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Abstract There is a serious concern that white-nose syndrome (WNS), a fungal disease causing severe popula-
tion declines in North American bats, could soon threaten bats on the Australian continent. Despite an ‘almost
certain’ risk of incursion within the next ten years, and high virulence in na€ıve bat populations, we remain uncer-
tain about the vulnerability of Australian bats to WNS. In this study, we intersected occurrences for the 27 cave
roosting bat species in Australia with interpolated data on mean annual surface temperature, which provides a
proxy for thermal conditions within a cave and hence its suitability for growth by the fungal pathogen
Pseudogymnoascus destructans. Our analysis identifies favourable roost thermal conditions within 30–100% of the
ranges of eight bat species across south-eastern Australia, including for seven species already listed as threatened
with extinction. These results demonstrate the potential for widespread exposure to P. destructans and suggest
that WNS could pose a serious risk to the conservation of Australia’s bat fauna. The impacts of exposure to
P. destructans will depend, however, on the sensitivity of bats to developing WNS, and a more comprehensive
vulnerability assessment is currently prevented by a lack of information on the hibernation biology of Australian
bats. Thus, given the clear potential for widespread exposure of Australia’s bats to P. destructans demonstrated
by our study, two specific policy actions seem justified: (i) urgent implementation of border controls that identify
and decontaminate cave-associated fomites and (ii) dedicated funding to enable research on key aspects of bat
winter behaviour and hibernation physiology. Further, as accidental translocation of this fungus could also pose
a risk to other na€ıve bat faunas in cooler regions of southern Africa and South America, we argue that a proac-
tive, globally coordinated approach is required to understand and mitigate the potential impacts of WNS spread-
ing to Southern Hemisphere bats.
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INTRODUCTION

Australian bats might soon be exposed to the bat
fungal disease called white-nose syndrome (WNS)
that has caused tenfold declines in bat populations
across North America since 2006 (Blehert et al.
2009; Frick et al. 2015) when Pseudogymnoascus
destructans was introduced probably from Europe
(Drees et al. 2017). According to a recent qualitative
risk assessment (Holz et al. 2019), this fungal patho-
gen is ‘almost certain’ to enter Australia in the next
ten years, posing a serious yet hitherto unquantified
threat to Australia’s cave roosting bat species. Due to
its biogeographical isolation, Australia’s wildlife is
inherently at risk from novel invasive pathogens
(Daszak et al. 2000). As there is no evidence that

P. destructans currently occurs in Australia (Holz
et al. 2018), Australian bat species, like their North
American counterparts, are likely to be evolutionarily
na€ıve and hence susceptible to developing WNS
(Warnecke et al. 2012). There is an urgent need,
therefore, to quantify the vulnerability to WNS of
Australian bats. Moreover, WNS could also threaten
the bat faunas inhabiting cool regions of other south-
ern continents and even high-altitude regions of the
neotropics. Worldwide actions are thus required to
improve preparedness to the trans-continental spread
of this potentially devastating wildlife disease.
An absence of information on the hibernation biol-

ogy of bats in regions outside of North America and
Europe, including Australia, prevents accurate pre-
dictions of their mortality risk from WNS. Hiberna-
tion during winter is the period of vulnerability for
insectivorous bats exposed to P. destructans. Bats in
cool climates must reduce their energy expenditure
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over winter when their insect food is reduced or
unavailable by the use of prolonged torpor bouts.
Torpor bouts are interspersed with brief inter-bout
arousal periods, which require a large proportion
(~90%) of the energy consumed during hibernation
(Thomas et al. 1990; Jonasson & Willis 2012). The
low body temperature of torpid bats and their sup-
pressed immune system during the hibernation sea-
son (Bouma et al. 2010) permit infection and growth
by this cold-adapted fungus (Gargas et al. 2009).
The physiopathology of WNS causes affected bats to
arouse more frequently from torpor (Reeder et al.
2012; Warnecke et al. 2012) and hence to prema-
turely exhaust their limited overwinter body energy
(fat) and/or water reserves, resulting in starvation or
dehydration (Verant et al. 2014; Willis 2015). Mor-
tality from WNS is restricted to bats hibernating over
the winter season (Langwig et al. 2015a). Some tree-
roosting insectivorous bat populations are known to
employ multiday torpor bouts during winter in Aus-
tralia (Turbill 2006; Turbill & Geiser 2008), New
Zealand (Czenze et al. 2017), southern Africa
(McKechnie & Mzilikazi 2011) and probably South
America, but information is scant on torpor and
activity patterns and winter energy budgets for any
Austral cave roosting species (Dwyer 1964).
In the absence of knowledge about the hibernation

