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Many hibernating bats in thermally stable, subterranean roosts have experienced precipitous declines from white-nose
syndrome (WNS). However, some WNS-affected species also use thermally unstable roosts during winter that may impact their
torpor patterns and WNS susceptibility. From November to March 2017–19, we used temperature-sensitive transmitters to
document winter torpor patterns of tricolored bats (Perimyotis subflavus) using thermally unstable roosts in the upper Coastal
Plain of South Carolina. Daily mean roost temperature was 12.9 ± 4.9◦C SD in bridges and 11.0 ± 4.6◦C in accessible cavities
with daily fluctuations of 4.8 ± 2◦C in bridges and 4.0 ± 1.9◦C in accessible cavities and maximum fluctuations of 13.8 and
10.5◦C, respectively. Mean torpor bout duration was 2.7 ± 2.8 days and was negatively related to ambient temperature and
positively related to precipitation. Bats maintained non-random arousal patterns focused near dusk and were active on 33.6%
of tracked days. Fifty-one percent of arousals contained passive rewarming. Normothermic bout duration, general activity and
activity away from the roost were positively related to ambient temperature, and activity away from the roost was negatively
related to barometric pressure. Our results suggest ambient weather conditions influence winter torpor patterns of tricolored
bats using thermally unstable roosts. Short torpor bout durations and potential nighttime foraging during winter by tricolored
bats in thermally unstable roosts contrasts with behaviors of tricolored bats in thermally stable roosts. Therefore, tricolored
bat using thermally unstable roosts may be less susceptible to WNS. More broadly, these results highlight the importance
of understanding the effect of roost thermal stability on winter torpor patterns and the physiological flexibility of broadly
distributed hibernating species.
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Introduction
Winter represents a time of negative energy balance for insec-
tivorous temperate zone bats due to decreased insect availabil-
ity and increased thermoregulatory costs (e.g. Turbill, 2008;
Jonasson and Willis, 2011). Bats use torpor, or heterothermy,

to overcome these challenging winter conditions. Torpor is an
energy conservation strategy characterized by the controlled
lowering of metabolic rate and, consequently, body tem-
perature below normothermic levels (Geiser, 2004). Torpor
bouts are interrupted by brief and energetically expensive
arousals during which a bat returns to normothermic body
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temperatures (Thomas et al., 1990; Geiser, 2004). Normoth-
ermic periods are necessary for hibernators to recover from
the physiological costs associated with metabolic depression
and hypothermia including accumulated metabolic wastes
(Geiser et al., 1989), reduced immunocompetence (Field et al.,
2018), dehydration (Thomas and Cloutier, 1992), and sleep
deprivation (Daan et al., 1991). Despite representing a small
fraction of a hibernator’s time, arousals account for 83–90%
of the energy expended during hibernation (Thomas et al.,
1990). Therefore, hibernating bats must balance the energetic
costs of normothermia with the physiological and ecological
costs (e.g. missed opportunities, increased risk of predation)
of being torpid (Humphries et al., 2003; Boyles et al., 2020).

Heterotherms generally fall into two physiologically and
ecologically distinct categories: hibernation and daily het-
erothermy (Ruf and Geiser, 2015). Hibernators maintain
lower metabolic rates and body temperatures than daily
heterotherms and are capable of multiday torpor bouts lasting
>30 days (Geiser, 2004; Ruf and Geiser, 2015). In contrast,
daily heterotherms maintain higher metabolic rates and gen-
erally remain torpid for only 3–12 h with a maximum torpor
bout duration of <2 days under all thermal, environmental
and nutritional conditions (Geiser, 2020). Hibernators often
have random patterns of arousal, while daily heterotherms
usually arouse prior to normal activity hours (Ruf and Geiser,
2015). However, a hibernating species’ temporal expression of
torpor falls along a continuum between short-term torpor and
hibernation that reflects its specific behaviors, local climate
and weather conditions and roost microclimates (Turbill and
Geiser, 2008; Ruf and Geiser, 2015; McNab and O’Donnell,
2018; McGuire et al., 2021). The short-term torpor of hiber-
nators shares many temporal characteristics with daily het-
erothermy, particularly in warmer climates, despite remaining
metabolically distinct (Geiser, 2004, 2020; Ruf and Geiser,
2015). Populations of hibernators nearer the short-term tor-
por end of the continuum frequently have short torpor bouts
(<5 days) and high winter activity levels associated with
seasonally warm ambient weather conditions (Turbill and
Geiser, 2008; Stawski et al., 2009; Czenze et al., 2017b;
Nowack et al., 2020). Additionally, these populations often
maintain non-random arousal patterns that allow them to
exploit favorable foraging conditions and supplement winter
fat reserves (Stawski and Geiser, 2010; Johnson et al., 2012;
Nowack et al., 2020; Chenery et al., 2022). Identifying a
hibernating species or population’s position along the tor-
por continuum is increasingly important in North America
because winter behaviors have the potential to influence
white-nose syndrome (WNS) susceptibility (Johnson et al.,
2012; Langwig et al., 2012; Langwig et al., 2016; Jackson
et al., 2022).

WNS is an invasive fungal disease that has killed millions
of hibernating bats in North America (Langwig et al., 2012;
Frick et al., 2015; Powers et al., 2015) since its initial detec-
tion in 2006 (Blehert et al., 2009). Under favorable growth
conditions (<19.5◦C; Verant et al., 2012) the causal fungal

agent of WNS, Pseudogymnoascus destructans (Pd), invades
and colonizes the cutaneous tissues of the muzzle, ears and
wings of hibernating bats (Blehert et al., 2009). Affected bats
experience a multi-stage disease progression with increased
torpid metabolic rates and evaporative water loss resulting in
more frequent arousals and premature fat depletion (Reeder
et al., 2012; Warnecke et al., 2013; Verant et al., 2014;
McGuire et al., 2017). Because hibernating bats rely heavily
on stored fat reserves to survive winter, disruption of natural
hibernation patterns resulting in premature fat depletion can
be fatal (Warnecke et al., 2013; Verant et al., 2014; McGuire
et al., 2017).

However, bats using thermally unstable roosts may exhibit
winter torpor patterns nearer the short-term torpor end of
the continuum that offset the typical consequences of Pd
infection. For example, passive rewarming (use of exogenous
heating prior to arousal) is rarely observed in subterranean
hibernating species due to the thermally stable microclimates
of most hibernacula, but tree-hibernating bats in the Southern
Hemisphere (Turbill and Geiser, 2008; Stawski et al., 2009;
Czenze et al., 2017a) and non-subterranean hibernating bats
of North America (Halsall et al., 2012) passively rewarm
from torpor in thermally unstable roosts. Passive rewarming
can result in energy savings of 20–47% per arousal com-
pared to complete active rewarming (Turbill, 2008; Hal-
sall et al., 2012) and reduces cardiovascular demands and
oxidative stress (Currie et al., 2015). Additionally, bats in
thermally unstable roosts frequently have short torpid bouts
(<5 days) and high winter activity levels associated with
seasonally warm ambient weather conditions (Turbill and
Geiser, 2008; Stawski et al., 2009; Czenze et al., 2017b). These
bats often maintain non-random arousal patterns, similar to
daily heterotherms, that allow them to exploit favorable for-
aging conditions and supplement winter fat reserves (Turbill,
2006; Stawski and Geiser, 2010; Johnson et al., 2012). Big
brown bats (Eptesicus fuscus) and Rafinesque’s big-eared bats
(Corynorhinus rafinesquii) with high winter activity levels
(Johnson et al., 2012; Reynolds et al., 2017) and little brown
bats (Myotis lucifigus) with increased body fat (Cheng et al.,
2019) are less susceptible to WNS than bats with naturally
low winter activity levels and minimal body fat. Therefore,
bats in thermally unstable roosts with winter torpor pat-
terns more indicative of short-term torpor than hiberna-
tion may be less susceptible to WNS due to energetically
conservative arousals, high winter activity levels and winter
fat supplementation.

