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Summary 

1. White-nose syndrome (WNS) is an emerging disease of hibernating North American bats that is 
caused by the cold-growing fungus Geomyces destructans. Since first observed in the winter 01'2007, 
WNS has led to unprecedented mortality in several species of bats and may threaten more than 15 
additional hibernating bat species if it continues across the continent. Although the exact means by 
which fungal infection causes mortality are undetennined, available evidence suggests a strong role 
of winter environmental conditions in disease mortality. 
2. By 2010, the fungus G. destmetans was detected in new areas of North America far from the area 
it was first observed, as well as in eight European bat species in different countries, yet mortality was 
not observed in many of these new areas of North America or in any part of Europe. This could be 
because of the differences in the fungus, rates of disease progression and/or in life-history or physio­
logical traits of the affected bat species between different regions. Infection of bats by G. des truetans 

without associated mortality might also suggest that certain environmental conditions might have 
to co-occur with fungal infection to cause mortality. 
3. We tested the environmental conditions hypothesis using Maxent to map and model landscape 
surface conditions associated with WNS mortality. This approach was unique in that we modelled 
possible requisite environmental conditions for disease mortality and not simply the presence of the 
causative agent. 
4. The top predictors of WNS mortality were land uselland cover types, mean air temperature of 
wettest quarter, elevation, frequency of precipitation and annual temperature range. Model results 
suggest that WNS mortality is most likely to occur in landscapes that are higher in elevation and 
topographically heterogeneous, drier and colder during winter, and more seasonally variable than 
surrounding landscapes. 
5. Synthesis and applications. This study mapped the most likely environmental surface conditions 
associated with bat mortality owing to WNS in the north-eastern United Sates; maps can be used 
for selection of priority monitoring sites. Our results provide a starting point from which to investi­
gate and predict the potential spread and population impacts of this catastrophic emerging disease. 

Key-words: bioelimatic modelling, Chiroptera, disease modelling, ecological niche models, 
fungus, Geomyces destructans, Maxent, pathogen risk assessment 

and mass mortality (Martinkova at al. 20 [0; Puechmaille el 01.
Introduction 

2010, 2011a,b; Wibbelt at al. 2010). In North America, mass 
White-nose syndrome (WNS) is an emerging disease of hiber­ mortality of bats affected by WNS was first observed at a few 
nating bats in North America (Blehert el al. 2009). The fungus caves where bats hibernate (hereafter 'hibernacula') in New 
that causes WNS in North America (Lorch el 01. 2011) also York state during the late winter of 2007 (Blehert el 01. 2009). 
occurs on hibernating bats in Europe without causing WNS In the four subsequent winters, WNS rapidly spread through­

out the Appalachian region of eastern North America and is 
'Correspondence author. E-mail: suniLkumar@colostate.edu now affecting at least six species of hibernating bats that occur 
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in that region (Turner, Reeder & Coleman 2011). Species of 

bats diagnosed with WNS include Eplesicusfuscus (big brown 

bats), Myolis leihii (eastern small-footed bats), Myoli~ 

lueifugus (little brown bats), Myalis seplentrianalis (northern 

long-eared bats), Myalis sadalis (Indiana bats) and Perimyalis 

subflavus (tricoloured bats) (Foley el al. 2011). Previously, 

common species (e.g. M. lueifilgus) in the north-eastern United 

States are now at risk of regional extirpation or extinction 

owing to WNS (Frick 1'1 al. 2010). 

A recently discovered cold-loving fungus (Geomyees 

deslruelans; Blehert 1'1 al. 2009; Gargas 1'1 al. 2009) causes 

serious skin infection in bats alTected by WNS while they 

hibernate (Meteyer el 01. 2009; Lorch el al. 2011). In North 

America, this fungus or its DNA has only been found on the 

bodies of bats showing clinical signs ofWNS or in the soils of 

hibernacula where WNS mortality occurred (Lindner el 01. 

2011). Patterns of WNS spread indicate that G. deslruelans 

may be an exotic-invasive species that was recently introduced 

to the United States (Wibbclt el 01.2010) or that the fungus is 

native and only recently became pathogenic to bats (Puechma­

ille el al. 20lla). Infection of bat wings by G. deslruelans is 

presumed to be a primary cause of WNS and subsequent 

mortality, most likely through physical or behavioural 

disruption of homoeostasis during hibernation (Blehert el al. 

