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Abstract

Owing to sex-specific reproductive strategies, the mean and variance in annual offspring production may differ between the
sexes. In addition, there may be sex-specific changes in reproductive performance with age (e.g. senescence). We used 20 and
50 years of longitudinal data on male and female yellow-bellied marmots, respectively, to investigate sex-specific age effects
and genetic variance in annual reproductive success. In both sexes, annual offspring production increased linearly with age
until a peak was reached at 7 years. This was followed by a decline in annual offspring production in both sexes, indicative
of reproductive senescence. However, the initial increase and the subsequent decline (senescence) in reproductive success
were both faster in males compared to females. Genetic variance in annual offspring production was higher in males than
in females, but heritability was low for both sexes. Additionally, we found no cross-sex genetic correlation in the number of
offspring produced, possibly reflecting sex-specific selection related to the inter-sexual differences in reproductive strate-
gies. There was an effect of year on annual offspring production in both sexes, with a high yearly correlation between the
sexes emphasizing the importance of environmental variation in determining fitness. Overall, these results demonstrate the
impact of sex-specific reproductive strategies on annual offspring production and suggest that male and female marmots may
be evolving to separate phenotypic optima. This study further demonstrates the value and limitations of long-term studies
investigating sex-based patterns of ageing in the wild.

Significance

This study on yellow-bellied marmots demonstrates the key constraints surrounding the research of age-related changes in
reproduction in wild populations, which is especially challenging in males. Among these challenges are high immigration
rates which prevent the estimation of exact age and maternal identity. Genetic analysis—the only reliable way to estimate
paternity—has only been a recent development, limiting the number of father-son relationships available for analysis. The
dataset used in this study is long term (20 years of data on males and 50 on females), partially overcoming these obstacles.
Results show that reproductive success declines with age in both sexes, with a faster rate of decline in males compared to
females, and is influenced by the environment. Genetically, male and female reproductive success is not correlated, revealing
that both sexes may be following separate evolutionary trajectories.

Keywords Polygynous mating system - Life-history strategies - Cross-sex genetic correlation - Quantitative genetics -
Long-term data
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and/or behaviour typically results from differences in the
strength and shape of selection acting on each sex (Shine
1989). Sexual size dimorphism (SSD) in particular has been
extensively studied. In extreme cases, one sex may be an
order of magnitude larger than the other. For example, in the
cichlid fish Lamprologus callipterus, males are on average
12 times heavier than females (Schiitz and Taborsky 2005).
Sexual dimorphism may also be present in life history strat-
egies, such as: (1) age at maturity (e.g. earlier in male than
female Atlantic salmon (Salmo solar); Fleming 1996), (2)
survival (e.g. male-biased mortality in multiple vertebrates;
reviewed in Clutton-Brock and Isvaran 2007), (3) longevity
(e.g. female-biased longevity in mammals; Lematftre et al.
2020), and (4) reproductive strategies (e.g. despite lifetime
reproductive success of most male elephant seals (Mirounga
angustirostris) being zero and most females reproducing each
year, the theoretical maximum number of offspring a male
can sire can be 17 times higher than females; Le Boeuf 1974).

With respect to sex-specific reproductive strategies,
considerable differences between the sexes in the annual
number of offspring produced may occur. For example, in
polygynous species, the number of offspring a male sires
annually primarily depends on the number of mating part-
ners acquired during the breeding period, while females
are limited by physiological and/or environmental factors
(e.g. reproduction restricted by food abundance (Armitage,
2014)). Therefore, the maximum number of offspring a male
can produce is higher than that of females. In addition, given
that the adult sex ratio is mainly biased towards females in
polygynous species, the mean number of offspring produced
annually by males will be higher than that of females. Fur-
ther, in polygynous mating systems, high male-male compe-
tition for access to females also drives variance in both male
annual reproductive success (ARS) and lifetime reproductive
success (LRS), with a few males producing the majority
of the offspring (Andersson 1994). Collectively, these sex-
specific differences lead to different resource allocation in
reproduction between the sexes: Males incur high physical
and energetic costs of intra-sexual competition (e.g. injuries,
prolonged fasting, increased parasitization; Clutton-Brock
and Isvaran 2007; Lloyd et al. 2020), while for females, the
costs of reproduction stem from gestation, lactation, and
parental care (Nussey et al. 2009; Lloyd et al. 2020).

These sex-specific energetic investments in reproduction
will lead to sex-specific trade-offs with other life-history
traits such as growth, survival, and future reproduction
(Stearns 1992). For example, trade-offs between current
and future reproductive success and survival can occur if
individuals invest energy and resources into reproduction
early in their lives, thereby leaving fewer resources avail-
able for the future. Early-life investments may include an
earlier age at first reproduction or higher early-life fecun-
dity, which has been associated with decreased survival or
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reproductive success in later life (Nussey et al. 2006). For
example, Lemaitre et al. (2014) reported that male red deer
(Cervus elaphus) that invested early in reproduction expe-
rienced greater declines in reproductive success than those
that did not. This “live fast, die young” strategy can occur
in both sexes, but is generally predicted to occur in males
as a consequence of their reproductive strategy (Travers
et al. 2015), which results in an earlier onset of senescence
(Lemaitre et al. 2020). Senescence is defined as “a within-
individual process caused by deterioration in molecular and
physiological function” resulting in a decrease in survival
probability and reproductive output with age (Nussey et al.
2008). While the onset of senescence is generally predicted
to be earlier in males than in females, sex differences in the
rate of senescence can vary between species and popula-
tions (Lemaitre et al. 2020). These differences are driven
by variations in the immediate environment and/or different
selection pressures between populations resulting in faster
senescence in males compared to females, faster senescence
in females compared to males, or the same rate of senes-
cence between the sexes (Lemaitre et al. 2020). Specifically,
in wild populations that live in severe environments, the rate
of senescence is expected to be faster in males (Lemaftre
et al. 2020). For example, Nussey et al. (2009) reported that
in a wild population of red deer living in a harsh environ-
ment (Clutton-Brock et al. 1982), males experienced a faster
rate of senescence than females. Indeed, reproductive suc-
cess is expected to decline rapidly with age from repeated
male-male competitions incurring accumulated costs, which
will hamper a males’ ability to acquire and defend females
over time (Clutton-Brock and Isvaran 2007; Nussey et al.
2009). The reproductive success of females will also decline
with age, caused by declining oocyte numbers, as well as
cost and damage accumulation (Nussey et al. 2009). Males
are therefore expected to experience higher fitness if they
invest more heavily in current reproduction at the expense
of future reproduction and survival, while females will pro-
duce more offspring by living longer. Thus, owing to differ-
ences in reproductive costs and benefits between males and
females (Trivers 1972), the rate and onset of senescence may
be sex-specific (Bonduriansky et al. 2008).

