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► We examine the behavioural effects of various degrees of torpor expression.
► Atypical habituation was noted in the open field 24 h following arousal.
► Maze performance tested later in arousal was not affected by torpor expression.
► Torpor imposes immediate functional costs on hibernators.
► Longer-term effects of torpor, and impacts on fitness, may be inconsequential.
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Species use torpor, an extreme form of heterothermy, to survive periods of limited resource supply. Studies of
hibernating animals have shown that torpor causes major structural and physiological changes in the brain,
many of which are reversed during periodic arousals. This suggests that behaviour may change during and
following the hibernation period. Here we investigate individual performance in behavioural tests prior to
and during hibernation by captive eastern chipmunks (Tamias striatus). Results indicate an association
between deep torpor expression and atypical habituation patterns tested directly following torpor arousals.
However, no association was found between torpor expression and spatial maze performance tested more
than 24 h post-arousal. Therefore, any behavioural impairment induced by torpor appears to be highly tran-
sient. The detected association between torpor and behaviour may be driven by previously confirmed effects
of torpor on brain structure and function, though other potential covariates, such as the activation and deac-
tivation of the stress axis, warrant consideration. Thus, our results are consistent with transient behavioural
impairments following torpor arousals, but the causes and longer-term consequences of these transient
impairments remain unclear.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Some animals can express torpor, reducing their metabolism, ac-
tivity, and body temperature (Tb) to conserve energy during periods
of limited resource supply [1–3]. The expression of torpor is associat-
ed with major physiological changes including a decreased heart rate
and respiratory rate, and reduced blood flow to major organs such as
the brain [4–7]. As a result, neural cell body area and dendritic
branching and density decrease, and neural activity is essentially
arrested [4,8–10].

The prolonged hibernation period is characterised not only by
torpor but also periods of arousal, when individuals re-warm to a
euthermic level. Arousal intervals are a universal occurrence among
hibernating species, though the precise benefits of arousal are still
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in question [4,5,11]. Little activity has been noted during these arous-
al periods [12], but it is possible that arousal bouts are a means of
avoiding or minimizing any physiological impairment associated
with torpor [4,5]. While arousal is species-wide, both species and in-
dividuals vary considerably in the depth and duration of torpor bouts
expressed. For example, in eastern chipmunks (Tamias striatus), tor-
por expression varies widely among individuals, relating closely to
the amount of food available prior to hibernation [11,13]. When
resources are scarce, individuals express deep, prolonged torpor,
while both the depth and duration of torpor are greatly reduced
when food is more abundant [11,13]. Thus, this suggests that arousal
periods are energetically costly andmay be constrained by food abun-
dance in this species, but, at the same time, that torpor has detrimen-
tal effects, as individuals limit torpor depth and duration when they
are able.

Known physiological impairments in the brain are likely to be as-
sociated with behavioural changes which may then affect important
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fitness-related functions such as foraging and reproduction. The hip-
pocampus plays an important role in exploration and spatial memory
[14] and previous studies examining the effects of experimental hip-
pocampal lesions have consistently reported a change in exploration
in experimental subjects due to their impaired ability to habituate
to novelty [15–17]. However, given that torpor-induced morphologi-
cal changes are rapidly reversed following arousal [18], assessing this
behavioural hypothesis also requires the evaluation of whether any
behavioural impacts of torpor are likely to be transient or persistent.

In this study, we investigate how the variability in torpor expres-
sion among individual eastern chipmunks affects spatial exploration
and habituation in repeated open-field tests, as well as spatial mem-
ory in the radial maze. We predict that chipmunks expressing more
torpor during the hibernation season will habituate less to open
field tests and make more errors in the radial-arm maze. We also ex-
amine whether relationships detected during the hibernation period
were also present prior to hibernation, to address the possibility
that any detected associations between torpor and behaviour reflect
generalized behavioural–physiological syndromes rather than direct
cause and effect relationships.

