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Summary

1. Patterns of torpor, arousal and activity in free-living Greater Horseshoe Bats,
Rhinolophus ferrtomequinum (Schreber), were investigated during the hibernation period
by using temperature-sensitive radio-transmitters.

2. Torper bouts varied between -1 and 11-8 days, with individual means ranging from
1-3 to 7-4 days. Torpor bout duration decreased with increasing ambient temperature.
3. Activity duration varied from 37 min to 54 h 24 min, with individual means ranging
from 2:29 to 8: 58 h. Activity duration increased with ambient temperatures above
approximately 10 °C.

4. Ten of 11 bats synchronized their arousals with dusk. The circadian rhythm of one
bat showed a free-running pattern over a period of about 5 weeks. Arousals were mare
highly synchronized, and closer to dusk, in individuals with lower body condition.

5. That bats forage in mild weather is supported by the strong synchronization of
arousals with dusk, especially in bats with low body condition.

6. Patterns of torpor and subsequent activity are consistent with predictions that
torpor lasts until a critical metabolic or water imbalance is achieved. Because meta-
bolism and water loss are temperature-dependent, torpor bout duration decreases
with increasing temperature. The imbalance is corrected during subsequent activity,
which is relatively constant in duration until a temperature threshold of 10 °C, above

which increasing levels of foraging lead to longer activity bouts.
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Intraduction

Many species of small, temperate zone mammals
spend much of the winter in hibernation, minimizing
their energy expenditure when there is little or no
food, and when ambient temperatures are gener-
ally low {see Lyman 1982; Malan 1989 for reviews).
All hibernating mamrmals studied, however, arouse
periodically throughout winter by hoosting the meta-
holism of brown adipose tissue to generate the extra heat
needed t¢ increase body temperature (Trayhurn 1993).

Much attention has focused on why mammals arouse
from hibernation torpor, since it is energetically costly
to do so (Thomas, Dorais & Bergeron 1990). Hence
arousals are assumed either to have direct functional
significance, or to permit important events to occur
during subsequent activity. Suggested functions include:
(1) to drink (Fisher & Mannery 1967, Speakman &

- Racey 1989; Thomas & Cloutier 1992; Thomas & Geiser

1997); (2) to urinate or restore some metabolic imbal-
ance (see Willis 1982 for a review); (3) to repay sleep

*Present address: Department of Biological Sciences,
University of Stirling, Stirling FK9 4LA, UK

deprivation, as the normal restorative function of sleep
may be inhibited by low brain temperatures (Daan,
Barnes & Strijkstra 1991; Trachsel, Edgar & Heller
1991); or {4) to resist disease (Schmidt 1967 but see also
Burton & Reichiman 1999). Additionally, and especially
for bats, arousals may provide opportunities for feeding
(Ransome 1968, 1971; Avery 1985, Brigham 1987), for
reproductive activity (Tidemann 1982) and for roost
site selection (Ransome 1968, 1971).

Ransome {1971} suggested that the hat Rhinolophus
Sferrumequinum (Schreber) selects roost temperatures
that result in the most advantageous arousal frequency
in relation to expected foraging success. Furthermore,
bats select roost regions where temperature fluctuated
with ambient temperatures, allowing synchrony of
arousals with warm nights (Ransome 1968, 1971).

Laboratory studies of hibetnation and arousal have
often produced findings that do not occur under natural
conditions, perhaps because the stress and conditions
in captivity alter the natural pattern of torpor and
arausal (Thomas 1995). It is therefore important to
understand the patterns of torpor and arousal under
natural conditions. Such information on arousal patterns
is lacking for most hibernators {but see Wang 1978;
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Young 1990; Michener 1992), and has not previously
been documented for free-living bats.

