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Thermoregulation and roosting behaviour of
reproductive and nonreproductive female western
long-eared bats (Myotis evotis) in the Rocky
Mountains of Alberta

Donald I. Solick and Robert M.R. Barclay

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-earédybttse{otis

(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 refsenter des@mnomies importantes diergie chez les chauves-souris de la zone

tempeée, mais elle peut s'dver colteuse pour les femelles reproductrices en ralentissantielafgpement des foetus et

en reduisant la production de lait. Nous avoftsidie le murin agrandes oreillesMyotis evotis (H. Allen, 1864)) dans les
montagnes Rocheuses de I'Alberta afinvdikier I'hypothee selon laquelle les ctudifférents assocgeala torpeur chez

les femelles reproductrices et non reproductrices @rardides patrons diffents de thermdglation et de comportement

sur les perchoirs. Nous avons suivi des chauves-souris par radio geamiater leur tempmture corporelle et pour trou-

ver leurs perchoirs. Nous avons mesleg perchoirs et instdlldes enregistreusestempeature pour deerminer le micro-

climat des perchoirs. Les chauves-souris entremjuieenment en torpeur, mais les femelles non reproductrices passent plus

de temps en torpeur, ont des temgtares corporelles minimales plus basses et entrent en torpeur profonde plus souvent

que les femelles reproductrices; cela appuie I'hypstheelon laquelle I'enteeen torpeur est plus ctause pour les indi-

vidus reproducteurs. Les perchoirs se situent principalement dans les champs de pierre sur les pentes abruptes, ouvertes et
orientees vers le sud. Les femelles reproductrices se perchent dans les crevasses entre les piesresi-siassus ou au

ras du sol. Les perchoirs secteuffent rapidement et atteignent des térapges chaudes durant la jolend.es femelles

se perchent seules durant leur grossesse, mais elles forment de petits groupes durant I'allaitenmeoinant odes tem-

peratures sont plus ffahes. Ce regroupement peltuére les c6ts de la thermdigulation tant chez les adultes que chez

les jeunes. Les femelles non reproductrices se perchent principalement seules dans des crevasses dans le sol. Ces perchoir
ont des climats frais et plus stables, ce qui permet aux femelles d’entrer dansistetes plus profonds de torpeur et de

rester en torpeur plus longtemps.

[Traduit par la Reaction]

Introduction those that depend on unpredictable food sources. To escape

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

energetic constraints, many small birds and mammals can
enter torpor by reducing their body temperature below nor-
fhothermic levels (Wang and Wolowyk 1988). There is a

curvilinear relationship between body temperatufg) @nd
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metabolic rate during torpor in thermoconforming endo-
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savings (Prothero and Jurgens 1986; Wang and Wolowyk
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thermolabile and can effectively control energy savings by
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bouts (Audet and Fenton 1988; Wang and Wolowyk 1988 M\Methods
Speakman and Thomas 2003). Given the energetic benefits ]
of torpor, one might predict that bats would use hetero-Study species and area
thermy invariably during periods of inactivity. However, —Myotis evotis occupies much of western North America.
different patterns of daily torpor may arise when the costdndividuals weigh 5-8 g (Manning and Jones 1989) and
of entering torpor are not equal among individuals. feed by taking insects from the air or from vegetation
Entering torpor can delay reproduction by female bats by9l€aning; Faure and Barclay 1994). During the summer,
slowing fetal development (Racey 1973) and reducing milkM. evotis roosts in crevices and cavities of snags, stumps,
production (Wilde et al. 1995, 1999). Young that are bornPoulders, and rock outcrops, as well as in caves, mines, and
and weaned later during summer are less likely to survivén@n-made structures (Manning and Jones 1989; Vonhof
hibernation (Ransome 1989), resulting in a fitness cost foRNd Barclay 1997; Holloway 1998; Waldien et al. 2000;
reproductive bats that enter torpor. Furthermore, female§hruszcz and Barclay 2002; Rancourt et al. 2005). Adults
that give birth later have less time to accumulate fat reservedPically roost alone iin natural roosts, although small ma-
prior to hibernation, which may affect their own overwinter €Mity groups (2-14 individuals) have been reported
survival (Beer and Richards 1956; Pagels 1975). TherefordYonhof and Barclay 1997; Holloway 1998; Waldien et al.
pregnant and lactating females should use less torpor thegP00; Chruszcz and Barclay 2002; Rancourt et al. 2005).
nonreproductive females. This appears to be the case (AudeEMale M. evotis bear a single pup during summer and
and Fenton 1988; Hamilton and Barclay 1994), althougtf'® solely involved in rearing it before the onset of hiber-
these studies examined bats living in buildings and may noffation: _
reflect the thermoregulatory behaviour of individuals living e collected data from June to August 2002 in the Kana-
in natural roosts (Chruszcz and Barclay 2002; Lausen anfiaskis (5100N, 11505W) and Sheep River (589N,
Barclay 2006; Willis 2006). Lausen and Barclay (2003)114039W) valleys in the foothills of the Ro_cky Mountains
compared the use of torpor between reproductive and pos?,—f southwestern Alberta, Canada. Both sites consist of a
lactating bats, but to date no study of bats in natural roost§Ver surrounded by modest peaks (elevation 1350-2500 m).
has compared reproductive and nonreproductive females. EXtensive lodgepole pineP(nus contorta Dougl. ex Loud.)

