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The sexes often have different phenotypic optima for important life-history

traits, and because of a largely shared genome this can lead to a conflict

over trait expression. In mammals, the obligate costs of reproduction are

higher for females, making reproductive timing and rate especially liable

to conflict between the sexes. While studies from wild vertebrates support

such sexual conflict, it remains unexplored in humans. We used a pedigreed

human population from preindustrial Finland to estimate sexual conflict

over age at first and last reproduction, reproductive lifespan and reproduc-

tive rate. We found that the phenotypic selection gradients differed between

the sexes. We next established significant heritabilities in both sexes for all

traits. All traits, except reproductive rate, showed strongly positive intersex-

ual genetic correlations and were strongly genetically correlated with fitness

in both sexes. Moreover, the genetic correlations with fitness were almost

identical in men and women. For reproductive rate, the intersexual corre-

lation and the correlation with fitness were weaker but again similar

between the sexes. Thus, in this population, an apparent sexual conflict at the

phenotypic level did not reflect an underlying genetic conflict over the studied

reproductive traits. These findings emphasize the need for incorporating

genetic perspectives into studies of human life-history evolution.
1. Introduction
The timing and rate of reproduction are important fitness determinants in many

species and the sexes often differ in their phenotypic optima regarding when

and how often to reproduce [1]. This leads to divergent selection pressures

between the sexes, or sexually antagonistic selection. However, an evolutionary

response to selection requires genetic transmission to following generations

because only the heritable component of a trait is passed on to offspring [2].

Furthermore, most traits are expressed by the same genes in both sexes (i.e. the

same loci encode the trait in males and females) leading to an often strong posi-

tive genetic correlation between the trait in males and females. This intersexual

genetic correlation constrains the ability of the sexes to respond independently

to selection and can lead to one sex displacing the other from its phenotypic opti-

mum (so-called intralocus sexual conflict [3,4]). This conflict can potentially be

resolved by sex-specific gene expression and sexual dimorphism. However,

because these processes often need to evolve over long time scales and their

evolution can be hampered by other processes that prevent the evolution of com-

plete dimorphism, we can often expect to encounter unresolved sexual conflict in

nature [5–7]. Indeed, evidence suggests that such conflict is widespread

(reviewed by Bonduriansky & Chenoweth [8]) and it has become a dominating

theme in evolutionary studies on non-human animals in recent years [4].

http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2013.2002&domain=pdf&date_stamp=2013-10-09
mailto:e.bolund@sheffield.ac.uk
http://dx.doi.org/10.1098/rspb.2013.2002
http://dx.doi.org/10.1098/rspb.2013.2002
http://rspb.royalsocietypublishing.org
http://rspb.royalsocietypublishing.org


rspb.royalsocietypublishing.org
ProcR

SocB
280:20132002

2
To demonstrate sexually antagonistic selection, one needs

to show: (i) that the phenotypic selection pressures on the

trait differ between the sexes, (ii) that the trait has significant

genetic variation (i.e. there must be additive genetic variance)

and shows a strong positive intersexual genetic correlation

(i.e. a shared genetic architecture), so that the ability of the

sexes to evolve independently is constrained, and (iii) that

the genetic covariance between the trait and relative fitness is

positive in one sex but negative in the other. To study this, a

general framework that has been developed to study selection

and evolutionary response to selection can be applied

(reviewed in [3]). Recently, several theoretical and empirical

papers [9–12] have advocated the use of the Robertson–Price

identity (sometimes called the ‘secondary theorem of natural

selection’ [3,13,14]) in studies of evolutionary change. The

Robertson–Price identity states that the expected change in

mean phenotype between generations is equal to the additive

genetic covariance between the trait and relative fitness (or

the extent to which heritable genetic differences among indi-

viduals determine both the trait and fitness). Thus, if we

observe in a population that the highest fitness is achieved in

males by individuals that reproduce late in life but in females

by individuals that reproduce early in life, the Robertson–

Price identity allows us to predict sex-specific evolutionary

responses over one generation to this observed phenotypic

directional selection. Importantly, the focus on the genetic

covariance means that the estimate is unbiased by the covari-

ance between the non-heritable environmental component of

the trait and fitness (e.g. if individuals that grow up under

abundant resource availability reproduce earlier [15,16]).

Studies of sexual conflict tend to focus on polygamous

species, where there are large differences between the sexes

in the variance of reproductive success. However, males and

females might experience different phenotypic selection on a

number of life-history traits even under monogamy [17]. For

example, a study on a serially monogamous human population

from preindustrial Finland found that improved mating suc-

cess led to an increase in reproductive success and that this

relationship was stronger in men than in women [18].

In human studies, sexual conflict has recently been the subject

of increasing interest [19]. For example, the optimal family size

has been recognized to be influenced by the sex-specific cost of

reproduction and the availability of alternative reproductive

options owing to divorce and extra-pair fertilizations [20].

Further, the cost of reproduction was found to be higher in

females than in males in humans [21]. However, these studies

focus on the phenotypic level, while an evolutionary response

to selection only occurs if the trait has a genetic basis and is

genetically correlated with fitness. Despite this continued focus

on the phenotypic level, an evolutionary perspective is gaining

momentum and results showing that humans are still subject

to natural selection and are still experiencing evolutionary

change are rapidly accumulating (reviewed in Stearns et al.
[22]). A number of studies have demonstrated significant herit-

ability of traits related to reproduction (reviewed in [22]) and

other studies have demonstrated a genetic correlation between

reproductive traits and fitness [23–25]. Thus, we might expect

an evolutionary response. However, these studies have been lim-

ited by focusing only on females, or by using a twin design or

parent–offspring regression, which largely precludes the esti-

mation of intersexual genetic correlations [3]. Instead, pedigree

data that span several generations allow the use of all levels of

relatedness to disentangle genetic from environmental effects
and also allow the estimation of intersexual genetic correlations.