Tricolored bats (Perimyotis subflavus) are widely dis-
tributed across eastern North America (Geluso et al., 2005)
and have experienced striking declines since the onset of
WNS. Tricolored bat populations have declined by 90% over
59% of their range (Cheng et al., 2021). In the southeastern
USA, summer tricolored bat populations within the WNS
zone in Georgia have declined by 50% (Perea et al., 2022),
whereas populations in an infected hibernaculum in South
Carolina declined by >90% (Loeb and Winters, 2022) and in
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Georgia by >95% (Gabriel et al., 2022). The high mortality
rates of tricolored bats in southeastern USA hibernacula
despite shorter winters may be due to the region’s relatively
warm hibernacula temperatures (Sirajuddin, 2018; Lutsch
et al., 2022) resulting in faster fungal growth and disease
severity (Langwig et al., 2016). However, tricolored bats also
use thermally unstable, aboveground roosts in regions devoid
of subterranean hibernacula throughout the southeastern
USA. Aboveground roosts used by tricolored bats include
bridges in Louisiana (Ferrara and Leberg, 2005) and South
Carolina (Newman et al., 2021), culverts in Texas (Sandel
et al., 2001; Meierhofer et al., 2019) and Georgia (Lutsch
et al., 2022) and tree cavities in South Carolina (Newman
et al., 2021).

Our objective was to determine where tricolored bats using
thermally unstable bridge and tree roosts lie on the torpor
continuum. We hypothesized tricolored bats using winter
roosts with thermally unstable microclimates would exhibit
skin temperatures (Tsk) and torpor patterns closer to the
short-term torpor end of the continuum than the hibernation
end. We predicted 1) that bats using thermally unstable
roosts would experience Tsk unfavorable to Pd growth during
torpor, 2) that bats would use passive rewarming to reduce
arousal costs, 3) that bat torpor and activity patterns would
be related to ambient weather conditions because bats can
track these conditions in thermally unstable aboveground
roosts and 4) that bats would exploit intermittent feeding
opportunities by maintaining a non-random arousal pattern
around dusk and increasing activity on nights with favorable
foraging conditions. Our findings will add to the growing
knowledge base of torpor in thermally unstable roosts and
help inform conservation actions related to WNS.

Materials and Methods
Study area—We conducted our study from November to
March 2017–19 on the Department of Energy’s Savannah
River Site (SRS), an 80,267-ha National Environmental
Research Park. SRS is located in the Upper Coastal Plain of
South Carolina, and the natural resources are managed by the
United States Department of Agriculture Forest Service (Imm
and McLeod, 2005). Dominant vegetation types on the SRS
were loblolly pine (Pinus taeda), longleaf pine (P. palustris)
and bottomland hardwood (e.g. Nyssa spp., Quercus spp.)
forests (Imm and McLeod, 2005). Since SRS is devoid of
subterranean hibernacula, we focused our research efforts
around three concrete I-beam bridges (Loeb and Zarnoch,
2011) that provided easy walk-in access to hand-capture
torpid tricolored bats.

Capture methodology and torpor measurements—During
daylight hours we hand-captured tricolored bats from the
ceilings of the bridges and recorded the sex, reproductive
condition, wing condition (Reichard and Kunz, 2009), body
mass and forearm length of each bat. We placed a 2.4-mm

aluminum lipped band on the forearm of each bat (Porzana
Ltd, East Sussex, UK), trimmed the hair between the scapulae,
and affixed a 0.42-g LB-2XT temperature-sensitive transmit-
ter (Holohil Systems Ltd, Ontario, Canada) using surgical
glue (Perma-Type Company, Inc). After a minimum 15-min
holding period to ensure transmitter attachment, we placed
bats back in their original roosting location. We swabbed
bats for the presence of Pd following protocols of the labo-
ratory of Dr Christopher Cornelison, Kennesaw State Uni-
versity. All samples from 2017–18 were negative for the
presence of Pd, but one of nine swabs from 2018–19 had
an inconclusive detection of Pd (whitenosesyndrome.org). No
visible signs of WNS were detected in either year at our
site, despite the presence of WNS within ∼100 km for 3
years prior. All applicable institutional and national guidelines
for the care and use of animals were followed including
the US Fish and Wildlife Service Decontamination Protocol
(whitenosesyndrome.org) when handling bats or visiting bridge
roosts. All methods were approved by the Clemson Uni-
versity IACUC (#2017–057) and US Forest Service IACUC
(#2017–017).

We recorded Tsk at roosts at 15-minute intervals during
a 20-s scan period for active transmitter frequencies using
Lotek SRX-800D data loggers. One or two 5-element Yagi
antennas were attached to a data logger placed under each
study bridge for the duration of the field season. We iden-
tified roost locations via daily radio tracking and placed a
3- or 5-element Yagi antenna paired with a data logger at
newly identified roosts. Data loggers at day roosts in trees
were maintained for the duration of the bat’s transmitter life
and if possible, longer, to capture other transmittered bat
visitations. We converted inter-pulse intervals recorded by
the data logger to Tsk using calibration curves supplied by
Holohil Systems, Ltd. We manually checked Tsk records for
potentially inaccurate recordings (e.g. Tsk < 0◦C or >40◦C)
that were a result of low transmitter batteries and/or poor
signal strengths.

We considered Tsk below the maximal Pd growth thresh-
old of 19.5◦C (Verant et al., 2012) as favorable to fungal
growth and infection (i.e. the Pd zone). We defined Pd bout
duration as the length of each continuous stretch of time
that Tsk fell within the Pd zone (note: multiple Pd bouts
could occur within a single torpor bout as defined below). We
evaluated the length of time Tsk fell within the optimal tem-
perature growth range of Pd (12.5–15.8◦C) and calculated
the proportion of time Tsk was within this optimum range
relative to the total time within the Pd zone.

While measures of metabolic rate are ideal for differen-
tiating between thermoregulatory phases of torpor, we used
Tsk, which provides an indirect measure of body temperature
to identify the thermoregulatory phases of torpor (Barclay
et al., 1996, 2001; Willis and Brigham, 2003). Although not
exact, Tsk as measured by external temperature-sensitive
transmitters is very close to body temperature, particularly
during torpor (Willis and Brigham, 2003). Following
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Jonasson and Willis (2012), we defined thermoregulatory
phases for the analysis of torpor patterns as: 1) cooling
bout, an abrupt decrease from normothermic Tsk for two
consecutive readings (>5◦C in ≤30 min) that ended when
the slope of the cooling curve fell to ≤2◦C per 15 min; 2)
active warming bout, an abrupt increase in torpid Tsk for
two consecutive readings (>5◦C in ≤30 min) that eventually
stabilized at normothermic Tsk; 3) normothermic bout,
period of raised Tsk between active warming and cooling
phases; and 4) torpor bout, period of reduced Tsk between
active warming and cooling phases. We also identified periods
of passive rewarming during which Tsk increased in parallel
with Ta. Due to complete passive rewarming by two bats
in 2017–18, we also categorized certain periods of passive
rewarming that reached Tsk > 28◦C as normothermic bouts.
We defined a bat-day as starting at 08:00 and ending at 07:59
the next day. We identified the hour of each arousal using
Tsk records and the associated thermoregulatory phases of
warming and normothermia.

Activity and roost switching—To determine if bats were
feeding during the winter, we placed 1.2-m2 fabric and paper
sheets under areas frequently used by bridge-roosting tricol-
ored bats, inspected them weekly, and collected fecal samples
using tweezers. We also collected any feces expelled during bat
handling. Fecal samples were refrigerated until we examined
them for insect parts. We teased apart each sample in a petri
dish containing a solution of 70% isopropyl alcohol while it
was under a dissecting microscope and inspected the sample
for insect parts at 10–40× magnification. Presence of insect
parts indicates bats were feeding during periods of activity
and an absence of insect parts indicates passage of metabolic
wastes and no feeding (Whitaker and Rissler, 1993).

We used three measures of activity: 1) general activity—
binary record for each bat representing whether a bat was
normothermic (1) or torpid (0) in the late afternoon and
evening for every day of observation; 2) activity away—
binary record for each bat representing whether a bat left
its day roost during a normothermic bout (1) or remained
in the roost (0); and 3) a day-roost switch—binary record
for each bat representing whether a bat switched roosts (1)
or not (0) for each day of observation. The general activity
record was based on torpor phases. For activity away, we
attributed night-time gaps in the Tsk record that could not be
explained by low transmitter strength or data logger battery
failure during a normothermic bout to activity away from the
day roost. Roost switches were identified using telemetry logs
from daily radio tracking efforts.

