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Evolutionary theory predicts the depletion of genetic variation
in natural populations as a result of the effects of selection, but
genetic variation is nevertheless abundant for many traits that are
under directional or stabilizing selection'. Evolutionary geneti-
cists commonly try to explain this paradox with mechanisms that
lead to a balance between mutation and selection?. However,
theoretical predictions of equilibrium genetic variance under
mutation-selection balance are usually lower than the observed
values, and the reason for this is unknown®. The potential role of
sexually antagonistic selection in maintaining genetic variation
has received little attention in this debate, surprisingly given its
potential ubiquity in dioecious organisms. At fitness-related loci, a
given genotype may be selected in opposite directions in the two
sexes. Such sexually antagonistic selection will reduce the otherwise-
expected positive genetic correlation between male and female fit-
ness*. Both theory>” and experimental data®'* suggest that males
and females of the same species may have divergent genetic optima,
but supporting data from wild populations are still scarce'*'*. Here
we present evidence for sexually antagonistic fitness variation in a
natural population, using data from a long-term study of red deer
(Cervus elaphus). We show that male red deer with relatively high
fitness fathered, on average, daughters with relatively low fitness.
This was due to a negative genetic correlation between estimates of
fitness in males and females. In particular, we show that selection
favours males that carry low breeding values for female fitness.
Our results demonstrate that sexually antagonistic selection can
lead to a trade-off between the optimal genotypes for males and
females; this mechanism will have profound effects on the opera-
tion of selection and the maintenance of genetic variation in
natural populations.

Polygynous ungulates such as red deer are particularly likely can-
didates for taxa in which sexually antagonistic genetic variation may
occur, because their pronounced size dimorphism and male weap-
onry require substantial genotype—sex interactions to enable different
developmental schemata for males and females. Furthermore, repro-
ductive roles differ greatly between the sexes. Males compete inten-
sely for matings during the short annual rut but do not invest in
offspring care, whereas female maternal investment extends over a
long period during each reproductive event. Consequently, male and
female life histories are likely to be under divergent selective pres-
sures, and a particular genotype may have very different effects on
fitness in males than in females. Last, the polygynous mating system,
with short periods of tenure by dominant males, probably reduces
the correlation for fitness between mating pairs, enhancing the
chance that sexually antagonistic genetic variation may evolve'.
We investigated the heritable genetic basis of variation in fitness in

a wild population of red deer living in the North Block of the Isle of
Rum, Scotland. We used individual contributions to population
growth, estimated through a method known as ‘de-lifing’", as a
measure of fitness. This measure, p,;, estimates an individual’s
annual contribution to changes in population size through both
reproduction and survival, and it approximates the expected future
representation of an individual’s alleles in the population gene pool'”.
The de-lifing method measures performance at each potential repro-
ductive event, rather than on the basis of a per-generation time scale.
This allows the incorporation of additional information about
annual environmental variation, as well as data from incomplete life
histories. Where complete life histories were available, we also calcu-
lated two lifetime measures of fitness, the lifetime sum of p,;), and
lifetime reproductive success (LRS) as the number of surviving off-
spring produced over the entire lifespan. Methods and results for the
traditional fitness measure LRS are given in Supplementary
Information. The correlation coefficient between LRS and the life-
time sum of p,; was 0.79 and 0.77 in males and females, respectively
(n =284 males and 301 females, both P<<0.001).