Pedigree data have been used very extensively in studies of

non-human animals (reviewed in [26,27]), but have only recently

been applied in studies on humans, mainly owing to the extreme

scarcity of such data. Nevertheless, the few available studies

on humans clearly demonstrate the usefulness of a pedigree

approach [24,25, 28,29]). For example, Pettay et al. [28] found a

significant heritability of age at last reproduction in females but

not males in a Finnish sample. Another recent study used the

ongoing Framingham Heart Study to provide first evidence

that evolution of a contemporary American population may be

constrained by genetic conflict over medically important traits

[29]. In this population, selection favoured shorter women

and taller men, but female height was negatively genetically

correlated with cholesterol in men, potentially leading to main-

tenance of overall higher cholesterol levels despite selection for

reduced cholesterol in females. Overall however, it remains lar-

gely unknown whether heritabilities and genetic correlations

with fitness are different between the two sexes in humans (see

[28–30] for exceptions).

We here apply quantitative genetic methods that are well

tested in the field of evolutionary biology to a large longitudinal

dataset from Finland on humans. This dataset contains accurate

records of births, marriages and deaths in seven preindustrial

populations and allows us to build pedigrees with up to 12 gen-

erations of data depth. It is thus ideally suited to establish

whether sexually antagonistic selection occurred on the genetic

level, in this case on traits related to reproductive timing and rate

during a period of natural reproductive conditions (i.e. high

infant mortality and prior to the use of contraceptives). The

detailed records allow us to statistically control for a range of

environmental factors (such as aspects of culture) that are

known to influence life-history traits in humans, for example

socioeconomic status and patterns of wealth inheritance [31,32].
2. Material and methods
(a) Data selection
We use demographic data (of 69 691 individuals) from seven farm-

ing and fishing human populations (‘parishes’) in Finland. Starting

in the eighteenth century, the Lutheran church was obliged by law

to accurately record all births, marriages and deaths in every

parish [33]. Our data come from three inland parishes (Ikaalinen,

Pulkkila and Tyrvää), two coastal parishes (Hiittinen and Kustavi)

and two inland eastern parishes, located in current Russia (Jaak-

kima and Rautu). Because divorce was forbidden, remarriage

permitted only if individuals were widowed, and extramarital

affairs were punishable [34], extra-pair paternity rates are likely

to have been substantially lower than the current median world-

wide extra-pair paternity rate of 9%, and probably ranging

between 1.7 and 3.3% as also suggested for modern populations

with high paternity confidence [35]. Such low levels of extra-pair

paternity are insufficient to bias quantitative genetic estimates

qualitatively [36].

We a priori decided to restrict our analyses to individuals

with complete records of their life history until the age of 45

for women and 50 for men to focus on individuals whose poten-

tial reproductive period has been fully documented. Thus, we

excluded individuals who either died before or were not tracked

until adulthood at age 15. We also excluded individuals surviv-

ing to adulthood and with complete life histories, but who never

reproduced because the timing and rate of reproduction can only

be recorded in individuals who do reproduce. Post hoc inspec-

tion revealed that in the current full dataset, 99% of women



Table 1. Sexual dimorphism in traits related to timing and rate of reproduction. (Means+ s.d. are provided along with F- and p-values from univariate
ANOVAS comparing the traits in the two sexes.)

trait females males F1,2320 p

age at first reproduction 26.5+ 5.3 28.7+ 6.1 91.2 ,0.0001

age at last reproduction 34.4+ 6.9 37.4+ 8.0 95.5 ,0.0001

reproductive lifespan 7.9+ 7.0 8.7+ 7.6 6.4 0.012

grandchildren 7.7+ 9.5 8.4+ 9.7 3.19 0.074

females males F1,1760 p

reproductive rate 0.52+ 0.3 0.54+ 0.3 0.98 0.32
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but 93% of men who ever reproduced had stopped reproducing

by the age of 45 and 50, respectively. The more stringent criterion

of 99% for men would require men to have complete records

until the age of 59 inclusive. All (except one male) who fulfilled

all other subsetting criteria (see below) indeed had complete

records until this age. Individuals who died before these ages

were included if they fulfilled all other criteria because running

all analyses on a subset of the data that included only individuals

that survived to the age of 50 years did not significantly influence

any of the results. To ensure complete records of the potential

reproductive period of all offspring, we also required that all off-

spring of each included individual had complete records of their

life history until the age of 45 for women and 50 for men. In

addition, we required complete information for a number of par-

ameters that were entered as fixed and random effects in the

statistical models. Because social class was related to key life-

history traits in these populations [31], we used the occupations

of men to assign a two-level socioeconomic status to him and his

wife: landowning versus landless [32]. We also accounted for

twinning status (singleton or twin [37]), firstborn son (heir; yes

or no) to control for inheritance of status from parents [38],

parish (seven different parishes), maternal identity (to account

for the non-independence of individuals born in the same

family) and birth cohort divided into 20-year intervals [39].

This resulted in a subset of 1229 females and 1093 males, born

between 1621 and 1937. For quantitative genetic analyses, the

full pedigree of 69 691 individuals was pruned to include infor-

mative individuals only (i.e. 5787 individuals, including 2194

mothers and 2152 fathers with a maximum pedigree depth of

12 generations).

We used four measures to capture the variation in timing and

rate of reproduction; age at first reproduction, age at last repro-

duction, reproductive lifespan (calculated as age at first—age at

last reproduction) and reproductive rate (calculated as number

of offspring/reproductive lifespan). Because the calculation of a

rate requires two values that are separated in time, we included

only individuals with more than one offspring, and excluded

individuals with two offspring if those were twins, resulting in

a subset of 903 females and 859 males for reproductive rate. To

assess the degree of sexual dimorphism on the phenotypic

level in these traits and in the number of grandchildren born,

we used univariate ANOVAS with sex as the main fixed effect

and the reproductive trait as the response variable (table 1).

Note that because the study includes only reproductive individ-

uals from each sex, unequal average number of offspring and

grandoffspring for males and females is possible.

