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Abstract
Many North American bat species hibernate in both natural and artificial roosts. 
Although hibernacula can have high internal climate stability, they still retain spatial 
variability in their thermal regimes, resulting in various “microclimates” throughout 
the roost that differ in their characteristics (e.g., temperature and air moisture). These 
microclimate components can be influenced by factors such as the number of en-
trances, the depth of the roost, and distance to the nearest entrance of the roost. 
Tri‐colored bats are commonly found roosting in caves in winter, but they can also 
be found roosting in large numbers in culverts, providing the unique opportunity 
to investigate factors influencing microclimates of bats in both natural and artificial 
roost sites. As tri‐colored bats are currently under consideration for federal listing, 
information of this type could be useful in aiding in the conservation and manage-
ment of this species through a better understanding of what factors affect the mi-
croclimate near roosting bats. We collected data on microclimate temperature and 
microclimate actual water vapor pressure (AWVP) from a total of 760 overwintering 
tri‐colored bats at 18 caves and 44 culverts. Using linear mixed models analysis, we 
found that variation in bat microclimate temperatures was best explained by external 
temperature and distance from nearest entrance in both caves and culverts. External 
temperature had a greater influence on microclimate temperatures in culverts than 
caves. We found that variation in microclimate AWVP was best explained by external 
temperature, distance from nearest entrance, and proportion from entrance (propor-
tion of the total length of the roost from the nearest entrance) in culvert‐roosting 
bats. Variation in microclimate AWVP was best explained by external temperature 
and proportion from entrance in cave‐roosting bats. Our results suggest that bat mi-
croclimate temperature and AWVP are influenced by similar factors in both artificial 
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1  | INTRODUC TION

The majority of temperate bat species in North America hibernate 
during winter months. Of those species that hibernate, both natu-
ral and artificial subterranean structures are used as hibernacula. 
Caves are often used by bats and provide an environment of stable 
internal temperatures and high, or stable, humidity regimes (Kuenzi, 
Downard, & Morrison, 1999; Perry, 2013; Speakman & Thomas, 
2003) that allow bats to enter a state of torpor in which body tem-
perature and energy expenditure are greatly reduced (Geiser, 2004). 
Broadly, internal cave climate measures can be affected by environ-
mental characteristics—such as airflow and external temperature—
and physical characteristics of the cave—such as placement on the 
landscape, diameter, shape, and depth (Perry, 2013). Additional fac-
tors which add complexity in understanding internal cave climates 
include size and position of entrance(s), air circulation, and water 
infiltration (Tuttle & Stevenson, 1978).

Although caves can have high internal climate stability, they still 
retain spatial variability in their thermal regimes (Perry, 2013), re-
sulting in various “microclimates” throughout the cave that differ in 
their characteristics (e.g., temperature and air moisture). Bats will se-
lectively choose microclimates in which to roost based on individual 
variation in factors such as sex, body condition, rates of evaporative 
water loss (EWL), and heat loss (Boyles, Dunbar, Storm, & Brack, 
2007; Jonasson & Willis, 2011; Reeder & Moore, 2013). For example, 
little brown bats (Myotis lucifugus) with low energy reserves (i.e., low 
body fat) choose cold microclimate temperatures to enter a deeper 
state of torpor and thus avoid the energetic costs of arousal from 
hibernation (Boyles et al., 2007). Conversely, little brown bats with 
larger energy reserves choose warm microclimate temperatures to 
minimize costs associated with hibernation (e.g., decreased predator 
avoidance and sleep deprivation).

Tri‐colored bats (Perimyotis subflavus) are a species of North 
American bat commonly found overwintering in caves and other 
subterranean locations. Tri‐colored bats are widely distributed in the 
eastern half of North America and were once considered common, 
but populations have declined substantially due to their suscepti-
bility to white‐nose syndrome (WNS; Bernard & McCracken, 2017; 
Frick et al., 2017; Ingersoll, Sewall, & Amelon, 2013). The species 
is currently under review for listing under the Endangered Species 
Act by the United States Fish and Wildlife Service (USFWS, 2017). 
Tri‐colored bats are distributed throughout Texas and are unique in 
that they can be found roosting, not just in caves, but also in culverts 
(Demere et al., 2017; Meierhofer & Demere, 2017; Meierhofer et 

al., 2019; Sandel et al., 2001; Walker, Sandel, Honeycutt, & Adams, 
1996). Culverts assist with drainage by allowing water to flow under 
roads. They vary in shape and size and are constructed from mate-
rials such as metal and concrete. Within Texas, an estimated 70% of 
the state's tri‐colored bat population hibernates in culverts during 
the winter months (J. Evans, per. comm.), suggesting that culverts 
provide a suitable range of microclimates from which bat can choose 
to roost. Although artificial structures have been recognized as win-
ter roosts for bats for many years (e.g., Mirowsky, Horner, Maxey, 
& Smith, 2004; Sandel et al., 2001; Walker et al., 1996), the ways 
in which they are comparable to natural roosts remain relatively 
unknown. As tri‐colored bats hibernate in both caves and culverts, 
we are provided with the unique opportunity to investigate factors 
(structural and environmental) influencing bat microclimate (i.e., air 
temperature and air moisture near bats) in both natural and artifi-
cial hibernacula structures. Should bat microclimate factors in both 
roost types (i.e., caves and culverts) be influenced by the same en-
vironmental and structural factors (e.g., external temperature, and 
distance from an entrance), we may be provided with information 
regarding at least one way in which culverts are providing suit-
able environments from which hibernating bats are able to select. 
Alternatively, should microclimate factors be influenced by different 
environmental and structural factors between roost types, we can 
determine roost type‐specific factors that contribute to providing 
suitable environments from which bats can select. As tri‐colored 
bats are currently under consideration for federal listing, a better 
understanding of how internal microclimate is impacted by environ-
mental and structural factors of caves and culverts will be necessary 
for tailoring site‐specific conservation and management action plans 
for this species in Texas and other states.

