


especiallythosewith arboreal,bromeliad-associatedhabits[15±18].Thereasonsfor thesedif-
ferentialinfectionanddiseasedynamicsof �� havebeensuggestedto bemultifactorialand
dependenton localenvironmental-,host-andpathogen-associatedfactors[13,19±24].Since
metamorphmortality disproportionatelycontributesto chytridiomycosis-drivendeclines
[25], thehabitatof juvenilestagesandall associatedmechanismsaffecting�� presence,sur-
vivalandtransmissionin thesehabitatsisexpectedto playamajor role in ��-related amphib-
ian declines.Mitchell etal.(2008)[26] predictthat thelongerthefunguspersistsin theaquatic
environment,thegreaterits impacton hostpopulations.Besidesabioticfactorssuchastem-
peratureandpH [22,24,27],theabundanceanddiversityof aquatic,��-ingesting microorgan-
isms(predatorymicro-eukaryotes)haverecentlybeenshownto dictatethe�� infectionand
diseasedynamicsin aEuropeanhotspotof chytridiomycosisbydriving aquaticpathogen
loads[28].

Herewetestthehypothesisthat thebromeliadenvironmentprovidesaªsafehavenºfor
amphibiansfrom chytridiomycosisin comparisonwith theriparianhabitatsin CentralAmeri-
cancloudforestsby1) comparingto whatextentNeotropicalbromeliad-versusstream-associ-
atedamphibiansarethreatenedin their survivaldueto ��. Additionally,we2) assessed��
infectionlevelsof bromeliad-versusstream-associatedamphibiansin CusucoNationalPark,
Hondurasand3) evaluatedwhichenvironmentalparametersin streamsandtankbromeliads
helpexplainobserveddifferencesin �� infectionon theseamphibians.

Methods

Correlation between conservation status of Central American anuran

species and their association with bromeliads or streams

To comparethethreatof chytridiomycosisin CentralAmericanbromeliad-andstream-asso-
ciatedanurans,alist wascompiledbasedon amphibianspeciesknownto occurin this region
[29±31]andbasedon knownhabitatusage.Only speciesknownto inhabit or reproducein
bromeliador streamenvironmentswereincluded(S1Table).Specieswith reportsof occa-
sionalor raresightingsin oneof thetwo microhabitatswereexcluded.A distinctionwasmade
betweenassociationto amicrohabitatandrestrictedhabitatfor larvaldevelopment,for further
comparison.Speciesthat reproducein streamsaswellasotherwaterbodieswereincludedin
thelarvaldevelopmentcategory.TheIUCN RedList of ThreatenedSpecieswasutilizedto
determinetheIUCN conservationcategoryof eachspecies,aswellasthespeciesmajor threats
(S1Table).IUCN categoriesweregrouped:datadeficient(DD), leastconcernandnearthreat-
ened(LC & NT), threatenedandvulnerable(EN & VU), andcriticallyendangeredor extinct
(CR& EX).Threatsweregroupedinto fivecategories:no threats,habitatloss,pettrade,pollu-
tion and��. Any mentionof oneof thesethreatsfor ananuranspecieswhetherit befuture,
suspectedor proven,resultedin inclusionof thespeciesinto eachcorrespondingcategory.

Study site

Thisstudywasconductedin CusucoNationalPark(CNP),Honduras.Thisparkisapproxi-
mately234km2 in area,with elevationrangingfrom 500m to 2425m abovesealevel.CNPis
locatedin north-westernHondurasandispartof theMerendoÂn mountainrange.It is included
in theMeso-Americanbiodiversityhotspotandischaracterizedbyhighspeciesrichness[32]
andrankedwithin thetop 25protectedareasglobally,of highestimportancefor conserving
irreplaceableamphibiandiversity[33]. CNPwaschosenasthestudysitebecauseof its large
numberof endemicamphibianspecies[34], of whichseveralareIUCN redlistedandnega-
tivelyaffectedby �� [18,25,32].Widespreadpresenceof �� hasbeenconfirmedherein
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multiple species,but ��-induced declineshavebeenobservedonly for riparianamphibian
species[18,25].Samplecollectiontook placebetweenJuneandAugustin 2014and2015.Per-
missionfor thecollectionandexportof all mentionedsampleswasobtainedbyOperation
Wallacea(HopeHouse,Old Bolingbroke,Lincolnshire,UK) andtheOpWallHondurancoun-
terpartExpedicionesy ServiciosAmbientalesdeCusuco(ESAC)andissuedby theSecretarõÂa
deEstadoenelDesoachodeAgriculturay GranaderõÂa(Number:21839).

Sample collection

To determinetheprevalenceof �� in differentaquaticenvironmentsandin amphibians,fil-
teredwaterandamphibianskinor mouthpartswabs,dependingon life stage,werecollected
from bromeliadsandstreamsandtheir associatedanuransaroundCNP'sbasecamp.To deter-
mine theability of �� to persistin differentaquatichabitats,watersamplesfrom thesamehab-
itatswerecollected.Thelocationswerechosenbasedon accessibility,presenceof thedesired
microhabitatandcomparableelevationlevels.

