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ABSTRACT: Sex differences in age-dependent mortality and repro-
ductive success are predicted to drive the evolution of sexually di-
morphic patterns of reproductive investment over life. However, this
prediction has not been fully explored because it is difficult to mea-
sure primary and secondary sexual traits over the life spans of males
and females. Here we studied a population of fowl, Gallus gallus, to
gain longitudinal data on a sexual ornament (the comb), quantity
of gametes produced, and gamete quality (sperm velocity and egg
mass) of males and females. Our results reveal pronounced differ-
ences between the sexes in age-specific patterns of reproductive in-
vestment. In males, comb size decreased linearly with age, high sperm
quality early in life was associated with reduced sperm quality late
in life, and high sperm production was related to early death. In
contrast, female comb size and egg mass were maximized at inter-
mediate ages, and fecundity was independent of life span. Finally,
the way traits were related in males did not change over life, whereas
in females the association between fecundity and comb size changed
from positive to negative over the lifetime of a female, indicating
that aging may lead to trade-offs in investment between traits in
females. These results show that males and females differ in repro-
ductive investment with age, in terms of both the expression of
individual traits and their phenotypic covariance.

Keywords: sexual selection, senescence, age, ornaments, sperm, eggs.

Theory predicts that reproductive investment to acquire
sexual partners, produce gametes, and nurture young will
be traded off against somatic investment and survival
(Kirkwood 1977; Kirkwood and Rose 1991; Roff 1992;
Stearns 1992). Natural selection is expected to optimize
the trade-off between longevity and reproduction at dif-
ferent stages of life according to the risk of extrinsic mor-
tality and the potential for future reproductive success
(Fisher 1930; Williams 1957; Hamilton 1966). High mor-
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tality during early life is predicted to favor individuals that
prioritize reproductive investment when young at the ex-
pense of somatic maintenance (“live fast, die young”; Kirk-
wood 1977; Kirkwood and Rose 1991; Roff 1992; Stearns
1992). In turn, the reduction in the strength of selection
that occurs later in life as mortality decreases is expected
to generate senescence: an irreversible decline in repro-
duction or survival with age caused by alleles that have
positive fitness effects early in life but negative effects later
in life (antagonistic pleiotropy) and/or the expression of
deleterious mutations during older ages (mutation accu-
mulation; Medawar 1946; Williams 1957).

Sexual dimorphism in life-history strategies and pat-
terns of senescence can evolve in response to sex-specific
selection that occurs because of differences between males
and females in their reproductive success and risk of ex-
trinsic mortality at different ages (Vinogradov 1998; Car-
ranza and Pérez-Barberia 2007; Clutton-Brock and Isvaran
2007; Bonduriansky et al. 2008; Berg and Maklakov 2012).
In addition, at a mechanistic level genetic asymmetries
between the sexes may cause differences in aging. For in-
stance, aging is expected to be faster in the heterogametic
sex due to the unmasking of deleterious mutation on the
X or Z chromosome (the unguarded X [or Z] hypothesis:
Trivers 1985; Maklakov and Lummaa 2013). Similarly, the
asymmetrical inheritance of cytoplasmic genomes, such as
mitochondria, may lead to faster aging in males because
near-neutral or beneficial mutations to females will persist
even if detrimental to males (the mother’s curse: Gemmell
et al. 2004; Zeh and Zeh 2005). However, evidence of
whether the sexes differ in their aging patterns has to date
been equivocal, with studies showing that patterns of aging
in males are similar to those in females (Charmantier et
al. 2006; Galvan and Moller 2008; Zajitschek et al. 2009b),
faster than those in females (Promislow 1992; Loison et
al. 1999; Galvan and Mgller 2008; Kawasaki et al. 2008;
Nussey et al. 2009), and slower than those in females
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(Promislow 1992; Reid et al. 2003, 2008; Maklakov et al.
2009; Zajitschek et al. 2009a; Evans et al. 2011). Even
within the same study, the sexes have been found to exhibit
different patterns of aging depending on the traits that are
examined (Galvdn and Mpller 2008; Nussey et al. 2009;
Evans et al. 2011).

