
sexual selection are affected in strikingly different ways. The

appropriate measurement of sexual selection is in itself nontrivial
(39–41). We used two widely usedmeasures of sexual selection, the
opportunity of selection (I) and the selection gradient (β), which
capture distinct and complementary aspects of the selective process
(21, 41, 42). Whereas the opportunity for precopulatory sexual
selection on mating success (IM) declined sharply in more poly-
androus groups (where mating success was similarly high across all
males), the opportunity for postcopulatory sexual selection on pa-
ternity share (IP) was unaffected by the average polyandry of
a group (Fig. 1A). Similarly, polyandry affected differentially the
gradient of pre- and postcopulatory sexual selection. Whereas the
gradient of precopulatory sexual selection on mating success (βM)
declined significantly with polyandry, the relationship between the
gradient of postcopulatory sexual selection (βP) and polyandry was
much weaker (Fig. 1B). As a result of this differential effect,
polyandry was associated with a strong net reduction in the op-
portunity for total (i.e., pre- and postcopulatory) sexual selection
(IT, Fig. 1C). Because variation in male reproductive success (T)
was largely due to variation in mating success (M) and paternity
share (P), the proportion of variance in T explained by variance in
M tended to decline in more polyandrous groups. Simultaneously,
the proportion explained by variance in P increased with increasing
polyandry (Fig. 1D). In other words, in our study populations
polyandry increased the importance of postcopulatory episodes of

Table 1. Contributions of male mating success (M), mate
fecundity (N), paternity share (P), and their covariances to
variance in total male reproductive success (T) in replicate groups
of red junglefowl (16): P caused by polyandry represents the
largest source of variance in T

Source of variance Unstandardized Standardized

Total variance in T 50.83 1.20
Mating success, M �N

2�P
2
VarðMÞ 12.78 0.30

Mate fecundity, N �M
2�P

2
VarðNÞ 0.84 0.02

Paternity share, P �M
2 �N

2
VarðPÞ 23.33 0.55

Covariance M,N 2 �M�N�P
2
CovðM;NÞ −1.46 −0.03

Covariance M,P 2 �M�P �N
2
CovðM; PÞ 8.56 0.20

Covariance N,P 2�N�P �M
2
CovðN; PÞ −0.08 −0.002

Error 6.87 0.16

Fig. 1. Differential effect of polyandry on male sexual selection. (A) Opportunity for pre- (IM) and postcopulatory (IP) sexual selection in relation to average
group polyandry. IM significantly decreased with polyandry (slope = −1.16 ± 0.26, t = −4.40, R2 = 0.60, df = 11, P = 0.001) but not IP (slope = −0.53 ± 0.39, t =
−1.32, R2 = 0.06, df = 10, P = 0.218). A qualitatively similar pattern was obtained using alternative measures of IM and IP (38): IM (t = −4.40, R2 = 0.60, df = 11, P =
0.001); IP (t = −0.14, R2 = −0.09, df = 11, P = 0.892). (B) Multivariate gradients of pre- (βM) and postcopulatory (βP) sexual selection in relation to average group
polyandry. βM significantly decreased with polyandry (slope = −1.32 ± 0.56, t = −2.42, R2 = 0.31, df = 10, P = 0.036), but this trend was much weaker for βP
(slope = −0.66 ± 0.35, t = −1.90, R2 = −0.25, df = 7, P = 0.099). A qualitatively similar pattern was obtained using univariate measures of βM and βP based on ref.
38: βM (t = −6.30, R2 = 0.78, df = 10, P < 0.001); βP (t = −3.16, R2 = 0.45, df = 10, P = 0.010). (C) The opportunity for total sexual selection (IT) significantly
decreased with group polyandry (−1.35 ± 0.26, t = −5.19, R2 = 0.68, df = 11, P < 0.001). (D) In more polyandrous groups, the proportion of the variance in total
male reproductive success explained by male mating success tended to decline (solid line, t = −2.06, df = 11, P = 0.064), and simultaneously the proportion of
male reproductive success explained by paternity share increased (shaded line, t = 1.50, df = 10, P = 0.019). Data points represent individual replicate groups.
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sexual selection relative to precopulatory episodes and simulta-
neously eroded the overall opportunity for, and strength of, sexual
selection. Collectively, these results predict that sexual selection on
a given male trait is reduced and disproportionally driven by post-
copulatory episodes in more polyandrous populations.
We tested this prediction by investigating how polyandry affects

