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Abstract Circadian rhythms have been observed in
most mammals, but their importance and function re-
main controversial with respect to daily cycles during
hibernation. We investigated the timing of arousals from
and entries into hibernation for both free-living and
captive mountain pygmy-possums (Burramys parvus).
Under both natural and laboratory conditions most
arousals and entries were entrained with the light-dark
cycle. Entries occurred mainly during the night and
arousals preferably around dusk, which coincides with
the onset of the normal activity phase for the nocturnal
pygmy-possums. This entrainment prevailed throughout
the hibernation season although only the laboratory
animals were constantly subjected to photoperiodic
stimuli, whereas under natural conditions hibernacula
are shielded from photic cues and diurnal temperature
¯uctuations. Nevertheless, possums left their hi-
bernacula frequently throughout winter and were occa-
sionally trapped close to the snow surface suggesting
that during the periods of post-arousal normothermia
they can be exposed to environmental stimuli. It thus
appears that the synchronisation with the photocycle
was governed by a temperature-compensated circadian
clock which was reset periodically during short activity
periods. For the mountain pygmy-possum, entrainment
with the photocycle probably has two functions:

1. Entrainment ensures that foraging bouts during the
hibernation season remain synchronised with the dark
phase.

2. Information about the prevailing climatic condi-
tions sampled during short activity periods enables them
to time ®nal spring emergence from hibernation when

snow melt begins and ensures that the breeding season
can commence as early as possible.

Key words Arousal á Entry á Circadian rhythms á
Hibernation á Marsupial á Mountain pygmy-possum á
Torpor bouts

Abbreviations Ta air temperature á Tb body temperature

Introduction

The timing of activity and rest in animals is under most
circumstances controlled by an endogenous clock. This
clock is periodically reset by environmental cues such as
photoperiod and daily temperature ¯uctuations (BuÈ nn-
ing 1986). If these synchronising stimuli from the envi-
ronment are lacking, the normal daily activity patterns
will persist in most cases, but the resulting free-running
endogenous cycles usually deviate somewhat from exact
24-h periods and thus are referred to as circadian
rhythms (Ascho� and Pohl 1970).

Although circadian rhythms have been observed in
most mammals, the importance and function of endog-
enous clocks remain controversial with respect to daily
cycles during hibernation. Hibernators can abandon
normal activity cycles for several months and it may
appear that during this time a functional circadian sys-
tem is of little ecological importance, and the question as
to its persistence is purely of physiological interest. In-
deed many hibernators are shielded from most envi-
ronmental variables in deep underground burrows,
where they remain until spring emergence. However,
some opportunistic hibernators exploit intermittent fa-
vourable weather conditions for foraging even in winter
(Van der Merwe 1973; Fowler and Racey 1990; KoÈ rtner
and Geiser 1998) and could bene®t from a functional
Zeitgeber as it would ensure that arousals coincide with
the normal activity period. If the circadian clock is to
remain functional, a high degree of temperature com-
pensation is paramount, because body temperatures (Tb)
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during the hibernation season can range from below
0 °C during torpor to about 38 °C during normothermia
(Barnes 1989; Geiser and Ruf 1995). The known oc-
currence of minute circadian ¯uctuations in Tb or met-
abolic rate during torpor in some mammals (Menaker
1959; Pohl 1961; Grahn et al. 1994) has demonstrated
that temperature compensation can be achieved to some
extent. On the other hand, the expression of torpor can
interfere with the precision and periodicity of the circa-
dian system (French 1977a; Thomas et al. 1993; Grahn
et al. 1994). Unfortunately, available results are incon-
sistent even for closely related species and may range
from apparent arhythmicity (Kristo�ersson and Soivio
1964; Twente and Twente 1965; Thomas 1993) to a
persistent, fully temperature-compensated circadian
system with a rhythmicity of about 24 h (Twente and
Twente 1987). To complicate the issue further, hiber-
nating animals may not even respond to photoperiodic
cues as their free-running rhythms persist when exposed
to a daily photocycle (Pohl 1967, 1987). Some of the
discrepancies between studies might be explained by
di�erent experimental designs, data analysis and possi-
bly laboratory artefacts. However, species-speci®c dif-
ferences in the over-wintering strategies employed by
di�erent hibernators may also explain some of the
variance.