This lack of consistency between traits and studies may
be explained by a number of factors. First, age-dependent
risks of mortality and reproductive success are influenced
by sexual selection, which can differ in shape and strength
in males and females as well as across populations and
species (Svensson and Sheldon 1998; Promislow 2003;
Graves 2007; Bonduriansky et al. 2008). Sexual selection
is typically stronger in males, and this can increase their
mortality relative to that of females (Trivers and Campbell
1972; Promislow 1992; Kruger and Nesse 2004; Clutton-
Brock and Isvaran 2007). For instance, intense sexual com-
petition can lead to the evolution of weaponry and ag-
gressive behavior that increases predation (Owen-Smith
1993). Under such circumstances, males are expected to
prioritize investment in reproduction earlier in life more
than females (Kirkwood 1977; Kirkwood and Rose 1991;
Roff 1992; Stearns 1992). Alternatively, when reproductive
success increases with age—for instance, due to female
choice for older individuals or ontogenic development of
sexually selected traits—males can be selected to maximize
reproductive investment later in life, even if early-life mor-
tality is high (Fisher 1930; Partridge and Barton 1996;
Graves 2007). Differences in the life-history strategies of
males and females across studies and species may therefore
be due to variation in the relationship between reproduc-
tive success and age as well as to differences in the effect
of sexual selection on the mortality risk of males and fe-
males.

Second, it is logistically difficult to quantify how aging
influences investment in the different traits that determine
reproductive success across entire life spans. To reproduce,
individuals must gain access to sexual partners, which re-
quires investment in secondary sexual traits, such as or-
naments and armaments (Andersson 1994). Following
mating, reproductive success in females is determined by
investment in the number of eggs produced and the re-
sources allocated to each egg (Sheldon 2000). Similarly in
males, reproductive success is influenced by the number
and fertilizing efficiency of sperm inseminated, particularly
in polyandrous species (Martin et al. 1974; Birkhead et al.
1999; Gage et al. 2004: Snook 2005; Pizzari et al. 2008;
Pizzari and Parker 2009). As resources are often limited,
investment in one trait, such as ornaments, can come at
the expense of investment in others, such as gametes (Roff
1992; Stearns 1992; Parker 1998; Preston et al. 2011). How-
ever, little is known about how aging affects the trade-offs
between different sexually selected traits. The severity of
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such trade-offs may often differ between the sexes and
change over the lifetime of individuals, due to the com-
bined effects of sex-specific selection and senescence (Bon-
duriansky et al. 2008; Nussey et al. 2008). For instance,
in early life, when somatic maintenance is relatively cheap,
it may be possible for individuals to simultaneously invest
in multiple traits, but as aging and somatic deterioration
ensue, trade-offs between traits are predicted to become
more pronounced (Pianka and Parker 1975; Nussey et al.
2008). As a result, reproductive success is expected to de-
pend on the way investment in multiple traits is traded
off over life, which can be difficult to measure. Conse-
quently, direct tests of differences in investment in anal-
ogous reproductive traits in males and females over their
entire life spans are scarce, particularly outside laboratory
model organisms (Nussey et al. 2008).

In this study, we examined age-dependent patterns of
reproductive investment in a free-ranging population of
domestic fowl, Gallus gallus domesticus. This system has a
number of attributes that help overcome the challenges
associated with testing theory on sex differences in aging.
First, sexual selection and the traits that determine repro-
ductive success are well characterized in populations of
domestic fowl and their wild ancestors, the red junglefowl,
G. gallus ssp. (Pizzari et al. 2002; Collet et al. 2012). The
sexes are highly dimorphic (see fig. 1A), and under natural
conditions males are exposed to more intense pre- and
postcopulatory sexual selection than females (Pizzari et al.
2002; Collet et al. 2012). Males and females have a sexual
ornament, the comb (see fig. 1A), and its size has been
shown to increase mating success in both sexes in dyadic
choice trials (males: Ligon and Zwartjes 1995; Parker and
Ligon 2003; females: Cornwallis and Birkhead 20075,
2008). Furthermore, the dynamics of sperm competition
are reasonably well established in this species, being
strongly dependent on an interaction between the number
of sperm inseminated by rival males and their swimming
velocity (Martin et al. 1974; Birkhead et al. 1999; Pizzari
et al. 2008). In females, reproductive success is influenced
by fecundity and egg mass, which increases chick viability
(Byerly 1932; Williams 1994). Second, individuals can be
followed over their entire life span, and it is known that
females live slightly longer than males in the study pop-
ulation (adult male median life span = 2 * 2.2 years
[interquartile range = 1-4]; adult female median life
span = 3 * 2.2 years [interquartile range = 2—4 years];
see figure Al [figs. Al and A2 are available online] for the
numbers of males and females surviving to different ages
in the study population). Finally, detailed longitudinal in-
formation on sexual ornaments and gametes can be ob-
tained from males and females on a regular basis, and
previous research shows that male reproductive success
declines steeply with age (Dean et al. 2010).
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We collected longitudinal data over an 8-year period on
males and females to address three key questions: (1) Do
the sexes differ in their reproductive investment with age?
We predict that males should prioritize investment in or-
naments, gamete number, and gamete quality earlier in
life than females because they live for a shorter time
(Promislow 1992; Vinogradov 1998; Kruger and Nesse
2004; Clutton-Brock and Isvaran 2007; Bonduriansky et
al. 2008; Zajitschek et al. 2009b), they experience more
intense sexual selection, and older males have lower fer-
tilization success (Dean et al. 2010). (2) How does lifetime
reproductive investment influence longevity in males and
females? We predict that within each sex higher repro-
ductive investment will be negatively associated with lon-
gevity. Furthermore, as sexual selection is stronger in males
than in females (Collet et al. 2012), we expect that the
trade-off between reproductive investment and longevity
will be greater in males due to higher lifetime investment
in sexually selected traits. (3) Do trade-offs in the ex-
pression of different reproductive traits increase with age
and differ between the sexes? We predict that trade-offs
between reproductive traits will become more pronounced
with age due to somatic deterioration and will be most
exaggerated in the sex with the greatest decline in overall
reproductive performance with age (e.g., males).

