


Bromeliads as refuges from Bd

especiallyhosewith arboreal promeliad-associateuabits[15+18].Thereasondor thesedif-
ferentialinfectionanddiseaselynamicsof  havebeensuggestetb be multifactorialand
dependenbn localenvironmental- host-and pathogen-associatddctors[13,19+24]Since
metamorphmortality disproportionatelycontributesto chytridiomycosis-diven declines
[25], the habitatof juvenilestagesndall associatethechanismsiffecting  presencesur-
vivalandtransmissiorin thesehabitatsis expectedo playamajorrolein -related amphib-
ian declinesMitchell etal. (2008)[26] predictthat the longerthe funguspersistsn theaquatic
environment,the greaterits impacton hostpopulations Besidesbioticfactorssuchastem-
peratureandpH [22,24,27]theabundanceanddiversityof aquatic, -ingesting microorgan-
isms(predatorymicro-eukaryoteshaverecentlybeenshownto dictatethe  infectionand
diseaselynamicsin a Europearhotspotof chytridiomycosidy driving aquaticpathogen
loads[28].

Herewetestthe hypothesighatthe bromeliadenvironmentprovidesasafehaven©for
amphibiangrom chytridiomycosign comparisorwith theriparian habitatsin CentralAmeri-
cancloudforestshy 1) comparingto whatextentNeotropicalbromeliad-versusstream-associ-
atedamphibiansarethreatenedn their survivaldueto . Additionally, we?2) assessed
infection levelsof bromeliad-versusstream-associatemphibiangn CusucoNational Park,
Hondurasand 3) evaluatedvhich environmentalparametersn streamsandtank bromeliads
helpexplainobservedliifferencesn  infectionon theseamphibians.

Methods

Correlation between conservation status of Central American anuran
species and their association with bromeliads or streams

To comparethethreatof chytridiomycosidn CentralAmericanbromeliad-andstream-asso-
ciatedanuransalist wascompiledbasedn amphibianspecie&nownto occurin thisregion
[29+31]andbasedn known habitatusageOnly speciegnown to inhabit or reproducein
bromeliador streamenvironmentswereincluded(S1Table).Speciesvith reportsof occa-
sionalor raresightingsin oneof thetwo microhabitatswereexcludedA distinction wasmade
betweerassociatiorto amicrohabitatandrestrictedhabitatfor larvaldevelopmentfor further
comparisonSpeciethatreproducen streamsaswell asotherwaterbodiesvereincludedin
thelarvaldevelopmentategoryThelUCN RedList of ThreatenedSpeciesvasutilized to
determinethe [IUCN conservatiorcategoryof eachspeciesaswell asthe speciesnajor threats
(S1Table).lUCN categoriesveregroupeddatadeficient(DD), leastconcernandnearthreat-
ened(LC & NT), threatenedandvulnerablgEN & VU), andcritically endangerear extinct
(CR& EX).Threatsweregroupedinto five categorieso threats habitatloss pettrade,pollu-
tionand . Any mentionof oneof thesethreatsfor ananuranspeciesvhetherit befuture,
suspectedr proven,resultedin inclusionof the specieinto eachcorrespondingcategory.

Study site

This studywasconductedn CusucoNationalPark(CNP),Honduras.This parkis approxi-
mately234knt in areawith elevatiorrangingfrom 500m to 2425m abovesedevel. CNPis
locatedn north-westerrHondurasandis part of the Merendd mountainrange!t isincluded
in the Meso-Americarbiodiversityhotspotandis characterizedby high speciesichnesg32]
andrankedwithin thetop 25protectedareaglobally,of highestimportancefor conserving
irreplaceablemphibiandiversity[33]. CNPwaschoserasthe studysitebecausef its large
numberof endemicamphibianspecie$34], of which severabhrelUCN redlistedandnega-
tivelyaffectecby  [18,25,32]Widespreagresencef hasbeenconfirmedherein
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multiple specieshut -induced declineshavebeenobservednly for riparian amphibian
specie$l8,25].Samplecollectiontook placebetweenluneand Augustin 2014and2015 Per-
missionfor the collectionand exportof all mentionedsamplesvasobtainedby Operation
WallacegHopeHouse,0ld Bolingbroke Lincolnshire, UK) andthe OpWallHonduran coun-
terpartExpedicioney ServiciosAmbientalesie Cusuco(ESAC)andissuedby the Secretahd
deEstadoenel Desoachale Agriculturay Granaded(Number:21839).

Sample collection

To determinetheprevalencef in differentaquaticenvironmentsandin amphibiansfil-
teredwaterandamphibianskin or mouthpartswabsdependingon life stagewerecollected
from bromeliadsand streamsandtheir associatednuransaroundCNP'sbasecamp.To deter-
minetheabilityof  to persistin differentaquatichabitatswatersamplesrom the samehab-
itatswerecollectedThelocationswerechoserbasen accessibilitypresencef thedesired
microhabitatand comparableslevatiorievels.