Bromeliad and stream microhabitats. Thirty-two bromeliadsandtwelvesamplingloca-
tionsderivedfrom themainstreamrunning throughCNPwereselectedfor sampling.Large
bromeliads(circumference>45cm) weresampledin orderto allowsufficientwatervolumes
(30ml) to bewithdrawnanddueto thepreferenceof bromeliad-associatedamphibiansfor
largerspecimens[16]. Foreachbromeliadandstreamsite,GPScoordinates,canopyopenness
(improvedMoosehorndesign[35]), waterpH (pH testkit, JBLGmbH & co,NeuhofenGer-
many),watertemperatureandambientair temperaturewererecorded.If animalswerenot
present,waterparameterswerestill taken,andif bromeliadsspilledwatertheamphibians
within weresampled,leadingto adatasetwith missingdatafor someof therespectiveparame-
ters.While full datasetsfor all samplingsiteswerenot available,thespatialdistribution of our
samplingisextensiveenoughto excluderandomsiteeffects.�� prevalencein thebromeliads
(n = 24)andstreams(n = 5) wasdeterminedby filtering (0.45μm syringefilters)30ml or 1
liter of waterrespectively,with subsequentstorageof thefilters in 70%ethanoluntil further
processing(seebelowfor sampleprocessing).Thesefilterswerealsousedfor micro-eukaryote
diversityassessmentusing18Samplicon-basednextgenerationsequenceanalysis.Micro-
scopicdeterminationandabundanceestimatesof aquaticmicro-eukaryoteswerecarriedout
on 1ml of thecollectedwatersamples.

Amphibian samples. Prevalenceof �� in encounteredamphibianswasdeterminedfrom
non-invasivelycollectedskinswabsin post-metamorphicindividuals.For tadpoles,mouth-
partswereswabbed.For theswabbingtechniqueestablishedprotocolswereused[36,37].
Swabswerestoredin 70%ethanolin orderto preservethesamplesin humid field conditions
[25].

Sample processing

Prevalence of Batrachochytrium dendrobatidis. DNA wasextractedfrom swabsusing
100μl of PrepmanUltra DNA extractionbuffer[36,38].Ethanolwasremovedfrom theswabs
prior to DNA extractionbycentrifugation,disposalof thesupernatantandleavingthesamples
openuntil evaporationof all ethanolhadoccurredin alaminarflow hood.DNA extraction
from thewaterfilterswascarriedout usingtheMoBio Powersoil1 DNA isolationkit (MoBio
Laboratories,Carlsbad,USA)followingtheprotocolof Walkeretal.[39] with minor modifica-
tionsasfollows:Asdisposablesyringefilterswereused,filter housingswereopenedandthe
ethanolon thefilterswasallowedto evaporateprior to DNA extractionandthemanufacturer's
protocolwasfollowedfor homogenizationof samples(vortexingthesamplesinsteadof using
aMini-Beadbeater).All extractedDNA samples(derivedfrom swabsandfilters)werediluted
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1/10in HPLCwaterfor reducingPCRinhibition [36] andstoredat±20ÊCuntil further pro-
cessing.Sampleswereprocessedusingthe��-specific real-timePCRdescribedbyBoyleetal.
(2004)on aCFX96real-timesystem(Bio-RadLaboratories,Hercules,CA). To checkwhether
PCRinhibition did occur,all DNA sampleswereassayedin a�� PCRinhibition assayin
whichaninternalpositivecontrol (IPC) wasaddedto asinglewell for eachsample[36]. If
inhibition wasdetectedin asample,BSAwasaddedto thereal-timePCRmixture,andif this
did not alleviateinhibition, sampleswerefurther dilutedten-folduntil no inhibition couldbe
detected[40]. Real-timePCRresults(genomicequivalents(GE)of �� zoosporesasdetermined
bycomparingreal-timePCRvaluesto valuesobtainedbyassayingastandarddilution seriesof
reference�� DNA (JEL423)werecorrectedfor theapplieddilution factorandconvertedto
loadsperswabor perfilter.

Persistence of Bd in aquatic microhabitats. Wecomparedthecapacityof the15brome-
liad and15streamwatersamplesto reducethenumberof viable�� zoosporesusingpreviously
describedtechniques[28,41].Briefly,suspensionsof viableanddead�� zoospores(strain
JEL423,104 zoospores/ml)wereprepared.Deathof heat-treated(85ÊC,15minutes)zoospores
wasconfirmedbycheckingfor growthover10days.�� zoosporeviability wasassessedusing
the�� ethidiummonoazide(EMA) real-timePCR[42]. Theconditionsassessedweremicro-
habitat(bromeliad,stream),filtration to selectivelyremovemicro-eukaryotesover5μm in size
(unfiltered,filtered(5μm syringefilter, GEHealthcareEurope,Belgium))andtime point (0
hours,24hours).Controlscomposedof viableanddead�� zoosporesin distilledwaterwere
included.In short,100μl of �� zoosporesuspensionwasaddedto 1 ml of thesamplecondi-
tions(microhabitat,filtration) in 48-wellplatesandincubatedat20ÊC.After 24hoursof incu-
bation,7.5μl of EMA wasaddedto 150μl aliquotsof all samplesandcontrolsand142.5μl of
TGhLbroth (final EMA concentration25μg/ml), andsampleswereincubatedin thedarkand
subsequentlyphotoactivated(5 minutes,500Watt halogenlight). EMA exposedsampleswere
transferredto 1.5ml tubesandwashedtwicein HPLCwaterbycentrifugation(5000rpm, 5
minutes,20ÊC).After washing,DNA extractionof thepelletwascarriedout by resuspendingit
in 100μl Prepmanultra andincubatingat100ÊCfor 10minutes.All sampleswerediluted1/10
andstoredat -20ÊCuntil further processing.All conditionsweretestedin duplicate,andpro-
cessingof thesamplesoccurredwithin 72hoursaftercollection.DNA extractswereprocessed
usingthe��-specific real-timePCR[38] asspecifiedin theprevioussection(including check-
ing for theoccurrenceof PCRinhibition). Resultingvalueswereusedasanindicationof ��
persistence,asonly DNA from viable�� cellsisamplifiedwith theEMA real-timePCR[41].

