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Abstract 

The Tricolored Bat (Perimyotis subflavus) has suffered significant population declines in much of its geographic range due to white-nose 
syndrome (WNS). Our aim was to describe the torpor patterns of tricolored bats within the southeastern United States to further our 
understanding of their winter ecology and potential susceptibility to WNS in currently unimpacted areas based on data from bats in 
both a WNS-affected hibernaculum and an unaffected hibernaculum. We placed temperature-sensitive radio transmitters on tricolored 
bats in a site in northwestern South Carolina that was WNS-positive and another site in northwestern Florida that was WNS-negative, 
and determined torpid and arousal skin temperatures (TSK), torpor bout duration (TBD), and arousal duration (AD) during 3 winters. Mean 
hibernacula temperature (TH) and vapor pressure deficit (VPDH) in both hibernacula were within the range of optimal Pseudogymnoascus 
destructans (Pd) growth (TH = 12.7 to 13.6 °C, VPDH = 0.028 to 0.059 kPA). Mean torpid TSK was 15.7 ± 0.1 °C and mean TBD was 4.1 ± 0.2 days 
across sites. Sex was the best predictor of TBD with males having significantly longer TBD than females. Torpid TSK was positively related 
to TH and negatively related to VPDH. Because the TSK of a bat was similar to the optimal growth temperatures of Pd, our findings suggest 
that even though winters in the southeastern United States are more benign than in other parts of the Tricolored Bat range, the warmer 
temperatures in southern hibernacula may provide optimal conditions for the growth of Pd. Greater understanding of the physiological 
responses of tricolored bats in hibernacula across their range will provide important data on the potential for WNS morbidity and mortal-
ity in unaffected areas and allow for a better distribution of resources for prevention and treatment of WNS.

Key words: Chiroptera, hibernation, Perimyotis subflavus, skin temperature, torpor, white-nose syndrome.

Patrones de torpor invernal del Murciélago tricoloreado (Perimyotis subflavus) en el sureste de los Estados Unidos

Abstracta 

El pipistrelo del este americano (Perimyotis subflavus) ha sufrido importantes disminuciones poblacionales en gran parte de su distri-
bución geográfica debido al síndrome de la nariz blanca (WNS). Nuestro objetivo fue describir los patrones de torpor del murciélago 
tricoloreado en el sureste de EE. UU. para mejorar nuestra comprensión de su ecología invernal y su susceptibilidad potencial al WNS en 
áreas actualmente no afectadas, con base en datos de murciélagos en sitios afectados y no afectados por el WNS. Colocamos transmisores 
de radio sensibles a la temperatura en pipistrelos del este americano en dos hibernáculos, uno en el noroeste de Carolina del Sur que 
fue positivo para WNS, y el otro en el noroeste de Florida que fue negativo para WNS, y determinamos las temperaturas cutáneas (TSK) 
de torpor y al despertar, la duración del evento de torpor (TBD) y la duración del despertar (AD) durante tres inviernos. La temperatura 
media del hibernáculo (TH) y el déficit de presión de vapor (VPDH) en ambos hibernáculos estuvieron dentro del rango de crecimiento 
óptimo del hongo patógeno Pseudogymnoascus destructans [Pd] (TH = 12.7-13.6 °C, VPDH = 0.028-0.059 kPA). La TSK media durante el torpor fue 
de 15.7 ± 0.1 °C y la TBD media fue de 4.1 ± 0.2 días en todos los sitios. El sexo fue el mejor predictor de la TBD, con los machos teniendo 
una TBD significativamente más prolongada que las hembras. La TSK durante el torpor tuvo relación positiva con la TH y negativa con el 
VPDH. Debido a que la TSK de los murciélagos fue similar a las temperaturas óptimas de crecimiento de Pd, nuestros hallazgos sugieren 
que, aunque los inviernos en el sureste de EE. UU. son más benignos que en otras partes de la distribución del murciélago tricoloreado, 
las temperaturas más cálidas en los hibernáculos del sur pueden proporcionar condiciones óptimas para el crecimiento de Pd. Una mejor 
comprensión de las respuestas fisiológicas de los murciélagos tricoloreados en hibernáculos en toda su área de distribución proporcionará 
información importante sobre el potencial de morbilidad y mortalidad por WNS en áreas no afectadas y permitirá una mejor distribución 
de recursos para la prevención y el tratamiento del WNS.

Palabras clave: Hibernación, Perimyotis subflavus, quirópteros, síndrome de la nariz blanca, temperatura de la piel, torpor.
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Heterothermic animals such as bats reduce their metabolic rate, 
body temperature, and heart rate to conserve energy during peri-
ods of low food availability, cold temperatures, or stressful environ-
mental conditions such as drought (Ruf and Geiser 2015). Extended 
periods of reduced metabolic rate, known as hibernation or multi-
day torpor (Geiser 2020), are interrupted by periodic arousals dur-
ing which the animal raises its metabolic rate, resulting in a rise in 
body temperature to normothermic levels (Geiser 2011). Arousals 
are fueled by fat stores and can consume 80% or more of the total 
winter energy budget of a bat (Thomas et al. 1990). Bats that enter 
hibernation must balance the duration of torpor and frequency of 
arousals to ensure that they have sufficient fat stores to survive the 
winter; females must also have sufficient energy to support repro-
duction when they emerge in the spring (Thomas 1995; Czenze and 
Willis 2015).

Several factors such as body condition, hibernaculum conditions, 
and disturbance affect aspects of torpor in bats including torpor 
bout duration (TBD), arousal frequency, and selection of micro-
climates within hibernacula (Thomas and Cloutier 1992; Thomas 
1995; Park et al. 2000; Boyles et al. 2007). TBD, arousal frequency, and 
normothermic bout duration also vary among species (Moore et al. 
2018), geographic regions (Dunbar and Brigham 2010; Stawski 2012), 
and roost types (Halsall et al. 2012). Further, due to different ener-
getic constraints related to reproduction, torpor depth and duration 
are predicted to differ between males and females (Jonasson and 
Willis 2011; Czenze et al. 2017). Identifying factors that affect tor-
por patterns in bats is critical for understanding the ecological con-
sequences of environmental change (e.g., Humphries et al. 2002), 
developing conservation strategies for individual species (Richter et 
al. 1993), and creating management plans for natural and artificial 
hibernacula (Tuttle and Kennedy 2002).

White-nose syndrome (WNS) is another factor that can affect 
torpor patterns in bats. WNS is an epizootic disease caused by the 
fungal pathogen Pseudogymnoascus destructans (Pd) which causes 
more frequent arousals (Reeder et al. 2012; Warnecke et al. 2012) 
particularly in the epidemic stage of the disease (Lilley et al. 2016). 
Consequently, susceptible species of bats prematurely deplete their 
fat stores and suffer from dehydration, leading to starvation and 
mass mortality (Cryan et al. 2010; Reeder et al. 2012; Warnecke et 
al. 2012). Mortality rates across species in eastern North American 
hibernacula range from 30% to 90% within the first few years of 
detection of the fungus (Frick et al. 2017). Pd thrives in cold, moist 
environments and under laboratory conditions exhibits vegetative 
growth between 3 and 19.5 °C with optimal (i.e., fastest) growth 
between 12.5 and 15.8 °C (Verant et al. 2012) and high humidity 
(Marroquin et al. 2017; Frick et al. 2022). The temperature growth 
range of Pd is similar to that of many bat hibernacula and con-
sequently, bat skin temperatures (Ruf and Geiser 2015). Although 
many bat species have been confirmed with diagnostic symp-
toms of WNS (https://www.whitenosesyndrome.org/static-page/
bats-affected-by-wns), severe population declines as defined 
by NatureServe have occurred in 3 species: the Little Brown Bat 
(Myotis lucifugus), Northern Long-eared Bat (M. septentrionalis), and 
Tricolored Bat (Perimyotis subflavus) with more moderate declines 
occurring in the Indiana Bat (M. sodalis) and Big Brown Bat (Eptesicus 
fuscus; Cheng et al. 2021).