Reproductive endotherms that remain homeothermic mu nd m|?<ed aspen-—pine (primarily trembling asp@opulus
emuloides Michx.) forests cover the valley bottoms and

compensate for the costs of reproduction by increasing da"é\ountain ridges, while sheer cliffs, talus slopes, and boulder
energy intake or reducing energy expenditure (Racey an lelds occupy the steeper regions. Warm days and cold

Entwistle 2000). Although there is some evidence that repro- . hts characterize summers at these sites. Lond-term aver-
ductive female bats increase foraging activity as lactatio Iges of daily rlﬁinimuum/maximum temlper;atureg are 4\{5/
progresses (e.g., Barclay 1989), the associated increase 2°C (June), 6.6/21.5C (July), and 6.1/21.1C (August)

flight costs may be prohibitive. A more economical solution /
would be to minimize thermoregulatory costs within dayfordK??g?znf%kg’:nd 2£3418'§’;] (JUHS)' 4-%21-33 (Jtuly),
roosts, where bats spend most of their time. The therma?? el (dugus)hor tehep (ljve_rt. reezing g?pseg'
characteristics of roosts are determined by extrinsic habita?'fures fir.(ta ;_ecor_el 3"?“: month, and sites recewtra] —oo CM
features (e.g., slope aspect, canopy cover) and intrins&ﬁ&ﬁﬁf&ié?%gggga'ggosér;ow)’ on average, each summer
structural features (e.g., roost depth, opening dimensions, :
Vonhof and Barclay 1997; Lausen and Barclay 2003). FoiCaptures and radiotelemetry
example, shallow rock crevices that are poorly buffered We caught bats in harp traps and mist nets placed across
from environmental conditions have a warmer but more varforest trails. Individuals were identified to gender and
iable microclimate than deep, well-buffered crevicesmarked with coloured, numbered plastic split-rings on the
(Lausen and Barclay 2003). By selecting roosts that provid¢orearm. Adults were distinguished from juveniles (young-
microclimates within their thermoneutral zone, bats can pasof-the-year) by the degree of epiphysial fusion at the finger
sively maintain warm, stable body temperatures (Speakmajoints (Anthony 1988). We examined adult females for re-
and Thomas 2003). Bats may also cluster with other indiproductive condition (pregnant, lactating, post-lactating, or
viduals within a roost to minimize thermoregulatory costs.nonreproductive; Racey 1988). Females in late pregnancy
Clustered bats retain metabolic heat better than solitary inpossessed an obviously distended abdomen and palpable em-
dividuals (Trune and Slobodchikoff 1976; Roverud andbryo. Lactation was distinguished from post-lactation by ex-
Chappell 1991), and the trapped heat may also elevate thgessing milk from swollen teats. Females lacking these
temperature of the roost (Burnett and August 1981). characteristics were considered nonreproductive. We exclu-
We investigated how the costs and benefits of using torsively captured pregnant females £ 11) between 22 June
por can result in different patterns of thermoregulation andand 22 July and lactating bata € 11) on or after 22 July.
roosting behaviour among temperate insectivorous bats herefore, we refer to 22 June — 22 July as the pregnancy
Specifically, we compared the behaviour of reproductiveperiod, and 23 July — 31 August as the lactation period. An-
and nonreproductive females from a rock-roosting populaimals were cared for in accordance with the principles and
tion of western long-eared batdlyotis evotis (H. Allen,  guidelines of the Canadian Council on Animal Care.
1864)) in the mountains of Alberta. We predicted that re- We used radiotelemetry to locate roosts and monitor skin
productive females would use torpor less than nonreprodudemperatures for pregnant, lactating, and nonreproductive
tive females, and compensate by selecting roosts witladult females. We trimmed interscapular fur and glued
warmer microclimates and (or) clustering with more indi- temperature-sensitive radio transmitters (Holohil Systems
viduals. Ltd., Carp, Ontario) weighing 0.5 g to the exposed skin us-
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ing Skinbond® surgical adhesive (Smith and Nephew multiplying by 1.04. We measured the aspect of the slope
United Inc., Largo, Florida). Bats were held for 30 min to in which the roost was located using a compass, and the per-
let the glue set and were released at the site of captureent slope using a clinometer. Roosts were classified as
We tracked individuals daily, using a Merlin 12 receiver pregnancy, lactation, or nonreproductive depending on the
(Custom Electronics, Nokomis, Florida), during the batteryreproductive condition of the bats using them. Roosts were

life of the transmitter or until the transmitter fell off. located in either rock crevices or cavities. Crevice roosts
consisted of a narrow fissure bounded by two layers of rock
Ambient and body temperature substrate, whereas cavity roosts were formed by an aggrega-

We measured ambient temperatufig) (every 10 min us- tion of three or more rocks.
ing Thermocron iButton$ (+1 °C, Dallas Semiconductor We measured roost opening dimensions (maximum length
Corp., Dallas, Texas) and HOBO(Onset Computer Corp., and width) and shape (rectangle, triangle, etc.), maximum
Pocasset, Massachusetts) data loggers placed in solar radiaost depth, and roost aspect. The opening dimensions and
tion shields located at the University of Calgary Barriershape for each roost were used to calculate opening area
Lake Field Station in the Kananaskis Valley and the Uni-and roost volume for statistical analyses. We also noted
versity of Calgary R.B. Miller Field Station in the Sheep whether roosts were located on or under the surface of the
River Valley. Both stations are centrally located in the studyground, protected or unprotected from precipitation, and
areas. oriented vertically or horizontally in relation to the ground.

