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Abstract

Kate E. Langwig

Determining the drivers of species and population extinction in the emerging

infectious disease of bats, white-nose syndrome

Emerging infectious diseases pose a key threat to wildlife, and the number of disease
emergence events is increasing. Despite the importance of disease in wildlife
conservation, understanding the drivers of population and species extinction from
disease has not been tested in an empirical framework. My research incorporates
empirical and theoretical approaches to understand factors that influence pathogen
transmission and disease impacts. Here, we focus on the emerging fungal disease of
bats, white-nose syndrome, which has caused widespread declines in bat populations
across Eastern North America. Our findings highlight the importance of social
behavior, microclimate conditions, and seasonality in driving impacts from this
disease. We find that while seasonal transmission is broadly similar across species,
winter differences in pathogen growth drive variation in species impacts from disease.
Species appear to have different transmission mechanism which influences the
likelihood they will persist in the face of white-nose syndrome. We also identify a
species, the Northern long-eared bat, which is likely to go extinct if rapid
management action is not taken. These data provide critical information needed to
manage wildlife disease epidemics, enabling management action prior to species

extinction.



Introduction

Emerging infectious diseases are a key threat to wildlife, and the number of
disease emergence events are increasing (Daszak et al. 2000, Jones et al. 2008).
Wildlife disease has caused multiple species extinctions, made formerly widespread
and abundant species rare, and has changed the structure of ecological communities
(Smith et al. 2006, Skerratt et al. 2007, Frick et al. 2010, Langwig et al. 2012).
Impacts from emerging infectious disease are determined by transmission of the
pathogen, and species susceptibility to disease given exposure (Kilpatrick et al. 2013).
Non-density dependent transmission, and reservoirs may exacerbate disease impacts
and drive populations and species to extinction (de Castro and Bolker 2005). Despite
the importance of these factors in contributing to extinction from disease, few have
been tested empirically, and never in combination. Most importantly, whether species
are at risk of extinction due to disease has rarely been assessed prior to the loss of the
species, and so management action to save species imperiled by disease is rarely
taken (Langwig et al. 2015).

White-nose syndrome (WNS) is a recently emerged infectious disease that
threatens several species of hibernating bats with extinction (Langwig et al. 2012,
Frick et al. 2015). The disease caused by the fungal pathogen, Pseudogymnoascus
destructans (Blehert et al. 2008, Warnecke et al. 2012), formerly Geomyces
destructans (Minnis and Lindner 2013). Pseudogymnoascus destructans is a
cutaneous fungal infection that causes severe damage to wing tissue and increases

torpor arousal frequency during hibernation (Reichard and Kunz 2009, Warnecke et



al. 2012). Disruption of blood physiology, dehydration, and depletion of fat reserves
may ultimately result in the morbidity and mortality caused by WNS (Warnecke et al.
2013). Pseudogymnoascus destructans grows optimally between 7-14°C (Verant et
al. 2012), causing severe mortality during winter hibernation when bats roost at cool
temperatures (Lorch et al. 2011).

Several unique characteristics of bats may have contributed to the exceedingly
high mortality observed in several bat species. Pre-WNS colony sizes varied by four
orders of magnitude (Langwig et al. 2012), and large colony sizes of bats may have
facilitated rapid spread of the disease across eastern North America (Wilder et al.
2011). Some bat species are highly social, forming large clusters during hibernation,
while other species most commonly roost singly or in small groups. During the
winter, bats of several species may roost together in a single hibernaculum, but then
migrate to species and sex segregated colonies during the summer (Barbour and
Davis 1969). Pseudogymnoascus destructans is able to persist for long periods of
time in the absence of bats (Hoyt et al. 2014) in hibernacula sediments (Lorch et al.
2013). This variation in sociality, contact with potential reservoirs, and magnitude of
disease impacts provides a powerful opportunity to empirically test theoretically-
proposed factors influencing transmission, impacts, and extinction in a multi-host
pathogen system, including social behavior, climate, and biotic and environmental
reservoirs.

Social behavior of hosts can greatly influence spread of a pathogen through a

community of hosts. For pathogens where infected hosts infect the same number of



individuals regardless of population size (often termed “frequency-dependent
transmission” or “non-density dependent transmission”), host extinction is more
likely because pathogens will continue to be transmitted at low population densities
(Getz and Pickering 1983, Lockhart et al. 1996). Frequency-dependent transmission
is thought to occur when hosts seek out each other, either to mate, or to aggregate in
social groups. The resulting contact can maintain high transmission despite
population declines (Anderson and May 1991, Lloyd-Smith et al. 2005, Nunn et al.
2008, McCallum et al. 2009). If social behavior among hosts carries risks of lethal
disease, then these risks may potentially outweigh the benefits of sociality. Small
bodied mammals like bats have to maintain a high mass specific metabolic rate to
keep their body temperature stable, and roosting with many individuals can help to
defray these energetic costs. However, in WNS, there may be strong selective
pressure from the disease for bats to reduce social group sizes, although doing this
during hibernation may come at a high physiological costs (Boyles et al. 2008).
Impacts of disease are also influenced by climate, which can affect both the
susceptibility of hosts as well as pathogen transmission. Climatic conditions can
influence transmission by affecting persistence or growth of the pathogen (Shaman et
al. 2010), and can influence host physiology or immune function and thereby host
susceptibility (Raffel et al. 2013). Environmental conditions that physiologically
favor hosts may also favor growth of the pathogen, as is the case in P. destructans
which grows best at the cool temperatures at which bats hibernate to save energy

during the winter (Verant et al. 2012).



Seasonal changes in climate and habitat use by hosts may influence both the
environmental conditions experienced by the pathogen and host, as well as induce
changes in host population sizes and contact rates as animals migrate to new foraging
grounds, breed, or give birth (Altizer et al. 2006). Seasonal timing of epidemics is
frequently associated with an influx of susceptible individuals into the host-pathogen
system through births (George et al. 2011). Seasonal epidemics may also be driven by
contact with environmental reservoirs, as seasonal changes in use of habitats by hosts
can influence host contact with infective environmental stages. Presence of
environmental reservoirs can substantially influence disease dynamics by providing a
constant source of reinfection and therefore increase likelihood of host extinction (de
Castro and Bolker 2005) as infection continues even as hosts become rare.

The diverse ecological and evolutionary pressures that drive disease dynamics
make predicting general factors influencing disease impacts and species extinction
difficult to discern and test in an empirical framework. As pathogens exploit new
ecological niches, they may take advantage of new growing conditions, new hosts,
and new routes of transmission. Host responses to pathogen invasion may also vary
among host species and populations, and across space. Disease dynamics may drive
hosts extinct before evolution can occur, or because demographic or genetic factors
cause hosts to spiral down the extinction vortex (Courchamp et al. 1999). In my
dissertation | empirically test theoretical predictions of how pathogens impact host
populations and species to identify species that are at greatest risk of extinction and

guide management action to prevent the loss of species.
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LETTER

Sociality, density-dependence and microclimates determine the
persistence of populations suffering from a novel fungal
disease, white-nose syndrome

Kate E. Langwig,"2*

Winifred F. Frick,? Jason T. Bried,?
Alan C. Hicks,* Thomas H. Kunz'
and A. Marm Kilpatrick?

Abstract

Disease has caused striking declines in wildlife and threatens numerous species with extinction. Theory
suggests that the ecology and density-dependence of transmission dynamics can determine the probability of
disease-caused extinction, but few empirical studies have simultaneously examined multiple factors influenc-
ing disease impact. We show, in hibernating bats infected with Geomyces destructans, that impacts of disease on
solitary species were lower in smaller populations, whereas in socially gregatious species declines were equally
severe in populations spanning four orders of magnitude. However, as these gregarious species declined, we
observed decreases in social group size that reduced the likelihood of extinction. In addition, disease impacts
in these species increased with humidity and temperature such that the coldest and driest roosts provided
initial refuge from disease. These results expand our theoretical framework and provide an empirical basis for
determining which host species are likely to be driven extinct while management action is still possible.

Keywords
Adaptive management, climate change, conservation, density-dependent transmission, disease ecology,
emerging infectious disease, endangered species, frequency-dependent transmission, Geomyces destructans, my-

otis, white-nose syndrome.

Fcology Letters (2012)

INTRODUCTION

Novel pathogens introduced to naive host communities can have
devastating effects on wildlife populations, drive species to extinc-
tion and thereby decrease biodiversity (Daszak e a/ 2000; Smith
et al. 2006). However, the impact of multi-host pathogens differs
substantially, with some species declining to extinction whereas oth-
ers suffer little mortality (Riper ez a/. 1986; Hatvell e al. 1999; Lips
et al. 2006; LaDeau ¢t al. 2007), and some may even benefit from
disease-caused reductions in competitors or predators (Whitlaw &
Lankester 1994). Variation in behavioural characteristics among spe-
cies can lead to differences in exposure which, combined with varia-
tion susceptibility to mortality from a disease, influence
population-level impacts (Loehle 1995; Altizer e /. 2003; Lloyd-
Smith ez al. 2004; LaDeau e/ al. 2007; Nunn ez al. 2008). The envi-
ronment can also mediate disease impacts through direct influences
on pathogen growth and persistence, or indirect effects on host
physiology and behaviour (Kilpatrick ez /. 2010; Shaman ez a/. 2010)
Previous studies that have examined initial or long-term impacts of

in

disease typically have focused on a single host (Packer ez al 1999;
Hochachka & Dhondt 2000) or have analysed either host or envi-
ronmental factors but rately both (Dwyer e/ al. 1990; Hudson et al.
1998; Lips et al. 2006; LaDeau e al. 2007; McCallum e al. 2009).
This limits strong inference about factors influencing disease-caused
extinction.