2. Material and methods

2.1. Study population and captive facility

We conducted our study on eastern chipmunks held in a captive
wildlife facility on Macdonald Campus of McGill University. Subjects
originated from the wild, from various sites surrounding Macdonald
Campus, Ste. Anne-de-Bellevue, Quebec (45°24′ N, 73°57′ W) as
well as a study site near Mansonville, Quebec (45°05′ N, 72°26′ W).
Longworth (Longworth Scientific Instruments, Abingdon, UK) and
Sherman (H.B. Sherman Traps, Tallahassee, FL, USA) live traps were
set out and baited with apple, sunflower seeds, and peanut butter in
the fall of 2009 and 2010. Upon capture, each individual was sexed,
weighed, and ear-tagged for unique identification. Only adult (mini-
mum weight of 80 g), male chipmunks were taken for the study.
Twelve chipmunks were housed at the facility in year one, from
September 2009 to April 2010, and a new population of 24 chip-
munks was housed at the facility in year two, from September 2010
to April 2011.

In the facility, chipmunks were individually housed in an unheated
roomwith onewindowwhichwas left slightly ajar, thus exposing chip-
munks to natural variation in ambient temperature and photoperiod.
Each individual had access to two holding cages connected by PVC tub-
ing designed to reflect their natural burrow environment (Fig. 1). Cages
(Techniplast, VA, Italy) were comprised of solid, transparent plastic
sides with barred, metal tops and bottoms. Dividers were placed be-
tween individual cages to reduce the interaction between chipmunks.
The smaller of the two cages (24×14×13 cm)was placed on a shelving
unit in the room. In this cage, chipmunks were initially (September and
October) provided with ad libitum apple, peanut butter, rodent chow
(TestDiet, Richmond, IN, USA), sunflower seeds, and water. Food was
later limited to beech nuts (year one) or striped sunflower seeds (year
two) and rodent chow during the hibernation period and was provided
as needed. The second, larger cage (48×27×20 cm), connected to the
Fig. 1. Captive set-up for eastern chipmunks; burrow cage sits inside a controlled envi-
ronmental chamber, forage cage sits outside the chamber.
smaller cage by approximately 50 cm of tubing, was shelved in an envi-
ronmental chamber within the room. Humidity and temperature inside
the chamberwere controlled tomimic natural chipmunkburrow condi-
tions. Temperature settings were based on monthly average soil tem-
peratures calculated in the field [13]. Each large cage was stocked
with nesting material (Pharma-ServNestlets nesting pads, product
#NE3600) and an object (e.g. toilet paper roll, plastic bowl) that facili-
tated nesting and hoarding behaviour.

2.2. Body temperature monitoring

Prior to the hibernation period, and the onset of torpor, chipmunks
were collared with temperature-sensitive radio-transmitters (year
one) (4.1 g; recording interval 5–7 min; model PD-2CT, Holohil Sys-
tems Ltd., Carp, ON, Canada) or data loggers (year two) (2.2 g; record-
ing interval 30 min; Thermochron iButton model DS1921L, Maxim
Integrated Products Inc., Sunnyvale, CA, USA). Devices recorded Tskin
as an index of Tb providing a reliable estimate of torpor expression for
each individual [19,20].

In year one, temperature data were downloaded weekly from the
data-logging radio-receiver (model SRX-400 W-21, Lotek Wireless,
Newmarket, ON, Canada) placed in the environmental chamber. At
times Tskin was also calculated manually, using a stopwatch, to com-
pensate for missed readings at low temperatures. In year two, data
from the data loggers were all downloaded at the end of the study.

For data analysis, a torpor bout was defined according to the
guidelines used in Landry-Cuerrier et al. [13] whereby a period of
greater than five consecutive hours with a Tskinb30 °C is considered
a bout. For every torpor bout identified for an individual, the total
length of that bout was determined. Then, the total number of torpor
bouts expressed throughout hibernation, the percentage of time
spent torpid over that period, the average torpor bout length, and
the minimum temperature, for each individual, were derived from
the data.