To address these questions we investigated the hib-
ernation patterns of the mountain pygmy-possum
(Burramys parvus, Marsupialia). These possums are re-
stricted to the high altitudes of the Australian alps, hi-
bernate in rock crevices for up to 6 months, and
interrupt hibernation frequently by short activity peri-
ods when they may forage outside their hibernacula
(Mansergh and Broome 1994; Broome and Geiser 1995;
KoÈ rtner and Geiser 1996, 1998). Given that hibernating
mountain pygmy-possums are more aware of their en-
vironment than most known hibernators, we predicted
that a circadian system would persist and would be en-
trainable to a light-dark cycle. Since these assumptions
imply an ecological signi®cance of the circadian system
during the hibernation season, we considered it desirable
to verify results obtained in the laboratory by ®eld ob-
servations. A comparison between ®eld and laboratory
conditions gained additional importance since most
studies investigating the circadian system during hiber-
nation have been carried out in the laboratory. The few
data available from ®eld research (Thomas 1993) seem
to contradict laboratory ®ndings from a closely related
species (Twente and Twente 1987), raising the question
whether unintended daily disturbances explain some of
the discrepancies.

To resolve whether the contradictory results are ex-
plained by di�erences between species or laboratory
artefacts, we studied the periodicity of arousals from and
entry into hibernation in free-ranging B. parvus for two
consecutive winters. In comparison we investigated in-
dividuals maintained in the laboratory under short
photoperiod and a temperature regime resembling that
of their natural habitat.

Materials and methods

Study area, trapping and animal husbandry

The ®eld study was conducted next to Charlotte Pass Village in
Kosciuszko National Park, New South Wales, Australia (36°440 S,
148°330 E; elevation 1750 m) during the winters of 1995 and 1996.
The laboratory study was conducted at the University of New
England, Armidale, in 1996.

All animals were trapped using Elliott traps (similar to Sherman
traps) baited with walnuts. Dacron ®bre material was provided as
insulation and for protection from rain, each trap was placed inside
a plastic bag. Trapping for the ®eld study was conducted from 18
April 1995 to 29 April 1995 (542 trap nights) and from 28 March
1996 to 12 May 1996 (467 trap nights). Traps were set along ®ve
trap lines (25 traps each).

Animals for the laboratory study were obtained from a separate
population close to Mt. Kosciuszko summit. In a single night (3
April 1996) six adult males were trapped (40 traps) and transferred
to the University of New England 3 days later. An adult female
with an injured foot from the Charlotte Pass area was added to the
group since we were worried about its survival in the wild. This
animal recovered quickly in captivity. Possums were housed indi-
vidually in cages provided with sawdust and shredded paper for
bedding. Cages were placed in a temperature-controlled cabinet
(accuracy: �1.5 °C) and the photoperiod was set to L:D 9.5:14.5,
the shortest photoperiod in the natural habitat of the possums. The
light in the cabinet caused a small daily ¯uctuations in air tem-
perature (Ta) of about 0.5 °C. To simulate the temperature con-
ditions experienced in the wild the Ta was set to 10 °C (29 April±7
May), 5 °C (6 May±3 June), 3 °C (4 June±6 October), and until the
end of the experiment (25 October) to 8 °C. This species is known
to hibernate in the laboratory under these environmental condi-
tions; its hibernation pattern is temperature-sensitive, and use of
hibernation appears to be opportunistic (Geiser and Broome 1991,
1993; KoÈ rtner and Geiser 1995). During pre-hibernation, fattening
possums were provided with food ad libitum (carrots, walnuts,
sun¯ower seeds, canned baby food and high protein cereal with
honey and water). Later when the animals hibernated, food was
withheld. However, the body mass of the possums was recorded in
regular intervals and possums which approached a body mass of
40 g or terminated hibernation were provided with food. Water
was available throughout the experiment. After the end of the ex-
periment (7 November) the possums were released at the site of
capture.

