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Abstract

Emerging infectious diseases have resulted in severe population declines across diverse taxa. In some instances, despite attributes

associated with high extinction risk, disease emergence and host declines are followed by host stabilization for reasons that are

frequently unclear. While host, pathogen, and the environment are recognized as important factors that interact to determine

host-pathogen coexistence, they are often considered independently. Here, we use a translocation experiment to disentangle the

role of host traits and environmental conditions in driving the persistence of remnant populations a decade after they declined

70-99% and subsequently stabilized with disease. While survival was significantly higher than during the initial epidemic within

all sites, protection from severe disease only existed within a narrow environmental space, suggesting host traits conducive to

surviving disease are highly environmentally dependent. Ultimately, population persistence following pathogen invasion is the

product of host-pathogen interactions that vary across a patchwork of environments.
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ABSTRACT

Emerging infectious diseases have resulted in severe population declines across diverse taxa. In some in-
stances, despite attributes associated with high extinction risk, disease emergence and host declines are
followed by host stabilization for reasons that are frequently unclear. While host, pathogen, and the envi-
ronment are recognized as important factors that interact to determine host-pathogen coexistence, they are
often considered independently. Here, we use a translocation experiment to disentangle the role of host traits
and environmental conditions in driving the persistence of remnant populations a decade after they declined
70-99% and subsequently stabilized with disease. While survival was significantly higher than during the
initial epidemic within all sites, protection from severe disease only existed within a narrow environmental
space, suggesting host traits conducive to surviving disease are highly environmentally dependent. Ulti-
mately, population persistence following pathogen invasion is the product of host-pathogen interactions that
vary across a patchwork of environments.

INTRODUCTION

Emerging infectious diseases of wildlife have resulted in severe mortality events and regional to complete ex-
tinctions of host populations1–6. In some instances, the presence of pathogen reservoirs, frequency-dependent
transmission, and small pre-epidemic host population sizes suggest that host species will be driven to
extinction7. Additionally, high initial host population declines leave remnant populations more vulnerable to
stochastic and Allee effects that increase the likelihood of host extinction7–9. However, following the initial
epidemic and population declines, some host populations stabilize and persist for unknown reasons3,10,11. For
example, population persistence has been observed in several important disease systems including amphibians
impacted by chytridiomycosis10–14, Tasmanian devils impacted by facial tumor disease15–18, birds impacted
by avian malaria19, and bats impacted by white-nose syndrome3,20. While initial evidence suggested that
these host populations would be extirpated by infectious disease, some populations have stabilized despite
infection prevalence remaining high while others continue to decline or have gone extinct3,5,26,10,11,16,21–25.

Potential drivers of host-pathogen coexistence include the evolution of host resistance, tolerance,
and/or general vigor27–35, environmental refugia from infection or severe disease36–41, host demographic
compensation13,42–45, density-dependent transmission46–49, and attenuation of pathogen virulence50–55.
However, studies investigating host coexistence with virulent pathogens frequently focus on a single aspect
of the host-pathogen-environment interaction, which may provide incomplete information on how host pop-
ulations actually persist with disease. Given that many mechanisms of host population persistence include
interactions between hosts and the environment, which may change as pathogen invasion progresses, under-
standing these interactions is essential for identifying the conditions necessary for host-pathogen coexistence
following the invasion of a virulent pathogen.

White-nose syndrome (WNS) is an infectious disease of bats caused by the fungal pathogen Pseudogym-
noascus destructans 56–58. In North America, the disease was first detected in New York state in 200659

and has since resulted in large mortality events and regional extinctions of once common bat species3,21,24.
Bats become infected with P. destructans upon entering hibernacula in the fall60, and both indirect and
direct transmission result in widespread infection early in the seasonal epidemic22,56,60,61. An environmental
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pathogen reservoir is established following the introduction of the pathogen to a hibernaculum22,62 and most
populations decline greater than 90%, often resulting in complete local extirpations3,63. However, bats that
survive hibernation emerge onto the landscape in spring and clear infection60,64,65.

