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Theamphibianfungal disease chytridiomycosis, which affects species across all
continents, recently emerged as one of the greatest threats to bibgiwasimany aspects
of the basic biology and epidemiology of the patho@aitr,achochytrium dendrobatidis (Bd),
arestill unknown, such as, when and from whereRtilemerge and what is its true
ecological.nich@ Here, we review the ecology and evolutiodin the Americas and
highlight'controversies that make this disease so enigmatic. We explors sgociated
with variance in severity of epizootics focusing ondisease triangle of host susceptibility,
pathogenvirtulence, and environment. Reevaluating the catigespanzootic is timely
giventhe wealth of data oBd prevalence across hosts and communéredthe recent
discoveries suggesting -@volutionary potential of hosts aBd. We generate a new species
distribution model foBd in the Americas based on over 30,000 records, and suggest a novel
future research agenda. Instead of focusing on pathogen “hot spots” we need to identify
pathogen “cold spots” so that we can better understéuadlimits the pathogen’s
distribution. Finally, we introduce the concept of “the Ghost of EpizoBtist” todiscuss

expectedspatterns in post epizooticthmsmmunities.

INTRODUWCTION

Infectious diseases emerge because of clsangmstpathogen-environment
interactions and, increasingly, anthropogdrabitat alterations are directly affecting these
interactiongJdoenest al. 2008). The number of emerging diseases caused by fungi relative to
other typessof pathogens has risen steeply during the last two decades, thamagis¢sdor
this bias are uncledFisheret al. 2012) Among these emerging fungal diseasdhbe
amphibian-killing chytrid funguBatrachochytrium dendrobatidis (hereafteBd; (Longcoreet
al. 1999), which has, in the last 15 years, captured the attention of scientists and
conservationists. AlthougbHyTRIDIOMYCOSIS (Box 1) is one of a long list of fungal diseases
of animalssand plants that have emerged in the last celiftighefet al. 2012), over
thousand-studies (1,088) have already been publishBd and its effects on amphibians
(Web of Scienceearch using term “chytridiomycosis’on June 3, 2015). Mbshesestudies

have been descriptive in scope: establishing baseline patteBdslstribution (summarized
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in (Olsonet al. 2013)), corelating disease prevalence with abiotic and biotic faginiger
& Hero 2007; Liuet al. 2013), and documenting pathogen genetic variation to identify its
mode of spreaflamest al. 2009; Rosenblurat al. 2013).

A major reason fothisfocus onBd is that it is a generalist amphibian pathogen and
close to 41%.of amphibians are threatened, making timenoiothe most threatened
vertebrate lineaggdlonastersky 2014Bd also confirms that host-pathogen interacticas
play a'majorrolen species declines and evextinctiors (Crawfordet al. 2010).Bd has now
been reported'from over 500 amphibian host species, has a cosmopolitan distribution, and has
been detected at 48% of localities that have been sury®ysah et al. 2013).This wide
distribution has been documenijedt since chytridiomycosis wdgst describedLongcoreet
al. 1999),;'when it was the first known vertebrate pathogen from an obscure phylum of fungi
whosemechanism of pathogenesis and life cy€lgre 1) were incompletely knowrThis
obscurity has meastudies on the biology of the pathogen have lagged behind those of hosts.
Indeed, most of the questions that the research community set out to answer wheagke dise
was first deseribed, including “Where did it come from?”, “How does it spread®iy‘are
some species resistant or tolerant?”, “Does it have an alternate host or eeviarstage?”
and “Why.now?” have yet to be definitively answe(€allins & Crump 2009; Kilpatriclet
al. 2010)s

The chytridiomycosis research community has struggled to reconcile gemgaad
host patterns afpizooTicsthatresult from complex interactions among host, pathogen, and
the envireanment. Overlain upon arpglobal distribution oBd is a set of more restricted
geographiesregions wheBsl has caused massilass of amphibian biodiversitguch as
eastern Australia, Central America, newtkstern South America, and western North America
(Bergeret al. 1998; Lipset al. 2006; Vredenburgt al. 2010). Surprisingly, all continents,
whether they.have declining or persisting amphibian populations, harbor highly similar
pathogergenotypes (theLOBAL PANZOOTIC LINEAGE [GPL]) that are highlWIRULENT in
animal medelgFisheret al. 2009b). However, numerous advances in the stuég af
recentyears,;have radically altered our perspective of a honeogsmpathogen and a
homogeneous host response across the globe. For example, the discovery & multipl
ENzoOTIC Bd lineageqFarreret al. 2011; Schloegetdt al. 2012; Batailleet al. 2013), a new,
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related species @atrachochytrium specific to salamanders (Margtlal. 2013), and the
suggestion of alternative pathogen niches, such as in the Gl tracts oficflsigiidahonet al.
2012) challenge the notion of pathogen homogenetyiation inhost responses to infection
is also now better understood. The idea that amphggaanies arequivalentargets foiBd
has been_challenged by results that indicate frogs magdable of acquiring immunity
(McMahonet al. 2014) and that frog immune-genotype matters for population persistence
(Savage & Zamudio 2011Recent research has also focused on identification dfianesms
leading to variation in effects &d across hosts or communities, such as understanding how
behavior(Veneskyet al. 2011), environmental contaminants (Hanlon & Parris 2014),
microbial.sskin,communities (Blei al. 2013), seasonalitf.ongoet al. 2010), and
community structur¢éBeckeret al. 2014)influence a species’ susceptibility.

Here wereviewhow recent research has helpedlain patterns of chytridiomycosis
across space, time, and host. We highlight advances in the field that accomspdnfr@m
the panzootic phase, where emphasis was placed on surveys of the disease, to the post-
panzootiesphase, in which mechanistic questions are being addressed. We provide a
comprehensive species distribution modelBdin the Americas to summarize what we
know abeut the geographic and environmental factors that c&uatiistribution. Wechose
to emphasize the distribution Bfl in the Americas for several reasons. First, the Americas
have good geographic coverage with respect to disease surveillance, d@taetand
contemporary amphibmasurveys. Second, the response of host populatiddsitothe
Americassisthighly variable. Finally, host and pathogen diversity are bothrhiga i
Americaspand the region contains many endangered species, fiakgigdy oBd
important from a conservation perspecti@eur review is framed using the concept of the
disease triangle (environment, host, and pathogen interactions), higintights interactions
among hosts.and pathogens under different environmental conditions and is therefore an
excellent framework forexplaining complex infection outcomed/e outline potential
research.areas thatll help explain the mosaic geographic patterns of morbidity left in the
wake of an‘apparent global panzootic, and we discuss lessons learned that could be useful

when considering other emerging infectious diseases.
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ENVIRONMENTAL FACTORSPREDICTING CHYTRIDIOMYCOSISEPIDEMICS

The disease triangle model is commonly used to explain how variation in
environmental factors, host susceptibility, and pathogen viruleadeto varying disease
outcomes,yet only a smagdhrameter spada the modefesults in an epidemi&cholthof
2007; Gurret al. 2011). We know that some aspectslwytridiomycosis epizooticshow
environmental' correlatd®lson et al. 2013),and these are expected because temperature and
precipitation“affecBd-amphibian dynamics by physiologically limiting Mifarocesses such
aspathogergrowth andhost immune responses. All amphibians need moist skin for water
uptake and to,mintain electrolyte balance, and many species also require standing water for
reproduction¥Becaudgd reproduces by zoosporetrequires at least water films to disperse.
Bd has a surprisingly narrow optimal growth range of 17 to 25 °C, bubtsznate
temperatures between 4 and Z3(Piotrowskiet al. 2004), matching most amphibian
temperature tolerance ranges.

