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Heterogeneous forces of selection associated with fluctuating environments
are recognized as important factors involved in the maintenance of inter-

natural selection;
disruptive selection;

survival; individual phenotypic variance within populations. Consistent behavioural
personality; differences over time and across situations (e.g. personality) are increasingly
exploration; cited as examples of individual variation observed within populations. How-
activity; ever, the suggestion that heterogeneous selective pressures target different

animal personalities remains largely untested in the wild. In this 5-year
study, we investigated the dynamics of viability selection on a personality
trait, exploration, in a population of eastern chipmunks (Tamias striatus)
experiencing substantial seasonal variations in weather conditions and food
availability associated with masting trees. Contrary to our expectations, we
found no evidence of fluctuating selection on exploration. Instead, we found
strong disruptive viability selection on adult exploration behaviour, inde-
pendent of seasonal variations. Individuals with either low or high explora-
tion scores were almost twice as likely to survive over a 6-month period
compared with individuals with intermediate scores. We found no evidence
of viability selection on juvenile exploration. Our results highlight that dis-
ruptive selection might play an important role in the maintenance of phe-
notypic variance of wild populations through its effect on different
personality types across temporally varying environmental conditions.

environmental variations;
wild mammals.

(Geospiza sp.) where optimal beak size depends on seed

Introduction

Understanding how selection forces are involved in the
maintenance of phenotypic variation within a popula-
tion is a central aim in evolutionary biology. Heteroge-
neous selective pressures associated with temporally
variable environments are recognized as one of the
mechanisms involved in the maintenance of inter-indi-
vidual variation because they usually select for different
optimal trait values over time (Brodie et al, 1995; Bell,
2010). A classical example of temporal fluctuating
selection resulting in the maintenance of variable phe-
notypes in the wild is that acting on Darwin finches
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size, which is itself affected by the highly variable pre-
cipitation regime in the Galapagos (Grant & Grant,
2002). In addition to fluctuating selection, nonlinear
disruptive selection can also maintain variation within
population by simultaneously favouring two distinct
phenotypic optima (Smith, 1993; Brodie et al, 1995;
Rueffler et al., 2006; Hendry et al., 2009). For example,
Calsbeek & Smith (2008) reported divergent viability
selection on male limb length of Anolis lizards associ-
ated with perch size. However, empirical evidence of
divergent viability selection remains rare in nature
(Hoekstra et al.,, 2001; Kingsolver et al., 2001), in part
because episodes of strong directional or stabilizing
selective pressures associated with shifts in environ-
mental conditions may overwhelm disruptive selection
(Kingsolver & Diamond, 2011). In the same Anolis
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lizards, Calsbeek et al. (2009) found directional selection
on limb size during a year characterized by an unusual
drought event. Together, these results highlight the
importance of long-term studies in understanding the
dynamics of phenotypic selection and the maintenance
of individual variation in the wild (Siepielski et al., 2009;
Bell, 2010).

Consistent behavioural differences over time and
across situations, hereafter called personality, are
increasingly cited as examples of individual variation
observed within populations (Wilson, 1998; Sih et al,
2004; Réale et al., 2007). Several personality traits are
known to have a genetic basis (Dingemanse et al., 2002;
reviewed in Taylor et al, 2012) and there is increasing
evidence that they affect reproductive success and sur-
vival (reviewed in Dingemanse & Réale, 2005; Réale
et al., 2007; Smith & Blumstein, 2008). Personalities are
thought to have coevolved as a suite of adapted behav-
iours (behavioural syndrome: Sih et al.,, 2004) along with
physiological traits (coping style: Koolhaas et al., 1999;
Careau et al.,, 2008) and life-history traits (pace-of-life:
Stamps, 2007; Wolf et al, 2007; Biro & Stamps, 2008;
Réale et al, 2010). For example, proactive individuals
are usually more active, aggressive, bold and explorative,
are expected to have a higher metabolism, but to repro-
duce and die at younger age than reactive individuals.
Personality may thus be a key individual characteristic
that can be shaped by selection.

