~8,000 to ~750 since WNS was confirmed present in the colony in the winter of 2009/10.
Eastern small-footed bats and tri-colored bats are also encountered at this cave. Hawkins Cave,
managed by the Tennessee Wildlife Resources Agency (TWRA), is one of the largest gray bat
hibernacula in the state, with estimated populations of over 350,000 as of January 2019. This
cave also contains a small hibernating population of Indiana bats and low numbers of a few other
bat species. Campbell Cave, managed by TWRA and The Nature Conservancy (TNC), contains
approximately 1,000 bats, including ~60 Indiana bats and numerous tri-colored and eastern small
footed-bats. Warren Cave, also managed by TWRA and TNC, is a gray bat hibernaculum,
housing a population similar to Hawkins Cave. Hibernacula in Tennessee were confirmed
positive for Pd as early as the winter of 2009/10 (Blount Cave). Hawkins Cave was confirmed in
the winter of 2010/11, with Campbell Cave and Warren Cave both confirmed in the winter of
2012/13. These years of confirmation were corroborated by real-time PCR (Muller et al. 2013) or
histopathology for Pd detection (Meteyer et al. 2009).

Bat Capture

We captured bats emerging from caves during the hibernation season (October 1-April
30) of 2012/13, 2013/14 (Bernard et al., 2017), 2015/16, 2016/17, and 2017/18 using mist nets
(Avinet Inc., Dryden, NY; mesh diameter: 75/2, 2.6m high, 4 shelves, 4-9 m wide). We netted
up to 4 times per month at each cave on nights when there was no rain and temperatures were
above 0°C. We opened nets 30 min before civil sunset and kept them open for 5 hours, or until
temperatures dropped below 0°C. In months when no bats were captured during the first netting
attempt, we made additional netting attempts. After capture, we placed bats in paper bags and in
an insulated cooler with a heat source (HotHands®, Dalton, Georgia, U.S.). During the
hibernation season, bats were held for no longer than 30 minutes. For all bats captured, we
recorded species, sex, right forearm length (mm), and body mass (g) and applied a uniquely
numbered 2.4 mm or 2.9 mm metal forearm band (Porzana, Ltd., Icklesham, East Sussex, UK).
We transilluminated the wing and tail membranes of captured bats with an ultraviolet (UV) light
(wavelengths 385-390 nm) to look for the yellow-orange fluorescence indicative of Pd
colonization and WNS manifestation (Turner et al. 2014). To determine Pd load and prevalence
of each individual captured, we collected fungal samples using a sterile, polyester-tipped

epidermal swab dipped in deionized water. We rubbed the epidermal swab across the right
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forearm and muzzle of each bat five times each (Langwig et al. 2015) and then placed the swab
in a 2 ml microtube filled with RNAlater® tissue stabilization solution (Life Technologies,
Grand Island, NY). We stored epidermal swab samples at 4°C until they were shipped to the
Foster lab at Northern Arizona University and the University of New Hampshire for analysis. All
bats were released at the site of capture. While mist netting, followed decontamination
procedures outlined by the U.S Fish and Wildlife Service (Shelley et al. 2013). Capture,
handling, and sample collection protocols were approved by the University of Tennessee
Institutional Animal Care and Use Committee (IACUC 2253-0317), as developed by the
American Society of Mammalogists (Sikes et al. 2016) and authorized under scientific collection
permits from the USFWS (TE35313B-3), NPS (GRSM-2018-SCI-1253), TWRA (3742) and
TDEC (2009-038).

Epidermal swab samples were analyzed by the Foster Lab using quantitative PCR
(gPCR) assays developed by Muller et al. (2013). As per Bernard et al. (2017), they extracted
fungal DNA from samples using DNEasy 96 Blood & Tissue kits (Qiagen Inc., Valencia, CA).
They tested all samples, as well as negative control wells distributed across each PCR plate, for
the presence of Pd DNA using a Real-Time PCR assay targeting the intergenic spacer (IGS)
region of the rRNA gene complex. They ran all plates in duplicate with a quantified standard of
isolate Pd 20631-21. They considered any reaction that crossed the threshold baseline in fewer
than 40 cycles on either plate positive for Pd DNA. Average Pd load in nanograms (ng) was then
calculated in each sample based on the cycle threshold (Ct) value and a generated standard curve
based on serial dilutions and an equation described by Langwig et al. (2015) and Bernard et al.
(2015). We considered a sample to be positive for the fungus (Pd+) if at least one of the two
replicates had Ct values of less than 40. Otherwise, a sample was considered negative for the
fungus (Pd-). As our study subjects were active bats, we opted to use a more liberal cut off for
positive designation in order to ensure detection of Pd even after extensive activity (i.e., arousal,
grooming, and flight; Mosher et al. 2018).

Data Analysis

We log transformed fungal load data prior to analysis to meet normality and homogeneity
of variance assumptions (Conover 1999, Zar 1999). We used generalized linear mixed models
(using the Ime4 package (Bates et al. 2015) in the R statistical package (R Core Team 2017) to
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compare Pd load (family Gaussian) within and among species and among hibernation seasons
(2012/13-2017/18; time) and hibernation periods (i.e., early [October 1-November 30], mid
[December 1-February 28], and late [March 1-April 30]), with cave hibernacula as a random
effect. We followed this with post-hoc tests using least square means comparisons with no
adjustment (i.e., Fisher’s LSD test) due to small sample size (using the emmeans package (Lenth
2019) in R).

