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ABSTRACT

In 2006, caveraear Albany, New Yofkst documented a few hibemting bats with aurious white
fungusgrowing on their muzzles. Over the next seven winters, the aptly named-wbsge syndrome
(WNS) has decimated bat populations throughout the eastern United Statesing average declines of
over 70%The migration of WNS westwanatd regions with higher bat diversity and more extiMes

cave systems has potentigtatastrophic consequences for species populations and the ecosystem
services they provide. Predicting areas particulargcsptible to WNS as well pstential pathwaydgor
transmission of its fungal spores across the U.S. can irteimgted management practiceslowever,

data on bat population sizes, locations, and dynamics is scadtis.analysiases the limited data

available to highlight areas of particular conteBusceptibilityo WNS infectiorat the county level was
calculated using three variables: number of potential rodstssibat speciesand approximated cave
temperature. Potential pathways of spptransmission werelentified using susceptibilizatingsand
estimates of past dispersdistancesThe results identify counties of interest in the Rocky Mountains
and Pacific Northwest as well as a potential corridor facilitating transport of fungal spores into western
states from Oklahoma and nortteXas to eastern Colorado. Targeting these areas for future research
and monitoring efforts could be an efficient use of limited resources and potentially curtail the impacts

of this devastating epizootic.
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INTRODUCTION

In February 2006, cavephotographed a few bats in Howes Cave near Albany, New York with a
curious white fuzz on their muzzl@Buechmaillest al.2011a) Severyears later, over five million bats
have died from the aptly named whi@ose syndrome, prompting national response to this emerging
epizootic(Statement ofGabriela Chavarria, Congressional Oversight Hearingg)pWhite-nose
syndrome is the first dagnented epizootic affectinbats(Foleyet al.2011) and is causing some of the
fastestpopulation decline rates observed in wild animal populatidos to diseas¢Williset al.2011)

With rapid onset and high mortality pezootics cartomplicate conservation effts. Typically, the
origins, dispersal mechanismand modes of killing in emergediseases are poorly understood at the
start of the outbreak, making possible for epizootics to spread worldwide before scientists understand
how to manage the disease and minimize its sprgatkechmaillest al.2011a) As whitenose syndrome
migrates westward intdéhe population ranges of mamew speciestechniques to access the threat
white-nose poses to a given area are crucian@naging the spread of this diseaskthe potential risk
for white-nose syndrome is understood, resources can be directed to protegtiarantine areas with
the highest risk, making the most efficient use of limited furdisfortunately, data on bat populations
in North America is sparse at best. However, this limited information can be used to highlight areas of

potential concern fotargeted research and management practices.

WHITENOSESYNDROMEAN OVERVIEW

DefiningWhite-Nose SyndromeWhite-nose syndrome (WNS) igathological infectia caused by the

newly describedungusGeomyces destructaifiBuechmaillest al.2011a) This coldoving fungus

invades the skin tissues of cave hibernating bats, causing the myriad of symptoms categorized as WNS
(Cohn 2012)Bats affected by WNS $eif from frequent arousals from winter torpor, depleted fat

reserves, and damaged wing membranilortality from WNS is commofPuechmaillest al.2011a)

The exact mechanism by whiGeomyces désictans(Gd), and its associated WNS, causes death is
unknown. Scientists suspect that the infection resulting from Gd disrupts physiolpgicalsses during
hibernation(Reederet al.2012) The cycle of hibernation torpor and arousal is a natural process, but
increased periods of arousal are well documentebats suffering from WN&ryaret al.2012)

Arousal is a metabolicalgxpensive processs batanustsignificantly increase their metabolic rate to
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warm their body temperature to a normal ley@eederet al.2012) Typically, total time spent in
arousal is generally less than one percent of kbihernation time(Williset al.2011) Reedeet al.
(2012) found an overall shorter toop length in WNS bats aralpositive correlation with infection
severity and number of arousalBats that died vi&/NS had a significantly shortenaderage torpor,
and correspondingly higher numbers of arous&siormal number of arousals during hibernation will
consume 8aps’: 2 F (G KS 0 ((Reédded y1. 80P As muky &aSéNdrBading bats feed
on arthropods, opportunities to replenish these energy stores during winter are s(a@oton 2012)
Therefore, an increased number of arousals can quickly become uimaldt(Reederet al.2012)
Further, kats with WNS are often seen roosting more closely to the entrances of hibernacula as winter
progresses, perhaps relying on passive energy absorption from the sun to réleirrhodies, raher
than usingheir depleted energy reservegVilliset al. 2011) Researchers believe the increase in
arousals requires lia to use up their energy reservbsfore spring, leadig to anacute cause of death
of starvation(Fenton 2012)

Although fungal growth on the muzzle is the obvious symptom of {@xgnet al.2012) damage to
the wing tissue may ba far more important consequence of @dection (Williset al.2011) Wings
O2YLINA &S F2dzNJ 12 SA3IKG GAYSa (KS SELRaASK&rokel Ay (A&
in homeostasis ahdaily life However, thewving tissue damagean be subtleand thus could be under
appreciated as a primary cause of deéfiryaret al.2012)

