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Because autosomal genes in sexually reproducing organisms spend on average half their time in each sex,
and because the traits that they influence encounter different selection pressures in males and females, the
evolutionary responses of one sex are constrained by processes occurring in the other sex. Although intra-
locus sexual conflict can restrict sexes from reaching their phenotypic optima, no direct evidence currently
supports its operation in humans. Here, we show that the pattern of multivariate selection acting on
human height, weight, blood pressure and glucose, total cholesterol, and age at first birth differs signifi-
cantly between males and females, and that the angles between male and female linear (77.8 + 20.5°) and
nonlinear (99.1 + 25.9°) selection gradients were closer to orthogonal than zero, confirming the presence
of sexually antagonistic selection. We also found evidence for intralocus sexual conflict demonstrated
by significant changes in the predicted male and female responses to selection of individual traits when
cross-sex genetic covariances were included and a significant reduction in the angle between male- and
female-predicted responses when cross-sex covariances were included (16.9 + 15.7°), compared with
when they were excluded (87.9 + 31.6°). We conclude that intralocus sexual conflict constrains the
joint evolutionary responses of the two sexes in a contemporary human population.
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1. INTRODUCTION

Genetic mechanisms constrain responses to natural
selection in all organisms [1-3]. Further constraints on
evolutionary responses occur in sexual species with differ-
entiated genders, where most genes are expressed in both
females and males. For example, the same traits can
encounter different selection pressures in the two sexes
(sexually antagonistic selection [4,5]) and the genetic
correlations of the traits between the sexes will deter-
mine whether they are constrained from reaching their
sex-specific optima (intralocus sexual conflict [6]; also
called intersexual ontogenetic conflict [7]).

Intralocus sexual conflict is likely to impact a wide
range of evolutionary processes [6,8], and its operation
has been observed in plants and animals [4,6,9,10] by
demonstrating either sexually antagonistic trait selection
[11,12] or a negative genetic correlation for fitness
between males and females [13-16]. Because the
shared traits that mediate these conflicts were not ident-
ified in most such studies (for an exception, see [17];
for review, see [6]), they may have underestimated the
complexity of intralocus sexual conflict, for selection
rarely acts on single traits alone, and most morphological,
physiological and life-history traits share genetic corre-
lations [18]. In modern humans, there has been recent
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interest in testing for intralocus sexual conflict [19,20].
However, there has not yet been any direct evidence
for genetic constraints on shared traits because existing
longitudinal data on both sexes that include both pedi-
grees and life-time reproductive success (LRS) have
not yet been used to compare selection gradients, cross-
sex covariances and predicted responses. Here, we
show how these effects interact to constrain the joint
responses to selection of human males and females in a
contemporary population.

Studying how natural selection acts on traits in con-
temporary populations became more interesting when
methods were developed to analyse the intensities of selec-
tion on multiple interacting traits [18,21] and to estimate
genetic parameters with maximum-likelihood methods on
large sets of complex pedigrees [22]. Initially applied to
natural populations of plants and animals [23], these
methods demonstrated that responses to natural selection
are pervasive and ongoing. Applied more recently to con-
temporary human populations [24—26], they showed that
humans continue to evolve.

Sex-specific selection interacts with genetic constraints
shared between the sexes to generate the joint response
to selection in males and females. If the responses in
one sex are constrained by processes occurring in the
other sex, then the phenotype is not optimized for per-
formance in each sex; instead, it has compromises
forced upon it by the fact that genes regularly pass
through both male and female bodies. Understanding
these compromises can help one to explain human

This journal is © 2012 The Royal Society
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sexual dimorphism in morphological, life-history and medi-
cally relevant traits, as well as some of the evolutionary
puzzles of sexuality [20,27,28]. In this study we asked
whether the males and females enrolled in the Framingham
Heart Study experience different selection pressures, and,
if they do, whether those differences in gender-specific
selection combine with cross-sex genetic covariances to
constrain responses to selection in both sexes.

2. MATERIAL AND METHODS

We estimated the additive genetic variances within and co-
variances within and between the sexes, and the selection
intensities acting on seven focal traits—height, weight, systolic
and diastolic blood pressure, blood glucose, total cholesterol
and age at first birth—in 2655 males and 2226 females in
the Framingham Heart Study [29], in which three generations
totalling 15 877 people nested in 1538 pedigrees have been
regularly examined for multiple traits, starting in 1948 and
continuing to the present. We used sub-samples in which the
necessary information was available.