Theseyphysiologicdimits likely influenceBd distribution and disease outcome, but
the data reveal complex and even conflicting pattéxnthe individuallevel, preferences for
higher temperatures among hosts correlate with reduced probab#ithimiection(Rowley
& Alford.2013) and warmer or drier areas serve as refugia BdrfPuschendorét al. 2009).

At the population level, epidemics in Central America were found in the middle or end of the
rainy seasoiiLips 1998), but the drier months of the year were associated with idgher
prevalenee‘inyPuerto Rigbongoet al. 2010).At the landscape level, temperature likely is
responsiblesfor a positive correlation betwgeavalence antlothelevation(Griindleret al.

2012) and latitudé€Kriger et al. 2007). On the other handstudy in the Sierra Nevada
demonstrated nelationship between elevationtemperature oBd prevalenc€Knappet

al. 2011).

Since.its discovery, much effort has been spent on mapping the spatial distribution of
Bd to provide a landscape view afeas with high environmental suitability. Olssiral.

(2013) provided the most recent oview of the global distributiorof Bd, analyzing the host
and geographic patterns of 4,281 individually swabbed frogs from 56 countries, of which

1,814 (48%) wer®d positive by molecular detection methods. Using logistic regression
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Olsonet al. examined associations betwdgshoccurrence at a sitnd latitude, elevation,
biome, amphibian species richness, and global temperature and precipitatios. kvite
these methods are powerful to detaatironmental correlations, thegnnot determine
whether arunsampled site may be environmentally suitabldtbrSpecies distribution
models (SDMs), on the other hand, predict the geographic extent of a species andtiaentif
contribution of habitat parameters in explaining that distribution. (RG@kr2009) and.iu

et al. (2013)'developed the fir&d SDMs that were global in scope, based on 365 and 1,829
Bd records; respectivelyere we preserg comprehensive SDM fd@d in the Americas
(Figure 2), based on 6,07&d positives from 30,382 analyzed swabs from fieldwork of the
authors plusran intensive literature revid®oX 2). The most intensively surveyed areas
include western and eastern US, Costa Rica, Panama, Puerto Rico, the Andes, and the
Brazilian Atlantic Forset. Knowledge gaps include the central US, northern Mexico, the
Amazon Basin, the Brazilian Cerrado and Pantanal, and large regions in Argedtina a
Bolivia (Figure 2).

Inske@mparison to previous SDMs fBd, our new model employs an ensemble model
approachwhichhassuperior performance wheormpared to single algorithnisleller et al.
2014). This enables the prediction of both hot spots and cold spots of environmental
suitability-for Bd. The new SDM predicts that most parts of eastern and western USA,
mountainous aees in Central America, tHg¢orthernAndes, lowlands of Chile¢he Brazilian
Atlantic Forest and adjacent areas in Uruguay and Argentina provide suitable environmental
conditions®forBd (Figure 2). Most parts of the Amazon basin are pdicted to bsuitable
for Bd, mostdikely because their comparatively high annual mean temperatures exceed the
critical thermal maximum of the pathogen. Our results highlight similar hot spd2d s
those predicted by Roddetral. (2009) and Liwet al. (2013), butallow more differentiation
between_ suitable and unsuitable sites because of increased sampling efftrésiessdof
analytical. methods that are an ensemble of different algoritBoxs2). A major difference
betweerthisnew SDM and the previous projectiaeghelower suitability for Bd in the
Amazon basin and higher suitability f8d in western North Americeelative tothe earlier
model by Roddeet al. (2009). Our model also differs from that of laual. (2013) in

showing less suitability for eesn North AmericaWe compared results of the SDM with
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prevalence oBd at given localiies for which we had papation level datgFigure 3).
Overall,Bd prevalence correlates well with the SDM, but neither picture is able to completely
explain the epidemiological patterns observed. For example, eastern US amphibia
populations have among the lowest mean prevalenear{ =12.4%), whereas eastern
Brazilian pepulations display among the highest prevalénmmsan =28.5%) Figure 3). Yet,
both regions showmited evidence foBd-related declines.

Thefirst 15 years of chytridiomycosis surveys hiawmgted the space of the disease
triangle toa'set of enviromental parameters that are coincident with hot spots on the SDM.
Altogether, our SDM provides a strong prediction of wHggevill occur on the basis of
climate anddand coveBfx 2). Yet, currently, environmental factors alone fail to provide a
clear exjanation for whyBd is such a problem right now or what species will be affected.
Beyond basicclimatic variablesg clearly need more data bow other physical, chemical,
and biotic characteristics of environments preBatpresence and disease outcoRu.
example,the SDM suggests significant impact of “human footprinBcoprevalencgBox

2), yet thesmechanisms underlying this footprint need greater investigation.

PATHOGEN EVOLUTION, LIFEHISTORY, AND PREDICTIONSOF
CHYTRIDIOMYCOSISEPIDEMIOLOGY

Another vertex on the disease triangle is the virulence or propagule pressure of the
pathogen#«(Secholthof 2007). Here, we explore how both pathogen genotype and environmental
niche influence the virulence and transmission of the path&gety.Bd studiesspeculated
that a recent change jithogen virulence occurred, leading to rapid spread of the pathogen
across the landscapiétrue, this would suppothe NOVEL PATHOGEN HYPOHESIS (NPH)
over the alternateNDEMIC PATHOGEN HYRTHESIS(EPH), which positshatBd was endemic
and emergedbecause of environmental chéRgehowiczet al. 2005; Fishegt al. 2009b).

Here, we review evidence supporting both NPH and ancient endemism and progress towards
identifyingra,source population.

The earliest genetic studiesid isolates found low global variation at both

microsatellite and sequenced loci, with both types of markers having only ehesall
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269 (Morganet al. 2007; Jamest al. 2009) However, sampling in these initial studies was biased
270 to localities with documented dafs, such ashe Sierra Nevadaf California, USA, Coclé,

271 Panama, and Queensland, Australia. The absence of dilaisity, however, supportede

272 NPHmodel in which the GPL arose from a single diploid genotype, and its descendants were
273 shapedy Loess oF HETEROzZYGOSIY (LOH). This tight bottleneck also suggested a recent

274 emergenee of chytridiomycosis from a single source population, but the lack of an

275 geographicpattern left ample room for speculation about the source population.