Gd mayaffectseveral key fun@bns of wing tissue, but areased water loss has gaintet most
traction as a significant impact. In general, bats are highly susceptible to water loss through lioth the
wings and lungs. ¢althy wings are essentifidr mairtaining properwater balance ad damaged wing
tissue may be more vulnerable to increased water.I&®ecies seemingly more susceptible to WIS (
lucifugus M. septentrionalisandP. subflavustend to roost tightly clustered imore humid
environments suggesting that theyay be moe vulnerableto evaporative water loss than other species
less impacted by WN®I( sodalis M. leibii, andE. fuscups Unfortunately, the same belvioral
modificationsadapted to prevent weer loss may also increasensitivity to WN$Cryanret al.2012)
Williset al. (2011)confirmed thatlittle brown bats M. lucifugu$, a species highly susceptible to WNS,
exhibit higher evaptanspiration rates tham I (i i S NJBSNNIsdtered) Ja §pcies that appears to
carrythe fungus, but does not develop WNS, lending support to this thelsydehydration is commonly

listed as a contributing factor in WNS mortalities, scientists linked the increase in evaporative water loss




with increased arousafsom torpor. WNS a#cted bats have been observed drinking wated aating
snow during wintey suggesting that thirst couldrive arousals from torpofCryanet al.2012)

Other potential effects of Gd on wing tissue includeiference with circulation, physical damage,
interference with gas exchange, and loss of natural skin secret@railation could be adversely
impacted via twaseemingly opposed mechanisms. First, the fungus could restrict blood flow to the
wings, causig tissue damage viade of oxygenSecond, bats naturally restrict bloodviido their wings
during arousato enhance metabolic warming of their caremperature Damaged caused by Gd could
allow wrestricted blood flow to the winggausingapid heatloss and therefore rapid energy
expenditure Physical damage to the wing tissue (loss of elasticity and tone, causing membranes to stick
together and easily teagould disrupt flight mechanics, decreasing wing control or stabilizafiats
may also relypn passive gas exchange through wing tissue during hibernation, as respiration drops
significantly A loss of this ability could trigger increased respiration and increased water losglthrou
the lungs Finally, Gd may eliminate natural secretions thatshoize and waterproohealthywing
tissue These secretions could also protect the skin tissue from other microorga(iyeet al.2012)

Researchers also suspect that hibernation reduces the immunalagisponse to Gd and that
increased arousals from torpor is an attempt to in@eammune system functioning fa@ght the fungus
(Reedetret al.2012) However, the sudden, extensive immune response upon at@asad induce a
phenomenon known as immune reconstitution inflammatory syndrome (IRIS), first identified in human
AICS patients RIS can cause severe tissue damage, resulting in (Matbyer, Barber & Mand2012)

Wing tissue damage and increased arousals from torpor are likely connected and interact to severely
compromise bats affected with WNISowever, bats that survive the winter have the potential to heal
damaged wing tissue during the summer mtios (Fulleret al.2011) Much remains unknown about bats
that survive exposure to WNS, including susceptibility to future infections, increased likelihood of

mortality due to a subsequent infection, and fuimctality or regeneratiorof healed tissue.

Susceptibilityto Geomyces destructarend WNSHibernating bats are ideal hosts fGeomyces
destructans Gd thrives at temperatures between 12.5 and £6,@nd cannot grow at all above 183
(Verantet al.2012) North American bats commonly roost in caves between 3 afi€ (Fbleyet al.

2011) During hibernation, bats reduce their body temperature to near ambient air temperature levels
to conserve energgand generally hibernate in humid environments to reduce evaporativiemlass

while in torpor(Williset al. 2011) The reduced temperature of the bats cbmed with a moist




environment serveas excellent growing conditions for Géurther, hibernation suppresses
immunological response, thereby enabling the fungus t@agrunchecked (Cryan et al. 2010

Mass mortality events do not always translate to reduced probability afterm species survival
However, several life history traits unique to bats suggest that WNS may have significant impacts on
species survival and recoveompared to othesmall mammals, bats are lotiged, (five to fifteen
year9 (Statement ofGabriela Chavarria, Congsé@nal Oversight Hearing, p8jJ, butslow to reproduce,
and generally havenly oneoffspring per yeaFenton 2012)Many individuals fail to survive éHirst
winter under the best circumstances and therefore never reproduce and pass their getesrtext
generation This combination of low fecundity and survival reduces the ability of populations to recover
from the swift and extensive mortalities ceed by WN$-enton 2012)

Although WNS is a potential threat to all temperate bat species, only cave hibernating species within
the family Vespertilionidae are currently affected by thedypme This famil includes 36% of all bat
speciesvorldwide (407 species) and has the greatest species richness in northern, tempegates
No species outside this family range within the current extent of WNS, and therefore the potential
impacts of this outbreak on other bat families is unknafPnechmaillest al. 2011a)

Several chaacteristics common to Vespertilionid bats potentially enhance tagposure to Gd
Group formation and disbandirtgrough seasonal social interactiimcreases the probability of
spreading Gd between individuaBoth sexes roostdgether in winter hibenacula. However hiey
separateduring the spring and summaesjth malesroosting alone or ismall groupsvhile females
move into maternity colonies to raise offspgicommunally As autumn approaches, males and females
swarm together, matig prior to winer hibernation ancenabling transfer of the fungus beégn
colonies Further, several species comingle at cave entrances before beginning hiberréit@nng

transfer of the fungus between speci@=oleyet al. 2011)

ntl n hibernatin ies in th ST
Currently,sevencavehibernating species in the easnh Scientific Name  Common Name

United States have sufferadortalities attributed to WNS Eptescius fuscus Big brown bat
) . . Myotis austroriparius Southeastern bat
(USFWS 20)2with average population declirsef 73% Myotis grisescens Gray bat (endangered)
. . Myotis leibii Eastern smatffooted bat

