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Abstract Understanding the mechanistic links between indi-
vidual variation in life history and behavior is a major chal-
lenge in evolutionary ecology. Glucocorticoids (GC) play a
major role in this link through their baseline levels into the
blood and their implication in stress responses to environmen-
tal perturbations. However, very few studies have investigated
the long-term joint relationships between GC stress reactivity,
life history, and behavior in natural conditions. Here, we took
advantage of the behavioral and life history differences among
individual males and females of a wild population of eastern
chipmunks (7amias striatus): We investigated how individual
exploration, age, and reproduction were linked to level and
intra-individual variability (ITV) of fecal cortisol metabolites
over a 5-month period. Our analyses revealed that female
cortisol levels decreased during gestation and lactation com-
pared with non-reproductive females. We also found that
slower exploring females and females with a smaller litter
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displayed higher IIV in fecal cortisol metabolites. For males,
fecal cortisol metabolites level during the mating season in-
creased with the number of offspring produced and decreased
with age. Our study highlights the necessity of considering
simultaneously seasonal fluctuations in GC level and the
dynamics of stress reactivity in the study of life history and
behavioral co-adaptations within natural populations.
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Introduction

In iteroparous species, individuals must balance resource al-
location between current reproduction and future survival and
reproduction (Williams 1966; van Noordwijk and de Jong
1986; Stearns 1989). Species adjust this allocation differently
using suites of life history and behavior adaptations that are
thought to be determined by ecological conditions (Stearns
1992; Ricklefs and Wikelski 2002; Wingfield 2005). For
example, high predation pressures on adult stages leads to
the evolution of fast life histories favoring current reproduc-
tion at the expense of future survival (Stearns 1992). Such
“fast-living” species will typically have an early age at matu-
rity, a high fecundity, but a shorter life span (Gaillard et al.
1989; Bielby et al. 2007). On the other hand, “slow-living”
species, expressing a later age at maturity, a lower fecundity,
but a longer life span, are often found in environments with
low levels of resources (Wiersma et al. 2007). Fast-living
species are predicted to display higher levels of aggressive-
ness, activity, and faster exploration than slow-living species
(Réale et al. 2010). In contrast, slow species are predicted to
be less aggressive, less active, and express a slower explora-
tion (Réale et al. 2010). Similar relationships between
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behavior and life history have also been documented among
populations within species (Dingemanse et al. 2007; see also
Walsh and Reznick 2009; Torres Dowdall et al. 2012), and
among individuals within populations (Harris et al. 2010;
Dammbhahn 2012; Krause and Liesenjohann 2012). A major
challenge is currently to understand the mechanisms respon-
sible for the relationships between life history and behavior
(Stamps 2007; Biro and Stamps 2008; Réale et al. 2010;
Dingemanse and Wolf 2010; Réale et al. 2010).

Glucocorticoids (GC) are hormones playing a major role in
the regulation of both life history and behavior (Koolhaas
et al. 1999; Ricklefs and Wikelski 2002; Reeder and Kramer
2005). For example, GC are constantly released into the blood
at low (i.e., baseline) levels (Romero et al. 2009), where they
are associated with the organism’s energetic state. Baseline
GC increases in response to high energetic demands associat-
ed with reproduction or parental care (Romero et al. 1997,
Romero 2002; Boonstra 2005; Kitaysky et al. 2010), and
favors the expression of behaviors associated with resource
acquisition, such as foraging activity or exploration (Kitaysky
et al. 2001; Pravosudov 2003; Angelier et al. 2007; Gutman
et al. 2011).