Bromeliad and stream microhabitats. Thirty-two bromeliadsandtwelvesamplingloca-
tions derivedfrom the main streamrunning through CNPwereselectedor sampling Large
bromeliadgcircumference>45cm)weresampledn orderto allowsufficientwatervolumes
(30ml) to bewithdrawnanddueto the preferencef bromeliad-associateamphibiangor
largerspecimen$l6]. For eachbromeliadand streamsite, GPScoordinatescanopyopenness
(improvedMoosehorndesign[35]), waterpH (pH testkit, JBLGmbH & co,NeuhofenGer-
many),watertemperatureand ambientair temperaturevererecordedlIf animalswerenot
presentwaterparametersverestill taken,andif bromeliadsspilledwaterthe amphibians
within weresampled|eadingto adatasetvith missingdatafor someof the respectivgparame-
ters.While full datasetsfor all samplingsiteswerenot availablethe spatialdistribution of our
samplingis extensiveenoughto excluderandomsiteeffects.  prevalencén thebromeliads
(n = 24)andstreamgn = 5) wasdeterminedby filtering (0.45um syringefilters) 30ml or 1
liter of waterrespectivelywith subsequenstorageof thefiltersin 70%ethanoluntil further
processingseebelowfor sampleprocessing)Thesdilters werealsousedfor micro-eukaryote
diversityassessmenising18Samplicon-basedextgeneratiorsequencanalysisMicro-
scopicdeterminationand abundancestimate®f aquaticmicro-eukaryotesverecarriedout
on 1 ml of the collectedvatersamples.

Amphibian samples. Prevalencef in encounteredamphibiansvasdeterminedfrom
non-invasivelycollectedskin swabsn post-metamorphiéndividuals.For tadpolesmouth-
partswereswabbedFor the swabbingechniqueestablishegrotocolswereused36,37].
Swabsaverestoredin 70%ethanolin orderto preservehe samplesn humid field conditions
[25].

Sample processing

Prevalence of Batrachochytrium dendrobatidis. DNA wasextractedrom swabsising
100ul of PrepmanUltra DNA extractionbuffer[36,38].Ethanolwasremovedfrom the swabs
prior to DNA extractionby centrifugation,disposabf the supernatanaindleavingthe samples
openuntil evaporatiorof all ethanolhadoccurredin alaminarflow hood.DNA extraction
from the waterfilters wascarriedout usingthe MoBio Powersoil’ DNA isolationkit (MoBio
LaboratoriesCarlsbadlJSA)following the protocolof Walkeretal.[39] with minor modifica-
tions asfollows:As disposableyringefilters wereused filter housingswvereopenedandthe
ethanolon thefilters wasallowedto evaporaterior to DNA extractionandthe manufacturer's
protocolwasfollowedfor homogenizatiorof samplegvortexingthe samplesnsteadof using
aMini-Beadbeater)All extractedDNA samplegderivedfrom swabsandfilters) werediluted
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1/10in HPLC waterfor reducingPCRinhibition [36] andstoredat+20EQintil further pro-
cessingSamplesvereprocessedsingthe -specific real-timePCRdescribedby Boyleetal.
(2004)on aCFX96real-timesystemBio-RadLaboratoriesHerculesCA). To checkwhether
PCRinhibition did occur,all DNA samplesvereassayeth a  PCRinhibition assayn
which aninternal positivecontrol (IPC) wasaddedto asinglewell for eachsamplg36]. If
inhibition wasdetectedn asampleBSAwasaddedto thereal-timePCRmixture, andif this
did not alleviatenhibition, samplesverefurther diluted ten-fold until no inhibition couldbe
detected40]. Real-timePCRresults(genomicequivalent§GE)of  zoosporesasdetermined
by comparingreal-timePCRvaluedo valuesobtainedby assayin@ standarddilution serieof
reference DNA (JEL423)werecorrectedfor the applieddilution factorand convertedo
loadsper swabor perfilter.

