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Abstract:

A greatdiversity of parasitesfrom viruses and bacteria to a range of remarkable eukaryotic
organisms; exploiteptile and amphibian hostRecent increases in the emergencmfafctious
disease haverevealed the impade of understanding the effeof interactions between hosts
and their parasites. Here we review the effe€fmrasite infectioon a range of demographic,
behavioural, genomic and phykigical factorsin reptile and amphibiaspeciesReviewing
theseparasiteolescollectively, andprioritising areador researchadvance our ecological
understanding and guides direction for conservatiantime of rapid species declirfeoorly
resolved systems include Gymnophionan amphibians and Crocodilianih@stdition toviral
and bacterial parasiteButure research should seek to underspradessesnabling population
recovery and-examining synergisinteractionsof parasitesvith fragmentationglimatechange

and otheprocessethat threaten species persistence

1. Introduction

Parasitetyvavebeenhistoricallyunderrepresentad ecologicalstudiesbut areslowly gaining
recognition.Thedifficulties involvedin visual identiication andclassifcation (McManus and
Bowles 1996), lack aoftatisticalpower owing to small samp#ze and poor preservation of
hosts for subsequent examinatibashinderedour ability to quantifyparasite andthus
incorporateheir effects into ecologicalresearchPerhaps owingp thecomparativeeaseof
accountingor competingecologicalprocessessuchasthose inpredatorprey systemsparasite
systemshavereceived comparatively less attenti@taffel et al. 2008). Recentadvancesn
genomigtechnology and recognition of 8everampactsof parasitehave catalysedesearch

thatwasnot previously possibler prioritized (Hugginset al. 2017; McKnightet al. 2017).

Reptilesand amphibianarea paraphyletic group ofertebrategField et al. 2014) united by

their ectothermigohysiology angrimarily terrestrialhabits.Unlike taxathatserveas important
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humanfood resourcesuchasfish, or aestheticallyappealing groupsuchasmammalsand birds,
amphibians andeptiles(e.g.snakeslizardsand frogsharelessvalued bysociety(Czechet al.
1998);this is reflectedby their disproportionatelyower representatiom publishediterature
(Hecnar 2009). Understanding reptiles and amphgbigs important because thase species rich
with almost.8000 described amphibismeciesand over 1000 reptile specieS hey can obtain
high biomass anglay important roles in thecosystenncludingasprey, consumers,
pollinaters;dispersersnutrient cycling and bioturbators of soil (Godinez-Alvarez 2004; lwai and
Kagaya 2007;Loviclet al. 2018; Sinet al. 2008). Reptilesandamphibians havbecome
increasinglyvulnerable to extinction and thossearchHocused on understanditigreatening
factorsto aid inreconservatiorhasrecentlybecome griority (Gibbonet al. 2000; Meredittet al.
2016).

In conservation, thpaucityof ecologicalknowledge in the context of amphibian disease ecology
becameevident duringhe global amphibiamlecine (Collins and Storfer 20Q3Biologistswere

not prepared-fediseaseénduced declines, aroneeringstudieson parasite becamenvaluable

to understandshost physiology and behaviasrywell as broadcologicalprocesseslhe
increase@mergenc®f infectiousdiseasamverthe pasttwo decadesasonly servedo

consolidatehe importance of understanding teeologicalinteractiondetweerhosts and
parasitegBoweret al. 2017b).As theimportance ofesearchhat quantifestheeffect of

parasitessincreasingly recognised raview of thesestudiess timely.

A leaderin thisfield wasthelate ProfessoMichaelBull, and his pioneeringork arises
repeatedlythroughouthe various subtopics of oueview.Herewe aimto pay homagéo the
foresightanddedication oMichaelBull by demonstratinghe importance oparasitesn the
ecologyof reptilesand amphibiand/Ve drawfrom the availabléiteratureto highlight the
diversityandextentto which parasiteand hostareintertwinedin fundamentaécological
processesSpecifically, we focus on summaiigy our knowledge oparasitampactsonreptiles
and amphibians, and highlight challengesfacein continuingto unravelthesecomplex

relationships.

2. Diverdity of parasites
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The term parasitencapsulate ataxonomicallydiverseselectionof organismsTheyare
physiologically dependent on other organisms and, upli&datorshavehigher reproductive
potentialthantheir host (Crofton 1971 Herewe takethe ecologicaldefinition of parasitesas

‘any organism that decreases the fitness of its host lotinget and includeboth micre
parasitege.gsviruses and bacteri@ad macreparasitege.g., worms) (May and Anderson 1990;
Méthot and Alizon 2014 Parasiteganhave a range affectsthat dffer accordingto host
specieshostphysiology, host behaviour and environmdiitereareseverakaxaof parasites
thatusereptile(crocodilesturtles, tuataraamphisbaeniantizardsandsnake¥ and amphibian

(frogs,salamanderandcaecilliang hosts.

2.1 Viruses

Owing to their minisculesize,viruseswerenot described until long after their effects were
known and the role in ecologyremairs poorly understood'heyareintracellularparasitesand
cannotreplicateoutside a hosiransmissiorcanoccurdirectly through contactvith infected
hosts oreservairsurfacespr via vectorsuchasticks and mosquitoes (Marschang 2011).
Spanninganextremespectrunof effects,virusescanrange in impact fromappeaing benignin
populationgo causng massmortality eventsTheyalsovary from being highlyspecificto broad
in hostrangeandcanbe zoonoticttansmissible from animals to humanfough pathogenicity
towarddifferenthostsis notwell understoodor mostviruses (Ariel 2011)Despitetheir ability

to significanty hinderconservatiorefforts,somesuspected pathogenizusesremain
unresolvedascausalagents (e.g. chelonid fibropapilloraasociatedierpesvirus). fie recent
characterization of the shingleback nidovir@eaet al. 2016)highlights just how little we
know aboutvirology in comparatively welstudiedreptile speciesin this casesleepy lizards
(Tiliquarugosa),.variously known as shinglebacks, or bobtails. Associated with the disease
syndrome, coined ‘bobtail flu’, globallis is the first report of such a virus in a lizagdher
viruses(e.g ranavirushave been the subject of ecological studies because thegthreat
populationssefeptiles and amphibians and in these cases, much has been documented on
transmission and susceptibilitgarayet al. 2009).