2.3. Torpor periods

The study period extended from September, prior to hibernation,
to the middle of January, the mid-hibernation point, for two consecu-
tive years. Subjects were artificially aroused from torpor once, for a
4-d period, at the mid-hibernation point. Data on natural torpor ex-
pression during the interval between pre- and mid-hibernation
points (60 d in year one; 71 d in year two as chipmunks entered tor-
por later) were used in the study. During this interval, regular bouts
of torpor were observed, though depth and duration of bouts varied
considerably between individuals. The two time points of pre- and
mid-hibernation were used to organize the timing of behaviour trials.

2.4. Behaviour tests

Two different behavioural tests commonly employed in small
mammal behavioural-cognitive assessments (testing hippocampal
function) were utilized in this study: the open field test [21–23] and
the radial-arm maze [24–27]. On the one hand, the open field places
the animal in a novel environment eliciting spatial exploration [28].
In rodents, exploration is measured principally by the extent of am-
bulation [21,29,30], which is often higher at the beginning of the
test, when the environment is completely new, and then decreases
over time. This phenomenon is often explained as an habituation to
the surrounding environment [31,32]. As such, hippocampal damage
is typically associated with a reduction in exploration or a reduction
in or lack of habituation. On the other hand, the radial-arm maze, de-
veloped by Olton and Samuelson [24], tests the short-term working
accuracy [25,26,33]. The testing apparatus is composed of a central
platform with a varied number of radiating arms that are typically
baited [25,27,33]. Thus, it is reasoned that a perfect performance



117A.B. Thompson et al. / Physiology & Behavior 110–111 (2013) 115–121
would logically entail only a single entry into each arm to retrieve the
reward and, therefore, a re-entry into an arm would be considered an
error [25,27].

Chipmunks were not trained in either apparatus prior to testing. A
first round of testing was conducted prior to the onset of torpor
(pre-hibernation — October/November) and a second round was
conducted at the mid-hibernation point (January). For the second
round of testing, individuals were aroused out of torpor through
physical disturbance, provided with apple, peanut butter, and rodent
chow, and relocated to a heated room. Individual arousal times were
staggered so that each chipmunk had, at minimum, 24 h to complete-
ly arouse and reach a euthermic Tb prior to the first test.

For all tests, chipmunks were individually moved from their cage
into the test apparatus without manipulation and, upon completion
of the test, were returned to their cage. The test apparatuses were
wiped down with ethanol between each trial to remove any marks
left behind by the previous subject. We tested the subjects in a ran-
dom order. Individuals were tested only once a day and all individuals
were run through a given apparatus in less than 4 days. All trials were
recorded with a tripod-mounted video camera for later analysis.

2.4.1. Open field test
Chipmunks were individually released from their cage into a

wooden arena (71×71×43 cm) equipped with a grid, comprising
7×7 squares (12.5 cm2), on the floor. The top of the arena was closed
off with a plexiglass lid. Chipmunks were allowed to explore the
novel environment for 90 s. Open field tests of this length have previ-
ously been showed to provide a valid measure of individual explora-
tion [32]. Individuals were tested twice, in pre-hibernation and
mid-hibernation, each year.

2.4.2. Radial-arm maze
The radial maze consisted of a central plastic bucket (radius=

15.25 cm) with eight identical plastic tube arms (length=18 cm)
extending radially. The maze was entirely enclosed, and, in this
case, no food was provided to avoid confounding effects with torpor
expression. The maze was placed in a quiet, enclosed room and a
board was positioned in front of the maze to shield the examiners
from the chipmunks' field of view during trials.

Chipmunks were released from their cage into the maze through
one arm which was immediately sealed shut and videotaped for a
10-min period. Mazes were conducted over a longer period of time
to allow chipmunks to become familiar with the apparatus.

2.5. Video coding and statistical analysis

All video files from the open field and radial maze tests were
coded using the computer software The Observer 5.0 (Noldus Infor-
mation Technology Inc., Leesburg, VA, USA). Statistical analyses
were conducted using the program R 2.13.0 (R Development Core
Team 2009).