Theory suggests that the scaling of pathogen transmission with
population size can determine whether or not a pathogen drives a
host extinct. If transmission increases with the density of hosts,
there may be a threshold density below which the pathogen will die
out and the host may persist (McCallum ¢z 2/ 2001; Fenton ez al.
2002; de Castro & Bolker 2005; Lloyd-Smith e a/. 2005). In contrast,
for pathogens where infected hosts infect the same number of indi-
viduals regardless of population size (often termed ‘frequency-
dependent transmission’), host extinction is more likely because
pathogens will continue to be transmitted at low population densi-
ties (Getz & Pickering 1983; Lockhart e al. 1996). Frequency-depen-
dent transmission is more likely if infectious contacts occur when
hosts seek each other out, cither to mate, or to aggregate in social
groups. These behaviours contact can maintain high transmission
despite population declines (Anderson & May 1991; Lloyd-Smith
et al. 2005; Nunn ez al. 2008; McCallum ez a/. 2009). Empirically test-
ing how sociality influences disease impact would ideally examine
population declines due to a single pathogen in a community of
hosts that co-occur in the same sites, but differ in social aggregation.

White-nose syndrome (WNS) is an emerging infectious disease
caused by Geomyces destructans, a fungus in the family Myxotrichaceae
(Blehert ez al. 2008; Lotch ez al. 2011) that was likely recently intro-
duced from Europe (Puechmaille ¢z a/. 2011; Warnecke e al. 2012).
In North Ametica, G. destructans is known to cause severe mortality
in one formerly common bat species (Frick e a/ 2010), and infect
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at least six species of hibernating bats (Table S1) (Cryan e al. 2010).
WNS is characterised by lesions on flight membranes of bats
(Meteyer et al. 2009) which may disrupt patterns
(Warnecke e# al. 2012) or critical physiological processes and possi-
bly result in death by starvation or dehydration (Ctyan ez al. 2010).
The six species of bats known to be infected with Gd co-occur
in the same sites, and vatry substantially in abundance and sociality.
Average population sizes for colonies (population and colony size

of torpor

are used interchangeably hereafter) of these six species during hiber-
nation vary across four orders of magnitude (Table S1). Cluster
sizes within hibernacula (groups of bats in contact with one
another) can also vary by two orders of magnitude among species
(Barbour & Davis 1969). A key question is whether contact and
transmission rates among bats increase with colony size (i.e. are
density-dependent) or whether social clustering of individuals into
one or more tightly packed groups in some species might result in
similar contact rates in large and small colony sizes (Nunn & Altizer
20006; Streicker ez al. 2012). Clustering with a fixed number of neigh-
bours in gregarious species is likely to result in elevated and con-
stant transmission in highly gregarious species and may lead to
populations declining to extinction (Lockhart ez a/ 1996; de Castro
& Bolker 2005). In contrast, for species that are less likely to form
clusters in hibernacula, contact and transmission among bats is pre-
dicted to be lower in smaller populations and decrease as popula-
tions decline. As a result, disease is less likely to cause extinction in
these species (Lockhart ez a/. 1996; Castro & Bolker 2005).

Susceptibility to mortality from WNS, given exposure, may also
be influenced by microclimate effects on host-pathogen interactions.
G. destructans shows increasing growth across the range of hiberna-
cula temperatures in the northeast USA, 0-15 °C (Gargas e/ al.
2009) and like many other fungi, likely grows better under more
humid conditions. Across the same temperature range, host immune
function, which is greatly reduced during hibernation (Moore e/ al.
2011), would be predicted to increase. Thus, dryer sites would be
hypothesised to have lower disease impacts and increasing roost site
temperature may increase or decrease WNS impacts depending on
whether host or pathogen processes dominate.

Here we examine how colony size, sociality and environmental
conditions (temperature and humidity) drive patterns of disease
impact. We do so by quantifying the population growth rates of
120 populations of six species of bats in multi-host communities at
37 sites in the northeastern United States before and after the arri-
val of G. destructans. We examine both spatial patterns of population
declines and how they scale with colony size, and temporal changes
in clustering and population growth rates as species decline. Finally,
we investigate how microclimates at roost sites in hibernacula influ-
ence the population growth rate of two declining species.

MATERIALS AND METHODS
Hibernacula surveys

Hibernacula in the New York, Vermont, Connecticut, and Massa-
chusetts were surveyed by trained biologists from state natural
resources departments between 1 December and 10 April in some
years from 1979 to 2010 (Fig. S1). Visual counts were conducted
during hibernacula visits and photographs were used to enhance
survey accuracy. Data on clustering behaviour of the two gregarious
species, little brown myotis (Myotis lucifugus LeConte) and Indiana

© 2012 Blackwell Publishing Ltd/CNRS

myotis (Myotis sodalis Miller and Allen), were collected in New York
by state researchers in an opportunistic subset of 45 populations
prior to WNS detection, and during all (23) census counts begin-
ning in 2009.

Determining the first year of WNS at a site

White-nose syndrome usually causes aberrant behaviour of bats dur-
ing hibernation, including bats prematurely staging at hibernacula
entrances, failure of bats to arouse normally in response to distur-
bance, and diurnal and mid-winter emergence of bats. We used the
best available estimates of year of WNS detection based on reports
of bats emerging onto the landscape in close proximity to hiberna-
cula, and surveys of hibernacula entrances for bat carcasses.
However, sites may have been infected with G. destructans prior to
detection of disease when sites were not surveyed every year.

We determined the sensitivity of our results to uncertainty in
the year of WNS detection by performing analyses with three sets
of arrival years: the most likely year using the information
described above, the latest year of WNS detection, determined by
the first year a hibernacula survey was conducted and symptoms
of WNS were present, and the earliest possible year of WNS
detection. For this last estimate a site was considered infected in a
year if the distance to the presumed site of introduction (Howes
Cave) was less than the distance from Howes cave to the furthest
site known to be infected. Results were qualitatively similar among
all three sets of analyses so we present only the results for the
most likely year.

Estimating pre-WNS growth

We calculated population trends prior to WNS infection using an
average of 9.2 (range: 4-22) hibernacula surveys prior to WNS.
Because counts were not conducted in consecutive years, we used a
regression technique to estimate the log population growth rate.
Here, the dependent variable, y;, and the independent variable, x;,
are given by:

fig1 — 1

and x; =\l — 1; (1)

Ji=

where / is an index for the hibernacula counts, 7 gives the year of
count 7, and /V; is the count in year i The slope of the regression
of y; vs. x; (with the regression forced through the origin) estimates
the log population growth rate, In(4) (Mortis & Doak 2002).

Scaling of WNS impacts with colony size among species

We estimated the population growth rate, 4, for each population of
each species with counts both before and after WNS detection. We
used the single most recent pre-WNS census as a proxy for colony
size prior to onset of WNS infection, which was an average of 3.7
(range: 1-9) years before WNS detection. Our results were qualita-
tively similar if we excluded the two sites that were surveyed 9 years
before WNS detection. For sites where the first post-WNS count
was more than 1 year after WNS detection we calculated the aver-
age yeatly population growth rate, 4, following the arrival of WNS
by adjusting for the number of years between WNS detection at a
hibernacula, and the post-WNS census via:

11
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Here, IV, is the first count post-WNS detection and count, N, is
the most recent prior count before WNS detection, and #, is the
number of years between the first post-WNS detection survey and
the year prior to WNS detection. These values of 4 use just two
population counts and represent a single estimate of population
growth rate pre- and post-WNS detection for each population.
They are thus distinct from the estimates of pre-WNS population
growth rates desctibed above which use multiple counts pre-WNS
detection. We used this approach because, for many populations,
there was only a single count post-WNS detection and thus alter-
nate approaches (e.g. segmented regression) would lack degrees of
freedom to yield improved slope estimates over those given by
eqn 2.

Statistical analysis

We examined the scaling of population declines with population
size using mixed-effects generalised linear models of population
growth rate, A, with a gamma distribution and the canonical inverse
link using function glmmPQL in package MASS (Venables & Ripley
2002) in R v2.15 (R Development Core Team 2012). In these
mixed-effects models we treated site as a random effect, and species
and logy, population size prior to WNS detection as fixed effects.
We added one to zero values of N; because gamma distributions
must be positive. Adding other fixed values or a small fraction of
the pre-WNS count produced qualitatively identical results. We
tested for spatial autocorrelation using Moran’s I and found no sig-
nificant correlations (all 2> 0.2).

For sites where we had counts from several years’ post-WNS
detection, we also analysed temporal variation in the rate of decline
since WNS detection. Residuals from this analysis were not tempo-
rally autocorrelated (£ > 0.05).

We examined changes in roosting behaviour (the fraction of
bats roosting singly) pre- and post-WNS detection for two species
where data were available, little brown myotis and Indiana myotis.
We used a mixed-effects generalised linear model of the number
of bats roosting alone with a binomial distribution, and the canon-
ical logit link using function /Jwer in package lme4 (Bates ef al
2011).