276 Becausef this potentiakecent emergence,searchers turned to museum specimens
277 to connecBd occurrence to a place and time, initialith histology (Weldoret al. 2004),

278 and subsequently with molecular meth¢@@kenget al. 2011). Based on museum specimens
279 from southern Africa, where massive capture and expofeadpus laevis occurred in the

280 20" century, Weldoret al. (2004) suggested a possible African origirBdf correlating the

281 earliest occurrence &d in the museum record (1938) with the onset of frog exportation. This
282 hypothesis, however, rested solely on the specimens from Africa being thefielded

283 specimensgknowat that time Subsequent studies have discredited the African origin by

284 demonstatinginfected museum amphibians collected considerably earlier: 1894 in the

285 Atlantickerest of Brazi(Rodriguezet al. 2014) and 1888 in central USAalley et al. 2015).

286 Thepicture of global pathogen genetic homogeneity stood until G&aka(2009)

287 identified a phylogenetically novel lineageRd from the giant salamandar JapanThis

288 study was the first to indicate that additional genetic diversity neigistand led to the

289 hypothesistofian Asian origin of panzodiid. Soon thereafter, screening of non-declining

290 populations:was intensified and combined with thorough molecular asgBme3). Within

291 aspan of 3 years, novel genotypes putatively endemic to the Cape of SouthBsh@ape),

292 Switzerland Bd-CH), Brazil Bd-Brazil), and KoreaHBd-Korea) (Farreet al. 2011; Schloegel
293 etal. 2012; Bataillest al. 2013),were described. By increasing the samplingaétrains

294 from regions. where populations were not declining, it became apparent thatitre earl

295 perspectiveon genetic diversity was biased towards epizootic strains. Now, ioratddihe

296 (globally prevalenBd-GPL, we know of several divergent lineagé®d, distributed on each

297 continent that has been surveyed. Another major breakthrough was the recent discavery of

298 congeneric specidd salamandrivorans (Bsal). The new species is morphologically,
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299 genetically, and functionally distinct froBd. It wasdiscovered as a pathogen of fire

300 salamandersSalamandra salamandra) in northwestern Europ@lartel et al. 2013), but was

301 probably introduced from eastern A¢Martel et al. 2014). The discovery of this new form

302 pushes the association of tBatrachochytrium genus as an amphibian parasite to an age of at
303 least 25 million years, showing that the emergendada$ not associated with a recent host
304 jump to amphibians.

305 Thefinding of enzootitineages oBd that are mee restricted in their distribution

306 contrasts'witlthebroad distribution and spread of the virulent genotgeeGPL). Enzootic

307 genotypes appear to be raa@d may represent a patterrhagtorical genetic diversity that is
308 in the process,of being erasedoutcompeted by the current panzootic. Only in KoredBdas
309 GPL been‘shown to have low prevalence, which might indicate that the enzootic geaatype ¢
310 outcompete otheBd lineages in this environment or that GPL has only recently been

311 introducedBatailleet al. 2013).Because >90% of strains isolated from natureBar&PL

312 (Schloegekt al. 2012) a leading hypothesis is tHad-GPL isa hypetvirulent genotype that

313 isreplacingithe rarer, enzootic lineages. The replacement of enzootic with panzooti

314 genotypes insnature is also consistent with infection experiments showingairet efBd-

315 Cape have lower virulence than BB&GPL (Farreret al. 2011), but several studies

316 demonstrate that evé3d-GPL genotypes vary in virulence when tested on common hosts
317 (Bergeret al. 2005; Fisheet al. 2009a). Unfortunately, at this point we cannot generalize that
318 certain lineages or genotypes are less virulent because so few host speBekgemtypes

319 have been'tested. More standardized studies are needed to quamrifyHbeeNICITY of Bd

320 genotypessacross various hosts and continents, focusing on standardized housing, doses, and
321 using strains with low passaging history (Kilpatratlal. 2010; Langhammesat al. 2013).

322 Other phenotypes such as temperature optima, growth rates, and morphology are worth
323 investigating.acrosgenotypes. For exampliie optimum growth tempature of the newly

324 described salamander parafsal (Martel et al. 2013) is markedly lower (15 C) than that of
325 Bd (17-25.C). Unfortunately, growth rates ateinperature optiméor other lineages asther

326 isolates oBd-GPL have noyetbeen determined.

327 The basis for these phenotypic distinctions among lineages may be a product of
328 genomic differenceamongthem. A prominent feature of the GPL lineages is the presence of
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particular LOH eventshatmusthave occurred befotbe global dispersal of the GPlecause
theyoccur in every strai(Rosenblunet al. 2013);other LOH eventsccurred after GPL
began diversifying and distinguish two clades within GPL, GPL-1 and GBict#oegekt
al. 2012). Based on the LOH model, we infer that GRk-the more ancestral variant because
it differs from GPL-2 by the abence of particular LOH events. GRLis the most common
lineage in the/tropicd{gure 4) and is the genotype isolated from massiveddiein Central
America"and Australia (Berget al. 1998). In contrast, GPL-1 is most common in North
America;"andis the lineage associated with epizooti€sud muscosa in the Sierra Nevada
(Schloegekt al. 2012) GPL-1 also predominates in Europe, but has not been found in
Australia.orAfrica. If we are correct in our inference that. GRs the ancestrgbanzootic
lineage thisindicatesthat GPL first emerged in the northern temperate zone and later
dispersed intojthe tropics. Interestingly, ordydy is thedominant tropical form (GP2)
found in temperatesgions and vice versaor GPL-1. Importanly, the spatial distribution of
GPL-2 points in North Americauggests rolefor anthropogenic movement of frogs or
pathogenfigure 4), because most of the GRLpointsrepresent isolates froamimals in
captivity, including one fronbDendrobates azureus at the National Zoo in Washington, D.C.
(the typesstrain JEL197), and anotismiate from aXenopus laevis strain imported to U.C.
Berkeleysfrom Africa in the 1980’s (Morga al. 2007).

We know surprisingly little about the requirements of variBdéfe cycle stages;
might freeliving stages, environmental resting stages, or alternate hosts exist? This
informatientis,crucial when considering amytigation orreintroduction progranBd DNA
was recentlysreported from the Gl tract and the surface of craffishamberus alleni, P.
clarkia andOronectes virilis; (McMahonet al. 2012). Further, the authors inocelatcrayfish
with Bd and found highemortality and gill recessiothan for controls. They also documented
thatBd could. be transmitted from crayfish to larval amphibians. The possibilitgaPrROBIC
reservoir_forBd has been discussed since the desonpii the species, when it was noted that
becausd&dwas able to grow in pure culture on nutrient media and limitedly on snaket skin,
might alsesbe able to live saprobically in nature (Longebet. 1999).Bd has survived in
autoclaved lake water for 6 weeks, and for 3 weeks in autoclaved tapJedieson &

Speare 2003)The lack of living microbes, protists and smiallertebrates in these
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experimentshowever, makes inferences abBdtsurvival in nature difficult. Although tested
in sterile conditions, the ability &d to remain viable in natural sources of water and on
keratineacous substrates supports the view that the environment can, at leasirilgmpor
support the viability oBd outside of amphibian hosts. Moreover, the detectidBdddNA
throughout.the entire year from filtered North American water samplesstadgge
persistencef the fungus during a tiemwhenamphibians are dormant (Chestsual. 2014).

In pure cultureBd sporangia deelop from a zoospore without a germ tube first being formed
(Figur e 1);this differs from developmein vivo with a germ tube, as shown by transmission
electron'microscopy (Greenspetral. 2012). Development without formingggrm tube is a
feature ofsimany chytrid species that form a sporangium on top of their substrateas
formationof a germ tube is characteristic of chytrid species that devepmpaangium within
their substrate, The presence of thege developmental pathways, the ability to grow in pure
culture, and the presenceid DNA in environmenrdl sources all predict saprobic
reproduction, yet a noliving reservoir forBd has yet to be identified. Identifying such
reservoirsswill'be important to understamglithe effects oBd on amphibian populations, as
demonstrated by model predictions of the loexgn dynamics oBd with and without a
hypothesized saprobpghasgMitchell et al. 2008).