Thirteen per cent of men and 10% of women had more than

one spouse over their lifetime (range 1–3, averaging 1.06+ 0.39

in females and 1.14+ 0.38 in males (average+ s.d.). The number

of offspring born over a lifetime ranged from 1 to 17 with an

average (+s.d.) of 3.7+2.7 for females that ever reproduced

and 4.0+ 2.8 for males that ever reproduced. Child mortality

was high with only 65+36% (average+ s.d.) of offspring
surviving to adulthood (15 years). Fitness was quantified as the

number of grandchildren born, to control for any quantity

versus quality trade-off at the offspring stage [32], and to include

grandparental effects [40,41] and ranged from 0 to 62 (with 337

females and 255 males having 0 grandchildren and with an

average+ s.d. of 7.7+ 9.5 for females that ever reproduced

and 8.4+9.7 for males that ever reproduced, number of grand-

children born thus conformed to a Poisson distribution.). While

number of grandchildren born is arguably the biologically

most relevant fitness measure in a human population [22], it

includes attributes of the offspring when calculating parental fit-

ness, which is sometimes regarded as problematic [42,43]. We

therefore validated our results by using lifetime reproductive

success (number of children born, LRS) as our fitness measure.

Requiring full information only on the offspring, rather than

the grandoffspring level also allowed us to use an extended dataset

comprising 5311 women and 5392 men. This did not qualitati-

vely change the results and we thus present results from the

grandoffspring models only.

(b) Phenotypic selection gradients
We performed phenotypic selection analyses and quantitative

genetic analyses in the R-package MCMCglmm [44], which uses

an iterative Bayesian approach suitable for non-Gaussian data.

MCMCglmm provides meaningful error estimates for derived vari-

ables by direct sampling from the posterior distribution. To test for

sexually antagonistic selection on traits related to timing and rate

of reproduction, we first investigated the relationship between

each of the focal four traits and fitness (grandchildren) in models

that included the interaction between sex and both the linear and

the quadratic term for each trait. Models included socioeconomic

status, twin status, firstborn son status and parish as fixed effects

and birth cohort and maternal identity as random effects. Repro-

ductive trait values were standardized within sexes prior to the

analysis (mean of zero; s.d. of one) and we used grandchildren

as a Poisson response variable. The 95% Bayesian credibility inter-

vals for the interaction term indicate whether the linear and

quadratic slopes of the relationship between trait and fitness dif-

fered significantly between the two sexes. To further elucidate

sex-specific phenotypic selection patterns and to facilitate com-

parison with previous studies, we then calculated standardized

phenotypic selection gradients separately in the two sexes. Follow-

ing Lande & Arnold [45], we used standardized reproductive trait

values and relative grandchildren (the grandchildren of an individ-

ual/the mean number of grandchildren of individuals of that sex

in the dataset). Both reproductive lifespan and reproductive rate

are variables that are derived from age at first and age at last repro-

duction. To avoid problems with multicolinearity and to maximize

statistical power [46], we therefore chose to use univariate rather

than multivariate models. Importantly, a multivariate analysis

assumes that all the traits and environmental factors that could

cause the focal trait to covary with fitness have been identified
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and included in the model [9,45]. This assumption is very difficult

to fulfil in studies of natural populations [9]. We thus performed a

Bayesian implementation of univariate linear mixed-effect models,

with the standardized reproductive trait as a linear and a quadra-

tic predictor and relative grandchildren as a Gaussian response

variable. Thus, the linear coefficient represents the univariate stan-

dardized phenotypic linear selection gradient [3] and the doubled

(following [47]) quadratic coefficient can be interpreted as stabiliz-

ing (negative sign) or disruptive (positive sign) selection gradients

[45]. All phenotypic selection models were run with a prior with

V ¼ 1 and a degree of belief parameter (nu) of 0.002.
 g
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(c) Quantitative genetic analyses
We employed a Bayesian version of a linear mixed-effects model

approach (the ‘animal model’) which has gained popularity in

recent decades in evolutionary biology [26,27,48]. It provides a

powerful means to use all the information available in complex,

natural pedigrees to estimate additive genetic variances and

covariances. The use of all levels of relatives (e.g. siblings, grand-

parents and aunts/uncles) confers substantial benefits over twin

and sibling designs. The latter, which are often used in human

studies, can be genetically similar owing not only to additive

genetic effects but also owing to non-additive effects such as dom-

inance and epistasis. This is not the case for less closely related

individuals [49]. Further, unlike twin analyses, the animal model

allows the estimation of intersexual genetic correlations as well

as the separation of genetic effects from cultural inheritance, at

least to an appreciable degree. Hence, it is being successfully

applied in a growing number of human studies [24,25,29]. The

animal model also allows us to control for specific confounding

factors by adding them as fixed or random effects in the model.

To allow comparison with the phenotypic analyses, we used

relative grandchildren as the response and modelled all traits

using Gaussian distributions. From the posterior distribution of

the genetic variances and covariances, we calculate heritabili-

ties as VA/VP. We also calculate maternal effects and genetic

correlations along with their 95% Bayesian credibility intervals.

By coding a trait as two separate traits in males and females

(treating it as a sex-limited trait), it is possible to run a bivariate

model and extract sex-specific heritabilities and the intersexual

genetic correlation. To obtain sex-specific genetic correlations

between traits and fitness, we used three-trait models with the

trait in males, the trait in females and relative grandchildren

(fitness, measured on an individual basis) as the three response

variables. Results remained qualitatively the same when relative

grandchildren was treated as a sex-limited trait and coded as

two separate traits in the two sexes, resulting in models with

four responses (both reproductive trait and fitness sex-separate).