The growth of P. destructans is sensitive to environmental temperature66 and humidity67, resulting in
environmental trends in population declines such that populations and species roosting in warmer and wetter
environments have more severe declines3,24,68–70. However, several years following pathogen introduction,
some colonies of little brown bats (Myotis lucifugus ) in the northeast United States stabilized at 5-30% of
their pre-epidemic population size following cumulative regional declines of 96%3,21,23,71,72 despite infection
prevalence remaining high72. The isolate ofP. destructans collected from bats following its introduction to
North America reproduces asexually73,74, and genetic evidence indicates the pathogen has changed little
since the initial introduction73,75, suggesting virulence attenuation is not likely the principal driver of host-
pathogen coexistence in this system. Additionally, the abiotic pathogen reservoir within hibernacula sustains
a high prevalence of infection regardless of colony size, suggesting density-dependent transmission is also not
a driver of population persistence22,60,76,77. Compared to colonies undergoing epidemic conditions on the
invasion front, bats in persisting colonies display slower on-host pathogen growth rates, potentially a signature
of host resistance72. However, persisting colonies also utilize colder hibernacula3,69, so lower pathogen growth
rates may be a product of temperature operating independently of host characteristics.

The relative role of host traits and environmental conditions in driving the persistence of little brown bat
populations impacted by WNS is still unclear. Understanding the factors driving host persistence will
provide empirical support for general theory on host coexistence with virulent pathogens and much needed
information on this important and devastating wildlife disease. Ten years following the introduction of
P. destructans and subsequent colony declines, we conducted a fully factorial translocation experiment to
understand the mechanisms of population persistence. We leveraged the variable environmental conditions
in hibernacula (Fig. 1, Supplemental Fig. 1, 2) and a previously conducted translocation experiment early
in the epizootic to disentangle the relative roles of host traits and environmental conditions in driving disease
severity and ultimately population persistence.

RESULTS

Summary

Bats were translocated between two hibernacula with persisting colonies as well as to one hibernaculum
previously extirpated of bats by WNS (Fig. 1). Bats were caged within each site, where they remained for the
duration of winter, allowing us to quantify disease severity from the same individuals at both the beginning
and end of hibernation. In all three sites, survival observed during the translocation experiment was higher
than that observed within the same sites during the initial epidemic. This suggests little brown bats in
persisting colonies have unique host traits that promote surviving infection with P. destructans . However,
disease severity and subsequently survival varied across the three hibernacula, suggesting environmental
conditions interact with host traits to ultimately drive persistence.

Pathogen growth rate

At the time of collection in early hibernation, 88.89% (n=40) of individuals from Persisting 1 (Cold + Dry)
had detectable P. destructans from swab samples, as did 97.78% (n=44) from Persisting 2 (Cold + Wet).
All cages in each site had at least one infected bat at the beginning of the experiment. Additionally, at the
time of collection, bats captured in Persisting 1 (Cold + Wet) had higher pathogen loads than bats that
originated in Persisting 2 (Cold + Dry) (generalized linear model with gamma error distribution and log
link function: β = 1.371 ± 0.428 SE, p = 0.002; Supplemental Fig. 3).

Over the course of the experiment, the highest on-host pathogen growth rates were recorded in the previously
extirpated site (Warm + Wet), which was at least 4° C warmer than either of the two persisting sites, on
average. Pathogen growth rates in Persisting 2 (Cold + Wet) were slightly higher than in Persisting 1 (Cold
+ Dry), likely attributable to the 1° C warmer and more humid conditions in the former. We also detected an
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interactive effect of origin site (the site from which bats were collected at the beginning of the experiment)
and translocation site on the pathogen growth rate, such that within the previously extirpated site (Warm +
Wet), bats originating in Persisting 2 (Cold + Wet) had lower pathogen growth rates than bats that originated
in Persisting 1 (Cold + Dry) (Fig. 2; Supplemental Table 1). Correspondingly, we detected an interactive
effect of average roosting temperature and origin site on pathogen growth rate (Fig. 2; Supplemental Table
2). Across all bats, the pathogen growth rate increased with average roosting temperature, consistent with
the sensitivity of P. destructans to ambient thermal conditions24,66. However, due to the effect of origin site,
the estimated relationship between average roosting temperature and pathogen growth rate was positive for
bats that originated in Persisting 1 (Cold + Dry) but did not increase for bats that originated in Persisting
2 (Cold + Wet) (Fig. 2). Interestingly, we observed a decrease in pathogen loads on five bats in Persisting 1
(Cold + Dry), four in Persisting 2 (Cold + Wet), and one in Extirpated (Warm + Wet).