We analysed the influence of temperature on WNS declines of
Indiana and litde brown myotis among hibernacula (data wete
unavailable for other species), and relative humidity for Indiana
myotis (relative humidity data were unavailable for little brown
myotis). We used linear regression on log;, transformed popula-
tion growth rate (results were qualitatively identical using a gener-
alised linear model with a gamma distribution on untransformed
population growth rates). We measured relative humidity and
temperature in hibernacula every 3 h between 1 December and
15 April using Hobo loggers (Onset Corporation, Bourne, MA,
USA) or iButtons (Maxim Inc., Sunnyvale, CA, USA) that were
placed on walls at roosting locations of each species. We could
not include temperature and humidity in the larger analyses
described above, because microclimates of roost locations differ
among species and are pootly correlated with above ground
measurements.

RESULTS
Impacts of WNS on the host community

Prior to WNS emergence, all species were increasing significantly in
abundance (Fig. 1a, Fig. S2, all 2 < 0.05), although confidence inter-
vals for A for individual populations often overlapped 1 (Table S2).
A single species, little brown myotis, dominated pre-WNS hibernacu-
la communities (Fig. S3).

After WNS detection, population growth rates varied significantly
among species, with four species declining significantly and two spe-
cies with log-population growth rates that were not significantly dif-
ferent from 0 (Fig. 1b). For all six species, the growth rates
following WNS detection were significantly lower than the pre-
WNS population trend, and 32 of the 120 bat populations became
locally extinct (Fig. 1, Fig. S2). WNS arrived at sites across a 4 year
span (2007-2010; Figs S1 and S2), and population growth rates dut-
ing the same year were significantly lower at sites where WNS was
present than unaffected sites in the same region (Generalised linear
mixed-effects model with a gamma distribution and inverse link of
population growth rate with site as random effect and species, year
and WNS presence as fixed effects: WNS effect 1.28 £ 0.35,
P = 0.0007), suggesting that declines were more likely due to WNS
than other regional factors such as weather.

The scaling of declines with population size

For all species, population growth rates were unrelated to total
colony size, summed across all species (all P> 0.2). However,
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Figure 1 Population growth rates of bats pre- and post-WNS detection. (a) Box
plot of logyy population growth rates of six hibernating bat species (a) prior to
and (b) after WNS detection. The bold line indicates the median, the box
encompasses the 25-75th percentiles of the data, and the whiskers extend to
points within 1.5 times the inter-quantile range. The dotted grey line indicates
stability and growth rates above/below 0 indicate growing/declining populations.
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within-species density-dependent declines were apparent in two of
the six species. Both tri-coloured bats (Perimyotis subflavus F. cuvier)
and northern long-cared myotis (Myotis septentrionalis Trouessart),
frequently roost solitarily or in small groups within hibernacula
(Barbour & Davis 1969). In these species, declines were larger in
larger pre-WNS populations (Fig. 2; Table S3), and relationships
were strongest and significant only for asymptotic functions of log
(colony size) (all linear relationships: P> 0.2). The x-intercepts of
the fitted relationships imply that populations of tri-coloured bats
would be expected to stabilise at an average of ~6 bats per hiber-
nacula, but populations of northern long-eared myotis are pre-
dicted to go extinct (Fig. 2). In the other four species population
growth rates were unrelated to conspecific pre-WNS population
size. Of these four, the two declining species, little brown and
Indiana myotis, are highly gregarious and roost in large tightly
packed aggregations (Barbour & Davis 1969). In these species
declines were equally severe in populations spanning four orders
of magnitude, consistent with frequency-dependent transmission
(Table S3, Fig. 2), and suggesting that these species might be dri-
ven to extinction by WNS.

We also examined the influence of pre-WNS population size of
all other species on post-WNS population growth rates of a focal
species. All but one of these 30 relationships were non-significant
(all 2> 0.05), and the single significant relationship (tri-coloured
bat declines wete more severe where Indiana myotis were more
abundant) was relatively weak (coef. £ SE: 0.47 £ 0.21; P = 0.04)
compared with the conspecific slope (Table S3), suggesting that this

correlation may have been simply due to chance.

Temporal trends in populations and communities

Temporal analyses of population trends were consistent with predic-
tions based on the spatial patterns of density dependence for three
of the four impacted species (Figs 2 and 3). The rate of decline of
tri-coloured bat populations decreased with time and populations
stabilised at much lower levels 3—4 years post-WNS detection, as
would be predicted if transmission were density-dependent. In con-
trast to this pattern of stabilisation/persistence, but also in agree-
ment with predictions based on spatial patterns (the negative x-
intercept for this species in Fig. 3), 14 populations of northern
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Figure 2 The influence of pre-WNS population size on population growth rate following WNS detection. Fitted lines and asterisks (*) following species names identify
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relationships, which are linear on the inverse scale used in the generalised linear model.
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long-eared myotis became locally extinct within 2 years after WNS
detection and no population remained after 5 years (Fig. 3). Popula-
tion growth rates of Indiana myotis (which exhibited no evidence
of density-dependent declines), showed little evidence for reduced
declines over time (Fig. 3, Table S4). Somewhat surprisingly,
declines of the fourth impacted species, little brown myotis, attenu-
ated significantly over time with most remaining populations reach-
ing stability within 4 years of WNS detection (Fig. 3; Table S4),
despite no spatial evidence of density-dependent declines (Fig. 2).
Amelioration of declines in little brown myotis and the contrast
with continuing declines in Indiana myotis may have been related to
greater changes in social behaviour in littde brown myotis following
declines. Prior to WNS detection, both these species hibernated
almost entirely in clustered aggregations (Fig. 4; fraction roosting
individually: litle brown myots 1.16% % 1.1%; Indiana myotis
0.29% = SE 0.12%). After WNS detection, a significantly higher
fraction of populations of both species roosted individually (little
brown myotis: 44.5% + 9.42%; Indiana myotis 9.6% + 6.1%), but
Indiana myotis, which continued to decline, remained far more
social (Fig. 4; Table S5). For both species, the number of bats
roosting singly after WNS detection was 17 times greater at each
site than before WNS detection, despite greatly reduced population

sizes, implying that individual bats changed clustering behaviour,
rather than disease simply eliminating all but singly roosting
individuals.

Overall, the differential impacts of WNS on different species
resulted in changes in bat community composition pre- and post-
WNS detection with the two least-impacted species, big brown bats
(Eptesicus fusens Palisot de Beauvois) (Wilcoxon signed rank test,
P <0.001) and eastern small-footed myotis (Myotis leibii Audubon
and Bachman) (P = 0.008) making up significantly larger percent-
ages of hibernating bat colonies post-WNS (Fig. S3).

Environmental influences

Across sites within a species, population growth rate of Indiana my-
otis post-WNS detection decreased with the relative humidity at
hibernation sites within a hibernacula, but was unrelated to tempera-
ture (Fig. 5a: univariate linear regression for relative humidity coeffi-
cient + SE: —0.18 + 0.060; P = 0.024; Fig. 5b:
temperature in a multiple regression model with relative humidity:
—0.17 £ 0.13; P = 0.23) and was uncorrelated with total pre-WNS
population size or any two-way interaction terms (all 2 > 0.05). For
populations of litde brown myotis, which roosted across a larger
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Figure 4 Clustering behaviour of little brown and Indiana myotis in hibernacula
before (open symbols) and after (filled symbols) WNS detection. Points show
the fraction of each population of each species roosting individually. A small
amount of random variation was added to each point to show overlapping
symbols.

range of temperatures, the effect of microclimate temperature
was stronger and statistically significant (Fig. 5¢; coef. £ SE:
—0.099 £ 0.034, P=0.017). As for Indiana myotis, population
growth rates at this subset of sites were unrelated to total pre-WNS
population size or interaction with temperature (both P > 0.05). In
summary, populations of both species in the coolest and driest hib-
ernacula were stable in the first year after WNS detection (Fig. 5).

DISCUSSION

In the past three decades a number of pathogens have invaded new
regions and caused declines across entite communities of hosts
(Riper et al. 1986; Lips et al. 2006; LaDeau ez al. 2007). An outstand-
ing question is which factors determine whether or not disease will
cause extinctions, and which populations or species will persist?
Although theory has identified several potentially important factors
(Castro & Bolker 2005), empirical analyses of disease impacts on
multiple host species infected with the same pathogen and varying
in sociality are absent, despite the importance of assessing the risk
of extinction for effective conservation (Martin e al. 2012).

We have shown that differences in sociality can influence the
impacts of disease on populations. Declines were higher in larger
winter colonies of two solitary species, northern long-eared myotis
and tri-coloured bats (Fig. 2). These species rarely form large clus-
ters (Barbour & Davis 1969) and, as a result, contact among indi-
viduals of these species would be expected to increase with colony
size, resulting in density-dependent transmission. Saturating func-
tions of density were a better fit to the declines for both species
than linear functions suggesting that increases in contact rate
asymptote with colony size as suggested by theory (McCallum ef al.
2001). In contrast, in little brown and Indiana myotis, which clus-
tered in tight aggregations during hibernation prior to WNS detec-
tdon (Davis & Hitchcock 1965; Thomson 1982), we found that
declines were equally severe across a large range of colony sizes.
This suggests that clustering behaviour facilitated high transmission
regardless of colony size, with infected individuals having approxi-
mately the same number of contacts in small colonies as they did in
larger populations. This pattern is consistent with transmission

© 2012 Blackwell Publishing Ltd/CNRS

being frequency-dependent, which conflicts with expectations of
how populations transmit non-sexually transmitted pathogens and
puts these species at risk of extinction. In these analyses, we implic-
itly assumed that transmission of Gd occurred directly from bat-
to-bat, or if indirect transmission (e.g. bat — substrate — bat) hap-
pens, that it was proportional to conspecific density, as might be
the case if contact with individual surfaces was species-specific.

