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Consistent individual behavioural differences in exploration, docility and boldness are often correlated
and are associated with differences in short-term neurophysiological responses to environmental
perturbations in many animal species. These physiological mechanisms are much less studied over
longer periods in wild populations. Here we report the relationships among exploration, docility
measured in open-field tests and trappability, taken as an index of boldness, in a wild population of
eastern chipmunks and investigate whether behavioural differences among individuals are associated
with differences in autonomic nervous system reactivity. We also assess the cortisol level of individuals
over several months to investigate whether chipmunks with different exploration levels display different
mean cortisol levels or differences in their cortisol variability. Open-field tests showed consistent indi-
vidual differences in exploration patterns (ranging from fast to slow). Faster explorers were less docile
when handled and were trapped more often (males) or farther from their burrows (females) than slower
explorers. Fast explorers also showed a higher sympathetic activity under restraint but more stable
cortisol levels over the course of the active season, suggesting a lower hypothalamoepituitaryeadrenal
reactivity. Our results show that chipmunks display individual behavioural variation and that these
differences may have physiological implications over long periods in natural settings. Future studies
should investigate the fitness consequences of such behavioural/physiological differences.
� 2012 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Animals vary consistently in their behavioural response to envi-
ronmental perturbations (Wilson 1998; Koolhaas et al. 1999; Sih
et al. 2004; Réale et al. 2007). Behavioural traits are also often
correlated so that, for example, individuals that are more active (i.e.
faster explorers) are also more aggressive, less docile and bolder
(Koolhaas et al. 2010; Réale et al. 2010). Faster explorers are also
expected to use more unprotected, open areas of their environment
compared to slower explorers (Koolhaas et al. 1999). For example,
red squirrels, Tamiasciurus hudsonicus, that aremore active in a novel
environment are also bolder (based on their propensity to enter
traps), less docile when handled by humans and more often
captured on the territories of conspecifics (Boon et al. 2007, 2008). A
key challenge is to understand the causes of such individual differ-
ences (Koolhaas et al. 1999; Sih et al. 2004; Réale et al. 2007).
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Individual differences inboldness, exploration and aggressiveness
are related to differences in the autonomic nervous system and the
hypothalamicepituitaryeadrenal axis, regulating how individuals
react to environmental perturbations or stress (Koolhaas et al. 1999;
Boonstra 2005; Reeder & Kramer 2005). Laboratory studies con-
ducted in standardized environments have shown that faster
explorers display a higher reactivity of the sympathetic autonomic
system than slower explorers (Carere & vanOers 2004; Fucikova et al.
2009), which is associated with increased heart rate and heart rate
variability (Visser et al. 2002). Faster explorers also have a lower
hypothalamicepituitaryeadrenal reactivity, leading to reduced
cortisol secretion during the minutes/hours following the challenge
(reviewed in: Carere et al. 2005; Øverli et al. 2007). However, while
such physiological mechanisms are well studied over short time-
scales and in relation to standardized challenges, their importance is
much less investigated over the long term (months/the lifetime of
individuals) and in uncontrolled natural settings. As a result, it is still
unclear whether differences expressed in standardized tests are still
detectable and relevant in a natural environment. Furthermore,
information on the relationships between short-term and long-term
physiological responses to stress is still scarce (Carlstead & Brown
2005). Koolhaas et al. (1999) suggested that reactive individuals
by Elsevier Ltd. All rights reserved.
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should display a higher baseline cortisol level but also a higher
variability in their cortisol production over longer timescales,
a measure seldom considered in natural settings (but see Carlstead &
Brown 2005, for an example in captive animals). Others have
hypothesized that short-term increases in cortisol responsesmay not
affect overall cortisol levels andmay be negligible over the long term
(Goymann 2005). Further tests conducted under natural conditions
are therefore critically needed to decipher the relationships between
short-term and long-term responses to stress.

