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conditions may also lessen the susceptibility of E. fuscus to 
diseases that affect water balance.
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Introduction

Torpor allows individuals to lower their energetic demands 
during times of resource scarcity (Ruf and Geiser 2015). 
Metabolic rate (MR), and consequently body temperature 
(Tb), are reduced, resulting in suppression of biological 
processes and considerable energy savings (Ruf and Geiser 
2015). Water loss is also lower during torpor relative to 
euthermy (e.g., Studier 1970; Muñoz-Garcia et al. 2012a), 
and short-term torpor can be used as an adaptive strategy to 
avoid dehydration (Carpenter 1969). Rates of evaporative 
water loss (EWL) during torpor are reduced by over 90% 
from euthermic rates in some species (Morris et al. 1994; 
Webb et  al. 1995). However, EWL persists and metaboli-
cally produced water often does not compensate for water 
lost through evaporation over the long term (Thomas and 
Cloutier 1992). Thus, torpor bouts are a period of negative 
water balance, and humidity is an important factor influ-
encing patterns of small-mammal hibernation.

As humidity within or between hibernacula drops, the 
duration of torpor bouts shorten (Thomas and Geiser 1997) 
and arousal frequency increases (Ben-Hamo et  al. 2013). 
In a similar vein, arousal rates also increase when hiber-
nating animals are experimentally administered a diuretic 
(Németh et  al. 2010). The implications of the effects of 
EWL are increased energy use throughout hibernation 
and ultimately decreased survival (Thomas and Cloutier 
1992; Thomas and Geiser 1997; Willis et al. 2011; Ehlman 
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et al. 2013). All small mammals periodically arouse during 
hibernation; although the exact causes are unclear (Willis 
1982), dehydration may stimulate the need to drink (Fisher 
and Manery 1967; Speakman and Racey 1989; Thomas and 
Geiser 1997). Given sufficient energy stores (i.e., fat depos-
its), dehydration may be more likely to be a cause of death 
during hibernation than starvation (Speakman and Racey 
1989).

To mitigate the effects of low humidity and avoid dehy-
dration, many small mammals hibernate in humid roosts, 
dens, or burrows (e.g., Webb et  al. 1996; Speakman and 
Thomas 2003). The rate of evaporation is determined 
by difference in absolute water vapor pressure (WVPabs) 
between a surface and the surrounding air (Δev; Schmidt-
Nielsen 1997). Convection and the temperature gradient 
between surface and air affect water vapor pressure and the 
rate of evaporation (Phillips 1966), but are likely negligible 
for animals thermoconforming in cool, still air typical of 
hibernacula (Webb et al. 1996). Thus, Δev and the rate of 
EWL are minimized in near saturated conditions (~100% 
RH). Hibernators that experience lower rates of EWL 
arouse less often and use less energy (i.e., fat) throughout 
winter, which increases their chance of survival (Thomas 
and Cloutier 1992; Thomas and Geiser 1997; Ben-Hamo 
et al. 2013).

Bats present a particularly interesting model for water 
balance during hibernation. Although ventilation is reduced 
and completely arrested for periods of time (e.g., Thomas 
et al. 1990; Hays et al. 1991), bats have large lungs com-
pared to birds and terrestrial mammals of similar size 
(Maina 2000) and likely experience higher rates of respira-
tory evaporative water loss (REWL). Additionally, the large 
surface area of the wings is a major avenue of cutaneous 
evaporative water loss (CEWL) in resting bats (Hosken and 
Withers 1997, 1999). On a wet mass basis, lipid oxidation 
produces more water than other fuel sources (Schmidt-
Nielsen 1964), enough to keep larger, fully furred hiberna-
tors, such as bears, hydrated throughout the winter (Nel-
son 1980). However, metabolically produced water does 
not compensate for water lost through evaporation in bats 
(Thomas and Cloutier 1992). Thus, bats likely face chal-
lenges in maintaining water balance not incurred by other 
hibernators. Even at a humidity slightly below that typical 
of cave hibernacula used by vespertilionid bats in North 
America (~100% RH, WVPabs =  0.9  kPa at 6  °C; Webb 
et al. 1996), energy savings are diminished and survival is 
impacted (Thomas and Cloutier 1992; Geiser and Broome 
1993).