The unexpected change we observed in social behaviour following
WNS detection (Fig. 4) reveals how altered social aggregation can
allow a species to persist, and suggests that theoretical predictions
using a static scaling of transmission with host density may need
revision. An increase in the number and fraction of little brown
myotis roosting individually after populations declined likely results
in each bat having fewer neighbours during hibernation and lower
pathogen exposure. It is worth noting that the impact of WNS on
this species was still severe, with populations stabilising at only 2—
20% of the pre-WNS population size. The smaller changes in social-
ity observed in Indiana myotis apparently were not large enough to
reduce transmission and disease impact to allow for populations to
stabilise, and this puts this species at a high risk of extinction.

We found little support for total colony size or the abundance of
individual heterospecifics as significant predictors of declines. This
likely resulted in part from the fact that the species with density-
dependent declines (tri-coloured bats and northern long-eared myotis)
were never dominant at sites (Fig. S3). Nonetheless, it suggests that
the total number of individuals within a hibernaculum is not deter-
mining transmission intensity, and that interactions among species are
playing a relatively minor role in transmission. We caution that this
analysis is purely observational and based on population trends rather
than infection data, and thus should be treated as a hypothesis to be
tested with data on the infectiousness of each species, and while
accounting for other factors, such as environmental conditions.

Our results demonstrate how environmental conditions can modu-
late disease impacts. We found that declines in Indiana myotis were
greater under more humid conditions, which suggest that growth of
the fungus, and either intensity or prevalence of infections may be
higher in more humid conditions. We also found that for little brown
myotis declines were higher in hibernacula with higher temperatures.
This suggests that, for this species, increased pathogen growth
observed in the lab across the range of temperatures measured in
hibernacula, 3-15 °C (Fig. 5) (Gargas ¢/ al. 2009; Chaturvedi ez al.
2010), is more important than increases in host immune function, if
any. It is possible that the lower declines observed in Indiana myotis
compared to little brown myotis may be partly due to the cooler tem-
peratures where Indiana myotis hibernate (Table S1; Fig. 5).

In the four decades prior to WNS detection, bat populations
were growing at an average of 8% per year. WNS has reversed this
trend and changed the composition of bat communities. Our find-
ings illustrate how among-species vatiation in sociality, the scaling
of declines with colony size and dynamic changes in clustering
behaviour influence long-term persistence of species suffering from
disease. Geographical variation in sociality and population size, that
is widespread in bats and other species (Barbour & Davis 1969;
Nunn & Altizer 2006), combined with changes in behaviour in
response to disease (Funk e/ /. 2009), will modulate impacts as
pathogens spread following introduction. More broadly, our results
highlight key factors that can determine the impact of a pathogen
on a community of co-occurring hosts, and provide an empirical
basis for assessing risk of extinction from disease.
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Figure 5 Influence of environmental factors on declines post-WNS detection. (a) Relative humidity and (b) Mean temperature of Indiana myotis roosts at seven
hibernacula in New York State. () Mean temperature of little brown myotis roosts from 11 sites in New York State. Black error bars show standard error and grey bars

show mean standard error estimated from all points.
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Seasonal patterns in pathogen transmission can influence the impact of disease
on populations and the speed of spatial spread. Increases in host contact rates
or births drive seasonal epidemics in some systems, but other factors may
occasionally override these influences. White-nose syndrome, caused by the
emerging fungal pathogen Pseudogymmnoascus destructans, is spreading across
North America and threatens several bat species with extinction. We examined
patterns and drivers of seasonal transmission of P. destructans by measuring
infection prevalence and pathogen loads in six bat species at 30 sites across
the eastern United States. Bats became transiently infected in autumn, and
transmission spiked in early winter when bats began hibernating. Nearly all
bats in six species became infected by late winter when infection intensity
peaked. In summer, despite high contact rates and a birth pulse, most bats
cleared infections and prevalence dropped to zero. These data suggest the
dominant driver of seasonal transmission dynamics was a change in host
physiology, specifically hibernation. Our study is the first, to the best of our
knowledge, to describe the seasonality of transmission in this emerging wild-
life disease. The timing of infection and fungal growth resulted in maximal
population impacts, but only moderate rates of spatial spread.

1. Introduction

Seasonality in pathogen dynamics influences the impact of disease on populations
[1], and can enhance pathogen spread [2]. If the timing of peak infectiousness
occurs when populations are highly mobile (e.g. during migration or dispersal),
spatial spread will be maximized [3—-6]. The timing of seasonal mortality can
also influence disease impact: impacts will be additive and largest if there is seaso-
nal density-dependent population regulation, and mortality from disease occurs
after most density-dependent mortality [7-9]. For example, if birth pulses drive
seasonal epidemics, then disease impacts may compensate for naturally occurring
density-dependent mortality and dispersing infected young could lead to rapid
spatial spread. Understanding the patterns and drivers of seasonality increases
our understanding of disease impacts on populations and the rate of spread of
invading pathogens.

Five mechanisms driving seasonality in transmission have been proposed for
directly transmitted pathogens, and these may act independently or in concert
with each other to drive transmission. First, sociality varies seasonally for many
species and alters transmission by increasing or decreasing contact rates [5,10—-12].
Mating frequently increases infectious contacts, whereas territoriality can decrease
contact rates among hosts [2,5,13]. Second, seasonal birth pulses can increase

© 2014 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Seasonal life-history patterns of temperate hibernating bats and hypothesized trends in population size in the absence of disease. In the summer, female bats
form single-species maternity colonies in human structures, trees or rock crevices, where they give birth to two (Eptesicus fuscus) or one (all other species) pup. During
autumn, bats often mate at swarms in and around hibernation sites and use torpor intermittently. In winter, bats of multiple species enter prolonged periods of torpor
(hibernation) inside hibernacula. Disease mortality that reduces populations down to the dashed black line may be compensatory mortality, whereas population decreases
below the dashed black line will be additive with other sources and will lead to fewer reproducing individuals in summer. (Online version in colour.)

transmission by creating an influx of susceptible individuals into
an otherwise mostly immune population [14-16]. Third, seaso-
nal changes in host habitat use can influence the transmission
and persistence of pathogens by altering contact with infective
stages in the environment [17,18]. Fourth, climatic changes
may influence the persistence of pathogens outside hosts, and
can also change host behaviour, which may work in concert
with other factors [19]. Finally, seasonal differences in host
immune function also can alter growth of pathogens within
hosts [20,21]. Hibernating bat species affected by the novel
fungal disease, white-nose syndrome (WNS), exhibit seasonal
differences in host physiology, habitat use and sociality, present-
ing a powerful opportunity to empirically test the influence of
these factors on seasonal disease dynamics (figure 1).

WNS is caused by the fungus, Pseudogymmnoascus destructans
and emerged in North America in the winter of 2006 [22-24].
This disease currently threatens several hibernating bat species
with extinction [25], has killed millions of individuals and has
resulted in the collapse of little brown bat populations across
eastern North America [25,26]. Morbidity and mortality
appear to be linked to fungal invasion of tissues that disrupt
bat physiology, and lead to dehydration and increased arousals
[22] that deplete fat reserves [27]. Pseudogymnoascus destructans
grows best at the cool temperatures at which many bats hiber-
nate, with optimal fungal growth between 7°C and 16°C, and
no growth above 20°C [28]. Hibernacula are known reservoirs
for the fungus [29,30], and P. destructans can survive for long
periods in the absence of bats [31].

We quantified seasonal patterns of P. destructans infection
and pathogen loads (infection intensity) to examine the relative
influences of colony size, birth pulses, habitat use and physi-
ology on transmission (the change in prevalence over time)
and pathogen amplification (the increase in infection intensity)
on hosts. If colony size is the primary mechanism driving trans-
mission, we predict that prevalence would increase faster in
seasons when colonies are larger. A yearly birth pulse may
be important in driving transmission if either colony size or
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acquired immunity is important, and would result in sharp
increases in prevalence in mid-summer after females have
given birth [32]. If contact with an environmental reservoir
drives transmission, then prevalence would be predicted to
increase significantly as bats contact infected environments.
Hibernacula, where bats swarm and spend the winter are
known reservoirs for the fungus [30], and it is unknown
whether differences in seasonal exposure in different habitats
may drive seasonal patterns of WNS. Finally, changes in host
physiology, in particular, hibernation (when bats’ lower their
body temperatures for sustained periods to conditions where
P. destructans can grow [32,33]) may drive seasonal trans-
mission. Increases in infectiousness as the fungus grows on
hibernating bats may drive winter transmission, with loads
increasing throughout the winter. We examined the influence
of these mechanisms on the seasonality of WNS by quantifying
patterns of infection prevalence and pathogen loads on six bat
species over the year at 30 hibernacula and maternity sites
spanning much of the current distribution of the fungus.