We calculated Pd prevalence as the number of Pd+ individuals of a species captured
divided by the total number of individuals of that species captured. We used a generalized linear
model fitted in R with Type 111 sum of squares (using the car package (Fox and Weisberg 2011)
in R) to compare Pd prevalence data (family binomial) within and among species and among
hibernation seasons and hibernation periods, followed by least square means comparisons with
no adjustment. Due to small sample size, we were only able to include one interaction term in
our Pd prevalence models. As we were primarily interested in understanding changes in Pd
prevalence over time, we chose to include a species * hibernation season rather than species *
hibernation period interaction.

We calculated capture rates by dividing the total number of individuals of a species
captured during a netting session by the total number of net hours for the session. Net hours were
determined by multiplying the length and width of open nets (m?) by the number of hours nets
were open each night, resulting in captures/net (m?)/nour. We used a Kruskal-Wallis test in R,
followed by Mann-Whitney U tests with a Bonferroni adjustment to compare capture rates of
individual bat species among hibernation seasons and hibernation periods at their principal cave
hibernacula. Caves where >50 individuals were recorded during pre-WNS hibernacula surveys
(i.e., survey year 2009/10 and prior) were considered principal hibernacula for each species
(Bernard et al., 2017; USFWS, 2007). Hawkins and Warren caves were considered principal
hibernacula for gray bats, Campbell cave was classified as a primary hibernaculum for eastern
small-footed bats, and Campbell and Blount caves were assessed as principal hibernacula for

Indiana bats, northern long-eared bats, and tri-colored bats.
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RESULTS

Pseudogymnoascus destructans Dynamics

We transilluminated the wings and tail membranes of 784 individuals of our target bats
species to look for UV fluorescence, with 13.90% (n = 109/784) fluorescing and considered UV
positive (UV+; Table 2.1). Of these UV+ individuals, tri-colored bats comprised 36.70% (n =
40/109), northern long-eared bats 33.94% (n = 37/109), Indiana bats 25.68% (n = 28/109), gray
bats 2.75% (n = 3/109), and eastern small footed bats 0.92% (n = 1/109; Table 2.1).

We swabbed 1,277 individuals of our five target bat species for Pd. Of the bats swabbed,
37.19% were Pd+ by Real-Time PCR analysis (Table 2.2). Pseudogymnoascus destructans loads
were highest for tri-colored bats (-2.431 + .084 logiong [X + SE], n = 111) and northern long-
eared bats (-2.458 £ 0.102 logiong, n =133) and lowest for eastern small-footed bats (-4.586 +
0.088 logiong, n = 75) and gray bats (-4.957 £ 0.061 logiong, n = 74). Indiana bats had
intermediate Pd loads (-3.186 + 0.131 logiong, n = 77).

A bat species * hibernation season interaction had an effect on Pseudogymnoascus
destructans loads (P = 0.022; Table 2.3). Within species, post hoc tests indicated Indiana bat Pd
loads were higher during 2017/18 than 2012/13, 2013/14, and 2015/16 (P <0.047), but similar to
loads in 2016/2017 (P = 0.092; Table 2.3). Tri-colored bat Pd loads were lower in 2015/16 (P
<0.001) than in all other seasons, during which they were similar (P >0.150). Eastern small-
footed bat, gray bat, and northern long-eared bat Pd loads were similar across all seasons (P
>0.051; Table 2.3). Among species, post hoc tests indicated eastern small-footed bat and gray bat
Pd loads were similar (P >0.094) and lower than those of Indiana bats, northern long-eared bats,
and tri-coloreds in 2012/13, 2013/14, 2015/16, and 2016/17 (P <0.008). The exception was
2017/2018, when Pd loads on Indiana bats were similar to those of eastern small-footed bats and
gray bats (P >0.181) and lower than northern long-eared bats and tri-colored bats (P <0.011,
Table 3). During 2013/14 and 2015/16, northern long-eared bat Pd loads were higher than those
for tri-colored bats (P <0.011), but similar to those for Indiana bats (P >0.061). However, in
2012/13 and 2016/17 Indiana bat, northern long-eared bat, and tri-colored bat Pd loads were
similar (P >0.464; Table 2.3).

A species * hibernation period interaction also had an effect on Pd loads (P <0.001,;

Table 2.4). Within species, eastern small-footed bat, Indiana bat, and tricolored bat Pd loads
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were lower in early hibernation than in mid or late hibernation (P <0.0471). Northern long-eared
bat Pd loads were greater in mid hibernation than early or late hibernation (P <0.001; Table 2.4).
Gray bat Pd loads were similar across all hibernation periods (P >0.485; Table 2.4). Among
species, post hoc tests indicated that, in early hibernation, eastern small-footed bat and gray bat
Pd loads were lower than those for Indiana bats and tricolored bats (P <0.023), but similar to
those of northern long-eared bats (P >0.060). In mid and late hibernation, eastern small footed
and gray bat Pd loads were lower than those of Indiana bats, northern-long eared bats, and tri-
colored bats (P <0.001). While, in mid hibernation, Pd loads for eastern small-footed bats and
gray bats were similar (P = 0.067), by late hibernation, eastern small-footed bat Pd loads were
higher than those for gray bats (P = 0.003). In early hibernation, Pd loads were similar for
Indiana bats and tri-colored bats (P = 0.892). However, in mid hibernation Pd loads were higher
for Indiana bats than for northern long-eared bats and tri-colored bats (P <0.049), and by late
hibernation they were higher for tri-colored bats than for Indiana bats and northern long-eared
bats (P <0.001).