To determine the body temperaturg,,(measured as skin ~ We analyzed qualitative measures (roost type, on or under
temperature, Tg) of radio-tagged individuals, a Lotek ground, orientation, protection) using tests with reproduc-
SRX_400 scanning receiver (Lotek Wireless Inc., Newmardive condition as the conditional variable. For contingency
ket, Ontario) monitored and recorddg, every 10 min after tables that contained cells with expected values <5, we
a bat entered its roost during morning until it emerged togrouped pregnancy and lactation roosts into a single category
forage at night. Several studies of bats and small birds havéeproductive roosts). We analyzed canopy cover, percent
demonstrated a strong correlation betwdgg recorded by slope, and roost dimensions using single-factor ANOVAs
external transmitters, and cofig (Audet and Thomas 1996; with reproductive condition as the main effect. We com-
Barclay et al. 1996; Brigham et al. 2000). However, this re-pared circular data (slope and roost aspect) among preg-
lationship can be influenced bY,, roosting behaviour, and nancy, lactation, and nonreproductive roosts using the
the physiological state of the animal (i.e., torpid, normother-nonparametric statistical procedure outlined by Fisher
mic, actively rewarming; Willis and Brigham 2003). Despite (1993, p. 115). This procedure uses a test statistic that is
these limitations, the small size ®. evotis likely helped normally evaluated using thg? distribution. However, be-
minimize the potential discrepancy betwegf and coreT,.  cause our sample included <25 pregnancy and lactation
In addition, implanted transmitters are impractical for smallroosts, we evaluated the test statistic against a distribution
bats because the reception range of small internal transmigenerated from random permutations of the sample data.
ters is too small for wide-ranging animals. We present mean directions = circular standard error

We defined torpor and deep torpor as in some previou§Fisher 1993).
studies (Hamilton and Barclay 1994; Grinevitch et al. 1995; We inserted HOBO and Thermocron iButton temperature
Barclay et al. 2001; Chruszcz and Barclay 2002; Lausen andata loggers 15-30 cm from the roost opening or, when pos-
Barclay 2003). A bat was torpid when i, dropped below sible, where the bat had been seen roosting. Data loggers
its active temperatureTg.), defined as the lowesk, of an  were inserted 3-5 days after the roost had been occupied by
individual recorded immediately (i.e., <10 min) before it a bat, and bats did not reoccupy roosts while data loggers
emerged to forage, during the period the transmitter rewere present. Data loggers recorded temperatures every
mained on the bat. A bat was in deep torpor if g, 10 min for 3—7 days (mean = 4.6 + 0.2 days).
dropped more than 10C below its T, The time available To compare the thermal properties of roosts used by bats
for torpor was defined as the number of minutes thatell in different reproductive classes, we used five measures of
below T, while a bat was in the roost. We quantified the roost temperatureTf): mean daytime and nighttime temper-
thermoregulatory behaviour of females by calculating theatures, daily maximum and minimum temperatures, and
proportion of bat-days during which torpor occurred (fre-daily temperature range. Mean daytime temperature was cal-
qguency) and the length of time spent in torpor and deep toreulated as the mean of all temperatures recorded between
por per day. We analyzed minimum and maximidiga and  the average return time and the average emergence time of
time spent in torpor and deep torpor using ANOVAs with all bats during the reproductive period in question (i.e.,
reproductive condition as the main effect. We included indi-pregnancy or lactation). Similarly, mean nighttime tempera-
vidual (nested within reproductive condition) to account forture was the mean of all temperatures recorded between the
repeated measures. For analyses of time spent in torpor amderage emergence time and the average return time of all
deep torpor, we included the time available for torpor as &ats during each reproductive period.

covariate. We analyzed roost temperature data using general linear
_ _ models. Specifically, we tested for differences in mean day-
Properties of roosts and roost habitat time and nighttiméT,, daily maximum and minimunT,, and

We measured several variables for each roost we locatedhily T, range, with reproductive class of the roost and indi-
using radiotelemetry. We determined percent canopy coveridual roost (nested within reproductive class) as main ef-
using a densiometer held above the roost, averaging readinfscts. We included the appropriate measure Tgf (mean
obtained for each of four directions (N, S, E, and W) anddaytime or nighttimel,, daily maximum or minimumr,, or
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Table 1. Results of one-way ANOVAs comparing ambient tem-  gig 1. Examples of thermoregulatory patterns usedviyotis
perature Ta; °C) during the pregnancy and lactation periods of  ayqtis: (A) maintenance of a higfisc by a lactating female on 19
Myotis evotis in the study area. July; (B) torpor by a pregnant female on 10 July; and (C) torpor by
a nonreproductive female on 21 July. Temperatures were recorded

Means + SE every 10 min from a bat’s return to the roost until emergence. Note

Reproductive the passive rewarming and shallow torpor prior to emergence in B
Variable period F4s)  Pregnancy Lactation  and C.Tg, bat's skin temperaturef, ambient temperaturéiac,
Mean daytimeTa 21.4%xx 21.7+1.3 14.3+0.7 bat's active temperature; Deep, temperature below which deep tor-
Mean nighttimeT, ~ 10.2** 11.5+1.0 8.1+0.5 por occurred.
Daily maximumTa ~ 23.7%** 29.4+1.4 21.4+1.5 (A) —e—Tsk —=— Ta=- = - Tact Deep
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 45 -

Note: **, P < 0.01; *** P < 0.001.

|

Temperature (°C)
}

daily T, 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

15 1 P ¥

dusk, or by trapping emerging bats at roosts with mist nets. 0 . .
After 24 August (when volant pups were first captured), we 0500 1300 2200
determined the number of adults within lactation roosts by

trapping. Time

We performed ANOVA, ANCOVA, general linear mod-
els, and regression using SAS8.0 (SAS Institute Inc., (B)
Cary, North Carolina), Kruskal-Wallis tests using SYSTAT