Tricolored bats have a large geographic range that extends from 
southeastern Canada through most of the eastern United States, as 
far west as Colorado and south to the Yucatan Peninsula of Mexico 
(Fujita and Kunz 1984; Adams et al. 2018). Prior to the WNS epi-
demic, tricolored bats were considered common throughout their 
range, particularly in the southeastern United States. However, due 
to WNS, they have experienced >90% declines in some hibernacula 

in the eastern United States (Cheng et al. 2021) including southeast-
ern United States (Gabriel et al. 2022; Loeb and Winters 2022) and 
have been proposed for listing as endangered by the U.S. Fish and 
Wildlife Service (2022). Under laboratory conditions, tricolored bats 
given the choice of roosting in 1 of 3 chambers of differing temper-
atures prefer to hibernate at 11 °C rather than at 5 or 8 °C (Boyles 
et al. 2022; Frick et al. 2022) and prefer hibernaculum temperatures 
of 9 to 12 °C and >80% relative humidity in the wild (Ploskey et al. 
1979; Rabinowitz 1981; Briggler and Prather 2003). Although data 
are available on skin temperatures of tricolored bats using caves 
and culverts during winter torpor in Texas (Meierhofer et al. 2019b), 
torpor patterns of tricolored bats under laboratory conditions 
(Twente et al. 1985; Wright 2013), and metabolic rates of tricolored 
bats at a variety of temperatures and relative humidities (McGuire 
et al. 2021b), only 2 studies have examined torpor patterns (e.g., 
torpor and arousal bout durations, torpor and arousal skin tem-
peratures) of tricolored bats under field conditions (Jackson et al. 
2022; Newman et al. 2024). Jackson et al. (2022) obtained data from 
3 tricolored bats using caves in eastern Tennessee while Newman 
et al. (2024) obtained data from 11 tricolored bats using thermally 
unstable roosts (bridges and tree roosts) in south-central South 
Carolina. Both studies found relatively short torpor bout durations 
in tricolored bats and skin temperatures within the optimal growth 
range of Pd.

Understanding the torpor patterns of species under various 
conditions is critical for understanding the effects of WNS on bats 
across their ranges (Hranac et al. 2021). Because little is known 
about the torpor patterns of tricolored bats under natural or labo-
ratory conditions, our aim was to describe the torpor patterns of tri-
colored bats in 2 hibernacula within the southeastern United States. 
These data, based on tricolored bats from both a WNS-affected and 
an unaffected hibernaculum, will further our understanding of the 
winter ecology of this species and potential susceptibility to WNS 
in currently unimpacted areas. Our sites represent a range of con-
ditions (e.g., WNS status, climate regions) and thus, data from this 
study, along with those from Jackson et al. (2022) and Newman et 
al. (2024), will greatly increase our understanding of the range of 
torpor expression of this species in the southeastern United States. 
Our specific objectives were to describe the winter torpor patterns 
of tricolored bats roosting in hibernacula in 2 distinct environments 
(temperate WNS+ vs. subtropical WNS−) and relate these to envi-
ronmental conditions and to the growth requirements of Pd. We 
hypothesized that environmental conditions would be important 
factors predicting torpor parameters such as torpid and arousal 
skin temperature, TBD, and arousal duration (AD; Boyles et al. 2020). 
We predicted that torpor skin temperature (T

SK) and AD would be 
positively related to hibernaculum (TH) temperature, and that TBD 
would be negatively related to TH. Although many bats raise their 
body temperatures to euthermic levels during arousals, bats such as 
little brown bats defend temperatures <25 °C for >20 min but well 
above deep torpor temperatures (Jonasson and Willis 2012; Lilley et 
al. 2016; Czenze et al. 2017). Thus, we also predicted that arousal 
TSK would be positively related to TH. We also predicted that females 
would have deeper torpor bouts (i.e., lower torpor TSK), longer TBD, 
and shorter AD to maximize energy savings to ensure sufficient fat 
reserves for spring reproduction (Humphries et al. 2003; Jonasson 
and Willis 2011; Czenze et al. 2017; Boyles et al. 2020).

Methods and materials.
Study sites.
The 2 study hibernacula were located in northwestern South 
Carolina and northwestern Florida, respectively. The hibernaculum 
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in South Carolina, Stumphouse Tunnel (ST), is in Oconee County 
at the base of the Blue Ridge Mountains. ST—an abandoned rail-
road tunnel running through solid blue granite and composed of 3 
chambers (A, B, and C)—is 493 m long, 5.2 m wide, and 7.6 m high. 
Approximately halfway through the tunnel in Section B, there is a 
4.9 m wide × 6.1 m long airshaft that extended 18.3 m up to the sur-
face, creating continuous airflow into the chamber. Tricolored bats 
primarily roosted in the rear section (Section C; Loeb and Winters 
2022) where hibernaculum temperature and relative humidity 
remained relatively constant (Brown et al. in press). Daily mean, 
minimum, and maximum ambient temperatures during the winter 
months (October to March) at ST over the past 20 years were 9.8 °C, 
5.0 °C, and 15.4 °C, respectively (National Oceanic and Atmospheric 
Administration 2018). The site was confirmed as WNS-positive in 
winter 2014 to 2015 based on the presence of Pd and histological 
confirmation of the disease. Pd surveillance swabbing occurred dur-
ing February 2016 and 2017, and 80% and 100% of animals tested 
positive for the presence of the fungus, respectively (Loeb and 
Winters 2022). Prior to the arrival of WNS, ST housed >300 P. subfla-
vus but the number of P. subflavus declined considerably after arrival 
of Pd, dropping to 67 tricolored bats in late February 2016 and 34 
tricolored bats in late February 2017 (Loeb and Winters 2022).

The Florida site is Indian Creek Cave in Florida Caverns State Park 
(FCSP). The limestone cave is comprised of long, deep, and narrow 
underground passages and bats typically roosted approximately 
60 m from the entrance in a large room (Jennings and Layne 1957) 
where temperatures and humidity were relatively constant. In 2017 
there were 138 tricolored bats in the cave (Smith L, Florida Fish and 
Wildlife Resources Commission, Gainesville, Florida, personal com-
munication, 21 February 2024). Bats in the cave have been tested for 
the presence of Pd every other year since the late 2000s and have 
continued to test negative for the presence of the fungus. A colony 
of approximately 1,000 Southeastern Myotis (M. austroriparius) also 
occupied the cave. Daily mean, minimum, and maximum ambient 
temperatures during the winter months (October to March) at FCSP 
over the past 20 years were 14.6 °C, 7.6 °C, and 21.5 °C, respectively 
(National Oceanic and Atmospheric Administration 2018).

Field data collection.
We collected data January to March 2016, November 2016 to March 
2017, and November 2017 to January 2018 in ST and January 
2017 to early March 2017 in FCSP. We hand-captured 76 individ-
uals while they were in torpor at the 2 sites (ST = 51 and FCSP = 
25) and recorded standard body measurements (forearm length, 
mass, sex). Because skin temperature (TSK) reflects core body tem-
perature (Barclay et al. 1996), we fitted bats with 0.40 g Holohil 
LB-2XT temperature-sensitive transmitters (Holohil Systems Ltd, 
Ontario, Canada). Transmitters were 7.1% ± 0.1% (mean ± SE) of 
body weights (range: 4.6% to 9.4%) and had a precision of ±1 °C. 
Although 7.1% is greater than the recommended relative weight 
for transmitters (5%; Aldridge and Brigham 1988), other studies 
have not found negative impacts of transmitters that are 5% to 
10% of body mass for a bat (Jonasson and Willis 2012; Voigt et 
al. 2020; Reusch et al. 2023). Further, activity of bats during the 
hibernation period is highly limited and they rarely fly across the 
landscape. The additional weight was needed to achieve a longer 
transmitter lifespan (~30 days). We clipped a small area of hair 
between the shoulder blades of each bat and attached the trans-
mitters using Perma-Type surgical glue (Perma-Type Company, 
Inc., Plainville, Connecticut). Handling time was ≤15 min. In ST, we 
tagged individuals every 1 to 2 weeks to have continuous samples 
throughout the season. However, in FCSP, all individuals were fit-
ted with transmitters on 12 January 2017.