GC levels also regulate life history and behavior when the
animal faces an acute perturbation of its environment
(Wingfield 2005). During such perturbations, GC levels show
a so-called stress response characterized by transient but in-
tense increase over several minutes (Reeder and Kramer
2005). Stress responses shut down long-term reproductive
functions, including parental behavior (Wingfield et al.
1994), foraging activity or exploration and redirect the re-
sources to maximizing survival (Wingfield and Sapolsky
2003; Reeder and Kramer 2005; Romero et al. 2009). Species
with faster life histories (Kitaysky et al. 1999b; Bokony et al.
2009) usually display a lower tendency to mount GC stress
responses (i.e., they have a lower stress reactivity). Similarly,
species where mating competition is high (Boonstra 2005)
may even downregulate their stress reactivity during the re-
productive season, thereby avoiding the inhibitory effects of
GC stress responses on reproduction. Within populations, GC
stress reactivity may vary as a function of how individuals
value current reproduction against survival and future repro-
duction through different scenarios. First, individuals with
higher reproductive investment (e.g., producing more numer-
ous or heavier offspring) downregulate their stress reactivity
more than others during the reproductive season (Lendvai and
Chastel 2008; Bokony et al. 2009). Second, older individuals
may reduce their stress reactivity, when age is associated with
reduced chances of future reproduction (Otte et al. 2005;
Heidinger et al. 2006; Wilcoxen et al. 2011). Third, faster
exploring, more active, or more aggressive animals, which
should also express faster life history trajectories (Réale et al.
2010), may display a lower GC stress reactivity (Koolhaas
etal. 1999; Carere et al. 2005; Qverli et al. 2007; Atwell et al.
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2012). No study has yet investigated jointly the relationship
between GC, behavior, and life history at the within-
population level. Such a study would require monitoring stress
reactivity in known individuals over a period spanning a
significant portion of the organism’s life history. Unfortunate-
ly most studies of stress reactivity investigate a limited num-
ber of experimentally caused stress responses (i.e., the chal-
lenge protocol used by Wingfield et al. 1994).

In this study, we assess the joint relationships between an
individual’s exploration, reproduction, and age on both the
average (i.e., baseline) level and intra-individual variability of
fecal GC metabolites in a wild population of eastern chip-
munks (Tamias striatus) in Southern Québec, Canada. Indi-
viduals from this population differ consistently in their explo-
ration pattern in a novel environment throughout their entire
life, ranging from slow to fast (Montiglio et al. 2010). Slower
explorers display a later age at first reproduction and their
highest reproductive success later in life compared with faster
explorers (Montiglio et al. 2014). Slow explorers are also
assumed to display higher fecal cortisol metabolites variability
over the course of their yearly active season (Montiglio et al.
2012a). We expected that fecal cortisol metabolites levels
during reproduction would increase with the number of juve-
niles produced. Such an increase would be observed during
gestation and lactation for females, and during the mating
season for males. We made the assumption that individuals
with a higher reproductive output would show lower intra-
individual variability in fecal cortisol metabolites, as a result
of stress response downregulation. Older individuals, having
reduced chances of future reproduction, should also display
reduced intra-individual variability in fecal cortisol metabo-
lites compared with younger ones. Finally, given our results
from previous studies, we also expected that slow explorers
with a slower life history would display higher intra-
individual variability in fecal cortisol metabolites, even after
accounting for reproduction.

Materials and methods
Study system and study site

Eastern chipmunks are sciurids feeding on seeds from masting
trees (Landry-Cuerrier et al. 2008) that they hoard in their
burrow for the winter (Snyder 1982). In Québec, chipmunks
usually exhibit two mating seasons: A first one occurs in
March while a second mating season occurs in June (Bergeron
et al. 2011a). Mating seasons last from 3 to 4 weeks. During
this period, males increase their space use and visit females on
their home range prior to their estrus (Elliott 1978). A female’s
estrus lasts for a day during which there is intense scramble
competition between males for the access to and the fertiliza-
tion of females (Elliott 1978). Litters produced in the summer
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typically display multiple paternities, with almost all juveniles
within a given litter being sired by different males (Bergeron
etal. 2011a). After ~4 weeks of gestation, females give birth to
two to eight pups that spend the first 4—5 weeks of their life in
the maternal burrow before emerging above ground and dis-
persing (Elliott 1978; Snyder 1982).