2  | METHODS

We surveyed caves and culverts for overwintering tri‐colored bats 
across the state of Texas. In total, we surveyed 62  tri‐colored bat 
winter roosts (18 caves and 44 culverts) during daylight hours from 
December 2016 to February 2017, December 2017 to March 2018, 
and November 2018 to January 2019 (Figure 1). We surveyed caves 
and culverts between one and three times between 2016 and 2019 
(no more than one survey per winter, per site). Due to limitations in 
accessing caves on private lands, caves were surveyed opportunisti-
cally. We obtained locations of caves with assistance from the Texas 
Speleological Society (TSS), Texas Cave Management Association 

and natural roosts, although the relative contribution of these factors differs between 
roost types.
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(TCMA), Texas Grottos, Texas Parks and Wildlife biologists, and 
private landowners. Permission to access caves was obtained from 
the relevant entities (e.g., landowner). We obtained information on 
locations of historic culvert bat colonies from previous literature 
(Sandel et al., 2001; Walker et al., 1996), from the Texas Department 
of Transportation (TxDOT), and from biologists. In addition to his-
toric colonies, we randomly selected 77 10 × 10 km grid cells across 
the state using the Generalized Random Tessellation Stratified 
(GRTS) design (Stevens & Olsen, 2004) of the North American Bat 
Monitoring Program (NABat) in order to sample additional culverts. 
Within each grid cell, we identified and surveyed all potential box 
culverts using Google Earth Pro 7.3.2 (Google, 2018) with the aid 
of culvert location data provided by the TxDOT. We considered cul-
verts potential sampling sites if they were large enough to enter and 
if they were located in a place that could be safely accessed (e.g., 
there was a safe place in which to pull over when driving).

Due to the large number of bats found in some winter roosts, we 
selected a sample of tri‐colored bats within sites for data collection 
so as to work within time constraints and reduce disturbance. To 
the best of our ability, we staggered our sampling efforts to collect 
data from bats distributed throughout each site. In some instances 
where we were unable to reliably record data from bats (e.g., when 
bats were out of reach, not in a safely accessible area), we recorded 
data from the next bat encountered. We recorded two microclimate 
factors for each bat: air temperature (°C) as a measure of microcli-
mate temperature and relative humidity (%) as a measure of micro-
climate air moisture. We took these recordings within 5 cm of each 
bat using a temperature and humidity pen (Extech 445580) which 
was held in place until values ceased to fluctuate. This pen allows for 
a simultaneous display of temperature and relative humidity and has 
built‐in self‐calibration to ensure accurate recordings. At the time 

of each survey, we recorded external air temperature (°C) using the 
temperature and humidity pen. For each bat, we recorded the height 
of bat (m; distance from bat to ground) and recorded total length of 
site (m) using a laser distance measurer (Tuirel T100) or using cave 
maps. As some caves had multiple entrances, we measured the dis-
tance from each bat to the nearest visible or known entrance (as 
determined by cave maps) using the laser distance measurer. All 
methods followed ASM guidelines (Sikes & The Animal Care and Use 
Committee of the American Society of Mammalogists, 2016) and 
were approved by the Texas A&M Institutional Animal Care and Use 
Committee (IACUC 2015‐0296).

2.1 | Data analysis

To take into consideration the potential influence of social ther-
moregulation on microclimate factors (Kerth, 2008; Russo et al., 
2017), we removed data taken from bats that were roosting in a 
cluster (i.e., one bat touching at least one other bat). This resulted in 
a total of 95 temperature and humidity recordings from bats roost-
ing within  18 caves. We collected 665 microclimate temperature 
recordings from bats roosting within 44 culverts but, due to missed 
data collection, we collected 653 microclimate humidity recordings.

As relative humidity can be an inappropriate metric to use to de-
scribe the dryness of the air when temperature varies, we calculated 
microclimate actual water vapor pressure (AWVP) in order to cre-
ate a measure of microclimate air moisture (Anderson, 1936; Kurta, 
2014; Kurta & Smith, 2014). We converted microclimate relative 
humidity to microclimate AWVP by first calculating the saturation 
water vapor pressure (SWVP) for every microclimate temperature 
recorded and then multiplying SWVP by microclimate relative hu-
midity (Kurta & Smith, 2014).