Despite the profound influence of humidity on hiber-
nating bats, North American big brown bats (Eptesicus 
fuscus) hibernate in a wider variety of conditions and tol-
erate lower humidity during hibernation than most other 
bat hibernators (e.g., Beer and Richards 1956; Kurta and 

Baker 1990). Populations of E. fuscus in the Canadian 
prairies hibernate in rock crevices that are drier and less 
thermally stable than most cave hibernacula (Klüg-Bae-
rwald unpublished data). Water balance and the energy 
budgets of bats hibernating in the arid prairies appear dif-
ferent than those in other habitats and the risk of dehy-
dration may be elevated. Factors that increase arousal 
frequency ultimately decrease overwintering survival 
(Ehlman et al. 2013). Given that water balance is critical 
during hibernation, some bat populations that overwinter 
in arid, “suboptimal” conditions may have mechanisms 
to mitigate water loss that are not evident in populations 
that hibernate in more typical cavernous hibernacula with 
high humidity. Our aim was to determine if E. fuscus that 
hibernate in prairie habitats show evidence of acclimati-
zation or adaptation to dry conditions.

We compared torpid metabolic rate (TMR) and total 
evaporative water loss (TEWL) between two populations 
of bats with differing winter ecologies: one that overwin-
ters in humid caves, and another that hibernates in arid rock 
crevices. Given that both populations hibernate in similar 
thermal conditions, we hypothesized that there would be 
no difference in TMR between populations under similar 
conditions. However, given the differences in humidity in 
which each population typically hibernates, we hypoth-
esized that crevice-hibernating bats would be particularly 
well adapted to an arid environment, and thus have lower 
rates of TEWL in dry conditions than those of cave-hiber-
nating bats.

Methods

Study species

Eptesicus fuscus is a medium-sized (mean mass =  18  g; 
van Zyll de Jong 1985), insectivorous bat (Family: Vesper-
tilionidae) found throughout most of Canada and the U.S., 
through Central America and parts of the Caribbean, and 
into northern South America (Kurta and Baker 1990). Its 
distribution includes a variety of habitats, including urban, 
desert, forest, and prairie. Its roosting ecology is highly 
variable, using buildings (Barbour and Davis 1969), trees 
(Kalcounis and Brigham 1998), and rock crevices (Lausen 
and Barclay 2002) during summer, and buildings (Whi-
taker and Gummer 1992; Halsall et al. 2012), tree cavities 
(Rainey et  al. 1992), rock crevices (Lausen and Barclay 
2006), and caves (Mills et al. 1975; Reimer et al. 2014) as 
hibernacula in the winter. The wide range and varied roost-
ing ecology of E. fuscus make it an ideal species to assess 
differences in physiology among multiple populations 
across heterogeneous environments.
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Study sites

We sampled bats in Wood Buffalo National Park (WBNP) 
and Dinosaur Provincial Park (DPP), Alberta, Canada. 
Wood Buffalo National Park is located in northern Alberta 
and is comprised primarily of boreal forest with scattered 
wetlands and streams and some extensive karst formations 
(e.g., sinkholes and caves). Dinosaur Provincial Park is 
located along the Red Deer River in southern Alberta in a 
mixed landscape of prairie, badlands, and riparian habitat. 
It has a semiarid climate and contains an extensive network 
of creeks and drainages where E. fuscus overwinter in deep 
rock crevices (Lausen and Barclay 2006). We captured bats 
at Walk In Cave in WBNP (exact location withheld for con-
fidentiality), a cavernous limestone hibernaculum used by 
E. fuscus and other species (Reimer et  al. 2014). Condi-
tions within this cave during winter are more humid (ca. 
100% RH, mean WVPabs (±SD) =  0.61 ±  0.03 kPa at a 
mean Ta (±SD) of 0.0 ± 0.63 °C; Klüg-Baerwald unpub-
lished data) than those of rock-crevice hibernacula in DPP 
(ca. 52% RH, mean WVPabs (±SD) = 0.33 ± 0.09 kPa at a 
mean Ta (±SD) of 0.6 ± 0.91 °C; Klüg-Baerwald, unpub-
lished data).