In this study, we tested the hypothesis that exploration, docility
and boldness share the same physiological bases in a wild pop-
ulation of eastern chipmunks (Koolhaas et al. 2010; Réale et al.
2010). More specifically, we quantified activity level in a novel
environment, docility during handling by humans (i.e. a bag test),
the propensity to enter traps (i.e. trappability) and the propensity to
use a wider space area (often taken as an index of boldness; Wilson
1998; Réale et al. 2000) among individuals of this population. We
took advantage of an extensive survey on a free-ranging population
in southern Québec, where all individuals on a trapping grid were
marked, observed and tested for exploration between 2005 and
2009 (Landry-Cuerrier et al. 2008;Montiglio et al. 2010). Individuals
in this population varied in their level of activity in a novel envi-
ronment (during open-field tests), from ‘slow’ to ‘fast’ explorers
(Montiglio et al. 2010). Based on the hypothesis that bold, less docile
and fast-exploring individuals should display a lower cortisol
reactivity and higher autonomic system reactivity (Koolhaas et al.
2010), we predicted a positive relationship between exploration
speed in the open field and boldness (trappability), and a negative
relationship between exploration speed and docility during bag
tests (Koolhaas et al. 2010; Réale et al. 2010). We also combined
behavioural and physiological measurements to investigate the
relationship between exploration and the sympathetic autonomic
system reactivity by monitoring heart rate during a restraint test.
We predicted that faster explorers would display a greater increase
in heart rate when restrained. Finally, we assessed the relationship
between exploration and hypothalamicepituitaryeadrenal activity
over an entire season (5 months), through the analysis of faecal
cortisol metabolite levels (Palme 2005; Montiglio et al. 2012). This
measure represents an integrated measure of the animal’s
hypothalamoepituitaryeadrenal (HPA) activity over a few hours
(Touma& Palme 2005). If individual differences in short-term stress
response affect the long-term levels of cortisol, then we predicted
that faster explorers would express lower and less variable faecal
cortisolmetabolite levels over the season. Alternatively, if individual
differences in short-term stress response are independent of the
long-term cortisol level, thenwe expected no relationship between
exploration speed and faecal cortisol levels.

METHODS

Model Species and Study Site

Eastern chipmunks are solitary ground-dwelling sciurids found
in eastern North America (Snyder 1982). They feed mostly on seeds,
nuts and acorns frommasting trees (Landry-Cuerrier et al. 2008). In
the northern part of its range, the eastern chipmunk is active from
late March to October, and spends the winter in its burrow on food
stocks hoarded during the summer (Elliott 1978). The eastern
chipmunkhas a promiscuousmating system (Bergeron et al. 2011b),
with intense scramble competition among males (Elliott 1978).

Trapping of Chipmunks and Bag Tests

The study site was a 500 � 500 m grid of deciduous forest
located in southern Quebec (45�050N, 72�250W) where American
beech (Fagus grandifolia) and sugar maple (Acer saccharum) domi-
nated. We trapped chipmunks in Longworth traps baited with
peanut butter each year during the active season from 2005 to
2009. Upon each capture and before any manipulation, we trans-
ferred each chipmunk from the trap to a mesh bag and counted the
number of seconds it spent immobile during 1 min as a measure of
its docility (Martin & Réale 2008). We identified chipmunks using
two metal eartags (National Band and Tag Co., Newport, KY, U.S.A.)
and Trovan passive integrated (PIT) tags (EIDAP, Inc., Sherwood
Park, AB, Canada). Individuals were tested in an open-field appa-
ratus twice during their lifetime and released at the point of capture
(see below).
Open-field Tests

Chipmunks subjected to the open-field test were immediately
transferred from the trap to a handling bag. We identified the
chipmunk without any manipulation with a hand-held PIT tag
reader and transferred it to a small chamber connected to a white
plastic arena (80 � 40 � 40 cm or 80 � 80 � 40 cm; see below)
with lines drawn on the floor. We introduced the animal into the
arena by lifting a small door connecting the chamber and the
arena. We videotaped the behaviour of the chipmunk from above
for 90 s. We coded its behaviour in the open field using The
Observer 5.0 software (Noldus Information Technology, Wage-
ningen, The Netherlands). For each test, we measured activity as
the number of lines crossed during three 30 s intervals. Coding
the behaviour of chipmunks on three successive intervals during
each test enabled us to analyse temporal patterns of behaviour
within tests (see Montiglio et al. 2010). We coded a subsample of
open-field tests (N ¼ 2 tests on 39 individuals) using a detailed
ethogram derived from the one used by Martin & Réale (2008).
Based on these results, for the other tests, we coded the total
number of line crosses (‘ambulation’), the time spent scanning
(‘scan’), as well as the proportion of time spent in the centre of
the arena (‘centrality’). In both 2006 and 2007, we used an arena
(80 � 40 � 40 cm) equipped with holes at the bottom (i.e.
a modified hole-board test), described in Martin & Réale (2008).
As the holes on the bottom had no detectable effect on the
chipmunks behaviour (Montiglio et al. 2010), we used a bigger
arena (80 � 80 � 40 cm) without holes for subsequent tests.
Preliminary analyses showed that changing the arena size did not
affect chipmunks’ behaviour, but we nevertheless included the
size of the arena in all the statistical models related to the open-
field tests (see Statistical Analyses).
Trappability

