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Abstract: Entering torpor can yield significant energy savings for temperate-zone bats but can be costly for reproductive
females by slowing fetal development and reducing milk production. We studied western long-eared bats (Myotis evotis
(H. Allen, 1864)) in the Rocky Mountains of Alberta to test the hypothesis that different costs of torpor result in different
patterns of thermoregulation and roosting behaviour for reproductive and nonreproductive females. We radio-tracked bats
to monitor body temperatures and locate roosts. We took roost measurements and inserted temperature data loggers to
measure roost microclimate. Bats entered torpor frequently, but nonreproductive females spent longer periods in torpor,
had lower minimum body temperatures, and entered deep torpor more often than reproductive females did, supporting the
hypothesis that entering torpor is more costly for reproductive individuals. Roosts were located mainly in rock fields on
steep, open, south-facing slopes. Reproductive females roosted in crevices between rocks located above or on the surface
of the ground. Roosts warmed rapidly and reached warm daytime temperatures. Females roosted alone during pregnancy
but formed small colonies within roosts during lactation when ambient conditions were cooler. Clustering may reduce ther-
moregulatory costs for both adults and young. Nonreproductive females roosted mainly alone in crevices in the ground.
These roosts had cooler, more stable microclimates, allowing females to enter deeper bouts of torpor and remain torpid
longer.

Résumé : L’entrée en torpeur peut repre´senter des e´conomies importantes d’e´nergie chez les chauves-souris de la zone
tempérée, mais elle peut s’ave´rer coûteuse pour les femelles reproductrices en ralentissant le de´veloppement des foetus et
en réduisant la production de lait. Nous avons e´tudié le murin àgrandes oreilles (Myotis evotis (H. Allen, 1864)) dans les
montagnes Rocheuses de l’Alberta afin d’e´valuer l’hypothèse selon laquelle les couˆts différents associe´s à la torpeur chez
les femelles reproductrices et non reproductrices entraıˆnent des patrons diffe´rents de thermore´gulation et de comportement
sur les perchoirs. Nous avons suivi des chauves-souris par radio pour de´terminer leur tempe´rature corporelle et pour trou-
ver leurs perchoirs. Nous avons mesure´ les perchoirs et installe´ des enregistreuses a` température pour de´terminer le micro-
climat des perchoirs. Les chauves-souris entrent fre´quemment en torpeur, mais les femelles non reproductrices passent plus
de temps en torpeur, ont des tempe´ratures corporelles minimales plus basses et entrent en torpeur profonde plus souvent
que les femelles reproductrices; cela appuie l’hypothe`se selon laquelle l’entre´e en torpeur est plus couˆteuse pour les indi-
vidus reproducteurs. Les perchoirs se situent principalement dans les champs de pierre sur les pentes abruptes, ouvertes et
orientées vers le sud. Les femelles reproductrices se perchent dans les crevasses entre les pierres situe´es au-dessus ou au
ras du sol. Les perchoirs se re´chauffent rapidement et atteignent des tempe´ratures chaudes durant la journe´e. Les femelles
se perchent seules durant leur grossesse, mais elles forment de petits groupes durant l’allaitement a` un moment ou` les tem-
pératures sont plus fraıˆches. Ce regroupement peut re´duire les couˆts de la thermore´gulation tant chez les adultes que chez
les jeunes. Les femelles non reproductrices se perchent principalement seules dans des crevasses dans le sol. Ces perchoirs
ont des climats frais et plus stables, ce qui permet aux femelles d’entrer dans des e´pisodes plus profonds de torpeur et de
rester en torpeur plus longtemps.

[Traduit par la Re´daction]

Introduction

Meeting daily energy requirements can be challenging for
small-bodied endotherms (Peters 1983; Schmidt-Nielsen
1997), particularly those in unpredictable environments or

those that depend on unpredictable food sources. To escape
energetic constraints, many small birds and mammals can
enter torpor by reducing their body temperature below nor-
mothermic levels (Wang and Wolowyk 1988). There is a
curvilinear relationship between body temperature (Tb) and
metabolic rate during torpor in thermoconforming endo-
therms such that every 108C reduction in Tb roughly
halves the metabolic rate, resulting in substantial energy
savings (Prothero and Jurgens 1986; Wang and Wolowyk
1988). Temperate-zone insectivorous bats are extremely
thermolabile and can effectively control energy savings by
regulating the frequency, depth, and duration of torpor
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bouts (Audet and Fenton 1988; Wang and Wolowyk 1988;
Speakman and Thomas 2003). Given the energetic benefits
of torpor, one might predict that bats would use hetero-
thermy invariably during periods of inactivity. However,
different patterns of daily torpor may arise when the costs
of entering torpor are not equal among individuals.

Entering torpor can delay reproduction by female bats by
slowing fetal development (Racey 1973) and reducing milk
production (Wilde et al. 1995, 1999). Young that are born
and weaned later during summer are less likely to survive
hibernation (Ransome 1989), resulting in a fitness cost for
reproductive bats that enter torpor. Furthermore, females
that give birth later have less time to accumulate fat reserves
prior to hibernation, which may affect their own overwinter
survival (Beer and Richards 1956; Pagels 1975). Therefore,
pregnant and lactating females should use less torpor than
nonreproductive females. This appears to be the case (Audet
and Fenton 1988; Hamilton and Barclay 1994), although
these studies examined bats living in buildings and may not
reflect the thermoregulatory behaviour of individuals living
in natural roosts (Chruszcz and Barclay 2002; Lausen and
Barclay 2006; Willis 2006). Lausen and Barclay (2003)
compared the use of torpor between reproductive and post-
lactating bats, but to date no study of bats in natural roosts
has compared reproductive and nonreproductive females.

Reproductive endotherms that remain homeothermic must
compensate for the costs of reproduction by increasing daily
energy intake or reducing energy expenditure (Racey and
Entwistle 2000). Although there is some evidence that repro-
ductive female bats increase foraging activity as lactation
progresses (e.g., Barclay 1989), the associated increase in
flight costs may be prohibitive. A more economical solution
would be to minimize thermoregulatory costs within day
roosts, where bats spend most of their time. The thermal
characteristics of roosts are determined by extrinsic habitat
features (e.g., slope aspect, canopy cover) and intrinsic
structural features (e.g., roost depth, opening dimensions;
Vonhof and Barclay 1997; Lausen and Barclay 2003). For
example, shallow rock crevices that are poorly buffered
from environmental conditions have a warmer but more var-
iable microclimate than deep, well-buffered crevices
(Lausen and Barclay 2003). By selecting roosts that provide
microclimates within their thermoneutral zone, bats can pas-
sively maintain warm, stable body temperatures (Speakman
and Thomas 2003). Bats may also cluster with other indi-
viduals within a roost to minimize thermoregulatory costs.
Clustered bats retain metabolic heat better than solitary in-
dividuals (Trune and Slobodchikoff 1976; Roverud and
Chappell 1991), and the trapped heat may also elevate the
temperature of the roost (Burnett and August 1981).

We investigated how the costs and benefits of using tor-
por can result in different patterns of thermoregulation and
roosting behaviour among temperate insectivorous bats.
Specifically, we compared the behaviour of reproductive
and nonreproductive females from a rock-roosting popula-
tion of western long-eared bats (Myotis evotis (H. Allen,
1864)) in the mountains of Alberta. We predicted that re-
productive females would use torpor less than nonreproduc-
tive females, and compensate by selecting roosts with
warmer microclimates and (or) clustering with more indi-
viduals.

