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a b s t r a c t

In temperate portions of North America, some bats that remain active during winter undergo short
periods of hibernation below leaf litter on the forest floor during episodes of below-freezing weather.
These winter roosts may provide above-freezing conditions, but the thermal conditions under leaf litter
are unclear. Further, little is known of the relationship between temperatures under litter and potential
energy expenditure by bats. Therefore, I characterized thermal conditions below leaf litter, compared
temperatures encountered under different litter depths, and evaluated the quality of these sites as
hibernacula based on potential energy use by eastern red bats (Lasiurus borealis) during winter in forests
of the Ouachita Mountains, Arkansas, USA. Over an averaged 24-h period, there was no significant
difference in temperature among different depths of leaf litter, but temperatures under litter remained
significantly warmer than air temperatures, especially during nighttime and under snow cover.
Temperatures below leaf litter were significantly warmer on south-facing slopes than north-facing
slopes, but predicted metabolic rates did not differ among aspects. Predicted metabolic rates of eastern
red bats were lowest under the deepest leaf litter measured (8 cm) and highest under ambient air
conditions. Depending on depth of leaf litter cover, predicted energy savings based on O2 consumption
from roosting under litter were 1.9 to 3.1 times greater than remaining in ambient air during periods of
freezing weather and around 5.6 times greater when roosting under leaf litter with snow cover. A model
for predicted total energy consumption (estimated as the total oxygen consumption during a 24-h
period) by eastern red bats indicated that when roosting below leaf litter, energy consumption would be
reduced with greater ground temperatures, greater leaf litter moisture, and when located on south-
facing slopes. Predicted metabolic rates and total energy consumption may provide more insight on the
quality of roost sites for wintering bats than temperature of roost sites alone.

Published by Elsevier Ltd.

1. Introduction

In temperate North America, some bat species, including eastern
red bats (Lasiurus borealis) and silver-haired bats (Lasionycteris
noctivagans), migrate from northern portions of their range to more
southerly latitudes during winter to escape harsh winter conditions
(Davis, 1970). At these more southerly latitudes, they typically
remain active during winter and roost in forests (e.g., Mormann
and Robbins, 2007; Perry et al. 2010). During winter, foliage-roosting
species, including eastern red bats and Seminole bats (L. seminolus),
roost in tree foliage during relatively warmwinter periods (410 1C),
but retreat to the forest floor where they hibernate for short periods
under leaf litter during colder periods (Mormann and Robbins, 2007;
Hein et al., 2008). For these species, mortality during winter may be
high (Cryan and Veilleux, 2007), and roost sites selected by these

bats during winter may be especially important to their survival. For
example, 21% of 33 eastern red bats radio tracked during winter
succumbed to freezing or predators (Flinn, 2009).

Eastern red bats are found throughout the southeastern U.S.
during winter, from New Jersey to central Texas (Cryan, 2003).
Western red bats (Lasiurus blossevillii) have also been found to use
leaf litter roosts during winter in California (Johnston and Whitford,
2009). Furthermore, other North American bat species that remain
active in forests during winter at these latitudes but do not roost in
foliage, including silver-haired bats and evening bats (Nycticeius
humeralis), may occasionally hibernate in below-ground roosts such
as small mammal burrows or rock crevices during periods of below-
freezing weather (Boyles et al., 2005; Perry et al., 2010). Bats
roosting under leaf litter or just below the soil surface during winter
typically experience warmer and more stable temperatures than
remaining in trees during colder periods, primarily during nighttime
(Boyles et al., 2005; Mormann, 2005; Flinn, 2009), and deeper leaf
litter may result in more stable temperatures (Mormann, 2005).
Thus, hibernating for short periods below leaf litter or just below the
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soil surface during periods of freezing weather appears to be a wide-
spread phenomenon in many bat species that remain active during
winter in temperate regions of North America.

To extend fat reserves and reduce energy expenditure, bats
undergo periods of torpor. When food resources are limited or
environmental conditions are unfavorable, bats undergo extended
periods of torpor lasting Z2 days, which is considered hiberna-
tion (e.g., Speakman and Thomas, 2003). During torpor, metabolic
rates are reduced (torpid metabolic rates; TMR), along with heart
rate, oxygen consumption, and body temperature (Hock, 1951).
During torpor, body temperatures may be close to ambient
temperatures and TMR is thus limited by the surrounding ambient
temperatures (e.g., Hock, 1951). Hibernation is associated with
deep torpor, where body temperatures may fall to 2 1C and may
involve additional metabolic suppression (Speakman and Thomas,
2003). During hibernation, low (e.g., 5 1C), but above freezing
temperatures allow the deepest torpor and greatest energy sav-
ings, but bat species may differ in the ambient temperature at
which they reach minimum TMR (e.g., Speakman and Thomas
2003; Dunbar and Brigham, 2010).

Unlike many temperate, cave-hibernating bat species that
typically arouse at ambient temperatures of 10 to 15 1C during
hibernation, eastern red bats typically become euthermic at
temperatures above 20 1C (Davis and Reite, 1967), but these higher
temperatures may allow bats to forage on available insects during
above-freezing nights of winter (Davis, 1970; Dunbar and Tomasi,
2006; Dunbar and Brigham, 2010). During hibernation, captive
eastern red bats from Missouri may maximize energy savings
(lowest TMR) at ambient temperatures of approximately 5�10 1C,
but may increase their metabolism when temperatures fall below
this level, and increase their metabolism substantially when
ambient temperatures fall below freezing (Dunbar and Tomasi,
2006). During torpor, eastern red bats can withstand greater
fluctuations in temperature without arousing than many other
temperate bats (Davis and Reite, 1967) and are relatively efficient
metabolic regulators at subfreezing temperatures, having fur-
covered uropatagiums that they wrap around their bodies to
retain metabolic heat when temperatures fall below freezing
(Davis, 1970). All of these adaptations allow eastern red bats to
hibernate in more harsh and fluctuating climatic conditions than
many other temperate bat species.