We used the trapping data set to estimate individuals’ propen-
sity to enter in a trap. To do so, we combined all the traps that were
opened on a particular day (referred to as ‘trap-days’). We assigned
each individual a value of 1 (captured) or 0 (not captured) for each
trap-day. We restricted our analyses to available trap-days in 2008
and 2009 and to adult chipmunks only. This approach enabled us to
model the probability of capturing an individual as a function of the
distance from the centre of its trapping range (see below) while
correcting for potentially confounding variables. We estimated the
centre of an individual’s trapping range by computing the centre of
the minimum convex polygon (MCP) including all the locations
where the individual was captured in a given year (Calenge 2006).
Because we used available trap-days as the model’s observation
unit, this method excluded statistical artefacts caused by border
effects, inherently associated with analyses of trapping data on
a finite-size grid.
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Hormone Assays

We collected faecal samples from the traps and the manipula-
tion bags and kept them on ice. We transferred all samples to
a �20 �C freezer within 8 h of sampling. Samples were stored for
2 weeks at �20 �C, then stored at �80 �C until analysis. We dried
the samples at 70 �C and pulverized them using a plunger. We
extracted faecal cortisol metabolites by vortexing approximately
35 mg of samples in 1 ml of methanol (80%) for 20 min (15000
revolutions/min). We centrifuged the liquid and collected the
supernatant for an enzyme immunoassay using a cortisol antibody
with a horseradish peroxidase ligand (R4866, Coralie Munro,
University of California, Riverside, CA, U.S.A.; see Young et al. 2004).
This assay has been previously validated using ACTH challenge
tests, as well as by monitoring circadian variation in faecal cortisol
levels (Montiglio et al. 2012). Samples were analysed in duplicates,
and we reanalysed all samples with coefficients of variation (CV)
>20%. Intra- and interassay CVs were 8.42% and 9.86%, respectively.

Heart Rate Measurements

We measured heart rate during the first capture of individuals
born in 2008 using a digital voice recorder placed on the thorax of
the individuals. Individuals were gently taken out of the traps and
constrained in the manipulation bag to avoid movements. Heart
rate measurements were then taken less than 30 s following
transfer of animals to the bag and lasted 1 min. To estimate heart
rate, we measured the time (in ms) between two heart beats at 12
randomly chosen points from each audio recording using Audacity
software (v. 1.3.13-beta, www.audacity.sourceforge.net).

Ethical Note

Open-field tests were not performed on juveniles weighting less
than 50 g or on pregnant females. Some individuals were consis-
tently recaptured for up to 4 years on the grid, and a survival
analysis showed no significant effect of trapping on survival
(Bergeron et al. 2011a). Animal captures, manipulations and tests
were conducted following the guidelines of the Canadian Council
on Animal Care through Université du Québec à Montréal (permits
CIPA 0603-462-0607 and 0507-613-0509).

Statistical Analyses

We analysed the behaviour of chipmunks during the open-field
tests using a principal components analysis (Legendre & Legendre
2011). Prior to their inclusion in the analysis, behavioural variables
were inspected for normality, centred and scaled. The proportion of
time spent standing on hindlegs, and the proportion of time spent
immobile were transformed as presence/absence data. The number
of line crosses and the number of jumps were square-root trans-
formed. We named each principal component axis based on the
behaviour variable that was associated with the highest positive
eigenvalue (i.e. ambulation, the number of line crosses during the
test; scan, the time spent scanning the environment; and centrality,
the proportion of the time spent in the centre of the arena).