10.2 (Systat Software Inc., Richmond, California), ayd . 459
tests using Statistix 4.1 (Analytical Software, Tallahassee,O
Florida). We applied Yates’ correction factor 48 tests with D An ==t

one degree of freedom (Zar 1984). We used a type | errors 301

rate of 0.05 and present least squares means * standard errog

g 15 A
Results 5
During 2002, we captured 5Bl. evotis (34 females, 24 . 0 . .
males). Sixty-eight percent of females £ 23) were repro-
ductive: 11 were pregnant, 11 were lactating, and 1 was 0500 1300 2200

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 (C)
as part of a preliminary study. Two individuals from 2001 45 -
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 ' 34
were tracked during the lactation period. Each individual 5
was radio-tracked for 1 to 9 days (mean = 4.5 + 0.4 days). ®
We compared mean daytime, mean nighttime, daily max- 815 |
imum, and daily minimumT, and daily range inl, during
pregnancy if = 11 days) and lactatiorn(= 36 days) using —
one-way ANOVAs. Ambient temperatures were significantly

Time

warmer, and the dailyfT, range significantly greater, during 0 ' '
the pregnancy period (Table 1). 0500 1300 2200
Bats displayed two distinct thermoregulatory patterns. Time

Pregnant and lactating females either maintained a relatively

high Tg, with occasional bouts of shallow torpor (14 of

32 days; Fig. 1A), or became torpid in the morning and pasthan those of reproductive females (Fig. 1C). This represents
sively rewarmed with the heat of the day to an acflyg(18 a significant difference in the thermoregulatory strategies
of 32 days; Fig. 1B). In contrast, nonreproductive femalegpracticed by reproductive and nonreproductive females
nearly always (25 of 26 roost-days) became torpid, and theifx2 = 9.48, df = 1,P < 0.001). Furthermore, on days when
morning bouts of torpor were typically longer and deeperboth reproductive and nonreproductive females carried trans-
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Table 2. Mean minimum and maximum skin temperature (Friz = 12.85,P = 0.043), but individuals did not differ
(Tsk) and mean active temperaturg.) (°C; +SE) for preg- (Fr1.13 = 3.88,P > 0.05).
nant, lactating, and nonreproductiv evotis. 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 Pinus contorta)
under exfoliating bark and were not included in our analy-

Pregnant Lactating Nonreproductive
Variable (n=18) (n=14) (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 ses. The same 2 females also occupied rock roosts.
Note: Sample sizes fol,, were 5, 6, and 7 individuals for preg- Of the 73 rock roosts, 92% were used only once. One
nant, lactating, and nonreproductiie evotis, respectively. roost was used on two separate occasions during the same

year: once by a lactating female and once by a nonreproduc-

mitters g = 17), thermoregulatory patterns differed 41% of tive female. Another roost was also used on two occasions
the time, demonstrating that torpor use was not determinefluring the same year: first by a pregnant female and then
solely by ambient conditions. In both patterns, females fre?Y Poth a lactating and a nonreproductive female. Two
quently preceded emergence with a short, shallow bout dioosts were used in both years, but by different individuals
torpor (33 of 57 days), which coincided with a dropTg, " different reproductive states each year.

and then actively rewarmed just prior to emergence (e.g., e located roosts in nine rock fields located along river
Fig. 1C). 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

L o ,35) short (i.e., average approximately 50 m). Females occupied
5.44,P < 0.001) explaining much of the variation. Minimum o501, 1905t for an average of 1.2 + 0.5 consecutive days
Tes's for pregnant and lactating females were S|gn|f|cantly(range 1-4 days).

higher than those for nonreproductive females (Tukey’s test, Canopy cover and percent slope of roost sites did not dif-

P < 0.05). MaximumTgy also varied significantly K5 351 = P :
556,12 2 0,63, < 005), wih e reatost varaton ex- [ Saniicanty among reproduciive classéSoge > 0.5
) o = X . . p slopes
plained by individual K335 = 2.86,P < 0.01). Maximum ., relatively open habitats (Table 3), receiving only moder-
Tsi did not vary significantly by reproductive condition 5o ghage from overhanging trees and shrubs. Bats roosted
(Fr2,35 = 1.10,P > 0.05). Active temperature did not 2d|ffer primarily on south-facing slopes (93% of 71 roosjg; =
significantly among reproductive classég,(7 = 1.41,r*= 301 gf = 1 p < 0.001). Slope aspect did not differ signifi-
0.16,P > 0.05). cantly among roosts used by pregnant, lactating, and
Bats entered daily torpor frequently during the study pemnonreproductive bats (permutation te¥t= 0.89, 500 per-
riod, irrespective of reproductive condition= 3.94, df =  mutations,P > 0.05).
2, P > 0.05). Pregnant females entered torpor slightly less Eighty-one percent of 69 roosts were on or under the sur-
often (83% of 24 bat-days) than lactating (91% of 22 bat-face of the ground. Of the remaining roosts, none were >1 m
days) and nonreproductive females (97% of 39 bat-dayshff the ground. Reproductive female bats tended to roost
The frequency with which bats entered deep torpor deabove or on the surface of the ground (72% of 39 roosts),
pended on reproductive condition(= 7.12, df = 2,P < whereas nonreproductive females roosted mainly under-
0.05). Pregnant and lactating females entered deep torp@found (61% of 28 roostg? = 5.81, df = 1,P < 0.05).
less frequently (33% and 32% of bat-days, respectively) Females roosted mainly in distinct crevices (62% of 69
than nonreproductive females (61%). roosts) created between adjoining boulders or in fissures
The amount of time a femalll. evotis spent in torpor per within boulder or bedrock substrate. Thirty-eight percent of
day varied significantly ;5 3g) = 5.64,P < 0.001). Females roosts were located in obscure cavities formed by piles of
in different reproductive conditions differed in the amountloose boulders or talus stones. Roost type did not differ sig-
of time they spent in torpor(, 35 = 6.70,P < 0.01). Preg- nificantly (x> = 0.69, df = 2,P > 0.05) among pregnancy,
nant and lactating females did not differ, but both spent les$actation, and nonreproductive roosts.
time in torpor than nonreproductive females (Tukey’s test). There were no differences in roost dimensiof$ §g >
Individuals differed Fy;53¢) = 2.41,P < 0.05) and the time 0.7, P > 0.05 in all cases) or roost aspect among reproduc-
spent in torpor increased as the time available increasetive classes (permutation test,= 1.20, 500 permutations,
(Fr3g) = 31.44,P < 0.001). The amount of time spent in P > 0.05). Reproductive roosts faced south more often than
deep torpor also varied significantlyF({s13; = 5.43, P =  expected for a random distribution (80% of 40 roos=
0.03), with reproductive condition influencing duration 6.65, df = 1,P < 0.05), but nonreproductive roosts did not
(Fa3 = 6.83, P = 0.02). Pregnant and lactating femalesface any particular direction (39% of 31 roosts faced north,
did not differ, but both spent less time in deep torpor than61% faced southy? = 0.41, df = 1,P > 0.05).
nonreproductive females did (Tukey’s test). The time avail- The orientation of the longest roost dimension in relation
able for torpor also influenced the time spent in deep torpoto the ground was primarily vertical (i.e., between’ 45d