Pseudogymnoascus destructans prevalence was highest for northern long-eared bats
(76.88%, n = 133/173) and tri-colored bats (66.87%, n = 11/166) and lowest for gray bats
(16.12%, n = 7/490; Table 2.4). Indiana bat and eastern small-footed bat had intermediate Pd
prevalence (36.49%, n = 77/211 and 31.65%, n = 75/237, respectively; Table 2.4).

A species * hibernation season interaction had an effect on Pd prevalence (P = 0.040,
Table 2.5). Within species, post hoc tests suggested eastern small-footed bat Pd prevalence was
lower in 2015/16 than in any other season (P <0.011; Table 2.5). Gray bat Pd prevalence was
higher in 2013/14 and 2017/18 than in any other season (P <0.037; Table 2.5). For both these
species prevalence never exceeded 50%. Pseudogymnoascus destructans prevalence in northern
long-eared bats was lower in 2012/13 than 2013/14 (P <0.001). Pseudogymnoascus destructans
prevalence for this species was >75% in all but the first hibernation season. Pseudogymnoascus
destructans prevalence in tri-colored and Indiana bats was similar across seasons (P >0.147),
despite appearing considerably lower in 2015/16 and 2017/18 for Indiana bats and 2017/18 for
tri-colored bats (Table 2.5, Figure 2.2). Among species, post hoc tests indicated Pd prevalence in
gray bats was lower than for all other species during 2012/13 and 2013/14 (P <0.001; Table 2.5).
Pseudogymnoascus destructans prevalence in eastern small-footed bats was lower than for

Indiana bats, northern long-eared bats, and tri-colored bats in these same seasons (P <0.001).
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Beyond 2012/13 and 2013/14, post hoc tests generally suggest Pd prevalence for all species was

similar.

Capture Numbers and Rates

Over the course of the study, we captured 1,670 bats over 134 nights of mist netting
(11,832.5 net*hours), with 1,505 (90.12%) individuals from the five target species. Of the target
species captured, gray bats comprised 34.02% (n = 512), Indiana bats 22.39% (n = 337), eastern
small-footed bats 17.6% (n = 265), northern long-eared bats 13.42% (n = 202) and tricolored
bats 12.55% (n = 189; Table 2.6). Although Indiana bats were the second most frequently
captured species, no individuals were captured from November—March of 2016/17 and 2017/18.
Across all caves, species had an effect on capture rate (P <0.001). Gray bat capture rates were
greater than for any other species (Table 2.7). Of the remaining species, northern long-eared bats
had the next greatest capture rate, followed by eastern small-footed bats and tri-colored bats.
Capture rates for Indiana bats were lower than for all other species (Table 2.7).

Hibernation season had an effect on capture rate of northern long-eared bats at Campbell
Cave and tri-colored bats at Blount Cave (Table 2.8). Post hoc comparisons indicated capture
rates of northern long-eared bats were lower at Campbell Cave in 2015/16 and 2017/18 than in
2012/13 (P <0.026), declining by >99.46% (Figure 2.3; Table 2.8). While hibernation season
was not found to have an effect on the capture rate of northern long-eared bats at Blount Cave,
similar rates of decline were observed from 2012/13 to 2015/16 (98.73%; Figure 3, Table 9).
Post hoc comparisons showed no differences in capture rates among seasons for tri-colored bats
at Blount cave (P >0.075), despite them declining by 98.97% from 2012/13 to 2013/14 (Figure
2.3, Table 2.8). Tri-colored bat capture rates at Blount Cave remained low through 2017/2018.
Although hibernation season was not found to have an effect on capture rates of tri-colored bats
at Campbell Cave, declines were also observed. Tri-colored bat capture rates were lowest in
2015/2016, declining by 78.15% from 2012/2013, and did not recover in later study seasons
(Table 2.8, Figure 2.3).

Hibernation season had no effect on eastern small-footed bat, gray bat, or Indiana bat
capture rates at principle hibernacula (Table 2.8). Capture rates for eastern small-footed bats and
gray bats did remain relatively stable across seasons (Figure 2.3). However, despite there being

no effect of season, Indiana bat capture rates at Blount Cave were 82.16% lower in 2013/2014
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than in 2012/2013 and remained low through 2017/2018 (Table 2.8, Figure 2.3). At Campbell
Cave the capture rate for Indiana bats declined to 0 in 2015/2016, although it increased slightly
in later seasons (Table 2.8, Figure 2.3).