We used Lotek SRX800-D1 (Lotek, Ontario, Canada) dataloggers 
at each site to record TSK. In ST, we set 3 dataloggers approximately 
60 m apart in Chambers B and C and attached ≥3 5-element Yagi 
antennas (total of 11) to each datalogger. At FCSP, we deployed 
only 1 Lotek datalogger and 2 antennas as this was sufficient to 
pick up the radio signals. For all sites, the antennas covered the 
entirety of the primary roosting areas of tricolored bats. We pro-
grammed the dataloggers to scan for active transmitter frequen-
cies for 20 to 30 s per antenna every 10 to 15 min. We downloaded 
data from the Lotek dataloggers and replaced batteries every 7 
days. We attempted to minimize disturbance while in the hibernac-
ula by speaking in low voices, keeping the number of people in the 
hibernacula to ≤4 people at 1 time (usually 2), and minimizing the 
amount of time we spent in each hibernaculum. Lotek dataloggers 
in FCSP were near the entrance which also reduced disturbance. 
We examined the data to determine whether arousals coincided 
with these battery changes (e.g., a 7-day periodicity in arousals) and 
found no evidence of a disturbance effect. We followed U.S. Fish and 
Wildlife Service decontamination protocols at all sites, and all han-
dling procedures were in accordance with the Clemson University 
Institutional Animal Care and Use Committee (AUP #2015-078) and 
the U.S. Forest Service Institutional Animal Care and Use Committee 
(#2015-004) and followed the guidelines of the American Society of 
Mammalogists (Sikes et al. 2016).

Using calibration curves from the manufacturer, we calculated 
values for TSK using a second-order polynomial equation (Britzke 
et al. 2010). We removed aberrant data points (e.g., <0 or >40 °C) 
as we attributed these to transmitter malfunction or a low battery. 
Entry into torpor was evidenced by a steep reduction in TSK, whereas 
active arousals were evidenced by a rapid increase of TSK until it 
reached normothermic levels (TSK > 28 °C; Turbill and Geiser 2008). 
We calculated AD in minutes from the time an individual’s TSK rose 
to ≥22 °C to when TSK decreased <22 °C. We used 22 °C because it 
was 10 °C higher than 97% of the torpid TSK of bats (see Lilley et 
al. 2016). Typically, individuals exhibit active arousals when TSK is 
between 22 °C and 34 to 38 °C (i.e., normothermic temperatures; 
Park et al. 2000). We calculated TBD as periods of <22 °C for >30 min 
in between arousal events.

To acquire microclimate data, we placed Hygrochron DS1923 
iButtons (Maxim Integrated, San Jose, California) throughout the 
site to record hibernacula temperature (TH) and relative humidity at 
30-min intervals. iButtons were attached to plastic fobs and placed 
on ledges within the sites with the iButton surface facing up. One 
bat in ST used the middle section of the tunnel while all the oth-
ers used the back section. Since temperature and humidity vary 
between these 2 sections (Brown et al. in press), we used data from 
the iButton in the middle section for this bat and data from the 
iButtons in Section C for all other bats in ST. We converted relative 
humidity to vapor pressure deficit (VPDH) in kPa (Kurta 2014). We 
acquired hourly ambient temperature (TA) from the nearest Remote 
Automated Weather Station (RAWS) at each site (Mesowest 2018). 
The RAWS station for FCSP was 5.6 km away and the RAWS station 
for ST was 0.4 km away.

Statistical analyses.
Because data were collected throughout the hibernation period 
(November to March) and over multiple years at ST and only in 
January to early March 2017 at FCSP, we first tested whether there 
was seasonal variation in torpor parameters of bats at ST while 
controlling for the effects of sex and year. We used analysis of var-
iance (ANOVA) to test the main effects of season, sex, and year, as 
well as the interaction between sex and season. We used Tukey’s 
honest significant difference (HSD) as a conservative approach to 
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in South Carolina, Stumphouse Tunnel (ST), is in Oconee County 
at the base of the Blue Ridge Mountains. ST—an abandoned rail-
road tunnel running through solid blue granite and composed of 3 
chambers (A, B, and C)—is 493 m long, 5.2 m wide, and 7.6 m high. 
Approximately halfway through the tunnel in Section B, there is a 
4.9 m wide × 6.1 m long airshaft that extended 18.3 m up to the sur-
face, creating continuous airflow into the chamber. Tricolored bats 
primarily roosted in the rear section (Section C; Loeb and Winters 
2022) where hibernaculum temperature and relative humidity 
remained relatively constant (Brown et al. in press). Daily mean, 
minimum, and maximum ambient temperatures during the winter 
months (October to March) at ST over the past 20 years were 9.8 °C, 
5.0 °C, and 15.4 °C, respectively (National Oceanic and Atmospheric 
Administration 2018). The site was confirmed as WNS-positive in 
winter 2014 to 2015 based on the presence of Pd and histological 
confirmation of the disease. Pd surveillance swabbing occurred dur-
ing February 2016 and 2017, and 80% and 100% of animals tested 
positive for the presence of the fungus, respectively (Loeb and 
Winters 2022). Prior to the arrival of WNS, ST housed >300 P. subfla-
vus but the number of P. subflavus declined considerably after arrival 
of Pd, dropping to 67 tricolored bats in late February 2016 and 34 
tricolored bats in late February 2017 (Loeb and Winters 2022).

The Florida site is Indian Creek Cave in Florida Caverns State Park 
(FCSP). The limestone cave is comprised of long, deep, and narrow 
underground passages and bats typically roosted approximately 
60 m from the entrance in a large room (Jennings and Layne 1957) 
where temperatures and humidity were relatively constant. In 2017 
there were 138 tricolored bats in the cave (Smith L, Florida Fish and 
Wildlife Resources Commission, Gainesville, Florida, personal com-
munication, 21 February 2024). Bats in the cave have been tested for 
the presence of Pd every other year since the late 2000s and have 
continued to test negative for the presence of the fungus. A colony 
of approximately 1,000 Southeastern Myotis (M. austroriparius) also 
occupied the cave. Daily mean, minimum, and maximum ambient 
temperatures during the winter months (October to March) at FCSP 
over the past 20 years were 14.6 °C, 7.6 °C, and 21.5 °C, respectively 
(National Oceanic and Atmospheric Administration 2018).

Field data collection.
We collected data January to March 2016, November 2016 to March 
2017, and November 2017 to January 2018 in ST and January 
2017 to early March 2017 in FCSP. We hand-captured 76 individ-
uals while they were in torpor at the 2 sites (ST = 51 and FCSP = 
25) and recorded standard body measurements (forearm length, 
mass, sex). Because skin temperature (TSK) reflects core body tem-
perature (Barclay et al. 1996), we fitted bats with 0.40 g Holohil 
LB-2XT temperature-sensitive transmitters (Holohil Systems Ltd, 
Ontario, Canada). Transmitters were 7.1% ± 0.1% (mean ± SE) of 
body weights (range: 4.6% to 9.4%) and had a precision of ±1 °C. 
Although 7.1% is greater than the recommended relative weight 
for transmitters (5%; Aldridge and Brigham 1988), other studies 
have not found negative impacts of transmitters that are 5% to 
10% of body mass for a bat (Jonasson and Willis 2012; Voigt et 
al. 2020; Reusch et al. 2023). Further, activity of bats during the 
hibernation period is highly limited and they rarely fly across the 
landscape. The additional weight was needed to achieve a longer 
transmitter lifespan (~30 days). We clipped a small area of hair 
between the shoulder blades of each bat and attached the trans-
mitters using Perma-Type surgical glue (Perma-Type Company, 
Inc., Plainville, Connecticut). Handling time was ≤15 min. In ST, we 
tagged individuals every 1 to 2 weeks to have continuous samples 
throughout the season. However, in FCSP, all individuals were fit-
ted with transmitters on 12 January 2017.