We followed a population of chipmunks located on a 25 ha
grid in southern Québec (45°05' N, 72°25' E), Canada, from
2005 to 2009. The study site was characterized by a mixed
forest dominated by red and sugar maples (Acer rubrum, Acer
saccharum) and American beech (Fagus grandifolia). Al-
though they feed on maple seeds and other food sources,
chipmunks rely mostly on beech tree seeds for their reproduc-
tion and above-ground activity, and their whole life cycle is
strongly linked to the contrasted inter-annual fluctuation in
beech nut productions (Bergeron et al. 2011b; Montiglio et al.
2014). Every year between 2005 and 2009, from May to
October, we trapped the chipmunks using Longworth traps
(individuals were trapped between 5 and 60 times during the
year). Traps were baited with peanut butter, opened at ~0800
in the morning, inspected every 2 h, and closed at dusk. Upon
capture, individuals were systematically marked with metal
ear tags and a passive integrated transponder (Eidap Inc.,
Alberta, Canada). We also sexed, weighed, and sampled each
individual’s ear tissue for DNA analyses using a small punch
(see next section). We determined reproductive status using
testes position (abdominal or scrotal) for males. We deter-
mined female reproductive status by observing nipple aspects:
Non-reproductive females have smaller nipples than either
gestating, lactating, or post-lactating females; lactating fe-
males have darker colored nipples compared to gestating
females. We also ascertained whether females were gestating
by following their weight every other day during the repro-
ductive season (Bergeron et al. 2011a). Females showing no
change in nipple aspects and with a stable weight were con-
sidered as “non-reproductive” for the entire season and
assigned a litter size of 0. Since the exact date of birth is
unknown, we considered that all juveniles born in a given
year were born 30 days prior to the peak in juvenile emergence
(2006 birth cohort: August 1st; 2007 birth cohort: April 1st;
2008: August lst; see Montiglio et al. 2014 for additional
details). We considered that adults captured prior to the sum-
mer 2006 were born in 01 April 2005. In this population, most
individuals die after 2 years, although a few chipmunks have
been captured for up to 5 years on our grid (Bergeron et al.
2013). The population included ~200 individuals (Bergeron
et al. 2011b).

Reproduction
Adult individuals were randomly equipped for a short period

with radio transmitters to locate their burrow (84.32 % the
individuals). To estimate litter size at weaning, we captured

the juveniles directly at the mother’s burrow entry, before they
dispersed (Bergeron et al. 2011a). We considered the number
of offspring that emerged from the burrow (i.e., referred to as
number of young produced, thereafter) as an index of a female
reproductive success at each season. Observation of testes
position suggested that all the males were reproductively
active during the study period. Therefore, we considered all
males as being reproductively active for a period of 6 weeks
before the peak of estrus in the population (referred to as the
“mating season”). During this period, males expand their
home range to visit females (Elliott 1978; POM unpublished
data). We confirmed maternal identity and determined the
paternity of the juveniles each year using 11 microsatellite
loci (see Chambers and Garant 2010; Bergeron et al. 2011a for
details) and the software CERVUS 3.0.3 (Kalinowski et al.
2007) using a 95 % confidence level. We considered all males
trapped on the study site during a year as potential fathers. Not
all the juveniles produced on the study site could be assigned
to a given male, and we did not consider unassigned juveniles
(25 % of the juveniles with a known mother were not
assigned) in the subsequent analyses on males. Note also that
because males have wide home ranges during the reproductive
season, we were unable to determine the absolute number of
offspring produced by each male (see Bergeron et al. 2011a).
Hence, we considered the number of offspring attributed to a
male as an index of male reproductive success at each season
(referred to as number of young produced, thereafter) and
controlled for potential biases in the reproductive success of
males by weighing each male’s observation as a function of'its
position on the study site (see statistical analyses). This metric
is also a good proxy of the number of mating partners obtained
by a male (Bergeron et al. 2012).

Fecal cortisol metabolites collection and assay

We previously validated an assay to quantify individual fecal
cortisol (see Montiglio et al. 2012b for details). In brief, the
assay detects a cortisol response to a standardized ACTH
challenge test, as well as circadian variations in fecal cortisol
metabolite levels in eastern chipmunks. Our validation also
showed that fecal samples collected in this species represent
an integrated measure of the cortisol produced over a period of
~8 h preceding defecation (Montiglio et al. 2012b). We col-
lected fecal samples from the traps during each capture in
2009 (286 samples from 30 females, 9.57 samples/female,
range=2-26; 161 samples from 27 males, 5.96 samples/male,
range=1-19). Animals spent a maximum of 2 h in the traps.
Fecal samples contaminated by urine were discarded. The
samples were immediately transferred to test tubes and kept
on ice before being transferred to a —20 °C at the end of the
day. The samples were then stored into a —80 °C freezer within
2 weeks of collection. The fecal samples were first dried to
constant mass in an oven (70 °C) and pulverized using a glass
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plunger. We vortexed ~35 mg of fecal matter in methanol
(80 %) for 20 min (15,000 rpm), centrifuged the liquid and
collected the supernatant for an enzyme immunoassay using a
cortisol antibody with a horseradish peroxidase ligand
(R4866, Coralie Munro, California, Riverside, see Young
et al. 2004 for details). Samples were analyzed in duplicates,
and we re-analyzed all samples showing a coefficient of
variation higher than 20 %. Intra- and inter-assay coefficients
of variation were 8.42 and 9.86 %, respectively.