Environmental covariates—We recorded roost tem-
perature (Tr) and relative humidity every 30 min using
Hygrochron iButtons (Maxim Integrated, San Jose, CA,
USA). We collected Tr and relative humidity from the study
bridges during both years, Tr in accessible cavities (tree
cavities with basal or mid-bole openings and an entrance
width >8 cm) during both years, and relative humidity in
accessible cavities only during the second year. We acquired

ambient temperature (Ta), relative humidity, barometric
pressure (Pbar) and precipitation from an on-site climatology
station through the Atmospheric Technologies Group of
the Savannah River National Laboratory. In 2018–19, we
suspended Hygrochron iButtons in inverted styrofoam cups
from tree branches near used tree and bridge roosts for
comparison with climatology station measurements. We
calculated vapor pressure deficit (Kurta, 2014) and saturation
vapor pressure using simultaneous measurements of temper-
ature (Ta or Tr) and relative humidity (ambient or roost)
using equations found in (Monteith and Unsworth, 1990) and
(Murray, 1967). Vapor pressure deficit is an absolute measure
of ambient moisture, unlike relative humidity, suitable for
examining potential differences in evaporation (Kurta, 2014).
To ensure climatology tower data were comparable to Ta
and ambient vapor pressure deficit (VPDa) conditions of
forests used by bats, we performed a paired t-test on the daily
mean tower and forest measurements in 2018–19 with a null
hypothesis of zero difference. We determined that daily tower
measurements, although statistically different from forest
measurements of Ta (t = −4.28, df = 119, P < 0.001) and
VPDa (t = −17.45, df = 119, P < 0.001), were not biologically
different from forest measurements based on estimated mean
differences of only −0.26 ± 0.65◦C and − 0.11 ± 0.07 kPa,
respectively.

Statistical analyses—We excluded single-day torpor bouts
and normothermic bouts that occurred on the day of cap-
ture from our analyses. Females and males were pooled for
analyses due to limited sample size. We assessed model fit
and suitability using QQ plots of our residuals. Due to non-
normal model residuals in our linear response variables, we
transformed these data using the best normalization func-
tion identified by the bestNormalize package (Peterson and
Cavanaugh, 2019). We then reassessed and confirmed the
normality of our model residuals. We tested for collinearity
among our predictor variables using a variance inflation
factor of 5 (Heiberger and Holland, 2015) and found no mod-
els contained variables with high collinearity. All statistical
analyses were performed in R version 3.5.2 (R Core Team,
2019) and values are reported as mean ± standard deviation.

We developed six a priori hypotheses including the null
hypothesis and global model based on weather conditions,
roost microclimate and energetic status to predict Pd bout
duration (Table 1). We tested our hypotheses using linear
mixed effect models (LMMs) with a random effect of individ-
ual. We ranked competing models using Akaike’s Information
Criterion with correction for small sample sizes (AICc) and
selected the most parsimonious model(s) based on a ΔAICc
< 2. When multiple models were selected, we obtained model-
averaged coefficients of the top models and used the condi-
tional average to obtain parameter estimates (Burnham and
Anderson, 2002). We determined the significance of model
parameter estimates based on whether their upper and lower
95% confidence intervals overlapped 0 (Gardner and Altman,
1986). We used the same six a priori hypotheses and model
selection procedures as outlined for the Pd bout duration
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Table 1: Hypotheses and variables for models predicting Pd bout duration, torpid bout duration and normothermic bout duration for tricolored
bats using thermally unstable roosts in the Upper Coastal Plain of South Carolina, 2017–19. Predictor abbreviations are as follows: Ta, ambient
temperature; Precip, precipitation; VPDa, ambient vapor pressure deficit; and Pbar, barometric pressure

Hypothesis Predictors Example Reference

Simple weather Mean Ta (Stawski et al., 2009)

Energetic status Mean Ta (Stawski et al., 2009)

Mass (Boyles et al., 2007)

Weather Mean Ta (Stawski et al., 2009)

Mean Pbar (Turbill, 2008)

Total Precip (Voigt et al., 2011)

Roost microclimate Mean VPDa (Thomas and Cloutier, 1992)

Roost Type (Thomas and Cloutier, 1992)

Mean VPDa∗Roost Type (Thomas and Cloutier, 1992)

Global Mean Ta (Stawski et al., 2009)

Mean Pbar (Turbill, 2008)

Total Precip (Voigt et al., 2011)

Mass (Boyles et al., 2007)

Mean VPDa (Thomas and Cloutier, 1992)

Roost Type (Thomas and Cloutier, 1992)

Mean VPDa∗Roost Type (Thomas and Cloutier, 1992)

Null Null

analysis to predict torpor bout duration and normothermic
bout duration (Table 1).

We analyzed hourly arousal data using package circular
(Agostinelli and Lund, 2017) and determined if arousal timing
was non-random using a Rayleigh test. We then used a
von Mises kernel density estimator with a cross-validatory
bandwidth selector minimizing Kullback–Leibler loss to iden-
tify the hour of day with the highest probability of arousal
(Oliveira-Santos et al., 2013). We developed six a priori
hypotheses based on weather conditions, roost microclimate,
energetic status, warming costs and seasonality to predict
general activity, nighttime activity away from the roost [activ-
ity away] and roost switching [day-roost switch] (Table 2).
We also included a predictor variable accounting for day
roost structure in models for general activity and activity
away from the roost since we found a non-random associ-
ation between our predictor and response based on Fisher’s
exact test (P < 0.001 and P < 0.001, respectively). The roost
structure variable was not added to roost switching models
since we found no significant difference (P = 0.07). We tested
our hypotheses using generalized linear mixed effect models
(GLMMs) with a logit link and a random effect of individual.
We used the same model selection procedures as outlined
for the Pd bout duration analysis to predict the probability
of general activity, the probability of activity away and the
probability of a roost switch.

Results
We recovered Tsk data from 11 of 18 transmittered bats
(four females and seven males; Fig. 1a). We had one recapture
in both years: a female in 2017–18 originally banded in
2016–17 during a pilot study (data not incorporated) and
a male in 2018–19 recaptured following initial capture in
2017–18. We regarded the male recaptured in 2018–19 as a
distinct individual, and Tsk records were not pooled across
years; thus we assumed that we had readings from 12 unique
individuals across 2 years. Daily mean Ta and VPDa dur-
ing November through March 2017–19 were 10.9 ± 5.5◦C
(range = −4.5–22.1◦C) and 0.42 ± 0.43 kPa (range = 0.01–
1.185 kPa), respectively.

We recorded data during 304 bat-days with a mean track-
ing duration of 28 ± 10 days per bat. In addition to three
previously identified I-beam bridge roosts, we identified 24
tree roosts. Tree roosts were in cavities (five with basal
openings, seven with mid-bole and chimney openings), Span-
ish moss (Tillandsia usneoides) or dead leaves (n = 3) and
unknown structures in the canopy (n = 9). Daily mean Tr
was 12.9 ± 4.9◦C in bridges and 11.0 ± 4.6◦C in accessible
cavities, while daily mean roost vapor pressure deficit was
0.42 ± 0.32 kPa in bridges and 0.04 ± 0.06 kPa in accessible
cavities. Daily mean Tr fluctuation was 4.8 ± 2◦C in bridges
and 4.0 ± 1.9◦C in accessible cavities with maximum fluctu-
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Table 2: Hypotheses and variables for models predicting general activity, night-time activity away, and roost switching for tricolored bats using
thermally unstable roosts in the Upper Coastal Plain of South Carolina, 2017–19. Predictor abbreviations are as follows: Ta, ambient temperature;
pVPDa, previous day’s ambient vapor pressure deficit; Pbar, barometric pressure; and Condate or Condate2, linear or quadratic form of days from 1
November. Roost type was only included in the general activity and night-time activity away models

Hypothesis Predictors Example References

Weather Mean Ta (Stawski et al., 2009)

Mean Pbar (Turbill, 2008)

Precipitation (Voigt et al., 2011)

Roost type (Czenze et al., 2017a)

Energetic status Mean Ta (Stawski et al., 2009)

Mass (Boyles et al., 2007)

Roost Type (Czenze et al., 2017a)

Warming cost Hr Max Ta (Turbill, 2008)

Max Ta (Turbill, 2008)

Roost type (Czenze et al., 2017a)

Past roost microclimate Mean pVPDa (Thomas and Cloutier, 1992)

Roost type (Thomas and Cloutier, 1992)

Mean pVPDa∗Roost type (Thomas and Cloutier, 1992)

Seasonality ConDate (Czenze et al., 2017a)

ConDate2 (Czenze et al., 2017a)

Roost type (Czenze et al., 2017a)

Null Null

ations of 13.8 and 10.5◦C, respectively. Bats usually roosted
alone although we occasionally observed small clusters (2–3
individuals) in bridge roosts during January and February.