Methods

Study species and area
Myotis evotis occupies much of western North America.

Individuals weigh 5–8 g (Manning and Jones 1989) and
feed by taking insects from the air or from vegetation
(gleaning; Faure and Barclay 1994). During the summer,
M. evotis roosts in crevices and cavities of snags, stumps,
boulders, and rock outcrops, as well as in caves, mines, and
man-made structures (Manning and Jones 1989; Vonhof
and Barclay 1997; Holloway 1998; Waldien et al. 2000;
Chruszcz and Barclay 2002; Rancourt et al. 2005). Adults
typically roost alone in natural roosts, although small ma-
ternity groups (2–14 individuals) have been reported
(Vonhof and Barclay 1997; Holloway 1998; Waldien et al.
2000; Chruszcz and Barclay 2002; Rancourt et al. 2005).
Female M. evotis bear a single pup during summer and
are solely involved in rearing it before the onset of hiber-
nation.

We collected data from June to August 2002 in the Kana-
naskis (51800’N, 115805’W) and Sheep River (50839’N,
114839’W) valleys in the foothills of the Rocky Mountains
of southwestern Alberta, Canada. Both sites consist of a
river surrounded by modest peaks (elevation 1350–2500 m).
Extensive lodgepole pine (Pinus contorta Dougl. ex Loud.)
and mixed aspen–pine (primarily trembling aspen,Populus
tremuloides Michx.) forests cover the valley bottoms and
mountain ridges, while sheer cliffs, talus slopes, and boulder
fields occupy the steeper regions. Warm days and cold
nights characterize summers at these sites. Long-term aver-
ages of daily minimum/maximum temperatures are 4.5/
18.2 8C (June), 6.6/21.58C (July), and 6.1/21.18C (August)
for Kananaskis, and 2.3/18.38C (June), 4.1/21.18C (July),
and 3.7/21.08C (August) for Sheep River. Freezing temper-
atures are recorded each month, and sites receive 32–35 cm
of precipitation (including snow), on average, each summer
(Environment Canada 2000).

Captures and radiotelemetry
We caught bats in harp traps and mist nets placed across

forest trails. Individuals were identified to gender and
marked with coloured, numbered plastic split-rings on the
forearm. Adults were distinguished from juveniles (young-
of-the-year) by the degree of epiphysial fusion at the finger
joints (Anthony 1988). We examined adult females for re-
productive condition (pregnant, lactating, post-lactating, or
nonreproductive; Racey 1988). Females in late pregnancy
possessed an obviously distended abdomen and palpable em-
bryo. Lactation was distinguished from post-lactation by ex-
pressing milk from swollen teats. Females lacking these
characteristics were considered nonreproductive. We exclu-
sively captured pregnant females (n = 11) between 22 June
and 22 July and lactating bats (n = 11) on or after 22 July.
Therefore, we refer to 22 June – 22 July as the pregnancy
period, and 23 July – 31 August as the lactation period. An-
imals were cared for in accordance with the principles and
guidelines of the Canadian Council on Animal Care.

We used radiotelemetry to locate roosts and monitor skin
temperatures for pregnant, lactating, and nonreproductive
adult females. We trimmed interscapular fur and glued
temperature-sensitive radio transmitters (Holohil Systems
Ltd., Carp, Ontario) weighing 0.5 g to the exposed skin us-
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ing Skinbond1 surgical adhesive (Smith and Nephew
United Inc., Largo, Florida). Bats were held for 30 min to
let the glue set and were released at the site of capture.
We tracked individuals daily, using a Merlin 12 receiver
(Custom Electronics, Nokomis, Florida), during the battery
life of the transmitter or until the transmitter fell off.

Ambient and body temperature
We measured ambient temperature (Ta) every 10 min us-

ing Thermocron iButtons1 (±1 8C, Dallas Semiconductor
Corp., Dallas, Texas) and HOBO1 (Onset Computer Corp.,
Pocasset, Massachusetts) data loggers placed in solar radia-
tion shields located at the University of Calgary Barrier
Lake Field Station in the Kananaskis Valley and the Uni-
versity of Calgary R.B. Miller Field Station in the Sheep
River Valley. Both stations are centrally located in the study
areas.

To determine the body temperature (Tb, measured as skin
temperature, Tsk) of radio-tagged individuals, a Lotek
SRX_400 scanning receiver (Lotek Wireless Inc., Newmar-
ket, Ontario) monitored and recordedTsk every 10 min after
a bat entered its roost during morning until it emerged to
forage at night. Several studies of bats and small birds have
demonstrated a strong correlation betweenTsk, recorded by
external transmitters, and coreTb (Audet and Thomas 1996;
Barclay et al. 1996; Brigham et al. 2000). However, this re-
lationship can be influenced byTa, roosting behaviour, and
the physiological state of the animal (i.e., torpid, normother-
mic, actively rewarming; Willis and Brigham 2003). Despite
these limitations, the small size ofM. evotis likely helped
minimize the potential discrepancy betweenTsk and coreTb.
In addition, implanted transmitters are impractical for small
bats because the reception range of small internal transmit-
ters is too small for wide-ranging animals.

We defined torpor and deep torpor as in some previous
studies (Hamilton and Barclay 1994; Grinevitch et al. 1995;
Barclay et al. 2001; Chruszcz and Barclay 2002; Lausen and
Barclay 2003). A bat was torpid when itsTsk dropped below
its active temperature (Tact), defined as the lowestTsk of an
individual recorded immediately (i.e., <10 min) before it
emerged to forage, during the period the transmitter re-
mained on the bat. A bat was in deep torpor if itsTsk
dropped more than 108C below itsTact. The time available
for torpor was defined as the number of minutes thatTa fell
below Tact while a bat was in the roost. We quantified the
thermoregulatory behaviour of females by calculating the
proportion of bat-days during which torpor occurred (fre-
quency) and the length of time spent in torpor and deep tor-
por per day. We analyzed minimum and maximumTsk and
time spent in torpor and deep torpor using ANOVAs with
reproductive condition as the main effect. We included indi-
vidual (nested within reproductive condition) to account for
repeated measures. For analyses of time spent in torpor and
deep torpor, we included the time available for torpor as a
covariate.

Properties of roosts and roost habitat
We measured several variables for each roost we located

using radiotelemetry. We determined percent canopy cover
using a densiometer held above the roost, averaging readings
obtained for each of four directions (N, S, E, and W) and

multiplying by 1.04. We measured the aspect of the slope
in which the roost was located using a compass, and the per-
cent slope using a clinometer. Roosts were classified as
pregnancy, lactation, or nonreproductive depending on the
reproductive condition of the bats using them. Roosts were
located in either rock crevices or cavities. Crevice roosts
consisted of a narrow fissure bounded by two layers of rock
substrate, whereas cavity roosts were formed by an aggrega-
tion of three or more rocks.

We measured roost opening dimensions (maximum length
and width) and shape (rectangle, triangle, etc.), maximum
roost depth, and roost aspect. The opening dimensions and
shape for each roost were used to calculate opening area
and roost volume for statistical analyses. We also noted
whether roosts were located on or under the surface of the
ground, protected or unprotected from precipitation, and
oriented vertically or horizontally in relation to the ground.