The'past decade of studies on the pathogen have uncovered deeper complexity in
pathogen genotype, phenotype, andelbiotic interactionsCombined, the dtaindicatea
hypervirulent lineage that is primarilsesponsible for epizootics; however we still lack a
clear indieation of why and from where tBd-GPL lineage emerged, and we lack good
studies onithe phenotypes and virulence of nevdgadiered enzootic lineages. Genetic
studies oBBd and other pathogens suggest the origiBd-GPL will not be found by looking
at sites of dieoffs, and therefore the hunt for genetically diverse source populations from non-
declining populations is a high research priofitheally, these genetic diversity surveys
would use markers ascertainable from DNA extracted from swabbed animals;iat s
marker system has proven difficult to implem@#elo-Anton et al. 2012) Box 3). Other
priorities invelve investigating pathogen genotype dynamics (such aslizgion and
competition) in regions where multiple genotypes coexist, such as Mallorca dBich#ien
Atlantic Foresi{Walkeret al. 2008; Farreget al. 2011; Schloegedt al. 2012) Studies are also
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neededo confirm if non-amphibian hosts are part of the life cycle or just a dead end, and

what substrates might support saprobic life styles.

VARIATION IN HOST DISEASE SUSCEPTIBILITY AND DISEASE DYNAMICS

The final vertex onte disease triangle is the host, and here we review evidence that
variance“in‘host traits can explain susceptibiliti3to Despite our greater knowledge of
amphibianhosts, with over 1@ specieslescribed, the immunology, distribution, and
ecology of many species astll poorly characterized-ield and lab studies document large
variationin susceptibility anBESISTANCEto Bd across specigs.ips et al. 2006; Crawfordet
al. 2010; Searlet al. 2011b; Gahkt al. 2012).Multiple factors most likely lead to this
variation, including host differences in innate and acquired immunological respass
associated microbgand behavioral and life history traiBehavioral, life history, and habitat
traits have taken center stage because these characteristics are easy to measwgggimge em
consensusyisithat life history traits matserch as lowesusceptibility in direct developers that
lack an aquatic larval stagkriger & Hero 2007; Bielbyet al. 2008).However these
generalizations do naufficiently capture differences hostrangethatcould be predictive of
epizootiesHere wefocus onrecentfindings showing that community composition and
individual species genetic variation may influence not only the outcome of infectiolsdut a
the potential for evolutioof resistance

The'role of amphibian community composition in regulaBdglynamics has been
addressed:from the perspectives of host diversity and ideDtigpotential consequence of
high gecies richness is @fL UTION EFFECT’ resulting in reduced risk of disea€eesinget
al. 2006). Dilution effects occur because more diverse communities should be buffered from
epizootics,of generalist pathogens becamsmunters and potentiahnsmission will often
occur betweesusceptible andesistant hostg.ests fordilution effectsin the amphibiarBd
system haebeenconducted by several authors with results showing host divdesstgases
(Searleetal. 2011a; Beckeet al. 2014; Veneskyt al. 2014),increase¢Becker & Zamudio
2011), or no impadiLiu et al. 2013) on the risk of infectioll lab studieshaveshowna

dilution effect, whereas these effects are more difficult to detect in thegdezloaps due to
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the differences in both hosiversity and habitat complexitDne lab studyBeckeret al.

2014) found that host diversity decrea8eldnfection due to changes in species interactions,
specifically by reducing shared habitat use and transmission among hostmnatigitone
particularterrestrial species showed reduced infection loads in diverse assemblages at t
expense of-neighboring aquatic hosts becoming heavily infected. Thereforég tespact
thatBd is'a highly generalist pathogen, these findings show the importanceestamtliing
communitywide transmission dynamics and spe@pscific interactions for predicting
disease outcome.

The idiosyncratic results from testing the dilution effect suggest that speaesityiv
may be lesssiimportattianthe presence of particular spedies community. Amphibians
that are highly susceptible Bul, like Atelopus zeteki, can function as “acute supershedders”
thus amplifying disease transmissi@iRenzoet al. 2014). Non-nativeBd-tolerant species,
such as the American bullfrogithobates catesbeianus) and the African clawed frog
(Xenopus laevis) mayfunction ageservoir specieshose arrier species that are highly
tolerant ofinfectons. Importantly, these two invasive species have lmeplicatedin the
global spread‘of the disead@aszaket al. 2001; Vredenburegt al. 2013). In Colorado, where
L. catesbelanus is invasive, the density af catesbeianus was positively correlated witBd
infectionsprevalence and load in-oocuring native faunéPeterson & McKenzie 2014). On
the other handa recent study failed to find evidence of increaBedhfection on native UK
fauna due to presence of invasared Bd-infectedXenopus (Tinsleyet al. 2015).These
different results across regions highlight the important interactiongbetamphibian
communitiessand environmental factors in determining infection outcomes. Thoughdt woul
seem from lab studies that the presence of certain key speaidsalte chytridiomycosis
dynamics in the field, only oneusty has made a link between the presence of particosir
generaand.chytridiomycosis prevalence, with the highly suscepBbfe spp. increasing
communitylevel Bd prevalence and the suspension fe&sakstrophryne reducingBd
prevalencgVeneskyet al. 2014). Similar studies are needed to test the role of invasive
species on'the spreadid globally.

Moreover, variable outcomes of infection are observed in the field, with some

populations persisting after the arrivalBa, while others go extingBriggset al. 2010).
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These variableutcomes suggepbtentialdifferences in host genotypedaprompt the
guestion othepotential for hosevolution of increased resistanceTOLERANCE to Bd.
Amphibians can rely on innate and adaptive immune responses to niBahaggctions, and
at least some of these immune responses have a genetiSbasige & Zamudio 2011,
Ellison et al.2014), suggesting host genotypic variation may be an important factor
explaining persistence or mortality. For instance, alleles of the major higbatibility
complex’(MHC),an important family of genes the adaptive immune respons&re
significantly"associatkwith resistance and survival liithobates yavapaiensis (Savage &
Zamudio 2011) anditoria verreauxii (Batailleet al. 2015). Various immunogenetic studies
havereportedseither a strong or weak adaptive immune responsBgaogection
(Rosenblunetial. 2012; Ellisoret al. 2014), underscoring variation among species in their
potentialfor evolution ofresistance or tolerance. Recently, a study suggested both adaptive
behavioral avoidance and partial immunity could be acquired folloRihexposure
(McMahonet al. 2014), though vaccination by prior infection has not proven effective in at
least onesspecidSashinst al. 2013). Altogether, the data suggest natural variation in both
pathogenwirulence and host immunity, but the interactions between these two components
have nottbeen adequately addressed to allow predictions of which species or ca@amuniti
have thespotential teecover after exposure Bul.

The epizootic space of the disease triangle largely excludes direct developieg spe
lacking a larval stage, aggressive invasive species, and those with a ltolyesicie(Bielby
et al. 2008y"Hewever, communities diverse and spegiesr alike have suffered declines,
and predieting the outcome Bl infection for any given species remagiasive. Rare
species may have lower genetic variation for parasite resistance, and tHeysrietm
variation_in buffering disease through genetic fithess correlations nebkddbaiter explored
(Allentoft. & O’Brien 2010). What happens in a resistant responisegsly unknown, but
now that we know that there is meaningful variation in immunological responser furthe
research.ean also address variation in immunogenetic diversity acro€s spétia range of
susceptibilitiegEllison et al. 2015).
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478 FUTURE RESEARCH PROGNOSIS: COLD SPOTS,RATHER THANHOT SPOTS,

479 MAY BETHEKEY TO UNDERSTANDING ENIGMATIC DISEASE

480

481 Improved modeling techniques and additional survey data have refined our

482 understanding dBd distribution and prevalence across the gldathas a broad distribution
483 that is correlated witbholder temperatureandmore moistenvironmentsKigure 2), yet

484  distribution"maps and SDMsghlight important, yet often enigmatic details about the

485 distribution"ofBd. First the SDM identifies a number of hot spots including high elevation
486 forests in Central America, the Sierra Nevada, and the Brazilian Atlantia Feigs e 2).