2009; Boyles & Willis 2010; Cryan el al. 2010; Lorch 1'1 al. 

2011). However, skin infection by G. dl'slruelans may not 

always coincide with mortality. During spring of 2010, DNA 

of G. deslruelans was detected in three additional species of 

hibernating bats (Myalis auslroriparius, Myalis grisescens, 

Myolis veli!er) west of the Appalachian Region (e.g. Missouri 

and Oklahoma), yet mortality was not observed (USGS, 20 I0). 

Although observations of fungal presence without mork1lity or 

additional clinical signs of disease (e.g. bats flying during 
daytime in winter) may simply reflect detection of the disease in 

its earliest stages, it is possible that environmental limits on the 

disease might help explain the more restricted distribution of 

observed mortality relative to the overall pattern of infection. 

A model of infectious disease causation, the so-called epi­

demiologic triad, posits that three factors are necessary for a 

disease to occur: (i) a susceptible host, (ii) a pathogen capable 

of infecting the host and (iii) environmental conditions favour­

able to the existence of both host and pathogen that bring 

them together in a way that causes disease (This ted 2003). 

With WNS, hibernating bats are aceommodating hosts for 

G. deslruelans - their body temperatures are within the opti­

mal growth range of the fungus, their immune function is likely 

to be limited, and they inhabit cold, dark, damp places where 

the fungus can easily persist (Meteyer el al. 2009; Cryan el al. 

2010). The unique ability of G. deslruelans to infect the living 

skin tissues of North American hibernating bats also makes it 

a potentially lethal pathogen (Meteyer el al. 2009; Cryan el 01. 
2010; Lorch 1'1 01. 2011). However, little is known about how 

environmental conditions influence the chain of events leading 

from exposure of bat skin to G. deSlructans through infection 

to WNS mortality. 

The fungus G. deslruelam only grows at cold temperatures 

( < 20 °C; Gargas el 01. 2009), and thus, WNS is a disease of 
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hibernating bats. All hibernating bats in North America are 

insectivorous and survive winter insect shortage by moving to 

hibernacula that are consistently cold and humid. During 

hibernation, bats suppress their metabolism and body temper­

ature to save energy and thus survive for 6--8 months on stored 

body fat (Speakman & Thomas 2003). Current evidence sug­

gests that G. deslruelans infects bats and causes the most physi­

ological damage while their body temperatures are suppressed 

during hibernation (Meteyer el al. 2009). However, bats 

infected by G. deslruelans might be capable of surviving fungal 

infection by arousing from hibernation [metabolically warm­

ing their bodies to euthernlic temperatures (c. 35°C)] and seek­

ing warm conditions and/or insect prey to offset metabolic 

costs of remaining euthermic (Boyles & Willis 2010; Dobony 

el 01. 20 II; Meteyer el al. 20 II; Stonn & Boyles 20 II). There-­

fore, environmental conditions both inside and outside hiber­

naeula are likely to influence winter survival. 

Microclimate conditions inside bat hibernacula can vary 

considerably among regions and sites (McNab 1974; Humph­

ries, Thomas & Speakman 2002; Brack 2007), and different 

species of bats select different conditions for hibernation 

(Davis 1970). However, bats in North America tend to 

hibernate in sites with high humidity and temperatures that 

generally range between about 3 and 15°C (Davis 1970; 

McNab 1974), whereas environmental surface conditions 

outside hibernacula fluctuate much more dramatically and can 

be much more variable during winter. Few data on under­

ground conditions within bat hibernaeula are available, yet 

data on surface conditions outside hibernacula are readily 

available. Environmental conditions outside hibernacula 

during winter probably have a strong influence on bat survival 

(Ransome 1990), because such conditions govern the range of 

survival options bats have when disturbed from hibernation. 

For example, a common indication that WNS is affecting a 

hibernaculum is the flight of affected bats outside during the 

daytime (Blehert 1'1 al. 2009). Whether bats leaving affected 

hi bernaeula arc escaping something inside, such as fungal 

infestation of the site, or seeking more favourable conditions 

outside remains to be determined. Underground conditions 

within bat hibernacula also correspond to certain surface 

conditions, such as temperature (Humphries, Thomas & 
Speakman 2002). In general, winter conditions outside hiber­

nacula in the Appalachian Region where WNS mortality has 

been observed thus far are generally harsher than winter condi­

tions in areas farther south and west where G. deslruetans has 

been detected in bats, but without associated mortality in the 

first years of detection (e.g. western Tennessee, Missouri and 
Oklahoma). Furthennore, G. deslrtu:lans has been observed 

on several species of bats across Europe, but without associ­

ated mortality (Martinkov:J. 1'1 al. 2010; Puechmaille el al. 