(a) Study population

The ongoing Framingham Heart Study initially enrolled
5209 men and women (termed the original cohort) from
the town of Framingham, MA in 1948. Trained physicians
examined these participants every 2 years for a total of
28 times. Original cohort members are predominantly of
European ancestry (20% UK, 40% Ireland, 10% Italy,
10% Quebec). An offspring cohort was included in 1971,
consisting of 5124 offspring of the original cohort; they
have been measured eight times (roughly every 4 years). A
third generation cohort has been followed since 2002 but
was not included in our analysis because many have not com-
pleted reproduction. We obtained human subjects approval
from the Yale Institutional Review Board and from the
National Institutes of Health dbGaP database. Data were
de-identified by the Framingham Heart Study.

(b) Data used

The collective pedigree consists of 15877 individuals
nested within 1538 pedigrees (pedigree size ranged from
2 to 526 individuals with a mean of 8.4) and includes
immediate and extended family links. To give an example
of how thoroughly traits were measured, 14 173 individuals
were measured on average 7.3 times (maximum 28 times)
for systolic blood pressure, yielding 104 682 measurements
of this trait. Of these individuals, 2383 and 5143 also had
one or both parents measured for systolic blood pressure,
respectively. We analysed the traits measured across most
examinations in the original and offspring cohorts but
report here only on the seven that were truly quantitative
and allowed us to retain a significant sample size throughout:
height, weight, total cholesterol, blood glucose, systolic blood
pressure, diastolic blood pressure and age at first birth.
Additional details of study design and selection intensities for
the other traits—heart disease functional class, average of
five heart disease indicators, average of eight indicators of
neurological disease, urinalysis albumin, urinalysis glucose,
diabetes diagnosis and, for women, age at menopause—are
provided in the electronic supplementary material.

We used measurements of traits between the ages of
20 and 60 years, the main reproductive years in humans.
We accounted for nonlinear changes in traits (owing to age
and year measured) by taking residuals from the surface of
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a generalized additive model (LOESS:; see the electronic sup-
plementary material, figure S1), converting these to the
original metric by adding the global mean, and averaging
repeated measures to produce a single measure per person
[24]. The surface can be estimated accurately from the
large number of measures. Traits deviating from normality
were log-transformed. Age at first birth was estimated from
pedigree and age data. The covariation between traits and
LRS was not confounded by reverse causation; that is, the
number of children an individual produced did not lead to
developmental changes in their observed traits. For example,
female weight was not affected by the number of children
given birth to previously [24].

(¢) Decisions made in the analysis

To represent environmental effects, we included covariates in
the multivariate selection analyses: self-reported smoking
status, presence/absence of diabetes mellitus, self-reported
oestrogen use and self-reported medications for cholesterol
and hypertension between ages 20 and 60 years, education
and country of origin. Very few women took cholesterol-lower-
ing medication; they were removed from the analysis. Data on
country of origin were only collected for the original cohort; we
assumed that individuals in the offspring cohort were born in
the US. Education was number of years of completed edu-
cation; those with missing values were assumed to have
8 years. Smoking status indicated whether a person had been
recorded as a smoker. LRS was obtained from questionnaires
and inferred from pedigrees. We previously demonstrated
that the proportion not surviving to age 20 years is so low in
modern populations that expanding the measure of fitness to
include the effects of mortality before age 20 years would prob-
ably have little to no effect on our findings [24].

We controlled for temporal fluctuations (baby boom—bust
effects) in LRS and age at first birth (see the electronic sup-
plementary material, figure S2) by separating the population
into six groups of differing average fertility by year of
birth (birth years 1892-1918, 1919-1925, 1926-1936,
1937-1941, 1942—-1946, 1947-1956) and calculated relative
fertility by dividing individual measures by the mean for birth
groups. Male and female data were adjusted separately. The
5372 women and 4719 men in the original and offspring cohorts
were reduced to 2226 and 2655 in the sample analysed for sev-
eral reasons. We excluded individuals measured fewer than
three times for any of the continuous traits. The male sample
was reduced due to missing values for age at the latest exam,
missing from the pedigree file, age younger than 60 years by
the latest examination, or prostate surgery or vasectomy
before age 60 years. The female sample was reduced if meno-
pause had not occurred by the latest examination, if values for
age at menopause were missing after age 50 years or if repro-
ductive potential ceased unnaturally before age 45 years
(hysterectomy, ovaries removed, radiation, chemotherapy, etc.).