Historically, most studies comparing the quality of hibernation
habitat for bats have focused on abiotic factors of their roosts such
as temperature and humidity (e.g., Perry, 2013) or compared
abiotic factors between sites where bats were found with sites
not occupied (e.g., Sherwin et al., 2003). These studies suggested
that sites occupied by bats provided optimal conditions but rarely
compared the energetic costs among sites over time. Although
factors such as predation risk and disturbance frequency likely
affect hibernacula selection by bats, variability in hibernacula
microclimate and amount of time hibernacula microclimates fall
above or below important metabolic thresholds likely influences
overall suitability of these sites as well. Thus, comparing the
potential energy expenditure by bats among sites may provide
additional insight when comparing different hibernacula loca-
tions. Furthermore, the association between thermal conditions
that torpid bats encounter under in leaf litter during winter and
the potential energy savings of these roosts remain unstudied. The
goals of this study were to: (1) characterize the thermal conditions
encountered below leaf litter during winter; (2) compare tem-
perature profiles among different litter depths, below the soil
surface (ground), and ambient air conditions; (3) evaluate the
effects of slope aspect on thermal conditions beneath leaf litter;
and (4) evaluate and compare the quality of these sites based on
predicted metabolic rates and potential energy use of eastern
red bats.

2. Materials and methods

2.1. Study area

The study was conducted in, and adjacent to, the Alum Creek
Experimental Forest of the Ouachita National Forest in the Ouachita
Mountains of west-central Arkansas, USA. The Ouachita Mountains
consist of east–west oriented mountains and valleys that extend
from central Arkansas into east-central Oklahoma. Elevation in the
study area is approximately 207�780 m. The study area is approxi-
mately 7000 ha, and consists of mixed shortleaf pine (Pinus echi-
nata) and hardwood forest. The hardwood component of these
forests is diverse (432 species) but was primarily Quercus sp.
(oaks), Carya sp. (hickories), and Red Maple L. (Acer rubrum).

Climate of the region is humid subtropical. Based on data from
the Alum Fork weather station (approximately 5 km from the study
area), mean (max/min) winter temperatures (for the years 1971 to
2000) was 15.4/3.5 1C for November, 10.3/�0.9 1C for December, 8.8/
�2.8 1C for January, 11.9/�0.9 1C for February, and 16.6/3.7 1C for
March (NCDC, 2004). Yearly mean precipitation was about 140 cm,
and mean annual snowfall was about 13 cm (NCDC, 2004).

2.2. Temperature measurements

I identified 26 sites that represented typical leaf-litter roost
locations for eastern red bats during winter; sites were located on
upper slopes near ridge tops in areas that had relatively abundant
hardwood leaf litter (Mormann and Robbins, 2007; Flinn, 2009).
Sites were selected from maps of topography and forest conditions
based on the following criteria: (1) upper slope or ridge top areas;
(2) north-facing and south-facing slopes in relatively close proxi-
mity; and (3) mature timber with a hardwood component. Areas
that had been subjected to prescribed burning o2 years prior
were avoided. At each site, one plot was randomly established on a
north-facing slope and one on a south-facing slope (n¼52 total
plots) to sample thermal properties under leaf litter.

At each plot, thermocouples (CASS-18G-12-NHX, Omega Engi-
neering, Stamford, CT) attached to Hobo data loggers (U12-014,
Onset Computer, Corp., Cape Cod, MA) were placed beneath
deciduous leaf litter to determine temperature (1C) profiles under
three different litter depths. Temperature was recorded every
30 min. At each plot, a thermocouple was placed: (1) below 2 cm
of leaf litter (T2); (2) below 5 cm of leaf litter (T5); (3) below 8 cm
of leaf litter (T8); (4) 2 cm below the soil surface (ground tem-
perature; Tg); and (4) elevated 1 m above the ground to record air
temperature (Ta). When temperature was measured below leaf
litter, duff was not removed from plots and thermocouples were
placed above the duff layer.

Plots were sampled only when forecasted low temperatures
were expected to be close to or below freezing (n¼15 days).
During each sample day, one or two sites (2 or 4 plots) were
sampled over a 24-h period (1800�1800 CST the next day).
Sampling took place during two winters between 14 November
and 3 March (2011�2013). Three plots (all north-facing slopes)
had malfunctioning units. Thus, these plots and their correspond-
ing plots on south-facing slopes were removed from analysis so
that each site had a corresponding north- and south-facing slope
where temperature data was recorded over the same 24-h period
(n¼46 plots total).

To determine environmental factors aside from leaf-litter depth
that may influence potential energy use by eastern red bats under
leaf litter, a set of parameters predicted to affect temperature in
plots was collected. At each plot, basal area of pines was recorded
using a 10-factor English prism (converted to metric; m2/ha) and
canopy cover (%) was estimated using a spherical densiometer.
Moisture content of leaf litter (%) was estimated by removing litter
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to the duff layer in a 0.3�0.3 m2 area, drying at 60 1C to constant
mass, and comparing with wet mass. Average leaf litter depth (cm)
was also measured using five random samples at each plot.