Behavioral assays

Chipmunks were tested in the open-field test twice during their
lifetime between 2006 and 2009. Prior to the test, we trans-
ferred the chipmunks from the trap to a handling bag and
identified them without any manipulation with a handheld
transponder reader. The individual was then transferred to a
small chamber connected to the arena. We introduced the
animal into the arena by lifting a small door connecting the
chamber and the arena and videotaped its behavior for 90 s.
The arena was a square white plastic box (80x80x40H cm)
with a transparent plexiglas lid. Lines were drawn on the floor
(spaced by 10 cm) to produce a grid. The arena offers no refuge
(see also Montiglio et al. 2014). We quantified chipmunk
exploration in the open-field with the software The Observer
5.0 (Noldus Information Technology 2003) as the number of
lines crossed during the three consecutive 30-s intervals. Cod-
ing the behavior of chipmunks by intervals enabled us to
determine the temporal patterns of exploration within the tests.
Individuals expressed patterns ranging from slow, character-
ized by an intermediate but constant exploration level through-
out the test, to fast, characterized by a high exploration level at
the beginning of the test followed by a steep decline over the
following seconds. The activity pattern in the open-field dis-
plays a repeatability of ~30 % (estimated using a linear mixed
model, Montiglio et al. 2012b). Open-field tests predict the
propensity of individuals to be captured or respond to handling
over their entire life (see Montiglio et al. 2012b for a full details
and analysis). We built a model accounting for the effects of
date, age, sex, year, and trial order on exploration levels. The
model also included individual identity as a random effect. We
used the best unbiased linear predictors (BLUPs) from this
model as individual indexes of exploration for the rest of the
analysis. This index represents the deviation of each individual
from the population’s predicted mean exploration pattern in
standard deviation units (Pinheiro and Bates 2000). Additional
details about the test and the validity of exploration BLUPs can
be found in Montiglio et al. (2010, 2012b).

Statistical analyses

We analyzed fecal cortisol metabolites level for each sex using
linear mixed models (Pinheiro and Bates 2000). Fecal cortisol
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metabolites level was log-transformed to reach normality. We
initially included as fixed effects exploration, age in months,
number of young produced, reproductive status (females: non-
reproductive, pre-reproductive, gestating, lactating, or post-
reproductive; males: reproductively active during the mating
season or not reproductively active after the mating season),
and all their two-way interactions in the model. Following
Pinheiro and Bates (2000), we fitted individual identity as a
categorical random effect. This effect enabled us to estimate
variation in cortisol levels between individuals and to account
for the potential pseudo-replication. We also included date as a
categorical random effect to estimate day to day variation in
cortisol levels. We privileged a categorical variable over a
continuous one to avoid colinearity problems: Correcting for
continuous time trend would also correct for the effects of
reproductive status. Because we wanted to estimate day to day
variability for each individual separately, we nested the date
random effect within each individual (referred to as within-
individual cortisol variability, thereafter). Doing so enabled us
to estimate the daily average cortisol level of each individual
separately. Since females are highly synchronous in their
reproduction, we did not consider the date of sampling as a
fixed effect for our analysis (in contrast to a previous study on
the same dataset, Montiglio et al. 2012a). Reproductive status
and date effects would be highly correlated, and we included
the date random effect in the model accounting for temporal
variation in cortisol levels. Hence, we still accounted for date
effects while avoiding high correlation between explanatory
variables.