2.2 Bacteria
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Bacteriaarereceivingincreagg attentionfor therole theymay playin hostecology.
Explorationinto the function of microbiomes hascceleratedhis research fieldowingin partto
theinhibitory effects of bacteriaon other pathogersichasthe amphibian chytrid fungus
(Batrachochytrium dendrobatidis, Bd) (Jani and Briggs 2014romanecologicalperspective,
the ubiquitous,hature dacteriamakethemproblematidor detectionrandquantification, and
understandingvhenbacteriaare pathogenic and underhatcircumstancesontinuedo
challengeresearcherRamakrishnamet al. 1997).Specieghat cannot be cultured vitro make
Koch's postulatedifficult to fulfil | though sequencing is a powerful tool that is allowing us to
unravel interactions among bacteria that we could not previously examine (Rly8kgre
2016).We donet know howbacteriainteractin wild populationdor manyspeciesdespitetheir
ability to causebacterialsepticemian captivepopulations €.g.Aeromanas hydrophila, (Mauel
et al. 2002; Pasquale et al. 1994))dthelack of histopathologicatonfirmationleaves
uncertainty_surroundinthe causeof somewild die-offs. Pioneeringesearcthas demonstrated
theimportanceof socialnetworks Bull et al. 2012) and reservogpeciesn transmissiorand
populationsbielogy otpecificbacteria(Giery and Ostfeld 2007Racterial onoticdiseases
havebeenthe subject osome experimentacologicalstudies, e.g., those demonstrating
antibioticresistanceén humandisturbedsites(Wheeleret al. 2012).Salmonella spp infections
can potentiallyspill overin the pet tradeWhiley et al. 2017),but the threat from wildlife
appeardow (Parsongt al. 2010).

2.3 Blood Erythrocytig parasites

Blood parasites are a paraphyletic grotipukaryoticorganismghat occur in the blood stream
of hosts (€.g. phylum Apicomplex&gomeof themostextensive longermecologicalstudies
have quantified theffectsof bloodparasitenthe behavior and physiology sfjuamatéiosts
(Oteroet al..2017; Schall 1982 hesehave incorporated the paradoxitraldeoff in sacrificing
parasiticdefenseso increasditnessopportunity, onlyto payassociatedostsof increased
parasitantensity (Boumaet al. 2007).Generally, lizardaind blood parasitge.g Malariahave

proved usefulymodels to address evolutionary questions of diversification and adaptation.

Despitecomprehensive ecologicsiudieson squamateand bloodparasitesamphibians have
receivedrelativelylittle attention Recentwork demonstratingexualdifferencesn trypanosome
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152 prevalencgTrypanosoma tungarae) in tingararogs (Physalaemus pustulosus) suggests

153 interestingecologicalinteractionsareat play; frog-biting midgeghatfind their hostby male
154 matingcallsmaybe a vectoin this system(Bernal and Pinto 2016). The ecologioale of other
155 parasites such as Perkindda@ protists also correlate with mass declines and disease of tgdpoles
156 and are widely. distributed throughout the globe (Chambaaiatt 2015) Other parasites such
157 as Mesomycetozoesaiffungallike opisthokontsare littleknown Rowleyet al. 2013) though
158 declinesofatleastonefrog speciesarecorrelatedvith anoutbreak Di Rosaet al. 2007).As
159 technologiesare applied to theselerstudied groups, furtheragbnships betweerost and
160 parasites are likely tbe revealed.

161

162 2.4 Fungi

163 Theglobalemergencef fungaldiseasesandassociatednassdie-offs in adiversity of reptile
164 and amphibiagpecieshasbroughtmycoseqdiseases caused by funtp)theforefrontof

165 researcltand conservatiorhe number ofextirpationeventscausedy fungi hasncreasedn
166 recent decadeandmanylossesof amphibiarspeciesareincludedin these event@-isheret al.
167 2012).Theemergencef two distinctspecief chytrid fungi (Batrachochytrium dendrobatidis
168 andB. salamandrivorans) hascausednulti-continentalamphibian declinesyhichledto an
169 explosioninécologicalstudies incorporatintheseparasitegBoweret al. 2017a) Additionally,
170 anemerging fungatliseasgassociated witl®phidiomyces ophiodiicola) causingepidemicdan
171 snakessreceivngincreasingattention(Allenderet al. 2015).Marineturtleshavealsosuffered
172 diseasassociated witfrusarium spp. infectiorcausingmassmortality in nestsparticulaty in
173 stresful enviceonmental conditionsS@rmienteRamirezet al. 2010).While otherpotentially
174 lethalfungl havebeenidentified (e.g.Mucor amphibiorum, Paranannizziopsis australasiensis),
175 researchhasbeenrestrictedto quantifyingprevalencéMasterset al. 2016; Spearet al. 1994).
176 A potentially.deadly fungus, Lecanicillium spp., was diagnosed in a captive colony of
177 endangered Guthega skinksopholis guthega) causing cutaneous and systemic mycasts
178 providedthedfirst report of this infection in reptileBeyondthesefew examplesgcology of
179 fungal pathegenm reptilesand amphibianis little known.

180

181 2.5 Animals

182 Endqgarasites
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A diversity of animalsparasitisaeptilesand amphibians. MyxosporeparasitegCnidarians)
aremostly knownfrom fish, butwil | alsoinfectreptileand amphibiasspecieqEiras 200%.
Comprehensivecologicalstudiesdetailingprevalence andffectsin wild populationsare
lacking (Okamurat al. 2018), though myxosporegarasites careachhigh loadsandcause
diseasen captive frogsKlartiganet al. 2011),andtheymay haveemergedn distribution
recently(Hartiganet al. 2010).

Helminthsisuch as pentastomidsspiratory tract)cestodes, trematodes, nematodes, and
acanthocephalans are a diverse group of animals clustered together by their worm like
appearance.and featuring as important parasites in raptilamphibiamealth(Koprivnikar et
al. 2012)./Studies gbarasiticwormshave moved beyond taxonomic descripti@mcorporation
into occupancy modellingdampidoet al. 2012), behaviourGyawaliet al. 2013; Pfennig and
Tinsley 2002), and physiologicabstsof infection Goater and Ward 1992aswell ashow

infectioninteracs with the environment (Soliman 2012).
Ectoparasites

Studies on theéehavioural and physiologicaiteractionsof ectoparasitesuchasticks andmites
in reptileandamphibian ecologhavealsobeenextensive, forming a substantial component of
the lifework of MichaelBull (Godfrey and Gardner 2017)icks (Bothriocroton hydrosauri) on
sleepy lizardgT. rugosa) and other bluetongues.(spp.) have been identified as vectors for the
bacterial agentausing spotted fever €. the bacteri&ickettsia sp.) Stenoset al. 2003; Whiley

et al. 2016).Flies and mosquitoeBavealsoreceivedsomeattentionin ecologicalstudies both
asdirectparasitesand vectorsBernalet al. 2007).Additionally, the ecological interactions of
leeches have been explored in salamandenrsghiet al. 2018) and turtles, which can harbor
high densitie®f over 150 leeches on a single tuf@ahamet al. 1997). They further aets
vectors forsbleed parasites e.g. f@emogregarineand trypanosomgSiddall and Desser
1992).