Methods
Study Population

We studied a feral population of domestic fowl that is
phylogenetically, morphologically, and behaviorally similar
to its wild ancestor, the red junglefowl, Gallus gallus. The
study was conducted at Tovetorp Zoological Research Sta-
tion, Stockholm University, Sweden, during the months
of May to August from 2002 to 2009. Birds in this pop-
ulation are kept over winter in outdoor aviaries with access
to heated indoor housing and in groups of approximately
equal size and sex ratio across the population. In 2006,
birds were kept indoors over the winter to increase bio-
security during the avian influenza pandemic; however,
when taking into account age, sex, and their interaction,
this prolonged indoor housing did not affect comb size in
that year compared with other years (mean standardized
comb size in 2006 = 0.01 * 0.03; in all other years =
—0.07 = 0.09; F, s, = 0.02, P = .88). During the breed-
ing season, birds were kept in smaller experimental groups
consisting of either single-sex groups (up to 15 individ-
uals), pairs, or small mixed-sex groups (from 2 males and
3 females up to 3 males and 6 females), and groups were
occasionally allowed to range freely. Birds were rotated
among experimental groups throughout the breeding sea-
son, and all ages were represented in all treatments. Birds
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are treated for mites and coccidiosis during outbreaks, and
predation occurs, although rarely. Culling or removal of
birds to manage population size occurred at the start of
2009, and no culled birds are included in this analysis.
Birds in this population are individually tagged before they
reach sexual maturity, so ages of all birds are known.

Measuring Comb Size

Comb size was measured using a digital photograph of the
bird’s head and Adobe Photoshop to calculate the comb
area (Cornwallis and Birkhead 2007b). Individuals were
measured repeatedly throughout the breeding season
(sample sizes: Nyee = 99 Niguat observations = 403> Neemaies =
118, and N opservations = 796), and an average measure
per individual per season was included in the analysis,
resulting in the following sample sizes: N, .. = 99,
N, = 234, N,,,. = 118, and N, = 251.

observations females bservations

Measuring Gamete Number and Quality
in Males and Females

For males, we measured gamete number and quality by
collecting ejaculates between 16:30 and 22:00, the peak
time of sexual activity (Levlie and Pizzari 2007). Males
were presented with females and allowed to copulate until
sexually satiated with 4 different females using a controlled
copulation technique (Pizzari et al. 2003). Previous trials
have shown that copulating until satiation with 4 females
often results in males failing to produce ejaculates with
additional females (Cornwallis and Birkhead 2007a).
Therefore, it is believed that this protocol collects the vast
majority of a male’s sperm stores. After ejaculates were
collected, sperm number was calculated using a spectro-
photometer and a standard curve of the relationship be-
tween sperm number and light absorbance (Bakst and
Cecil 1997). Total sperm number ejaculated was used in
each analysis and was calculated as the sum of all sperm
ejaculated during the sequence of copulations. Sperm
quality was measured as sperm swimming speed (average
path velocity in microns per second) using computer-
assisted sperm analysis with Sperm Class Analyzer (ver.
3.0.3) and was recorded for every third ejaculate that was
collected for quantifying sperm number. Sperm velocity
was recorded by diluting 1 uL of semen in 50-100 pL of
Dulbecco’s modified Eagle medium to obtain a sperm con-
centration of approximately 2 x 10° Thirty microliters
of this solution was placed on a microscope slide on a
heated microscope stage at 41°C and video recorded under
dark-field optics at a magnification of x200. Median
sperm velocity was calculated for each ejaculate. The mean
sperm velocity of all ejaculates from that male on that day
was then calculated (day mean). For the analyses, we used
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a single value for each male per year calculated as the
average of all day means measured over that breeding
season. Data are the same as those used in Dean et al.
(2010).

