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ABSTRACT

Should parasites stabilize or destabilize constneswurce dynamicdRecent theor
suggests thgiarasiteenhanced mortalitynay confer underappciated stability to their hast
We testedhis:hypothesis usindisease irzooplankton. Arossboth natural and experimental
epidemicshbiggerepidemics correlated with larger not smalle— host fluctuations. Thuysve
tested twamechanistidypotheses to explagestabilization or apparent destabilization by
parasitesFirst;"earichment could in principle, simultaneously enhance both instability and
disease prevalencka natural epidemics, destabilization was correlated with enrichment
(indexed by tetaphosphorous). Howevesnin-situ (lake enclosureexperiment did not support
these linksinstead, field and experimentakultspoint to a novetlestabilizingmechanism
involving hoststage structureEpidemicspushed hosts from relativetyorestablehost
dynamicswith less synchronizegiveniles and adult® less stald dynamics withmore
synchronized juveniles and adultaur@esults demonstratew links between hostage

structureandidisease cahapehost/consumeresourcestability.

Key words: DaphniaMetschnikowiaparadox of enrichment, stage structure, Ipasasite

stability

INTRODUCTION

Why, how, and when do populatiofisctuate? Empirical and theoreticatudies have
delineated a varietyf mechanistic drivers djothstability (defined here as lowéemporal
variation in population densitygndinstability (highertemporalvariation in population density).
For example, the addition of a wide-range of even minimal biological realism into cemsum
resource medels tends to generagtability viaoscillations (Murdoclet al. 2003). The
RosenzweigMacArthur model provides a canonical example, where higher carrying capacity or
strong prey suppression destabsiz®nsumeresourcedynamics Rosenzweigk MacArthur
1963, Murdoctlet al.2003).Yet, while well-known examples afonsumeiresourcecycling
exist, most natural systerase more stablghansimplemodelsoftenanticipate(Murdochet al.
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2003,Jensen &Ginzburg 2005)This model-nature contrast suggests that our models lack
crucial biology Numerousnechanismsnight explainthis disconnect (reviewed by Roy &
Chattopadhyay 20Q7ncludingboth parasiteandstagestructurel consumer-resource dynamics.

Theoretical worksuggests that parasites costdbilizz consumethostinteractionsvia
diseasamposed mortality (Anderson & May 19&&Hilker & Schmitz 2008, Hurtadet al.
2014,Céacere®t al. 2014; see Appendix A for an illustratiofhis intriguing possibilitymeans
that parasites=which are ubiquitous in natural ecosystemsnayconfer greatly
underappreciatestability to their hostsIn this hypothesisH1: disease stabilizes via host
mortality), virulence imposed on the host/consumer prevents severe over-exploitation of the
host’s resouree. Host/consumer mortality increases stability because it reduces peak (maximal)
density of the host population and thus, the intensity of grazing pressure on the redwmurce. T
resource, then,jis less severely depressed and more limited (and stabilized) by its own density
dependencelhus, oura priori prediction was that parasites should stabilize consues&urce
dynamicsdy elevating death rate (Hgla, Al). We looked for evidence of this hypothesis using
a Daphniacensumer/hosfingal parasite systerm field surveys and one of two experint&n
death rates inereased with large epidertassexpected Surprisingly however n the field
survey andn both experimentdarger epidemics correlated with largernot smaller—
fluctuations*of tis consumefhost.

What, then, coul@éxplain how disease caiestabilizehost dynamics®thermodels
predict that parasitesandestabilize host dynamiega various mechanisms, including parasite-
induced reduetions in host fecundity (Anderson & May I T&eischar & Lively 2011),
arrested developmeanf the parasitgDobson & Hudson 1992Allee effectsin the underlying
host demagraphyHilker et al.2009), or prolonged environmentakidence time ahdirectly
transmittedparasite (Sharp & Pastor 2011). None of these mechanisms fit the natural history of
our focal planktonic disease system (e.g., our parasitedépesss fecundifythough not
severelyenough to trigger hogiarasite oscillations: see Audd al.2014).Therefore, we
investigatedtwpalternative mechanisntlat aremore germane to the natural history of our
focal systemnvolving nutrient enrichment2: nutrient enrichment destabilizeand hosstage
structure(H3: disease destabilizega hoststage structure To testand resolvehese competig
hypotheses, we coupled field data with field enclosure and indoor mesocosm experiments.