We analyzed qualitative measures (roost type, on or under
ground, orientation, protection) usingw2 tests with reproduc-
tive condition as the conditional variable. For contingency
tables that contained cells with expected values <5, we
grouped pregnancy and lactation roosts into a single category
(reproductive roosts). We analyzed canopy cover, percent
slope, and roost dimensions using single-factor ANOVAs
with reproductive condition as the main effect. We com-
pared circular data (slope and roost aspect) among preg-
nancy, lactation, and nonreproductive roosts using the
nonparametric statistical procedure outlined by Fisher
(1993, p. 115). This procedure uses a test statistic that is
normally evaluated using thew2 distribution. However, be-
cause our sample included <25 pregnancy and lactation
roosts, we evaluated the test statistic against a distribution
generated from random permutations of the sample data.
We present mean directions ± circular standard error
(Fisher 1993).

We inserted HOBO and Thermocron iButton temperature
data loggers 15–30 cm from the roost opening or, when pos-
sible, where the bat had been seen roosting. Data loggers
were inserted 3–5 days after the roost had been occupied by
a bat, and bats did not reoccupy roosts while data loggers
were present. Data loggers recorded temperatures every
10 min for 3–7 days (mean = 4.6 ± 0.2 days).

To compare the thermal properties of roosts used by bats
in different reproductive classes, we used five measures of
roost temperature (Tr): mean daytime and nighttime temper-
atures, daily maximum and minimum temperatures, and
daily temperature range. Mean daytime temperature was cal-
culated as the mean of all temperatures recorded between
the average return time and the average emergence time of
all bats during the reproductive period in question (i.e.,
pregnancy or lactation). Similarly, mean nighttime tempera-
ture was the mean of all temperatures recorded between the
average emergence time and the average return time of all
bats during each reproductive period.

We analyzed roost temperature data using general linear
models. Specifically, we tested for differences in mean day-
time and nighttimeTr, daily maximum and minimumTr, and
daily Tr range, with reproductive class of the roost and indi-
vidual roost (nested within reproductive class) as main ef-
fects. We included the appropriate measure ofTa (mean
daytime or nighttimeTa, daily maximum or minimumTa, or
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daily Ta range) as a covariate to control for variation during
the summer.

We confirmed the presence and number of adult bats in
roosts by observing roosts during the early morning (i.e.,
when bats were in deep torpor), by counting bats exiting at
dusk, or by trapping emerging bats at roosts with mist nets.
After 24 August (when volant pups were first captured), we
determined the number of adults within lactation roosts by
trapping.

We performed ANOVA, ANCOVA, general linear mod-
els, and regression using SAS1 8.0 (SAS Institute Inc.,
Cary, North Carolina), Kruskal–Wallis tests using SYSTAT1

10.2 (Systat Software Inc., Richmond, California), andw2

tests using Statistix 4.1 (Analytical Software, Tallahassee,
Florida). We applied Yates’ correction factor tow2 tests with
one degree of freedom (Zar 1984). We used a type I error
rate of 0.05 and present least squares means ± standard error.

Results
During 2002, we captured 58M. evotis (34 females, 24

males). Sixty-eight percent of females (n = 23) were repro-
ductive: 11 were pregnant, 11 were lactating, and 1 was
post-lactating. We attached radio transmitters to 6 pregnant,
6 lactating, and 8 nonreproductive females. We also radio-
tracked and located roosts for an additional 4 reproductive
females (1 pregnant, 3 lactating) from July to August 2001
as part of a preliminary study. Two individuals from 2001
were recaptured while pregnant during 2002 and were radio-
tracked again. Of the nonreproductive females radio-tracked
in 2002, 2 were tracked during the pregnancy period and 6
were tracked during the lactation period. Each individual
was radio-tracked for 1 to 9 days (mean = 4.5 ± 0.4 days).

We compared mean daytime, mean nighttime, daily max-
imum, and daily minimumTa and daily range inTa during
pregnancy (n = 11 days) and lactation (n = 36 days) using
one-way ANOVAs. Ambient temperatures were significantly
warmer, and the dailyTa range significantly greater, during
the pregnancy period (Table 1).

Bats displayed two distinct thermoregulatory patterns.
Pregnant and lactating females either maintained a relatively
high Tsk, with occasional bouts of shallow torpor (14 of
32 days; Fig. 1A), or became torpid in the morning and pas-
sively rewarmed with the heat of the day to an activeTsk (18
of 32 days; Fig. 1B). In contrast, nonreproductive females
nearly always (25 of 26 roost-days) became torpid, and their
morning bouts of torpor were typically longer and deeper

than those of reproductive females (Fig. 1C). This represents
a significant difference in the thermoregulatory strategies
practiced by reproductive and nonreproductive females
(w2 = 9.48, df = 1,P < 0.001). Furthermore, on days when
both reproductive and nonreproductive females carried trans-

Table 1. Results of one-way ANOVAs comparing ambient tem-
perature (Ta; 8C) during the pregnancy and lactation periods of
Myotis evotis in the study area.

Means ± SE

Variable
Reproductive
period (F[1,45]) Pregnancy Lactation

Mean daytimeTa 21.4*** 21.7±1.3 14.3±0.7
Mean nighttimeTa 10.2** 11.5±1.0 8.1±0.5
Daily maximumTa 23.7*** 29.4±1.4 21.4±1.5
Daily minimum Ta 8.58** 7.5±1.0 4.6±0.5
Daily Ta range 11.5** 21.7±1.2 16.9±1.3

Note: **, P < 0.01; ***, P < 0.001.
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Fig. 1. Examples of thermoregulatory patterns used byMyotis
evotis: (A) maintenance of a highTsk by a lactating female on 19
July; (B) torpor by a pregnant female on 10 July; and (C) torpor by
a nonreproductive female on 21 July. Temperatures were recorded
every 10 min from a bat’s return to the roost until emergence. Note
the passive rewarming and shallow torpor prior to emergence in B
and C.Tsk, bat’s skin temperature;Ta, ambient temperature;Tact,
bat’s active temperature; Deep, temperature below which deep tor-
por occurred.
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mitters (n = 17), thermoregulatory patterns differed 41% of
the time, demonstrating that torpor use was not determined
solely by ambient conditions. In both patterns, females fre-
quently preceded emergence with a short, shallow bout of
torpor (33 of 57 days), which coincided with a drop inTa,
and then actively rewarmed just prior to emergence (e.g.,
Fig. 1C).

We compared the mean minimum and maximumTsk and
Tact of pregnant (n = 5 bats, 18 bat-days), lactating (n = 6,
14 bat-days), and nonreproductive female (n = 7, 25 bat-
days)M. evotis (Table 2). MinimumTsk varied significantly
(F[15,35] = 8.29,r2 = 0.78,P < 0.001), with reproductive con-
dition (F[2,35] = 18.71,P < 0.001) and individual (F[13,35] =
5.44,P < 0.001) explaining much of the variation. Minimum
Tsk’s for pregnant and lactating females were significantly
higher than those for nonreproductive females (Tukey’s test,
P < 0.05). MaximumTsk also varied significantly (F[15,35] =
2.56, r2 = 0.52, P < 0.05), with the greatest variation ex-
plained by individual (F[13,35] = 2.86, P < 0.01). Maximum
Tsk did not vary significantly by reproductive condition
(F[2,35] = 1.10, P > 0.05). Active temperature did not differ
significantly among reproductive classes (F[2,17] = 1.41,r2 =
0.16,P > 0.05).