For females, we measured laying rate and the quality of
eggs produced. Laying rate was estimated by counting the
number of eggs laid divided by the total number of days
monitored during the laying period, which ranged from 10
to 60 days per breeding season. The average mass of eggs
that females laid throughout the season was recorded by
weighing freshly laid eggs. Females were kept in small groups
of 3-6 individuals, and maternal identity of eggs was as-
certained by feeding females with colored lipid dyes (Pizzari
et al. 2003). Individuals were measured several times both
during each breeding season and across breeding seasons
(for gamete quantity, N,... = 41, Now observations = 173
Niemies = 84, and Nyt ghservations = 4315 for gamete quality,
Niaes = 375 Nigtat abservations 12, Nipaes = 79, and
Notat observations = 401). For all analyses, an average was taken
for gamete quantity and gamete quality for each individual
at each age, resulting in the following sample sizes: for gam-

ales

ete quantltY’ Nmales = 41’ I\]mtal observations — 82’ I\Ifema.les = 84’
and Motal observations — 142’ fOI' gamete quahtYs l\]males = 37’
I\]tmal observations — 67’ Nfemales = 79’ and I\]tolal observations — 122)

Statistical Analyses

General Techniques. Prior to all analyses, continuous var-
iables (response variables and covariates) were Z-trans-
formed (mean = 0, SD = 1), and two-level fixed effects
(e.g., sex) were converted to binary coding (—1, 1) so that
the magnitude of parameter estimates could be compared
(Gelman 2010; Schielzeth 2010). For each model, we de-
termined the best random-effect structure by comparing
corrected Akaike Information Criterion values of models
with the following random effects included: (1) year +
individual, (2) year + individual + individual x age, (3)
year + individual + individual x age + individual x age’,
(4) year + individual x sex, (5) year + individual x
sex + individual x age x sex, and (6) year + individ-
ual x sex + individual x age x sex + individual x
age’ x sex. In all models, unstructured (co)variance ma-
trices were fitted between individual identity and age to
allow intercepts and slopes to vary independently. The ran-
dom effects used in each analysis are given in tables Al-
A6 (tables A1-A7 are available online). The significance of
the chosen random effects were tested using log-likelihood
ratio tests with all fixed effects and their interactions in-
cluded in the model (Self and Liang 1987). To examine the
significance of fixed effects, we first tested interactions using
full models with all terms included in the models and then
removed higher-order interactions to test the main effects.
Because data on age at last reproduction (ALR) were not

available for all individuals (29 males and 41 females), we
first assessed the significance of ALR and its interactions
and then ran models excluding ALR to utilize all data to
test the significance of other effects. The significance of fixed
effects was tested using approximate F tests, and degrees of
freedom were calculated using the Kenward-Roger method
(Kenward and Roger 1997). Parameter estimates = SE are
presented. For interactions between covariates and fixed
factors, the significance of individual slopes were tested
against 0 using the #-test and are represented in tables by
asterisks (one indicates P < .05, two indicates P < .01, and
three indicates P < .001). All analyses were conducted in
SAS (ver. 9.2).

Specific Analyses. We performed four sets of analyses. First,
we examined how comb size, gamete quality, and gamete
quantity of males and females changed with age (table A1)
across individuals in the population using linear mixed
models (LMMs) with restricted maximum likelihood es-
timation (REML). We entered sex (two-level factor), age
(covariate), age’, and ALR (covariate) as fixed effects. Age
and age® were fitted to test for linear and curvilinear effects
of age on traits, and ALR was fitted to test whether in-
dividuals that lived different lengths of time differed in
their trait expression. Interactions with sex were entered
to test for differences between males and females. Year and
individual identity were fitted as random effects to account
for multiple observations per year and multiple observa-
tions on individuals. We also included the interaction be-
tween individual identity and age and age’ to allow for
the possibility that a trait changed differentially with age
across individuals (Schielzeth and Forstmeier 2009). See
tables A1-A6 for specific details.

Second, we analyzed how comb size, gamete quality,
and gamete quantity changed within individual males and
females as they aged (response variable = observed trait
value at each age — mean trait value for that individual)
using LMMs with REML. For these analyses, we included
individuals only if we had measurements at more than two
ages. We fitted sex, age, age’, and mean trait value (co-
variate) as fixed effects and year, individual, and interac-
tions between individual and age and age’ as random ef-
fects. We included mean trait values for individuals in
models to test whether individuals with different expres-
sion of traits (averaged over their lifetime) changed more
or less with age.