The*“nutrient enrichmentestabilize’s hypothesigH2) revolves around a potentially
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spurious correlation. In the field survey, an apparentdetkveen disease and destabilization
could be driven by productivitygradient (nutrient supply; FigbL Nutrient enrichmentan
increase epidemic prevalence amdntensityby increasing host density (Andersoriéay
1992, Poweret al. 2011,but see Civitellet al.2013 and Appendix A transmission (Krisét al.
2004, Beldomenico & Begon 2010), or propagule production (Seppal&2008; Hallet al.
200%, Tadirietial.2013). Simultaneously, higher nutrients codéstabilizethe host/consumer-
resource systewia the paradox of enrichmermR@senzweigk MacArthur 1963, Murdoctlet al.
2003, Sharp'&Pastor 201Hig. 1b, Al). This destabilizing force might overwhelm any stability
conferred byparasitemediatednortality. Thus,enriched systemsight have larger epidemics
andgreateiverall enrichmendriven instability To disentangle these two potential impacts of
enrichmentondiseasee directly manipulated productivity and disease in an experiment.
Thealternative hypothas H3: disease destabilizes via host stage strugtiusescausal
connections between diseas@ge structureand stability. Competitiofor shared resourese
arises commonly between juvenile dadult life stages of consuméMiller & Rudolf 2011, de
Roos& Persson 2003 Without disease, these competitive interactionsstamglydetermine
the stability'of'eonsumetresource interaction®icCauley et al. 199%le Roos Persson 2013).
Stagestructured theory tells us why: asymmetric competitietwieen life stages causes
juveniles.and adults to cycle out-of-phase with each other (involving developmeratriime
fecunditybased mechanisms: Fitg). The temporal asynchromf juveniles and adults creates a
numerical effect whereby total host dengjtyeniles + adults) varies lefsig. 1c, “low-
synchronyj@Alternatively, more symmetric competition between life stages can cause juveniles
and adults‘teseycle iphase (Figlc, “high-synchrony”).Herg the consumer should show larger
variation intotal density, potentially exacerbatitige destabilizing effect of resouroeer-
exploitation (in less stablehigh-synchronyycles).These types of stageructure interactions
are wellknownfor Daphnia(deRoos & Persson 2013arasites may potentiakreduce the
asymmety. of competition between life stages by inflicting stronger virulent effects on otherwise
competitively'dominant adults (Hadt al.2007, DeMbtt et al. 201Q see Discussion). Such a
parasitemediated alteration of competition coyldsh consumer/hoshisom more stable, [ow-
synchrony juvenile-adult cycles before epidemics to “higlinchrony” juvenileadult cycles
during epidemics. This parasite-mediated shift should increase variataalihdst density,
potentially interacting with and elevating consumeseurce instability
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122 Here,we use a field survey anourtwo mesoosm experiments to evaluate all three
123  hypothesesAs stated aboveising both field data and mesocosm experimerggejecthat
124  disease stabilizes via host mortal{ty1). The second hypothesigjtrient enrichment

125 destabilizegH?2), is partially supported by field datéut rejected by lake enclosurexperiment
126 that factoriallymanipulates parasitesd nutrientskinally, our third hypothesiglisease

127  destabilizes via hostage structur¢H3), is supported robustly by field dathe samdake

128 enclosureexperimerand an indoor mesocosm experiment that manipytatiesitegthough
129 not nutrients):"The lakes and experiments varied in many ways from each other (eolg, dlfie
130 predators; competitors, inedible resources, etc.). Nonetheless, they all support the same
131  mechanismThus, while diseasaight stabilize consumeesource dynamics in otherstgms
132  here fungatliseasalestabilized itaphniahost by undermininthe stabilizing effects dbw-
133 synchronystagestructurel cycles.

134

135 MATERIALSAND METHODS

136  Host-parasitessystem

137 OurshostsPaphniadentifera(hereafter ‘hosty’become infectewnhile foraging by

138 inadvertently consuming spores of the virulent fungal parddiéeschnikowia bicuspidata;
139 hereafterfungus’(seeHall et al 2007). The fungusansubstantially reduce host growth
140  (Penczykowsket al.in prepa), fecundity, and survival (Haét al. 2009, b). Hostsdo not

141 recover from infetion and upon death, release spores into the environment to infect new hosts.
142  Resource guantity and quality drive parasite virulence in this system: assimiddéphost
143  reproductiorrates spore production within hosts, and subsequehdgt mortality all increase
144  with increasing resources (qualityall et al. 2008; quantity:Hall et al. 2009).