We compared the mean minimum and maximiiga and
Tact Of pregnant it = 5 bats, 18 bat-days), lactating € 6,
14 bat-days), and nonreproductive female= 7, 25 bat-
days)M. evotis (Table 2). MinimumTyg, varied significantly
(Fps,3s = 8.29,r2 = 0.78,P < 0.001), with reproductive con-
dition (Fp 35 = 18.71,P < 0.001) and individual Kj;3 35, =
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Table 3. Quantitative measures (means + SE) of roosts used by pregnant, lactating, and nonrepriustotes; differences among
reproductive conditions are not significant for any variable.

Reproductive Canopy Percent Slope aspect Roost aspect Roost opening Roost Roost volume
condition n  cover (%) slope (%) ©) ©) area (cm) depth (cm) (cm®)

Pregnant 23 16.8%4.9 66.0£4.3 165.4+6.9 151.2+7.6 34.61£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 43.8t11.5 26.5+5.1 1145.5+375.0
All bats 69 17.3x25 61.4+3.1 167.4+4.4 179.946.3 46.6x£7.9 23.7+2.2 1083.9+225.3

Table 4. Analyses of general linear models comparing thermal properties of roosts (roost tempdixtused by pregnant, lac-
tating, and nonreproductivigl. evotis; the corresponding measure Bf was included as a covariate.

Roost (reproduc- Reproductive
Variable Fit of overall model Reproductive classtive class) Ta classx Ta
Mean daytimeT, Fias,163 = 64.88*** F2.163= 2.77 F3,1631= 12.41***  F1,163] = 338.42"**  Fp,1631 = 4.74
Mean nighttimeT, Fizs,1681= 19.90*** Fr2.168) = 4.39* F(33,168) = 5.51*** Fi1,1681 = 134.01%**  F[2168) = 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 T; F[35'164] = 12.80*** F[2,154] = 12.50%** F[33'164] = 4. 59*** F[11154] = B5,74%** —
Dain T range F[35,154] = 25.25%** F[2,154] = 21.52*** F[33,164] = 17.25*** F[1,154] = 105.35*** —_

Note: *, P < 0.05; **, P < 0.01; **, P < 0.001; —, not applicable.

