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Abstract. Factors affecting body temperature (Tb) fluctuations in winter were examined in Korean
field mice Apodemus peninsulae. Animals were maintained under the following three conditions to
mimic autumn followed by winter, plus two modes of behaviour, solitary and grouped, in winter: 1)
short day (8 Light: 16 Dark) at 25 ± 2°C and solitary, for 12 weeks towards the end of which their Tb
was recorded; 2) constant darkness (DO) at 4 ± 2°C and solitary, for a week; and 3) DO at 4 ± 2°C and
in groups (two or three animals in a cage), for about 10 days. Using implanted data loggers Tb was
monitored in 13 mice that were exposed to these three conditions in sequence. When the animals'
body temperature was below 30°C, it was assumed that they were torpid according to the bimodal
pattern of minimum daily Tb. The maximum period of daily torpor was 390 min/day, and torpor was
exhibited by seven ofthe thirteen animals exposed to conditions-2) and -3). Since torpor was found in
one mouse even under condition-I), without any environmental stressors, it is suggested that this
species is prone to spontaneous daily torpor. Cohabitation tended to synchronize Tb fluctuations
irrespective of the state of the animals, torpid or not. Thus, this species may aggregate and
synchronize torpor and/or Tb fluctuations to reduce heat loss during winter.
Key words: Apodemus pen insulae, body
synchronization.
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Some species of small mammals are known to form
social groups or aggregations in winter, even when they
have exclusive territories in other seasons (Madison
1984). The most often cited explanation for this is that
group members may reduce their body surface, when
exposed to low ambient temperatures, by huddling and
thereby conserve body heat (West and Dublin 1984). In
fact, in the deer mouse Peromyscus leucopus, the survival rate at low temperatures was generally higher when
individuals were housed in groups and allowed to huddle
than when they were housed individually (Sealander
1952). Some of the animals employing this strategy of
winter aggregation become torpid and save even more
energy. Morris (1968) reported his field observation that
three torpid wood mice Apodemus sylvaticus were aggre-

daily

torpor,

huddling,

gated in the same nest in winter and Morton (1978)
found that fat-tailed dunnarts Sminthopsis crassicaudata
and house mice Mus musculus shared one nest and some
of the nest mates were torpid at the same time. In social
hibernation of alpine marmots Marmota marmota, synchronization of torpor within groups has also been
observed (Arnold 1988). These findings suggest that
winter aggregation, in conjunction with synchronized
torpor, occurs in many species of small mammals living
in cool/cold localities.
Synchronized torpor is also suggested by a report
showing that during daily torpor, the minimum metabolic rates per animal were similar in torpid animals
housed in groups and individually, although the former
had higher minimum body temperatures (Tb) during
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torpor than the latter (Walton and Andrews 1981a). Furthermore, from the point of view of energy efficiency,
synchronized daily torpor seems to have greater benefit
than the torpor displayed randomly in each cage mate.
However, synchronized torpor or reduction ofTb has not
yet been demonstrated, for simultaneous recording of Tb
of individual animals in the same cage has been difficult
using ordinary methods such as radio telemetry because
of signal interference. Using a temperature-sensitive data
logger implanted into each subject, we attempted to
examine the synchronization of Tb fluctuations during
winter aggregation in the Korean field mouse Apodemus
peninsulae.