145

146  Field Survey

147 We first used field patterns from natural epidemics to exapotentiallinks between
148 diseasand:host dynamicsVe sampledl5 lakes in southwestern Indiana (USA) weekly
149 throughoutthe epidemic season (~ July throinghfirst week oDecember 2010 hese lakes
150 spanatotal phosphorou§TP) gradient from low nutrient (oligotrophic) to higher nutrient
151  (eutrophic)— a range of 4 54ug P/IL (Penczykowsket al.2014).At each visit, we collected
152  hosts with two replicate plankton sampisgsg a Wisconsin net (13 cm diameter, 153um mesh;
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towed bottom teurfacg. We estimated infection prevalence and densities of each host stage
(i.e., juvenile vs. adultsHost stages are easily identifiedder the microscogeased on the
presence of a brood chambat.each visit, we also collected integrated epilimnetic water

samples to estimate an index of lake productivity — total phosphorous (TP).

L ake enclosur eexperiment

We used data from two experiments to evaluatéhitee hypothesen the first
experiment (ake enclosurey, we factorially manipulated nutrietgvels and parasite exposure
in large, whole water column mesocosms in University Lake during the epidenva ¢eady
SeptembedaterOctobef011). We suspended polyethylene encles\depth: 6 m, diameter: 1
m) with screen?(1 mm) liddom wooden rafts in a randomized block design (see App@&hthx
supplemental methods)Ve stocked enclosures with sieved (80) lake water and added lake
collected hosts (initial density &f. dentifera ~ 5000Daphniam?) on 6 September. Two days
later (8 Septemberyve began the nutrient treatmentsifoyiating low- (in situ lake conditions:
10 pg P Ly400°ug N M) and high- (30 ug P, 750 pg N [ nutrient levelsFive days later
(13 September), we inoculated half of the enclosures with a single faolgaé(3.6 spores mL
1. Each preductivity x parasite treatment was replicated 8 times for a total of 32 enclosures and
maintainedfor 40 daysostspore inoculatiori~ 7 Daphniagenerations)WVe maintained
nutrient levels with bi-weekly additions blaNO; and KkHPO, (assuming a 5% instantaneous
daily loss/settling rateCivitello et al. 2013) We collected nutrient and host samples twice per
weekat night'and estimated infection prevalence, host devaitgtion(during epidemics)

deathratespandtage-synchronization during the epidemiast(inedbelow).

Indoor mesocosm experiment

In the second,indoor mesocoshexperimentwe isolated the effect of disease on host
stability and stagsynchronization. We used 50 L mesocosms stocked withHaginess
COMBO (Baer & Goulden 199&ndlab-rearedhigh quality algaeAnkistrodesmufalcatus
(initial density;.1.0 mg dry weightt) maintained at 21°C on a 16:8 light:dark photoperiod. On
7 June, we established host populations with approximately equal proportions of 11 genotypes
(total initial density: 25 [!). Twentydays later (27 June), we inoculated half of the tanks with
fungal spores (5.6 spores ML Both treatments (i.e., with and without fungal spores) were

This article is protected by copyright. All rights reserved



184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

replicated 5 times for a total of 10 mesocosms and maintained for 74 days (~ 10 host
generations) post spore inoculation. We maintained nuteeels as outlined abo\&0 pug P
L™, 300 pg N *; amidrange of the low ankigh-nutrienttreatments of the lake enclosure
experiments). Weampled twice per week &stimate infection prevalence, variatiorhost

density,deathrates, and stag&/nchronization during the epidemics, as outlined below.

Metrics”Epidemic size, host variation, death rate, productivity, and stage synchronization

Using data from the field survey and two experimentscalculated several metsic
Thesemetrics and the specific hypotheses that they test, include:

Epidemic size (all three hypothesg¢sWe visuallydiagnosed infection statas live hosts
per lakedate(n= 400) or sampling datén = entire sampla)sing a dissecting scope at 20 — 50X
magnification(Hall et al. 2009). We then estimated epidemic sineeach populatioby
integrating infectiorprevalence (proportion infected) through tiriéis integrated prevalence
metric (units proportion- days)quantifiesthe size of epideras varying in length and shape
(Van der Planki1963). Integrated prevalence stroogiyelatesvith meaninfectionprevalence
in the field(Pearson correlation, r = 0.91, p < 0.0001), and in the experiments (lake enclosures
=0.99, p<.0.0001; indoor mesocosms 0.99, p < 0.0001).