We used Lotek SRX800-D1 (Lotek, Ontario, Canada) dataloggers 
at each site to record TSK. In ST, we set 3 dataloggers approximately 
60 m apart in Chambers B and C and attached ≥3 5-element Yagi 
antennas (total of 11) to each datalogger. At FCSP, we deployed 
only 1 Lotek datalogger and 2 antennas as this was sufficient to 
pick up the radio signals. For all sites, the antennas covered the 
entirety of the primary roosting areas of tricolored bats. We pro-
grammed the dataloggers to scan for active transmitter frequen-
cies for 20 to 30 s per antenna every 10 to 15 min. We downloaded 
data from the Lotek dataloggers and replaced batteries every 7 
days. We attempted to minimize disturbance while in the hibernac-
ula by speaking in low voices, keeping the number of people in the 
hibernacula to ≤4 people at 1 time (usually 2), and minimizing the 
amount of time we spent in each hibernaculum. Lotek dataloggers 
in FCSP were near the entrance which also reduced disturbance. 
We examined the data to determine whether arousals coincided 
with these battery changes (e.g., a 7-day periodicity in arousals) and 
found no evidence of a disturbance effect. We followed U.S. Fish and 
Wildlife Service decontamination protocols at all sites, and all han-
dling procedures were in accordance with the Clemson University 
Institutional Animal Care and Use Committee (AUP #2015-078) and 
the U.S. Forest Service Institutional Animal Care and Use Committee 
(#2015-004) and followed the guidelines of the American Society of 
Mammalogists (Sikes et al. 2016).

Using calibration curves from the manufacturer, we calculated 
values for TSK using a second-order polynomial equation (Britzke 
et al. 2010). We removed aberrant data points (e.g., <0 or >40 °C) 
as we attributed these to transmitter malfunction or a low battery. 
Entry into torpor was evidenced by a steep reduction in TSK, whereas 
active arousals were evidenced by a rapid increase of TSK until it 
reached normothermic levels (TSK > 28 °C; Turbill and Geiser 2008). 
We calculated AD in minutes from the time an individual’s TSK rose 
to ≥22 °C to when TSK decreased <22 °C. We used 22 °C because it 
was 10 °C higher than 97% of the torpid TSK of bats (see Lilley et 
al. 2016). Typically, individuals exhibit active arousals when TSK is 
between 22 °C and 34 to 38 °C (i.e., normothermic temperatures; 
Park et al. 2000). We calculated TBD as periods of <22 °C for >30 min 
in between arousal events.

To acquire microclimate data, we placed Hygrochron DS1923 
iButtons (Maxim Integrated, San Jose, California) throughout the 
site to record hibernacula temperature (TH) and relative humidity at 
30-min intervals. iButtons were attached to plastic fobs and placed 
on ledges within the sites with the iButton surface facing up. One 
bat in ST used the middle section of the tunnel while all the oth-
ers used the back section. Since temperature and humidity vary 
between these 2 sections (Brown et al. in press), we used data from 
the iButton in the middle section for this bat and data from the 
iButtons in Section C for all other bats in ST. We converted relative 
humidity to vapor pressure deficit (VPDH) in kPa (Kurta 2014). We 
acquired hourly ambient temperature (TA) from the nearest Remote 
Automated Weather Station (RAWS) at each site (Mesowest 2018). 
The RAWS station for FCSP was 5.6 km away and the RAWS station 
for ST was 0.4 km away.

Statistical analyses.
Because data were collected throughout the hibernation period 
(November to March) and over multiple years at ST and only in 
January to early March 2017 at FCSP, we first tested whether there 
was seasonal variation in torpor parameters of bats at ST while 
controlling for the effects of sex and year. We used analysis of var-
iance (ANOVA) to test the main effects of season, sex, and year, as 
well as the interaction between sex and season. We used Tukey’s 
honest significant difference (HSD) as a conservative approach to 
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further examine mean differences among seasons. Seasons were 
categorized as early hibernation (November to December), mid- 
hibernation (January to February), and late hibernation (March). We 
saw no significant effect of season on any torpor parameter except 
for TBD (Supplementary Data SD1). However, pairwise differences 
between seasons were not significant (P ≥ 0.08). Therefore, we felt con-
fident in comparing data between the 2 sites. We also used a one-way 
ANOVA to compare environmental conditions among seasons at ST.

We calculated descriptive statistics (mean, standard deviation, 
range) for all torpor parameters and examined the data for outliers. 
We removed 1 outlier for AD (593 min) because it was >1.5 times 
the interquartile range and more than 2 times the length of the 
next longest arousal bout (285 min; Barbato et al. 2011). We used a 
one-way ANOVA to compare environmental conditions (TA, TH, and 
VPDH) between sites using the January to early March data as well 
as the entire winter at ST, and a two-way ANOVA to test the effects 
of sex, site, and their interaction on body mass, followed by post hoc 
Tukey’s HSD tests on statistically significant effects. We used body 
mass instead of an index of body condition (e.g., body mass/forearm 
length) because it is often equivalent to body condition indices in 
bats (McGuire et al. 2018). We converted time of arousals to radians 
and calculated length of vector mean (r) for each site (Landler et 
al. 2020) and performed a Rayleigh’s test to determine if arousal 
times were randomly distributed (Park et al. 2000). We used a z-test 
for large sample sizes as our test statistic for the Rayleigh’s test 
(Batschelet 1972). Significance was assessed at α < 0.05.

We determined the duration of each torpor and arousal bout 
and the mean TSK during each of those bouts and used these as 
our response variables. Because there were multiple torpor/arousal 
cycles per bat, we ran linear mixed-effects analyses to test our 
models and included individual bat identity as a random inter-
cept to account for nonindependence of multiple observations. We 
screened covariates for collinearity using a Pearson’s correlation 
matrix. TH and TA were correlated (r = 0.68) and thus we excluded 
TA from further analyses. We used the Lattice package to determine 
whether the residuals were normally distributed and tested sev-
eral transformations by examining their residuals (square root, log, 
ln) to find the best transformation when they were not. We used a 
square root transformation for TBD and a log transformation for 
AD and scaled continuous independent variables to a mean of 0 
and an SD of 1 prior to analysis. We developed 11 a priori hypoth-
eses including a null (intercept only) and global model using envi-
ronmental (TH and VPDH), location (site), and bat (sex and body 
mass) characteristics to predict Tricolored Bat TBD, AD, average tor-
pid TSK, and average arousal TSK (Table 1). We ranked models using 
Akaike’s Information Criterion adjusted for small sample size (AICc; 
Burnham and Anderson 2004) and considered models with ΔAICc 
≤ 2.0 as the best models. We model-averaged coefficients if closely 
competing models existed and used the conditional average of the 
models to acquire parameter estimates using R package “MuMIn.” 
We calculated 85% confidence intervals for each variable (Arnold 
2010) and considered those with confidence intervals that did not 
overlap 0 as significant. We report least square means ± SE for 
model results and means ± SD for descriptive statistics. All analyses 
were conducted in R version 4.2.2 (R Development Core Team 2022).

Results
Although 76 individuals were fitted with transmitters during 2016 
to 2018 across the 2 sites, we collected data from only 54 individu-
als (ST = 42 and FCSP = 12) due to equipment failures and flooding 
events. We obtained data from 31 males (ST = 28, FCSP = 3) and 23 
females (ST = 14, FCSP = 9) and tracked animals for 21.1 ± 9.9 days/

bat at ST and 21.8 ± 12.6 days/bat at FSCP. In 2017, we placed trans-
mitters on 3 individuals (2 males and 1 female) in ST that were also 
monitored in the previous year.