First, we conducted classical parent—offspring regressions to
investigate the sex-specific heritability of fitness. We regressed aver-
age son and average daughter values of the lifetime sum of p,; (only
for individuals with complete life history information) on the values
for their fathers and mothers (Fig. 1). Male red deer with a relatively
high lifetime sum of p,; sired, on average, daughters with a relatively
low lifetime sum of p,;) (Fig. 1; P=0.003). However, there was no
significant relationship between the lifetime sum of p,;, of fathers
and sons, or of mothers and their offspring (Fig. 1). Although the
slope of the mother—daughter regression was not significantly pos-
itive, it differed from the slope of the father—daughter regression (test
for the equality of regression slopes'®, P < 0.01). This may indicate an
underlying genetic antagonistic effect, which is masked by compens-
ating maternal effects on daughters of females with low breeding
values for fitness. The slopes of the mother—daughter and the
mother—son regressions were not significantly different (P> 0.05).
If female red deer can compensate for their offspring’s disadvantages
from sexually antagonistic genes through direct maternal effects, we
would indeed not expect such a difference in a phenotypic analysis.
Under the assumption that the patterns observed in the parent—
offspring regressions are partly due to heritable genetic variance for
fitness, we predicted that p,;) would have a heritable component
and that it would show a negative genetic covariance between the
sexes.

We estimated heritable genetic variance by using the ‘animal
model’, a mixed-model approach that uses the relatedness between
all pairs of individuals in a pedigree to estimate the genetic variance
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Figure 1| Sex-specific parent-offspring regressions of observed fitness in
red deer. Fitness was estimated as the lifetime sum of p,(;, a measure of an
individual’s annual contribution to changes in population size through
reproduction and survival. Here, only deer with complete life history
information are included. The very different sample sizes for fathers and
mothers are expected under this highly polygynous mating system. The
strong skew in male reproductive success produces a female-biased sex ratio
among reproductively active red deer. Many males never reproduce and
appear as sons, although not as fathers, in this analysis. b is the slope of a
linear regression of mean offspring fitness on parental fitness.

component of a trait". In contrast with the parent-offspring regres-
sions, this approach allowed us to use all available data in one ana-
lysis, to account for direct maternal effects, and to include repeated
annual measures of py;), data from males and females that never
reproduced, and data from incomplete life histories. As expected
for a fitness-related trait***', the annual measure of p,; showed
low narrow-sense heritability h* (significant only in females;
Table 1), but high coefficients of additive genetic variation. The lower
heritability in males may be due to high stochasticity of male mating
success (increasing the residual variance) and the lack of information
on some paternities in and around the study area (reducing the
genetic variance). However, we detected a significant negative genetic
covariance for male and female py;) in a bivariate animal model,
which results in a significant negative genetic correlation between
male and female p,; (Table 1, P = 0.002). Hence, male red deer that
contribute most to the annual population growth have female rela-
tives that contribute less, whereas males that are less successful have
relatively more successful female relatives. Fitting separate animal
models for the two components of p,;), namely annual reproduction
and survival, we found a negative genetic correlation between male
and female reproduction but not between male and female survival
(Table 1). This is consistent with expectation, as sexual antagonism is
likely to be more pronounced with respect to reproduction (where
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the sexes diverge most) as opposed to survival. We found no signifi-
cant heritability or genetic covariance for a more crude measure of
fitness, LRS (see Supplementary Information). However, the genetic
correlation of male and female LRS was also negative and signifi-
cantly less than +1 (Supplementary Information, P < 0.001). When
pleiotropic effects are perfectly correlated across the sexes, the
expected genetic correlation between male and female traits is of
+1 (ref. 4). A significant deviation from this may be caused by ant-
agonistic genetic variation, by sex-biased gene expression, or by both.
In either case, it suggests the potential for constraints on the evolu-
tion of a single genetic optimum®.

We detected a significant positive covariance for maternal effects
on male and female p,; (Table 1), indicating that a mother’s mater-
nal effects on her offspring (that is, those acting in addition to the
additive genetic effects of the genes that the offspring has inherited
from her) benefit her sons and daughters in similar ways. This pos-
itive covariance may possibly have masked any sexually antagonistic
genetic effects in our mother—offspring phenotype regressions. In the
presence of sexually antagonistic genetic variation for fitness, mater-
nal investment that enhances the fitness of both sons and daughters
equally may be particularly adaptive, if mothers are not capable of
choosing specific mates or manipulating offspring sex to optimize the
genetic merit (or breeding value) for fitness of their sons and daugh-
ters. Correlated maternal effects on male and female offspring may
therefore be a common reason why sexually antagonistic variation
for fitness-related traits is difficult to detect in the field. Laboratory
experiments on the fruitfly Drosophila melanogaster, however,
demonstrated the negative consequences of an antagonistic effect
on both male and female phenotypes®, suggesting small or uncorre-
lated maternal effects on offspring fitness in this system.