(Brooks 2011 Severabf thesespecies caccur in the same Myotis lucifugus Little brown bat
hibernation sites, but with varying abundance and social ~Yolis septentrionalis __ Northerniong eared bat

Myotis sodalis Indiana bat (endangered,
behaviors(Langwiget al.2012) Another twospeciescarry Myotis velifer Cave bat

Perimyotis subflavus Tri-colored bat
the fungus,but have yet to develop the syrgms Table 1Bat speciesliagnosed with WNS (red) and

species testing positive for the Gd fungus (black).

of WNYTable 1YPuechmaillest al.2011a)




Of thespecies currently affected by WNS, the little brown Baydtis lucifugu¥ has suffered the
greatest lossesThe little brown bat was ondte most commonrspecies in the northeast Unitéstates,
but manyhibernacula have dropped upwards@¥% in sizeprompting speculatin of regioral
extinction within adecade(Cohn 2012)Northern longeared batgMyotis s@tentrionalig are the
second most affectedpeciegWilliset al.2011) Of particular concern is the impact WNS may have on
populations of endangered speci€ehogmartinet al.2012) including the Indiana baMyotis sodali¥
and gray batNlyotis grisescengFoleyet al.2011) Populations of Indiana bat stabilized throughout the
northeast between 1983 an?005 and were even increasing throughout #ygpalachiansHowever,
based on surveys conducted in 2009, populations in the northeast are now decreasing and the growth of

Appalachiarpopulations has haltedThognartin et al. 2012)

TheExtentand Transmission oeomyces destructarend WNS.The first recorded cases of WNS
occurred near Albany, New York in 2006. Subsequent surveys found Gd in all caves 1@€in a
kilometerradius of the initial site, with noccurrence beyond 200 kilometefBuechmaillest al.2011a)
As ofApril 2013, WNS was found in twgrtivo states and five&Caradian provinceshaving traveled
north to Quebec, south to Alabama, and west to MissQuU6GS 20)3Figure 1)
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Figure 1 Spread of WhiteNose Syndrome throughout the U.Solid colors denote counties with confirmed casE8/NS
while lined countis have only suspected WNS ca@@anada not shwn) (left) $ecies richness afave hibernatingats in the
eastern US (right).

* Georgia counties (confirmed in March 2013) not shown.
(Gounties dentified with WNS provided by Cal ButcBki?013.)




Although the exact means of transmission and spread are unknown, scientists suspect the fungus can
be transferred via bato-bat contact and between bats and hibernacula subst(&igeyet al. 2011,

Lorchet al.2012) Humans are also a potential disease vectaansferring spores between caves
(Statement of Justin Boyle€ongrasional Oversight Hearing, 46). Direct batto-bat transmission is
presently considered the most prevalent mode of transmisg&tatement ofGabriela Chavatrria,
Congresional Oversight Hearing, p.. As discussed previouslyats can be gregarious specisd
transmissiorof Gd spored®etween individuals via simple daily contact, within summer maternity roosts,
and within winter hibernacula igossible(Foleyet al.2011) Langwiget al. (2012)found higher

mortality rates in speeis with larger preaVNS populations as well as in highbcial species thabost in
tightly packed clustersuggestinghat transmission of Gd and WNS can be both density dependent and
frequency dependentConversely, they found little evidence suppogieither colony size or number of
heterospecifics as a predictor of mortglifrom WNSHowever, they caution this conclusion should be
tested further(Langwiget al.2012)

Because iable Gd spores have bedound on the surfaces of hibernation sites, transmissiomieen
cave and bat is possibl¢iable Gd colonies have & propagated from spores collected in late summer
and from sites devoid of baictivity for at least one year prior to spocollection(Puechmaillest al.
2011b) Given these results, it is likely that Gd spores can survive without a host for extended periods

and can infect new hosts upon the return of bats to infected hibernacula.

The Origins olGeomyces destructan®©nce scientistlentified Gd as theause of WNS in the US,
European scientists began closer examination of caves and bats throughout Europe. Reports of a white
fungus on bats throughd Europe datéack several decadealthough the particular species had never
been idettified. Scientists discovered that Gd is associated with nine species of Europeamriats
countries however, Europe has never seen the mass mortality svassociated with Gd in the @8d

the syndrome itself is only known from North American bat populatifPPsechmaillest al.2011b)

Several hypothesdsave been proposetkgarding the difference in impact of Gd in Europe versus
North America. The most prominent hypothesis suggests that Gd is native to Europe and was
accidentallytransferred from Europe to the .8 via a caver or a bat researcher. The rapid increase in
mortality among North American species reflects the impact of a new pathogen on naive populations
(Puechmailleet al.2011a) European bats possibly coevolved with &t thereforepopulationsare
naturdly more resistan{Cohn 2012pr a past outbreak of Gd in Europe could have left individuals with

a highe tolerance of evaporative watdoss or that tended to hibernate in drier environmei(Williset
10




al. 2011) That a fungus has been noted in Europe for several decades while no such evidence exists in
the U.S supports the hypothesis of accidental introduction of Gd from Eu(@echmaillest al.
2011a) Further, the Gd strain found in North Ameritcas no genetic variability unlike the European
strain, suggesting the fungus has been present longer in Europarndorth AmericaThe North
American strain is atsless virulent than its European counterpart and could have evolved to be less
deadly as its North American hosts die so rea@igloff 2012)

Alternative hypothesg suggest that either Gd is a newly evolpathogen of unknown origin or a
new particularly virulent strainf a previously harmledsingus.However, if Gd originated via either of
these methods, its distribution should be more widespread, rathan centered in an initial infection
site (Puechmaillest al.2011a) Lorchet al. (2012) demonstrated that the distribution of Gd is closely
tied to areas with active WNS, supporting the notion that Gd is a new pathogen to North America, and
not merdy a new virulent strain of an existing pathog&tientists have also examined bats apparently
killed by WNS for another possible agent, hypothesizing that Gd isprohary cause but a secondary
effect on immunocompromised individualslowever, no othebiological agent or environmental
contaminate (such as a toxin) has been identifiedechmaillest al.2011a) Further, Lorclet al. (2011)
proved that exposure of little brown bats to Gd under expemntal conditions causes whigose
syndrome.Thus, the prevailing theory is that Gd was accidentally introduced from Europe into naive
North American bat populations.