Mean TA did not vary significantly among seasons at ST 
(Supplementary Data SD2), whereas TH was significantly colder dur-
ing the mid and late hibernation period than the early hibernation 
period and VPD was significantly greater during the early period 
than late period (Supplementary Data SD3). Mean TA, TH, and VPDH 
varied between the 2 sites when we considered the entire winter at 
ST (F1,253 = 77.11, P < 0.0001; F1,254 = 20.1, P < 0.0001; and F1,254 = 15.24, 
P = 0.0001, respectively) as well as when we just compared January 
to early March (F1,134 = 60.59, P < 0.0001; F1,135 = 54.98, P < 0.0001; 
F1,135 = 7.468, P = 0.007). Mean TA was significantly higher at FCSP 
(16.1 ± 0.8 °C) than at ST (8.4 ± 0.4 °C across the winter, 7.9 ± 0.6 °C 
mid-winter) as was mean TH (13.6 ± 0.2 °C vs. 12.7 ± 0.1 °C across 
the winter, 12.0 ± 0.12 °C mid-winter) while mean VPDH was signif-
icantly lower at FCSP (0.028 ± 0.008 kPa) than at ST (0.059 ± 0.003 
kPa across the winter, 0.053 ± 0.005 °C mid-winter). Mean body 
mass did not differ among sites (F1,50 = 0.16, P = 0.69) and there was 
no significant interaction between sex and site (F1,50 = 0.03, P = 0.86). 
However, males had significantly lower (F1,50 = 14.81, P = 0.0003) body 
mass (5.5 ± 0.2 g) than females (6.2 ± 0.2 g).

Tricolored bats went into deep torpor (>10 °C below normother-
mic TSK as defined by Geiser [2020]) at both sites. We rarely observed 
evidence of individuals leaving the hibernaculum at either site 
based on almost continuous traces of TSK. Mean TBD across sites 
was 4.1 ± 0.2 days (n = 224 torpor bouts) and ranged from 0.02 to 
14.4 days (Table 2). Torpid TSK of individual bats ranged from 11.8 
to 18.9 °C across sites and averaged 15.7 ± 0.10 °C. Mean AD across 
sites was 88.5 ± 46.7 min and ranged from 15 to 285 min and mean 
arousal TSK across sites was 32.3 ± 3.16 °C with a maximum arousal 
TSK of 39.1 °C (Table 2). Arousal times of bats in both sites did not 
differ from a random circular distribution: ST (z = 0.101, P = 0.17,  
n = 175), FCSP (z = 0.04, P = 0.91, n = 63).

The top model predicting TBD contained sex as a predictor (Table 
3) and sex was an important covariate (Table 4). Males had signif-
icantly longer TBD (4.2 ± 0.3 days) than females (3.0 ± 0.3 days). 
The best-supported models predicting torpid TSK contained envi-
ronmental variables (TH and VPDH) and the interaction between 

Table 1. A priori models for predicting torpor bout length, torpor 
skin temperatures, arousal length, and arousal skin temperature 
of Perimyotis subflavus in 2 hibernacula in the southeastern United 
States during winter 2016 to 2018 and covariates included in each 
model.

Model name Covariates

Environmental Hibernacula temperature (TH)
Hibernacula relative humidity (VPDH)

Site Florida Caverns State Park (FCSP)
Stumphouse Tunnel (ST)

Sex Male
Female

Site * Environmental See above

Body mass Body mass (g)

Body mass * Sex See above

Sex * Environmental See above

Site * Sex See above

Environmental + Sex + Site See above

Global All above

Null Intercept-only
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environmental variables and site (Table 3). Torpid TSK was posi-
tively related to TH (Fig. 1A) and significantly different between sites 
(Table 4), although the difference was small (ST = 15.7 ± 0.15, FCSP 
= 15.3 ± 0.63). Although not significant, TSK was negatively related to 
VPDH (Fig. 1B) and the interaction between VPDH and site was nearly 
significant (Table 4). The Null model was the top model explaining 
AD but the Sex and Site models also had some support and the 
coefficients for each were significant (Table 4). AD for females was 
shorter (71.9 ± 4.52 min) than AD for males (84.4 ± 4.53 min) and 
AD in FCSP was shorter (68.4 ± 5.98 min) than ST (82.4 ± 4.02 min). 
The Sex * Site and Site models were the top models explaining 
Arousal TSK (Table 3) and Site was a significant predictor (Table 4). 
Arousal TSK was significantly greater in ST (32.6 ± 0.44) than in FCSP 
(30.9 ± 0.86).

Discussion
While environmental conditions varied within and between sites, we 
found that overall site characteristics, which included WNS status 
and possibly some other unmeasured characteristics, and sex were 
more important in driving torpor patterns in tricolored bats in the 
2 hibernacula we studied than hibernaculum temperature or VPDH 
alone. Further, mean TH and VPDH were within the Pd growth range 

at both sites (3 to 19.5 °C and 0.03 to 0.06 kPa; Verant et al. 2012; 
Marroquin et al. 2017; Frick et al. 2022) and most TSK measurements 
were within the optimal growth range of Pd (12.5 to 15.8 °C); only 1 
bat had a torpid TSK < 10 °C. Because survival of bats with WNS is 
enhanced at colder hibernaculum temperatures (Grieneisen et al. 
2015; Hopkins et al. 2021), the relatively warm TSK and TH that we 
observed suggest tricolored bats in subterranean hibernacula in the 
southeastern United States may be quite susceptible to infection 
from Pd once they are exposed to the pathogen, even in subtropi-
cal regions such as Florida. However, mortality rates in subtropical 
regions may be lower due to the shorter and warmer winters.

Mean TBD in ST and FCSP were relatively short compared to other 
free-ranging bats using subterranean hibernacula in the north-
eastern United States and Canada such as little brown bats (13.1 
to 16.2 days; Jonasson and Willis 2012; Czenze et al. 2017; Frank 
et al. 2019) and big brown bats (5.4 to 41.9 days; Frank et al. 2014). 
However, TBD at ST was greater than mean TBD of tricolored bats in 
caves in Tennessee and of tricolored bats using thermally unstable 
hibernacula like trees and bridges in south-central South Carolina 

Table 2. Means ± SD and (range) of torpor bout duration (TBD), torpid skin temperature (TSK), arousal duration (AD), and arousal TSK of 
Perimyotis subflavus in 2 hibernacula in the southeastern United States, winter 2016 to 2018. Sites were Florida Caverns State Park (FCSP) 
and Stumphouse Tunnel (ST) in northwestern South Carolina. Data from 2 other field studies on Tricolored Bat torpor patterns conducted 
in south-central South Carolina (SRS; Newman et al. 2024) and eastern Tennessee (TN; Jackson et al. 2022) are presented for comparison. 
Data for TN are means ± SE.

Site TBD (days) Torpid TSK (°C) AD (min) Arousal TSK (°C) Source

FCSP 3.5 ± 2.1 (0.08 to 9.3) 16.0 ± 1.4 (12.5 to 18.9) 79.8 ± 39.7 (16 to 241) 31.1 ± 2.7 (26.1 to 36.7) This study

ST 4.3 ± 3.1 (0.02 to 14.4) 15.6 ± 1.5 (11.8 to 15.6) 91.3 ± 48.6 (15 to 286) 32.7 ± 3.23 (18.3 to 39.1) This study

SRS 2.7 ± 2.8 (0.15 to 15.5) 15.4 ± 4.3 (12.3 to 18.0) 144.0 ± 156.0 (15 to 606) — Newman et al. (2024)

TN 3.02 ± 1.34 14.44 ± 0.36 79.27 ± 21.04 28.99 ± 0.89 Jackson et al. (2022)

Table 3. Number of parameters (K), Akaike’s Information Criteria 
corrected for small sample size (AICc), the difference between the 
top model and lower ranked models (ΔAICc), and model weights 
(wi) for torpor bout duration (TBD), torpor skin temperature (torpor 
TSK), arousal duration (AD), and arousal TSK of Perimyotis subflavus 
in 2 hibernacula in the southeastern United States, winter 2016 
to 2018. Only models that performed better than the null model 
or those within 2 ΔAICc units of the top model including the null 
model are presented.