Material and methods
The experimental procedures of this study were examined and approved by the Animal Experimentation
Committee of the University of Miyazaki (Permission
No. 2002-068).
Animals and maintenance
Five males and eight females A. peninsulae were used
in this study. They were 6 to 8 month-old adults weighing 26.3 ± 1.4 g (mean ± S£). The mice, which originated from the Khasan area of southern Primorsky Krai,
Russia, had been bred and maintained as a laboratory
colony at the Experimental Animal Center in Miyazaki
Medical University, housed individually in transparent
plastic cages (20 x 30 x 13 em), with wood chips for
bedding under a light-dark cycle (l6L : 8D) at 25 ± 2°C
of ambient temperature (Ta). Commercial rodent diets
(MF, Oriental Yeast, Co. Ltd., Tokyo) and water were
provided ad lib throughout the study.
Experimental treatment
Prior to the experiments, all animals were housed individually and acclimated to short days with a 8L : 16D
photoperiod (lights on at 0800 h; lights off at 1600 h) at
25 ± 2°C of Ta for 12 weeks, during which the data loggers were implanted in their body cavities as described
below. Then, in order to mimic the circumstances of overwintering in subterranean nests of Apodemus (Kondo
1980; Marchand 1984), the environmental conditions
were shifted to 4 ± 2°C Ta and constant darkness (DD),
at 1500 h on the first day. One week after this shift, they
were housed in groups consisting of two or three animals. One male and two females were allocated to each
of groups A, C and D, and one male and one female to
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each of groups Band E.
The measurement ofbody temperature
Temperature-sensitive data loggers (Thermochron
ilsutton" DSI921L-F51, Dallas Semiconductor Co.,
Dallas) were used. The devices were coated with thin
layers of a paraffin-Evaflex mixture. The Evaflex vinyl
resin (ethylene-vinyl acetate copolymers and terpolymers, Du Pont Mitsui Polychemical Co., Tokyo) was
mixed with paraffin in a ratio of 5 parts paraffin to 1 part
Evaflex to give the paraffin the plasticity needed when
subjected to temperatures near O°C. The coated data
loggers weighed approximately 3.7 g and became 20 mm
in diameter and 8 mm in thickness. A data logger was
surgically implanted into the abdominal cavity of each
animal under pentobarbital (Nembutal, Dainippon Pharmaceutical Co., Ltd., Osaka) anesthesia to monitor Tb, in
the 11 th week of the acclimation period. Prior to implantation, the data loggers were programmed to record Tb to
the nearest 0.5°C every 15 minutes for 21 days. The
animals were allowed to recover from the surgery for
seven days at the end of which recording was started.
Tb was monitored under the following conditions: 1)
short day (8L : 16D) at 25 ± 2°C and solitary, for 3 days
and 15 hrs; 2) constant darkness (DD) at 4 ± 2°C and
solitary, for 7 days; and 3) DD at 4 ± 2°C and in groups,
for ca. 10 days. The data loggers were then removed and
the data were retrieved to a personal computer using
an adapter (DSI402D-DR8, Dallas Semiconductor Co.,
Dallas). The loggers were calibrated by placing them in
a water bath of known temperature determined by a thermistor thermometer (BXA-33, Technol Seven, Tokyo)
both before implantation and after removal. Data in the
loggers were significantly correlated with the temperature (P < 0.001).
An appropriate criterion for the occurrence of torpor
had first to be established because the data loggers
have an accuracy ofless than ±1"C. The critical temperature based on telemetry with an accuracy of ±O.loC
varied from 30 to 32°C (Vogt and Lynch 1982; Ruf and
Heldmaier 1992; Bartels et al. 1998). Following the
procedures of Ruf et al. (1991), and Lovegrove and
Raman (1998), we determined our criterion from the
bimodal frequency distribution of minimum daily Tb (Fig.
1) as less than 30°e.
The torpor data obtained only under the condition of
DD and at 4°C were used for statistical comparisons.
ANOVA and Fisher's exact test were applied to Tb
and to duration and incidence of torpor, respectively.
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Fig. 1.

Frequency distributions of the daily minimum body temperature (Tb) in thirteen Korean field mice Apodemus peninsulae.

Table l.

Statistics concerning parameters of torpor and euthermia in Korean field mice.
Acclimation period

Experimental period
Single housing
DD, 4°C (N= 13)

n

Group housing
DD, 4°C(N= 13)

n

39

36.4 ± 0.1

91

36.2 ± 0.2

130

3

26.7 ± 0.2

18

26.7±0.1

64

3

25.7 ± 0.6

18

26.2 ± 0.3

64

3

102.1 ± I\.6

18

125.9 ± 11.1

Single housing
8L:16D, 25°C (N= 13)

n

Mean daily Tb euthermia (0C)

36.7±0.1

Mean Tb torpor (OC)

29.0 ± 0.2

Minimum Tb torpor (OC)

28.3 ± 0.4

Bout length range (min)

30-105

Mean bout length (min)

70.0 ± 2\.8

Torpor incidence

15-195

1113

4113

15-390
64

7113

Note: Torpor incidence is shown as the number of animals being torpid vs all animals. All values are shown as means ± SE except for bout length
range. Mean Tb euthermia is calculated from Tb > 30°C. Mean Tb torpor is calculated from Tb :S30°C. N refers to the number of animals and n to
the number of observations. Statistical analysis was conducted using only the data from experimenatl period. ANOYA and Fisher's exact test were
applied to the data on Tb parameters and bout length. and on torpor incidence, respectively but no significant effect of cohabitation.

Correlation coefficients were calculated between the
body temperatures of all the animals and the extent of
synchronization of Tb fluctuations was evaluated by
cluster analysis applied to the correlation matrix ofTb.

Results
Daily torpor was recorded in three of the five males
and four of the eight females during the 21 days over
which Tb was monitored. Animals that became torpid

underwent 3 and 21 bouts of torpor within the monitoring period and some of them entered torpor twice a
day. Statistics of the parameters concerning torpor and
euthermia in each of the environmental conditions are
shown in Table 1. One animal displayed three bouts of
torpor even at 25°C Ta under condition 1. No statistically significant effects were found within the parameters between animals housed individually or in groups
under cold conditions and continual darkness (DO).
The mean minimum Tb during torpor (±SE) was 28.3 ±
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Fig. 2.