A central component of environmental variation
relates to fluctuation in food abundance (Yang et al.,
2008). One could expect heterogeneous selective pres-
sures to target different animal personalities adapted to
environments with different levels of food availability.
Yet, there is only limited evidence from wild popula-
tions relating shifts in selective pressures and personal-
ity to variable food abundance. For example,
Dingemanse et al. (2004) found that the strength of via-
bility selection on adult exploration score in great tits
(Parus major) fluctuated in opposite direction among
years in a sex-specific manner, following variations in
environmental conditions (masting of beeches).
Females with higher exploration scores survived better
in years of low food abundance and the pattern was
opposite for males. They suggested that variation in
population density associated with food abundance
may have affected the competitive regime of birds and
led to variation in selective pressures. Heterogeneous
selection on exploratory behaviour has been found to
be related to habitat quality in a different population of
the same species (Quinn ef al.,, 2009). In red squirrels
(Tamiasciurus hudsonicus), Boon et al. (2007) reported
that more active females had faster growing offspring in
years of high food abundance (masting of spruces) and
slow-growing offspring in years of low food abundance.
However, whether personality traits can be under dis-
ruptive selection within the same year or sex remains
mostly unknown.
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In this 5-year study, we investigated the dynamics of
viability selection on a personality trait, exploration, in
a population of eastern chipmunks (Tamias striatus), a
forest dwelling sciurid that lives in a highly variable
environment, dominated by masting beech trees (Fagus
grandifolia), characterized by seasons of very high and
low food abundance (Bergeron et al., 2011a). We mea-
sured chipmunk exploratory behaviour in a novel envi-
ronment, the open field, in trials conducted within a
wild population (Martin & Réale, 2008; Montiglio et al.,
2010). Montiglio ef al. (2012) have previously shown
that these exploration patterns were consistent across
time in our study population and were correlated with
docility (measured during handling by humans) and
with short-term trappability in the field, although all
adults in this population have an equal chance of being
caught at least once during a given season (Bergeron
et al, 2011a). We therefore used capture-mark-recap-
ture analyses to estimate adult survival with respect to
exploration and its potential interactions with year and
food abundance while controlling for variable recapture
rates (Gimenez et al., 2008). We hypothesized that fluc-
tuating selection should favour different personality
during seasons of high or low food abundance, based
on the assumption that high food abundance promotes
competitiveness, while low food abundance promotes
inactivity and self-maintenance. Therefore, following
Dingemanse et al. (2004) and Boon et al. (2007), we
predicted that highly explorative individuals would
have a selective advantage over less explorative individ-
uals during masting periods and that this pattern would
be reversed during periods of low food abundance. We
tested this hypothesis using analyses of linear and non-
linear viability selection acting on exploratory behav-
iour in this population. We also performed viability
selection analyses on juveniles with respect to their
exploration score and seasons.

Materials and methods

We monitored an eastern chipmunk population from
2006 to 2010 on a 25 ha study site located in a decidu-
ous forest of southern Québec, Canada (45°05’ N,
72°26" W). The entire study area was marked with
numbered stakes at 20 m intervals. We designated a
fixed trapping grid inside a 250 m radius circle and
used every second grid stake as a permanent trap loca-
tion for a total of 228 locations (Bergeron et al., 2011a).
We trapped chipmunks, using Longworth traps checked
at intervals of 2 h, daily from 08:00 hours until dusk
during their active period, every week from the end of
April to October. At each capture, we weighed all indi-
viduals to the nearest 1 g using a Pesola balance. Every
new animal was aged, sexed and uniquely marked with
ear tags and a Trovan® PIT tag. Juveniles were differen-
tiated from adults based on either their mass at emer-
gence (juveniles < 80 g) or the absence of darkened
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scrotum or developed mammae for individuals > 80 g
(as in Careau et al., 2010).