Approximately 25 cm of snow fell during one period of the
study and remained for approximately 12 days. Estimated snow
depth during the 24-h period when temperature measures were
taken was 8�13 cm. Temperature measures were taken in four
plots (2 north- and 2 south-facing slopes) under the snow over a
single 24-h period. These data were not included with other
temperature measures, and analysis on these data was not con-
ducted because of small sample size (n¼4 plots). However, these
data were presented as an illustration of the effects of snow cover
on thermal conditions below leaf litter.

2.3. Analyses

Temperature profiles taken every 30 min were averaged for
nighttime (1700�0800), daytime (0800�1700), and for the entire
24-h period for analysis. Temperature readings recorded in each
thermocouple position (Ta, T2, T5, T8, and Tg) were compared over
time using a repeated-measures ANOVA with aspect (north- or
south-facing slope) as an additional fixed effect. Interactions of
thermocouple position x aspect were also examined. To determine
the best covariance matrix to use, values of Akaike′s information
criterion (AIC) were compared among five models that used
different covariance matrices (variance components, compound
symmetry, Toeplitz, first-order autoregressive, and Huynh-Feldt;
Littell et al., 2006; SAS Institute Inc., 2009). A Toeplitz covariance
matrix had the best fit for these data. Kenwood–Roger adjustments
were used to generalize degrees of freedom (Littell et al., 2006).
When ANOVA indicated a significant difference among treatments,
a Tukey′s adjustment was used to separate least-squared means
(SAS Institute Inc., 2009). All tests were evaluated at alpha¼0.05.

Estimates of metabolic rate (O2 ml/h) based on ambient tempera-
tures for eastern red bats were modeled from Dunbar and Tomasi
(2006); they estimated mean metabolic rate for captive eastern red
bats at five temperatures (�5, 1, 5, 10, and 15 1C) during hibernation
(Fig. 1). Metabolic rates associated with ambient temperatures from 1
to 15 1C were torpid rates, but bats became euthermic at �5 1C
(Dunbar and Tomasi, 2006). Above 20 1C, red bats likely become
euthermic as well (Davis and Reite, 1967). Thus, metabolic rates at
ambient temperatures r�5 1C and Z20 1C were considered euther-
mic metabolic rates. Although euthermic metabolic rates for red bats
at ambient temperatures 415 1C were not available, I assumed
euthermy at 20 1C would result in a substantial increase in metabolic
rate, similar to results for hoary bats (Lasiurus cinereus) (Cryan and
Wolf, 2003). Nevertheless, ambient temperatures recorded 415 1C

accounted for only 1.9% of total temperature measurements. I used
similar metabolic rate values for all ambient temperatures above
20 1C and similar values for all temperatures below �5 1C. For each
30-min temperature recording, I calculated predicted metabolic rates
for that temperature and calculated mean values for night, day, and
an entire 24-h period.

To compare predicted metabolic rates among different depths
of leaf litter and ambient air conditions, a repeated-measures
analysis similar to above was used. For the metabolic rate data,
I used the Toeplitz covariance matrix, which had the lowest AIC
values among the five models compared (Littell et al., 2006).
Metabolic data were rank transformed prior to analyses because
of skewedness that could not be corrected via transformation
(Conover and Iman, 1981).

To determine environmental factors that likely affected energy
expenditure aside from leaf litter depth, I compared 15 a priori,
multiple-regression models. The dependent variable was pre-
dicted total metabolic oxygen consumption by eastern red bats
over a 24-h period under 5 cm of leaves. Total O2 consumption was
used as a surrogate for total energy use. I used 5 cm of leaves
because this was close to the average depth of leaf litter from plots
(4.570.2 cm). Independent variables that were predicted to affect
roost temperatures included in the models were mean ground
temperature (Tg), Aspect (north- or south-facing slopes), litter
moisture (LitMoist; %), and canopy cover (Cover; %) at each plot.
Pine basal area was highly correlated with Cover (r¼0.84) and was
removed. I determined the most parsimonious set of models
among candidate models based on the value of AIC modified for
small samples (AICc; Burnham and Anderson, 2002). No models
were within 2 units of AICmin; thus, model averaging of the best
set was not necessary (Burnham and Anderson, 2002).

3. Results

3.1. Temperatures below leaf litter

Average high air temperature (Ta) of sampling days was 11.4 1C
and average low was �3.3 1C (range �9.4 to 20.3). With daytime
and nighttime combined, mean temperatures differed significantly
among the thermocouple positions (F4, 219¼16.27, Po0.001);
there was no significant difference in temperature among leaf
litter depths (T2, T5, and T8), but all three depths were significantly
warmer than Ta and significantly cooler than Tg (Fig. 2). Effect of
aspect was also significant for the 24-h period (F1, 219¼13.50,
Po0.001), with south-slope locations significantly warmer than
north-slope locations. There was not a thermocouple position�
aspect interaction (F4, 219¼0.61, P¼0.658).

During daytime (0800�1700), mean temperatures did not
differ among any of the thermocouple positions (F4, 218¼1.40,
P¼0.235), but south slope locations had significantly warmer
temperatures than north slopes (F1, 218¼16.3, Po0.001). There
was not a significant thermocouple position� aspect interaction
(F4, 218¼0.32, P¼0.864). During nighttime (1700�0800), tempera-
tures differed among the thermocouple positions (F4, 214¼28.24,
Po0.001), and south-slope plots had significantly warmer tem-
peratures than north-slope plots (F1, 214¼7.17, P¼0.008); there
was not a significant thermocouple location� aspect interaction
(F4, 214¼0.53, Po0.714). At night, T8 was significantly warmer
than T2, T5 and T8 were significantly warmer than Ta, and Tg was
significantly warmer than Ta and all depths of leaf litter.