3. Environmental I nteractions

The environment of the host can strongly influence parasite dynamics. Reptiles@nbians

are ectotherms, and as such, their physiological processes are governed by amieeatibenm
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Behavioural thermoregulation is a consequence of parasite infection in botbsr&uaiall &

Sarni 1987, Main & Bull 2000) and amphibiahefcort & Eiger 1993, Lefcort & Blaustein

1995, Richards-Zawacki 2009heir immune system is at the mercy of environmental
conditions, and sub-optimal temperature can cause immunosuppression in manyBpecies.
example, in,eeld stunned Kemp's ridley sea tuftlepidochelys kempii) in Massachusetts, most
of the pathological changes observed were associated with bacteria and or furegwditees
suspectedto'be opportunistic infections due to host immunosuppression caused by the cold
temperaturedinnis et al. 2009). Prolonged exposure to low temperas during hibernation
resultedn/weakened immne systems ileopard frogsl(ithobates [Rana] pipiens) (Cooperet

al. 1992), andulizard calledhe sandfish skinktincus scincus) had reduced lymphoid tissues
and immune response in win{gfusseinet al. 1979) In other cases, suboptimal temperatures
may elicit an ingreased immune response resulting in better resistance to disease. Green Tree
frogs (itoria caerulea) experimentally acclimated to low temperatured losver infection
intensities when exposéd the amphibian chytrid fungu8.(dendrobatidis) than those
acclimatedstorhigher temperatu(@reenspast al. 2017b). The individuals exposed to sub-
optimal temperature were better able to fidiiet pathogeibecauseheir immune parameters

were already adjusted to cope with the challenging environmental conditions. The coeldexpos
individualsshad a higher neutrophil:lymphocyte ratio, a response also seen in leogard. f
pipiens) (Maniero and Carey 1997).

Along withstemperature, other external factors catluarfce the immune systemfihosts and
their ability‘tesresist infection. Juvenile leopard frods (fipiens) experimentally exposed to
agricultural pesticides experienced lower lymphocyte proliferatioich have a central role in
pathogen defense. Higher nematode burdéhsigtinet al. 2003) and trematode infectican
increaseexposure and susceptibility by augmenting intermediate snail hostecarae liver
eosinophil (disease-fighting blood cells) counts, indicative of a redooadnity (Rohret al.
2008). In_addition, UVB radiation causes immunosuppression in amphibians and increases
susceptibility to diseagg.ittle and Calfee 2010Heavy metal toxicity can also cause
immunosuppression. For examplegneury concentrationserecorrelted with reduced
lymphocyte proliferation and activity in Loggerhead sea turlasetta caretta) (Day et al.
2007) The viral disease ‘green turtle fibropapillomatosis’ affects all sea turtle species, and
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infected individuals also present with reduced lymphocyte proliferatioma@ndty, suggesting
that heavy metal contamination such as mercury may make turtles more sus(@ptiit¢eh
and Schiesari 2010).

Stressinduced,physiological changes may increase the incidence of disease in reptiles and
amphibians. Eavironmental stressors such as desiccation of ponds caakestidp
metamaorphose fastaandthis can have a trade off in terms of immunocompetence. Wood frog
(Lithobates'sylvaticus) tadpoles exposed to experimental desiccation have fewer lymphocytes
and reduced responses to immune challenge after metamor{ibesiasi and Foufopoulos
2008). Newlysmetamorphed amphibians are disproportionally more vulnerable tophsiam
chytrid fungus#B. dendrobatidis) infection, so immune suppression due to environmental
stressors can have a dramatic effect on susceptitiigyvasi and Foufopoulos 2008he

effects of stress on host susceptibility nalgohave conservation implications. For example, the
stress of capture and release into an unfamiliar environment cabgguer rate of disease in
translocatedsFimber Rattlesnak€sotalus horridus) compared to resident animgReinert and
Rupert Jr 1999). High densities can reduce immunity and this can be age dependent within a
species. Fer.example, higher densities of adults of the liZaaotlo¢a vivipara) experienced
increasedsocal inflammation and high densities of tick infestabiaalés ricinus) whereas
yearlings did not experience inflammation or increased tick infestation (M@gab®015).
Habitat features can also affect parasites differemmtlg. Mediteranean lizardPéammodromus
algrius), theprevalence and inféion load of blood parasites was higlirea high elevation
deterioratedshabitat whereas prevalence and infection load of ticks (Ixodes sp) showed the
reverse patter(Carbaycet al. 2018).

4. Behaviour

Amphibians have formed a significant focus of research into behavioural effectasitem
Much attentionhasbeendevotedo understandinghewaysin which parasitesnanipulateheir
hosts followingihfection (Finnertyet al. 2018; Klein 2003; Moore 1984; Smith Trail 1980).
Wheretheeffectsof parasiteon hostsaredeleteriouspehaviouraktrategieshathelp the host
avoidinitial infectionshould be favoured by evolution. Amphibiararecognise and avoid

both physical andhemicalcuesfrom somepotentialparasitesFrogs adopt varioustrategies
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274  suchasfoot-stomping, jJumping, and wipirtgeir hands ovetheir bodiesto prevent mosquito
275  bites which minimises transnissionof mosquito-borng@arasitegFerguson and Smith 2012).
276 GreytreefrogsDryophytes[Hyla] versicolor discriminatel betweerwaterbodiesbasednot only
277 on thepresencenddensityof a gastropodectorthatcariesatrematodegparasiteof their

278 tadpoles, buélsoon whether onotthe snailswereinfected,layingless frequenthandfewer
279 eggsin treatmentsvith a higher likelihood oinfection (Kiesecker and Skelly 2000).