2.5.1. Open field
The coding of the open field trials began once the subject

completely entered the testing arena and continued for the full 90 s
of each trial. Each line crossed, based on the marked grid, was
recorded during the period as an index of the subject's activity and
exploration level. A diagonal line cross was counted as two line
crosses, both the horizontal and vertical. The numbers of lines crossed
were determined for the entire testing period, as well as each 30-s
interval (i.e. three intervals).

Regression lines, determined from the line cross for each individual
in each of the three intervals for each trial, were computed to generate a
within-trial habituation index based on line slopes. Negative values in
the index indicate habituation within the trial, thus the more negative
the value, the stronger the within-trial habituation. A multiple linear
regression analysis was then conducted to evaluate the relationship be-
tween the proportion of torpor expressed (determined as the number
of days in torpor divided by the total number of days during the period)
and habituation during the pre-hibernation and mid-hibernation test-
ing periods, with year and testing order (defined as number of days
following arousal) as covariates. A minimal adequate model was deter-
mined with step-wise removal of variables with a p-valueb0.05. Pre-
hibernation habituation levels were tested against subsequent torpor
expression simply to ensure an effect of torpor on habituation.

2.5.2. Radial-arm maze
Coding of maze trials began once the chipmunk reached the cen-

tral chamber from the arm in which it entered. The large majority of
videos included in the analysis were a full 10 min in length, though
some videos fell just short of this point when the recording ended.
To code the videos, radial arms were labelled one through eight in a
clockwise fashion and each entrance into an arm and back into the
central chamber was recorded. Movement into an arm was consid-
ered an entry only once the chipmunk had crossed the mid-way
point of the arm.

Variables derived for analysis, for each trial, included successful
completion (yes/no — as achieved by entering each of the eight arms),
total number of arm entries over the full testing period, total number
of errors (i.e. re-entries) prior to completion, total number of new/
correct entries (defined as the first entry into an arm — maximum of
eight), and number of new choices in the first eight entries. A general-
ized linear model was fitted to assess the relationship between a new
choicewithin the first eight entries and torpor expression,where covar-
iates again included year and testing order. Choice number and proba-
bility of new (i.e. the probability of making a new arm choice,
calculated as the number of new choices available divided by the total
number of arms) were also controlled for in the model. Variables
were consecutively removed if the p-valueb0.05, resulting in aminimal
model. The new choice variablewas also transformed using the logit ex-
pression and plotted relative to percent torpor expression to determine
the direct effect of torpor on the likelihood of choosing a new arm.

In the Results section, we focus first on the relationship between
torpor expression and behaviour during the mid-hibernation period,
and then consider how patterns documented during this interval dif-
fered from patterns detected prior to hibernation.

3. Results

The proportion of time spent in torpor ranged from 2 to 29% and
from 3 to 47% in year one and year two, respectively.

3.1. Mid-hibernation

3.1.1. Open field
The median number of lines crossed in the first 30-s interval at

mid-hibernation testing was 14.5, which then dropped to 1.0 and 6.0
in the second and third intervals, respectively (Fig. 2). Individuals that
expressed more torpor throughout the period showed a weaker habit-
uation response (range of habituation index=−22 (strong) to 5.5
(weak)) in the open field trial (coef.=14.790 (±7.206), t=2.053,
p=0.050; Table 1; Fig. 3). Habituation was weaker (i.e. more positive)
in the subjects in year two as compared to those in year one (difference
between year one and two, coef.=1.758, t=3.917, pb0.001) and in-
creased with testing order (coef.=−5.337 (±2.337), t=−2.286,
p=0.030; Table 1).

3.1.2. Radial-arm maze
The mean number of arm entries made per trial at mid-hibernation

was 8.2, with a completion (i.e. entering each of the eight arms) rate of
8.3%. There was a significant effect of torpor on the likelihood of choos-
ing a new arm as compared to one previously entered, in the first eight



Fig. 2. Number of line crosses by chipmunks in the open field over each 30-s interval
during mid-hibernation testing. Solid bold lines indicate median value (n=36).