Chipmunks are food hoarders that consume hoarded
food during winter hibernation when they remain
underground in their burrows. They can reproduce
during two distinct reproductive seasons: in spring,
summer or both (Bergeron et al., 2011b). Spring mating
occurs in March and juveniles emerge from their
maternal burrow in May. Summer mating occurs in
June and juveniles emerge in August. Juveniles first
captured before 1 August were assigned to spring repro-
duction, whereas juveniles first captured after 1 August
were assigned to summer reproduction (Bergeron ef al.,
2011a). Both juveniles born from spring and summer
reproductive seasons were classified as adults the fol-
lowing spring. We previously documented a strong link
between the occurrence of chipmunk reproduction and
masting patterns in beech trees, the main source of
storable food items for chipmunks on our study site
(Bergeron et al., 2011a). We monitored beech seed pro-
duction in autumn using 30 plastic buckets placed
under the canopy of 30 beech trees evenly distributed
on the grid (Landry-Cuerrier et al.,, 2008; Munro et al.,
2008). During our study, beech mast occurred approxi-
mately on a 2-year cycle (gram of seeds/m?*: 2006, 8.2;
2007, 0.0; 2008, 5.1; 2009, 0.15; see Bergeron et al.,
2011a for details). Chipmunk summer reproduction
(2006, 2008 and 2009) occurred during summers pre-
ceding a beech seed mast (although very small in 2009)
while spring reproduction (2007 and 2009) occurred in
springs following a mast. In summers preceding and
springs following no seed production, chipmunks had
no reproduction (Bergeron et al., 2011a).

We measured the exploration/activity behaviour of
chipmunks from open-field (OF) tests performed on the
study site each year between May and October (see
Montiglio et al., 2010 for details). The OF is a white
rectangular plastic box with a transparent Plexiglas lid.
Two OF sizes were used during this study (small:
80 x 40 x 40 cm, large: 80 x 80 x 40, Montiglio
et al, 2012). Chipmunks were introduced into this
novel environment and recorded during 90 s from
above with a video camera mounted on a tripod. The
observer remained silent and was not visible during the
test. The videos were then analysed using a video edit-
ing program to super-impose a digital grid on the foot-
age. We quantified chipmunk exploration/activity level
as the number of times a chipmunk crossed lines dur-
ing the 90 s trial which has previously been shown to
be significantly repeatable at 32% in our study popula-
tion (Montiglio et al.,, 2010, 2012). Our OF test does
not allow to separate activity from exploration. For sim-
plicity, we will refer here to exploration behaviour
instead of exploration/activity behaviour. Individual
chipmunks vary along a slow-fast exploration gradient:
during a novel environment test, slow/thorough
explorers generally freeze or show very low level of

exploration, but increase exploration level over time,
whereas fast/superficial explorers explore actively the
novel environment in first instance, after which they
rapidly reduce their movement over time (Montiglio
et al., 2010). Nevertheless, exploration recorded during
the first 30 s of the trial is correlated with the explora-
tion measured during the overall 90 s trial (Montiglio
et al, 2012). Line crosses varied between 1 and 466
(mean = 73) during the 90 s trial.

We followed 98 adults (41 males, 57 females) for
which OF trials were completed, captured from 2006 to
2010 representing, respectively, 6, 17, 23, 65 and 42
individuals followed each year. We measured on aver-
age 1.47 OF per adult. We also followed 175 juveniles
(91 males, 84 females): 11 from the cohort of summer
2006, 45 from spring 2007, 92 from summer 2008 and
27 from spring 2009.

