
Do captive male meadow voles experience acute
stress in response to weasel odour?
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Abstract: The hormonal stress response is adapted to deal with acute (short-term) stressors; however, chronic (long-term)
stressors have negative effects on survival and fitness. Field and laboratory evidence suggest that voles respond behaviour-
ally to predator odours. However, it is unknown whether voles mount an acute hormonal stress response to predator odour.
We determined whether reproductively active, captive male meadow voles (Microtus pennsylvanicus (Ord, 1815)) mounted
a more pronounced hormonal stress response to weasel odour (ermine,Mustela erminea L., 1758), one of their principal
mammalian predators, than to nonpredator and control odours. We compared the corticosterone response of captive voles
to weasel, jumping mouse (Zapus hudsonius (Zimmermann, 1780)), and control odours following acute (20 min) exposure.
The hormonal stress response to the treatment odours did not differ, indicating that captive male voles in the reproductive
season do not mount an acute stress response to predator odour. We hypothesize that voles do not respond to weasel odour
because, independent of other stimuli, olfactory signals are not reliable enough to outweigh the costs, such as suppression
of reproduction and reproductive behaviour, associated with a response.

Résumé : La réaction hormonale de stress est une adaptation pour re´sister àdes facteurs aigus de stress de courte dure´e;
par ailleurs, les facteurs chroniques (a` long terme) de stress ont des effets ne´gatifs sur la survie et la fitness. Des donne´es
de terrain et de laboratoire laissent croire que les campagnols ont des re´actions comportementales aux odeurs des pre´da-
teurs. On ne sait pas cependant si les campagnols de´veloppent une re´action hormonale aigue¨ de stress en pre´sence de
l’odeur d’un prédateur. Nous avons de´terminési des campagnols de Pennsylvanie (Microtus pennsylvanicus (Ord, 1815))
mâles, actifs sexuellement et garde´s en captivite´, développent une re´action hormonale de stress plus prononce´e à l’odeur
d’hermine (Mustela erminea L., 1758), un de leurs plus importants mammife`res prédateurs, par comparaison a` leur réac-
tion à des odeurs de non pre´dateurs ou d’odeurs te´moins. Nous avons compare´ la réaction de la corticoste´rone de campa-
gnols en captivite´ aux odeurs d’hermines et de souris sauteuses (Zapus hudsonius (Zimmermann, 1780)) ainsi qu’a` des
odeurs te´moins apre`s une exposition aigue¨ (20 min). Les re´actions hormonales de stress ne diffe`rent pas d’un traitement a`
l’autre, ce qui indique que les campagnols maˆles durant la saison de reproduction ne de´veloppent par de re´action aigue¨ de
stress a` l’odeur des pre´dateurs. Nous e´mettons l’hypothe`se selon laquelle les campagnols ne re´agissent pas a` l’odeur des
hermines, parce que, inde´pendamment des autres stimulus, les signaux olfactifs ne sont pas assez fiables pour contrecarrer
les coûts, tels que la suppression de la reproduction et du comportement reproducteur, qui sont associe´s à la réaction.

[Traduit par la Re´daction]

Introduction

Predators can induce a stress response in their prey not
only by physically attacking them but also by making them
fearful of a potential attack. Stress is defined as a condition
of arousal or excitability that occurs in response to an aver-
sive stimulus (Kim and Diamond 2002). The stress response
is a set of responses to potentially harmful environmental
challenges that allows the organism to maximize its chances
for short-term survival. This response is the classic ‘‘flight
or fight’’ syndrome and is a generalized response to a wide
variety of stressors. The first line of defense, occurring
within seconds of the stressor, is that the sympathetic nervous
system causes the adrenal medulla to release catechol-