3.2. Temperatures below snow cover

No temperature difference was discernible among the three
leaf-litter depths when covered by 8�13 cm of snow, although

Fig. 1. Model of the relationship between metabolic rates and ambient tempera-
tures for eastern red bats during winter used to predict metabolic rates and energy
consumption in different hibernacula locations. Mean metabolic rates for �5, 1, 5,
10, and 15 1C were from Dunbar and Tomasi (2006). At temperatures r�5 and
Z20 1C, bats were assumed to be euthermic.
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compression by snow may have reduced the thermal insulation
provided by different litter depths (Fig. 3). Nevertheless, tempera-
tures under all litter depths and Tg remained well above freezing
during this time even though mean Ta fell to �5 1C during the
night. Under snow, variability in temperature during a 24-h period
was greatly reduced compared to conditions beneath leaf litter
without snow (Fig. 2). Under snow, temperatures below leaf litter
remained approximately 7 1C warmer than the Ta during the
coldest period of the night, whereas temperatures below litter
were approximately 4 1C warmer than Ta without snow present.

3.3. Predicted metabolic rates of eastern red bats

Daily mean predicted metabolic rates derived from temperature
differed significantly among all thermocouple positions (F4, 220¼
102.49, Po0.001), with Tg and T8 having the lowest average meta-
bolic rates and Ta having the greatest (Fig. 4). Plots located on north-
and south-facing slopes did not differ during a 24-h period
(F1, 220¼0.00, Po0.945), nor was there a significant interaction
between slope aspect and thermocouple position (F4, 220¼0.98,
Po0.418).

When analyzed by day and night separately, mean metabolic
rates differed among thermocouple positions both during night-
time (F4, 217¼59.81, Po0.001) and daytime (F4, 195¼25.38,
Po0.001). During nighttime, predicted metabolic rates associated
with Ta were greatest, followed by T2, T5, and T8; T2 and T5 did not
differ significantly nor did T5 and T8. During the afternoon period
of 1200�1600, predicted T2 metabolic rate was generally greater
than other locations due to solar heating. However, during the
overall daytime period (0800�1700), predicted metabolic rate
associated with Ta was greatest, followed by T2, T5, and T8; T2 and
T5 did not differ, T5 and T8 did not differ, and T2 did not differ
significantly from Ta. Metabolic rates derived from Tg were
significantly lower than other locations during both daytime and
nighttime. For Ta, predicted metabolic rate went up during the
night due to below-freezing temperatures and went up again
during the day due to warm temperatures. This pattern was also
seen under all depths of leaf litter, but less so in T8. The periods of
lowest predicted metabolic rate based on temperature in Ta were
approximately 1100 and 1700, with below-litter values following a
similar trend but delayed by approximately 1 h.

During nighttime, predicted metabolic rate was greater on
north-facing slopes than on south slopes (F1, 217¼3.96, P¼0.048),
and there was not a significant thermocouple position� aspect
interaction (F4, 217¼1.39, P¼0.239). During daytime, predicted
metabolic rate was generally greater on south slopes than north
slopes, but this trend was not significant (F1, 195¼3.38, P¼0.067);
there was not a significant aspect� thermocouple position inter-
action (F4, 195¼0.36, P¼0.839). For an entire 24-h period, pre-
dicted TMR did not differ between north- and south-facing slopes.

Predicted mean metabolic rate over a 24-h period was 3 times
greater in Ta than T8 (Table 1). Based on total O2 consumption
predicted over a 24-h period with below-freezing nights, com-
pared to ambient air conditions, roosting at T2 was 1.9 times more
efficient, roosting at T5 was 2.4 times more efficient, roosting at T8
was 3.1 times more efficient, and roosting at Tg was 5.1 times more
efficient (Table 1). Roosting under leaf litter during a snow event
would have resulted in 5.6�5.7 times less energy use than
roosting at Ta and roosting at Tg during snow events would have
resulted in 7.5 times less energy use than roosting at Ta.

3.4. Factors affecting potential energy expenditure

One regression model (R2¼0.41) relating total potential con-
sumption of oxygen (ml) to environmental conditions was deemed

Fig. 2. Mean temperature (n¼46 plots; 23 on north and 23 on south aspects) and
standard error bars taken every 30 min over a 24-h period for ground temperature
2 cm below the soil surface (Tg), below 3 depths of leaf litter (8 cm [T8], 5 cm [T5],
and 2 cm [T2]), and ambient air (Ta) taken over 15 below-freezing nights during
winter (late November–early March) in the Ouachita Mountains of Arkansas,
2011�2013.

Fig. 3. Mean temperatures (n¼4 plots; two on north and two on south aspects)
and standard error bars taken every 30 min over a 24-h period for ambient air (Ta),
ground temperature 2 cm below the soil surface (Tg), and below three depths of leaf
litter (8 cm [T8], 5 cm [T5], and 2 cm [T2]) with 8�13 cm of snow cover during
winter in the Ouachita Mountains of Arkansas, 2011�2013.