However, if Gd evolved in Europe, why was it never identifieqizculate that beause Gd is not
associated with mass mortalityp driving factor existed to identifyne fungus seen on bats throughout
the continent.Gd could also be less prevalent, because oiMleeliterraneanclimate throughout much
of Euppe, with its truncated wirgrs. The timing of bat surveys in Europe could also explain the lack of
concern for GdHistorically, surveys for bat populations in Europe occur between December and
February. Gd begins to become visually apparent on individuals in January, with prieseeasing in
February and peaking March Therefore, the majority of surveys occur prior to an obvious fungal
growth on a large number of individuals. Further, research on fungusifdation in Europe has
previoudy cultured specimens at 250°C, a nuch higher temperature than Gd can toleratad thus the
fungus never appeared in cultur@@uechmaillest al.2011b)

.S80FdzAS Ylye 2F 9dzNRPLISQa o6 (i &L¥sOomSpecultdha Gd/ I G SR
may extend its presence into Russia and western or even Central Asia. Confirming the global extent of

this fungus is now a top priority for researchéiPaiechmailleet al.2011b)
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THEIMPORTANCE d3ATS

One-fifth of all mammal speciesorldwide are bats(Puechmailleet al.2011a) with over 1200
known specieg¢Fenton 2012)They hae existed for over 52 millioyearsandfill a variety of niches
roosting in caves or trees by day, and feeding on insects, fruit, nectar, seeds, amphilsiemeats, and
even blood at nightHumans have persecuted bats for centuries, associdtieg with demons,
witchcraft, and other negative aspects of stern culture Habitat loss, habitat degradation, and hunting
pressure have historically threatened the letggm survival of bat species. However, the development
of WNS in North America addgsificant pressure to this already persecuted group, and heightens
conservation concern&unzet al.2011)

Beyond a worldly desire to preserve biodiversity, why shpeloplecare about protecting bats?
These small mammals playitical roles in ecosystem balanaadprovide a great economic service in
terms of agriculturapest control(Boyleset al.2011; Brooks 2011; Fenton 2012; Reeeleal.2012) The
diversity of bats translates to a diversity of ecatgyn service¢gKunzet al.2011) However, because the
threat of WNS is curreht restricted to insectivorous species, the role of bats in insect population
control will be the focus here.

Approximately twethirds of all bat species are either obligate or facultative insectivores, consuming
moths, beetles, flies, cicadas, andipterans (true bugs)Conservative estimates (based on captive
animals) sugest bats can consume on averaZfgdo of their body mass ingacts nightly The varying
conditions in the wild increase these estimates, particularly for lactating females wheah&gtween
70% (Brazilian fretail bat) to over 100% (little brown bat) of their body weightich nightin North
Americaonelittle brown bat canconsume between four aheight grams of insects nightiwith one
million little brown bats lost to WN$#)sect predation has been reduced by 6601820 metric tons in
areas impated by WN{Boyleset al.2011)

The contribution of bats to ecosystem stabilityd diversityia insect population control neascho
further emphasis. However, insect population control extends beyond natural ecosystems and into
humandominated agricultural landscapé&/orldwide, herbivorous insects destroy-88%of all crops
Researchers estimate thahe colony ofL50 big browrbats in Indiana consumes 1.3 millimsect pests
annually(Boyleset al.2011) Traditional response to agricultural pests has been through the application
of pesticides, prompting the evolution of pesticidesistance whin speciesEven with the widespread

use of pesticides, the percentagefS.cropslost to insectdhas doublé in the last sixty to seventy
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years(Kunzet al.2011) Naylor and Ehrlich (1997) @siate the total pest control services of all species
between 54 billion and 1 trillion dollarEstimating the cotmibution of bats to pest control is difficult.

The overwhelming scarcity of information on foragbehavior and diet for many bat species presents
significant challenge@dKunzet al.2011) However, Boylest al. (2011) extended estimates of bat pest
suppression value in the cotton fields of Texas across tBe toncluding the extition of bats in North
Americawould cost the agricultural industry between 3.7 and 53 billion dollars annually (average of 22.9
billion). This estimaticludesthe reduction in pesticide needed because of bat predation, but da¢s
consider the negative trickldown impact of increased pesticide use on ecosystems (which could be
substantial) Scientists estimate that the agricultural industry cobbinseeing he impacts of bat

losses in four to fivgears(Nina Fascione, Corggsional Oversight Hearing, p. 25)

2 KAES oFdGa FNB O2YY2yfteée (2dziSR a o0SAy3 yl GdNBEQa
lacks consensus on the importance of bat predation on these pests. Studies indicate that mosquitoes
only make up amall portion of the diet of insectivorous bats atichw no inferences on the imptscof
bats predation on mosquito populatiorfReiskind & Wund 2009However, Reiskind and Wund (2009)
concluded that predabn by northern longeared bats Myotis septentrionalis one of the species most
heavily impacted by WNS, significantly reduces the number of mosquito eggsdEdexperimental
conditions and therefore the number of larvae. Whether this result holde tunder natural conditions
has yet to be dedrmined Given that mosquitoes are vectors of human diseases, such as Westdile,
could play an important role in mitigating the frequency and transmission of these diseases through
mosquito population conbl (Reiskind & Wund 20097 his possibility merits further research and the
results could be used to drive public interest in bat conservation and the threat of wbge syndrome.