biology of bats, we can still quantitatively assess vul-
nerability to WNS with a model that predicts only
the potential for exposure to the pathogen. According
to a framework for predicting impacts from threaten-
ing processes (e.g. climate change), ‘vulnerability’ is
a function of two essential components: ‘sensitivity’,
which describes the typically negative responses of
individuals or populations when experiencing the
threat (governed primarily by traits that are intrinsic
to an individual or population), and ‘exposure’,
which describes the mostly external factors modulat-
ing whether and to what extent individuals or popu-
lations will experience the threat (Williams et al.
2008). We put to one side the question of sensitivity
to WNS, assuming only that some negative effects
are possible, and focus entirely on modelling the
potential for exposure to WNS following incursion
and spread of the fungal pathogen. Quantifying
potential exposure represents a useful first step to
planning responses to the risk of incursion. More
complete models of vulnerability to WNS can be
applied when species-specific information becomes
available on the traits (e.g. winter behaviour and
hibernation physiology) determining sensitivity to
mortality from WNS (Hayman et al. 2016). Here, we
intersect data on species occurrence locations, geo-
graphic variation in a proxy for cave roost tempera-
tures and the thermal response curve of growth for
P. destructans to model the potential for exposure to
WNS for all Australian cave roosting bat species.

METHODS

We determined for all 27 bat species known to often roost
in cave or cave-like structures in Australia (Churchill 2008)
whether their occurrences were likely to contain thermal
conditions suitable for the growth of P. destructans. Bat spe-
cies hibernating in tree-roosts appear not to be susceptible
to WNS (U.S. Fish and Wildlife Service 2019), possibly
because tree-roosts typically are not as humid and are more
variable in temperature and humidity compared to cave
roosts; hence, we focused our analysis on cave roosting spe-
cies only. We treated the two subspecies of large bent-
winged bat (Miniopterus orianae oceanensis and M. o. bas-
sanii) separately because they are recognised and likely to
be upgraded to full species status (Churchill 2008; Jackson
& Groves 2015). We also included one species, the choco-
late wattled bat (Chalinolobus morio), that is primarily tree-
roosting but also roosts in caves, particularly in the Nullar-
bor Plains region of south-western Australia.

Cave microclimate is a primary determinant of the preva-
lence of P. destructans, with the most severe die-offs from
WNS in North America occurring in relatively warm and
humid winter cave roosts (Langwig et al. 2016). Growth of
P. destructans under high humidity occurs between critical
temperatures of 0 and 19.8°C, with thermal optima of
12.5–15.8°C (Verant et al. 2012). There are very limited
data on roost microclimates selected by overwintering bats
in Australia (collated in: Holz et al. 2016). Mean annual
surface temperature (MAST) provides a reasonable proxy
of deep cave temperatures (Perry 2012) and geographic
variation in MAST has been used to predict cave microcli-
mate in key modelling studies to understand WNS vulnera-
bility among North American bats (Hayman et al. 2016).
We acknowledge several limitations in the use of MAST as
an indicator of cave habitat suitable for P. destructans: (i)
the geographic distribution of caves and especially those
suitable for hibernation represent only a limited and poten-
tially biased proportion of the range of occurrences for a
species; (ii) temperatures can vary within caves depending
on their geology, shape and air-flow characteristics (Perry
2012), and (iii) bats tend to select locations within caves
during hibernation that provide temperatures somewhat
below MAST (Perry 2012). Scant data on microclimate of
hibernacula used by Australian cave bats indicate that
selected roosts in midwinter tend to be up to 3°C colder
than local MAST (Dwyer 1964; Hall 1982). These limita-
tions reduce the precision of the relationship between
MAST and thermally suitable caves but do not invalidate
the usefulness of MAST as an overall predictor of geo-
graphic variation in thermal conditions within potential
cave habitat. These models could be refined where finer-
scale regional or cave-specific information becomes avail-
able.