487 These areagions of the world where we kndsd is already present at high prevalence, and
488 the disease largely seems to have become enzthatigyh not all of these regions have

489 suffered declines. SeconitheBd distribution model contains several cold spots, sgdhe
490 Amazon Basin anthe Great Plains region of North Ameriédthough the Amazon Basin is
491 an apparent cold spot f8d based on climatic variableBd has been detected there

492 (McCrackeretial. 2009). Based on the results of our SDM, we suggest the time is right to
493 rephrase questions regarding distributioBato: “Where are the cold spotsial

494  distribution?” and “Why are they cold?” Now, studies are needed to ideagjiyns and

495 populatiensvhereBd is absent to learn about the biotic and abiotic mechanisms underlying
496 this distribution More surveys in tropical regions alearly warrantedjiventhe diversity of
497 amphibians in these regions and the relative paucity of studies. Morstkes at smaller
498 spatialandtemporascalesare needed to understand environmental regulation and

499 transmissienspatterns that leadvariation incommunity level prevalence.

500 We have defined cold spots as regions where the pathogksdasor predicted to be
501 absentorwhere itoccurs at low prevalengthese spots may exist for a number of reasons.
502 First, they.could be artifacthue tolimited samplingof habitats withirthat specific niche

503 parameter.spacelowever, a globalBd survey has progressedthe last decad¢hese

504 potential. sampling artifacts abecoming less likelySecondBd may never have dispersed
505 there. Third,;environmental conditions may be outsided tolerance windowLastly,Bd

506 might historically have &en present but the frogs have evolved defenses (or only the resistant
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species remain through pathogen driven selection)Bdiater disappeareor persists at low
population prevalence.

The existence dBd cold spots raise a number of questions. Ij the the result of
environmental restriction, why is the fungus unable to adapt to higher temps?Palliore
experimental.work is needed to understphgsiological plasticity and propensity for local
adaptatiodn Bd. In the laboratory, changes in virnlandotherphenotypes have been
notedovertimein culture, indicating that the fungus can adapt rapidly (Langharerakr
2013; Voyleset al. 2014a). The distribution d&d, which includes warm tropical lowland
forests, is incansistent with the high level of growth inhibition seen in the lab at 28 °C.
major research neaslcharacterizing differences in the fundusthe collection genotyping,
and temperature profiling of strains from these habsa¢sningly outside of thigd
physiological envelope.

A second type of cold spot & areawithin the distribution oBd that appear to be hot
in terms of prevalence, but cold in termsefative effects on the fitness of maphibian
hosts. Thesewegions, includiagsterrBrazil, Chile, and eastern North Ameriegparently
have not'experienced species declines despite widedpaeaxturrene and higlprevalence
of infection. BecausBd has only been known for 15 years, however, missing baseline data
may be.ebscuring proper inferencasd the absence of mass mortalities is certainly not
evidence that diseaselated declines did not occundeed, species frazil, Chile, and
Wisconsinof the United Statesnderwent enigmatic declines near the time Buavas
implicated intdeclines in nearby ardasne et al. 1981; Eteroviclet al. 2005; SotoAzat et
al. 2013).Gradual declines of amphibian species are especially hard to detect because
populations naturally fluctuate and quantitative gapon data are lacking (Adanasal.
2013).Some extantraphibiancommunitieamightbe remnantg,e., amphibian communities
affected by epizootics before the last three decaflegh vigilance. If so, could these
surviving.communities show signs of “The Ghost of Epizod®ast and how could we
distinguishithem?

Thetheory of diseas ecology predictthat when a disease enters a naive population,
lack of host immunity often results in epizootics, characterized by high intemsitiiigh

prevalence of disease; in contrast, in enzootic scenarios the pathogen iegtedie present
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537 at lower levels of infectioomnce hosts and pathogens have reached an equilibrium state in
538 susceptibility and infectiofEwald 1994)Over time,enzootic pathogens are expected to

539 coevolve with their hosts and adapt to their shared environment. Given the long term co-
540 existence oBd and amphibians (Rodriguezal. 2014; Talleyet al. 2015) ad the presence

541 of putative.enzootiBd lineages, the amphibians we see today may begpastbotic relics

542 that have.adapted to coexist with theaw enzootidd lineage.

543 If the"Ghost of Epizootics Past exists, we should be able to detect it using community
544  and population genetic data. These methods can be tuned to identify signatures expected i
545 communities that suffered epizootics by comparisons with control communitiesitdr we

546 have clear evidenamainst disease related declinéxssible regions for defining control

547 expectationsrare farast Asia and the Amazon basin, which have well-studied amphibian
548 fauna with no'evidence of declines. Kore@ne compelling control populatidecause it

549 essentially only has enzootst genotypes preserdand exhibits high prevalence with low

550 loads, suggesting that it has not suffered epizo@Batailleet al. 2013).

551 Werexpect thatommunitieghat have undergone declimasyhave lost lineages or

552 species withuincreased susceptibility to the disease, which can be trackeddayatom

553 analysessacrosommunitiesOne expected signature is the loss of specific susceptible hosts
554  from amphibian communities. For example, post-enzootic communities may deeerfoc

555 terrestrial breederfarge clutch sizesandsmall body sizegiven the relationship of these

556 variables.andd infection observed across communities (Kriger & Hero 2007; Bietlhl,

557 2008). Analyses of community diversity using traits as variables could allow icetiiin of

558 outliers withdess diversity than expected in particular t(gitg., breeding behaviors) relative
559 to contral communitiesOther less typicghhenotypes couldlso be analyzed, such as

560 correlateof innateimmunity (e.g., antimicrobial peptide production), skin microbial

561 communitiespr average genetic diversity (heterozygosity) of populations or spAsi@s

562 example, phenotype frequencies froiig assaysvhere immune cells of animals are

563 challengedwith bacteriaave been shown to change following an epizootic in Florida scrub
564 jays caused.by an unknown pathogéfilcoxenet al. 2010).

565 Phylogenetic methodmalyzing the distribution of speciesreggional amphibian

566 fauna may also helplentify communities thatra phylogeneticallyoverdispersedr
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underdispersetklative to expectations (CawderBareset al. 2009) as if many of the leaves
had been pruned by disease. Similar phylogenetic methods could be applied to candidate
genes, such as the MHC gerf8avage & Zamudio 201yvhere tredbased methods could
detect patterns that deviate from the defaigihature of balancing selection (Schieetipl.
2001) which,is expected to occurepizooticsselected foparticular alleles by directional
selection.as evidenced in field stud{avage & Zamudio 2011; Bataikeal. 2015).A
particularly‘excitingprospecis that communitytevel approaches may have the advantage of
leveragingmuseum collectionsvhich extend deep into the early days of exploration of the
New World tocharacterize&ontrol populations. Shifts in taxonomic richness over time can
test for seleetive loss of clades,Bibprevalence appears to be ramdomly

phylogenetically distribute(Balazet al. 2014). Testing the predictors we outline could utilize
Panamanian and Peruvian communities where declines and extirpations are wedftedum
(Crawfordet al. 2010; Catenazat al. 2011).