Fig. 3. Relationship between the length of torpor expression and habituation (where a
smaller value indicates stronger habituation) of captive chipmunks in the open field
during mid-hibernation testing over two years and two different sample populations.
Line represents overall trend for both years combined (R2=0.55).

Table 2
Significant components of the final generalized linear model for arm choice (quasi-
binomial: new (1) or repeat (0)) in the radial maze in pre- and mid-hibernation for
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choices (coef.=−9.917 (+4.591), t=−2.160, p=0.032), where chip-
munks that spent less time in torpor were more likely to choose a new
arm than those that spentmore time in torpor. However, therewas a sig-
nificant interaction between torpor and year (Table 2) and, as such, tor-
por expression had a significant effect in year one, and the effect was
significantly different from year two, but the resulting effect of torpor
on arm choice was not significant in year two (coef.=3.251 (+2.113),
t=1.539, p=0.127; Fig. 4). Other significant variables included in the
model, in addition to the interaction between torpor and year, were
year, testing order, and probability of choosing a newarm (Table 2). Sub-
jects were less likely to choose a new arm in year two as compared to
year one (coef.=−2.553 (±1.106), t=−2.309, p=0.022) and they
were more likely to choose a new arm if they were tested later in the
testing period within a given year (coef.=0.983 (±0.342), t=2.873,
p=0.005).

3.2. Comparison with pre-hibernation

3.2.1. Open field
In comparison to mid-hibernation, the median number of lines

crossed at pre-hibernation testing was steady, starting out at 33
lines in the first interval, dropping to 31 lines in the second interval,
and then returning to 33 lines in the third interval. No significant re-
lationship was found between individual habituation and subsequent
torpor expression in pre-hibernation (coef.=7.791 (±10.211), t=
0.763, p=0.452).

3.2.2. Radial-arm maze
The mean number of arm entries made at pre-hibernation was con-

siderably higher than mid-hibernation at 23.4 and the completion rate
was also much higher at 86%. A similar negative trend was present be-
tween the choice of a new arm in the first eight entries in the maze
during pre-hibernation testing and subsequent torpor expression
Table 1
Final linear regression model of within-trial habituation in the open field testing appa-
ratus in mid-hibernation for captive eastern chipmunks. Interactions between vari-
ables were not significant (all p>0.05).

Coefficient t p-Value

Intercept −1.834 (±5.554) −0.330 0.744
Torpor 14.790 (±7.206) 2.053 0.050
Year 6.885 (±1.758) 3.917 b0.001
Testing Order −5.337 (±2.335) −2.286 0.030
when both years were taken together, though it was not significant
(Table 2; Fig. 4).

4. Discussion

This study examined how torpor expression during hibernation is
associated with an animal's ability to explore and navigate through its
spatial environment. Captive chipmunks proved to be an ideal model
species for our research because of the wide range of individual
heterothermic patterns expressed by this species during hibernation
[11,13,34]. Previous studies, using common study species such as
squirrels or bats, have been limited to a comparison of hibernating
and non-hibernating groups generated by holding animals in vastly
different environmental conditions [8,35]. We, however, were able
to capture a continuous spectrum of torpor expression generated by
different individuals of the same species maintained in the same con-
trolled environmental chamber. This range of expression, from inter-
mittent short, shallow bouts to deep, prolonged bouts, covers the
range of torpor expression observed across most heterothermic
species.

Our analyses revealed that torpor expression affected behaviour in
the open field and, to a lesser extent, the radial-arm maze. First, there
was a very pronounced decrease in activity in the open field, and sim-
ilarly in the maze, at mid-hibernation relative to the pre-hibernation
period. In accordance with our results, Semenova et al. [36] also found
an evident decrease in exploration and activity in ground squirrels
(Citellus undulatus) during hibernation. Further, Ruf and Heldmaier
[37] described considerably lower levels of activity following torpor
captive eastern chipmunks.