2. Material and methods
(a) Study sites

We sampled bats at 30 hibernacula and maternity colonies in
New York, Vermont, Massachusetts, Virginia, New Hampshire
and Illinois where P. destructans had been present for at least
1 year. We sampled bats in one or more periods of their life
cycle which roughly correspond with seasons, including early
autumn swarm (late August to mid-September), late autumn
swarm (late September to late October), early winter hibernation
(November and December), late winter hibernation (March and
early April), early summer maternity (May) and late summer
maternity (late June to July; figure 2). Phenology varies by lati-
tude; bats in southern sites have shorter hibernation seasons,
swarm later in the autumn and return to maternity colonies ear-
lier [34]. Winter colonies included one to six bat species: little
brown myotis (Myotis lucifugus), northern long-eared myotis
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Figure 2. (a—f) Seasonal prevalence (+1 s.e.) of Pseudogymnoascus destructans for six species across all sites. Lines connect estimates from the same site.
(9) Model predicted prevalence (4 standard error of predicted mean) of P. destructans for six species from autumn to summer. Dashed lines indicate species
that were poorly sampled across that season. Asterisks denote time points in which prevalence was significantly different (p << 0.0001 for all comparisons)
than the previous season. Vertical dashed lines in all panels divide seasons (autumn swarm, winter hibernation, summer maternity.). (Online version in colour.)

(Muyotis septentrionalis), eastern small-footed myotis (Myotis leibii),
Indiana myotis (Myotis sodalis), tri-colored bats (Perimyotis subfla-
vus) and big brown bats (Eptesicus fuscus). We sampled two
species in the summer that roost in human dwellings (e.g.
barns), little brown myotis and big brown bats. Other species’
maternity sites are difficult to locate and therefore were not
sampled. Hibernacula counts were conducted primarily during
late winter visits. At maternity colonies, we conducted emer-
gence counts twice to determine total colony size: once before,
and once after the young of the year had become volant. We fol-
lowed field hygiene protocols in accordance with United States
Fish & Wildlife Service WNS Decontamination Guidelines, and
individual state recommendations [35]. All research was conducted
under protocol number 11-022 approved by the IACUC of Boston
University.

(b) Sample collection and analysis

We sampled a mean of 12 individuals (+0.26, range: 5-80) of each
species present at each site to determine infection prevalence and
P. destructans infection intensity. We sampled bats by dipping a
sterile polyester swab in sterile water to moisten it and then rubbing
the swab five times across both the forearm and muzzle of a bat.
Swabs were stored in RNAlater for preservation until extraction.
Samples were tested for presence and quantity of P. destructans
DNA using real-time PCR [36]. We quantified the amount of
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P. destructans based on the cycle threshold (Cy) value to estimate
the fungal load on each bat, with a C, cut-off of 40 cycles. The stan-
dard curve for quantification was generated using genomic DNA
from P. destructans ATCC MYA-4855 quantified with the Quant-
IT PicoGreen double-stranded DNA assay kit (Life Technologies,
Carlsbad, CA) in conjunction with a DynaQuant 300 fluorometer
(Harvard Bioscience, Inc., Holliston, MA). Serial dilutions of the
DNA from 10 ng to 1000 fg were prepared and analysed with
IGS gPCR, resulting in a significant curve from 17.33 to 30.74 C;
(ng of P. destructans = —3.348*C, + 22.049, r? = 0.986).

(c) Statistical analysis

We used generalized linear-mixed models (function glmer in pack-
age Ime4 [37] in R v. 3.02 [38]) to compare changes in P. destructans
prevalence and intensity for each species over time. To measure
the change in prevalence or load over time, we used a modified
time axis where 0 represented the first day of autumn swarm
sampling and expressed time (in units of partial months). We exam-
ined differences in seasonal transmission (the change in prevalence
over time) and changes in infection intensity as the fixed effect of
time interacting with season (autumn, winter, spring) to estimate a
slope (representing the transmission rate or fungal growth rate)
and intercept for each season. We included time nested within
site as a random effect to allow for variation among sites in
transmission rate or fungal growth rate on bats.
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Figure 3. (a—f) Seasonal loads (41 s.e.) of Pseudogymnoascus destructans for six species across all sites. Lines connect estimates from the same site. (g) Model
predicted logqo P. destructans loads (+ standard error of predicted mean) among species of P. destructans for six species from autumn to summer. Dashed lines indicate
species that were poorly sampled across that season. Asterisks denote time points in which loads were significantly different (p << 0.0001 for all comparisons) than the
previous season. Vertical dashed lines in all panels divide seasons (autumn swarm, winter hibernation, summer matemity). (Online version in colour.)

3. Results

We sampled a total of 1512 bats of six species at 20 hiberna-
cula and 717 bats of two species at 10 maternity sites where
P. destructans had been present for at least 1 year. Infection
prevalence in early autumn when bats returned to infected
hibernacula to swarm was between 5% and 50% for the
six species (figure 2). Surprisingly, prevalence decreased
during the autumn for M. lucifugus at all three sites where
this species was sampled multiple times, and more limited
data for other species also suggested a decline in prevalence
during this season (figure 2 and the electronic supplementary
material, table S1), despite high contact rate during promis-
cuous mating. By contrast, prevalence spiked when bats
entered hibernation and was significantly higher than late
autumn prevalence for all sampled species (figure 2g).
During winter when bats were in hibernation, prevalence
increased significantly for three species, M. sodalis (figure 2e),
P. subflavus (figure 2f) and E. fuscus (figure 2a). For two
other species, M. lucifugus and M. septentrionalis, prevalence
was already nearly 100% in early hibernation and showed
no change over time (figure 2c,d,¢ and the electronic sup-
plementary material, table S1). In the sixth species, M. leibii,
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prevalence also increased significantly between autumn and
late winter, but a lack of early winter samples from this rela-
tively rare species prevented finer characterization of winter
trends (figure 2b and the electronic supplementary material,
table S1). During the summer, when bats in maternity colonies
use torpor much less frequently and their body temperature is
typically 15-20°C higher than the upper growth limit of
P. destructans, prevalence of both species sampled, M. lucifugus
and E. fuscus, decreased rapidly (figure 2a,c and the electronic
supplementary material, table S1), and were not significantly
different from zero by late summer (figure 2).

Loads of P. destructans on bats showed trends similar to
prevalence patterns (figure 3). During the autumn, loads
remained very low on all species. Loads increased significantly
in most species during hibernation (figure 3c,e,f,g and the elec-
tronic supplementary material, table S2) and peaked on all
species at the end of hibernation (figure 3). However, as soon
as bats became active and migrated to maternity colonies,
loads decreased substantially and fell to zero for most individ-
uals by the end of summer (figure 3). Decreases in loads and
prevalence over the summer did not parallel changes in
colony size for M. lucifugus, which broadly overlapped and
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Figure 4. (a) Boxplot of colony sizes, on a log scale, of M. lucifugus at winter hibernacula and summer maternity colonies. (b) Photos of M. lucifugus roosting in

groups in winter (top) and summer (bottom). (Online version in colour.)

were not significantly different between summer and winter
(figure 4; t1951 = 0.46, p=0.65). Colony sizes at maternity
sites grew to be approximately 2.2 times larger over the
summer, suggesting that most active bats were clearing
the pathogen rather than dying of latent infection, and some
immigration occurred between the counts.

4. Discussion

The seasonal patterns of prevalence and loads of P. destructans
were remarkably consistent for all six bat species, with a sharp
increase in prevalence between autumn and early winter when
bats began to hibernate and a peak in fungal load in late winter
at the end of hibernation. In contrast to many other systems
[2,15,16,39], we found no support for the hypothesis that
birth pulses drive seasonality. Prevalence and intensity actu-
ally decreased precipitously in summer when all species gave
birth and previously uninfected young of the year join the
adult population. This suggests that an influx of susceptible
individuals is not driving transmission dynamics. Further-
more, for M. lucifugus, transmission was unrelated to
seasonal changes in colony size. Colony sizes among seasons
broadly overlapped despite directionally opposite patterns of
infection prevalence, suggesting that larger winter colony
sizes are not the primary driver of differences in transmission
among seasons. Although winter colonies affected by WNS
decline over the winter, colony sizes would have to be
100 times higher in early winter to alter the qualitative relation-
ship between seasonal colony size and transmission. Finally,
although contact with contaminated hibernacula [29,30,40] in
autumn initiated infection in bats, transmission and infection
intensity remained low until bats increased prolonged torpor
use [33], suggesting that habitat selection is not the primary
factor driving disease dynamics. Furthermore, prevalence
and loads decreased during the summer, suggesting that if
summer maternity colony sites are infected, the routine use
of body temperatures above the growth range of P. destructans
probably prevented infection or growth.

Hibernation appeared to be the dominant factor determining
transmission dynamics and pathogen growth. It was only after
bats began to fully hibernate during the winter that transmission
increased, and shortly thereafter nearly 100% of individuals
became infected at many sites. Fungal loads also increased sub-
stantially with the onset of hibernation. The rapid increase in
prevalence between late autumn and early hibernation could
have been caused by the large increase in loads which increased
infectiousness. Contact rates during hibernation are unknown,
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but males are known to mate with torpid females [33], and a
combination of high infectiousness and moderately high contact
rates could facilitate rapid transmission. Temperatures of bats
during hibernation are approximately the same as ambient
temperatures of hibernacula [41], and are within the range of
temperatures that the pathogen can grow [28], resulting in explo-
sive amplification of P. destructans on hibernating bats. In
summary, the seasonality of P. destructans transmission appears
to be driven by host physiology, specifically a sustained decrease
in body temperature.