the operation of sexual selection on male social status, one of the
best predictors of male reproductive success in fowl populations
(27, 28). Consistent with expectations, we found that polyandry had
a strongly differential effect on sexual selection on male status. In
groups with relatively low polyandry, there was substantial pre-
copulatory sexual selection on male status (i.e., high βSM) because
dominant males mated with more females than their subordinates.
In more polyandrous groups however, mating success was more
equally distributed among males, and βSM was markedly weakened
(Fig. 2A). In addition tomating withmore females, dominantmales
also fertilized more of the eggs (i.e., high P) of the females they
shared with subordinate males, resulting in a positive post-
copulatory sexual selection gradient (βSP). In contrast with pre-
copulatory βSM, however, postcopulatory sexual selection on social
status βSP only marginally declined with the level of polyandry in
a group (Fig. 2A). Therefore, polyandry weakened total sexual se-
lection for male status by restricting it largely to postcopulatory
episodes (Fig. 2B). This is partly intuitive: when dominantmales are
able to monopolize access to females, polyandry is low and domi-
nant males enjoy a mating advantage. However, as females mate

with more males, social status has a progressively limited impact on
mating success (because all males have a similarly high mating
success regardless of their status) but remains an important de-
terminant of the outcome of sperm competition. At least two
nonmutually exclusive mechanisms are likely to explain why status
is favored by postcopulatory sexual selection under high polyandry.
First, polyandrous female fowl can strongly bias the outcome of
sperm competition in favor of the ejaculates of dominant males
through cryptic female choice (43, 44). Second, dominant males
might remate with the same females at a higher rate than their
subordinates. This mating behavior would be favored by post-
copulatory sexual selection if it enabled dominant males to better
defend their paternity share. Consistent with this idea, we found
that dominant males remated with the same females more often
than subordinate males (Fig. 2C). Importantly, in groups where
status was strongly sexually selected after copulation (i.e., had
a strong effect on variation in paternity share), the rate at which
a male remated with the same female was also strongly sexually
selected after copulation (Fig. 2D). Sperm competition dynamics in
red junglefowl follow a fair raffle and, all else being equal, males
have a greater chance of paternity if they can replenish the sperm
stored by a female by remating with her (45). This is particularly
relevant for males such as dominant males, which on average tend
to inseminate small ejaculates and which might suffer from low
sperm velocity (46, 47).

Discussion
The impact of polyandry on the way sexual selection operates on
males has been debated for decades. The results of our study
contribute to resolving this debate by showing that polyandry
affects differentially pre- and postcopulatory sexual selection:
polyandry weakens the overall opportunity for, and strength of,
sexual selection but simultaneously increases the relative impor-
tance of postcopulatory episodes of sexual selection. The differ-
ential impact of polyandry on pre- and postcopulatory sexual
selection reveals a fundamental difference in the way mating and
fertilization success contribute to variation in male reproductive
success. In the measure of mating success (M), multiple individ-
uals of the same sex can mate with the same partner and share
mating success (i.e., partners are a public good). This means that
as a group becomes more polyandrous,M becomes similarly high
for all males, increasing average mating success ð �MÞ and simul-
taneously reducing its variance ðσ2MÞ, which ultimately leads to
a lower IM. In the measure of paternity share (P), on the other
hand, fertilization by onemale excludes automatically an egg from
the reproductive success of his competitors. Therefore, an in-
crease in polyandry is not necessarily expected to affect IP, be-
cause it can reduce both average share in paternity (�P, because the
paternity of a clutch is shared among more males) and its variance
(σ2P, because the number of males achieving paternity increases).
In a mating system of strict lifetime monogamy (i.e., where the
opportunity of sexual selection is restricted to individual variation
in fecundity and reproductive investment), we expect that the
introduction of some polyandry might initially increase the op-
portunity for sexual selection. This explains why in some socially
monogamous birds a degree of polyandry (in the form of extrapair
copulations) can represent an important additional source of
sexual selection (e.g., refs. 16–19). However, our study demon-
strates that in mating systems characterized by some degree of
male reproductive skew, an increment in polyandry can erode
sexual selection. This erosion is likely to cause dynamic fluctua-
tions whereby sexual selection on male mating success (i.e.,
number of females mated, M) would increase polyandry, and in-
creased polyandry might in turn weaken further sexual selection
onmale mating success (M). Such dynamic feedback loops may be
more common than currently appreciated in sexual selection.
Recently, similar dynamics have been theoretically demonstrated
for sexual selection and maternal sex allocation (48). Finally,