We also wanted to investigate how individual reproduction,
exploration, and age affected intra-individual cortisol variabil-
ity. In these conditions, we had to consider a model in which
residual variance is allowed to vary between individuals and
to be expressed as a function of reproduction, exploration, and
age (Pinheiro and Bates 2000). We thus built a model estimat-
ing the effects of the number of juveniles produced, explora-
tion, and age on the residual variance of observations available
for each individual (these effects are called variance covariates
thereafter). The model analyzed between-individual differ-
ences in cortisol (using conventional random effects), but also
estimated the relationship between the “residual” intra-
individual variability in fecal cortisol metabolites of each
individual and the number of young it produced, its explora-
tion, and its age. The model also took into account the fact that
individuals were studied using different numbers of samples,
thereby eliminating the need to control for the number of
samples as a fixed effect (Pinheiro and Bates 2000). Because
we included day as a random effect nested within individuals,
the model also “corrected” the residual variation for the aver-
age cortisol level exhibited by each individual any given day.
To investigate whether the relationship between reproduction
and intra-individual variability in fecal cortisol metabolites
varied with the individual exploration pattern, we also tested
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for an interaction between the two variance covariates: explo-
ration and the number of young produced. We first simplified
the fixed-effect structure of each model in a backward—for-
ward stepwise manner using Akaike’s information criterion
(AIC) and maximum likelihood optimization (Burnham and
Anderson 2002, see Results section for the final model). We
then tested for the significance of the variance covariates and
random effects using likelihood ratio tests (LRT; Pinheiro and
Bates 2000). This test uses one degree of freedom and com-
pares the ratio between the log-likelihood of the model with
the variance covariate of interest and a model without it.
Preliminary analyses showed that a temporal autocorrelation
structure and time of sampling (as a continuous variable) did
not significantly improve the models (see Montiglio et al.
2012a, b). Thus, we are confident that the results presented
here are not biased by circadian variation in fecal cortisol or by
population level seasonal trends independent of their repro-
ductive status. All linear mixed models were fitted in R 2.14.1
using the package n/me (Pinheiro and Bates 2000). An exam-
ple of the code used to fit the models, including the variance
covariates, is provided as Supplementary material (S3). We
report means and estimates+SE.

Results
Females

Model selection by AIC yielded two models with AIC closer
than two units from each other (Supplementary material A).
Since the two models presented nearly identical estimates and
differed only by the inclusion of a litter size effect, which had
a small effect (estimate=—0.02+0.06), we present only the
most parsimonious one. Cortisol level was lower in lactating
females compared with non-reproductive ones (F4, ,5=4.13,
p=0.01; Fig. la; Table 1). Fecal cortisol metabolites level
increased as a function of age (F, ,7=13.66, p=0.01;
Fig. 1b). Exploration level was included in the final model
but failed to reach significance (F;, ,7=2.09, p=0.16).

Intra-individual variability in fecal cortisol metabolites was
lower in slow-exploring females (LRT=6.23, df=1, p=0.01;
Fig. 2a; Table 1) and decreased with the number of young
produced (LRT=6.89, df=1, p=0.01; Fig. 2b). Female age
(LRT=0.04, df=1, p=0.84) and the interaction between ex-
ploration and number of young produced (LRT=2.07, df=1,
p=0.15) were not associated with intra-individual variability
in fecal cortisol metabolites.

We also detected significant consistent variation in fecal
cortisol metabolite levels among individuals (estimate=0.215,
LRT=25.70, df=1, p<0.001) and days of sampling (esti-
mate=0.814, LRT=15.43, df=2, p<0.001).
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Fig. 1 Factors affecting mean fecal cortisol metabolites level over one
active season in female eastern chipmunks as estimated from the model
presented in Table 1 (N=286 samples from 30 females). a Female fecal
cortisol metabolites level (mean+standard error of the mean) as a function
of their reproductive status (NON=non-reproductive, PRE=pre-repro-
ductive stage, GEST=Gestating stage, LACT=Lactating stage, POST=
post-reproduction stage). Number of samples available for each repro-
ductive status class is given below the estimate, along with the number of
individuals sampled, in parentheses. b Female fecal cortisol metabolites
level as a function of age (in months). The /ine represents the estimated
age effect presented in Table |