Changes in body temperature are also important for other
diseases. Hibernation has been shown to be important for
another pathogen of bats (rabies; [14]). However, in rabies, hiber-
nation allows the virus to persist in a quiescent phase, whereas
for WNS, hibernation increased both transmission among bats
and pathogen replication on hosts. Host body temperature is
also important in driving host impacts in the fungal pathogen
of amphibians [42], Batrachochytrium dendrobatidis, highlighting
a similarity between these important pathogens.

The timing of P. destructans transmission and increases in
infection intensity probably maximize the impact of WNS on
bat populations. Infection peaks when bat populations are near
their annual minima, just prior to when females give birth,
thereby reducing the reproductive population (figure 1). In
addition, bats rely on colonial roosts for thermoregulatory
benefits to both raise young in the summer and survive winter
hibernation [43,44]. As a result, mortality is occurring at a time
when bats may experience positive density dependence (i.e.
Allee effects), meaning survival and reproduction would
decrease with decreasing colony size [45]. Finally, transmission
and disease-caused mortality are absent in late summer and
early autumn, when density-dependent food limitation may be
strongest because bats forage intensely to obtain enough food
and fat to survive over winter [46]. Thus, the seasonal timing of
transmission and pathogen growth probably results in nearly
maximal disease impacts of this pathogen on bat populations
and contributes to exceedingly high population declines across
awide region (more than 90% in several species; [25,26]). By con-
trast, the timing of peak disease mortality in many other systems
often coincides with reproduction. For example, transmission
and avian mortality from West Nile virus peaks in late summer
and autumn, just after the seasonal birth pulse [47]. In this case,
disease mortality reduces density-dependent regulation before
populations reach minima overwinter.

The seasonality in P. destructans infection patterns, while
leading to maximum disease impacts, probably reduces the
rate of spatial spread of P. destructans [48] because of a mis-
match between periods of high mobility and high pathogen
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prevalence and load. Bats are highly mobile during the
autumn when they travel among hibernacula to mate, and
at the end of summer when they migrate from maternity
sites to hibernacula [34,49]. However, pathogen loads and
prevalence were relatively low during these periods. If infec-
tion loads and prevalence in autumn or late summer were at
levels observed in winter, bats would be much more infec-
tious, and spatial spread would probably be much faster.
The high prevalence and infection load during winter make
occasional movements among hibernacula during winter
(either in winter or early spring) [49] potentially important
in pathogen spread.

Although bats travel substantial distances from hiberna-
cula to summer maternity sites [49,50], this is unlikely to
facilitate spatial spread among hibernacula. While the high
fungal loads and nearly 100% prevalence on bats at the end
of winter facilitates rapid spread to their summer maternity
sites, the high body temperatures and hot maternity roosts
bats use during summer are too high for pathogen growth
[28] and lead to bats clearing P. destructans infection from
their skin. The combination of the seasonality of infection
and the hot environments used by bats during the summer
has probably slowed the geographical spread of P. destructans
compared with pathogens where transmission peaks at the
same time when animals are dispersing or migrating, such
as West Nile virus [51] and avian influenza [4].

The seasonal patterns of transmission we have documented
can be used to more effectively guide management interven-
tions. When bats first become infected with P. destructans,
loads, and therefore tissue invasion and damage, are relatively
low. Therefore, applying treatments that reduce or clear infec-
tion during the autumn and early winter would be most
effective for reducing transmission, impacts and spread to
new sites. However, if treatments offer only short-term protec-
tion, our data suggest that treated bats will probably be rapidly
re-infected upon return to natural environments owing to
exceedingly high infection prevalence in other hosts. Our
results also suggest that another management strategy, culling
bats to remove infected individuals, would be ineffective
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Abstract:

Disease plays an important role in structuring species communities, including driving
some species toward extinction, while others suffer relatively little impact. White-
nose syndrome (WNS), an emerging fungal disease in bats, has decimated
populations of some species while sympatric and taxonomically related species have
experienced little effect. Why disease impacts vary among host species remains
poorly understood for many multi-host pathogens, including WNS. We analyzed data
on infection prevalence, intensity, and environmental factors to determine how
variation in infection dynamics among sympatric host species influenced severity of
WNS population impacts. Intense winter transmission resulted in almost uniformly
high infection prevalence, whereas infection intensity varied over three orders of
magnitude among species, and explained 97% of the variation among species in
disease impacts. Infection intensity was also correlated with roosting temperatures of
bats during hibernation, with bats roosting at warmer temperatures having more
intense infections and higher WNS impact. We found evidence of a threshold of
infection intensity above which mortality occurs that was similar for multiple species.
More broadly, these results show how behavioral differences — in this case
microclimate preferences - that may have been previously adaptive, are deleterious
after the introduction of a new pathogen. Management to reduce intensity rather than
exposure may be an effective way of reducing disease impact and preventing

extinctions.
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Significance Statement. While the role of infectious disease in structuring species
communities through variable impacts among hosts is undebated, the causes of this
variation are poorly understood. We show that in the emerging fungal disease of bats,
white-nose syndrome, variation in population impacts among hosts is driven by
differences in intensity of fungal infections. Infection intensity is, in turn, driven by
differences in microclimate preferences among bat species, and there is a threshold of
maximum fungal intensity at which mortality occurs. Managing infectious diseases,
particularly in wildlife, can be extremely challenging, but for white-nose syndrome,
reducing infection intensity may be an efficacious and easier way to reduce

population impacts.

Text:

Emerging infectious diseases are an important threat to wildlife populations
(Daszak et al. 2000). Increases in human trade and travel over the last fifty years have
driven increases in disease emergence events, and introduction of generalist
pathogens threaten many wildlife populations (Jones et al. 2008). Generalist
pathogens are capable of infecting multiple host species which has led to devastation
of populations (Lips et al. 2006, Frick et al. 2010), species extinctions (Smith et al.
2006, Skerratt et al. 2007), and cascading effects on communities and ecosystems
(Whitlaw and Lankester 1994, Holdo et al. 2009). Changes in communities and
ecosystems are frequently caused by the variability in population impacts of multi-

host pathogens, with some species declining to extinction whereas others suffer little
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mortality (van Riper et al. 1986, Harvell et al. 1999, Lips et al. 2006, LaDeau et al.
2007, Langwig et al. 2012). Understanding the mechanisms that drive variation in
species impacts can help to reduce impacts, prevent species extinctions, and thus

minimize ecosystem effects.

The impact of a disease on a population is the product of the fraction of the
population infected multiplied by the fraction of infected individuals that die or fail to
reproduce from disease, directly, or indirectly and disease management can target
either or both of these components (Wobeser 2002, LaDeau et al. 2007, Kilpatrick et
al. 2013). Reducing transmission by reducing contacts among individuals is often
very difficult, whereas reducing mortality of infected individuals is sometimes more
feasible. Reducing mortality can be done through direct treatment, or by altering
environmental conditions that influence pathogen growth or host defenses. Treatment
can sometimes reduce transmission by reducing infectiousness (Cohen et al. 2011),
and environmental manipulations may also reduce transmission by altering growth
and survival of the pathogen on or outside the host (Shaman et al. 2010). However,
disentangling which factors are most important in determining disease impacts, and
which will be most effective for disease management, can be challenging, and
requires understanding interactions between hosts, the pathogen, and the

environment.

Multi-host fungal pathogens that have recently emerged to threaten multiple

species with extinction (Fisher et al. 2012) are particularly emblematic of the

28



interplay between host, pathogen and the environment, because many of them survive
outside the host for long periods, or they infect hosts with variable body temperatures
and are therefore strongly affected by environmental conditions. For example, for
chytridomycosis, a fungal disease of amphibians, high environmental temperatures
reduce mortality in amphibian populations, with highest mortality in cool, high-
elevation areas (Kilpatrick et al. 2010). At the extreme, amphibians living in hot
springs were uninfected, despite widespread infection of surrounding populations,
because the warm water temperatures either impeded fungal growth, killed free-living
stages, enhanced host immune function, or some combination of all three (Schlaepfer

et al. 2007) .

White-nose syndrome (WNS), caused by the fungal pathogen
Pseudogymnoascus destructans (Lorch et al. 2011, Warnecke et al. 2012), is a
recently emerged fungal disease that has caused widespread mortality in many
communities of hibernating bats and is predicted to drive several species extinct
(Langwig et al. 2012, Frick et al. 2015). Bats first become infected when they return
to hibernacula in the fall, and both transmission and fungal growth on bats occurs
primarily during winter once bats lower their body temperature and begin to hibernate
(Langwig et al. 2015a). Mortality from this disease differs substantially among
species and populations, even if they occur at the same sites, with some species
declining more than 90% in the first year following WNS detection, whereas

population growth in other species only decreased 8% (Langwig et al. 2012).
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Here, we examine how differences in exposure, infection intensity, and
environmental factors determine disease impacts in six species of bats. The relatively
high infection prevalence (>50%) observed in many populations of all six species
(Langwig et al. 2015a) suggests that variation among species in mortality after
infection may be especially important in determining population impacts. Although
the exact mechanism by which infection with P. destructans leads to death is
unknown, tissue damage from fungal invasion is thought to set off a cascade of
physiological disruptions (Warnecke et al. 2013, Verant et al. 2014), which
eventually lead to death approximately 70-120 days after infection (Warnecke et al.
2012). Mortality in another fungal disease, chytridiomycosis, occurred when
infection intensity reached a threshold (Vredenburg et al. 2010), suggesting that
variation in pathogen growth on hosts might be a key driver of mortality.
Pseudogymnoascus destructans growth increases with temperature across the range
of hibernation temperatures used by these bats (approximately 1-12° C) (Webb et al.
1996, Brack 2007, Verant et al. 2012). Thus, we hypothesize that species that roost at
warmer temperatures will have higher fungal loads, and suffer higher mortality and
impact from WNS. To test these predictions and hypotheses we compared patterns of
infection prevalence and intensity to differences in species impacts, and then
examined links between microclimate temperatures used by bats and infection
intensity.