280 There is'speciespecific variationn thebehaviour of tadpoleswardthe presence of

281 trematode(Echinoparyphium sp.) (Koprivnikaret al. 2014) Permanent pond breeding frapsat
282 weremore likely to encounter trematod@chinostoma spp.) modifiedheir activity in the

283 presence of these parasites. Conversely, ephebresding frog specidbatencountezd less
284 trematodesilso’lacledthe behavioural responssajggesting selection may occur on such
285 behavioural trait§Szuroczkand Richardson 2012p.arasite avoidance behaviour is complex
286 and interacts with predators, whereby tadpdlegifiens) preferedareas without trematodes
287 (Ribeiroia ondatrae) unless their alternative wasedator exposure by larval odonates

288 (Koprivnikar@and Penalva 2015 merican toad tadpolg®Bufo americangdleed from the

289 touch of a‘trematodeschinostoma sp(Taylor et al.2004),andtadpoles adopt behaviours
290 that influenced thsitein whichinfectionoccurredand thusiecrease the pathological

291 consequences aifection(Kieseckeret al. 1999; Searst al. 2013).Selection against

292 cannibalism is thought to have evolved as a behawominimise parasite transmission between
293 intraspecific hosts. For examplarvaltiger salamanderAmbystoma tigrinum) avoided preying
294  onconspegifieawith bacterialinfection (Clostridium sp. bacteria) (Pfennig al. 1998; Pfennig
295 et al. 1991)un-othercasegadpoles Pseudacris regilla and Anaxyrus boreas) did not adopt

296 behaviourgo minimisetransmissiorby snailsinfectedwith atrematodeparasitgR. ondatrae),
297 but onceanfected,decrease theiractivity andescapelistance(Prestoret al. 2014).

298 Interestingly,.the same study showea less virulent trematod€Echinostoma sp. andAlaria
299 sp.)causeé.no.such effec

300

301 Surprisinglysfew studies have revealed behaviours that minimise or reduce potential

302 transmission of ectoparasites in reptiles, despite the negative physiological conse(Augmess
303 etal. 2014; Biagginiet al. 2009; Godfreyet al. 2006). Although one exceptiom the usually
304 monogamous sleepy lizard. fugosa) showed that males that are abandoned by females
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305 between mating seasons have higher tick loads than males that retain their partners, thereby
306 reducing infection potential for femalé@ull and Burzacott 2006). As many endoparasites of
307 reptilesare transmitted via their prey, the potential for avoidance may be difficult. Notably,
308 several studies dolood parasitefHepatozoon sp) in snakeghat demonstratenegative effects
309 on nutritionalkstatus, reproduction and survilafisenet al. 2005 revealedittle effecton

310 behaviourKeelback snake@ropidonophis mairii) infected with parasite@amily:

311 Haemogregarinidae and Gnathostom)desimilar performancée.g. ‘sprint’ speedand

312 fitness measurge.g. escape distand® uninfected individual§Brown et al. 2006).

313

314 Many of the studied behavioural changes in hastsnvestigated as a limited single species
315 comparisonfDamasMoreiraet al. 2014; Daniels 1985; Oppligetal. 1996) These studies
316 often explore only thalterationin behaviour without examiningnderlying mechanisms

317 However therearea number of notable studies tlexplore omplexinteractions that note both
318 changesn behaviour othe host andhe consequences diesechangegor ecologyand

319 evolution.Fhese complex interactiomave ofterbeendemonstrated usirlgards,specifically
320 Lacerta, AnelisandSceloporus spp., asmodel organismslhese sidiesdemonstrate that

321 Plasmodiumsp. infectionaltered malesocialbehaviour (Schall 1982y part due taltered

322 thermoregulatory and perching behaviour of hosts (Schall and Sarni $&8ilarly,

323 Plasmodium sp. infectionalteredthe outcome otompetitiveinteractionsetweerntwo specieof
324 lacertidlizard, ultimately playing acritical role in determiningthe distribution okachspecieson
325 alandscapscale(Schall 1992; Schall and Vogt 1998)nally, ectoparasiteéicks Aponomma
326 hydrosauri‘andAmblyomma limbatum) can affectsimplebehavioursn sleepylizards(T. rugosa)
327 suchasthetime spent basking, moving amndtimately dispersingMain and Bull 2000) but

328 under natural conditions these hosts appear adapted to the ticks and movemenstiongiye
329 explained,by.sex and body condition independent of ticks (Taggart2018). Effects can be
330 intergenerational, ifemalecommonlizards (Z. vivipara), parasitisnby mites(Family:

331 Lealapidageffectedthedispersabehaviour othe offspring Sorciet al. 1994).Suchstudies
332 highlight thesimportance giarasitesn shaping behavioutthatintricatelyinfluence the ecology
333 of animalsand suggeghatanyecologicalstudy thawishesto quantify behaviour should

334 attemptto accounfor possiblenfluencesof parasites.
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335 Someof themostdetailedbehaviouraktudieshavearisenas aresultof specificthreas to the

336 persistencef speciesthusmuchresearchasbeeninvestedn understanding the amphibian
337 chytrid fungus B. dendrobatidis) (Poundset al. 2006). Thaliseasdchytridiomycosi¥ causedy
338 the fungusB. dendrobatidis) has,in somecasesselectedor speciesaand individuals that behave
339 in aparticulanway. Forexample thethermalhistory ofdifferent rainforestrog speciestrongly
340 affectedtheir probabiity of infection (Rowley and Alford 2013) anithis relatel to thethermal
341 sensitivityof'theB. dendrobatidis (Daskinet al. 2011; Greenspast al. 2017¢). Exposure to the
342 B. dendrobatidischanged host behavior, reducegrapeapacityand foraging irdifferent

343 tadpole specie@lanet al. 2011; Veneskgt al. 2009).

344

345 Another prominent behaviour of anurans, anebvioussubjectof suchresearctwith profound
346 consequencedsr ecology andife history,is reproductive callingSeasonal pattermd calling
347 resulted fromnteractions betweeinfection byB. dendrobatidis and body condition in the
348 Common mist frod.itoria rheocola (Rozniket al. 2015).Similarly, Japanest&eefrogs

349 Dryophytes [Hyla] japonicas calledmorerapidly andfor longerwheninfectedwith theB.

350 dendrobatidis=(An and Waldman 2016).ddtraryto these results;alling wasreducedn

351 Brazilian subtropical treefrofHypsiboas prasinus) infectedwith helminthparasiteandthis was
352 exacerbateth smallerindividuals Madelaireet al. 2013). ConverselyGrey Treefrog(H.