Statistical analyses

We analysed juvenile and adult survival separately. To
avoid selective disappearance effects, we only consid-
ered individuals tested in the OF arena prior to the sur-
vival analysis. For the adult survival analysis, we
included measures of exploratory behaviour made on
individuals before their first spring as adults (7 = 98).
Most individuals were measured more than once in the
OF before adulthood. To estimate exploration scores,
we included chipmunk identity as a random term in a
mixed model with the number of times chipmunks
crossed lines during the OF test as the dependent vari-
able. We included sex, cohort, year, age, date and arena
size as fixed effects in the model. We predicted the
exploration score of each adult chipmunk using Best
Linear Unbiased Predictors (BLUP) (see also Montiglio
et al.,, 2010, 2012). To avoid spurious effects of the num-
ber of measures on BLUP, that could generate patterns
resembling disruptive selection irrespective of the actual
shape of selection, we considered a maximum of two OF
trials per individual prior to the survival analysis and
verified that there was no relationship between the
number of trials (one or two) and the BLUP obtained.
We justify the use of BLUP in our specific context based
on the fact that hierarchical models are difficult to
implement given the data available and because poten-
tial biases associated with the use of BLUP are limited.
We estimated adult survival and its relationship with
exploration based on capture-recapture histories analy-
sed with the program E-SURGE v1.8 (Choquet et al.,
2009) following the procedure detailed in Bergeron
et al. (2011a). Briefly, each year we divided capture
histories into two discrete seasons, early (E) and late
(L), corresponding to potential juvenile emergence.
The first season E spanned from spring emergence in
April to May to the end of July, while the second
season L started on 1 August and lasted until all
chipmunks retreated in their burrow to spend the
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winter, by the end of October. Such a design allowed
us to estimate summer (from E to L, 3 months) and
winter survival (from L to E, 9 months). We
accounted for the unequal time interval between sea-
sons and report survival estimates on a 6-month basis
from the E season of 2006 to the E season of 2010
(nine seasons). Following Bergeron et al. (2011a), we
first simplified the model structure of recapture proba-
bilities and then held the selected recapture structure
constant and simplified the survival probabilities. Once
the final survival structure was selected, we checked
its robustness to modification in the recapture struc-
ture. We modelled recapture probabilities with respect
to sex and time and also considered potential linear
and quadratic effects of exploratory behaviour. Recap-
ture rates varied across seasons, but there was no
effect of exploration score or sex on the recapture
rates. We then modelled survival probabilities (phi) as
a function of sex (s), age (a), the seasons as either a
two level discrete variables (E or L) or as a eight level
discrete variables (¢, where each season is allowed to
affect survival independently) and chipmunk explor-
atory behaviour (linear and quadratic effects). Both
additive (+) and interaction terms (x) effects were
considered between variables, allowing us to specifi-
cally test the form of selection acting on exploration.
An interaction between exploration and discrete sea-
sons or t would indicate fluctuating selection, while an
additive relationship would be indicative of directional
or nonlinear viability selection. Model selection was
based on the Akaike’s Information Criterion corrected
for small sample size (AICc), and the model with the
lowest AICc value was retained for inferences (Burn-
ham & Anderson, 2002). The adult data set respected
the assumptions of the Cormack—Jolly-Seber modelling
(Bergeron et al.,, 2011a). As we studied resident adults
only, we used disappearance as a reliable proxy for
death of chipmunks (Bergeron et al., 2011a).

We also conducted traditional viability selection anal-
yses of exploration (Lande & Arnold, 1983). As recap-
ture rates are very variable on a seasonal basis, relative
survival was assessed on an annual basis as virtually all
individuals are caught at least once per year (Bergeron
et al., 2011a; see results). The selection differential was
obtained using a linear model that included exploration
and exploration? as explanatory variables (second-order
estimate and associated standard error were doubled —
see Stinchcombe er al., 2008). Statistical significance
was assessed using a generalized linear model with a
binomial error structure. We also investigated viability
selection gradients in a multivariate analysis to account
for potential correlated traits that could cause apparent
selection on exploration. In addition to exploration and
exploration?, this analysis included sex, annual body
mass, annual body growth and the number of parasites
as explanatory variables (details on trait measurements
are available in Appendix 1).
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The juvenile survival analysis was based on explora-
tion measures taken on individuals from a single OF
trial performed during the season of their birth
(n=175). Juvenile exploratory behaviour was the
standardized number of lines crossed per min after con-
trolling for OF size. We assessed the relationship
between juvenile survival to adulthood (discrete vari-
able: 1 or 0) and exploration using a logistic regression
with a binomial error structure (Lande & Arnold,
1983). There was no need to account for recapture
probabilities as only two individuals that reached adult-
hood were first recaptured as adults later than the
following spring. A quadratic exploration term was
included as an explanatory variable in the model, along
with sex, season and the interactions exploration x
season, exploration x sex and sex x season.