Fig. 4. Mean metabolic rates and standard error bars for eastern red bats predicted
over a 24-h period derived from temperatures (using values presented by Dunbar
and Tomasi, 2006) recorded for ambient air (Ta), below 3 depths of leaf litter (2 cm
[T2], 5 cm [T5], and 8 cm [T8]), and 2 cm below the soil surface (Tg), recorded over 15
below-freezing nights in the Ouachita Mountains of Arkansas, 2011�2013.
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to be the best model based on values of AICc (Table 2). No other
models were within 2 units of AICmin. This model included the
estimated ground temperature (Tg), the percent of moisture in the
leaf litter (%), and the aspect (north- or south-facing slopes); mean
canopy cover was not included in this model. This model was:

Total O2 use (ml) over a 24-h period under 5 cm of leaves
during winter with below-freezing nights¼85.41–5.02(Tg)�0.54
(LitMoist)�8.43(Aspect), where aspect¼1 for north-facing slopes
and aspect¼0 for south-facing slopes. Based on this model, total
potential energy expenditure decreased with greater Tg, greater
leaf-litter moisture, and when on south slopes. Standardized
parameter estimates (and 95% confidence intervals) were �0.26
(�0.52 to �0.09) for aspect, �0.36 (�0.63 to �0.09) for litter
moisture, and �0.68 (�0.96 to �0.41) for Tg, suggesting ground
temperature had the greatest effect on the model.

4. Discussion

Similar to cave climates used by other bat species, leaf litter
provides an important thermal refuge for bats during the winter,

which buffers them from extreme fluctuations in temperature and
provides cold, but above-freezing temperatures most of the time.
Eastern red bats should encounter substantial energy savings by
roosting below even a shallow layer of leaves when nighttime air
temperatures fall below freezing. Depending on depth of leaf litter
cover, predicted energy savings over a 24-h period based on O2

consumption from roosting under litter was 1.9 to 3.1 times
greater than remaining in ambient air during days with below-
freezing nighttime temperatures. This savings was especially
pronounced when snow cover was present, with around 5.6 times
less energy use predicted under leaf litter and snow compared to
roosting in ambient air conditions. During nighttime, deeper leaf
litter provided greater metabolic savings, but mean predicted
metabolic rate over a 24-h period beneath as little as 2 cm of
litter (equivalent to a single layer of leaves) was significantly less
than that in ambient air.

Daily temperatures (both air and below leaf litter) followed a sine
wave curve, with temperatures peaking during daylight hours and
reaching lows just before sunrise, similar to results found in other
studies of bats under leaf litter (e.g., Mormann, 2005; Flinn, 2009) and
similar to studies of soil temperature (Jury et al., 1991). Like
measurements taken in soils, a time lag also occurred, with tempera-
tures continuing to cool after sunrise and shallower depths below
litter warming more quickly (Jury et al., 1991).

Ground temperatures conducted heat into the leaf litter, and the
temperature at greater depths below the soil surface is expected to
be near the mean annual temperature of a region (e.g., Witkamp,
1969; Perry, 2013). Long-term cold spells would cause frost deeper
into the soil, reducing the benefits created by thermal conduction
from the ground. However, long-term cold spells where air tempera-
tures remained below freezing for multiple days or weeks did not
occur during the study and the longest period when air temperatures
remained below freezing was 2�3 days. Thus, ground temperatures
likely conducted heat into the leaf litter during most of the study.

The model to isolate potential factors affecting overall energy
expenditure aside from litter depth indicated that eastern red bats
under 5 cm of leaf litter would use less energy with greater ground
temperatures, increased litter moisture, and when plots were on
south-facing slopes. Greater ground temperatures conducted more
heat into the leaf litter, which maintained greater overall litter
temperatures. However, ground temperatures declined through-
out the winter, from around 8.9 1C in November to around 4.1 1C in
February. Thus, thermal benefits of roosting under leaf litter likely
declines as winter progresses. Because of the relatively high
specific heat of water compared to air, moist leaf litter likely
diminishes fluctuations in temperature encountered below the
leaf litter compared with dry litter. Moist litter likely cools slower
during the night and warms less quickly during the day than dry
litter. During hibernation, bats are susceptible to dehydration due
to high rates of evaporative water loss, which is mostly through
the skin because of their relatively large, naked wing membranes
(e.g., Hattingh, 1972; Thomas and Cloutier, 1992). Moist litter may
also reduce evaporative water loss by bats in hibernation because
of the high moisture environment.

Overall temperatures in plots (including nighttime, daytime, and
over an entire 24-h period) were greater on south-facing slopes
than north-facing slopes. At intermediate latitudes (e.g., 30�601
north), temperature of the soil is greater on southern slopes than
northern slopes, and greater variation in temperature occurs
between day and night on south-facing slopes than on north-
facing slopes (Jury et al., 1991). Although temperatures generally
decrease with increasing elevation, lower elevations in areas of
rolling topography may be cooler due to cold air sinking into valleys
during winter nights (Barry, 1992). In an area with topography
similar to that of this study, mean air temperatures were signifi-
cantly greater on upper south slopes than on lower north or lower

Table 1
Predicted mean metabolic rate, total O2 use, and total O2 use with 8�13 cm of
snow cover for a 24-h period, based on temperature measures taken every 30 min
over a 24-h period for ambient air, below 3 depths (cm) of leaf litter (T2, T5, and T8),
and ground temperature 2 cm below the soil surface (Tg) recorded over 15 below-
freezing nights during winter (late November–early March) in Arkansas.

Location Predicted mean
metabolic rate
(ml O2/h)

Predicted total
O2 use (ml)

Predicted total
O2

use with snow
cover (ml)

Air (Ta) 2.4 59.2 92.2
Under 2 cm of
leaf litter (T2)

1.3 31.2 16.2

Under 5 cm of
leaf litter (T5)

1.0 25.1 16.5

Under 8 cm of
leaf litter (T8)

0.8 19.1 16.3

Ground (Tg) 0.5 11.6 12.3

Table 2
Akaike′s information criterion for small samples (AICc), difference (ΔAICc) between
AICc and the best-approximating model (AICmin), AICc weights (ωi), and R2 for linear
regression models within 2 units of AICmin for models comparing plot-level
variables with predicted total oxygen consumption (ml) by eastern red bats
over a 24-h period under 5 cm of leaves in the Ouachita Mountains of Arkansas,
2011�2013.