From an evolutionary standpoint, fitness traits shared
between the sexes (such as offspring production) may be
subject to positive, negative, or null genetic correlations, and
similar or opposing selective pressures (Kruuk et al. 2008).
In cases where the fitness optima of a shared trait differ
between the sexes (Parker 1979), intra-locus sexual conflict
is predicted. The evolution of sexual dimorphism may par-
tially or fully resolve this conflict, the presence of which can
be assessed via cross-sex genetic correlations (ry,; Lande
1980). An ry, approaching one indicates shared genetic
architecture between the sexes, suggesting the presence of
sexual conflict and constraints on sex-specific evolution
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(Poissant et al. 2010). An r,,, less than one would mean
that each sex may evolve to their own sex-specific selec-
tion optimum, a potential resolution to the conflict (Pois-
sant et al. 2010). Few studies have estimated the genetic
variance of traits associated with reproductive success and
their genetic correlations in both sexes in the wild (Bondu-
riansky and Chenoweth 2009). Wolak et al. (2018) found a
potential positive cross-sex genetic correlation in fitness in
a wild population of song sparrows (Melospiza melodia)
suggesting that positive selection on fitness in one sex may
lead to an associated increase in the other. In addition, some
laboratory studies have showed intra-locus sexual conflict.
Chippindale et al. (2001) found the presence of intra-locus
sexual conflict in a population of Drosophila melanogaster.
They reported a negative correlation for fitness between the
sexes in adults, indicating that selection for higher fitness in
one sex would lead to decreased fitness in the other (Chip-
pindale et al. 2001).

Despite predictions on sex-specific differences in repro-
ductive success, empirical analysis of reproductive success
on both sexes are lacking in wild populations. Long-term
studies collecting data on the same individuals over multiple
reproductive attempts in the wild are still relatively rare. Fur-
thermore, constraints to collecting life history data in males
(e.g. high immigration, relatively recent implementation of
molecular paternity assessment) have prevented detailed
analysis in both sexes (Murgatroyd et al. 2018). Here, we
analyse 50 years of data on reproductive success in females
and 20 years of data on reproductive success in males origi-
nating from a longitudinal study on yellow-bellied marmots
(Marmota flaviventer; hereafter marmots).

Marmots are sexually dimorphic, reach sexual maturity
at 2 years old, and live up to 15 years in the wild. They have
a harem-polygynous mating strategy: Males will compete
with one another over access to matrilines consisting of
groups of related females (Armitage 2000, 2014). Colonies
are thus composed of matrilines and one or more reproduc-
ing males. Importantly, only 15.6% of male marmots survive
to reproductive maturity (Armitage 2014) and are typically
immigrants to the site (Armitage and Downhower 1974). As
such, the reproductive success of males is mainly determined
by their ability to survive until reproductive maturity and
subsequently acquire and defend a territory with females
(Armitage 2014). In contrast, the reproductive success of
females is influenced by the presence (or absence) of male
and environmental factors such as extended periods of snow
cover following emergence (Armitage 2014). Sex differences
in reproductive resource allocation are therefore expected in
marmots, which may result in different onsets and rates of
senescence between the sexes.

In this study, we compared the annual number of off-
spring produced by male and female marmots and analysed
the sex-specific impacts of age. Using a quantitative genetic

approach, we also estimated the sex-specific genetic variance
in annual reproductive success and the associated cross-sex
genetic correlation. We predicted that male marmots would
have an earlier onset and faster rate of senescence com-
pared to females due to the increased cost of reproduction
for males in this harem-polygynous mating system. Further,
we predicted a null cross-sex genetic correlation because
of the differences in sex-specific reproductive strategies of
this species.

Methods
Study site and subjects

Yellow-bellied marmots have been studied in and around the
Rocky Mountain Biological Laboratory (RMBL) in Gothic,
Colorado, in the Upper East River Valley since 1962. The
Upper East River Valley is divided in two parts, an up-valley
and down-valley, that differ in elevation, phenology, and
human disturbance. Colonies were found between 2,700 and
3,100 m.a.s.l. (Armitage 2014). Marmots are large (3-5 kg),
semi-fossorial, sciurid rodents which live in colonies that
consist of one or more matrilineal groups. Marmots are
active from mid-April to mid-October and hibernate through
the winter (Blumstein et al. 2006). We live-trapped marmots
on a regular basis (approximately fortnightly) throughout
the active season using Tomahawk traps. During the first
capture, individuals were marked with numbered ear tags
for permanent identification, and fur dye (Nyanzol D) was
applied to facilitate identification from afar for social obser-
vations (Blumstein et al. 2013). Beginning in 2001, we also
took a hair sample for genetic parentage assignments at first
trapping. At each trapping, individuals were weighed to
the nearest gram, sexed, and assessed for their reproduc-
tive status. Most adult females (83%) were trapped for the
first time as juveniles and are of known age, whereas adult
males are often immigrants (37%). Immigrants and individu-
als not captured as juveniles are assumed to enter the popula-
tion at 2 years old or older (Armitage 2014). Given that all
individuals must be identified to estimate their survival and
reproduction, we are unable to use blinded methods.