amines (epinephrine and norepinephrine) into the circula-
tory system. The second line of defense (the focus of this
paper), also occurring immediately, is the activation of the
hypothalamic–pituitary–adrenal (HPA) axis, which results
in the release of glucocorticoids from the adrenal cortex
into the circulatory system within approximately 3 min.
Immediate catabolic effects of the glucocorticoids result in
the mobilization of glucose for the muscles, the stimulation
of hepatic gluconeogenesis (the breakdown of other body
tissues such as protein), and the shunting of energy resour-
ces away from peripheral tissues and activities not needed
for short-term survival (e.g., growth, reproduction, and di-
gestion; Sapolsky et al. 2000). Cardiovascular tone is in-
creased, immune function is stimulated, reproductive
physiology and behaviour are suppressed, feeding and ap-
petite are decreased, and cognition is sharpened. The HPA
axis is adapted to deal with short-term stressors (e.g., pred-
ator attacks); however, chronic activation of the HPA axis,
typified by high levels of glucocorticoids, is potentially
deleterious, affecting long-term survival and fitness through
infertility, impaired resistance to disease, steroid diabetes,
digestive ulcers, and inhibition of growth (Sapolsky 2002;
Wingfield and Sapolsky 2003).
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Prey often alter their behaviour in response to the audi-
tory, visual, and chemosensory cues of their predators
(Lima and Dill 1990; Kats and Dill 1998). Weasels are
highly efficient predators that feed primarily on voles
(Pearson 1985; Klemola et al. 1997). Predation by weasels
can be so intense in some areas that it can drive vole popu-
lation cycles (Korpima¨ki et al. 2002). Voles respond behav-
iourally to the odour of weasels and other predators,
presumably to decrease the risk of predation. Weasel odour
is known to reduce vole (Microtus spp.) foraging on agricul-
tural crops (Sullivan et al. 1988).Microtus agrestis (L., 1761)
and Microtus arvalis (Pallas, 1778) avoid entering traps
tainted with weasel odour (Stoddart 1976; Gorman 1984).
Furthermore, laboratory studies suggest that meadow voles
(Microtus pennsylvanicus (Ord, 1815)) reduce their activity
following exposure to fox odour (Perrot-Sinal et al. 1999,
2000). In additional laboratory studies,M. agrestis, M.
arvalis, and Clethrionomys glareolus (Schreber, 1780)
avoided areas tainted with weasel odour and exhibited re-
duced activity levels when they were exposed to weasel
odour (Gorman 1984; Je˛drzejewski et al. 1993; Ronkainen
and Ylönen 1994).

We hypothesized that meadow voles perceive predator
odour as a stressor and predicted that voles should mount
an acute hormonal stress response to predator odour for the
following reasons. First, the behaviours demonstrated by
voles in response to predator odours in laboratory studies
(Gorman 1984; Je˛drzejewski et al. 1993; Ronkainen and
Ylönen 1994) are similar to those shown by social
(Günther’s) voles (Microtus socialis (Pallas, 1773)) in re-
sponse to tawny owl (Strix aluco L., 1758) calls, and in so-
cial voles these behaviours are accompanied by a hormonal
stress response (Eilam et al. 1999). Second, another rodent,
the laboratory rat (Rattus norvegicus (Berkenhout, 1769)),
also mounts a hormonal stress response when it is exposed
to predator odour (Morrow et al. 2000; Holmes and Galea
2002).

The purpose of this study was to examine the effects of
acute exposure to predator odour on the hormonal stress re-
sponse of reproductively active male meadow voles. Specif-
ically, we addressed the question, Do voles mount a more
pronounced acute stress response to weasel odour than to
nonpredator and control odours? To answer this question,
we brought free-ranging meadow voles into captivity and
compared their baseline levels of corticosterone with levels
after acute (20 min) exposure to weasel (ermine,Mustela er-
minea L., 1758), jumping mice (Zapus hudsonius (Zimmer-
mann, 1780)), and control odours. Weasels and jumping
mice are found in the same grasslands as meadow voles
(Boonstra and Rodd 1983). We predicted that voles exposed
to weasel odour would mount the most pronounced hormo-
nal stress response.