There was also an effect of hibernation period on capture rate of species at their principal
hibernaculum (Table 2.9). There was no effect of hibernation period on capture rates of eastern
small-footed bats or northern long-eared bats at their principal hibernacula (Table 2.9). Capture
rates for gray bats at Hawkins Cave were lower in the mid-hibernation period than in the early or
late hibernation periods (P < 0.009; Table 2.9). Tri-colored bat capture rates at Blount Cave were
higher in the late hibernation period than in the early hibernation period (P = 0.049; Table 2.9).
Capture rates of Indiana bats at both Blount Cave and Campbell Cave varied significantly (P <
0.03; Table 2.9). At both caves, capture rates of Indiana bats were higher in the early hibernation
period than in the late hibernation period (P < 0.05; Table 2.9).

DISCUSSION

Our study is the first to examine Pd dynamics on active bats for at least five years, post
pathogen invasion and establishment. Our results suggest that fungal load and prevalence of Pd
on active bats varies within and among species, and among hibernation seasons and periods.
Additionally, they indicate the capture rates for highly susceptible species (i.e., Indiana bats,
northern long-eared bats, and tri-colored bats) decline precipitously the longer a hibernaculum is
Pd positive.

Pseudogymnoascus destructans loads on gray bats and eastern small-footed bats were
similar and did not tend to vary over time. In addition, Pd loads for these two species were
consistently much lower than for the other three target species examined. Further, Pd prevalence
for both species was lower than for the other species, never exceeding 50%. These low Pd loads
and prevalence indicate gray bats and eastern small-footed bats are less susceptible to the fungus
than Indiana, northern long-eared, and tri-colored bats. Combined with their relatively consistent
capture rates throughout the study, our results suggest a resistance or tolerance to the fungus that
has been present since initial pathogen invasion, similar to observations of hibernating bats
(Frick et al. 2017).
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The large body size of gray bats could explain their potential resistance to or tolerance of
Pd, given that they enter hibernation with more fat reserves that can help stave off starvation
(Kunz et al. 1998, Verant et al. 2014, Cheng et al. 2018). Studies conducted on a similar large-
bodied European species, M. myotis, show that immune and biological response to disease were
major drivers in tolerance to Pd, as opposed to microclimate (Davy et al. 2017). Given their
similarity in size to gray bats, this could provide a possible explanation for tolerance or
resistance in this species.

In contrast to gray bats, eastern small-footed bats were the smallest Myotis species
included in this study (~4 grams). Unlike gray bats, eastern small-footed bat Pd prevalence
appeared to fluctuate over time. A possible explanation for these changes in Pd prevalence in
later hibernation seasons could be changes in weather conditions that promoted use of non-
traditional hibernacula where microclimates and lack of other Pd infected bats inhibited the
growth and transmission of Pd (Best and Jennings 1997, Moosman et al. 2015, Moosman et al.
2017). Thermal refugia in talus slopes, rock outcroppings, and similar substrates could be
optimal hibernation sites during warmer winter periods. The microclimates in these non-
traditional hibernacula are likely too cold for Pd growth (Moosman et al. 2015, Moosman et al.
2017). In addition, the chance of Pd transmission is probably lower in these alternative roosts
due to the reduced potential for an uninfected bat to occupy the same crevice as an infected bat
(Moosman et al. 2017, Verant et al. 2018). In warm winters, like those seen in Tennessee, eastern
small-footed bats could use these crevices as roosts for hibernation more frequently than caves,
possibly reducing their contact with environmental Pd spores (Langwig et al., 2012; Moosman et
al., 2015).

P. destructans loads in Indiana bats and tri-colored bats remained stable until the last year
of the study at which point loads decreased. Prevalence trends varied across hibernation seasons
for these two species, ranging from just over 10% to complete saturation. Additionally, capture
rates declined severely for both species over the five hibernation seasons at important historical
hibernacula. The fluctuations in loads and prevalence seen in both species is likely tied to the
decline in capture rates observed in both species. Over time, captures of Indiana bats and tri-
colored bats were low to nonexistent during mid-hibernation and almost all swabbed individuals
from these species in later seasons were captured in early hibernation [i.e. October—November].

Bats swabbed during this period exhibit lower mean loads and prevalence compared to bats
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swabbed in later hibernation periods (Langwig et al. 2016, Frick et al. 2017). Given that most
Indiana bats and tri-colored bats swabbed in later years of this study were captured in the early
hibernation period, when loads and prevalence are lowest, the apparent reduction in prevalence
and load seen in these species during this study could be explained simply by when the majority
of active bats were sampled.

