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Host traits, competitors, and disease

ABSTRACT

1)

2)

3)

4)

5)

The size of disease epidemics remains difficult to predict, especially when parasites
interact with multiple species. Traits of focal hosts like susceptibility could directly
prediet.epidemic size, while other traits including competitive abilightrshape it

indirectly incommunities with a ‘dilution effect’.

In adilution effect, dilter taxa can reduce disease by regulating (lowering) the density of
focal'hosts (i.e., through competition), or by reducing encounters between focal hosts and
parasitesHowever, these dilution mechanisms are rarely groundetahhost traits,
andstherelative importancef host regulation vs. encounter reductiemains

understudied.

Here, we map focal host trattsdisease-via these dilution mechanismsn

communities with diluteraVe measuretivo traits (competitive ability and

suseeptibility)for eight genotypes adi focal host Daphnia), tracked the densitiex each
genotype in experimental mesocosms (ériodaphnia competitor/diluters)and

monitored their infections with a viruleitngal parasite fetschnikowia) over 6-8 host
generationsWe disentangled the impacts of both traits on the density of infected hosts
and-partitioned dilution mechanisms using path models.

Higher susceptibilitdirectly fueled larger epidemicSimultaneouslyweaker

competitive abilityindirectly suppressed epidemics by enabling higher densities of
dilutersiThese Igher densities of diluters reduced the density of infected hosts indirectly
via hestregulationin contrast, encounter reduction wasch weaker

Our experiment strengthetise dilution effect paradigm with a predictable, traits

oriented frameworkSimilar traits—susceptibility competitive ability and their
covariance—could help predict epidemic severity in a variety of other systems.
Partitioning the direct and indirecftfects of diluters coulélsodelineate how they
impact'diseaseSuchtrait-basednsights could help broadlyredict thesize of epidemics

in diverse communities

KEY WORDS: Daphnia, density of infected hosts, dilution effect, encounter reduction, host

regulation, host traitsntraspecific variationpath analysis
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Host traits, competitors, and disease

INTRODUCTION
What makes disease epidemics smaller or larger? Disease theory indicates that, among
other factorsstiés of hosts can directly influence epidemic g&aderson & May 1981; Dwyer
& Elkinton1993; Strauset al. 2015). One obvious trait is susceptibility, i.@g tate at which
susceptible"hosts'become infected upon contact with parasite propagules, vetttesten
hosts. More resistant hosts should experience smaller epidemics, while more susceptible hosts
should experience larger on@swyer & Elkinton 1993; Strauss al. 2015) However, species
interactions;like competition and predation, can also influence epidéfaesing, Holt &
Ostfeld 2006; Strauss al. 2016).Other traits like competitive ability may modulate the strength
of these interactiongnd hencéndirectly shape diseasde.g., Strauset al. 2015). Thus, multiple
traitscangovern epidemics in a community context, though both direct and indirect pathways.
Mechanistic dilution effect theory could help prediesecommunitylevel impacts of
host traits"on“eépidemic sizBilution effects arise broadly (Civitell al. 2015)when resistant
‘diluter’ taxa interfere with transmission among more competent focal (@stield & Keesing
2000), frequently & one or two mechanisms. First, diluters cegulate the density of focal
hosts via predation or competitiGikeesing, Holt & Ostfeld 2006), thus inhibiting direct or
environmentaltransmission (Anderson & May 198T)ese diluters indirectly shape disease by
decreasinghe density of focal hostdNVhether sucindirect effecs constitutea dilution effectin
the strict sensseems beside the poffiiut see Begon 2008). Second, diluters migtitice
encounters between focal hosts and parasites by divenexgors away from focal hos{®stfeld
& Keesing 2000), modifying focal host behavior, or consuming lixeeg parasitegJohnsoret
al. 2010).Trait-based insights inteither ofthesegeneral mechanisms could help broguligdict
when diluterssshould exert the strongest impactdisgase
Presently, such predictive power remains limited because few experimergsaliirdnts
of focal hosttraitsto dilution mechanisms. Intuitively, hiaegulation mightnatter more when
predation”(Rohet al. 2015) or competitioStrausset al. 2015) depregsfocal host densities
more strongly. Encounter reduction appears stronger when diluters remove parastes
rapidly and stronglyesist nfection(Veneskyet al. 2014; but see Wojdadt al. 2014) Yet
intraspecificvariation in susceptibility among focal hosts may counter either dilution mischa

by fueling uncontrollably large or inconsequentially small epide8tsusst al. 2015). Thus,
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Host traits, competitors, and disease

traits of focal hosts mattas well Furthermore, impacts of multipfecal hosttraits could easily
become confounded. For example, when susceptibility directly fuels epidemicddibbscure
how traits like competitive abilitr-which frequently covary with susceptibilifpuncan,
Fellous & Kaltz 2011)-+nodulate the impacts of diluters. Thereforepsgiermechanistic
foundationder.diseasalilution requireexperimentshatdisentangle the impacts of covarying
focal hosttraits.