Bats entered daily torpor frequently during the study pe-
riod, irrespective of reproductive condition (w2 = 3.94, df =
2, P > 0.05). Pregnant females entered torpor slightly less
often (83% of 24 bat-days) than lactating (91% of 22 bat-
days) and nonreproductive females (97% of 39 bat-days).
The frequency with which bats entered deep torpor de-
pended on reproductive condition (w2 = 7.12, df = 2,P <
0.05). Pregnant and lactating females entered deep torpor
less frequently (33% and 32% of bat-days, respectively)
than nonreproductive females (61%).

The amount of time a femaleM. evotis spent in torpor per
day varied significantly (F[18,38] = 5.64,P < 0.001). Females
in different reproductive conditions differed in the amount
of time they spent in torpor (F[2,38] = 6.70,P < 0.01). Preg-
nant and lactating females did not differ, but both spent less
time in torpor than nonreproductive females (Tukey’s test).
Individuals differed (F[15,38] = 2.41, P < 0.05) and the time
spent in torpor increased as the time available increased
(F[1,38] = 31.44, P < 0.001). The amount of time spent in
deep torpor also varied significantly (F[15,13] = 5.43, P =
0.03), with reproductive condition influencing duration
(F[2,13] = 6.83, P = 0.02). Pregnant and lactating females
did not differ, but both spent less time in deep torpor than
nonreproductive females did (Tukey’s test). The time avail-
able for torpor also influenced the time spent in deep torpor

(F[1,13] = 12.85, P = 0.043), but individuals did not differ
(F[11,13] = 3.88,P > 0.05).

We located 9 roosts in 2001 and 70 roosts in 2002. Roosts
were located in rock structures, with the exception of 6
roosts, used by 2 pregnant females, that were located in
standing dead trees. These roosts were in tall, large-diameter
trees (5Picea glauca (Moench) Voss and 1Pinus contorta)
under exfoliating bark and were not included in our analy-
ses. The same 2 females also occupied rock roosts.

Of the 73 rock roosts, 92% were used only once. One
roost was used on two separate occasions during the same
year: once by a lactating female and once by a nonreproduc-
tive female. Another roost was also used on two occasions
during the same year: first by a pregnant female and then
by both a lactating and a nonreproductive female. Two
roosts were used in both years, but by different individuals
in different reproductive states each year.

We located roosts in nine rock fields located along river
valleys and mountain slopes (elevation 1353–1698 m,
mean = 1543.3 ± 82.8 m). Rock fields were patchily distrib-
uted in the environment and were separated by broad ex-
panses of forest. Females switched roosts frequently
(mean = 3.5 ± 1.3 roosts/bat, range 1–6 roosts/bat), but
movements were largely confined within a single rock field
and the distance between consecutive roosts was relatively
short (i.e., average approximately 50 m). Females occupied
each roost for an average of 1.2 ± 0.5 consecutive days
(range 1–4 days).

Canopy cover and percent slope of roost sites did not dif-
fer significantly among reproductive classes (F[2,68] > 0.53,
P > 0.05 in each case). Roosts were located on steep slopes
in relatively open habitats (Table 3), receiving only moder-
ate shade from overhanging trees and shrubs. Bats roosted
primarily on south-facing slopes (93% of 71 roosts;w2 =
30.1, df = 1,P < 0.001). Slope aspect did not differ signifi-
cantly among roosts used by pregnant, lactating, and
nonreproductive bats (permutation test,Y = 0.89, 500 per-
mutations,P > 0.05).

Eighty-one percent of 69 roosts were on or under the sur-
face of the ground. Of the remaining roosts, none were >1 m
off the ground. Reproductive female bats tended to roost
above or on the surface of the ground (72% of 39 roosts),
whereas nonreproductive females roosted mainly under-
ground (61% of 28 roosts;w2 = 5.81, df = 1,P < 0.05).

Females roosted mainly in distinct crevices (62% of 69
roosts) created between adjoining boulders or in fissures
within boulder or bedrock substrate. Thirty-eight percent of
roosts were located in obscure cavities formed by piles of
loose boulders or talus stones. Roost type did not differ sig-
nificantly (w2 = 0.69, df = 2,P > 0.05) among pregnancy,
lactation, and nonreproductive roosts.

There were no differences in roost dimensions (F[2,68] >
0.7, P > 0.05 in all cases) or roost aspect among reproduc-
tive classes (permutation test,Y = 1.20, 500 permutations,
P > 0.05). Reproductive roosts faced south more often than
expected for a random distribution (80% of 40 roosts;w2 =
6.65, df = 1,P < 0.05), but nonreproductive roosts did not
face any particular direction (39% of 31 roosts faced north,
61% faced south;w2 = 0.41, df = 1,P > 0.05).

The orientation of the longest roost dimension in relation
to the ground was primarily vertical (i.e., between 458 and

Table 2. Mean minimum and maximum skin temperature
(Tsk) and mean active temperature (Tact) (8C; ±SE) for preg-
nant, lactating, and nonreproductiveM. evotis.

Variable
Pregnant
(n = 18)

Lactating
(n = 14)

Nonreproductive
(n = 25)

Minimum Tsk 21.6±1.62 21.1±1.68 15.8±1.04
Maximum Tsk 36.8±1.29 38.1±1.11 36.0±0.97
Tact 26.6±2.23 30.2±1.39 27.9±1.18

Note: Sample sizes forTact were 5, 6, and 7 individuals for preg-
nant, lactating, and nonreproductiveM. evotis, respectively.
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1358; 84% of 69 roosts) and did not differ among reproduc-
tive classes (w2 = 1.90, df = 2,P > 0.05). Most roosts were
protected from precipitation (87%) by overhanging rocks or
vegetation. Nonreproductive females always occupied pro-
tected roosts, whereas only 77% of 40 roosts used by repro-
ductive females were protected. This represents a significant
difference between reproductive and nonreproductive roosts
(w2 = 7.50, df = 1,P < 0.01).

Thermal properties differed among 7 pregnancy (n = 32
roost-days), 10 lactation (47 roost-days), and 19 nonrepro-
ductive (86 roost-days) roosts used by femaleM. evotis.
General linear models explained a significant amount of the
variation in each temperature measure (Table 4). In each
analysis,Tr varied significantly among individual roosts and
increased significantly with increases in the corresponding
measure ofTa. Mean daytime and daily maximumTr’s
(Figs. 2A, 3A) were often higher than the corresponding
measures ofTa (i.e., above the 1:1 line), indicating that
roosts amplified warm ambient conditions. Mean nighttime
and daily minimumTr’s (Figs. 2B, 3B) were higher and
daily ranges inTr were narrower than the corresponding
measures ofTa, indicating that roosts were also buffered
against cool ambient conditions.

Mean daytime, mean nighttime, and daily maximumTr’s
were significantly influenced by an interaction between re-
productive class andTa (Table 4). Comparison of partial re-
gression coefficients (Table 5) indicated that mean daytime
and nighttimeTr’s for pregnancy and lactation roosts in-
creased similarly withTa and were more influenced byTa
than were the same measures for nonreproductive roosts.
This meant that at highTa’s, nonreproductive roosts were
cooler than pregnancy or lactation roosts (Fig. 2). In con-
trast, coefficients for daily maximumTr’s were more similar
between lactation and nonreproductive roosts and increased
significantly faster withTa than did those for pregnancy
roosts.