All analyses other than the one performed with
E-SURGE were conducted using the statistical software
R 2.14.1 (www.r-project.org) and GenStat V15.1 (VSN
intl.). We used AIC only in the capture-mark-recapture
analyses conducted with E-SURGE. Otherwise, we per-
formed model selection using stepwise backward proce-
dures, sequentially removing the least significant term
from the model based on its P-value (x = 0.05). All
means are presented + SE.

Results

Survival was best described by a model that included a
nonlinear quadratic exploration term and an additive
effect of season (Table 1); individuals with either low
or high exploration scores were almost twice as likely
to survive over a 6-month period compared to individ-
uals with intermediate scores (Fig. 1), independent of
the season (Beta estimates (logit): exploration?: 0.52,
95% confidence intervals (CI) = 0.14 to 0.91). Individ-
uals with extreme level of exploration had a probabil-
ity of survival higher than 90% compared to close to
40% for individuals with average levels of exploration
(Fig. 1). The linear estimate of exploration was not
significant as 0 was included in the 95% CI (explora-
tion: —0.17, 95% CI = —0.55 to 0.21). Our best model
provided about 25 times more support to the data
(AICc weight = 0.51) than the same model without
exploration behaviour (model ‘season’, AICc weight =
0.02, Table 1). Despite contrasted environmental con-
texts between summer and winter intervals and
between seasons of mast and no mast years, the model
that included an interaction between the season,
exploration behaviour and exploration behaviour® did
not provide more support to the data than the model
that included only an additive effect of the season
(Table 1). Including age, sex, season as a continuous
variable (f) or exploration only as a linear term did
not improve the fit of the model compared with our
best model (Table 1). Our best model also suggests
higher survival in winter (between L and E) than in
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Table 1 Model selection of adult survival

Number of Deita AlCc rates of eastern chipmunks during nine

Model parameter Deviance AlCc AlCc weight  seasons between 2006 and 2010 as a

5 function of individual exploration behaviour
season + (zexp + exp?) 12 231.617 257.131 0.00 0.51 (linear = exp; quadratic = exp?) and seasons
exp + exp " 235.724 259.000 1.87 0.20 (survival constrained to vary according to
season x (exp + exp?) 14 230.509 260.568 3.44 0.09 Early or Late seasons) or time (¢, survival is
season 10 242.536 263.594 6.46 0.02 allowed to vary independently over time).
t+ (exp + exp?) 18 224.273 263.693 6.56 0.02 Recapture rates account for ¢ in all models.
season + exp 11 242.073 2656.348 8.22 0.01 Only the best model along with the other
exp 10 246.333 267.390 10.26 0.00 models directly associated with our
t + exp 17 233.562 270.607 13.48 0.00 hypotheses testing are presented, sorted in
season x exp 12 246.306 271.820 14.69 0.00 ascending order based on their AICc values
t x (exp + exp?) 25 215.188 271.924 14.79 0.00 (n = 98 adults). No other models that
t x exp 17 240.301 277.346 20.21 0.00 included age or sex provided better support

summer (between E and L) (Tables 1 and 2). Recap-
ture rates were usually high but varied across seasons,
especially in the late season of 2007 when no adults
were caught (Table 2).

