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Abstract
HOST-PARASITE ECOLOGY ORBBAETIS BICAUDATUMAYFLIES
AND GASTEROMERMISP.NEMATODES IN HIGHALTITUDE STREAMS

Kara J. Cromwell

University of WisconsirMadison

Understanding parasite strategies for dispersal, transmigsaductionand survival
within heterogeneous environmerg<scritical to foreasting patterns of disease risk across space.
Neverthelesshere idimited insight intohow envionmental drivers influenamostparasites
and their ecological interactions. This dissertation addresses that knowledge gap with empirical
data collected & observations and experiments at different scales (microcosm, mesocosm and
largescale field manipulation) to study the interaction of a common, abundant mayfly host,
Baetis bicaudatysand its castrating nematode parasitasteromermisp. in a dynamic high
altitude stream network. Chapters 1 and 2 investigate the role of abiotic factors (habitat and
temperature) in driving hotspots of parasite infection, and Chapters 3 and 4 evaluate
consequences of host biotic interactions (foraging aadgbor exposure) for parasite
performance and survival. Findings demonstrate that, while this parasite apparently manipulates
its host to take advantage of host dispersal behaviovatiability in suitable oviposition habitat
that limits host recruitmerdoes not limit its parasite. Therefore, spatial heterogeneity in
infection rates may be shaped more strongly by-galsinization conditions within patches than
by betweerpatch differences that influence host density or parasite dispersal. For example,
multiyear surveys indicate that temperature has differential impacts on host and parasite

development, with the potential to match (in colder sites) or mismatch (in warmer sites)



viii
susceptible hosts and infective parasites, influencing spatiotemporal paft@arasitism. We
also discovered that, when top predators are present, parasites change their trophic strategy
within the host so that their growth remains uncompromised but host resources are significantly
depleted. Further, parasites decrease thesexp@nd predation of their hosts to benefit their
own survival in risky environments. Those strategies are consistent with parasite adaptations that
favor longevity and growth within the host, despite environmental fluctuations, which aligns
with the life historyrequirement®f a parasitic castrator. Together these findings illustrate that,
despite the intricate connections between parasites and hosts, they nevertheless diverge in
responses to key abiotic and biotic gradients. Therefore, predicting eviditiens will promote
parasitism should account for details of a parasiteOs natural history and how it interacts with

environmental variables to achieve dispersal, transmissidrswanival.



INTRODUCTION

Understanding the causes and consequences o$elisaa been a focus of health
sciences and epidemiology for nearly two centuisesw 1849)but has relatively recently
garnered attention from ecologists. Bringing ecological perspectives to bear on the central
guestions of pathogen evolution, transmissaand virulence has yielded elegant explanations of
parasite life history strategiéBoulin 2006) along with ample evidence that parasites not only
change behavior and fitness of individual hosts, but also can regulate pop\katibies and
Wiley 192, Hudson 1998)structure communitiesind alter ecosystem functihhomas et al.
2005, Hudson et al. 2006, Dunn and Hatcher 2084jjling over from the accumulation of
ecological knowledge, a wealth of stories have made inroads into popular litaraduresdia,
presenting parasite life histories as a parade oteotutionary dramas (e.@jmmer 2001, Zuk
2008, Drisdelle 2011and illuminating the connection between ecology and human disease risk
(e.g., Quammen 2012)

An interest in the ecology dlisease has also coincided with a search for what patterns,
predictions and pathways to sustainability ecology can reveal in the context of global change
(e.g., Lubchenco et al. 1991, Kareiva and Kingsolver 1992, Vitousek.1®9%he confluence of
theseefforts, ecologists seek to understand how changing environments interact with disease
transmissior{Wilson 2001, Lafferty et al. 2005, Dobson 2009, Lafferty 2088} only for the
numerous parasites and pathogens that affect hufiRatset al. 2004, Wibx and Gubler 2005,
Johnson et al. 2009ut also for diseases of plants and wildlife that potentially threaten both
commerce and biodiversi)Knops et al. 1999, Daszak 2000, Bradley and Altizer 2007, Johnson

et al. 2008a, Dobson 2009)



The fascinating, often intricate relationships among parasites, hosts and environment
emerge from a tendency of parasites to be specialized and deeply embedded within ecological
interactiongPrice 1980, Lafferty et al. 2006, Hatcher et al. 20¥2)en trasmission is
governed by a complex interplay of biotic and abiotic variables, the outcomes for disease risk
can be highly contexdependent, with transmission hotspots emerging at some times and places,
but not in others (Vale et al. 2011, Duffy et al. 2DIThis contextdependency suggests that
environmental changes can, in turn, remap the spatiotemporal mosaic of disease by shifting
gradients of habitat quality or patch size that influence connectivity, dispersal, or survival of
hosts and parasites (Patzal. 2000, Hall 2010, Rohr et al. 2011). Nevertheless there is little
mechanistic understanding of how environmental drivers influence the ecological interactions
and transmission of most diseasising organism@.afferty and Kuris 1999, Plowright at.

2011)
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networks stand out as natu ra||y Figure 1. Parasite populations are affected by rates of dispersal into new patches of
available hosts, transmission into susceptible hosts within patches, resources
. available for production, and survival through the parasitic stage, all of which are
heterogeneous and disturbance influenced by environmental context. Focusing on the four elements of this cycle,
my dissertation investigates how key abiotic and biotic environmental gradients
prone Systems that are also inﬂue.n.ce host-parasite 'interactions between Baetis bicaudatus mayflies and
parasitic Gasteromermis spp. nematodes.



vulnerable to the myriad alterations that face hu@minated landscapes, including changes to
climate, land cover, connectivity, chemistry and species disimitis(Johnson et al. 2008b,

2010, Johnson and Paull 2011, Okamura and Feist 2R&¥rtheless, we know especially little
about disease organisms and processes in streams or other freshwaters, although investigating
them could provide useful models @rpsite strategies in dynamic, heterogeneous and

potentially novel systems (Okamura and Feist 2011).

The aim of this dissertation is to examine kdyotic and biotianfluences on and
consequences of parasitism of a foundation species in stream ecosystems, the mayfly grazer
Baetis bicaudatysn the context of environmental heterogeneity. This goal comprises 3 related
objectives: 1) to test for effects of adult hospersal and oviposition habitat availability on
parasite distributions; 2) to evaluate relationships among water temperatugartasge
phenology, parasite transmission and production; 3) to measure the consequences of parasitism

for the effects of tp predators on foraging behavior, growth and survival of hosts and parasites

(Fig. 1).

Natural History

This dissertation focuses on parasitisnBaetisbicaudatusmayflies, an abundant and
widespread insect whose larvae live in high elevation streaths iwestern USThis speciess
the most efficient insect grazer of attached algae within streams of the region (Alvarez and
Peckarsky 2005) and is preferred prey to predatory invertebrates and salmonids9@3an 1
Peckarsky and Penton 1989)

Baetishas demonstrated resilience to the existing heterogeneity of streams, including

patchy distributions of both resources (food, suitable habitat) and risks (disturbance, top



predators and parasites), but changes to this template could generate novel cavithtions

unpredictable effectd?eckarsky et al. 2011Recent episodic and directional environmental

changes in high elevation ecosystems (Inouye et al. 2000) present complex, multiple, interactive

and/or novel stressors to bidi#illiams et al. 2007))AlthoughBaetismayflies may be

inconspicuous in the public perception of such iconic settings, decades of research on their

functional ecology suggests that abundance, commonness, and exceptionally strong food web

interactiongAlvarez and Peckarsky 201gdpstion them as foundation species (Ellison et al.

2005).Thereforeresponses dBaetisto a changing environment could exert strong higinder

effects Failing to understanuinpactsof humanaccelerated environmental changeBaetis

could precede the flare to manage regional watersheds for the intrinsic value of biodiversity,

the healthy function of ecosystems, and the distinctive cultural services trout streams provide. A

key to understanding the status and fatBawtisin altered ecosystems is eldating the role of

the Ohand in the puppetO (Hechinger et al. Rad@prasite with the potential to infect > 50% of

individuals and mediate nearly every ecological interaction in which its host participates.
Gasteromermisp. mermithids (Poinar 1991) parasitize early instarBadtislarvae by

penetrating the integument of the host and eventually growing within its abdomen, until the larva

molts to an adult (Hominick and Welch 1980, Vance and Peckarsky 1996). Parasitisatelytim

castrates the host and causes morphological and behavioral sex reversal of males, so that both

male and female adult hosts join unparasitized females in dispersal and oviposition behavior

following metamorphosis (Vance 1996Bhpetisis highly seleave for oviposition habitat,

laying its eggs under large rocks protruding from streams in fast flow, which decreases the

probability of eggs desiccating (Encalada and Peckarsky 2006). The oviposition flight of

parasitizedBaetis however, culminates not thiegglaying but with the mermithid emerging



from its host under water at the landing site. Once free, it overwintansraseproductive

adult, and then matures to adulthood and reproduces the following summer; itOs progeny will
then pursue new (mostsarly instarBaetishosts (Hominick and Welch 1980). Therefore, adult
parasites dispersed Baetisof generatiort produce offspring that infect the néetis
generationf+1 (see Chapter 1, Fig. 1 for lifecycle).

Beyond its immediate effects on lalVvests, there are few certainties about
Gasteromermiskey details of its life history, dispersal, transmission, and role in community
interactions remain enigmatic. Previous work has generated many useful hypotheses, however
(Vance 1996b, Vance and Perdiey 1996, 1997)and the fact that any attention has been paid to
its ecology makes it a rarity among parasites of stream invertebrates. In contrast to the relative
scarcity of knowledge abo@asteromermisthe life history and ecology of its hoBlaets
bicaudatus have been the subject of decades of researchReakarsky 1980, Allan and
Flecker 1989, Kerans et al. 1995, McPeek and Peckarsky 1998, Peckarsky et al. 2001, 2002,
2008, 2011, Encalada and Peckarsky 201This foundational knowledge iisdispensable for
generating hypotheses to target key aspects of parasite life history, transmission and survival
strategies, building a strong case study of the impacts of multiple and novel stressors on disease,

with potential higher order effects.

Study Area

My approach combined observational field surveys with experiments at different scales
(microcosms, mesocosms and field manipulationff)e East River drainage basin near the
Rocky Mountain Biological Laboratory (RMBL) in Gothic, Colorado, USA (Gbkapter 1, Fig.

2 for map of location). These rockpttom streams are located & 900 m elevation and runoff



is generated primarily by snowmelt, though some streams originate from groundwater or lake
outlets. Average peak discharge occurs between late May and early July. Streams throughout the
drainage have comparable water chemistry, but vary in size and ploysicacteristics

(Peckarsky et al. 2001, 200For decades ecologists have investigated this-dlighvation

watershed which, like other intensively studied ecosystems near RMBL (e.g., Billick and Price
2011), has potential to serve as a touchstone éssprg questions regarding rapid

environmental changes that are occurring(lre et al. 2000) and forecdst the regionPainter

et al. 2010)
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CHAPTER 1 bParasitesthat manipulate insecthostsfor dispersaldo not benefit from

increasesin host oviposition sites

AUTHOR KaraJ. Cromwell?
Departmenbf IntegrativeBiology, Universityof WisconsinMadison,Wisconsirb3706USA

’RockyMountainBiological Laboratory,P.O.Box519, CrestedButte, Colorado81224USA

ABSTRACT

Parasitanducedchangedo hostdispersapotentiallyinfluencethedistributionof parasitesand
infectionrisk for hosts.Gasteromermiss a castratingendoparasit nematodehatinfectsbath
malesandfemalemayflies(Baetisbicaudatu} but feminizesmalehostsandmanipulateshemto
dispersegoarasiteso aquatichabitatsvia a mimicry of femaleovipositionbehavior.In astream
networkwith high spatialheterogeneityn parasitismwe usedsurveysanda largescalefield
manipulationto 1) evaluateparasiteeffectson hostdispersakapacityandsite selectionand?)
testwhetherexperimentallyincreasinghostovipositionhabitatwould increasammigrationof
parasitizechosts,with subsequenncreassin parasiterecruitmentandprevalencen the next
generationlnitially assuminghatmanipulationbenefitsthe parasiteby increasinghost
encountersroundovipositionsites,we predictedthe parasitewould not affecthostdispersal
capacityor site selectionandthatmore parasitesvould be dispersedo siteswith abundant
ovipositionhabitatsubsequentlyncreasingoarasiteransmissionin contrasto predictionswe
foundthatparasiteslecrasedhostdispersakapacity(flight muscleratio) and<2% of adult
mayfliescapturedat ovipositionsiteswereparasitizedWe alsoobserveda negativerelationship

betweenheflight muscleratio of hostsandthe percentbiomassf parasiteheycontaine,



11

consistentith atradeoffbetweerparasitegrowthandhostdispersaktapacity.Furthermore,
experimentallyincreasingovipositionhabitatavailablefor dispersabf hostsin naturalstreams
hadno effecton parasiterecruitmentor hostinfectionrisk. We concludethatthevariability in
suitablehabitatthatlimits hostrecruitmentdoesnot limit its parasiteand,therefore doesnot
contributeto observedspatialpatternsof infection. Instead)ife historyeventsthatoccurin the
monthsbetweenvhenparasitesaredispersedandwhentheir offspringinfect the nextgeneration
of hostsdisconnectlispersaldynamicsfrom recruitmentanddilute colonizationeffects.
Therefore heterogeneityn infectionratesmay be shapednorestronglyby postcolonizaton

conditionswithin patcheghanby betweenrpatchdifferenceghatinfluencedispersal.

Keywords: parasitismdispersalfradeoffs,oviposition,hostparasitanteractionsmayflies,
manipulationmermithids feminization

Coauthor: Barbara.. Peckarsky?

INTRODUCTION
Like manyorganismalnteractionsthedistributionof parasitisms oftenpatchy(Paine
andMullens 1994,Smith 2001,PoinarandPoinar2003,Stuartetal. 2006,Paulletal. 2011)
Discreteareaf high infection, whethersustainedhotgotsCr epidemicoutbreakscanhave
stronglocal effectson hostpopulationsandcommunitieswith potentialto becomesourcesf
parasitespreadKrko'ek etal. 2005,BradleyandAltizer 2007,Paulletal. 2011) Therefore,
detectingunderlyingcause®f parasitisms acritical steptowardpredictingwheredisease

hotspotsarelikely to arise.
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Basictheoreticaimodelspredicthostparasiteencounterso increasewith numbersof
hostsor parasitessuggestinghatdispersabehaviorcouldlocally increasanfectionrisk if it
resultsin parasitesaggregatingvith high densitiesof hostsin destiration patchegAndersonand
May 1978,Blower andRoughgarderi989,Hassell2000) Becausegarasitditnessis contingent
on successfutransmissionnto hosts,thereis considerablecopefor parasiteso benefitfrom
dispersaktrategieshatenhanceénostencountergLion etal. 2006) Suchstrategiecaninclude
parasitesaking advantagef hostdispersato perpetuateheir life cyclesandincrease
transmissiomates(PZrezTris andBensch2005)

Beyondbeingpassivelydispersedria hostmovementssomeparasitesnvestin actively
manipulatinghostdispersabehavior(Lion etal. 2006,Binning etal. 2017) Becausehose
parasitesely on their hostsnot only for dispersabut alsofor nutrition, manipulativeparasites
balanceallocatinghostresourceso their own growthagainstinvestingin the manipulation
(Poulin1994) Very little is knownaboutthe costsof manipulationputtheyarelikely to include
boththe directOinductiorcosts®f manipulatinghostphysiology(Thomasetal. 2005,2005,
Poulin 2010)andtheindirectcostof consumingewerhostresourceshecausehe hostshouldbe
left with sufficientreservedo completethe manipulatecdbehavior(Maureetal. 2013) In the
caseof dispersalwhich is energeticallycostly, hostmanipulationmay presenta substantial
tradeoff(Bonteetal. 2012) Neverthelessnanipulatingdispersakhouldbenefitparasiteshat
infect hostswithin a spatiallystructuredsystem|f it allowsthemto penetratenoreclustersof
susceptibldosts(Lion etal. 2006.

Habitatsuitability canbe animportantdriver of dispersabndspatialstructuringof
populationsthereforehabitatfeatureghataffecthostdistributionsandperformancelsohave

the potentialto affecttheir parasitegPenczykowsket al. 2016) Understandingnteractionsat
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the nexusof dispersalhabitat,andparasiteransmissiorwill enhanceur ability to identify
conditionsthatunderliediseaséneterogeneityandintensify hostinfectionrisk. However,
understandingherole of dispersain hostparasitanteractiongequiresconsideringhelife
historiesandbehaviorof both organismsalongwith their experiencef relevantenvironmental
gradientsAmid thesdayersof complexityandcovariatesit is achallengeto isolate
mechanismshatgeneratgarasitismhotspotsandwe arelacking empiricalstudiesof parasite
dispersahbility andtherole of dispersain shapingspatialdynamicsEkholmetal. 2017)
Combiningfield observationsvith experimentshatcontrolfor variationcanbean effective
approacho disentanglingpotentiallyimportantfactors(ResetaritandBernardo2001) For
example experimentghatmanipulatehabitatvariablescanbe usedto testprocesshased
predictionsaboutunderlyingdriversof parasitedispersalfransmssionandhostinfectionrisk.
With the goalof understandinglriversof naturalvariationin parasitismacrossa
landscapewe usedobservationgnda largescalefield experimento examinerelationships
amongparasitismgdispersalandhabitatselecton in a streamdwelling mayfly, Baetis
bicaudatug EphemeropteradBaetidae) Prior work in this systemhasdemonstratethat
dispersingadultBaetisarehighly selectivefor ovipositionhabitatwith traitsthatincreaseegg
survival (EncaladaandPeckarsky2006) andthatexperimentallyincreasingovipositionhabitat
increaseBaetisdispersato andsubsequentecruitmentwithin streamgEncaladandPeckarsky
2011b) Baetisis infectedby anendoparasitibelminth(Gasteromermisp., Nematoda:
Mermithidag thatis dispersedy adulthosts,suggestinghatovipositionhabitatavailability
couldalsobenefitthe parasiteandmediateinfectionrisk for Baetis(Vancel1996,Vanceand

Peckarskyl996)
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Thereis empiricalevidencethat GasteromermisnanipulateBaetisto facilitateits own
dispersainto appropriaténabitatsoy feminizingmalehosts(Vancel996;Fig. 1). Vance(1996)
hypothesizedhatfeminizationof Baetiscould benefitGasteromermigsiot only becausdéemale
behaviorinsuresparasitedispersaback into streamgwhereasadultmalesneverreturnto
streams)but alsobecausdemaleBaetisexpendessenergythanmalesduringthe adultphase
(do notswarm).Embeddedn thatinterpretations the predictionthatparasitesould payan
energeticostbut alsoexperiencea transmissiorbenefitby investingin the dispersabehaviorof
their hosts.

If parasitizecandhealthyadultBaetisaggregatet ovipositionsites,thenthosebehaviors
could concentraténfective parasitesith susceptibldostsof the nextgenerationbenefittingthe
parasiteby creatinglocalizedareasof high transmissionBy extensionselectiveovipositionof
Baetis which adaptivelypromoteseggsurvival (EncaladeandPeckarsky2006) couldalso
facilitate postrecruitmentepidemicsif the parasitananipulateshatbehaviorto its advantageln

generaldispersals expectedo play akeyrole in thedistributionandmetapopulatiomynamics

of mermithidsof agquaticinsectyStuartet al. Key Terms
L Parasite PrevalenceProportion of the host population
2006,Micieli etal. 2012)butto our infected by parasites = no. parasitized hosts / total

=

number of hosts; also an indicator of host infection ris

knowledgethe connectiorbetweerdispersal Parasite Recruitment: Successful establishment withi
a host, measured as parasite density = no. of parasit

S ] hosts / M (each host is infected by 1 parasite)
anddistributionshasnotbedirectly assessed | Fjight Muscle Ratio (FMR): Proportion of an individua
insectOs biomass composed of flight muscle = flight
in thefield. muscle dry mass / total body dry mass

N =2

Our specificobjectiveswerel) to evaluatedispersakapacityandbehaviorof infected
anduninfectedBaetisand?2) to determinewhetherspatialvariation in parasitisnresultsfrom
variationin availability of anddispersato ovipositionhabitat.WWe measuredlight muscleratios

(proxy for dispersakapacity)in infectedanduninfectedBaetislarvaebeforeemergencéo the
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adultstage andusedsticky trapsto comparedispersabf infectedanduninfectedadultBaetisto
ovipositionsites.To addressherole of ovipositionhabitatin driving parasitismwe combined
surveyswith alargescalehabitatmanipulationin thefield, in which substratesisedfor
ovipositionwereeitheradded subtractedor unmodifiedin 12 studyreachegN = 4). This
experimenenabledusto testthe hypothesighatincreasingovipositionhabitatwould increase
parasiterecruitment(i.e., successfuéstablishmentvithin a host,measuredsparasitedensity)
andhostinfectionrisk (i.e., parasite prevalencemeasure@s% hostsinfected)relativeto

conditionsbeforethe manipulation.

METHODS

Study area

We studiedstreamf the upperEastRiver catchmentywhich drainsanareaof 45-km?
nearthe Rocky Mt. Biological Laboratory(RMBL) in Gothic,Colorado,USA. Theserocky-
bottomstreamsarelocatedat approximately2,900m elevationwith run-off generategbrimarily
by snowmelt,althoughsomestreamsoriginatefrom groundwateor lake outlets.Streams
throughoutthedrainagenavecomparablevaterchemistry butvary in physicalattributessuchas
size,gradient,currentvelocity, substratgarticlesizesandwatertemperaturéPeckarskyet al.

2001,2002b,Wilcox etal. 2008)

Study organisms
Our researchocusedon Baetisbicaudatusanabundanandwidespreadnayfly whose
larvaelive in high elevationwatersheds the westernUSA. Following decadesf research,

manyaspect®f the organismalpopulationandcommunityecologyof Baetisare well
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understoode.g.,Peckarskyetal. 1993,2000,2001,2011) However,a significantknowledge
gapremainsaroundtheinteractionof Baetiswith the endoparasit&asteromermisp., including
thefundamentafuestionof why parasitismconsistentlyreacheshigh levelsin somestreams
while remaininglow in othersiteswithin the samewatershedVanceandPeckarskyl996;Fig.
2). Detailsof thebehaviorof parasitizedadults,includingthe effectof parasite®n dispersalare
alsolackingasmoststudies havefocusedon thelarval stage.

Baetislarvaearethe mostcommongrazersof perilithic algaein streamf the EastRiver
drainagePopulationsn this locationareunivoltine, with ovipositionoccurringin the summer
(JuneAugust)afterdispersaby wingedfemalesBaetismayfliesarerecruitmentimited
(EncaladaandPeckarsky2011a)mediatedoy the availability of optimal ovipositionhabitatfor
which theyarehighly selective aggregatinggggmassesinderlargerocksthatprotrudefrom the
streamin areasof swift flow, which decreasethe probability of eggsdesiccatingluringthe14d
periodof embryogenesifEncaladaandPeckarsky006) Adultsarevery shortlived (< 4 days;
VanceandPeckarskyl996,Peckarskyetal. 2002a) with femalesdying afterovipositinga
singleeggmass(Peckarskyetal. 2000) Oncehatched)arvaeoverwinter asfirst instarsand
advancehroughlaterinstarsbeginningin April, completinglarval developmenin the summer
(Fig. 1).

Throughthe springandsummer Gasteromermignfectsearly instarsof Baetislarvae,
causingsignificantchangedo the devdopment,behaviorandfitnessof its host.Newly hatched
pre-parasiticwormsburrowthroughthe cuticle of Baetislarvaeandresidein the body cavity
(oneparasiteper host),capturingnutrition by absorption(Hominick andWelch 1980,Vanceand
Peckarskyl996) Infectedhostsareparasiticallycastratecandthelarval periodis prolongedso

thatinfectedBaetismetamorphose wingedsubimagoswo or moreweekslaterthanuninfected
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larvaein the samestream(VanceandPeckarskyl996,Chapter2). Theyente theadultphase
still bearingthe parasite Observationsuggesthat, like ovipositingfemalesjnfectedadult
Baetisdisperseo protrudingsubstratesvherethey mimic ovipositionbehavior althoughthey
havebeencastratedy their parasiteandconsegently haveno eggsto deposit(Vancel996) A
remarkableaspecbf the Gasteromermiparasitds its manipulationof hosttraitsrelatedto
dispersabndoviposition.Althoughbothmalesandfemalesareinfected(Vance1996),when
Baetismalesbecomanfectedtheyexperiencenorphologicalandbehaviorafeminization:
morphologicallythey developsecondargexcharacteristicsesemblingemalesand
behaviorallythey exhibit the ovipositionbehaviorof adultfemaleshowever insteadof
depositingeggson substratest the destinatiorpatch,theyreleasea singleparasiticworminto
thestream(Vancel996) After exiting its host,the parasiteoverwintersin afreeliving stageand
reproduceshe following spring;its progenythenpursuenew (early instar) Baetishosts
(Hominick andWelch1980) Therefore adultparasiteslispersedy infectedBaetisof
generatiort produceoffspringthatinfect thenextBaetisgenerationt+1, andthe parasite

lifecycle alternatedetweera freeliving stageandenvironmentatransmissionnto a singlehost

(Fig. 1).

Surveys

Parasitedistribution, prevalenceand density.To assesspatiotemporabariationin
Baetisparasitismn the EastRiver catchmentve surveyedarasiteprevalenceanddensityin a
total of 15 streamsluringsummer20122015,samplingthe hostpopulation2-4 timesoverthe
summerat datesscheduledo capturethe peakin seasonainfectionrates.We consideredhe

peakprevalencevalueto be maximumlocal prevalenceneasuredbeforeBaetisbegan emerging
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from thatsite, becausgarasitizedaetistypically emergeat a laterdateresultingin biased
prevalenceestimatesn late summer At eachsamplingevent! 100Baetislarvaewerecaptured
from thebenthody kick sampling,preservedn 95% ethanol andreturnedo thelab wherethe
developmentastage morphologicallydeterminedsex,andinfectionstatusveredeterminedy
examinatioranddissectiorundermicroscopyat 20-100' magnification.We calculatecpbarasite
prevalencganindicatorof hostinfectionrisk) asthe numberof parasitizedarvaedivided by the
total numberof larvaedissectedOncepersummernearthe dateof peakinfection, we measured
parasiterecruitmentasthe densityof infectedBaetiscollectedin 3 benthicinvertebratesamples
in amodified Hesssampler(0.104m? per sample)placedon the streambedt randomlocations
within the stream Baetislarvaewerecountedandreturnedto thelab for processingand
dissectionlf thenumberof Baetiscollectedby this methodwas<100, morelarvaewere
collectedby kick samplingto obtain100individualsandestimateparasiteprevalencgasabove);
subsequentlyve estimatednfection densityby dividing the numberof larvaeby thetotal area
sampledandmultiplying by the proportioninfected.We definedparasiterecruitmentasthe
initial establishmenof a parasitewithin ahost.For Gasteromermisgn which oneparasitenfects
onehost,recruitmentis ameasuref densityof infectedhosts.This contrastgo hostrecruitment,
which for Baetismayflieshaspreviouslybeenmeasure@seggdensity.
Ovipositionhabitatavailability. To estimatevariationin the quantityof substrates
availableto Baetisfor ovipositionandparasitedispersalve surveyedone30-m reachin each
streamduring peakflight seasorof Baetis(mid July-early August)eachyearfrom 20122015.
We measuredhe densityof rocks(no. rocks/ m? stream)thathad3 traitsreportedby Encalada

& Peckarsky2006)asminimal criteriafor arock to be usedby Baetisfor oviposition: 1) adry
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surfaceprotrudingabovethe water,which Baetisrequiresasa OlandingradO2) a horizontal

surfacearea>150cnv; and3) surroundedy flowing wateron all sides.