Body temperature measurements

Field study

For the ®eld study 10 (1995) and 11 (1996) adult possums were
®tted with temperature-sensitive radio collars (Sirtrack: single
stage, 3.5 g, frequency 150.060±150.580 MHz). These animals were
kept in captivity for several days to test the transmitter arrange-
ment and were released afterwards at the site of capture. Prior to
attachment, transmitters were calibrated in a water bath against a
mercury thermometer (�0.1 °C). After release we took manual
transmitter readings at least twice a day using a Regal 2000
tracking receiver (Titley electronics) and a stopwatch, to monitor
physiological state, location and movement of the animals. To
determine the precise timing of entry into and arousal from torpor,
we used two automatic systems which allowed temperature sam-
pling at 10 or 30 min intervals. Initially we used a stationary
computer-controlled scanner receiver set up in one of the ski lodges
(KoÈ rtner and Geiser 1998). When snow cover increased, the
transmitter signals became too weak to be processed from this base
station and therefore mobile recording units were used for the rest
of the study (KoÈ rtner and Geiser 1998). These mobile units con-
sisted of custom-made data loggers, a modi®ed scanner receiver
(Uniden Bearcat) and a 12 V gel battery. One recording unit for

632



each transmitter was placed in a waterproof, insulated container
close to the hibernating animal. The short detection range enabled
us also to record absence of possums from their hibernaculum, but
these units had to be moved if an animal changed the location of its
hibernaculum. Data were down-loaded onto a notebook computer
at 1±4 week intervals.

Since the transmitter was attached to a collar, the temperature
we recorded represents skin temperature, which can be a reasonable
estimate of core Tb (Audet and Thomas 1996; Barclay et al. 1996)
particularly when resting or hibernating animals are in a curled-up
position with the transmitter pressed against the belly. Although
transmitter readings from active animals were less reliable, tem-
perature records permitted precise determination of arousal from
and entry into torpor because values change by more than 30 °C
between normothermia and torpor (KoÈ rtner and Geiser 1998).

Temperature readings from transmitters which had been lost or
from animals which had died during the hibernation season were
used to assess Ta of hibernacula (transmitters from 1995 functioned
through 1996). Precipitation data for Charlotte Pass were obtained
from the Meteorological Institute in Sydney.

Laboratory study

The seven captive possums were implanted under Iso¯urane an-
aesthesia with calibrated temperature transmitters (Minimitter Inc,
model XM �0.1 °C). After the surgery possums were allowed to
recover for at least 2 weeks at high temperatures (�20 °C) before
being placed in the temperature cabinet set to 10 °C to induce
hibernation. Transmitter signals were received via ferrite rod an-
tennae placed under each cage and multiplexed to a receiver. The
audio signal from the receiver was then transformed to a square
wave signal after the background noise had been electronically
subtracted. Data acquisition, data storage and channel multiplex-
ing was performed by a personal computer equipped with a 12 bit
analog to digital converter. Tb of all animals were recorded in
6 min intervals. The software was initially developed by Thomas
Ruf and Barry Lovegrove and was modi®ed by the authors.

Statistics

Timing of arousal from and entry into hibernation were tested
using a Raleigh test. Data sets were also tested for periodic time
intervals ranging from 21±29 h (step 0.5 h) using a contingency test
d2 (Canguilhem et al. 1994). Correlations against time of day were
performed using circular statistics, i.e. a parametric linear-angular
correlation (Zar 1996); plotted against a linear time axis these re-
gressions appear as a sine curve. Data for `n' the number of indi-
viduals or `N' the number of observations are presented as means
�SEM.