Pedigree

Because juveniles were trapped the first time they emerged
out of their maternal burrow, we were able to behaviour-
ally match juveniles to mothers. Given the marmot repro-
ductive system, however, paternities can only be inferred
using a genetic approach. Before 2000, maternity was
assigned behaviourally and paternity was unknown (Armit-
age 2014). Since 2000, genetic parentage assignments were
used for both maternities and paternities. Detailed methods
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are described in Blumstein et al. (2010); Lea et al. (2010),
and Olson et al. (2012). We extracted DNA using Quigen
QIAamp DNA Mini kits and genotyped individuals at 12
hypervariable microsatellites. We used GENEMAPPER
to visualize and score alleles, and we used CERVUS 3.0
(Kalinowski et al. 2007) to confirm maternity and used
a maximum likelihood method at 95% trio confidence to
match paternity. A list of candidate dams was chosen based
on nipple size measurement taken during trapping and han-
dling, while candidate sires were based on larger geographic
location (up vs. down valley). Because we regularly trapped
and observed marmot colonies, we assumed a sampling pro-
portion of 99% for candidate mothers and 96% for candi-
date fathers. Since 2000, genetic assignment confirmed the
behavioural observations in over 96% of cases indicating that
the method used for maternal assignment was not impacting
the estimation of reproductive success for females. Given
that before 2000 maternities were assigned behaviourally,
analyses were restricted to the main colonies where recap-
ture rate is over 95% and pups were easily assigned to a
mother based on behavioural observations.

Analyses

To look at the differences between the sexes in annual repro-
ductive success (ARS), we fitted a model of the number
of offpsring as a function of sex using a generalized linear
mixed model with a Poisson error distribution. We included
a linear and quadratic effect of age, along with the interac-
tion of both with sex to estimate sex differences in ageing.
To account for environmental variation due to elevation, we
included a fixed effect of valley position (up-valley or down-
valley). For females only, we also included mass in June as
a fixed effect because females are capital breeders. Capital
breeders use stored energy towards reproduction, and this
creates a trade-off between current and future reproduction
(Stearns 1992). June mass reflects the energy available for
reproduction and is estimated from best linear unbiased pre-
dictors from a linear mixed effects model for each individual
each year based on 2 to 8 masses per individual (Kroeger
et al. 2018a). Body mass is therefore a key factor in deter-
mining whether or not females reproduce and may further
determine the quantity of resources available for young.
Given that male trappability is much lower than that of
females, and mass estimations are not available for all males
each year, we did not include June mass for males. Age and
mass were mean-centered and scaled to a variance of 1 in
all models. In addition to these fixed effects, we estimated
the sex-specific additive genetic (V,, identity linked to pedi-
gree), permanent environment (Vpg, identity), and year (Vy)
variances as well as the genetic and year cross-sex correla-
tions. Variance parameters were estimated as the posterior
mean and reported with their 95% highest posterior density
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intervals (HPDI). We did not include age at first reproduc-
tion or age at death (van de Pol and Verhulst 2006) because
previous studies on females showed that these factors have
no or weak effects on senescence estimates in this population
(Kroeger et al. 2018b). These terms were also not included
in our model on males because exact age is unknown for 51
out of 163 adult males (31%). Variance ratio estimates were
calculated as the proportion of the total phenotypic vari-
ance explained by the corresponding variance component.
For example, heritability was conditional to the variance
explained by the fixed effects and estimated as the additive
genetic variance divided by the total phenotypic variance.
Evolvability was estimated as the additive genetic vari-
ance divided by the squared population mean. Since fitness
components are not on a continuous scale (count data with
Poisson distributions), variance components, heritability,
and evolvability were first estimated on the latent scale. All
analyses were done in R v.4.1.2 (R Core Team 2021) with
the main analysis done in the MCMCglmm package v.2.33
(Hadfield 2010). We estimated the heritability and evolv-
ability on the observed scale using the QGglmm package
v.0.7.4 (de Villemereuil et al 2016). All variance ratios were
estimated for the entire posterior distribution and reported
as posterior mean with 95% HPDI.

For residuals and permanent environment effects, the
cross-sex correlation cannot be estimated, thus fixed to O,
and we used standard priors with V=diag(2), nu=1.002,
that are weakly informative for the variance parameters.
For random effects for which a cross-sex correlation can be
estimated, it is possible to use parameter expanded priors
(e.g. V=diag(2)*0.002, nu=3, alpha.mu=rep(0,2), and
an alpha.V =diag(2) * c¢(1000)) to get a weakly informative
(flat) prior on the correlation scale. However, those priors
tend to be quite informative for small variance values (high
frequency of values below 0.01) which might be problem-
atic when variance parameters are small (e.g. for genetic
effects). Thus, we used standard priors for the genetic effect
and parameter expanded priors for the year effect. It should
be noted that using parameter expanded priors for genetic
variance provided similar results (Appendix Table S1). All
models sampled every 2000 iterations with a burn-in of
50,000 iterations for a total of 1500 samples. We visually
checked trace plots and all models had an autocorrelation
under 0.10. We also used the Heidelberger and Welch’s con-
vergence diagnostic (heidel.diag() function) to verify model
convergence (Hadfield 2010).

Ethical note

Traps were set in the morning and afternoon near burrow
entrances and checked after 2—-3 h. Traps were provided
shade on warm days and closed during inclement weather.
After trapping, individuals were released immediately at
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the trap location. Marmots were handled quickly, typically
5-15 min depending upon data collected. All individu-
als were handled in a cone, cloth bag to reduce stress. We
swabbed all ears with alcohol before administering ear tags.
All handlers were trained by DTB, JGAM, or senior person-
nel. Although not formally tested, we see no obvious long-
term effect of trapping and handling on marmot survival or
reproduction (JGAM personal comm.).