BaetisDispersal Capacity and Behavior

Flight muscleratio. As anindicatorof the ability of adultparasitizedcandunparasitized
Baetisto dispersewe measuredheflight muscleratio (flight muscledry masgDM] dividedby
total body DM) of lateinstarlarvae(stagelll, developingwing padsarelongerthanwide;
DelucchiandPeckarskyl989)from eachgroup(parasitized\ = 26, unparasitizedN = 13). To
obtaintheflight muscleDM and total DM of anindividual, we first removedhead,abdomen,
legs,andany nonrmusculartissue(e.g.,esophaguandcontentsfrom thethorax,leavingonly
theflight muscleantact. Next, all portionsweredehydratedt 60 j C for 24 h, andthenweighed.
Total DM wascalculatedasthe sumof all driedbody portions.Thenthedry thoraxwassoaked
in 0.35M NaOHuntil all flight muscletissuedissolved.To clearall remnantof tissue the
thoraxwasrinsedwith a streamof wateruntil only thethoracicexoskeletorremainedIt was
thendriedagainat60 j C for 24 h andreweighedWe computedhe flight muscleDM asthe
differencebetweertheoriginal DM of thethoraxbeforetissueremoval,minusthe DM of the
clearedthoraxexoskeletonln infectedindividualsthe parasitevasseparatedhendriedand
weighedseparatelyThis protocolenabledusto computetheratio of parasite:hogbiomassand
examineits relationshipto FMR.

Baetisdispersalto ovipositionsites. During the sameyearasthe ovipositionhabitat
manipulation(detailedbelow) we estimatedheimmigrationof fertile andparasitizedadult
Baetisinto 12 sites,by distributing5 sticky trapsthrougheachstudyreachat the peakof the

dispersaperiod(28 July -13 August2014).Becausehe sticky trapswereintendedo capture
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Baetisdispersingnto specificovipositionsites,ratherthanintercepthemon aflight path,they
wereconstructedshorizontallyorientedlandingplatformsprotrudingfrom the streamin high
flow, mimicking the positionandfunction of ovipositionrocks.Eachtrap platformwasanempty
compactdisccasen theopenposition(28 x 12.5cm), paintedto blendwith streamsubstrates
andwith thetop surfacecoatedwith Tanglefoot™ adhesiveo trapinsectshatlandedonthe
platform.Platformsweremountedo a 10 cm squaresafetycapsfitted on the headof rebar
stakesanchoredn the streambedWe retrievedandreplacedraps3 timesduringtheflight
period.After retrieval,we returnedirapsto thelab, removedall Baetisanddissectedhemto

determinewhethertheycontainedeggsor parasites.

Field Experiment
Siteselection.

In 2014we begana 2-yearfield experimenin theupperEastRiver drainagebasinnear
RMBL (furthersite detailsin Peckarskyetal. 2014)to testthe effectof variationin oviposition
habitatavailability on subsequenevelsof parasitismn Baetismayflies.To accomplistthis
experimentve increasedhe densityof ovipositionsubstrate¢OadditiorsitesO)subtracted
ovipositionsubstrate$OsubtractioritesO)andmonitoredunmanipulatedontrol sitesin 30 m
reachesn 12 sitesin 2014(N = 4 pertreatment)We measuredhe effectof manipulating
ovipositionsitesavailableto theyeart hostgeneréion (in 2014)by quantifyingparasite
recruitmentandprevalencen hostlarvaeof theyeart+1 generationn 2015, after hostshad
overwinteredasfirst instars.

We positionedthe experimentateacheso be boundedy naturalbarriersthatwould

disconrectmanipulatedcareadrom upstreansites,becausdarval drift from adjacentreaches
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coulddilute or amplify evidenceof aresponseo the habitatmanipulationf immigrationand
emigrationdid not occurat equalrates(anassumptiorthatwe testeddirectly afterthe
manipulation).This protocolimposedsomeconstraintn the spatialscaleof the experiment
suchthatreachlengthsof 30 m werethelongestsitesavailablein smallerstreamsHowever,
availableevidencesuggestshatmanipulatingoviposition habitatat this spatialscalewas
appropriatdor measuringheresponseariableshe experimenwasdesignedo test.Previous
studiesof healthyBaetisbehavioranddemographictiavebeendoneat similar scalegEncalada
andPeckarsky2011a,2011b) and otherevidencesuggestshataquaticphaseof the mermithid
Baetislifecycle may play out atevensmallerscalesFirst, parasitexolonizethe substratet the
locationwherethey aredispersedthey crawl over small spatialscalesasjuvenilesanddo not
rove asadults(EbsaryandBennett1973,PoinarandPoinar2003) Oncethe hostis infectedby
the parasitejts tendencyto drift is suppressedsuggestinghatinfectedBaetisshouldoccupya
smallerpatchsizethanuninfectedBaetislarvae(Chapterd).

We useda stratifiedrandommethodto allocatesitesto addition,subtractiorandcontrol
treatmentstakinginto accountnaturalphysicalandbiological variationamongstreamsOur first
criterionwasto selectstreamswith initial parasiteprevalerce (basedon prior surveysin 2012
2013)thatwould bestenableusto detectchangedueto the manipulationIn particular,because
we intendedto testfor adecreasén parasitisnfollowing habitatsubtractionwe couldnot
expectto detecta negativeeffectin streamswith low initial prevalenceThereforestreams
assignedo the subtractiortreatmenthadhigherinitial prevalenceestimatesand,conversely,
streamsassignedo the additiontreatmentadlower initial prevalenceestimatestherewasnota
sufficientpool from which to selectsiteswith similar initial prevalencdor bothtreatmentsThe

stratifiedapproachpresente@® majorrisks. First, thatinitial prevalencevasdeterminedy an



22

unknowndriver thatvariedsystematicallybetweersiteswith high versudow initial prevalence,
limiting the potentialfor our manipulatiorto affectprevalenceandfurtherlimiting our ability to
generalizesffectsbeyondthe manipulatedstreamsTo mitigatethatrisk, we avoidedsystematic
variationin intrinsic habitatdifferenceghatwe wereawarecould plausiblyaffectthe host
parasitanteraction.Therefore gachtreatmentvasassigned representativeetof streamtypes,
attemptingto balancethedistributionof streamsize,temperatureandhostdensity(TableAl). A
secondisk wasthatinterannualariationwould disruptthe prevalenceatternsve hadobserved
beforethe experimeni20122013),anduponwhich we basedour treatmentsn 2014;butthis
changewould not be detectableuntil afterthe manipulationhadbeencompletedThis variation
did occur,andultimatelyresultedn meaninitial prevalencen theyearof the manipulation
(2014)notdiffering amongtreatmentsin contrasto the originally intendedstratified
experimentatesign.

Manipulationof oviposition habitat.In additionsiteswe attemptedo increasahe habitat
availablefor immigrationof dispersingparasitizedBaetis(andtherebythe supplyof
reproductiveparasites)nto experimentateachedy addingsubstrateshatthe infectedhostsuse
for depositingparasitedackinto the stream.In eachsite we increasedubstrateso 150%o0f the
meandensity(no./ n¥?) thathadbeenobservediuring peakBaetispreviousflight seasonsTo
avoid modifying benthichabitatby transportinghew substrateto the streamtherebychanging
thelarval habitat,we accomplishedhe additionby repositioningexistingrockssothatthey
protrudedabovethewatersurfaceandbecameavailableasdispersakitesfor Baetis(Encalada
andPeckarsky2011b) In the subtactionreachesve submergegrotrudingrocksto makethem
unavailablefor dispersingBaetis We eliminateddispersahabitatwherepossible pbut someof

thelargest,embeddedboulderscould not be submergedThesesubstratesvereassumedo be
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relatively unimportantfor dispersabecaus®vipositingfemaleBaetisdo not preferembedded
rocks(EncaladaandPeckarsky2006) Sincestreamwaterlevelsdeclinethroughthesummerwe
returnedio manipulateditesweekly andsubmergedll newly protrudingrocks(Figs.Al & A2).
In controlsiteswe left the rocksunmodifiedbut monitoredthe naturalavailability of dispersal
habitatthroughthe summer Theinitial manipulationbeganon 7 July 2014,afterspringflow had
abatedenoughfor streamdo be accessibleand continuedfor 6 weeksuntil the endof the Baetis
flight period(13 August2014).

Baetismovementhroughexperimentateaches.To testthe assumptiorthatdrift
movement®f larval Baetisdid notresultin anetimport or exportof parasitizedndividuals
from experimentateacheswhich couldbiastheresponsé¢o habitatmanipulationwe measured
thedensityof Baetisandprevalencef parasitesn Baetisdrifting in thewatercolumnbothinto
andout of eachstudyreach.Dependingon streamwidth, 1-2 drift nets(opening25x 29 cm)
werepositionedat the upstreamanddownstreanreachboundariesBecausalaytimedrift of
Baetisis low in streamswith trout (McIntoshetal. 2002) netsweredeployedat2100h andeach
wasleft for 10-60 min, duringwhich we predicted> 100individualswould be capturedpased
on previousdataon Baetisdrift densitywithin eachsite (Wilcox etal. 2008) All samplesvere
preserveavith 90% EtOH andreturnedto the lab wherethe developmentastage,
morphologicallydeterminedsex,andinfection statusof all Baetisweredeterminedy
examinatioranddissectionDrift samplesverecollectedin July 2015,to overlapwith the dates
in which parasitismwasmeasure@sa responseo the habitatmanipulationcarriedout the
previousyear.We calculatedandcomparedmmigrationratios(drift densityin / drift density

out) of parasitizedandhealthyBaetiscolleded betweerupstreamanddownstreandrift samples;
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ratios>1 indicatenetgainof Baetiswhile ratios<1 indicatenetlossof Baetisfrom experimental
reaches.

Estimatesf parasitism.To testwhethermanipulationof ovipositionhabitatin 2014
affectedparasitismin 2015we comparecdestimate®f parasitgprevalencenddensityin the
generatiorbefore(2014)andafterthe manipulation(2015).Samplesrom experimentakites
werecollectedandprocessedscomponent®f themulti-yearparasitismsurvey,by the same
methodsdescribechbove Becausenfectionsoccurdynamicallyandcontinuouslyover several
weeksof Baetislarval developmentywe usedpeakprevalenceastheresponseariableof
interest,becausehis estimaterepresentshe maximumpotentialof a siteto reducefitnessin the

local hostpopulationandto sourceparasitgpropaguleso othersitesthroughoutthedrainage.

Analysis

SurveysTo examinespatiotemporabariationin parasitismn the EastRiver catchment
we fit alinearmodelof pe&k parasitgprevalencevith site,year,andtheir interactionas
predictors We examinedspatiotemporavariationin ovipositionhabitatwith a similar linear
modelof ovipositionsubstratevailability (no. substrates/f log[x]-transformedo meet
normalty assumptions)We usedPearsorcorrelationanalysisto evaluatetherelationship
betweerovipositionhabitatdensityin yeart andparasiteprevalencen the subsequent
generatiorof Baetis(yeart+1).

Baetisdispersalability. We usedKolmogorov+Smirnovteststo comparethedistribution
of FMR betweemnparasitizednayflies(which appearto befemaleandexhibit femaledispersal
behavioralthoughtheir geneticsexis unknown),with unparasitizeanales(which fly in swarms

to obtainmatesput do not disperseébackto streamspndunparasitizedemaleBaetis(which
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dispersebackto streamdor oviposition).We usedlinearregressiorio determinef theratio of
parasite:hosbiomasswvasa significantpredictorof FMR. We expectedhe proporton of host
biomassallocatedto flight musclego decline(a negativerelationship)with increasing
proportionof hostbiomasscomprisedf parasiteaf thereis atradeoffbetweerenergyallocated
to the parasiteversusflight musclesof the host.

To detectdifferencedn immigrationof adultBaetisto ovipositionsitesusedin thefield
experimentwe comparedhetotal number(log[x]-transformedpf unparasitize@aetiscaptured
in sticky trapsamongtreatmentypesusinga linear model.Captureof paragized Baetisin
sticky trapswastoo low (4 individuals)for statisticalanalysis.

Field experimentTo testfor aneffectof habitatmanipulationon parasitismwe evaluated
two outcomesparasiteprevalenceandparasiterecruitment(no./n?). We compare the valuesof
eachvariableestimatedeforethe manipulationin 2014to thevaluemeasuredfterthe
manipulation(2015)by fitting a generalizedinear mixed-effectsmodelswith treatment
(substrateaddition,subtractioror control)andtime (beforeor after substratananipulation)as
fixed effectsandsite asa randomeffect. We wereinterestedn whetherthe manipulation
affectedchangen parasiteprevalencer recruitmentdependenon treatmentwhich would
manifestasa significanttreatment' time interaction.In 20150neof the additionsites(Avery)
wasscouredoy alandslidebeforewe could measurgheresponseariablesthereforewe could
not estimateprevalencefterthe manipulationyesultingin anunbalancedlesign.

Baetisdrift. We compmredimmigrationratiosof parasitizedBaetisamongtreatmentypes
usingoneway ANOVA. All analysesveredonein R 3.2.4(TheR Foundatiorfor Statistical

Computing2016).
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RESULTS

SurveysDuring the 5-yearsurveyof Baetisparasitismaveragawithin-streamprevalence
rangedfrom <2%to 80% (medianl13%)acrosssitesin the EastRiver drainagePrevalence
variedsignificantlyamongsites(F = 14.4,p < 0.001)andacrossyears(F = 9.78,p < 0.006),but
sitedifferenceswvereconsistentacrossyears(F = 1.09,p = 0.423for thesite" yearinteraction;
TableA3), suchthatsomesiteswereconsistenOhotspots@i parasitismmevenin yearswhen
overallprevalenceavaslower atthe drainagescale(Fig. 2). Similarly, the availability of
ovipositionhabitatalsodifferedamongsites(F = 15.5,p < 0.001)andacrossyears(F = 12.6,p
< 0.005),andit did notvary significantlywithin sitesovertime (F = 1.37,p = 0.306;TableA3).

Therelatively stableavailability of ovipositionhahtatsandparasitegrevalenceamong
yearswithin sitessuggestedhatintrinsic habitatfeatureswvererelatedto parasitehotspots.
Accordingly,in thefirst yearsof surveys2012- 2013)we observedhatovipositionrock
densityin yeart waspositively correlatedvith parasiteprevalencen yeart+1; thoseearly
observationsnotivatedthe experimentatestfor a causeof this relationshipbeginningin summer
2014(r?=0.75,p = 0.026).However,aswe continuedsurveysover subsequengears(2014-
2016) theoriginal patterndiminishedanddisappearedltogether(Fig. 3).

Baetisdispersalability andbehavior.AverageFMR waslowestin parasitizedBaetis
(geneticmalesandfemalescombinedmeant SE parasitized:0.108+ 0.013;unparasitized
females0.161+ 0.015;unparasitizeanales:0.129+ 0.031),andthedistributionof FMR
observedn parasitizedBaetiswassignificantlydifferentfrom thatof unparasitizedemalesthat
theyaremanipulatedo mimic (K-Stest,p = 0.049;Fig. 4A). In parasitizedBaetis FMR

decreasewvith increasingparasite:hosbiomasgatio (r> = 0.20,p = 0.023;Fig. 4C), consistent
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with atradeoffbetweerenergyallocationof biomasgo parasiteandallocationto hostflight
muscleslin fact, the biomassf parasitecanevenexceedhatof their hosts(Fig. 4B).

Sticky trapsdeployedn all experimentakitesto detecttreatmentifferencesn
immigrationinto sitesindicatedno differencesamongtreatmentsn total numberof adult
unparasitizd (p = 0.411)Baetisfemalesdispersingo sites(Fig. 5). Remarkablypnly 4 of 292
(1.4%) capturedadult Baetisimmigrantswereparasitizedijn contrastto ! 20% average
prevalencen late-stagelarvaeacrosghedrainagan 2014.This observatiorimits statistical
inferencegsegardingparasitizedBaetisimmigration,but suggeststrongnegativeeffectsof
parasitegt somepointin thetransitionbetweemmetamorphosiandimmigrationat oviposition
sites.

Field experimentBeforethe manipulatiorntherewasno differenceamongtreatmentsn
thebaselineavailability of ovipositionhabitat(F = 2.98,p = 0.11).By manipulatingoviposition
rockswe wereableto increasehe densityof ovipositionhabitatin additionsitesby ! 150%
relativeto baselinemeasuementsandsustainthisincreasehroughthe Baetisflight seasor{Fig.
Al). Thesubtractiortreatmentesultedn a smallershift from baselinehanthe addition
treatmentdueto thedifficulty of submerginghelargestiembeddedbouldersandbecausehe
maximumpotentialchangewvascappedoy the startingdensityof substrates thesesites.

We found no systematichangesn parasiteprevalencesa resultof therock
manipulation(#2 = 3.92,p = 0.14for thetreatment' time interaction;TableA4, Fig. 6).
Similarly, therewasno effectof the manipulationon the changen parasitedensity(#2 = 2.63,p
=0.268;Fig. 6). Furthertherewereno significantcontinuougelationshipof parasite
prevalenceor densityversusovipositionrock densityacrossall manipulatedsites(r?= 0.02,p =

0.701;r>= 0.06,p = 0.463,respectively) Togethemwith theoverall lack of arelationship
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betweenthe availability of hostovipositionhabitatandparasiteprevalencd€Fig. 3), the outcome
of this experimenis consistentvith the hypothesighatthe variability in suitablehabitatthat
limits hostrecruitmentdoesnot limit its parasiteand,therefore doesnot contributeto observed
hotspot<f infectionrisk.

Baetisdrift behavior.We testedthe assumptiorthat parasitizedaetismovedinto and
out of experimenteachest the samerate.While thatassumptiorwasconfirmedin controland
additiontreatmensites,in the subtractiortreatmensignificantly moreparasitizeBaetislarvae
drifted out of reacheghaninto them(i.e.,immigrationratio< 1;t =-4.93,p = 0.016;Fig. A3).
This outcomecould havefurtherreducedhe prevalenceof parasitesn habitatremovalreaches;
however therewasnot a significantreductionin parasitismn thosereacheslespitethe potential

for drift dispersabiasingprevalenceof parasitesn thatdirection(Figure®6).

DISCUSSION

Hostparasitanteractionsoccuron a spatialmosaicsuchthatin somepatchesusceptible
hostsconfronthighrisk of parasitanfections,whereotherpatchesffer low-risk shelterdrom
diseaseThe supplyof infective parasitesaninfluencehostinfectionrisk, especiallyif it
covarieswith hostdensityasaresultof similar dispersalsettlementindrecruitmentpatterns
(Byersetal. 2014) We foundthat,ratherthanmimicking the dispersatrendsof healthyhosts,
parasitizedBaetismayflieshadlower dispersatapacity(flight muscleratio) andimmigratedinto
ovipositionsitesat lower rates(reflectedin sticky trap captures)Consistentvith those
differencesgxperimentallyincreasingovipositionhabitatavailablefor hostdispersain natusal
streamswhich wasinitially predictedalsoto increaseparasitesupply,hadno effecton parasite

recruitmentor hostinfectionrisk. We alsofoundanegativerelationshipbetweera hostOflight
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musclemassandthesizeof its parasitesuggestingha partof this negativeresponseo
manipulatingovipositionhabitatmay be explainedby physiologicalconstrainton
Gasteromermiparasitestesolvinga tradeoffbetweerallocatinghostresourceso their own
growthandleavingthe hostsufficientreserveso maintaindispersakapacity.In addition,
differencedbetweerhostandparasitdifecyclessuggesteasonsghatselectivityfor oviposition
siteswould benefitthe hostbut not the parasite Ultimately the variability in suitablehabitatthat
limits hostrecruitmentdoesnot limit its parasiteand,therefore doesnot contributeto observed
hotspotsf infectionrisk.

Negativeeffectsof parasitismon hostlocomotionarecommon(Moore 2002)including
examplesf parasitismdecreasingnsectflight ability (JutsumandGoldsworthy1974,Marden
andCobb2004,BradleyandAltizer 2005) However,our observatiorthatinfectedBaetishave
lower flight musclemasscontradictghe theoreticalexpectatiorthat parasitesnanipulatingtheir
hostsfor dispersakhouldnot depletedispersaktapacity(Maureetal. 2011,2013) Castrating
parasitesike Gasteromermisequestehostreproductie resourcegandcanexerthigh energetic
costs(Baudoin1975,Hall etal. 2007, Lafferty andKuris 2009} butit hasnot previouslybeen
reportedthatmermithidparasitismaffectsdevelopingflight musclesHowever,all host
manipulationsarepredictedto havecostbenefittradeoffsfor the parasitgPoulin1994) The
negativerelationshipbetweer-MR andparasite:hosbiomasssuggestshat parasitexouldface
atradeoffbetweerhostdispersakapacityandallocatinghostreservedo their own growth.

Inequalitiesbetweerhostsexedn baselinadispersakapacitymayalsoplay arole in the
FMR differencesve observedBecausenfectedmalehostsareindistinguishabldrom females,
thedistributionof FMR measuredhn infectedBaetiscombinedgeneticfemales with males,

which tendedo havelower FMR whenuninfected Without knowing geneticsex,we cannot
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disentanglairectnegativeeffectsof parasitismon FMR from naturalvariationbetweerhost
sexesln anycasewe suggesthatthebenefitof feminizingmalehostsis notto exactlymimic
adultfemaledispersalbutto provideavehiclefor the parasiteo dispersdo habitatsvherehosts
arelikely to be availablethe nextsummer Further,mortalityis high for aquaticinsectsin the
terrestrialphasgJacksonandFisher1986) If their hostsdisperseover shorterdistanceparasites
may benefitfrom lower exposureandhighersurvival.

Thefailure of parasitizedaetisto respondo variationin the availability of oviposition
habitatcanbe explainedby contrastingthe selectionpressureactingon specificlife stagesof
thehostandthe parasitej.e., traitsof adultfemalemayfliesthatbenefitBaetismaynot benefit
the parasiteenoughto balanceouttheir associate@osts.First, the characteristicef oviposition
habitatthatincreaseBaetiseggsurvivalwould not be expectedo haveanequivalentpositive
effecton parasiteeggincubation.UninfectedfemaleBaetisexperienceselectionpressureo fly
far enoughto locateoptimalsubstratesvherethar eggswill notdesiccatdeforehatching
(EncaladaandPeckarsky2006) Thosesubstratesrecharacterizedby beinglargeandlocatedin
areaf fastflow with high splashthatkeepseggshydratedduringthe 14 day embryogenesis
period,which significartly increaseprobability of eggsurvival(EncaladaandPeckarsky2006)

In contrastio their hosts parasite@aredepositedinderprotrudingrocksby infectedhosts
but quickly moveto the streambedo completetheir lifecycle (includingmatingandoviposition
monthslater; Vance& Peckarsky1996).Therefore parasitesiserocksmerelyasportalsfor
deliveryto thestreamratherthansubstrate$or eggincubation.This contrastalsosuggestshat
parasiteshouldnot experienceany competitionfor spaceon the ovipositionrock itself, whereas
numbersof Baetiseggmassesiccumulatingon smallrockscould ultimately be limited by space.

Thenaturalavailability of high quality ovipositionsitesfor healthyBaetisis alsotemporally
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variablebecausehe probability of eggsdesiccatingncreasessspringrunoff wanesandstream
waterlevelsdescendhroughthe summer(EncaladaandPeckarsky?2006) In contrastsuccessful
dispersafor the parasitedepend®nly on theinstantaneouavailability of arock, but notonthe
fate of therock overanextendedvindow of time. Depositionof parasite®n arock that
optimizesattributesfor Baetisoviposition(i.e., largesizesurroundedvith high turbulence)could
actuallydisadvantagéhe worm by increasinghedistanceit musttravelto the streambednd/or
by increasinghelikelihood of it beingdislodgedirom therock while it migratesto the
streambed.

Becausevipositionandembryogenesisccurin amorepredictableenvironmenfor the
parasitg/deepelin thestreambed)thanfor thehost(protrudingboulders) hosthabitatselection
criteriashouldnot havesimilar benefitsfor eggsurvivalin bothhostandparasitespecies.
Insteadtherock traits parasitesequireshouldbe muchbroaderandavailablein higher
proportion(EncaladaandPeckarsky2006) requiringlessselectivityandlower dispersakapacity
to accesshem.Ultimately the costof reduceddispersatapabilitymayberelativelylow for the
parasitecomparedo benefitsof increasinggrowth, andthis thinking is consistentvith the
outcomeof our field experimentthathostovipositionhabitatavailability did not affectparasite
recruitmentor hostinfectionrisk. Thereforewe arguethattargetingthe sameovipositionsites
usedby healthyhostsis not likely to decreasenortality of parasiteslepositedy hosts,noris it
likely to increasehe survival of theireggs.