Fig. 2. Sexual selection on male social status. (A) Gradients of pre- (βSM) and
postcopulatory (βSP) sexual selection on social status in relation to average
group polyandry. βSM decreased with polyandry (slope = −0.55 ± 0.14, t =
−4.05, R2 = 0.56, df = 11, P = 0.002), but this trend was nonsignificant for βSP
(slope = −0.48 ± 0.26, t = −1.88, R2 = 0.19, df = 10, P = 0.090). (B) The total
sexual selection gradient on social status (βST) decreased with polyandry
(−0.64 ± 0.18, t = −3.64, R2 = 0.50, df = 11, P = 0.004). Data points represent
individual replicate groups. (C) The rate of male remating with the same
female was strongly status dependent (F = 11.11, df = 2, P < 0.001). (D)
Postcopulatory sexual selection gradient on remating with the same female(s)
increased significantly with the postcopulatory sexual selection gradient on
social status [i.e., βSP (slope = 0.88 ± 0.11, t = 7.90, R2 = 0.85, df = 10, P <
0.001)]. Data points represent individual replicate groups.
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a widely recognized challenge that remains outstanding in sexual
selection research is to establish the way episodes of pre- and
postcopulatory sexual selection interact with each other (e.g., ref.
25). Recent work has shown that pre- and postcopulatory sexual
selection tend to target different male traits (e.g., ref. 49). Our
results reveal that pre- and postcopulatory sexual selection
sometimes target the same male trait (e.g., social status) through
alternative pathways. The level of polyandry of a population then
plays a pivotal role in modulating how such traits are differentially
targeted by pre- vs. postcopulatory selective episodes.
In conclusion, our results reveal fundamental properties of

the relationship between sexual selection and polyandry and are
expected to be broadly relevant to most polyandrous finite sexual
populations with unitary sex ratios. Future work should investigate
the way population size and sex ratio might interact to drive the
dynamic relationship between polyandry and sexual selection.

Materials and Methods
Observations in Seminatural Conditions. The study was conducted on a pop-
ulation of red junglefowl, betweenMay and September 2007 and August and
September 2008. All males and females hatched in March 2006, but for one
female hatched in October 2007 and used in summer 2008. We studied 13
groups, each comprising three adult males and four adult females in outdoor
pens of ∼50 m2. Before being introduced into an experimental group, each
bird was sexually rested (i.e., prevented from delivering or receiving
gametes): females, for at least 10 d to ensure that they did not store sperm
from other males during a trial; and males for at least 2 d (30) to ensure that
results were not influenced by sperm depletion due to previous mating. Each
group was assembled by releasing males and females into a pen, and birds
were allowed to familiarize with the new setting for at least 12 h, after
which detailed observations of all mating interactions were recorded for 10
successive days, 4 to 5 h per day, at times of peak mating activity (50) (i.e., in
the early morning and in the late afternoon until all females went to roost).
Behaviors recorded included male- and female-initiated mating attempts,
disruption of mating attempts by other males, and mating success following
established criteria (50, 51). During the observation period, male social hi-
erarchy was determined according to the outcome of competitive dyadic
interactions following an established protocol (46). In each group, male
status was ranked as 3 (top-ranking), 2 (intermediate), and 1 (bottom-
ranking). All male hierarchies were linear. From the second day of obser-
vation and for the subsequent 10 d (i.e., day 2 to day 11 inclusive) all eggs
were collected (between 6 and 28 eggs per group). One group departed
from this pattern because observations and egg collection occurred from
day 7 to day 16. Analyses were carried out with or without this group, and
no significant difference was observed, so only results with this group are
presented. In one of the groups a female died on day 5 of the observations,
modifying the sex ratio of this group. However, the removal of this group
did not change qualitatively any of the results reported.

Parentage Assignment. Eggs were kept in a refrigerator during 0 to 7 d before
being put in an incubator at 37 °C and 41% humidity. After 7 d of incubation
eggs were opened, and embryos were collected and put in 1 mL of pure
ethanol. Paternity and maternity were assigned for each egg laid during the
observation period by parentage analysis. All samples were genotyped at
seven variable microsatellite loci: ADL0299 (52), LEI0078 (53), LEI0196 (54),
LEI0246 (55), MCW0123 (56), MCW0183 (57), and ROS0081 according to the
methods outlined in ref. 58. All parental assignments were done in Cervus
3.0 (59) using the same procedure as in ref. 55. Both parents were assigned
for all 164 embryos in 2007 and 90 embryos in 2008.