2010; Wibbelt el 01. 2010). Although the European fungus 

may be less virulent or European bats may have evolved immu­

nity to G. deslruelans (Wibbelt 1'1 al. 2010; Puechmaille el 01. 

2011a), another hypothesis for the disparity in mortality 

between North America and Europe is differences in win­

ter conditions outside hibernacula. Certain environmental 

conditions outside hibernacula (e.g. sustained subfreezing 
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temperatures) might prevent bats from surviving infection by 

C. deslrue/a.Jls and thus be an important co-factor in the 

virulence ofWNS. 

Species--environmcntal matching (SEM) models statistically 

relate species presence andlor absence locations to environ­

mental predictors (Phillips, Anderson & Schapire 2006). In the 

case of WNS, models using presence-only data may be more 

appropriate than models using presence and absence data (e.g. 

logistic regression), because it is currently impossible to deter­

mine ttue 'absence' [i.e. dilliculty or detecting fungus in the envi­

ronment (Lindner el at. 2011) or differentiating suitable from 

unsuitable habitat]. FurthemlOre, fungal infection by G. deslrue­
lam may not always cause WNS and mortality, as seems to be 

the case in Europe. Presence-only SEM modelling was recently 

used to map the environmental suitability for infection with the 

pathogen Balrachochylrium dendrobalidis, which causes chytrid­

iomycosis disease in multiple species of amphibians (Murray 

el al. 201 I). Building upon the concept of using SEM models to 

investigate disease processes in wildlife, we modelled and 

mapped potentially suitable habitat for mortality associated with 

infection by an organism, rather than the traditional approach 

of modelling the distribution of the organism itself. 

In this study, we investigated relationships between environ­

mental surface conditions and landscape-scale patterns of 

WNS mortality. Our objective was to test the hypothesis that 

environmental conditions might restrict the distribution of 

WNS mortality relative to the overall pattern of infection by 

G. destruetans. 

Materials and methods 

OCCURRENCE RECORDS AND ENVIRONMENTAL 

LAYERS 

We obtained geographic coordinates from thc US Fish and Wildlife 

Service for all known records of WNS-infected hibernacula, as of 1 

May 2010, comprising 81 WNS-positive records and 31 WNS nega­

tive (Table 1). WNS-positive records were sites where bats had bcen 

diagnosed with disease by histopatbology (sensu Mcteycr el a/. 2009) 

or mortality, and clinical signs of disease were observed. WNS-nega­

tive records were sites where no WNS diagnosis or clinical signs and 

mortality had been recorded. Although the environmental conditions 

inside bal hibernacula undoubtedly influence the way C. de.wl/clans 

is transmitted and aRects bats, the lack of cxisting information on 

such underground conditions, coupled with the urgency of the situa­

tion, warrants a focus on modclling how survival of hibernating bats 

exposed to G. d1'slruclans relates to surface conditions. We gathered a 

sct of relevant bioclimatic and environmental variables rclating to 

surface conditions originating from 61 available Gcob'Taphic Infor­

mation System (GIS) layers at different spatial resolutions. These 

included 24 bioclimatic variables (climate data from Daymet; http:// 

www.daymet.orgf), 28 MODIS (MODerate resolution Imaging 

Spectroradiometer) phenology layers (Tan el al. 2008), and nine 

topographic, land usc/land cover type and other environmental vari­

ables (Table SI, Supporting inforn1ation), all of which spanned the 

north-eastern US where C. deslruclOns was known to occur at the 

time of analysis. These variables were considered as potcnti~l factors 

that might represent the environmcntal conditions associated with 

WNS mortality and wcre chosen based on previous spatial modelling 

studics on other pathogens (Reed el al. 2008; I'uschendorf e/ al. 