The proportion of time that bats’ Tsk fell within the Pd
zone ranged from 0.6 to 0.96 (0.81 ± 0.11)
(Supplementary Table S1). While within the Pd zone, the
proportion of time Tsk was within the optimal growth range
(12.5–15.8◦C) varied from 0.24 to 0.66 (0.39 ± 0.13). During
129 Pd bouts (Tsk < 19.5◦C), Pd bout duration ranged from
15 min to 14.1 days with a median of 17.2 h and a mean
of 1.7 ± 2.4 days. The global model was the top model
predicting Pd bout duration and carried 70% of the model
weight (Table 3). Mean Ta and the interaction of mean VPDa
and roost structure were statistically significant in explaining
Pd bout duration (Table 4). Pd bout duration decreased
as mean Ta increased, and the median Pd bout duration
decreased to only 8 h at Ta > 10◦C (Fig. 2a). Pd bout duration
decreased in bridges and foliage as mean VPDa increased, but
we detected no relationship between Pd bout duration and
mean VPDa in cavities (Supplementary Fig. S1a). However,
plotted values suggest the relationship in cavities may be non-
linear, with a peak at ∼0.3–0.5 kPA, which was not detected
by our model (Supplementary Fig. S1a).

All bats used torpor every day of observation, and bats
in all roost structures exhibited both short (<24 h) and

multi-day torpor bouts (Fig. 1b). During 94 recorded torpor
bouts, the median torpid Tsk for each bat ranged from
12.3 to 18.0◦C with a pooled mean Tsk across all bats of
15.4 ± 4.3◦C (Fig. 1a). The daily fluctuation in torpid Tsk
averaged 4.8 ± 3.7◦C with a maximum of 23.1◦C. Torpor
bouts ranged from 3.5 h to 15.5 days (Fig. 1b) with a median
of 1.6 days and mean of 2.7 ± 2.8 days. The simple weather,
weather and global models all fell within 2 ΔAICc units
and combined carried 89% of the model weight (Table 3).
Three predictors were significant: mean Ta, total precipitation
and the interaction between mean VPDa and roost struc-
ture (Table 4). Torpor bout duration decreased as mean Ta
increased, and the median torpor bout duration decreased
to only 21.7 h at Ta > 10◦C (Fig. 2b). Torpor bout duration
was positively related to total precipitation, and the longest
torpor bout duration, 15.5 days, occurred during the second
longest precipitation event, which resulted in water covering
the only known entrance to the bat’s cavity for multiple days.
Torpor bout duration was negatively related to mean VPDa
in bridges, positively related to mean VPDa in cavities and we
detected no relationship between torpor bout duration and
mean VPDa in foliage roosts (Supplementary Fig. S1b).

We recorded 90 normothermic bouts ranging from 15 min
to 10.1 h with a median of 1.2 h and a mean of 2.4 ± 2.6 h.
The longest observed normothermic bout duration, 10.1 h,
was by a female roosting in foliage in late February. The
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Figure 1: (a) Summary of torpid skin temperatures recorded every
15 min from tricolored bats using thermally unstable roosts in the
Upper Coastal Plain of South Carolina, 2017–19. Skin temperatures
favorable to Pd growth (i.e. <19.5◦C) occur above the grey shaded
regions, while potential optimal growth conditions (i.e. 12.5–15.8◦C)
are represented by solid black shading. (b) Skin temperature trace
(dotted purple) containing longest observed torpor bout duration of
15.5 days from a tricolored bat (SR0257) in 2019 using a tree cavity
with roost temperature (solid orange) and ambient temperature
(solid gray) for reference.

top model for predicting normothermic bout duration, simple
weather, carried 89% of the model weight (Table 3) and
contained the significant predictor mean Ta (Table 4). Nor-
mothermic bout duration increased with mean Ta, and we
often observed multi-hour normothermic events at Ta > 20◦C
(Fig. 2c).

Bats were active on 102 of 304 tracked days (33.6%),
and 51% of arousals contained a passive rewarming com-
ponent. Days in which individual bats were active ranged
from 14 to 64% of days followed, and 97% of all arousal
events overlapped night-time hours. Bats maintained a non-
random arousal pattern (z = 0.5433, P < 0.001, n = 101), with
the highest probability of arousal near dusk (Fig. 3). The top
model for predicting general activity, energetic status, carried
60% of the model weight (Table 5) and contained the signif-
icant predictors, mean daily Ta and roost structure (Table 6).
The probability of general activity increased as mean Ta
increased (Fig. 4a), and bats in foliage had a higher proba-
bility of general activity than those in bridges and cavities.

Figure 2: Observed (a) Pd bout duration, (b) torpor bout duration
and (c) normothermic bout duration as a function of mean ambient
temperature for tricolored bats using thermally unstable roosts in the
Upper Coastal Plain of South Carolina, 2017–19.

Seventy-one percent of nighttime arousal events involved
activity away from the roost and 38% resulted in a roost
switch. The weather and energetic status models were the best
models predicting activity away from the roost and combined
carried 97% of the model weight (Table 5) and contained the
significant predictors, mean nightly Ta and Pbar and roost
structure (Table 6). The probability of activity away from
the roost increased with increasing mean Ta and decreasing
Pbar (Fig. 4b and 4c), and bats in bridges and foliage had
a higher probability of activity away than those in cavities.
The seasonality, null and warming cost models were the
best models predicting a roost switch and combined carried

..........................................................................................................................................................

7

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/12/1/coae014/7646140 by U

SD
A APH

IS H
Q

 Library user on 17 April 2024



..........................................................................................................................................................
Research Article Conservation Physiology • Volume 12 2024

Table 3: Top models predicting Pd bout duration, torpor bout duration and normothermic bout duration for tricolored bats using thermally
unstable roosts in the Upper Coastal Plain of South Carolina, 2017–19. Model refers to the hypothesis evaluated (Table 1); K, number of
parameters; logLik, maximum log-likelihood; ΔAICc, difference of AICc between a model and the model with the smallest AICc; weight, model
weight

Model K logLik AICc ΔAICc Weight

Pd bout
duration

Global 12 −262.01 550.70 0.00 0.70

Simple weather 4 −272.47 553.30 2.55 0.20

Torpor bout
duration

Weather 6 −107.17 227.30 0.00 0.34

Simple weather 4 −109.47 227.40 0.09 0.33

Global 12 −100.13 228.20 0.85 0.22

Energetic status 5 −109.42 229.50 2.21 0.11

Normothermic
bout duration

Simple weather 4 −43.65 95.80 0.00 0.89

Energetic status 5 −44.69 100.10 4.32 0.10

Table 4: Coefficient estimates from top models of winter torpor patterns of tricolored bats using thermally unstable roosts in the Upper Coastal
Plain of South Carolina, 2017–19. Predictor abbreviations: Ta, ambient temperature; MVPDa, mean ambient vapor pressure deficit; and Pbar,
barometric pressure

Predictor Estimate SE 95% LCL 95% UCL

Pd bout duration Mean Ta −5.11 1.20 −6.69 −3.86

Mean VPDa −2.77 1.42 −4.89 −1.47

Roost: cavity −1.85 1.60 −4.14 1.35

Roost: foliage −4.16 1.57 −8.30 −1.91

Total precipitation −1.06 1.18 −1.45 1.31

Mean Pbar 1.05 1.22 −1.41 1.54

Mass −1.56 1.35 −2.65 1.15

MVPDa∗Roost: cavity 3.18 1.61 1.35 6.71

MVPDa∗Roost: foliage 1.56 1.51 −1.45 3.25

Torpor bout duration Mean Ta −0.65 0.11 −0.92 −0.41

Total precipitation 0.25 0.08 0.09 0.42

Mean Pbar 0.15 0.11 −0.06 0.37

Mean VPDa −0.06 0.13 −0.32 0.20

Roost: cavity −0.74 0.23 −1.41 −0.23

Roost: foliage −0.81 0.20 −1.40 −0.35

Mass −0.32 0.16 −0.66 0.00

MVPDa∗Roost: cavity 0.42 0.20 0.02 0.90

MVPDa∗Roost: foliage 0.20 0.16 −0.12 0.54

Normothermic bout
duration

Mean Ta 1.61 1.10 1.34 1.95

85% of the model weight (Table 5). The quadratic predictor
variable date (number of days from 1 November) was sig-
nificant (Table 6), with the probability of switching roosts

being highest in fall and late winter-early spring and decreased
towards mid-winter. We collected five guano samples, three in
late February 2018, one in early March 2018 and one in mid-
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Figure 3: Probability of arousal by time of day (24-hour notation) for
tricolored bats using thermally unstable roosts in the Upper Coastal
Plain of South Carolina, 2017–19.