The genetic correlations between reproductive traits and fitness

were estimated in four separate models, one for each trait. All

models included socioeconomic status, twin status, firstborn son

status and parish as fixed effects and birth cohort and maternal

identity as random effects. The reported heritabilities are therefore

estimated after removing the variation due to the fixed effects. To

minimize autocorrelation among samples, models were run for

1 000 000 iterations (after an initial burn-in of 10 000 iterations),

and every 1000th iteration sampled for a total of 1000 samples

from the posterior distribution. We specified a weakly informative

prior by partitioning the phenotypic variance of the traits of inter-

est evenly among each random effect (and covariances to zero) and

specifying a degree of belief parameter (nu) equal to the size of the

matrix (3 for a trivariate model). Estimates were robust to varying

the degree of genetic control specified in the prior (0.95 versus 0.05)

and to an alternative prior specifying a V of 1 and a nu of 2.002

(for a trivariate model). To account for the effects of the genetic

correlations between traits (see the electronic supplemental

material, table S1), we attempted to run a multivariate analysis
with all four reproductive traits (separately in the two sexes) and

fitness in one single model. However, this model failed to reach

convergence and we thus present results from the trait-specific

models described above.

We used R v. 2.15.0 [50] for all statistical analyses. Data is

available from the Dryad Digital Repository: http://doi.org/

10.5061/dryad.4h071.
3. Results
(a) Sexual dimorphism in traits related to reproductive

timing and rate
Three of the four reproductive traits showed significant

sexual dimorphism (table 1). Women started reproducing

2 years earlier than men, and ended reproduction 3 years ear-

lier. This resulted in a reproductive lifespan that was on

average 1 year shorter in women than in men. There was a

non-significant trend for males to have a higher number of

grandchildren. By contrast, both sexes reproduced at similar

rates, with on an average of one child born every second

year during the reproductive lifespan.

(b) Phenotypic selection
Figure 1 provides an overview of the relationship between traits

related to reproductive timing and rate and fitness, based on

grouped raw data. We estimated the differences between the

sexes in the linear and quadratic slopes of the relationship

between traits and fitness (table 2). This showed that the linear

selection for earlier reproduction was stronger in women.

Further, the quadratic relationship between fitness and both

age at first reproduction and reproductive lifespan was different

in the two sexes (table 2). We further estimated linear and quad-

ratic selection gradients in the sexes separately in a Bayesian

implementation of univariate linear mixed-effects models

(table 2). In women, there was selection for an earlier onset of

reproduction and a lower reproductive rate (table 2 and figure

1a,d). Further, a later age at last reproduction and an increased

reproductive lifespan lead to higher fitness. In addition, a posi-

tive quadratic relationship for both traits indicated that

intermediate values conferred lower fitness benefits than

expected from the linear relationship. In men, selection on all

traits was generally linear, with very weak quadratic selection

gradients. Thus, men were selected for an earlier age at first and

a later age at last reproduction, a longer reproductive lifespan

and a slower reproductive rate. The linear selection gradients

mean that a woman who advanced her age at first reproduction

by one phenotypic standard deviation gained 3.1 grandchil-

dren, while a man gained 2.3 grandchildren. Similarly, an

increase in reproductive rate by 1 s.d. resulted in a decrease

of 1.4 and 2.0 grandchildren in women and men, respectively.

A delay in age at last reproduction by 1 s.d. resulted in a gain of

4.5 and 4.0 grandchildren, respectively. Finally, an extension of

the reproductive lifespan with 1 s.d. resulted in a gain of 5.2

grandchildren in women and 6.1 grandchildren in men.

(c) Quantitative genetic estimates of heritabilities and
genetic correlations

All reproductive traits were heritable with credibility intervals

that did not overlap zero and heritabilities did not differ

between men and women (table 3). All traits had a significant

http://dx.doi.org/10.5061/dryad.4h071
http://dx.doi.org/10.5061/dryad.4h071


20(a) (b)

(c) (d)

15

10

av
er

ag
e 

no
. g

ra
nd

ch
ild

re
n

av
er

ag
e 

no
. g

ra
nd

ch
ild

re
n

5

35

0 10 20 30

age at first reproduction in 5-year intervals

reproductive lifespan in 5-year intervals reproductive rate in 0.25 increments

age at last reproduction in 5-year intervals

40 50

0 0 0.5 1.0 1.5 2.0 2.510 20 30 40 50

60 70 0 10 20 30 40 50 60 70

30

25

20

15

10

5

25

20

15

10

5

20

15

10

5

Figure 1. Sex-specific correlations relating the average (+s.e.) number of grandchildren produced (fitness) to (a) age at first reproduction, (b) age at last repro-
duction, (c) reproductive lifespan and (d ) reproductive rate. The raw data are grouped here for visual purposes only, whereas analyses (see main text) are performed
on ungrouped data. Lines represent the best fit from second-order polynomial regressions weighted by the sample size of each group of phenotypic mean on age
(a – c) or rate (d ). Females are denoted by empty squares and dashed regression lines, males by filled diamonds and dotted regression lines.

Table 2. Sex-specific standardized linear (b) and quadratic (g) selection gradients for age at first reproduction (AFR), age at last reproduction (ALR),
reproductive lifespan (RL) and reproductive rate (RR), with their associated 95% Bayesian credibility intervals. (The interactions between sex and the linear term
(sex : b) and sex and the quadratic term (sex : g) were estimated in models including both sexes.)

trait sex b (CI) g (CI) sex : b (CI) sex : g (CI)

AFR females 20.39 (20.47 to 20.32) 0.074 (0.013 to 0.11) 20.15 (20.30 to 20.016) 0.025 (20.058 to 0.11)

males 20.27 (20.35 to 20.18) 0.014 (20.026 to 0.049)

ALR females 0.58 (0.50 to 0.63) 0.14 (0.062 to 0.19) 0.006 (20.11 to 0.13) 0.12 (0.025 to 0.22)

males 0.48 (0.41 to 0.54) 20.037 (20.078 to 0.0027)

RL females 0.67 (0.63 to 0.75) 0.17 (0.12 to 0.23) 20.028 (20.12 to 0.095) 0.087 (20.015 to 0.15)

males 0.73 (0.65 to 0.78) 20.032 (20.067 to 0.017)