F I G U R E  1   Sixty‐two tri‐colored bat 
winter roosts (18 caves and 44 culverts) 
surveyed across Texas from December 
2016 to February 2017, December 2017 
to March 2018, and November 2018 to 
January 2019. Data collected included 
external temperature, height of bat, total 
length of site, distance from nearest 
entrance, and relative humidity (from 
which to calculate actual water vapor 
pressure)
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We used R v. 3.4.1 (R Core Team, 2018) to perform all statistical 
analyses. We used linear mixed‐effect models (LMEs) to determine 
factors that influence both microclimate temperature and AWVP. In 
all models, we included site ID as a random factor and entered com-
binations of the following fixed factors into the LME models: exter-
nal temperature, height of bat, total length of site, and distance from 
nearest entrance. To take into consideration the potential interac-
tion of total length of site and the distance from nearest entrance on 
bat microclimate factors (Elliot & Clawson, 2001; Smithson, 1991), 
we also calculated an additional variable to enter into the models 
called “proportion from entrance.” For caves, we calculated propor-
tion from entrance by dividing the bat's distance from its nearest en-
trance (as some caves had multiple entrances) by the total length of 
the cave. This resulted in a value between 0 and 1 that indicated the 
location of the bat within the cave, so that a bat with a value closer 
to 1 was located further from a cave entrance and a bat with a value 
closer to 0 indicated a bat located closer to an entrance of the cave. 
As all surveyed culverts had two entrances, the point furthest from 
the entrance was the center of the culvert. Therefore, to calculate 
proportion from entrance for culverts, we divided the bat's distance 
from nearest entrance by the total length/2; a bat with a value closer 
to 1 was located closer to the center of the culvert whereas a bat 
with a value closer to 0 was at located to an entrance of the culvert. 
We standardized all fixed factors prior to analysis and checked for 
multicollinearity using variance inflation factors (VIFs). VIFs were <3 
in all instances, suggesting that no or very minimal multicollinearity 
between fixed factors existed.

We analyzed data separately for caves and culverts for each bat 
microclimate factor (i.e., temperature and AWVP). Using the lmer 
function in the lme4 package (Bates, Mächler, Bolker, & Walker, 
2015), we created 31 LMEs (including the null model) using all com-
binations of the fixed factors to investigate microclimate tempera-
ture in caves, and 31 LMEs using the same method to investigate 

microclimate temperature in culverts. This method was repeated to 
investigate microclimate AWVP near bats in caves and culverts. We 
ranked models using AICc (Akaike's information criterion with cor-
rection for small sample sizes) in order to determine models of best 
fit. Models were considered candidate models if they had an AICc 
weight ≥10% of the AICc weight of the top model. We determined 
the amount of variation explained by each model by calculating both 
the marginal R2 (variance explained by fixed effects only) and con-
ditional R2 (variance explained by both fixed and random effects; 
Nakagawa & Schielzeth, 2013) using the r‐squared.GLMM function 
in the MuMIn package. Where LMEs resulted in multiple candidate 
models, we used a model averaging approach to incorporate model 
uncertainty and produced model averaged estimates (Burnham & 
Anderson, 1998, 2002). However, due to the potential pitfalls of 
using model averaging for ecological data (Banner & Higgs, 2016; 
Cade, 2015; Harrison et al., 2018), we also present model averaged 
predictions using candidate models as an additional approach to in-
terpreting the strength and direction of fixed factors (Cade, 2015).

We also conducted simple Welch's t tests on unstandardized 
data (to account for unequal sample sizes, Fields, Jeremy, & Fields, 
2012) to examine the difference in microclimate temperature and 
microclimate AWVP between cave and culvert‐roosting bats and to 
describe differences in fixed factors between caves and culverts. 
We considered ps ≤ .05 significant.

3  | RESULTS

We found no statistically significant difference in microclimate tem-
perature between caves and culverts (Table 1). However, there was 
a statistically significant difference in microclimate AWVP between 
caves and culverts, with bats in caves roosting in higher AWVP than 
culvert‐roosting bats. Caves were statistically significantly longer 

Factors

Culverts Caves

df T pX SD X SD

Microclimate tempera-
ture (°C)

15.95 3.71 15.80 3.19 133.17 −0.44 .66

Microclimate actual 
water vapor pressure 
(kHa)

0.12 0.05 0.13 0.04 134.51 3.09 <.01

Total length of site (m) 124.98 43.19 305.00 764.13 94.09 2.30 .02

External temperature 
(°C)

17.04 4.29 16.10 4.72 117.34 1.85 .07

Height of bat (m) 1.64 0.34 1.61 0.65 101.26 −0.42 .67

Distance from nearest 
entrance (m)

25.75 18.40 15.22 12.00 165.39 −7.41 <.01

Proportion from 
entrance

0.44 0.28 0.28 0.24 134.18 −5.99 <.01

Note: Proportion from entrance describes bat location within a roost (0 = at an entrance, 1 = fur-
thest point from an entrance).

TA B L E  1   Means and standard 
deviations of dependant variables 
and fixed factors for tri‐colored bats 
roosting in caves and culverts in Texas in 
winter with associated Welch's t tests
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than culverts and showed greater variability in length. There was a 
statistically significant difference in distance from nearest entrance: 
bats roosting in caves were closer to a roost entrance than bats 
roosting in culverts. Similarly, there was a statistically significant 
difference in proportion from entrance: cave‐roosting bats were 
closer to a roost entrance than culvert‐roosting bats, which were 
more likely to be roosting closer toward the middle of the culvert 
(i.e., further from an entrance). There was a statistically significant 
difference in external temperature between cave and culvert‐roost-
ing bats, with higher external temperatures recorded for culvert‐
roosting bats. There was no significant difference in height of bat 
between caves and culverts.