January 2019. Two of the five samples were collected during
bat processing in the morning and the remaining three were
collected from guano sheets. All five samples contained insect
parts, an indication of winter feeding.

Discussion
Tricolored bats at SRS exhibited winter torpor patterns nearer
the short-term torpor end of the torpor continuum with char-
acteristics reminiscent of daily heterotherms and, as a result,
might be less susceptible to WNS than populations nearer
the hibernation end. Although tricolored bats’ Tsk often fell
within the optimal temperature growth range of Pd (Verant
et al., 2012), similar to susceptible subterranean populations
(Sirajuddin, 2018; Jackson et al., 2022), Pd bout duration
was responsive to Ta, and torpid Tsk often rose >20◦C
due to passive fluctuations. Bats in both bridges and trees
experienced daily Tsk and Tr fluctuations averaging 4–5◦C. In
tricolored bats accustomed to thermally stable microclimates,
Tr fluctuations of 5◦C provoke energetically costly arousals
(Davis and Reite, 1967), but bats at SRS frequently remained
torpid. The ability to remain torpid during large passive fluc-
tuations in Tsk appears relatively common for tree-roosting
species in Australia (Turbill and Geiser, 2008; Stawski et al.,
2009; Stawski and Currie, 2016) and other above-ground
hibernating species of North America (Davis and Reite, 1967;
Halsall et al., 2012). Few bat species are known to thermocon-
form at Tsk > 20◦C, and examples of this behavior that exist
are from subtropical and tropical regions (Stawski and Geiser,
2010; Liu and Karasov, 2011; Chenery et al., 2022). Multiple
observations of SRS bats thermoconforming at Tsk > 20◦C
highlight the need to explore critical arousal temperatures of
bats using thermally unstable roosts. Of further importance,
Tsk > 20◦C are not favorable to Pd growth, and changes in the
structural morphology of Pd grown at elevated temperatures
(12–19.5◦C) suggest these conditions are stressful for the
fungus and limit its overall reproductive capacity (Verant
et al., 2012). Additionally, frequent temperature fluctuations

ranging from 8 to 25◦C significantly reduce Pd growth in
vitro (Forney et al., 2022). Thus, short Pd bout duration
due to passive Tsk fluctuations might limit fungal growth
and disease severity, though severity might vary across years
depending on ambient weather conditions.

Tricolored bats regularly used passive rewarming prior to
arousals, maintained short torpor bout duration, had rela-
tively high winter activity levels related to ambient weather
conditions and exploited intermittent foraging opportunities
during winter. These torpor and activity patterns are compa-
rable to those recorded in other bat species in North America
and Australia that use thermally unstable roosts (Stawski
et al., 2009; Halsall et al., 2012; McNab and O’Donnell,
2018). Rarely observed in subterranean hibernating bats due
to thermally stable microclimates, passive rewarming prior to
arousal appears to be a regular occurrence for tricolored bats
at SRS, and five arousals in foliage were performed exclusively
via passive rewarming. Tricolored bats in foliage likely experi-
enced the greatest opportunity for passive rewarming, which
may explain why bats in foliage had higher general activity
than bats in bridges and cavities. The energetic benefits of
passive rewarming for daily heterotherms increase exponen-
tially over time since these species rewarm from torpor daily
(Geiser, 2004; Canale et al., 2012). Regular use of passive
rewarming by tricolored bats at SRS reduces the energetic and
physiological demands of arousal and might limit premature
fat depletion related to WNS. However, the advantages of a
passive rewarming strategy are constrained by microclimate,
and thermally unstable microclimates pose some disadvan-
tages. Fluctuations in Tr that allow passive rewarming also
can expose bats to lethal freezing conditions during periods of
extreme cold resulting in increased torpid metabolic rates and
energy use during torpor (Boyles et al., 2020). Additionally,
the exposure of some thermally unstable structures results
in roost humidity conditions that likely increase evaporative
water loss during torpor (Thomas and Cloutier, 1992). Bats
in bridges, but not cavities, decreased torpor bout duration
as VPDa increased and were more active away from the
roost than bats in cavities potentially because of increased
evaporative water loss and dehydration. Therefore, the use
and energetic advantages of thermally unstable roosts might
be limited by local climate and weather conditions.

Tricolored bats in thermally unstable roosts exhibited clear
differences in torpor expression when compared to climati-
cally similar tricolored bat populations in subterranean hiber-
nacula. Torpor patterns of bats at SRS were related to ambi-
ent weather conditions, similar to other bat species using
thermally unstable roosts (Stawski and Geiser, 2010; Stawski
and Currie, 2016; Czenze et al., 2017a, 2017b), and unlike
tricolored bats in subterranean hibernacula (Sirajuddin, 2018;
Jackson et al., 2022). The relationship of torpor to ambi-
ent weather conditions might be in response to associated
thermoregulatory costs of activity during certain conditions.
As the differential between Ta and normothermic tempera-
tures decreases, so does the energetic cost of activity (Geiser,
2004), and precipitation results in increased energetic costs on
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Table 5: Top activity models for tricolored bats using thermally unstable roosts in the Upper Coastal Plain of South Carolina, 2017–19. Model
refers to the hypothesis evaluated (Table 2); K, number of parameters; logLik, maximum log-likelihood; ΔAICc, difference of AICc between a
model and the model with the smallest AICc; weight, model weight

Model K logLik AICc ΔAICc Weight

General activity Energetic status 6 −134.68 281.60 0.00 0.60

Warming cost 6 −135.94 284.20 2.53 0.17

Activity away Weather 7 −31.07 77.40 0.00 0.70

Energetic status 6 −33.19 79.30 1.91 0.27

Seasonality 6 −36.13 85.20 7.80 0.01

Roost switch Seasonality 4 −62.49 133.40 0.00 0.44

Null 2 −65.27 134.70 1.25 0.23

Warming cost 4 −63.39 135.20 1.79 0.18

Past roost microclimate 5 −63.08 136.80 3.40 0.08

Table 6: Coefficient estimates from top models of winter activity patterns of tricolored bats using thermally unstable roosts in the Upper Coastal
Plain of South Carolina, 2017–19. Predictor abbreviations: Ta, ambient temperature; pVPDa, previous day’s ambient vapor pressure deficit; Pbar,
barometric pressure; and Condate or Condate2, linear or quadratic form of days from 1 November

Predictor Estimate SE 95% LCL 95% UCL

General activity Mass 0.32 0.23 −0.08 0.93

Mean Ta 1.47 0.20 1.10 1.88

Roost: cavity 0.21 0.60 −0.71 1.51

Roost: foliage 1.80 0.55 0.79 2.95

Activity away Mean Ta 1.00 0.47 0.07 1.94

Mean Pbar −1.03 0.48 −1.99 −0.08

Total precipitation −0.46 0.51 −1.47 0.55

Roost: cavity −3.26 1.09 −5.42 −1.10

Roost: foliage 1.47 1.66 −1.83 4.78

Mass 0.53 0.52 −0.50 1.56

Roost switch Condate 1.51 0.24 −0.90 0.06

Condate2 5.51 2.17 1.27 9.75

Hour of max Ta 0.47 0.27 −0.07 1.01

Max Ta −0.19 0.24 −0.67 0.29

Mass 0.40 0.24 −0.07 0.86

Mean Ta −0.20 0.24 −0.68 0.28

Mean Pbar −0.21 0.26 −0.73 0.31

Total precipitation 0.08 0.27 −0.45 0.62

Mean pVPDa 0.39 0.26 −0.12 0.90

actively flying bats (Voigt et al., 2011). The ability to closely
monitor ambient weather conditions in thermally unstable
roosts and subsequently arouse on nights with lower ther-
moregulatory costs to exploit intermittent feeding opportuni-
ties likely contributes to the expression of short-term torpor in

tricolored bats at SRS. Bats in thermally unstable roosts may
respond to a critical threshold of passive Tsk fluctuation that
signals reduced thermoregulatory costs and an opportunity
to forage during winter (Dunbar et al., 2007; Turbill, 2008),
which is absent in subterranean hibernating bats. We found
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Figure 4: (a) Probability of general activity as a function of daily
mean ambient temperature and the (b) probability of night-time
activity away as a function of nightly mean ambient temperature and
(c) mean nightly barometric pressure for tricolored bats using
thermally unstable roosts in the Upper Coastal Plain of South
Carolina, 2017–19.