Micro-eukaryote diversity and abundance estimates using microscopy. To assessthe
abundanceandcommunitystructureof micro-eukaryotes,1 ml of waterfrom eachsampled
microhabitatwasvisuallyexamineddrop bydrop usingafield microscope(Bressermicroset).
In thecaseof highnumbersor fastmovementof micro-eukaryotesonedrop of Protoslo1

QuietingSolution(CarolinaBiologicalSupplyCompany,Burlington,USA)wasappliedto the
microscopyslidein orderto improvetaxonomicdeterminationandabundanceestimation.
Determinationof specieswascarriedout usingstandarddeterminationkeys[43,44]andper-
formedascloseto specieslevelaspossible.

Micro-eukaryote diversity estimate using 18S rRNA amplicon-based sequencing. DNA
extractionfrom thewaterfilterswascarriedout asdescribedearlier.A portion of theV9
regionof theeukaryotic18SrRNA genewassequencedbyadaptingadual-indexapproach
[45]. Illumina adaptorsanduniquebarcodeswereincludedon both theforward(Euk_1391f)
andreverse(Euk_B)primers[46,47].PCRconditionsandtheamplificationprotocolfollowed
theEarthMicrobiomeProject18Sprotocol(http://www.earthmicrobiome.org/emp-standard-
protocols/18S/,version4_13).In short,PCRreactionscontained13μl of DNA-freewater,
10μl 5 PrimeMasterMix,0.5μl of eachprimer (10μM), 4μl of ablockingprimer,and1.0μl of
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DNA. Theblockingprimer originallydesignedfor mammals(seeEarthMicrobiomewebsite)
iseffectivefor vertebratesin generalandwasusedto minimizeamplificationof vertebrate
genomicDNA. PCRconditionsconsistedof adenaturationstepof 94ÊCfor 3 minutes,fol-
lowedby35cyclesat94ÊCfor 45seconds,65ÊCfor 15seconds,57ÊCfor 30secondsand72ÊC
for 90seconds,andafinal extensionat72ÊCfor 10minutes.All sampleswerethenpooled
togetherin approximatelyequalconcentration(asdeterminedbygelbandstrength),andpuri-
fiedwith theQiagenMiniElute GelExtractionKit. TheDNA concentrationwasdetermined
on aQubit fluorometerusingabroadrangedsDNAkit. Paired-end2x250v2chemistrywas
usedto sequencethesampleson anIllumina MiSeq(HelmholtzCenterfor InfectionResearch,
BraunschweigGermany).

All sequenceprocessingwasconductedusingQuantitativeInsightsInto Microbial Ecology
(MacQIIME v1.9.1,[48]). Forwardandreversereadsfrom eachsamplewerejoinedand
qualityfilteredto removelow-qualitysequenceswith theQIIME defaultqualityparameters.
Remaininggood-qualitysequences(471,056sequences)wereclusteredinto operationaltaxo-
nomicunits (OTUs)at97%similarity usingtheUCLUSTalgorithmunderanopenreference
OTU-pickingstrategyhttp://qiime.org/tutorials/open_reference_illumina_processing.html
[49,50]TheSILVA119releasewasusedasthereferencedatabasefor reference-basedOTU
clustering,aligningsequencesandassigningtaxonomy.Themostabundantsequencefrom
eachOTU wasselectedasarepresentativesequenceandtheserepresentativesequenceswere
alignedusingPyNAST[51]. TaxonomywasassignedusingBLASTwithin QIIME. Samples
wererarefiedto 1000readspersample,allowingthemajority of samplesto beincludedin
analyses.TheOTU tablewassubsequentlyfilteredin two ways:(1) to includeonly OTUsof
smallmetazoans,includingsmallarthropodsandrotifers,and(2) to includeonly OTUsof
protists.