RR females 20.18 (20.30 to 20.057) 20.030 (20.068 to 0.012) 0.048 (20.10 to 0.21) 0.030 (20.029 to 0.096)

males 20.24 (20.34 to 20.12) 20.016 (20.053 to 0.019)
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maternal effect (table 3). To determine whether the sexes

differed in the genetic correlations between traits and fitness,

we ran trivariate animal models. The genetic correlations with

fitness were generally very strong with the exception of repro-

ductive rate, which was only weakly genetically correlated
with fitness. The genetic correlations between trait and fitness

were not significantly different, and indeed remarkably similar,

between the sexes (table 3 and figure 2). To test whether

the genetic correlations between the sexes constrain sex-specific

responses to selection, we estimated intersexual genetic



Table 3. Sex-specific heritabilities (h2), maternal effects, intersexual genetic correlations (rG F-M) and genetic correlations between sex-specific traits (age at first
reproduction (AFR), age at last reproduction (ALR), reproductive lifespan (RL) and reproductive rate (RR) and fitness (rG trait-fitness), with their associated 95%
credibility intervals. (Fitness is estimated as the number of grandchildren born relative to the mean number of grandchildren born to individuals of each sex.)

trait sex h2 (CI) maternal (CI) rG F-M (CI) rG trait-fitness (CI)

AFR females 0.09 (0.037 – 0.21) 0.09 (0.043 – 0.21) 0.65 (20.0007 – 0.88) 20.82 (20.88 to 20.69)

males 0.19 (0.03 – 0.38) 0.17 (0.029 – 0.29) 20.70 (20.83 to 20.53)

ALR females 0.17 (0.078 – 0.3) 0.07 (0.024 – 0.15) 0.69 (0.36 – 0.90) 0.84 (0.78 – 0.91)

males 0.12 (0.049 – 0.23) 0.06 (0.013 – 0.14) 0.85 (0.77 – 0.91)

RL females 0.14 (0.06 – 0.25) 0.09 (0.029 – 0.19) 0.75 (0.36 – 0.88) 0.94 (0.91 – 0.96)

males 0.21 (0.086 – 0.29) 0.13 (0.038 – 0.24) 0.91 (0.90 – 0.96)

RR females 0.07 (0.024 – 0.24) 0.06 (0.021 – 0.19) 20.39 (20.84 – 0.49) 20.49 (20.68 to 20.20)

males 0.09 (0.027 – 0.31) 0.12 (0.024 – 0.26) 20.56 (20.78 to 20.38)

fitness females 0.12 (0.063 – 0.19) 0.078 (0.047 – 0.13) 0.32 (20.025 – 0.58) —

males 0.14 (0.089 – 0.27) 0.14 (0.085 – 0.22) —
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Figure 2. Sex-specific genetic correlations between reproductive traits and
fitness, with their associated 95% credibility intervals. Fitness is estimated
as the number of grandchildren born relative to the mean number of grand-
children born to individuals of each sex. Grey bars represent females and
white bars males.
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correlations. These were generally high, thus potentially con-

straining the ability of the sexes to respond independently to

selection. Reproductive rate, however, tended to be negatively

genetically correlated between the sexes (with a wide credibility

interval that overlapped zero), indicating the possibility of

sex-specific responses to selection (table 3).
4. Discussion
To our knowledge, no previous study on humans fulfils all

three requirements needed to demonstrate sexually antagon-

istic selection on a given trait: a demonstration: (i) that the

phenotypic selection pressures on the trait differ between

the sexes, (ii) that the trait has significant genetic variation

and shows a strong positive intersexual genetic correlation

and (iii) that the genetic correlation between trait and fitness

is positive in one sex but negative in the other. We found

that the phenotypic selection pressures on four traits related
to timing and rate of reproduction differed between men

and women in a preindustrial Finnish human population.

We also found significant heritabilities and generally strong

intersexual genetic correlations for these traits, which could

potentially lead to sexual conflict. The genetic correlations

between trait and fitness were, however, remarkably similar

between the sexes, showing that there is no genetic sexual

conflict over traits related to the timing and rate of reproduc-

tion in this human population. Given persistent selection

pressures, we would therefore not predict evolution of

increased sexual dimorphism beyond current levels in these

traits. Our multigenerational pedigree data allowed us to

control for a range of environmental effects that may bias esti-

mates of quantitative genetic parameters, such as inheritance

of socioeconomic status and wealth, and therefore allowed us

to estimate sex-specific heritabilities and genetic correlations

between traits and fitness as well as intersexual genetic corre-

lations with relatively high precision. We are therefore

confident that there indeed is no sexual conflict over the

traits of interest.

(a) Phenotypic selection pressures
We found strong linear positive selection for a delayed age at

last reproduction in both sexes. However, women ceased to

reproduce earlier than men. In preindustrial Finland, pre-

vious studies have found that for females, the cessation of

reproduction at menopause may be beneficial owing to

increasing reproductive conflict over age with own offspring

(the ‘Reproductive Conflict hypothesis’ [51]) and because

women benefit more in terms of fitness from investing

in their grandchildren rather than from continuing to repro-

duce (the ‘Grandmother hypothesis’ [51–53]). By contrast,

no such benefit was found in men [41].

The observed selection for a slower reproductive rate

may at first glance seem counterintuitive. However, the

reason behind this negative association between reproduc-

tive rate and fitness is likely to be that couples responded

to high child mortality by increasing their rate of repro-

duction. In the analysed data, a higher reproductive rate

was associated with a lower child survival until the age

of 15 (lmer: bwomen ¼ 20.18+ 0.036, t ¼ 25.0, N ¼ 903,
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bmen ¼ 20.15+0.035, t ¼ 24.2, N ¼ 859). Alternatively, the

causality may be reversed, such that high child mortality is

a consequence of a high reproductive rate. Either process

would result in couples with a slower birth rate and higher

child survival having more grandchildren.