2009; Murray 1'1 al. 2011). All of these variables were resampled 

(using 'Aggregate' function in GIS) to l-km spatial rcsolution to 

match with the bioclimatic layers, Mean values for MOD[S phenol­

ogy layers (2S0-m original resolution) and mean and standard devia­

tion for 'Elevation' and 'Slope' variables (30-m original resolution) 

werc calculated to capture heterogeneity in vegetation phenology and 

topography within I-km cells. 

SPATIAL MODELLING AND STATISTICAL ANALYSES 

We believe the SEM approaCh for investigating mortality associated 

with WNS isjustiticd for two reasons. First, because G. deslrue/ans is 

known to grow under conditions of high humidity and temperature 

between about 3 and 15°C (Gargas e/ 01. 2009; Chaturvedi el 01. 
20(0), which is generally wider than the range of temperatures used 

by hihernating bats (Webb, Speakman & Racey 1996; Humphries, 

Thomas & Speakman 2002). Although hibernacula conditions or bal 

behaviour (e.g. grooming) are likely to lead to variation in the ability 

of the fungus to infect bats, there is not yet evidence suggesting that 

C. destruCians will be limited by conditions within bat hibernacula. 

Secondly, it is possible that C. de.~/rllclans may alre.1dy be present in 

hibernacula across North America and has gone undetected. By mod­

elling environmental conditions associated with disease occurrences, 

we believe that SEM modelling has thc potential to help inform 

understanding ofcryptic disease processes. 

Maximum entropy modelling or Maxcnt (Phillips, Anderson & 
Schapire 2(06) shows great promise for predicting ecological niches 

of species (Elith el al. 2006; Ortega-Huerta & Peterson 2008) and has 

been proven effective even on data sets with small samplc sizes 

(Hcrnandez el al. 2006; Pearson el a/. 2007; Wisz el al. 2008; Henito 

el al. 2009; Kumar & Stohlgren 2009). Maxent is a machine learning 

algorithm that requires presence rccords only and uses random 

background points to sample environmental conditions in the study 

area. The model is prohabilistic and calculates the probahility of 

presence: 0 being the lowest and 1 the highest. By automatically 

including intcractions among predictor variables, the model is 

nonparametric and can account for nonlinearities. Maxent ranked as 

the best-performing model algorithm in a recent comparison of 16 

different modelling methods encompassing data on birds, terrestrial 

plants, bats and reptiles (Elith 1'1 al. 2006; Kumar el al. 20(9). We 

used Maxent (version 3.3.3.e; Phillips, Anderson & Schapire 2006; 

http://www.cs.princeton.edurschapire/maxent/) as our SEM model 

ofchoice for studying the patterns of mortality associated with WNS. 

Duplic.1 te WNS presence records (onc of 81) were removed using 

Maxent's 'remove duplicate' function. We trained the model for a 

smaller extent (Training Extent) th"t covered WNS-positive lind 

WNS-negative locations (Fig. S I, Supporting information). This 

Training Extent was estimated by drawing a minimum convex 

polygon around the WNS-positive and WNS-negative locations 

(Fig. 1). The model trained for the Training Extent was projected to 

the whole study area (Fig. I). This was done to limit the model 

training region to the area that was actually sampled for WNS 

prcsence and for drawing random background points or pseudo­

absences (Phillips & Dudik 2008; Phillips el 01. 2009; VanDerWal 

elal. 2009). We ran the model with 100 replicate runs and used 70% 

of the data for training and 30% of the data for testing in each run. 

Predictions from 100 models were averaged to produce tinal maps of 

probability of presence of WNS mortality. Geob'Taphic pattern in 

uncertainty of the predictions was mapped by calculating the 

coefficient of variation of projected prohahility of occurrence among 

100 replicate runs (Fig. S2, Supporting information). 
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Fig, 1, Study site map and locatioll of positive (prescncc) and negative (absence) points for sites with bat white-nose syndrome (as of May 2(10). 
White-nose syndrome (WNS)-positivc points represent lo~ations whcrc bms had been diab'IlOscd with disease by histopathology, or mortality 
and clinical signs of disease were observed. WNS-ncgative points are lo~ations where no WN$ diab'IlOsis Or clinical signs and mortality had been 
re~orded. 