Neverthelesgheorysuggestshat preparasitioffspring hatchingfrom thoseeggsshould
benefitby experiencinghe highestnumberof encountersvhenhostdensitiesarehigh
(AndersonandMay 1978,Blower andRoughgarder989,Hassell2000) Thereforefailing to

targetdispersato siteswherehostrecruitments highest(i.e., siteswith high densitiesof
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ovipositionsubstratesEncaladaandPeckarsky2011a)shouldcomeata costto parasite
transmissiorvia increasehostencountersHowever,Gasteromermisnay be constrainedrom
benefitingfrom increasesn hostrecruitmentecausets lifecycle is asynchronousvith the host,
furtheroffsettinganyselectiveadvantagef targetingthe siteswherehostdispersals highest.
Althoughspatiallyheterogeneousostpopulationscaninitially resultfrom variationin
ovipositionhabitatavailability, the periodwhenthis effectis strangestdoesnot coincidewith the
hatchingof preparasitesrl he positiveinfluenceof ovipositionsitesandeggdensitieson Baetis
larval populationsizeshasgenerallydissipatedy thetime infectionsappearsuggestinghat
whenpreparasiteareactively seekinghosts the effectsof variationin hostrecruitmenton host
densityareoverriddenby densitydependenpostrecruitmentprocesse¢Encaladand
Peckarsky011a,2011b) At afiner spatialscale the highestquality ovipositionsubstrates
accumulge hundredsf eggmassesvith subsequenbcal aggregationsf Baetishatchlings
aroundindividual bouldersin late summer(EncaladaandPeckarsky2006,K. Cromwell,pers.
obs). However,Baetislarvaearemobile enougho havedispersedeyondthosehatding sites
beforeparasites@reavailableto infectthem.Evenif parasiteslid selectivelydisperseo
preferredrocks,the asynchronyof the hostparasitdifecycleswould costthemthe opportunityto
infectaggregatedhostsat eithertherock- or the streamscale.Instead this patternshouldfavor
the host,which would benefitfrom a dilution of encountersvith parasitesvhenhostlocal
densityis high but parasitegail to trackit spatiallyor temporally(Mooring andHart 1992, C™tZ
andPoulin1995) Indeed a negativerelationshipbetweerhostdensityandparasiteprevalenceas
whatwe haveobservedn theupperEastRiver catchmen(Fig. A4).

Improving our understandingf the naturalhistory of Gasteromermigparasitedias

enabledusto interpretthe outcomef our surveysandexperimentsgconcludingthat
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heterogeneityn infectionratesmay be shapednorestronglyby postcolonizationconditions
within patcheghanby betweenrpatchdifferenceghatinfluencedispersabr hostdensity
(Ekholmetal. 2017) Specificto this case manylife historyeventsoccurin themonthsbetween
whenparasitearedispersecandwhentheir offspringinfect the nextgeneratiorof hosts(i.e.,
overwintersurvival, matelocation,reproductioneggsurvivalandhostseekng; Fig. 1). Those
transitionsarepotentiallysubjectto manyconstraintghatcould disconnectlispersadynamics
from recruitmentanddilute colonizationeffects.

Nonethelesshe possibility that Gasteromermisltersdispersabf its hostonlocal (if
habitatselectiondiffers) or regional(if flight capacitydiffers) scaleshasimplicationsnotonly
for parasiteecruitmentout alsosourcesink dynamics persistencandevolution.While
transmissiorhotspotshavethe potentialto generateegionalsourcesof parasitegPaulletal.
2011) this potentialis not necessarilyealizedif recruitmentanddispersabredecoupledBuck
etal. 2017) Forexamplewe observedarasiteinducedreductionsn hostflight capacitythat
couldtheoreticallydecreaseontactbetweendispersingparasite@andnew patchesin this case,
ratherthanbeingsourcesrom which parasitespreadthe hotspotsve observemayretaina
disproportionat@umberof parasitestrendingtowardlocal hostpopulationsinksbut not
regional parasitesourcesThis scenarids supportedy the observatiorthathigh prevalencesites
areconsistenbver multiple years.

Althoughwe haveemphasizedhe averagalecreasén hostdispersakapacitycausedy
parasitismwe did measuresomeinfectedindividualswith flight muscleratiosashighor higher
thanuninfectedhosts.Dispersalcanbe critical to persistencaot only by enablingcolonization
butalsoby promotinggeneflow (Pulliam1988,Clobert2012) ultimatelyinfluencinglocal

adaptatiorof parasiteandhostparasitecoevolutionarydynamics(Price1980,Davieset al.
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1999) However,colonizationandpersistencean occurif only a smallproportionof individuals
aremoredispersive(Anholt 1995,HigginsandRichardsorl999,Bohreretal. 2005) Therefore
individual variationcouldbeimportantfor parasitesacingatradeoffbetweerfecundityand
manipulatinghostdispersalPoulin1994) Plasticityin the degreeof manipulationshouldbenefit
parasitegxploiting heterogeneousabitatswhereresourcesreunpredictabld Thomasetal.

2011)

Conclusion

Understandingparasitestrategiesor dispersalfransmissiorandsurvival within
heterogeneousnvironmentss necessaryo forecasthow environmentabariability or future
changecouldinfluencediseaseemergencéThomaset al. 2002) To betterunderstad driversof
parasitismhotspotdn adynamicstreamnetwork,we investigatedhe relationshipbetweerhost
mediatedoarasitedispersabndinfectionrisk. We found no evidencethathostovipositionhabitat
densitydrivesthedispersabr infection prevalenceof Gasteromermiparasite®f Baetis which
suggestshatthe variability in infectionrisk observedn this hostparasitesystemis drivenby
othervariableshatacton recruitmentor postrecruitmentprocessedVhile this negativeresult
canbeundestoodgivenwhatwe havelearnedaboutthe naturalhistory of this hostparasite
systemtheresultspresentedn this studydo enableusto rule out dispersabsan explanatiorof
thedistributionof hot spots. Furtherstudiesareneededo discoverfactorsthatinfluencethe

recruitmentandrisk of infectionof Baetisby mermithidparasites.
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FIGURES

Figure 1. Theunivoltinelifecycle of healthymayflies,Baetisbicaudatugleft: subsequerdtages
proceedclockwisein diagram),andparasitizednayflieswith their mermithidnematode
parasitesGasteromermisp. (right: subsequergtagegproceedcounterclockwisen diagran).
The parasitenfectsbothmaleandfemalehosts,but causesnorphologicalandbehavioral
feminizationof castratednalehoststo insureits transportackto the streamvia mimicked

ovipositionbehavior.
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Figure 2. Prevalencdi.e., proportionof hostsinfected)of Gasteromermisiematodeparasites
infecting Baetisbicaudatusmayfly larvaehashigh spatialbut low temporalvariation(seeTable
A2) in theupperEastRiver drainagenearthe Rocky MountainBiological Laboratory(RMBL),

Colorado,USA. Si

zesof circlesarescaledto the averageproportionof hostsinfectedbetween

20122015. Redcirclesshowsitesconsideredhotspotséndblue circlesare Ocoldspots@or
mermithidinfections.
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Figure 3. A multiyearfield surveyof parasitgprevalencen Baetismayfly larvaeinitially (2012
2013)indicateda positiverelationshipwith ovipositionhabitatthathostsandparasitesisefor
dispersalputthatrelationshipdid not persistthroughsubsequengears.Becausénostsand
parasiteslispersan summerof yeart but parasiteglo notreproduceandinfect newhostsuntil
springof yeart+1 (alsoseeFig. 1), eachpointrepresentsneasurementsadewithin a site over

2 successivgears. Significantregressionine presentedor 2012D2013data.
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Figure 4. (A) Flight muscleratios(FMR = biomassof flight musclegotal weightof mayfly
host)measuredn parasitizedBaetis which includegeneticmalesandfemalegalthough
morphologyandadultbehavioresembledemales) unparasitizedemales andunparasitied
maleBaetiscollectedfrom asinglefishlesstributary (MarmotCreek). Thedistributionof flight
muscleratiosdiffers betweerparasitizedBaetisandhealthygeneticfemalesthatthey mimic in
ovipositionbehavior(p = 0.049).(B) Biomassof Gasteromermiparasitecanexceechost
biomassand(C) the proportionof total hostbiomasscomprisingparasiteissuehasa negative
relationshipwith FMR.
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Figure 5. Frequencyof parasitizedcandunparasitize@dult Baetisimmigratinginto experimeral
field sites,collectedon sticky platformtraps.Lessthan2% of capturesvereparasitizedin
contrastto ! 20% of mayfliesinfectedwhenmeasuredslarvaebeforetheyemergedand
dispersedaveragedcrosssites).Dispersingadultswerecollectedat manipulatedield sitesin
2014andparasiteprevalencat thosesites,reflectedin the site arrangemenbn the x-axis, was
measuredn offspringof the nextgenerationin 2015.Symbolsaboveeachbarindicatehow
ovipositionrocksweremanipulatedn ead site duringthefield experimentsby addition(+),
removal(-) or unmodifiedcontrol ($ ). Therewereno relationshipbetweerexperimental
treatmentshostparasitammigrationto a site or subsequenparasitgprevalencen the next
generatiorof hosts.
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Figure 6. Parasiteprevalencéproportioninfected;left panelsjandparasiterecruitment(no./n¥;
right panels)in Baetislarvaebefore(2014)andafter (2015)the manipulationof Baetis
ovipositionhabitatin addition(A), removal(B), andcontrol (C) treatmentsManipulatedstreams
arelistedon eachpanel;red dashedineson prevalencelots showthedirectionof change
initially predictedo resultfrom eachtreatmentTherewereno effectsof manipulatinghabitat
availablefor dispersinghosts(includingthosedispersingparasitespn subsequernparasite
prevalenceor parasiterecruitment.
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APPENDIX

Table Al. Abiotic andbiotic environmentalariablesof 12 streanreachesneasuredn 2012
2013in theupperEastRiver drainageCO, USA.

Stream®% Treatmemt  Drainage Mean Mean MeanBaetis
basinarea stream summer  density
(km?)P width(m)  temp(jC) (no./n¥)

Avery Add 1.8 1.4 10.9 -
B2 Add 0.05 0.49 5.0 103
EastRiver Add 45.9 7.8 11.5 83
atHunter
Riffle
Lower Add 0.34 1.7 8.8 77
Benthette

AveragetSE 12.(£11.2 2.81.7 9.1+1.5 88+8
Lower Sub 3.8 2.0 5.7 324
Bradley
EastRiver Sub 7.64 2.8 6.9 79
atOregon
Mine
Rustlers  Sub 15.1 4.9 6.8 237
Gulch
Upper Sub 3.8 4.0 5.9 192
Bradley

AveragetSE 7.@2.7 3.4+0.64 6.30.31 208t51
B3 Cont .001 0.7 5.5 248
Copper Cont 24.3 5.8 8.2 109
Marmot Cont .93 .95 6.6 122
Upper Cont 3.6 3.2 10.1 48
Rock

AveragetSE 7.25.7 2.+1.2 7.6:1.0 13242
®Streamswereassignedo threetreatmentgor hostovipositionsite manipulationstartingin 2014:
(Add)ition, (Sub)tractionand(Cont)rol
Dataobtainedrom Wilcox etal. 2008
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Table A2. Peakprevalenceof Gasteromermisp. parasitesn Baetisbicaudatusmayflies
measuredn summer20122016at sitesin theupperEastRiver Drainage CO. Prevalence
variesspatially(p < 0.01)butremainsstablewithin sitesovertime (p = 0.50).

Year
Site 2012 2013 2014 2015 2016
B2 - - 0.03 0.04 -
B3 - 0.12 0.04 0.08 -
Copper 0.22 0.26 0.38 0.03 0.13
Emerald 0.96 0.65 0.78 - -
EastRiver at
HunterRiffle 0.03 0.02 0.04 0.07 -
Lower Benthette - - 0.04 0 -
Lower Bradley - - 0.05 0.1 -
Lower Rock 0.14 - - - -
Marmot 0.91 0.78 0.42 0.46 0.54
EasterRiver at
OregonMine 0.17 0.26 0 0.03 -
Quigley 0.44 - - - -
RustlersGulch - - 0.32 0.54 0.47
UpperBradley - 0.26 0.05 0.15 -
UpperRock - - 0.07 0.05 -




Table A3. Summaryof analyseglinear models)of spatiotemporagpatternsof parasite
prevalenceproportionof hostsinfected)andhostovipositionsite density(no. rocks/n¥)
measure@crosshe upperEastRiver drainagebasin,CO betweer20122016.

Oviposition Rock

Parasite Prevalence Density
Effect F p F p
Site 14.4 <0.001 15.5 <0.001
Year 9.78 0.006 12.6 0.005
Site" Year 1.09 0.423 1.37 0.306

Table A4. Analysisof devianceablefor thefixed effectsfrom thelinearmixed modelon
parasiteprevalencéproportionof hostsinfected)andparasiterecruitmentno./n¥) in a 2-year
before/afteffield manipulationin which hostovipositionhabitatwassubjectedo three
treatmentsaddition,subtractionunmanipulatedontrol.

Parasite Prevalence Parasite Recruitment
Effect #2 P #?2 p
Treatment 1.15 0.562 3.28 1.94
Year 0.07 0.794 0.65 0.422
Treatment' Year 3.92 0.141 2.63 0.268

48
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Figure Al. Effectsof experimentamanipulationof ovipositionsubstrates naturalstreamshat
weremodified by rock addition(top row), subtractionmiddlerow), or control(bottomrow)
overthe summerof the experimentamanipulation(7 July D12 August2014).Thefirst
measurementastakenasa baselineandthe dottedverticalline showsthe weekof theinitial
manipulationln additionsites,rockswereincreasedt the beginningof the summerin
subtractiorsitesrocksweresubmergedveekly asthe hydrographdeclined,preventinga natural
accumulatiorof protrudingrocksoverthe summer(exemplifiedby control siteswhererocks

werenot manipulated).
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Figure A2. Thenaturaldeclineof the streamhydrographoverthe summercaninfluencethe
availability of ovipositionsites,sowe characterizedpatialvariability of summerflow regimes
by monitoringwaterlevel with TruTrackstageheightdataloggers(modelWT-HR1000,
ChristchurchNew Zealand)n JuneAugust2014(yearof the experimentamanipulation).
Loggersensorsvereprotectedwithin cylindrical stainlessteelhousingsandanchoredo steel
fencepostsembeddedhearthe edgeof eachstreamchannel.

Eachplot showsa time seriesof meandaily stage(left verticalaxis, blueline) andweekly counts
of ovipositionrock density(right vertical axis, connectedlack points)acrosssummer2014
whenovipositionsubstratesveremanipulatedo testfor aneffecton BaetisparasitismSite plots
arearrangedn orderof increasingparasiteprevalencen thefollowing year(2015),whenno
effectwas detectedThedottedverticalline marksthe weekof theinitial manipulation.
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Figure A3. Baetisbicaudatusmmigrationratio (drift densityin:drift densityout) in stream
reachegor the siteswherehostovipositionsubstratesvereadded(n = 3), removedn = 4) or
unmanipulatedn = 4). Streamreacheswith ratios>1 (dottedline) experienced netgain of
individuals,whereaghosewith ratios<1 experiencechetloss.Ratiosweresignificantly<lin
theremovaltreatmen(t = -4.93,p = 0.016). This outcomewould havereducedheprevalencef
parasitesn rock removalreachesneverthelestherewasnot a significantreductionof
parasitismn thattreatment.
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Figure A4. Relationshipbetweerhostdensity(no/m?) andparasitegprevalenceproportion
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infected)in a 3-yearsurveyoverlappingheyearsof the ovipositionhabitatmanipulation(2014
2015).
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Figure A5. Time series ofA) rock density (no./r), (B) Baetishicaudatudarvae density

(no./n¥), (C) peak prevalence &fasteromermisp. parasites (proportion hosts infected), and (D)
parasite recruitment (measured as density within hosts, avexperimental sites in which

host oviposition habitat was added (top rowjtsacted (middle row), or unmodified (bottom

row) in 2014 to test for an effect on parasitism in 2015. There were no effects as a result of the
manipulation.
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Figure A6. These figures display threlationship of the descending skopf the hydrograph
(calculated from mean daily stage measured by TruTrack data loggers installed in each site
through summer 2014) anide followingresponses measured in 20(4&) density of protruding
rocks (no./m), (B) Baetisbicaudatudarvae density (no./&), and(C) peak prevalence of
Gasteromermisp. parasites (proportidrosts infected)To further examine the prevalente
hydrograph relationship (D) drainage basin are&)lend (E)stream gradient (m/kKpwere

added as covariates.
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Figure A7. Because the frelving stage of the worm resides in the benthic substrate near the
rock where it was originally depositday the host, weneasuredbetweenrstream differencesn

benthic habitat at a fine scale that could relate to parasite dynémscenmer 2012 we selected

5 rocks in each site that met the criteria for high quélagtisoviposition habitaftdetailed in

Encalada an@eckarsky 2006), which we predicted woulsioabe frequent sites for parasite
dispersal byBaetis At each focal rock we recorded rock composition, rock size dimensions,
height it protruded above the water line, water depth around the rock, splash level on a scale
from 0-3 (sensuEncalada anéeckasky 2006), flow velocity at four points around the rock
perimeter, percent coverage and height of mats of the nuisance @imtpmosphenia geminata

on the rock surfacebfdymowas abundant in some sites but absent from others), and the
proportion of sandgravel, cobble, obidymacovered substrates within a 0-48 quadrat

centered on the focal rock. Wieenused Principle Component Analysis (PQa)describe those
microhabitat traits. To determine whether the PCs derived from this analysis enabled us to relate
rocks traits with parasitism, we first categorized survey sites by parasite prevalence into low
(range), intermediate (range), and high (range) prevalenegoeas, and then plotted those sites

on the 2dimensional space of PC2 vs. P@\le extracted two PCs that together explained 47.1%
of variance in the datasd?C1 explained 32.1% variance and was influenced by measurements
of the focal rock itself (rockichensions and water depth around rock), whereas PC2 explained
15% of the variance and was primarily influenced by substrate composition surrounding the rock
(e.q., percent cover boulder, cobble, or gravel, pe@glyimocover on surrounding substrate)
andby the presence @aetisegg masses on the rock. High versus low parasite prevalence sites
discriminated along PC1, indicating that low prevalence sites are characterized by large
oviposition substrates in deep water, in contrast to high prevalence/séesthey tended to be
smaller and located in shallower water. There was no separation of sites along PC2, suggesting
the relative unimportance of microhabitat surrounding thposition substrate compared to

inherent trés of the rock itself
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Figure A8.(A-B) Surveys in 2012 provided evidence that parasitized and unparasitized adult
Baetisshowed different preferences for oviposition rock characteristics, with parasitized adults
beingless selective of traits that unparasitized adult females geeter swift flow/high splash)

To test this patterimm 2013we placed 1airs of rocks, standardized by size and composition but
located in contrasting flow environmentieépsplashy &shallowhot splashy), in the East River
near BLPs weatherport RIMBL (Gothic, CO). We coated the protruding dry surfaces of all
rocks with Tanglefod6t to trap landing adults, and removed trapped individuals approximately
every 2 day$or 2 weeksBaetiswere preserved in EtOH and returned to the lab for dissection.
A total of 133Baetiswere captured, buaither than capturing adskhs anticipated, 125 (=94%)
trappedBaetiswere newly emerged subimagoés) In total, more subimagos were captured on
rocks in slow flow (pairedttest,p = 0.066) but the proportion ofipasitized subimagos was

higher on rocks in high flow (pairgeest,p = 0.060).We do not have a contemporaneous
measure of prevalence in this site, but a higher proportion of para8astdwere captured on
sticky rocks than expected based on preaved at other timepoints. These pattemdd occur if
infected individuals have physical changes that cause them to become entrained in swift flow and
use rocks to aid their emergence, rather than emerging difrectiythe water surface.
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Figure A9. Didymosphenia geminaia a singlecelled freshwater diatoii®\) that can ObloomO

by altering its growth form to produce thick, stringy epilithic n{&)s Didymoblooms have
recently reached nuisance levels in many lotic systems, includingropbac streams in the
western USC). Although causes ddidymoproliferation are uncleaits consequences include
changing composition of nemuisance algae, decreasing diversity and changing the structure of
benthic invertebrate communities. Unlike @tmayflies, larvaBaetispopulations have not
declined withDidymoproliferation, possibly because their mobility and mouthparts enable them
to forage on epiphytic diatoms growing on the stalks. However, potential efféittyofioon

aerial stages of sects that use substrates (e.g., for oviposition or parasite dispersal) have not
been examined. Because femBbletisoviposit under rocks, which they select based on key
physicalcharacterists (Encalada and Peckarsky 2G06pvergrowth of epilithic diatn mats

could affectBaetisoviposition and also alter disease dynamics if oviposition rocks are focal
areas of parasite dispersal and +gstasite encounters.

We designed a pilot experiment to test for effectSidiymoon adultBaetisoviposition. We
paired suitable oviposition rocks (standardized for size, compqsinahsurrounding flow
conditions)in the East River near BLPs atherport at RMBL (Gothic, CO) and measutiee
number of egg masses accumulating on them dpead ovposition (:20 August 2012 We
discoveredh tendency for more egg masses to accumulate on rocks with Didymo (gastd
= 0.095 panelD).

This could occur if more females choose rocks vididymq or if Didymoincreases successful
oviposition forfemales that choose those rocks, or béth.suspecthatDidymois more

important for facilitating survival than attracting females, because they can cling to the structure
of theDidymomat and possibly avoid being swept from rocks before laying eduysh e a

high risk of theBaetisoviposition strategyEncalada and Peckarsky 2007 parasites are

dispersed by oviposition behavior of infected mayfli@glymocould influence parasite

dispersal by the same mechanisms, potentially resulting inattféycations or levels of

epidemics.

T A
Photo credits: Marge Penton (A) and Wendy Brown (B-C)
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CHAPTER 2 BThe interaction of temperature with parasitephenology, infection

prevalence, and growth in a highaltitude stream network

AUTHOR Kara J. CromweH?
Department of Integrative Biology, University of Wisconsin, Madison, Wisconsin 53706 USA

2Rocky Mountain Biological Laboratory, P.O. Box 519, Crefatte, Colorado 81224 USA

ABSTRACT

Temperature can affect disease dynamics through multiple pathways, including indirect effects
on infectious encounters mediated by host and parasite phenology, and direct effects on
organismal biology that influence tbatcomes of those encounters. This study explores the
relationships among natural variation in water temperature;planasite phenology, parasite
prevalence, and parasite growth in a hédgvation temperate stream network. In a-frear

survey ofBaets bicaudatusnayflies infected bysasteromermisp. mermithid nematodes, we

found both temporal and spatial variation in infection phenology associated with water
temperatures. While infection prevalence was often higher in warmer years within stredms, su
inter-annual variation was much smaller than spatial variation of parasite prevalence among
streams within years. Across the stream netwagkmer streantemperatures, which accelerated

host development, were correlated with lower proportions of susceptible hosts (early instar
mayfly larvae) present on the date when parasite infections began. Subsequently, those sites with
faster developing host populat®had lower parasite prevalence over the summer. This
observation is consistent with the hypothesis that temperature has differential effects on host and

parasite phenology, desynchronizing the temporal OmatchO of infective parasites with susceptible
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hostsin warmer sites. Temperature had a unimodal relationship with parasite growth within the
host, such that growth rates were highest at intermediate temperatures. However, parasites in
mature larval hosts that are nearing metamorphosis achieved the ssnadl@sthe warmest

site. Together, extensive and intensive spatiotemporal observations-pahaste phenology

and performance suggest that warmer temperatures could negatively affect parasitism not only
by phenological mismatch due to accelerated degelopment, but also by declines in parasite
production. Controlled experiments are needed to disentangle the effects of temperature from
coexisting environmental variables to test hypotheses for effects of temperature on parasitism via

multiple pathwag.

Keywords: parasitism, temperature, climate change, growth, phenologypacstite
interactions, phenological mismatch, mermithid

Coauthor: Barbara L. Peckarsky

INTRODUCTION

Understanding mechanisms that drive the emergence of disease hotspeisdths
urgency as the environment changes along many biotic and abiotic gr@didsts 2001,
Dobson 2009, Lafferty 2009As evidence mounts that disease can shape host populations and
communities with knoclon effects for ecosystem functionhomas etl. 2005, Hatcher and
Dunn 201}, predicting spatial heterogeneity of disease transmission is a critical task for
ecologists and managers (Patz et al. 2004). If parasite transmission depends on environmental
context, environmental changes could remagsgatiotemporal mosaic of disease by shifting

gradients of habitat quality that influence parasite transmission, production, or survival (Patz et
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al. 2000, Hall 2010, Rohr et al. 2011). Understanding the characteristics of infectious patches is a
critical first step is building a predictive framework for disease, which can ultimately aid
management and conservation strategies (Paull 2012).

Temperature is a key aspect of the environmental mosaic affectingarastte
interactions, and understanding its efgeon disease is compelling in the context of climate
changgMarcogliese 2001, Lafferty 2009a, Ostfeld 2Q@yidence suggests that temperature
can either amplify or inhibit infections; therefore the net effect of climate change on parasitism
has beenhe subject of ongoing debdt@obson 2009, Lafferty 2009b, Altizer et al. 2013)

Despite a growing body of research on many aspects of parasite ecology, we have very limited
ability to predict the dominant effects of warming on parasite transmission seabei
distribution.

The effects of temperature on parasitism can occur via direct influences on organismal
physiology and indirect influences on interactions among species that lead to infectious
encountergLafferty 2009b, Rohr et al. 2011, Paull etz2012b) One mechanism by which
temperature affects physiology and, consequently, biotic interactions, is by regulating the
phenology of organismStenseth and Mysterud 2Q0&inder and Schindler 2004ifferential
responses to temperature can alter interactions between species, including plants and pollinators,
predators and prey, and parasites and l{8stmnseth and Mysterud 2ZB)Paull and Johnson
2011) Especially in cases where both hosts andgui@s are ectothermic, there is the potential
for asymmetrical effects of temperature to result in mismatched phenologies with negative
consequences for parasite transmission and host disea@eautkand Johnson 2014, Gethings

et al. 2015)
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Temperatire also controls many vital processes of ectotherms that can directly affect
infection outcomes (Atkinson 1994), including parasite growth and reproduction within the host
(Paily and Balaraman 1994, Poulin 2006, Macnab and Barber 2011, Paull et al. 2015)
Temperature shifts can cause positive or negative effects on parasite production, depending on
where they fall relative to optimal thermal rangeaily and Balaraman 1994, Poulin 2006, Paull
and Johnson 2011Under favorable conditions some parasitashsas parasitic castrators, can
extend the longevity of their hosts, thereby prolonging their opportunity to consume host
resources and allocate energy to growth and reproductive @tiigllet al. 2007, Lafferty and
Kuris 2009) Hosts under thermal si® on the other hand, can have decreased viability with
negative consequences for its paragiBasber et al. 20160verall,the net effect of climate
change on parasites and disease outcomes will reflect both direct and indirect impacts of
temperature@cross the entire parasite lifecycle, including4reeg stages, infective stages, and
parasitic stages within the host. Therefore, a thorough understanding of potential climate change
impacts requires integration of multiple pathways that are opemioetrature effects.

Many parasites of medical and conservation significance occur in freshwater
environmentgJohnson and Paull 201 1yhere temperature can have strong effects on organisms
and ecological processEéSweeney and Vannote 1978, Brittain 1988juatic habitats are
naturally heterogeneous and disturbapaene systems at the nexus of climate change and other
alterations that face humawominated landscapé3ohnson et al. 2008, 2010, Johnson and Paull
2011, Okamura and Feist 201Therefore,nvestigating temperature effects on disease
processes in aquatic environments could also provide useful models of responses of parasitism to

dynamic and changing ecosystems (Okamura and Feist 2011).
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To explore temperature effects on parasitism we survayeaner temperature, host and
parasite phenology, and parasite growth across a temperature gradient in streams of a temperate
high elevation watershed over five consecutive years. We focused on parasitism of the stream
dwelling mayflyBaetis bicaudatuéEphemeroptera: Baetidae) by the castrating endoparasitic
helminthGasteromermisp. (Nematoda: Mermithidae). We have observed that parasite
prevalence (% of host population infected) varies fre8% among streams within a catchment
but remains relativelytable over time and does not increase with host density (Chapter 1).