Results
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We sampled 1,314 bats of six species in 21 hibernation sites across New
York, Virginia, Massachusetts, Vermont and Illinois. In early winter, infection
prevalence varied from 20% to 90% among species and was significantly correlated
with impacts, measured as the difference in population growth rate before and in the
first year after detection of WNS (Fig. 1A). Loads (infection intensity) on infected
bats varied almost two orders of magnitude among species at the beginning of
hibernation and were even more strongly correlated with impacts (Figure 1B). By late
hibernation, prevalence of P. destructans had increased to >80% for five of six
species and was no longer significantly correlated with WNS impacts (Figure 1C). In
contrast, P. destructans loads varied over three orders of magnitude among species
and estimated loads in late hibernation were very strongly correlated with WNS
impacts (Figure 1D), and neither early or late prevalence added explanatory power to
this model (both P > 0.45).

Species’ estimated fungal loads at the end of hibernation increased with
roosting temperatures (Figure 2). The species with the highest P. destructans loads,
the Northern long eared bat, roosted at temperatures, on average, 6° Celsius warmer
than the Eastern small-footed bat which had loads that were 100-fold lower.
Hibernacula temperatures varied substantially among colonies, with the best fitting
model of roosting temperature including an interaction between species and site.

Fungal loads increased during winter but appeared to reach a maximum
threshold (Figure 3, Figure 4). The distributions of loads in early hibernation were

consistently less skewed (closer to 0) for most species than distributions of fungal

31



loads during late hibernation, which were negatively skewed for the three highly
impacted species. The skewness of these distributions suggests a maximum fungal
load threshold above which no fungal loads are detected (Figure 3, Supplemental
Table 1). Across 19 colonies, of five species, the increase in infection intensity was
negatively correlated with mean fungal loads in early hibernation (Figure 4).
Average loads in colonies that were already high in early hibernation showed little
increase over winter, whereas colonies with low average loads of -5 log ng increased
1 log or 10-fold each month during hibernation. The best fitting model included an
interaction between species and early hibernation P. destructans loads. Comparisons
of intercepts and coefficients suggest that the saturation in fungal growth with
increasing early hibernation loads was essentially identical for little brown and
tricolored bats (Supplemental Table 2). In contrast, increases in fungal loads were
lower for Indiana bats (but data were insufficient to accurate estimate the saturation

threshold).
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Figure 1. Impact of white-nose syndrome, measured as the change in population
growth rates (A) following the detection of WNS, and infection prevalence (A, C) and
intensity (B,D) of P. destructans for six bat species. Error bars show +/- standard
error of predicted mean. Lines denote significant relationships, with dashed lines
indicating relationships significant only in univariate regressions. Infection
prevalence during early hibernation was significantly correlated with WNS impacts
(intercept: -0.09; slope: 1.04+ 0.034; t = 3.03; P = 0.039; R? = 0.70), as were early
hibernation loads (intercept: 1.81, slope: 0.03.2+ 0.036, t=8.90, P=0.005, R*=0.95).
Late hibernation prevalence was high, and not significantly predictive of WNS
impacts (intercept: -0.22, slope: 0.92 + 0.5, t=1.82 , P=0.14, R?*=0.45) whereas late
hibernation loads were highly correlated with WNS impacts (intercept: 1.33, slope:

0.27 +0.021, t=13.3, P=0.0002, R*=0.98).
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Figure 2. Estimated P. destructans loads in late hibernation and hibernation roosting
temperature for six bat species. Data shown include only those individuals in which
roost temperatures were collected (n = 419). Roosting temperature was significantly
positively correlated with late hibernation loads (intercept: -4.23; slope: 0.27 + 0.12,

one-tailed P=0.04, t=2.34, R*=0.575762)
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Figure 3. Distributions of fungal loads on bats in early (solid line) and late

hibernation (dashed line). Fungal loads in highly impacted species were all negatively

(left) skewed at the end of hibernation. At some sites with exceedingly high mortality

of Northern long-eared bats (99% decline over the winter), distributions were

narrower and heavily skewed by the end of hibernation (orange panel).
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Figure 4. Change in infection intensity over time of P. destructans plotted against
infection intensity at the beginning of hibernation for five species of bats in 19
colonies. Colonies included in the analysis had an early hibernation prevalence
greater than 50%. Sample sizes of M. septentrionalis were low due to high mortality.
The best fitting model included an interaction between species and early hibernation
P. destructans loads, and comparisons of intercepts and coefficients suggest that the
saturation in fungal growth with increasing early hibernation loads was similar for

little brown and tricolored bats, the best sampled species.

Discussion

The emergence of WNS in North America has altered bat communities on a
continental scale, by decimating some species while others are far less affected

(Langwig et al. 2012, Frick et al. 2015). Our results suggest that differences in

36



impacts are driven by differential infection intensity and fungal growth among
species. Differences in timing of infection may result in significant differences in
exposure and therefore infection prevalence at the beginning of hibernation, but as the
fungus begins to proliferate, microclimate preferences among species result in
differential fungal growth and infection intensity, and this leads to widely varying
population impacts of white-nose syndrome. In contrast, infection prevalence was
extremely high in all species at the end of hibernation which may result from
widespread environmental contamination (Frick et al. submitted; Langwig, Hoyt, et
al. In Press), and high contact rates among individuals (Hoyt et al, in prep).

The differences in infection intensity among species are more likely due to
temperature-dependent fungal growth than to differences in bat immune function
(Verant et al. 2012). Warmer roosting temperatures, up to 13°C, increase fungal
growth rates, whereas the increase in bats’ immune function with temperature
(Bouma et al. 2010, Bouma et al. 2011, Moore et al. 2013) would likely decrease
fungal loads. Our finding that bats roosting at warmer temperatures had higher fungal
loads suggest that temperature-dependent pathogen growth likely overwhelmed any
differences in immune function, and suggest that during hibernation bats are
essentially Petri dishes incubating at different temperatures.

The increase in WNS impact with roosting temperature suggests that although
preferences for higher roosting temperatures in some bat species may have been
beneficial prior to the arrival of WNS, they became highly maladaptive after P.

destructans was introduced. However, there was considerable variation in roosting
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temperature within each species (Figure 2) and intense mortality from WNS is likely
selecting for individuals that roost at cooler locations. If preference for roosting
temperature is a heritable trait, WNS mortality could drive the evolution of a change
in behavior, as well as select for genes associated with surviving colder winter
roosting temperatures. Future studies should examine changes in the roosting
behavior of bats as populations decline and possibly stabilize or recover.

Our results indicate that there is a threshold of infection intensity above which
loads do not increase further. One explanation for this pattern is that as loads on
individual bats reach the threshold, they die from disease associated pathology, which
has been suggested for Batrachochytrium dendrobatidis, a fungal pathogen of
amphibians (Vredenburg et al. 2010). The relationship between increases in loads
over winter and loads in early hibernation were similar for little brown bats and
tricolored bats suggesting that they share a common threshold. The skewness of load
distributions for Northern long-eared bats suggests a threshold present in this species
as well, and the negative skew of the distribution in early hibernation suggests that
many bats may already be near a maximum load threshold, thus explaining the
exceedingly high mortality in this species. However, it is also possible that the
smaller increase in fungal loads in colonies of bats that begin winter at higher
infection intensity is simply due to density-dependent fungal growth on individual
bats. Quantifying fungal loads over time from infection to mortality in an
experimental infection study or on banded bats, and could determine which

mechanism is resulting in the threshold of fungal loads we observed.
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Understanding the drivers of variation in WNS impacts can be used to more
effectively guide management interventions. Cool and drier hibernacula appear to
serve as refugia from disease (Langwig et al. 2012). Managers should consider
manipulating hibernacula entrances to create cooler sites or restricting access to the
warmer and wetter portions of hibernacula. These alterations could provide roosting
conditions that promote lower infection loads and increase chances of survival.
Successful environmental manipulation would provide a long-term solution for
management of WNS, whereas chemical or biological treatments that are not self-
replicating will require continual reapplication making long-term management on a
broad scale challenging (Langwig et al. 2015b). Some hibernacula contain tens of
thousands of bats of multiple species, and making sites cooler could save these
diverse populations and help maintain genetic diversity.