Ingestion of Bd zoospores. Weassessedto whatextentthedifferentorganismspresentin
thewatersampleswerecapableof consuming�� zoospores.A �� zoosporesuspensionwas
preparedasdescribedpreviously.CellTracker™GreenCMFDA (Life Technologies,Carlsbad,
USA)wasaddedto 1 ml of zoosporesuspension(final concentrationof theCellTracker6μM).
Thismixturewasthenshieldedfrom light from thisstepforwardandincubatedfor 30minutes
at20ÊC.Themixturewaswashedin 1ml of distilledwaterbycentrifugation(3000rpm, 5min-
utes)andincubatedfor 30minutesat20ÊC.In orderto removeexcessfluorescentmarker,two
additionalwashingstepscomposedof centrifugation(3000rpm, 5 minutes)andresuspension
in distilledwaterwereperformed.Affirmation of viability andfluorescentlabellingof zoo-
sporeswasdoneusinganepifluorescencemicroscope.Ostracods(����	����	� spp.),copepods
(������� spp.),brownplanaria(�
�
�	� �������
�����), nematodes(��
�������	�	� 
�
����)
andtardigrades(�	��
�	
� ����	����
�) wereobtainedfrom CarolinaBiologicalSupply
Company(Burlington,USA)andmaintainedasrecommendedby thesupplier.Theseorgan-
ismswerechosendueto their similarity to organismsfoundwithin thebromeliadandstream
microhabitats.Oneml of labelledzoosporeswasaddedto 1 ml of eachof the5speciesof
micro-eukaryotesandincubatedfor 2 hoursat20ÊC(final concentrationsof 100zoospores
per1 micro-eukaryote).A control preparedbyaddingfluorescentmarkerto distilledwater
(including all incubationandwashingsteps)wasincludedto checkfor labellingof cellsother
than�� zoospores.Thiscontrol wasin turn addedto all fivespeciesof micro-eukaryotesand
incubatedfor 2 hoursat20ÊC.Anothercontrol wasincludedbyaddingunlabeledzoosporesto
the5 micro-eukaryotespecies.All combinationswereassessedin triplicate.Usinganepifluor-
escencemicroscope,sampleslideswerevisuallyscreenedfor ingestionof labelled�� zoo-
spores,without quantification.Fluorescenceimagingdoesnot allowtheingestedzoosporesto
bequantifieddueto thelargenumbersof (aggregated)zoosporesinsidethemicro-eukaryotes.
However,wheningestiontook place,it wascommonthroughouttheorganismsin thesample.
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Statistical analysis

OddsRatios(ORs),andcorresponding95%confidenceintervals,werecalculatedfor thethreat
of ��, aswellasfor thenumberof speciesin theªendangeredºcategory,comparedbetween
bromeliad-andstream-associatedspecies(S1Table).To testfor differencesin �� infection
intensity,microeukaryoteabundanceandmicroeukaryotediversitybetweenmicrohabitats,
pairwiseMann WhitneyWilcoxontestswereperformed.To compareprevalenceof ��
betweenmicrohabitatsaFisher'sexacttestwasperformed.For theamplicon-based18S
sequencingdata,Chao1diversity,ShannondiversityandObservedOTU richnesswerecalcu-
latedfor all samplesin eachof theOTU tables.Kruskal-Wallistestswereusedto compare
alphadiversityvaluesbetweenstreamsandbromeliads.To testfor differencesin environmen-
tal pH, �� persistence,temperatureandcanopyopennessscoresbetweenbromeliadand
streammicrohabitats,MannÐWhitneyÐWilcoxon testswereused(all statisticalanalysiswere
performedin R,version3.2.3)[52].

Results

Central American bromeliad-associated anuran species are predicted to

be less threatened by Bd in comparison to their stream-associated

counterparts

A comparisonof all (184)CentralAmericananuransshowedhighernumbersof speciesbeing
threatenedby �� in streamscomparedto anuranspeciesin bromeliads(60%and27%,respec-
tively) (Fig1,S1Table)basedon IUCN datafor major threats.A higherpercentageof stream-
associatedanuranspeciesis indexedin thecriticallyendangeredconservationalcategorywhen
comparedto bromeliad-associatedspecies(36%and6%,respectively)(S1Table).Theodds
of beingthreatenedby �� wasnearlyfour timeshigher(OR:3.71,95%CI: 1.5985±8.5985)in
stream-associatedanuransthanin bromeliad-associatedanurans.Theoddsof beingin the
criticallyendangered(CR+ EX) IUCN conservationalcategoryisnearly9 timeshigher(OR:
8.88,95%CI: 2.05±38.54)in stream-associatedanuranscomparedto bromeliad-associated
anurans.

Bromeliad microhabitats are less conducive for Bd infection in

comparison to stream microhabitats

Fromthetotalnumberof 24streamsitesand41bromeliadsites,wefoundandsampledatotal
of 116amphibianindividualsfrom 20bromeliadsites,and150individualsfrom 18stream
sites.Prevalenceof �� in thesampledamphibians,ignoringsiteandspeciesdifferencesdueto
sparsedata,wassignificantlylowerin bromeliads(3.4%)in comparisonto streams(12.4%)
(Table1,Fisher'sexacttest,� = 0.008),while infectionintensitydid not differ significantly
betweenthetwo microhabitats(Fig2,W = 32,� = 0.23).While PCRinhibition did occurin
theswabsamples(11����
�	����� ����
�	��	�, 9 ���������� ��������
�, 3 ��������	��� �����
�	� and2 ��
�������� �����
�), thiscouldbealleviatedin mostsamplesbyaddingbovineserum
albumin(BSA)to 1/10dilutedsamplesin thereal-timePCRmixture.Samplesthatstill showed
inhibition afteraddingBSA(3 �. ����
�	��	�, 3 �. �����	�, 2 �. ��������
�, 1 �. �����
�� were
further diluted in HPLCwaterto 1/100dilutions,whichremovedPCRinhibition in all but
onesample(�. �����
�) in whichPCRinhibition wasonly alleviatedafterdiluting thesample
to 1/1000.No additionalpositivesampleswereobtainedafteralleviatingPCRinhibition. None
of thewatersamplestestedpositivefor ��. PCRinhibition occurredin 10of thefiltered-water
samples(8 derivedfrom bromeliadsand2 from streams),but addingBSAto thereal-time
PCRmixturealleviatedthis in all but onesample(bromeliad),whichneededto bedilutedto 1/
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1000to removePCRinhibition. Again,no additionalpositivesampleswereobtainedafteralle-
viatingPCRinhibition.