(d) Sexual dimorphism of shared traits

We estimated the overall level of sexual dimorphism with a
multivariate analysis of variance (MANOVA), entering the
seven shared focal traits as dependent variables and sex as
the main independent fixed effect. To assess how each
shared focal trait differed individually, we used univariate
ANOVAs to compare males and females. All seven focal
traits were significantly sexually dimorphic (see the electronic
supplementary material, table S3), indicating that females
are typically shorter and lighter, have higher cholesterol,
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lower blood pressure and blood glucose, and have their first
child at a younger age.

(e) Estimating selection gradients for males

and females

We calculated selection gradients (3) by regressing LRS on
phenotypic traits and covariates using multiple linear
regression, which included linear, quadratic and cross-
product terms for the main phenotypic traits. Regressions
were performed separately for males and females. As the
sample for age at first birth was considerably smaller owing
to individuals with no children, two analyses were performed:
with and without age at first birth. Quadratic regression coeffi-
cients were doubled as suggested by Stinchcombe ez al. [30].
LRS was converted to relative fitness (i.e. modified to a
mean of one) and focal traits to zero means and unit variances
(as recommended by Lande & Arnold [18]) for both males
and females. Using a non-continuous dependent variable
(i.e. LRS) in multiple linear regression may violate distri-
butional assumptions and cause problems for estimating
significance of f3-values [31]. Therefore, p-values were also
obtained using a multiple Poisson regression, where LRS was
treated as an integer, and by resampling, where LRS was
randomly shuffled in male and female datasets to create null
distributions for each f3-value. p-values were derived from the
number of times (out of 10000 simulations) that original
B-values were greater than or equal to the f3 pseudo-values.
p-values from the Poisson regression and resampling pro-
cedure were similar to those from the linear regressions.
Mean standardized coefficients [32] were obtained from the
multiple linear regression.

(f) Comparing male and female

multivariate selection

To test for the presence of sexually antagonistic selection, we
compared the strength and direction of selection between
males and females using two approaches. First, we used par-
tial F-tests as outlined by Chenoweth & Blows [33], which
screen for male—female differences in the magnitude of selec-
tion gradients. Second, to check for male—female differences
in direction of selection in a multivariate space, we calculated
the angle (6) between vectors of linear selection gradients
and also between the dominant vectors of nonlinear selection
(eigenvectors, A) using @=cos '(a-b)/|al||b]), where
lall=+va-a and ||b||=vb-b (described by Lewis er al.
[17]). For linear selection gradients, a and b represent
the vector of male and female linear selection gradients
(Bm> Pr), respectively. For nonlinear selection, a and b
represent the dominant vector of y for males and females
(Am> Ag), respectively. We also estimated p-values and confi-
dence intervals (CIs) for 0 (described below).

(g) Predicted response to selection in males

and females

We applied a mixed-effects restricted maximum likelihood
(REML) model in ASREMLv. 3.0 [22] to pedigrees to estimate
the male—female genetic variance—covariance matrix G [34]:

o~ (¢ o) (2.1)

G is composed from the within-sex genetic covariance
matrices for males (Gy,) and females (Gg), and the additive
genetic covariance between sexes (B), where BT is the trans-
pose of B. Predicted responses to selection were estimated
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using a derivative of equation (2.1) of Lande [21], where
P~ 's was replaced with f3:

(3) -3 (5 2) (5 ) .

Az, and Az¢ are predicted vectors of male and female
trait changes, estimated using G and the vectors of male—
female selection gradients (3, and f3f), where 1/2 adjusts
for equal male and female contributions to offspring. We
also examined the potential degree of genetic constraint
imposed by B (first test for intralocus sexual conflict at the
trait level), by comparing predicted responses obtained from
equation (2.2) above (Rp- g) to those where this was set
to zero (Rp— o). p-values for the differences between pre-
dicted trait responses (with and without B) were obtained
with z-tests that used variances summed from G and 3. We
did not predict evolutionary responses to selection past one
generation because changes in selection gradients driven by
rapid cultural change make projections beyond one gener-
ation unreliable. We only projected changes for quantitative
traits that were well measured throughout the study.