Infection severity and host body condition

The degree of tissue invasion and weight loss varied across the three sites (Fig. 3). Corresponding to the
temperature-dependent pathogen growth rate, the severity of infection at Extirpated (Warm + Wet) was
significantly higher than that observed at the similarly wet site, Persisting 2 (Cold + Wet) (Fig. 3A; Supple-
mental Table 3). However, contrary to the temperature-dependent pathogen growth rate observed, bats at
Persisting 1 (Cold + Dry) displayed significantly higher infection severity than that observed at Persisting 2
(Cold + Wet) and did not significantly differ from that observed in Extirpated (Warm + Wet). This pattern
of tissue invasion was mirrored by the degree of weight loss observed across the sites, as bats in Persisting
2 (Cold + Wet) had lower weight loss compared to either of the other sites (fig. 3B; Supplemental Table
4). The particularly dry conditions within Persisting 1 (Cold + Dry) may have resulted in the deviation
from the temperature-pathogen growth relationship, exacerbating infection severity and weight loss despite
a relatively low level of pathogen growth.

Survival

The highest survival was observed in Persisting 2 (Cold + Wet) (29 survivors of 30, 96.67% surviving),
mirroring the pattern of infection severity and host body condition (Fig. 4; Supplemental Table 5). The
lowest observed survival occurred in Persisting 1 (Cold + Dry) (12 survivors of 30, 40% surviving) while
Extirpated (Warm + Wet) displayed an intermediate level of survival (24 survivors of 30, 80% surviving).
We found no effect of early hibernation body mass on survival (Supplemental Table 6). The higher degree
of mortality at Extirpated (Warm + Wet) may have been related to the high pathogen growth rate within
the site, while the high mortality at Persisting 1 (Cold + Dry) may be attributable to the particularly dry
conditions, which appeared to exacerbate infection severity. Additionally, low humidity conditions increase
evaporative water loss during infection with P. destructans 78, so the high degree of mortality within the cold
and dry site may be attributable to the high infection severity driving higher rates of water loss78–84. However,
in all sites, the level of survival observed was higher than that observed during the initial epidemic within
the same sites, suggesting traits adaptive to surviving WNS are promoting persistence in these populations
(Fig. 4).

An additional line of evidence for adaptive traits promoting persistence in this system comes from a similar
study in 2009 in which bats näıve to WNS were translocated to the same extirpated site used in this study.
In the historical experiment, all experimental bats died within 114 days (compared to 110 days, the length of
this experiment; Supplemental Fig. 4).85 Effectively, this represents two replicates of extirpation within this
site, in which all näıve bats succumbed to disease during the initial epidemic and subsequent re-introduction
in 2009. However, in this translocation experiment, 24 of the 30 (80%) little brown bats we translocated
from persisting colonies to the same extirpated site survived hibernation, suggesting these populations now
have traits adaptive to surviving infection. Additionally, compared to the bats in the extirpated site during
the historical translocation experiment, bats in our study had low disease severity scores as indicated by UV
fluorescence (Supplemental Fig. 5).

Comparisons with free-flying bats
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At the end of the experiment in late hibernation, we sampled free-flying bats found roosting near the cages
within each persisting site. At Persisting 1 (Cold + Dry), we found that free-flying bats had significantly
lower tissue invasion compared to the bats within cages (Fig. 5; Supplemental Table 7). Conversely, free-
flying bats at Persisting 2 (Cold + Wet) displayed a similar degree of infection severity to caged bats within
the same site. Free-flying bats had higher late hibernation body mass than caged bats in both persisting
sites (Supplemental Fig. 6; Supplemental Table 8), and this difference was more pronounced in Persisting 1
(Cold + Dry).

DISCUSSION

Our data suggest that environmental conditions interact with host traits to jointly drive persistence of
host populations. We found evidence for elevated on-host growth of P. destructans with increasing roosting
temperature in bats that originated in Persisting 1 (Cold + Dry), but no relationship in bats that originated
in Persisting 2 (Cold + Wet). Infection severity, host body condition, and survival also appeared to be
influenced by site humidity, with higher disease severity and lower survival associated with over-winter
exposure to the driest conditions in Persisting 1 (Cold + Dry). However, within the dry conditions, bats
sampled from outside of cages in late hibernation displayed significantly lower infection severity compared to
their caged counterparts, whereas no such difference was detected in Persisting 2 (Cold + Wet). This suggests
that bats within Persisting 1 (Cold + Dry) may be utilizing a variety of microclimates and not remaining in
these dry environments for the entire winter period, as the caged bats experienced. Importantly, the survival
we observed during this experiment was significantly higher than survival during the initial epidemic within
the same sites in all cases, as well as during a similar experiment in 2009. Furthermore, we observed declines
in pathogen loads on 10 individuals, nine of which were in persisting sites. These data collectively suggest
that persisting little brown bat colonies in the northeast United States have evolved traits beneficial to
surviving WNS88,89, but that these host traits interact with environmental conditions such that protection
against severe disease and mortality depends to a strong degree on temperature and humidity.