Results

Our dataset included 163 males and 358 females. Males and
females showed both a positive linear and negative quadratic
effect of age in the number of offspring produced. There
were inter-sexual differences in both the linear and quad-
ratic effect of age (significant interactions with sex; Table 1;
Fig. 1). According to the model, both sexes had peak repro-
ductive output at age 7 with a faster increase and decrease
for males (Fig. 1). For females, there was no effect of mass
in June. Based on raw data, the average number of offspring
for males across all ages was 4.679 (+6.687 SD). It peaked
at age 10 (mean +SD: 14.25+9.67) and was lowest at age
2 (mean +SD: 1.506 +3.389). No males aged 12 or 13 suc-
cessfully reproduced. Average adult male longevity was 3.03
(£ 1.74 SD), and 25% of 2-year-old males died at or after
4 years old. Based on raw data, across all ages, females aver-
aged 2.124 (+2.564 SD) offspring per year and had a peak
number of offspring at age 8 (mean=+ SD: 3.466 +3.123) and
were lowest at age 2 (mean+SD: 1.213 +£2.121). No females
older than 14 successfully reproduced. Adult females had

Table 1 Estimates and 95% credible intervals for the relationship
between fixed effects and the annual number of offspring for both
males and females in yellow-bellied marmots at Rocky Mountain
Biological Laboratory

Fixed effect Posterior 95% lower CI  95% upper CI
mean esti-
mate
Sex (F) -0.251 -0.584 0.051
Sex (M) 0.393 -0.214 1.003
Valley (Up) —0.178 -0.578 0.226
Age 0.265 0.134 0.411
Age? -0.271 —-0.384 -0.146
Sex (M) * valley (Up) —0.611 —-1.429 0.186
Sex (M) * age 0.423 0.104 0.689
Sex (M) * age? —-0.492 —-0.761 —0.205
Female mass in June  0.172 —-0.059 0.369

Estimates that exclude 0 were deemed significant and are in bold.
Female is the reference level. Valley is a factor with 2 levels down
and up valley, down valley being used as the reference
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Fig. 1 Relationship between age and number of offspring produced
for both males and females. Points are raw data. Lines and 95% credi-
ble intervals are based off of predicted values from males and females
located down valley. Females were considered of average mass
(scaled mass =0). Males are in turquoise and females in red

an average longevity of 4.023 (+2.41 SD) years and 25% of
those who made it to 2 years old died at 6 years old or older.

We found large year effects in both sexes with a strong
positive correlation between the sexes suggesting that yearly
environmental conditions play a large role in the number
of offspring produced for both sexes (Table 2; Fig. 2b). We
found low, but non-zero additive genetic variance for both
sexes (Table 2; Fig. 2a). The cross-sex genetic correlation
was estimated close to zero with a wide credible interval
that included zero (Table 2; Fig. 2a). All variance param-
eters for males (additive genetic, permanent environment,
year, and residuals) were larger than estimates for females
(Table 2), indicating that the annual reproductive success of
males is more variable than that of females. The heritabil-
ity estimated on the latent scale was similar for both sexes
at around 0.17 (Table 2). However, compared to the latent
scale, heritability on the observed scale was much smaller in
both sexes, but larger for females than for males (Table 2).
When looking at the evolvability, males had a lower estimate
on the latent scale than females but a much larger estimate
on the observed scale.

Discussion

Using 20 and 50 years of longitudinal data on male and
female marmots respectively, this study examined the sex-
specific patterns of age-related change in annual reproduc-
tive success. As predicted, the ageing patterns of offspring
production differed between males and females, reflecting
their sexually dimorphic reproductive strategies. Contrary
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Tablg 2 Estimatc?s and 9.5% Effects Male Male Male Female Female Female
credible intervals for. variance Mean estimate Lower 95%CI Upper 95%CI Mean estimate Lower 95%CI Upper 95%CI
components and variance ratios
of annual reproductive success A 0.578 0.100 1311 0.381 0.136 0.645
for both males and females Vo 0.781 0.159 1.548 0.230 0.074 0.413
in yellow-bellied marmots at
Rocky Mountain Biological Vy 0.540 0.052 1.197 0.269 0.086 0.493
Laboratory Residual 1.658 1.067 2.284 1.241 0.954 1.531

Cor genetic —0.175 —0.663 0.578

Cor year 0.677 0.139 0.986

" 0.162 0.031 0.335 0.179 0.068 0.287
12 0.018 0.001 0.041 0.049 0.019 0.079
pe? 0.219 0.048 0.399 0.108 0.039 0.194
y2 0.147 0.0263 0.304 0.126 0.041 0.216
1, 0.026 0.005 0.060 0.085 0.030 0.143
Lnobs 0.578 0.100 1.311 0.381 0.136 0.645

The upper half includes the estimated variance components, including additive genetic (V,), permanent
environment (Vpg), year (Vy), and residual variance, and the cross-sex genetic and year correlations. The
bottom half includes the estimated effect ratios adjusted heritability (4?), heritability on the observed scale

"’

obs

a) Genetic correlation
Fig.2 The (a) additive genetic
and (b) year cross-sex variance
matrices of annual reproductive 21
success. Points in each graph
are the posterior mode of the 1
best linear unbiased predictors
(BLUPs) from the bivariate
models. Points in yellow are
males, in black are females and
purple are years. Bold ellipses
represent the posterior mode
of the variance matrices, while
grey ellipses are from 300 ran- -2
domly selected estimates from

Male offspring
o

), permanent environment (pe?), and year effects (y2). We also provide the evolvability on both the
latent (/,) and observed (/) scales

b) Year correlation

Male offspring
< "

the posterior distribution. Grey
ellipses offer a sense of uncer-
tainty around the estimate

Y 1 0

to our prediction, age at onset of senescence was similar
in both sexes, but, as predicted, there were sex differences
in the rate of senescence. Males dramatically increased
offspring production from age 2 until age 7, at which point
production drastically declined (Fig. 1). Females experi-
enced a more subtle increase in offspring production from
age 2 until age 7, followed by a gradual decline (Fig. 1).
These results suggest that both females and males experi-
ence reproductive senescence, but males senesce at a faster
rate compared to females. Additionally, the sexes differed
in their genetic variance for annual reproductive suc-
cess, with higher genetic variance in males compared to
females. Finally, and in line with our prediction, there was
no cross-sex genetic correlation, but a strong yearly cross-
sex correlation in offspring production. Respectively, these
results demonstrate that the sexes may evolve differently
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and that environmental conditions greatly impact offspring
production in this population.