To examine the potential degree of constraint imposed by
the cross-sex covariances (second test for intralocus sexual
conflict at the phenotype level, i.e. across all traits jointly),
we calculated the angle (0, formula presented above)
between the vectors of male- and female-predicted responses
to selection, once when cross-sex covariances were included
(Rp = g) and once when they were excluded (Rp = ). If the
angle between male- and female-predicted responses when
Rpg - p is significantly smaller than the angle when Rp — ¢,
then cross-sex covariances are constraining male and female
responses to selection (i.e. forcing shared traits to evolve
more similarly). If these angles are not significantly different,
then B is probably not constraining the evolution of shared
male and female traits. Testing for a significant difference
between these two angles is described below.

In studies where predicted responses to selection have
been estimated, it is often difficult to conclude whether
they are sufficiently large to be considered significantly differ-
ent from the mean in the previous generation. Furthermore,
when estimating angles (0) between two vectors, it is impor-
tant to know whether an angle is close enough to 90° to be
scientifically interesting. Therefore, we estimated the signifi-
cance of such angles by comparing them to simulated
null distributions. We randomly shuffled LRS to obtain
a null distribution for each selection gradient with no
relationship between fitness and traits and randomly shuffled
trait values to obtain a null distribution for each genetic
variance and covariance with no familial relationships.
Pseudo-estimates of selection were used to obtain a null distri-
bution of angles (#) between male and female linear and male
and female nonlinear selection intensities. The pseudo-
estimates of selection and genetic covariances (with and with-
out pseudo-estimates of B) were combined in equation (2.2)
to obtain a null distribution of trait responses. To test for
significant differences between male- and female-predicted
responses to selection, and between the angles between male
and female linear and male and female nonlinear selection
gradients, we noted the number of times in 5000 permutations
that the pseudo-estimates were equal to or less than the
original estimated response or angle.

Confidence intervals for predicted responses and angles
(0) were estimated using Monte Carlo simulations as
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Figure 1. Magnitude and direction of linear selection gradi-
ents (B, unstandardized) acting on males (open bars,
n = 2655) and females (filled bars, n = 2226) born between
1892 and 1956. Full results are in the electronic supplemen-
tary material, tables S1 and S2. TC, total cholesterol;
WT, weight; HT, height; SBP/DBP, systolic/diastolic blood
pressure; GLU, blood glucose; BIR, age at first birth.
p-values are from multiple Poisson regressions (*p < 0.05,
#tp < 0,01, **p < 0.001). Overall R® values were 0.152
and 0.088 for male and female regressions, respectively.

described by Byars er al. [24]. The variation in male and
female 3, y and G were randomly sampled 5000 times
(3, v handled simultaneously) to produce sample distribu-
tions for each parameter. Variation in 8 and y were then
reflected in the phenotypic covariance matrix among the
regression coefficients and in G by the standard errors pro-
duced by ASReml. These were then used to generate
sample distributions for predicted responses (with and with-
out cross-sex covariances B) and angles (), from which 95%
ClIs were derived. Additionally, we compared the two sample
distributions for the angle () between the vectors of male-
and female-predicted responses (with and without B) using
a Wilcoxon signed-rank test.

3. RESULTS

(a) Patterns of natural selection in males

and females

To test the idea that selection on traits in one sex is con-
strained by selection in the other sex, we first estimated
selection intensities on traits in each sex separately using
a multiple regression of fitness (completed family size)
on each trait, its square, the products of all pairs of
traits and the three variables available to control for
environmental effects: smoking, country of birth and edu-
cation level (see the electronic supplementary material,
tables S1 and S2). The results (figure 1 and table 1) indi-
cated that directional selection was acting to increase
weight, reduce height, decrease total cholesterol and
decrease systolic blood pressure more strongly in females
than in males, where it was acting more weakly on all of
these traits, but in the same direction. Selection was
acting to decrease age at first birth more strongly in
males than in females. Thus, linear selection intensities
on these traits had similar directions but differed in mag-
nitudes between the sexes. Although we did not find any
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significant linear selection gradients that were directly
opposing between the sexes in this analysis, results
from further analyses below (6, partial F-tests), perhaps
better suited to detecting sexually antagonistic selection,
did uncover significant differences in the magnitude and
direction of male—female linear selection gradients.