Representative plots ofTb in three Korean field mice allocated to the same group (group D). #D I: male; #D2, #D3: female.
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OADe, 25.7 ± 0.6 D e, 26.2 ± 0.3 D e for animals under con-

(range: 0.02-0.58), except in the case of group B with
0.14. When cluster analysis was applied to the correlation matrix, it showed that, in four of the five groups,
cohabitation enhanced the synchronization of Tb fluctuations in animals kept under DD (Fig. 3).

ditions 1,2 and 3, respectively. The duration of bouts of
torpor ranged from 15 to 390 min. The minimum Tb
recorded throughout the experiment was 20 D e as shown
in Fig. 1.
Representative plots of Tb for three animals in the
same group throughout exposure to the three environmental conditions are shown in Fig. 2. Their Tb profiles
differ considerably: one animal (#D2) never displayed
torpor during the experiment, while the others (#D1 and
#D3) frequently entered torpor, including the male mentioned above (#D 1) who became torpid at 25 D e of Ta.
As shown in Table 2, correlation coefficients of Tb
within each group after cohabitation ranged from OAO to
0.66, which were higher than those before cohabitation

Discussion
Small mammals often face difficulties in over-wintering and are considered to have developed physiological
and behavioural adaptations to this problem, such as torpor (Hudson 1978), hibernation (Wang 1988), reduced
body mass (Ure 1984) and aggregation (West and Dublin
1984). The wood mouse (A. sylvaticus) was found to use
daily torpor when subjected to food restriction and cold

Table 2. Matrices of correlation coefficients ofTb in thirteen mice. Individuals identified by the same letter of the alphabet were those allocated
to the same cage.

Single housing. DO. 4°C
#A2

#A3

#81

#82

#CI

#C2

#C3

#01

#02

#03

#EI

#E2

#AI

0.35

0.29

0.25

0.07

0.35

0.32

0.36

0.56

0.13

0.35

0.50

0.39

#A2

1.00

0.29

0.22

-0.01

0.32

0.36

0.39

0.37

0.12

0.30

0.34

0.38

1.00

0.26

0.00

0.34

0.33

0.33

0.20

0.14

0.14

0.15

0.20

1.00

0.02

0.23

0.28

0.25

0.27

0.09

0.30

0.25

0.21

1.00

-0.03

0.01

0.02

-0.04

0.05

0.01

-0.04

-0.09

1.00

0.58

0.24

0.32

0.52

0.21

0.24

0.23

1.00

0.35

0.33

0.44

0.24

0.18

0.28

1.00

0.28

0.11

0.27

0.30

0.26

1.00

0.02

0.45

0.53

0.59

1.00

0.03

0.00

0.06

1.00

0.24

0.20

1.00

0.38

#EI

#E2

#A3
#81
#82
#Cl
#C2
#C3
#DI
#D2
#D3
#EI
Group housing. DD, 4°C
#A2

#A3

#81

#82

#CI

#C2

#C3

#01

#02

#03

#AI

0.40

0.23

0.22

0.16

0.27

0.25

0.11

0.15

0.21

0.35

0.32

#A2

0.49

0.33

0.20

0.24

0.28

0.31

0.23

0.33

0.37

0.36

0.31

#A3

1.00

0.31

0.16

0.24

0.30

0.37

0.35

0.36

0.39

0.40

0.37

1.00

0.14

0.21

0.25

0.31

0.32

0.39

0.32

0.24

1.00

0.17

0.13

0.16

0.24

0.21

0.20

0.22

0.39

0.40

0.24

0.25

0.39

0.35

0.42

0.29

0.36

0.42

0.41

0.41

0.43

0.42

0.55

0.29

0.40

0.48

0.50

1.00

0.62

#81
#82
#CI

1.00

#C2
#C3

#01

1.00

1.00

#D2
#03
#EI

1.00
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Fig. 3. A dendrogram calculated by cluster analysis using the correlation matrix ofTb profiles in all thirteen mice, which shows the effect
of cohabitation. The individuals identified with the same letter of the
alphabet were those allocated to the same cage.