Males

Model selection yielded two models with similar AICs and
identical effect sizes (Supplementary material B). The two
models differed by only one term, with a negligible effect size
(an interaction between age and siring success, with an esti-
mate of 0.009+0.001). We chose to present the most parsimo-
nious model. Contrary to females, male fecal cortisol metab-
olite level was higher in reproductively active individuals
(reproductive status main effect, F; 13;=19.06, p<0.001;
Table 2 for all model estimates) but less so in older individuals
(interaction between reproductive status and age, F; 13;=
4.68, p=0.03; Fig. 3). Although they failed to reach signifi-
cance, reproductive success (F;, 2,=3.54, p=0.06), explora-
tion pattern (F; ,,=2.08, p=0.16), as well as the interactions
between age and exploration patterns (F;, ,,=2.34, p=0.14)
and between reproductive status and reproductive success (F
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Table 1 Final model of the determinants of log-transformed fecal cortisol metabolites level and intra-individual variability in female eastern chipmunks

in 2009 (286 samples from 30 females)

Variance component Estimate
Individual 0.215
Day (nested within individual) 0.814
Residual 0.778

Variance covariates Coefficient
Exploration —0.268
Litter size at weaning —-0.261

Fixed effects Coefficient
Status (non-reproductive) 10.186
Status (pre-reproductive) 10.420
Status (gestating) 9.858
Status (lactating) 9.677
Status (post-reproductive) 9.961
Age 0.027
Exploration 0.125

LRT df P value

25.70 1 <0.001

15.43 2 <0.001

LRT df P value

6.23 1 0.012

6.89 1 0.009

SE t df (residual df) P value
0.220 46.25 1(225) <0.001
0.165 63.09 1(28) <0.001
0.261 37.73 1(28) <0.001
0.116 82.79 1(225) <0.001
0.132 75.11 1 (225) <0.001
0.007 3.69 1 (28) 0.001
0.086 1.44 1(28) 0.159

Significance of the variance covariates and random effects was tested using likelihood ratio tests (LRT, see details in “Statistical analyses” section)

131=1.99, p=0.16) were kept in the model yielding the best
AIC (Supplementary material B).

Exploration, siring success, and age failed to predict intra-
individual variability in fecal cortisol metabolites (all rejected
with p>0.4). Similarly, we did not detect any consistent
variation among individuals or day of sampling (random
effects, all p>0.6).

Discussion

In this study, we quantified the relationship between an ani-
mal’s exploration profile and current reproductive investment
on GC levels and their intra-individual variability in a natural,
uncontrolled environment. Our predictions were based on the
assumption that a higher stress reactivity should translate into
more intense or frequent stress responses, and so in a higher
intra-individual variability in fecal cortisol metabolites in natu-
ral environments. In accordance with previous results
(Montiglio et al. 2012a), we found that females with a slower
exploration during open-field tests also displayed increased
within-individual cortisol variability over the summer through
which we collected fecal samples. Our results suggest that
individuals are likely to display consistent differences in intra-
individual variability in fecal cortisol metabolites over their life.
Our results also suggest that we may expect individuals to show
variation in intra-individual variability in fecal cortisol metab-
olites between years, as a function of their reproduction. Litter
size varies widely over an individual’s life time in this popula-
tion (Montiglio et al. 2014), and we hypothesize that consistent
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individual variation in GC stress reactivity as well as plasticity
in GC stress reactivity mediate the expression of alternative life
history and behavioral trajectories, balancing the trade-off be-
tween current reproduction and future reproduction or survival
differently. Contrary to our predictions, however, we found that
females displayed reduced fecal cortisol metabolites levels
during gestation and lactation. Male fecal cortisol metabolite
levels increased during the mating season as a function of age
and the number of juveniles sired, potentially reflecting a
male’s reproductive effort. We did not find consistent differ-
ences in cortisol in males.

Within-individual cortisol variability and stress reactivity

In contrast to short-term restraint tests (e.g., Wingfield et al.
1994), our study investigated stress reactivity by monitoring
the intra-individual variability in fecal cortisol metabolites
levels in individuals over many months in a natural environ-
ment. Because individuals are free to adjust their behavior to
the changing environmental conditions, this method takes into
account how they cope with their environment, thereby pro-
viding a more realistic biological context to the study of the
ecological function of glucocorticoids.