We categorized 10 LME models as candidate models for explain-
ing variance in microclimate temperature for culvert data (Table 2). 
The top model included external temperature (β = 3.24, SE = 0.09) 
and distance from nearest entrance (β = 0.21, SE = 0.07). Model av-
eraging suggested that external temperature was the only significant 
predictor of microclimate temperature of culvert‐roosting bats, but 
distance from nearest entrance approached significance (Table 4). 
Model averaged predictions (Figure 2) suggest that external tem-
perature has the greatest influence on bat microclimate temperature 
than other variables.

We categorized six LME models as candidate models for explain-
ing microclimate temperature for cave‐roosting bats (Table 3). The 
top model included external temperature (β = 1.70, SE = 0.18) and 
distance from nearest entrance (β  =  1.04, SE  =  0.19). Model aver-
aging suggested that distance from nearest entrance and external 
temperature were the only significant predictors of microclimate 
temperature for cave‐roosting bats (Table 4). Model averaged pre-
dictions (Figure 2) suggested that distance from nearest entrance 
and external temperature had the greatest influence on bat micro-
climate temperature.

We categorized three LME models as candidate models for ex-
plaining variance in microclimate AWVP for culvert data (Table 3). 
The top model included external temperature (β = 0.03, SE < 0.01), 
distance from nearest entrance (β = 0.02, SE < 0.01), height of bat 
(β  <  −0.01, SE  <  0.01), and proportion from entrance (β  <  −0.01, 
SE  <  0.01). Model averaging suggested that external temperature, 
distance from nearest entrance, and proportion from entrance were 
the significant predictors of microclimate AWVP for culvert‐roosting 
bats (Table 4). Model averaged predictions (Figure 3) suggested that 
distance from nearest entrance and external temperature had the 
greatest influence on bat microclimate AWVP.

We categorized seven LME models as candidate models for 
explaining microclimate AWVP for cave‐roosting bats (Table 2). 
The top model included external temperature (β = 0.02, SE < 0.01) 
and proportion from entrance (β = 0.02, SE < 0.01). Model aver-
aging suggested that external temperature and proportion from 
entrance were the only significant predictors of microclimate 
AWVP for cave‐roosting bats (Table 4). Model averaged predic-
tions (Figure 3) also suggested that proportion from entrance and 
external temperature had the greatest influence on bat microcli-
mate AWVP.

4  | DISCUSSION

We found that external temperature and distance from the nearest 
hibernacula entrance influenced bat microclimate temperature 
in both caves and culverts. Furthermore, we found that external 
temperature, distance from the nearest entrance, and proportion 
from entrance influenced bat microclimate AWVP in both caves 
and culverts. These factors explained more of the variance in 
microclimate temperature and AWVP in culvert‐roosting bats than 
in cave‐roosting bats.

Within caves and culverts, external temperature was the main 
predictor in explaining bat microclimate temperatures (see Perry, 
2013 for a review). Distance from the nearest entrance had a 
marginally significant influence on microclimate temperatures in 
culverts and a larger, significant influence on microclimate tem-
peratures in caves. Both cave and culvert‐roosting tri‐colored bats 
appeared to choose microclimate temperature by selecting roost 
locations at different distances from the entrances of the hiber-
nacula, with this effect being more pronounced in cave‐roosting 
bats. Out results support previous research findings that bats 
which are located closer to an entrance had colder microclimate 
temperatures than those roosting further away from their near-
est entrance (i.e., toward the center of the culvert or the furthest 
point from an entrance in a cave; Boyles, Boyles, Dunlap, Johnson, 
& Brack, 2017).

While external temperature and distance from nearest entrance 
influenced microclimate temperatures within both caves and cul-
verts, coefficient estimates suggested that external temperature 
had a greater influence on microclimate temperatures in culverts 
than in caves. Furthermore, the top LME model for culvert data 
found that distance from entrance and external temperature ex-
plained approximately 70% of variance in microclimate tempera-
tures, whereas the top LME model for cave data that also included 
these factors explained roughly 36% of variance in microclimate 
temperature. These results suggest that while microclimate tem-
peratures are influenced by external temperatures in both caves 
and culverts, internal culvert temperatures are more strongly af-
fected by external temperature. This supports datalogger data 
presented in Meierhofer et al. (2019) that indicates a correlation 
between external and internal temperatures in both caves and cul-
verts, but with culverts having a stronger correlation with external 
temperature than caves. Thus, results presented in Meierhofer et 
al. (2019) suggest greater variability in culvert microclimates than 
in caves. Culverts may have greater variability in internal tempera-
tures and be more greatly affected by external temperature as a 
result of their design (generally being straight, with two entrances 
to allow for air flow) and maintenance (clearing of brush around en-
trances), whereas not all caves have multiple entrances or may have 
additional barriers (vegetation) to reduce airflow. This is of impor-
tance, as culverts may not always provide microclimates suitable 
for roosting bats during extreme weather events or as the climate 
continues to change. Nevertheless, microclimate temperatures re-
corded by culvert‐roosting bats in this study fell within temperature 
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ranges in which tri‐colored bats have previously been recorded 
(Webb, Speakman, & Racey, 1995). Tri‐colored bats are considered 
generalists in terms of their suitable range of temperatures for hi-
bernation, potentially allowing them to utilize culverts as winter 
roosts where culverts are unsuitable for other species that have 
stricter temperature requirements (Meierhofer et al., 2019; Webb 
et al., 1995). Although air temperature may be more variable within 
culverts than caves, this variability does not preclude tri‐colored 
bats from using culverts as winter roosts.