For nonlinear selection, sex-specific differences
included significant stabilizing selection (i.e. a negative )
for male but not female height, and significant correlatio-
nal selection (interaction terms) between glucose (present
in urine) and male height and female blood pressure (see
the electronic supplementary material, tables S1 and S2).
That there was significant stabilizing selection on male
height versus negative directional selection on female
height suggests different fitness optima for this shared trait.
Smoking and country of birth had no significant effect
on LRS, whereas education did in both sexes (see the elec-
tronic supplementary material, tables S1 and S2): more
highly educated men had more offspring and more highly
educated women had fewer offspring, on average.

(b) Differences in male and female

multivariate selection

The combined effects of selection on all traits suggested
that males and females were being selected in different
directions in a multivariate space. The differences in
selection orientation experienced by the two sexes are
summarized by the angles (#) between the vectors of
linear (f3,, versus f3¢ 77.8 + 20.5° 95% CI, p=0.014)
and nonlinear selection (A, versus Ag 99.1 + 25.9°,
p < 0.001), where 90° represents absolute selection con-
straint and 0° represents complete lack of constraint
[35]. Both angles were closer to being orthogonal than
parallel (especially so for nonlinear selection), indicating
partial constraint. Moreover, partial F-tests indicated an
overall significant difference in linear selection between
males and females (Fy3.4g850 = 2.14, p = 0.009) that was
mostly due to contrasting male—female selection on
total cholesterol (p = 0.029), weight (p =0.003) and
height (p < 0.001). Taken together, € and partial F-test
results suggest significant divergence between male and
female selection gradients.

(c¢) Genetic correlations and degree of
genetic constraint
To test the idea that genetic correlations between the
sexes constrain responses to selection, we estimated the
additive genetic variances and covariances of the traits
within and between the sexes (table 2). Estimates were
obtained from a total of 1538 linked pedigrees by parti-
tioning phenotypic variance into additive genetic and
other components with restricted maximum likelihood
[22] in a multivariate mixed-effects model where the phe-
notype of each individual is modelled as the sum of its
additive genetic value and other random and fixed effects.
Maternal ID was included as a random effect (significant
in 11% of the REML analyses) to help represent shared
environmental effects; environmental effects were rep-
resented by smoking, education and country of origin
(significant in 3% of analyses).

We distinguish between direct and indirect genetic co-
variance between the sexes. Direct genetic covariance
between the sexes is the genetic covariance in the same
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Table 1. Male and female linear selection gradients (f3) and trait projections (+95% CIs) with (Rg) and without (Rg = ¢) cross-
sex covariances. mean = trait means; 3 + s.e. = unstandardized selection gradient with s.e.; Pr( > |z|) from a multiple Poisson
regression; % var. = percentage of variation in LRS explained; 4% + s.e. = trait heritability with s.e. Full regression outputs
including quadratic and cross-product terms can be found in the electronic supplementary material, tables S1 and S2. TC, total
cholesterol; WT, weight; HT, height; SBD/DBP, systolic/diastolic blood pressure; GLU, blood glucose; BIR, age at first birth.

mean B + se. t-value Pr(>|z) %var. h*+ se. Ry Ry _,

male

TC 220.07 —0.144 + 0.207 —0.694 0.557 0.008 0.62 + 0.050 219.225 +0.316 220.001 + 0.158
wWT 80.37 0.360 + 0.269 1.34 0.224 0.169 0.48 + 0.055 80.600 + 0.119 80.489 + 0.053
HT 173.68 —0.064 + 0.953 —0.067 0.95 0.037 0.84 +0.055 173.638 + 0.068 173.740 + 0.041
SBP 130.44 —0.3354+0.494 —0.678 0.401 0.059  0.58+0.051 130.135+40.134 130.486 + 0.075
DBP 82.03 0.857 4+ 0.548 1.563 0.121 0.166  0.50 + 0.053 82.015 + 0.081 82.060 + 0.039
GLU 93.16 —0.475+0.355 —1.34 0.701 0.006 0.27 + 0.053 92.945 + 0.140 93.112 + 0.063
BIR 28.91 —1.559+0.165 —9.394 <0.001 3.616 0.12 + 0.065 28.772 £ 0.115 28.833 + 0.050
female