Materials and methods

Animals
Breeding male meadow voles (35–59 g), distinguished by

scrotal testes, were captured between 3 and 5 July 1991 in a
grassland field at the Toronto International Airport (Ontario,
Canada; site description in Boonstra and Rodd 1983). Their
individual history and exposure to other species prior to cap-

ture was unknown. Voles were maintained singly in large
polypropylene cages (45 cm� 24 cm� 12 cm) on an 18 h
light : 6 h dark cycle. Cages were provided with clean bed-
ding chips and clean cotton for nesting material. Water and
food (Purina Lab Chow and Purina Rabbit Chow, Purina,
Mississauga, Ontario) were provided ad libitum. Females
were not used because their reproductive cycle has major ef-
fects on corticosterone concentrations and it is difficult to
standardize female reproductive state; therefore, it is diffi-
cult to compare the stress response among females or be-
tween females and males (Boonstra and Boag 1992).

Voles were assigned to one of three odour exposure treat-
ments: (1) weasel odour (n = 10), (2) jumping mouse odour
(n = 9), or (3) control odour (n = 10). Animals were as-
signed to treatments in a stratified manner such that mean
body mass was approximately equivalent across treatments
(range of mean mass among groups at time of capture =
46.4–48.3 g). All of the voles were housed in the same
room and all voles in a given treatment were held on one
cage rack. We did not intersperse the vole cages from the
three treatments because the odours that the voles were ex-
posed to would have spread between treatments. The three
racks were positioned parallel to each other and polyethy-
lene plastic, fastened from floor to ceiling, separated the
racks and prevented the passage of odours between treat-
ments. Ventilation fans, positioned in the wall at either end
of the laboratory room and operating in a push–pull method
(the fan at one end pulled air out of the room and that at the
other end drew air into the room), changed the air in the
room 13 times per hour. The airflow was parallel to the
cage racks, thus preventing cross contamination among
treatments.

Five jumping mice and one weasel were live-trapped near
Greenwood, Ontario, approximately 25 km northeast of Tor-
onto. The jumping mice and the weasel were housed in sep-
arate buildings away from the voles. Jumping mice were
maintained in the same manner as the voles. The weasel
was housed in a 61 cm� 61 cm� 30.5 cm galvanized steel
cage with a nest box and cotton for bedding and was fed
dead voles. After completion of the experiment, all animals
were released at their site of capture in the field. The Uni-
versity of Toronto animal care committee approved all pro-
cedures in accordance with the guidelines of the Canadian
Council on Animal Care.

Odour exposure and blood sampling
Voles were habituated to laboratory conditions for at least

12 d and were then bled twice. First, a baseline (control)
blood sample was collected from all individuals in a random
order on 15 July. Second, acute odour exposure was done
over 2 d to minimize both disturbance and the time between
the start of the manipulation and blood collection. Voles in
the jumping mouse odour treatment were tested on 18 July
and voles in the control and weasel odour treatments were
tested on 19 July. The acute odour exposure was achieved
by taking faeces- and urine-soiled cotton bedding and hard-
wood chips from the donor animals’ cages (jumping mouse
and weasel) and placing them into the vole cages; unused,
clean cotton bedding was used for the control odour. The
material from both donor species was collected on the day
it was needed. Material from jumping mice was pooled in a
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clean plastic bag and mixed thoroughly, and a handful was
placed in the cage of each designated vole. Material from
the weasel was placed in a clean plastic bag and mixed thor-
oughly, and a handful was placed in the cage of each desig-
nated vole. The addition of the foreign material to all the
cages took approximately 7 min. Twenty minutes after the
last piece of material was added, blood was collected from
the voles in a random order.