multiple lines of evidence suggesting tricolored bats at SRS
exploit winter feeding opportunities. Tricolored bats at SRS
maintained a non-random arousal pattern throughout winter,
with peak activity near dusk. Bats active near dusk have more
foraging opportunities, and many species suspected of feeding
during winter concentrate their arousals near dusk (Turbill,
2006; Stawski and Geiser, 2010; Hope and Jones, 2012;
Johnson et al., 2012). In addition, we observed increases in
normothermic bout duration, general activity and nighttime
activity away from the roost on nights when temperatures
were >10◦C, which coincides with the lower critical flight

temperature for most insects (Taylor, 1963). We also found
a significant increase in night-time activity away from the
roost at lower Pbar. Multiple species appear to use changes
in Pbar, which is associated with insect abundance, as a
cue for emergence and activity (Turbill, 2008; Czenze and
Willis, 2015). Additionally, though limited in number, the
fecal samples we collected during our study all contained
insect parts. Since evidence of activity away from roosts was
not observed by Sirajuddin (2018) in bats using thermally
stable hibernacula under similar climatic conditions to our
own, intermittent winter feeding by tricolored bats at SRS
may be a function of both a mild climate and use of thermally
unstable roosts. Big brown bats, Rafinesque’s big-eared bats,
and southeastern myotis (Myotis austroriparius) with high
winter activity levels appear less susceptible to WNS than bats
with naturally low winter activity levels (Johnson et al., 2012,
2021; Reynolds et al., 2017). During torpor, bats experience
reduced immunocompentence (Field et al., 2018), and long
torpor bout duration may allow Pd to extensively colo-
nize cutaneaous tissues with little host resistence or immune
response. However, bats with naturally high winter activity
levels may be able to mount a more robust immune response
throughout winter (Humphries et al., 2003; van Breukelen
and Martin, 2015) potentially limiting WNS infection. Finally,
winter fat supplementation may enable bats to maintain
high winter activity levels and also result in decreased WNS
susceptiblity since higher fat reserves contribute to persistence
in WNS-affected populations (Cheng et al., 2019).

Roost switching was related to season with a greater
probability of roost switching in early and late winter.
Bats may switch roosts more often when foraging to
reduce the energetic costs of commuting, and early and
late winter may have the most foraging opportunities due
to warm conditions. Because roost switching is a strategy
for parasite avoidance (Lewis, 1995; Reckardt and Kerth,
2007), tricolored bats may have switched roosts more often
in early and later winter when parasites are more prevalent
(Nickel and Hansen, 1967). Increased roost switching in early
and late winter may have also been in response to shifting
microclimates (Lewis, 1995). Intermediate Ta, combined with
thermally unstable roost structures, may result in a greater
need to switch roosts to find a suitable roost microclimate.

In summary, our results suggest winter torpor of bats using
thermally unstable roosts lies nearer the short-term torpor
end of the continuum than the hibernation end. Therefore,
tricolored bats at SRS may be less susceptible to WNS due
to short Pd bout duration, regular use of passive rewarming,
short torpor bout duration and relatively high winter activ-
ity levels and winter fat supplementation from intermittent
feeding opportunities. Understanding where bats lie along the
torpor continuum when they use thermally unstable roosts
is increasingly important as WNS advances into regions of
North America with many above ground roosting popula-
tions. Inherent differences in winter torpor strategy related
to roost microclimate and weather conditions may result in
varying degrees of WNS susceptibility among populations of
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the same species. Further research to understand how short-
term torpor and its associated physiological expression affect
Pd growth and disease development is needed. Finally, these
results highlight the need to explore the physiological flex-
ibility of broadly distributed hibernators with consideration
of climate change. Tricolored bats using thermally unstable
roosts appear well adapted to climate change since, like some
tropical bat species (Stawski and Geiser, 2012), they continue
to opportunistically use torpor at high Ta.
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Barlow KE, Bartonička T, Feller D, Haarsma AJ et al. (2015) Disease
alters macroecological patterns of North American bats. Glob Ecol
Biogeogr 24: 741–749. https://doi.org/10.1111/geb.12290.

Gabriel KT, McDonald AG, Lutsch KE, Pattavina PE, Morris KM, Ferrall EA,
Crow SA, Cornelison CT (2022) Development of a multi-year white-
nose syndrome mitigation strategy using antifungal volatile organic
compounds. PloS One 17: e0278603. https://doi.org/10.1371/journal.
pone.0278603.

Gardner MJ, Altman DG (1986) Confidence intervals rather than P values:
estimation rather than hypothesis testing. Br Med J (Clin Res Ed) 292:
746–750. https://doi.org/10.1136/bmj.292.6522.746.

Geiser F (2004) Metabolic rate and body temperature reduction during
hibernation and daily torpor. Annu Rev Physiol 66: 239–274. https://
doi.org/10.1146/annurev.physiol.66.032102.115105.

Geiser F (2020) Seasonal expression of avian and mammalian daily tor-
por and hibernation: not a simple summer-winter affair. Front Physiol
11: 1–19. https://doi.org/10.3389/fphys.2020.00436.

Geiser F, Hiebert S, Kenagy GJ (1989) Torpor bout duration during
the hibernation season of two sciurid rodents: interactions with
temperature and metabolism. Physiol Zool 63: 489–503. https://doi.
org/10.1086/physzool.63.3.30156224.

Geluso K, Mollhagen TR, Bogan MA, Tigner JM (2005) Westward expan-
sion of the eastern pipistrelle (Pipistrellus subflavus) in the United
States, including new records from New Mexico, South Dakota, and
Texas. West North Am Nat 65: 405–409.

Halsall AL, Boyles JG, Whitaker JO (2012) Body temperature patterns of
big brown bats during winter in a building hibernaculum. J Mammal
93: 497–503. https://doi.org/10.1644/11-mamm-a-262.1.

Heiberger R, Holland B (2015) Statistical Analysis and Data Display: An
Intermediate Course with Examples in R, Ed2nd. Springer, New York

Hope PR, Jones G (2012) Warming up for dinner: torpor and arousal
in hibernating Natterer’s bats (Myotis nattereri) studied by radio
telemetry. J Comp Physiol B 182: 569–578. https://doi.org/10.1007/
s00360-011-0631-x.

Humphries MM, Thomas DW, Kramer DL (2003) The role of energy avail-
ability in mammalian hibernation: a cost-benefit approach. Physiol
Biochem Zool 76: 165–179. https://doi.org/10.1086/367950.

Imm DW, McLeod KW (2005) Biotic communities: plant communities. In
JC Kilgo, JI Blake, eds, Ecology and Management of a Forested Land-
scape: Fifty Years on the Savannah River Site. Island Press, Washington,
DC, pp. 106–161.

Jackson RT, Willcox EV, Bernard RF (2022) Winter torpor expression varies
in four bat species with differential susceptibility to white-nose syn-
drome. Sci Rep 12: 5688. https://doi.org/10.1038/s41598-022-09692-
x.

Johnson JS, Lacki MJ, Thomas SC, Grider JF (2012) Frequent arousals
from winter torpor in Rafinesque’s big-eared bat (Corynorhinus
rafinesquii). PloS One 7: e49754. https://doi.org/10.1371/journal.
pone.0049754.

Johnson JS, Sharp NW, Monarchino MN, Lilley TM, Edelman AJ (2021)
No sign of infection in free-ranging Myotis austroriparius hibernating
in the presence of Pseudogymnoascus destructans in Alabama. South-
east Nat 20: 20–28. https://doi.org/10.1656/058.020.0102.

Jonasson KA, Willis CKR (2011) Changes in body condition of hibernating
bats support the thrifty female hypothesis and predict consequences
for populations with white-nose syndrome. PloS One 6: e21061.
https://doi.org/10.1371/journal.pone.0021061.

Jonasson K, Willis C (2012) Hibernation energetics of free-ranging lit-
tle brown bats. J Exp Biol 215: 2141–2149. https://doi.org/10.1242/
jeb.066514.

Kurta A (2014) The misuse of relative humidity in ecological stud-
ies of hibernating bats. Acta Chiropt 16: 249–254. https://doi.
org/10.3161/150811014X683444.

Langwig KE, Frick WF, Bried JT, Hicks AC, Kunz TH, Marm Kilpatrick
A (2012) Sociality, density-dependence and microclimates deter-
mine the persistence of populations suffering from a novel fungal
disease, white-nose syndrome. Ecol Lett 15: 1050–1057. https://doi.
org/10.1111/j.1461-0248.2012.01829.x.