We analysed behaviours with the highest loading on the prin-
cipal components using a linear mixed model (Pinheiro & Bates
2000). For each model, we first included all the relevant interac-
tions and main effects, and simplified it by rejecting all nonsignif-
icant terms (P > 0.05) one at a time (Crawley 2007). The final
models were used to compute individual coefficients describing the
mean ambulation, scan or centrality levels of each individual. These
coefficients are the best linear unbiased predictors (BLUPs, Pinheiro
& Bates 2000; also see below and Supplementary Material). We
quantified the consistency of individual behavioural differences by
estimating the repeatability (r) as 100 � (Vi/(Vi þ Vr)), where Vi is
the variance associated with the individual random effect, and Vr is
the residual variance of the model. Repeatability can be interpreted
as the percentage of the total phenotypic variance explained by
between-individual variance (Lessels & Boag 1987). For each
behaviour, we tested whether repeatability estimates were signif-
icantly different from 0% using a likelihood ratio test (LRT) that
compared the likelihood of a model including the individual
random effect to a new model without it (one degree of freedom,
Pinheiro & Bates 2000; see also Montiglio et al. 2010).

We used a similar approach to analyse the number of seconds
spent active by a chipmunk during 1 min in the handling bag (log-
transformed to satisfy normality). The linear mixed model initially
included day of the test (centred on the year’s median), year, sex and
age class of the individual, the number of times the individuals had
been captured before the test during the current year, and their two-
way interactions asfixed effects. Todeterminewhether the individual
behaviour measured during the open-field test was related to the
behaviour of the chipmunk while in the bag, we included individual
BLUP values of ambulation, scan and centrality in the model (see
above) and tested for all the two-way interactions between these
values and the other fixed effects. We also included individual iden-
tity as a random effect to account for the fact that individuals were
measured more than once (pseudoreplication). We then simplified
the model and estimated the repeatability as described previously.

We analysed the probability of capturing an individual in the
traps using a generalized linear mixed model (binomial family,
package lme4, Bates et al. 2011). Because the probability of
capturing a given individual is likely to decrease with increasing
distance from its home range, we included the distance between
the trap location and centre of each chipmunk’s trapping range in
the model. We also included the year as well as the sex of the
individuals in the initial model. BLUPs of ambulation, scan and
centrality were included as fixed effects. To account for day-to-day
variation in above-ground activity levels, we fitted the day of the
test (categorical variable) as a random effect. We also fitted indi-
vidual identity as a random effect to account for pseudoreplication.
Preliminary analyses indicated sex differences in trappability (see
Results), so we analysed males and females in separate models. We
estimated the significance of random effects using a likelihood ratio
test as described above.

We analysed faecal cortisol metabolite levels in samples with
a linear mixed model. Date and time of sampling, sex and their
interactions were included as fixed effects. To determine whether
individual behavioural differences during open-field tests were
related to differences in individuals’ mean cortisol levels, we also
included individual BLUPs of ambulation, scan and centrality, and
tested for all two-way interactions between these and the other
fixed effects. We also fitted chipmunk identity as a random effect to
account for pseudoreplication. We simplified the model as
described above until all remaining terms were significant. The
faecal cortisol metabolite concentration was transformed using the
function Y ¼ X0.2 to satisfy normality. We also investigated whether
individual behaviour was associated with variability in cortisol
level by computing the CV of faecal cortisol levels for each indi-
vidual. Coefficients of variation were analysed with a linear model
using number of samples available and mean faecal cortisol level of
each individual. We also included individual BLUPs of activity, scan
and centrality. The model was simplified as above until all
remaining terms were significant. We investigated the relationship
between the number of heart beats/s and individual behaviour in
the open field using a linear model, where the response variable
was the estimated number of heart beats/s and the explanatory
variables were sex, ambulation, scan and centrality. We then

http://www.audacity.sourceforge.net
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simplified the model by stepwise deletion of nonsignificant terms
until all remaining terms were significant.

RESULTS

Open-field Tests

The principal components analysis yielded three principal
components associated with eigenvalues greater than one, which
explained 65% of the variance (see Fig. 1). The ‘ambulation’ variable
obtained the highest positive loading on the first principal compo-
nent, while ‘scan’ contributed the most to the second principal
component (Fig. 1a). The third principal component was highly
correlated with the proportion of time chipmunks spent in the
centre of the arena (‘centrality’; Fig. 1b).