Model AICc ΔAICc ω R2

TgþLitMoistþAspect 239.774 0.00 1.00 0.40
TgþLitMoistþAspectþCover 242.023 2.24
TgþLitMoist 242.118 2.34
TgþLitMoistþCover 244.032 4.26
TgþAspect 244.899 5.13
TgþAspectþCover 247.174 7.40
Tg 248.469 8.69
TgþCover 250.458 10.68
Aspect 258.010 18.24
LitMoist 258.233 18.46
AspectþCover 259.160 19.39
Cover 259.685 19.91
AspectþLitMoist 260.098 20.32
CoverþLitMoist 260.392 20.62
CoverþLitMoistþAspect 261.871 22.10

Tg¼ground temperature at 2 cm depth.
LitMoist¼percent moisture in leaf litter.
Aspect¼1 for north slopes and 0 for south slopes.
Cover¼percent forest canopy cover.
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south slopes, and a bat roosting in leaf litter on a lower north-slope
died, most likely from hypothermia (Flinn, 2009).

Whether bats choose to roost on north or south slopes across a
landscape may be affected by latitude and the mean winter
temperature of an area (Mormann, 2005). Eastern red bats roost-
ing in leaf litter during winter at 36.6–37.01 latitude (average
winter temperature¼4.5 1C) were mostly on south-facing slopes
where temperatures were greater (Mormann and Robbins, 2007;
Flinn, 2009). Eastern red bats at 34.51 latitude (average winter
temperature¼6.6 1C) roosted mostly on north slopes where lower
temperatures may have allowed deeper torpor (Saugey et al.,
1998). Although predicted mean metabolic rate was greater on
north slopes during nighttime, predicted metabolic rates did not
differ between north and south slopes over a 24-h period in this
study. Based on modeling, aspect affected overall energy expen-
diture, but less so than ground temperatures or leaf-litter moist-
ure. Consequently, the benefits of roosting on north slopes versus
south slopes may also be affected by the length of proceeding cold
spells and whether it is early or late winter. The latter two factors
affect ground temperatures, which ultimately affect temperatures
encountered and energy use under leaf litter.

Frequently burned areas have significantly shallower leaf litter
than areas that are not burned (e.g., Perry et al., 2009), and eastern
red bats may disproportionately use areas for roosting that are not
burned compared to burned areas during winter (Flinn, 2009).
However, Mormann (2005) found 77% of leaf litter roosts during
one year were in areas that were burned the previous spring,
whereas during the next winter, no roosts were in areas that were
burned in the previous year, suggesting that site fidelity greatly
affected roost locations. Prescribed burns conducted during winter
could eliminate habitat for eastern red bats for the remainder of the
winter, whereas burns conducted prior to leaf fall (late spring,
summer, or early fall) would have less impact and provide at least
a shallow layer of leaves. Furthermore, large, landscape-level burns
conducted during winter may make finding suitable winter roosting
habitat difficult for eastern red bats within their winter home range.

Eastern red bats may remain under leaves during periods of
snow cover (Mormann et al., 2004). Similarly, Ussurain tube-nosed
bats (Muriana ussuriensis) in Japan have been found buried in deep
snow during winter where they likely remain in torpor until early
spring (Hirakawa and Kosaka, 2009). Temperatures under leaf
litter in my study remained substantially above freezing when
covered by snow. Average ground temperature during this snow
cover was 3.670.04 1C, which conducted heat into the leaf litter.
Thus, snow acted as a blanket and provided relatively constant,
above-freezing temperatures under leaf litter when ground tem-
peratures were above freezing. Snowpack provides insulative
cover for mammals in northern latitudes and high elevations,
and temperatures below the snowpack often remain near 0 1C
even though air temperatures of �10 to �20 1C are recorded (e.g.,
Merritt, 1984; Sharratt et al., 1992; Happold, 1998). Melting near
the bottom of snowpacks caused by warmer ground temperatures
may provide subnivean spaces for terrestrial small mammal
movements (Marchand, 1996). Further, high mortality of small
mammals during winter at northern latitudes or high-elevation
areas may be due to a lack of snowcover that insulates the forest
floor against cold air temperatures (e.g., Pruitt, 1957).

During the period of snow cover, diurnal temperatures were
above freezing, but nighttime temperatures fell below freezing.
Thus, the daily melting and re-freezing cycle of the snow produced
a sheet of ice on the snow surface, which would have been
impossible for a bat to break through. Consequently, a bat would
have been trapped under the snow during the 12-day period of
snow cover. Mormann and Robbins (2007) found eastern red bats
remained under leaf litter for an average of 12.1 days, and Flinn
(2009) found eastern red bats remained in leaf-litter roosts up to

40 days, which suggests eastern red bats may remain stationary
(and presumably in hibernation) for substantial periods. The level
of oxygen available under this snow cover and the size of the
subnivean space was unknown. However, the low O2 consumption
of bats in deep torpor may allow bats to remain under snow cover
for prolonged periods under relatively low oxygen conditions
provided by small subnivean spaces.