There was a linear increase in the annual number of off-
spring produced until 7 years of age in both females and
males (Fig. 1). This increase was substantially larger in
males than in females because of the difference in mean
number of offspring produced at peak age (Fig. 1), suggest-
ing that while both sexes improve their breeding success
with age until a peak of performance is reached, the effect
is stronger in males (Fig. 1; Table 1). This increase in both
sexes at younger ages may be explained by the constraint
hypothesis, which proposes that new breeders may be lim-
ited by a lack of experience or skills necessary for repro-
duction (Curio 1983). The constraint hypothesis further
predicts that individuals will develop strategies to increase
their reproductive success as they gain experience (Dugdale
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etal. 2011). In females, this experience gain may be related
to improvements in individual foraging capacities, increases
in the ability to provide maternal care in multiparous ver-
sus primiparous mothers (e.g. reindeer (Rangifer taran-
dus); Weladji et al. 2006), or a greater ability to suppress
reproduction among younger females. In males, the gain in
reproductive success might reflect better fighting abilities,
continuous mass gain, experience, and the ability to better
defend their harem (e.g. elephant seals (Mirounga leonina);
Lloyd et al. 2020). The apparent increase with age in repro-
duction for males might also be a population effect only and
could be driven by the disappearance of males who do not
reproduce. Of males that reach 2 years old, 75% die before
the age of 4, and most do not reproduce.

Following this increase in reproductive success, both males
and females experienced a decline in reproductive output,
albeit with larger confidence intervals in males than females.
This suggests that both sexes experience reproductive senes-
cence, with a marked decline in offspring production in the
last years of life. The rate of this reproductive senescence
was faster in males compared to females (Table 1; Fig. 1).
However, 92% of those males who survived to 2 years old,
died at or before they were 6 years old, whereas in females,
20% of those who survived to 2 years old, died at 7 years or
later. These results suggest that relatively few males reached
senescence age, but quite a few females did. These findings
were in line with our prediction and can be expected due to the
mating system of this species and the resulting differences in
reproductive strategies between the sexes. In females, repro-
ductive senescence may be expected due to physiological
costs accumulation or declining oocyte numbers with age,
while in males, faster senescence may be attributed to the
higher costs of reproduction (Clutton-Brock and Isvaran 2007,
Nussey et al. 2009). Despite both sexes incurring comparable
reproductive costs (Armitage 2014), male marmots may pay
these costs for longer than females do, as they need to defend
territories throughout the active season (Armitage 2004).
Hence, males may have a higher overall cost of reproduction
than females. Alternatively, the ageing pattern in males may
be explained by the “live fast/die young™ hypothesis (Travers
et al. 2015), where those males that monopolize access to
reproduction at a young age reproduce for a few years and
die shortly after. This may partly explain the observation
that 92% of adult males die by age 6. In addition, we report
that male marmots have both a higher average and variance
in the number of offspring produced compared to females.
This pattern can be explained by a few males successfully
monopolizing females and thus producing the majority of the
offspring, while those that do not will produce few to none.
However, these results should be interpreted with caution
(see detailed discussion of the limitations of data collection
in males below) given the relatively small number of males
reaching senescence age and the large confidence intervals.

These sex-specific reproductive strategies were also reflected
by differences in the additive genetic variance, an absence of a
cross-sex genetic correlation, and differences in the permanent
environment effect. Males had a higher estimate of additive
genetic variance compared to females, but with a wider credible
interval. Heritability estimates were low for both sexes, which
is not surprising because fitness traits often have relatively low
heritabilities (Merild and Sheldon 2000). The evolvability of
the trait on the observed scale was non-negligible and larger
in males than in females. Taken together, these results indi-
cate a potential for selection and evolution of traits related to
reproductive success in both sexes in marmots. Additionally,
the absence of a cross-sex genetic correlation shows that repro-
ductive success could evolve independently across the sexes and
should facilitate the evolution of different fitness optima. This
absence of cross-sex genetic correlation also strongly suggests
that the suite of traits determining annual reproductive success
also differ across the sexes, with these traits being dimorphic
or a different suite of traits entirely. One might thus expect
that behavioural phenotypes differ across sexes to maximize
annual reproductive success with behaviours associated with
risk taking, aggressivity, exploration, and boldness favoured in
males compared to females. There was also a significant per-
manent environment effect in both sexes (larger in males than
in females) indicating developmental plasticity and an impact
of early-life environment on reproductive success later in life.
It is possible that the lower depth in the pedigree in regard to
father-son relations, smaller sample size, and potential errors
in genetic parentage assignment might have inflated the perma-
nent environment variance for males. Longer data collection
with more individuals would thus be required.

Further, the year of measurement explained 14% and 12%
of the variance in annual reproductive success in males and
females, respectively (Table 2). This is unsurprising since the
reproductive success of female marmots is influenced by envi-
ronmental factors such as extended periods of snow cover fol-
lowing emergence (Armitage 2014). Consequently, fat reserves
are depleted, limiting and even preventing reproduction due to
alack of expendable resources (Armitage 2014). Coupled with
this result is a strong and significant year correlation between
males and females. Such a correlation suggests that in years
where females have high annual reproductive success, the few
successful males in the population will also experience height-
ened reproductive success. These results point towards the
importance of environmental effects in driving inter-individual
variation in the number of offspring produced.

Despite annual data collection since 1962, this dataset is
subject to many of the common limitations affecting long-term
studies, resulting in 50 years of data on females but only 20 on
males. This reduction in sample size for males is due to genetic
paternity assignment only beginning in 2000, which is the only
reliable way of determining paternity in polygynous species.
A further reduction of the sample size in males occurred as

@ Springer



84 Page 8 of 10

Behavioral Ecology and Sociobiology (2022) 76:84

a result of the harem-polygynous mating system: only a few
males reproduce each year. Consequently, not only is the abso-
lute sample size smaller in males than in females (163 versus
358 individuals, respectively), but there are also substantially
fewer males reproducing within each age class, and especially
so in the older age classes (Fig. 1). This may impact the power
of the study and may potentially explain the large confidence
intervals that are reported in Tables 1 and 2. In addition, most
reproducing males are immigrants to the study sites (Armitage
2014), and thus, their pedigrees and life histories (including
age) can be less precise. The effect of mass could only be esti-
mated in females as males often die early in the season, after
reproducing but before they are weighed. It is only because
our system has such a long-term pedigree that we are able
to quantify sex- and age-specific effects and estimate herit-
ability in this population (Clutton-Brock and Sheldon 2010).
As more data become available, estimates may become more
precise. For instance, by excluding the last 5 years of avail-
able data from analysis, the effect of senescence and additive
genetic variance in males was masked, suggesting that even a
few additional years of data will allow for much greater power
and precision.