353 versicolour) calling characteristiceemained unchanged, thougtaleswith greatemparasite
354 loadsachievel moreamplexuslausfateiet al. 1990).In spadefootoads(Scaphiopus couchii),
355 malesparasitisetby amonogenearworm (Pseudodiplorchis americanus) hadmoreattractive
356 callsto femalestherebyskewing female choic@Pfennig and Tinsley 2002). Nile calling

357 durationin-Cururutoads(Rhinella icterica) wasnotaffectedby nematode lungworm&ifabdius
358 9p.), locomotory performanceasreduced anthis may have plagdsomerole in the capacityof
359 toadsto find andmatewith females(Moretti et al. 2014; Morettiet al. 2017).

360

361 Anothermodelsystemin the study othe effects of parasites on anuran moverneettte

362 infamous invasion ofanetoads Rhinella [Bufo] marina) in Australia(Shine 2010)As is the
363 casewith manyinvasivespeciesuseof ‘natural’ parasitehasbeenexploredfor potential

364 capacityin controlfor toadsspecifically,to mitigate therateof invasion(Tingley et al. 2017).
365 Survival and growth rate of elamorphcanetoads(R. marina) wasreduced, alongside impaired
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locomotory performance and reduced prey intake when infectedhatidius
pseudospaheracephala) (Kelehearet al. 2009)andtoadsshowed no tendencyo avoidareas
inhabited by a lungworm, na@emonstrate the capacityto avoidinfection (Kelehearet al.
2011). However, infection did naffectdispersabehaviour of adultoads(Brown et al. 2016).
A bacteria(Ochrobactrum anthropi) was also explored as a causative agespofalarthropathy
in canetoads(R<marina) (Brown et al. 2007; Shiltoret al. 2008), though theffectson toads
appear to'relate to climasmd growth(Boweret al. 2018).

Original theoretical frameworkof disease ecologyssumedhatparasiteburdenandeffecs
weredirectly relatedto parasiteabundance and distributievithin the hostpopulationwith all
individualsthavingan equal,randomchanceof infection (Anderson 1978More recently,
emphasiasshiftedtowards asocialnetworkstyle of analysis Bull et al. 2012; Godfrey 2013),
with evidertethatcontext andnteractiondbetweenndividuals stronty effectparasite
transmissiorandparasitespeciesassemblage For example socialassociationn thesleepy
lizard (T. rugesa) had a strongdink to parasitesharing andransmissia thandid common
resource uséBull et al. 2012; Sihet al. 2017).Similarly, tick infestation(Amblyomma
sphenodonti).and a blood parasitélépatozoon tuatarae) transmitted by the ticln the tuatara
(Sphenodenrpunctatus) wassignificantlyrelatedto socialinteraction(Godfreyet al. 2010).We
suggesthat theoreticamodels and predictions parasiteransfer,andthe demographieffects

of parasiteshould be updated responséo thesefindings.

Studies examining hoparasitesffectthe behaviours ofeptilesand amphibianarenether
complete nor comprehensiiretaxonomic coveragéor example Corethtrellidflies

(Corethrella sp.),usdrog callsto locatepotential hostsBernalet al. 2006), yet dspiteseveral
studiesdescribingthe prevalence gdarasitisnof anuran amphibians liifeseand Batrachomyia
flies (Batrachomyia sp.) (Elkan 1965; Hoskin and McCallum 2007; Kraus 2008 still do not
have a strong understanding of hoyiasis(infection with fly larvg influences behaviours of
amphibianhosts. Additionallgtudiesarelackingfor entiretaxonomic groupdittle researcthas
explored theeffects of parasiteonthe behaviour of Gymnophionan amphibia@aécilian¥ and
surprisingly, Crocodilians. Opportunitiesrtainlyexistto improve our understanding of thae
of parasitesn shaping behaviouwyhich plays acritical role in ecology.
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5. Physiology

Evidence of the adversdfectsof parasitenthe physiologicalconditionof reptileand
amphibian-hestis mounting (Koprivnikaet al. 2012; Matin et al. 2008; Oppligeet al. 1996;
Schallet al¢'1982; Van Rooigt al. 2015).Parasiteshat consume or destrogd bloodcells,such
asticks and"hemogregarine protozaanreduce hemoglobin concentrations anddieacityfor
bloodto deliver oxygerto tissuegDunlap and Mathies 1993; Martéhal. 2008; Oppligeket al.
1996).TrematedegRibeiroia sp.)encystin the developingimb buds of amphibiangausing
abnormalcellular growth, leadingo limb abnormalitiegJohnsoret al. 2001; Johnsost al.
1999; Stoppeet al. 2002)and in garter snake$lamnophis sirtalis) trematodesAlaria sp.)
cause extensive muscle damégérig et al. 2015) .Thefungal chytrid genuBatrachochytrium
damageshepermeableskin of amphibians, causing lossvediterandelectrolyteequilibrium
(Voyleset a>2009).

Disruptionof physiologicalprocesseby parasitecaninfluence individual performance and
interactionswithin andbetweerspeciesAt times,interferencewith physiologicalprocesses
causedglirectmertality, asin tadpoleof Leopard frogsl(. pipiens) with trematode Family:
Echinostomatidae) infections (Schotthoedeal. 2003), toadsR. marina) with tick infestations
(Lampo and Bayliss 1996), antanyfrog speciesinfected withthe fungusB. dendrobatidis
(Bergeret al'"1998).Altered physiologyfrom parasitismmay alsoinfluence othemeasuresf
fitnesssuchasbody conditionWestern fence 2iards (Scel oporus occidentalis) with malaria
(Plasmodium mexicanum) exhibiteddecreasedat storagg(Schall 1983)asdid deserttoads
(Scaphiopus couchii) infectedwith a monogenean blogzhrasitePseudodiplorchis americanus,
afteremergenedérom hibernation (Tocque 19933imilarly, tick-infection in canetoads(R.
marina) reduced their ability to gaweight (Lampo and Bayliss 199@)ecreases massor fat
deposition coulaesultfrom allocationof energyto immunedefensesor decreases aerobic
activitiessuchasforaging ordefenseof foragingterritories,aspostulatedor westernfence
lizards (Scel oporus occidentalis) with heavytick (Ixodes pacificus) loads Dunlap and Mathies
1993).
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Althoughcomparativelylight tick loads (. pacificus) do not appeao influence the body
condition ofwestern fencézards(S. occidentalis), co-infectionwith malarialprotozoa(P.
mexicanum) had a negativeffecton host conditiotbecausdothparasiteseduced hemoglobin
concentrations bdifferentpathways, leadintp further physiologicatosts(Dunlap and Mathies
1993).