Our findings show that optimal genotypes differ between male and
female red deer, because a genotype that produces a male phenotype
with relatively high fitness will, on average, produce a phenotype with
lower fitness when expressed in a female. The sexually antagonistic
genetic variation for fitness should counteract selection on the
optimal male and female genotype, respectively. To test this, we
calculated the prediction of each individual’s additive genetic merit
for the annual measure of p,; in the opposite sex, known as its
breeding value*, from the animal model. Note that we were able to
predict a breeding value for p,; in the opposite sex for all animals in
which we observed p,(;) in opposite-sex relatives. If optimal genotypes
differ between the sexes, we expect that males with a high breeding
value for female p,(;) will show low fitness, and vice versa. In support
of this expectation, we found that a male’s breeding value for female
Py was negatively related to his own phenotypic value of male py;,
and hence fitness (Fig. 2a; P = 0.017). This confirms our results from
the parent—offspring regression: successful males sired, on average,
daughters that were less successful, because their genotype had a
lower breeding value for female p,;). In contrast, a female’s breeding
value for male p,;) was not significantly related to her own observed
Priy (Fig. 2b). Again, this confirms the finding that successful females
did not, on average, produce sons that were less successful. Our study

Table 1| Variance components, heritability h%, and the inter-sexual genetic correlation of fitness in red deer

Variance components Additive genetic Maternal Permanent Residual h? P CVa
No. of observations (individuals) Mean * s.d. environment

Female py;y 2852 (387) 0.00080 = 0.0013  12.53 (3.46) 030(211) O 132.74 (3.76) 0.086 (0.023) 0.002 44.25
Male pyy 2116 (342) 0.00018 =0.0016  7.93 (7.06) 1.03 (4.24) 12,76 (7.17)  205.02 (6.82) 0.035(0.031) 0.128 156.45
Covariances Additive genetic Maternal Genetic correlation P

Female py;y — male pici —10.26 (4.18) 5.08 (2.01) —0.95 (0.42) 0.014

Female reproduction R — male reproduction R —8.42 (1.97) 3.61 (0.98) —1.38 (0.42) <0.001

Female survival S — male survival S —1.35(2.59) 2.02 (1.51) —0.45 (0.89) 0.527

Univariate animal models were used to partition the variance of male and female py;, a measure of an individual's annual contribution to changes in population size through reproduction (R) and
survival (S). Covariances and correlations of female and male py(;y and its components R and S were obtained from bivariate animal models. Values in parentheses are standard errors as estimated by
the software ASReml. Statistically significant components (P < 0.05) are indicated in bold; the probabilities shown are for additive genetic effects. All presented variance components and

covariances are based on transformed values of py;), Rand S (X10,000). The coefficient of variation for the additive genetic component (CV ) is a standardized measure of genetic variance and was

calculated as 100 X |(additive genetic variance)/transformed mean py.
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Figure 2 | Selection on opposite-sex breeding values of annual fitness in
males and females. The plotted data and regression line are based on average
phenotypic values of residual annual p,; (accounting for effects of age and, in
females, recent reproductive history); the statistics refer to linear mixed
models with male (a) or female (b) identity as a random factor. a, Relationship

therefore provides evidence for sexually antagonistic genetic vari-
ation for p,;), a measure of annual survival and reproductive success.
Our findings suggest that selection for successful males causes a
correlated selective pressure against high female breeding values.