(b) Potential for an evolutionary response
Consistent with previous findings in both humans and wild

animals, we found that selection was acting to lengthen the

reproductive period, both through selection for an earlier

onset and later end of reproduction [23,24,54]. This strong

selection, coupled with the high genetic correlation between

these traits and fitness, indicates the potential for a strong

evolutionary response. This would lead to a lengthening of

the reproductive lifespan in both women and men. However,

rapid cultural and environmental change makes predictions

of evolutionary response difficult in humans, and projections

beyond one generation tend to be highly unreliable [22]. In

our study, despite strong selection for an earlier start of repro-

duction and a strong genetic correlation with fitness, age at first

reproduction remained relatively high throughout the study

period, which covered 350 years (and up to 12 generations).

Because the main constraint on marriage was economic [55],

we might speculate that the strong genetic correlation between

age at first reproduction and fitness was counteracted by a

strong cultural pressure to delay reproduction until sufficient

economic resources had been accumulated, in the mid- to late

20s in both sexes.

(c) Quantitative genetic estimates: heritabilities and
genetic correlations

Our estimates of the heritabilities and intersexual genetic

correlations of traits related to timing and rate of reproduc-

tion fall within the range of those reported for other human

populations as well as for other vertebrates [1,6,54]. Stearns

et al. [22] recently reviewed published estimates of h2 of age

at first reproduction and found an across-study average h2

of 0.11 in five studies performed before 2010. One more

recent study estimated a heritability of age at first repro-

duction between 0.30 and 0.55 [25]. Similar heritabilities

have been reported for the age at last reproduction (0.23

for women and 0.34 for men in [56] and 0.42 for women

and non-significantly different from zero in men in [28], in

a Finnish population sample unrelated to the sample used

in this study). Our estimates of the genetic correlations

between age at first reproduction and fitness are also consist-

ent with previous findings, as a negative genetic correlation

has consistently been found in women [23–25]. Fitness-

related traits are theoretically predicted to have a lower

heritability and this is generally borne out in empirical

studies [49,57]. Our heritability estimates of fitness of 0.12

in females and 0.14 in males are in the range reported for fit-

ness-related traits in humans (h2 of LRS in women: less than

0.01 and 0.04 in two datasets, respectively, in [25], h2 of LRS

in women: 0.47 in [28], intrinsic rate of increase in women:

0.39 in [23]). Note that while heritability estimates for several

reproductive and life-history traits are accumulating for men

as well as for women, to our knowledge all previous esti-

mates of the heritability of fitness and of the genetic

correlation between age at first reproduction and fitness are

based on studies of women only. Thus, very few studies
have estimated genetic correlations between the sexes or

between traits and fitness. Given the importance of a genetic

perspective in studies of evolutionary change [22], this

should be addressed by future studies.

A fundamental question in evolutionary biology concerns

the maintenance of variation in fitness in wild populations

[3]. Bonduriansky & Chenoweth [8] recently reviewed a

number of studies that have found a negative intersexual gen-

etic correlation for fitness and suggested that genetic

variation in fitness may be maintained to some degree by

sexually antagonistic selection. However, data are scarce

and more studies are needed from natural populations [8].

In our study, a significant negative correlation would have

indicated the presence of sexual conflict in traits that contrib-

ute to fitness. However, a near zero or even positive genetic

correlation, as was found, indicates that there is unlikely to

be strong genetic conflict in traits that are closely related

to fitness.
(d) Implications for studies on humans
Brown et al. [17] recently pointed out that although the majo-

rity of current evolutionary research on humans rests on the

assumption of sex-specific benefits of multiple mating, few

studies have directly addressed this, or actual differences

between the sexes in selection on specific traits. In this

study, the apparent sexual conflict at the phenotypic level

was not reflected at the genetic level. The generally small

sex differences in heritabilities and genetic correlations with

fitness may reflect the monogamous mating system in prein-

dustrial Finland. Because 87% of men and 90% of women in

the analysed data were lifetime monogamous, an individual’s

reproduction was severely constrained by that of their part-

ner. Thus, the timing and rate of reproduction are likely to

result from a compromise between the two partners, leading

to similar genetic correlations with fitness. Further, previous

studies of preindustrial Finland have shown that while

remarriage increased the number of children produced in

men, it did not increase their number of grandchildren [58].

However, given the differential costs of reproduction

between the sexes [21], the asymmetry in the benefits of

maternal versus paternal care for offspring success [59], and

the strong trade-off between offspring quality and quantity

in humans [32], this should create opportunities for conflict

at multiple levels, even in socially monogamous, biparen-

tal societies. Humans show a highly unusual level of

diversity of mating systems across societies, ranging from

strictly monogamous, to polygynous, polyandrous and poly-

gynandrous [60] and there is large interpopulation variation

in the ratio of male to female variance in reproductive success

[17]. Populations also exhibit dramatic differences in the

contributions of offspring quality versus quantity to parental

fitness and the need for maternal versus paternal care for

offspring success [59]. Thus, humans would seem to offer

an unparalleled study system to investigate the influence

and importance of the above factors for patterns of sexual

conflict. A promising avenue would be to estimate the

degree of sexual conflict on the genetic level in human

populations that have a higher average number of lifetime

partners (owing to, for example, polygyny or higher levels

of extra-pair paternity). However, the great challenge for

such endeavours lies in creating multigenerational pedigrees

with known paternities.
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5. Conclusion
Stearns et al. [22] recently stressed the importance of a genetic

perspective in studies of selection and evolutionary change in

humans. Our study illustrates how a genetic perspective can

alter the interpretation of the degree of sexual conflict,

because despite different selection pressures between the

sexes on age at first and last reproduction and reproductive

lifespan, there was no sexual conflict at the genetic level

over these traits in this preindustrial human population. In

general, while heritability estimates for diverse traits are
accumulating rapidly in humans, more studies are needed

that estimate genetic correlations between the sexes and

between traits and fitness in both sexes.
Acknowledgements. We are grateful to Lasse Iso-Iivari, Kimmo Pokkinen,
Aino Siitonen, Sinikka Toijonen, Jarmo Piippo and the Karelian data-
base for data collection. Adam Hayward provided helpful comments
on an earlier version of this manuscript.