The physiologicaleffectsof parasitesnayalsoincreaseherisk of host predationin pacifictree
frogs Hylaregilla) with trematoddnfections Ribeiroia sp.),limb abnormalitieinderedthe
mobility necessaryor predator avoidance (Goodman and Johnson 2011a; b; Jadrason
1999).Similarly; runningstaminawasreducedn malariainfected(P. mexicanum) westerrnfence
lizards(S. oecidentalis) (Schalletal. 1982). Incommonlizards(Z. vivipara) infectedwith
hemogregarinesHaemogregarina sp) locomotorspeedsverelowered(Oppligeret al. 1996),
andratesof tail regeneratiorfanimportantmechanisnof predatorescapgwereslower
(Oppliger and Clobert 1997). Another pathwaydyich parasitesnay alter host physiologys
by reducingshesthermaltoleranceaswith spotted tree frogd.itoria spenceri) infectedby the
fungusB. dendrobatidis (Greenspanmt al. 2017a) anahewts(Notophthal mus viridescensa)
infected withmesomycetozoaparasite(described as alththyophonus-like organism) (Sherman
2008), a.reminder that anthropogenic environmdatabrs,suchasclimatevariability
associateavith global change and environmental contaminarasexacerbat¢he harmful
physiologicaleffectsof infection (Chatfieldet al. 2013; Marcoglieset al. 2009).

Altered hostsphysiology byarasitesanalsoinfluencereproductiveprocessedMalariainfected
(P. mexicanum) lizards(S. occidentalis) had reducedclutchandtestissizes(Schall 1983)In
Europeargreenlizards(Lacerta viridis) with hightick (Ixodesricinus) burdensfemaleshad
moresaturatedhestcolorationwhich may havendicatal avoidance of highly aerobic
interactionssuchascourtship ananating(Vaclavet al. 2007). European green lizardserta
viridis) parasitizedy ticks (1. ricinus) (Vaclavet al. 2007)andwall lizards(Podarcis muralis)
infected withchemogregarine blood protoztar(ily HaemogregorinidggMartin et al. 2008)
hadlesssaturatedhroat coloration, indicatinthatresourcesvereallocatedto other
physiologicalprocessesuchasimmunity, atthe expense girocesseassociatedavith breeding
colorationthathelpto attractfemales(Vaclavet al. 2007)..
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While there are a number of examplasae infection with a parasite leéd decreased
reproductive effort, therare cases where infection lexincreased reproductive efforin frogs
infected withfungus B. dendrobatidis), maleleopard frogsR. pipiens) hadincreased testis size,
male southern corroboree frodg@sgudophryne corroboree) and alpine tree frogs.itoria
verreauxii alpina) had increased spermroduction (Brannellgt al. 2016; Chatfielcet al. 2013),
andfemaléealpine tree frogsl(. v. alpina) hadincreased gonad size as well as an increased
number of'developed eggs inside the ovaries (Brannelly et al 2016). Furthemgetigetic costs
of reproduction/can lead to a situation in which immune function is decreased in-aftrade
favouring repreductive processes. Wild female tree liz@dssaurus ornatus) in Arizona had
reduced immune function during egg productiaite{logenesi¥ (French and Moore 2008).
Controlled experiments demonstrated that this decrease in immune function am/welen
food resources become limited, suggesting that this is a facultative regparseh and Moore
2008) This,tradeoff between reproduction and immune response could conceivably result in

increasedsusceptibility to disease.

Parasiteganalsoinfluence the phenotypes of host offspring through physiologmaéoffs
(Poulin and*Thomas 2008Fommonlizards(Z. vivipara) in poor conditiorfrom blood parasite
infection (family Haemogregarinidagllocatel a higheiproportionof resourceso offspring
locomotory. performance thda otheraspectof offspring performancewhichincreasd sprint
speedand survivaratesof femaleoffspring, presumablgervingto preadaptemaleoffspringto
challenging-environmental conditiorSdrciet al. 1996).In addition, the physiologicalostsof
blood parasitesnayreduce the competitivaility betweerspeciesOn a Caribbearislandwith
malariasusceptibléAnole lizards,Anolis gingivinus out-competedinolis wattsi in theabsence
of infection byPlasmodium azurophilum; thereforethetwo specieso-occur onlyin areaswith
malaria(Schall. 1992)In some cases, an individuabs/n physiologicalprocessesmaycause
immunosuppression, leaving thextrisk of parasitenvasion. Expementallyelevatedevelsof
the hormone testosteronerrelate with increasedick (Ixodesricinus) loadin freeliving male
sandlizards(Lacerta agilis) andlargepsammodromubzards (Psammodromus algirus) (Olsson
et al. 2000; Salvadoet al. 1996).Theticks negativéy reduced the relative number of white
blood cells and hemoglobin anttreased hematoctf P. algirus, andmaleswith
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experimentalf elevatedestosteronéevelsexperiencd highermortality. Althoughthereis

debate orthis topic,there is evidencehowingthatincreasedestosteroneauses
immunosupporessior-@oet al. 2017).This provides suppoffor the immunocompetence-
handicap hypothesi$GHH), astestosteron&evelsarecorrelatedvith increasedexualsignals
(suchascolour) andnalesdemonstratéheir truefitnessby surviving thedetrimentakeffect of
increase@arasitdoad (Olssonet al. 2000).This hypothesisnay explainwhy brightly coloured

male ArubanWhip tail lizards(Cnemidophor us arubensis) weremorelikely to beinfectedwith a
hemogregarineblood protozoa (family Haemogregorinitte)dull malesof thesamebody
size(Schall 1988. Similarly, Anole lizards Anolis sagrei) that tolerated infection by

Plasmodium parasites displayed better body condition than uninfected individuals and were not

negativelyaffected in mortality, stamina and immunocompetence (Boneealu@017).

6. Genomics

At a populatiorievel, hostgeneticdiversity caninfluenceparasitdoad,andconsequently
diseasalynamics. Studieacrossaxa havelemonstratethathost genetiwariationdictates
parasitesusceptibility;populationsvith greatergeneticdiversity tendto respondnorevariably
to infection,while homogenous populatiossifferfrom the ‘monoculturesffect,” makingthem
moresusceptibleo diseasdAltermatt and Ebert 2008; Coltmahal. 1999; King and Lively
2012; O'Brieret al. 1985; Thorne and Williams 1988; Whitemetral. 2006).Thisincreased
parasitesuseeptibilitywith a loss ofgeneticdiversity hasbeenseenn theltalian agilefrog
(Rana latastei) exposedo ranaviruswheredecreasedgurvivalcorrelate with population
genetic depletion (Pearman and Garner 2008ed3eoutbreaksn inbredand bottlenecked
populationgmnay be particularlyseveredue to dossof adaptivecapacity thepotentialloss of

allelesconferringresistanceandaccumulatiorof those thaaredeleterious.