Minimum Tr and daily Tr range differed significantly
among reproductive classes (Table 4). Pregnancy roosts had

the highest minimumTr’s (Fig. 3B) and experienced the
greatest daily fluctuations inTr (Tukey’s tests,P < 0.05).
Minimum Tr’s were similar between lactation and nonrepro-
ductive roosts (Tukey’s test,P > 0.05), but dailyTr range
was significantly greater in lactation roosts (Tukey’s test,
P < 0.05).

The rate at which roosts warm may be important to bats,
so we also compared the number of minutes after sunrise
before roosts reached their maximum temperature each day.
Analysis of a general linear model (F[35,165] = 6.22, r2 =
0.63,P < 0.001) detected significant influences of reproduc-
tive class (F[2,165] = 11.06, P < 0.001), individual roost
(F[32,165] = 5.52, P < 0.001), andTa (F[1,165] = 14.46, P <
0.001). Pregnancy roosts (n = 31 roost-days) warmed signif-
icantly faster (least-squares mean ± SE = 559.4 ± 22.1 min)
than lactation (48 roost-days; 682.6 ± 12.2 min) or nonrep-
roductive roosts (90 roost-days; 671.0 ± 9.3 min) (Tukey’s
test, P < 0.001 in both comparisons). All roosts reached
maximum temperatures more quickly on days with higher
maximumTa’s.

To test whether differences between pregnancy and lacta-
tion roosts resulted from differences inTa during the two re-
productive periods, we compared temperatures for 5
pregnancy roosts (n = 17 roost-days), recorded during the
lactation period, with temperatures for 10 lactating roosts
(47 roost-days; Table 6). Thermal properties of pregnancy
and lactation roosts did not differ significantly during the
lactation period, although they did differ significantly
among individual roosts (nested within reproductive class).

We compared the numbers of adult females occupying
pregnancy (n = 18 roost-days), lactation (17 roost-days),
and nonreproductive (23 roost-days) roosts using a Kruskal–
Wallis test. There was significant variation in group size
(Kruskal–Wallis = 28.0, df = 2,P < 0.001), with females
forming larger groups in lactation roosts (mean = 3.06 ±
0.32 bats) than in pregnancy (1.28 ± 0.31 bats) or nonrepro-
ductive (1.04 ± 0.29 bats) roosts. We did not find a signifi-
cant relationship between the number of bats occupying a

Table 3. Quantitative measures (means ± SE) of roosts used by pregnant, lactating, and nonreproductiveM. evotis; differences among
reproductive conditions are not significant for any variable.

Reproductive
condition n

Canopy
cover (%)

Percent
slope (%)

Slope aspect
(8)

Roost aspect
(8)

Roost opening
area (cm2)

Roost
depth (cm)

Roost volume
(cm3)

Pregnant 23 16.8±4.9 66.0±4.3 165.4±6.9 151.2±7.6 34.6±9.0 20.4±2.5 696.6±221.7
Lactating 17 21.6±3.8 57.0±5.3 157.6±8.3 173.0±14.0 77.3±34.7 23.8±2.5 1790.6±1001.9
Nonreproductive 29 14.3±3.6 60.4±5.4 151.3±6.7 135.6±9.9 43.8±11.5 26.5±5.1 1145.5±375.0
All bats 69 17.3±2.5 61.4±3.1 167.4±4.4 179.9±6.3 46.6±7.9 23.7±2.2 1083.9±225.3

Table 4. Analyses of general linear models comparing thermal properties of roosts (roost temperature,Tr) used by pregnant, lac-
tating, and nonreproductiveM. evotis; the corresponding measure ofTa was included as a covariate.

Variable Fit of overall model Reproductive class
Roost (reproduc-
tive class) Ta

Reproductive
class� Ta

Mean daytimeTr F[38,163] = 64.88*** F[2,163] = 2.77 F[33,163] = 12.41*** F[1,163] = 338.42*** F[2,163] = 4.74
Mean nighttimeTr F[38,168] = 19.90*** F[2,168] = 4.39* F[33,168] = 5.51*** F[1,168] = 134.01*** F[2,168] = 5.16**
Daily maximumTr F[38,164] = 64.93*** F[2,164] = 6.34** F[33,164] = 17.46*** F[1,164] = 296.04*** F[2,164] = 5.76**
Daily minimum Tr F[36,164] = 12.80*** F[2,164] = 12.50*** F[33,164] = 4.59*** F[1,164] = 55.74*** —
Daily Tr range F[36,164] = 25.25*** F[2,164] = 21.52*** F[33,164] = 17.25*** F[1,164] = 105.35*** —

Note: *, P < 0.05; **, P < 0.01; ***, P < 0.001; —, not applicable.
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roost and theTa when bats arrived at that roost (regression,
t[0.05,35] = 0.27,r2 = 0.002,P > 0.05). To determine whether
there was a relationship between group size and the thermo-
regulatory behaviour of bats within roosts, we used regres-
sion analysis. We analyzed the effect of group size on the
minimum Tsk, the proportion of time spent in torpor, and
the proportion of time spent in deep torpor by individuals
for 36 roost-days. MinimumTsk increased significantly and
the proportion of time spent in torpor or deep torpor de-
creased significantly for individuals as the number of bats
within roosts increased (regression,t[0.05,35] > 2.61, r2 >
0.17,P < 0.001 for all models).

Discussion

All M. evotis in our study entered torpor frequently, but
the patterns differed between reproductive and nonreproduc-
tive females. Pregnant and lactating females either main-

tained a highTsk while roosting, with occasional short bouts
of shallow torpor, or allowedTsk to fall and then passively
rewarmed with increasingTa. In contrast, nonreproductive
females routinely entered torpor, and their periods of torpor
were longer and deeper than those of reproductive bats. Re-
productive females also had higher minimumTsk’s. These
results support the hypothesis that a trade-off exists between
torpor and reproduction in bats. We suggest that as body
temperature initially drops, energy savings gained by using
torpor increase more rapidly than the costs of delayed repro-
duction. However, below a certain body temperature, further
reductions yield diminishing energy savings, whereas repro-
ductive costs likely continue to increase (Studier 1981;
McNab 1982). Therefore, by entering relatively short bouts
of shallow torpor, reproductive females accrue substantial
energy savings (Studier 1981; Webb et al. 1993) but may
minimize the costly reproductive delays associated with pro-
longed deep torpor. Nonreproductive females, on the other
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Fig. 2. (A) Mean daytime temperature of roosts (Tr) used by pregnant (r2 = 0.60), lactating (r2 = 0.72), and nonreproductive (NR;r2 = 0.68)
M. evotis in relation to mean daytimeTa. (B) Mean nighttimeTr for pregnancy (r2 = 0.65), lactation (r2 = 0.65), and nonreproductive (r2 =
0.48) roosts in relation to mean nighttimeTa. The dashed line represents a 1:1 relationship.
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hand, exhibit a thermoregulatory strategy that should maxi-
mize energy conservation, indicating that they pay lower
costs when torpid.

Among mammals, energy investments often vary during
the reproductive cycle (Gittleman and Thompson 1988),
which may favour different thermoregulatory behaviour dur-
ing pregnancy and lactation. Energy demands of reproduc-
tive bats are highest during lactation (Racey and Speakman

1987; Kurta et al. 1989), but most studies of thermoregula-
tory behaviour of bats report minimal use of torpor, and es-
pecially deep torpor, by lactating females (Audet and Fenton
1988; Hamilton and Barclay 1994; Grinevitch et al. 1995;
Chruszcz and Barclay 2002; Lausen and Barclay 2003; Wil-
lis 2006). Avoidance of torpor by lactating females has been
interpreted as indicating that the reproductive costs of torpor
are greater during lactation than during pregnancy (Willis
2006).