Funding statement. Financial support was provided by grants from the
European Research Council and the Royal Society of London to
V.L. and the Kone Foundation to J.P.
ProcR
Soc
References
B
280:20132002
1. Roff DA. 2002 Life history evolution. Sunderland,
MA: Sinauer Associates Inc.

2. Fisher RA. 1930 The genetical theory of natural
selection. Oxford, UK: Clarendon Press.

3. Lynch M, Walsh B. 1998 Genetics and analysis of
quantitative traits. Sunderland, MA: Sinauer
Associates Inc.

4. Arnqvist G, Rowe L. 2005 Sexual conflict. Princeton,
NJ: Princeton University Press.

5. Cox RM, Calsbeek R. 2009 Sexually antagonistic
selection, sexual dimorphism, and the resolution of
intralocus sexual conflict. Am. Nat. 173, 176 – 187.
(doi:10.1086/595841)

6. Poissant J, Wilson AJ, Coltman DW. 2009 Sex-
specific genetic variance and the evolution of sexual
dimorphism: a systematic review of cross-sex
genetic correlations. Evolution 64, 97 – 107. (doi:10.
1111/j.1558-5646.2009.00793.x)

7. Lande R. 1980 Sexual dimorphism, sexual selection,
and adaptation in polygenic characters. Evolution
34, 292 – 305. (doi:10.2307/2407393)

8. Bonduriansky R, Chenoweth SF. 2009 Intralocus
sexual conflict. Trends Ecol. Evol. 24, 280 – 288.
(doi:10.1016/j.tree.2008.12.005)

9. Morrissey MB, Kruuk LEB, Wilson AJ. 2010 The
danger of applying the Breeder’s equation in
observational studies of natural populations. J. Evol.
Biol. 23, 2277 – 2288. (doi:10.1111/j.1420-9101.
2010.02084.x)

10. Hadfield JD. 2008 Estimating evolutionary
parameters when viability selection is operating.
Proc. R. Soc. B 275, 723 – 734. (doi:10.1098/rspb.
2007.1013)

11. Morrissey MB, Parker DJ, Korsten P, Pemberton JM,
Kruuk LEB, Wilson AJ. 2012 The prediction of
adaptive evolution: empirical application of the
secondary theorem of selection and comparison to
the Breeder’s equation. Evolution 66, 2399 – 2410.
(doi:10.1111/j.1558-5646.2012.01632.x)

12. Frank SA. 2012 Natural selection. IV. The Price
equation. J. Evol. Biol. 25, 1002 – 1019. (doi:10.
1111/j.1420-9101.2012.02498.x)

13. Price GR. 1970 Selection and covariance. Nature
227, 520 – 521. (doi:10.1038/227520a0)

14. Robertson A. 1966 A mathematical model of
the culling process in dairy cattle. Anim. Prod. 8,
95 – 108. (doi:10.1017/S0003356100037752)
15. Price T, Kirkpatrick M, Arnold SJ. 1988 Directional
selection and the evolution of breeding date in
birds. Science 240, 798 – 799. (doi:10.1126/science.
3363360)

16. Rausher MD. 1992 The measurement of selection on
quantitative traits: biases due to environmental
covariances between traits and fitness. Evolution 46,
616 – 626. (doi:10.2307/2409632)

17. Brown GR, Laland KN, Mulder MB. 2009 Bateman’s
principles and human sex roles. Trends Ecol. Evol.
24, 297 – 304. (doi:10.1016/j.tree.2009.02.005)

18. Courtiol A, Pettay JE, Jokela M, Rotkirch A, Lummaa
V. 2012 Natural and sexual selection in a
monogamous historical human population. Proc.
Natl Acad. Sci. USA 109, 8044 – 8049. (doi:10.1073/
pnas.1118174109)

19. Maklakov A, Lummaa V. 2013 Evolution of sex
differences in lifespan and aging: causes and
constraints. BioEssays 35, 717 – 724. (doi:10.1002/
bies.201300021)

20. Mulder MB, Rauch KL. 2009 Sexual conflict in
humans: variations and solutions. Evol. Anthropol.
18, 201 – 214. (doi:10.1002/evan.20226)

21. Penn DJ, Smith KR. 2007 Differential fitness costs of
reproduction between the sexes. Proc. Natl Acad.
Sci. USA 104, 553 – 558. (doi:10.1073/pnas.
0609301103)

22. Stearns SC, Byars SG, Govindaraju DR, Ewbank D.
2010 Measuring selection in contemporary human
populations. Nat. Rev. Genet. 11, 611 – 622. (doi:10.
1038/nrn2908)

23. Kirk KM, Blomberg SP, Duffy DL, Heath AC, Owens
IPF, Martin NG. 2001 Natural selection and
quantitative genetics of life-history traits in western
women: a twin study. Evolution 55, 423 – 435.
(doi:10.1111/j.0014-3820.2001.tb01304.x)

24. Byars SG, Ewbank D, Govindaraju DR, Stearns SC.
2010 Natural selection in a contemporary human
population. Proc. Natl Acad. Sci. USA 107, 1787 –
1792. (doi:10.1073/pnas.0906199106)

25. Milot E, Mayer FM, Nussey DH, Boisvert M, Pelletier
F, Reale D. 2011 Evidence for evolution in response
to natural selection in a contemporary human
population. Proc. Natl Acad. Sci. USA 108,
17 040 – 17 045. (doi:10.1073/pnas.1104210108)

26. Kruuk LEB. 2004 Estimating genetic parameters in
natural populations using the ‘animal model’. Phil.
Trans. R. Soc. Lond. B 359, 873 – 890. (doi:10.1098/
rstb.2003.1437)

27. Wilson AJ, Reale D, Clements MN, Morrissey MM,
Postma E, Walling CA, Kruuk LEB, Nussey DH. 2010
An ecologist’s guide to the animal model. J. Anim.
Ecol. 79, 13 – 26. (doi:10.1111/j.1365-2656.2009.
01639.x)