We detected a positive relationship between average roosting temperature during hibernation and on-host
pathogen growth rate. This is corroborated by data from the initial WNS epidemic, where the most severely
impacted colonies were those hibernating in relatively warm hibernacula3. Infection severity and over-winter
weight loss showed a similar trend when humidity was high, with lower values occurring at Persisting 2
(Cold + Wet) compared to Extirpated (Warm + Wet). However, despite the coldest ambient conditions,
infection severity and host weight loss were high under the dry conditions within Persisting 1 (Cold + Dry)
and were comparable to the extirpated site. Under unfavorable ambient conditions, fungal pathogens may
forgo reproduction and instead commit resources to within-host growth and the formation of spores that
can survive stressful conditions. For example,Metarhizium anisopliae is a fungal pathogen of tick eggs that
invades the egg tissue and undergoes growth90,91. Under humid, favorable conditions, the fungus will emerge
from the egg to undergo asexual reproduction. However, under dry, unfavorable conditions, the fungus will
instead remain within the egg host, continue to undergo growth, and produce environmentally resistant
spores91. We suggest that, similarly, exposure to dry conditions of Persisting 1 (Cold + Dry) over winter
were unfavorable to the survival of P. destructans in superficial infections, and that the pathogen augmented
tissue invasion to satisfy moisture requirements, resulting in a high degree of infection severity. Additionally,
evaporative water loss from hibernating bats is highest in dry conditions92,93 and is exacerbated by infection
with P. destructans 78, resulting in dehydration and increased arousal frequency to re-hydrate78–84. Increased
frequency of arousal from torpor drives the premature depletion of fat reserves during hibernation, resulting
in weight loss and starvation58,94. Therefore, the increased tissue invasion and evaporative water loss in
Persisting 1 (Cold + Dry) may have operated synergistically to result in severe disease and ultimately the
lowest observed survival.

Colonies of little brown bats in dry hibernacula may be persisting because of the availability of different
microclimates. Microclimatic conditions are not uniform throughout an entire hibernation site, but vary
with factors such as depth, air flow, and the height of the ceiling95. Recent evidence suggests that bats may
arouse and move to different roosting locations periodically during hibernation96, possibly in response to
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shifting costs associated with hibernation97, which could expose them to a variety of microclimates98. For
example, some data suggest that bats may transition from roosting in relatively warm sections of hibernacula
in early hibernation to the relatively cold sections by late winter96. In our study, bats were unable to select
varying microclimates over the course of hibernation. However, we observed hundreds of little brown bats
roosting in the area surrounding the cages during late winter in Persisting 1 (Cold + Dry), whereas less
than a dozen individuals appeared to use that specific location in early hibernation, suggesting that bats
do not roost in the same location for the entirety of hibernation in this site. Given that disease severity is
highly dependent on environmental conditions within hibernacula, this movement behavior may have been
pre-adaptive to surviving WNS if bats utilize microclimates that mitigate disease severity for at least part
of hibernation. For example, movement within hibernacula may reduce the growth of P. destructans in late
hibernation if bats move to the relatively cold conditions that slow pathogen growth, potentially affording
them enough time to emerge from hibernation in spring and clear infection. Within Persisting 1 (Cold +
Dry), free-flying bats sampled at the end of hibernation had significantly lower infection severity than caged
bats, which is the expected pattern if movement within hibernacula is indeed beneficial to mitigating disease
severity. Furthermore, free-flying bats in both persisting sites had higher late hibernation body masses, and
this was more pronounced in Persisting 1 (Cold + Dry). Behavioral responses that moderate the severity
of disease have also been proposed for snake populations impacted by snake fungal disease99, caused by the
fungal pathogen Ophidiomyces ophiodiicola 100. Snakes infected with O. ophiodiicola exhibit changes to their
behavior that include increased surface activity and more time spent in exposed environments compared to
their disease-free conspecifics99,100, potentially a sign of a behavioral fever response to infection101. However,
we make the important distinction here that because movement within hibernacula was observed in bats
prior to the WNS epidemic, this behavior may have been pre-adaptive to surviving the disease rather than
a direct response to the disease itself. Future research should investigate how the availability and utilization
of varying environmental conditions can influence the dynamics of WNS, and how this may scale up to a
population-level response.