In this study we investigated patterns of torpor and
arousal using radio-telemetry to monitor the body
temperature and movements of bats in the wild. There
were two main aims. The first was to document arousal
patterns of free-living R. ferrumequinuom, and its beha-
viour following arousals, over the hibernation period.
The second was to make inferences about the func-
tion of arausals and subsequent activity French (1985)
praposed that euthermic activity between torpor bouts
after arousal functions to restore metabolic imbal-
ances developed during the previous torpor bout, If
this is correct, it is predicted that, in accordance with,
findings of previous studies {e.g. Twente & Twente
1965}, torpor bout duration should decrease with

increasing temperature, as metabolic processes are

faster at higher temperatures, and a critical metabolic
imbalance will be reached faster. Models assuming
that evaporative water loss determines torpor bout
duration (Thomas & Geiser 19597) make similar pre-
dictions. It is also predicted that subsequent activity
will be independent of temperature up to 10 °C. This

is because once a critical metabolic imbalance has .

been reached, the time taken to restore the imbal-
ance while euthermic will be independent of temper-
ature. However, aerial insects become available above
10 °C, and increase in abundance as temperature
increases above this threshold (Jones, Duvergé &
Ransome 1995). In summer R, ferrumnequinum increases
feeding time with increasing temperature (Duvergé
1996). It is therefore predicted that postarousal activ-
ity will increase with increasing temperature above
10 °C, because more time will be needed to digest the
increasing amounts of food captured.

Materials and methods

The study was carried out in Cheddar Gorge (southwest
England: Ordnance Survey Grid reference ST 475545)
which has five caves used regularly by R ferrumequinum
in winter. The main hibernaculum {Gough’s Old Cave) is
approximately 75 m Jong and 20 m deep (Barrington 1964).

In October, January and April 1995-97, all hibernating
R. ferrumequirum found were sexed, aged, weighed
(ta the nearest &1 g), measured and ringed. Twenty-
two R ferrumequinum (6 each in October 1995 and
January 1996, and 10 in January 1997) were fitted with
precalibrated, temperature-sensitive radio-transmitters
(BD-2GT; Holohil Systerms Lid, Cam, Ontario, Canada).
The radio-transmitters weighed an average of 1:5¢g
{range. 1-3-1-8 g) and represented on average 6-8%
of the bat’s body mass. A small area of fur on the
interscapular region was trimmed and the radio-
transmitters were secured using Skin-Bond surgical
adhesive (Smith and Nephew United, Inc., Largo, FL).
All bats were released [ to 2 hours after capture. To
determine if the transmitters affected the bats adversely,
percentage loss of condition between surveys was

calculated, and that of radic-tagged bhats was compared
with that of bats not radio-tagged over the same period.
A body condition index was calculated, following
Speakman & Racey (1986), as [body mass (g)/individual
forearm (mm)] x 56:0 mm. A modification of their
equation (Ransome 1995) using the average forearm
length of female R ferrumequinumt (56-0 mm) was used
to correct for skeletal size differences among bats.

Age was determined, in some cases, from ringing
of infants in previous years. The apes of first-year bats
not ringed soon after birth were judged from their grey
pelage and smoothly tapered epiphyseal-diaphyseal
joints in the finger bones (Anthony 1988). Of the 22
R ferrumequimmn radio-tagged between October 1995
and January 1997, 13 were in their first year (6 males,
7 females), 3 were in their second year (2 males,
1 female), and 6 were between their third and ninth
years of age (5 males, 1 female).

A radio-receiver and datalogger (SRX_400 using
Event_Log Version 3-1x W-18; Lotek Engineering Inc.,
Newmarket, Ontario, Canada), connected to a three-
element Yagi antenna (Mariner Radar, Lowestoft, UK)
was positioned in Gough's Old Cave, and powered by a
12 V 60 A h car battery. The receiver scanned for each
radio-transmitter every L5 mun, and if present, its pulse
rate (related to body temperatute) was recorded. Data
were downloaded onto a laptop computer every 7-10
days. Efforts were made to minimize disturbance
during these short visits to the cave. The bats, however,
were disturbed and handled during three annual winter
surveys. Any telemetry data collected within the 24-h
period after the day of these surveys were omitted
from the analyses.