Driversof epidemics in multhost communities become even harder to delineate when
host regulation“and encounter reduction operate simultaneously (e.g., Ogden & Tsao 2009; Rohr
et al. 2015; Dallas, Hall & Drake 2016; Strawgsal. 2016).Dilution theory rarely embraces this
challenge;syetshosts and dilutéhsit excounter the same parasites dieguently compete. We
label this combination adncounter reduction armbmpetitive host regulation ‘friendly
competition’(Hall et al. 2009). Examples likely include the transmission of hantayClesy et
al. 2009) Lyme (Ogden & Tsao 2009¥chistosoma (Johnson et al. 2009), and parasites in
intertidal (Thieltgeset al. 2009), amphibian (Johnsehal. 2013), and plant communities
(Mitchell, Filman & Groth 2002; Lacroiet al. 2014). In friendly competition, impacts of
diluters—hereafter, competitor/diluterslikely depend on the competitive ability of focal hosts
(Straussetral, 2015). Competitor/diluters could become rare if focal hosts compete strongly, but
remain numerous if focal hosts compete weakly. High densities of competiterslitoiuld
reduce disease via host regulation, encounter reduction, or both. Howewedative strength
of these dilution mechanisms remaimglerstudied (but see Ogden & Tsao 2009).

Hereywedisentangle the impacts of covarying focal host traits and partitionlthiodli
mechanism@perating in a multgenerational mesocosm experimextwo-host planktonic
example provides tractability and captures the natural histamyradtudy syster{see Strasset
al. 2016). First, we picked eigbtonal genotypes of the focal hof4dphnia dentifera) to
establisha, gradient of two correlated traits: susceptibility and competitive ability. Then, we
created epidemics of a virulent fungide{schnikowia bicuspidata) in mesocosms with and
without akeyseompetitor/diluter@eriodaphnia sp.). Finally, we combined linear and path
models to map_ host traiga dilution mechanismt® diseaseAlthough we compare twmetrics
of epidemic size-the density of infected hostsid infection prevaleneewe focus on the
formersince it responded mootearlyto diluters.Higher susceptibility directly fueled larger
epidemics Simultaneously, strongepmpetitive ability indirectly allowe higher densities of
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infected hosts, because the populations of diluters were constrainaidy, the density of
infected hosts was primarily reduced via host regulation. In other words, thectrefiiects of
competitor/dilutersvia changes in focal host density, outweighed their detfetts on disease
(i.e.,via encounter reduction)Y his traitbased framework and tractable case study brings

dilution theory.closeto predicting the size of epidemics in miibst communities

MATERIAES"AND METHODS
Natural History of the Study System

The focal host in this study, the cladocebaphnia dentifera, dominates grazer
communities mymany North American freshwater laésssier & Woodruff 2002). It frequently
suffers autumnal epidemics caused by the virulent fuMgiischnikowia bicuspidata (Hall et al.
2010b; Strausetal. 2016). Focal hosts consume infectious fungal spores while for@datiget
al. 2007)but vary in their susceptibility to infectiqiall et al. 2010a) Infected hosts release
spores after death. A second dominant cladoc@ampdaphnia sp., often competeéTessier &
Woodruff 2002)and can reduce disease by regulabaghnia density(Strausst al. 2016).
These competitor/diluters also consume fungal spores while foraging but piresigt
infectionhence reducing encounters between focal hosts and pafésiliest al. 2009; Strauss
et al. 2015)Among a set of 28 Indiana lakese Strausat al. 2016), these two taxa consteut
88% of cladoceran individuals. Although higher diversity correlated with loweasksacross
these lakes, this dilution effect was drivanre specificallyby higher frequencies of
Ceriodaphniain,the more diverse lakes (rather than diversétyse). Competitive regulation
appearedoreduce the density of infected hastshese lakeswhile encounter reduction
loweredinfection prevalence more stronglyhe currenexperiment wh two-host communities
is inspired, by theskeld patterngStrausst al. 2016).

Trait Measurements

We_guantified indices of twnportant traits, susceptibility and competitive ability, for
eight different,genotypes of the focal host (see Appendix S1 in Supporting Inforrieation
details). These genotypes were selected from laboratory stmsikg limited prior information,
in order to spread the range of both traits. In short, we estimated an index of siisg¢bteo
transmission coefficieng) by fitting a mathematical model to infection assgg/g., Hallet al.