Persistenceof �� zoosporesin watersamplesfrom asubsetof 15streamand15bromeliad
sitesafter24hourswasdeterminedbyEMA real-timePCR(Fig3).PCRinhibition did not
occurin theEMA samples.Overall,in thestreammicrohabitatsamples,1.29log(10)GE(SD
of ±0.93GE)of viable�� zoosporeswererecoveredon average,while1.97log(10)GE(SDof
±0.56)of viable�� zoosporeswerecollectedon averagewhenthewaterwasfirst filtered.For
thebromeliadwatersamples,0.30log(10)GE(SDof ±0.52GE)and1.80log(10)GE(SDof
±0.96GE)of �� zoosporeswererecoveredfor theunfilteredandfilteredconditionsrespec-
tively.Statisticalanalysesrevealedsignificantdifferencesbetweenunfilteredandfilteredcondi-
tionsfor bromeliads(Mann WhitneyWilcoxontests,W = 199,Bonferroniadjusted� < 0.05)
aswellasasignificantdifferencebetweenunfilteredconditionsof thestreamandbromeliad
microhabitats(W = 178,Bonferroniadjusted� < 0.05).No significantdifferencewasfound
betweenunfilteredandfilteredconditionsfor stream(W = 163,Bonferroniadjusted� = 0.15)
or betweenfilteredconditionsof thetwo microhabitats(W = 112,Bonferroniadjusted� = 1).

Fig 1. Threats for Central American bromeliad- and stream-associated anuran species. Bars indicate

the total percentage of each of the five defined threats present for Central American anuran species within

bromeliad and stream habitats. The chart is compiled from IUCN red list data (Also see S1 Table) (different

threats are from bottom to top: no threats, habitat loss, pet trade, pollution and Bd). In this figure, Plectohyla
dasypus is included among stream-dwelling species because it larvae develop in streams. However, adults of

this species are often associated with bromeliads.

https://doi.org/10.1371/journal.pone.0181051.g001
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Potential abiotic and biotic parameters steering differential survival of Bd
in bromeliad and stream microhabitats

Wesurveyedatotalof 32bromeliadsitesand24streamsitesfor physicochemicalwater
parameters,andfor all of theseexceptonebromeliadsite,alsodataon themicro-eukaryote
communitydiversitywereavailablefrom microscopicexamination.Thestreamsiteswere
identicalto thosesurveyedfor amphibiansand�� prevalence(no amphibiansfoundatsix
of thesites);of the32bromeliadsitessurveyed,21hostedno amphibians(but �� datafrom
amphibianscollectedin nineadditionalbromeliadsiteswereincluded;seeabove).

TemperaturesweresignificantlyhigherandpH significantlymoreacidicin bromeliads
whencomparedto streammicrohabitats(Mann WhitneyWilcoxon,W = 687.5,� < 0.001,
W = 741,� < 0.001,respectively).All valueswerewithin thegrowthtolerancelimits of ��,
however,bromeliadshadagreatervariationin pH andtemperaturethanstreams.Canopy
opennessscoreswerenot significantlydifferentbetweenbromeliadandstreammicrohabitats
(W = 352,� = 0.59).Micro-eukaryoteabundanceanddiversityweresignificantlyhigherin
bromeliadmicrohabitatsin comparisonto streammicrohabitatswith averageabundancesof
44.2and10.6organisms(SD± 40.1and± 12.6)andaveragediversitiesof 4.1and2.0taxaper
ml (SD± 1.4and± 1.3)respectively(Fig4A and4B;abundance:W = 647,� < 0.001,diversity:
W = 650,� < 0.001).

Micro-eukaryotecommunitydiversityestimatesusingamplicon-basedsequencingrevealed
thatprotist diversitywashigherin streamwatersamples(1 liter) comparedto thebromeliad
watersamples(30ml) (all metrics,Kruskal-Wallistest,� < 0.001,S1Fig).Arthropod-rotifer
diversity,however,tendedto begreaterin thebromeliadwatersamples,evengiventhesmall
volumeexamined(Chao1& OTU Richness,� < 0.01;ShannonDiversity,p = 0.92,S1Fig).

Table 1. Prevalence of B. dendrobatidis in the sampled amphibians. Prevalence data of B. dendrobatidis in the sampled amphibians divided in amphib-

ian taxa, life stages and species.