The radio-receiver and datalogger monitored the
temperatures of bats remaining in Gough's Old Cave
continually (L.e. every 15 min). Bats that left and hibern-
ated in other caves in Cheddar Gorge were monitored

“by K.LP cach night every 30 min, from half an hour

before, until 3 h, or mors, after sunset. A second radio-
teceiver (SRX_400, Lotek) and a three-element Yagi
antenna (Mariner Radar) were used for this. Only
data from bats monitored continually were used for
statistical analysis of torpor bout duration and arousal
timing. Any bats arousing were monitored unti] they
started to,re-enter torpor. Activity was monitored
throughout the hibernation season which was divided
into four winter periods; early winter (mid-October
to mid-December), mid-winter (mid-December to mid-
February), late winter (mid-February to mid-Apnl)
and spring (mid-April to late May).

The time of each arousal, the duration of activity
after arousal (from here referred to as activity duration)
and the length of each torpor bout were measured.
Time of arousal was defined as the time at which the
skin temperature of an arousing bat reached 20 °C.
Time of re-entry into torpor was defined as the time
at which the skin temperature of a bat declined to
20 °C. Activity duration was measured in minutes from
time of arousal until time of re-entry into torpor. Bats
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during this arousal period thermoregulate, normally
in the range 34-38 °C (body temperature). Torpor
bout duration was measured in hours from time at
re-entry until time a¢ the next arousal.

For each hat, Rayleigh's test (Batschelet 1981) was
used to test if arousal time was randomly distributed.
Mean direction represents the mean time of the arousals.
Mean vector length (¥) 1s 2 measure of the concentra-
tion of data arcund the mean, ranging from Q to 1 with
increasing concentration. All times given are Green-
wich Mean Times.

Cave temperature and ambient termperature were meas-
ured. Ambient temperature was measured outside each
cave at sunset every night using a digital thermometer
(accurate to 0-1 °C). In order to ascerfain whether rocst-
ing bats could determine ambient temperature, read-
ings were taken from three locations throughout the
cave {(Park, Jones & Ransome 1999). Afier nightly visits
ceased, ambient temperature was calculated from a
temperature probe (Tinytalk; Gemini Data Loggers {UK)
Ltd, Chichester, accurate to 0-1 “C) positioned at the
entrance to Gough’s Old Cave. The temperature probe
was programmed to measure and store data every 72 min.

Analyses were carried out using Sigmastat (SPSS)
and Minitab release 9-2 (Ryan, Joiner & Ryan [985). Data
were tested for normality (Kolmogorov—-Smimaov or
Ryan-Toiner) and nen-parametric methods were adopted
where data violated the assumptions of normality.

Results

BODY CONDITION INDEX OVER WINTER

The body condition index was calculated for radio-
tagged bats and for non-radio-tagged bats captured
on 18 January 1997 and 5 April 1997 There was
no significant difference between the percentage
body condition loss of radio-tagged bats and
non-radio-tagged bats {1,y = 1-96, NS). Mean
percentage body condition loss for tagged bats
was 41-0 £ 171% (range = 13-3-55-6, n = 8), and for
non-tagged bats was 51-2 £ 7-1% (range = 37:9-63-3,
n=14j,

TORPOR BOUT DURATION

Each of the 22 bats radio-tagged was monitored
for an average of 87 + 29 days (mean % SD, range 34—
147 days). The temperature pattern of six bats is shown
in Fig. 1, alongside the cave temperature. A total of 249
tarpor bouts were measured, with a mean of 12 £ 8 per
bat {range = 2-28, n = 21 bats). Continually monitored
torpor bouts (# = 179) varied from 1-7 to 282-1 h in dura-
tiorn and the mean torpor bouts of individuals ranged
from 30-9 £ 25-1-1778 £ 640 h.

There was a strong positive correlation between
the percentage of radio-tagged bats arousing each
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Fig. 1. Skin temperature (upper trace) of six R, ferrumequiman monitared for between 3 and 4 months during the winters of 1995-96 (¢ = M5095,
Ist year female) and 1996/7 (a = M4630, lst year male; b = M5049, 2-year-old female; d = M4967, lst year male; e = M5074, 2-year-old male; -
f = M4413, 1st year male). The lower trace represents the cave temperature where the bat was roosting, The straight dashed line indicates periods when
the bat was in a cave where it was not monitared continually by the telemetry datalogger.
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tinually monitored only) over the whale winter, and within separate winter periods (years combined). There were insufticient
data to analyse early winter separately. Owing to the repeated measures from individuals, the error term for ambient tem-
perature is the adjusted mean square for individual x ambient temperature. Ambient temp. = mean ambient temperature