Persistence of Bd in aquatic microhabitats. \We comparedhe capacityof the 15brome-
liad and15streamwatersampleso reducethe numberof viable  zoosporesisingpreviously
describedechniqueg28,41].Briefly,suspensionsf viableanddead zoosporegstrain
JEL42310* zoospores/mlyvereprepared Deathof heat-treated85E C15minutes)zoospores
wasconfirmedby checkingfor growthover10days. zoosporeviability wasassesseasing
the ethidiummonoazidg EMA) real-timePCR[42]. Theconditionsassessederemicro-
habitat(bromeliad,stream)filtration to selectivelyemovemicro-eukaryote®ver5um in size
(unfiltered, filtered (5 um syringefilter, GE HealthcareEurope Belgium))andtime point (O
hours,24hours).Controlscomposedf viableanddead zoospore distilledwaterwere
included.In short,100ul of ~ zoosporesuspensionvasaddedto 1 ml of the samplecondi-
tions (microhabitat filtration) in 48-wellplatesandincubatedat 20ECAfter 24 hoursof incu-
bation,7.5ul of EMA wasaddedto 150yl aliquotsof all samplesind controlsand 142.5ul of
TGhL broth (final EMA concentration25ug/ml), and samplesvereincubatedn the dark and
subsequentlphoto activated’5 minutes,500Watt halogeright). EMA exposedgamplesvere
transferredo 1.5ml tubesandwashedwicein HPLC waterby centrifugation(5000rpm, 5
minutes,20EC)After washing DNA extractionof the pelletwascarriedout by resuspendingt
in 100ul Prepmarultra andincubatingat 100EGor 10minutes.All samplesverediluted 1/10
andstoredat-20EQuntil further processingAll conditionsweretestedn duplicate and pro-
cessingf the sample®ccurredwithin 72hoursaftercollection.DNA extractsvereprocessed
usingthe -specific real-timePCR[38] asspecifiedn the previoussection(including check-
ing for the occurrenceof PCRinhibition). Resultingvaluesvereusedasanindication of
persistencegsonly DNA from viable cellsis amplifiedwith the EMA real-timePCR[41].

Micro-eukaryote diversity and abundance estimates using microscopy. To assesthe
abundanceand community structureof micro-eukaryotes] ml of waterfrom eachsampled
microhabitatwasvisuallyexamineddrop by drop usingafield microscopgBressemicroset).
In the caseof high numbersor fastmovementof micro-eukaryotenedrop of Protosld®
Quieting Solution(CarolinaBiologicalSupplyCompany Burlington, USA) wasappliedto the
microscopyslidein orderto improvetaxonomicdeterminationand abundanceestimation.
Determinationof speciesvascarriedout usingstandarddeterminationkeys[43,44]and per-
formedascloseto specietevelaspossible.

Micro-eukaryote diversity estimate using 18S rRNA amplicon-based sequencing. DNA
extractionfrom the waterfilters wascarriedout asdescribeckarlier.A portion of the V9
regionof the eukaryoticl8SrRNA genewassequencetly adaptinga dual-indexapproach
[45]. llumina adaptorsanduniquebarcodesvereincludedon both the forward (Euk_1391f)
andreversgEuk_B)primers[46,47].PCRconditionsandthe amplificationprotocolfollowed
the EarthMicrobiome Project18Sprotocol (http://www.earthmicrobome.org/emp-standard-
protocols/18Skersiond_13).In short,PCRreactionscontained13pul of DNA-freewater,
10pl 5 PrimeMasterMix,0.5pl of eachprimer (10uM), 4 pl of ablockingprimer, and1.0ul of
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DNA. Theblockingprimer originally designedor mammals(seeEarthMicrobiomewebsite)
is effectivefor vertebratesn generabndwasusedto minimize amplificationof vertebrate
genomicDNA. PCRconditionsconsistecf adenaturationstepof 94EGor 3 minutes fol-
lowedby 35cyclesat 94EJor 45secondsg5Edor 15seconds57Edor 30secondsind 72EC
for 90secondsandafinal extensiorat 72ECGor 10minutes.All samplesverethenpooled
togetherin approximatelyequalconcentration(asdeterminedby gelbandstrength),and puri-
fied with the QiagenMiniElute GelExtractionKit. The DNA concentrationwasdetermined
on aQubit fluorometerusingabroadrangelsDNA kit. Paired-end2x250v2 chemistrywas
usedto sequence¢he sample®n anlllumina MiSeq(Helmholtz Centerfor Infection Research,
Braunschweigsermany).

All sequencerocessingvasconductedusingQuantitativelnsightsinto Microbial Ecology
(MacQIIME v1.9.1[48]). Forwardandreverseeadsrom eachsamplewerejoinedand
qualityfiltered to removelow-quality sequencewith the QIIME defaultquality parameters.
Remaininggood-qualitysequencegl71,056equencesyereclusterednto operationakaxo-
nomic units (OTUs) at 97%similarity usingthe UCLUSTalgorithmunderanopenreference
OTU-picking strategyhttp://giime.org/tutorialgdopen_reference_illumina_pressing.html
[49,50]The SILVA 119releasavasusedasthe referencalatabaséor reference-base@TU
clusteringaligningsequenceandassigningaxonomy.Themostabundantsequencéom
eachOTU wasselecte@sarepresentativeequencandtheserepresentativeequencesere
alignedusingPyNAST[51]. TaxonomywasassignedisingBLASTwithin QIIME. Samples
wererarefiedto 1000readsper sampleallowingthe majority of samplego beincludedin
analysesThe OTU tablewassubsequentlfilteredin two ways{(1) to includeonly OTUs of
smallmetazoandncluding smallarthropodsandrotifers,and(2) to includeonly OTUs of
protists.