Bromeliad Stream

No.

sampled

Bd

positive

Mean

infection

intensity

(Min -Max)

Prevalence

(%)

No.

sampled

Bd

positive

Mean

infection

intensity

(Min -Max)

Prevalence

(%)

Amphibian

taxa

Anura 106 4 372 (14–

1014)

3.7 Anura 150 19 101 (28–

252)

12.7

Caudata 10 0 0 0 Caudata 0 0 0 0

Total 116 4 372 (14–

1014)

3.4 Total 150 19 101 (28–

252)

12.7

Life stages Larvae 94 4 372 (14–

1014)

4.3 Larvae 135 14 117 (48.2–

252)

10.4

Metamorphs 2 0 0 0 Metamorphs 11 5 71 (28.1–

105.2)

45.4

Juveniles 4 0 0 0 Juveniles 3 0 0 0

Adults 16 0 0 0 Adults 1 0 0 0

Species Bromeliohyla
bromeliacia

106 4 372 (14–

1014)

3.8 Plectrohyla
exquisita

3 2 233 (218–

248)

66.7

Cryptotriton
nasalis

10 0 0 0 Plectrohyla
dasypus

45 7 107.2

(49.8–252)

15.6

Ptychohyla
hypomykter

82 9 72.4 (28.1–

204)

11

Duellmanohyla
soralia

21 1 49.8 4.8

https://doi.org/10.1371/journal.pone.0181051.t001
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Micro-eukaryotes present in bromeliad microhabitats limit survival of Bd
zoospores

To testif theidentifiedmicro-eukaryotesarecapableof consuming�� zoospores,fluores-
cently-labelledzoosporeswereexposedto ostracods,copepods,brownplanarias,nematodes
andtardigrades.Themicro-eukaryotespecieschosenfor thisexperimenthadahighsimilarity
in sizeandgeneralhabitsto thoseencounteredin thewatersamples.Of thetestedmicro-
eukaryotes,ostracods,copepodsandtardigradesshowedingestionof fluorescently-labelled��
zoospores(Fig5).

Discussion

Within CentralAmerica,�� hashaddevastatingeffectson amphibianbiodiversity[3,9].How-
ever,within this region,recordsshowthatstream-associatedanuranspeciesareconsiderably
morelikely to becategorizedascriticallyendangeredcomparedto thoseassociatedwith tank
bromeliads(S1Table;ORof 8.88),andalsosignificantlymorethreatenedby �� (S1Table;OR
of 4.79).AlthoughtheIUCN datasetusedfor thesecalculationsalsoincludenon-peerreviewed
literatureandexpertopinions,it doesindicateacleardifferencein theconservationstatusand
susceptibilityto �� of bromeliad-andstream-associatedamphibiansin CentralAmerica.This

Fig 2. Boxplot showing infection intensity of B. dendrobatidis in the sampled amphibians. Median

(bars), interquartile range (boxes) and total range (whiskers) are shown (Bromeliad n = 116, Stream n = 150).

https://doi.org/10.1371/journal.pone.0181051.g002

Bromeliads as refuges from Bd

PLOS ONE | https://doi.org/10.1371/journal.pone.0181051 July 13, 2017 9 / 17

https://doi.org/10.1371/journal.pone.0181051.g002
https://doi.org/10.1371/journal.pone.0181051


agreeswith previousstudiessuggestingthatCentralAmericanamphibianspeciesassociated
with bromeliadsmaybelessaffectedin �� outbreaksthanriparianspeciesin thesameregion
[15±18].Within CusucoNationalPark(CNP),thissametrend isobserved:therearethree
decliningriparianamphibianspeciesin whichchytridiomycosisisasuspecteddriver,whileno
negativepopulationtrendsarereportedfor thebromeliad-associatedspecies[18,25].Here,we
alsoshowsignificantlylowerprevalenceof �� in bromeliadspecies(3.4%)in comparisonto
stream-associatedspecies(12.4%).Sinceonly two bromeliad-associatedamphibianspecies
existin CNPat thesampledelevation,andaccountfor prevalenceof �� in thismicrohabitat
for thisstudy,differentialintrinsic susceptibilityof CNP'samphibianspeciesfor �� couldbe
proposedastheunderlyingcausefor theobserveddifferencesin �� prevalence.However,tak-
ing into accountall bromeliad-andstream-associatedamphibianspeciesof CentralAmerica,

Fig 3. Persistence of B. dendrobatidis in tank bromeliads versus stream water. For both aquatic

microhabitats (bromeliad and stream) the boxplots represent (A) persistence of B. dendrobatidis in unfiltered

water expressed as logarithmic value of genomic equivalents of viable B. dendrobatidis zoospores, (B)

persistence of B. dendrobatidis in filtered water expressed as logarithmic value of genomic equivalents of

viable B. dendrobatidis zoospores.

https://doi.org/10.1371/journal.pone.0181051.g003

Fig 4. Boxplots showing micro-eukaryote diversity and abundance estimates using microscopy. For

both aquatic microhabitats (bromeliad and stream) the boxplots represent (A) micro-eukaryote abundance

expressed as micro-eukaryote count per ml (Bromeliad n = 31, Stream n = 24), (B) micro-eukaryote diversity

expressed as number of different taxa per ml (Bromeliad n = 31, Stream n = 24).

https://doi.org/10.1371/journal.pone.0181051.g004
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thesametrend in differentialeffectsof �� on thesespeciesisobserved,indicatingothershared
disease-steeringfactorsassociatedwith theaquatichabitattypes.