These approaches are not easy to implementhab other signatures might allow us
to detectanrearliecommunity changing epizootid®hile wecannotresurrect extinct
populations‘that have experienced historical declines, we can utilize animaiann ex
communities with this signature of enzootic disease, and test their curregptsniity to the
pathogen=Under predictions thie Ghost of EpizooticPastmodel, the survivingnimals
should be adapted to resestdemic pathogegenotypesbut testing them againfstreign
genotypeshould reveal higher susceptibility. This calls for inoculation stutbegxample,
of Brazilian“endemic herpetofauna, using enzasttigins ofBd from all groupsBd-GPL, Bd-
Brazil, Bd~€ape Bd-Korea.If coevolution following epizootics has occurred, the surviving
amphibians in Brazil will be highly susceptible only to Eaer two strain types, which are
absent from the native range. In contrast, if the populations have not experiencatiadapt
the lineages present will be those with the highest viruldermining the traits
responsible for this adaptation may be key to understanding the signatures of thef Ghost

EpizooticsPast

LESSONSLEARNED
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Despite the many unanswered questions remaining regddiagd its interaction
with amphibian hosts, major advances have occurred in the last 15 years. Thesesadvance
have improved our preparedness to document and prevent future emergence of infectious
diseases of wildlif¢\VVoyleset al. 2014b). We end this review with four unanticipated lessons

learned.

Generalist"pathogens can be a cause of extinction

The'most important lesson is that an infectious disease can be a major cause of
biodiversity loss Beforechytridiomycosis emergede had only a handful @xamples where
infectioussdisease wédisked tosevere declines or extinctions, including the Ameriebn,
the Ameriean‘chestnut, aistk animal casefCollins & Crump 2009). As a result,
conservation hiologists generally ignored pathogens as a cause of extinction.tBeiring
amphibian chytridiomycosis crisis we may have lost dozens of species andads®eere
population declines of hundreds moféata pathogen cadecimde vertebratepopulations of
multiple speeies hasighlighted the importance of studies in taxonomy and systematics, not
only in terms=0f urgency, but because knowledge on all aspects of biodiersitical in
prepamguus for future outbreaks.

Meost emerging infectioudisease$EIDs) of wildlife are host generalists:
chytridiomycosis, rabies, white nose syndrome (WNS), West Nile virus) ekiaera, and
snake fungal disease all have a wide number of hostsngthlem asignificantthreat to both
biodiversity'and ecosystem functidfhiowever, impacts across host species are highly variable
due to biotiesand abiotic determinants. For exanjpt,as with chytridiomycosi$VNS
occurs nseverbat speciebut only populations of the four most gregarious speuies
endangered bthe diseasé@_angwiget al. 2012).However as we have highlighted here,

EIDs caused. by host generalists require consideration of the wholeohasiunitybecause

of the presence @mplifier species anthe possibilityof dilution effects.

Fungal diseasesareon therise
Though the underlying causes are unclear, fuRfas ofwildlife (including WNS,

snake fungal disease, sea fan disease, and chytridisisjappear to be emerging faster than
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626 those caused by bacteria, viruses, and prot(zsheret al. 2012). Common themes

627 fungal EIDs include being host generalists, invaders of soft tissues tahdrlbod, and

628 typically on ectotherms ohé colderextremities of endotherms (such as the wings and noses
629 of hibernating bats)As is the casdor Bd, environmental filteringalso plays a role in other

630 wildlife fungaldiseases, sSuAWNS, where the pathogen grows optimadlythe same

631 temperaturs typically found irbat hibernacula (Bleheet al. 2009).The presence of

632 facultative'saprobic life cycles environmental reservoimayalso be a common thread that
633 ties togetherfungal EIDsllowing pathogens to continue transmission even after causing host
634 mortality(Fisheret al. 2012). These saprobic phases walkbfacilitate dispesal because

635 they eliminate,the need fbiosts.As many of thefungal EIDs (e.g., WNS, chytridiomycosis,
636 and snake‘fungal disease) appear to have evolved from saprobic ancestors thisapsy per
637 explain the necrotrophic pathogenicityith gross tissudestruction.

638 The emergens®of a number ofungal EIDs such as chytridiomycosis, WNS, and

639 sudden oak deathrehypothesized to follow a recent introduction and movement of

640 pathogensTherefore, itmay be that a sudden increase in transmissibility or mewe of

641 fungiis whathas led to this increasdungal EIDs. Though not readily obvious, these

642 diseases.«caspread througmternational movemerdf infectedhosts, suclas when infected
643 chestnutstrees were brought to theaNyork areaand led to the epidemtbat nearly led to

644 their extinction(Anagnostakis & Hillman 1992). Evidence to support these point

645 introductions comes from characterization @fvipathogemenetic diversityAs observed for
646 Bd, therapidemergence WNSin eastern North America is due to a single clonal genotype
647 of Pseudogymnoascus destructans, presumably introduced from EurofiRenet al. 2012).

648 These examples of recent spread indicateviieaghould consider the evieereasing

649 potential for anthropogenic movement of pathogen propagules as an explanation for the
650 global rise.in fungal EIDs.

651

652 Basdlinedataarevital for defining epidemics

653 Generally,we suffer from a lack of long term data on wildlife populations, which

654 severely impedes the detection of epidentittsw often do declines occu’metaanalysis

655 of frog declines conducted early in the day8dtesearcli{Houlaharet al. 2000) was only
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656 able to draw from data from 1950-2000. These data suggested a downward slide of amphibian
657 populations since 1960, buttime absence of dateom beforel960,it is difficult to know

658 how early this trend beg Wildlife and plant monitoringgrogramsneed b be supported so
659 that when declines and epizootascur, baseline data are in place for comparison. The
660 relatively new North American Amphibian Monitoring Programms at cataloging trends in
661 amphibian populations across the continent using citizentstgeRrowever, this program is
662 solely'basedon frog calls, and we need more efforts in monitoring of deseh#s effects
663 using molecular diagnostics and mark-recapture studies. Such efforts would erpedit
664 response to epizootics and form the b&wmiproactive rather than reactive science.

665 Baseline population and community data alsobe drawn from museum collections,
666 and examples exist in which new species of birds have been described from museum
667 specimens which have already gone locally exiimthe Brazilian Atlantic Foregtees &

668 Pimm 2015). Museum specimens notyoyield locality records butalsoallow detection of
669 time periodsn whichBd increased in prevalen¢€henget al. 2011). Recently, museum

670 specimentmavebeenused to time introductions of particular genotypemfanomyces

671 astaci causingepizootics of crayfish plague in Norway beginning in 197rBIstadet al.

672 2014). Studies of crayfish plague andBdfin the Brazilian Atlantic ForegRodriguezet al.
673 2014)that-utilize genetic markers provide information regargjage flowand a more precise
674 migration history To increase the utility of material for microbial wodgllectors should

675 make sure to preserve the integrity of samples for pathogen DNA analysistholgy, and
676 given thedmpeortance of amphibian skin and its microbial communities, future amphibian
677 collectorsishould consider archiving swabs or skin samytesaccessioned specimens.