Overall, these results demonstrate that the ageing patterns of
annual offspring production in marmots are sex-specific, with
both sexes experiencing reproductive senescence at different
rates despite similar ages of onset. These results emphasize how
different reproductive strategies and environmental conditions
affect annual offspring production in both sexes. We encour-
age future work on decomposing the effect of environmental
variation on offspring production in both sexes and age classes
within. Other measures of reproductive success such as the num-
ber of offspring that survive to reproductive maturity should
also be examined, as these may better represent fitness. Given
the null cross-sex genetic correlation reported here, future work
on fitness and fitness-related traits in yellow-bellied marmots
should examine males and females separately given that they
may be evolving to their own sex-specific phenotypic optima.
Finally, these results should be reexamined when additional data
on males become available, as precision may increase, and addi-
tional effects may be modelled.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00265-022-03191-9.

Acknowledgements We thank the many previous marmoteers who
have collected data throughout the years and especially the late Profes-
sor Kenneth B. Armitage, who began the study in 1962 and ran it until
2001. We thank the 2 anonymous reviewers and the editor, Janet Mann,
for insightful and constructive comments during the review process.

Author contribution SSL, MND, MP, and JGAM developed the idea of
the study. SSL, MNP, and JGAM ran the analysis. SSL. and MND wrote
a first draft of the manuscript, and all authors contributed to develop
and write the manuscript. SSL and MND had similar contributions to
the manuscript.

@ Springer

Funding DTB was supported by the National Geographic Society,
UCLA (Faculty Senate and the Division of Life Sciences), a Rocky
Mountain Biological Laboratory research fellowship, and by the
National Science Foundation (I.D.B.R.-0754247, and D.E.B.-1119660
and 1557130 to DTB, as well as D.B.I. 0242960, 0731346, 1226713,
and 1755522 to Rocky Mountain Biological Laboratory). JGAM was
supported by the Natural Sciences and Engineering Research Council
of Canada discovery grant and a University of Ottawa research grant.

Data availability The data and code for this study are available on OSF
https://doi.org/10.17605/0SF.IO/VSBMA.

Declarations

Ethics approval All applicable national and institutional guidelines for
the use of animals were followed. Marmots were studied under ARC
protocol 2001-191-01 by the University of California Los Angeles Ani-
mal Care Committee on 13 May 2002, and renewed annually, as well as
annual permits issued by the Colorado Division of Wildlife (TR917) and
the Rocky Mountain Biological Laboratory’s Animal Care Committee.

Conflict of interest The authors declare no competing interests.

References

Andersson M (1994) Sexual selection. Princeton University Press,
Princeton. https://doi.org/10.2307/j.ctvs32s1x

Armitage KB (2000) The evolution, ecology, and systematics of mar-
mots. Oecologia Mont 9:1-18. https://om.vuvb.uniza.sk/index.
php/OM/article/view/116

Armitage KB (2004) Metabolic diversity in yellow-bellied marmots.
In: Barnes BM, Carey HV (eds) Life in the cold: evolution, mech-
anisms, adaptation, and application. University of Alaska, Fair-
banks, Alaska, Institute of Arctic Biology, pp 162-173

Armitage KB (2014) Marmot biology: sociality, individual fitness, and
population dynamics. Cambridge Univ Press, Cambridge. https://
doi.org/10.1017/CB0O9781107284272

Armitage KB, Downhower JF (1974) Demography of yellow-bellied marmot
populations. Ecology 55:1233-1245. https://doi.org/10.2307/1935452

Blumstein DT, Lea AJ, Olson LE, Martin JGA (2010) Heritability of anti-
predatory traits: vigilance and locomotor performance in marmots. J Evol
Biol 23:879-887. https://doi.org/10.1111/j.1420-9101.2010.01967.x

Blumstein DT, Ozgul A, Yovovich V, Van Vuren DH, Armitage KB
(20006) Effect of predation risk on the presence and persistence
of yellow-bellied marmot (Marmota flaviventris) colonies. J
Zool 270:132-138. https://doi.org/10.1111/j.1469-7998.2006.
00098.x

Blumstein DT, Petelle MB, Wey TW (2013) Defensive and social
aggression: repeatable but independent. Behav Ecol 24:457-461.
https://doi.org/10.1093/beheco/ars183

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

Bonduriansky R, Maklakov A, Zajitschek F, Brooks R (2008) Sexual
selection, sexual conflict and the evolution of ageing and life span.
Funct Ecol 22:443-453. https://doi.org/10.1111/j.1365-2435.2008.
01417.x

Chippindale AK, Gibson JR, Rice WR (2001) Negative genetic cor-
relation for adult fitness between sexes reveals ontogenetic con-
flict in Drosophila. P Natl Acad Sci 98:1671-1675. https://doi.
org/10.1073/pnas.041378098

Clutton-Brock TH, Guinness FE, Albon SD (1982) Red deer: behavior
and ecology of two sexes. University of Chicago press, Chicago


https://doi.org/10.1007/s00265-022-03191-9
https://doi.org/10.17605/OSF.IO/VSBMA
https://doi.org/10.2307/j.ctvs32s1x
https://om.vuvb.uniza.sk/index.php/OM/article/view/116
https://om.vuvb.uniza.sk/index.php/OM/article/view/116
https://doi.org/10.1017/CBO9781107284272
https://doi.org/10.1017/CBO9781107284272
https://doi.org/10.2307/1935452
https://doi.org/10.1111/j.1420-9101.2010.01967.x
https://doi.org/10.1111/j.1469-7998.2006.00098.x
https://doi.org/10.1111/j.1469-7998.2006.00098.x
https://doi.org/10.1093/beheco/ars183
https://doi.org/10.1016/j.tree.2008.12.005
https://doi.org/10.1111/j.1365-2435.2008.01417.x
https://doi.org/10.1111/j.1365-2435.2008.01417.x
https://doi.org/10.1073/pnas.041378098
https://doi.org/10.1073/pnas.041378098