Hostvariation (all threehypotheses)To index destabilizationwe calculated the
standard deviation of In-transformextal host densitie@McCauley & Murdoch 1990). Higher
valuesimply more destabilization.g., less stability)In the lake surveywe useda change (A) in
variation indexto account for underlying background variation in host populations before
epidemics begarkirst, we calculated thetandard deviation of llransformedotal host
densitiedn the pre-epidemic period (August — September) and then again during epidemics
(October—December)The gart date of pidemics wasdefined as the Julian day when lakes had
greater than, 1% infection prevalen&ince start date was fairly uniform, we use the mean start
date among lakes to separate-me during-epidemic periods. Then, we subteaithe pre-
epidemic variion value fromthe duringepidemic variation value. Host populations that became
less stable"(more variable) duritige epidemic season would show positive A values.In the
experiments, we quantified disease-mediated destabilizatidimdmtly comparing parasite-
addition andparasitefree treatments.

Death rate (H1: disease stabilizegia host mortality. To estimate death rate) of host

This article is protected by copyright. All rights reserved



215  populations, we used the egg ratio method (Edmondson 1968). To implement the egg ratio
216  method in the field survey,evecorded infection status and the number of eggs in the brood
217  chamberof adultsusing astratifiedsampling approach: we counted 20-50 uninfected adults and
218 0-40 infected adultdNe then calculated a weighted average of the egg ratio in the uninfected
219 and infected.classefo convert egg ratio to an instantaneous birth @tene used temperature
220 based relationships during each samptiate(Edmondson 196&fter measuring water

221 temperature'with enultiprobe (see AppendR for furtherdetails) Then, we calculated

222 instantaneous‘population growth rateas the difference in {transformed host densities

223  between sampling visits, IN(.1) - In(Ns), divided by the time betweeramplests; - ts. We

224  estimated dathratefor each sampling dates:d = b - r. Then, we calculated mean death rate
225 during epidemics (from OctobeDecembein the field survey, or following parasite addition in
226  the experiments)e followed a similar procedure for calculatidgn experiments e

227  AppendixB for details on the temperatubased calculations of birth rate).

228 Total phosphorous (TP), a productivity index (H2: nutrient enrichmentlestabilizes):

229 Weaverageitotal phosphorou$TP) to characterize underlying productivitiatus of eaclake
230 (pre-epidemicwperioddr field enclosureWeestimate TP with standardacidmolybdate

231  colorimetric.assay®llowing persulfate digestio(APHA 1995 on a spectrophotometdyy -

232 1700, Shimadzu Scientific Instruments, Columbia, MD, USA).

233 Stage synchronization (H3: disease destabilizes via hashge structurg To

234  characterizesynchronizatiorof host stagg, we In-transformed juvenile and adalénsitiesand

235 calculatedserossorrelationcoefficiens at lagzero(McCauleyet al. 1999). Then, wé&isher

236 transformed:the crossarrelation coefficientso help linearize therCox 2008) High

237  coefficients nean strong juvenileadultstagesynchronizatiorfin-phase)whereas loveoefficient

238  values show unsynchronizeaug-of-phasejuvenile-adult dynamics.

239
240  Statistical analyses
241 For the field analyses we used linear regressiorratrdnsformed variables to better

242  approximate normalitand equalize varianceBor the lakeenclosure experimenye detected
243  noblock effects Thus,we used tweway ANOVAs, sequentially dropping nosignificant terms
244 (results weresimilar with andwithout dropping nossignificant termg For the indoomesocosm
245  experiment, we useskparateinpaired onesidedt-teststo testour hypotheses thapidemics
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decreased stability, increased death, ratel increasestagesynchronization of host$Ve used
R (R development core tea2012)for all statistical tests

RESULTS
We first.use data from the field surveytesthypotheses 1-3. Then, we test them with
results fronthetwo experiments. Finally,exsynthesizéhese results in th2iscussion

Field survey

As'epidemic size increasghlost populations became less stablative tothe before-
epidemicsperiod (i.e. A host variation correlated positively with epidemic sizes 15, r =
0.590, p =0.020, Figa). H1: disease stabilizega host mortalityDeath ratevas higher during
larger epidemics (n £5, r = 0.563, p = 0.028, Figb). However, host populations in lakegh
higher death rates became lstsbleduring epidemics (n = 15, r = 0.586, p = 0.021, Ea).
Consequentlydiseaselid notstabilize consuménostresource systenisy increasing pecapita
death rated«(Hilker & Schmitz 2008, Hurtadet al. 2014 Cacere®t al.2014, Appendix A).