Ingestion of Bd zoospores. \We assesseth whatextentthe differentorganismgresentn
thewatersamplesverecapableof consuming zoosporesA  zoosporesuspensionvas
preparedasdescribedoreviously CellTracker"GreenCMFDA (Life TechnologiesCarlsbad,
USA)wasaddedto 1 ml of zoosporesuspensiorfinal concentrationof the CellTracker6uM).
This mixture wasthen shieldedrom light from this stepforward andincubatedfor 30minutes
at20ECThemixture waswashedn 1 ml of distilled waterby centrifugation(3000rpm, 5 min-
utes)andincubatedfor 30minutesat 20ECIn orderto removeexcesfiuorescenmarker,two
additionalwashingstepscomposedf centrifugation(3000rpm, 5 minutes)andresuspension
in distilled waterwereperformed Affirmation of viability andfluorescentabellingof zoo-

sporeswvasdoneusingan epifluorescenceicroscopeOstracodg spp.),copepods
( spp.),brown planaria( ), nematodeg )
andtardigradeg ) wereobtainedfrom CarolinaBiologicalSupply

Company(Burlington, USA) and maintainedasrecommendedy the supplier. Theseorgan-
ismswerechoserdueto their similarity to organismgound within the bromeliadand stream
microhabitatsOneml of labelledzoosporesvasaddedto 1 ml of eachof the 5 specie®f
micro-eukaryotesindincubatedfor 2 hoursat 20EQ(final concentrationf 100zoospores
per1 micro-eukaryote)A control preparecby addingfluorescentmarkerto distilled water
(including allincubationandwashingsteps)vasincludedto checkfor labellingof cellsother
than  zoosporesThiscontrolwasin turn addedto all five specie®f micro-eukaryotesand
incubatedfor 2 hoursat 20ECAnother control wasincludedby addingunlabeledzoosporeso
the 5 micro-eukaryotespeciesAll combinationswereassessed triplicate.Usingan epifluor-
escencenicroscopesampleslideswerevisuallyscreenedor ingestionof labelled  zoo-
sporeswithout quantification.Fluorescenceamagingdoesnot allowthe ingestedzoospore$o
bequantifieddueto the largenumbersof (aggregatedjoosporeinsidethe micro-eukaryotes.
Howeverwheningestiontook place jt wascommonthroughoutthe organismsn the sample.
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Statistical analysis

OddsRatios(ORs),andcorresponding5%confidencentervals werecalculatedor thethreat
of , aswellasfor the numberof specieén the2endangeredtategorycomparedbetween
bromeliad-andstream-associatexpecie§S1Table).To testfor differencesn  infection
intensity, microeukaryoteabundanceind microeukaryotediversitybetweermicrohabitats,
pairwiseMann Whitney Wilcoxon testswereperformed.To compareprevalencef
betweermicrohabitatsa Fisher'ssxactestwasperformed.For the amplicon-based 8S
sequencinglata,Chaoldiversity,Shannordiversityand ObservedDTU richnesswverecalcu-
latedfor all samplesn eachof the OTU tablesKruskal-Wallistestswereusedto compare
alphadiversityvaluesetweerstreamsandbromeliadsTo testfor differencesn environmen-
talpH, persistencagemperatureandcanopyopennesscoredetweerbromeliadand
streammicrohabitatsMannDBWhitneybWilcoxon testswereused(all statisticalnalysisvere
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)CentralAmericananuransshowecdhighernumbersof specie®eing
threatenedby  in streamsomparedo anuranspeciesn bromeliad960%and27% respec-
tively) (Fig 1, S1Table)basedn IUCN datafor majorthreats A higherpercentagef stream-
associatednuranspeciess indexedin thecritically endangered¢onservationatategorywhen
comparedo bromeliad-associatespecie$36%and 6%,respectivelyjS1Table).Theodds

of beingthreatenedby  wasnearlyfour timeshigher(OR:3.71,95%CI: 1.5985+8.598%)
stream-associateghuransthanin bromeliad-associateahurans.The oddsof beingin the
critically endangeredCR+ EX) IUCN conservationatategoryis nearly9 timeshigher(OR:
8.88,95%CI: 2.05+38.54in stream-associateahuranscomparedo bromeliad-associated
anurans.