Results

The body mass of adult possums in the ®eld prior to
hibernation ranged from 45 g to 69 g and body mass
declined by approximately 40% over winter. In the
laboratory pre-hibernation body mass ranged from 62 g
to 76 g.

Hibernation patterns

Possums hibernated under both ®eld and laboratory
conditions. In the ®eld the hibernation season lasted
from April/May to September/October. The hibernation
season in the laboratory commenced in early June and

was terminated in September. As in other mammalian
hibernators, hibernation in the mountain pygmy-pos-
sum was interrupted by frequent arousals. On some
occasions arousals of several individuals in the ®eld were
synchronised and occurred after periods of heavy rain.
During these rain storms rapid temperature changes of
hibernacula were observed which most likely triggered
arousals. Noise of rushing water and dampness might
also have been contributing factors. In most individuals
both in the ®eld and in the laboratory, hibernation be-
gan with short torpor bouts of less than 24 h. On av-
erage, torpor bout length increased as the hibernation
season progressed and decreased again towards spring.
However, in one free-ranging individual prolonged pe-
riods of post-arousal normothermia late in the hiber-
nation season were followed by several successively
longer and deeper bouts. The longest individual torpor
bouts were 16.1 days in the ®eld and 17.7 days in the
laboratory.

Timing of entries into and arousals from torpor

Under both ®eld and laboratory conditions, entries into
torpor and arousals were entrained with the day-night
cycle (Fig. 1). Arousals were observed mainly around
the beginning of the dark phase (®eld: 1817 hours,
r � 0.5 (length of the mean vector), N � 211,
P < 0.001; laboratory: 1804 hours, r � 0.33, N � 52,
P < 0.01), whereas entries occurred preferably near
midnight (®eld: 0023 hours, r � 0.45, N � 223,
P < 0.001; laboratory: 0257 hours, r � 0.6, N � 59,
P < 0.01).

In the ®eld, the time that elapsed between consecutive
arousals or entries therefore tended to be close to mul-
tiples of 24 h. The residuals, i.e. the deviation from 24-h
rhythms, showed a normal distribution with a centre
near zero (mean deviation, entries: )4.09 min, r � 0.38,
N � 158, P < 0.001; arousals: )49.05 min, r � 0.53,
N � 192, P < 0.001) (not shown). Under laboratory
conditions, however, only residuals for entries into tor-
por showed a non-random distribution (mean deviation:
+50.10 min, r � 0.44, N � 47, P < 0.001). Residuals
for arousals were random, re¯ecting the smaller sample
size, but also more scatter in the data set possibly caused
by disturbance in the laboratory (not shown).

Entries into torpor, in both ®eld and laboratory,
which had occurred during the last part of a night or
during the day (about 0400 hours to 1700 hours)
tended to result in a phase advance (i.e. the following
entry occurred earlier than the previous one) (Fig. 2).
Phase delays (i.e. the following entry occurred later
than the previous one) were more frequent, if entries
had occurred during the late afternoon or early part of
the night (about 1700 hours to 0400 hours). Both re-
gressions for ®eld and laboratory were signi®cant
(P < 0.001) (Note: time shifts >8 h were excluded
because of the uncertainty for the direction of the
shift).
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Periodicity in individual possums

For six possums in the ®eld and two possums in the
laboratory more than 10 multi-day torpor bouts each
were recorded and 50% (n � 3, ®eld; n � 1 laborato-
ry) tested positive for a 24-h periodicity (contingency
test d2; P < 0.01). For the remaining three possums in
the ®eld a 24-h periodicity also seemed to prevail, but P-
values were slightly greater than 0.01, which is the sug-
gested signi®cance threshold for the contingency test
(Canguilhem et al. 1994). One individual in the ®eld
which had tested overall positive for 24-h periodicity
showed an additional signi®cant periodicity of 23.5 h.
When data for this individual were analysed separately
for pre-snow and snow cover conditions, the 24-h peri-
odicity during the snow-free part of the hibernation
season was shortened to 23.5 h after the study area was

covered with substantial snow (Fig. 3). At this point in
time compressed snow caused by snow grooming
blocked any access to the surface.