In accordance with our predictions, we found that females
with larger litters displayed reduced intra-individual variabil-
ity in fecal cortisol metabolites. If the variability reported here
is mostly affected by individual differences in stress reactivity,
females with larger litters would be maximizing their current
reproduction by limiting the amount of energy invested in
survival functions (Stearns 1992). Downregulation of stress
reactivity is associated with a higher reproductive
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Fig. 2 Factors affecting intra-individual variability in fecal cortisol me-
tabolites over one active season in female eastern chipmunks. Dots
represent the observed residual variance in fecal cortisol metabolites of
each female, computed from a linear mixed model analyzing fecal cortisol
metabolites as a function of reproductive status, age and exploration (see
Table 1; N=286 samples from 30 females). a Relationship between
female exploration and intra-individual variability in log fecal cortisol
metabolites. b Relationship between female litter size and intra-individual
variability in log fecal cortisol metabolites

performance in other species as well. For example, black-
legged kittiwakes (Rissa tridactyla) display reduced stress
responses when submitted to a standardized blood sampling
challenge during the egg-laying phase. The authors hypothe-
sized this decreased stress reactivity would increase their
fecundity (Kitaysky et al. 1999a, b, 2010; Jessop 2001). In
the same species, birds in better condition were even able to
show a stronger decrease in stress reactivity, which lends
support to this hypothesis (Kitaysky et al. 1999b). Conversely,
increased stress reactivity has been associated with lower
reproductive success in other species (reviewed in Breuner
et al. 2008). For instance, high variability in fecal GC is
correlated with reproductive cycle disruption in captive black
(Diceros bicornis) and white (Ceratotherium simum) female
rhinoceroses (Carlstead and Brown 2005). The stress response
induces the degradation of protein and glycogen stores
(Sapolsky et al. 2000), and higher stress reactivity is associat-
ed with lower fitness in conditions of starvation in some
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Fig. 3 Fecal cortisol metabolites levels over one active season in repro-
ductive (black dots, solid line) and non-reproductive male eastern chip-
munks (empty dots, dashed line) as a function of age. Lines represent the
estimates presented in Table 2 (N=161 samples from 27 males)

systems (Romero and Wikelski 2001, 2010). Thus, stress
reactivity may reduce reproductive success also by increasing
energy expenditure, associated with energy conversion. In the
studied population, food availability fluctuates dramatically
from one year to the next and strongly shapes torpor patterns,
above-ground activity, reproduction, and survival of individ-
ual chipmunks (Landry-Cuerrier et al. 2008; Munro et al.
2008; Bergeron et al. 2011b; Montiglio et al. 2014). Hence,
downregulating stress reactivity and lowering energy expen-
diture is likely to have an important effect on individual fitness
in this system. Alternatively, some female chipmunks may
show lower within-individual variability in cortisol because
they experience less/smaller environmental perturbations. As
such, females with bigger litter sizes or slow exploration
(having lower fecal cortisol metabolites variability) may avoid
riskier or less predictable habitats to a larger extent than
females with smaller litter sizes or slower exploration. Further
studies on this population should thus focus on investigating
the behavior and habitat use of individuals, as a function of
their reproduction and exploration across years with differing
food abundance.

In contrast, exploration profile and reproductive effort were
not associated with intra-individual variability in fecal cortisol
metabolites levels of males. Males also failed to show any
significant individual differences in cortisol levels. We ac-
knowledge that the lower sample size available for males, in
addition to the difficulty of estimating their absolute reproduc-
tive effort, may have limited our capacity to detect these effects.
However, it has been suggested previously that males in many
squirrel species could either maximize their reproductive suc-
cess through mate-searching or mate-guarding (Koford 1982;
Koprowski 1993; Schulte-Hostedde et al. 2002). Bigger or
more aggressive males may thus invest more in mate-
guarding (see Schulte-Hostedde et al. 2002). In our study, older
males expressed lower mean fecal cortisol metabolites levels
compared with younger ones during the mating season (see
previous section). Mate-guarding may be associated with lower
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Table 2 Final model of the determinants of log-transformed fecal cortisol metabolites level and intra-individual variability in male eastern chipmunks in

2009 (161 samples from 27 males)

Variance component Estimate
Individual 0.001
Residual 0.944

Fixed effects Coefficient
Intercept (Mating season) 10.352
Exploration 0.151
Reproductive status (non-mating) -0.959
Age —0.027
Reproductive success 0.255
Explorationx age 0.012
Reproductive statusxage 0.035
Reproductive status X reproductive success -0.217

LRT df P value

0.001 1 1.000

SE t df (residual df) P value
0.186 55.46 1(131) <0.001
0.104 1.44 1(22) 0.162
0.219 -4.36 1(131) <0.001
0.014 -1.83 1(22) 0.079
0.129 1.96 1(22) 0.062
0.009 1.52 1(22) 0.140
0.016 2.16 1(131) 0.032
0.154 -1.41 1 (131) 0.160

Significance of the variance components and covariates was tested using likelihood ratio tests (LRT, see details “Statistical analyses” section)

energy expenditure, but further studies, quantifying the ener-
getic costs of male mating tactics in eastern chipmunks, are
necessary to shed light on the (lack of) pattern reported here.