The univariate selection analysis of relative annual
survival as a function of exploration behaviour also
provided evidence for disruptive selection (exploration:
—0.10 £ 0.09, t-value =0.95, d.f. =1, P-value = 0.35,
exploration®:  0.46 + 0.14, t-value = 2.70, d.f.=1,
P-value = 0.008). In the multivariate selection analysis,
beside exploration?, no other trait was significantly
affecting survival (Table S1). Also, there was no signifi-
cant correlation between any of the additional traits
considered and exploration® (all r < 0.11, all P-values
> 0.29; see Table S2).

For juvenile survival, we found no effect of explora-
tion score and its quadratic term on survival (explora-

o
-
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Fig. 1 Relationship between standardized exploration behaviour
and 6-month survival probabilities of adult eastern chipmunks

(n = 98). The black line represents the predicted values of the
relationship between exploration and survival obtained from the
best fitted model presented in Table 1 which accounts for seasonal
effects. Grey lines represent the 95% confidence interval around
predicted values.

to the data than the best fitting model.

tion behaviour: y*-value = 0.011, d.f. =1, P-value =
0.92; exploration behaviour?: y*-value = 0.493, d.f. = 1,
P-value = 0.48). Also, we found no interaction between
exploration score and the season of birth on survival to
adulthood (exploration behaviour x season: y*-value =
0.015, d.f. = 1, P-value = 0.90). Juveniles born in the E
season were less likely to reach adulthood the following
spring than juveniles born in the L season (season:
—0.915 + 0.353, Xz—value =7.121, df. =1, P-value =
0.008; phi juveniles born in the E season = 0.24 £+
0.05, phi juveniles born in the L season = 0.41 + 0.05).
Males were less likely than females to be recaptured
the following spring (sex: —0.811 + 0.336, y*-value =
5.983, d.f.=1, P=0.014; phi males=0.26 £+ 0.05,
phi females = 0.42 + 0.05), independently of the sea-
son of birth (sex x season: y*-value = 0.874, d.f. =1,
P =0.35).

Table 2 Estimates of seasonal survival (Phi) and temporal
recapture (P) rates along with 95% confidence intervals (CI)
obtained from the best fitting model of chipmunk survival and
recapture probability (Phi(season + (exp + exp?)) P(f), see
Table 1). Estimates also account for linear (nonsignificant) and
quadratic effects (Beta estimate (logit): 0.52, 95% CI = 0.14 to
0.91) of exploratory behaviour on survival.

Parameter Estimate 95% Cl
Survival
Summer 0.44 0.29-0.61
Winter 0.67 0.53-0.78
Recapture
Late 2006 1.00 0.73-1.00
Early 2007 0.67 0.06-0.98
Late 2007 0.00 0.00-0.12
Early 2008 1.00 0.73-1.00
Late 2008 1.00 0.85-1.00
Early 2009 1.00 0.85-1.00
Late 2009 0.87 0.71-0.95
Early 2010 1.00 0.80-1.00
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Discussion

We investigated the dynamic of viability selection over
5 years on a personality trait, exploration behaviour, in
a population of eastern chipmunks living in a highly
variable environment. We found no evidence of viabil-
ity selection on juvenile personality but found strong
disruptive viability selection on adult exploration
behaviour, independent of seasonal variations.

No evidence for fluctuating selection related to
environmental variability

We expected that fluctuating viability selection would be
associated with variation in beech mast production, and
more specifically that these conditions would favour dif-
ferent levels of chipmunk exploration behaviour. The
environmental conditions on our study site are charac-
terized by substantial temporal variation in resource
abundance and climatic conditions (Bergeron et al.,
2011a). Variation in beech production is known to have
massive effects on activity patterns in our population,
including extensive late autumn activity and prolific food
hoarding in years of high seed production contrasted
with complete cessation of above-ground activity in mid-
summer preceding autumns of low seed production
(Munro et al., 2008; Bergeron et al., 2011a). Also, Monti-
glio et al. (2012), found that OF exploration behaviour
on resident adults from the same study population was
correlated with above-ground activity in males and with
the distance at which females were caught away from
their burrow. Therefore, we expected that these major
differences in resource and thus exploration conditions
would lead to variation in the direction, or at least in the
strength, of selection on OF exploration behaviour (see
also Quinn et al., 2009, 2012; Boyer et al.,, 2010; Patter-
son & Schulte-Hostedde, 2011). Models allowing tempo-
ral interactions with exploration did not provide the best
support to the data, and therefore, we found no support
for the hypothesis that fluctuating selection is associated
with highly variable environment. Although we
acknowledge that our relatively small sample size (and
therefore reduced statistical power) may have limited the
detection of weak seasonal trends, we did find strong evi-
dence that, across all seasons, animals with either low or
high OF exploration behaviour enjoyed higher survival
compared with individuals with intermediate explora-
tion behaviour, resulting in constant patterns of disrup-
tive viability selection on this trait. This result was
supported by both the capture-mark-recapture analysis
and by more traditional selection analyses.