Activity and entrainment to the day-night cycle

Normothermic periods interrupting hibernation varied
in length under both ®eld and laboratory conditions.
Under natural conditions, long activity periods (>24 h,
15.6%) occurred mostly during the initial snow-free part
of the hibernation season, particularly during warm
weather spells. It appears that these long normothermic
periods were associated with foraging, since animals
could be trapped easily during such occasions. However,
activity prevailed throughout the hibernation season and
possums left their hibernaculum after at least 66.9% of
all arousals, but often for only a few hours. Activity
might have been even more common given that the data
loggers operated in 30 min intervals. Possums also fre-
quently changed their hibernaculum, but how often this
occurred di�ered considerably (0±12 times) among in-
dividuals.

The length of normothermic periods which were
shorter than 24 h correlated signi®cantly with the timing
of arousal from torpor, both in the ®eld and in the
laboratory (Fig. 4). Normothermic periods were on av-
erage the shortest when the arousals had occurred in the
®rst hours of darkness and were longer after arousals in
the second half of the night or during the day.

Discussion

Our study shows that mountain pygmy-possums remain
entrained to the day-night cycle throughout the hiber-

Fig. 2 Time shifts between consecutive entries of Burramys parvus in
the ®eld (open symbols) and laboratory (closed symbols). Timing of
entries was regressed against time of day using a parametric linear-
angular correlation. Plotted against a linear, rather than on a circular
time axis, these regressions appear as a sine curve. Entries into torpor
which occurred during the last part of the night or during the day
(about 0200±1800 hours) generally resulted in a phase advance, while
phase delays were observed if entries occurred during the late
afternoon or early part of the night (about 1800±0200 hours); both
regressions were signi®cant (P < 0.001)

Fig. 1 Frequency distributions of timing for torpor entries and
arousals in Burramys parvus in the ®eld (A) and laboratory (B).
Photoperiod in the laboratory was L:D 9.5:14.5, lights from
0730 hours to 1700 hours. All variables showed a signi®cant non-
random distribution for mean values (see Results)
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nation season both in the laboratory and in the ®eld.
Arousals from and entries into torpor predominantly
followed a 24-hour periodicity, so that arousals occurred
around the onset of the nocturnal activity period of

pygmy-possums. However, a free-running circadian
rhythm was observed in one ®eld individual for the latter
part of the hibernation season when the access to the
surface was blocked due to snow grooming.

The similarities in the timing of entry into and
arousal from torpor in the laboratory and ®eld may
appear surprising because only the animals in the labo-
ratory were constantly exposed to daily changes of il-
lumination and, to a lesser degree, temperature. Under
natural conditions mountain pygmy-possums hibernate
in rock crevices situated in deep boulder ®elds. Although
such hibernacula seem to provide less protection than
the excavated underground burrows of many other
hibernators, they are often situated in the overgrown
periphery of boulder ®elds. Here soil and shrubs provide
insulation and protection while the gaps between the
underlying boulders provide access for the possums.
Such underground hibernacula can be found up to 50 m
from the closest open boulder ®eld and consequently
most hibernacula are shielded from the photocycle and
daily temperature ¯uctuations (Walter 1996; KoÈ rtner
and Geiser 1998). Therefore, arousals after extended
torpor periods must have been triggered by a tempera-
ture-compensated circadian clock. Although entries and
arousals clearly followed a daily rhythm, we were,
however, unable to detect small daily ¯uctuations of Tb

in torpid free-ranging possums, possibly due to the ex-
ternal transmitter arrangement. Such ¯uctuations have