The accuracy of the modcl was assessed using the area under 

the re~eiver operating chara~teristi~ (ROC) curve (AUe), whi~h 

is a threshold-independent measure of model diSCrimination abil­

ity and varics from 0 to I (Fielding & Bell 1997). An AVe value 

of 0·5 or less represents a model with predictions no beller than 

random, and values close to I represent high discrimination. To 

assess the relative importance of environmental variables, we used 

two procedures included in Maxent: per cent variable contribu­

tions and jackknife estimation (sec details in Phillips, Anderson 

& Schapire 2(06). We also examined the response curves showing 

the relationships between different environmental predictor vari­

ables and the probability of WNS presence. We examined the 

predictors for ~ros:;-<:orrelations by calculating Pearson correla­

tion cocfficients (r). We removed 27 highly cross-<:orrelated vari­

ables (r ~ 0'9) and included only one predictor in the model from 

a set of highly cross-<:orrelated variables (Table S2, Supporting 

information). The decision to include a variablc from a set of 

highly cross-correlated varia bles was made based on its potential 

biological relevance to the presence of WNS. The initial model 

was run with thc remaining 34 variables, but the final 'pruned' 

model included only 15 predictors; 19 variables were dropped on 

the basis of their lowcr predictive power [i.e. lower percentage 

contribution « 1'0) and lower rcgularized training gain] in the 

initial lull Maxent model (T<lble 2 and Table SI, Supporting 

infomlation). 

[n November 2011, we retested our model predictions based on 

county-level data showing the subse4uent occurrence of WNS 

reported by the US Fish and Wildlife Service (hllp:jjWWW.rws.govj 

whitenosesyndromejmapsjWNSMap_IO-03-11_300dpi.jpg) on 3 

October 2011. No occurrence data from these newly affected counties 

were used in the model ~alibration. We overlaid 24 counties where 

WNS was reported after our initial <In<llysis and calculated thc maxi­

mum probability of WNS presence predicted by the Maxent model 

for any I-km ~II within a county; the mean of predided probability 

for aill-km cells within a county was also ~alculatcd. 

Results 

Maxent yielded a highly predictive model with an average test 

AVC value of 0·lI5 (± 0·03; Fig. 2) and contained 15 environ­

mental variables. This model predicted highly suitable environ­

mental CQnditions for WNS in parts of New York, Vermont, 

south-western North Carolina and northern Georgia (Fig. 2). 

The jackknife procedure showed that land use/land cover type, 

frequency of precipitation (proportion of days lhat had any 

precipitation) and annual temperature range at the site of 

WNS-positive hibernacula had the most predictive power (i.e. 

higher training gains and tcst AVC values; Fig. 3a,b). Land 

use/land cover type, mean temperature or wettest quarter and 
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Table 1. Number or bat hibernaeula classified as posilive or negative 
ror bat white-nose syndrome (WNS), by state, which were used as 
presence locations lo model the habitat associations or WNS 
mortality 

Slale WNS positive WNS negative 

Connecticut 3 2 
Maine N/A 2 
Massachusetts 7 1 
New Hampshire 5 o 
New Jersey 3 N/A 
New York 34 3 
Pennsylvania 8 N/A 
Vermont 12 2 
Virginia 5 8 
West Virginia 4 13 
Total 81 31 

elevation (standard deviation) also highly influenced the final 
model, with 17%, 15% and 13% contributions, respectively 

(Table 2). WNS probability of occurrence was higher for bar­

ren land~ (areas with < 15% vegetation cover). Other influen­

tial predictors, in decreasing order of importance, were as 
follows: frequency of precipitation (12'2%), annual tempera­

ture range (8'5%) and precipitation of wettest month (8'l %; 
Table 2). 

Individual response curves describing the relationships 
between prohability of WNS presence and the top predictor 

variables are shown in Fig. 4. The re~ponse curve for elevation 
(standard deviation) showed an increasing prohability of 

WNS pre~ence with increasing elevational heterogeneity 

(Fig. 4a). The highest prohability of WNS presence was 

ob~erved when the ~tandard deviation in elevation (within 
l-km2 cell) was around 210 m, and the lowest probability was 
when there was lower variation in elevation within a l-km2 cell 

(Fig. 4a). The response curve for frequency of precipitation 

(i.e. proportion of days in a year that had any precipitation) 
showed peak probability ofWNS pre~ence at about 0·30 (pre­

cipitation in 30% of days per year) (Fig. 4b). The probability 

of WNS presence was highest when precipitation during the 

wettest month was < 100 cm and declined rapidly at higher 
amounts (Fig. 4c). Probability of WNS presence was highest 

when the mean temperature of the wettest quarter was between 

-2 and 17°C (Fig. 4d) and when mean annual temperature 

ranged hetween 38 and 40°C (Fig. 4e). The test of model pre­

dictions based on county-level WNS occurrence data in 
November 2011 showed excellent perfonnance of the modcl 
with 71 % of the confirmed counties (17 of 24) having ill least 

one cell that had probability more than 0-50 (Fig. S3 and asso­
ciated Tahle S3, Supporting infonnation). 