Although metabolic rate of bats was not directly measured in this
study, calculating metabolic rates of free-ranging bats beneath
different depths of litter under realistic field conditions was not
feasible. Extrapolating metabolic rates based on the ambient condi-
tions associated with roost locations provide insight into the ener-
getic savings bats could potentially encounter. Eastern red bats
undergo bouts of hibernation during cold periods, but may arouse
and foraging during warmer periods. Therefore, results of this study
pertain only to predicted metabolic rates during periods when
nighttime temperatures fall below freezing and does not account
for longer-term arousals that may occur during longer periods of
warm winter temperatures. Although arousal frequency at different
temperatures has been estimated (Dunbar and Tomasi, 2006),
variability in weather throughout winter and among years, and
energy expended and gained during foraging bouts makes determin-
ing total winter energy budgets problematic for eastern red bats.

Using observed temperatures to predict metabolic rates and
energy use over time provides a useful tool to determine the
physiological benefits or disadvantages of different roost sites.
Unfortunately, metabolic rates (both torpid and euthermic) asso-
ciated with a range of temperatures are currently not available for
most North American bat species (Perry, 2013). Although the
energy expenditure of bats can be used to evaluate roost quality,
other factors such as predation risk may also play a role in roost
selection. Bats may encounter increased predation risk when
roosting on the ground during cold periods. Although torpid
eastern red bats roosting in trees during winter are likely suscep-
tible to avian predators, their cryptic coloration, roosting among
residual leaves of similar color, and their height above the ground
likely reduce predation pressures at these locations. Terrestrial
predators using olfactory clues could easily locate and consume
bats beneath the leaf litter; thus, they likely minimize the amount
of time they roost in the leaf litter. There are likely trade-offs
between energy savings during colder periods, risk of freezing, and
predation.

Acknowledgements

The Southern Research Station of the U.S. Forest Service provided
funding for this project. I thank T.L. Keyser (Southern Research
Station) for providing additional data loggers. J.G. Boyles (Southern
Illinois University Carbondale), T.E. Tomasi (Missouri State Univer-
sity), co-editor Chris Gordon, and two anonymous reviewers pro-
vided helpful comments on an earlier draft. The use of trade or firm
names in this publication is for reader information and does not
imply endorsement of any product or service by the U.S. Department
of Agriculture.

References

Barry, R.G., 1992. Mountain Weather and Climate, second ed. Routledge, Chapman,
and Hall, Inc., New York, NY.

Boyles, J.G., Mormann, B.M., Robbins, L.W., 2005. Use of an underground winter
roost by a male evening bat (Nycticeius humeralis). Southeast. Nat. 4, 375–377.

Burnham, K.P., Anderson, D.R., 2002. Model selection and multimodel inference: a
practical information-theoretic approach, second ed. Springer-Verlag, New
York, NY.

Conover, W.J., Iman, R.L., 1981. Rank transformations as a bridge between
parametric and nonparametric statistics. Am. Stat. 35, 124–129.

R.W. Perry / Journal of Thermal Biology 38 (2013) 467–473472

http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref1
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref1
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref2
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref2
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref3
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref3
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref3
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref4
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref4


Cryan, P.M., 2003. Seasonal distribution of migratory tree bats (Lasiurus and
Lasionycteris) in North America. J. Mammal 84, 579–593.

Cryan, P.M., Veilleux, J.P., 2007. Migration and use of autumn, winter, and spring
roosts by tree bats. In: Lacki, M.J., Hayes, J.P., Kurta, A. (Eds.), Bats in Forests:
Conservation and Management. Johns Hopkins University Press, Baltimore, MD.

Cryan, P.M., Wolf, B.O., 2003. Sex differences in the thermoregulation and
evaporative water loss of a heterothermic bat, Lasiurus cinereus, during its
spring migration. J. Exp. Biol. 206, 3381–3390.

Davis, W.H., 1970. Hibernation: ecology and physiological ecology. In: Wimsatt, W.A.
(Ed.), Biology of Bats. Academic Press, New York, pp. 265–300.

Davis, W.H., Reite, O.B., 1967. Responses of bats from temperate regions to changes
in ambient temperature. Biol. Bull. 132, 320–328.

Dunbar, M.B., Brigham, R.M., 2010. Thermoregulatory variation among populations
of bats along a latitudinal gradient. J. Comp. Physiol. B 180, 885–893.

Dunbar, M.B., Tomasi, T.E., 2006. Arousal patterns, metabolic rate, and an energy
budget of eastern red bats (Lasiurus borealis) in winter. J. Mammal. 87,
1096–1102.

Flinn, J., 2009. Winter Roosting Behavior of Red Bats (Lasiurus borealis): Habitat Use,
Microclimate, and Effects of Ambient Temperature on Roost Choice. M.S. Thesis.
Missouri State University, Springfield, MO.

Happold, D.C.D., 1998. The subalpine climate at Smiggin Holes, Kosciusko National
Park, Australia, and its influence on the biology of small mammals. Artic Alpine
Res. 30, 241–251.

Hattingh, J., 1972. A comparative study of transepidermal water loss through the
skin of various animals. Comp. Biochem. Physiol. 43A, 715–718.

Hein, C.D., Castleberry, S.B., Miller, K.V., 2008. Male Seminole bat winter roost-site
selection in a managed forest. J. Wildl. Manage. 72, 1756–1764.

Hirakawa, H., Kosaka, K.I., 2009. A record of an Ussurian tube-nosed bat (Murina
ussuriensis) found in the snow in early winter and its implications. Bull. FFPRI 8,
175–178.

Hock, R.J., 1951. The metabolic rate and body temperature of bats. Biol. Bull. 101,
289–299.

Johnston, D.S., Whitford, S., 2009. Seasonal range maps for western red bats
(Lasiurus blossevillii) in California and wintering western red bat in red bum
eucalyptus (Eucalyptus camaldulensis) leaf litter. Bat Res. News 50, 115.