Althoughseveralhypotheseson theoriginsof thesedifferentialeffectsof �� havebeenpro-
posed,it is likely broughtforth byamultitudeof infectionanddiseaseinfluencingfactors.It
hasto benotedthatour datadid not supportasignificantdifferencein infectionintensity
betweenbromeliad-andstream-associatedamphibianspecies.Thiscouldindicatethat the
differencesin diseasedynamicsof �� betweenbromeliad-andstream-associatedamphibian
speciesarerestrictedto prevalenceonly.However,during thisstudy,mostlylarvalandmeta-
morphic individualsweresampled(Table1),anddivergentinfectionintensitiesof �� might
befound in adultspecimens.Outsideof its amphibianhost,�� relieson aquaticenvironments
for survivalanddispersal[53,5].While thelife stagesof �� presentin theamphibianskinare
ratherrobust,themotilezoosporesreleasedin theenvironmentlackacellwallandarerela-
tively fragile[54,55].Therefore,it isplausibleto assumethatenvironmentalinfluencesareable
to exertasignificantpressureon thedynamicsof chytridiomycosisbyaffectingenvironmental
�� zoosporeloads.Distinct differencesin abioticandbiotic variablesin streamandbromeliad

Fig 5. Micro-eukaryotes showing ingestion of fluorescently labelled zoospores of B. dendrobatidis.

Fluorescence microscopy images with arrows indicating presence of fluorescently labelled B. dendrobatidis
zoospores in different sections of the digestive tract. Top: Cypridopsis spp., left: Cyclops spp., right:

Milnesium tardigradum. Scale bar represents 100 ��m for the upper and left image, and 50 ��m for the right

image.

https://doi.org/10.1371/journal.pone.0181051.g005
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aquaticmicrohabitats,couldpotentiallyhelpexplainwhybromeliad-associatedanuranspecies
areableto endurein areaswith chytridiomycosis-drivendeclines,wheresyntopicriparianspe-
ciescannot.Thetankspresentin bromeliadsonly hold smallvolumesof water,makingthese
aquaticmicrohabitatsmoreproneto undergorapidandfrequentfluctuationsin physicochem-
icalcompositionin comparisonto relativelystablestreammicrohabitats[56±58].

In thisstudy,therecordedphysicochemicalparametersweresignificantlydifferentbetween
bromeliadsandstreams,with bromeliadsbeingwarmer(18.0ÊCand16.3ÊC,respectively)and
moreacidenvironments(4.9and6.1,respectively)on average.While no conditionsoutsideof
��'s tolerancelimits wererecorded,poorgrowthof �� isdescribedatall recordedpH values
of thebromeliadmicrohabitats,whileall pH valuesrecordedfor thestreammicrohabitatsfell
in therangeconsideredoptimal for growthof �� (pH: 6±8)[53], makingthebromeliadmicro-
habitatscomparativelylesssuitablefor �� survival.Furthermore,evenmoreextremepH val-
uesareknownto occurin bromeliadphytotelmatain CNP[58]. Theecologicalrelevanceof
thepH rangeconsideredoptimal for ��, asdeterminedunderlaboratorysettings,remains
uncertainhowever[27]. Thisalsoappliesfor temperature.Althoughthewarmerwatertemper-
aturein bromeliadswouldsuggestthat theymakemoresuitableenvironmentsfor �� prolifer-
ation in comparisonto streammicrohabitatsbasedon ��'s experimentallydetermined
optimalgrowthtemperaturerange(17±25ÊC),in natureanincreasedimpactof �� isassoci-
atedwith comparativelylowerenvironmentaltemperatures[53,59,60].Also,temperature
fluctuation,whichisexpectedto occurmorefrequentlyandto agreaterextentin thesmall
waterbodiesin bromeliads,hasbeendeterminedasarelevantdriver of ��'s infectionanddis-
easedynamics[24]. Althoughtheoveralleffectsof temperaturefluctuationon bothhostand
pathogenarecomplexandhardto predict[61,62],environmentsthatshowbroadertempera-
ture regimes,andmorespecificallythosethatshowhighermaximumtemperatures,arepre-
dictedto belessconducivefor �� survival[63].

Anotherenvironmentalparametershownto affecttheinfectionanddiseasedynamicsof
��, is theabundanceof organismsthatpreyupon/ingest�� zoospores[28,64,65].In thetwo
distinctsourcesof waterutilizedbyamphibiansin CNP,predatorymicro-eukaryoteswere
morecommonanddiversein bromeliads(Fig4A and4B,S1Fig).Despitetherelativelysmall
samplevolumefor bromeliads(30ml in comparisonto 1 liter for streamsamples)higher
diversitiesof micro-arthropodsandrotiferswerefound in comparisonto streamsampleswith
18SrRNA diversityestimates.Protistdiversityestimatesweresignificantlyhigherin stream
samples.While certainprotistsareknownto beableto effectivelyreduceenvironmental��
zoosporeloads(for example�����
�	
� �
�
�	� [28]), alargeportion of theprotist taxalikely
haveno effecton �� zoosporesdueto their feedingstrategyor autotrophiclife style.Further-
more,relativelyhighdiversityestimateswith the18Smethodin comparisonto themicro-
scopicmethod,might occurdueto detectionof DNA of organismsnot visuallypresentat the
time of microscopicexamination.Thediversityestimatescorrelatewith significantdifferences
in theprevalenceof �� in amphibiansencounteredin thetwo microhabitats(Table1) and
with differentialpersistenceof ��, with bromeliadsactingasasignificantlymorehostileenvi-
ronment(Fig3).Whenpredatorymicro-eukaryoteswereremovedfrom thewaterby filtra-
tion, survivalof �� in tankbromeliadwaterandstreamwaterwereequal(Fig3). Ingestion
of �� zoosporesbycommerciallyavailablemicro-eukaryotesthat resembledspeciesfound in
thestudiedmicrohabitatsfurther strengthensour hypothesisthatamultitudeof organisms
belongingto avastdiversityof taxaareableto reduceenvironmentalloadsof ��.