During the initial epidemic, the cold conditions within hibernacula utilized by colonies may have prevented
total colony collapse, allowing standing genetic variation for favorable host traits to propagate3,24,68,70,102.
Previous research has also found genetic evidence from persisting little brown bat colonies indicative of a
selective sweep following the invasion of P. destructans 89,103. However, our data suggest that populations
that appear to have evolved adaptive host traits are only afforded protection within a narrow environmental
space. These processes have the potential to result in local adaptation, in which the evolutionary response of
populations to WNS and the resulting dominant phenotype is specific to the local environmental conditions
of hibernacula104. We detected an effect of origin site on pathogen growth rate within Extirpated (Warm
+ Wet), potentially a signature of local adaptation to differing conditions in source hibernacula. However,
for local adaptation to occur, the strength of selection must be high enough to combat the homogenizing
effects of gene flow105–108, and current genetic evidence suggests a panmictic genetic landscape for bat
populations109–113, but see114,115.

Environmental conditions within hibernacula are sensitive to conditions present aboveground95, and global
climate change has the potential to alter the host-pathogen interaction in this system116,117. Disease severity
is strongly linked to temperature and humidity conditions, as is the protection afforded by unique host traits,
as this study suggests. Therefore, even slight changes to the environmental conditions within hibernacula
may alter host survival within a given site, potentially resulting in more severe disease and higher mortality
if conditions deviate from the environmental space within which bats coexist with the pathogen. Future
research should explore the potential for climate change to impact the disease dynamics of WNS, as well as
the potential for bat populations to respond to shifting conditions.

As P. destructans continues to spread throughout North America, bat population declines and regional
extirpations will continue to occur. However, this study strongly suggests that prior to the invasion of P.
destructans , host traits conducive to surviving WNS circulated in little brown bat populations, which now
offer some colonies imperfect protection from the disease. These host traits do not operate independently
to promote population persistence with WNS, but rather interact strongly with environmental conditions,
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specifically temperature and humidity, to ultimately drive host-pathogen coexistence. Therefore, we should
not expect to see all little brown bat populations across North America stabilize or rebound from declines, but
rather the persistence of colonies with the correct combination of host traits and environmental conditions.

Host population response to the invasion of a virulent pathogen will not be predictable by a single aspect
of the host, environment, or pathogen. Rather, host-pathogen interactions and coexistence will be strongly
mediated by environmental conditions, the result of which may be as variable as the environment itself118,119.
Underlying variation in host and pathogen populations will set the stage for subsequent coevolutionary
processes and the likelihood of coexistence102,120, but this interaction and the resulting host population
response may be influenced by environmental conditions that vary over space and time118,121, as illustrated
by this study. Therefore, to achieve predictability in how emerging infectious diseases will impact host
populations, it is essential to disentangle host-environment-pathogen interactions across a geographic and
temporal mosaic of host-pathogen coevolution.

MATERIALS AND METHODS

Translocation experiment

Two known hibernacula of persisting little brown bat (Myotis lucifugus ) colonies in New York and one
hibernaculum previously extirpated of bats by white-nose syndrome (WNS) in Vermont were used in this
study (Fig. 1). Prior to the beginning of the hibernation season, we installed ten, five-sided reptile cages
(dimensions: 12”W, 18”L, 20”H; ZillaRules, Wisconsin, USA) in known or historical roosting locations
within each site (Supplemental Fig. 7). Each cage was mounted so that the open side was in contact with
the hibernaculum surface, allowing bats to roost directly on the substrate. Cages were mounted high on site
ceilings and were sealed to prevent predation of bats. Poultry waterers were placed in each cage to provide
a water source.

At the beginning of December 2018, in early hibernation, we returned to the two sites of persisting M.
lucifugus colonies in New York. We collected 45 male M. lucifugus from each site and fitted them with a
unique forearm band. Each individual was randomly assigned to both a site and a cage within that site with
3 individual bats from the same origin site sharing each cage. These assignments were in a full factorial
design, such that of the 45 bats collected from each site, 15 were assigned to be caged within the same site,
15 to be caged within the opposite persisting site, and 15 to be caged in the previously extirpated site. We
placed each bat individually in a cloth bag and transported them to their assigned site in a cooler so that
they would remain in torpor and limit energy expenditure. We replicated the transportation disturbance
across all treatment groups. Bats remained in their assigned cages for the duration of hibernation. All
individuals were caged with at least one infected individual. In mid-hibernation, each of the three sites were
visited once to record survival status through visual inspection (Persisting 1: 50 days; Persisting 2: 64 days;
Extirpated: 71 days following initial translocation); no cages were opened or bats handled, as to minimize
disturbance. In March 2019, in late hibernation, 110 days following the initial translocation, we returned to
each of the three sites to collect data and terminate the experiment. We released all surviving individuals
at their site of origin.