Average fecal cortisol metabolites levels

Mean levels of fecal cortisol metabolites are thought to fluc-
tuate in relation to the energetic state of individuals, increasing
when food availability is low or when energy expenditure is
high (Romero 2004). In rodents, energy expenditure is typi-
cally higher during lactation than during any other phase of
the life cycle (reviewed in Naya et al. 2008). In a closely
related chipmunk species (Tamias amoenus), trapped females
also display higher plasma cortisol levels during lactation,
potentially reflecting a higher baseline level (Kenagy and
Place 2000). In contrast, we showed that female eastern chip-
munks displayed lower fecal cortisol metabolites levels during
gestation and lactation. Plasma and fecal cortisol measure-
ments may differ for a number of reasons. For example,
plasma measurements are affected by the animal’s stress re-
sponse to the sampling procedure itself (Palme 2005), while
fecal measurements may be affected by the diet or food
consumption rate of the animals (reviewed in Goyman
2012). Females are indeed likely to increase food intake rate
during gestation and lactation, which should lead to lower
fecal cortisol metabolite concentration in fecal samples (as
cortisol metabolites get diluted in a higher volume of fecal
matter; Goymann 2005, 2012). Metabolites from the degra-
dation of gonadal steroids could also interact with the cortisol
antibody we used (Goyman 2012). However, these potential
confounding effects do not account for the systematic differ-
ences in intra-individual variability among chipmunks of dif-
fering exploration, or with different litter sizes we detected
over the full active season. Interestingly, female yellow-
bellied marmots (Marmota flaviventris) also displayed lower
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fecal cortisol metabolites levels during lactation (Smith et al.
2012). We also found that mean fecal cortisol metabolites
levels increased with female age. Previous studies also docu-
mented heightened mean GC levels in older individuals dur-
ing the reproductive season, which may be associated with the
higher reproductive output of such individuals (Angelier et al.
2006; but see Wilcoxen et al. 2011). In our analyses, however,
litter size failed to explain female average cortisol level.
Furthermore, in a previous study (Montiglio et al. 2014), we
found that females decreased the number of young they pro-
duced after 20 to 30 months of age, and that fast explorers did
so at an earlier age than slow explorers. The confounding
effect of exploration profiles and senescence may thus explain
the absence of link between litter size and cortisol level.

We found that cortisol levels during the mating season
increased with the number of offspring sired by a male. Mate
searching (Elliott 1978; Lane et al. 2010) may involve ex-
tremely high energy expenditure, potentially as important as
maternal expenditure during gestation and lactation (see Lane
et al. 2010 for an example in a related species). During the
mating season, older males displayed lowered cortisol levels.
As suggested in closely related species, it is possible that older
and potentially bigger males spend less energy on mate search
but instead guard a limited number of females (Koford 1982;
Koprowski 1993; Schulte-Hostedde et al. 2002). Guarding a
limited set of burrows potentially incurs less energy expendi-
ture than mate-searching. Older males could also maintain a
more positive energy balance by securing higher-quality bur-
rows. Alternatively, this pattern may arise from the disappear-
ance of older males with higher cortisol levels (van de Pol and
Verhulst 2006). Such potential biases could be addressed in
future studies with longitudinal data, following the cortisol
level of individuals over more than 1 year.

In conclusion, our study, by documenting the relationships
between fecal cortisol metabolites, reproduction, age, and
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exploration in a free-ranging chipmunk population, suggests
that quantifying both the fluctuations in the mean levels of
fecal cortisol metabolites and its intra-individual variability
may provide important insights on how animals regulate their
reproduction and integrate their behavior and life history. Such
an approach may provide an interesting way of analyzing the
functional role of GC in an ecological context. Future studies
should complement this approach by investigating how envi-
ronmental fluctuations interact with the endocrinology of both
females and males over extended periods of time and at
different spatial scales in the wild.
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