Mixedmodel analysis of the open-field tests (121 individualswith
one test, 108 individuals with two tests, N¼ 337) showed that
ambulation decreased with time during the open-field test (coef-
ficient� SE ¼ �0.013� 0.001; t1 ¼10.67, P< 0.001) and between
the first and the second trial (trial order, coef-
ficient� SE ¼ �0.411� 0.087, t1 ¼ 4.71, P< 0.001). Ambulation also
varied significantly with arena size, year and date (see Appendix,
Table A1 for a detailed description of the model). Ambulation level
was repeatable (r¼ 51.26%, LRT ¼ 279.76, P< 0.001). Time spent
scanning in the open field (i.e. scan) decreased over time within
a given test in the larger arena (time main effect, coef-
ficient� SE ¼ �0.010� 0.004, t1 ¼ 2.41, P¼ 0.016), but this effect
was null when individuals were tested in the smaller arena (differ-
ence in time effect between two arenas: coef-
ficient� SE ¼ 0.013� 0.003, t1 ¼ 4.51, P < 0.001). Scan increased
more rapidly with time during the first test (coef-
ficient� SE ¼ 0.439 � 0.149, t1 ¼ 2.95, P¼ 0.003) compared to the
second test (coefficient� SE¼ �0.007 � 0.002, t1 ¼ 3.33, P < 0.001).
Scan also varied with date and year (see Appendix, Table A2). Chip-
munks expressed significant individual differences in time spent
scanning (r ¼ 27.27%, LRT¼ 93.58, P< 0.001). Proportion of time
spent in the central part of the arena (i.e. centrality) increased with
time within a given test (coefficient� SE¼ 0.002� 0.001, t1 ¼ 2.74,
P¼ 0.006). Centrality also varied with day and year (see Appendix,
(a)2
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Figure 1. (a, b) Principal components (PC) analysis of the behaviour expressed by chipmunk
each of the first three principal components. Behaviours were the number of lines crossed in
the time spent in the centre of the arena (centrality, PC3). Each open-field test is represent
each variable to the principal components. Variables retained for all subsequent analyses a
Table A3). Chipmunks expressed consistent differences in centrality
(r ¼ 19.62%, LRT¼ 54.95, P< 0.001). All other terms, including the
random interaction between individual identity and time interval
(within tests) were excluded from the final models.

Bag Tests

Time spent immobile in the bag decreased with ambulation in
the open field (coefficient � SE ¼ �0.144 � 0.061, t1 ¼ 2.38,
P ¼ 0.018, N ¼ 4314 tests on 226 individuals, number of tests per
individual ranged from 10 to 86; Fig. 2), and increased with trial
order (coefficient � SE ¼ 0.005 � 0.002, t1 ¼ 2.55, P ¼ 0.011). Time
spent immobile in the bag also varied depending on year and date,
but was not affected by centrality or scanning time (Table 1). Time
spent immobile was repeatable (r ¼ 29, 28%, LRT ¼ 1049.88,
P < 0.001).

Probability of Capture

Analysis of the 490 trap-days for 66 chipmunks showed that
males were less likely to be trapped than females (coef-
ficient � SE ¼ �1.254 � 0.122, z1 ¼10.28, P < 0.001). The proba-
bility of capture decreased with the distance between the trap and
the centre of the home range (coefficient � SE ¼ �0.076 � 0.002,
t1 ¼ 34.01, P < 0.001), and this decrease was steeper for females
than for males (difference between males and females: coef-
ficient � SE ¼ 0.030 � 0.003, t1 ¼ 9.98, P < 0.001). Analysing data
for each sex separately (Table 2), we found that female
trapping distance increased with time spent scanning (coef-
ficient � SE ¼ 0.021 � 0.007, z1 ¼ 3.18, P ¼ 0.001) and time spent
in ambulation (coefficient � SE ¼ 0.007 � 0.002, z1 ¼ 2.66,
P ¼ 0.007; Fig. 3a). In males, higher ambulation was
related to a higher global probability of capture (coef-
ficient � SE ¼ 0.140 � 0.052, z1 ¼ 2.65, P ¼ 0.008; Fig. 3b). Males
with higher centrality levels were captured closer to the centre of
their home range (coefficient � SE ¼ �0.052 � 0.022, z1 ¼ 2.30,
P ¼ 0.021). In contrast to females, trapping distance decreased
with scanning time for males (coefficient � SE ¼ �0.011 � 0.004,
z1 ¼ 2.30, P ¼ 0.021).
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Table 2
Final models describing the probability of capture on the study site in 2008 and 2009
for female and male chipmunks born in 2006 and 2007