Respirometry

Our study took place in mid- to late-September 2015, just 
prior to the hibernation season of E. fuscus, which typi-
cally begins mid-October in the WBNP region (Reimer 
et al. 2014) and late-October in DPP (Klüg-Baerwald et al. 
2016). We captured bats within 3 h of sunset in mist nets 
set across the entrance to Walk In Cave in WBNP, and over 
the Little Sandhill Creek in DPP. We held captured bats 
in cloth bags and took morphometric measurements (e.g., 
forearm length, mass). We recorded body mass (mb) before 
and after metabolic trials and assumed a linear decrease in 
mb during metabolic measurements for use in mass-spe-
cific calculations. We then placed bats in closed metabolic 
chambers and allowed them to acclimate to experimental 
conditions for at least 8 h to ensure they were torpid and 
post-absorptive before measurements. During this time, we 
set chamber temperature to 6  °C and provided them with 
humidified air at a rate of 100  ml  min−1. This prevented 
disturbance of bats prior to trials, and acclimated them in 
a microclimate resembling that typically experienced by 
hibernating bats in North America (Webb et al. 1996), thus 
increasing the likelihood of inducing torpor. We trimmed a 
small patch of hair from the interscapular region to within 
1 mm of the skin and attached temperature sensitive data-
loggers (iButton® model DS1921G; Maxim Semicon-
ductors, Dallas, TX) to each bat using surgical adhesive 
(Skinbond®, Smith and Nephew United Inc., Largo, FL) 
to record skin temperature (Tsk) at 1-min intervals. Skin 

temperature provides a reliable estimate of Tb in small-
bodied insectivorous bats (Willis and Brigham 2003). We 
considered an individual to be in steady-state torpor if Tsk 
was within 3 °C of the chamber temperature and whole ani-
mal oxygen consumption (VO2) was stable for ≥1 h prior to 
metabolic measurements (Willis and Brigham 2003).

For metabolic chambers, we used 250 ml glass jars lined 
with metal mesh to allow bats to hang comfortably dur-
ing trials, and covered the bottom of each chamber with a 
layer of mineral oil to prevent evaporation of water from 
feces and urine. We used thermocouple probes (TC-2000; 
Sable Systems International, Las Vegas, Nevada, USA) in 
each metabolic chamber to monitor temperature and placed 
chambers in a temperature-controlled cabinet (12 V port-
able cooler–warmer; Koolatron Refrigeration, Brantford, 
ON) set to 6  °C. We used Tygon tubing (Cole-Parmer, 
Montreal, QC) on all incurrent lines and Bev-A-Line tub-
ing (Cole-Parmer) on all excurrent lines (Lighton 2008).

We used flow-through respirometry to measure oxy-
gen consumption and determined total evaporative water 
loss (TEWL; cutaneous and evaporative) based on the dif-
ference in water vapor density between the incurrent and 
excurrent airstreams. We first measured MR and TEWL 
of bats exposed to relatively high humidity. To humidify 
incurrent air, we passed air at room temperature (~20 °C) 
through a bubbler made from a 500 ml glass jar filled with 
distilled water with an aquarium stone mounted on the 
inlet tubing. We then used a dew point generator and RH 
controller (DG-3; Sable Systems International) set to pro-
vide a saturated incurrent airstream at a dew point of 2 °C 
(~0.7 kPa). This level of humidity was not high enough for 
water vapor to condense inside the tubing and chambers. 
For low-humidity trials, we bypassed the bubbler and dew 
point generator, and instead used desiccant (Drierite; W. A. 
Hammond Drierite Co. Ltd., Xenia, OH) to remove water 
vapor from incurrent air. From there, we used a subsampler 
(SS-4; Sable Systems International) and factory calibrated 
flow controllers (MFC-2; Sable Systems International) to 
push air at a precisely controlled rate (100 ml min−1) into 
each of four metabolic chambers.