Pre-hibernation Mid-hibernation

Coef. t p-Value Coef. t p-Value

Intercept 0.7916 1.892 0.060 0.067 0.054 0.957
Torpor 4.431 1.843 0.067 −9.917 −2.160 0.032
Year 1.348 3.794 b0.001 −2.553 −2.309 0.022
Testing order – – – 0.983 2.873 0.005
Probability — new 3.345 2.167 0.031 8.367 1.345 b0.001
Torpor: Year – – – 13.702 2.580 0.011
Torpor: prob-new 24.156 2.822 0.005 – – –

image of Fig.�2
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Fig. 4. Effect of torpor expression on arm choice (new=1 or repeat=0, logit-transformed) of captive chipmunks during mid-hibernation (A) and pre-hibernation (B) testing in the
radial maze in year 1 (n=12) and year 2 (n=24), respectively. Darker points represent multiple over-lapping data points; solid line indicates a significant effect.
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as compared to activity levels following periods of normothermy, all
suggesting very limited activity throughout hibernation, including
during arousal periods. This may be an indication of sleep deprivation
developed over the hibernation period, as suggested by Ruf and
Heldmaier [37], or it may merely represent a general state of lethargy
upon arousal from torpor.

More revealing, however, was the effect of torpor on exploration
in the open field test. As mentioned, rodents tend to habituate to
the open field environment, as indicated by a decrease in activity,
over time [31,32]. In the current study, chipmunks showed habitua-
tion to the open field in the middle of hibernation. Similarly, habitu-
ation in the open field was found to be preserved following six
months of hibernation in Alpine marmots (Marmota marmota) [31].
Habituation was not evident, however, during the pre-hibernation
testing in our study. It is thought that habituation was precluded by
the fact that this was the first time these animals had ever experi-
enced the open field environment. A second pre-hibernation trial
for all individuals would have been beneficial to allow findings to be
more comparable to mid-hibernation results. Regardless, at mid-
hibernation, chipmunks that had spent the most time in torpor
showed much less habituation than chipmunks that had expressed
less torpor. Furthermore, time spent in torpor was not predictive of
habituation prior to hibernation, discounting the possibility that the
correlation was driven by a more general physiology-behaviour syn-
drome. Thus, there appears to be a direct causation between torpor
expression and subsequent habituation. It is possible that chipmunks
arousing from prolonged torpor lack spatial awareness, causing them
to behave as though they were continuously exploring a new envi-
ronment. This interpretation is consistent with past research showing
that the structure of the hippocampus is affected during torpor
expression [9,10,18] and that it is this region of the brain that is
involved with an individual's ability to habituate to a situation
[15,38]. We cannot, however, rule out the possibility that torpor and
habituation are merely linked by an entirely separate causal agent;
for example, stress or cortisol levels. Further experiments, manipulat-
ing torpor expression in individuals over greater than one year would
thus provide important insights surrounding the causal link between
torpor and habituation.

Evidence of an association between torpor and behaviour was less
convincing, however, in the radial-arm maze. Essentially, it has been
suggested that animals generate a mental list of places visited, and
thus should not be re-visited, in the working memory as they orient
through the maze [24]. Therefore, repeated visits to a given arm
would suggest memory impairment. In year one of our study, torpor
expression was associated with a greater propensity for error,
where the number of repeated arm choices at mid-hibernation in-
creased significantly with the amount of torpor expressed. However,
the individuals that expressed more torpor during hibernation also
made more repeated arm choices prior to hibernation, casting doubt
on the causality of the relationship. Furthermore, the effect was not
consistent between years, with a non-significant relationship in
mid-hibernation in the second year trending in the opposite direc-
tion. Thus, although we cannot reject the possibility of a detrimental
effect of torpor on maze performance, the available evidence is incon-
sistent and of uncertain causality.