In species with male heterogamety, such as mammals, sexually
antagonistic genetic variation is expected to accumulate on the X
chromosome”''. X-linked alleles with new antagonistic mutations
should spread rapidly within a population’s gene pool if they are
recessive and beneficial to males, because such alleles are directly
accessible to positive selection in all males that inherit them (because
males possess only one X chromosome) but are protected from nega-
tive selection in all heterozygous females. In concordance with the
predictions for an X-linked effect, we observed a negative covariance
for fitness between fathers and daughters but no covariance between
fathers and sons (Fig. 1). We did not detect the expected covariances
between mothers and sons (negative), and mothers and daughters
(positive), but these are likely to be masked by direct maternal effects
on offspring fitness, which are apparent in our animal model analyses
(Table 1). Finally, antagonistic alleles seem to be selected for in males
(Fig. 2a), but on average not selected against in females (Fig. 2b). Our
results are therefore broadly consistent with the predictions for an
antagonistic effect of recessive alleles at one or several X-linked loci,
as observed in Drosophila''.

Our findings imply a limit to the adaptive evolution of male and
female phenotypes in red deer. Sexually antagonistic selection may
thus maintain heritable genetic variance in reproductive traits®, but
it may also have a role in a reduced response to directional sexual
selection, as observed in male red deer””. Sexually antagonistic effects
have largely been neglected in models of sexual selection that relate
individual mating decisions to the indirect benefit of ‘good genes™>.
Our study provides evidence from a natural population that such
‘good genes’ may be gender-specific and would not provide equal
benefits to sons and to daughters'***. Sexually antagonistic genetic
variation could therefore reduce or even reverse indirect benefits
from sexual selection. Females that mate with successful males bear
the costs of producing daughters with breeding values for low repro-
ductive output. If the antagonistic effect is X-linked, they will also not
gain any indirect benefits through their sons. Choosy females should
gain fitness advantages through successful grandsons, but this benefit
is likely to be reduced through a generation delay and recombination,
and may further be attenuated by the likely reduced reproductive
output of granddaughters®. The data from red deer on Rum reveal
that sexually antagonistic heritable genetic variance is contributing to
trait variance in the wild, and that its consequences for sex-specific
fitness are not confined to experimental or laboratory populations,
which typically show reduced environmental variance for fitness and
weak effects of natural selection. As a consequence, the potential of
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Female phenotypic p,

Breeding value of male py;

between a male’s mean phenotypic value of p,; and his breeding value for
female p,;) (n =332 males, b = (—8.62 £ 3.62) X 10>, Wald statistic = 5.67,
d.f.=1, P=0.017). b, Relationship between a female’s mean phenotypic
value of p,;) and her breeding value for male p,;, (n =371 females,

b= (—5.41 % 3.60) X 10~°, Wald statistic = 2.27, df. = 1, P = 0.132).

sexually antagonistic fitness variation needs careful consideration
when investigating natural and particularly sexual selection, and
more studies focusing on such effects in natural populations are
warranted.

METHODS SUMMARY

We used life history data on individual red deer (Cervus elaphus) living in the
North Block of the Isle of Rum, Scotland, between 1971 and 2005. All animals in
the study population are individually recognizable, and their survival and repro-
ductive success have been monitored***>***’. We obtained a population pedigree
including 3,559 animals from eight generations, using microsatellite paternity
data® and rut observations®. For all animals that lived for at least three years,
we measured fitness using the de-lifing approach', a jack-knifing procedure to
calculate an individual’s contribution to changes in population size, py;, through
both reproduction and survival. p,; estimates the relative performance of an
individual in each year, and this procedure therefore allowed us to include incom-
plete life histories. We also present analyses of the two separate components of py;:
annual survival S, and annual reproduction R. For a single lifetime measure of
fitness (only for individuals with complete life history information, excluding shot
deer or deer that are still alive), we used the sum of all annual p,;) values, referred to
as the lifetime sum of py(;. We present Pvalues from two-tailed tests with o = 0.05.
We partitioned phenotypic trait variance into additive genetic variance,
maternal variance, permanent environment variance, and residual variance by
using the animal model as implemented by the software ASReml*. The animal
model uses pedigree information to extract the additive genetic component in a
mixed-model framework based on restricted maximum-likelihood (REML)
estimation'. We applied univariate models to estimate narrow-sense heritabil-
ities (1) and bivariate models for the calculation of inter-sexual covariances and
genetic correlations. We used predictions of the additive genetic effect from the
bivariate model to investigate selection on opposite-sex breeding values.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