Discussion 

CAVEATS 

Species-environmental matching models present a first 
approximation of habitat suitahility of an organism or, in the 
case of WNS, mortality associated with a disease-causing 

organism. The model appears to be more transferable in areas 
close to the Training Extent and less transferable in distant 

areas. Uncertainty in model predictions was higher in southern 
North Carolina and north-eastern South Carolina (Fig. S2, 
Supporting infonnation), which could be due to (i) the varia­

tion observed in the predictions among replicates based on the 

Table 2. estimates of relative contributions or the environmental variables to the final Maxent model; values shown are averages (.t SO) over 
100 replicale runs. See Table SI (Supporting information) ror details about the environmental variables (e.g. native spatial resolution and 
sources or data) 

Percentage Permutation 
Variable contribution importance 

Land use/land cover types 
Mean temperature of wettest quarter (Oc; l:lioS) 
Elevation (standard deviation) 
Frequency of precipilation (number or wet days/tolal days in a year) 
Annual temperature range (OC; Bi07) 
Precipitation or weltest month (em; Bio 13) 
Precipitation or driest month (em; Biol4) 
Northness (cosine or aspect)' 
Eastness (sine or aspect)' 
Compound topographic index 
Distance to water 
Enhanced Vegetation Index (EVI) seasonal amplilude 

(difference between the maximal value and the base level; 
Tan el al. 2008) 

Normalized Difference Vegetation Index (NIJVI) base level 
(average of the lert and right minimum values; Tan el al. 2008) 

Temperature seasonality (Bi04)
 
Mean temperature of driest quarter (OC; l:li09)
 

17·\ (37) 
15-4 (2'5) 
12·6 (4'0) 
12·2 (2'7) 
8·5 (H) 
81 (4'0) 
6·9 (2-4) 
5·3 (23) 
3'2 (12) 
2·9 (1'9) 
2·2 (10) 
['8 (1'3) 

1·4 (1'1) 

1·3 (0'7) 
I·' (0'<)) 

11·\ (2-4) 
\ Q-2 (lO) 
\08 (4'6) 
t4·7 (4'6) 
25·5 (67) 

1·1 (1'5) 
7-4 (25) 
2·9 (1'8) 
28 (1'4) 
\·3 (0'9) 
3·5 (16) 
25 (18) 

0·3 (0'4) 

4·0 (2'2) 
j·9 (1'7) 

'We transformed circular variable aspect (0---360") into a linear north-south gradient (north ness) and an east-west gradient (eastness) by 
perrorming cosine and sine transrormations, respectively. Northness ranges rrom -1 (south-facing) to 1 (north-facing), and Eastness from 
-1 (west-racing) lo 1 (easl-racing) (Gutierrez el al. 2005; Kumar, Slohlgren & Chong 2006). 
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Fig. 2. Predicted probability of presence of bat white-nose syndrome (WNS) associated mortality [average test AUC = 0'85 (±0'03); average 
training AUC ~ ().9(i (:l0'01)] in north-eastern United States. Predictions are averages over 100 replicate runs. Highly suitable areas for WNS 
presence are predicted in areas that are higher in elevation and topographically heterogeneous, drier and colder during winter, and more season­
ally variable than surrounding habitats. 

random splitting of the data; (ii) the effects of model extrapola­

tions far beyond the Training Extent (Stohlgren el al. 2011) 

(Fig. 51, Supporting information). The recent emergence and 

rapid spread of WNS suggest that the disease has not reached 

equilibrium in populations of hibernating bats of North 

America, so an iterative approach to modelling and disease 

surveillance seems warranted. The locations of bat hibernacula 

are often unknown, and there are undoubtedly WNS-positive 

sites in the affected region that have not been reported. 