Undoubtedly, bats are important regulators of insect populations, both in natural and dgraiu
ecosystems. Thiess of bats could have catastrophic impacts on these systems, potentially costing the
agricultural industry billions of dollars annuyailh increased pest control measures. Further, bats may
also contribute to the mitigation of human diseases transmitted by insects, and therefore may provide
an invaluable service to public healtbombinedthese fa&torscreate a strong case for consenatiof

bats including understanding and attempting to constrain the spread of winiige syndrome.
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ADDRESSING TERISIS

The scope of this epizootic triggered a national response from a coalition of over one hundred groups,
including several fedat agencies (USFWS, NPS, Biold NF}y state governments, anal myriad of
other organizationsThe U.S. Department of the Interior led the creation of a seareng National Plan
(Statement ofGabriela Chavarria, Congsional Oversight Hearing, §), requesting 11.1 million dollars
in federal funding for the fiscal year 20Ihe funding proposal stressed the potential impact of WNS on
tourism, possible job creatiorthe cost to recover endangered species (an average of 15.9 million dollars
per specieshut has the potential to be much higheaihd the need to increasase of agricultural
pesticideqStatement ofNina FasciongCongrasional Oversight Hearing, [8-29).

One of the first responses to WNS was the creation of decontamination procedures to ensure Gd
spores would not be transmitted between caves via pedplallam & Federico 201Hlowever, a
further stephas prove much more controversiatave closure Someorganizations have advocated
closing caves to the public to prevent human introduction of the fungus into new ¢atetement of
Nina FascioneCongrssional Oversight Hearing, p. 2®fost states with WNS itive sites are
currently implementing cave closures to varying extg@ehn 2012)Kentucky, in particular, had great
success in requesting voluntary closures of private sé&@atement ofJon GassettCongrasional
Oversight Hearing, p. 2IThe caving industripas beeriess than pleased with thidevelopmentas
caving is a popular hobby for many people and serves as a source of income for organizatimwean
alike In a hearing before a U.S. HousdRefpresentatives subcommittee, the National Speleological
Society stressed the need fargeted management, ndilanket management. Their representative
argued that cave closures are ineffective because the primary mode of transmission of Gtbibtat
Therefore, minimizing activity by people is unlikely to curb the spread of this disease and only serves to
economically hamper areas reliant on caving tour{Statement of Peter YoungbaeCongresional
Oversight Hearing, [31-33). Whilethis argument las merit, humammovements have the potential to
facilitate transmission of this fungus far beyond the scope of natural transmission levels within a given
timeframe That Gd was probably introduced from Europe via a person spedke potentially
devastaing impacts of human facilitated transmission. Further, natural barriers, such as the Great Plains
of the central United States may slow the westward spread of WNS into naive populations; however,
natural barriers cannot limit human facilitated introduati®(Statement of Justin Boyle€ongrssional

Oversight Hearing, p. #@ecause the potential for human introductions to be significantly more
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devastating than natural disease transmission mechanisms, many organizations and agencies feel cave
closures are necessary step in mitigating the spread of this epizootic

Scientists have proposed a variety of other possibilitesddress either the spread of WNS or
mitigate its impacts on bat populationslowever, many of these suggestions would be diffigubest
to implement at the scale of this epizootic. Changing the conditions within hibernacula, such as
increasing temperature or humidity, or providing food and water resources, could decrease the stress
bats experience with increased argals Altering humidity in particular however, would be a tricky
prospect as the moisture levels that drive optimal fungal growth are currently unkiiclatam &

Federico 2012)Providing additional food resources would mitigdhe loss of fat reserves plaguing

WNS bats, but bats may not recognize a novel food source encountered during hibernation periods or
may not be physically able to process foddeatment of individual bats has also been suggested, but no
effective methodof treatment has been developed; likewise, vaccinating bats against Gd has potential,
but may not besuccessfu{Foleyet al.2011)

Other scientists have proposed culling bat populations with \MiNf8 effort to stem transmission
between coloniesHowever, culling wild populations is difficult and would have a very negative
perception in the pzo £ A O.@allingScdufl &inintentionally result in local extinctions or remove
individuals naturally reistant to Gd from the populatio(Foleyet al.2011) Hallam and McCracken
(2011 concluded that culling would be ineffective because of the high rates etbHaat contact and
periodic movement of bats between osts.