28. Pettay JE, Kruuk LEB, Jokela J, Lummaa V. 2005
Heritability and genetic constraints of life-history
trait evolution in preindustrial humans. Proc. Natl
Acad. Sci. USA 102, 2838 – 2843. (doi:10.1073/pnas.
0406709102)

29. Stearns SC, Govindaraju DR, Ewbank D, Byars SG.
2012 Constraints on the coevolution of
contemporary human males and females.
Proc. R Soc. B 279, 4836 – 4844. (doi:10.1098/
rspb.2012.2024)

30. Weiss LA, Pan L, Abney M, Ober C. 2006 The sex-
specific genetic architecture of quantitative traits in
humans. Nat. Genet. 38, 218 – 222. (doi:10.1038/
ng1726)

31. Pettay JE, Helle S, Jokela J, Lummaa V. 2007 Natural
selection on female life-history traits in relation to
socio-economic class in pre-industrial human
populations. PLoS ONE 2, e606. (doi:10.1371/
journal.pone.0000606)

32. Gillespie DOS, Russell AF, Lummaa V. 2008 When
fecundity does not equal fitness: evidence of an
offspring quantity versus quality trade-off in pre-
industrial humans. Proc. R. Soc. B 275, 713 – 722.
(doi:10.1098/rspb.2007.1000)

33. Luther G. 1993 Suomen tilastotoimen historia
vuoteen 1970. Helsinki, Finland: WSOY.

34. Sundin J. 1992 Sinful sex: legal prosecution of
extramarital sex in preindustrial Sweden. Soc. Sci.
Hist. 16, 99 – 128. (doi:10.2307/1171323)

35. Anderson KG. 2006 How well does paternity
confidence match actual paternity? Curr. Anthropol.
47, 513 – 520. (doi:10.1086/504167)

36. Charmantier A, Reale D. 2005 How do misassigned
paternities affect the estimation of heritability in
the wild? Mol. Ecol. 14, 2839 – 2850. (doi:10.1111/j.
1365-294X.2005.02619.x)

37. Lummaa V, Pettay JE, Russell AF. 2007 Male twins
reduce fitness of female co-twins in humans. Proc.
Natl Acad. Sci. USA 104, 10 915 – 10 920. (doi:10.
1073/pnas.0605875104)

http://dx.doi.org/10.1086/595841
http://dx.doi.org/10.1111/j.1558-5646.2009.00793.x
http://dx.doi.org/10.1111/j.1558-5646.2009.00793.x
http://dx.doi.org/10.2307/2407393
http://dx.doi.org/10.1016/j.tree.2008.12.005
http://dx.doi.org/10.1111/j.1420-9101.2010.02084.x
http://dx.doi.org/10.1111/j.1420-9101.2010.02084.x
http://dx.doi.org/10.1098/rspb.2007.1013
http://dx.doi.org/10.1098/rspb.2007.1013
http://dx.doi.org/10.1111/j.1558-5646.2012.01632.x
http://dx.doi.org/10.1111/j.1420-9101.2012.02498.x
http://dx.doi.org/10.1111/j.1420-9101.2012.02498.x
http://dx.doi.org/10.1038/227520a0
http://dx.doi.org/10.1017/S0003356100037752
http://dx.doi.org/10.1126/science.3363360
http://dx.doi.org/10.1126/science.3363360
http://dx.doi.org/10.2307/2409632
http://dx.doi.org/10.1016/j.tree.2009.02.005
http://dx.doi.org/10.1073/pnas.1118174109
http://dx.doi.org/10.1073/pnas.1118174109
http://dx.doi.org/10.1002/bies.201300021
http://dx.doi.org/10.1002/bies.201300021
http://dx.doi.org/10.1002/evan.20226
http://dx.doi.org/10.1073/pnas.0609301103
http://dx.doi.org/10.1073/pnas.0609301103
http://dx.doi.org/10.1038/nrn2908
http://dx.doi.org/10.1038/nrn2908
http://dx.doi.org/10.1111/j.0014-3820.2001.tb01304.x
http://dx.doi.org/10.1073/pnas.0906199106
http://dx.doi.org/10.1073/pnas.1104210108
http://dx.doi.org/10.1098/rstb.2003.1437
http://dx.doi.org/10.1098/rstb.2003.1437
http://dx.doi.org/10.1111/j.1365-2656.2009.01639.x
http://dx.doi.org/10.1111/j.1365-2656.2009.01639.x
http://dx.doi.org/10.1073/pnas.0406709102
http://dx.doi.org/10.1073/pnas.0406709102
http://dx.doi.org/10.1098/rspb.2012.2024
http://dx.doi.org/10.1098/rspb.2012.2024
http://dx.doi.org/10.1038/ng1726
http://dx.doi.org/10.1038/ng1726
http://dx.doi.org/10.1371/journal.pone.0000606
http://dx.doi.org/10.1371/journal.pone.0000606
http://dx.doi.org/10.1098/rspb.2007.1000
http://dx.doi.org/10.2307/1171323
http://dx.doi.org/10.1086/504167
http://dx.doi.org/10.1111/j.1365-294X.2005.02619.x
http://dx.doi.org/10.1111/j.1365-294X.2005.02619.x
http://dx.doi.org/10.1073/pnas.0605875104
http://dx.doi.org/10.1073/pnas.0605875104


rspb.royalsocietypublishing.org
ProcR

SocB
280:20132002

9
38. Faurie C, Russell AF, Lummaa V. 2009 Middleborns
disadvantaged? Testing birth-order effects on fitness
in pre-industrial Finns. PLoS ONE 4, e5680. (doi:10.
1371/Journal.Pone.0005680)

39. Liu JH, Rotkirch A, Lummaa V. 2012 Maternal risk of
breeding failure remained low throughout the
demographic transitions in fertility and age at first
reproduction in Finland. PLoS ONE 7, e34898.
(doi:10.1371/journal.pone.0034898)
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