Bromeliad microhabitats are less conducive for Bd infection in
comparison to stream microhabitats

Fromthetotal numberof 24 streamsitesand 41 bromeliadsites wefound andsampledatotal
of 116amphibianindividualsfrom 20bromeliadsitesand 150individualsfrom 18stream
sitesPrevalencef in thesampledamphibiansjgnoring siteandspecieslifferenceslueto
sparsalata,wassignificantlylowerin bromeliadg3.4%)in comparisorto streamg12.4%)
(Tablel,Fisher'sexacttest, =0.008)while infectionintensitydid not differ significantly
betweerthetwo microhabitatgFig2,W =32, =0.23).While PCRinhibition did occurin
theswabsampleg11 , 9 , 3

and2 ), thiscouldbealleviatedn mostsampledy addingbovineserum
albumin (BSA)to 1/10diluted samplesn thereal-timePCRmixture. Sampleshatstill showed
inhibition afteraddingBSA(3 . , 3. , 2. , 1. were
further dilutedin HPLCwaterto 1/100dilutions, which removedPCRinhibition in all but
onesamplg . ) inwhich PCRIinhibition wasonly alleviatedafterdiluting the sample
to 1/1000No additionalpositivesamplesvereobtainedafteralleviatingPCRinhibition. None
of thewatersampledestedpositivefor . PCRinhibition occurredin 10of thefiltered-water
sampleg8 derivedfrom bromeliadsand 2 from streams)put addingBSAto thereal-time
PCRmixture alleviatedhis in all but onesamplg(bromeliad),which neededo bedilutedto 1/
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Threats for Central American anuran species
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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://bi.org/10.1371durnal.por.0181051.g01L

1000to removePCRinhibition. Again,no additionalpositivesamplesvereobtainedafteralle-
viating PCRinhibition.

Persistencef  zoosporein watersamplegrom asubsebf 15streamand15bromeliad
sitesafter24hourswasdeterminedoy EMA real-timePCR(Fig 3). PCRinhibition did not
occurin the EMA samplesOverall,in the streammicrohabitatsamples].29l0g(10)GE(SD
of +0.93GE)of viable  zoosporesvererecoveredn averagewhile 1.97log(10)GE (SDof
+0.56)of viable  zoosporesverecollectedon averagavhenthe waterwasfirst filtered. For
the bromeliadwatersamples).30log(10)GE (SDof +0.52GE)and 1.80log(10)GE (SD of
+0.96GE)of  zoosporesvererecoveredor the unfilteredandfiltered conditionsrespec-
tively. Statisticahnalysesevealedignificantdifferencedetweerunfilteredandfiltered condi-
tionsfor bromeliadgMann Whitney WilcoxontestsW = 199,Bonferroniadjusted < 0.05)
aswellasasignificantdifferencebetweerunfiltered conditionsof the streamandbromeliad
microhabitatgW = 178,Bonferroniadjusted < 0.05).No significantdifferencewasfound
betweerunfilteredandfiltered conditionsfor stream(W = 163,Bonferroniadjusted = 0.15)
or betweerfiltered conditionsof the two microhabitatyW = 112 ,Bonferroniadjusted = 1).
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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. Bd Mean Prevalence No. Bd Mean Prevalence
sampled | positive | infection (%) sampled | positive | infection (%)
intensity intensity
(Min -Max) (Min -Max)
Amphibian | Anura 106 4 372 (14— 3.7 Anura 150 19 101 (28— 12.7
taxa 1014) 252)
Caudata 10 0 0 0 Caudata 0 0 0 0
Total 116 4 372 (14— 3.4 Total 150 19 101 (28— 12.7
1014) 252)
Life stages |Larvae 94 4 372 (14— 4.3 Larvae 135 14 117 (48.2— 10.4
1014) 252)
Metamorphs 2 0 0 0 Metamorphs 11 5 71 (28.1- 454
105.2)
Juveniles 4 0 0 0 Juveniles 3 0 0 0
Adults 16 0 0 0 Adults 1 0 0 0
Species Bromeliohyla 106 4 372 (14— 3.8 Plectrohyla 3 2 233 (218- 66.7
bromeliacia 1014) exquisita 248)
Cryptotriton 10 0 0 0 Plectrohyla 45 7 107.2 15.6
nasalis dasypus (49.8-252)
Ptychohyla 82 9 72.4 (28.1— 11
hypomykter 204)
Duellmanohyla 21 1 49.8 4.8
soralia

https://da.org/10.1371¢urnal.pon®181051.t001

Potential abiotic and biotic parameters steering differential survival of Bd
in bromeliad and stream microhabitats

We surveyedatotal of 32bromeliadsitesand 24 streamsitesfor physicochemicalvater
parametersandfor all of theseexceptonebromeliadsite,alsodataon the micro-eukaryote
community diversitywereavailablérom microscopicexamination.The streamsiteswere
identicalto thosesurveyedor amphibiansand  prevalencéno amphibiansfound at six
of the sites)of the 32bromeliadsitessurveyed21hostedno amphibiangbut ~ datafrom
amphibianscollectedn nine additionalbromeliadsiteswereincluded;seeabove).