Those findings suggest that environmental attributes within sites, such as temperature, could
drive infection hot spots.

Baetismayflies and mermithid parasites develop faster at watengperatures (Thornton
and Brust 1979, Paily and Balaraman 1994, Harper and Peckarsky 2006) but the lifecycles of
these species are asynchronous, with parasites hatching from eggs months later than their hosts
(Chapter 1). Because mermithipieferentiallyinfect small, earlyinstar host¢Vance and
Peckarsky 1996, Camino and Reboredo 20dict effects of temperature on host and parasite
phenology could increase or decrease temporal overlap of infective parasites and susceptible
hosts causing indirecffects on infection prevalenck addition to affecting transmission,
temperature could also influence postruitment dynamics such as parasite growth within the
host via metabolic effects that impact the consumption of its(Atlehson 1994)

Based a this conceptual framework, our objectives were: 1) to evaluate relationships
among temperature, host phenology and parasite prevalence, and 2) to examine effects of natural
differences in stream temperature on parasite growth. To accomplish thosevebjeeti
conducted extensive (over five summers) and intensive (across multiple streams within years)

surveys of spatiotemporal patterns of temperature and parasite prevalence. We tested for effects
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of temperature on host development and the sgfpgeific tming and prevalence of infections

and the effects of temperature on Rostasite growth in natural streams (within 1 yeasg.
predicted thatvarmer temperature, which accelerates development of mayflies, would 1)
decrease the overlap of susceptiblel{eastar) hosts with infective parasites, consequently
reducing infection prevalence, and 2) shorten the parasitic ph&sestdromermislue to
accelerated growth of the host, thereby decreasing growth opportunity and resulting in smaller

parasites at waner temperatures.

METHODS

Study System

We conducted this researchsimeams of the upper East River catchment, which drains
an area of 4%m? near the Rocky Mountain Biological Laboratory (RMBL) in Gothic, Colorado,
USA. These rockyottom streams are located & 900 m and runoff is generated primarily by
snowmelt, although some tributaries are spfed) Streams throughout the drainage have
comparable water chemistry, but vary in size and physical charactdiffsimsarsky et al. 2001,
2002, Wilcox et al. 2008)-or decades ecologists have investigated this high elevation watershed
which, like other intensively studied adjacent ecosystengs, (Billick and Price 2011), has the
potential to serve as a touchstone for pressing questions regarding rapid environmental changes
that are occurring (Inouye et al. 2000) and forecast for the ré@@enter et al. 2010)

This research focuses on parasitisrBaetisbicaudatus a mayfly whose larvae are
abundant in high elevation streams of the western B3&tisis the most efficient grazer of
attached algae within streams of the region (Alvarez and Peckarsky 2005) and is preferred prey

to predatory invertebrates and salmonids (Allan 1983, Peckarsky and PentorBa@&Sis
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infected byGasteromermisp. mermitids (Poinar 1991), which parasitize and castrate early
instar hosts. Parasitism caugssetisto consume less algae per capita (Chapter 3) and induces at
suite of physical and behavioral changes that decrease consumBiaetisby trout (Chapter

4). BecauseBaetisis a foundation speciBisboth highly abundant and influencing ecosystems
disproportionate to its biomd$sesponses dBaetisto parasitism and other interacting stressors

could exert higheorder effectgEllison et al. 2005)

Surveys of Temgerature, Phenology and Parasite Prevalence

To assess thermal gradients throughout the drainage, we continuously logged temperature
in 30 m study reaches during summers 2R@26 with Onset HOBO data loggers (Onset
Computer, Pocasset, MA, USA). We monitoeetbtal of 14 sites (map of sites presented in
Chapter 1), although not all sites were surveyed in every year, resulting in-ydasite
combinations in which temperature logging was paired with surveys eparestite dynamics.
In the first year we supyed host populations for temporal resolution within one life cycle,
capturing host phenological changes and the onset and progression of parasite infections within
sites by making weekly visits to seven sites for 10 w (14 Jai@eAugust 2012). In fourntes we
were able to track the entire parasitic phas@adteromermisfrom the date of first infection to
the date when all hosts metamorphosed and emerged from streams, which is typically later for
parasitizeBaetis(Vance and Peckarsky 199@his prdocol enabled us to evaluate the impact
of temperature not only on the start and progress of infections, but also on the time lag between
uninfected and infected host development. In subsequent yearsA@0DaBwe added sites to
increase spatial resolutidout decreased frequency, visiting each site ew@weeks foe:7

weeks per summer. At each survey we collected 'Ba6tisby kick sample from the benthos,



69

preserved them in 95% EtOH, and returned them to the lab. Using a dissecting microscope (20
100" magnification) we assigned individuaaetisto developmental stagedV based on wing
pad developmen{Delucchi and Peckarsky 198@nd dissected them to estimate parasite

prevalence as (no. infect&aetis/ total no. ofBaetig.

In Situ Growth Esti mates

To determine if temperature affected parasite growth, which is an important determinant
of fecundity(Poulin 1996)we quantified host and parasite mass from a subset of survey samples.
We collectedBaetissamples (as above) two weeks apart in seies in 2014. We enumerated
and dissected individuals, separated hosts from parasites, dried all organisn@ &irég h
then weighed each to estimate dry mass (DM) of parasite and host tissue, and the ratio of
parasite:host DM for infecteBlaetis which is an indicator of how energy is allocated between
parasite and host. We calculated growth rates of parasites as mean final DM of individuals
(collected on day 14) dissected from hosts of each developmental sfayen{hus mean initial
DM of individuals (collected on day 1) in the previous developmental stage. This would have
excluded analysis of any stage Béetiscollected in the initial sample and stagedetis
collected in the final sample, but due to naturaltgurring developmental stages at our
sampling dates, those did not occur in our samples. This method produced hespestege
growth estimates of parasites between stagdjesl HIl and IlI-1V; measuring parasite growth
between discrete stages is valuable because mermithids grow nonlinearly and often accelerate

growth near the end of their parasitic phase (i.e., host stad@liar 1983)



70

Analysis

We analyzed the effect of temperature on pargsevalence with a linear mixextfect
model testing for linear and quadratic effects of mean summer temperature, with site and year as
a random (blocking) variables. We calculated Pearson correlation coefficients to examine the
prevalencegemperatureelationship over years within sites. To examine effects of temperature
on development rate of hosts and parasites we analyzed correlations between temperature and
Julian date of key phenological transitions including first appearance of parasitic ngettist
appearance of latgtageBaetisinstars (i.e., stage Il and V), and dateBafetisflight initiation.
Because we were also interested in indirect effects of temperature on infection dynamics
mediated by host phenology, we calculated the primpodf susceptible hosts (i.e., stage | & Il
Baeti9 in each stream on the date when parasite infections were first detected. We fit an
exponential function to describe the relationship between that proportion and average parasite
prevalence in the samdesiWe examined temperature effects on parasite size variables using
mixed-models with fixed effect of host stage, linear and quadratic effects of temperature and
random effect of site. We fit separate models for response variables of parasite size;hpstsi

biomass ratio, and parasite growth rate.

RESULTS
Surveys of Temperature, Phenology and Parasite Prevalence
Mean summer temperature varied across study sites and years5 Wit difference in
mean temperature between the warmest and coldest sites in each year (Fig. 1). The warmest year
of the survey was 2012, when the mean temperature reacf@ltBe warmest site (East

River at Hunter riffle).
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When data for all sitgear conbinations were analyzed in one model the relationship
between mean summer temperature and parasite prevalence was unimodal with the highest
prevalence values measured at intermediate temperatiraé8iC; #2= 8.74,p = 0.003;Fig.
2A). Prevalence vs. tgperature correlations within sites showed that, of the 12 sites where we
had sequential years of data, 9 sites had a positive correlation between temperature and
prevalence (Fig. 2A). Two sites had a negative correlation, one of which was the warnest site
every year (East River at Hunter riffle).

In first year of the survey (2012, which was the warmest of the five years) we tracked
host phenology and parasite infection dynamics weekly, observing that in warmer &eedins
matured faster{= 0.11,p = 0.01); but warmer temperatures did not advance the date of first
parasitic infectionsrf = 0.27,p = 0.134). Consequently, warmer streams had lower proportions
of early instar (i.e., stages2) hosts at the date when infections begar 0.92,p < 0.001; Fig.
2B-D). Furthermore, host populations biased toward later developmental stages when infections
began experienced lower mean infection prevalence over the larval péro0l$3,p = 0.038;

Fig. 3). Temperature also accelerated the flighiaimiin date for uninfecteBaetis(r?> = 0.21,p

= 0.004), but had no effect on parasitiBaktisemergence date?(= 0.00,p = 0.90).

In Situ Growth Estimates

We observed a positive effect of host developmental stage on parasite size across all
temperatires ¢ 2= 34.9,p < 0.001) but overall there was a nonlinear effect of temperature on
parasite size such that the scope for growth within maturing hosts appeared to be highest at
intermediate temperatures, whereas parasites reached smaller sizes at thermal éxd¢remes (

4.85,p = 0.028; Fig. 4A, Table Al). Parasite growth rate increased as hosts matured, with the
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highest growth rates measured in hosts developing from stage Il to stage IV (the final stage
before emergenc#;?= 5.36,p = 0.068; Fig. 4C) but without tempéuae effects#2=2.52,p =

0.11; Fig. 4C). Parasite:host biomass ratio also varied across host stages. The highest biomass
allocation to parasites occurred in the least developed (and smallest) hosts @kestage |:

.67+ .27; stage Il: .33 .12; gage Ill: .17+ .02; stage IV: .3% .07;#2= 15.4,p = 0.001; Fig.

4B), and there was not a significant temperature effect (1.01,p = 0.316).

DISCUSSION

Temperature can affect multiple aspects of the development and interaction of hosts and
parasites, potentially contributing to the distribution and emergence of infection hgBpalis
2006, Lafferty 2009b, Altizer et al. 2013htensive field surveywithin years in multiple
streams showed that warmer stréamperatures, which accelerated mayfly development, were
correlated with lower proportions of early instar mayflies present on the date when parasite
infections first appeared, suggesting that wartemperature shortens the temporal overlap of
susceptible hosts with infective parasites (Fig. 5). Subsequently, those sites with faster host
development had lower parasite prevalence over the summer. Temperature did not affect the
duration of the parast phase (i.e., date of emergence of infe@edtig but did have a
nonlinear effect on parasite size, resulting in larger parasites at intermediate temperatures.
Parasites in late instar hosts, which are nearing metamorphosis and cessation of faeédneg, h
smallest mean size at emergence in the warmest site, suggesting that warmer temperatures could
alter parasite population dynamics via negative effects on fecundity.

We observed that warmer temperature accelerated host development, but notdghe date

first parasitic infection, suggesting that temperature has differential effects on host and parasite
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phenology that can lead to mismatch of interacting stages (FQtH9r studies have
documented accelerated mayfly development at warmer stream &uonpgrand in experiments
(Wright et al. 1982, Harper and Peckarsky 200&ny parasites including nematodes also have
temperaturaependent phenolodyaily and Balaraman 1994, Poulin 2006, Paull and Johnson
2011) Nevertheless, the production of infects parasite stages could lag behind hosts if
temperature accelerates host development to a faster rate than parasite development. Both
temperature and temperatinglependent constraints may prevent parasites from reaching
infectivity earlier in warm site For example, while embryogenesis is temperatapendent,
hatching from eggs may be cued by chemical signals from (Wsiisg et al. 2012)r
hydrologic cuegMicieli et al. 2012, Wang et al. 2013)jydrology is an important source of
variation in strams that also has the potential to influence parasitdifing stages. In
hydrologically dynamic systems such as ours, flow conditions can change drastically frem early
season peak to lateason base flow and vary across gPeskarsky et al. 2014} is generally
accepted that high flow velocities are often detrimental to parasites at ttieifrgetage, either
through flushing parasites out of their habitats or by decreasing the likelihood that they can
successfully infect the hosts they enceu(¥arcogliese 2001, Pietrock and Marcogliese 2003)
Therefore if flows are high when parasites have achieved a temperature threshold for their own
development, their vulnerable preparasitic stages could suffer from those harsh conditions. In
general, tk net effect of temperature integrates responses of interacting species at all lifecycle
stages, some of which will be influenced by other extrinsic or intrinsic fadbrgler and
Schindler 2004, Berger et al. 2010)

The consequences of hgmrasite iteractions are strongly mediated by the developmental

stages of the interactof3ohnson et al. 2011$ites with faster maturing hosts experienced lower
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parasite prevalence over the summer, which suggests that warmer temperatures decrease the
overlap of nfective parasites with the early instar hosts they preferentially infect. Consistent with
this patternPritchard and Zloty (1994)Iso found higher prevalence in mermithid parasites in
Ameletusnayflies in the colder of two streams although phenologetationships were not
assessed. A detailed experimental study involving multiple hosts and different parasite life
stages also found that warmed water decoupled the phenology of infemtinagode parasites
with amphibian hosts, thereby mismatching riatéing stages and apparently depressing the rate
of infectious encounter®aull and Johnson 2014)ur findings further illustrate how, in natural
streams, constraints on synchronizing with host phenology can be costly for parasites.
Encountering and &sblishing in hosts is of paramount importance for parasites. Infective
stages can be vulnerable and shigdad (mermithid preparasites may survive for onlg days
outside a hosEbsary and Bennett 1973, Platzer 2007, Wang et al. 204#)n the window of
opportunity to locate hosts is short, it would be adaptive for infective stages to be released when
the highest density of susceptible hosts is available. Infective stages that emerge into an
environment dominated by unsusceptible sogtl have lower rates of infectious encounters,
and consequently lower recruitment. These trends in our system suggest that warming as a result
of climate change could redistribute the pattern of highly infectious patches, potentially
decreasing diseasisk for hosts in streams at the warmer end of the temperature gradient.

The net effect of warming on parasitism merges the responses of all life stages and
physiological processes to temperature, which introduces multiple opportunities for effects of
different magnitude or directions to interéetwull et al. 2012aSuch complexity is one reason
generalizable predictions about the effects of climate change on disease remair{fetusine

2006, Lafferty 2009b, Altizer et al. 2013)o evaluate our ceral question of whyBaetis
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parasitism remains high in some sites, we conducted a spatial comparison and found that the risk
of parasitism is higher for hosts developing slowly in colder sites. However, when comparing
prevalence over smaller temperaturedggats that existed interannually within sites, we

observed the opposite pattern: within most streams, parasite prevalence tended to increase in
warmer years within the same sites. Although host phenology appears to dominatsi@cross
differences therera other temperatusensitive phenomena that could influence {pastsite
encounters within sites. Below thermal stress thresholds, temperature can have positive effects
on survival of reproductive adult parasi{&bsary and Bennett 1978hd subsequerigg
developmen{Ezenwa 1974)potentially increasing density of parasite propagules. Thermal

optima have not been examined @asteromermisbut warming is known to have variable

effects on mermithid infectivityurihara 1976, Camino and Reboredo 200®erefore,

temperature could directly affect the ability of parasites to infect hosts via changes to host
detection capability, mobility, or longevity of the infective stage. Further, the immune response
of insect hosts can vary with temperat(Faggsand Knell 2012, Murdock et al. 2012)

Importantly, warmer years increased parasitism mainly in the colder sites but not in the warmest,
suggesting that at the current range of variation the scope for positive physiological effects of
temperature only existin some sites.

Many attributes of parasite performance follow typical nonlinear response curves as a
function of temperature, which could explain why prevalence continued to decline at higher
temperatures in the warmest site. There is potential fottimegsfects on frediving stages by
decreasing survival, longevity and infectivity at temperatures above thermal ¢pbseay and
Bennett 1973, Camino and Reboredo 206@)lowing initial infectionsPaull et al. (2012a)

foundthat successful estaliiment of parasites in hosts was lower at the highest temperature in
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experimental trialsAt higher temperatures pathological effects of parasitism can intensify,
leading to increased mortalifiPaull and Johnson 2011, 2018)ich effects would manifest in
lower parasite prevalence at the highest temperatures, which was the general spatial trend we
observed, as well as the temporal trend we observed in the warmest site (Hihiéx)we
cannot disentangle direct and indirect effects of temperature frammahfld patterns, our
evidence is consistent with the hypothesis that direct effects on the biology of different life
stages may also contribute to explaining variation in parasite prevalence, in addition to the
effects of warmer temperature on phenaagmismatch.

Furthermore, parasites can respond directly to temperature during beliifrgand
parasitic phases, illustrating the value of understanding temperature effects on each component
of the lifecycle and the infection procdgsaull et al2012a) We discovered that after infections
are established, parasites can override subsequent effects of temperature on host development.
Although warmer temperatures advanced the date of emergence to the winged adult stage of
uninfectedBaetis there waso effect of temperature on the duration of the parasitic phase (date
of emergence of infecteBlaetig. Even in warmer sites where uninfected hosts emerged fastest,
parasitizedBaetiswere found in streams for at least 2 weeks after peak emergencefettatn
Baetis Neither the length of this emergence ey the date of final emergence was correlated
with temperature. Differing lifecycle requirements between host and parasite suggest reasons that
synchronizing with the host at this stage of the lifecycle would not be its optimal strategy. While
the timingof mayfly emergence is critical to its ability to locate high quality oviposition sites,
which decrease in abundance as the summer prog(etsper and Peckarsky 2006, Encalada
and Peckarsky 2006parasites have different oviposition requirements thaalg not have

those seasonal constraints (Chapter 1). Instead, prolonging the parasitic phase is expected to
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benefit this parasite by extending growth opportunities as it continues to consume {ahost
et al. 2007) Parasitic nematodes that rely asts for all their nutrition experience selection to
maximize growth within the host, which can favor prolonging the parasitic phase.

We observed that parasite size was a unimodal function of temperature, reaching higher
rates at intermediate temperatsirwhich is a typical pattern of many performance response
curves across parasite tgfoulin 2006, Macnab and Barber 2011, Paull et al. 20Négative
size effects at higher temperatures could be due to direct effects of temperature stressing parasite
physiology, or indirect effects on the parasiteOs ability to consume a host that is experiencing
thermal stresathological outcomes of infection can be exacerbated at higher temperatures,
potentially decreasing viability of the host as an energy sdtradl and Johnson 201)/hile
other studies have reported shorter duration of the parasitic phase at higher temperatures leading
to smaller parasites at warm temperatiasig and Webster 1982)e did not observed a
shorter parasitic phase at warmamperatures. Nevertheless, parasites in stage IV (mature)
larvae, for which window of opportunity for growth is closing, had the smallest mean size at
emergence in the warmest site. This pattern suggests that warming temperatures could alter
parasite popation dynamics via negative effects on fecundity in warm sites. Conversely,
warming temperatures could benefit parasites in the coldest sites in this catchment, if they are
below the thermal optimum for growth, potentially explaining increasing prevahatiaa the
colder sites during warmer years (Fig. 2A).

The complexity of spatial and temporal variation in the relationships between
environmental temperatures and parasite prevalence, and the nonlinearity of host and parasite
responses to temperature raakdifficult to predict disease patterns under climate change

scenarios. Temperature effects on parasitism have often been evaluated under controlled
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experimental conditions that highlight the discovery of optimal temperature thre@hnglds

Paily andBalaraman 1994, Macnab and Barber 2011, Gehman et al.. 2018 survey, we

show that unimodal relationships of host disease risk (prevalence) and parasite performance
(size) are measurable across the current natural range of temperature variateaodttioment,
suggesting that even small temperature increases could have immediate negative or even positive
effects on parasitism in wild populations, depending on the temperature regime of streams in

guestion.

Conclusion, Implications and Future Direcions

Temperature shifts associated with climate warming are often expected to favor parasites
(Patz et al. 2003, Purse et al. 2005, Pounds et al. , 20@63cologists have also emphasized that
a variety of responses could result from warming, includingaiinee effects on parasitism
(Lafferty 2009b) Taken together, our results suggest that the dominant effect of warming will
likely be to suppress parasitism in this system. At temperatures that are energetically stressful,
negative effects on parasitismutth be mediated not only by phenological mismatch due to
accelerated host development, but also by declines in parasite production. Nonlinear responses
appear to be common across the natural range of temperature variation, underscoring that the
interval ad magnitude of temperature shifts at individual sites will influence the net outcome of
climate change on disease distribution.

The effect of temperature cannot be readily disentangled from coexisting environmental
variablesn situ, and controlled experients could be used to resolve the mechanistic
underpinnings of observed relationships between temperature and parasite prevalence and

performance. By combining extensive (across sites and years) and intensive (within sites within
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seasons) spatiotempordiservations of hogtarasite phenology and performance we suggest
intriguing hypotheses to explain the complex effects of temperature on parasitism via multiple
pathways. These observations provide a foundation for discoveries thatntilbute to our

limited knowledge of what drives disease in freshwater networks, which are both highly

vulnerable to anthropogenic change and crucial to human wellbeing.
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FIGURES

Figure 1. Mean water temperatutegged in summers 2012016 in 14 sites in the East River

drainage, CO, illustrating spatial (Y axis) and temporal (X axis) variation among streams and
over years.
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Figure 2. (A) Within 9 of 12 sites surveyed fé® years, parasite prevalenceBaetismayflies
increased with mean summer water temperature (connected with lines). Across sites, prevalence
peaked at intermediate temperatures and remained low at thermal extremes.

(B, C, D) Histograms show the distribution of hosts across the four stages of larval development
on the date when parasite infections first appeared, from weekly assessmentpafdsits
phenology in 2012, the warmest year of the survey (see Fig. 1) atitbeeéB3 a cold

temperature site with high prevalence (Marm(f), a cold temperature site with low prevalence
(Oregon), andD) a warm temperature site with low prevalence (Hunter). Black bars represent
the frequency of parasitiz&hetislarvae withineach stage. Cold streams had higher proportions
of susceptible hosts (i.e., stagd$) lon the date when infections began, and the highest
prevalence was measured in stage | h@& C).

1 A)
0.9
B) Marmot 2012/ ——B2
0.8 ——B3
® Copper
0.7 Emerald
§ 06 —®— Hunter
% —o— Benthette
E 05 —&— Lower Bradley
L ® Lower Rock
g 0.4 —&—Marmot
A C) Oregon 2012 —e—Oxgon Mine
0.3 A/ ® Quigley
—e—Rustlers
02 \ —e— Upper Bradley
o ¢ D) Hunter 31‘2 Upper Rock
— M
0 — . . : \ . . . .
5 6 7 8 9 10 11 12 13
Mean Summer Temperature (°C)
70 B) Marmot Creek 2012 70 C) East River at Oregon 2012 70 D) East River at Hunter 2012

60 | M Parasitized 60

50

40

30

20

10

0
1 2 3 4 1 2 3 4 1 2 3 4

Baetis Developmental Stage Buaetis Developmental Stage Baetis Developmental Stage

50

40

30

Frequency

20




87

Figure 3. Warmer streams had lower proportions of susckphbsts (i.e., stagedl) on the
date when infections began in summer 2012 (also see Fig. 2). Sites with faster developing host
populations experienced lower mean infection prevalence over the season (p = 0.038).
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Figure 4. (A) Parasites tended to be larger in more developed hpst6.001), although small
parasites occurred across all host stages and temperatures. There was an overall nonlinear effect
of temperature such that the scope for growth was highest at intermetiaeratures and

parasites reached smaller sizes at thermal extrgmye6.028).(B) Allocation of biomass to

parasites relative to their hosts was highest in stage | post8.001) but did not vary with
temperature after controlling for host stage=(0.316);(C) Parasite growth rate tended to

increase as the host matured=(0.068), reaching the highest mean in hosts developing into the
final larval stage (IV)(D) Photograph of late inst&aetislarvae ventrum showing how large

the parasites cagrow at the end of the larval life stage.
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Figure 5. Conceptual model illustrating how temperatugtated changes to host phenology

could influence parasitism. Accelerated host development is expected to result in fewer
infectious encounters due to temporal mismatch of parasites with susceptible hesty,isuthy
reducing host infection risk (parasite prevalence) in warmer streams where hosts develop fast
enough to OescapeO the peak release of infective parasite stages.

COLD STREAMS: Delayed host development &
hostparasite OmatchO

|/\

WARM STREAMS: Accelerated host development,
I mismatch & escape from parasites

| [~ | |
May Jun/gv //:A July August
parasites hatch




90

APPENDIX

Table A1l. Summary of linear mixed effects models of parasite size (mg DM), parasite growth
rate &ng DM day'), and parasite:host biomass ratio as a function of mean summer water
temperaturejC) and developmental stage of the hodW¥({land site included as a rdom effect.

Parasite Parasite:Host
Parasite Size Growth Rate Biomass

Effect #2 p #2 p #- p
Temp 4.83 0.028 |2.42 0.120 |.999 0.327
Tem@ 4.69 0.03 2.52 0.112 |1.01 0.316
Host Stage 34.9 <0.001 | 5.36 0.068 | 15.4 0.001
Temp" Host Stage | .357 0.836 |1.21 0.271 | .342 0.843
Temp " Host Stage | .300 0.861 |1.34 0.248 | .326 0.850

Figure Al. Relationship between ho®4etis bicaudatumayfly larvae) and parasite
(Gasteromermisp. nematode) biomass (mg DM) measured across 7 sites in the upper East
River drainage basin, CO in summer 2014.
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2016 Warming Experiment Summary

Background.The objective of this experimemas to explore how water temperature alters
aguatic hosparasite interactions by testing whether phenological shifts could mismatch the
lifecycles of a host and its paradita mechanism that is believed to be important in the climate
change context, alttugh direct tests of it are uncommd@ecause temperature cannot be readily
disentangled from other environmental variables in nature, a controlled microcosm experiment
was attempted to test the hypothesis that warmer water causes faster developaeist of

mayfly larvae, thereby decreasing the overlap of susceptible (early instar) hosts with infective
parasites, and ultimately reducing parasite infections.

Methods.We designed a#2 factorial experiment in which unparasitiZégetislarvae from 2

age ategories, stage Il (early instar) and stage Il (late instar), mared in microcosms (6
individuals per microcosN = 12 microcosms per treatment combingtieith stream water at
ambient temperature (mean: 6iC, rang®;@) or warmed by 5;C. Thigetnperature regime
represents the cold and warm ends of the thermal range of streams in the East River drainage.
Microcosms were either supplied with gravel containing parasite propagules collected from the
substrate of a stream with known high parasitesitiefMarmot Creek; methods following

Poinar andPoinar 2008) or with boiled gravel (no propagules as cqr&nslicrocosms from

each temperaturestage treatment combination were used as controls, resulting in fewer control
than treatment tanksThis approach was intended to reduce parasite mortality, although we
could not be confident that the same number of propagules were supplied to all microcosms, and
a bias in number of propagules could confound treatment effects. We addressed tingechglle

1) randomly distributing gravel so differences in propagule number are not biased by treatment,
and 2) stocking each microcosm with few enough hosts (~12) that parasites were likely to be
hostlimited.