135; 84% of 69 roosts) and did not differ among reproduc-the highest minimumT,/s (Fig. 3B) and experienced the
tive classesy? = 1.90, df = 2,P > 0.05). Most roosts were greatest daily fluctuations i, (Tukey’s tests,P < 0.05).
protected from precipitation (87%) by overhanging rocks orMinimum T,’s were similar between lactation and nonrepro-
vegetation. Nonreproductive females always occupied proeuctive roosts (Tukey’s tes® > 0.05), but dailyT, range
tected roosts, whereas only 77% of 40 roosts used by repravas significantly greater in lactation roosts (Tukey’s test,
ductive females were protected. This represents a significar® < 0.05).
difference between reproductive and nonreproductive roosts The rate at which roosts warm may be important to bats,
(x2=7.50, df = 1,P < 0.01). so we also compared the number of minutes after sunrise
Thermal properties differed among 7 pregnanoy=(32  before roosts reached their maximum temperature each day.
roost-days), 10 lactation (47 roost-days), and 19 nonreproAnalysis of a general linear modeF§s 165 = 6.22, 12 =
ductive (86 roost-days) roosts used by femdle evotis. 0.63,P < 0.001) detected significant influences of reproduc-
General linear models explained a significant amount of theive class Ep 1657 = 11.06, P < 0.001), individual roost
variation in each temperature measure (Table 4). In eac(Fs 1651 = 5.52, P < 0.001), andT, (F1,165) = 14.46,P <
analysis, T, varied significantly among individual roosts and 0.001). Pregnancy roosta € 31 roost-days) warmed signif-
increased significantly with increases in the correspondindcantly faster (least-squares mean £ SE = 559.4 + 22.1 min)
measure ofT,. Mean daytime and daily maximuni/’s  than lactation (48 roost-days; 682.6 £ 12.2 min) or nonrep-
(Figs. 2A, 3A) were often higher than the correspondingroductive roosts (90 roost-days; 671.0 £ 9.3 min) (Tukey’s
measures ofT, (i.e., above the 1:1 line), indicating that test, P < 0.001 in both comparisons). All roosts reached
roosts amplified warm ambient conditions. Mean nighttimemaximum temperatures more quickly on days with higher
and daily minimumT,’s (Figs. 2B, 3B) were higher and maximumT,’s.
daily ranges inT, were narrower than the corresponding To test whether differences between pregnancy and lacta-
measures ofT, indicating that roosts were also buffered tion roosts resulted from differences Tq during the two re-
against cool ambient conditions. productive periods, we compared temperatures for 5
Mean daytime, mean nighttime, and daily maximdiis pregnancy roostsn(= 17 roost-days), recorded during the
were significantly influenced by an interaction between re-lactation period, with temperatures for 10 lactating roosts
productive class and, (Table 4). Comparison of partial re- (47 roost-days; Table 6). Thermal properties of pregnancy
gression coefficients (Table 5) indicated that mean daytimend lactation roosts did not differ significantly during the
and nighttimeT,’s for pregnancy and lactation roosts in- lactation period, although they did differ significantly
creased similarly withT, and were more influenced by, = among individual roosts (nested within reproductive class).
than were the same measures for nonreproductive roosts.We compared the numbers of adult females occupying
This meant that at higiT,'s, nonreproductive roosts were pregnancy it = 18 roost-days), lactation (17 roost-days),
cooler than pregnancy or lactation roosts (Fig. 2). In con-and nonreproductive (23 roost-days) roosts using a Kruskal—
trast, coefficients for daily maximurii,'s were more similar ~ Wallis test. There was significant variation in group size
between lactation and nonreproductive roosts and increasg¢®ruskal-Wallis = 28.0, df = 2P < 0.001), with females
significantly faster withT, than did those for pregnancy forming larger groups in lactation roosts (mean = 3.06 *
roosts. 0.32 bats) than in pregnancy (1.28 + 0.31 bats) or nonrepro-
Minimum T, and daily T, range differed significantly ductive (1.04 £ 0.29 bats) roosts. We did not find a signifi-
among reproductive classes (Table 4). Pregnancy roosts hadnt relationship between the number of bats occupying a
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Fig. 2. (A) Mean daytime temperature of roost)(used by pregnant{ = 0.60), lactating % = 0.72), and nonreproductive (NI = 0.68)
M. evotis in relation to mean daytim&,. (B) Mean nighttimeT; for pregnancy 1% = 0.65), lactation ¢ = 0.65), and nonreproductive?(=
0.48) roosts in relation to mean nighttinie The dashed line represents a 1:1 relationship.
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roost and theT, when bats arrived at that roost (regression,tained a highTg, while roosting, with occasional short bouts
t0.05,351= 0.27,r? = 0.002,P > 0.05). To determine whether of shallow torpor, or allowedry to fall and then passively
there was a relationship between group size and the thermoewarmed with increasind, In contrast, nonreproductive
regulatory behaviour of bats within roosts, we used regresfemales routinely entered torpor, and their periods of torpor
sion analysis. We analyzed the effect of group size on thevere longer and deeper than those of reproductive bats. Re-
minimum Tg, the proportion of time spent in torpor, and productive females also had higher minimury's. These

the proportion of time spent in deep torpor by individualsresults support the hypothesis that a trade-off exists between
for 36 roost-days. MinimunTyg, increased significantly and torpor and reproduction in bats. We suggest that as body
the proportion of time spent in torpor or deep torpor de-temperature initially drops, energy savings gained by using
creased significantly for individuals as the number of batgorpor increase more rapidly than the costs of delayed repro-
within roosts increased (regressioty s 35 > 2.61, r2 > duction. However, below a certain body temperature, further

0.17,P < 0.001 for all models).

Discussion

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

All M. evotis in our study entered torpor frequently, but energy savings (Studier 1981; Webb et al. 1993) but may
the patterns differed between reproductive and nonreproduceninimize the costly reproductive delays associated with pro-
tive females. Pregnant and lactating females either mainlonged deep torpor. Nonreproductive females, on the other
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Fig. 3. (A) Daily maximumT; of roosts used by pregnant (= 0.24), lactating 1 = 0.63), and nonreproductive (NR = 0.68) M. evotis
in relation to daily maximunil,. (B) Daily minimum T, for pregnancy 1?2 = 0.33), lactation %2 = 0.42), and nonreproductive?(= 0.38)
roosts in relation to daily minimurifa. The dashed line represents a 1:1 relationship.
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Table 5. Partial regression coefficients (mean = SE) describing the1987; Kurta et al. 1989), but most studies of thermoregula-

interaction betweeM. evotis reproductive class an@, for roost
temperature variables.

Variable Pregnancy  Lactation  Nonreproductive
Mean daytimeT, 1.08£0.16  0.89+0.06  0.70+0.07
Mean nighttimeT,  1.10+0.19  1.07+0.11 0.64+0.10
Daily maximumT, 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 sloges; 0.05). All regres-
sion coefficients differ significantly from zerd?(< 0.001).