Mortality and clinical signs of disease may also sometimes go 

unnoticed at affected hibernacula. Other types of error and 

bias effects in the study include the following: (i) GPS instru­

ment error or mensurement inaccuracies and some 'fuzzed' 

locations for privacy purposes (assumed to be minor with a 1­

km2 modelling resolution); (ii) misreporting or failure to report 

infected and non-infected sites (assumed to hc minor based on 

reputable sources); and (iii) resolution of predictor variablcs. 

Despite these issues, the predictive power of the Maxent results 

suggest that, given the available data, we have a good first 

approximation of environmental conditions outside bat hiber­

nacula that may be associated with WNS mortality. Howevcr, 

these rcsults do not account for differences in disease among 

species or pathogen variants, and caution should be taken in 

extrapolating them to other geographic regions or future con­

ditions. In particular, resourcc management decisions, such as 

wherc to institute universal prccautions to limit disease spread 

or focus conservation actions, should not be made based on 

our results until they are validated. 

In addition to caveats associated with the modelling 

approach we took, we only investigated one of the several 

hypotheses for explaining differences in mortality observed as 

WNS spreads. As discussed above, other explanations for vari­

ation in mortality include differences among bats (hosts), dif~ 

ferences in lhe fungus (pathogen) and/or differences in the way 

that the pathogen spreads among hosts and geographic regions 

or environmental conditions. 

ENVIRONMENTAL FACTORS INTERPRETED 

Our results showed that fifteen of the 61 environmental factors 

considered in the Maxent model were strongly associated with 

observed patterns in WNS mortality (Table 2), thus lending 

support to the hypothesis that environmental conditions might 

restrict the distribution of WNS mortality relative to the over­

all pattern of infection by G. destruclans. Land use and land 

cover type was one of the top predictors ofWN5 mortality and 

showed that higher WNS probability of occurrence was associ­

atcd with 'barren land (rock/sand/clay; area with < 15% of 

vegetation cover)'; this finding may have more to do with caves 

and abandoned mines often occurring in this land cover type 

than being a biologically important predictor of the disease 

process. Our analysis indicated that WNS mortality is strongly 

infiuenced by mean temperature of the wettest quarter year 

(Table 2), as well as a combination of frequency of precipita­

tion, annual temperature range, elevational heterogeneity and 

temperature seasonality. In general, model results suggcst that 

the probability of WNS mortality is greatest at sites that are 

higher in elevation and topographically hetcrogeneous, drier 

and colder during winter, and more seasonally variable than 

surrounding habitats. The fungus G. destructans apparently 

does its greatest damage to bats while they are hibernating and 

bats in colder regions must hibernate for longer periods 

(Humphries, Thomas & Speakman 2002). Conditions outside 

hibernaeula may play an important role in surviving exposure 

© 2012 The Authors. Journal of Applied Ecology © 2012 British Ecological Society, JOl/rnal 4 Applied l:;colof(Y, 49, 68(l-{,89 
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to G. des/rue/am, because insects upon which bats rely for 

food are not active in extreme cold and bats expend more 

energy staying warm when active and flying at wIder tempera­

tures. Furthermore, evidence suggests that bats infected with 

G. des/ruc/ans during hibernation suffer from dehydration 

(Cryan et al. 2010; Willis e/ al. 2011), so that drier conditions 

outside hibernacula and a lack of unfrozen water for drinking 
may enhance the detrimental effects of disease. When 

outside conditions are less harsh during winter, bats infected 

by G. des/ructans may have more opportunities to escape from 

the now-vulnerable state of hibernation to feed and/or dlink. 

On the basis of our modelling results, we hypothesize that 

there is a threshold of winter length and severity outside bat 

hibernacula, below which bats might be more likely to survive 

fungal infection through the hibernation season. 