hibernation
Analysis Source df Adjusted mean square F P
All winter Individual 12 3391 I-04 N3
Amthient temp. 1 147932 20-7% <0-0001
Individual x ambient temp. 12 3430 1-11 NS§
Error 142 327
Winter period
Mid-winter Individual 6 6 248 211 NS
Ambient temp. 1 29313 1-85 NS
Individual » ambient temp. 6 51361 i-81 NS
Errar 5 219356
Late winter Individual 10 7383 1-81 NS
Ambient temp. 1 44111 6-38 <0-05
Individual x ambient temp. 10 6911 1-69 NS
Errar 66 4078
Spring Individual 5 1329 2-28 NS
Ambient terp. 1 15229 21-87 <041
Individual x ambient temp. 5 [ 154 1-98 NS
Error 45 582
20 It was not possible to apalyse the effect of winter
period directly, as there were insufficient data to include
18 — o al! the interaction terms in the analysis. Torpor bout
durations were, however, divided into winter periods
16 and the analysis repeated in order to determine whether
the relationship between ambient temperature and
g Mo ° torpar bout duration changed over the course of winter,
% Over the whole winter, there was a significant neg-
£ 249 q . . ative correlation between ambient temperature and
3 . & . . torpor bout duration {Table I; Fig. 2), and there were
3 0 o Sl @ no differences among individuals of different age and
% . a o .a «’ d': sex grm‘lps. ‘Duri‘ng late winter an‘d sjpring pcrio::ls,
b} . ] a : but not in mid-winter, there was a significant negative
. e 8% 08 4 Al o0 correlation between torpor hout duration and mean
& & o aae g ambient temperature (Table ).
an g a 040G e .
4 - N . L ‘
a . e -::P.“ PO - ARQUSAL AND ACTIVITY DURATION
Cunpe b Bady temperatures during torpor ranged from 5 °Cto
16 °C but most bats maintained a temperature of about

2 - - -
O L] L] a
o . . ° “,’o. ! | ’ ¢ 1 hd
I I T
2 4 5] 3] 10 12 14 16

WMean ambient ternperature (*C)

Fig. 2. The relationship between mean ambient temperature and torpor bout duration
from 21 R ferrionequinem. @ continually monitored torpor bouts, O = non-continually
monitored tarpar bouts. Between 2 and 28 torpor bouts per bat are shawn. Data from
the two years were combined. Only contimually meonitored torpor bouts were used for
statistical analysis (Table I}.

night and the amblent temperature (Spearman rank

© 2000 British i .
Ecological Society, correlation coefﬁcn;nt Feoig = (}.-34I1, P < 0:0001). There
Functional Ecology, was, however, considerable variation and bats aroused
14, 580588 at all measured ambient temperatures.

10 °C throughout winter. The time taken to arouse
fully was between 30 and 50 min, whereas re-entering
torpor usually took 2-3 h. A total of 265 activity
durations were measured, with a mean of 13 £ 8 per
bat (range = 2-28, n = 2| bats). On average, activity
lasted 4 h 20 min but there was a large amount of
variation in its duration, which ranged from 37 min
ta 54 : 24 h. The mean activity duration of individuals
ranged from 2:29+2:06h to 8:58£6:32h. The
telationship hetween ambient temperature and activity
duration was not linear, as duration only increased
with temperature above approximately 10 °C (Fig. 3).

Activity durations were transformed to natural
logarithms to achieve normality and divided into
occasions when ambient temperature was less or greater
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ed.

than 10 °C. There were no significant differences among
individuals of different age and sex groups, and there
was a significant effect of amhbient temperature on
activity duration only when the temperature was
10 °C or above (Table 2).