For each of the 27 cave roosting species, we extracted
the location (latitude, longitude) of all occurrence records
(derived primarily from captures and identified acoustic
echolocation recordings) listed in the Atlas of Living Aus-
tralia database (www.ala.org.au) and intersected these loca-
tions with a spatial data layer of interpolated mean annual
surface temperature (WorldClim Version 1.4; 10 arcminute
spatial resolution; current conditions: 1960–1990; down-
load at www.worldclim.org; Hijmans et al. 2005).
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Australian MAST has increased on average by 1°C since
1910, with most warming occurring since 1960 (Australian
Government Bureau of Meteorology and CSIRO 2018), so
temperatures estimated by the Worldclim dataset will tend to
be cooler than current thermal conditions. We intersected
occurrence records with WorldClim data using code written
by Dr Remko Duursma (package ‘speciesmap’, available at
http://remkoduursma.github.io/speciesmap) for the program
R v.3.4.2 (R Development Core Team 2009), interfaced
using the program Rstudio v.1.1.423 (RStudio Team 2015).
This method provided a single estimate of MAST for each
10 arcminute grid cell (~16 by 18.5 km at 30°S) that
included at least one occurrence record and hence largely
avoided bias linked to the spatial density of occurrence
records. We calculated the proportion of all intersected 10
arcminute grid cells with mean annual temperatures between
0 and 18°C, representing the thermal range allowing growth
of the fungus under high humidity conditions (Verant et al.
2012). We also applied a colour gradient to these MAST
data to allow their visualisation as a ‘heat map’ based on a
growth performance curve of P. destructans with a thermal
optimum of 13.5°C (Verant et al. 2012).

RESULTS

The distribution of MAST indicating the potential
for cave habitats with a thermal climate suitable for
P. destructans included much of south-eastern Aus-
tralia south of approximately 30°S, and further north
to 26°S in elevated regions of the Great Dividing
Range (Fig. 1). Of the 27 bat species known to often
roost in cave or cave-like structures in Australia
(Churchill 2008), eight species have occurrences that
overlap with MAST values indicative of cave roost
temperatures suitable for growth of P. destructans
(Fig. 2, Table 1). All eight potentially exposed spe-
cies occurred in the cooler south-eastern portion of
Australia excluding the island of Tasmania that does
not support any cave roosting bats. All occurrences
of the critically endangered southern bent-winged bat
Miniopterus orianae bassanii intersected with a narrow
band of MAST from 12 to 15°C spanning the opti-
mal temperature for growth by P. destructans. For the
eastern bent-winged bat M. o. oceanensis, two-thirds
(68%) of occurrences had estimated cave roost tem-
peratures permitting growth by P. destructans, with a
broad mode between 13 and 18°C in the thermal
range of high growth rates. One-third (32%) of
occurrences for the little bent-winged bat Miniopterus
australis had suitable roost temperatures for growth
by P. destructans, reflecting the more northerly limit
of its range and more coastal distribution compared
to the other Miniopterus species. Three more cave
roosting species had a minimum of 43% of occur-
rences, and one further cave-dwelling species had just
2% of occurrences containing roost temperatures
suitable for growth by P. destructans. For the choco-
late wattled bat Chalinolobus morio, 85% occurrence

records had estimated cave roost temperatures per-
mitting growth by P. destructans but the species uses
tree hollows primarily over most of this range (apart
from Nullarbor Plains region, where MAST values
are just within the upper limit for fungal growth).

DISCUSSION

Our analysis indicates that cave temperatures suitable
for growth of P. destructans are likely to be found
across a large proportion of the ranges of nearly one-
third of Australian cave-dwelling bat species. Of these
species facing potential exposure, two are listed as
threatened with extinction at the national level,
including M. o. bassanii as critically endangered, and
seven are listed as threatened with extinction at the
state level. Given the likelihood of incursion of P. de-
structans into Australia was rated as ‘almost certain’
within the next ten years by a multi-agency risk
assessment workshop (Holz et al. 2019), and evi-
dence of catastrophic effects on evolutionarily na€ıve
bat populations elsewhere (Frick et al. 2015), the
potential for widespread exposure to the fungus sug-
gests that WNS poses a serious impending risk to the
conservation of Australia’s bat fauna.
Several factors could reduce the vulnerability to