Disruptive viability selection on adult exploration

We suggest that links between personality and coping
style may partly explain the disruptive viability selec-
tion observed on adult exploration (Koolhaas et al.,
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1999; Careau et al., 2008; Wolf & McNamara, 2012).
For instance, selection for individuals possessing partic-
ular combinations of extreme phenotype and anti-pred-
ator behaviour has been reported in other species. In
garter snakes (Thamnophis ordinoides), Brodie (1992)
found disruptive and correlational viability selection
where juveniles possessing extreme colour pattern and
escape behaviours were favoured by natural selection
compared with individuals possessing intermediate
colour patterns and behaviour. Here, although we
found that individuals with average exploration levels
suffered higher mortality compared with extreme phe-
notypes, the proximal causes of this relationship still
remains to be further investigated. We can however
speculate that if predation is a major mortality factor in
chipmunks, slow explorers may survive by remaining
in the safety of their nest. Conversely, fast explorers
may spend more time outside their burrow but also be
efficient at avoiding predators by being more proactive
and have a better knowledge of the habitat and the
location of refugees. Such extreme adaptive require-
ments to survive may be detrimental for individual
with intermediate exploration scores. However, a multi-
variate approach taking into account the causes of mor-
tality (e.g. extrinsic or intrinsic) and other relevant
traits (behavioural, physiological, life-history) in combi-
nation with exploration behaviour is required to fur-
ther understand the disruptive selection associated with
individual exploration level observed here.

Persistent disruptive selection is recognized as an
important force involved in the maintenance of intra-
specific polymorphism (e.g. Smith, 1993; Hendry et al.,
2009). Exploration has previously been shown to be her-
itable in several species including rodents (reviewed in
Taylor et al., 2012). We measured episodes of selection
on a rather short-time scale relative to the average life-
span of chipmunks (about 2 years) and acknowledge
that the genetic basis of exploration behaviour in the
population may carry the signature of a much more
complex selective history over longer terms (Hoekstra
et al.,, 2001; Grant & Grant, 2002; Calsbeek et al., 2009).
However, the fluctuations observed here are likely repre-
sentative of the fluctuations observed over the longer
term and at a larger geographical scale given the similar
patterns of fluctuations in food abundance observed in
the study system and surrounding areas. Also, we cannot
exclude the possibility that exploration behaviour may
be genetically negatively correlated with other fitness
components (Dingemanse & Réale, 2005; Wolf et al,
2007; Biro & Stamps, 2008; Réale et al., 2010) such that
individuals with intermediate exploration level survive
less but may, for instance, reproduce more than individ-
uals possessing extreme level of exploration behaviour.
A more comprehensive study involving fertility selection
on exploration behaviour could help understanding the
frequency distribution of exploration behaviour
observed in juveniles.
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Given the pattern of disruptive selection we docu-
mented and assuming that exploration is heritable in
chipmunks as it has been reported in other sciurid
(Taylor et al., 2012), females could thus have produced
higher fitness offspring by mating assortatively based
on exploration behaviour. Preliminary results on mat-
ing patterns observed on our study population however
revealed no evidence of assortative mating based on
exploration behaviour: the exploration level of the
females was not predictive of the exploration level
of their mates (based on mating events that produced
at least one juvenile; Fig. 2, Pearson’s correlation:
r=0.17, t-value = 1.43, d.f. = 71, P-value = 0.16).