Tabhle 2. ancovas for the effects of individual (factor} and
ambient temperature under 10°C and 10°C or above
(covariate) on the natural logarithms of activity dura-
tion (years combined). Winter period was omitted as a
factor as there were insufficient data to include all
winter periods in both analyses. Owing to the repeated
measures from individuals, the error term for ambient
termperature is the adjusted mean square for individual x
ambient temp

Adjusted mean

df  square MS$ F P
Source
{nights <10 °C)
Individual 14 (-1484 1101 NS
Ambient temp. 1 0-1057 0-65 NS
Individual % 14 0-1425 1'10 NS
ambient temp.
Errar 55 (-1471
Sourece
{(nights =10 °C)
Individual 5 0-9821 1-62 NS
Ambient temp,. I 18-5500 19-56 <001
Individual x 3 0-9433 1-56 NS
ambient temp.
Errar 68 0-6070

TIME OF ARGUSAL

Data from 11 continually monitored bats were ana-
Iysed to investigate the timing of arousal (Fig. 4). The
majority (85%) of arousals took place between 2 h

80

70 —

80 —

40 —

No. of arcusals

30 —

10 —

25 rnin after sunset

Time relative to sunset (h)

Fig. 4. Distribution of arousal times of continually maonitored bats aver the 24-h clock, Each bar represents the total number
of arousals that took place within a half hour band. Arousals taking place after dawn of ane day but befare sunset are classed
as ‘hefore sunset’. Arousals taking place after sunset of one day but before the subsequent dawn are classed as ‘after sunset’.
The arrow indicates the median emergence tims of R, ferrumequinum in summer (Jones & Rydell 1994).
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Table 3. Results of Rayleigh's test for randomuess on the arousal times of 11 continually monitored bats, Mean sunset,
arausal titmes and vector langths () are given. M = male, F = female, » = number of arousals

Bat identity Age Mean sunsat Mean arousal Mean vector
{ring number} Sex (years) time (haurs) time (hours) length {¥) P o
M3096 M 1 1829 1833 0-98 <(-001 13
M30935 F 1 1808 1544 0-63 <0-002 13
M3074 M. 2 1823 1821 083 <0001 24
M4967 M 1 1901 1845 090 <0001 27
M4630 M 1 1847 1825 0-94 <(-001 23
M4613 M 1 [84] 1825 0-90 <(-001 28
M.A5(49 F 2 1749 1944 0-73 <(-001 12
M3129 F 6 1720 1957 0-52 N§ 8
M4638 F I 1924 1903 0-90 <0-001 21
M4972 F 1 1819 18213 0-99 <0001 14
Md626 F 1 1920 1855 0-81 <(-001 14
25 dan 18 Jan 18 Jan
( (b) @ !
08 Feb 5 0F Feb 0t Feb{~ J
20 Feb | f 15 Felbr | X f
oower] | ot Mar| —= i I
15 har | o1 Mar{ —
21 Mar | / !
04 Apr - ! 20 Mar- [ 15 Mar [
"1 — | 12aer —+
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T T
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Fig. 5. Arousal patterns for six R ferrumequinum fitted with radia-transmitters an 25 January 1996 (a = M5096, Ist year
male; ¢ = M5095, lst year female) and 18 January 1997 (b = M5074, 2-year-old male; ¢ = M3049, 2-year-old year fernale;
d = M4367, [st year male; f = M3129, 6-year-old female), and monitored continually for the next 45-130 days Horizontal
lines represent periods when body temperature was above 20 *C. Bats (a) ta {d) show the most common pattern, that of dusk
arousals, bat (2) shows a free-running pattern over a period of about a month, and bat (f) shows a pattern of random arousal
(sce Table 3 for statistical details). Vertical dashed lines indicate sunrise times, vertical solid lines, indicate sunset times.

before and 2 h after sunset, with the largest peak
oceurring within the half hour before sunset.