Fig. 3 Quadruple plot of
normothermic periods (dark
bars) of an individual Burramys
parvus between 31 March 1996
and 25 October 1996. This
individual hibernated in an
overgrown part of a boulder
®eld, but initially this possum
was encountered regularly be-
ing active in the adjacent open
boulder ®eld, after arousals.
Consequently both entries and
arousals remained synchronised
with the day-night cycle until
June. In early July the access to
the open part of the boulder
®eld became blocked by deep
compressed snow, and both
entries and arousals became
free-running with a periodicity
of less than 24 h

Fig. 4 The length of the normothermic time intervals of Burramys
parvus in the ®eld (open symbols) and laboratory (closed symbols) in
relation to the time of arousals. The duration of normothermic
periods was regressed against time using a parametric linear-angular
correlation. Plotted against a linear, rather than on a circular time
axis, these regressions appear as a sine curve. Normothermic periods
were long when arousals occurred early in the day and short when
they occurred in the late afternoon or the ®rst half of the night; both
regressions were signi®cant (P < 0.01)
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been observed in other hibernating species and have
been used as evidence for a circadian organisation of
hibernation (Menaker 1959; Pohl 1961; Grahn et al.
1994). Nevertheless, the precision of timing of arousals
in pygmy-possums suggests an accurate pacemaker and
the free-running 23.5-h period of one individual is still
more precise than that of many non-hibernating mam-
mals (Lohmann 1967). Overall, the circadian clock of
pygmy-possums also appears to be more stable than in
hibernating golden-mantled ground squirrels (Spermo-
philus lateralis) which show considerable bout to bout
¯uctuations in period length (Grahn et al. 1994). Despite
this relative stability of the circadian clock, even a small
daily error in pygmy-possums will accumulate over a
torpor bout of up to 2 weeks, causing at least partly the
scatter in the timing of arousals and possibly entries.
Venturing close to the snow surface and sampling the
photic conditions after arousals is therefore crucial for
resetting the clock of pygmy-possums and for main-
taining entrainment. That these adjustments were made
after an arousal is further supported by the fact that the
length of the normothermic periods correlated with the
timing of the preceding arousal. The relative long
normothermic periods after early arousals and the short
normothermic periods after late arousals could achieve
re-synchronisation.

Surprisingly, exposure to a light-dark regime in the
laboratory, thereby increasing the frequency of photo-
periodic stimuli in comparison to the ®eld, neither im-
proved the precision of timing of arousals nor entries in
pygmy-possums. Observations of only weak entrain-
ment to the photocycle have also been made for several
species under laboratory conditions. In the European
hamster (Cricetus cricetus), for example, entries into
torpor were entrained, but arousals occurred apparently
at random or were free-running (Canguilhem et al. 1994;
Wollnik and Schmidt 1995; Waûmer and Wollnik 1997).
Both Turkish hamsters (Mesocricetus brandti) and dor-
mice (Glis glis), also exposed to a photocycle, showed
free-running torpor patterns in the laboratory (Pohl
1967, 1987, 1996). Overall, these observations suggest
that many hibernators do not perceive or use light
stimuli when torpid and that in some species, the sensi-
tivity to photoperiodic entrainment appears to be im-
paired even during normothermic periods. This lack of
sensitivity to a photocycle might to some extent be re-
lated to the absence of the normal daily melatonin cycle
in hibernating mammals (Florant et al. 1984; JanskyÂ et
al. 1989).

In contrast to photoperiodic cues, changes in Ta are
likely to be perceived even during torpor (Lyman and
O'Brien 1972) and sudden substantial changes in Ta af-
ter rain storms can induce arousal in mountain pygmy-
possums (KoÈ rtner and Geiser 1998). However, the
thermal sensitivity seems to depend on several factors
including Tb, but also increases towards the end of a
torpor bout (Twente and Twente 1965). The sole e�ect
of Ta ¯uctuations upon observed torpor patterns is
therefore di�cult to quantify. Nevertheless, it is likely

that the changing sensitivity during a torpor bout for
temperature ¯uctuations and possibly noise contributes
to the greater scatter in timing of arousals than timing of
torpor entry, in pygmy-possums as well as in other
hibernators (Canguilhem et al. 1994; Waûmer and
Wollnik 1997). It appears, therefore, that timing of
arousals is predominantly determined by an endogenous
Zeitgeber; however, premature arousals triggered by
natural or arti®cial disturbances may mask this under-
lying periodicity.