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

hand, exhibit a thermoregulatory strategy that should maxiamong lactatingV. evotis. This may be a consequence of
mize energy conservation, indicating that they pay lowefhe seasonal delay in the mountains. In other regions, laca-

costs when torpid.

tion generally occurs during midsummer, whigs, and as-

Among mammals, energy investments often vary duringsociated insect availability, are highest (e.g., Lausen and
the reproductive cycle (Gittleman and Thompson 1988)Barclay 2003). The benefits of entering torpor may be lower
which may favour different thermoregulatory behaviour dur-under such conditions (Willis 2006). In the mountains, re-
ing pregnancy and lactation. Energy demands of reprodugsroduction is delayed (Solick 2004), and lactation by
tive bats are highest during lactation (Racey and SpeakmaM. evotis occurs later during the summer, when conditions
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Table 6. Results of ANCOVAs comparing thermal properties of roosts used by pregnant and ladatxotis during
the lactation period; the corresponding measur&ofas included as a covariate.
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Reproductive  Roost (reproduc-

Variable Fit of overall model class tive class) Ta

Mean daytimeT, Fi5,631 = 49.68*** Fri,63 = 3.18 Fl13,631 = 10.70*** Fl1,631 = 295.38***
Mean nighttimeTr F[15'53] = 12.50%** F[1,63] =3.04 F[13,63] = 2.82** F[1,63] = 75.53***
Dain maximum T, F[15,53] = 48.84*** F[1,63] =0.47 F[13,53] = 12.59%** F[1,63] = 263.49***
Dain minimum T, F[15,53] = 7.45%** F[1,63] =1.05 F[13,63] = 2.24* F[1,63] = 33.25%**
Dain T range Fiis,631 = 13.38*** Fia,63 = 0.01 Fl13,63 = 8.15%** Fi,63 = 44.87***
Time to reach daily maximur,  Fjise4 = 4.84*** Flie4) = 3.87 Fl13,64) = 3.55%** Fli.64) = 14.55%**

Note: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

are cooler. To cope with the increased energy demands eiduals. Bats in groups maintained higher minimurgs
foraging and thermoregulation, lactating. evotis in the  and used torpor less, suggesting that the metabolic heat gen-
mountains may be forced to increase the use of daily torporrated from clustering (and the reduced surface area) helped
Myotis evotis roosted primarily in rock fields on steep, alleviate thermoregulatory demands. Even in small groups
south-facing slopes. Rock crevices used as roosts were type.g., 4-5 individuals), clustered bats use substantially less
cally unobstructed by vegetation, and roost openings werenergy to remain warm than solitary individuals do (Trune
usually oriented vertically. Such roosts were exposed to soand Slobodchikoff 1976; Hollis 2004). An additional benefit
lar radiation, and daytime roost temperatures often exceedeaf forming groups during lactation is that nonvolant juve-
T, Most roosts were also located near or in the groundpiles are able to remain warm, at a reduced cost, by cluster-
where T, is highest and radiative cooling is lowest (Geigering together at night when adults are foraging (Hollis 2004).
et al. 2003). As a result, roosts used loly evotis warmed  In contrast to lactating females, pregnant and nonreproduc-
rapidly during the day and cooled slowly at night. tive M. evotis tended to roost alone, although likely for dif-
Bats within roosts experienced a variable microclimate ferent reasons. By roosting alone, nonreproductive females
Roost temperatures were below the thermoneutral zone durir@yoid factors that could hinder entry into torpor, such as
the cool early morning and late afternoon but often surpasse@etabolic heat buildup or disturbance from other bats. On
T.s between these periods. Maintaining homeothermy withirthe other hand, pregnant females may roost alone to avoid
roosts with these temperature patterns would be expensive, eglevating T, above lethal limits during the warmest part of
pecially during the morning whef, is lowest. Pregnant fe- the summer. Another possibility is that because of warmer
males appeared to compensate for this by choosing roosts thgost microclimates during pregnancy, the benefits of clus-
warmed rapidly, thus minimizing the time spent actively tering do not outweigh the costs of locating roost-mates and
maintainingT, or the time spent in torpor. Roosts used duringcoordinating roosting during pregnancy (Lewis 1996).
pregnancy also had higher daily minimum temperatures than Consistent with different thermoregulatory strategies,
other roosts, further reducing the costs of homeothermy. roosts used by reproductive and nonreproductive females
Surprisingly, lactation roosts warmed more slowly anddiffered in physical and thermal characteristics. Reproduc-
reached lower minimum temperatures than pregnancy roosttiye roosts were located mainly in rock crevices on or above
despite the structural similarity of these roost types. Comthe ground and were less buffered against environmental
parison of temperatures of pregnancy and lactation roostsonditions than nonreproductive roosts, which were located
during the lactation period (i.e., under the same ambienmainly in crevices that extended into the ground. As a re-
conditions) revealed similar microclimates, suggesting thasult, temperatures in nonreproductive roosts were more sta-
thermal differences between roosts were driven by higheble and thus tended to be lower at high&gs than
T, s during pregnancy rather than by inherent differences irtemperatures in reproductive roosts, allowing nonrepro-
roost structure. Thus, pregnant and lactatiMy evotis  ductive females to remain torpid longer and accrue greater
sought out similar roost types despite differences in reproenergy savings (Speakman and Thomas 2003). Other dif-
ductive demands and external temperatures. This is unusutdrences in roost structure also seem to support hetero-
in comparison with other rock-roosting bat populatioAs-(  thermy. Nonreproductive roosts were always sheltered
trozous pallidus (Le Conte, 1856), Vaughan and O’Shea from precipitation, whereas reproductive roosts were occa-
1976; Lewis 1996 Eptesicus fuscus (Beauvois, 1796), Lau- sionally unprotected. Greater protection by overhanging
sen and Barclay 2003), includirlg. evotis in the prairies of rocks or vegetation may have benefited nonreproductive
Alberta (Chruszcz and Barclay 2002), which exhibit sea-bats by minimizing disturbance from rain during torpor
sonal shifts in roost type correlated with changing physio-and by increasing the buffering capacity of roosts. Lastly,
logical needs. Given the increased demands of lactation arslthough nonreproductive females roosted mainly on south-
the increased costs of homeothermy associated with lowdacing slopes, roost openings did not face any particular di-
T.'s, female M. evotis should switch to roosts with warmer, rection, suggesting that these females minimized exposure
more stable microclimates after parturition. Perhaps warmeto sunlight.
more stable roosts than those used by pregnant females areGiven their preference for stable microclimates and
not available in our study area. greater use of torpor, why do nonreproductive females
Instead of selecting different roost types, lactativigevo- choose roosts located in the same highly exposed rock fields
tis achieved warm, stabl&y’'s by roosting with other indi- used by reproductive females? Roosts in less exposed areas
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would be more suitable for females attempting to conserve torpor by the baEptesicus fuscus (Chiroptera: Vespertilionidae):
energy by means of torpor. Rock fields on north-facing a field study. Physiol. Zool61: 197-204.