Temperaturesveresignificantlyhigherand pH significantlymore acidicin bromeliads
whencomparedo streammicrohabitatyMann Whitney Wilcoxon,W = 687.5, < 0.001,
W =741, < 0.001respectively)All valuesnverewithin the growthtolerancdimits of ,
howeverpromeliadshadagreatervariationin pH andtemperaturghanstreamsCanopy
opennesscoresverenot significantlydifferentbetweerbromeliadand streammicrohabitats
(W =352, =0.59)Micro-eukaryoteabundanceinddiversityweresignificantlyhigherin
bromeliadmicrohabitatsn comparisorto streammicrohabitatswith averagabundancesf
44.2and 10.6organismgSD+ 40.1and+ 12.6)andaveragealiversitiesof 4. 1and 2.0taxaper
ml (SD+ 1.4and+ 1.3)respectivelyFig4A and4B;abundanceW =647, < 0.001diversity:
W =650, <0.001).

Micro-eukaryotecommunity diversityestimatesisingamplicon-basedequencingevealed
that protist diversitywashigherin streamwatersamplegl liter) comparedo the bromeliad
watersampleg30ml) (all metrics,Kruskal-Wallistest, < 0.001,S1Fig).Arthropod-rotifer
diversity,howevertendedto begreaterin the bromeliadwatersamplesevengiventhe small
volumeexaminedChaol& OTU Richness, < 0.01;ShannorDiversity,p = 0.92,S1Fig).
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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://cbi.org/10.1371djurnal.por.0181051.¢02

Micro-eukaryotes present in bromeliad microhabitats limit survival of Bd
zoospores

To testif theidentified micro-eukaryotesrecapableof consuming  zoosporedjuores-
cently-labelledoosporesvereexposedo ostracodsgopepodsbrown planariasnematodes
andtardigradesThemicro-eukaryotespecieshoserfor this experimentadahigh similarity
in sizeandgenerahabitsto thoseencounteredn the watersamplesOf the testedmicro-
eukaryotespstracodscopepodsandtardigradeshowedngestionof fluorescently-labelled
zoosporegFig 5).

Discussion

Within CentralAmerica, hashaddevastatingffectson amphibianbiodiversity[3,9]. How-
everwithin thisregion,recordsshowthat stream-associateghuranspeciesreconsiderably
morelikely to becategorizedscritically endangeredomparedo thoseassociate@ith tank
bromeliadgS1Table;OR of 8.88),andalsosignificantlymorethreatenedby  (S1Table,OR
of 4.79) Althoughthe lUCN datasetisedfor thesecalculationsalsoincludenon-peerreviewed
literatureandexpertopinions,it doesindicateacleardifferencein the conservatiorstatusand
susceptibilitto  of bromeliad-and stream-associateainphibiansn CentralAmerica.This
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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://abi.org/10.1371durnal.por.0181051.908

agreewvith previousstudiessuggestinghat CentralAmericanamphibianspeciesssociated
with bromeliadsmaybelessaffectedn  outbreakghanriparian speciesn the sameregion
[15+18].Within CusucoNationalPark(CNP),this sametrend is observedtherearethree
decliningriparian amphibianspeciesn which chytridiomycosidgs asuspectediriver, while no
negativepopulationtrendsarereportedfor the bromeliad-associateshecie$18,25].Here,we
alsoshowsignificantlylowerprevalencef in bromeliadspecie$3.4%)in comparisono
stream-associatespecie$12.4%) Sinceonly two bromeliad-associategimphibianspecies
existin CNPatthe samplecktlevationandaccountfor prevalencef  in this microhabitat
for this study,differentialintrinsic susceptibilityof CNP'samphibianspeciegor  couldbe
proposedasthe underlyingcausdor theobservedlifferencesn  prevalenceHowever tak-
ing into accountall bromeliad-and stream-associateamphibianspecie®f CentralAmerica,

o A Zooplankton abundance per habitat B Zooplankton diversity per habitat
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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://bi.org/10.1371durnal.por.0181051.g4
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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 leftimage, and 50 m for the right
image.

https://cbi.org/10.1371djurnal.por.0181051.906

thesametrendin differentialeffectof  onthesespeciess observedindicating othershared
disease-steerirfgctorsassociateith the aquatichabitattypes.