In contrast to other studies, our study showed that lactat-
ing M. evotis did not use torpor less than pregnant females
did. Indeed, there was a tendency for longer bouts of torpor
among lactatingM. evotis. This may be a consequence of
the seasonal delay in the mountains. In other regions, laca-
tion generally occurs during midsummer, whenTa’s, and as-
sociated insect availability, are highest (e.g., Lausen and
Barclay 2003). The benefits of entering torpor may be lower
under such conditions (Willis 2006). In the mountains, re-
production is delayed (Solick 2004), and lactation by
M. evotis occurs later during the summer, when conditions

(A)

(B)

Daily maximum T (°C)a

Daily maximum T (°C)a

Fig. 3. (A) Daily maximumTr of roosts used by pregnant (r2 = 0.24), lactating (r2 = 0.63), and nonreproductive (NR;r2 = 0.68)M. evotis
in relation to daily maximumTa. (B) Daily minimum Tr for pregnancy (r2 = 0.33), lactation (r2 = 0.42), and nonreproductive (r2 = 0.38)
roosts in relation to daily minimumTa. The dashed line represents a 1:1 relationship.

Table 5. Partial regression coefficients (mean ± SE) describing the
interaction betweenM. evotis reproductive class andTa for roost
temperature variables.

Variable Pregnancy Lactation Nonreproductive

Mean daytimeTr 1.08±0.16 0.89±0.06 0.70±0.07
Mean nighttimeTr 1.10±0.19 1.07±0.11 0.64±0.10
Daily maximumTr 0.77±0.21 1.10±0.08 0.90±0.09

Note: Boldfaced coefficients do not differ significantly from other such
coefficients in the same row (comparison of slopes,P > 0.05). All regres-
sion coefficients differ significantly from zero (P < 0.001).
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are cooler. To cope with the increased energy demands of
foraging and thermoregulation, lactatingM. evotis in the
mountains may be forced to increase the use of daily torpor.

Myotis evotis roosted primarily in rock fields on steep,
south-facing slopes. Rock crevices used as roosts were typi-
cally unobstructed by vegetation, and roost openings were
usually oriented vertically. Such roosts were exposed to so-
lar radiation, and daytime roost temperatures often exceeded
Ta. Most roosts were also located near or in the ground,
where Ta is highest and radiative cooling is lowest (Geiger
et al. 2003). As a result, roosts used byM. evotis warmed
rapidly during the day and cooled slowly at night.

Bats within roosts experienced a variable microclimate.
Roost temperatures were below the thermoneutral zone during
the cool early morning and late afternoon but often surpassed
Ta’s between these periods. Maintaining homeothermy within
roosts with these temperature patterns would be expensive, es-
pecially during the morning whenTa is lowest. Pregnant fe-
males appeared to compensate for this by choosing roosts that
warmed rapidly, thus minimizing the time spent actively
maintainingTb or the time spent in torpor. Roosts used during
pregnancy also had higher daily minimum temperatures than
other roosts, further reducing the costs of homeothermy.

Surprisingly, lactation roosts warmed more slowly and
reached lower minimum temperatures than pregnancy roosts,
despite the structural similarity of these roost types. Com-
parison of temperatures of pregnancy and lactation roosts
during the lactation period (i.e., under the same ambient
conditions) revealed similar microclimates, suggesting that
thermal differences between roosts were driven by higher
Ta’s during pregnancy rather than by inherent differences in
roost structure. Thus, pregnant and lactatingM. evotis
sought out similar roost types despite differences in repro-
ductive demands and external temperatures. This is unusual
in comparison with other rock-roosting bat populations (An-
trozous pallidus (Le Conte, 1856), Vaughan and O’Shea
1976; Lewis 1996;Eptesicus fuscus (Beauvois, 1796), Lau-
sen and Barclay 2003), includingM. evotis in the prairies of
Alberta (Chruszcz and Barclay 2002), which exhibit sea-
sonal shifts in roost type correlated with changing physio-
logical needs. Given the increased demands of lactation and
the increased costs of homeothermy associated with lower
Ta’s, femaleM. evotis should switch to roosts with warmer,
more stable microclimates after parturition. Perhaps warmer,
more stable roosts than those used by pregnant females are
not available in our study area.

Instead of selecting different roost types, lactatingM. evo-
tis achieved warm, stableTb’s by roosting with other indi-

viduals. Bats in groups maintained higher minimumTb’s
and used torpor less, suggesting that the metabolic heat gen-
erated from clustering (and the reduced surface area) helped
alleviate thermoregulatory demands. Even in small groups
(e.g., 4–5 individuals), clustered bats use substantially less
energy to remain warm than solitary individuals do (Trune
and Slobodchikoff 1976; Hollis 2004). An additional benefit
of forming groups during lactation is that nonvolant juve-
niles are able to remain warm, at a reduced cost, by cluster-
ing together at night when adults are foraging (Hollis 2004).
In contrast to lactating females, pregnant and nonreproduc-
tive M. evotis tended to roost alone, although likely for dif-
ferent reasons. By roosting alone, nonreproductive females
avoid factors that could hinder entry into torpor, such as
metabolic heat buildup or disturbance from other bats. On
the other hand, pregnant females may roost alone to avoid
elevatingTr above lethal limits during the warmest part of
the summer. Another possibility is that because of warmer
roost microclimates during pregnancy, the benefits of clus-
tering do not outweigh the costs of locating roost-mates and
coordinating roosting during pregnancy (Lewis 1996).

Consistent with different thermoregulatory strategies,
roosts used by reproductive and nonreproductive females
differed in physical and thermal characteristics. Reproduc-
tive roosts were located mainly in rock crevices on or above
the ground and were less buffered against environmental
conditions than nonreproductive roosts, which were located
mainly in crevices that extended into the ground. As a re-
sult, temperatures in nonreproductive roosts were more sta-
ble and thus tended to be lower at higherTa’s than
temperatures in reproductive roosts, allowing nonrepro-
ductive females to remain torpid longer and accrue greater
energy savings (Speakman and Thomas 2003). Other dif-
ferences in roost structure also seem to support hetero-
thermy. Nonreproductive roosts were always sheltered
from precipitation, whereas reproductive roosts were occa-
sionally unprotected. Greater protection by overhanging
rocks or vegetation may have benefited nonreproductive
bats by minimizing disturbance from rain during torpor
and by increasing the buffering capacity of roosts. Lastly,
although nonreproductive females roosted mainly on south-
facing slopes, roost openings did not face any particular di-
rection, suggesting that these females minimized exposure
to sunlight.

Given their preference for stable microclimates and
greater use of torpor, why do nonreproductive females
choose roosts located in the same highly exposed rock fields
used by reproductive females? Roosts in less exposed areas

Table 6. Results of ANCOVAs comparing thermal properties of roosts used by pregnant and lactatingM. evotis during
the lactation period; the corresponding measure ofTa was included as a covariate.