The apparent ability of hibernators to perceive envi-
ronmental cues during the hibernation season raises the
question as to the importance of photoperiod and tem-
perature sensitivity under natural conditions. As far as
photoperiod is concerned, exposure to photic cues dur-
ing torpor is unlikely especially in those species that
hibernate and remain in underground burrows
throughout the winter like ground squirrels and mar-
mots (Bibikow 1968; Michener 1992). For these hiber-
nators lack of food is seasonally predictable, therefore
foraging attempts after the hibernation season has
commenced are futile. Synchronising arousals with
outside day-night cycles is therefore of little advantage.
Nevertheless, the beginning and end of the hibernation
season in these species must occur at an appropriate time
and this is apparently achieved by an endogenous cir-
cannual clock (Pengelley and Fisher 1957; Barnes and
Ritter 1993). This circannual clock may, however, be
linked to the circadian system (Pengelley and Fisher
1957, 1963; Mrosovsky 1971). Such a link would explain
why the hibernation patterns of some ground squirrels
and hamsters show a circadian periodicity with only
weak or no entrainment to the photocycle (Strumwasser
1959; Pohl 1967, 1987; Strumwasser et al. 1967). With-
out being able to use the photocycle as environmental
cue, sensitivity to temperature changes gains additional
importance, because it allows animals to adjust spring
emergence according to the prevailing climatic condi-
tions (Davis 1977; French 1977a; Michener 1977;
Mrosovsky 1980; Arnold et al. 1991; Murie and Harris
1982).

Of course not all hibernators spend the entire winter
in underground burrows. For many insectivorous hib-
ernators, food availability ¯uctuates as the activity of
their prey is temperature-dependent and therefore less
seasonally predictable. Hibernacula of these species are
often situated in small rock crevices, in tree hollows,
grass nests or under leaf litter and make foraging during
normothermic periods possible. Accordingly, winter
activity has been reported not only for mountain pygmy-
possums, but also for echidnas, hedgehogs and bats
(Brigham 1987; Fowler and Racey 1990; Grigg et al.
1992; Broome and Geiser 1995; KoÈ rtner and Geiser
1996, 1998) and might apply to several other species. For
these hibernators, which exploit favourable weather
conditions for foraging, a circadian clock entrained with
the photocycle is obviously most important.

Occasional activity outside the hibernaculum also
gives these hibernators the option to survey the external
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climatic conditions in more detail, instead of relying
purely upon slow changing soil temperatures. One has to
bear in mind that predictable seasonal environments
such as those in parts of Northern America and Eurasia
are not universal to all regions harbouring mammalian
hibernators. Temperate regions, in which the severity
and length of winter can be highly variable, demand a
high degree in ¯exibility in the timing of hibernation.
Such a ¯exibility, which enables hibernators to optimise
the time available for reproduction, can be achieved by
regularly sampling the external climatic conditions.

It appears that a functional circadian system which
may assist in the seasonal timing of hibernation persists
in most mammalian hibernators. The degree to which
the circadian system is sensitive to entrainment by ex-
ternal stimuli, however, is likely to be variable and ap-
pears to depend on the di�erent hibernation strategies
that are employed. Hibernators which spend the winter
in deep underground burrows must obviously rely pre-
dominantly on a circannual clock. In contrast, hiber-
nators that use relatively exposed hibernacula, live in
unpredictable environments, and display opportunistic
hibernation patterns are more likely to use environ-
mental cues for organisation of their yearly cycle.
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