Another possibility is to treat the caves themselves with an antifungal agent. However, blanketing
caves with a broadpectrun antifungal agent is risky. Fromm ecosystem perspective, the application of
such agents would most certainly affeiftnot destroy, the unique microbiota and their associated
ecosystems within cavdgoleyet al.2011) However this method is also risky for humans. Humans are
dealing with an increasing number of fungal diseas®s$ the widespread application of generic
fungicides could promote the evolution of drug resistant strgihsstin BlehertCongrasional Oversight
Hearing, p. 48)urther, as the primary mode of transmission is suspected to b¢obhat, treating
cavesmay not prove incredibly effectivig-oleyet al.2011) Currently, without the development of a
species specific fungicide, treating caves is probably more risky than would be h&lpfablem with
all of these sggestions is scale. Implementing any of them at a scale likely to mitigate WNS across the
country is simply not realistiespite all ofliese suggestionsave closureshough controversiakre

probably one of the easiest and widely implementable solutions currently available.
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MOVINGFORWARD

Much has ben accomplished in the

last severyears in understand this novel
epizootic:the cause is knowrstrides are
being made in understanding how it kills, |~. -
its origin is known, methods of detection ‘
have been developed, and protocols to
reduce human facilitated transport have

been createdHoweve, the potential

impacts of WNS on bat populations

. Num ber of Species
escalates as the disease progresses

wr High : 15 - ' .
| o — 5§
westward into regions with bottarger Low:0 ) ). -

— —

e

0 500 1000 2000

caves andhigher species richnes®f the . —— — —
Figure 2 Species RichnesSpecies richness oavehibernating bats

forty-five specie®f bats within the throughout North America

continental United Statedwenty-five speciesare cave hibernatingrhe current extent of this epizootic
now encompassethe majority of the remaining populations of two endangered species (gray bat and
Virginia bigeared bat) The endangered Ozark bgred bat may be at risk and USFWS is reviewing the
status of the Eastern smdthoted batand the Northern longeared batto see if their population

declines merit endangered species designaferatement ofGabriela Chavarri&ongresional

Oversight Hearing, ). Looking westward ifteen species only range throughout western statesl

the overall species richness is higher compared to eastern dfaiggre 2) Natural barrierssuch as the
Great Plains regiowith its repectively fewer cave habita{Statement oflustin BoylesCongresional
Oversight Hearing, p. #6and varying environmental conditions (the warmer and shorter winters of
southern states may reduce fatalities caused by WNS) have the potential to slovesih@ard

progression of this diseag€ohn 2012)However, givetthe continentalranges of two species currently
AYLI OGSR o0& 2b{ O6ftAGGUES ONRBgY YR 0A3 ONBgy ol Gav
unlikely. WNS has already killed an estimated 6.Hiom bats in the eastern 3.(Cohn 2012)When

WNS spreads into western bat populations, the impact could be catastrdgbie. research is needed

on bat populéions and experimental treatments for WN8d research efforts should be targeted in
areas particularly susceptible to WNS infection or that will facilitate transmission of fungal spores into

new populations.
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PREDICTING TE#PREAD
OFWHITENOSESYNDROME

As WNS advances westward, identifying and protecting critical cave habitats could be a successful
measure to curb the spread of this epizootic. Blanket management is largely an inefficient use of
resources and therefore targeted management is a megdigic approachGeospatiabnalysis
techniques such as threat mapping, can aecisionmakingprocesses by usirggselection of variabke
to highlightareas with thegreatest rislof infection.ldeally, knowing locations of all roost sites and
understnding the connectivity between caves (via species and relative abundances combined with
RAALISNREFIfUO ¢g2ddZ R SylFofS GKS Yz2aid | OO0dz2NI GS LINBRAOI
much information is unknown. Roosting sites are plentiful, béioidp caves and mines, and can occur
on both public and private property. Exact numbers of bats roosting ih siée is largely unknown, or
even a confirmed number of species within each site. Connectivity between caves is even more
problematic,as bat meements between roost sites are unknowtumans add another level of
complication. Although batio-bat transmission is the most common mode of spore transfer, humans
can move spores well beyond the scope of natural dispersal in a limited timeftéomesver even
limited information carhighlight areas potentially susceptible to infection wid@omyces destructans

and inform targeted management practices that dapefully curtailthis epizootic.

APPROACH

Assessing the threat of a particular area to WNf@asibleusinga few kewariables (physical,
biological, and climatologica) approximate likelihood of exposure to, and thriving@gomyces
destructansAggregatinghiese factorsat the county levetieterminesthe relative susceptibily of each
county to inection of roost sites with Gd andhaverviewof the entire US can exposeeas that could
facilitate naturaltransmission of Gdpores westward intoanges of currently unaffected species.
Overlayingaccessibility bjaumans can highlight the relative likelihood of human introduction of spores
into these critical areagxtrapolatingpast rates of sgrad carestimatehow quickly Gd sporesill
potentially infect key areas in the western United 8&(All analysis was completed using@itS 10.1

(ESRI).)
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AVAILABLIDATA

A

Current WNSPositive SitesExact site locations are considered highly sensitive material and thus
this analysi®nly incorporates the status by county (WNS positive or suspected), derived from
publically available maps tracking the spread of WBLEchkoski 2013\ ariables were either
aggregated at the county level, or based on the county centroid for compatmsportantly, only
counties in the United States with confirmed WNS cases wsgd in this analysis and counties
identified after 12 March 2013 are excluded.

Cave NumberDr. David Culver of American University provided a dataset of the number of known
caves per county for the United Statd%his dataset ia compilation of sources, primarily from the
National Speleological Society.

Species DistributionsRanges of all North American catibernating bats species are freely
available from Pattersoat al. (2007)

Climate Datalnterpolated rasters (km? resolution)of climate variablegenerated from climate
station data are avitable for downloadHijmanset al. 2005).

RoadsAirports, and Urban AreasThe National Atlas of the United Stag®vides data on roads,

airports, and urban areaghroughout the U.S. for use in geospatial applications.