As responses we measured the number of eeyriaduced by moltinBaetis(proxy for

developmental rateBaetissize and growth rate (mg dry mass) over the course of the

experiment, and parasite prevalence at the end (after 14 days). The experiment was implemented
in July 2016 in a system of 60 aidar plexiglass flowthrough microcosms housed in a

streamside greenhouse and gratétyt water from a cold fishless stream (detailed in Peckarsky

and Cowan 1991). To establish temperature contrasts, natural stream water was warmed by an
instantaneous watéeater before being dripped through tubing into micsow) where it

continuously mixedvith ambient water to maintain natural diel temperature fluctuations

(detailed in Harper and Peckarsky 2006). In advance, algae was grown on tile substrates to
standadize food forBaetisduring the experiment.

Predictions.Based on predicted effects of temperature on host development and on our
understanding of susceptibility (i.e., early instars are more susceptible, but late instars have
periods of vulnerability de to molting) we expected the effect of water temperature to depend

on host stagépredictions summarized Fig. A2). Results contrary to those predictions would

be open to other intriguing interpretations. For example, if colder temperatures promctiennf

in both host stages, then moltipgr seis not a significant source of vulnerability. In general

molting can either increase or decrease vulnerability to parasitism however, based on the nature
of this interaction, we expesd molting to increasewnerability because it temporarily strips
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Baetisof its defensive exoskeleton, which is a barrier the parasite must actively penetrate, and
because it temporarily immobiliz&aetis extending exposure time to parasite encounters. If
colder temperaturesochot promote parasite infection in early instar hosts, then the starting
condition of a host population (early or late instar) when first exposed to infective parasites is
more important than its developmental rate.

OutcomesThe experiment could not be completed as originally conceived due to equipment
failures and challenges capturing and keeping animals in captivity. Ultimately many of these
issues were resolved and, although resolution did not come soon enough to captarsoti
window of the hosparasite lifecycle we intended to manipulate, the equipment and
methodology developed during this project is a significant contribution to future research on
stream hosparasite interactions. First, we were able to streamhddinetune a systerto

provide ondemand warming of natural stream water into fibmough microcosm tanks. This
system, now available at the Rocky Mt Biological Laboratory (Gothic, CO), can be used for
similar tests on the effects of warming on variaspects oBaetisor other macroinvertebrate

ecology and hogparasite interactions. Second, for the first time we were able to harvest parasite

propagules from streams and introduce infective stagéasteromermiparasites into
microcosms with suscepte hosts. Infections occurred at very low rates, which suggests that
these techniques need continued refinement. However, once this is achieved there is great
potential to test for the effects of environmental gradients on infection probability, which
remains a central question in this and other systems where disease is heterdgeistobated
across spaceén general it is difficult to maintain temperature stream organisms in artificial
settings due to their sensitivity to environmental conditiorddyuding temperature; therefore it is

a
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a significant achievement to have created an
experimental system in which animals survive
and temperature can be controlled independently
from co-occurring variables in the nature.

Parasitic infections (the response variable)
occurred with very low frequency under all
conditions (Table A2)Further, the warming
treatment that was central to testing temperature
driven phenological effects on parasitism did not
effectively raise meawater temperatures to the
extent we desired. Rather, it increased variability
in temperature and did so inconsistently. There
are indications that the presence of parasites in
ambient water conditions may have led to
increased host mortality although thechanism

is unclear, which would be consistent with our
initial predictions. However, we are treatirgst
outcome conservatively and areable to report
statistical significance or make inferences about
the role of temperature with confidence.
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Table A2. Counts ofBaetis bicaudatukarvae in experimental treatments or control tanks (no
Gasteromermiparasite propgules introduced) that survived or were lost (dead + missang),
thatwere parasitized at the end of the 2016 warming experiment.
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CHAPTER 3 BEndoparasites deplete host resources to avoid costs of predation risk on

growth

AUTHOR Kara J. CromweH?
Department of Integrative Biology, University of Wisconsin, Madison, Wisconsin 53706 USA

’Rocky Mountain Biological Laboratory, P.O. Box 519, Crested Butte, Colorado 81224 USA

ABSTRACT

Endoparasites consume energy first acquired by their hosts, andtb@®ild be influenced by

host foraging changes made in response to predation risk. Within the constraints of energy
available from the host, it should benefit the parasite to sequester nutrition while leaving the host
sufficient resources to remain vialdnd, in some cases, also to perform behaviors that increase
parasite transmission. We examined relationships between host foraging and energy allocation to
parasites in the context of predation risk, working in a system where mayfly gigaets (

bicaudatug are subject to predation by trout and also infected by a castrating, endoparasitic
nematode Gasteromermisp.) for which predation on the host is lethal. We used two

experiments to test whether the threat of trout predation, provided by chenasdl)affected
foraging behavior (grazing on substrate surfaces, and seeking food by drifting in the water
column) and, 2) food consumption (algae suppression) of paraf@etlarvae, with

subsequent effects on sequestration of resources by parébid#st experiment also included

a food level treatment (high or low) to explicitly test for responses to the tradeoff between
predator avoidance and food acquisition. We found that at low food levels all mayflies increased

foraging activity even witlpredator cues present. Across treatments parasites also tended to
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increase foraging activity, albeit at safer (night) times. However, activity increases were not
reflected in food consumption. ParasitiZaktisremoved similar levels of algae per biomass
grazer, and removed less per capita than uninf&detis Ultimately the growth and size of the
parasite, which correlate with fecundity, were not affected by predation risk. Instead, a net loss
of host tissue occurred in parasitiZégetisexposed to @dator cues, suggesting that risk caused
the parasite to sequester more available resources, thereby decreasing its hostOs condition.
Although predation risk did not exact a cost on parasite growth, there could be other predator

induced costs to the parstonsequent to depleting its hostOs energy reserves.

Keywords: herbivory, grazing behavior, resource allocation, growth, predation, parasitism,
nonconsumptive effects, food webs, Rpatasite interactions, mayflies, mermithids

Coauthor: Barbara L.Peckarsky?

INTRODUCTION

Organisms optimize fitness by balancing tradeoffs between avoiding risks that threaten
their survival or fecundity and obtaining the resources they require for reprodiitict®87,
Lima and Dill 1990) For example, most animals cannot remain sheltered from predators while
also obtaining food, which generally increases movement, exposure, and predator encounter rates
(Sih 1980) In this context, animals can make decisions by integrating informatidrewrotvn
energetic states, quality of available resources, and the distribution of predat(@ihrisk92)
Although a substantial literature on this topic addressedifiag organisms, this framework
has not been extended to consider how parasit®ah with the mosaic of risks and resources

their hosts experience.
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Because endoparasites forage within the environment of the host, acquiring energy is a
two-phase process. First the host must successfully navigate its external environment to obtain
food. Second, the parasite within the host must appropriate nutrition to itself. Tradeoffs exist at
both stages: as the host seeks food it risks exposure to predators, which can also be lethal to the
parasite, and as the parasite OforagesO within therhast &cquire the resources necessary to
grow and ultimately achieve transmission, but not cause physiological stress that would weaken
the host prematurely (the classic viruleti@nsmission tradeff; Anderson and May 1982)

The context in which the ho&irages, including its responses to food and risks, are the
first filters of the energy ultimately available to its parasites. For organisms that decrease activity
when risk is high, choosing safety can result in fithess decreases due to lost foragjraywind
opportunitiegPreisser and Bolnick 2008\Ithough this behavior should decrease total energy
available for allocation to the parasite, it is unclear whether parasites pay a fecundity cost for
safety. If there is a penalty, then manipulative paagwhich can modify host traitBpulin
1995, 2010)may have incentive to affect the foraging behaviors of their host when it benefits
them to avoid predation, in contrast to trophicéithnsmitted parasites that famously manipulate
their hosts to in@ase predation as a transmission pathwiyofe 2002, Poulin 2010)

The energy a parasite obtains by direct consumption of its host is constrained by the need
to keep the host viable until the parasite is prepared for the next phase of its lifaogdeson
and May 1982, Hall et al. 20Q7n negotiating this tradeoff it should benefit parasites to refine
strategies for the controlled removal of host nutrients, such that the parasite benefits from a
stable resource supply while host viability is uncompsech Host castration is one example of
a targeted approach to consumption, in which parasites selectively redirect the reproductive

allocation of their host to themselNshis trophic strategy typically extends longevity of the
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host and can even incredsast somatic growtfBaudoin 1975, Lafferty and Kuris 2009)

Because the amount of energy a host consumes can be tightly correlated with energy allocated to
reproductionSchoener 1971pffects on host food consumption can potentially impact

castrating peasites that target reproductive resources. Therefore, not onljvireeprey but

also their parasites could potentially pay a cost for safety from predators.

Because the pathway of energy transfer from the environment to the parasite is lengthy
and irdirect, it is challenging to predict how foraging, consumption and energy allocation to
parasites are affected by variability in the hostOs environment. Previous studies have investigated
the response of parasitized animals to the todflbetween foragig and safetylLefcort and
Blaustein 1995, Williams et al. 2001, Kamiya and Poulin 2042) at least one has directly
measured food consumption by hosts in different risk con{€xten et al. 2017However, the
links between host foraging behavior, fammhsumption and parasite growth in the context of
predation risk remain to be resolved.

With the goal of understanding how host responses to environmental variability could
ultimately affect parasites, we measured relationships among host foraging misydéooeh
consumption, and host and parasite growth in experiments that controlled for resource
availability and predator cues. These experiments were conducBsietis bicaudatysa
common and abundant mayfly in highlevation streams of the western Wjch are infected
by Gasteromermisp. (Nematoda: Mermithidae), a castrating endoparasite with a direct (single
host) lifecycle. The parasite does not trophically transmit to another host following its parasitic
stage, so consumption of the mayfly host is lethal. The parasite residesnaytiyethrough the
hostOs larval period and metamorphosis into adulthood, when it is deposited back into the stream

via a mimicry of mayfly oviposition behavior (Vance & Peckarsky 1996, Chapter 1).
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Subsequently it overwinters in the stream substrate bséoxeally maturing, mating and
reproducing in the following spring. It cannot feed exogenously as a postparasite, therefore the
resources it sequesters from the host are the only nutrition it obtains in its lifetime. Growth
achieved within the host not gndustains the postparasite through the prolongedifiag

stage, but also predicts its fecundBoulin 1996)

Prior research indicates that the threat of trout predation (signaled by chemical cues)
exerts strong nonconsumptive effectsBaetis including reduced foraging movements. For
Baetis movement by drifting is of paramount importance because it enables location of new
food patchegKohler 1984, 1985)but foodfinding comes at the cost of increased visibility and
risk of consumption by troAllan 1978, 1983, Mcintosh et al. 2002yhenBaetisare exposed
to trout chemical cues they respond by suppressing drift duringrisigimes (day, when they
are most visible to trout) and tend toward nocturnal act{ityintosh and Peckarsky 1996,
Pedkarsky and Mclintosh 1998Yance (1996aandVance and Peckarsky (1998ported that
parasites changed the drifting behavioBattisin ways that could alter both vulnerability to
predators and grazing effectiveness, but potential koaakffects of pedators on parasite
fithess were not tested.

We designed our experiments to answer key questions related to the interaction of
parasitism, foraging behavior, food consumption and growth in thisploasite system: 1) does
the threat of trout predationfatt grazing behavior and food consumption of parasitizestis?

and 2) does the threat of trout predation affect sequestration of host resources by parasites?
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METHODS
Study System

We completed this researghstreams of the East River catchment, \whdcains an area
of 45-km? near the Rocky Mountain Biological Laboratory (RMBL) in Gothic, Colorado, USA.
These rockybottom streams are located at ~2;/90@nd ruroff is generated primarily by
snowmelt. Streams throughout the drainage have comparable water chemistry, busizary in
and other physical characterist{€eckarsky et al. 2001, 2002, Wilcox et al. 2008 East
River and some of its tributaries contain high numbers of brook tal€linus fontinalis
while other tributaries are fishless due to natural migrdiarmers. Our work focused on
parasitism irBaetis bicaudatumayflies, an abundant and widespread insect whose larvae live in
high elevation streams in the western US. In the East River drainage, mermithids2a#écof
Baetislarvae, although spatighriation is high (Chapter 1Raetisis the most efficient insect
grazer of attached algae within streams of the region (Alvarez & Peckarsky 2005) and is a
common prey species for predatory invertebrates and salmonid fishes (Allan 1983, Peckarsky
and Perin 1989). Because it is a foundation spé¢ibsth highly abundant and influencing
ecosystems disproportionate to its bionf\agssponses dBaetisto parasitism could exert
higherorder effectgEllison et al. 2005)

We conducted two microcosm experimenEst, we evaluated the effects of trout and
parasitism orBaetisforaging behavior (exposure on substrate surfaces and drift in the water
column); second, we measured effects of trout and parasiti@aeirsgrazing rates (algae
removal) and evaluatedilssequent energy allocation and growth patterns between the host and
parasite. We collecteBaetisfrom two fishless streams in the East River drainage near the

RMBL, Gunnison County, Colorado, USA. The experiments were conducted in a streamside
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system o060 circular, flowthrough Plexiglas™ chambergl5 cm diameter, water deptiOcm;
detailed and illustrated iReckarsky and Cowan 19%heltered in a partially translucent
greenhouse (Hansen WeatherPort, Delta, CO). We supplied water continuouslyhemtbers

by gravity from a fishless tributary of the East River. We cleaned chambers daily throughout the

experiment to avoid clogging and to account for dead or metamorplsatis

Experiment 1: Foraging behavior

We designed the first experiment to measure the effects of parasitism on the behavioral
responses dBaetisto variation in resources and risk. We manipulated three variables in a fully
factorial design (2 2" 2); parasitized and unparasitizBdetiswere offered low or highfood
availability in the presence or absence of trout chemical cues. We randomly assigned each
combination of treatments to 7 replicated microcosm chambers contaiBexgfi§ which are
few enough grazers to have no density effedb@havior(Taylor et al. 2002)

We created low and high food treatments by lining the floor of each chamber with 4
unglazed ceramic tiles (3.5¢hB.5cm) that had either been left to dry outdoors for 1 week
before the experiment so that no algal propagwlere introduced (for low food tiles), or
incubated in cattle tanks through which water from a natural fishless stream flowed continuously
to introduce algae propagules (for high food tiles). Twice during the week we added plant
fertilizer containing NH and PQ (Continuous Release Bloom Booster, Scotts Mir&ile
Company, Marysville, OH) to the tanks incubating high food tiles to stimulate algal growth. We
placed the tiles in microcosm chambers 4 h before grazers were introduced and 12 h before
foragingbehavior data were collected. To confirm that algae accumulation was different between

the high and low food treatments we extracted chlorohydbm 6 replicates (4 tiles each) from
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each food treatment. Extractions were made using cold 90% ethan®Zdriiand analyzed by
spectrophotometrgNusch 198Q)
We created fisttue-absent treatments by dripping water that was delivered by gravity
from a fishless tributary through Tygon" tubing into half of the chambers. To createuish
present treatmentsdm the same stream, we first delivered water to a 110 L container that
housed 2 brook trout caught by angling from the East River. Water from that container was then
dripped into the remaining chambers. Chemical cues from trout are readily deteBigidy
(Mclntosh et al. 1999) but have no fertilization effects on chlorogticumulation (Peckarsky
and Mclntosh 1998). We maintained the same trout for both experiments and fed them every 2 d
with mixed macroinvertebrates from the East River.
Because pasitism inBaetiscould not be experimentally induced, we colledagtis
from fishless streams and used microscopic examination ofcatldht, live mayflies to
determine whether they were parasitized. To increase our efficiency of detecting paitsites w
the hosts, we collected infected mayflies from a fishless tributary known to have high prevalence
(Marmot Creek) and collected unparasitized mayflies from one known to have low prevalence
(B3). We estimated these background levels of parasitismebiife experiment by collecting
Baetisin kick samples, preserving them in 70% ethanol, and dissecting them in the laboratory.
Because mayflies disperse across streams within the basin, these streams do not have genetically
different populations oBaetis(Peckarsky et al. 2005\Ve usedaetisfrom fishless streams
because their foraging behavior is permanently altered after exposure to fish, affecting their
responses even in fishless control conditions (Peckarksy and Mcintosh 1998).
BeforeBaetiscouldbe examined for parasitism we immobilized them using a nonlethal

anesthetic. Water containing dissolved sodium hydrogen carbonate (i.e., origin&eftter;
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4 oz water per tablet) was dripped by pipette into the viewing dish unBlashad ceased
swimming but respiration continued. Finally, under transmitted light"at@ynification we
used microprobes to flip tHgaetison its dorsum. If th&aetiswas infected by a mermithid
parasite the worm could be viewed, coiled within the hemoceol, thrinegranslucent ventral
cuticle. We assigned élaetisthat appeared to be infected to parasitized treatments and returned
those appearing uninfected to the stream. We coll®&aetisfor unparasitized treatments from a
fishless stream with such lownaaite prevalence {2%) that we accepted the small margin of
error and allocated them to unparasitized treatments without full microscopic inspection. This
significantly reduced time and the number of organisms handled, while insuring that all mayflies
had been reared in fishless conditions. To further insure that unparagiaeéidexperienced the
same preexperimental conditions as the parasitized group, we transferred them to viewing
dishes, anesthetized them, positioned them under the microscdpnligtipped them with
probes before relocating them to the microcosms. We |éBiaaiisto acclimate to the
microcosm environments for 8 h before we began the behavior assay.

To assess behavioral responses to food and predator cues we colBaetisdhat were
exposed on surfaces of tiles, which serves as a proxy for grazing bedwioez et al. 2014)
and measured drift, a risky food search behavior that nidetssvulnerable to trout predation.
Because predation risk differs between day (high risk) and night (low risk) we were interested
not only in total activity in response to treatments, but also how activities were distributed
between day and night. Therefoa#l,observations were made once at night and once during
daylight (2100 on 31 July and 0900 on 1 August 2014). We guantified drift by counting the
number of drifts past a fixed transect in each channel during 1 min. We could not distinguish

whether the samor multiple individuals were drifting, but that problem did not introduce
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systematic bias with respect to treatments. We observed drift behavior once at night and once
during daylight following exposure counts. We used red lamps at night becausetred ligh
minimizes disturbance @aetisbehavior(Cowan and Peckarsky 1994, Mcintosh and Peckarsky
1996, Mclintosh et al. 2002)

Analysis We conducted separate thrgay ANOVAS to analyze total exposure counts
(sum of day + night) and total drifiog[x]-transformed) with fish (cues present or absent), food
level (high or low), parasitism (yes or no) and their interactions as-@&btedt predictor
variables. We used the same model structure to investigate how risk, resources and parasitism
affectal the allocation of these activities to nighttime versus daytime. To do this for exposure,
we calculated a nocturnicity index as (noBaketisexposed at night) / (no. exposed day+night)
within each microcosm, and used that ratio as the dependent vaGabilarly, to analyze drift
nocturnicity, we calculated (no. nighttime drifts) / (no. day+night drifts), and used this proportion
to classify each channel as nocturnal (>50% drifts occurred at night) or dief50&b (Occurred
during daytimesensuHernarez and Peckarsky 2014)/e analyzed that binomial response
using a generalized linear model with predictor variables of fish, parasitism, food level and their

interactions.

Experiment 2: Grazing

We transitioned directly from the behavior experiment éogtazing experiment,
retaining allBaetisin the same chambers and continuing to deliver fish cues. So that we could
compare grazing among treatments, we standardized algae availability to Ohigh foodO grazing
conditions by replacing all tiles in the lowdd tanks. This resulted in a fully factoridl22

design with predator and parasite treatments (N=12). To provide a reference for detecting grazer
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impact, we also set up ungrazed control tanks that did not c@&datrs maintaining a balanced
design. WeaallowedBaetisto graze for 8 additional days before dismantling the experiment. We
then removed the tiles to measure periphyton chorophgihd preserved thgaetisin 70%
ethanol before dissecting them and measuring biomass in the laboratory. Weedspenzapita
growth ofBaetisandGasteromermigs the difference between per capita dry mass (DM; mg) at
the end minus DM at the beginning of the experiment. Starting mass was measured from a
random subsample of individuals preserved wiBaeatiswas orginally collected for the trials.
Prior to weighing, we dissected parasites from hosts and dried all organisms for 24 h at 60; C.
Analysis To analyzeBaetisgrazing and growth rates, we performed ey ANOVAS
with fish, parasitism, and their interactias predictor variables. We separately analyzed two
estimates of grazer impact: chloroprg/lemoved byBaetisper capita and per mg biomass of
grazer (sum of host+parasite for infecRaktig. We calculated parasitiz&hetisgrowth @&mg)
two waysfirst using the sum of parasite + host DM, and then using host DM only, after the
parasite had been removed. Parasite grofig) was separately analyzed. All growth metrics
were analyzed using ofveay ANOVA with fish cues as the predictor. To examinedbenection
between algae consumption, predation risk, and energy allocation to the parasite we calculated
ratios of parasite:host biomass per channel at the conclusion of the experiment and modeled this
outcome usingNcovA with fish cues and total algggazed over the duration of the experiment
(mg chla/cn¥) as predictors. All analyses were done in R 3.2.4 (The R Foundation for Statistical

Computing 2016).
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RESULTS
Experiment 1: Foraging Behavior

ExposureOverall, moreBaetisforaged on exposed sutete surfaces in low than high
food conditions = 12.4,p < 0.001; Fig. 1)Baetisalso showed a bias toward nocturnal
foraging when fish cues were presdnt=(3.67,p = 0.062). Within the low food treatment, fish
had a negative effect on exposure rdtgss of whetheBaetiswas parasitized (Fig. 1A). In the
high food treatment, however, exposure of parasitéasetisincreased with fish cues, whereas
fewer unparasitizeBaetisforaged on exposed substrate surfaces with fish cues (food # fish #
parasite interactiorf = 4.00,p = 0.051, Fig. 1B).

Drift. Like exposure, totaBaetisdrift rate was higher in microcosms with low than high
food F = 8.05,p < 0.001; Fig. 1€D). However, in both high and low food conditions,
parasitism increased total drift rate£ 5.10,p = 0.029). The nocturnicity analysis suggests this
outcome is influenced by the tendency of parasitism to increase nocturnal drift, although this
trend was not sigfficant (F = 2.80,p = 0.094). Fish cues did not suppress total drift rate, but
instead made both parasitized and unparasiBaedismore nocturnal under high but not low

food conditions (fish # food level interactidf= 6.30,p = 0.012; Fig.1D).

Experiment 2: Grazing

Grazer ImpactParasitizedBaetisremoved significantly less chlorophwlper capita and
had the lowest grazer impact when fish cues were prdseni(.2,p = 0.003, Fig. 2A). In
contrast to per capita grazer impact, analysis ochcaimoval per grazer biomass (sum of host +
parasite DM for infecte@aetig showed a trend toward higher grazer impact of parasitized

Baetis primarily in channels with no fish cuds € 3.27,p = 0.077, Fig. 2B).
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Growth. Parasitized mayflies (sum of $to+ parasite) were smaller both before and after
the experiment (parasitizé&hetisDM initial: 0.628+ 0.079 mg and final: 0.9380.039 mg;
unparasitizedBaetisDM initial: 0.876+ 0.054 mg and final: 1.0¥ 0.032 mg). Growth of
parasitizedBaetis(&mg DM host+parasite) was negatively affected by predator ¢ues3(44,p
= 0.073). During the experiment, parasitism suppressed grov@aatistissue &mg DM; F =
6.31,p = 0.015, Fig. 8l parasitizedBaetisDM measured without parasite). Growth rates tende
to be lower for alBaetisin the presence of fish cues (F = 3.66; 0.061), resulting in
cumulative mean weight loss for parasitiBaktisexposed to predator cues (Figl BM of
host only). In contrast to their hosts, the direction and magnitudaras$ipe growth rate was not
affected by predator cueB € 0.168,p = 0.684, Fig. 8 DM of parasite only).

Energy allocationThe parasite:host biomass ratio measured at the end of the experiment
did not vary with the cumulative amount of algae removedrhyers during the experimeft £
0.112,p = 0.742). However, the presence of fish cues increased parasite biomass relative to the
host £ = 4.30,p = 0.053). This effect was also reflected in a significant interaction of fish cues
and algae removal drivg parasite:host biomads € 9.01,p = 0.008; Fig. 4); higher algae
consumption resulted in a higher parasite:host biomass ratio when pard&stetesivere
exposed to predator cues (Fig. 4A), but in the OsafeO environment, increasing consumption
resulte in lower parasite:host biomass (Fig. 4B). These results suggest that the increase in
parasite:host biomass in response to fish cues results from host growth being suppressed while

the absolute size and growth of parasites remains unaffected by predition
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DISCUSSION

To our knowledge ours is the first study to measure relationships between predator
exposure, food consumption and growth in a parasitic organism, and we have found evidence
that predation risk affects the allocation strategy of pasasithe tradeoff between foraging and
predation avoidance has been extensively studied fotifieg organisms, with ample empirical
evidence documenting the potential for predatavidance to alter food consumption with costs
for growth and fecunditfWWerner and Anholt 1993, Lima 1998, Preisser and Bolnick 20U8)
extended this line of investigation to examine how predation risk and resource consumption
affect the growth rate of an endoparasitic nematode in its mayfly host. We show that
endoparasitesxperiencing the risk of predation on their host can avoid costs on growth, despite
the effect of predators on host foraging behavior and, in some contexts, food consumgten.
presence of cues from predators, parasites sequestered more of thelexehgyr hosts
consumed, resulting in net loss of infected host tissue while parasites maintained growth rates.
Because the host is castrated, host growth suppression has no bearing on host fithess and likely

represents a modification for parasites tantan growth under energetic duress.