All blood samples (80mL) were obtained between 0800
and 0915 by puncturing the retro-orbital sinus using a hep-
arinized pasteur pipette. Bradshaw (2003) has suggested
that this bleeding method is the most efficient and least
stressful means of collecting small blood samples. To mini-
mize the stress experienced by voles in the holding room as
a result of human noise, vole cages were carried one at a
time from the holding room to a separate bleeding room,
where the voles were bled. The maximum amount of time
between when a vole’s cage was picked up from the cage
rack in the holding room and when a blood sample was ob-
tained in the bleeding room was 1.5 min. Carrying the voles
in their cages to the bleeding room presumably would have
been stressful for the voles; however, levels of corticoster-
one in the plasma would not have been elevated as a result
of this stressor because all of the blood samples were ob-
tained well before the stress-related surge of glucocorticoids
would have been released into general circulation (3 min
after the initiation of the stress response) (Seggie and Brown
1975; Redei et al. 1994). To further minimize human noise
in the holding room, the cages were not returned to the
holding room until after all voles had been bled. Blood was
kept on ice until all samples had been collected and was
then centrifuged at 8800g for 4 min in an Eppendorf Micro
Centrifuge. The separated plasma was then stored at –708C
until it was analyzed for levels of corticosterone.

Hormone assays
Most corticosterone in blood is normally bound to a carrier

protein, corticosteroid binding globulin (CBG), the primary
protein that binds corticosterone in the plasma (Rosner
1990; Breuner and Orchinik 2002). Only the corticosterone
in the plasma that is not bound to CBG is biologically ac-
tive. Corticosteroid assays involved measurements of total
plasma corticosterone and CBG using the procedures given
in Boonstra and Boag (1992). The intra- and inter-assay
coefficients of variation for corticosterone were 10% and
16%, respectively. CBG was measured as the maximum
corticosterone binding capacity (MCBC).

Statistical analysis
All statistical analyses were performed using STATIS-

TICA1 software (StatSoft Inc. 2001). All data met the
assumption of homogeneity of variances according to
Cochran’s test (Day and Quinn 1989) and are plotted as
means ± SE. Data were analyzed using a repeated-measures
analysis of variance (ANOVA). This analysis takes into ac-
count the fact that the repeated measures from an individ-
ual are not independent and tests for treatment effects
associated with differences observed within subjects
(Keppel 1982). We tested for (i) differences in the re-
sponse to odour treatment (weasel, jumping mouse, and
control), (ii) differences over time in the response to odour

exposure (pre-exposure baseline levels and acute (20 min)
exposure), and (iii) an interaction between the two. The
null hypothesis was rejected atP < 0.05. We used Tukey’s
multiple comparison post-hoc test to examine the signifi-
cance of between-subjects effects.

Results
The two-way ANOVA on MCBC (odour treatment� time)

indicated no odour treatment effect (F[2,26] = 0.3, P = 0.75),
no time effect (F[1,26] = 0.6, P = 0.44), and no interaction
effect (F[2,26] = 0.4, P = 0.70). The absence of any differ-
ence in MCBC indicates that the amount of free cortico-
sterone (the biologically active form of the steroid) was
comparable across groups and that the total corticosterone
values presented below reflect actual differences in the
magnitude of the corticoid signal in circulation (Issa et al.
1990).

The two-way ANOVA on total corticosterone concentra-
tions (odour treatment� time) indicated no odour treatment
effect (F[2,26] = 0.1, P = 0.90), a strong trend toward a time
effect (F[1,26] = 4.2, P = 0.05), and no interaction effect
(F[2,26] = 0.6,P = 0.56). Thus, total corticosterone concentra-
tions were higher after the acute exposure compared with
concentrations at the baseline bleed, irrespective of the odour
treatment (Fig. 1). Overall, the levels of corticosterone that
we recorded (overall average over all treatments and bleeds =
405 ng/mL) were higher than those found in laboratory-bred
meadow voles (total corticosterone = ~275 ng/mL; Klein and
Nelson 1999) and in wild-caught voles (329 ng/mL; Boon-
stra and Boag 1992) but lower than those in another labora-
tory study (504 ng/mL; Seabloom 1965).

Discussion
Even though weasels are voracious predators of meadow

voles and they occur in the area where the voles for this ex-
periment were collected, captive male voles in the reproduc-
tive season did not mount a more pronounced acute stress
response to weasel odour than to nonpredator and control
odours (Fig. 1). Three caveats must be considered before
discussing these results. First, we exposed voles to the odour
of only one weasel. As a result, the voles exposed to weasel
odour were not true replicates and thus the experiment was
pseudoreplicated (Hurlbert 1984; Kroodsma et al. 2001). We
did not expose voles to the odour of multiple weasels be-
cause the active component that rodents respond to is se-
creted by every weasel and it is so similar between weasels
that it has been isolated, synthetically manufactured, and
shown to deter voles from foraging on agricultural crops
(Sullivan et al. 1988).