Disease severity metrics

Upon returning to each of the three sites, we recorded the survival status of each individual. To calculate
the on-host pathogen growth rate of Pseudogymnoascus destructans , we collected swab samples from each
individual bat in both December 2018 and March 2019 using a standardized swabbing protocol described in
60. Swab samples were preserved in RNAlater until extraction. We used real-time polymerase chain reaction
(qPCR) targeting the multicopy intergenic spacer region of the rRNA gene complex to test swab samples
for the presence of P. destructans DNA122. We measured the quantity of P. destructans DNA in picograms
from each swab sample based on the cycle threshold (Ct) value with a Ct cutoff of 40 cycles and a previously
described standard quantification curve described in 24.

In both December 2018 and March 2019, we weighed each individual bat using an electronic scale. We
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subtracted the late hibernation weight of each individual from their early hibernation weight to calculate the
amount of weight lost over the course of hibernation in grams. Additionally, in March 2019, we collected data
on the severity of tissue invasion by transilluminating both wings of each individual using a 9-watt 368nm
fluorescent light (BRC-100, Way Too Cool LLC, from www.fluorescents.com). Infected tissue fluoresces
orange when exposed to ultraviolet light and has been verified by histology87. During transillumination,
we photographed each wing using a Canon (Tokyo, Japan) EOS Rebel T6 (AF 15-55 mm lens, F-stop 22,
ISO 1600, shutter speed 2.5 seconds, no filter). We used Adobe (San Jose, USA) Photoshop Elements
Editor 15 to quantify the proportion of the plagiopatagium of each wing that displayed orange fluorescence
indicative of infection with P. destructans . We first calculated the total number of pixels encompassed by
the plagiopatagium, excluding bone area or area obstructed by fur. Then, we calculated the total number
of orange pixels within the plagiopatagium. For each bat, pixel values from both wings were summed and
proportions derived from these values. These image analyses were done by an individual blind to the origin
of each bat and the hypotheses and predictions of the study.

Statistical analysis

We conducted all analyses using package “lme4”123 in R v.3.6.0 (R Core Team 2019). We constructed
separate models for each disease severity metric, each of which included an interactive term of site*origin
site (“origin site” was the site from which bats were collected at the beginning of the experiment, whereas
“site” was that within which bats were ultimately caged) as the predictor variable and a unique cage ID as
a random effect. Pathogen growth rate was the only disease severity metric with a significant effect of origin
site, so we report the effect for this metric but drop the origin site term in the other models. In all analyses,
we only used data from alive bats except for analyses on tissue invasion. We did not use pathogen load data
from dead bats because Pseudogymnoascus destructans is a poor competitor on bat carcasses and, therefore,
swab data from dead bats does not accurately convey the pathogen load at the time of mortality.

To measure pathogen growth rate for each individual bat, we subtracted its early hibernation fungal load
value from its late hibernation value to quantify the change in fungal loads. Bats that had no detectable
fungus at the time of swabbing were assigned a value of 4.35e -03 pg (equivalent to a Ct value of 40) for that
swab sample24, or a single P. destructans conidia. We then added a constant of 10 and log10-transformed
the growth rate values. We used a linear regression to assess the differences in change in fungal loads on
bats at each site. Incorporating cage ID as a random effect did not add explanatory power to this model
and was dropped. In addition, to understand the relationship between roosting temperature and the change
in fungal loads, we constructed a separate linear mixed model with the average roosting temperature (data
collected by iButtons within each cage), origin site, and their interaction as fixed effects and cage ID as a
random effect.

To test for differences in the severity of tissue invasion across the sites, we used a logistic regression with
orange pixels indicating infection as successes and non-orange pixels as failures (generalized linear mixed
model with binomial error distribution and logit link function), site as a fixed effect, and cage ID as a
random effect. Additionally, to test for differences in tissue invasion between caged bats and free-flying
bats opportunistically sampled at the end of hibernation in each of the persisting sites, we used a logistic
regression with the same response variable (generalized linear mixed model with binomial error distribution
and logit link function) and site, caging status (caged vs. free-flying), and their interaction as fixed effects.
To explore the differences in weight loss across the three sites, we used a generalized linear mixed model
(gamma error distribution, log link function) with weight loss as the response variable, translocation site
as a fixed effect, and cage ID as a random effect. To test for differences in late hibernation body mass
between caged and free-flying bats in each persisting site, we used a multiple linear regression with body
mass as the response variable and an interaction term of site and caging status as the explanatory variable.
We used a generalized linear mixed model (binomial error distribution, logit link function) to explore the
relationship between early hibernation body mass and survival. Finally, we used a generalized linear mixed
model (binomial error distribution, logit link function) to investigate how survival varied across the sites.
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FIGURES