Behavioral Ecology and Sociobiology (2022) 76:84

Page9of10 84

Clutton-Brock TH, Isvaran K (2007) Sex differences in ageing in nat-
ural populations of vertebrates. Proc R Soc Lond B 274:3097—
3104. https://doi.org/10.1098/rspb.2007.1138

Clutton-Brock TH, Sheldon BC (2010) Individuals and populations:
the role of long-term, individual-based studies of animals in
ecology and evolutionary biology. Trends Ecol Evol 25:562—
573. https://doi.org/10.1016/j.tree.2010.08.002

Curio E (1983) Why do young birds reproduce less well? Ibis 125:400—
404. https://doi.org/10.1111/J.1474-919X.1983.TB03130.X

de Villemereuil P, Schielzeth S, Nakagawa S, Morrissey M (2016)
General methods for evolutionary quantitative genetic infer-
ence from generalized mixed models. Genetics 204:1281-1294.
https://doi.org/10.1534/genetics.115.186536

Dugdale HL, Pope LC, Newman C, MacDonald DW, Burke T (2011)
Age-specific breeding success in a wild mammalian population:
selection, constraint, restraint and senescence. Mol Ecol 20:3261—
3274. https://doi.org/10.1111/j.1365-294X.2011.05167.x

Fleming IA (1996) Reproductive strategies of Atlantic salmon: ecol-
ogy and evolution. Rev Fish Biol Fish 6:379-416. https://doi.
org/10.1007/BF00164323

Hadfield J (2010) MCMC methods for multi-response generalized
linear mixed models: the MCMCglmm R package. J Stat Softw
3:1-22. https://doi.org/10.18637/jss.v033.i102

Kalinowski ST, Taper ML, Marshall TC (2007) Revising how the
computer program CERVUS accommodates genotyping error
increases success in paternity assignment. Mol Ecol 16:1099—
1106. https://doi.org/10.1111/.1365-294x.2007.03089.x

Kroeger SB, Blumstein DT, Armitage KB, Reid JM, Martin JGA
(2018) Age, state, environment, and season dependence of
senescence in body mass. Ecol Evol 8:2050-2061. https://doi.
org/10.1002/ece3.3787

Kroeger SB, Blumstein DT, Armitage KB, Reid JM, Martin JGA
(2018) Cumulative reproductive costs on current reproduc-
tion in a wild polytocous mammal. Ecol Evol 8:11543-11553.
https://doi.org/10.1002/ece3.4597

Kruuk LEB, Slate J, Wilson AJ (2008) New answers for old ques-
tions: the evolutionary quantitative genetics of wild animal
populations. Annu Rev Ecol Evol S 39:525-548. https://doi.
org/10.1146/annurev.ecolsys.39.110707.173542

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

Le Boeuf B (1974) Male-male competition and reproductive suc-
cess in elephant seals. Am Zool 14:163-176. https://doi.org/
10.1093/icb/14.1.163

Lea AJ, Blumstein DT, Wey TW, Martin JG (2010) Heritable victimi-
zation and the benefits of agonistic relationships. P Natl Acad Sci
USA 107:21587-21592. https://doi.org/10.1073/pnas.1009882107

Lemaitre J-F, Gaillard J-M, Pemberton JM, Clutton-Brock TH, Nussey
DH (2014) Early life expenditure in sexual competition is associated
with increased reproductive senescence in male red deer. Proc R Soc
B 281:20140792. https://doi.org/10.1098/rspb.2014.0792

Lemaitre J-F, Ronget V, Tidieére M et al (2020) Sex differences in
adult lifespan and aging rates of mortality across wild mam-
mals. P Natl Acad Sci USA 117:8546-8553. https://doi.org/10.
1073/pnas.1911999117

Lloyd KIJ, Oosthuizen WC, Bester MN, Bruyn PIN (2020) Trade-offs
between age-related breeding improvement and survival senes-
cence in highly polygynous elephant seals: dominant males
always do better. ] Anim Ecol 89:897-909. https://doi.org/10.
1111/1365-2656.13145

Mazer SJ, Damuth J (2001) Nature and causes of variation. In: Fox
CW, Roff DA, Fairbairn DJ (eds) Evolutionary ecology: concepts
and case studies. Oxford University Press, New York, pp 3—-15

Merild J, Sheldon BC (2000) Lifetime reproductive success and heritabil-
ity in nature. Am Nat 155:301-310. https://doi.org/10.1086/303330

Murgatroyd M, Roos S, Evans R, Sansom A, Whitfield DP, Sexton D,
Reid R, Grant J, Amar A (2018) Sex-specific patterns of repro-
ductive senescence in a long-lived reintroduced raptor. J Anim
Ecol 87:1587-1599. https://doi.org/10.1111/1365-2656.12880

Nussey DH, Coulson T, Festa-Bianchet M, Gaillard J-M (2008)
Measuring senescence in wild animal populations: towards a
longitudinal approach. Funct Ecol 22:393-406. https://doi.org/
10.1111/j.1365-2435.2008.01408.x

Nussey DH, Kruuk LEB, Donald A, Fowlie M, Clutton-Brock
TH (2006) The rate of senescence in maternal performance
increases with early life fecundity in red deer. Ecol Lett 9:1342—
1350. https://doi.org/10.1111/.1461-0248.2006.00989.x

Nussey DH, Kruuk LEB, Morris A, Clements MN, Pemberton JM,
Clutton-Brock TH (2009) Inter- and intrasexual variation in
aging patterns across reproductive traits in a wild red deer popu-
lation. Am Nat 174:342-357. https://doi.org/10.1086/603615

Olson LE, Blumstein DT, Pollinger JR, Wayne RK (2012) No evi-
dence of inbreeding avoidance despite demonstrated survival
costs in a polygynous rodent. Mol Ecol 21:562-571. https://doi.
org/10.1111/j.1365-294X.2011.05389.x