De-lifing. To measure fitness we used the de-lifing approach'’, a jack-knifing
procedure to calculate an individual’s contribution to changes in population size,
Py Py Was suggested as an appropriate fitness measure for stochastic environ-
ments'”** such as those encountered by red deer. In Supplementary Information
we discuss some relevant properties of p; in comparison with lifetime repro-
ductive success, a more traditional fitness estimate. Here we calculated

oy 205 fo =i
MTN, -1 TN —1

for individual i in year #, where s,;) is a binary variable representing whether
individual 7 survives from year ¢ to t+ 1, and f; is 0.5 times the number of
offspring produced by individual 7 in year ¢ that survive to year t+ 1. 5 and f;
are the means of s,;) and fy;, and N, is the adult population size (males and
females aged at least 3 years) in year f. Individuals with negative values of py;
did worse than the population mean, whereas individuals with positive py; per-
formed above average. py; estimates the relative contribution of an individual to
population growth in each year and thus allowed us to include incomplete life
histories. We also present results based on analyses of the two separate compo-
nents of the above equation: an individual’s annual survival

_ Sy —5

S
N;—1
and its annual reproduction
rofo—f
N;—1

For a single lifetime measure of fitness (only for individuals with complete life
history information, excluding shot deer or deer that are still alive), we used the
sum of all annual p,; values, referred to as the lifetime sum of p,;. We present P
values from two-tailed tests with « = 0.05.

Animal model analyses. We partitioned phenotypic trait variance into additive
genetic variance, maternal variance, permanent environment variance, and
residual variance by using the animal model as implemented by the software
ASReml”. The animal model uses pedigree information to extract the additive
genetic component in a mixed-model framework based on restricted maximum-
likelihood (REML) estimation'®. The pedigree of the red deer on Rum included
3,559 animals from eight generations. We modelled p,;, R and S as repeated
annual measures and chose fixed effects that have been shown to influence
reproductive success in this population. For both sexes we included the year
of birth to account for cohort effects®, and the individual’s age as a quadratic
function®. For females only, we added population subdivision (to account for
variation in habitat quality)*” and recent reproductive history (whether or not
the female had reared a calf the previous year and whether or not that calf
survived for six months)?'.

We ran univariate animal models separately for males and females, to calculate

narrow-sense heritability (h?) and to obtain starting values for the bivariate
analysis. We estimated the significance of h” as the probability that the additive
genetic variance component was greater than zero by using a log-likelihood ratio
test. We then applied bivariate animal models with the male and the female trait
as two dependent variables and estimated the significance of genetic and mater-
nal covariances by comparing the residual deviance of the final model with that
of a model with a fixed covariance of 0 in a log-likelihood ratio test. We multi-
plied py;), R and S by 10,000 to enable model convergence, and all reported
model parameters are based on transformed values.
Breeding values. An individual’s breeding value for a given phenotypic trait is
the total additive effect of its genes on that trait*. In an animal model, the
breeding value is estimated as an individual’s best linear unbiased predictor
(BLUP) for the additive genetic effect. It is determined by the deviation of the
individual’s own phenotype and those of all its relatives, scaled by their related-
ness to the given individual, from the population mean'. For all animals in
which we observed py; in opposite-sex relatives, we were able to predict a
breeding value for p,; in the opposite sex. To investigate selection on oppos-
ite-sex breeding values of py;, we reran the univariate analyses as linear mixed
models without the additive genetic effect and included an individual’s breeding
value for py; in the opposite sex as a fixed effect.
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