Similarly to microclimate temperature, microclimate AWVP was 
mostly influenced by external temperature in both caves and cul-
verts, with moister air conditions as external temperature increased. 
Within culverts, AWVP was also influenced by the distance to 
the nearest entrance whereas proportion from entrance played a 
greater role in explaining variation in microclimate AWVP in caves. 
This suggests that microclimate AWVP in culverts is influenced by 

distance from nearest entrance regardless of the total length of the 
roost whereas, in caves, the influence of distance from the nearest 
entrance interacts with the total length of the hibernacula to explain 
variation in microclimate AWVP. This may well be due to the much 
larger variation in roost length for caves than culverts: While our 
largest culvert was approximately 200 m in length, our largest cave 
was approximately 3,000 m. Nevertheless, both cave and culvert‐
roosting bats have the ability to choose their microclimate AVWP 
based off their intrinsic needs (e.g., rates of evaporative water loss) 
by alternating their location within a cave or culvert.

Overall, our microclimate temperature models explained ap-
proximately 80% of the variance in microclimate temperature data, 
with our fixed factors explaining approximately 36% and 70% of 
variance in the data in caves and culverts, respectively. Our micro-
climate AWVP models explained approximately 78%–89% of the 
variance in the data, with fixed factors explaining approximately 

  Fixed factor
Model aver‐
aged β SE

95% CI

Lower Upper

Microclimate temperature

Culverts External temperature 3.23 0.09 3.06 3.41

Distance from nearest 
entrance

0.26 0.15 −0.03 0.55

Total length −0.20 0.23 −0.65 0.24

Height of bat 0.07 0.14 −0.20 0.34

Proportion from 
entrance

−0.02 0.25 −0.51 0.46

Caves External temperature 1.70 0.18 1.34 2.06

Distance from nearest 
entrance

1.03 0.21 0.62 1.43

Total length 0.84 0.63 −0.39 2.07

Height of bat −0.13 0.19 −0.51 0.25

Proportion from 
entrance

0.07 0.37 −0.64 0.79

Microclimate actual water vapor pressure

Culverts External temperature 0.03 0.00 0.03 0.03

Distance from nearest 
entrance

0.02 0.00 0.01 0.02

Total length 0.00 0.00 −0.01 0.01

Height of bat 0.00 0.00 −0.01 0

Proportion from 
entrance

−0.01 0.00 −0.02 −0.01

Caves External temperature 0.02 0.00 0.01 0.02

Distance from nearest 
entrance

0.00 0.00 −0.01 0.01

Total length 0.02 0.01 −0.01 0.04

Height of bat 0.00 0.00 0.00 0.01

Proportion from 
entrance

0.02 0.00 0.01 0.03

Note: Factors in bold indicate coefficients that do not overlap zero and thus are considered signifi-
cant predictors.

TA B L E  4   Model averaged estimates 
with 95% confidence intervals (CIs) 
for variables retained in the candidate 
model sets that predicted tri‐colored bat 
microclimate temperature and 
microclimate actual water vapor pressure 
in both culverts and caves
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44% and 26% of variance in the data in caves and culverts, respec-
tively. These results suggest that cave microclimate temperatures 
have a greater number of factors influencing them than culvert 
microclimates. Furthermore, the fact that our models for microcli-
mate temperature and AWVP for caves explained approximately 
83% and 89% of variance in the data respectively when taking 
into account both fixed and random effects suggests that there is 
greater individual variation between caves than culverts. Culverts 
are essentially simple, straight structures with two entrances, dif-
fering mostly by length, width and height. Conversely, caves can 
have multiple entrances and greater variation in length, depth, 
complexity, and variation in airflow (see Perry, 2013 for review). 

Continued data collection at caves would allow further analysis to 
determine other factors that influence microclimate temperatures 
by providing more data and thus allowing more complex statistical 
modeling.

One limitation with our study is that data collection from bats 
was not completely random. Due to the height or structure of some 
caves, data collection of bats was limited to those within our reach. 
As such, the height at which a bat roosts may explain some vari-
ance in microclimate temperature and microclimate AWVP, but the 
variance in our data was too small to recognize this. Future research 
should find methods to collect microclimate temperature and AWVP 
data from these bats without increasing disturbance.