slopes and under dense canopy cover were abundant in ofdet, D., and Thomas, D.W. 1996. Evaluation of the accuracy of
study area but were never used as roosting habitat. Nonre- body temperature measurement using external radio transmitters.
productive females may roost on exposed slopes to take ad- Can. J. Zool.74: 1778-1781.

vantage of passive rewarming (Geiser and Drury 2003) angarclay, R.M.R. 1989. The effect of reproductive condition on the
to avoid the high costs of arousal (Lovegrove et al. 1999), foraging behavior of female hoary batsasiurus cinereus. Be-

but they maximize torpor use by choosing roosts within hav. Ecol. SOCiObiO|24:.31—37. doi:10.1007/BF00300115.
slopes that have stable microclimates. 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. Mammalr7: 1102-1106.

Most studies comparing torpor use between free-ranging re-
productive and nonreproductive individuals (including males
and post-lactating females) have focused on colonies of bigarclay R.M.R.. Lausen. C.L. and Hollis. L. 2001. What's hot and
brown bats, Eptesicus fus_cus, occupying buildings (Audgt what’s not: defining torpor in free-ranging birds and mammals.
and Fenton 1988; Hamilton and Barclay 1994; Grinevitch ., 3 760/79: 1885-1890. doi-10.1139/cjz-79-10-1885.
et al. 1,995)' Consistent with ou_r ,reSUItS fbt. evotis, re- Beer, J.R., and Richards, A.G. 1956. Hibernation of the big brown
productive femalé. fuscus make limited use of torpor. How- ot 3 Mammal37: 31-41.
ever,E. fuscus entered torpor much less often thish evotis grigham, R.M., Kortner, G., Maddocks, T.A., and Geiser, F. 2000.
in our study, suggesting that building roosts possess qualities seasonal use of torpor by free-ranging Australian owlet-nightjars
that reduce energy demands compared with natural struc- (aegotheles cristatus). Physiol. Biochem. Z0ol.73: 613-620.
tures (Lausen and Barclay 2006). Lausen and Barclay (2003) doi:10.1086/317755. PMID: 11073797.
investigated the thermoregulatory behaviour Ef fuscus  Burnett, C.D., and August, P.V. 1981. Time and energy budgets for
roosting in natural rock crevices. Although reproductive fe- day-roosting in a maternity colony éflyotis lucifugus. J. Mam-

males used torpor less than post-lactating femaleg, alkcus mal. 62: 758-766.
spent considerably less time in torpor thish evotis in our  Chruszcz, B.J., and Barclay, R.M.R. 2002. Thermoregulatory ecol-
study. Thus, the greater use of torpor Rl evotis may be ogy of a solitary batMyotis evotis, roosting in rock crevices.

a species-specific trait rather than a function of roost type. Funct. Ecol.16: 18-26. doi:10.1046/j.0269-8463.2001.00602.x.
For example,M. evotis have small bodies and roost in Environment Canada 2000. Canadian climate normals or averages
small groups and are therefore probably under greater energy 1971-2000: Elbow and Kananaskis, Alberta [online]. Atmo-
constraints than the larger, more gregariols fuscus. spheric Environment Service. Available from: http://www.
Chruszcz and Barclay (2002) attributed the unusually high climate.weatheroffice.ec.gc.ca/climate_ normals/index_e.html
use of torpor byM. evotis in the prairies of Alberta to the _ [accessed 24 Feb 2003]. _

unique set of energy demands (i.e., solitary roosting, longaure, P-A., and Barclay, R.M.R. 1994. Substrate-gleaning versus
foraging bouts, arid climate) faced by reproductive females agnal-hawkmg: plasticity in thg foraglng and echolocayon beha-
in that environment. Direct comparisons among the thermo- ‘1’;349rgglthge'gng"\jf‘;%ggg;ysogSe"o“s- J. Comp. Physiol. [A],
regulatory strategi f multipl ies within and amon e ) :

eeng\]/lijr(?rlom)grisavsguelg cf)\elp uderieerrﬁﬁleec Svshether t?edpezt'tttgrn isher, N.I. 1993. Statistical analysis of circular data. Cambridge

. . ) University Press, Cambridge.
reported here are unique . evotis and would help clar Geiger, R., Aron, R.H., and Todhunter, P. 2003. The climate near the

gydthe .effectl_f, on to;por gse of Clonfound('jng fIaCtorS. such as ground. 6th ed. Rowman & Littlefield Publishing, Lanham, Md.
ody size, climate, foraging ecology, and colony size. Geiser, F., and Drury, R.L. 2003. Radiant heat affects thermoregu-
lation and energy expenditure during rewarming from torpor. J.
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