Terms Coefficient�SE z P

Females
Intercept 0.490�0.094 5.22 <0.001
Distance �0.077�0.002 34.53 <0.001
Ambulation 0.122�0.108 1.14 0.26
Scan �0.643�0.289 2.23 0.026
Year 0.254�0.108 2.35 0.019
Date 0.004�0.001 4.43 <0.001
Scan�distance 0.021�0.007 3.18 0.001
Ambulation�distance 0.007�0.003 2.66 0.008
Males
Intercept �0.854�0.094 9.10 <0.001
Distance �0.043�0.002 22.43 <0.001
Ambulation 0.140�0.052 2.65 0.008
Scan 0.344�0.231 1.49 0.14
Centrality 2.102�1.124 1.87 0.06
Date 0.002�0.001 2.52 0.011
Scan�distance �0.011�0.004 2.30 0.021
Centrality�distance �0.052�0.022 2.30 0.021

Chipmunk identity was included as a random effect (Vi). BLUPs describing the
behavioural differences expressed by individuals in the open-field test were fitted as
fixed effects (ambulation, scan and centrality; N ¼ 32 females, 34 males, 490 trap-
days). Significant P values are shown in bold.
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Figure 2. Relation between ambulation expressed by female (open dots) and male
(filled dots) chipmunks during open-field tests (BLUPs) and mean number of seconds
spent immobile in the manipulation bag (N ¼ 4314 tests from 226 individuals).
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Faecal Cortisol Metabolite Levels and Heart Rate Measurements

Cortisol concentrations (N ¼ 58 chipmunks, 443 faecal samples)
were lower in males than in females (coefficient�
SE¼ �0.364� 0.158, t1 ¼ 2.31, P¼ 0.025). Cortisol level in faeceswas
negatively related to centrality for females (coef-
ficient � SE ¼ �2.830� 1.014, t1 ¼ 2.79, P¼ 0.007), but positively
related to centrality for males (interaction between sex and
centrality, coefficient � SE ¼ 4.732� 2.100, t1 ¼ 2.25, P¼ 0.028;
Fig. 4). Faecal cortisol level also varied with the date of sample
collection (Table 3). Ambulation and scan levels during open-field
tests were not related to faecal cortisol levels (P> 0.2). However,
individuals that displayed lower levels of ambulation in the arena
also had higher cortisol variability (coefficient� SE ¼ �13.68� 4.71,
t1 ¼ 2.90, P¼ 0.005; Fig. 5). Cortisol variability tended to increase as
Table 1
Final model describing the number of seconds that chipmunks spent immobile
during bag tests at our study site during 2005e2009

Components Variance r LRT P

Vi 0.481 29.28% 1049.88 <0.001
Vr 1.163
Terms Coefficient�SE df t P
Intercept 1.860�0.094 1 19.85 <0.001
Year (2006) �0.276�0.081 1 3.40 0.001
Year (2007) �0.284�0.101 1 2.82 0.005
Year (2008) �0.195�0.126 1 1.55 0.12
Year (2009) 0.090�0.146 1 0.62 0.54
Date �0.006�0.002 1 2.42 0.016
Date2 0.002�0.001 1 4.67 <0.001
Year�date (2006) 0.008�0.003 1 2.72 0.007
Year�date (2007) 0.004�0.003 1 1.42 0.16
Year�date (2008) 0.006�0.003 1 2.33 0.020
Year�date (2009) 0.001�0.003 1 0.36 0.72
Trial order 0.005�0.002 1 2.55 0.011
Ambulation �0.144�0.061 1 2.38 0.018

LRT: likelihood ratio test. Chipmunk identity was included as a random effect (Vi).
BLUPs describing individual differences in behavioural response during open-field
tests (ambulation, scan and centrality) were included as fixed effects (N ¼ 226
chipmunks, 4314 bag tests). The year 2006 was used as the reference. Significant
P values are shown in bold.
a function of mean faecal cortisol level in samples, but this effect was
not significant (P¼ 0.073). Finally, individuals with higher ambula-
tion in the openfield expressed a higher heart ratewhen constrained
in the manipulation bag (coefficient� SE ¼ 0.216 � 0.081, t1 ¼ 2.67,
P¼ 0.009).