F I G U R E  2   Model averaged predictions 
and 95% confidence intervals (shaded 
areas) of the effects of (a) external 
temperature and (b) distance from nearest 
entrance on tri‐colored bat microclimate 
temperature. The black line represents 
culvert‐roosting bats, and the gray line 
represents cave‐roosting bats. The range 
of data is limited by the minimum and 
maximum value for each x variable for 
each roost type
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F I G U R E  3   Model averaged predictions 
and 95% confidence intervals (shaded 
areas) of the effects of (a) proportion from 
entrance (0 = at an entrance, 1 = furthest 
point from an entrance), (b) external 
temperature, and (c) distance from nearest 
entrance on tri‐colored bat microclimate 
actual water vapor pressure (AWVP). The 
black line represents culvert‐roosting 
bats, and the gray line represents cave‐
roosting bats. The range of data is limited 
by the minimum and maximum value for 
each x variable for each roost type
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Our research provides information on both caves and culverts 
serving as roosts for hibernating tri‐colored bats. In both caves 
and culverts, tri‐colored bats can select suitable microclimate 
temperatures and AVWP by altering their distance from the en-
trances of the roost. This allows bats to choose a location with mi-
croclimate temperature and AWVP based on their intrinsic needs 
as weather or body condition changes during a season (Boyles et 
al., 2007). However, external temperature was the driving predic-
tor of microclimate temperature and AWVP, showing that move-
ments within a roost cannot compensate for roosts in locations 
that do not meet the species' temperature requirements. Indeed, 
should climate change over time (Lindsey & Dalhman, 2018), tri‐
colored bats may be in the position to compensate for rising tem-
peratures by altering their location within a roost that remains 
within a suitable temperature profile. This may be of particular 
importance to culvert‐roosting tri‐colored bats, as external tem-
perature appears to influence internal temperatures more so than 
in caves (Meierhofer et al., 2019). On a broader scale, our research 
speaks to the potential ways in which artificial roosts can replicate 
conditions of natural roosts and thus provide suitable habitats 
for hibernating bats. Furthermore, determining the differences 
in how structural and environmental characteristics influence mi-
croclimate components between roost types also allows wildlife 
managers to consider roost‐specific management practices for 
conservation.

ACKNOWLEDG MENTS

We thank J. Carey, K. Demere, S. Goree, L. Johnston, B. Kimbell, 
B. Stamps, E. Whittle, L. Wolf, B. Upton, and P. Bixler for their 
assistance in data collection. We appreciate the Texas Speleological 
Survey, Texas Cave Management Association, and Texas grottos 
for providing cave information and access. Thanks to Dr. C. Comer, 
J. Kennedy, Dr. W. Godwin, and D. Wright for facilitating access to 
private properties and data collection. We appreciate the access 
provided by all Texas landowners. Thanks to Texas Department of 
Transportation and Dr. R. Honeycutt for historic bat roost locality 
information. Many thanks for J. French and Dr. D. Walkup for 
their advice and assistance with data analysis. This project was 
supported by the U.S. Fish and Wildlife Service's State Wildlife 
Grant Program (CFDA# 15.611) as administered by Texas Parks 
and Wildlife Department and the U.S. Fish and Wildlife Service 
(CFDA# 15.657).

CONFLIC T OF INTERE S T

None declared.

AUTHOR CONTRIBUTIONS

All authors contributed to the conception and design of the work 
or the collection, analysis, and interpretation of data. All authors 
assisted in drafting or editing the manuscript.

DATA AVAIL ABILIT Y S TATEMENT

All data included in analyses are available through Dryad, https​://
doi.org/10.5061/dryad.c866t​1g36

ORCID

Samantha J. Leivers   https://orcid.org/0000-0003-3635-3863 

R E FE R E N C E S

Anderson, D. B. (1936). Relative humidity or vapor pressure deficit. 
Ecology, 1, 277–282. https​://doi.org/10.2307/1931468

Banner, K. M., & Higgs, M. D. (2016). Considerations for assessing model 
averaging of regression coefficients. Ecological Applications, 27(1), 
78–93. https​://doi.org/10.1002/eap.1419

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear fixed 
models using lme4. Journal of Statistical Software, 67(1), 1–48. https​
://doi.org/10.18637/​jss.v067.i01

Bernard, R. F., & McCracken, G. F. (2017). Winter behavior of bats and 
the progression of white‐nose syndrome in the southeastern United 
States. Ecology and Evolution, 7, 1487–1496. https​://doi.org/10.1002/
ece3.2772

Boyles, J. G., Boyles, E., Dunlap, R. K., Johnson, S. A., & Brack, V. (2017). 
Long‐term microclimate measurements add further evidence that 
there is no “optimal” temperature for bat hibernation. Mammalian 
Biology, 86, 9–16. https​://doi.org/10.1016/j.mambio.2017.03.003

Boyles, J. G., Dunbar, M. B., Storm, J. J., & Brack, V., Jr (2007). Energy 
availability influences microclimate selection of hibernating bats. 
Journal of Experimental Biology, 210, 4345–4350. https​://doi.
org/10.1242/jeb.007294

Burnham, K. P., & Anderson, D. R. (1998). Model selection and infer‐
ence: A practical information‐theoretic approach. New York, NY: 
Springer‐Verlag.

Burnham, K. P., & Anderson, D. R. (2002). Model selection and infer‐
ence: A practical information‐theoretic approach. New York, NY: 
Springer‐Verlag.