WNS among Australian bats (Holz et al. 2019),
despite the potential for exposure to the fungal patho-
gen as shown in our study. Humidity is important for
growth by P. destructans and hence will affect potential

Fig. 1. Estimated spatial extent of cave roost thermal con-
ditions suitable for growth by Pseudogymnoascus destructans
throughout Australia, as indicated by coding of mean
annual surface temperatures according to the thermal
growth performance curve of P. destructans (darker colour
density indicates higher fungal growth rates).
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exposure in the roost. Humidity is very high in the
winter cave roosts used by Miniopterus orianae oceanen-
sis (Hall 1982), M. o. bassanii, and probably also Rhi-
nolophus megaphyllus, but the relatively shallow cave-
like roosts used by Vespadelus troughtoni, Chalinolobus
dwyeri and Myotis macropus (Churchill 2008) are gen-
erally less humid and hence would be suboptimal for
fungal growth. Sensitivity of individual bats to mortal-
ity from WNS is largely dependent on the thermal
energetics of hibernation (Reeder et al. 2012; War-
necke et al. 2012), including body fat levels (Cheng
et al. 2019), and their interaction with immune
responses (Moore et al. 2018). Torpor use is wide-
spread among Australian bats (Geiser 2006; Geiser &
K€ortner 2010), but winter conditions might be suffi-
ciently mild to prevent hibernating bats from develop-
ing WNS symptoms or reduce the likelihood of
consequential mortality. In laboratory experiments,
infected little brown bats Myotis lucifugus had signifi-
cantly shorter torpor bouts than controls after just 27
days, and mortalities from WNS began after 71 days,
while hibernating at 7°C and 97% humidity (War-
necke et al. 2012). Hibernation patterns of Australian

bats have been measured for several tree-roosting spe-
cies (Nyctophilus gouldi, N. geoffroyi and Chalinolobus
morio) in a region with a cool temperate climate
(MAST: 13.2°C) on the elevated northern tablelands
of eastern Australia. These species employed multiday
torpor bouts lasting up to 15 days interrupted by short
arousals over a period of 2–3 months during winter
(Turbill 2006; Turbill & Geiser 2008). Shorter torpor
bouts and increased nightly activity were observed
throughout winter during occasional brief periods of
milder weather conditions (Turbill 2008; Turbill &
Geiser 2008). The cave roosting M. o. oceanensis in a
similar climate often appeared torpid during winter
and lost on average 22% of their pre-hibernation body
mass over the winter season (Dwyer 1964). In a sub-
tropical coastal habitat, another tree-roosting species
(N. bifax) was recorded using torpor often during win-
ter, including multiday bouts lasting up to 5 days dur-
ing cooler periods (Stawski et al. 2009), indicating that
degrees of hibernation are employed even in relatively
mild climates (Geiser & Stawski 2011). Thus, expo-
sure will be less severe for bats overwintering in dryer
roosts, and sensitivity of bat populations facing

Fig. 2. Potential for exposure to the fungal pathogen Pseudogymnoascus destructans causing white-nose syndrome among Aus-
tralian cave roosting bat species. Species occurrences are coded according to cave roost temperature predicted from mean
annual surface temperature with the density of colour indicative of the temperature-dependent growth rate of P. destructans
(darker colour density indicates higher fungal growth rates). Note that Chalinolobus morio is primarily a tree-roosting species
that sometimes roosts in caves (primarily in the Nullarbor Plain region).
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exposure could be alleviated by shorter winter seasons,
shorter torpor bouts during hibernation and some win-
ter foraging opportunities for bats in relatively mild
Australian climates. These conditions might allow bet-
ter resistance to infection and reduce the severity of
symptoms of WNS among at least some population of
Australian bats in areas of potential exposure.
Other factors could exacerbate the vulnerability to