Model K AICc ΔAICc wi

TBD

  Sex 4 504.72 0 0.73

  Null 3 507.58 2.85 0.18

Torpor TSK

  Environmental 5 734.78 0 0.59

  Environmental * Site 8 735.62 0.86 0.38

AD

  Null 3 331.53 0 0.49

  Site 4 332.91 1.38 0.24

  Sex 4 333.13 1.60 0.22

Arousal TSK

  Site * Sex 6 1126.17 0 0.59

  Site 4 1128.10 1.92 0.22

Table 4. Coefficient estimates and 85% confidence intervals for 
covariates from top models predicting torpor bout duration (TBD), 
torpor skin temperature (TSK), arousal duration (AD), and arousal 
TSK of Perimyotis subflavus in 2 hibernacula in the southeastern 
United States, winter 2016 to 2018.

Covariate Estimate SE LCL UCL

TBD

  Intercept 1.72 0.08 1.61 1.84

  Sex 0.32 0.11 0.17 0.47

Torpor TSK

  Intercept 15.27 0.63 14.36 16.17

  TH 0.39 0.24  0.05 0.73

  VPD −0.92 1.07 −2.47 0.63

  Site(ST) 1.04 0.59 0.18 2.21

  Site(ST) * TH −0.21 0.36 −0.73 0.30

  Site(ST) * VPD 1.62 1.12 −0.001 3.25

AD

  Intercept 4.37 0.04 4.31 4.43

  Site 0.19 0.10 0.04 0.33

  Sex 0.16 0.08 0.04 0.28

Arousal TSK

  Intercept 30.45 0.87 29.20 31.17

  Site 1.82 1.09 0.36 3.39

  Sex 1.19 1.76 −1.35 3.74

  Site * Sex −0.27 1.97 −3.11 2.58
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environmental variables and site (Table 3). Torpid TSK was posi-
tively related to TH (Fig. 1A) and significantly different between sites 
(Table 4), although the difference was small (ST = 15.7 ± 0.15, FCSP 
= 15.3 ± 0.63). Although not significant, TSK was negatively related to 
VPDH (Fig. 1B) and the interaction between VPDH and site was nearly 
significant (Table 4). The Null model was the top model explaining 
AD but the Sex and Site models also had some support and the 
coefficients for each were significant (Table 4). AD for females was 
shorter (71.9 ± 4.52 min) than AD for males (84.4 ± 4.53 min) and 
AD in FCSP was shorter (68.4 ± 5.98 min) than ST (82.4 ± 4.02 min). 
The Sex * Site and Site models were the top models explaining 
Arousal TSK (Table 3) and Site was a significant predictor (Table 4). 
Arousal TSK was significantly greater in ST (32.6 ± 0.44) than in FCSP 
(30.9 ± 0.86).

Discussion
While environmental conditions varied within and between sites, we 
found that overall site characteristics, which included WNS status 
and possibly some other unmeasured characteristics, and sex were 
more important in driving torpor patterns in tricolored bats in the 
2 hibernacula we studied than hibernaculum temperature or VPDH 
alone. Further, mean TH and VPDH were within the Pd growth range 

at both sites (3 to 19.5 °C and 0.03 to 0.06 kPa; Verant et al. 2012; 
Marroquin et al. 2017; Frick et al. 2022) and most TSK measurements 
were within the optimal growth range of Pd (12.5 to 15.8 °C); only 1 
bat had a torpid TSK < 10 °C. Because survival of bats with WNS is 
enhanced at colder hibernaculum temperatures (Grieneisen et al. 
2015; Hopkins et al. 2021), the relatively warm TSK and TH that we 
observed suggest tricolored bats in subterranean hibernacula in the 
southeastern United States may be quite susceptible to infection 
from Pd once they are exposed to the pathogen, even in subtropi-
cal regions such as Florida. However, mortality rates in subtropical 
regions may be lower due to the shorter and warmer winters.

Mean TBD in ST and FCSP were relatively short compared to other 
free-ranging bats using subterranean hibernacula in the north-
eastern United States and Canada such as little brown bats (13.1 
to 16.2 days; Jonasson and Willis 2012; Czenze et al. 2017; Frank 
et al. 2019) and big brown bats (5.4 to 41.9 days; Frank et al. 2014). 
However, TBD at ST was greater than mean TBD of tricolored bats in 
caves in Tennessee and of tricolored bats using thermally unstable 
hibernacula like trees and bridges in south-central South Carolina 

Table 2. Means ± SD and (range) of torpor bout duration (TBD), torpid skin temperature (TSK), arousal duration (AD), and arousal TSK of 
Perimyotis subflavus in 2 hibernacula in the southeastern United States, winter 2016 to 2018. Sites were Florida Caverns State Park (FCSP) 
and Stumphouse Tunnel (ST) in northwestern South Carolina. Data from 2 other field studies on Tricolored Bat torpor patterns conducted 
in south-central South Carolina (SRS; Newman et al. 2024) and eastern Tennessee (TN; Jackson et al. 2022) are presented for comparison. 
Data for TN are means ± SE.

Site TBD (days) Torpid TSK (°C) AD (min) Arousal TSK (°C) Source

FCSP 3.5 ± 2.1 (0.08 to 9.3) 16.0 ± 1.4 (12.5 to 18.9) 79.8 ± 39.7 (16 to 241) 31.1 ± 2.7 (26.1 to 36.7) This study

ST 4.3 ± 3.1 (0.02 to 14.4) 15.6 ± 1.5 (11.8 to 15.6) 91.3 ± 48.6 (15 to 286) 32.7 ± 3.23 (18.3 to 39.1) This study

SRS 2.7 ± 2.8 (0.15 to 15.5) 15.4 ± 4.3 (12.3 to 18.0) 144.0 ± 156.0 (15 to 606) — Newman et al. (2024)

TN 3.02 ± 1.34 14.44 ± 0.36 79.27 ± 21.04 28.99 ± 0.89 Jackson et al. (2022)

Table 3. Number of parameters (K), Akaike’s Information Criteria 
corrected for small sample size (AICc), the difference between the 
top model and lower ranked models (ΔAICc), and model weights 
(wi) for torpor bout duration (TBD), torpor skin temperature (torpor 
TSK), arousal duration (AD), and arousal TSK of Perimyotis subflavus 
in 2 hibernacula in the southeastern United States, winter 2016 
to 2018. Only models that performed better than the null model 
or those within 2 ΔAICc units of the top model including the null 
model are presented.

Model K AICc ΔAICc wi

TBD

  Sex 4 504.72 0 0.73

  Null 3 507.58 2.85 0.18

Torpor TSK

  Environmental 5 734.78 0 0.59

  Environmental * Site 8 735.62 0.86 0.38

AD

  Null 3 331.53 0 0.49

  Site 4 332.91 1.38 0.24

  Sex 4 333.13 1.60 0.22

Arousal TSK

  Site * Sex 6 1126.17 0 0.59

  Site 4 1128.10 1.92 0.22

Table 4. Coefficient estimates and 85% confidence intervals for 
covariates from top models predicting torpor bout duration (TBD), 
torpor skin temperature (TSK), arousal duration (AD), and arousal 
TSK of Perimyotis subflavus in 2 hibernacula in the southeastern 
United States, winter 2016 to 2018.

Covariate Estimate SE LCL UCL

TBD

  Intercept 1.72 0.08 1.61 1.84

  Sex 0.32 0.11 0.17 0.47

Torpor TSK

  Intercept 15.27 0.63 14.36 16.17

  TH 0.39 0.24  0.05 0.73

  VPD −0.92 1.07 −2.47 0.63

  Site(ST) 1.04 0.59 0.18 2.21

  Site(ST) * TH −0.21 0.36 −0.73 0.30

  Site(ST) * VPD 1.62 1.12 −0.001 3.25

AD

  Intercept 4.37 0.04 4.31 4.43

  Site 0.19 0.10 0.04 0.33

  Sex 0.16 0.08 0.04 0.28

Arousal TSK

  Intercept 30.45 0.87 29.20 31.17

  Site 1.82 1.09 0.36 3.39

  Sex 1.19 1.76 −1.35 3.74

  Site * Sex −0.27 1.97 −3.11 2.58
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(Jackson et al. 2022; Newman et al. 2024); mean TBD in FCSP was 
similar to that in Tennessee. Other torpor parameters measured at 
ST and FCSP such as torpor TSK and arousal TSK were also similar 
to those measured in Tennessee and south-central South Carolina, 
except AD in south-central South Carolina which was considerably 
longer than AD at the 2 belowground hibernacula we studied (Table 
2). Due to the lack of data on torpor patterns of tricolored bats in 
more northerly climes, it is not possible to determine whether the 
patterns that we, Jackson et al. (2022), and Newman et al. (2024) 
observed are consistent across the range or whether they may vary 
with latitude, as has been found for other bat species (Dunbar and 
Brigham 2010; Stawski 2012). Variation in torpor energetics across 
a wide latitudinal range is not universal, however, as neither little 
brown bats nor Townsend’s big-eared bats (Corynorhinus townsendii) 
exhibit intraspecific differences in torpor metabolic rate or evapora-
tive water loss, perhaps due to similar winter roost selection across 
the range (McGuire et al. 2021a).