H2: nutrient enfichmentlestabilizesTotal phosphorou§TP) was correlated withigher
prevalence.of diseage =15, r = 0.521 p = 0.046, Figa) anda greaterhange (A) in host
stability (n=="15, r = 0.568, p = 0.027, Figb) during the epidemic season. Howe\®ior to
epidemicshost stability(standard deviation dh-transformechost density) an@P were not
correlatedn =15, r = 0.018, p = 0.949sa paradox of enrichment-tyglestabilization
mechanismrwould anticipate. Thus, the field data create a first problem fauthent
enrichmentlestabilizes’idea.H3: disease destabilizes via hasage structureLarger epidemics
correlated withanincrease in synchronization of juvenile and adult host densities (during
epidemics, relative to prepidemic seasom = 15, r = 0.570, p = 0.0Z6g. 3c). Therefore host
stability decreasetbr, variability increaseds juvenile and adult dynamics become more
synchronized. during epidemics (n = 15, r = 0.824, p = 0.00023#)g.

An_example illustrates changes in stability of host densitystagk structurbefore vs.
during epidemics within a single lake (Downibgke Fig. 4). Host density shifted from more
stable(host variatior{standard deviationt 0.36)to lessstable(host variation $tandard
deviation]= 0.51) during the epidemic season (Fig;. A hostvariation= 0.15). Concurrently,
juvenile and adult stages of the host shifted from less synchrdjeizes correlation coefficient
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(‘cc’) = -0.66) to more synchronized (during epidemazz = 067) dynamics over the course of
the epidemic season (F#p; difference of Fishetransformedross correlations\ cc = 159).

L ake enclosure and indoor mesocosm experiments

Bothpoepulatiorievel experiments showed that disease significantly reduced host
population;stability anghifted hoststage structuré\Me describe results from both experiments
in parallel'Mean prevalence in the lake enclosure expartmas 13%integrated prevalence =
4.76)in thehigh=nutrienttreatmentsand 12% (integrated prevalence = 4.itdthe low nutrient
treatmentgFig. B1c). In the indoor mesocosm experimengan prevalence watightly higher
(18%).H1 . disease stabilizega host mortalityFigures 5a-d). Stability indicesEpidemics
significantly‘reduced host population stabiljigcreased variation) in the lake enclosuies
effect:F1 25=9.24, p = 0.005, Fig.& andin theindoormesocosm experiment (t-29.04,df =
10.50, p <0.0001, Figby. Death ratesThere was no relationship betwespdemicgE-effect:
F124=0.01, p = 0.92, Fig.d, nutrients (Neffect:F1 23=1.44, p = 0.2 or their interactionK
X N: F12,=72868, p = 0.23) on per capita death rate of hosts ilakieenclosure experiment.
Diseasehowever, clearly increased per capita death rate of lmoteindoormesocosm
experimenti(=-2.20, df = 7.83, p = 0.03, Figdp Note that host per capita death rate was
considerably highein thelake enclosure experime(anelc) compared to the indoonesocosm
experiment (paneal). Thus neither experiment supports Hi2: nutrient enrichment
destabilizesNeithernutrients N-effect:F; 24=0.32, p = 0.58, Fig.& nor the epidemic x
nutrientinteraction E x N:F3 23= 1.09, p = 0.313lestabilizechost dynamics. Furthermore,
nutrientsdidenetsignificantlyincrease disease prevalené@gendix BX). Thus, the field
enclosures did not support H23: disease destabilizes via host stage structbigures 5e-h).
Stage synchronizatiomn thelake enclosurg disease (F.s=8.23, p = 0.007, Fig.€, not
nutrients (k,24=.0.0005, p = 0.98 or their interaction (F.3= 0.20, p = 0.66), shifted hostage
structureinto.mare synchronized juvenidult dynamics. This synchroniziedfect of disease
was more_pronounced in the indoor mesocosm experimnen8.56, df= 16.56, p < 0.0001,
Fig. 5). In this,experimentuveniles and adults without disease were more strongly
asynchronous compared to thos¢hi@ lake enclosure experimembgether, the indices of
stability andstage stuctureillustrate that disease destabilized systems by increasing vairation
total (summed) host densignd by shifting hos$tagestructured interactiongigures5g - h).
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DiscussioN