WNS among Australian bats. Evolutionary na€ıvet�e to
the pathogen is supported as the underlying cause of
the devastating impacts of WNS among North Amer-
ican bats (Warnecke et al. 2012). Indeed, persisting
bat populations show evidence of adaptive changes
that enhance resistance to WNS (Donaldson et al.
2017; Langwig et al. 2017; Gignoux-Wolfsohn et al.
2018; Harazim et al. 2018). Australia’s unique wild-
life is inherently at risk from novel invasive pathogens
due to its long-term biogeographical isolation (Das-
zak et al. 2000), and Australian bats could thus be
more evolutionarily na€ıve than their distant North
American relatives and relatively more susceptible to
the pathophysiology of WNS (Verant et al. 2014). In
addition, some bats in warmer climates are known to
select the coldest sections of caves during winter
hibernation (Perry 2012), which may lead to under-
estimates of exposure to P. destructans and hence vul-
nerability to WNS. For instance, as activity declined
during early winter, eastern bent-winged bats moved
to roost in locations that were 2–3°C colder than
mean cave temperature (Hall 1982). Such selection
of relatively cold (and humid) winter roosting loca-
tions within caves could expose bats in warmer cli-
mates to increased prevalence of P. destructans, and
at lower elevations and latitudes than we have identi-
fied here. There is a need for research to describe the
microclimate of winter cave hibernacula and roost
selection behaviour for different species of Australian
bats. Clustering behaviour also increases the

sensitivity of bats to WNS (Turner et al. 2015) and
Australian bent-winged bats (Miniopterus spp.) form
tight clusters when hibernating over winter (Dwyer
1964). Finally, even if direct mortality from WNS is
unlikely, the disease might cause important non-
lethal negative consequences, including disruptions
to torpor patterns and hence seasonal energy bud-
gets, tissue damage and chronic physiological effects,
including the costs of recovery from the disease
(Davy et al. 2016), all of which could reduce the
long-term fitness of Australian cave roosting bats and
hence exacerbate pre-existing threats to their conser-
vation (Holz et al. 2019).
Given the rapid and catastrophic impact of WNS

on bat populations in North America (Frick et al.
2015), and the estimated widespread extent of cave
roost thermal conditions suitable for growth by P. de-
structans in Australia (Fig. 1), a proactive and precau-
tionary approach is critical to minimising impacts in
the likely event of an Australian incursion. Such
actions should include pre-arrival measures involving
tightening of biosecurity to prevent accidental intro-
duction of P. destructans on fomites, such as boots
and caving equipment, and facilitating research to
provide key missing information required to improve
modelling of vulnerability, and post-arrival measures
including limiting public access to hibernation roost
sites, implementing WNS decontamination protocols
and other mechanisms that reduce the spread of the
pathogen and possibly also its impact on populations
of threatened or high-risk species (Wildlife Health
Australia 2017).
Current pre-arrival measures include a multistake-

holder drive for increased awareness of the risk of
WNS among Australia’s caving (Australian Govern-
ment Department of Agriculture and Water
Resources 2017; Australian Speleological Federation
2018) and bat enthusiasts communities (Australasian

Table 1. Proportion of occurrence records for all Australian cave roosting bat species with roost temperatures predicted
from annual surface temperature within the range of 0 and 18°C that is suitable for growth of the fungal pathogen (Pseudo-
gymnoascus destructans) causing white-nose syndrome

Scientific name Common name Conservation status† % Occurrences

Miniopterus australis Little bent-winged bat VU (NSW) 32
Miniopterus orianae bassanii Southern bent-winged bat CR (National, VIC); EN (SA) 100
Miniopterus orianae oceanensis Eastern bent-winged bat VU (NSW, VIC) 68
Myotis macropus Large-footed myotis VU (NSW); EN (SA) 55
Vespadelus finlaysoni Finlayson's cave bat Not listed 2
Vespadelus troughtoni Eastern cave bat VU (NSW) 43
Rhinolophus megaphyllus Eastern horseshoe bat VU (VIC) 56
Chalinolobus dwyeri Large-eared pied bat VU (National, NSW, QLD) 86
Chalinolobus morio‡ Chocolate wattled bat Not listed 85