All but one of the bats {M3129} showed a non-
random distribution of arcusal times which were
concentrated around the mean sunset time for the
manitoring period {Table 3; Fig. 5). M3129 (Fig. 5)
had a mean arousal time of 1957 hours but the #-value
was lower than for the other bats, indicating a wider
spread in arousal times M3129 was a mature female
with high body condition compared with the other
radio-tagged bats. Another bat, M30935 (Fig. 5e), also
with a high body condition, had an early mean time

of arousal {1544 h) in relation to sunset. This was due
to four arousals that took place between 1346 hours
and 0647 hours. The change in arousal timing dis-
played by this bat during this period is typical of the
free-running state. Overall, however, arousal time for
MS5095 was not randomly distributed (P < ¢-002),
Step-down multiple regression analysis of four factors
(age, body condition adjusted for age (Ransome 1993},
proximity of mean arousal time to dusk and number
of recorded arousals) on mean vector length (#), showed
that only body condition and proximity of arousal time
to dusk were significant factors that influenced the
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concentration of data around the mean arousal time
(r = 2-36-0-0684 (condition, g) —0-0008 proximity to
dusk (min); Fy, = 71-5, r* = 93%, P < (-001). The lower
the body condition, the greater the concentration of
arousal times around the mean (z, =4-53, P <0-01).
The closer mean arousal time is to dusk, the less vari-
ation there was around the mean arousal time (7, = 4-94,
P <0001}, Moreaver, bats in poorer body condition
tended to have mean arousal times closer to dusk
(proximity ta dusk {min) = 1305 + 64-2 (condition, g},
Fia= 786, r* = 41%, P < 0-05). Because all bats were
monitored over a similar time-period (mid-January until
March or May), these results suggest that condition,
rather than season, influences arousal timing.

Discussion

This is the first study to dacument accurately the fre-
quency and timing of winter arousals in free-living
bats, and the subsequent patterns of activity. Further-
mare, our findings allow us to make some inferences
about the function of arousals. Only two other studies
have followed temperature patterns of free-living bats
over winter (Thomas 1995; Arlettaz er of 2000), but
in these a much smaller number of bats was monitored
over shorter periods of time.

Bats fitted with radio-transmitters usually remained
in the study caves for long periods, and showed similar
rates of body condition loss to those without them.
Moreaver, visits to the cave to download data did naot
Increase bat activity (Park er al. 1999).

TORPOR BQUT DURATION

Totpor hout duration was highly dependent on ambi-
ent temperature {see also Ransome 1971). The ana-
lyses were unable to test for the effect of winter period
upon torpor bout duration. However, late winter 1997
was on average four degrees warmer than late winter
1994, and during this period there was a marked
decrease in torpar bout duration for many bats dur-
ing this period in 1997 but not in 1996 (Park 1998),
suggesting that ambient temperature is more import-
ant than winter period in determining torpor bout
duration. This is supported from a concurrent study
of activity monitored using ultrasound detectors aver
the same period (Park e 4. 1999). Torpor bout dura-
tion is also therefore dependent on cave temperature,
since ambient and cave temperatures are highly
correlated (Ransome 1968; Park eral 1999). Bats
therefore could use cave temperature fluctuations to
ascertain ambient temperature.

ACTIVITY DURATION

The longer activity lasts, the higher the energetic cost,
though feeding while active will offset some of this
cost. Activity duration should therefore be minimized
if energy savings are important. Our study demon-

strated a striking increase in activity duration only
when temperature exceeded 10 °C. Ambient temper-
ature has a considerable effect on insect flight activity
with the minimum temperature thresholds for the flight
of many insects ranging between & and 17-5 °C {Taylor
1963). When ambient temperature exceeds 10 °C at dusk,
there are likely to be some flying insects available as
food (Ransome 1968; Jones er al 1995). Once this tem-
perafure threshold for insect flight activity is reached,
arousal duration increases with ambient temperature, as
insect availability presumably rises. During handling
and processing R, ferrumequinum in this study regularly
produced faeces (R. D. Ransome, unpublished data},
indicating that feeding had occurred. Therefore it is
likely that the longer periods of activity at high ambi-
ent ternperatures observed are related to feeding.

TIME OF AROUSAL

Torpor bouts have been interpreted as representing
an extension of circadian cycles as the period of these
cycles may lengthen with a decrease in temperature
{Heller, Krilonicz & Kilduff 1989}. All but two hibet-
nating R. ferrumequinum in this study consistently
aroused around dusk. The circadian rhythm of one bat
showed a free-running pattern over a 5-week period.
If the period of circadian rhythms in these bats were
lengthened by low temperatures, neither of these pat-
terns would be expected. Thus in R ferrumequinm,
circadian rhythms continue in hiberpation and must
be temperature-compensated in some way.