678

679 Never stop sampling

680 Major. breakthroughs in understanding the genetic diversiBdafccurred only after
681 years of sampling. Understanding biases in sampling and geographic coveragatialdgsr
682 identifyingssource populations and rare, but informative, genotyjdeswvise,importart

683 information en the history and virulenceBd will require sampling additional geneBg¢x 3).
684 Meaningful genetic variation goes deeper than sequence polymorphism. Both chremosom

685 number variation and LOH are highly variableBa at the same time that sequence variation
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686 is extremely low. We recently characteriZéBL-1 and GPL-2 sublineages, and thesewell

687 as the emooic lineageshavegeographic and genomic patterngmreatneed offurther

688 exploration. The first 10 years of sampling only reed@PL (Jamest al. 2009), thdast

689 five years uncoverefive additional lineages @d, includinga clearly sexuallyproduced

690 isolate(Schleegekt al. 2012), and a new species with a different host rélvigetel et al.

691 2013).Sampling biases should also serve as a cautionary-talexample, failure to detect

692 Bsal in"North"Americadoes not necessarilgean that the species, or a close relats/apt

693 present.In‘factt seems unlikely thaBsal or a closelyelated species is not in North America
694 given that it diverged frorBd so long ago and thus has existed for at leastifion years?

695 An alternative,is that we jusire unable¢o detect it, andhatthe Old WorldBsal is analogous

696 to Bd-GPLy only restricted tealamanderdf anything, our previous experience indicates that
697 we need to keep sampling to findditional lineages dsal that wemay likely bemissing.

698

699 Acknowledgments

700 This papernstemmed from a joint US National Science Foundation (OISE-1159513) and

701 Fundacao desAmparo a Pesquisa do Estado de Sdo Paulo (FAPESP 2011/51694-7) project to
702 catalyzeunternational collaboration between Brazil and the U.S. LFT thanksndacaale

703 Amparo.aPesquisa do Estado de S&o Paulo (FAPESP) and Conselho Nacional de

704 Desenvolvimento Cientifico e Tecnolégico (CNPq) for grants (FAPESP 2011/516NPg; C
705 405285/2013-2) and fellowships (CNPq 302589/2013-9). TYJ and LFT acknowledge support
706 from agrantithrough the USFWS Amphibians Without Borders Program (F12AP00997) and a
707 fellowshipsfream CNPq (300980/2014-0). We thank Danelle Larson (Russell) and Mike

708 Lannoo for contributinddd field prevalence datandGuilherme Becker for helpful

709 discussions on the dilution effect.

710

711 Box 1. Glossary

712

713 ANEUPLOIDY3having an atypical number of chromosomal homologs, not multiples of the

714 baseline haploid number. May be represented by additional or fewer copies of adursol

715 chromosome(s).
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CHYTRIDIOMYCOSIS. the dsease of amphibians caused by the furRaisachochytrium
dendrobatidis. Animals that test positive for the presenc8&adinay show no symptoms of
the disease.

DILUTION EFFECT. The concept that disease ridka generalist pathoges ameliorated with

increased biodiversity through mechanisms that reduce the probability of trsinsmis

ENDEMIC/PATHOGEN HYPTHESIS(EPH):Posits thaBd co-existed with its host in equilibrium

before the panzootic was triggered by some other factor, such as envirorohants.

ENzOOTIC. Deseribes host-pathogen dynamics that support coexistence over time.

EPIZOOTIG Describes pathogens that are increasing in frequency, i.e., have not reached a

stable equilibrium.

GLOBAL PANZOOTIC LINEAGE (GPL): The most frequently encountered lineag8afwhichis
highly virulent in the lab, genetically depauperate with only two alleletopas, and the only
genotype that has been associated with amphibian dieoffs in the field. GPL ctwatasubh-
lineages, GP41 (that predominates in North America and Europe) and 5Rhat

predominates,in the Neotropics, Australia, and Africa).

LOSS OF HETEROZYGOSIY: In diploid or polyploid organisms, genotypes may lose
heterozygosity. during mitosis through the action of nondisjunction of chromosomes)@rossi

over, Or gene.conversion.
NOVEL PATHOGEN HYPOHESIS(NPH): posits that pathogens emergence by the translocation of

a virulent'strain into a new geographic location or into a host species that has no evolved

resistance.
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PATHOGENICITY: Describes the ability of an organism to cause disease.

RESISTANCE Refers to the natural ability of an organism to resist microorganisms or toxins

produced in disease.

RIBOSOMAL INTERNAL TRANSCRIBED SPACERThe DNA region used for diagnostt PCR
detection‘that'lies between the large and small subunits of ribosomal DNA. Muéii@ate
per strain‘make it problematical for use in population genetics.

SAPROBIG:Describes microbes and fungi that feed on dead or decaying organic matter.

TOLERANCE Refers to the development of the host capacity to endure and become less

responsive to a substance or a physiological insult especially with repeptestie.

VIRULENGEwDescribes the degree to which an organism can cause damage to a host.

ZoospPORrEFlagellated motile spore. IBd, the zoospore possesses a single flagellum and

lacks arigid cell wall.

Box 2. Species Distribution Model for Bd in the Americas

Based\on the most up-date information otherealized distributiorof Bd, we
developed:an'updated SDM based on predictions of an ensemble of eight differettnaggori
and both environmental factors (temperature, humidity) and land cover information
(Normalized Differenced Vegetation Index, NDVI), theggpturing the pathoger@innellian
niche asnell as anthropogenic factors such as Human Fooffbriuntet al. 2013). The
ensemble techniques within thimmod2 framework(Thuiller et al. 2014)which were
employed:here represent recent advances M 8iethodology, acknowledging that no single
algorithmprevides the best solution and that uncertainties in different steps of SDM

development are best acknowledged in a comparative framework.
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Environmental data: As afirst step we obtained comprehenses/set of 19

bioclimatic variables with a spatial resolution of 2.5 arc min freaw.wordclim.orgas well

as variables characterizing seasonal changes in the Normalized Differeviegtgdtion
Index (NDVI; derivedirom the data set GIMMS [Global Inventory Modeling and Mapping
Studies] NBVI: 1981-2006; available through www.edc.uri.edu/ATMT-

DSS/data. gateway/modis/gimms;zZNDVI scores areoded as 8bit integer ranging from

0:255); Potential Evapotranspiratiffrabucco & Zomer 2009and“Human Footprint”
(Sandersomtal. 2002) The Human Footprimanges from 0 (no human influence) to 100
(strongest human influence), acloracterizes the human influence on land sarfesed on
accessibilitygranthropogenic land transformation, human population dengitglectrical
power infrastructure. As multie-linearity of environmental predictors may violate statistical
assumptions of SDM algorithms, we computed page Speanan rank correlations among
all variables and selected among those pairs with ®75 the putatively most relevant for
Bd. The final set of predictors included “Mean Diurnal Temperature Range” (Bican ke
monthly (max‘temperaturemin temperature));Temperature Annual Range* (Bio7), “Mean
Temperaturesof Warmest Quarter” (Bio10), “Annual Precipitation” (Biol2)gciprtation
Seasonality” (Biol5; Coefficient of Variation of monthly Precipitation) g¢dpitation of
Warmest-Quarter” (Bio18), “Annual M@ NDVI” (NDVI_Biol), “NDVI Annual Range”
(NDVI_Bio7), “Minimum Monthly Potential Evapotranspiration” (PET_HE_Bio6), “Anhua
Range of.Potential Evapotranspiration” (PET_HE_Bio7), modified from monthly reawda
(Trabucce&Zomer 2009and the “Human Footprint”.