No viability selection on juvenile exploration

The lack of viability selection observed on juvenile
exploration behaviour was also somewhat surprising.
We have previously shown that mast strongly affects
population-wide juvenile survival and that juveniles
born in different seasons have vastly different schedules
of hoarding and reproductive opportunities (Bergeron
et al., 2011a). We expected that such contrasted condi-
tions associated with the season of birth and mast pro-
duction would lead to variation in viability selection on
exploration behaviour. A possible explanation for this
result is that the strength of selection on exploration
behaviour could be marginal compared with other non-
discriminating (i.e. independent of exploration level)
sources of mortality in juveniles, such as the overall
food abundance, parasites and climatic conditions (see
for instance Careau et al.,, 2013). Also, our measures of
viability selection are based on apparent survival which
could be affected by juvenile sex-dependent dispersal
towards males (Chambers & Garant, 2010; Dubuc-
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Fig. 2 Relationship between exploration behaviour of male (sire)
and female (dam) mating partners that produced at least one
juvenile in 2008 and 2009 (Pearson’s correlation: r = 0.17,
t-value = 1.43, d.f. = 71, P-value = 0.16).

Messier et al.,, 2012). Lower survival in juvenile males
should thus be considered cautiously. In addition, if
more exploratory juvenile individuals had a greater
chance of dispersing outside the study grid, it could
have partly masked the heterogeneous selection pattern
expected on exploration (note that analyses on adults
considered only resident individuals). Nevertheless, our
results are similar to those obtained on juvenile great
tits where no evidence of viability selection was found
on exploratory behaviour (Quinn ef al.,, 2009). Further
empirical studies on juvenile personality in the wild
remains relatively scarce and are needed to provide fur-
ther understanding of the dynamic of age-specific selec-
tion on personality.

Conclusions

Fluctuating directional selection associated with substan-
tial temporal variation in environmental conditions is a
typical observation in contemporary analyses of selection
(e.g. Grant & Grant, 2002; Siepielski et al., 2009; Bell,
2010; but see also Morrissey & Hadfield, 2012). It is also
increasingly suggested that personality can be associated
with a suite of correlated (positively or negatively) meta-
bolic and life-history traits (Biro & Stamps, 2008; Réale
et al., 2010). Our results suggest that persistent disruptive
selection can contribute to the maintenance of different
personalities across temporally varying environmental
conditions. We suggest that disruptive selection should
not be overlooked in studies of selection and that under-
standing the proximal mechanisms underlying such
selection may require a long-term multivariate approach
based on multiple fitness components (i.e. viability and
fertility selection measured on various phenotypic traits)
on animals of various ages.
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Appendix 1: Phenotypic measurements

We measured adult body mass to the nearest gram at
each capture using a 300 g Pesola scale. We adjusted
the mass of each individual, each year to 31 July, using
a linear mixed-effect model with individual identity fit-
ted as a random term. We estimated annual body
growth as the individual slope of body mass over time
extracted from the mixed model. Female body mea-
surements taken during gestation were not included in
the analysis. The number of parasites is the highest
number of subcutaneous third instars bot fly (Cuterebra
emasculator) larvae and scars observed during a season.
These brown mature larvae can measure up to 25 mm
and conspicuous scars remain for several days once
they have left the animal.

Supporting information

Additional Supporting Information may be found in the
online version of this article:

Table S1 Results of multivariate viability selection
analysis conducted on eastern chipmunk traits. The sta-
tistical significance of each term was assessed using a
generalized linear model with a binomial error struc-
ture.

Table S2 Correlation matrix between the phenotypic
traits included in the multivariate viability selection
analysis. Significance of each correlation (P-value) is
shown in parentheses.
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