Effects of resources, predation risk and parasitism on host foraging behavior

Our behavior observations show that both parasitized and unparaBitizesimake
compromises between food acquisition and predator avoidance. Food scarcity increased
exposure on tile surfaces and motivaBaektisto search for better food patches even at risky
times(see also Kohler and McPeek 198&rnandez and Peckarsky 201MM)e extended
previous work to consider the role of parasites, and found evidence that parasitism affects the

way Baetisresponds to the foragifgredator avoidance traadf. Even when predator cues were
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present, parasitizeBlaetiscontinued to graze on pased surfaces during the day. This result
contrasts with the behavior of unparasitiBatisin high food and also with observations of
Kohler and McPeek (198%¥atBaetis tricaudatugparasitism unknown) in the presence of
sculpin predators spent legsie grazing on tile surfaces during the day unless they were starved.
Parasitism exerts high energetic costs and has been likened to a form of physiologic starvation,
which could explain the resemblance between behaviors of parasitized and uninfected but
starved animal@_afferty and Shaw 2013Although expose8aetisare vulnerable to
consumption by sculpin, which are bottdeeders, sculpin are not present in the East River,
where the only fish predator is dfféeding trout. This context suggests flathough exposure
indicates grazing activity, it may not be very risky in terms of trout predgiidem 1981)

We found that food scarcity and parasitism both increased drifting, which is a risky food
search behavior that expodgmetisto trout predabn in the water column. Because drifting
poses the highest risk of predation during the(@dgan 1981, Mcintosh et al. 200Baetis
reduces risk by increasing nocturnicity when trout or their chemical signals are present
(Peckarsky and Mclntosh 1998, Mtosh et al. 1999, 2002 onsistent with this, we saw that
parasiteinduced increases in drift occurred mainly at night, resulting in higher nocturnicity in
both low and high food conditions. This could reflect a decision to increase foraging while
doing so at the safest times. However, a replicated field study that examined parasite effects on
Baetisnocturnal drift in natural streams reported that, unlike the microcosm study, parasitism
decreased the probability trBé&etiswould enter the drift (Chaet 4). This difference between
field and microcosm studies could be attributed to the failure of artificial environments to
replicate natural ones, which creates vaeknowledged challenges for extrapolating between

experiments and natu(Peckarsky et all997, Power et al. 1998)lowever, we also suggest that
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a plausible mechanistic explanation is provided by observations (also reported in Chapter 4) that
parasitizedBaetisare more buoyant and, although they launch into the drift at a lower rate, they
take longer on average to exit the drift. In the present study we did not separately count the
number of drift entries and the number of circuits individuals made around the microcosm
channel. Therefore, the microcosm data are not inconsistent with theQtavarch ratesO known

to occur in nature, but we are unable to disentangle behavioral effects on entering the drift from
biophysical constraints on exiting it. Importantly, despite variable effects of parasBests

drift rates between field and mamosm observations, changes in foraging movements have no
apparent consequence for fitness of the {fdstnandez and Peckarsky 20b4 )parasite

(present study).

Effects of predation risk and parasitism on resource consumption

The main finding from ougrazer impact analysis is that parasites decrease per capita
grazer impact of their host. There are numerous studies reporting that parasites can either
increase or decrease host food consumption, suggesting that effects are both widespread and
contextdependen{Moore 2002) In many cases there is evidence that changes to food
consumption are mediated by parasi@uced changes in host behavior that can operate in
positive or negative directions. For examfysasnails parasitized with trematodeszgd
more rapidly and consumed more algB@ernot and Lamberti 2008put caterpillars infected
with wasp parasitoids had reduced movement, which decreased their ability to locate high quality
food patches and resulted in lower consumpfiimen et al. 201)7 In other cases, consumption
differences may be consequent to size differences because ingestion rate increases with

consumer sizéToscano et al. 2014Although we cannot discount a behavioral component (see
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below), we suspect that parasitiZzégetisconsumed less algae per capita mainly due to their
smaller size, which also potentially explains why they consumed more algae per unit biomass.
Decreased per capita consumption by mermthiielcted mosquito larvae has been reported
elsewhere, but undeihg causes were uncle@giblin and Platzer 1985)

Because our behavior observations were made before starting the grazing experiment, we
cannot unequivocally connect behavior to food consumption rates measured over a longer
interval. However, previous sdies suggest that, when food is abundant (as it was in the grazing
experiment), lower mobility (drift) may reduce the risk these grazers experience but have little
effect on how much food they consu@hcintosh et al. 2004, Alvarez and Peckarsky 2005,
Herrmandez and Peckarsky 201@ur observation that unparasitizédetismodified behaviors
but did not sacrifice food acquisition or growth for predator avoidance is consistent with other
experimental and field studies conducted across multiple gdabdstosh et al. 2004, Alvarez
and Peckarsky 2005, Hernandez and Peckarsky 20hd)disconnect between food search
behavior and food acquisition is also consistent with our finding that parafaetishad
higher search (drift) rates, but not higher consimnptAs discussed above, it is possible that the
number of drifts reflects not only foraging decisions, but also physical constraints on exiting the
drift. In addition, previous observations of food search behavior of individual para8aeid
have reprted that parasitism decreases their ability to locate high quality food patches, which
could contribute behaviorally to lower grazer imp@tnce 1996a)Those two explanations are
not mutually exclusive as they both suggest that, for infected anceatadBaetisgrazers alike,
search rate can be decoupled from food intake.

The literature examining effects of predators on food consumption of parasitized prey

remains limited, but there is evidence for a variety of effects. In some cases parasiggasescr
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foraging activity and food consumption, such as in sticklebacks infected by cestode worms
(Godin and Sproul 198&nd trematodénfected crayfisi{Reisinger and Lodge 201@jowever,
most of those examples are drawn from case studies of animatedlbgctrophically
transmitted parasites, which infamously manipulate their hosts to increase activity, thereby
attracting predators, because the parasite transmits to the definitive host by becoming its prey
(Moore 2002, Poulin 2010Parasites that do heequire transmission via predation have
received less attention. However, theory predicts that those organisms can benefit from
heightened risk aversiqiParker et al. 2009and there are reports of parasites suppressing
feeding activity and food consuyotion, such as amphipods in early stages of infection by
acanthocephalan parasit€sgnne et al. 2011, 2014nd caterpillars infected by parasitoid wasp
larvae(Chen et al. 2017)Another case study reports that predator cues can decrease risky
behaviordn parasitized snails without affecting host food consump#@m(ya and Poulin
2012) which is more similar to our observationsBafetis

Although algae accrual can be influenced not only by the top down processes we
emphasize here, but also by nuttiavailability, we do not think variation in nutrient availability
among treatments explains why more algae accrued in the parasite treatment. Unparasitized
Baetisexcrete more N per unit mass and are larger (A. Sanders unpubl. data), making it likely
tha more N was recycled in microcosms with unparasitized grazers. Therefore, if there was a
positive effect of N on algae accumulation, then that would only serve to dampen the parasite
effect rather than providing a proxy for it. Perhaps more importandyyeuld not expect
differences in N excretion to influence éineasurements because algal biomass in these

streams is almost universally P limit@doslemi 2010)
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Effects of predation risk on energy allocation and growth rates of hosts and parasites

We discovered that while parasites do not sacrifice growth in risky environments, they
consume a greater proportion of available host resources, shifting the balance of allocation away
from the host toward the parasite. Tradeoffs between predator avoidahgeowth in aquatic
freeliving organisms have been reported elsewlidekaoka 2000, Nicieza 20Q@lthough
experiments witiBaetishave shown no such costs despite effects of fish on foraging behavior
(Hernandez and Peckarsky 201%hose studies hawnsidered the tradeoffs organisms make
to optimize energy intake and expenditure in the context of predation risk. Because parasitism as
a consumer strategy requires foraging in (or on) the environment of the host, tactics that parasites
employ for alloction in the context of tradeoffs are cryptic, indirect, and challenging to
investigate. In addition to numerous studies of nonconsumptive predator effectslonrfgee
organismgWerner and Peacor 2003, Preisser et al. 2005, Abrams, 206i8 is a smbbody of
studies that examine the nonconsumptive effects of predators on parasitized prey, accounting for
interactive effects of predators and parasites on host foraging affeityon and Pritchard
1990, Wise de Valdez 2007, Kamiya and Poulin 2012higan et al. 2017)However, those
studies have not conceptually been extended to question the allocation strategy of parasites
acting as consumers within a host in a risky environment.

Although predation risk did not suppress growth in uninfeB@ekis consistent with
previous experimenidiernandez and Peckarsky 2014 found a negative effect of fish cues
on the growth of infecteBaetis(host+parasite). This suggests that predation risk decreases total
energy available for allocation between tlsthand its parasite. It is informative to consider this
pattern in light of the food web energetics underlying it. Energy ultimately available for the

parasite to assimilate should be depleted by inefficiencies at two stages, both in the trophic
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transferof energy from algae to the host, and subsequently from host tissue to the parasite.
Therefore, in theory consuming an equal amount of algae would result in more energy available
for assimilation into an uninfectd@hetisalone, than into the combined biass of infected

Baetisplus its endoparasitic consumer. We found that predation risk had a stronger negative
effect on algae consumed by parasitiBegtisthan healthyBaetis That initial deficit in energy

intake, while small, could ultimately translam¢o suppressed growth in the twrophic host

parasite system. Nevertheless, parasites sequestered enough energy to grow comparably in fish
and fishless conditions, but this came at the cost of by consuming more of their host when risk
was high.

We haveshown that the parasite does not pay a fecundity cost in the presence of
predators, but it may nevertheless pay other costs related to depletion of host resources resulting
in a host with poorer condition that may be less viable or unable to perfornohstiat benefit
transmission. Selection should favor strategies that optimize the exploitation of host resources
while maintaining host viability as the parasite mat@feslerson and May 1982Manipulative
castrators (parasitic puppet masters that niyt directly reengineer the energy budgets of their
hosts but may also alter their morphological and behavioral traits) may have a particularly
complex portfolio of interests. By maximizing growth they face the risk of compromising host
viability, but itis also in their interest to leave the host sufficient resources to perform the
behavior for which it is manipulatdMaure et al. 2013, 2016Maure et al. (2013) predict that
in a context of limited resources manipulative castrators benefit from agcegdinctions in size
and fecundity as required to preserve minimum resources required by the manipulated host. In
the case of thBaetisGasteromermigteraction, the parasite induces sex reversal of male hosts,

causing them to look and behave like fermalaring the adult phalSean extreme manipulation
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that ensures dispersal of the parasite to the aquatic habitats it requires to continue its lifecycle
(Vance 1996b, Vance and Peckarsky 198&cause the musculature and physiological
processes entailed ingect flight are energetically cos{iylarden 2000Gasteromermishould

be limited in the extent to which it can consume its host without compromising dispersal ability.
Even in fishless condition§asteromermifas a negative effect on the flight musago of its

host (Chapter 1), implying that increasing the parasite:host biomass ratio coBetestlight

systems and dispersal capacity.

Conclusions and Implications

By considering how trophic ecology of a parasite influences its resource asgimila
recognize both toplown and bottorup perspective®ther studies suggest that the biomass
parasites extract from food webs can be considerable, even dofKnastet al. 2008)Our
findings raise the possibility that allocation to parasite bgspartly depends on indirect effects
of predators on parasite resource assimilation. In the system we describe, it now seems likely that
predators influence the total production energy diverted toward host biomass not only through
direct and indirect effes on the uninfected host populatidicPeek and Peckarsky 1998,
Peckarsky et al. 2001, 200)t also via predatanduced differences in energy allocation to the
parasite population.

Further, itis possible for parasti@duced grazing changes to irghice biomass and
community composition at lower trophic levéi§¥ood et al. 2007, Bernot and Lamberti 2008,
Hernandez and Sukhdeo 2008hose changes may also be sensitive to predator presence,
although empirical evidence for that effect is sp@dRsasirger and Lodge 2016Previous

studies in this system have found that, despite predataced changes in foraging activity,
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predator effects do not cascade to differences in grazer ifipeckarsky et al. 2015 owever,
results reported here suggestttinere could be a tegpown effect of parasites, such that
increasing prevalence of parasite infections results in decreased algae renRaeiidyand that
predators may increase the magnitude of that effect.

Our findings are relevant not only for higghlevels of biological organization but also for
larger spatial scales. For example, parasitism negatively affects flight musculBaetisf
(Chapter 1) and we question whether parasitized hosts reared in high risk environments, and
consequently havinlpwer body condition, would have decreased dispersal capacity compared to
hosts reared in low risk environments. If parasites tcdfldispersal capacity for growth when
predators are present, that could affect not only the local abundance of pdrasaés) the
metapopulation dynamics and genetic structuring of parasites at a regional scale.

In summary, through investigating the responses of parasites to both risk and resources
we have joined salient aspects of predata@y ecology (the foragingredator avoidance trade
off and nonconsumptive predator effects) with faestasite ecology (the virulentensmission
tradeoff and parasite life history evolution) to discover that when their hosts experience
predation risk endoparasites change energyesdration strategies and consume more of the
host to maintain their own growth. This finding generates further hypotheses related to the food

web and dispersal ecology of endoparasites responding to predation risk.
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FIGURES

Figure 1. Total countg+ SE) ofBaetisvisible foraging on exposed substrate surfaces were
higher in low(A) than high(B) food conditions§ < 0.001). Within the low food treatment, fish
cues decreased exposure counts regardless of wBetbswas parasitized. In the high food
treatment fish cues had opposite effects on exposure of unparasitized (negative effect) and
parasitized (positive effecBaetis(p = 0.051). TotaBaetisdrift rate ¢ SE) was higher in
microcosms with lowC) than high(D) food (p < 0.01). In both food conditions, parasitism
increased total drift ratgpE 0.03) and tended to increase nocturnigity ©0.094). Fish cues did
not suppress total drift, but instead, m&aetismore nocturnal under high food conditiogs=(
0.012).
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Figure 2. (A) ParasitizedBaetisremoved significantly less chlorophylper capita independent

of fish cues§ < 0.01).(B) Analysis of algae removed per mg grazer (sum of host + parasite DM
for infectedBaetig showed a tendency for i@eitizedBaetisto have higher impact per unit
biomass, primarily in channels without fish cups-(0.077), potentially explained by smaller

size of parasitizeBaetis Labels above bars designate pairwise contrasts significart 8t05.
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Figure 3. Parasitism suppress@aetisgrowth rate over the duration of the grazing experiment
(final - initial mg DMN measured as host without parasite for parasiiaetis p = 0.015). Fish

cues also suppressBdetisgrowth rate jp = 0.061), resultingn cumulative mean weight loss for
parasitizechosts exposed to predator cues. In contrast to their hosts, the direction and magnitude
of parasite growth was not affected by predator qoesQ.684).
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Figure 4. There was aignificant interaction of fish cues and algae removal driving the
parasite:host biomass ratjp£ 0.008), such that higher algae consumption resulted in a higher
parasite:host biomass ratio when parasitBadtiswere exposed to predator cues (A), but
increasing consumption resulted in decreasing parasite:host biomass without predator cues (B).
This observed increase in parasite:host biomass in response to fish cues resulted from host
growth being suppressed while the absolute size and growth of parasi@ned unaffected by
predation risk (see Fig. 3).
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APPENDIX

Table A1. Summary of analyses of microcosm Experiment 1 testing foraging behaBaet$
in response to presence/absence of fish cues, high or low food levgiseseance/absence of

parasite infection

Analysis F p
Number Baetisexposed
Fish cues 6.52 0.014
Food level 12.4 <0.001
Parasitized 1.07 0.306
Fish cues Food level 6.52 0.014
Fishcues" Parasitized 2.51 0.119
Food level' Parasitized 0.04 0.837
Fishcues' Foodlevel" Parasitized 4.00 0.051
Total Drift
Fish cues 0.20 0.660
Food level 8.05 <0.001
Parasitized 5.10 0.029
Fishcues" Foodlevel 0.30 0.589
Fishcues" Parasitized 0.45 0.507
Food level' Parasitized 0.36 0.550
Fishcues' Foodlevel" Parasitized 0.03 0.869
Exposure Nocturnicity
Fish cues 2.42 0.127
Food level 0.01 0.907
Parasitized 5.10 0.029
Fishcues" Foodlevel 0.03 0.866
Fishcues" Parasitized 3.67 0.062
Food level' Parasitized 2.26 0.139
Fishcues' Foodlevel" Parasitized 0.913 0.344
Drift Nocturnicity
Fish cues 1.86 0.173
Food level 0.55 0.458
Parasitized 2.80 0.094
Fishcues" Foodlevel 6.30 0.012
Fishcues" Parasitized 0.00 1.000
Food level' Parasitized 2.40 0.121
Fishcues' Foodlevel" Parasitized 0.00 1.000
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Table A2. Summary ofgrazer impacanalysegrom microcosm Experimentt2stinggrazingof
Baetisin response to presence/absence of fish cues and presence/absence of parasite infection

Analysis F p
Grazer Impact (per Capita)
Fish cues 3.74 0.060
Parasitized 10.2 0.003
Fishcues" Parasitized 2..27 0.139
Grazer Impact (per mg)
Fish cues 2.08 0.156
Parasitized 3.27 0.077
Fishcues" Parasitized 1.55 0.219

Table A3. Summary ofgrowthanalysedollowing microcosm Experiments 1&#stinghost
and parasite growth variables in response to presence/absence of fish cues, the parasite:host
biomass ratio in response to fish cues and the amount of algae consumed by the host.

Analysis F p
Parasitized BaetisGrowth (host + parasite)

Fish cues 3.44 0.073
Parasitized BaetisGrowth (host only)

Fish cues 6.31 0.015
Parasite Growth

Fish cues 0.17 0.684
Parasite:Host Biomass

Fish cues 430 0.053

Algae consumed 0.11 0.742

Fish cues Algae consumed 9.01 0.008
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Figure Al. Relationship of food consumption to final parasite biomass and final host biomass
(infectedBaetis host tissue only) with and without predator cues, at the end of the grazing
experiment. These figuretarify the relationships between food consumption and size estimates
presented as the numerator and denominator of parasite:host ratio in Figure 4.
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2012 Behavior Pilot Experiment Summary

!

BackgroundThis experiment was designed as an initial test of how parasitism by
Gasteromermisp. nematodes influences roonsumptive behavioral effects of top predators
(trout) onBaetismayfly larvae.

Methods Baetis bicaudatukarvae were captured from Quigleyeek, visually assessed for
parasitism, and held in the weatherport, with 1 individual per channel. Channels were randomly
assigned into 4 treatments in a fully crossed parasite present/abdesiiceue present/absent
design, n = 14 per treatment. Reption was limited by the number of parasiti&aktisfound

(= 28 individuals). Drift behavior was observed twice daily (day and night) betweg@ Iy

2012 by BLP and KJC. Experiment-sgt and behavior observations were completed as detailed
in Chapte 3 Methods. All individuals were dissected after the experiment to verify parasite
classification and to estimate biomass of parasites and hosts.

ResultsNine Baetiswere misclassified in a priori visual assessments (8/9 were assigned to
unparasitizedreatments, but were discovered to be parasitized when dissected) resulting in an
unbalanced design (fish cligparasitized = 17; fish cdeunparasitized = 11; no fish cée
parasitized = 18; no fish clleunparasitized = 10Ve observed thatrifting decreased steeply
during the day and in the second day of the experiment, so data were only plotted Yor the 1
nighttime observation (Fig. A2). Unparasitized mayflies tended to drift more in the presence of
fish (4/11 drifted) than when fish were absetiilQ drifted, but 1 of these was very active),
whereas parasitized mayflies showed the opposite pattern: they did not drift at all in the presence
of fish, but did drift when fish were absent (6/18 drifted). The effect size of fish was greater for
paradtized than unparasitized larvdarasites in stage Ill hosts tended to be larger than those in
stage IV hosts, and represented a great fraction of host biomass (Fig. A3)

DiscussionWe found evidence that parasitized mayflies are strongly averse to pnexdsiti

based on the observation that no parasitized mayflies drifted in the presence of fish. However, a
few parasitized mayflies did drift on the second night (results not shown). Overall drift was very
low, possibly because Quigley is a fish stream@nioecause only 1 individual was observed per
channel. To account for possible effects of habituation to fish, the next pilot experiment was
completed wittBaetiscaptured from a fishless stream (MarrGoeek.
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Figure A2. No. of drifts/min observed during the first night of the experiment daly (
bicaudatugrom Quigley Creek). Parasitism decreased drift in the presence of fish (Wpb=60,
0.01). All other comparisons are n.s.
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Figure A3. (A) Dry mass ofGasteromermisp. parasites and (B) parasite:host biomass ratio of
parasites dissected from stage 11l andBI\bicaudatusollected in Quigley Creek in July 2012.
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2012 Tradeoff Pilot Experiment Summary

BackgroundThis experiment was designed as a folapvtest of how parasitism by
Gasteromermisp. nematodes influences roonsumptive behavioral effects of top predators
(trout) on Baetislarvae. In addition, we manipulated food levels to examine how parasitism
affectsthe activitypredator avoidance traadf of its mayfly host.

Methods. Baetis bicaudatugere captured from Marmot Creek, visually assessed for parasitism
andheld in microcosms in BLRseatherport, with 1 individual per chann€hannels were
randonty assigned into 8 treatments in a fully crossed foparasite' fish design, N=7 per
treatment. 1 additional unparasitized replicate was added to compensate for potential
misclassifications of OunparasitizedO mayflies. High food treatment channels contained 6 tiles
that had been incubatedaattle tanks for 1 week with occasionattilezation to grow algae; low
food treatments included 6 tiles that had been scrubbed and left to dry for the same length of
time. Differences between high and low food treatments were confirmed by estimating
chlorophyll content of tiles with spectrophatetry. Drift behavior was observed twice daily

(day and night) between 31 Jdi\2 August 2012 by BLP and KJC. Experimentgetand

behavior observations were completed as detailed in Chapter 3 Methods. All individuals were
dissected after the experimeatverify classification and to estimate biomass of parasites and
hosts.No statistical analyses were conducted.

ResultsAll Baetisdrifted more in the low food treatment. Overall, fish presence depressed drift,
more so for parasitizeBlaetis but parasism tended to increase drift in safe environments (Fig.
A4). The drift behavior of parasitizé#hetisin low food conditions was not explained by the
biomass of the parasite (Fig. Aj,Although parasites that reached the largest size relative to
host bomass did not drift (Fig. A5.B).

|

Figure A4. Total no. of drifts/min recorded during 2 night observations of huBgstis(= low

food treatment) collected from Marmot Creek. Drift in the high food treatment was negligible.
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Figure A5. (A) Biomass (mdM) and (B) parasite:host DM ratio Gfasteromermisp.
parasites irBaetislarvae that either did (Y) or did n@¥) drift in the low food treatment ahe
tradeoff experimen{fish treatments combined in this figure).

I"#

I$#

15

0.5

0.4
|

1.0

Parasite Biomass
% Biomass of host
a

0.3

0.2
0.5

0.1

Observed Drifting Observed Drifting



133

2012Grazing Pilot Experiment Summary

BackgroundThis experiment was designed to test whether parasitism affects the grazer impact
of Baetislarvae consuming epilithic algae.

Methods. Baetibicaudatusvere captured from Marmot Creek, visually assessepdi@sitism
andheld in the weatherport, with 6 individuals per chan@élannels were randomly assigned to
3 treatments: no grazers (control); parasitized grazers; unparasitized.dfaz@rsicrocosm

was provisioned with 6 tiles that had been incubatezhitle tanks for ~1 week with occasional
fertilization to grow algae, andBaetiswere placed in each channdb fish cues were
introduced. At the end of the experimewh(ch ran froml3-20 August 2012ylifferences

between grazed and ungrazed tilesenaeasured with spectrophotometry. Experimentiget
andchlorophyll measurementgere completed as detailed in Chapter 3 Methods.

ResultsWe found that microcosms with highgairasite biomass relative to the haste not

grazed as heavily as microcosms with loparasite:hoshiomassatios(Fig. A6). We

conducted this analysis as an alterative to the original parasitized vs. unparasitized comparison
because wheBaetiswere dissected at the conclusion of theeexpent we discovered thmost

were parasitized, but thegmarasites had initiallyden too small to observe hgnlethal

inspection under the dissecting microscope. After that realization, the unpar&3aetenised

in all subsequent experiments refgorin the dissertation were captured from streams known to
have low levels of parasitism (B3 or Upper Rock Creek) to reduce the impact of observer error,
while we continued to sample parasitiZzaetisfrom Marmot Creek.

Figure A6. Chlorophyll a estima&d in grazed microcosms compared to ungrazed controls
(controlgrazed = consumption) versus worm:host biomass imtbecosm(averaged across 6
Baetisper channel).
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2013 Foraging Behavior and Consumption Experiment Summary

BackgroundFollowing pilot experiments in 2012, this experiment was designég tompare
risky foraging behavior and algae consumption of parasitized vs. unparaBitiets bicaudatus
in the presence of trout predators, ante2) whether fear has different effects orzgrg of
parasitized vs. unparasitiz&d bicaudatusinder low food conditions

MethodsMicrocosm channels were randomly assigned to treatments of high or low food #
presence or absence of predator cues # parasitized or unparasitized mayflies iorassgig
factorial degn (n= 7). After preparing channels with food and predator treatmBiatstis
bicaudatudarvae were collected from Marmot Creek and Benthette 3 on 29 July 2013 and
transported in coolers to the lab where they were examined nonjdtrgharasitism. Six larvae
were placed in each channBhetisbehavior (active grazing and drift) was observed once at
night and once during the day betweer32uly 2013At the end of the experimedifferences
between grazed and ungrazed tiles weeasured with spectroptometry. Experiment seip,
behavior observations, and chlorophyll measuremeate completed as detailed in Chapter 3
Methods. Data werenalyzed with linear models (variablgansformed as necessary) including
all interaction tems.

ResultsHigh food conditions decreas#otal drift rate p = 0.04) whereas parasitism increased
drift rate p < 0.01; Fig. A7) No daytime drift was observed in high food conditions when fish
cues were preseniVhen food wasimited, parasitized. bicaudatugyrazel significantly more
algae than unparasitizeg € 0.01; Fig A8). Fish cues dibt influence algae consumptiom=
0.98), and parasitized and unparasitiBethicaudatuslid not respond differently to the presence
of fish (p=0. 74).

Figure A7. Total Baetisdrift rate ¢ SE) was lower in microcosms with high (A) than low (B)
food. In both food conditions, parasitism increased total drift rate and tended to increase
nocturnicity.
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Figure A8. Algae consumption bBaetislarvae was increased by parasitism but not influenced
by fish cue presence.
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1990 Sublethal Predator Effects Experiment Analysis

Background and MethodBLP and Cathy Cowan measured emergetateand biomass (mg
DM) of Baetisspecies Bn the presence & predatory stonefliepgotusandMegarcys hae
grouped in one OPredatorO treatment), compaBeetislarvae heldvithout predators but with
different food conditionsgjtherad lib or starvatiotreatments Following the experiment they
discovered that most of tiBaetiswere infected wittGasteromermisp. nematodes. The
proportion ofBaetisemerged by the end of the experiment was examined witisdCiaire
analysiswith treatment (predators, fed, or starved) and p&asilyes or no) as predictors
(Analysis completed by KJC)

ResultsThe treatment parasitanteraction had a significant effect emergencep(< 0.01)

with a disproportionately higher fraction of infect®detisemerging in the stressful treatments
(predator, starved) but disproportionately fewer emerging in the safe, well fed treatment (Fig.
A9.

DiscussionThis outcome is consistent wiéxperimentafindings reported itChapter 3hat
stressful or risky contlons seem to accelerate tharasiteOs development withinhist.