What drivegpronounced spatitemporal fluctuations in population abundances? Existing
disease theorgffers thecompelling possibility thaparasitesnay providegreatly
underappreciated stability to their ho&ppendix A;Hilker & Schmtz 2008, Hurtadet al.
2014).In thisdisease stabilizega host mortalityhypothesigH1), virulence imposed on the
hosttonsumerprevents severe ceaplatation of the host’s resourcBeleased from severe
predation/the‘resourt®comes morkmited by its ownstabilizing, negative density
dependenceather than grazind\s far as we know, this hypothesis has not been testedlyes,
we looked forthe stabilizing effect of death rate bast/consumeresource cycling using a case
study ofDaphniaand a virulent fungal parasite. lieltl survey andone of ourpopulationlevel
experimentsye saw thathostdeath ratencreasd with disease prevalenceowever increased
death ratelid not stabilize host dynamicsirger epidemiceerecorrelated with larger— not
smaller— fluctuations of the hostbnsumer

Whyedid'enhanced death ratet stabilize host dynamics in this plankteysten? At
least two possibilitieemergeFirst, an underlying environmentalriver, such as ecosystem
productivity, couldncreaseboth insability and disease prevalenageating a correlation
betweerepidemic sizeandinstability (H2: nutrient enrichment destabiliZefNutrient
enrichment increasepidemic severity in a broad array of disesysgemgJohnsoret al. 2010,
Beckeret al 2015. Thus, this enrichmeriiased diseas@stabilty correlation might arise
commonly:Ourresultshoweverdid not supporthis hypothesis. Firsgn the stability endye
expectedo'see’a strong FRost variation signature before epidemics beya.our lake
surveys revealed nevidence foenrichmentmediated destabilizatioof host populations before
epidemics Second, we found no experimental supparthis hypothesigperhaps as anticipated
by our model..see Appendix A). A thréald TP enrichmenfAppendix Fig.Bla) did not
significantlyelevatehost density —even in the diseadeee controls (Appendix Fig1b) — or
disease prevalence (Appendix HAgjc). Furthermore, TP enrichment did not destabilize host
dynamics inrithe experiment.Miie much greater enrichment gradients might create a joint
productivity-diseasestability correlationour results danot supporthis hypothesis.

Insteaddisease destdlaed hosts by changingtagestructurel dynamicsid3). In the
field survey and bothxperiments epidemics pushed hosts from relatively stable dynamics in
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339  which juveniles and adults cycesynchonoudy, to less stableynamics with highly

340 synchronized juvenile-aduticles.Our proposedinderlying mechanismsynthesizestage

341  structurel consumeresource ecologgndstagedependent epidemiologkirst, Daphniaalgal

342  systems behademore stably, with more asynchronous juvenile-adult dynamics, before

343  epidemics bean. The likely mechanism involves comfen for poor-qualityresouces

344  Competitive 8ymmetries arisdue to differences in resource use between stage c(hisdeen

345 et al.2005,McCauleyet al. 2008, deRoos & Persson 201B) particular,juvenileassimilation

346 efficiencyand growthsuffer greatlywhen resources are poguality (i.e., digestion resistant:

347 DeMottetial.2010) —like those in lakes before epidemics begin (l¢akl. 200%). Such

348 asymmetriescan catalyze asynchronouenile-adult dynamics (deRoosRersson 2013)

349 However,diseaseouldequalizethesecompetitive differences between juveniles and adults
350 Competitively superiordults experiencéoth higher exposure to parasites and higher infection
351 prevalencehan juvenilesHall et al.2007). Thus, adults suffer higher per capita mortality

352 during epidemics. Additionallygdultstend todepress theiforaging rates more than juveniles
353 when exposedito sporfdite et al.in prepa), and infected adult®duce their foraging rates

354  evenfurther (Penczykowslet al.in prepa). Thus, through several parasitdlicted forms of

355 virulence“(en survival and/or foraging), thdultclasscouldloseits competitive advantagaver
356 juveniesonce epidemics begiBy predominantlyinfecting adults thefungus mighiplace

357 juveniles and adults on more equal competitive footing and shift host populatmnsore

358 synchronized cyclingnd less stableost dynamics. This mechanism, however, needs further
359 theoreticaliandempirical development in the future.