Are circadian rhythms in hibernating nocturnal
animals enttained to dusk as they are in summer, or
do these rhythms free-run and become progressively
desynchronized with dusk? Hays, Speakman & Webb
(1992) found that under natural photoperiods and
ambient temperatures, circadian rhythms remained
entrained to dusk during winter in the bat Plecetus
awritus. In contrast, three species of vespertilionid bat
hibernating in a cave in Canada aroused at random
times over the day (Thomas 1993), and there was
no temporal clustering of arousals in M. lucifugus
(Thomas 1995). Light-sampling at dusk is thought to be
the chief way that bats synchronize their endogenous
circadian cycle to a dajly light cycle {DeCoursey
& DeCoursey 1964). The short torpor bouts of
R ferrumequinum may allow it to reset its biological
clock continually, as suggested for Burramps parvus
(Mountain Pygmy-passum) by Kartner, Song & Geiser
(1998).

That most individuals of R ferrumeguinum syn-
chronized arousals with dusk suggests further that
foraging is an important factor determining arousal
tuming, since all other suggested arousal activities could
occur at any time. An adaptive explanation of the
synchronization of arousal time with the optimum
time for feeding is supported by the high level of vari-
ation in mean vector length explained by body candi-
tion and proximity of arousal time to dusk. Bats with
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the lowest reserves (and hence the most to gain from
synchrony) arouse clasest to dusk and show the
greatest concentration in their arousal times. Of the
two bats with the highest body condition, one showed
a free-running pattern over a 5-week period, the ather
a randorm pattern of arousal, not synchronized with
dusk. These bats may therefore have had no incentive
ta forage, and hence no need to remain synchronized.

HIBERNATICON ECOLOGY

Why then do bats arouse in winter? Our investigation
did naot investigate the fundamental biechemical, or
physiological reason(s) that necessitate arousals
periodically during hibernation torpor {see Willis 1982
for review), but we can make some inferences about
the functions of arousals. During arousals males may
mate with torpid females (Gebhard 1995). If repro-
ductive activity were a primary purpose of arousals,
males might be expected to arouse more frequently
and for longer compared with females. That there were
no differences in the torpor bout or activity duration
between bats of different sex or maturity indicates
that this is not the case Bats often remained in their
roosting cave while active (Park 1998), indicating that
foraging is unlikely ta be a primary function of
arousals, although it is clearly an important factor
determining their timing. There is evidence that
R ferrumequinium feeds on mild winter nights (Ransome
1968, 1971). By selecting a roosting position that
fluctuates with ambient temperatures, and by main-
tenance of arousal synchronization with dusk,
R. ferrumequinum is able to capitalize on foraging
opportunities, when they occur. Individuals with large
body reserve levels are less synchranmized to dusk
arousal, and may not need ta forage as much as those
with low reserves, or even at all. This study also shows
that euthermic activity after arousal is much longer than
was previously suspected, possibly ta reduce the sleep
debt that may be incurred during hibernation totpot
{Daan ez al. 1991). There was usually, but not always,
standing water in the main study cave, which would
allow bats to drink without emerging from the cave.
We cannat reject the hypothesis that hibernating bats
arouse to drink, and our results are consistent with
a model which states that bats remain torpid until a
threshold level of metabolic {or possibly water} imbal-
ance has been achieved. Because metabolism and water
loss increase with increasing temperature, torpor bout
duration decreases as a consequence. Once the bats
arouse, they remain euthermic for some time, and
restaration of metabolic or water tmbalance is unlikely
to depend on temperature. Above 10 °C, however, the
bats feed, and because prey availability then increases
with increasing temperature, they remain active for
longer ta forage and digest food.

Hibernating bat species exposed to consistently long
and severe winter climates are unlikely to forage during
winter, Their circadian rhythms are predicted to free-

run in mid winter. Qur work shows that bats still arouse
periodically from hibernation even when they are
unlikely to feed, drink or mate, and that arousals are
normally synchronized to dusk so that foraging
opportunities can be exploited if they arise.
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