DISCUSSION

In this study, we found behavioural differences among indi-
vidual eastern chipmunks: individuals varied consistently in their
level of ambulation, vigilance and centrality while in a novel
environment. We also found that exploration in the open-field
arena (measured as ambulation level) was associated with
docility when handled and with the propensity to enter traps,
often taken as an index of boldness (Wilson 1998; Réale et al.
2000; Boon et al. 2007). Individuals with a slower exploration
pattern in open-field tests also displayed a lower reactivity of their
sympathetic autonomic system but a more variable faecal cortisol
level over the course of their active season. We first discuss the
relationship between exploration, docility and trappability from
an ecological perspective, then their neuroendocrinological
correlates.

Behaviour in the Open-field Arena

The open-field tests were conducted to quantify behavioural
responses of chipmunks to a novel environment. Most of the
variation in behaviour in the open field was associated with the
level of ambulation, and individuals differed consistently in this
behaviour. While individual differences in exploration have been
reported inmany study systems (Réale et al. 2007), very few studies
have documented consistent differences over the lifetime of indi-
viduals in the wild. The long timescale over which these differences
were measured in our population may also explain why our effect
sizes were small. However, such effects are still relevant consid-
ering that they were maintained over the lifetime of individuals
under varying environmental conditions. In rodents, consistent
differences in ambulation in a novel arena may have implications
for the ecology and fitness of individuals, as this behaviour is often
associated with exploration (Archer 1973), better spatial memory,
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Figure 3. (a) Relation between predicted probability of capture, distance from the centre of activity and individual ambulation expressed by female chipmunks during open-field
tests (N ¼ 490 trap-days on 32 females). Filled dots represent the trap-days available to estimate the response surface. (b) Relation between ambulation expressed by male
chipmunks during open-field tests and observed probability of capture (N ¼ 490 trap-days on 34 males).
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or spatial cognitive skills (e.g. Jozet-Alves et al. 2008). In many
rodent species, these traits strongly affect foraging, mating and
escaping predators (e.g. Galea et al. 1996). Consistent differences in
ambulation may also have other implications as chipmunks with
higher ambulation levels in the arena also struggled more when
handled and were trapped more frequently (males) or farther from
their burrows (females). Differences in docility suggest that chip-
munks with lower exploration levels in the arena may respond
differently to the presence of human activity (e.g. tourism) in their
environment. For example, Martin & Réale (2008) reported that
chipmunks with burrows located farther from the trails used by
tourists displayed lower levels of exploration during open-field
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Figure 4. Relation between centrality expressed by female (open dots, dashed line)
and male (filled dots, solid line) chipmunks during open-field tests (BLUPs) and mean
faecal cortisol metabolite level in samples collected in 2009 (N ¼ 438 samples from 57
individuals).
tests. In our study, faster-exploring males may have a higher
probability of capture because they spend more time out of their
burrows. In contrast, we found that faster-exploring females in the
arena were captured farther from the centre of their home range.
Again, a trap may be seen as an artificial food source in an other-
wise natural environment. In such a case, differences in trappability
would suggest that individuals with higher levels of exploration
may have a higher capacity to exploit artificial anthropogenic food
sources. Additionally, the differences in trapping propensity or in
distance between trapping location and burrow may modify the
susceptibility of individuals to parasites (Boyer et al. 2010;
Patterson & Schulte-Hostedde 2011). Investigating how exploration
levels in the open-field arena is representative of differences in
space use patterns is beyond the scope of this study, but warrants
further investigation.
Physiological Correlates of Chipmunk Exploration

Faster explorers showed a greater increase in heart rate during
a restraint test, which suggests greater reactivity of the
Table 3
Final model describing the cortisol metabolite level in faecal samples of chipmunks
collected at the study site in 2009

Components Variance r LRT P

Vi 0.001 0.00% 0.001 1.00
Vr 2.413
Terms Coefficient�SE df t P
Intercept 7.551�0.093 1 81.63 <0.001
Date 0.015�0.002 1 8.48 <0.001
Centrality �2.830�1.014 1 2.79 0.007
Sex (male) �0.364�0.158 1 2.31 0.025
Centrality�sex (male) 4.732�2.100 1 2.25 0.028

LRT: likelihood ratio test. BLUPs describing the individual behaviours expressed
during open-field tests (ambulation, scan and centrality) were included as fixed
effects. Chipmunk identity was included as a random effect (Vi, N ¼ 58 chipmunks,
443 samples). Female was used as the reference. Significant P values are shown in
bold.
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sympathetic nervous system. The autonomic system is often
presented as the mechanism for the ‘fight or flight’ response of
individuals, activated instantly when facing environmental
perturbations. A classical view is that this response is beneficial
for an animal’s fitness, by activating all the organism’s functions
that are directly associated with immediate survival. However, the
fitness implications of such individual differences in natural
populations remain to be tested.