Cade, B. (2015). Model averaging and muddled multimodel inferences. 
Ecology, 96(9), 2370–2382. https​://doi.org/10.1890/14-1639.1

Demere, K. D., Meierhofer, M. B., Morrison, M. L., Pierce, B. L., Szewczak, 
J. M., Evans, J. W., & Ammerman, L. K. (2017). Noteworthy records 
for six species of bats from 13 Texas counties and the first specimens 
from sites with Pseudogymnoascus destructans. Occasional Papers, 
Museum of Texas Tech University, 351, 1–10.

Elliot, W. R., & Clawson, R. I. (2001). Temperature data logging in 
Missouri bat caves. In G. T. Rea (Ed.), 1999 National cave and karst 
management symposium (pp. 52–57). Chattanooga, TN: Southeastern 
Cave Conservancy Inc.

Fields, A., Jeremy, M., & Fields, Z. (2012). Discovering statistics using R (p. 
382). Washington, DC: Sage Publications.

Frick, W. F., Cheng, T. L., Langwig, K. E., Hoyt, J. R., Janicki, A. F., Parise, 
K. L., … Kilpatrick, A. M. (2017). Pathogen dynamics during invasion 
and establishment of white‐nose syndrome explain mechanisms of 
host persistence. Ecology, 98, 624–631. https​://doi.org/10.1002/
ecy.1706

Geiser, F. (2004). Metabolic rate and body temperature reduction 
during hibernation and daily torpor. Annual Review of Physiology, 
66, 239–274. https​://doi.org/10.1146/annur​ev.physi​ol.66.032102. 
115105

Google (2018). Google Earth Pro. Ver. 7.3.2. Mountain View, CA: Google 
LLC.

Harrison, X. A., Donaldson, L., Correa‐Cano, M. E., Evans, J., Fisher, D. N., 
Goodwin, C. E. D., … Inger, R. (2018). A brief introduction to mixed 

https://doi.org/10.5061/dryad.c866t1g36
https://doi.org/10.5061/dryad.c866t1g36
https://orcid.org/0000-0003-3635-3863
https://orcid.org/0000-0003-3635-3863
https://doi.org/10.2307/1931468
https://doi.org/10.1002/eap.1419
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1002/ece3.2772
https://doi.org/10.1002/ece3.2772
https://doi.org/10.1016/j.mambio.2017.03.003
https://doi.org/10.1242/jeb.007294
https://doi.org/10.1242/jeb.007294
https://doi.org/10.1890/14-1639.1
https://doi.org/10.1002/ecy.1706
https://doi.org/10.1002/ecy.1706
https://doi.org/10.1146/annurev.physiol.66.032102.115105
https://doi.org/10.1146/annurev.physiol.66.032102.115105


14052  |     LEIVERS et al.

effects modelling and multi‐model inference in ecology. PeerJ, 6, 
e4794. https​://doi.org/10.7717/peerj.4794

Ingersoll, T. E., Sewall, B. J., & Amelon, S. K. (2013). Effects of white‐
nose syndrome on regional population patterns of 3 hibernating 
bat species. Conservation Biology, 30(5), 1048–1059. https​://doi.
org/10.1111/cobi.12690​

Jonasson, K. A., & Willis, C. K. R. (2011). Changes in body condition of 
hibernating bats support the thrifty female hypothesis and predict 
consequences for populations with white‐nose syndrome. PLoS ONE, 
6, e21061. https​://doi.org/10.1371/journ​al.pone.0021061

Kerth, G. (2008). Causes and consequences if sociality in bats. BioScience, 
58(8), 737–746. https​://doi.org/10.1641/B580810

Kuenzi, A. J., Downard, G. T., & Morrison, M. L. (1999). Bat distribution 
and hibernacula use in west central Nevada. Great Basin Naturalist, 
59(3), 213–220.

Kurta, A. (2014). The misuse of relative humidity in ecological studies of 
hibernating bats. Acta Chiropterologica, 16(1), 249–254. https​://doi.
org/10.3161/15081​1014X​683444

Kurta, A., & Smith, S. M. (2014). Hibernating bats and abandoned mines 
in the upper peninsula of Michigan. Northeastern Naturalist, 21(4), 
587–605. https​://doi.org/10.1656/045.021.0407

Lindsey, R., & Dalhman, L. (2018). Climate change: Global temperature. 
Retrieved from www.clima​te.gov

Meierhofer, M. B., & Demere, K. D. (2017). Leucism in two tri‐colored 
bats (Perimyotis subflavus) in Texas. Southeastern Naturalist, 16, N43–
N45. https​://doi.org/10.1656/058.016.0401

Meierhofer, M. B., Johnson, J. S., Leivers, S. J., Pierce, B. L., Evans, J. W., 
& Morrison, M. L. (2019). Winter habitats of bats in Texas. PLoS ONE, 
14, e0220839. https​://doi.org/10.1371/journ​al.pone.0220839

Mirowsky, K., Horner, P., Maxey, R., & Smith, S. (2004). Distributional re-
cords and roosts of southeastern myotis and Rafinesque's big‐eared 
bat in eastern Texas. The Southwestern Naturalist, 49(2), 294–298.