Second, it is possible that voles mount a hormonal stress
response to weasel odour when they are in their natural en-
vironment but that a type II statistical error prevented us
from detecting this response in our experiment. A lack of
statistical power may have led to a type II error. The corti-
costerone response to predator odour has been examined in
five experiments on laboratory rats. The percent increase in
corticosterone values in response to predator odour exposure
is highly variable (Perrot-Sinal et al. 1999, 34% increase,
n = 24; Morrow et al. 2000, 363% increase,n = 6; Tana-
pat et al. 2001, 123% increase,n = 5; Holmes and Galea
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2002, 46% increase,n = 12; Falconer and Galea 2003,
80% increase,n = 3). Using the formulas outlined in Cohen
(1977) and the program developed by Dupont and Plummer
(1998), we found that the power to detect a significant corti-
costerone response to weasel odour using highly conserva-
tive parameters (a = 0.05 (two-tailed), a corticosterone
increase of 34% (Perrot-Sinal et al. 1999),s = 152.9 ng/mL
(overall s for the individuals in the weasel group), andr =
0.6 (averager for the individuals in all three groups, 0.6 ±
0.07)) was 0.85. Cohen (1977) suggested that power = 0.8 is
a desired value; therefore, we had enough power to detect a
response to weasel odour.

Third, a type II error may also have been committed if
levels of corticosterone in all treatment groups were elevated
before the voles were exposed to odour, making it impossi-
ble to detect a difference between the odour exposure treat-
ments. This may have occurred in three different ways.
First, if the voles were experiencing chronic stress as a re-
sult of being in captivity, then their baseline levels of corti-
costerone may have been upregulated. However, when
laboratory rats are chronically stressed, a novel stressor con-
tinues to elicit a strong stress response (Aguilera 1998). This
suggests that voles would not have been precluded from
mounting a stress response to odour even if they were
stressed as a result of being in captivity. Second, when the
three treatments were pooled, there was a strong trend for
levels of corticosterone in the acute exposure sample to be
greater than levels in the baseline sample. This likely re-
sulted from the voles being mildly stressed by the disturb-
ance caused by adding foreign material to their cages
20 min before they were bled. This mild stress response
also would not have prevented us from detecting a differ-
ence between the groups because if weasel odour was stress-
ful, it would have increased the intensity of the stressor the

voles were experiencing and thus it would have led to a
more pronounced stress response (Dallman et al. 1987).
Third, levels of corticosterone show a pronounced circadian
rhythm (Dallman et al. 1987) and can fluctuate up to 77%
around the 24 h mean (Seabloom 1965). We collected blood
samples between 0800 and 0915; therefore, levels of cortico-
sterone would have been near the circadian nadir that occurs
around 0700 (Seabloom 1965). However, even if levels of
corticosterone were quantified during the circadian peak,
past research suggests that the voles would not have been
precluded from mounting a stress response (Dallman et al.
1987). As a result, the most parsimonious interpretation of
our results is that voles do not mount a hormonal stress re-
sponse to weasel odour.

We propose that the most likely explanation for our re-
sults is that voles do not mount a hormonal response to
predator odour because odour, in the absence of other stim-
uli, is not a reliable indicator of immediate predation risk
(Orrock et al. 2004). If voles mounted a hormonal response
every time they were exposed to predator odour, they would
experience chronic stress that would negatively affect sur-
vival and suppress reproduction (Arnold and Dittami 1997;
Boonstra et al. 1998; Wingfield and Sapolsky 2003). On the
other hand, it is adaptive to mount a hormonal and a behav-
ioural response to visual cues because they are reliable sig-
nals (Blumstein 2002) and both responses are required to
escape an imminent attack (Sapolsky 2002). Columbian
ground squirrels (Spermophilus columbianus (Ord, 1815))
respond hormonally and experience chronic stress when
they are repeatedly exposed to a barking dog (Hubbs et al.
2000). Blanchard et al. (1998) found that laboratory rats ex-
perience chronic stress when they are repeatedly exposed to
a live cat. Auditory stimuli may also be reliable in some
cases because recordings of tawny owls elicit both a behav-
ioural and a hormonal response in Gu¨nther’s voles (Eilam et
al. 1999). In this case, auditory cues are probably as reliable
as visual cues because they confirm that an owl is in the im-
mediate vicinity.