(Walton and Andrews 1981a, 198Ib), and winter aggregation (Zimmerman 1952). Thus, mice of the genus
Apodemus appear to adopt daily torpor together with
huddling for over-wintering and this study is the first to
confirm these two adaptations in A. peninsulae.
The torpor elicited without any environmental stressors such as food shortage or cold is called spontaneous
torpor (Hudson 1978; Heldmaier et al. 1989), which was
shown by one of the thirteen mice in the present study
(Table I and Fig. 2). Spontaneous torpor might function
to conserve energy. Energy expenditure is elevated in
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autumn by increased activity for food gathering and
hoarding, as has frequently been found in species of
Apodemus (Vander Wall 1990). Low incidence of spontaneous torpor in the present study may be explained
either by individual differences in liability to enter torpor
(Hudson 1978) or by the limited observation, for less
than four days, in that part of the experiment. On the
other hand, the relatively higher incidence of torpor
under the conditions of DD and cold strongly suggests
that most mice might employ torpor to over-winter in
underground nests.
We found that the duration of torpor episodes, ranging
from 15 to 390 min, never exceeded 24 h throughout the
experiment as shown in Table I. Therefore, Korean field
mice can be classified as daily heterotherms that never
display hibernation and exclusively undergo daily torpor,
according to the criteria set out by Geiser and Ruf
(1995). Thus, the Tb of these mice exhibits considerable
daily fluctuations. It is well known that Tb and activity
rhythms will free-run according to an intrinsic circadian
clock when animals are subjected to a situation without
any environmental cues, such as constant light (Ll.) or
DD. The circadian rhythm begins to free-run immediately after the change of lighting schedule into either LL
or DD, and each animal has its own free-running rhythm
of specific duration (Ibuka 1990). Therefore, reduced
synchrony in the Tb fluctuations of animals housed individually under DD (Fig. 3) appears to imply that the freerunning circadian Tb rhythm in individuals allocated to
the same group might desychronize each other.
On the other hand, cohabitation under DD enhanced a
synchronization ofTb rhythms irrespective ofthe state of
individual mice, torpid or non-torpid (Fig. 3). Therefore,
social contact facilitated by cohabitation seems to synchronize Tb rhythms in Korean field mice. Similar
effects of social contact have been reported for the circadian activity rhythms in deer mice Peromyscus maniculatus (Crowley and Bovet 1980) and in palm squirrels
Funambulus pennanti (Rajaratnam and Redman 1999).
As physical contact is regarded as a potent zeitgeber in
social synchronization of circadian rhythms (Rajaratnam
and Redman 1999), strong physical contact through
huddling may possibly play an important role in the
synchronization ofTb rhythms found in this study.
We calculated correlation coefficients to determine the
extent of similarity between animals in the Tb fluctuations but this method could underestimate the degree of
synchronization of the Tb rhythm, when it is applied to a
combination of animals with more regular and less
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regular Tb amplitudes. However, as shown in Fig. 2
and Table 3, both in the case of animals (#0 I and #02)
with more regular Tb fluctuations, and animals (#01 and
#03; #02 and #03) with more or less regular Tb fluctuations, we obtained a similar increase in the coefficients
due to cohabitation, so the potential defect of under estimation by this method appears not to seriously affect the
results.
Synchronization of Tb rhythms may contribute to
energy saving, especially during arousal from torpor, as
demonstrated by the synchronized re-warming from deep
hibernation in alpine marmots (Arnold ] 988). Animals
consume considerable amounts of energy to increase
their Tb from hypothermia to euthermia, and simultaneous re-warming by huddling may effectively reduce
the energy consumption of each animaL Therefore, from
the point of view of energy conservation, synchronization of Tb rhythms would be beneficial to animals that
both aggregate and become torpid under cold conditions.
Furthermore, huddling also reduces energy consumption
during hypothermia in torpid individuals (Walton and
Andrews 1981a). Thus, the combination of torpor,
huddling and synchronization of Tb rhythms may conserve considerable energy during over-wintering in mice.
In contrast to hibernators, daily heterotherms are
rarely able to drop Tb to the level of Ta in the nest and
have to consume energy to some extent in order to
maintain a thermal gradient between Tb and Ta, against
the cold (Geiser and Ruf 1995). In the present study,
the lowest critical Tb at which animals can maintain
thermoregulation during torpor is considered to be
20 0 e (Fig. I) and torpid animals were obliged to keep
the thermal gradient at less than 18°C.
We found that not all the group members became torpid, which needs to be explained. If a euthermic animal
joins the huddle, torpid animals can conserve energy to
keep their Tb up through passive warming. On the other
hand, the Tb of torpid individuals which is higher than
Ta, would be favourable as heat insulation of euthermic
animals. Thus, forming an overwintering group with
torpid and euthermic animals may favour energy conservation each other. In fact, coexistence of torpid and
non-torpid animals in a winter nest (Morton 1978) supports our hypothesis. However, further investigation of
daily heterotherms is necessary in order to clarify the
ecological significance of mixed huddles of euthermic
and torpid animals.
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