Variable Fit of overall model
Reproductive
class

Roost (reproduc-
tive class) Ta

Mean daytimeTr F[15,63] = 49.68*** F[1,63] = 3.18 F[13,63] = 10.70*** F[1,63] = 295.38***
Mean nighttimeTr F[15,63] = 12.50*** F[1,63] = 3.04 F[13,63] = 2.82** F[1,63] = 75.53***
Daily maximumTr F[15,63] = 48.84*** F[1,63] = 0.47 F[13,63] = 12.59*** F[1,63] = 263.49***
Daily minimum Tr F[15,63] = 7.45*** F[1,63] = 1.05 F[13,63] = 2.24* F[1,63] = 33.25***
Daily Tr range F[15,63] = 13.38*** F[1,63] = 0.01 F[13,63] = 8.15*** F[1,63] = 44.87***
Time to reach daily maximumTr F[15,64] = 4.84*** F[1,64] = 3.87 F[13,64] = 3.55*** F[1,64] = 14.55***

Note: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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would be more suitable for females attempting to conserve
energy by means of torpor. Rock fields on north-facing
slopes and under dense canopy cover were abundant in our
study area but were never used as roosting habitat. Nonre-
productive females may roost on exposed slopes to take ad-
vantage of passive rewarming (Geiser and Drury 2003) and
to avoid the high costs of arousal (Lovegrove et al. 1999),
but they maximize torpor use by choosing roosts within
slopes that have stable microclimates.

Most studies comparing torpor use between free-ranging re-
productive and nonreproductive individuals (including males
and post-lactating females) have focused on colonies of big
brown bats,Eptesicus fuscus, occupying buildings (Audet
and Fenton 1988; Hamilton and Barclay 1994; Grinevitch
et al. 1995). Consistent with our results forM. evotis, re-
productive femaleE. fuscus make limited use of torpor. How-
ever,E. fuscus entered torpor much less often thanM. evotis
in our study, suggesting that building roosts possess qualities
that reduce energy demands compared with natural struc-
tures (Lausen and Barclay 2006). Lausen and Barclay (2003)
investigated the thermoregulatory behaviour ofE. fuscus
roosting in natural rock crevices. Although reproductive fe-
males used torpor less than post-lactating females, allE. fuscus
spent considerably less time in torpor thanM. evotis in our
study. Thus, the greater use of torpor byM. evotis may be
a species-specific trait rather than a function of roost type.
For example,M. evotis have small bodies and roost in
small groups and are therefore probably under greater energy
constraints than the larger, more gregariousE. fuscus.
Chruszcz and Barclay (2002) attributed the unusually high
use of torpor byM. evotis in the prairies of Alberta to the
unique set of energy demands (i.e., solitary roosting, long
foraging bouts, arid climate) faced by reproductive females
in that environment. Direct comparisons among the thermo-
regulatory strategies of multiple species within and among
environments would help determine whether the patterns
reported here are unique toM. evotis and would help clar-
ify the effects on torpor use of confounding factors such as
body size, climate, foraging ecology, and colony size.

Acknowledgements
Special thanks to M. Clement, L. DeGroote, S. Harju, L.

Hogberg, R. Mensing-Solick, A. Samuelsen, J. Wilson, and
numerous volunteers for help in the field. Alberta Environ-
ment granted vehicle access to our study sites, and the Ka-
nanaskis and R.B. Miller Field Stations provided logistical
support and housing. J. Post loaned us a scanning receiver
and D. Casimir kindly replenished our supply of data log-
gers after an untimelyNeotoma raid. Statistical help was
provided by L. Harder, C. Lausen, and L. Linton, and two
anonymous reviewers made suggestions that improved the
manuscript. This research was funded by a Natural Sciences
and Engineering Research Council of Canada grant to
R.M.R.B. and an Alberta Conservation Association Challenge
Grant in Biodiversity to D.I.S.

References
Anthony, E.L.P. 1988. Age determination in bats.In Ecological and

behavioral methods for the study of bats.Edited by T.H. Kunz.
Smithsonian Institution Press, Washington, D.C. pp. 47–58.

Audet, D., and Fenton, M.B. 1988. Heterothermy and the use of

torpor by the batEptesicus fuscus (Chiroptera: Vespertilionidae):
a field study. Physiol. Zool.61: 197–204.

Audet, D., and Thomas, D.W. 1996. Evaluation of the accuracy of
body temperature measurement using external radio transmitters.
Can. J. Zool.74: 1778–1781.

Barclay, R.M.R. 1989. The effect of reproductive condition on the
foraging behavior of female hoary bats,Lasiurus cinereus. Be-
hav. Ecol. Sociobiol.24: 31–37. doi:10.1007/BF00300115.

Barclay, R.M.R., Kalcounis, M., Crampton, L., Stefan, C., Vonhof,
M., Wilkinson, L., and Brigham, M. 1996. Can external radio-
transmitters be used to assess body temperature and torpor in
bats? J. Mammal.77: 1102–1106.

Barclay, R.M.R., Lausen, C.L., and Hollis, L. 2001. What’s hot and
what’s not: defining torpor in free-ranging birds and mammals.
Can. J. Zool.79: 1885–1890. doi:10.1139/cjz-79-10-1885.

Beer, J.R., and Richards, A.G. 1956. Hibernation of the big brown
bat. J. Mammal.37: 31–41.

Brigham, R.M., Kortner, G., Maddocks, T.A., and Geiser, F. 2000.
Seasonal use of torpor by free-ranging Australian owlet-nightjars
(Aegotheles cristatus). Physiol. Biochem. Zool.73: 613–620.
doi:10.1086/317755. PMID: 11073797.

Burnett, C.D., and August, P.V. 1981. Time and energy budgets for
day-roosting in a maternity colony ofMyotis lucifugus. J. Mam-
mal. 62: 758–766.

Chruszcz, B.J., and Barclay, R.M.R. 2002. Thermoregulatory ecol-
ogy of a solitary bat,Myotis evotis, roosting in rock crevices.
Funct. Ecol.16: 18–26. doi:10.1046/j.0269-8463.2001.00602.x.

Environment Canada 2000. Canadian climate normals or averages
1971–2000: Elbow and Kananaskis, Alberta [online]. Atmo-
spheric Environment Service. Available from: http://www.
climate.weatheroffice.ec.gc.ca/climate_ normals/index_e.html
[accessed 24 Feb 2003].

Faure, P.A., and Barclay, R.M.R. 1994. Substrate-gleaning versus
aerial-hawking: plasticity in the foraging and echolocation beha-
viour of the long-eared bat,Myotis evotis. J. Comp. Physiol. [A],
174: 651–660. PMID: 8006859.

Fisher, N.I. 1993. Statistical analysis of circular data. Cambridge
University Press, Cambridge.

Geiger, R., Aron, R.H., and Todhunter, P. 2003. The climate near the
ground. 6th ed. Rowman & Littlefield Publishing, Lanham, Md.

Geiser, F., and Drury, R.L. 2003. Radiant heat affects thermoregu-
lation and energy expenditure during rewarming from torpor. J.
Comp. Physiol. [B],173: 55–60. PMID: 12592443.

Gittleman, J.L., and Thompson, S.D. 1988. Energy allocation in
mammalian reproduction. Am. Zool.28: 863–875.

Grinevitch, L., Holroyd, S.L., and Barclay, R.M.R. 1995. Sex dif-
ferences in the use of daily torpor and foraging time by big
brown bats (Eptesicus fuscus) during the reproductive season. J.
Zool. 235: 301–309.