Therewas an effect of year in both the open field andmaze trials. The
relationship between the proportion of torpor expressed andhabituation
in the openfieldwasweaker in year two even though the range to torpor
expression was similar. In the maze, the effect (non-significant) was in
fact reversed in year two, with chipmunks that expressed more torpor

image of Fig.�4
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making more correct choices. First, we did not control the environment
(birth cohort, treemast conditions, etc.) in which the chipmunks experi-
enced prior to capture. Thus, it is possible that differing environmental
conditions between years had an effect on how chipmunks dealt with
torpor effects. Further, while prolonged torpor bouts are often presumed
to be deep torpor bouts, this may not always be the case. In year two,
chipmunks were supplied with a better, more reliable supply of food
simply due to the improvements in experimental design. As a result,
we would expect chipmunks with a reliable food source to express less
torpor [13]. In this case we did not see a shorter duration of torpor, but
we cannot rule out the possibility that torpor bouts were shallower
resulting in a weaker relationship between torpor and subsequent be-
haviour. Future studies should measure both the depth and duration of
torpor and assess the effect of each measure on behaviour.

The reversal of structural hippocampal changes is thought to occur
quite rapidly following arousal from torpor. A morphological study by
Magarinos and colleagues [18] found that the reversal, including
re-growth and re-organization, of neurological changes that occur in
the hippocampus over hibernation began only a few hours after
emergence. Moreover, behavioural findings by Weltzin et al. [39]
complimented these results showing recovery to be complete 24 h
post-arousal. Therefore, in the current study, it is possible that ani-
mals had not yet recovered when open field trials were performed,
but had at least begun to recover at the time of maze trials explaining
the varying results between tests.

The possibility that the behavioural effects of torpor are both tran-
sitory and dependent on the depth of torpor expressed may also ac-
count for previous, apparently contradictory findings. In many of
these studies [40–42], subjects were tested following very short hi-
bernation bouts (24 h to 32 d) and it is possible that this amount of
time did not allow for the structural changes in the brain, and associ-
ated changes in behaviour, to develop. Another study that found no
negative effect of torpor expression, examining the long-termmemo-
ry of Alpine marmots [31] on two learning tasks, tested subjects four
wks following arousal from hibernation. In this case, any detrimental
effect of torpor may have disappeared with the reversal of neurolog-
ical changes occurring within 24 h of arousal [18,39]. This notion was
supported by the current study with the disappearance of a clear be-
havioural effect after 24 h in a euthermic state.

Given the study design, we cannot directly attribute the cause of
behavioural changes to neurological changes. The objective of this
study was to determine whether there are behavioural costs associat-
ed with torpor and, if so, how those costs are affected by the degree of
torpor expressed in an individual. Changes in the brain, and specifi-
cally in the hippocampus, are known to occur during the hibernation
period, however [9,10,18]. Studies examining the effects of experi-
mental hippocampal lesions have consistently reported greater activ-
ity in experimental subjects due to their impaired ability to habituate
to novelty and exhibit flexible behaviour [15–17,38,43]. While hippo-
campal lesions are considerably different from the changes occurring
over hibernation, particularly considering changes resulting from hi-
bernation are reversible [9,18,33], these studies do confirm that the
hippocampal region of the brain plays a key role in memory and
that damage can result in behavioural changes similar to those seen
in the current study. Without evidence for a direct linkage between
neurological and behavioural changes though, it is possible that the
underlying cause of the observed behavioural changes in this study
lies in another potential factor, possibly related to the differential ac-
tivation of the stress axis [44,45]. The examination of this relationship
presents a direction for future studies.

5. Conclusions

This study demonstrated the effects of torpor on behaviour,
extending beyond an effect of the presence or absence of torpor to
differential impairment according to the individual degree of torpor
expression. The persistence of these behavioural effects, however,
appeared to be quite short-lived. Given chipmunks, and many other
hibernators, remain in their burrow for most, if not all, of the hiberna-
tion season, the key question is whether any transient or persistent
forms of behavioural impairment that occur during hibernation affect
the foraging and mating performance of animals following spring
emergence. Our results to date provide no strong evidence that this
is likely the case, but more captive and field studies are required to
fully exclude the possibility.
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