Regardless of shifts in Pd dynamics in both active Indiana and tri-colored bats over time,
the decline in populations of both species at historical hibernacula is apparent. Both species
exhibited precipitous declines the longer Pd had been present at a hibernaculum, similar to
findings in studies of hibernating bats (Langwig et al. 2012). Given the consistently high fungal
loads and potential explanations for fluctuations in prevalence mentioned above, it is likely that
active Indiana bats and tri-colored bats have not developed resistance or tolerance to Pd (Frick et
al. 2017). While the mechanisms behind continued susceptibility remain unclear, potential
explanations exist for these two species. For example, for tri-colored bats, their small body size
and roosting preferences within the optimal growth range of Pd (Ta: 9°C - 12°C and >80% RH)
stand out (Briggler and Prather, 2003; Verant et al. 2012, Langwig et al. 2016). By hibernating in
areas that promote Pd growth, tri-colored bats are subjected to enhanced Pd growth each season
compared to roosts in drier, colder areas (Langwig et al. 2016). While studies show some
susceptible species select different microclimates post-WNS, recent research in the southeast
recorded tri-colored bats continuing to select roosts in areas with optimal conditions for Pd
growth (Boyles et al. 2007, Lilley et al. 2016, Johnson et al. 2016, Sirajuddin 2018). Although
some research suggests tri-colored bats developing tolerance to Pd in certain parts of their range,
more research is needed in southern regions to see if this could be a population-wide trend (Frick
et al. 2017).

In comparison, plausible explanations regarding susceptibility to Pd in Indiana bats
heavily focus on clustering behavior and sensitivity to disease severity (Langwig et al. 2012,
Langwig et al. 2016, Frick et al. 2017). Indiana bats are known to create tight clusters consisting
of up to hundreds of individuals within hibernacula, and in colonies exhibiting these tight
clusters disease transmission rates can be high (Barbour and Davis 1969, Getz and Pickering
1983, Langwig et al. 2012). Neighboring individuals may increase the opportunity for contact
with fungal spores, this increasing fungal load and prevalence within highly gregarious species

(Langwig et al. 2012). Additionally, individuals forming these tight clusters have been found to
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arouse simultaneously with neighboring bats, thus potentially reducing the energetic demand of
thermogenesis (Czenze et al. 2013). Although this potential reduction in energetic demands
during torpor could be helpful in managing fat reserves, Indiana bats are still seeing high
mortality due to Pd infection (Frick et al. 2017). Additionally, while some changes in clustering
behavior have been recorded since WNS invasion, the degree of change is currently not enough
to reduce disease transmission rates significantly (Langwig et al. 2012). In lieu of behavioral
changes, it is possible that this species faces heightened innate sensitivity to Pd infection, which
could explain continued susceptibility and population declines for long periods of time after
establishment (Langwig et al. 2016, Frick et al. 2017).

Fungal loads were higher on northern long-eared bats than on all other focal species
swabbed and also increased over time. Additionally, prevalence of Pd on active northern long-
eared bats never fell below 70%. Overwinter capture rates of this species declined at all principal
hibernacula. In terms of Pd dynamics, our results for northern long-eared bats show similar
trends seen by Frick et al (2017). Looking at capture rates, our data shows similar trends reported
for northern long-eared bats during summer (Reynolds et al. 2016). Within their range,
populations of northern long-eared bats have crashed due to WNS and their inability to cope with
or manage Pd growth (Langwig et al. 2012, Frick et al. 2015, Reynolds et al. 2016). It is possible
that their small body size and roosting preference within the optimal Pd growth range, similar to
tri-colored bats, could explain their inherent inability to function with Pd infection (Cryan et al.
2010, Langwig et al. 2012 Verant et al. 2012, Frick et al. 2017). Although encountered sparingly
throughout this study, no more than 5 individuals were ever captured each year across all sites
after the significant decline from 2012/13 to 2015/16. We see that northern long-eared bat
populations are continuing to decline several years after Pd invasion, although perhaps
populations could be stabilizing at a mere fraction of their historic numbers, similar to what has
been predicted for other species highly susceptible to WNS (Langwig et al. 2016). While
northern long-eared bat winter populations are difficult to survey given their roosting
preferences, the fraction of active bats that are still encountered during winter could hint that this
species may be persisting undetected within hibernacula (Caceres and Barclay 2000).

Given that bats largely disappeared during later years of the study, fungal load and
prevalence of Pd estimates for highly susceptible species (i.e., Indiana bats, tri-colored bats, and

northern long-eared bats) may be skewed towards characteristics of Pd load and prevalence seen
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in early hibernation (~October) when most individuals of these species were captured. However,
results from this study provide further evidence that WNS continues to negatively impact
populations of highly susceptible bat species well into pathogen establishment in the
southeastern U.S. This research demonstrates that capture rate decreases in susceptible species in
the region began within three years of initial Pd invasion. Continued study of bat activity during
the hibernation period in the southeast could also provide insight on the mechanism by which

species with stable rates of activity during the winter are coping compared to others.
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APPENDIX 1

Tables

Table 2.1. Number of bats (no.) transilluminated with ultraviolet (UV) light that fluoresced (UV positive [UV+]) and did not
fluoresce (UV negative [UV-]) at four cave hibernacula in Tennessee over five hibernation seasons (October 1-April 30),
2012/13-2017/18. Fluorescence indicates infiltration of the wings or tail membrane by Pseudogymnoascus destructans the fungal
agent of white-nose syndrome (WNS), and WNS manifestation.