TC 223.87 —0.799 +£0.242 —3.305 <0.001 0.294 0.62 + 0.045 223.162 +0.294 223.309 + 0.207
wWT 64.72 0.972 + 0.253 3.851 <0.001 0.392  0.50 4+ 0.049 64.786 + 0.113 64.706 + 0.073
HT 160.24 —4.393+1.035 —4.244 <0.001 0.49 0.87 + 0.055 160.209 + 0.062 160.172 + 0.045
SBP 12757 —1.497 +£0.545 —2.746 0.006 0.018 0.56 + 0.046 127.399 + 0.157 127.395 + 0.124
DBP 78.50 1.006 + 0.607 1.657 0.098 0.036 0.53 + 0.046 78.400 + 0.082 78.328 + 0.063
GLU 89.11 —1.022+0.441 —2.315 0.021 0.007  0.29 4+ 0.045 88.941 4+ 0.111 89.005 + 0.080
BIR 26.17 —1.195+4+0.174 —6.853 <0.001 3.932 0.18 + 0.057 26.080 + 0.094 26.171 + 0.040

trait expressed in each sex. Indirect genetic covariance
between the sexes is the genetic covariance between one
trait in one sex and another trait in the other sex. Because
there was no direct negative genetic covariance between
the sexes for any of the traits (table 2b,¢), all of the inter-
sexual conflict was caused by indirect negative genetic
covariances and by differences in selection in the two
sexes. There was significant indirect negative genetic
covariance between female height and total cholesterol
in males (p = 0.041).

When the sexes were considered separately within the
G matrix (table 2a,d), significant negative genetic covari-
ance was also present between height and total cholesterol
in males (p < 0.001) and females (p < 0.001). Moreover,
these two traits showed complex significant (p < 0.001
in all cases) genetic associations with several other traits:
total cholesterol positively correlated with male and
female systolic blood pressure and negatively with female
weight; height positively correlated with male and
female weight and age at first birth, and negatively with
male blood glucose.

To explore in more detail the interaction of sexually
antagonistic selection with intertrait sexual conflict in con-
straining responses to selection at the trait level, we
predicted the responses of individual traits to selection
with and without cross-sex additive genetic covariances
of traits (B). The results (table 1, two rightmost columns;
figure 2) indicate that including the cross-sex genetic
covariances significantly alters the predicted response
of the sexes to selection. Including B significantly altered
the direction of predicted responses to selection in one
male trait (systolic blood pressure), and the magnitude of
predicted responses in two male traits (total cholesterol,
age at first birth) and one female trait (age at first birth).

To examine potential genetic constraints at the pheno-
type level (i.e. across all traits jointly), we also calculated
and compared the angles between the vectors of male-
and female-predicted responses. They were 16.9 + 15.7°
(95% CI) when cross-sex genetic covariances were
included and 87.9 + 31.6° when they were excluded.
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These angles were significantly different (p < 0.001,
Wilcoxon test), indicating that cross-sex covariances
are constraining male and females to respond more simi-
larly for shared traits. This can also be seen visually in
figure 2, where all seven shared traits respond in the
same direction when Rpg _ g, compared with only three
that do so when Rpg — .

4. DISCUSSION

(a) The causes of constraint on the joint evolution of
the sexes in humans

Contrasting patterns of selection and conflicting genetics
both constrain the joint responses to selection of men and
women in this population. This result emphasizes how
important it is to study the simultaneous evolution of
both sexes, which has not previously been tested directly
on humans. We were able to do it because of the unusual
advantages of the Framingham Heart Study: multiple
generations, large samples, reliable measurements and
information on pedigrees. The Framingham Heart
Study also has disadvantages. It was not designed with
our questions in mind, which means we had to work
with the traits that were measured, not with those we
might have wanted to measure. On the other hand, that
the traits studied were selected for medical reasons
rather than to investigate sexual selection and conflict
suggests that the constraints identified are more general
than many—but perhaps not those working on sexual
antagonism [6,8]—had previously suspected.

We emphasize that because there was no direct nega-
tive genetic covariance between the sexes for any of the
traits, all of the intersexual conflict found in this study
was caused by indirect negative genetic covariances and
by differences in selection in the two sexes.