†Species classified as threatened with extinction (CR = Critically Endangered; EN = Endangered; VU = Vulnerable) in
national or state legislation (National: Environment Protection and Biodiversity Protection Act 1999; NSW: Biodiversity Con-
servation Act 2016; VIC: Flora and Fauna Guarantee Act 1988; SA: National Parks and Wildlife Act 1972; QLD: Nature
Conservation Act 1992). ‡Primarily tree-roosting with a cave roosting population occurring in the Nullarbor Plain region.
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Bat Society 2017). However, at present, caving activi-
ties and equipment are not explicitly identified on
Australia’s incoming passenger declarations so that
instead it is left to cavers and bat enthusiasts to iden-
tify these voluntarily. Furthermore, the Australian
Border Force as yet has no specific protocols in place
for decontaminating and, if necessary, confiscating
fomites that potentially carry P. destructans; so even
when fomites are reported voluntarily it is not clear
that this is then followed by an appropriate biosecu-
rity response. Therefore, we strongly urge the Aus-
tralian government specifically to (i) amend its
Incoming Passenger Card (Australian Border Force
2018) to include ‘caves’ explicitly in the question
‘Have you been in contact with farms, farm animals,
wilderness areas or freshwater streams/lakes etc in the
past 30 days?’; and (ii) implement targeted protocols
at its borders for identifying and processing fomites
that potentially carry P. destructans.
Current post-arrival measures include strategies for

control of the spread of WNS and measures that
could reduce its impact, with high priority activities
being the identification and engagement of stakehold-
ers, disease surveillance, cave closures, biosecurity
and decontamination, education and conservation
activities (Wildlife Health Australia 2017). However,
the effectiveness of these post-arrival measures would
benefit greatly from ‘research to inform risk and
response’ (Wildlife Health Australia 2017). Our
study has made the potential for exposure to P. de-
structans following incursion species-specific and spa-
tially explicit and so facilitates more efficient
deployment of limited WNS management resources.
However, to quantify the vulnerability of species to
WNS, information on exposure must be combined
with information on the traits that determine WNS
sensitivity; hence, research on winter behaviour and
hibernation physiology of most at-risk bats in particu-
lar is key for enabling informed decisions about effec-
tive management at each of the invasion front,
epidemic and recovery stages of the disease (Langwig
et al. 2015b).
In response to the WNS epidemic, US Fish and

Wildlife Services have allocated more than $46 mil-
lion since 2008 to support research and fieldwork on
WNS (U.S. Fish and Wildlife Service 2019). This
direct injection of funding and additional resourcing
from multiple agencies of North America and
Canada and non-government organisations has led to
an enormous increase in relevant knowledge about
the biology of bats and fungal pathogen. These
recent studies have honed techniques for monitoring
bats and their responses to WNS, such as long-term
video surveillance (Hayman et al. 2017) and experi-
mental testing of possible amelioration (e.g. by habi-
tat manipulation; Boyles & Willis 2010). From this
intense period of research, we can identify the

population-specific traits most informative of sensitiv-
ity to WNS. Key factors include behavioural traits
such as selection of roost microclimate, clustering
and colony size, arousal cues and winter foraging
activity, and physiological traits such as pre-hiberna-
tion body fat accumulation, torpor-arousal patterns,
metabolic rates during torpor and arousal, and patho-
physiological and immunological responses to the
fungal infection (Willis 2015, 2017; Hayman et al.
2016). We thus urge relevant agencies in Australia to
make funding available (e.g. as competitive grants)
for focused research programmes that will deliver this
crucial missing information.
Finally, although our study focuses on Australian

bats, there is a clear potential for catastrophic
impacts of this fungus on na€ıve bat populations in
other Southern Hemisphere continents. The warm
tropics are presumably a natural barrier to dispersal
for the cold-adapted fungus (although cool moun-
tainous tropical regions could be at risk, e.g. for bats
in the Tropical Andes). The high prevalence in
recently infected North American bat colonies, and
increasing human translocation of pathogens (Fisher
et al. 2012), enhances the risk of trans-hemispheric
incursions of P. destructans. Our mapping shows that
caves across a substantial area of south-eastern Aus-
tralia provide thermally suitable conditions for this
cold-growing fungus. Mapping of climatic suitability
for P. destructans in South America also indicates
overlap with the ranges of several endemic species
(Escobar et al. 2014). We are not aware of any WNS
vulnerability assessments for African bats, but ele-
vated regions in southern Africa contain suitable cli-
mates and some African bats employ a degree of
hibernation (McKechnie & Mzilikazi 2011). Overall,
given the potential for accidental trans-hemispheric
spread of P. destructans, it is clear that a proactive,
globally coordinated response, which must include
targeted research, is needed to help prevent WNS
from impacting Southern Hemisphere bats.
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