In the evolutionaryarmsracebetweerpathogerandhost, one component of the genome
involvedin rapid adaptatiorto pathogermediatedselections the highly polymorphidiajor
HistocompatibilityComplex(MHC). Depending on thdiseasecontext MHC allele distributions
may be maintainedoy negativefrequencydependenselection heterozygotadvantageand/or
fluctuatingselection(Borghanset al. 2004; Doherty and Zinkernagel 1975; Hedrick 2002;
Spurgin and Richardson 201@ recenthypothesiss that diversity of MHC and/or other
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immune genes may have facilitated the evolution of group living in members of the Egrnii
lizards but this remains untest€Bull et al. 2017).TherelationshipbetweenVIHC
polymorphism angbarasitdoadis unclearin reptiles.In the Ornate dragorC{enophorus

ornatus), tick loadwaspositively correlatedvith MHC diversityin undisturbed habitats, though

no relationshipwasevidentin disturbedareagRadwanret al. 2014).

In amphibians, botHiversifyinganddirectionalselectioncontributeto MHC diversity (Savage
and Zamudio 2011; Teacheral. 2009; Wanget al. 2017). Among populations @&lack-spotted
pond frogs Pelophylax nigromaculatus), MHC classla geneticdiversitywaspositively
correlatedwith viral abundance antchnessMoreover there weresignificantcorrelations
betweerMHGC-functional supertypes araitherFrog virus 3 or Ambystoma tigrinum virus,
suggestinghatthesesupertypesnay have confeedresistancéWanget al. 2017).By
comparing ranavirugifectedanduninfectedpopulations of the European Common Fregna
temporaria), directionalselectionfor specificMHC supertype# diseasegopulationsvas
demonstratedTgacheret al. 2009).Similarly, bothMHC classlib heterozygositgndpresence
of the specifieQ-allele wereassociateavith increasedurvivalin Lowland leopard frogs
(Lithobates yavapaiensis) experimentallyinfectedwith fungus B. dendrobatidis) (Savage and
Zamudio 2011)Directionalselectiornfor survival-associatealleleswasfurtherconfirmedin
natural populations df. yavapaiensis, suggesting evolution @bleranceo B. dendrobatidisin
this specie{Savage and Zamudio 2016). Finallyhile therelationshipbetweerparasiteburden
andMHC allelesis unclearin thecritically endangered corroboree frdgséudophryne
corroboree)recentevidencadlemonstrateboth high MHC classla diversity and signatures of
positiveselectionat the peptiddindingregion, indicatinghatthis locusmay beimportantin
adaptatiorto'diseasdKoschet al. 2017).

In additionto adaptationplasticityin hostresponséo adiseaseandictateparasitdoad.
Interpretinghost responsat thelevel of geneexpressions particularlyusefulwhengenomic
resourcesrelimiting, asin amphibianswherelargegenomesizeshaveprecludedassemblyn
all butthreetaxa Hellstenet al. 2010; Sessiost al. 2016; Suret al. 2015).Microarrayand
RNA-sequencingn experimentainfectiontrials wasmostextensivelyundertakenn the
amphibian chytrid fungusB( dendrobatidis) system(Ellison et al. 2014a; Ellisoret al. 2014b;
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Groganet al. 2018; Rosenbluret al. 2012a; Rosenbluret al. 2012b; Rosenblurat al. 2009)
Amongsusceptiblespeciesinfectionled to decrease@xpression ofranscriptgelatedto skin
integrity—suchasthosein thekeratinandelastinpathways—while resistanspecieupregulated
skinintegrity-relatedtranscriptEllison et al. 2014b; Rosenblurat al. 2012b; Rosenblure al.
2009).CentralAmericanfrogswith variedresponseo fungal 8. dendrobatidis) infection
exhibited speciesspecificdifferencesn geneexpressionwith highly susceptiblespecies
demonstrating botimcreasedkxpressiorof transcriptgelatedto inflammationand suppression
of lymphoeyteactivationandproliferationpathways Ellison et al. 2014a; Ellisoret al. 2014b).
Suchdifferencedn geneexpression not onlglictatehostinfectionoutcomesputmayalso
influenceparasiteevolutionarytrajectory.For example whengrownin vivo in a susceptible
speciesersusin culture, the fungusB( dendrobatidis) simultaneouslyncreasedxpressiorof
transcriptanvolvedin proteolysistransmembrangansportandcilium morphogenesis, and
exhibited ashift in expressedjenotypdrequenciegEllisonet al. 2017).Disentanglinghe extent
to which hast genomic antfanscriptomiovariationmay influencerapid evolutionin parasite

populationssheldgreatpromisefor refining our understanding afiseasalynamics.

7. Conservation

Parasite infection and diseaseftennot thesolecauseof extinctionor eventhemajor
contributorto declinesn manyspecief amphibians anceptiles (Gibbonet al. 2000; Lafferty
and Gerber 2002However whencombinedwith otherstressorssuchaspopulation
fragmentatioror. invasivespeciesaparasitecanrapidly devastatex population (Gibbost al.
2000; Tompkinst al. 2015).Parasiteganaffect populationviability by causingdeath, or
increasingsusceptibilityto predators or othestressorstherebydecreamg reproductivecapacity
and population growth (Cunningham 1996; Lafferty and Gerber 2D@sYaseoftenaffects
endangeredpeciesand thosavith small populationgnoredramaticallythanabundanspecies
(May 1988).0nesuch examples theflattenedmuskturtle (Sternother us depressus), a species
threatened. by habitat change. One populaiperienced massivedecline(decrease of 50%)
over twelvesmonthgrimarily causedy septicemigDodd Jr 1988). Compounded further by
localised poaching of turtles, tleeverity andmpact of that particuladiseaseutbreakwas
attributedto aweakenedmmunefunction dugo environmentastresgDodd Jr 1988).
Septicemiadoes noseemo causesimilar effectsin otherturtle speciesor populations, further
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suggestinghatenvironmentastressorganexacerbat¢heeffectsof diseasen threatened

species.