UV Status
2012/13 2013/14 2015/16 2016/17 2017/18
Species Uv+ UV- Total UV+ UV- Total UV+ UV- Total UV+ UV- Total UV+ UV- Total

Eastern small-
footed bat (Myotis 0 12 12 1 49 50 0 61 61 0 47 47 0 13 13
leibii)

Gray bat (Myotis
grisescens)

N
w
N
N

150 152 0 113 113 0 38 38 0 20 20

Indiana bat (Myotis
sodalis)

ol
SN
o

12 10 22 7 25 32 4 0 4 0 25 25

Northern long-eared
bat (Myotis 6 42 48 26 25 51 3 2 5 1 0 1 1 1 2
septentrionalis)

Tri-colored bat
(Perimyotis 1 7 8 5 26 31 15 0 15 16 1 17 3 1 4
subflavus)
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Table 2.2. Number of bats (no.) captured at four cave hibernacula in Tennessee found positive (Pd+) and negative (Pd-) for
Pseudogymnoascus destructans, the fungal agent of white-nose syndrome, over five hibernation seasons (October 1-April 30),
2012/13-2017/18.

Pd Status
2012/13 2013/14 2015/16 2016/17 2017/18
Bat Species Pd+ Pd- Total Pd+ Pd- Total Pd+ Pd- Total Pd+ Pd- Total Pd+ Pd- Total

Eastern small-
footed bat (Myotis 19 24 43 23 28 51 6 56 62 22 25 47 5 29 34
leibii)

Graybat (Myotis ;405 198 32 120 152 9 104 113 7 42 5 9 29 38
grisescens)
Indianabat (Myotis 59 13 49 14 8 22 8 24 32 4 0 4 13 91 104
sodalis)

Northern long-
eared bat (Myotis 79 29 108 45 9 54 4 1 5 1 0 1 4 1 5
septentrionalis)

Tri-colored bat
(Perimyotis 55 16 71 20 12 32 15 0 15 16 1 17 5 26 31
subflavus)
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Table 2.3. Mean loads (logiong) of Pseudogymnoascus destructans, the fungal agent of white-nose syndrome, on bats captured at
four cave hibernacula in Tennessee over five hibernation seasons (October 1-April 30), 2012/13-2017/18.

Pd Load (x + SE)*"

Species 2012/2013 2013/2014 2015/2016 2016/2017 2017/2018
Eastern small-

footed bat (Myotis -4.426 + 0.193a1 -4.619 + 0.191a1 -4.467 £ 0.152a1 -4.796 + 0.106a1 -4.258 + 0.461a1
leibii)

grriizsk(’;tng;"yo“s 4868+0151a1  -4.912%0091a1  -5177+0.044a1  -5.280+0035x1  -4.864 +0.181a1
lgg';lrl‘; bat (Myolis 5 645+ 0111as  -3.107 £ 0.292a05  -2.99 + 0.376a25  -2.862+0.287as2  -5.079 % 0.06081
Northern long-

eared bat (Myotis -2.469 + 0.133a2 -2.579 £ 0.183a2 -2.148 + 0.274a -1.367 £ 0.0004:2 -1.473 £ 0.30642
septentrionalis)

Tri-colored bat

(Perimyotis -2.349 + 0.093a -2.348 + 0.238a:3 -2.558 + 0.1975:3 -2.475 +0.222a -3.142 + 0.9094-»
subflavus)

2x + SE in the same row followed by the same uppercase letter not significantly different (P >0.05).
b % + SE in the same column followed by the same number not significantly different (P >0.05).
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Table 2.4. Mean loads (logiong) of Pseudogymnoascus destructans, the fungal agent of
white-nose syndrome, on bats captured at cave hibernacula in Tennessee during three
hibernation periods (i.e., early [October 1-November 30], mid [December 1-February 28],
and late [March 1-April 30]), 2012/13—-2017/18.

Species

Pd Fungal Load (x + SE)*®

Early Hibernation

Mid Hibernation

Late Hibernation

Eastern small-footed bat
(Myotis leibii)

Gray bat
(Myotis grisescens)

Indiana bat
(Myotis sodalis)

Northern long-eared bat
(Myotis septentrionalis)

Tri-colored bat
(Perimyotis subflavus)

-5.021 + 0.260a:1

-5.172 £ 0.042a1

-4.369 + 0.256a:2

-4.665 + 0.343a:1,2

-3.114 + 0.338a:2

-4.501 + 0.1298:1

-4.801 + 0.160a:1

-2.577 + 0.2618:2

-1.977 + 0.0888:3

-2.389 £ 0.0978:3

-4.611 + 0.133g:1

-4.985 + 0.067a:2

-2.755 + 0.098g:3

-2.959 +0.177c:3

-2.214 £ 0.1098:4

2x + SE in the same row followed by the same uppercase letter not significantly different (P >0.05).
b % + SE in the same column followed by the same number not significantly different (P >0.05).
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switching during winter has been noted historically and could possibly affect Pd infection
intensity (Langwig et al. 2016, Moosman et al. 2017). Additionally, earlier research has shown
gray bats producing guano throughout winter, which is direct evidence of foraging and energy
intake (Bernard et al, unpublished data). Gray bats, which are already the largest bat included in
this study, could potentially be foraging and supplementing fat reserves with extra caloric intake,
thus preparing themselves to endure the stresses of torpor and Pd infection better than lighter
bats (Kunz et al. 1998, Cheng et al. 2019).