Third, we tested whether the longevity (response vari-
able: ALR) of males and females was determined by their
average comb size, gamete quality, and number of gametes
produced using a general linear model. For each individual
for which we had data on ALR, we calculated their average
comb size and the quality and quantity of gametes pro-
duced over their lifetime and included these as covariates
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in the analysis. We fitted sex and its interactions with each
trait as fixed effects to test for sex-specific effects of traits
on longevity.

Fourth, we analyzed how aging influenced the relation-
ships across male and across female sexual traits (table 1),
both among individuals in the population and within in-
dividuals. Across the population, we examined how the
relationships between sexual traits (comb size, gamete
number, and gamete quality) changed with age by fitting
each trait as the response variable in a LMM and entering
all other traits and their interactions with age and age® as
fixed effects. Year, individual, and the interactions between
individual age and age” were fitted as random effects. Anal-
yses examining changes within individuals were exactly the
same, but changes in individual traits (observed trait value
at each age — mean trait value for that individual) were
used instead of raw phenotypic measurements.

Results

All data used to produce figures and tables for this study
are deposited in the Dryad Digital Repository: http://dx
.doi.org/10.5061/dryad.4kgl7 (Cornwallis et al. 2014).

Sex-Specific Changes in Reproductive Investment with Age

Comb Size. Age had a pronounced effect on the comb size
of males and females (table Al). However, patterns of
aging in comb size were markedly different for males and
females both at the level of the population (sex x age?,
F, s = 19.41, P < .0001; table Al; fig. 1B) and within
individuals (sex x age’, F, ,, = 15.54, P = .0003; table
A2). Male comb size decreased linearly with age across the
population (8 = —0.25 * 0.07; table Al; fig. 1), but there
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was little change within individuals (8 = 0.16 * 0.12;
fig. A2; table A2), suggesting the early disappearance of
more ornamented individuals. In contrast, female comb
size had a quadratic relationship with age at both the pop-
ulation and the individual level, increasing up to a max-
imum at 4 years followed by a late-life decline (tables A1,
A2; figs. 1B, A2).

Gamete Quality. We found contrasting effects of age on
the quality of gametes produced by males and females
across the population (sex x age’, F, ,, = 5.12, P = .03;
table A3; fig. 1C) and within individuals (sex x age’,
F ;s = 13.31, P = .0004; table A4; fig. A2). In males,
there were no overall effects of age on sperm velocity, but
individuals that had relatively high sperm velocity averaged
across their life were much more susceptible to aging
(sex x mean gamete quality x age, F, ,, = 13.31, P =
.0004; table A4; fig. 2). Males with relatively high sperm
velocity in the population maximized sperm velocity early
in life at the expense of later-life sperm velocity. In con-
trast, females maximized the mass of their eggs at inter-
mediate ages, and females with high average lifetime egg
mass were generally more resistant to the effects of aging
than other females (table A4; fig. 2).

Gamete Quantity. At the level of the population, the num-
ber of gametes males and females produced declined with
age (age, F, 5, = 50.40, P < .0001; table A5; fig. 1D), and
this became more exaggerated later in life (age’, F, ;, =
11.82, P = .0008; table A5). However, within individuals
the effect of age on gamete production was much weaker
and linear (age, F, ,, = 4.49, P = .04; table A6; fig. A2),
indicating that the declines at the population level were

Table 1: Changes in relationships between traits with age in females (above the diagonal) and males (below the diagonal) across

individuals in the population and within individuals

Comb size Gamete quality Gamete number

Trait, term Population Within individuals Population Within individuals Population Within individuals
Comb size:

Main .19 = .07 (.01) .20 = .10 (.04) .18 £ .08 (.01) 20 = .11 (.07)

X age —04 + 08 (57) —.16 + .14 (27) —.11 = .10(25) —.12 = .15 (42)

x age’ .14 + .10 (.18) —.06 % .16 (.70) —.20 * .14 (.16) —.58 * .21 (.006)
Gamete quality:

Main —.04 + .09 (.65) —.09 + .12 (.50) 04 + .10 (.65) .20 + .11 (.07)

X age .02 = .09 (.85) .001 %= .13 (.99) 26 = .11 (.03) 22 + .14 (\12)

x age’ =17 = .11 (.14) —.13 £ .17 (44) .04 = .14 (.79) .08 *= .20 (.68)
Gamete number:

Main .06 = .10 (.51) —.07 %= .12 (.55) 22 + .16 (.17) .39 = .10 (.0003)

X age .02 £+ .09 (.86) .08 = .11 (.46) 18 + .14 (.21) 14 + .09 (.14)

x age’ 06 + 06 (31) —.03 + .12 (78) .05 + .10 (.62) —.05 + .10 (.61)

Note: Parameter estimates = SE are shown. Values in parentheses are P values of parameter estimates tested against 0, with italic typeface indicating

significance at P < 0.05. Significant differences between the parameter estimates for males and females at P < 0.05 are indicated by boldface type.
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mainly due to the disappearance of individuals with high
gamete production early in life.

Reproductive Investment and Longevity

Longevity was not affected by lifetime investment in comb
size or gamete quality but was negatively related to the
average number of gametes that individuals produced each
year (gamete quantity, F, ;,=5.38, P = .02; table A7; fig.
3). Furthermore, this relationship was significant only for
males, indicating that sperm production may be traded
off against longevity, in contrast to females where main-
taining laying rate appears to have less impact on longevity
(but see below; fig. 3).

Changes in Relationships between Traits with Age

The changes in the relationships between comb size, gam-
ete quality, and gamete quantity as individuals aged were
different for males and females. In males, we found that
age did not influence the relationships between any of the
traits (table 1), whereas in females the relationship between
comb size and gamete production changed over life. In
line with previous research (Pizzari et al. 2003; Cornwallis

Males

Age at Last Reproduction
()]

-1 0 1
Gamete Production
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and Birkhead 2007b; Wright et al. 2008), comb size was
positively related to the number and mass of eggs produced
by females at the population level (table 1). However, the
association between comb size and egg number changed
from positive in early life to negative in later life (fig. 4).
These results indicate that as females age and somatic re-
sources decline, trade-offs in investment between orna-
mental and gametic traits may become more pronounced.

Discussion

We found sexually dimorphic patterns of reproductive in-
vestment across multiple primary and secondary sexual
traits. The effects of aging were generally more pronounced
in males than in females. Even from very early ages, male
comb size decreased and individuals that produced higher-
quality sperm earlier in life suffered greater declines in
sperm quality later in life. In addition, high sperm pro-
duction was associated with earlier death. In contrast, fe-
male comb size and egg quality first increased before de-
clining later in life, and life span appeared independent
of reproductive investment. However, we found that the
relationships between traits became more negatively cor-
related over life in females compared with males. Together,

Females

leJele)

(e e]

-
~ -
-

N

Age at Last Reproduction

T T T T T

-1 0 1
Gamete Production

Figure 3: Relationship between longevity and gamete production in males and females. Lines represent linear regression fits, and shaded
areas denote 95% confidence intervals. Gamete production was Z-transformed prior to plotting.
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Figure 4: Change in the relationship between comb size and laying rate across age within females. The relationship is visualized using a
loess smoother (100% sampling with quadratic degree). Comb size and laying rate were Z-transformed prior to plotting.

these results reveal that analogous primary and secondary
sexual traits in males and females change with age in dif-
ferent ways and that overall males appear to senesce faster
than females. We discuss the implications of our results
for the evolution of sex-specific life-history strategies and
the maintenance of variation within populations below.

Sex-Specific Life-History Strategies

It has been proposed that differences in the strength of
sexual selection and mortality rates between males and
females can lead to the evolution of sex-specific repro-
ductive strategies (Williams 1957; Trivers and Campbell
1972; Promislow 1992; Clutton-Brock and Isvaran 2007;
Graves 2007; Bonduriansky et al. 2008). However, empir-
ical findings regarding the differences in aging patterns
between males and females are extremely variable between
studies and across traits (e.g., Promislow 1992; Loison et
al. 1999; Reid et al. 2003; Charmantier et al. 2006; Galvan
and Mogller 2008; Reed et al. 2008; Maklakov et al. 2009;
Nussey et al. 2009; Zajitschek et al. 2009a, 2009b; Evans
et al. 2011), and many studies of aging have focused on
a single sex (e.g., Candolin 20004, 20005; Jones and Elgar
2004; Wedell and Ritchie 2004; Sloter et al. 2006; Jones et
al. 2007; Torres and Velando 2007; Bouwhuis et al. 2009;
Gasparini et al. 2009; Dean et al. 2010; Preston et al. 2011).