Although severahypothesesn the origins of thesalifferentialeffectof  havebeenpro-
posedit islikely broughtforth by amultitude of infectionanddiseasénfluencingfactors.It
hasto benotedthat our datadid not supportasignificantdifferencein infectionintensity
betweerbromeliad-and stream-associateainphibianspeciesThis couldindicatethatthe
differencesn diseaselynamicsof  betweerbromeliad-andstream-associategmphibian
speciegrerestrictedto prevalencenly. However,during this study,mostlylarvaland meta-
morphicindividualsweresampled Tablel),anddivergentinfectionintensitiesof ~ might
befoundin adultspecimensOutsideof its amphibianhost, relieson aquaticenvironments
for survivalanddispersa[53,5].While thelife stage®f  presentin theamphibianskin are
ratherrobust,the motile zoosporeseleasedn theenvironmentlackacellwallandarerela-
tivelyfragile[54,55]. Thereforejt is plausibleto assumehat environmentainfluencesareable
to exertasignificantpressureon the dynamicsof chytridiomycosisy affectingenvironmental

zoospordoads Distinct differencesn abioticandbiotic variablesn streamandbromeliad
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aquaticmicrohabitatscould potentiallyhelpexplainwhy bromeliad-associateghuranspecies
areableto endurein areaswith chytridiomycosis-driverdeclineswheresyntopicriparian spe-
ciescannot.Thetankspresentn bromeliadsonly hold smallvolumesof water,makingthese
aguaticmicrohabitatamore proneto undergorapid andfrequentfluctuationsin physicochem-
icalcompositionin comparisorto relativelystablestreammicrohabitatg56+58].

In this study,therecordedphysicochemicgbarametersveresignificantlydifferentbetween
bromeliadsand streamsyith bromeliadsbeingwarmer(18.0E@nd 16.3ECrespectivelyand
moreacidenvironmentg4.9and6.1,respectivelypn averageWhile no conditionsoutsideof

's tolerancdimits wererecorded poor growthof  isdescribedatall recordedpH values
of the bromeliadmicrohabitatswhile all pH valuegecordedfor the streammicrohabitatell
in therangeconsideredptimalfor growthof  (pH: 6+8)[53], makingthe bromeliadmicro-
habitatscomparativelyesssuitablefor  survival.Furthermore evenmore extremepH val-
uesareknownto occurin bromeliadphytotelmatan CNP[58]. Theecologicatelevancef
thepH rangeconsideredptimalfor , asdeterminedunderlaboratorysettingsyemains
uncertainhowevel27]. This alsoappliesdor temperatureAlthoughthe warmerwatertemper-
aturein bromeliadswould suggesthattheymakemore suitableenvironmentgor  prolifer-
ationin comparisorto streammicrohabitatsbasedn 's experimentallydetermined
optimal growthtemperatureange(17+25EC)n natureanincreasedmpactof  isassoci-
atedwith comparativeljjowerenvironmentatemperature$53,59,60]. Also,temperature
fluctuation,whichis expectedo occurmore frequentlyandto agreaterextentin the small
waterbodiesn bromeliadshasbeendeterminedasarelevantdriver of 's infectionanddis-
easalynamicg24]. Althoughthe overalleffectsof temperatureluctuationon both hostand
pathogerarecomplexandhardto predict[61,62],environmentshat showbroadertempera-
ture regimesand more specificallythosethat showhighermaximumtemperaturesarepre-
dictedto belessconducivefor  survival[63].

Anotherenvironmentalparameteishownto affecttheinfectionanddiseaselynamicsof

, istheabundancef organismghatpreyupon/ingest zoospore$28,64,65]In thetwo
distinct sourceof waterutilized by amphibiansn CNP,predatorymicro-eukaryotesvere
morecommonanddiversein bromeliadgFig 4A and4B,S1Fig). Despitethe relativelysmall
samplevolumefor bromeliadg30ml in comparisonto 1 liter for streamsampleshigher
diversitiesof micro-arthropodsandrotiferswerefoundin comparisorto streamsamplesvith
18SrRNA diversityestimatesProtistdiversityestimatesveresignificantlyhigherin stream
sampleswWhile certainprotistsareknownto beableto effectivelyreduceenvironmental
zoospordoads(for example [28]), alargeportion of the protist taxalikely
haveno effecton  zoosporesiueto their feedingstrategyor autotrophiclife style Further-
more,relativelyhigh diversityestimatesvith the 18 Smethodin comparisonto the micro-
scopicmethod,might occurdueto detectionof DNA of organismsnot visuallypresentatthe
time of microscopicexamination.Thediversityestimategorrelatewith significantdifferences
in theprevalencef in amphibiansencounteredn thetwo microhabitatgTablel) and
with differentialpersistencef , with bromeliadsactingasa significantlymore hostileenvi-
ronment (Fig 3). When predatorymicro-eukaryotesvereremovedfrom the waterby filtra-
tion, survivalof  in tank bromeliadwaterandstreamwaterwereequal(Fig 3). Ingestion
of  zoospore®y commerciallyavailablenicro-eukaryoteshat resembledspeciesoundin
the studiedmicrohabitatsfurther strengthenur hypothesighat a multitude of organisms
belongingto avastdiversityof taxaareableto reduceenvironmentaloadsof .