Based‘on our review we compiled a set of 6,071 georefer@ucpdsitives from
30,382 swabs from adult amphibians of 749 named species. However, for successful SDM
development the spatial structureBafrecords neesito be taken into account as spatial
autocorrelation may hamper inferenceBdfenvironmental niche from distribution data.
Therefore, the spatial autocorrelation structfrBd records was assessed via a
semivariogram based on Moran’s | d@direcords were subsequently spatially subsampled to
a minimum-distance between two records of 12.11 km leaving 765 records for model

developmentBd prevalence in amphibian populatiomas visualized by aggregatiigl
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positive and negative records within a distance of four km and computing the percentage of
positives from the total sample size.

For full details regarding biomod2 algorithms and model parameters see
Supplementary Material. To account for inherent uncertainties arising from the modeling
and evaluation procedures, we 1) created ten different random subBetgobrds which
were used for'model calibration (70%) and evaluation (30%), 2) created threendiffets of
pseudoabsences which were randomly sampled from the environmental space available
within the"Americas, but outside of the realized environmental spa8el fecords (SRE
option inbiomad?2). From the 240 single models (8 algorithms * 3 pseafokence data sets
10 evaluatiomyruns) 180 SDMs had TSS scores > 0.64(&g5= 0.67; Kappaerage= 0.43,
ROCaverage= 0090). On average, “Minimum Monthly Potential Evapotranspiration” had the
highest contribution to thBd SDMs (20.3%), followed by “Human Footprint” (14.4%),
“Annual Precipitation” (11.5%), “Mean Temperature of Warmest Quarter” (1)1.7%
“Precipitation of Warmest Quarter” (8.7%), “Annual Range of Potential Evaysptiration”
(7.7%), “Femperature Annual Range*“ 7.2%), “Mean Diurnal Temperature Range” (7.2%) and
“Annual Mean NDVI” (7.1%). The remaining variables contributed less than 5%. Response

curves ofithe final ensemble SDM are shown in Supplementary Figure 1.

Box 3. Advanced molecular methods for Bd population genetics

Our understanding d@&d population genetics in the last five years has improved
through deeper sampling of isolates and an increased sampling of geneticthmzigAlPCR
amplifications0f theRIBOSOMAL INTERNAL TRANSCRIBED SPACER(ITS) region has been the
workhorse for diagnosg Bd infections; each strain contains multiple and variable copies of
the locugSchloegekt al. 2012; Longoeet al. 2013),limiting its utility as a population genetic
marker. On.the other hand, multieus sequence typing or microsatellite markers provide low
resolution.among strains for the level of effort/expense (Moggah 2007; Jamest al.
2009). Withrthe reduced cost of next-generation sequencing, population geneticsrog geno
resequencing.is starting to replace matha@sed studie@-arreret al. 2011; Rosenbluret al.
2013) These genome resequencitigdges reveal rampant loss of heterozygosity and

ANEUPLOIDY or polyploidy(Rosablumet al. 2013); however, with respect to geographic
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834 conclusions, critical patterns within the GPL are unclear because of loviessizgs and

835 geographically disparate isolates grouping together. Currently, sengensingle locus (e.qg.,
836 BdC24(Jamet al. 2009)) can typically distinguish each of the major groups of strains and
837 increasing this to a handful of marker loci may be useful for identifying shoitain

838 populationssExtensive clonal reproduction, however, suggests that genome sequencing is
839 unnecessary.at the local level (e.g., within a stream). NonethelessthgJvenitations to

840 obtaining'cultures, it seems probable that future studies will work toward genome

841 resequencingof manydktes. These studies must be carried out with improved methods,
842 however, and with high sequence coverage to deal with the variable and high ploidy common
843 in Bd. Insufficient coverage, can lead to low quality genotyping, which increlases t

844 noise:signal rdo.

845 A major need is to develop marker approaches for population genetics using skin
846 swabs. When infection levels are high, MLST markers can be genotyped from(&aatsr

847 etal. 2006; Velo-Antoret al. 2012) with modest success rates. Enrichment techniques to
848 increasedherecovery Bl DNA by hybridization tdBd-specific probes attached to magnetic
849 beads, showspromise to increase the success of genotyping from swabs when coupled with
850 whole genome amplification (Rodriguetzal. 2012). A danger with low DNA input methods
851 s the inability to distinguish allele drop out from true loss of heterozygosdjl.and LOH
852 is exactly the information being targeted. Asgie cell genomic methods continue to develop
853 itis likely:that future epidemiological studies can be carried out from swivgever, firstly,
854 by comparing,genotypes of cultures to relevant phenotypes (e.g., morphsraettic

855 virulencetesting), we as ammunity must determine what genotypic information we really
856 are after.
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Figure L'egends

Figure 1. Batrachochytrium dendrobatidis develops by either of two pathways, depending on
whether growth is on nutrient agar (Figs.EA-tongcoreet al. 1999) or inside of amphibian
cells (Figs. A, F; (Greensparet al. 2012). On agar theoosporg(Fig. A) encysts and forms
anucleate rhizoids. Over the course of 4 days (Figs. A-D), the zoospore cyst mabuaes i
zoosporangium that releases zoospores through discharge papillae (Fig. E). @altinia
occur occasionally (Fig. B'), and their presence has been used to confirm identityBof
dendrobatidis#On skin, the zoospore encysts on the surface of a cell (Fig. F), and forms a
germ tube, which grows through one or more host cell layers (Fig. G). The zoogmorang
with sparse rhizoids forms fromswelling of the germ tube (Figs. G, H). By the time

zoospores are released, the outer skin layer has sloughed (Fig. I).

Figure 2.Positive records ddatrachochytrium dendrobatidis and potential distribution of the
fungus aceerding to an ensemble species distribution model. Warmer colorsei e
probability of environmental suitability. Areas exceeding the environmeatairtg range of
the SDM are indicated in grey.

Figure 3. Prevalence aBatrachochytrium dendrobatidis and potential distribution of the
fungus aceording to an ensemble species distribution model. Warmer colorseihdtiber
probability=of environmental suitability. Prevalence was computed only for traseells
with more than 10 samples, wherein the size of the ciref@esent sample size. Areas

exceeding the environmental training range of the SDM are indicated in grey.
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Figure 4. Population genetic distribution Batrachochytrium dendrobatidis genotypes
determined from muliocus sequence typing of cultured isolats$clades are identified by
color, and the captive status of the host amphibians is indicated by shape. The arlea of ea
shape represents the sample size of genotypes from each locality. Notabés sachde: a
captive isolate oBd-GPL-2 from Xenopus laevis imported to U.C. Berkeley, California (1),
isolate"of‘a'noveBd-Brazil strain fromLithobates catesbeianus in a Michigan market (2),
captive isolates from the National Zoo, Washington D.C. (3), and the Bronx Zoo, New York
(4), and & region of highenetic heterogeneity in the Atlantic Forest of southeastern Brazil
(5). Isolatesare considered GRLTf they are heterozygous at loci BAC24, R6046, or both.
Data are ecompiled from published sources (Morgah. 2007; Jamest al. 2009; Schloegel

et al. 2012; Velo-Antoret al. 2012), and unpublished data.
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