We used a water vapor analyzer (RH-300; Sable Sys-
tems International) to measure water vapor density (WVD; 
mg ml−1) of baseline air and excurrent air from the animal 
chambers. We then passed air through soda lime (to remove 
carbon dioxide) and Drierite (W. A. Hammond Drierite Co. 
Ltd.) before measuring oxygen concentration (%) with a 
factory calibrated oxygen analyzer (FC-10A; Sable Sys-
tems International). We sampled each animal for 15  min, 
with 5-min baselines before and after each chamber, and 
ran three consecutive sets of high-humidity trials. Follow-
ing high-humidity trials, we allowed animals to acclimate 
to dry air conditions for 3 h before beginning measurements 
for low-humidity trials. Again, we sampled each animal for 



980	 Oecologia (2017) 183:977–985

1 3

15 min, with 5-min baselines before and after each cham-
ber, and ran three consecutive sets of low-humidity tri-
als. We recorded data at a rate of 1 Hz, discarded the first 
2.5 min of data of each trial to account for system wash-
out between samples, and later used ExpeData (ver. 1.8.5; 
Sable Systems International) to correct for drift and lag. We 
gave bats water ad libitum immediately after completion of 
the experiment and before they were released at the site of 
capture.

To calculate torpid metabolic rates (TMR; mW) of bats 
in steady-state torpor, we first calculated whole animal 
oxygen consumption (VO2; ml O2 min−1) of each trial for 
each individual using the equation of Withers (2001):

where VI is incurrent air flow (ml  min−1) and FIO2 and 
FEO2 are fractional O2 composition for incurrent and excur-
rent air, respectively. We then multiplied these values by 60 
to calculate hourly metabolic rates and used a conversion 
factor of 0.179 ml O2 h

−1 per mW (Willis et al. 2005). We 
used the trial with the lowest mean TMR for each individ-
ual at each humidity treatment in our analyses.

We calculated whole animal total evaporative water loss 
(TEWL; mg H2O min−1), which includes respiratory and 
cutaneous EWL, as the difference in water vapor density 
between incurrent and excurrent air streams following 
Eq. (10.9) of Lighton (2008):

where FRi is incurrent air flow (ml  min−1 STP), and 
FeH2O and FiH2O are fractional water vapor concentration 
(mg ml−1) in excurrent and incurrent air, respectively. We 
then multiplied these values by 60 to derive hourly rates of 
TEWL. For analyses, we used rate of TEWL recorded dur-
ing the trial that corresponded with the lowest mean TMR 
trial for each individual at each humidity treatment, as 
described above.

Statistical analyses

We tested all data for normality using Shapiro–Wilk tests, 
as well as for homogeneity of variance between statisti-
cally compared groups using Bartlett tests. We used a 
Wilcoxon rank sum test to compare mb between popula-
tions because these data did not fit a normal distribution. 
We used Welch’s two sample t tests to compare excurrent 
WVPabs between populations within humidity treatments. 
The rate of EWL is negatively correlated with humidity 
of the microclimate surrounding the animal (i.e., WVP 
within the respirometry chambers; Thomas and Cloutier 
1992). We found no difference in excurrent WVP between 
populations during high- and low-humidity treatments so 
we treated it as a categorical variable in further analyses. 