Here, we determined that various species exhibit different winter activity regimes in the
southeastern U.S. post-WNS establishment. Unfortunately, a small sample size of radio-tagged
tri-colored and eastern small-footed bats likely affected the significance of our results. More data
is needed to elucidate what activities are occurring during hibernation, as well as the potential
impact of these activities on susceptibility to WNS. Our data will help natural resource managers
make informed management decisions regarding WNS-affected species in that we have
established bats are active at cave entrances during hibernation. Cave and immediate area
closures could reduce stress on bats active and roosting at hibernacula entrances, thus possibly
affecting overwinter survivorship. Additionally, establishing what eastern small-footed bats and
gray bats do during their arousals could help researchers infer how winter activity may help these
species persist. Research similar to ours should be replicated in other areas of our focal species’
ranges to see how our trends are reflected geographically. In doing so, researchers may better
isolate how species may fare range-wide with WNS.
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APPENDIX 2

Tables

Table 3.1. Number of temperature sensitive radio transmitters applied to four target bat
species, and the number of transmitters subsequently detected by radio telemetry receivers, as
part of a study examining torpor behavior of bats during hibernation (November 1-March 31)
of 2016/17-2018/19.

Number of Transmitters (no.)

Applied Detected
Species Male Female Male Female
Eastern small-footed bat
(Myotis leibii) 12 6 1 1
Gray bat
(Myotis grisescens) 20 ! S 3
Indiana bat
(Myotis sodalis) 8 1 0 9
Tri-colored bat 15 3 5 0

(Perimyotis subflavus)

87



Table 3.2. Mean torpor bout length (hours) of four bat species tracked with temperature-
sensitive radio transmitters at five cave hibernacula in Tennessee during hibernation
(November 1-March 31) of 2016/17-2018/19.

Species Torpor bout length (hours; x + SE)?
Eastern small-footed bat

(Myotis leibii) 37.667 + 26.891a

Gray bat

(Myotis grisescens) 162.133 £ 48.791A

Indiana bat

(Myotis sodalis) 260.667 +41.332a
Tri-colored bat
(Perimyotis subflavus) 86.300 + 44.650a

2x + SE in the same column followed by the same uppercase letter not significantly different
(P >0.05).
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Table 3.3. Mean torpor bout index (no. of torpor bouts/no. of days a radio transmitter was
detected) and arousal frequency index (no. of arousals/no. of days a radio transmitter was
detected) of four bat species at five cave hibernacula in Tennessee during hibernation
(November 1-March 31) of 2016/17—2018/19.

Index (x + SE)*

Species Torpor Bout Index Arousal Frequency Index
(E@tgtr:; Tg;gi'i')-fomed bat 0.654 + 0.3464 1.231 £ 0.7694
EEI\;I{;I)(gtti);JI tgrisescens) 0:304£0.203e D920
Erl\]/(ljyi/g?ii Iggglalis) 0.097+0.015 DL 008
Tri-colored bat 0.282 + 0.1344a5 0.389 £ 0.167a8

(Perimyotis subflavus)

2x + SE in the same column followed by the same uppercase letter not significantly different
(P >0.05).
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Table 3.4. Number of individuals (no.) of four bat species implanted with passive integrated transponder (PIT) tags at three cave
hibernacula in Tennessee over three fall swarm (August—October) and spring staging seasons (April), 2016/17-2018/19.

Number of PIT tags Deployed (no.)

Cave 2016/2017 2017/2018 2018/2019
Species Hibernacula M F M F M F
Eastern small-footed bat Blount 1 0 4 0 5 0
(Myotis leibii) Campobell - - 35 31 41 39
Hawkins 0 0 0 0 0 0
Gray bat Blount 0 0 0 0 0 0
(Myotis grisescens) Campobell - - 0 0 0 0
Hawkins 343 15 684 29 684 29
Indiana bat Blount 185 11 300 13 310 13
Myotis sodalis Campobell - - 27 3 29 3
Hawkins 19 2 22 3 22 3
Tri-colored bat Blount 11 2 35 7 39 8
Perimyotis subflavus Campobell - - 62 9 99 15
Hawkins 1 0 6 1 6 1
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Table 3.5. Mean monthly activity frequency of four bat species detected entering and exiting three hibernacula in Tennessee from
passive integrated transponder (PIT) tag detections during hibernation (November 1-March 31) 2016/17—-2018/19.

Activity Frequency (X + SE)®P

Species November December January February March

Eastern small-
footed bat (Myotis 1.000 + 0.000 a1 0.524 + 0.0064:1 0.217 £0.032a81  0.984 £0.016apc1 0.984 + 0.016a8.c1

leibii)

Gray bat (Myotis 0.033 + 0.009:2 0.002+0.001g2  0.005+0.001ag2  0.012 +0.004ap2  0.159 + 0.0351c:
grisescens)
Indiana bat (Myotis

sodalis) 0.428 +0.253a:3 0.000 + 0.0008:2 0.000 * 0.000g:3, 0.011 +0.007¢:2 0.0537 £ 0.011p>

Tri-colored bat
(Perimyotis 0.024 +0.0244:2 0.024 + 0.024a23 0.063 + 0.0325:12 0.487 +0.275¢c1 0.703 + 0.248¢1

subflavus)

8x + SE in the same row followed by the same uppercase letter not significantly different (P >0.05).
b¥% + SE in the same column followed by the same number not significantly different (P >0.05).
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Table 3.6. Mean activity length (hours) of four bats species from passive integrated
transponder (PIT) tag detections at three cave hibernacula in Tennessee during the hibernation
(November 1-March 31), 2016/17-2018/19.