CAUTIOUS CONCLUSIONS AND MANAGEMENT 

IMPLICATIONS 

Maxent modelling may provide a good first approximation of 

the environmental factors influencing mortality associated 

with WNS in north-eastern North America. This is the first 

attempt to do so, and an iterative approach to data collection 

and modelling is strongly sugge~ted. Unfortunately, the 

epizootic of WNS is in an early stage. Until the full extent of 

the epizootic is realized, SEM models may be unstable in 

space and time. Model results indicate that, in the presence of 

C. deslruelans, WNS mortality is probable across a large 

portion of north-eastern North America. Although this result 

may seem irrelevant considering the widespread mass 

mortality already being observed in the region, the model 

results offer hope that future spread and impacts of the disease 

can be predicted with greater precision. For example, at the 

time of writing (March 2012), extensive WNS mortality has 

not yet been noted outside the areas of high probability of 

occurrence predicted by our model. During the winter of 

2010/2011, WNS mortality wa~ observed at new sites as 

far west as Indiana and western Tennessee and Kentucky 

(USGS 201Ia,b), yet mortality was not reported at sites in 

Oklahoma and Missouri where G. des/rue/ails had been 

detected in M. vel!/a and M. s;riseseens, respectively, during 

the winter of 2009/2010. Despite increased surveillance, 

reports of mass mortality were generally not as widespread in 

south-eastern states during winter of 2010/2011 a~ they 

had been during prior winters in north-eastern areas 

(http://www.fws.gov/whitenosesyndromef). Winter conditions 

© 2012 The Authors. Journal of Applicd &ology © 2012 British Ecological Society, Journal a/Applied J::c%gy, 49, 6S(k,X9 
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throughout south-eastern North America during 2010/2011 
were strongly influenced by the La Nifia Southern Oscillation 

climate pallcrn and wcre generally warn1er and drier 

than average (hUp:jjwww.cpc.ncep.noaa.govjproductsjanaly 

sis_monitoringjlaninajusjmpactsjustpjmpacts.shtml). Com­
bined with our modclling results, which suggest colder and 

drier conditions are associated with WNS mortality, thc 

apparent slowing spread of WNS in southern regions during 

the winter of 201012011 may be partially attributable to 

climatic variation. It is possible that levels of mortality 

comparable with those observed since the emergcnce of WNS 

in north-eastern North America may be seen in more southern 

regions when winter climate conditions return to more typical 

patterns. On the other hand, environmental conditions outside 
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hibernacula in new regions where the fungus occurs might be 

such Ulat bats are able to stave off disease and mortality. If the 

latter scenario unfolds, one interpretation might be that 

G. destrue/ans is only capable of killing bats and causing 

disease if certain environmental conditions co-occur with the 

fungus. In such a case, a SEM modelling approach, combined 

with field surveillance and ground-truthing, could be used to 

test this hypothesis and, if not disproven, dctemline 

the environmental conditions associated with mortality. 

Understanding the environmental conditions associated with 

WNS mortality will be important for managing the disease, 

because management and conservation actions (e.g. institu­

tion of universal precautions) can then be prioritized to focus 

on areas where discase mortality is most likely to impact bat 

populations. Maps produced in this study can be used in the 

selection of priority monitoring sites for conservation. 

Furthcrmon:, if there are environmental conditions under 

which bats infected by G. destructans can survive the disease 

as our model suggests, clearly defining such conditions will 

help us judge whethcr risky management actions (e.g. treat­
ing infected bats and their environments with pharmaceutical 

compounds) are likely to do more harm than good. Our 

approach provides a powerful new tool for understanding 

and tracking the continent-wide effects of WNS on popula­

tions of hibernating bats in North America. In addition, a 

similar approach might be useful for determining whether 

the presence of G. des/ruetans without associated mortality 

on sevcral species of bats in Europc is attributable to differ­

ing environmcntal conditions or some other factor, such as 

natural immunity. 
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Fig, 51. (a) The Training Extent defined using minimum convex poly­

gon around the WNS positive and negative sites, and (b) Maxent 

model predictions for the Training Extent. 

Fig. 52. Geographic patterns in the uncertainty of model proje~tions 

of presence of hat white-nose syndrome, expressed as the coefficient 

or variation (CY) of projected probability or occurrence among 100 

replicate runs. 

Fig. 53. Test ormodel predictions based on county level data showing 

the subsequent occurrence or WNS reported by the US Fish and 

Wildlife Service. 

Table 51. Environmental variables considered in Maxent model for 

predicting mortality associated with bat white-nose syndrome. 

Table 52. Cross-correlations among environmental predictor vari­

ables. 

Table 53. Maximum probability of WNS presence predicted by the 

Maxent model for any 1 km edl within a newly allected county, as 

well as mean of predicted probability for all I km cells within each 

county. 
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