Figure A9. Emergence oBaetisspecies B larvae reared in different stress conditions (stonefly
predators present, or starvation) compared to safe, watbfaditions. Teatments had opposite
effects on the proportion of parasitized versus unparasiiaetislarvae emergingwith

stressful treatments resultinghrgher emergence affectedBaetis
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CHAPTER 4 BSingle-host parasites alter multiple dimensions ohost phenotype to

decrease consumption by top predators

AUTHOR Kara J. CromweH?
Department of Integrative Biology, University of Wisconsin, Madison, Wisconsin 53706 USA
2Rocky Mountain Biological Laboratory, P.O. Box 519, Crested Butte, Colorado 81224

3Department of Biology, Colorado College, Colorado Springs, CO, 80903 USA

ABSTRACT

Parasites that are killed when their host is consumed should benefit from host paediatance
behaviors but few studies have linked their effects on host behawtbrsortality due to

predation. Further, parasites can modify multiple dimensions of the host phenotype, suggesting
that not only behavioral but also morphological changes could affect prgdeyointeractions

and parasite fitness. To disentangle nplatieffects of parasites on host predation, we measured
predation rates in response to behavioral and morphological traits of parasitized prey along a
gradient of realistic to controlled conditions. In natural streams we measured trout consumption
of paragtized mayfly larvae Baetisbicaudatugnfected withGasteromermisp. nematodes) to
determine if parasites decrease their hostOs mortality due to predation. Because field estimates of
predation orBaetisreflect both its probability of exposure (i.e.iftiing in the water column) and

its probability of being consumed when exposed, we separately examined those components.
First, we measured behavioral effects of parasiteddamtisdrift in natural fish and fishless

streams. Then we used more controlledditions in a mesocosm observation channel to

measure trout predation ratesBaetisin the drift. We also measured effects of parasitism on
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behavior of drifting mayflies (distance drifted, maximum drift height, time until escape from
drift, and swimmingoehavior in the drift). Last, we used a higllyntrolled microcosm to
measure interacting effects of parasitism and host size on buoyancy, which has been predicted to
act as a biophysical constraint on drift behavior and could affect conspicuousnesiatorp.

We found that trout consumed fewer parasitiBadtisthan expected based on their availability.
That pattern is partially explained by the finding that parasitism decrBastdexposure to
predators by suppressing drift in both fish and &isklstreams. Low predation rates were further
explained by mesocosm experiments demonstrating that paraBitieédwere less likely to be
consumed even after exposure in the drift, although they drifted higher than IBzsdtisy

which can increase visibilityBaetisthat actively swam in the observation arena were more
likely to be consumed; nevertheless unparasitiaetisincreased swimming when fish were
present, potentially explaining why predation tended to be highereamttan parasitized

Baetis Differences in drift behavior were consistent with the finding that parasitism increased
buoyancy oBaetislarvae\ primarily an indirect effect of parasites reducing host size. We
estimate that combined effects of parasitism watively reduced probability of trout predation

by an order of magnitude.

Keywords: predation, parasitism, nonconsumptive effects,-pasasite interactions,
multidimensional, manipulation, mayflies, mermithids, drift

Coauthors: BenjaminR. Swift>3and Barbara L. Peckarsky
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INTRODUCTION

Parasite fitness depends on successful transmission into the appropriate host or habitat
required to complete its life cycle, resulting in selection for traits that increase probability of
transmissior(Price1980, Moore 2013)Predation on infected hosts can have strong effects on
parasite transmission, acting in either positive or negative directions. For example, if a parasite is
trophically-transmitted to its definitive host it achieves transmission whsrcansumed, and
selection favors traits that increase predation by target predBtmrsn 1995, 2010, Moore
2002) Conversely, if a parasite is killed when its host is consumed, predation threatens it with
complete failure to achieve transmission.His itase avoiding predators should benefit the
parasite, just as it benefits the h@atitz 1982, Parker et al. 2009)

Far from being passive bystanders in the biotic interactions of their hosts, many parasites
have the ability to manipulate host traatsd behaviors to their benefioore 2002, Poulin
2010) This ability has famously been exemplified by trophicalnsmitted parasites that
modify their intermediate host to attract predation by definitive hosts, such as killifish that bait
predatory hids by Ocontorting, shimmying, and jerkirfg&fferty and Morris 1996pr
nematodes that cause Ofruit mimicryO in their ant host, turning its abdomerdeorgttract
frugivorous birdgYanoviak et al. 2008)n theory parasites should also manipulaist
behavior to avoid predation when it benefits them to do so, such as when the parasite has not
matured to the life stage at which it can transmit to the definitive host, or when their hosts risk
consumption by predators that are not viable definitogd{Parker et al. 2009However,
empirical evidence for behavior modifications that suppress predation risk is uncommon, and

comes mainly from systems involving trophicattgnsmitted parasitg®ianne et al. 2011,
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2014, MZdoc and Beisel 2011, Weinteat al. 2013; but see Chen et al. 2017, Soghigian et al.
2017)

From the outset ecologists have cautioned against a taking a heedlessly adaptationist view
of parasitenduced behavior changes, which could alternatively be pathologicadféabts of
infection(Poulin 1995) But recently the usefulness of viewing behavior changes as stemming
dichotomously from either an adaptive manipulation or a constraint has been questioned,
acknowledging that both those mechanisms could theoretically increase garesteif they
decrease mortality due to predat{®oulin 2010, Moore 2013}t is also evident that
manipulative parasites do not modify their hosts using a scalpel approach as much as a
sledgehammer; manipulated hosts are often subject to compreheinanges on several
dimensions falling along the spectrum of Oside effectO to adafitafieme et al. 2009b, Poulin
2010, Thomas et al. 2010)he debate surrounding how host modifications affect parasite fithess
has remained lively in part because @mpl studies that disentangle effects of multiple
modified traits are rare. Such studies require deconstructing the components of survival and
ultimately linking finescale mechanistic drivers with behavior outcomes and consequent
mortality rateq.

Isolaing separate effects of parasitism on predation rates is challenging, and benefits
from the capacity to measure multiple integrated components of predaygrarasite
interactions, grounded in detailed knowledge of the organisms and processes invelweok kW
in a system involving a singleost parasiteGasteromermisp. Nematoda:Mermithidae; Poinar
1991) that infects and castrates a freshwater grBaati§€ bicaudatumayflies) subject to
predation by troufVance and Peckarsky 199&)ecades of pregus research have clarified

many aspects daetisinteractions with trout but the effects of parasitism on this interaction
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remain unknowrfPeckarsky and Mcintosh 1998, Mcintosh et al. 2002, Peckarsky et al. 2002,
Hernandez and Peckarsky 2018yrBaetis voluntary movement by drifting is of paramount
importance because it enables location of new food patklobder 1984, 1985)but food
finding comes at the cost of increased exposure and risk of consumption [pAliaoutl 978a,
1983, Mclintosh et al.D2). Baetisexposed to trout chemical cues respond by suppressing drift
during the day, when they are most visible to trout, and becoming more no@chabsh and
Peckarsky 1996, Peckarsky and Mcintosh 19B83datoiinduced changes to larvBhetis
behavior are proportional to risk based on prey traits. For example, the sBa#ésare not
preferred by trout, which tend to be size selective, and are also less likely to modify drift when
trout are preserfAllan 1978b, Mcintosh et al. 19990 adlition to behavioral induced
responseBaetisliving in trout streams accelerate their larval development and emerge from
streams earlier, decreasing their cumulative risk of mortality due to predation, but paying a
fecundity cost because they are smalleemergencéeckarsky et al. 2001, 2002)

Because consumption Bfetisis lethal to its parasite, both should benefit from
balancing riskavoidance with fecundity gains. In the context of foraginBaiétisand its
parasite share the same optimal balance between host food acquisition and predator avoidance,
parasites should accept their hostOs strategy of depressing drift or shifting foraging activity to
safer times of day when trout are present. Empiriddesce for the effect of parasites on drift
of stream insects has been mixed, but in general does not conform to the null expectation of no
behavior difference between parasitized and unparasitized(Méstbach et al. 1986, Cummins
and Wilzbach 1988, &éton and Pritchard 1990yance (1996a) observed tlgdetisparasitized
by Gasteromermigrifted less frequently in microcosms, which, in nature, would decrease trout

predation relative to uninfected hosts, although foraging opportunities could be éostsault.
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However, those initial observations did not control fish chemical cues in the water, which have
since been shown to suppress drift, so the effect of parasitism remains urfkontosh and
Peckarsky 1996, Mcintosh et al. 1999)

In addition toeffects on foraging movements (drift), parasites also cause morphological
changes that could affect host appearance and performance after it launches into the drift.
Specifically, parasitizeBaetisare smaller than their uninfected counterparts in the straam
(Vance and Peckarsky 199@nd appear to be more buoyant, which has not been tested but
could constrain their performance while drifting (Vance 1996a). Those changes seem likely to
influence vulnerability to visualljoraging trout, but it is udear what the net outcome would
be. Importantly, trout predation on parasitiBaketishas never been measured, so the fitness
consequences of any trait changes, behavioral or morphological, remain untested.

Founded on our knowledge Baetistrout inter&tions there is considerable potential to
use this system to examine the spectrum of endoparasite effects on host predation. Our first goal
was to measure consumptionBdetisin natural streams to determine if parasites decrease their
hostOs mortality duo predation. Then, because field predation estimates reflect both the
probability of exposure (i.e., drifting) and the probability of being consumed when exposed, we
examined those components separately, measuring behavioral and morphological traits of
parasitizedBaetisthat could influence each. In streams, we measured behavioral effects of
parasites on propensity to drift. Then we used more controlled conditions to test for effects of
parasitism on behavior of mayflies once they were in the driftfrant predation rates directly
from the drift. Last, we used a hightpntrolled microcosm to measure effects of parasitism on

host buoyancy, which could act as a biophysical constraint on drift behavior.
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METHODS

Study System

We workedin streams of th&ast River catchment, which drains an area ekmbnear
the Rocky Mt. Biological Laboratory (RMBL) in Gothic, Colorado, USA. These rdikyom
streams are located at ~2,990and ruroff is generated primarily by snowmelt. Streams
throughout the drain&aghave comparable water chemistry, but vary in size and other physical
characteristicéPeckarsky et al. 2001, 2002, Wilcox et al. 2008)e East River and some of its
tributaries contain high numbers of brook trdbél{zelinus fontinalis while other tibutaries are
fishless due to natural migration barriers. Our work focused on parasitBaeiis bicaudatus
mayflies, an abundant and widespread insect whose larvae live in high elevation streams in the
western USBaetisis the most efficient insect grazer of attached algae within streams of the
region (Alvarez & Peckarsky 2005Baetisis a common prey species for predatory invertebrates
and salmonids (Allan 1983, Peckarsky and Penton 1989), suggesting that respBastistof
parasitism could exert strong higkeder effectsGasteromermiparasitize early instars of
Baetislarvae, eventually castrating the host and causing morphological and behavioral sex
reversal of males, so that both male and female adult joostsnparasitized females in dispersal
and oviposition behavior following metamorphosis (Vance 1996a). The oviposition flight of
parasitizedBaetisculminates with the mermithid emerging from its host under water at the
oviposition site. Once free, therpaite overwinters in the frd&ing stage and reproduces the
following spring; itOs progeny then pursue new (early irBtalishosts (Hominick & Welch

1980).
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Trout diet analysis

To estimate effects of parasitism on trout predation we captured tooabhby
electrofishing and collected their stomach contents by pulsed gastric lavagdethabmethod
for analyzing fish diets situ (Hartleb and Moring 1995We removed aBaetisfrom the
regurgitate, preserved them in 95% ethanol and latezaes$ them for parasites. We calculated
parasite prevalence for the stomach contents of each fish individually (no. par&saktsd
consumed / total n®aetisconsumed). For comparison to stomach contents, we estimated
parasite prevalence Baetisavalable to trout from benthic kick samples collected on the same
date and time as trout stomachs. We preserved samples in 95% ethanol and enumerated and
dissected alBaetisto estimate ambient parasite prevalence for each sampling event. We sampled
2 streans (Rustlers Gulch Creek, Copper Creek) on a total of 9 occasions across 3 years (2014
2016), resulting in 124 trout sampled, of which 54% (N = 67) contdBaedisin their stomachs.
If trout consume alBaetisat random then the proportion of parasitiBagtisin stomachs
should equal prevalence in the environment. We conducted an ANCOVA on parasite prevalence
in trout stomachs to test whether its relationship to ambient parasite prevalence matched the null

prediction of a 1:1 relationship.

Larval dri ft assessment

To test whether parasitism and the presence of trout affBeitgsdrift propensity we
collectedBaetisin paired drift and benthic samples in fishless (N = 6) and trout (N = 5) streams,
preserved alBaetisin 95% ethanol, and dissecteh for parasites. We collected samples on
one date per site in July 2014. We collected drifting organismelidrt nets (number based on

stream size; 20Qdm mesh) divided between two transect (dets per transect) just after dark
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for 10-60 min (at 2100 h MDT, interval sufficient to colléc00Baetisbased on previous

parasite prevalence and drift density estimates). We sampled transects in each stream
sequentially to prevent effects of upstream sampling on the downstream trBesecise day

drift is low in trout streamgAllan 1987, Mcintosh et al. 2002)e collected drift at night to

provide a larger sample size for detecting an effect of parasites. Further, methodological studies
on best practices for comparing drift acragssshave advocated making replicated samples
within sites just after dark, as the Ofirst nighttimeO sample is highly predictive of drift patterns
across the subsequent 2gAtlan and Russek 1985yVe standardized drift estimates by dividing
by dischargef water through the net over the sampling interval, resulting in drift density values,
which we calculated separately for parasitized and unparadiaetis(no. drifting per M
water;Allan and Russek 1985Ve calculated discharge at each samplingstet by

multiplying water depth (m), current velocity (m/sec), sampling interval (sec) and net width
(0.29 m). The day after taking drift samples, we estimated benthic density by averaging 3
samples collected with a modified Hess sampler (0.10demsarple) placed on the streambed

at random locations within the reach upstream of the drift transects. Finally, we calculated drift
propensity by dividing the density of parasitized or unparasiaediscollected in drift

samples by the benthic density maasl upstream of the transect to standardize for background
abundancéMclintosh et al. 2002, Wilcox et al. 2008)/e tested for differences in drift

propensity with a linear mixed model with fixed effects of parasitism (Yes/No), fish presence

(Yes/No) andheir interaction, and a random (blocking) effect of transect nested within site.



146

Mesocosm Predation Trials:Baetisdrift and trout feeding behavior

In nature the probability daetisbeing consumed by trout integrates the likelihood that
it enters the drift with factors that determine its encounters with and selection by trout once it is
exposed. Disentangling those mechanistic underpinnings of consumption requires more
controlled coditions. We used a streamside flowvough fish observation are(élcintosh et al.
2002)to releasdaetisinto the drift and then examine relationships amBagtisdrift behavior,
parasitism, trout foraging behavior and probability of predation Bers were exposed.

We collectedBaetisfor behavior trials from fishless streams and used microscopy to
determine visually without dissection whether they were parasitized. We used fishless streams
becausdaetisforaging behavior is permanently altered after exposure to(fPegkarsky and
Mcintosh 1998) Because mayflies disperse across streams within the basin, there are no genetic
differences irBaetisfrom fish versus fishless streaiftéughes et al. 2003We collectedBaetis
from the benthos in kick samples, transported them in chilled ambient water to an outdoor shelter
and moved individuals by transfer pipette onto opaque circular dishes where they were
immobilized using a nonlethal anesthetic. We dripgteelam water containing dissolved
NaHCQ (original AlkaSeltzer”; 4 oz water per tablet) into the viewing dish by pipette until the
mayfly ceased swimming but respiration continued. Under transmitted light abd@nification
we used microprobes to flipeéBaetison its dorsum. If th8aetiswas infected by a mermithid
parasite the worm could be viewed, coiled within the hemocoel, through the transparent ventral
cuticle. We separatdaetisthat appeared to be infected and uninfected, and held both gnoups
microcosm tanks continuously fed with natural fishless stream water (tanks are described and
illustrated inPeckarsky and Cowan 1998s a food source, we placed 6 algaeered tiles in

each tank!(2.25 cni surface area each). The tiles had beerfdef2 wk to colonize with



147

periphyton in adjacent mesocosms through which water was continuously delivered from a
natural fishless stream. We |&@&etisto acclimate in microcosms fo8 h before predation

assays. When we removBdetisfor trials they wee visually assessed to choose individuals of
comparable size because parasitiBadtistend to be smaller, which decreases trout predation
(Allan 1978b, 1981)and we were interested in detecting effects of parasitism independent of
size. It was not fedse to measure sizes of liBaetisso we assigned them to size categories
based on visual inspection (XS, S, M, L, XL). A subsequent test of independence confirmed that
the size distribution did not differ between groups< 4.11, p = 0.25).

We captured brook trout (N = 6) by angling and held each one alone without food in the
observation arena for 24 h to acclimate prior to the trial. We used each trout in only one trial.
The arena held natural stream cobbles arranged to provide areastfouthe shelter and
ambient stream water was continuously pumped throuphlatm se€ velocity. After
acclimation we primed the fish for foraging by pulsing groupBastislarvae into the current
until the fish reacted. We began each trial by adilly introducing individual parasitized and
healthyBaetis(N = 20 per trial) into the current at the upstream end of the arena by pouring
them into a funnel attached to a Tygon" tube that connected to a tube fixed on the floor of the
arena. This designrsulates the launch of individuals from the substrate, mimicking natural
entry into the drif{MclIntosh et al. 2002)Observers were positioned behind a blind and watched
the Baetisuntil it was consumed, settled on the substrate, or drifted throughtteeajuhe
arena. We measured distance drifted (cm), maximum height reached in the water column (cm),
time spent in the drift (sec), and whether Baetisactively swam (Yes/No) as opposed to
passively drifting. We simultaneously recorded the reactistaice of the trout (cm) and

whether it consumed thH&aetis Next we removed the trout from the arena and repeated
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observations for the same numbeBaktiswithout a predator, which enabled us to analyze both
parasite and trout effects oBaetisbehavia.

We analyzed drift distance, maximum drift height, and time spent in the drift with linear
mixed effects models with fixed effects of parasite (present/absent) and fish (present/absent);
date was treated as a random effect to account for backgrounibwanaveather conditions
that could influence behavior (e.g., temperature, cloud cover), as well as fish foraging differences
because each fish was observed at approximately the same time on a different day to minimize
effects of diel feeding periodicityVe tested for main and interactive effects of fish and
parasitism on whethdaetisactively swam (Yes/No) with a generalized linear mixed model
with a binomial error structure, also including the random effect of date. To explore how
parasitism affectedredation in the context &aetisdrift behaviors, we used the data from the
fish predation trials to construct models predicting fish reaction distafzetes(log[X]-
transformed) an8aetisconsumption by trout (binomial distributed response) witbd effects
of drift height, drift time, swimming behavior, parasitism, and all interactions between them,
with random effect of date. Drift distance was excludgatiori due to its correlation with time
(r>= 0.60). However, drift height and time alstroduced collinearity (positive correlations
among drift time, drift height and active swimming) so we removed them and fit a reduced
model with the fixed effects of parasitism, swimming (the most informative variable), and their

interaction.

Larval buoyancy test
To refine our mechanistic understanding of parasite effedBaetisbehavior in the

drift, we measured buoyancy of infected and uninfeBi@etis This protocol was intended to
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reveal parasiténduced physical changes that could affect invagnattributes of drifting

Baetis(i.e., more buoyant organisms may be less able to control, or required to invest more
energy in controlling, their voluntary behaviors while drifting in the current). To determine
whether the buoyancy &aetislarvae is #ected by parasitism we timed the descent of both live
and deadaetislarvae through a column of fishless stream water standing in a graduated
cylinder. We deposited each liBaetisat the water surface with a pipette, timed until it reached
the bottom(sec), retrieved and preserved it with a rinse of 2 ml 70% ethanol, then immediately
returned it to the water column to obtain a paired settling time for the dead individual. Observers
conducted the trials blind to condition. Later we examined Baefisin the laboratory to

identify its sex and dissected it to determine if it was parasitized. If we discovered a parasite we
separated it from the host and dried (24 h at pa@d weighed (mg) each organism to account
for effects of host and parasite masssettling time. To insure sufficient replicates for this blind
trial, we collectedBaetisfrom a single fishless site known to have high parasite prevalence
(Marmot Creek). We used separate linear models to analyze the effect of parasitism on live
settling time (log[x}Htransformed), which is a composite of behavioral and biophysical factors,
and dead settling time (logkttansformed), which reflects the baseline physical traits of the
organism without behavioral compensations. Finally, to understarefféfo of biomass on
buoyancy we used linear models to test the relationship between settling time (live and dead
separately) and biomass with parasitism as a covariate. The biomass estimate for parasitized
Baetisincluded the combined mass of host + woRmor to the analysis, we removed three
outlying individuals (2 parasitized, 1 unparasitized) with extremely high settling times (> 40 sec;

displayed in Fig. 5B).
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Extrapolating from experiments and field data to estimate potential impacts on trout

We conbined data from this study (experiments and field survey) with previous studies
of trout consumption anBaetisbehavior to ask how parasiteduced changes to host behavior
ultimately affect the probability of parasites being consumed by trout. In addi&o
extrapolated from existing data to ask how varying parasite prevalence could affect prey
available to trout visually feeding during daytime (because nocturnal foragiBgetislow;
Mclntosh et al. 2002)

Effect of parasitism on probability of comsption by trout To estimate the effect of
parasitism on probability daetisconsumption by trout we combined field drift data with
consumption rates measured in the observation arena. From field drift measurements we
calculated the instantaneous proligbof parasitized and unparasitiz8aetisdrifting in trout
streamsgensLElliott 1978). Because drift probability estimates were obtained from nighttime
samples whereas consumption estimates were made during the day in the observation arena, we
calibrated the drift probabilities to reflect day time drift rates using a night:day drift ratio of 10
for East RiveBaetis(MclIntosh et al. 2002), which is also comparablBaetisin similar
settings (e.g., Allan 1987). Because drift estimates in microcgpariments (Chapter 3)
suggest that parasitiz&hetisare at least as nocturnal as unparasit&aetiswe used the
simplest (and also most conservative) approach of applying the same ratio to both parasitized and
unparasitizedBaetis We estimated the pbability of consumption of parasitized (P) and
unparasitized (UPBaetisusing the following equations:

[1] P(consumptiop) = (P(drift) /10)" P(drift.consumptiop)

[2] P(consumptioge) = (P(driftup) / 10)" P(drift.consumptioge)
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where P(drift) ighe probability of daytime drift and P(drift.consumption) is the probability of
being consumed once in the drift (measured in mesocosm assays).

Potential impact of parasitism on prey available to tréatorporating experimentaly
derived consumption ragawith field daytime drift probabilities (as calculated above) and
spatially-explicit parameters measured in the field, we extrapolated how parakiteed
decreases in drift could decrease drifting prey density along a gradient of parasite prevaence in
given site, using a baatalculation of ElliottOs (1987) equation and allowing drift probability to
vary with parasitism:

[3] Drift Density (no./m) = [P(parasitism) P(driftr) + (1-P(parasitism))' P(driftup)] " B / D

where the total density &aets in the daytime drift (no./d) at any site is defined by:

P(parasitism)=probability of being parasitized, assumed equal to parasite prevalence and ranging
fromOto 1

P(driftp)=instantaneous probability of daytime drift for parasitiBegtiscalculatedrom field
drift samples as described above

1-P(parasitism)= probability of being unparasitized, assumed equaptrdite prevalence)
and ranging from O to 1

P(driftup)=instantaneous probability of daytime drift for unparasiti2adtis calculatedrom
field drift samples as described above

B=total benthic density daetis(no./n?), a spatiallyexplicit measure made from quantitative
benthic samples within each site

D=water depth (m), a spatialBxplicit value averaged across 3 measurements maaz

transects per site
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All analyses were done in R 3.2.4 (The R Foundation for Statistical Computing 2016).

RESULTS
Field Surveys: Trout diets and larvalBaetisdrift
In natural streams brook trout consumed a lower proportion of paraB@etisthan
expected if they were consumed in direct proportion to their availalslity34.9,p < 0.001;
Fig. 1). Consistent with their infrequency in trout stomachs, our estimates of pard3aetesin
the benthos compared to the diifivhich is the sourcom which trout forage directly
demonstrated that parasitism significantly suppressed nocturnal drift propensity in streams both

with and without trout#?2 = 32.5,p < 0.001; Fig. 2).

Mesocosm Predation Trials:Baetisdrift and trout feeding behavior

We found effects of parasites and trout on mechanistic aspeBtebdsbehavior in the
drift. In general trout had a stronger effect on the behavior of parasitized prey but ultimately
consumed more unparasitized prey. Trout presence in the channel @idBsedisto shorten
their drift distance#? = 16.9,p < 0.001) and to suppress their drift height € 6.85,p = 0.009;
Fig. 3A), but parasitizeBaetistended to drift higher in the water column even when trout were
present#2 = 3.06,p = 0.080). Tle timeBaetisspent drifting before escaping to the substrate
also decreased with trout presen¢é £ 25.0,p < 0.001; Fig. 3B). Parasitizé8hetistended to
take longer to settle but that effect was not signific#ft1.90,p = 0.168). Our analysis of

swimming activity revealed that unparasitizégetisactively swam more than parasitizBdetis
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in the presence of trout, while unparasitiBakbtisswam more when trout were abseht £
5.48,p = 0.019 for the fish parasitemteraction; Fig. 4A).

We analyzed trout responses to driftBgetis finding that parasitizeBaetisonly
elicited a longdistance reaction from trout (comparable to reactions to unparaf@esn) if
they swam. In contrast, parasitiZzBdetisthat didnot swim only caused the trout to react at close
range #2= 6.85,p = 0.009). Similarly, we found that swimming, which appears to rBaletis
more visible to trout, had a positive effect on consumptcd=(5.30,p = 0.021). Parasitized
Baetis which wee less likely to swim when trout were present (see above), also tended to be
consumed at lower rate#q{= 3.19,p = 0.074; Fig. 4B). These analyses suggest that active
swimming is conspicuous and risky, partially explaining why predation rates tenblediotwer

on parasitizedaetis which were less likely to swim in the presence of trout.