VO2 = VI(FIO2−FEO2)(1−FEO2)
−1

,

TEWL = FRi(FeH2O−FiH2O)(1−FeH2O)
−1

,

An analysis of variance (ANOVA) showed no significant 
variation in Tsk or chamber temperature across trials, so we 
excluded this variable from further analyses. To compare 
TMR and TEWL between populations (WBNP and DPP) 
in humid and dry air, we used generalized linear mixed 
models (GLMM) with mb as a covariate, population and 
humidity as fixed effects, and individual as a random effect 
to account for the repeated measures design of our experi-
ment. We did not remove any terms from our models given 
the importance of all independent variables and interactions 
to the hypotheses being tested. We conducted all statistical 
analyses using R (R Development Core Team 2016) and 
used an α value of 0.05 to assess significance. We present 
all data as mean ± SD.

The University of Regina President’s Committee on Ani-
mal Care All approved all methods and procedures (Animal 
Use Protocol #12-12). We conducted field captures under 
research and collection permits issued by Parks Canada 
(#WB-2015-19777), Alberta Sustainable Resource Devel-
opment (#56512), and Alberta Tourism, Parks and Recrea-
tion Division (#15-096).

Results

We captured 15 male E. fuscus in WBNP and 12 males in 
DPP. Of these, 20 individuals (NWBNP =  10, NDPP =  10) 
entered steady-state torpor within 6  h of being placed in 
the metabolic chambers and remained torpid during all 
metabolic measurements; we included only these indi-
viduals in our analyses. Body masses differed between 
populations (W  =  78, P  =  0.035); bats from DPP had 
higher mb (X̄ =  20.2 ±  0.85  g) than those from WBNP 
(X̄ = 19.1 ± 1.25 g). Excurrent WVP did not vary between 
populations during high humidity (t17.7 = 0.22, P = 0.828) 
or low humidity (t17.8  =  0.04, P  =  0.9705) treatments. 
Mean excurrent WVP was 0.78 ± 0.043 kPa for the high-
humidity trials and 0.07  ±  0.012  kPa for low-humidity 
trials. Mean temperature inside metabolic chambers did 
not vary between treatments or populations (F3,36 = 0.23, 
P =  0.854) and was 6.3 ±  0.15  °C during trials used in 
TMR and TEWL analyses. Mean Tsk of bats recorded dur-
ing analyzed trials was 7.4 ± 0.92 °C and did not vary with 
treatment and population (F3,36 = 2.11, P = 0.105).

Torpid metabolic rate (TMR) did not differ between 
bats measured in humid or dry air (t18 = 1.08, P = 0.297) 
or between populations (t17 =  1.03, P =  0.319; Table  1; 
Fig.  1). Mean whole animal TMR of DPP bats was 
4.2  ±  1.70  mW in humid air and 5.2  ±  1.58  mW in 
dry air. Mean whole animal TMR of WBNP bats was 
4.9 ±  2.22 mW in humid air and 5.6 ±  2.91 mW in dry 
air. Conversely, rates of total evaporative water loss 
(TEWL) differed with humidity (t18 =  3.33, P =  0.004), 
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and the interaction between humidity and population was 
significant (t18  =  6.55, P  <  0.001; Table  2; Fig.  2). For 
both WBNP and DPP populations, whole animal TEWL 
was higher in dry air (WBNP X̄ =  15.9 ±  4.74  mg H2O 
h−1, DPP X̄ =  4.8 ±  1.27  mg H2O h−1) than in humid 
air (WBNP X̄ =  1.4 ±  0.72  mg H2O h−1, DPP X̄ =  1. 
0  ±  1.03  mg H2O h−1). Mean whole animal TEWL of 
WBNP bats was approximately 3.3-fold higher than that of 
DPP bats in low humidity.

Discussion

Our data support the hypothesis that bats hibernating in the 
prairies are particularly well adapted to an arid environment, 

and thus have lower rates of evaporative water loss in 
dry conditions than bats from a more humid habitat. As 
expected, we found that the rate of total evaporative water 
loss (TEWL) of bats measured in dry air was higher than 
that of bats measured in humid conditions and, more impor-
tantly, the rate of TEWL did not differ between populations 
in humid air, but was approximately 3.3-fold higher in bats 
from the more mesic environment of Wood Buffalo National 
Park than in bats from the arid habitat of Dinosaur Provin-
cial Park. Furthermore, we did not find differences in torpid 
metabolic rate between populations or between humidity 
treatments. This suggests that cutaneous evaporative water 
loss (CEWL) is important for the relationship between 
humidity and TEWL, with a lesser influence of variation in 
metabolism and respiratory evaporative water loss (REWL).