In thisstudy,wehaveusedunivariatecomparisonsof responsevariables(�� prevalence
andinfectionintensity)andpossiblepredictorvariables(temperature,pH, micro-eukaryote
communities)amongbromeliadandstreamsites.While multivariateregression-basedmodels
wouldapriori beamorepowerfulapproachto testfor causalrelationshipsamongthese
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variables,suchanalysesarepreventedby thestructureof thedatain our study,i.e.,by the
absenceof amphibiansin manybromeliadsites,thepresenceof singleamphibianindividuals
in others,andthelackof biotic andabioticdatafor additionalbromeliadsitesfrom which
amphibiansweresampled.Furthermore,becausedifferentspeciesof amphibiansweresam-
pledfrom bromeliadandstreamsites,effectsdueto commonancestryor hosteffectson ��
infectionprevalencecannotbefully excludedeither.Differencesin risk betweenbromeliad
andstreamamphibianscouldbebiaseddueto morecloselyrelatedspeciessharingincreased
susceptibilityto �� [66]. Althoughtherelationsbetween�� infection,habitattype,andbiotic
andabiotichabitatparametersthusrequirefurther testingin thissystem,our experimental
resultssuggestthat theaquaticmicrohabitatspresentin bromeliadsin CNParelessconducive
for �� survival.Wethereforehypothesizethat thecombinedbiotic andabioticdifferences
amonghabitattypesarelikely steeringlocal�� infectionanddiseasedynamicsin CNP.By
providingenvironmentsin whichthebuild-up of ahigh infectionpressureis inhibited, the
steepincreasein �� prevalenceandinfectionintensityaswitnessedin classicalchytridiomyco-
sisoutbreakscenarios[2,9,10]maybeprevented,andassuch,specializedmicrohabitatslike
bromeliadphytotelmatacouldthereforecontributein creatingchytridiomycosis-saferefuges
in whichamphibianspecies(especiallyspecificmicrohabitatspecialists)canendureduring
surroundingchytridiomycosisepidemics.This theorythusaddsto existinghypothesessuch
as,differencesin speciessusceptibilityto �� andvariablediseasedynamicsdueto differences
in hostdensities,to helpexplain�� infectionanddiseasedynamics[20,67,68].

Combinedwith thestudyof Schmelleretal.[28], thefactthatmicro-eukaryotescontribute
to creatinganaquaticenvironmentnot conduciveto �� zoosporesurvivalin two dramatically
differentscenariosof chytridiomycosis-drivendeclines(PyreneesvsCentralAmericancloud
forest),suggeststhat thismaybeacommondeterminantof �� infectiondynamics.This
knowledgemaybeappliedin chytridiomycosismitigation effortsbyaugmentationof natural
aquatichabitatsto reducetheeffectand/orseverityof chytridiomycosiswhereapplicable.
Althoughenvironmentalaugmentationof existingaquatichabitatsisundesirablefor the
majority of areasmostseverelyimpactedbychytridiomycosis,andlikely difficult and/or
impracticalfor certaintypesof waterbodiesusedbyamphibians,creatingor supplying��
safezonesin problemareasmaybeworth exploring.Thisstudyillustratestheimportanceof
increasingour understandingof thecomplexinteractionsatplayin theinfectionanddisease
dynamicsof �� in naturalamphibiancommunitiesandhabitats,andcouldpotentiallyprove
to bevaluablefor thedevelopmentof chytridiomycosismitigation strategiesbymanaging
aquatichabitats.

Supporting information

S1 Fig. Boxplots showing 18S rRNA microeukaryote diversity and richness estimates for

bromeliad and stream microhabitats for rarefied datasets (1000 reads per sample). Plots
showtotalnumberof operationaltaxonomicunits (OTUs),Shannondiversity,andChao1
diversitypersample.Numberof OTUsrepresentsanuncorrectedrepresentationof thenum-
berof differentmicroeucaryotespersample(i.e.,speciesrichness),whereastheChao1index
estimatesrichness,i.e.,thetotalnumberof speciespresentin acommunity,bycorrectingspe-
ciesrichnessbasedon thenumberof singletons(anOTU representedbyasinglereadin a
sample),assumingthatsuchsingletonsindicatethespeciesinventoryis incomplete.TheShan-
non indexisacommunitydiversityindexcombiningspeciesrichnessandabundanceinto a
singlevalueof evenness.
(DOCX)
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S1 Table. Bromeliad- and stream-associated Central American anuran species included in

the assessments of IUCN conservation status and of occurring threats, with their corre-

sponding IUCN categories, larval development or adult association to the habitat and

threats.

(XLSX)

S2 Table. Data collected from the bromeliad and stream sampling locations. Dataincludes
physicochemicalparameters,Bdprevalenceandinfectionintensityandmicro-eukaryote
abundanceanddiversity.
(XLSX)
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