Bat Species Activity Length (hours; x + SE)?
Eastern small-footed bat

(Myotis leibii) 0.792 £ 0.087a

Gray bat

(Myotis grisescens) 1.169 +0.195g

Indiana bat
(Myotis sodalis) 1.591 £ 0.633a8
Tri-colored bat 1531 £ 1281an

(Perimyotis subflavus)

8x + SE followed by the same uppercase letter not significantly different (P >0.05).
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Figures

Figure 3.1. Tennessee state map showing the location of five cave hibernacula used in a study
examining winter activity regimes of four species of cavernicolous bats during the hibernation
(November 1-March 31), 2016/17-2018/19. Study counties with passive integrated transponder
(PIT) tag systems and radio telemetry stations are depicted in gray. Counties in green only had
radio telemetry systems. Black dots ( e ) shows the approximate location of each cave
hibernacula.
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Figure 3.2. 15-meter long passive integrated transponder (PIT) antennas attached to a PIT tag
reader/data-logger (1S1001 Cord Antenna System, Biomark, Inc., Boise, ID) with an external
power source. Each antenna system was constructed in a unique, cave-specific fashion in order to
increase coverage and decrease obstruction in front of hibernacula entrances. Shown here are A.)
Hawkins Cave, B.) Campbell Cave, and C.) Blount Cave.
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Figure 3.3. Mean torpor bout length (hours) of four bat species tracked with temperature-
sensitive radio transmitters at five cave hibernaculum in Tennessee during hibernation
(November 1 — March 31) of 2016/17-2018/19. Dots above plots represent outlying data.
“Boxplot data followed by the same uppercase letter not significantly different (P >0.05).
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Figure 3.4. Mean skin temperatures (°C) during arousal events and torpor bouts of four target bat
species tracked with temperature-sensitive radio transmitters at five cave hibernaculum in
Tennessee during hibernation (November 1-March 31) of 2016/17-2018/19. Dots above plots
represent outlying data.

*Boxplot data followed by the same uppercase letter not significantly different (P >0.05).
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Figure 3.5. Mean activity length (hours) of four bat species as detected from Passive Integrated
Transponder (PIT) tag detections at three cave hibernacula in Tennessee during the hibernation
seasons of 2016/17-2018/2019. Dots above plots represent outlying data.

*Boxplot data followed by the same uppercase letter not significantly different (P >0.05).
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CHAPTER 4:
CONCLUSIONS
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In this thesis, we were interested in observing characteristics among bats living with
Pseudogymnoascus destructans (Pd), the causal agent of white-nose syndrome (WNS).
White-nose syndrome is a deadly fungal disease found in cave-roosting bats that has
currently killed over 6-million bats in North America. We investigated the dynamics of Pd,
with a focus on fungal load and prevalence, as well as the capture rates of five bat species
from initial Pd invasion through early establishment at hibernaculum. Additionally, we
characterized various aspects of hibernation activity (i.e., torpor and arousal bout lengths,
skin temperatures during torpor and arousal, activity frequency, and activity length) of four

species of cave-roosting bats in Tennessee.

We found that that three bat species, the Indiana bat, the northern long-eared bat, and the
tri-colored bat, had very high susceptibility to Pd from invasion through early establishment,
with slight fluctuations among years. These same species also saw severe declines in capture
rates at principal hibernacula during this study. The other two species included in our study,
the gray bat and the eastern small-footed bat, exhibited low susceptibility to Pd and stable

capture rates throughout the study.

When looking at hibernation activity, we found different behavior among our four target
bat species included in my study. Eastern small-footed bats had the highest activity frequency
throughout hibernation, as well as high skin temperatures during torpor and arousal, short
torpor bouts, and frequent arousals from torpor. Gray bats exhibited low activity frequency,
low skin temperatures during torpor and arousal, long torpor bouts, and frequent arousals
from torpor. Tagged Indiana bats were not active at hibernacula entrances from December—
late February, had medium-range skin temperatures during torpor and arousal, had very long
torpor bouts, and did not arouse frequently from torpor. Lastly, tri-colored bats had high
activity frequency during February—March, medium-range skin temperatures during torpor

and arousal, short torpor bouts, and frequent arousals from torpor.

Differences in hibernation activity could explain differences in susceptibility to Pd,
however, more research is needed to explore these relationships. Species with low
susceptibility to Pd, (i.e., the eastern small-footed bat and the gray bat) exhibited higher rates
of activity during hibernation compared to species with high susceptibility to Pd (i.e., the

Indiana bat and the tri-colored bat). Further exploration into the nuances of potential
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relationships between susceptibility to Pd and hibernation activity could help researchers
understand species’ differences in susceptibility to Pd and ultimately develop mitigation

strategies targeting Pd resistance.
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