In this study,we haveusedunivariatecomparison®f responsevariablef  prevalence
andinfectionintensity) and possiblgpredictorvariablegtemperaturepH, micro-eukaryote
communities)amongbromeliadand streamsites While multivariateregression-basedodels
would a priori beamore powerfulapproacho testfor causatelationshipsamongthese
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variablessuchanalysearepreventedoy the structureof the datain our study,i.e.,by the
absencef amphibiansgn manybromeliadsitesthe presencef singleamphibianindividuals
in others,andthelackof biotic andabioticdatafor additionalbromeliadsitesfrom which
amphibiansveresampledFurthermore becauséifferentspecie®f amphibiansaveresam-
pledfrom bromeliadand streamsites effectsdueto commonancestryor hosteffectson
infection prevalenceannotbefully excludedeither.Differencesn risk betweerbromeliad
andstreamamphibianscouldbe biaseddueto more closelyrelatedspeciesharingincreased
susceptibilitto  [66]. Althoughtherelationsbetween infection, habitattype,andbiotic
andabiotichabitatparametershusrequirefurther testingin this systemour experimental
resultssuggesthat the aquaticmicrohabitatspresentin bromeliadin CNP arelessconducive
for  survival.Wethereforehypothesizéhatthe combinedbiotic and abioticdifferences
amonghabitattypesarelikely steeringocal  infectionanddiseaselynamicsn CNP.By
providing environmentsin whichthe build-up of ahighinfection pressurés inhibited, the
steepincreasen  prevalencandinfectionintensityaswitnessedn classicathytridiomyco-
sisoutbreakscenario$2,9,10Jmaybepreventedandassuch,specializeanicrohabitatdike
bromeliadphytotelmatacouldthereforecontributein creatingchytridiomycosis-sie refuges
in which amphibianspeciegespeciallgpecificmicrohabitatspecialiststanendureduring
surroundingchytridiomycosiepidemicsThistheorythusaddsto existinghypothesesuch
as,differencesn speciesusceptibilitto  andvariablediseaselynamicsdueto differences
in hostdensitiesto helpexplain  infectionanddiseaselynamicq20,67,68].

Combinedwith the studyof Schmelleetal.[28], thefactthat micro-eukaryotesontribute
to creatinganaquaticenvironmentnot conduciveto  zoosporesurvivalin two dramatically
differentscenario®f chytridiomycosis-driverdeclineg PyreneessCentralAmericancloud
forest),suggestthatthis maybeacommondeterminantof  infectiondynamicsThis
knowledgemaybeappliedin chytridiomycosignitigation effortsby augmentatiorof natural
aguatichabitatsto reducethe effectand/or severityof chytridiomycosisvhereapplicable.
Although environmentalaugmentatiorof existingaquatichabitatsis undesirabldor the
majority of areagnostseverelympactedby chytridiomycosisandlikely difficult and/or
impracticalfor certaintypesof waterbodiesusedby amphibianscreatingor supplying
safezonedn problemareasnaybeworth exploring.This studyillustratesthe importanceof
increasingour understandingof the complexinteractionsat playin theinfectionanddisease
dynamicsof  in naturalamphibiancommunitiesand habitats and could potentiallyprove
to bevaluablefor the developmenbf chytridiomycosianitigation strategie®y managing
aguatichabitats.

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
showtotal numberof operationataxonomicunits (OTUs), Shannordiversity,and Chaol
diversitypersampleNumberof OTUsrepresentsinuncorrectedepresentatiorof the num-
berof differentmicroeucaryoteper sample(i.e.,speciesichness)whereashe Chaolindex
estimatesichnessj.e.,thetotal numberof speciepresentn acommunity,by correctingspe-
ciesrichnesshasedn thenumberof singletongan OTU representedby asinglereadin a
sample)assuminghat suchsingletonsndicatethe speciesnventoryisincomplete The Shan-
non indexis acommunity diversityindexcombiningspeciesichnessandabundancento 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
physicochemicgbarametersBd prevalencendinfectionintensityand micro-eukaryote
abundancenddiversity.

(XLSX)
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