The relationship between hibernation roosting temperature and infection
intensity could potentially be used to predict impacts to Western bat species where P.
destructans has not yet arrived. For example, our analysis would suggest that Myotis
ciliolabrum, which frequently hibernates below 3°C (Holloway and Barclay 2001),
would be predicted to suffer much lower impacts from WNS than eastern Myotis
species which hibernate at warmer temperatures. However, predictions should be
made with caution because cave obligate species such as Corynorhinus townsendii
virginianus appear to suffer little impacts from WNS despite roosting at warmer

temperatures (Coleman and Reichard 2014).
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For WNS, and a growing number of emerging pathogens (Briggs et al. 2010),
infection intensity is an important determinant of disease impacts. Management to
reduce intensity rather than exposure may be an effective way of reducing mortality
from disease and preventing species extinctions. Reducing transmission in wildlife
pathogens can be exceedingly difficult (Wobeser 2002), particularly in the face of
biotic and abiotic reservoirs, which also increase the likelihood of host extinction (de
Castro and Bolker 2005). WNS has not yet caused a global extinction of a bat
species, and management actions to save bats threatened with extinction are still
possible. Our results indicate that reducing infection intensity on bats is likely

sufficient to stave off mortality, and prevent species extinction.

Methods

Field sampling and analysis

We sampled bats at 21 hibernacula in New York, Vermont, Massachusetts,
Virginia, and Illinois. We sampled bats twice per hibernation season
(November/December, and March/early April) in sites where P. destructans had been
detected at least one year previously. One to six bat species were present in each
hibernacula, including the following species: little brown myotis (Myotis lucifugus),
Northern long-eared myotis (Myotis septentrionalis), Eastern small-footed myotis
(Myotis leibii), Indiana myotis (Myotis sodalis), Tri-colored bat (Perimyotis

subflavus), and the big brown bat (Eptesicus fuscus). We followed field hygiene
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protocols in accordance with United State Fish & Wildlife Service WNS

Decontamination Guidelines, and individual state recommendations. All research was
conducted under protocol #11-022 approved by the IACUC of Boston University and
protocol #Frickw1106 approved by the IACUC of the University of California, Santa

Cruz.

We used epidermal swab sampling to determine infection prevalence and
infection intensity of P. destructans. We sampled bats by dipping a sterile polyester
swabs into sterile water to moisten, and rubbing the swab five times across the
forearm and muzzle of a bat. Swabs were stored in RNAlater® for preservation until
extraction. We recorded skin temperature of approximately half of sampled bats using
an infrared laser thermometer at time of sampling. We tested samples for P.
destructans DNA using real-time PCR (Muller et al. 2013) and quantified infection
intensity based on the cycle threshold (C;) value to estimate a fungal load on each bat,
with a cut-off of 40 cycles. Quantification of serial dilutions of the DNA from 10 ng
to 1000 fg resulted in C; scores ranging from 17.33 to 30.74 and a quantification
relationship of C = -3.348*logs, (P.destructans[ng]) + 22.049, r*= 0.986.

Statistical Analyses

To test hypotheses of how prevalence and loads influenced WNS impacts, we
used generalized linear mixed models (glmm) with site as a random effect and species
interacting with date of sampling as fixed effects (function glmer in package Ime4

(Bates et al. 2011) in R v3.02 (R Development Core Team 2012)) to predict P.
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destructans prevalence and infection intensity for each species. We calculated a
predicted prevalence and log;o loads of each species on December 1% and March 1%
from the glmm model described above in order to standardize early and late
hibernation time points because prevalence and loads increase over winter and bats
were sampled at different times (Langwig et al. 2015a). We quantified WNS impact
using the change in median population growth rate, AA, between the year before and
after the first year of WNS detection, based on a previous analyses of the six species
of hibernating bats common in the northeastern USA (Langwig et al. 2012). We
examined the effect P. destructans prevalence and loads on WNS impacts using

phylogenetic regression (Blomberg et al. 2003) in MATLAB (v. R2013).

We estimated a mean roosting temperature for each of the six species by using
an interactive model of site and species, and averaging the mean predicted
temperatures from the regression. We re-calculated average loads for each species
using only data for the individuals for which roosting temperature data were also
collected. We then used phylogenetic regression to examine the effect of species
roosting temperature on predicted log transformed P. destructans loads.

To examine patterns in the increase in fungal loads over the winter, we
calculated skew and of the infection intensities for each species in early and late
hibernation. We then examined how loads increased in individual colonies of each
species as a function of the early hibernation loads. We used linear models of site

interacting with species to estimate the change in P. destructans loads at sites over the
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winter, and compared these with the mean starting loads of P. destructans in each
colony.
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Conclusions and Significance

This research has advanced our understanding of factors that influence
pathogen transmission, and provided novel information on how behavioral and
environmental factors determine disease impact. Broadly, by merging theory with
empirical data, we have begun to test predictions about how disease drives impacts
and extinction, and provide critical information needed to manage wildlife disease
epidemics.

Given the devastating impacts of white-nose syndrome on bat populations,
management intervention will be critical in preventing extinction of species imperiled
by this disease. We predict that the Northern long-eared bat is likely to be driven
extinct by this disease. This species suffers high initial mortality, (Langwig et al.
2012), and has contact with persistent environmental reservoirs (Hoyt et al. 2014,
Langwig et al. 2015), and while having evidence of density-dependent declines,
stabilizes at very low population sizes. We have observed extirpation of this species
from many sites in the northeastern U.S. (Langwig et al. 2012), and across much of
eastern North America (Frick et al. 2015), and population collapse to a few
individuals in recently invaded sites in the Midwestern United States (Langwig, in
press.) The last remaining significant populations of this species in the U.S. are in the
upper peninsula of Michigan where WNS arrived in 2014.

Our findings were key in the decision by the United State Fish and Wildlife
Service to propose listing the Northern long-eared bat under the Federal Endangered

Species Act, with a final decision expected in April 2015. Our data strongly support
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this decision, and provide strong evidence that this species will likely vanish if
management action is not taken.

In addition to providing critical information needed to assess the likelihood of
species extinction, our data also provide important information on disease dynamics
that can be used to strategize management interventions. Our data strongly support
the importance of species microclimates in determining impacts of disease on
populations (Langwig et al. 2012) and among species (Langwig et al, In Review).
These data suggest that microclimate manipulation is a promising strategy for
reducing WNS impacts on bat populations. By making warm, wet hibernacula cooler
or drier by opening entrances, or providing chimneys for cold air, sites could be kept
cooler to reduce impacts. Unlike many treatments, the effects of habitat manipulation
to reduce disease impacts would be long lasting. Although the initial time and
investment costs could be high in some cases, there is still a potential savings against
approaches that would need constant yearly reapplication (e.g. vaccines and chemical
treatments). Hibernacula are frequently altered by human activities that likely
influence the temperature and humidity of these environments (e.g. digging out caves
filled in by glaciers for recreation, commercial mining, installation of gates), and
therefore there is some precedent for this action. While this strategy is not without
risk, given that overall population declines from this disease frequently exceed 95%,
habitat manipulation has potential to save thousands of bats from WNS, and preserve

genetically viable populations.
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Our data also suggest that there may be potential to reduce infections and
yearly epidemics by decreasing P. destructans in the environment (Langwig et al.
2015). This intervention will likely be most successful in the first year of infection,
before contamination of the environment is widespread (Langwig et al., in press).
Reducing environmental contamination, may reduce early winter transmission from
the environment to bats, resulting in delayed infection, and lower infection intensity
on bats at the end of winter (Langwig et al, in Review). By keeping infection intensity
from reaching a threshold, reducing fungal loads in the environmental may reduce
impacts to bat populations.

Future Directions

Recently, several emerging infectious diseases have been predicted to cause
host extinctions in several taxa (e.g. in amphibians, marsupials, and bats) (Mitchell et
al. 2008, McCallum et al. 2009, Frick et al. 2010, VVredenburg et al. 2010), but several
years subsequent to disease invasion, populations of these affected species remain in
some regions (Briggs et al. 2010, Kilpatrick et al. 2010, Hamede et al. 2012, Langwig
et al. 2012). Understanding the drivers of disease dynamics during and after pathogen
invasion can provide valuable clues about factors that may result in population
persistence, and enable more robust predictions about which populations may survive
pathogen invasion. Several years after the first detection of P. destructans, colonies of
the little brown bat in some of the oldest infected hibernacula are persisting and
appear to be stabilizing: population growth rates appear stable, and are slightly

increasing in some sites, but bat densities are greatly reduced. These populations have

52



persisted at different sizes, with some sites less 5% of the original population size,
whereas others are 20-30% (Langwig et al. 2012; Jeremy Coleman, NASBR 2011,
Carl Herzog, WNS Symposium 2012). Although it is encouraging that some remnant
populations are persisting, the mechanisms allowing bats to survive in the presence of
P. destructans remain unknown.

Several likely mechanisms may result in potential stabilization of bat
populations. First, favorable environmental conditions at sites, or in a subset of
microclimates available in sites, may provide disease refugia to surviving individuals.
Second, if transmission of P. destructans is density-dependent, then as bat densities
decline, contacts among bats or with the environment also decrease, resulting in
reduced infection rates and/or fungal inoculum loads. Third, if bats have become
resistant or tolerant to infection, bats would have lower WNS mortality due to traits
that allow them to either resist infection, or cope with infection. Examining the role of
these factors in driving population stability of bats is an important next step in
broadening our predictions about which species and populations are likely to persist
in the face of WNS and which management strategies are likely to be most effective
to prevent species extinction and aid in population recovery.
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