Part of the problem in resolving differences between stud-
ies is that rates of aging are dependent on numerous fac-
tors, all of which can vary. First, patterns of aging are
highly dependent on the traits that are examined. Even
within the same study and the same sex, positive and
negative relationships between trait expression and age are
frequently found (e.g., Galvan and Moller 2008; Nussey
et al. 2009; Evans et al. 2011). Studies comparing sex dif-
ferences in aging often examine different traits in males
and females, making it difficult to draw conclusions about
the relative rates of senescence of males and females be-
yond variation attributable to different traits. Second, the
intensity of sexual selection on males and females can vary
across species and populations, and it may increase or
decrease with age (Svensson and Sheldon 1998; Promislow
2003; Graves 2007; Bonduriansky et al. 2008). Third, mor-
tality rates for males and females can be highly variable
across species, generating differences in selection for early-
life versus late-life reproductive investment (Owens et al.
2013).

In this study, we tried to resolve the above-described
issues as much as possible by (1) examining a mutually
expressed sexual ornament, the comb, and analogous ga-
metic traits in males and females; (2) quantifying patterns
of aging in a system where it is established that males
experience stronger pre- and postcopulatory sexual selec-
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tion (Collet et al. 2012) than females (Collet et al. 2014)
across their life spans; and (3) males tend to live for a
shorter time (just two breeding seasons) than females. The
combination of more intense sexual selection and a po-
tentially shorter life span is currently why we think males
age faster than females in this species and is in line with
evidence from experimental evolution tests of aging (Mak-
lakov et al. 2007). It is unclear at the moment what mech-
anisms are causing the more rapid deterioration of males
versus females. However, at a genetic level it seems unlikely
that the sex differences we observed are due to the asym-
metrical inheritance of sex chromosomes, as this predicts
faster aging in female birds (Trivers 1985; Maklakov and
Lummaa 2013). It is potentially possible that mitochon-
drial genes play a role, as this predicts faster aging in males
(Gemmell et al. 2004; Zeh and Zeh 2005). However, pre-
vious research into the genetic architecture of the comb
in chickens has shown that variation in comb mass is
explained by a large quantitative trait loci on chromosome
3 (Wright et al. 2008). Furthermore, there was an addi-
tional region on chromosome 1 that explained variation
in female comb mass only (Wright et al. 2008). This sug-
gests that for at least one of the traits we examined males
and females have evolved somewhat independent genetic
regulation of reproductive investment, and this provides
the potential for responses to divergent selection pressures.

Maintenance of Variation within Populations

Explaining variation in primary and secondary sexual traits
is still a major focus of sexual selection research (e.g.,
Kokko and Heubel 2008). A fundamental way that vari-
ation is maintained is via trade-offs in investment between
traits (Roff 1992; Stearns 1992). In this study, we found
that sperm production was negatively related to life span
and that higher sperm quality early in life was associated
with greater declines in sperm quality later in life. This
contrasted with females, where there was no association
between life span and any of the traits we examined. This
may appear surprising, as it is commonly thought that the
costs of reproduction are higher in females and so trade-
offs between traits would be more likely. There are two
potential explanations that may contribute to these pat-
terns. First, it is possible that trade-offs between repro-
duction and longevity in females have been removed by
artificial selection for consistently high rates of egg laying.
However, domestication has focused on selecting for high
egg production during early life, which generates faster
female life-history schedules. This is contradictory to our
results that indicate that female life histories are slower
than those of males, suggesting that artificial selection may
have played a minor role in shaping female reproductive
investment in this population. Second, trade-offs in males

Sex-Specific Patterns of Aging E75

may be particularly pronounced because the costs of sperm
production are substantial (Dewsbury 1982; Van Voorhies
1992; Pitnick 1996; Olsson et al. 1997; but see Gems and
Riddle 1996). Selection for high investment in gameto-
genesis may be particularly strong in polyandrous species,
such as the fowl, which have intense sperm competition
and prolonged male mating periods due to the lack of
paternal care. Consistent with this idea, in houbara bus-
tards, Chlamydotis undulate, where sperm competition is
intense and males do not provide paternal care, it was
found that ejaculate quality declined dramatically with age,
particularly in males that invested more in sexual displays
(Preston et al. 2011). In crickets, Teleogryllus commodus,
it was also found that greater investment in sexual sig-
naling was associated with shorter life spans in males but
not females (Hunt et al. 2004). However, more recent
research found the opposite effect, with sexual signaling
being positively associated with age (Maklakov et al. 2009),
highlighting that this is an area that clearly requires further
attention.