Langwig KE, Frick WF, Hoyt JR, Parise KL, Drees KP, Kunz TH, Foster
JT, Kilpatrick AM (2016) Drivers of variation in species impacts for a
multi-host fungal disease of bats. Philos Trans R Soc B 371: 20150456.
https://doi.org/10.1098/rstb.2015.0456.

Lewis SE (1995) Roost fidelity of bats: a review. J Mammal 76: 481–496.
https://doi.org/10.2307/1382357.

..........................................................................................................................................................

13

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/12/1/coae014/7646140 by U

SD
A APH

IS H
Q

 Library user on 17 April 2024

https://doi.org/10.1007/s00360-015-0900-1
https://doi.org/10.1007/s00360-015-0900-1
https://doi.org/10.1016/0304-3940(91)90276-Y
https://doi.org/10.2307/1539637
https://doi.org/10.2307/1539637
https://doi.org/10.3161/1733-5329(2007)9[305:wfbbim]2.0.co;2
https://doi.org/10.3161/1733-5329(2007)9[305:wfbbim]2.0.co;2
https://doi.org/10.1644/1545-1542(2005)086[0729:copsbd]2.0.co;2
https://doi.org/10.1111/mec.14827
https://doi.org/10.1111/mec.14827
https://doi.org/10.1098/rsos.211986
https://doi.org/10.1098/rsos.211986
https://doi.org/10.1111/geb.12290
https://doi.org/10.1371/journal.pone.0278603
https://doi.org/10.1371/journal.pone.0278603
https://doi.org/10.1136/bmj.292.6522.746
https://doi.org/10.1146/annurev.physiol.66.032102.115105
https://doi.org/10.1146/annurev.physiol.66.032102.115105
https://doi.org/10.3389/fphys.2020.00436
https://doi.org/10.1086/physzool.63.3.30156224
https://doi.org/10.1086/physzool.63.3.30156224
https://doi.org/10.1644/11-mamm-a-262.1
https://doi.org/10.1007/s00360-011-0631-x
https://doi.org/10.1007/s00360-011-0631-x
https://doi.org/10.1086/367950
https://doi.org/10.1038/s41598-022-09692-x
https://doi.org/10.1038/s41598-022-09692-x
https://doi.org/10.1371/journal.pone.0049754
https://doi.org/10.1371/journal.pone.0049754
https://doi.org/10.1656/058.020.0102
https://doi.org/10.1371/journal.pone.0021061
https://doi.org/10.1242/jeb.066514
https://doi.org/10.1242/jeb.066514
https://doi.org/10.3161/150811014X683444
https://doi.org/10.3161/150811014X683444
https://doi.org/10.1111/j.1461-0248.2012.01829.x
https://doi.org/10.1111/j.1461-0248.2012.01829.x
https://doi.org/10.1098/rstb.2015.0456
https://doi.org/10.2307/1382357


..........................................................................................................................................................
Research Article Conservation Physiology • Volume 12 2024

Liu JN, Karasov WH (2011) Hibernation in warm hibernacula by
free-ranging Formosan leaf-nosed bats, Hipposideros terasensis, in
subtropical Taiwan. J Comp Physiol B 181: 125–135. https://doi.
org/10.1007/s00360-010-0509-3.

Loeb SC, Winters EA (2022) Changes in hibernating tricolored
bat (Perimyotis subflavus) roosting behavior in response to
white- nose syndrome. Ecol Evol 12: e9045. https://doi.org/10.1002/
ece3.9045.

Loeb SC, Zarnoch SJ (2011) Seasonal and multi-annual roost use by
Rafinesque’s big-eared bats in the Coastal Plain of South Carolina.
In SC Loeb, MJ Lacki, DA Miller, eds, Conservation and Manage-
ment of Eastern Big-Eared Bats: A Symposium. U.S. Department of Agri-
culture, Forest Service, General Technical Report, GTR-SRS-145:1–157,
pp. 111–121

Lutsch KE, McDonald AG, Gabriel KT, Cornelison CT (2022) Roadway-
associated culverts may serve as a transmission corridor for Pseu-
dogymnoascus destructans and white-nose syndrome in the Coastal
Plains and coastal region of Georgia, USA. J Wildl Dis 58: 322–332.
https://doi.org/10.7589/JWD-D-21-00069.

McGuire LP, Johnson EM, Frick WF, Boyles JG (2021) Temperature alone
is insufficient to understand hibernation energetics. J Exp Biol 224:
1–6. https://doi.org/10.1242/jeb.239772.

McGuire LP, Mayberry HW, Willis CKR (2017) White-nose syndrome
increases torpid metabolic rate and evaporative water loss in hiber-
nating bats. Am J Physiol - Regul Integr Comp Physiol 313: R680–R686.
https://doi.org/10.1152/ajpregu.00058.2017.

McNab BK, O’Donnell C (2018) The behavioral energetics of New
Zealand’s bats: daily torpor and hibernation, a continuum. Comp
Biochem Physiol -Part A Mol Integr Physiol 223: 18–22. https://doi.
org/10.1016/j.cbpa.2018.05.001.

Meierhofer MB, Leivers SJ, Fern RR, Wolf LK, Young JH Jr, Pierce BL, Evans
JW, Morrison ML (2019) Structural and environmental predictors of
presence and abundance of tri-colored bats in Texas culverts. J Mam-
mal 100: 1274–1281. https://doi.org/10.1093/jmammal/gyz099.

Monteith JL, Unsworth MH (1990) Principles of Environmental Physics,
Ed2nd. Routledge, London, U.K.

Murray FW (1967) On the computation of saturation vapor pressure.
J Appl Meteor 6: 203–204. https://doi.org/10.1175/1520-0450(1967
)006%3c0203:OTCOSV%3e2.0.CO;2.

Newman BA, Loeb SC, Jachowski DS (2021) Winter roosting ecology
of tricolored bats (Perimyotis subflavus) in trees and bridges.
J Mammal 102: 1331–1341. https://doi.org/10.1093/jmammal/
gyab080.

Nickel PA, Hansen MF (1967) Helminths of bats collected in Kansas,
Nebraska, and Oklahoma. Am Midl Nat 78: 481–486. https://doi.
org/10.2307/2485245.

Nowack J, Levesque DL, Reher S, Dausmann KH (2020) Variable climates
lead to varying phenotypes: “weird” mammalian torpor and lessons
from non-Holarctic species. Front Ecol Evol 8. https://doi.org/10.3389/
fevo.2020.00060.

Oliveira-Santos LGR, Zucco CA, Agostinelli C (2013) Using conditional
circular kernel density functions to test hypotheses on animal cir-
cadian activity. Anim Behav 85: 269–280. https://doi.org/10.1016/j.
anbehav.2012.09.033.

Perea S, Yearout JA, Ferrall EA, Morris KM, Pynne JT, Castleberry SB
(2022) Seven-year impact of white-nose syndrome on tri-colored bat
(Perimyotis subflavus) populations in Georgia, USA. Endang Species
Res 48: 99–106. https://doi.org/10.3354/esr01189.

Peterson RA, Cavanaugh JE (2020) Ordered quantile normalization:
a semiparametric transformation built for the cross-
validation era. J Appl Stat 47: 2312–2327. https://doi.
org/10.1080/02664763.2019.1630372.

Powers KE, Reynolds RJ, Orndorff W et al. (2015) Post-white-nose syn-
drome trends in Virginias cave bats, 2008-2013. J Ecol Nat Environ 7:
113–123. https://doi.org/10.5897/JENE2015.0507.

R Core Team (2019) R: A Language and Environment for Statistical Com-
puting. R Foundation for Statiscal Computing, Vienna, Austria

Reckardt K, Kerth G (2007) Roost selection and roost switching of
female Bechstein’s bats (Myotis bechsteinii) as a strategy of par-
asite avoidance. Oecologia 154: 581–588. https://doi.org/10.1007/
s00442-007-0843-7.

Reeder DAM, Frank CL, Turner GG, Meteyer CU, Kurta A, Britzke ER,
Vodzak ME, Darling SR, Stihler CW, Hicks AC et al. (2012) Frequent
arousal from hibernation linked to severity of infection and mortality
in bats with white-nose syndrome. PloS One 7: e38920. https://doi.
org/10.1371/journal.pone.0038920.

Reichard JD, Kunz TH (2009) White-nose syndrome inflicts lasting
injuries to the wings of little brown myotis (Myotis lucifugus). Acta
Chiropterologica 11: 457–464. https://doi.org/10.3161/150811009
X485684.