Our study also investigated the relationship between consis-
tent individual differences in exploration and the faecal cortisol
levels of individuals. Faecal cortisol (or corticosterone in birds)
metabolite level represents an average measure of cortisol levels
secreted into the blood over a period of about 10 h (Palme 2005;
Montiglio et al. 2012) and may also reflect the capacity of the
individual to mobilize cortisol when facing an environmental
perturbation (Sheriff et al. 2010). In our study, less central females
displayed higher mean faecal cortisol levels. This result is in
accordance with the relationship found between exploration and
blood cortisol in other species (Carere et al. 2003; Baugh et al.
2012). In contrast to females, faecal cortisol level was not associ-
ated with male behaviour in the open-field arena. We showed that
these measures were not repeatable for individuals in natural
conditions, which may explain the rather weak relationship re-
ported here.

Repeated measurement of faecal cortisol levels over an entire
season allowed us to investigate the variability of cortisol levels, an
aspect that is seldom documented inwild animals. Individuals with
lower ambulation levels in the open field also displayed higher
variability in their faecal cortisol level over a complete active
season. Indeed, we hypothesized that slower explorers should
display a higher reactivity of the hypothalamicepituitaryeadrenal
axis (Koolhaas et al. 1999). Higher short-term cortisol secretion in
response to environmental perturbations has been shown to
translate into a higher daily cortisol variability in humans (Corbett
et al. 2009), but has never been investigated in a wild animal
population to our knowledge. An alternative explanation could be
that slower explorers experience habitats with a higher rate of
short-term stressors or less predictable variations. In captive black,
Diceros bicornis, and white rhinoceroses, Ceratotherium simum,
higher rates of agonistic interactions and exposure to humans are
associated with higher cortisol variability in males and females
(Carlstead & Brown 2005). In these animals, higher cortisol
variability is associatedwith highermortality rate in both sexes and
with disturbed oestrous cycles in females. At present, little is
known about the fitness consequences of higher variability of
cortisol levels in nature.
Conclusion

In conclusion, our study shows that the open field quantifies
three main components of chipmunk behaviour: exploration,
vigilance and centrality. We showed that fast explorers were less
docile and bolder, and displayed greater sympathetic autonomic
system reactivity. We followed cortisol levels of individuals over
several months and found that exploration was not associated
with mean cortisol level (which was not repeatable), but was
instead related to the variability of cortisol levels. Overall, our
study presents the eastern chipmunk as an interesting model
species for the study of individual differences in behaviour and
physiology. Future studies analysing how exploration differences
affect ecology and fitness of individuals will surely provide fruitful
insights into the evolutionary mechanisms responsible for varia-
tion in exploration, docility, boldness and stress physiology within
animal populations.
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Table A3
Final model used to compute BLUPs of the time that individual chipmunks spent in the centre of the arena

Components Variance r LRT P

Vi 0.012 19.62% 54.95 <0.001
Vr 0.051
Terms Coefficient�SE df t P
Intercept 0.232�0.374 1 0.62 0.535
Year (2007) 2.312�1.042 1 2.22 0.027
Year (2008) �2.907�0.995 1 2.92 0.004
Year (2009) �1.287�3.03 1 0.42 0.671
Year (2010) �18.279�5.926 1 3.08 0.002
Date 0.001�0.001 1 0.46 0.649
Time interval 0.002�0.001 1 2.74 0.006
Year�date (2007) 0.002�0.001 1 2.04 0.041
Year�date (2008 0.002�0.001 1 2.49 0.013
Year�date (2009) 0.001�0.002 1 0.41 0.678
Year�date (2010) 0.008�0.003 1 3.02 0.003

LRT: likelihood ratio test. Chipmunk identity was included as a random effect over the intercept (Vi, N ¼ 229 chipmunks, 337 open-field tests). The year 2006 was used as the
reference. Significant P values are shown in bold.
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