Parker GA (1979) Sexual selection and sexual conflict. In: Blum MS,
Blum NA (eds) Sexual selection and reproductive competition
in insects. Academic Press, New York, pp 123-166. https://doi.
org/10.1016/B978-0-12-108750-0.50010-0

Poissant J, Wilson A, Coltman D (2010) Sex-specific genetic vari-
ance and the evolution of sexual dimorphism: a systematic
review of cross-sex genetic correlations. Evolution 64:97-107.
https://doi.org/10.1111/j.1558-5646.2009.00793.x

R Core Team (2021) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria, https://www.R-project.org/

Schiitz D, Taborsky M (2005) Giant males or dwarf females: what
determines the extreme sexual size dimorphism in Lamprolo-
gus callipterus?. J Fish Biol 57:1254—1265. https://doi.org/10.
1111/j.1095-8649.2000.tb00485.x

Shine R (1989) Ecological causes for the evolution of sexual dimor-
phism: a review of the evidence. Q Rev Biol 64:419-461.
https://doi.org/10.1086/416458

Stearns SC (1992) The evolution of life histories. Oxford University
Press, Oxford

Travers LM, Garcia-Gonzalez F, Simmons LW (2015) Live fast die
young life history in females: evolutionary trade-oft between
early life mating and lifespan in female Drosophila mela-
nogaster. Sci Rep 5:15469. https://doi.org/10.1038/srep 15469

Trivers RL (1972) Parental investment and sexual selection. In:
Campbell B (ed) Sexual selection and the descent of man,
1871-1971. Aldine, Chicago, pp 136-179

van de Pol M, Verhulst S (2006) Age-dependent traits: a new statis-
tical model to separate within- and between-individual effects.
Am Nat 167:766-773. https://doi.org/10.1086/503331

Weladji RB, Gaillard J-M, Yoccoz NG, Holand @, Mysterud A, Loi-
son A, Nieminen M, Stenseth NC (2006) Good reindeer mothers
live longer and become better in raising offspring. Proc R Soc
Lond B 273:1239-1244. https://doi.org/10.1098/rspb.2005.3393

Wolak ME, Arcese P, Keller LF, Nietlisbach P, Reid JM (2018) Sex-specific
additive genetic variances and correlations for fitness in a song spar-
row (Melospiza melodia) population subject to natural immigration and
inbreeding. Evolution 72:2057-2075. https://doi.org/10.1111/evo0.13575

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1098/rspb.2007.1138
https://doi.org/10.1016/j.tree.2010.08.002
https://doi.org/10.1111/J.1474-919X.1983.TB03130.X
https://doi.org/10.1534/genetics.115.186536
https://doi.org/10.1111/j.1365-294X.2011.05167.x
https://doi.org/10.1007/BF00164323
https://doi.org/10.1007/BF00164323
https://doi.org/10.18637/jss.v033.i02
https://doi.org/10.1111/j.1365-294x.2007.03089.x
https://doi.org/10.1002/ece3.3787
https://doi.org/10.1002/ece3.3787
https://doi.org/10.1002/ece3.4597
https://doi.org/10.1146/annurev.ecolsys.39.110707.173542
https://doi.org/10.1146/annurev.ecolsys.39.110707.173542
https://doi.org/10.2307/2407393
https://doi.org/10.2307/2407393
https://doi.org/10.1093/icb/14.1.163
https://doi.org/10.1093/icb/14.1.163
https://doi.org/10.1073/pnas.1009882107
https://doi.org/10.1098/rspb.2014.0792
https://doi.org/10.1073/pnas.1911999117
https://doi.org/10.1073/pnas.1911999117
https://doi.org/10.1111/1365-2656.13145
https://doi.org/10.1111/1365-2656.13145
https://doi.org/10.1086/303330
https://doi.org/10.1111/1365-2656.12880
https://doi.org/10.1111/j.1365-2435.2008.01408.x
https://doi.org/10.1111/j.1365-2435.2008.01408.x
https://doi.org/10.1111/j.1461-0248.2006.00989.x
https://doi.org/10.1086/603615
https://doi.org/10.1111/j.1365-294X.2011.05389.x
https://doi.org/10.1111/j.1365-294X.2011.05389.x
https://doi.org/10.1016/B978-0-12-108750-0.50010-0
https://doi.org/10.1016/B978-0-12-108750-0.50010-0
https://doi.org/10.1111/j.1558-5646.2009.00793.x
https://www.R-project.org/
https://doi.org/10.1111/j.1095-8649.2000.tb00485.x
https://doi.org/10.1111/j.1095-8649.2000.tb00485.x
https://doi.org/10.1086/416458
https://doi.org/10.1038/srep15469
https://doi.org/10.1086/503331
https://doi.org/10.1098/rspb.2005.3393
https://doi.org/10.1111/evo.13575

84 Page 10 of 10 Behavioral Ecology and Sociobiology (2022) 76:84

Authors and Affiliations
Sophia St. Lawrence'® - Michela N. Dumas'® . Matthew Petelle?® - Daniel T. Blumstein3*® . Julien G. A. Martin’

P4 Julien G. A. Martin 3 Department of Ecology and Evolutionary Biology, University
julien.martin @uottawa.ca of California, Los Angeles, USA

The Rocky Mountain Biological Laboratory, Crested Butte,

Department of Biology, University of Ottawa, Ottawa, ON, CO. USA

Canada

Center for Proper Housing: Poultry and Rabbits, Animal
Welfare Division, Veterinary Public Health Institute,
Vetsuisse Faculty, University of Bern, Bern, Switzerland

@ Springer


http://orcid.org/0000-0002-6455-6249
http://orcid.org/0000-0003-2948-8751
http://orcid.org/0000-0002-1027-1838
http://orcid.org/0000-0001-5793-9244
http://orcid.org/0000-0001-7726-6809

	Sex-specific reproductive strategies in wild yellow-bellied marmots (Marmota flaviventer): senescence and genetic variance in annual reproductive success differ between the sexes
	Abstract 
	Significance
	Introduction
	Methods
	Study site and subjects
	Pedigree
	Analyses
	Ethical note

	Results
	Discussion
	Acknowledgements 
	References