Table 1   Results of the generalized linear mixed model assessing the 
variation in whole animal torpid metabolic rate (TMR) of Eptesicus 
fuscus from Walk In hibernacula (Wood Buffalo region) and Dinosaur 
Provincial Park, Alberta measured in dry or humid air

Model term Estimate SE df t value P value

(Intercept) −1.20 6.98 18 −0.17 0.865

Humidity 1.05 0.97 18 1.08 0.297

Population 1.08 1.06 17 1.03 0.319

Mass 0.26 0.34 17 0.77 0.451

Humidity*population −0.38 1.38 18 −0.27 0.787

Fig. 1   Boxplot of whole animal metabolic rates of torpid Eptesicus 
fuscus from Dinosaur Provincial Park (DPP; N = 10) and Wood Buf-
falo National Park (WBNP; N =  10) exposed to high humidity and 
low humidity conditions

Table 2   Results of the generalized linear mixed model assessing 
the variation in the rate of whole animal total evaporative water loss 
(TEWL) of Eptesicus fuscus from Walk In hibernacula (Wood Buf-
falo region) and Dinosaur Provincial Park, Alberta measured in dry 
or humid air

Model term Estimate SE df t value P value

(Intercept) 3.46 8.22 18 0.42 0.679

Humidity 3.81 1.15 18 3.33 0.004

Population 0.32 1.24 17 0.26 0.802

Mass −0.12 0.40 17 −0.30 0.765

Humidity*population 10.61 1.62 18 6.55 <0.001

Fig. 2   Boxplot of whole animal total evaporative water loss (TEWL; 
respiratory and cutaneous) of torpid Eptesicus fuscus from Dinosaur 
Provincial Park (DPP; N  =  10) and Wood Buffalo National Park 
(WBNP; N = 10) exposed to high humidity and low humidity condi-
tions
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Small mammals use behavioral strategies to decrease 
EWL during hibernation. Clustering decreases the ener-
getic cost of arousals (Roverud and Chappell 1991; Boyles 
et al. 2008) and reduces EWL (e.g., Boratyński et al. 2015; 
but see Studier 1970; Proctor and Studier 1970), presuma-
bly because it reduces exposed surface area (McNab 1969). 
Selection of humid hibernacula also mitigates water loss by 
minimizing the difference in water vapor pressure between 
air and skin (Schmidt-Nielsen 1997). Although many spe-
cies of bats huddle in large groups during hibernation, 
E. fuscus is more commonly found solitarily or in small 
groups of less than 20 individuals (e.g., Phillips 1966), 
which likely limits the importance of huddling for water 
conservation. Furthermore, as evident in the population 
from DPP, E. fuscus commonly chooses hibernacula with 
variable and relatively low humidity compared to many 
other species of hibernating bat (Webb et al. 1996).

Small mammals also have physiological mechanisms 
to decrease EWL during hibernation. Although determin-
ing the specific mechanism of water retention is beyond the 
scope of this study, our data suggest a reduction in the rate 
of CEWL has a primary role. The rate of CEWL is largely 
determined by the composition of the Stratum corneum 
(SC), the outermost layer of the dermis (Bouwstra et  al. 
2003). Higher proportions of waxy lipids (cerebrosides and 
ceramides), and fewer free fatty acids and triacylglycer-
ols, result in lower rates of CEWL (Haugen et al. 2003b). 
Indeed, greater amounts of cerebrosides and ceramides are 
found in birds (Muñoz-Garcia and Williams 2005; Clem-
ent et al. 2012; Champagne et al. 2012) and bats (Muñoz-
Garcia et al. 2012b) from arid environments than are found 
in conspecifics from more mesic habitats. The role of SC 
composition in reducing water loss during hibernation 
remains largely unexplored.