FIGURE 1: Schematic of the experimental design. Two sites in New York with known persisting colonies
of little brown bats and one site that was previously extirpated of little brown bats were used in this study.
The three sites are referred to as Persisting 1 (Cold + Dry), Persisting 2 (Cold + Wet), and Extirpated
(Warm + Wet). Solid and dashed lines on plots correspond to temperature (Celsius) and vapor pressure
deficit (kPa; higher values correspond to drier conditions), respectively, within each site over the course of
this study. Mean +/- SD of temperature and vapor pressure deficit within each site is shown on each plot.
Sites varied in their environmental conditions, with the persisting sites being colder than the extirpated site
and Persisting 1 (Cold + Dry) being significantly drier than Persisting 2 (Cold + Wet). Persisting 2 (Cold
+ Wet) was similar in its humidity conditions to Extirpated (Warm + Wet). In early hibernation, 45 bats
from each of the persisting sites (n = 90) were collected and randomly assigned a translocation site and cage
(3 bats per cage). The translocation was fully factorial, with 15 bats from each site being caged within the
same site, in the opposite persisting site, or the extirpated site. Bats remained caged within these sites until
late hibernation, when survivors were returned to their site of origin.
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FIGURE 2: Relationship between average roosting temperature and pathogen growth rate on bats. The
shape of data points denotes the persisting site from which individuals originated: Persisting 1 (Cold + Dry)
= circle, Persisting 2 (Cold + Wet) = triangle. The color of data points represents the translocation sites:
Persisting 1 (Cold + Dry) = purple, Persisting 2 (Cold + Wet) = blue, Extirpated (Warm + Wet) = red.
The solid and dotted lines are model estimates for bats that originated in the Persisting 1 (Cold + Dry) and
Persisting 2 (Cold + Wet) sites, respectively. A log10 change in Pd loads value of 1 is associated with no
change in pathogen load from early to late hibernation, and data points above or below this value indicate
an increase or decrease in pathogen load, respectively.

FIGURE 3: The A) proportion of wing tissue displaying signs of infection with Pseudogymnoascus destruc-
tans and B)amount of weight lost over hibernation in bats from each site. Tissue invasion at Extirpated
(Warm + Wet) was higher than that at the similarly humid Persisting 2 (Cold + Wet), suggesting that
the higher fungal growth rate at the extirpated site resulted in greater tissue invasion and ultimately higher
weight loss. The low humidity conditions at Persisting 1 (Cold + Dry) may have driven the observed increase
in tissue invasion despite a lower pathogen growth rate. Low humidity conditions can exacerbate evaporative
water loss from infected tissue, which may have increased arousal frequency and weight loss.
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FIGURE 4: Proportion of bats surviving the initial epidemic (red bars) and 2018 experiment (blue bars)
in each site. Observed survival corresponded to the degree of tissue invasion and weight loss at each site.
Despite the lowest pathogen growth rate, bats in Persisting 1 (Cold + Dry) had a high degree of infection
severity, ultimately resulting in the lowest observed survival. In all three sites, we observed higher survival
in this experiment than during the initial epidemic within the same sites, suggesting that WNS has selected
for host traits suitable to surviving the disease.
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FIGURE 5: Proportion of infected wing tissue as indicated by orange fluorescence on caged and free-flying
bats in each of the two persisting sites86,87. Free-flying bats were opportunistically captured at the end of
hibernation at experiment termination. In Persisting 1 (Cold + Dry), where disease severity in caged bats
was high, caged bats had significantly higher levels of tissue invasion compared to free-flying bats within the
same site. However, this difference was not detected at Persisting 2 (Cold + Wet). This suggests that little
brown bats in the cold and dry persisting site do not roost in dry microclimates for the entirety of hibernation,
but rather move roosting locations periodically, as has been observed prior to the WNS epidemic. Moving
amongst a variety of microclimates in this site may allow this persisting colony to mitigate disease severity.