Diseaseas agreater threagenerallyfor endangered andrespeciestherefore management
toolsusedfor.conservatiomeedto incorporatediseaseand risk thereoito conservation
strategy. Someexamples ofvheresuchconsiderations are vitarewhen managingaptive
assuranceolonies reintroduction@ndtranslocations. Understanding disemssanimportant
component of bringingnimalsinto captivity, aswell astheimplicationsof releasingheminto
thewild. In the past,animalreleasefiavecausednoreharm than goohenparasitesvere
relocatedyithhetargetspeciedCunningham 1996; Deeatal. 2001; Viggerset al. 1993).
Most aurrentmanagemerpracticedollow strict guidelinedor quarantininganimalsintendedor
reintroduction/translocatioprograms andcreerfor parasitesbeforereleasg Cunningham
1996). However, continued movement of wildlife for the pet trade and food provides a less
regulated, .ongoing ris{Gratwickeet al. 2010) Improved biosecurity amtiseasajuarantine
protocols hereasahesucces®f reintroductiors (Germano and Bishop 2009), aeduce
movement'oparasitedetweerocationsbecausealiseaseanimpactthetargetspeciesaswell as
sympatriespecieCunningham 1996; Viggees al. 1993).However by removihg parasites
prior to tramslocation, host-parasite interactions may be disrupteddettimaent of the host
(Northoveret al. 2018),and more research is needed to understand the risks here.

While mostparasiteshataffectreptilesand amphibians daot resultin massmortality in wild
populationsstressfulconditionsin captivity cancausehigh morbidity andmortality that would
otherwisehaveminimalimpactin thewild (Pessier 20080nesuchdiseases mucormycosis,
whichis causedyy the fungu$viucor amphibiorum. Mucormycosiss rarein wild frog
populations Bergeret al. 1997; Spearet al. 1997), buhas on occasion caus8@%mortality in
captivecoloniesin AustraliaandGermany(Creepet al. 1998). Another exampls boid
inclusion bedydiseasewhichis likely causedy a retrovirus andausesentralnervoussystem
abnormalitiesanddeathin affectedcaptiveboid snakes (Chang and Jacobson 20W\0jile boid
inclusion bodydiseases a globalissue it hasonly beenreportedn captivity (Chang and
Jacobson 2010; Hetzelal. 2013). Athird exampleis the bacteri®seudomonas sp, which
cause an outbreak afiecroticdermatitisin a captive colony of theritically endangereavestern
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613 swampturtle (Pseudemydura umbrina). This causecdhighmortality in the captivepopulation
614 (Ladymanet al. 1998),butsimilar infectionshavenotbeendetectedn wild populations.

615 Diseasesuchasthosedescribecabovecandelayor prevent reintroductioattemptsas well as
616 reducing the number of precious individuals in captive insurance populations. Simply due to
617 spatial constraints namalsbroughtinto captivity areoftenmaintainedat higher than natural
618 populationdensitiespotentiallyresulting instressfulconditions thamaylower theimmune
619 capacity tarespondo infection.Captivediseaseutbreaks mighthereforebe minimizedby
620 developing @etterunderstandingf how these are mediated by captive husbandry (e.g.
621 nutrition, housing) ofeptilesand amphibians (Pessier 2008).

622

623 Theimpactsof thediseasechytridiomycosis on amphibians Hasenwell-studiedandreviewed
624 (Boweret al. 2017a; Scheele al. 2014; Woodhamet al. 2011), andnitigatingrisk of the

625 spreadof this pathogehasbeenincorporatednto policy governing the management of

626 threatened.and declining amphibspecieCommonwealth of Australia 201@)Jowever the
627 sameresearcland managemeeffort hasnotbeenundertakerior otherdiseasesWhere

628 diseases do not directbausespecieextinction,populationanstill be negatively impactety
629 parasitesparticularlyin smallpopulationsFor example, ranaviruis widespreadn amphibian
630 andreptilespeciegylobally, andwhile it cancausemassdeclinesjt oftendoes notHowever,
631 only aftera longtermstudyexploringmanydifferentranaviruspositiveandranavirus-negative
632 populationds it clearthatranavirushasanoverall negativeffecton population growth over
633 time (Teache®rtal. 2010).

634

635 The extent to which parasites can act as a threatening process is unclear in mahgrogses.
636 termpopulationlevel effectsof Fibropapillomatosiare unknownin mostregions but Hawaiian
637 greenturtle populations haveecoveredrom initial declineslespitediseaseresence

638 (Chaloupka.and Balazs 2005; Joeeal. 2016).While myxosporea and sparganosiise

639 diseasen amphibiansandoccurin manylocations arounthe globe, prevalence amphibian
640 communities andmpactof diseasen populationss essentiallyjunknown Bergeret al. 2009).
641 Mostdiseaseslescribedn reptiles and amphibiarsereportedascasestudiesoftenwithout
642 informationof diseasgrevalence or populatiampact

643
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644 A greater nderstandin@f basic ecology such g®pulationlevel dynamics andmpactsof

645 diseasas requiredfor a more thoroughly informed effort in undertaking conservation of
646 decliningreptiles and amphibianBresentlythereis relativelylittle researctbeing conductetb
647 addressuchquestiongor amajority of knownparasitesFurthermore, many parasites regulate
648 host populations without necessarily causing conservation concern. This maystrtanifegh
649 effects on coexistence, competition, predation and herbivory that help maintaimyindise
650 system'through'a complex set of interacti@fiatcheret al. 2012). Dseasas oftennot the

651 ultimatecauseof extinction;therefore minimising otherstressorssuch ashabitatfragmentation
652 andpollution, will increasethe resilience of populations and their ability to tolediteass in
653 the future JHowever, there is also a clear need to understand how parasites dustheir

654 interactwith“each other and the environment if we are to be best prepared to manage the
655 inevitable consequences of ongoing anthropogenic activity. Threatening &retorst limited to
656 hosts, parasites themselvesay be up to ten times more vulnerable than baséline extinction
657 rate(Colwellet al. 2012). Given the infancy of our understandufigparasite ecologfrom

658 species diversity through to functional rolaed the lack of current capacity joarasite

659 conservation;these impaetee difficult to predic{Cizauskast al. 2017). Thancreasing

660 appreciation oa global decline imiodiversity,particularlyof amphibians andeptiles(Gibbon
661 et al. 2000)suggests thdtitureresearchs certain tdurtherunravelmechanismshat allow us to
662 understand the role played bgrpsitesn ecologyand evolution.

663
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