Statistical Analysis.Male reproductive success (T) wasmeasured as the number
of embryos sired by each individualmale. T has three constituents: the number
of females successfully mated by a male (mating success, M), the average
number of eggs produced by these females (mate fecundity,N), and the share
of paternity of these eggs (P).Mwas measured as the total number of females
with which a male was observed to have behaviorally successful copulations
(50) during the 10 d of observation, plus females that were not observed
copulating successfullywith themale but that nonetheless produced offspring
fathered by this male (overall, 102 females partners were attributed through
observations, and 8 females partners were identified on the basis ofmolecular
paternity data). Nwas measured as the average number of eggs (i.e., average
clutch size) laid by all of the females successfullymated by amale. Finally, Pwas
measured as the proportion of embryos sired by a male out of the total

number of eggs produced by all of the females with whom he successfully
mated. When a male did not mate with any female, there was no opportunity
for this male to be selected forN nor P, thus hewas given a score of 0 forM but
was excluded from the analyses of N and P. Some males were used in more
than one group (four used in two groups, four in three groups, and one in four
groups). To test the potential effect of pseudoreplication, we measured the
repeatability (60) of fitness components of these individual males across rep-
licate groups. Repeatability was consistently low (T, r = 0.11;M, r =−0.04;N, r =
−0.19; and P, r = 0.16), indicating that the reproductive success of these males
was largely contigent on the dynamics of different replicate groups rather
than consistently determined by inherent properties of the male. We there-
fore found it more appropriate to treat these few repeated observations of
the same male over multiple replicate groups as independent data.

We measured two distinct but related aspects of sexual selection: the
opportunity of sexual selection I (21, 61, 62) and the sexual selection gradient
β (38, 63, 64). We measured the index of opportunity for sexual selection, I
for the different components of male sexual selection (IT, IM, IN, IP) as follows:

I ¼ σ2

�X
2

where �X is the mean of the measure of reproductive success: T, M, N, or P
and σ2 its variance. We also calculated the opportunity for selection of the
different episodes according to equation 17 in ref. 38 and present these
results in Table S1. Given our multiplicative model of total reproductive
success: T = (M × N × P) + ε, where ε represents an error term, the variance of
T is composed of three variance terms and a set of covariance terms (16, 37):

VarðM × N × PÞ ¼ �N
2�P

2
VarðMÞ þ �M

2�P
2
VarðNÞ þ �M

2 �N
2
VarðPÞ þ CovðM;NÞ

þ CovðM; PÞ þ CovðN; PÞ þ D

where M, N, and P are defined as previously, and D is an error term, which
includes variance in ε. Variances and covariances were calculated for
each group.

For calculation of all sexual selection gradients (β), data were standardized
such that the responses had a mean of 1 and the predictors had a mean of
0 and an SD of 1 per group (64). When all of the males from a group had the
same score for a predictor, the SD was null and no selection gradient could be
obtained for that group. Multivariate selection gradients (βM, βP) were calcu-
lated as the partial regression slopes obtained from amultivariate model with
T as the dependent variable and both M and P as independent variables, cal-
culated in each group [lm in R 2.12.0 (65)]. Note that βM differs from the often-
used (e.g., ref. 25) definition of a Bateman gradient because it was calculated
from a multivariate model that included P, and it was calculated on stan-
dardized values. Multivariate selection gradients reduced the number of
available data points (βPwas calculated on 9 groups, βM on 12 groups) because
both βM and βP are calculated in each group of three males. Thus, groups
where a male did not mate successfully with at least one female lacked a βP.
We also calculated univariate selection gradients equivalent to the selection
differential (38) (Table S1). Sexual selection gradients on social status were
measured with univariate regression of social status on T (βST), M (βSM), and P
(βSP). If more polyandrous groups contained more fecund females, the rela-
tionships observed between polyandry and sexual selection indices could be
due to female fecundity rather than polyandry. We controlled for this po-
tential confound by entering female fecundity (the average number of eggs
laid by each female in a group) as a covariate in all analyses testing the effect
of polyandry. Because average female fecundity was never significantly as-
sociated with sexual selection indices, results are not presented here. All cor-
relations between polyandry and sexual selection indices and between
selection gradients themselves were calculated using nonstandardized data
with a linear regression (65). Normal distribution of residuals was verifiedwith
a Shapiro-Wilk test, and data were transformed when necessary. We calcu-
lated the statistical significance of the selection gradients over all males of all
replicate groups by bootstrapping on general mixed models (with male as
a random effect) of T according toM (gradient = 0.86, P < 0.001), T according
to P (gradient = 0.87, P < 0.001), T according toM and P (gradient forM = 0.28,
PM = 0.15, gradient for P = 0.72, PP = 0.001), and also T according to social status
(gradient = 0.76, P < 0.001), M according to social status (gradient = 0.42,
P < 0.001), and P according to social status (gradient = 0.46, P < 0.001).
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