METHODSUSCEPTIBILWA THREATAPPING

A combination ofhree variable describesthe susceptibility of each county to infectiavith WNS:

number of potential roost sitesnumber and characteristics bht species, and approximated cave

temperature.Each variablevas scaled to a value of 1.0, and then weighted according to its acg¢uracy

yielding a maximum susceptibility rating ab2

1 Potential Roost SitesAn increased number of roosting sites translates to an increased
probability of a bat carrying Gd roosting in one of them. Therefore, counties with higher number
of roosting sites, such amves are at higher risk. Areas witigithnumbers of known roosting
sites should be monitored more closely for exposure toBanber of caes within a county
ranged from zerdo 1,928 (Jackson County, Alabarfagure 3 pg. 23. The data are heavily

skewed to theright, with a median valuefesevencaves per county and a third quarter value of
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A

26.To prevent the few counties with extreme values from negating the importance of counties
with moderae number of caves,lbcounties with at least 100 cavegre assignea value of

1.0. The remainng countiesvere grouped into 1&ount increments, reducintpe value by 0.1

for every 10 count reduction in cave number (counties witFP90caves were assigned a value

of 0.9, 8089, 0.8, etc.)Countieswith less than ten caves were assigned a value @5.

Gounties with a count of zerwere includedwithin this category t@account for the possibilitpf

unknown caves.

Species RaticAlthough no evidence has been found linking transmission probability with the
number of different species present at a site, a higher number of species could translate to
differing dispersals and therefore should increase the potential for a given hihdemado infect
other areas. Thereforehis variable is calculated using ttatal number of species that
potentially range within a county and weightegecies known to be WNS positive or Gd cesrie
The total number of species per countasdividedby the highest number that range within a
single county (15gndthen a value ofL.0wasaddedfor each species that is either WigdBsitive
or a known Gd carrier (a possible high score of 18€3ause this variable is only meaningful in
this context, the final/alues are a relative ratidjvidingthe rating of each county by the value of

the county with the highest ratin(Figure 3, pg. 21

Cave TemperaturéWhile microclimate conditions are unknown for most caves, surface
conditions can be used as a proxy (Fetral. 2012).Gd has been shown to have the highest
growth rates between 12.5 and 18@in culturegno growth above 19%)(Verantet al. 2012)
and the average annual surface temperature of current VWgNStive countieganges from 3.56
1452°C.

Data from WorldClim{(Hijmanset al. 2005)was used to calculatine average annual surface
temperature for each count{figure 3, pg. 21 Countieswith a mean surface temperature
between 12.5 and.4.52C were assigned a value of {rAnge that incorporates both
known WNS positive temperatures ahifjhest potential growth rates).ddinties with
temperatures between 3.56 and 12G were assigned alue of 0.9(within the range of current
confirmed WNS positive sites) while those witttie range ofl4.52 and 15.% were assigned a
value of 0.8. (within maximum growth rate rang€ounties outside these ranges were given

incrementally decreasing vals€Table 2.
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Scientists historicallgssumel that a temperature

within a cave is equivalent to the mean annual "1.03.56 0.7
3.5612.5 0.9

temperature at the surface; however, that probably 12.514.52 1.0

14.5215.8 0.8

only holds true for caves with low air circulation. 15.817.0 0.6

17.018.0 05

Both thenumber of cave entrances (and therefore 18.019.0 0.4
- . oL 19.019.8 0.3
air circulation) and the presence of water witlan - 108 o

cave (which could increase or decrease the Table 2 Temperature ValuesAssigned

i Values for Mean Annual Temperature.
expected cave temperature depending on the water

temperature) can influence observed cave temperaturBiserefore, no generabrrelation exists

between cave temperature and geographic locat{@wezey & Garrity 2009)eBausd have less

confidence in the estimates of cave temperatuites variablevas weightedat 50% when

incorporating it into thefinal susceptibilitycalculaton.

METHODSIEMPORAIPROGRESSION

Beyond understandingrhich areas are susceptible to WNS infection, understanding how quickly it

could spread and via what pathways is also important to inform targeted management practices. Other

studies have focsed on estimating when a particular area will become infected with WNS (Magdr

2012).However, tracking possible spamansmission through areas potentially less susceptible and into

areas of higher susceptibility is also informatiel spores casurvive higher temperature conditions

than the range supporting fungal growth (Hallam & Federico 20®refore, incorporating

temperature restrictions is no longer appropriate in calculating pathways for transmigsiemanalysis

was limited to hosecounties with a minimum susceptibility rating equivalent to that wifrent

confirmed WNS sites using only the roas¢s and species ratio variablds2 & A Y dzf | 4 S

scenario(a value 00.633) Thetemporal expansion of spore transmissiaasbased on the mean

ag2NBR

distance traveled between confirmed WNS positive sites in a single year (139 km). The counties within

139 km of current confirmed WN®sitive counties could possibly have spores transmitted into their

bat populations sometime in the neyear (before end of witer 2014). Gunties within 139 kilometers

of those countiecouldpotentially be infected with Gd spores in 2012D15. This iterative process

assigned potential years of spore transmission to all counties of interest.
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Figure 3 Variables
Included in
Susceptibility
Calculation

Potential Roost
Sites Number of
known caves per
county.

Species Ratio.
Maximum number of
species per county,
weighted if known to
be WNS positive or a
Gd carrier.

Estimated Cave
Temperature
Counties colored
medium to light blue
are within known
temperature ranges
for Gdgrowth. Dark
blue counties are
potentially a little
too cold while all
other counties are
possibly too warm.
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METHODSACCESSIBILITY BIYMANS

The goal of this analysis is to provide a visual guide to the relative accessibility of areas around the
country. Contrary to the previous two analyses, this analysis was not aggregated at the county level;
rather, a continuos grid describing the relative accessibility of each cell wested based on road
density,proximity to airports and proximity to urban areas (summarized in TablEiGure 4.