The lipid profile of bat integument is not well described, 
but recent evidence suggests that the SC of epidermal wing 
tissue in some species of bat is comprised mostly of sphin-
gomyelin (SM; Pannkuk et  al. 2015). Breakdown of SM 
produces ceramide (van Smeden et al. 2014), thus regula-
tion of this process may be involved in altering ceramide 
concentration of the SC and water permeability of the 
skin. There may also be a link between polyunsaturated 
fatty acids (PUFA) and CEWL. Increased consumption of 
dietary PUFA and a shift to higher proportions of n-6 fatty 
acids, particularly linoleic acid, facilitates entrance into tor-
por and lengthens torpor bouts during hibernation (Geiser 
and Kenagy 1987; Geiser 1991; Frank 1992). Although 
maintenance of cell membrane function at low temperature 
and reduction of metabolism are the ostensible benefits of 
high n-6 to n-3 PUFA ratios (Ruf and Arnold 2008), lin-
oleic acid is also associated with ceramides and skin barrier 
function (Bowser et al. 1985). Deficiencies in ceramides or 
fatty acids within the SC result in increased transepidermal 

water loss (Menon et  al. 2012). Determining the specific 
roles and interactions of lipids and fatty acids in perme-
ability of wing membranes is an important area of future 
research.

Ventilation patterns during hibernation may also con-
tribute to water conservation. Evaporative water loss from 
pulmonary structures (e.g., tracheal and alveolar surfaces) 
is reduced with decreased ventilation rates (Milsom and 
Jackson 2011). Additionally, episodic breathing allows 
some small hibernators to completely close the epiglottis 
or glottis during apneic periods, further reducing REWL 
while passively allowing sufficient gas exchange (e.g., Wilz 
et al. 2000). In some species, the respiratory tract remains 
open during hibernation only in high humidity (Thomas 
et al. 1990; Hays et al. 1991; Szewczak and Jackson 1992), 
which suggests an influence of REWL on the closing of the 
epiglottis or glottis to conserve water. Apneic periods are 
common in small hibernators (Milsom and Jackson 2011) 
and have been observed in hibernating E. fuscus (Szewczak 
and Jackson 1992).

Given that torpid big brown bats breathe approximately 
every 6.5  min at 5  °C (Szewczak and Jackson 1992), we 
expected to observe some sign of episodic breathing. 
However, we did not observe any evidence of this phe-
nomenon (excurrent O2 and water vapor pressure were 
constant within trials, as well as between the 3 trails taken 
for each individual). Further, sampling of individuals dur-
ing apneic periods, thus measuring passive diffusion of 
O2 into the lungs, would underestimate metabolic rates 
by ~35–54% (Szewczak and Jackson 1992). Our values 
for TMR recorded at ~6  °C (4.9  mW) are realistic given 
those recorded for this species at a temperature of 0–5 °C 
(2.3 mW; Willis et al. 2005). Other studies on hibernating 
E. fuscus also do not report apneic periods during sampling 
(Willis et al. 2005; Dunbar and Brigham 2010). Given the 
conflicting evidence for episodic breathing of hibernating 
E. fuscus despite the obvious benefit of apnea in reducing 
REWL, the potential for intraspecific variation in ventila-
tion patterns and physiology to contribute to drought toler-
ance warrants further study.