Hamilton, I.M., and Barclay, R.M.R. 1994. Patterns of daily torpor
and day-roost selection by male and female big brown bats (Ep-
tesicus fuscus). Can. J. Zool.72: 744–749.

Hollis, L. 2004. Thermoregulation by big brown bats (Eptesicus
fuscus): ontogeny, proximate mechanisms, and dietary influ-
ences. Ph.D. thesis, University of Calgary, Calgary, Alta.

Holloway, G.L. 1998. The ecology of prairie-dwelling bats in
southeastern Alberta. M.Sc. thesis, University of Calgary, Cal-
gary, Alta.

Kurta, A., Bell, G.P., Nagy, K.A., and Kunz, T.H. 1989. Energetics
of pregnancy and lactation in free-ranging little brown bats
(Myotis lucifugus). Physiol. Zool.62: 804–818.

Lausen, C.L., and Barclay, R.M.R. 2003. Thermoregulation and
roost selection by reproductive female big brown bats (Eptesicus
fuscus) roosting in rock crevices. J. Zool.260: 235–244.

598 Can. J. Zool. Vol. 84, 2006

# 2006 NRC Canada



Lausen, C.L., and Barclay, R.M.R. 2006. The benefits of living in a
building: comparing maternity colonies of big brown bats (Epte-
sicus fuscus) in natural and building roosts. J. Mammal. In press.

Lewis, S.E. 1996. Low roost-site fidelity in pallid bats: associated
factors and effect on group stability. Behav. Ecol. Sociobiol.
39: 335–344. doi:10.1007/s002650050298.

Lovegrove, B.G., Ko¨rtner, G., and Geiser, F. 1999. The energetic
cost of arousal from torpor in the marsupialSminthopsis macro-
ura: benefits of summer ambient temperature cycles. J. Comp.
Physiol. [B], 169: 11–18. PMID: 10093903.

Manning, R.W., and Jones, J.K. 1989.Myotis evotis. Mamm. Spe-
cies,329: 1–5.

McNab, B.K. 1982. Evolutionary alternatives in the physiological
ecology of bats.In Ecology of bats.Edited by T.H. Kunz. Ple-
num Press, New York. pp. 151–200.

Pagels, J.F. 1975. Temperature regulation, body weight, and changes
in total body fat of the free-tailed bat,Tadarida brasiliensis cya-
nocephala (Le Conte). Comp. Biochem. Physiol. A,50: 237–
246. doi:10.1016/0300-9629(75)90005-5. PMID: 234324.

Peters, R.H. 1983. The ecological implications of body size. Cam-
bridge University Press, Cambridge.

Prothero, J., and Jurgens, K.D. 1986. An energetic model of daily
torpor in endotherms. J. Theor. Biol.121: 403–415.

Racey, P.A. 1973. Environmental factors affecting the length of ge-
station in heterothermic bats. J. Reprod. Fertil.19(Suppl.): 175–
189.

Racey, P.A. 1988. Reproductive assessment in bats.In Ecological
and behavioral methods for the study of bats.Edited by T.H.
Kunz. Smithsonian Institution Press, Washington, D.C. pp. 31–
45.

Racey, P.A., and Entwistle, A.C. 2000. Life-history and reproduc-
tive strategies of bats.In Reproductive biology of bats.Edited
by E.G. Crichton and P.H. Krutzsch. Academic Press, San
Diego. pp. 363–414.

Racey, P.A., and Speakman, J.R. 1987. The energy costs of preg-
nancy and lactation in heterothermic bats. Symp. Zool. Soc.
Lond. 57: 107–125.

Rancourt, S.J., Rule, M.I., and O’Connell, M.A. 2005. Maternity
roost site selection of long-eared myotis,Myotis evotis. J.
Mammal. 86: 77–84. doi:10.1644/1545-1542(2005)086<007:
MRSSOL>2.0.CO;2.

Ransome, R.D. 1989. Population changes of greater horseshoe bats
studied near Bristol over the past twenty-six years. Biol. J. Linn.
Soc.38: 71–82.

Roverud, R.C., and Chappell, M.A. 1991. Energetic and thermo-
regulatory aspects of clustering behavior in the Neotropical bat
Noctilio albiventris. Physiol. Zool.64: 1527–1541.

Schmidt-Nielsen, K. 1997. Animal physiology: adaptation and en-
vironment. 5th ed. Cambridge University Press, Cambridge.

Solick, D.I. 2004. Differences in morphology and behaviour of
western long-eared bats (Myotis evotis) within and between en-
vironments. M.Sc. thesis, University of Calgary, Calgary, Alta.

Speakman, J.R., and Thomas, D.W. 2003. Physiological ecology
and energetics of bats.In Bat ecology.Edited by T.H. Kunz
and M.B. Fenton. University of Chicago Press, Chicago.
pp. 430–490.

Studier, E.H. 1981. Energetic advantages of slight drops in body
temperature in little brown bats,Myotis lucifugus. Comp. Bio-
chem. Physiol. A,70: 537–540.

Trune, D.R., and Slobodchikoff, C.N. 1976. Social effects of roost-
ing on the metabolism of the pallid bat (Antrozous pallidus). J.
Mammal.57: 656–663. PMID: 1003044.

Vaughan, T.A., and O’Shea, T.J. 1976. Roosting ecology of the
pallid bat,Antrozous pallidus. J. Mammal.57: 19–42.

Vonhof, M.J., and Barclay, R.M.R. 1997. Use of tree stumps as
roosts by the western long-eared bat. J. Wildl. Manag.61: 674–
684.

Waldien, D.L., Hayes, J.P., and Arnett, E.B. 2000. Day-roosts of
female long-earedMyotis in western Oregon. J. Wildl. Manag.
64: 785–796.

Wang, L.C.H., and Wolowyk, M.W. 1988. Torpor in mammals and
birds. Can. J. Zool.66: 133–137.

Webb, P.I., Speakman, J.R., and Racey, P.A. 1993. The implication
of small reductions in body temperature for radiant and convec-
tive heat loss in resting endothermic brown long-eared bats (Ple-
cotus auritus). J. Therm. Biol.18: 131–135.

Wilde, C.J., Kerr, M.A., Knight, C.H., and Racey, P.A. 1995. Lac-
tation in vespertilionid bats. Symp. Zool. Soc. Lond.67: 139–
149.

Wilde, C.J., Knight, C.H., and Racey, P.A. 1999. Influence of torpor
on milk protein composition and secretion in lactating bats. J.
Exp. Zool.284: 35–41. doi:10.1002/(SICI)1097-010X(19990615)
284:1<35::AID-JEZ6>3.0.CO;2-Z. PMID: 10368932.

Willis, C.K.R. 2006. Daily heterothermy by temperate bats using
natural roosts.In Functional and Evolutionary Ecology of Bats:
Proceedings of the 12th International Bat Research Conference.
Edited by A. Zubaid, G.F. McCracken, and T.H. Kunz. Oxford
University Press, New York. pp. 38–55.

Willis, C.K.R., and Brigham, R.M. 2003. Defining torpor in free-
ranging bats: experimental evaluation of external temperature-
sensitive radiotransmitters and the concept of active temperature.
J. Comp. Physiol. [B],173: 379–389. PMID: 12764630.

Zar, H.J. 1984. Biostatistical analysis. 2nd ed. Prentice-Hall Inc.,
Englewood Cliffs, N.J.

Solick and Barclay 599

# 2006 NRC Canada