In the fowl, it is possible that the negative association
between sperm production and longevity might be mod-
ulated by social status. Social dominance is strongly sex-
ually selected in male fowl before and after mating (Collet
et al. 2012), and evidence suggests that individuals may
face a trade-off between investment in social dominance
and sperm quality (Froman et al. 2002; Cornwallis and
Birkhead 2007 a; Pizzari et al. 2007). In age-structured pop-
ulations, achieving dominance often requires time, favor-
ing older males (e.g., Collis and Borgia 1992; Poston 1997;
East et al. 2003). This appears to be the case for fowl
populations, where older males are often dominant over
younger ones (Collias and Collias 1996). Previous work
on red junglefowl has shown that male social competitive
ability might be more resistant to aging than aspects of
reproductive performance, including mating behavior and
sperm quality (Dean et al. 2010; Noguera et al. 2012). It
is therefore possible that two alternative life-history strat-
egies might be available to male fowl: one where males
prioritize investment in sperm production early in life,
and another where males invest in social dominance and
reproductive performance later in life.

Consistent with the idea that investment in social status
may be condition dependent and associated with somatic
maintenance, both young and old dominant males have
higher levels of plasma antioxidants than socially subor-
dinate males in red junglefowl (Noguera et al. 2012). The
relative success of these alternative strategies, however, will
be dictated by rates of extrinsic mortality. When extrinsic
mortality is low, investing in sperm production rather than
social status may result in lower reproductive success than
investing more conservatively over longer life spans. In
contrast, when the risk of mortality is high, the advantage
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of early-life reproductive investment will be restored. Sim-
ilar scenarios may also occur in females, as we found that
higher laying rates later in life were associated with de-
terioration in comb size. However, the negative relation-

-

domestic fowl. Proceedings of the Royal Society B: Biological Sci-
ences 266:1759-1764.

Bonduriansky, R., A. Maklakov, F. Zajitschek, and R. Brooks. 2008.
Sexual selection, sexual conflict and the evolution of ageing and
life span. Functional Ecology 22:443—453.

ship between laying rate and comb size in females wa:— Bouwhuis, S., B. C. Sheldon, S. Verhulst, and A. Charmantier. 2009.

expressed much later in life than in males, so fluctuations
in mortality would have to be greater to maintain variation
in females.

Great tits growing old: selective disappearance and the partitioning
of senescence to stages within the breeding cycle. Proceedings of
the Royal Society B: Biological Sciences 276:2769-2777.

In summary, we show how aging affects patterns of Byerly, T. 1932. Growth of the chick embryo in relation to its food

reproductive investment in analogous primary and sec-
ondary reproductive traits in males and females. We found
that early-life reproductive investment was higher in males

relative to females and that this resulted in reduced lon =+

gevity. We also found that in females, which appeared more
robust to the effects of aging, the relationships between

—

supply. Journal of Experimental Biology 9:15-44.

Candolin, U. 2000a. Changes in expression and honesty of sexual
signalling over the reproductive lifetime of sticklebacks. Proceed-
ings of the Royal Society B: Biological Sciences 267:2425-2430.

. 2000b. Increased signalling effort when survival prospects

decrease: male-male competition ensures honesty. Animal Behav-

iour 60:417-422.

reproductive traits showed greater changes than males, be-~* Carranza, J., and F. J. Pérez-Barberia. 2007. Sexual selection and

coming more negative with age. This suggests that the
deterioration of sexually selected traits with age, as a resul*
of early-life reproductive investment, may remove the
presence of trade-offs between traits. In contrast, when
decreases in somatic condition are slower, then trade-offs

senescence: male size-dimorphic ungulates evolved relatively
smaller molars than females. American Naturalist 170:370-380.

=+ Charmantier, A., C. Perrins, R. McCleery, and B. Sheldon. 2006.

Quantitative genetics of age at reproduction in wild swans: support
for antagonistic pleiotropy models of senescence. Proceedings of
the National Academy of Sciences of the USA 103:6587-6592.

between reproductive traits may be more detectable. The=* Clutton-Brock, T. H., and K. Isvaran. 2007. Sex differences in ageing

next step will be to quantify both the physiological basis

of sex differences in aging and the reproductive success of_’

individuals adopting different reproductive strategies in
relation to variation in mortality risks in wild populations.

in natural populations of vertebrates. Proceedings of the Royal
Society B: Biological Sciences 274:3097-3104.

Collet, J. M., R. Dean, K. Worley, D. S. Richardson, and T. Pizzari.
2014. The measure and significance of Bateman’s principles. Pro-
ceedings of the Royal Society B: Biological Sciences 281:20132973.

=+ Collet, J., D. S. Richardson, K. Worley, and T. Pizzari. 2012. Sexual
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