SUPPLEMENTAL FIGURES

SUPPLEMENTAL FIGURE 1: Inter-site variation in temperature, plotted over time. The average temper-
ature in Persisting 1 (Cold + Dry), Persisting 2 (Cold + Wet), and Extirpated (Warm + Wet) sites was 2.06
°C ± 0.44 SD, 3.07 °C ± 0.57 SD, and 7.11 °C ± 0.18 SD, respectively.
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SUPPLEMENTAL FIGURE 2: Inter-site variation in vapor pressure deficit. White triangles indicate mean
values. Vapor pressure deficit (VPD) is a measurement of the amount of moisture in the air and, given
the temperature, its propensity to either condense or evaporate. Higher values of VPD correspond to
environments in which moisture is more likely to evaporate, indicating a dry environment. The extremely
low VPD values in the persisting cold and wet site and extirpated warm and wet site indicated that the air
was nearly saturated and had a high propensity to condense on surfaces.
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SUPPLEMENTAL FIGURE 3

Early hibernation pathogen loads (picograms of DNA). At the time of capture in December 2018, the
pathogen load on bats that originated at the persisting cold and wet site were higher than those that
originated in the persisting cold and dry site.
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SUPPLEMENTAL FIGURE 4: Comparison of survival observed within the extirpated site during an his-
torical translocation experiment with WNS-näıve bats in 2009 and the contemporary experiment described
in this study. In the historical translocation, mortality occurred in translocated little brown bats much more
rapidly compared to this study. After 114 days in the historical study, all bats succumbed to WNS, whereas
in this study, the majority of bats were alive 110 days into hibernation. This strongly suggests that bats in
persisting colonies have unique adaptations to surviving WNS, driving their colonies’ persistence.

SUPPLEMENTAL FIGURE 5: Density plots of infection severity as indicated by degree of orange fluo-
rescence under ultraviolet light in bats from the historical and contemporary translocation experiments in
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Extirpated (Warm + Wet). A UV score of 0 = no orange fluorescence indicative of infection, 1 = 1-10%
of wing area displays orange fluorescence, 2 = 10-50% of wing area displays fluorescence, and 3 = 50-100%
of wing area displays fluorescence. Following mortality, bats in the historical experiment were histologically
examined and infection severity scored using the following scale: 0 = no fungi suggestive of WNS, 1 = su-
perficial and limited but suspicious of early WNS with hyphae in keratin and randomly into epidermis, but
not yet forming distinctive cupping or dense packets, 2 = more extensive superficial infection with epider-
mal cupping packed with hyphae diagnostic of WNS, 3 = more severe fungal infection with tissue invasion
including epidermal cupping packed with hyphae diagnostic of WNS, 4 = severe infection with tissue and
wing damage worse than 3. To estimate UV score from the historical dataset, we assigned histology scores
of 0 and 1 a UV score of 0, scores of 2 a UV score of 1, scores of 3 a UV score of 2, and scores of 4 a UV score
of 3. Tissue does not display orange fluorescence until infection has been well established, and a histology
score of 2 likely corresponds to when fluorescence will first be detected. Dashed lines correspond to the mean
UV scores in each dataset.

SUPPLEMENTAL FIGURE 6: Late hibernation body mass in both caged and free-flying bats at both of the
persisting colonies. Free-flying bats were sampled from the area of the mine where the cages were installed
at the end of the experiment. At the cold and dry persisting site, where disease severity was high, caged
bats had significantly lower late hibernation body weights compared to free-flying bats.
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SUPPLEMENTAL FIGURE 7: Cage installation in the mines. Ten cages were installed in each site, and
each contained three bats, all males and all having originated in the same persisting site. Each cage had a
poultry waterer at the bottom of the cage to provide access to water as needed. Cages were predator-proofed
by placing them high on ceilings and filling in gaps between cage and substrate with foam sealant.

SUPPLEMENTAL TABLE 1: Model output of a multiple linear regression exploring the role of both origin
site and translocation site on the change in fungal loads over the course of the experiment.
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SUPPLEMENTAL TABLE 2: Model output of a linear mixed effects model exploring the role of both origin
site and average roosting temperature on the change in fungal loads over the course of the experiment.

SUPPLEMENTAL TABLE 3: Model output of a generalized linear mixed model (binomial error distribution,
logit link) used to explore how infection severity differed between sites.
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SUPPLEMENTAL TABLE 4: Model output of a generalized linear mixed model (gamma error distribution,
log link function) used to explore how host body condition differed between sites.

SUPPLEMENTAL TABLE 5: Model output of a generalized linear mixed model (binomial error distribution,
logit link function) used to explore how host survival differed between sites.
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SUPPLEMENTAL TABLE 6: Model output of a generalized linear mixed model (binomial error distribution,
logit link function) used to explore how the relationship between early hibernation body mass and host
survival.

SUPPLEMENTAL TABLE 7: Model output of a generalized linear model (binomial error distribution, logit
link) used to explore how infection severity differed between caged and free-flying bats in each of the two
persisting sites.

SUPPLEMENTAL TABLE 8: Model output of a multiple linear regression used to explore how late hiber-
nation body mass differed between caged and free-flying bats in each of the two persisting sites.
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