In the short term, the interaction of sexually antagonistic
selection with genetic correlations of traits between the
sexes is constraining the evolutionary responses of these
contemporary human males and females. In the long
term, modifier genes could alter genetic correlations to
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Figure 2. Predicted responses of (¢) male and (b) female traits
to selection (filled bars, Rp; open bars, Rg_ (). y-axis rep-
resents the percentage change of traits after one generation.
Responses were calculated with additive genetic covariances
between the sexes (B) included (Rpg) or set to zero (Rg = o).
p-values for differences from zero, indicated within the bars,
are from comparisons with 5000 random permutations;
differences between responses with and without B, indicated
above the bars, are from z-tests that used variances summed
from G and f. *p<0.05, **p<0.01, **¥p<0.001.
TC, total cholesterol; W, weight; HT, height; SBP/DBP,
systolic/diastolic blood pressure; GLU, blood glucose; BIR,
age at first birth.

loosen this constraint [5]. The observed sexual dimorph-
ism for our focal traits suggests that selection acting in the
long term has already partially got around these con-
straints, as has also been demonstrated in model species
[36]. Other studies suggest which other human traits may
have been under sexually antagonistic selection (e.g. hip
width [13,19]).

(b) Contrasting selection and interactions between
age at first birth and height

Previous studies examining phenotypic selection gradi-
ents for age at first birth have found both potential for
the trait to respond genetically and differences between
males and females that depended on population and
time period. For example, significant linear selection
favoured earlier first birth in both sexes in a pre-industrial
Finnish population [37], where selection on this trait
appeared more intense for women versus men across
three populations. More recent evidence from a US popu-
lation [38] indicated that the magnitude of selection on

Proc. R. Soc. B (2012)

this trait was similar for males and females. In our
sample, selection on first birth appeared slightly more
intense for men than women. Demographic and socioeco-
nomical changes have probably influenced how selection
has favoured this trait in men and women. Indeed, cultural
differences influencing selection acting in men have been
reported earlier. For example, Nettle & Pollet [39] found
that selection on indicators of male wealth were weaker
in industrialized countries and stronger in subsistence
societies with extensive polygamy. More generally, it is
becoming increasingly apparent that human evolution has
been shaped by gene—culture interactions [40].

Patterns of selection acting on male and female
heights differed noticeably. Height was the most sexually
dimorphic trait (see the electronic supplementary material,
table S3) in our study, and it was also one of three traits
contributing to the overall significant difference in linear
selection between males and females. Moreover, compared
with the stabilizing selection on male height, significant
linear selection on female height strongly indicated fitness
advantages for shorter females. This contrast supports
the suggestion by Kanazawa & Novak [41] that the
dimorphism in human size emerged not because men
got taller but because women became shorter as a response
to selection for earlier age at maturity: they traded growth
in height for earlier reproduction [26,42]. Correlations
between height and age at first birth—both phenotypic and
genetic—were significant in females. This suggests that
while females may trade height for earlier reproduction as a
plastic response on a reaction norm, these traits are also
genetically correlated: women who first bear children earlier
are genetically predisposed to be shorter on average. And
when we included age at first birth in the multiple regression
analysis, there was also a significant interaction between
female height and first birth (p = 0.009), suggesting that
women who reproduce earlier are generally shorter.

In pre-industrial or hunter—gatherer societies, the advan-
tage of being short may have been lost to taller women who
had lower rates of infant mortality than did shorter women
[39,43,44]. Modern society has greatly reduced infant mor-
tality, causing a transition from mortality-dominated to
fertility-dominated reproduction, where selection will now
favour earlier reproduction in shorter women [26]. This
transition in selection on women may also have directly
affected maturation in men; indeed, predicted responses
for age at first birth in males and females were significantly
greater when the intersexual genetic correlations were
included (figure 2).

(c) Negative genetic correlations between height
and cholesterol

Female height was indirectly negatively genetically corre-
lated with total cholesterol in males, a negative genetic
correlation that was also present when males and females
were considered separately (table 2). This suggests that
while directional responses in one trait are likely to force
opposing directional responses in the other owing to nega-
tive pleiotropy, these responses will also be mediated by the
significant negative and positive genetic correlations that
we found with the other traits. The complexity of these
interactions emphasizes the importance of using a multi-
variate setting to accurately predict trait responses. Our
results suggest that of these two traits, only total cholesterol
will respond significantly: natural selection is acting to
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reduce total cholesterol directly in women, and that will
also lead to lower cholesterol in men owing to intersexual
genetic correlations. This selection pressure to reduce
total cholesterol, along with weakening selection pressures
beyond the ages of typical reproductive senescence in
humans, has probably contributed to differences between
the sexes in patterns of cardiovascular disease. Some
studies have found that heart disease prevalence in
women, which is closely linked with levels of cholesterol,
lags behind that in men until post-menopausal age; after
that women outpace men [45].
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