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method 
for obtaining R2 from generalized linear mixed effect mod-
els. Methods in Ecology and Evolution, 4, 133–142. https​://doi.
org/10.1111/j.2041-210x.2012.00261.x

Perry, R. W. (2013). A review of factors affecting cave climates for hi-
bernating bats in temperate North America. Environmental Reviews, 
21, 28–39.

R Core Team (2018). R: A language and environment for statistical com‐
puting. Vienna, Austria: R Foundation for Statistical Computing. 
Retrieved from http://www.R-proje​ct.org/

Reeder, D. M., & Moore, M. S. (2013). White‐nose syndrome: A deadly 
emerging infectious disease of hibernating bats. In R. A. Adams, & S. 
C. Pedersen (Eds.), Bat evolution, ecology, and conservation (pp. 413–
434). New York, NY: Springer.

Russo, D., Cistrone, L., Budinski, I., Console, G., Della Corte, M., 
Milighetti, C., … Ancillotto, L. (2017). Sociality influences 

thermoregulation and roost switching in a forest bat using ephem-
eral roosts. Ecology and Evolution, 7(14), 5310–5321. https​://doi.
org/10.1002/ece3.3111

Sandel, J. K., Benatar, G. R., Burke, K. M., Walker, C. W., Lacher, T. E., 
& Honeycutt, R. L. (2001). Use and selection of winter hibernacula 
by the eastern pipistrelle (Pipistrellus subflavus) in Texas. Journal 
of Mammalogy, 82(1), 173–178. https​://doi.org/10.1644/1545-
1542(2001)082<0173:UASOW​H>2.0.C);2

Sikes, R. S., & The Animal Care and Use Committee of the American 
Society of Mammalogists (2016). Guidelines of the American Society 
of Mammalogists for the use of wild mammals in research and edu-
cation. Journal of Mammalogy, 97, 663–688. https​://doi.org/10.1093/
jmamm​al/gyw078

Smithson, P. A. (1991). Inter‐relationships between cave and outside air 
temperatures. Theoretical and Applied Climatology, 44(1), 65–73. https​
://doi.org/10.1007/BF008​65553​

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

Stevens, D. L., Jr, & Olsen, A. R. (2004). Spatially balanced sampling of 
natural resources. Journal of the American Statistical Association, 99, 
262–278. https​://doi.org/10.1198/01621​45040​00000250

Tuttle, M. D., & Stevenson, D. E. (1978). Variations in the cave environ-
ment and its biological implications. In R. Zuber, J. Chester, S. Gilbert, 
& D. Rhodes (Eds.), Natural cave management symposium proceedings: 
Big sky, Montana, 3–7 October 1977 (pp. 108–121). Albuquerque, NM: 
Adobe Press.

USFWS [U.S. Fish and Wildlife Service] (2017). Endangered and threat‐
ened wildlife and plants; 90‐Day findings for five species, Vol. 82, No. 
243. December 2017. Retrieved from https​://www.gpo.gov/fdsys/​
pkg/FR-2017-12-20/pdf/2017–27389.pdf

Walker, C. W., Sandel, J. K., Honeycutt, R. L., & Adams, C. (1996). Winter 
utilization of box culverts by vespertilionid bats in southeast Texas. 
Texas Journal of Science, 48, 166–168.

Webb, P. I., Speakman, J. R., & Racey, P. A. (1995). How hot is a hibernacu-
lum? A review of the temperatures at which bats hibernate. Canadian 
Journal of Zoology, 74(4), 761–765. https​://doi.org/10.1139/z96-087

How to cite this article: Leivers SJ, Meierhofer MB, Pierce BL, 
Evans JW, Morrison ML. External temperature and distance 
from nearest entrance influence microclimates of cave and 
culvert‐roosting tri‐colored bats (Perimyotis subflavus). Ecol Evol. 
2019;9:14042–14052. https​://doi.org/10.1002/ece3.5841

https://doi.org/10.7717/peerj.4794
https://doi.org/10.1111/cobi.12690
https://doi.org/10.1111/cobi.12690
https://doi.org/10.1371/journal.pone.0021061
https://doi.org/10.1641/B580810
https://doi.org/10.3161/150811014X683444
https://doi.org/10.3161/150811014X683444
https://doi.org/10.1656/045.021.0407
http://www.climate.gov
https://doi.org/10.1656/058.016.0401
https://doi.org/10.1371/journal.pone.0220839
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1111/j.2041-210x.2012.00261.x
http://www.R-project.org/
https://doi.org/10.1002/ece3.3111
https://doi.org/10.1002/ece3.3111
https://doi.org/10.1644/1545-1542(2001)082%3C0173:UASOWH%3E2.0.C);2
https://doi.org/10.1644/1545-1542(2001)082%3C0173:UASOWH%3E2.0.C);2
https://doi.org/10.1093/jmammal/gyw078
https://doi.org/10.1093/jmammal/gyw078
https://doi.org/10.1007/BF00865553
https://doi.org/10.1007/BF00865553
https://doi.org/10.1198/016214504000000250
https://www.gpo.gov/fdsys/pkg/FR-2017-12-20/pdf/2017 1327389.pdf
https://www.gpo.gov/fdsys/pkg/FR-2017-12-20/pdf/2017 1327389.pdf
https://doi.org/10.1139/z96-087
https://doi.org/10.1002/ece3.5841