An emerging view is that small mammals do not mount a
strong behavioural response to predator odour. Past research
has demonstrated that small mammals mount a behavioural
response when they are put in close proximity to odour
under laboratory conditions (Je˛drzejewski et al. 1993). It
has also consistently been shown that small mammals avoid
entering traps tainted with predator odour (Gorman 1984).
However, it has been argued that this research does not ac-
curately depict how animals use the cues from odour to
avoid predators in the real world (Korpima¨ki and Krebs
1996; Jonsson et al. 2000; Powell and Banks 2004). Re-
search conducted under more natural conditions has shown
that small mammals do not avoid foraging in areas tainted
with predator odour (Pusenius and Ostfeld 2002; Orrock et
al. 2004; Powell and Banks 2004). Moreover, this research
suggests that small mammals use indirect cues of predation
risk, such as the amount of vegetative cover, rather than the
cues they obtain from predator odours to assess the risk of
predation. The overall picture that emerges from this re-
search is that the response to predator odour is not as strong
as was suggested by early research and that odour is only
part of the integrative picture that animals use to assess pre-
dation risk. Their response to odour appears to be dependent

250

300

350

400

450

500

Acute odour
exposure

Baseline

T
o
ta

l
C

o
rt

ic
o
s
te

ro
n
e

(n
g
/m

L
)

Control
Weasel
Jumping mouse

Fig. 1. Total corticosterone levels obtained from repeatedly sam-
pling meadow voles (Microtus pennsylvanicus) exposed to (1) con-
trol, (2) weasel (Mustela erminea), and (3) jumping mouse (Zapus
hudsonius) odours. Samples sizes of these three treatments were 10,
10, and 9, respectively. Baseline levels were determined 3–4 d be-
fore the voles were exposed to odour. Acute odour exposure sam-
ples were obtained after the voles in the three treatments had been
exposed to odoriferous material for 20 min.
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on a number of factors including their sex (Je˛drzejewski and
Jędrzejewska 1990), their density (Sullivan et al. 1988; Sul-
livan et al. 2004), and the season (Herman and Valone
2000). As a result, given that small mammals respond be-
haviourally to predator odour only under restricted condi-
tions, perhaps it is not that surprising that the voles in our
study did not mount a hormonal response to predator odour.

In conclusion, our results indicate that captive male voles
in the reproductive season do not mount a hormonal re-
sponse to weasel odour. We hypothesize that voles do not
mount a hormonal response because odour on its own is not
reliable enough to warrant the costs associated with a hor-
monal response. However, future research should address
whether or not voles experience chronic stress and the asso-
ciated fitness costs when they are in their natural environ-
ment and are exposed to high levels of predation risk
assessed through a combination of visual, auditory, and ol-
factory cues of their predators. Snowshoe hares (Lepus
americanus (Erxleben, 1777) experience chronic stress and
the associated fitness costs when exposed to high levels of
predation risk (Boonstra et al. 1998). Moreover, our project
did not address whether or not voles mount a hormonal re-
sponse to odour at other times throughout the year. A re-
sponse during the breeding season may be inhibited because
of the negative effects of stress on the reproductive axis
(Wingfield and Sapolsky 2003) or because the missed op-
portunity costs associated with responding to predator odour
are more pronounced during the breeding season (e.g.,
avoiding a patch food or a receptive mate; Bouskila and
Blumstein 1992; Blumstein 2002). Future research is re-
quired to determine whether there are seasonal changes in
the propensity of voles to respond to predator odour.
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