Tricolored bats in south-central South Carolina often change 
roosts on warm nights and may even leave their roosts to forage, 
possibly due to the thermally unstable aboveground roosts that they 

inhabit (Newman et al. 2024). Although tricolored bats may have 
occasionally left the hibernacula, as has been seen for tricolored 
bats and other species at other sites (Boyles et al. 2006; Arndt and 
Lima 2020; Jackson et al. 2023), we did not see significant gaps in our 
data indicating that bats were active outside the hibernacula. This 
finding suggests that bats that use thermally stable belowground 
hibernacula in the south do not rely on exogenous energy to main-
tain themselves during winter although some winter feeding may 
occur (Bernard et al. 2021).

We predicted that torpid TSK, arousal TSK, and AD would be pos-
itively related to TH and negatively related to VPDH, and that TBD 
would be negatively related to TH and positively related to VPDH. 
However, arousal TSK, AD, and TBD were not related to any envi-
ronmental factors. While this lack of a relationship may have been 
due to the stable microclimates of these hibernacula, studies on 
other species using thermally stable hibernacula have found that 
TBD is negatively related to TH (Park et al. 2000; Jonasson and Willis 
2012; Czenze et al. 2017). Differences between our study and others 
may have been due to a greater range or possibly colder TH in those 
studies.

In contrast, torpid TSK was positively related to TH and negatively 
related to VPDH although the latter relationship was not significant. 
Meierhofer et al. (2019b) also found that torpid TSK of tricolored bats 
in culvert and cave hibernacula in Texas was positively related to 
TH. The relationship between TSK and TH is not surprising as ani-
mals that enter hibernation usually thermoconform down to their 
set point (Geiser 2011). For example, torpor TSK of little brown bats 
in a cave in Canada is positively related to TH (Jonasson and Willis 
2012) as is TSK of little forest bats (Vespadelus vulturnas) roosting in 
trees in Australia (Chenery et al. 2022). Tricolored bats have a rela-
tively high set point (5 to 8 °C; McGuire et al., 2021b) which is below 
the mean TH that was found in ST and FCSP during this study, and 
thus their TSK thermoconformed to TH. TSK also declined with VPDH. 
Evaporative water loss increases with VPD in solitary little brown 
bats (Thomas and Cloutier 1992). Tricolored bats have higher rates 
of evaporative water loss than many other species (McGuire et al. 
2021a) and arousal frequency is positively related to VPD (McGuire 
et al. 2021b). Thus, bats exposed to higher VPD may seek out colder 
areas to conserve energy (Boyles et al. 2020). In general, however, 
tricolored bats often roost in the most humid parts of hibernacula 
(Raesly and Gates 1987). For example, in ST, the density of tricolored 
bats is highest in Section C which has the lowest VPD (Brown et al. 
in press).

Although we predicted that TBD would be negatively related to 
TH, this did not occur. The lack of a relationship between TBD and TH 
contrasts with studies conducted on free-ranging little brown bats in 
Canada (Jonasson and Willis 2012; Czenze et al. 2017), and tricolored 
bats, big brown bats, little brown bats, and red bats (Lasiurus borealis) 
under laboratory conditions (Twente et al. 1985; Dunbar and Tomasi 
2006; McGuire et al. 2021b). TBD also increases with decreasing TA 
in tricolored bats that use thermally unstable aboveground hiber-
nacula (Newman et al. 2024). However, under laboratory conditions, 
energy expenditure of tricolored bats is related to VPD and body 
condition in addition to TH (McGuire et al. 2021b). These additional 
factors may also influence torpor parameters under natural condi-
tions and may have been driving the relationships that we observed 
alone or in combination with other factors such as disease status, 
making it more difficult to detect the relationship between TBD and 
TH in our study.

We predicted that females would have longer TBD, shorter AD, 
and lower torpor TSK than males to conserve energy for reproduction 
in the spring (Jonasson and Willis 2011; Czenze et al. 2017; Boyles 
et al. 2020). While AD of females was shorter than that of males, 

Fig. 1. Relationship between Tricolored Bat (Perimyotis subflavus) torpid 
skin temperature and (A) hibernacula temperature, and (B) hibernacula 
vapor pressure deficit (VPD) in hibernacula in South Carolina and 
Florida during winters 2016, 2016 to 2017, and 2017 to 2018. Torpid TSK 
was positively related to TH and significantly different between sites. 
The relationship between TSK and hibernaculum VPD was negative but 
nonsignificant; the interaction between hibernaculum VPD and site was 
nearly significant.
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torpor TSK did not differ between males and females, and TBD was 
longer in males than in females. Under laboratory conditions, male 
tricolored bats have a more conservative hibernation strategy than 
females, losing less mass than females while having similar arousal 
frequencies (McGuire et al. 2021b). Thus, our data suggest that 
male and female tricolored bats under natural conditions also have 
different strategies for conserving energy during hibernation and 
that males may have a more conservative strategy than females. 
McGuire et al. (2021b) suggested that differing strategies between 
the sexes may be a result of males taking advantage of environ-
mentally favorable conditions to forage during hibernation while 
females remain in torpor in the hibernaculum. However, based 
on almost continuous data records and random arousal times, 
there was little evidence in our study that bats regularly left the 
hibernacula to forage. In Indiana, tricolored bats in a mine leave 
their hibernacula far less often than northern long-eared bats and 
little brown bats (Whitaker and Rissler 1992), and leave caves in 
Tennessee less often than northern long-eared bats and gray bats 
(Bernard and McCracken 2017). Due to the high humidity of the sites 
they select within hibernacula, water often condenses on their fur 
and surrounding surfaces. This may allow tricolored bats to obtain 
sufficient water to counterbalance any evaporative water loss that 
occurs (Ploskey and Sealander 1979) without the need to exit the 
hibernacula as observed in other species (e.g., Lausen and Barclay 
2006). Thus, longer TBD in males under natural conditions might 
instead be explained by their lower body mass, because individuals 
within a species with lower body mass are predicted to have longer, 
deeper torpor bouts than individuals that enter hibernation with 
greater body mass (Humphries et al. 2003). Further, females may 
compensate for a shorter TBD with shorter AD.

Although the null model was the best model explaining AD, the 
site and sex models also had some support. AD was greater at ST 
than FCSP and males had longer AD than females. TBD also tended 
to be greater at ST and longer in males suggesting that there may 
be a positive relationship between TBD and AD. Reasons for periodic 
arousals during hibernation are not completely known but peri-
odic arousals may occur because animals need to rectify physio-
logical imbalances that occur during deep and prolonged torpor, to 
excrete noxious substances that build up during torpor, to urinate, 
to catch up on slow wave sleep, or in response to their biological 
clocks (Geiser 2011). In some cases, bats may also arouse to feed 
or in particular, drink (Hope and Jones 2012; Ben-Hamo et al. 2013). 
Thus, longer torpor bouts may require longer arousals to allow time 
for a return to physiological homeostasis as seen in the Garden 
Dormouse (Eliomys quercinus) in which greater metabolic imbal-
ances are associated with longer AD and higher metabolic rate (Ruf 
et al. 2021).