Reynolds DS, Shoemaker K, von Oettingen S, Najjar S (2017) High rates
of winter activity and arousals in two New England bat species:
implications for a reduced white-nose syndrome impact? Northeast
Nat 24: B188–B208. https://doi.org/10.1656/045.024.s720.

Ruf T, Geiser F (2015) Daily torpor and hibernation in birds and mam-
mals. Biol Rev 90: 891–926. https://doi.org/10.1111/brv.12137.

Sandel JK, Benatar GR, Burke KM, Walker CW, Lacher, Jr TE, Honeycutt RL
(2001) Use and selection of winter hibernacula by the Eastern pip-
istrelle (Pipistrellus subflavus) in Texas. J Mammal 82: 173–178. https://
doi.org/10.1644/1545-1542(2001)082%3c0173:uasowh%3e2.0.co;2.

Sirajuddin P (2018) Vulnerability of Tri-Colored Bats (Perimyotis subflavus)
to White-Nose Syndrome in the Southeastern United States. Clemson
University, South Carolina, USA

Stawski C, Currie SE (2016) Effect of roost choice on winter torpor pat-
terns of a free-ranging insectivorous bat. Aust J Zool 64: 132–137.
https://doi.org/10.1071/ZO16030.

Stawski C, Geiser F (2010) Seasonality of torpor patterns and physiologi-
cal variables of a free-ranging subtropical bat. J Exp Biol 213: 393–399.
https://doi.org/10.1242/jeb.038224.

..........................................................................................................................................................

14

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/12/1/coae014/7646140 by U

SD
A APH

IS H
Q

 Library user on 17 April 2024

https://doi.org/10.1007/s00360-010-0509-3
https://doi.org/10.1007/s00360-010-0509-3
https://doi.org/10.1002/ece3.9045
https://doi.org/10.1002/ece3.9045
https://doi.org/10.7589/JWD-D-21-00069
https://doi.org/10.1242/jeb.239772
https://doi.org/10.1152/ajpregu.00058.2017
https://doi.org/10.1016/j.cbpa.2018.05.001
https://doi.org/10.1016/j.cbpa.2018.05.001
https://doi.org/10.1093/jmammal/gyz099
https://doi.org/10.1175/1520-0450(1967)006%3c0203:OTCOSV%3e2.0.CO;2
https://doi.org/10.1175/1520-0450(1967)006%3c0203:OTCOSV%3e2.0.CO;2
https://doi.org/10.1093/jmammal/gyab080
https://doi.org/10.1093/jmammal/gyab080
https://doi.org/10.2307/2485245
https://doi.org/10.2307/2485245
https://doi.org/10.3389/fevo.2020.00060
https://doi.org/10.3389/fevo.2020.00060
https://doi.org/10.1016/j.anbehav.2012.09.033
https://doi.org/10.1016/j.anbehav.2012.09.033
https://doi.org/10.3354/esr01189
https://doi.org/10.1080/02664763.2019.1630372
https://doi.org/10.1080/02664763.2019.1630372
https://doi.org/10.5897/JENE2015.0507
https://doi.org/10.1007/s00442-007-0843-7
https://doi.org/10.1007/s00442-007-0843-7
https://doi.org/10.1371/journal.pone.0038920
https://doi.org/10.1371/journal.pone.0038920
https://doi.org/10.3161/150811009X485684
https://doi.org/10.3161/150811009X485684
https://doi.org/10.1656/045.024.s720
https://doi.org/10.1111/brv.12137
https://doi.org/10.1644/1545-1542(2001)082%3c0173:uasowh%3e2.0.co;2
https://doi.org/10.1644/1545-1542(2001)082%3c0173:uasowh%3e2.0.co;2
https://doi.org/10.1071/ZO16030
https://doi.org/10.1242/jeb.038224


..........................................................................................................................................................
Conservation Physiology • Volume 12 2024 Research Article

Stawski C, Geiser F (2012) Will temperature effects or phenotypic plastic-
ity determine the thermal response of a heterothermic tropical bat to
climate change? PloS One 7: e40278. https://doi.org/10.1371/journal.
pone.0040278.

Stawski C, Turbill C, Geiser F (2009) Hibernation by a free-ranging
subtropical bat (Nyctophilus bifax). J Comp Physiol B 179: 433–441.
https://doi.org/10.1007/s00360-008-0328-y.

Taylor LR (1963) Analysis of the effect of temperature on insects in flight.
J Anim Ecol 32: 99. https://doi.org/10.2307/2520.

Thomas DW, Cloutier D (1992) Evaporative water loss by hibernating
little brown bats, Myotis lucifugus. Physiol Zool 65: 443–456. https://
doi.org/10.1086/physzool.65.2.30158262.

Thomas DW, Dorais M, Bergeron JM (1990) Winter energy budgets and
cost of arousals for hibernating little brown bats, Myotis lucifugus. J
Mammal 71: 475–479. https://doi.org/10.2307/1381967.

Turbill C (2006) Roosting and thermoregulatory behaviour of male
Gould’s long-eared bats, Nyctophilus gouldi: energetic benefits of
thermally unstable tree roosts. Aust J Zool 54: 57–60. https://doi.
org/10.1071/ZO05068.

Turbill C (2008) Winter activity of Australian tree-roosting bats: influence
of temperature and climatic patterns. J Zool 276: 285–290. https://
doi.org/10.1111/j.1469-7998.2008.00487.x.

Turbill C, Geiser F (2008) Hibernation by tree-roosting bats. J Comp
Physiol B 178: 597–605. https://doi.org/10.1007/s00360-007-0249-1.

Verant ML, Boyles JG, Waldrep W, Wibbelt G, Blehert DS (2012)
Temperature-dependent growth of Geomyces destructans, the fun-
gus that causes bat white-nose syndrome. PloS One 7: e46280.
https://doi.org/10.1371/journal.pone.0046280.

Verant ML, Meteyer CU, Speakman JR, Cryan PM, Lorch JM, Blehert
DS (2014) White-nose syndrome initiates a cascade of physiologic
disturbances in the hibernating bat host. BMC Physiol 14: 10. https://
doi.org/10.1186/s12899-014-0010-4.

Voigt CC, Schneeberger K, Voigt-Heucke SL, Lewanzik D (2011) Rain
increases the energy cost of bat flight. Biol Lett 7: 793–795. https://
doi.org/10.1098/rsbl.2011.0313.

Warnecke L, Turner JM, Bollinger TK, Misra V, Cryan PM, Blehert DS,
Wibbelt G, Willis CKR (2013) Pathophysiology of white-nose syn-
drome in bats: a mechanistic model linking wing damage to mor-
tality. Biol Lett 9: 20130177. https://doi.org/10.1098/rsbl.2013.0177.

Whitaker JO, Rissler LJ (1993) Do bats feed in winter? Am Midl Nat 129:
200–203. https://doi.org/10.2307/2426448.

Willis CKR, Brigham RM (2003) Defining torpor in free-ranging bats:
experimental evaluation of external temperature-sensitive radio-
transmitters and the concept of active temperature. J Comp Physiol
B 173: 379–389. https://doi.org/10.1007/s00360-003-0343-y.

..........................................................................................................................................................

15

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/12/1/coae014/7646140 by U

SD
A APH

IS H
Q

 Library user on 17 April 2024

https://doi.org/10.1371/journal.pone.0040278
https://doi.org/10.1371/journal.pone.0040278
https://doi.org/10.1007/s00360-008-0328-y
https://doi.org/10.2307/2520
https://doi.org/10.1086/physzool.65.2.30158262
https://doi.org/10.1086/physzool.65.2.30158262
https://doi.org/10.2307/1381967
https://doi.org/10.1071/ZO05068
https://doi.org/10.1071/ZO05068
https://doi.org/10.1111/j.1469-7998.2008.00487.x
https://doi.org/10.1111/j.1469-7998.2008.00487.x
https://doi.org/10.1007/s00360-007-0249-1
https://doi.org/10.1371/journal.pone.0046280
https://doi.org/10.1186/s12899-014-0010-4
https://doi.org/10.1186/s12899-014-0010-4
https://doi.org/10.1098/rsbl.2011.0313
https://doi.org/10.1098/rsbl.2011.0313
https://doi.org/10.1098/rsbl.2013.0177
https://doi.org/10.2307/2426448
https://doi.org/10.1007/s00360-003-0343-y

	 Thermally unstable roosts influence winter torpor patterns in a threatened bat species
	Introduction
	Materials and Methods
	Results
	Discussion
	Author Contributions
	Conflicts of Interest
	Funding
	Data availability