360 Our'particulaistage structurstability mechanism adds to growing evidence that host
361 stage structurenatters for disease more broadly. Strong links betweerstams structurand

362 disease have arisen when epidemiological traits depend on host body size, sudirasrides
363 (e.g., insect-vitus [@&nellet al. 1988, Dwyer 199l insectpathogens [Briggs & Godfray 19p5
364 snaittrematode [Krisket al. 2004]) or host surface aréag., fishectoparasites [Cable & van

365 Oosterhouts2007]; amphibian chytridife et al.in prepb]). Other mechanisms also link host
366 stage structur disease. For example, some life stages are much more vulnerable to infection,
367 regardless of body sizer are more crucial to propagule production than others. Thus, ignoring
368 stagespecific differences in key epidemiological traits could undermine management strategies
369 in, for examplemalaria (Barclayt al.2012), Lyme disease (Caraebal.2002), childhood
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diseases (e.gchickenpox, Keeling & Rohani 2008), and amphibian chytridiomycosis (Beiggs
al. 2010). Regardless of the particular mechanism,dtage structurplays a pivotal role in
various epidemiologically important traits. However, it rersainknown if those trait
differences reverberate onto population dynamics and stability of hosts in otherssyste

Our.proposedtage structurbased mechanism joins several other mechanisms that can
stabilize or.desbilize hosts during epidemidsor instance strong virulence on fecundity
predicted to'detabilizehostdynamics (Anderson 8ay 197&, Greischar & Lively2011) as
wasrecently‘proposed fa castrating bacterial parasiteasteuria ramosahatsterilizesits
Daphniahosts early in infection (Auldtal. 2014).This destabilizatiormechanism remains
unlikely herebecause fungal infectiaoes not dramatically decredsest fecundityseverely
enough tdrigger hostparasite oscillationfAuld et al. 2014. Additionally, Allee effects can
interact with infection and indugeronounced instability and even drive hosts extiviet iolent
cycles involving homoclinic bifurcationslilker et al. 2009).Third, arrested development in the
parasitecandestabilizehost populations (Dobson & Hudson 1992). These three destabilizing
mechanismgoriothery may apply to other hogtarasite systems. However, based on the natural
history ofthe Daphniafungus system, have no evidence that these known mechanisms apply
here.Instead our experimental and field results point to a new destabilmechanism—
diseasanediatedchanges in competitive interactiobstween juveniles and adults

This study grappled with discordance between existing theory and observations from
natural populationdBased on recemhodek of host-resourc@arasite systesn(Cacerest al.
2014, Hilker&Schmitz 2008, Hurtadet al. 2014, Appendix A)we anticpatedthatdisease
induced meortality shouldtabilizeour focalDaphniaconsumer/hostdlgae systenirhis
mortality-based mechanism might help explain why natural systemssgésn more stable than
predicted by consumeesource models without diseaseg(, Murdoctlet al. 2003, Jensen &
Ginzburg 2005). Howevem our systemlarge epidemicamade host populations fluctuate more
— not lessStagestructured consumeesourcegheory provides a mechanistic framework to
understandhis resultiMcCauley & Murdochl990, Nelsoret al. 2005, deRoo& Persson
2013). Disease should shift hassource systems from more stabllew-synchrony’cycles
when virulence inflicted by parasites equalizes competitive performance of adult and juvenile
host classes. The converse result could arise, of course: disease could steidwose systems
away from larger‘high-synchrony’cycles if parasites create competitagymmetriebetween
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host classede€Roos & Persson 2013, Orlanetcal. in prep. These results highlight that links
between intraspecific host variatiand consumer resource ecology can yield key insights into

disease dynamics ahelp us understand why, how, and when populations fluctuate.
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SUPPLEMENTAL MATERIAL
Appendix
Appendices AB: Derivation of the model, dditional methods and results for the field survey
and experiments.
FIGURE LEGENDS