Road densgy was calculated using a 32:kfn (20 mile)radiusbased ommajor U.S. roadsiéfined as
U.S. Interstates, U.S. Routes, and State Raudd@iports were divided into two classes based on the
number of flights (and therefore the number of travelers): major airports with at least 10,000 flights per
year and signifigat airports with at least 365ifihts per yearFor each cell, the total number of major
and significangirports within a 166km (100 mik) radius was calculated. A 18flle radius waghosen
because people are possibiylling to travel for several houfsom an airport to reach a caving
destination.Similarly, each cell was assigned an urban proximity value based on the number of urban
cells (defined as having a population density of at least 10,000 peop)editiin a 100mile radius.

Final cell valuefor each variable (road densijtynajor airportssignificant airportsand urban aregs
were relativized against the cell with the highest value. The variable layeessuenmed, with road
density,major airports and urban areaweighted evenly but sigficant airports weighted at 25% to

account for he lower number of travelers, creatiregfinal accessibility grid.

Accessibility
Variables

@ w=prarpons | Figure 4: Variables Used
® Sig. Airports

Road Density in Accessibility
(per20sa.miles) | Calculation * Urban
i oo areas not shown.

0 250 500 1000

22



VARIABLE SPECIFICATIONS SEARCH RADIUS WEIGHT

RoadDensity Major Roads: U.S. Interstates, U.S. Routes, State Rou 20 miles 1
Airports: Major At least 10,000 flights per year 100 miles 1
Airports: Significant At least 365 flights per year 100 miles 0.25
Urban Areas Population density at least 10,0@@ople/sqg. mile 100 miles 1

Table 3: Summaryv of Variables Used in Accessibilitv Calculation

RESULTSSUSCEPTIBILTY VIAREATMAPPING

General Resultdnitial susceptibility ratings ranged frot19 to 2.50 (maximum possiblé&enerally,

the areas with the highest susceptibility are in thppalachiarMountain range, suggesting that perhaps
the overall threat of whitenose syndrome is higher in the east than in the w&sveral counties
throughout the west rank in the top 1086ost susceptible, but the overall susceptibility in the west
appears much lower than the ea8$tigure 3. However, this result is likeigisleadng,as most of the
species throughot the east have already provesusceptible to WNS or Gd and therefore rhigher in

the species ratio calculation.

Susceptibility

I 013-082
Il 054-0.78
I 077-0.82
[ 083-0.53
[Jos4-1.0
Cio1-1.12
[]113-124
[ 125-1.37
I 12s-155

oy ' : 156-2.50
0 220 =0 1000 Wi | RELEH

Hgure 5: Initial Susceptibility to WNS CalculatidBach class represents 10% of the data. The most susceptible counties are the

10%, colored red (rating 1.5&.50). -
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Predicting the PastThe susceptibility ratings of those counties with agonéd WNS cases ranged from
1.05t0 2.5(sugpected counties ranged from 0.99 to 2.Bf both confirmed and suspected, 88 of the

170 (52%) @unties are in the top 10% most susceptibighe entire coumtry. Most of the remaining

WNS countie$42%)are in the top 40% st susceptible nationwidel hecluster of counties with the
highest susceptibility icated in southern Indianasceptibility of 2.22.5). The general trend shows
increasing susceptility as WNS progressed south and west, which highlights the importance of where
WNS was first introduced. This region (southeastern New York) and the surrounding area ghaeeally
a lower susceptibility ratin¢though still primarily in the top 30%Jte initial two counties, however,

hawe a susceptibility rating of 291 which is relatively higteroximity is important to transmission and
therefore thesurrounding countiesvere possibly more likely to be infects@mply because of their

proximity to curently affected sitegFigure §.

Winter Season Susceptibility

I 20052008 Eoi2-053
I 20062007 Eos:-076
[[] 20072008 =
[ 20082008 [Jos¢-0s9
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-4 I 0112012 =
- B 0122013 . -
— — st
° 1% =0 o V7 s:spectea ooy B suspectes ony

Figure 6:Comparison of Temporal Spread of WNS Against Calculated Susceptibility R&tingeptibility classes are based on
quantiles, with each class representing 10% of the data.

Predicting the FutureThe initial susceptibility calculatidfrigure 5suggests that eastern counties are
far more susceptible to WNS and therefore the majorityhef threat has passediowever, ssignificant
portion of the calculation incorporates if a species is knownaeehWNS or carry Gd. Most of the
eastern species fainto that category, buthis information is largely unknown regarding species
restrictedto the western U.Sn order to more accurately predict the westward spread of UNS,

species ratiavas recalculategstill using the total number of specidsjt only incorporating the WNS or
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Gd status of those species with significant portions ofrthengesin the western U.SMyotis velifer
Myotis lucifugusandEptescius fuscygFigure J. The resulting susceptibility range w85 t02.43

with anoverall increasedevel of susceptibility througtut the western states (Figui®.

Figure 7:.Comparison of Species Ratio Using All Weighted Species (left) and Reduced Weighted Spgtied fre reduced species
calculation only weights three species (as opposed to nine in the initial calculation).

Fgure & County Susceptibility Rating Using Fewer Species. Each class represents 10% of the data. The most susceptible coul
the top 10%, colored red (rating73 ¢ 2.43).
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