Efficient mechanisms for water conservation are not 
unique to the population of E. fuscus from DPP. In fact, our 
measurements of TEWL are similar to those measured in 
desert conspecifics from populations in Arizona and Cali-
fornia (Carpenter 1969). Thus, drought tolerance may be 
widespread in this species and may facilitate the sedentary 
nature of E. fuscus. Limited availability of appropriate over-
wintering habitat likely imposes constraints on the range 
of many temperate-zone species of bat. Seasonal, long dis-
tance movements from summer breeding grounds to humid, 
thermally stable subterranean (i.e., cave or mine) hibernac-
ula (e.g., Norquay et  al. 2013) or locations where winters 
are milder (e.g., Bisson et al. 2009; Cryan et al. 2014) are 
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common. However, E. fuscus is generally thought to move 
only tens of kilometers between summering and wintering 
grounds (e.g., Beer 1955; Goehring 1972; Mills et al. 1975). 
Much of the habitat within the range of E. fuscus is non-
mountainous, thus extensive cave systems are unavailable 
and roosts occur mostly in rock crevices, trees, and build-
ings (Kurta and Baker 1990). That E. fuscus is able to use 
such ubiquitous features as hibernacula, despite drier condi-
tions within, may explain how it persists as one of the most 
common, widely distributed species of bat in North America 
without the need for seasonal, long distance movements.

Resilience of a population to changes in its environ-
ment depends on the physiological responses of individu-
als (Canale and Henry 2010). Acclimatization to dry con-
ditions occurs within weeks of exposure in some species 
of bird, such as hoopoe larks (Alaemon alaudipes; Hau-
gen et al. 2003a) and house sparrows (Passer domesticus; 
Muñoz-Garcia et  al. 2008). Thus, individuals in these 
populations are likely to tolerate more variable condi-
tions of humidity than those with less plastic physiologi-
cal responses. Although we show E. fuscus can adapt to 
hibernate in arid environments, whether this is a result of 
acclimatization (i.e., phenotypic plasticity) or evolutionary 
adaptation (i.e., natural selection) remains unanswered. If 
the low rates of EWL we observed in E. fuscus are associ-
ated with phenotypic plasticity, individuals of this species 
may be less susceptible to novel threats or challenges that 
disrupt water balance during hibernation, such as increas-
ingly arid conditions associated with climate change, or 
pathophysiologies associated with disease.

Dehydration may play a significant role in mortality from 
white-nose syndrome (WNS), an invasive fungal disease 
that has caused the deaths of over 6 million bats in North 
America (US Fish and Wildlife Service 2016). Bats die 
during winter while hibernating in cold, damp caves and 
mines, conditions under which the causative agent of WNS, 
Pseudogymnoascus destructans (Pd), grows best (Ver-
ant et  al. 2012). Disrupted wing physiology caused by Pd 
infection leads to electrolyte imbalance and possible hypo-
tonic dehydration (Cryan et al. 2013; Warnecke et al. 2013). 
Any mechanism to mitigate water loss during hibernation 
is likely to be advantageous given the pathology of WNS. 
Recent research even suggests the unique fatty acid compo-
sition of E. fuscus wing epidermis may even inhibit fungal 
growth (Frank et  al. 2016). In addition, microclimates of 
hibernacula in the prairies are drier and colder than those of 
known cave hibernacula (Lausen and Barclay 2006; Klüg-
Baerwald unpublished data) and outside the optimal grow-
ing conditions of Pd (Langwig et al. 2012). Bat populations 
that are able to hibernate in these colder, drier conditions 
may experience decreased WNS-related mortality.

In summary, our data support the hypothesis that bats 
overwintering in the prairies are well adapted to survive 

dry conditions, and experience lower rates of evaporative 
water loss than conspecific from more mesic environments. 
Drought tolerance is likely key in determining the range 
of conditions and habitats a species can inhabit success-
fully and may help predict the ability of a species to adapt 
to changes in climate or pathological threats that may alter 
their hibernation physiology. We also provide clear evi-
dence of intraspecific differences in physiology between 
populations. Most energetic models based on physiological 
parameters sample individuals from a single population and 
do not account for the physiological differences associated 
with habitat or latitude (e.g., Humphries et al. 2002; but see 
Dunbar and Brigham 2010). Given that latitude, habitat, 
and possibly even microclimate can influence physiology, 
conclusions based on geographically restricted samples 
may not accurately represent the entire species. In gen-
eral, more research is needed on intraspecific differences 
in physiology across heterogeneous habitats, and attempts 
to model energetics or survivorship based on physiological 
parameters should consider plasticity in these metrics.
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