Microcosm Assays: LarvalBaetisbuoyancy tests

Parasitism increased the sinking time of dBadtislarvae (proxy for buoyancy =
14.7,p < 0.001) but had a weaker effect on IBaetis(F = 2.00,p = 0.162), suggesting that
voluntary behaviors can at least partially override baseline effects of parasitism on buoyancy.
Our analysis of the buoyantyomass relationship demonstrated that l@ssnhad a negative
effect on buoyancy (i.e., dead sinking tiries 12.0,p < 0.001). ParasitizeHaetishad
significantly lower biomass (host + worm combined) than unparasiBaetls(F = 29.5,p <
0.001) and parasitism did not affect buoyancy whenamraolled for biomass (live: = .053,p
=0.819, deadF = 1.92,p=0.171; Fig. 5). In addition to decreasing size, parasites may cause
some individuals to become aberrantly buoyant even at higher mass. In our full dataset, it

appears that slope of neyatbuoyancybiomass relationship was shallower for parasitized
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Baetis suggesting that even as they gained mass they remained relatively buoyant (parasite
biomass interactiorp < 0.001). This pattern was primarily driven by extreme buoyancy values
from parasitizedBaetisand the slopes of the lines did not differ when these extremes (>40 sec
sinking time) were omitted (parasitebiomass interactiorp = 0.726). However, those extremes
reflect the potential for high variation around the predicted sdbpias relationship. Altogether

this suggests that parasitism increases buoyancy mainly via indirect effects on mass, although
other unknown effects of parasitism are likely to cause deviations from the negative biomass

buoyancy relationship.

Extrapolating from experiments and field data to estimate potential impacts on trout

Effect of parasitism on probability of consumption by tréuom field drift data (N = 11
streams) we estimated the instantaneous probability of daytime drift for paraBdietstas
P(drifts) = 1.32" 10*+ 4.28" 10° which is! 5.5' lower than our estimate for unparasitized
Baetis P(drifiyp) = 7.20" 104+ 1.22" 10“ We then used consumption rates from the
mesocosm to estimate the probability of parasitized or unparadtastsbeing consumed once
in the drift as P(drift.consumptien= 0.238 and P(drift.consumptigs) = 0.363. Using these
parameters, we estimat@gquations 1 & 2) that the cumulative probability of a parasitized
individual entering the drift and then being consumed by a trout is .0031%, an order of
magnitude lower than the estimate of .0261% for uninfd8tetis

Potential impact of parasitison prey available to troutCombining experimental and
field data to extrapolate effects of parasitism on prey available to trout revealed that drift
suppression in parasitiz&hetiscould affect numbers d@aetisavailable to trout in our study

area (Fig Al). Mean parasite prevalence in fish streams of the East River drainage between
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20122016 was 28% (with minimal interannual variation; Chapter 1). On that basis, we
extrapolate that on average parasitism could decrease the density of Bagigby 0.2
individuals m® compared to the low extreme of 0% prevalefieect measurements of daytime
drift density in East River trout streams estimate average drift density at 088&mtosh et

al. 2002) which aligns well with this extrapolation asdggests that on average trout in this
drainage could experience 20% reduction in driftinddaetiscompared to a scenario without

parasites.

DISCUSSION

Studies that connect broad patterns with underlying mechanisms are important for
understanding selective forces acting on parasite transmission. Selection should favor parasite
traits that increase transmission in the context of predation risk, but thewoak for
understanding interactions of parasites with predators is limited. By focusing on the predator
prey interaction between trout aBdetismayflies, we developed a detailed understanding of
nonconsumptive and consumptive interactions of a topapoedith parasitized prey. An
integrated view of our findings, observed across multiple scales along a gradient of experimental
control and realistic foraging conditions, suggests that: (1) paradieetishave a low
propensity to engage in risky foiag movements (drift), which corresponds to lower predation
rates (trout stomach content analysis); (2) parasi@zadisare capable of perceiving and
reacting to predators when exposure is forced (mesocosm behavior assays); however (3) they do
not respad to heterogeneity in trout predation risk by increasing exposure in low risk conditions
(field drift measurements); (4) low predation rates are also influenced by intrinsic attributes of

parasitizedBaetisthat affect conspicuousness (mesocosm behassaya); (5) via the combined
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effect of drift suppression and negative selection by trout, parasitism decreases probability of
consumption by an order of magnitude and, in our system, could decrease the drifting density of
Baetisavailable to trout by 20%, creating the potential for bottemp effects on energy

transfer.

Effects of parasitism on risky host behavior

In contrast to the strategy observed in trophicaynsmitted parasitgdloore 2002) it
should benefit parasites with direct lifeayglto avoid predation because consumption of the host
kills the parasite and interrupts its transmission cffetdéz 1982) We found parasitizeBaetis
to be highly risk averse, with a lower probability of drifting than hedihgtiseven at relatively
GafeO times (i.e., night, when predation rates decrease and invertebrate drift is often highest).
Our findings were consistent with Vance (1996a), who also reported that parasitism decreased
drift captures oBaetisin a single trout stream and in microows but this study further
advances our understanding by demonstrating that parasites decrease drift propensity of hosts
across multiple streams and even in fishless sites.

Tests of behavioral effects of direct lifecycle parasites are rare in theulitgerand have
shown mixed results. There are reports that infected hosts counterintuitively take more risks, as
has been reported for tadpoles, marine mudsnails under certain conditions, and other stream
macroinvertebratedenton and Pritchard 1990, Left@and Blaustein 1995, Williams et al.

2001, Kamiya and Poulin 2012)hose studies have generally interpretedtaging either as a
disadvantageous side eff¢Benton and Pritchard 1990, Williams et al. 2001, Kamiya and
Poulin 2012)r as an tradeofior other potential benefi{defcort and Blaustein 1995pther

studies mirror our findings that parasitism decreases risky activity, such as in caterpillars
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parasitized by wasp larvae and in mosquitos infected with mermithid or gregarine parasites
(Wise e Valdez 2006, 2007, Chen et al. 2017, Soghigian et al. 20h&s also been

acknowledged that predation does not always benefit trophicatigmitted parasitfse.g., if

they experience mortality in ndrost predators, or if they are consumed betoey aire

ontogenically prepared for that transition. In those contexts, they should benefit from suppressing
activity and risktaking (Parker et al. 2009For exampleGammarusamphipods infected with
acanthocephalan parasites decrease activity and ieaefage use early in the infection before

the parasite matures to its infective stage, at which point those risk avoidant behaviors reverse
(Dianne et al. 2011, 2014} his spectrum of outcomes underscores that selection acts on
parasiteinduced behaviors the context of different life history frameworks, which are

intricately complex and varied in the parasitic lifesiifeice 1980) Therefore interpreting

behaviors in terms of selective advantage requires understanding their impact on relevant aspects

of parasite performance and survival.

Effects of parasitism on predation

Theory suggests that parasite strategies for predation avoidance could be more common
than predation facilitatio(Parker et al. 2009put we are not aware of other field studieking
parasiteinduced risk avoidance to decreased predation for shmageparasites (but s€hen et
al. 2017, Soghigian et al. 2017 for experimental approactésshow that risk avoidance
results in lower predation of parasitized prey in this sysiad also found trends (in controlled
mesocosms observations) that predators are less likely to consume parasitized prey even when

they are exposed.
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While there are ample reports of parasitism affecting predation, they are dominated by
examples of tropleally-transmitted parasites manipulating hosts to attract predafioore
2002, Lefevre et al. 2009a, Poulin 201@¢udies of singkost parasites are less common, and
their outcomes are less uniform. There are counterintuitive examples in whichdrifests,
including mayflies, become less sensitive to risk and increase their exposure to predators, which
is hypothesized to be a pathological safeect of infection(Benton and Pritchard 1990, Lefcort
and Blaustein 1995, Williams et al. 2001l contast, at least two studies have measured
decreased predation as a result risk avoidance, in caterpillars parasitized by wasp larvae and
gregarineinfected mosquitoe€Chen et al. 2017, Soghigian et al. 20T#)ere are also reports of
behavioral changes thaould appear to benefit parasites by decreasing predation risk, although
they could not be linked to any measurable effect on predation rates. For example, mermithid
parasites have been shown in some cases to reduce activity of late instar mosquitothosts
activity changes did not decrease consumption by an invertebrate predator in expéwisents
de Valdez 2006, 2007yVe demonstrate that coherence can be found by linking multiple prey
behavior changes to direct predation measures because indivaiuethanges that would be
predicted to have one directional effect on predation may be balanced with other traits for a
different net effect.

The disconnects between prey activity and predation underscore that exposure is not the
only factor influencig predation rates, and that multiple traits should be considered together.
Some parasites change intrinsic attributes that affect their appeal to predators, such as nutritional
value(Lefevre et al. 2009bdr visual conspicuousneg¥¥ohnson et al. 2006)WVe found that
parasitizedBaetisdrifted higher in the water column, which alone would be predicted to increase

predation by troufWare 1972)That fact that we did not observe that outcome could be
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explained by other interacting trait changes. ParadiBagtisare smaller in any particular
stream(Vance 1996b, Vance and Peckarsky 19865 smaller size could have contributed to
lower predation rates in the field surveys, because trout are highly size séMzree1972,
Allan 1981) Closer examination of behavioral interactions in the mesocosm suggests some
further mechanistic explanations for decreased consumption of paraBiiegsin the drift.
The strongest behavioral trigger for consumption was active swimmiBgétys which caused
earlier reactions from trout, suggesting that it made them more visually conspicuous, and
ultimately increased the likelihood of being consur\&@re 1972, Allan 1978bAlthough
swimming was risky, unparasitiz&hetisswam more often with troygresent; in contrast,
parasitizedBaetisdid not modulate their swimming behavior, resulting in similar swimming
rates in low and highrisk environments. Combined with previous reports that mermithids affect
mayfly swimming behaviofBenton and Pritchart990, Vance 1996bjhese observations
suggest that parasitism may impose a biomechanical constraint that causes Bdetistol
swim rather than drift passively once in the water column. Similar reports that parasitism impairs
normal movement of Hymeptera infected with nematod@daeyama et al. 1994INot every
parasiteinduced alteration we observed would be expected to reduce predation rates (e.qg,
drifting higher). Nevertheless that was the net effect likely due to a combination of behavioral
changs (swimming) and other morphological changes (size) that contribute to prey selection.
It is increasingly recognized that parasites are commonly preyed upon, and that they
could alter food web topology as well as pathways of energy flledterty et al.2006,
Johnson et al. 2010or exampleSato et al. (2011fpund that orthopterans infected with
trophically-transmitted nematomorph parasites altered their behavior by entering the stream,

generating a significant seasonal prey subsidy for trout. Nelests, studies considering the
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ecological implications of parasite predation events that do not result in transmission are rare.
Although nematode infections are common in aquatic macroinvertebrates there has been no
attempt to estimate their direct odirect contribution to the energy budgets of predators. Our
extrapolation suggests that behavior changes induced by parasitism could moderately decrease
Baetisdrift (! 20%). BecausBaetisare common prey items that trout tend to consume in
proportion totheir drift abundanc@Allan 1981) this level of drift suppression could negatively
affect energy available to trout and decrease the transBaatisbiomass to higher trophic

levels.

Costs of activity

In the field we found that parasites suppre®etisdrift propensity even in low risk
conditions. When riskaking is suppressed, foraging and growth opportunities may be sacrificed
as a resul(Peacor and Werner 2000)herefore decisions about foraging and exposure should
be sensitive to the degreerisk in the environment, as increasing foraging duringisk times
can offer significant fithess gaifsima and Bednekoff 1999Accordingly, although parasites
should manipulate host behavior to reduce their own death rate, theory further phedictst
modification will be proportional to the intensity of predation on the infected(Ratt 1982)
Accordingly, Vance (1996a) reasoned that parasitgzsetisdrifted less in microcosms (and
therefore found fewer high quality food patches) bee@asasitism increased their vulnerability
to predation once they entered the drift. If this were the case we would expect to observe trout
selectively consuming parasitiz8aetisfrom the drift, and also expect trout presence to induce

risk avoidance. licontrast, we found that parasitizBdetiswere less often consumed while
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drifting, and that drift is similarly low for parasitiz&hetisin fish and fishless streams,
indicating that parasitized mayflies express a-ag&rse phenotype even when rislois.

We have demonstrated that parasitiBagtisdo show behavioral responses to trout
while they drift, suggesting that they are able to detect and react to chemical cues of predators.
Therefore it is unlikely that drift suppression reflects a pathoébgonstraint or a fixed risk
avoidant trait resulting from an inability to gather information about risk in the environment.
Regardless of the mechanistic causes of risk avoidance in ingméég it should be favorable
to the parasite to decreaserabty due to predation, and could have benefits even when
predators are absent.

One or more of the following mechanisms explain why it could be adaptive for parasites
to suppress drift iBaetiseven when predation risk is low: (1) parasite fecundityotdimited
by host foraging movements, (2) parasitism increases costs of drift behavior other than predation
risk, or (3) parasites and hosts exhibit different risk allocation patterns across the larval period.

First, it is unclear how suppression oshéoraging behavior ultimately affects energy
acquired by parasites, but seems reasonable that energy gains and costs related to foraging
movements are different for the Oextended phenotypeO of the parasite than for an uninfected host.
In the case oBaets, drift is assumed to reflect foraging, but it is not an absolute requirement for
food consumption. In fact, some studies have shown a lack of correlation between drift, benthic
feeding activity and gut fullness (e.g., Allan et al. 1991), suggesting&#sdismay be able to
forage continuously without drifting if the quality of food patches is sufficient (Hernandez and
Peckarsky 2014). Direct measurements linking the activity of parasitized animals to food
consumption are rare and report different outcomggating the hypothesis that parasite

fecundity may not be limited by host foraging movemégtsickland 1911, Kamiya and Poulin
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2012, Chen et al. 201 #urthermore, even if infected hosts acquire less food, reduced foraging
may not translate into a dew in growth rates for parasites; indeed, we have found no
relationship between host size and parasite size in this system (Chapter 2). Studies in mosquitos
have also reported that, in some cases, conversion efficiency of their parasites increases even as
host foraging decreases, resulting in no decrease in parasite ¢@hblth and Platzer 1985)
Understanding the direct effect of altered foraging behavior on food consumption and parasite
fitness would require integrated measurements of host behardamg impact and parasite
growth under controlled conditions (Chapter 3).

A second, but not mutually exclusive, explanation for risk avoidance in paragiaetd
is that drift movement$ including entering, navigating, and exiting flowing wateegiste
excess costs not paid by healthy larvae. Given the high ratio of parasite:host body size typical for
parasitic castrators and observed in this systemmbichanical orphysical effects due to
parasitism would be unsurprisifigafferty and Kuris 2002; Rapter 3) Detailed observations
determined that parasitism significantly increases the buoyariggedfs and passively drifting
Baetisfloat higher in the water colum(iVance 1996h)which is a disadvantageous trait when
trout are present. Even withqutedators, more buoyant individuals would likely invest more
energy in escaping the drift. To maintain viable hosts mermithids should minimize such indirect
costs, especially since the direct cost of parasitism on host resources(tsghn and
Goldswathy 1974, Lettini and Sukhdeo 2010here is evidence that parasitized insects
decrease movement or tailor their movements for ersagyng. For examplémeletus
mayflies infected with mermithids rarely travelled against the current, which was a common
behavior for unparasitized mayfli@Benton and Pritchard 199@imilarly, bumblebees infested

with parasitoid larvae visit flowers that are easier to aq&ssmidHempel and Schmid
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Hempel 1990, Schmitlempel and MYller 1991)Behavioral risk avoidamcin parasitized
Baetismay not only benefit parasites by reducing trout predation, but also by reducing costs of
parasiteinduced morphological changes, further underscoring the multidimensionality of those
modifications.

Finally, decreased activity ofifiectedBaetismay be viewed as a parasite risk allocation
strategy that differs from its host®aetisoptimizes fitness by accepting some proximal risks of
foraging at the larval stage but decreasing cumulative time spent in the dangerous environment,
emerging earlier and with lower fecundity when trout are prgstatkarsky et al. 2001, 2002)

In contrast, mermithid parasitism markedly extends the larval period in both fish and fishless
streamgqVance and Peckarsky 199Bhapter 2) Extending host lifspan is an advantage

selecting for host castration, because reallocating energy away from host reproduction toward
somatic growth can increase the viability of the host, prolonging the parasiteOs opportunity to
assimilate host resources before reproduomigansmitting(Baudoin 1975, Hall et al. 20Q7)

This may be critical for parasites likeasteromermisvhose sole nutrition is obtained from the

host because they cannot feed exogenditkbyninick and Welch 1980As discussed above,
parasitizedBaetismay experience costs of activity even without predators. Therefore the parasite
could benefit from accepting short term foraging losses while mitigating movement costs and

protecting growth opportunities within the host.

Conclusion and Implications
In summary, through observations of predgiay-parasite interactions at multiple
scales (natural streams, mesocosms and microcosms) we integrated natural patterns of

consumption of parasitized prey with controlled predation assays that mechanistikety |
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consumption to behavioral and physical prey traits. We conclude that parasitism decreases
consumption oBaetisby trout through multiple trait changes to the host. First, infdgtadis

have a lower propensity to enter the drift and become expogwddators. Further, they are less
likely to be consumed by trout once exposed, partly explained by behavior differences due to
parasitism (parasitizeBlaetiswere less likely to exhibit conspicuous swimming behavior), and
in nature also likely due to siter size Size differences also contribute to the higher buoyancy
of parasitizedaetid\ a trait that may increase the energetic cost of swimming in or escaping
from the water column once drifting. Further understanding of the relationships between host
foraging activity and parasite growth or fecundity would reveal how selection shapes parasite
effects on host predator avoidaBimeaging tradeoffs.

Baetisare locally common and abundant mayflies as well as strong food web interactors,
suggesting the potential for its parasites to affect not only individual behavior, but also higher
order processes in streams. In theory a predator that has high leveldatiqor and shows a
partial preference for unparasitized hosts should increase pamndsited suppression of the
host population by disproportionately removing healthy, reproductive indivifDalter and
Rosenheim 2001)herefore, this troutayfly-parasite interaction could partially explain higher
mortality of Baetisobserved in fish streanfBeckarsky et al. 2008Parasite effects have not
been considered in demographic modelBadétis(e.g., McPeek and Peckarsky 19%jhough
this inclusion wold enable a more complete viewBetispopulation dynamics. In addition to
the bottomup effects considered here, the negative effect of parasitism on foraging movements
could also affect ecosystem processes by decreasing algae suppre&aetdfChater 3),

which are the most efficient grazers in the streams they infAdb#rez and Peckarsky 2005)
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Further studies could inform this hypothesis by examining quantitative links between host

activity and grazing to enhance our understanding etitapn effects of parasites.
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FIGURES

Figure 1.Brook trout consumed fewer parasitiZzédetisthan would be expected if they were
eaten in direct proportion to their availability (dashed 1:1 line), estimated from benthic samples
(p < 0.001). Parasite prevalence in consumed prey (&) was estimated as (no. parasitized
Baetisconsumed / totalo. Baetisconsumed) from stomach contents of individual trout (N = 67)
sampled from 2 streams over 3 years. Parasite prevalence in available prey (no. parasitized
Baetis/ total no.Baetig was measured in one benthic kick sample collected on the saerendat
time as trout stomachs.
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Figure 2. Parasitism suppresseaetisdrift propensity (noBaetisdrifting m3/ no. Baetism2
benthos; meatt SE) in streams both with (N = 5) and without (N = 6) traut 0.001) in the
East River drainage, CO, USA. Drift was measured between23@@h MDT in July 2015.
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Figure 3.In mesocosm predation trigl&) parasitizedaetistended to drift higher in the water
column (mearx SE;p =.056), but when trout were presentBdletisdecreased drift height
(meant SE;p =.009); andB) trout also causeBaetisto exit the drift more quicklyg=.002).
Data were obtained by individually introducing parasitized or unparasBiaetisinto the drift
of a flowrthrough observation arensefisuMcintosh et al. 2002hile observers measured
behaviors both in the presence and absence of a brook trout in the channel.
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Figure 4.(A) WhenBaetiswere introduced directly into the drift of a flethrough mesocosm,
more parasitize@aetisswam when trout were absent, hutreunparasitizedaetisswam when
trout were present (fish parasite interactiorg = .019). Swimming increasdittelihood of keing
consumed from the drifp(= .021), potentially explaining wh{8) trout consumed a higher
proportion of unparasitizeBaetis(p = 0.074). Behavior data were obtained by individually
introducing parasitized or unparasitiz8detisinto an observationhannel with and without
brook trout 6ensuMclintosh et al. 2002)vhile observers measured behaviors and consumption
rates.
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Figure 5. (A) Parasitism increased the sinking time (me&E) ofBaetislarvae in a still water

column.(B) Examiningrelationships betweeBaetisdry mass and sinking time revealed outliers

(> 40 sec sinking time) that but were excluded from analysis but remain displayed here. Biomass
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APPENDIX

Table Al. Summary of linear mixed model analysis of drift propensity (drift density / benthic
density) ofBaetis bicaudatukrvae in streams of the upper East River drainage basin, CO
collected across 11 sites in July 2014, all samples were taken at 2100h MDT irMhatked

fixed effects of fish (present or absent in stream)Bametisparasitic infection status (yes / no),
with a random effect of sample transect nested within site.

Analysis #2 p

Drift Propensity
Fish 0.07 0.787
Parasitized 32.5 <0.001
Fish " Parasitized 0.19 0.659

Table A2. Summary of linear mixed models used to analyze the behavidBaetismayfly

larvae in an observation arena with or without parasitic infection and in the presence and absence
of predatory brook trout and. Responses include distance drifted in the water column (cm)
maximum drift heighteached in the water column (crapdexposurdime spent in the drift

Date wasncludedas a random effeat all modelso account for background variation in

weather conditions that could influence behavior (e.g., temperature, cloud esvesll adish

foraging differences because bdish was observed at approximately the same time on a

different dayto minimizeeffects of diel feeding periodicity. Wadsotested for main and

interactive effects of fish and parasitism on wheBeetisactively swam (Yes/No) with a

generalized lineamixed model with a binomial error structure, also including the random effect

of date.
Analysis #2 p
Drift Distance
Fish 16.9 <0.001
Parasitized 2.43 0.118
Fish " Parasitized 0.05 0.824
Maximum Drift Height
Fish 6.85 0.009
Parasitized 3.06 0.080
Fish " Parasitized 0.77 0.382
Drift Exposure Time
Fish 25.0 <0.001
Parasitized 1.90 0.168
Fish " Parasitized 0.08 0.779
Baetis Swimming (Yes/No)
Fish 5.36 0.021
Parasitized 0.01 0.928
Fish " Parasitized 5.48 0.019
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Table A3. Summary of analyses (linear mixetfects models) of predatory brook trout behavior,
recorded from a fish observation arena in which trout were presenteBaetismayfly larvae

that either swam or did not swim while exposed in the drift, and did or did have parasitic
infection. Responses wetfish reaction distance ®aetis(cm; log[x]-transformedl andBaetis
consumption by trout (binomial distributed response) with fixed effedwiohming and
parasitism and date included as a random variable.

Analysis #2 p
Reaction Distance
Swimming 0.19 0.664
Parasitized 0.06 0.799
Swimming " Parasitized 6.85 0.019
Consumption of Baetis
Swimming 5.30 0.021
Parasitized 3.19 0.074
Swimming " Parasitized 2.15 0.143

Table A4. As a proxy for buoyancwe timed the descent of both live and dBagtislarvae
through a column of fishless stream water standing in a graduated cySideng times were
analyzed with linear models with parasitic infection status (yes/no) and total biomass (host +
parasite) as predictors.

Analysis F p
Live Sinking Time
Parasitized 0.05 .819
Total Biomass 2.70 0.106
Parasitized Host Biomass 1.56 0.217
Dead Sinking Time
Parasitized 1.92 A71
Total Biomass 12 <0.001

Parasitized Host Biomass 0.12 0.726
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Figure Al. Hypothesized effects of increasing parasitism on drifting prey available to trout

during daytime (meath 95% ClI), extrapolated from calculations of drift probabilities made from

field measurements in the East River, CO, USA. Because parasitism decreases the instantaneous
probability of drift, the availability of drifting prey is predicted to decrease asifiana

increases. This outcome implies that average parasite prevalence in our stutdya8%eadould

reduce the density of driftingaetisby ! 20% compared to a scenario without parasites (see

Results).
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2013 Pilot Microbial Analysis Summary
Coauthor: Andrea Landiera Debarca

BackgroundAll organisms live associated with bacteria, and symbiotic associations between
different organisms are of great importance for evolutionary and ecological processes. Bacteria
are particularlyvaluable symbiotic partners owing to their huge diversity of biochemical

pathways that may open entirely new ecological niches for higher orgabgfasent types of
associations (e.g., ingestion, contribution of exoenzymes, incubation, parasitism) are reported to
occur between gut microbes and aquatic invertebrates, and it is clear that gut bacterial
communities cannot be treated as single functientties, but that individual populations

require examination. In addition, gut microbes may be either ingested transients or residents, the
presence of which have different implications for the invertebrate. Quite a number of authors
report the physiolgical properties of gut microbes (including enzyme activities and attributes
such as nitrogen fixation), while less attention has been given to consideration of the
colonization sites within the digestive tract, the density and turnover of gut bactdritagan

factors affecting the presence and nature of gut microffandhermore, the indigenous gut

bacteria play a role in withstanding tb@onization of the gut by neimdigenous species

including pathogesn The objectives of this analysis were tadbfument the microorganisms

that liveassociated witlBaetis bicaudatukarvaeby measuring density and community

composition of external and gut microorganisms; 2) compare microbial communities of healthy
Baetislarvae to those infected lyasteromermisp.endoparasitic nematodes;

MethodsBaetislarvae were collected from Marmot Creek on 12 and 23 July 2013 and
acclimatized for 72 in microcosm chambers supplied with fishless water in BLPs weatherport.
Baetiswere euthanized by dripping in warmed watken dissected with EtObterilized tools.
Males were not dissected because they are not expected to contain parasites. We sampled
external microbiota with PB®ashes and plated all host (+ parasite when present) tissue to
culture internal microbed.o aralyze the density and community of bacteriBaetis we
culturedbacteria in PCA agar and incubated in a chamber-aB¥8C (becauBaetisis
poikilothermic). Following incubation, we countetle nunier of CFU, described morptypes

and calculaté morphfrequency We calculated Braurtis similarity percentages (SIMPER)

and analyzed similarity (ANOSIM) of microbial communit@snfected and uninfecteBaetis

ResultsBacterial load tended to b@wer in unparasitizeBaetis(U = 2877;p = 0.067; Fig. A2D.
We found significant differences in community frequeney 0.032; Fig. A3) and marginal
differences between groups in the community presence/absencp d&®8). Similarity
percentages within parasitizBeéetiswere lower than unparasitized (Fig. A4).

DiscussionHigher bacterial load could occur parasitizedBaetisif its immune systens
depressedyotentially resulting in colonization and establishment of microbial infections. Lower
community similarity arang parasitize®aetiscould be caused by different microbes associated
with the worm.
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Figure A2. Bacterial density is marginally elevated in parasitizedtislarvae.
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Figure A3. Microbial community frequency differed between (A) unparasitized and (B)
parasitizeBaetislarvae
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Figure A4. Community similarity among parasitiz&aetiswas lower than among unparasitized
Baetis
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