Some of the differences that we observed between sites may 
have been due to the different disease statuses of bats in the 2 sites. 
WNS had been in ST for approximately 1.5 to 3 years during our 
study and therefore, bats were most likely in the peak stage of the 
disease (Frick et al. 2017). We found that AD was longer at ST than 
FCSP and that Arousal T

SK was greater despite lower TH. As discussed 
above, AD may have been longer in ST because TBD was also longer. 
However, AD of little brown bats during the peak phase of WNS is 
greater than that of little brown bats during the pre-WNS phase 
or in the established phase (Lilley et al. 2016). Arousal TSK in little 
brown bats in the peak phase of WNS is also greater than during the 
pre-WNS phase (Lilley et al. 2016). Thus, WNS may have also con-
tributed to the difference in AD and Arousal TSK that we observed in 
tricolored bats between sites.

In conclusion, our data suggest that even though winters in the 
southeastern United States are more benign than in other parts of 

the Tricolored Bat range (average daily temperatures of 2.7 °C vs. 
−2.2 °C; https://sercc.com/ and https://www.nrcc.cornell.edu/), the 
warmer temperatures in thermally stable belowground hibernacula 
may provide optimal conditions for the growth of Pd, resulting in 
the high mortality rates observed in several southern hibernacula. 
Thus, if Pd were to be introduced to thermally stable WNS-negative 
sites such as Florida and Texas caves and mines, tricolored bats 
in these sites may be highly susceptible to the disease. However, 
the shorter hibernation seasons in areas such as Florida and Texas 
may mean that tricolored bats could survive WNS on their fat 
stores even with increased arousals related to WNS. Nonetheless, 
taking steps to stop the spread of Pd to noninfected sites or tak-
ing preventive steps such as treatment with various substances to 
decrease the extent of disease (e.g., Grider et al. 2022; Sewall et al. 
2023) may be important management tools in these areas. However, 
not all tricolored bats in the southern United States use subterra-
nean structures such as caves, mines, and tunnels as hibernacula 
during winter. In regions where subterranean hibernacula are not 
available, tricolored bats use culverts, bridges, and trees (Sandel et 
al. 2001; Meierhofer et al. 2019a; Newman et al. 2021; Lutsch et al. 
2022). Although the presence of Pd is lower in culverts and tunnels 
than in caves (Grider et al. 2021), bats that use culverts and tun-
nels may still be susceptible to WNS as observed in ST and other  
tunnels (Gabriel et al. 2022; Loeb and Winters 2022). Greater under-
standing of the torpor patterns of bats in belowground structures as 
well as aboveground structures in unaffected areas such as those 
presented here will provide important data on the potential for 
WNS morbidity and mortality in these areas and allow for a better 
distribution of resources for prevention and treatment (Bernard and 
Grant 2019).
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Supplementary Data SD1. Results of mixed linear effects mod-
els to test for seasonal differences in torpor parameters among 
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torpor TSK did not differ between males and females, and TBD was 
longer in males than in females. Under laboratory conditions, male 
tricolored bats have a more conservative hibernation strategy than 
females, losing less mass than females while having similar arousal 
frequencies (McGuire et al. 2021b). Thus, our data suggest that 
male and female tricolored bats under natural conditions also have 
different strategies for conserving energy during hibernation and 
that males may have a more conservative strategy than females. 
McGuire et al. (2021b) suggested that differing strategies between 
the sexes may be a result of males taking advantage of environ-
mentally favorable conditions to forage during hibernation while 
females remain in torpor in the hibernaculum. However, based 
on almost continuous data records and random arousal times, 
there was little evidence in our study that bats regularly left the 
hibernacula to forage. In Indiana, tricolored bats in a mine leave 
their hibernacula far less often than northern long-eared bats and 
little brown bats (Whitaker and Rissler 1992), and leave caves in 
Tennessee less often than northern long-eared bats and gray bats 
(Bernard and McCracken 2017). Due to the high humidity of the sites 
they select within hibernacula, water often condenses on their fur 
and surrounding surfaces. This may allow tricolored bats to obtain 
sufficient water to counterbalance any evaporative water loss that 
occurs (Ploskey and Sealander 1979) without the need to exit the 
hibernacula as observed in other species (e.g., Lausen and Barclay 
2006). Thus, longer TBD in males under natural conditions might 
instead be explained by their lower body mass, because individuals 
within a species with lower body mass are predicted to have longer, 
deeper torpor bouts than individuals that enter hibernation with 
greater body mass (Humphries et al. 2003). Further, females may 
compensate for a shorter TBD with shorter AD.

Although the null model was the best model explaining AD, the 
site and sex models also had some support. AD was greater at ST 
than FCSP and males had longer AD than females. TBD also tended 
to be greater at ST and longer in males suggesting that there may 
be a positive relationship between TBD and AD. Reasons for periodic 
arousals during hibernation are not completely known but peri-
odic arousals may occur because animals need to rectify physio-
logical imbalances that occur during deep and prolonged torpor, to 
excrete noxious substances that build up during torpor, to urinate, 
to catch up on slow wave sleep, or in response to their biological 
clocks (Geiser 2011). In some cases, bats may also arouse to feed 
or in particular, drink (Hope and Jones 2012; Ben-Hamo et al. 2013). 
Thus, longer torpor bouts may require longer arousals to allow time 
for a return to physiological homeostasis as seen in the Garden 
Dormouse (Eliomys quercinus) in which greater metabolic imbal-
ances are associated with longer AD and higher metabolic rate (Ruf 
et al. 2021).

Some of the differences that we observed between sites may 
have been due to the different disease statuses of bats in the 2 sites. 
WNS had been in ST for approximately 1.5 to 3 years during our 
study and therefore, bats were most likely in the peak stage of the 
disease (Frick et al. 2017). We found that AD was longer at ST than 
FCSP and that Arousal T

SK was greater despite lower TH. As discussed 
above, AD may have been longer in ST because TBD was also longer. 
However, AD of little brown bats during the peak phase of WNS is 
greater than that of little brown bats during the pre-WNS phase 
or in the established phase (Lilley et al. 2016). Arousal TSK in little 
brown bats in the peak phase of WNS is also greater than during the 
pre-WNS phase (Lilley et al. 2016). Thus, WNS may have also con-
tributed to the difference in AD and Arousal TSK that we observed in 
tricolored bats between sites.

In conclusion, our data suggest that even though winters in the 
southeastern United States are more benign than in other parts of 

the Tricolored Bat range (average daily temperatures of 2.7 °C vs. 
−2.2 °C; https://sercc.com/ and https://www.nrcc.cornell.edu/), the 
warmer temperatures in thermally stable belowground hibernacula 
may provide optimal conditions for the growth of Pd, resulting in 
the high mortality rates observed in several southern hibernacula. 
Thus, if Pd were to be introduced to thermally stable WNS-negative 
sites such as Florida and Texas caves and mines, tricolored bats 
in these sites may be highly susceptible to the disease. However, 
the shorter hibernation seasons in areas such as Florida and Texas 
may mean that tricolored bats could survive WNS on their fat 
stores even with increased arousals related to WNS. Nonetheless, 
taking steps to stop the spread of Pd to noninfected sites or tak-
ing preventive steps such as treatment with various substances to 
decrease the extent of disease (e.g., Grider et al. 2022; Sewall et al. 
2023) may be important management tools in these areas. However, 
not all tricolored bats in the southern United States use subterra-
nean structures such as caves, mines, and tunnels as hibernacula 
during winter. In regions where subterranean hibernacula are not 
available, tricolored bats use culverts, bridges, and trees (Sandel et 
al. 2001; Meierhofer et al. 2019a; Newman et al. 2021; Lutsch et al. 
2022). Although the presence of Pd is lower in culverts and tunnels 
than in caves (Grider et al. 2021), bats that use culverts and tun-
nels may still be susceptible to WNS as observed in ST and other  
tunnels (Gabriel et al. 2022; Loeb and Winters 2022). Greater under-
standing of the torpor patterns of bats in belowground structures as 
well as aboveground structures in unaffected areas such as those 
presented here will provide important data on the potential for 
WNS morbidity and mortality in these areas and allow for a better 
distribution of resources for prevention and treatment (Bernard and 
Grant 2019).
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