Jury, W.A., Gardner, W.R., Gardner, W.H., 1991. The soil thermal regime.
pp. 159�195 In: Soil Physics. fifth ed. John Wiley and Sons, New York, NY.

Littell, R.C., Milliken, G.A., Stroup, W.W., Wolfinger, R.D., Schabenberger, O., 2006.
SAS System for Mixed Models, second ed. SAS Institute Inc, Cary, NC, USA.

Marchand, P.J., 1996. Life in the Cold: An Introduction to Winter Ecology, third ed.
University Press of New England, Hanover, NH.

Merritt, J.F., 1984. Winter Ecology of Small Mammals. Special Publication 10.
Carnegie Mus. Nat. Hist., Pittsburgh, PA.

Mormann, B.M., 2005. Winter Roosting Ecology of Red Bats (Lasiurus borealis) in
Southwest Missouri. M.S. Thesis, Southwest Missouri State University, Spring-
field, MO.

Mormann, B.M, Milam, M., Robbins, L., 2004. Red Bats Do It in the Dirt. Bats 22, 6–9.
(Available at)〈http://batcon.org/pdfs/BATSmag/BATSSummer04.pdf〉.

Mormann, B.M, Robbins, L.W., 2007. Winter roosting ecology of eastern red bats in
southwest Missouri. J. Wildl. Manage. 71, 213–217.

National Climate Data Center (NCDC), 2004. Climatography of the United States No.
20, 1971�2000. Climate normals for Alum Fork Arkansas, station 030130,
National Oceanic and Atmospheric Administration, Asheville, NC, Available
at: 〈http://hurricane.ncdc.noaa.gov/climatenormals/clim20/ar/030130.pdf〉 (accessed
07 March, 2013.).

Perry, R.W., 2013. A review of factors affecting cave climates for hibernating bats in
temperate North America. Environ. Rev. 21, 28–39.

Perry, R.W., Rudolph, D.C., Thill, R.E., 2009. Responses of reptiles and amphibians to
restoration of fire-maintained pine woodlands. Restor. Ecol. 17, 917–927.

Perry, R.W., Saugey, D.A., Crump, B.G., 2010. Winter roosting ecology of silver-
haired bats in an Arkansas Forest. Southeast. Nat. 9, 563–572.

Pruitt Jr., W.O., 1957. Observations on the bioclimate of some taiga mammals. Arctic
10, 131–138.

SAS Institute Inc., 2009. SAS/STAT User′s Guide, Version 9.2 Edition. SAS Institute,
Inc, Cary, NC.

Saugey, D.A., Crump, B.G., Vaughn, R.L., Heidt, G.A., 1998. Notes on the natural
history of Lasiurus borealis in Arkansas. J. Ark. Acad. Sci 52, 92–98.

Sharratt, B.S., Baker, D.G., Wall, D.B., Skaggs, R.H., Ruschy, D.L., 1992. Snow depth
required for near steady-state soil temperatures. Agric. For. Meteorol. 57,
243–251.

Sherwin, R.E., Gannon, W.L., Altenbach, J.S., 2003. Managing complex systems
simply: understanding inherent variation in the use of roosts by Townsend′s
big-eared bat. Wildl. Soc. Bull. 31, 62–72.

Speakman, J.R., Thomas, D.W., 2003. Physiological ecology and energetics of bats.
In: Kunz, T.H., Fenton, M.B (Eds.), Bat Biology. University of Chicago Press,
Chicago, IL, pp. 430–490.

Thomas, D.W., Cloutier, D., 1992. Evaporative water loss by hibernating little brown
bats, Myotis lucifugus. Physiol. Zool. 65, 443–456.

Witkamp, M., 1969. Cycles of temperature and carbon dioxide evolution from litter
and soil. Ecology 50, 922–924.

R.W. Perry / Journal of Thermal Biology 38 (2013) 467–473 473

http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref5
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref5
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref6
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref6
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref6
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref7
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref7
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref7
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref8
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref8
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref9
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref9
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref10
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref10
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref11
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref11
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref11
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0005
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0005
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0005
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref12
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref12
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref12
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref13
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref13
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref14
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref14
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref15
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref15
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref15
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref16
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref16
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref17
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref17
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref17
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0010
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0010
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0010
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref18
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref18
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref19
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref19
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0015
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0015
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0020
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0020
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0020
http://batcon.org/pdfs/BATSmag/BATSSummer04.pdf
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref21
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref21
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0025
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0025
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0025
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0025
http://hurricane.ncdc.noaa.gov/climatenormals/clim20/ar/030130.pdf
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref22
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref22
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref23
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref23
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref24
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref24
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref25
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref25
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0030
http://refhub.elsevier.com/S0306-4565(13)00105-8/othref0030
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref26
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref26
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref27
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref27
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref27
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref28
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref28
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref28
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref29
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref29
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref29
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref30
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref30
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref31
http://refhub.elsevier.com/S0306-4565(13)00105-8/sbref31

	Potential energy expenditure by litter-roosting bats associated �with temperature under leaf litter during winter
	Introduction
	Materials and methods
	Study area
	Temperature measurements
	Analyses

	Results
	Temperatures below leaf litter
	Temperatures below snow cover
	Predicted metabolic rates of eastern red bats
	Factors affecting potential energy expenditure

	Discussion
	Acknowledgements
	References