Figured. Three potential drivers of the stability of consumer-host populatyesrss of
left column:* Stability (here:more temporallyvariable populations are less stgbRight
column: sample, dynamics of consumer-hogts Niseasestabilizes via host mortalitfH1):
increased. mortality from disease should stabilize host populatigise¢ mortality reduces
over-exploitation of consumer/hostés epidemic size increases, mean per capita death rate
should increase, thereby enhancing stabilBy Nutrient enrichmendestabilizegH2): nutrient
enrichment'should destabilize (i.e., increase variation in) consumer/host populations
Consequentially, low nutrient systems have smaller amplitude cycleshidtilautrient ones
have large amplitude. Highauotrient systems could have larger disease epidemics@po. (
Diseasedestallizesvia host stage structur@l3): as juvenile (J) and adult stages (A) become
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more synchronized, consumer-host dyrefiecome more variablee.,less stablg

Figure 2. Patterns of stability of zooplankton hosts, size of fungal epidemics, and
instantaneous per capita death rates estimated from a sud&yrafiana (USA) lakes in 2010.
Disease stabilizes via host mortalftyl): (A) Host populations became less stahleing vs.
before epidemics during large disease outbreaks. Here\ thest variation’ metric compares
the difference.in the standard deviation of In-transformed host density caldaliabefore and
during épidemic periods; larger values indicateeased destabilization (see texB) Mean per
capita death'rate was higher during larger epidemics, as anticipaté&dgsEe However(C)
host populations suffering higher mortality rates were less staldg.shadingndicates positive
change ineosumerhost variationj.e., hostsbecame lesstable during epidemics (grey zones).

Figure 3. Two competing hypotheses that link disease to destabilization of host
populationsPanels A B: Nutrient enrichmentlestabilizegH2): Both (A) disease prevalence
indexed as epidemic size (degt) and(B) change (A) in host variation during vs. before
epidemics\(see Fi@) positively correlated with total phosphorous (TP — an index of lake
productivity)pduring the epidemic seas®anels CD: Diseasedestabilizewvia host stage
structure(H3):(C) During larger epidemics, juvenile and adult dynamics become more
synchronized, relative to before epidemics (illustrated by the change (A) in the synchronization
index [Fisher-transformed, lagero crosscorrelation]).(D) Host variation increased as juvenile
and adult dynamics become more synchroni@dy shadingdpanels BD): host populations
became less stab{more variableuring epidemics (grey zone of each panel).

Figure4, An example illustrating changes in stability of host densityséagestructure
before vs. during epidemics in Downihgke (dashed line represents the beginning of the
epidemic).(A) Density of its zooplankton hogdaphniadentifera(dashed line, white symbols)
and prevalence of infection by a virulent fungal parabtietschnikowia bicuspidat@bo hosts
infected; solid.line, filled symbols). Host density shifted from more to less stable during the
epidemic seasaliB) Concurrently, juvenile and adult stages of the host shifted from less to more
synchronized"dynamics ovtite course of the epidemic seasBrey shadingridicates epidemic
season. Data.were smoothed using 3-point running averages for presentation purposes only.

Figure 5. Tests ofhethreehypotheses usingvo experimentd_eft row a lake enclosure
experimentRight row:an indoor mesocosm experimdfilled symbols are + parasite
treatments and unfilled symbols arparasite treatmentStability indices(A) Disease, not
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nutrients, significantly reduced host population stability (standard deviatiortraiisformed
host density; higher, positive values denote increaagdbility and less stabilijyin the
enclosure experiment (low nutrients, circles and solid hig-nutriens, squares and dashed
line); (B) disease also destabilized host;&rmediatenutrients in the mesocosm experiment
Deathrates:(C) Neither nutrient®r disease increased death rate of hostsarake enclosures.
(D) Diseasehowever, clearly increaséubst death ratm the mesocosms&tage
synchronization(E) In the enclosure study, disease, not nutrients, shiftedstaggistructure
into more 'synchronized juvenile-adult dynamics (index of stage synchronization [Fisher-
transformed, lagero crosscorrelation]).(F) This destabilizing effect of disease was more
pronounced insthe smaller mesocosm experiment (note thedéiéatencein E andF). (G - H)
Synthesisdisease destabilized systems by increasing variation and by shiftirgjdugest
structure P-values of ANOVA are presented withE” indicating epidemic effectsN”

indicating nutrient effects artel x N indicating their interaction.
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