This article is protected by copyright. All rights reserved



152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

Host traits, competitors, and disease

2007) In these assaysreplicated among genotypes—fifteen individuals were exposed to each
of three parasite concentrations, maintained individually, and later indgectgns of
infection. Susceptibility was fit (bootstrapped standard ermite) maximumlikelihood using
the BBMLE package in RBolker 2008; R Core Team 2017his parametes] represents the
probability of.a focal host becoming infectedthe absence of conspecifics or
competitor/diluters, given its body length)(density of infectious sporeZ)( and the duration
of sporé'exposure)(

We alsoestimated an index of competitive ability, using growth rate assays with low
food resources/(e.g., Hall al. 2012) Mass accrual of neonates during-® slay juvenile period
is directly propertional to fitness (Lampert & Trubetskova 1986jurn, competitive ability
depends on‘fitness when resources are lim{tiegewed in Grover 1997Yherefore, we
provided hosts with low resoces in our assay (0.15 mg masarikistrodesmus falcatus daily).
We dried and weighed body mass of individuals at birth (mean N = 9.8 among genotypes) and
other individuals 56 days later (mean N = 14.5). Then, we calculated growth rate as In(mass
accrwal)/timerThus, this index of competitive ability represents the growth rate of an individual
consuminglimited resources, in the absence of conspecifics, infection, or itonktters.
Although'we _use this index to predict interspecific competitior hiealsopredictsintraspecific
competition(i.e., clonadelectionand evolutiohamongDaphnia genotypegStrausst al. 2017).

These indices of susceptibility and competitive ability provided continuous gradien
two covarying focal hst traits. Next, we used these trait gradients to predict outcomes among

the same genotypes in a multi-generational mesocosm experiment.

Mesocosm Experiment

The mesocosm experiment crossed focal host genotype (8 levels) with presence/absence
of competitor/diluters (2 levels). All combinations of treatments were replicated 4 timed.in 75
tanks. Details. are presenteddppendixS1 Mesocosms began with focal hosts (15,land in
competitiontréatments, a single genotype of competitor/diluBeg) Although competition
treatments'therefore began at slightly higher total densities {R@He transient starting
conditions impacted densities little ovbe following 6—8 generations. Instead, competitive
ability structured the densities ofda hosts and diluters (see Results). After the focal host and

competitor/diluter populations grew for two weeks, we began sampling by mixing and sieving 1
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L per tankper week(80 pm mesh). After one week of sampling, we added fungal spores (5,000
L% and continued sampling for seven week&Host generations). Removal of infected
individuals (via samplingnly 1.7% of tank volume per week) likely did not impact epidemic
sizes. We tracked changes in densities of focal hosts, competitor/didutdrimfected hosts

using microseopes to count densities and diagnose infections (50X). Only 4 of 6,375
competitor/diluters examined were infected (0.06%), confirming their high resistance.

Statistics=Linear Models

For all models, we averaged time series fohdaok over the 8veek (6-8 host
generations) duration. Even if it obscured complex temporal signals of competitionasedise
transmission, this averaging enabled synthesis of traits, dilution mechanisms, and disease
metrics. Mean infection prevalence wadculated as thetal number of infections summed
across all weeks divided by the total number of hosts sampled during the expératieer than
the temporal mean of prevales@alculated each week). This method reduced sampling error on
prevalencerdue to extremdbw host densities when focal hosts were outcompeted by diluters.

Univariate linear models linketdait indices to mesocosm dynami&ecause several
patterns exhiibed pronounced heteroscedasticity (esgeFig. 3a),we fit thelinearmodels with
generalizedleast squan@sLS). With GLS, ve included an additional parameter to allow
variance to change with the independent variabieimproved model fit via likelihood ratio
test. These GLS models were implemented using the NLME packagé@inheiro & Bates
2000). When'facal host traits served as independent variables, we also fit contaigmexed
models(alsesusing NLME) that assigned random intercepts th &mal host genotype (see
AppendixS1).

Two sets, of linear models evaluated specific linkages between host traits and mean
densities orprevalence. The first set tested whether susceptg)ildiyeéctly predicted variation
in epidemic. size (i.e., meaensity or prevalence of infected hosts). It also evaluated whether
presence oficompetitor/diluters (deno@dmodulated these relationshi@s § x C interactions).
The secondet.of models mapped competitiability of focal hosts to the density of
competitor/diluters, linked densities of diluters and focal hastd evaluated how each density
impacted each metric of disease. In other wordss#tasnd suite of models mapped the indirect
effect of competitive ability on disease, mediated througargial dilution mechanisms.
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214 All significant relationships between traits, mean densities, and metrics of disease then
215  became the scaffolding for path models. Because we detected strong impacts competitor/diluters
216  on the density but not prevalence of infections (see Results), we focus our path models on the
217  density of infected hosts.

218

219  Statistics—Path Models

220 While“the univariate models facilitated a close inspection of edationship(seeFigs.

221  1-3), theyralsoraised two specific questions better suited for path anBlystissusceptibility

222 and competitive ability covariednd univariate models suggested tinathtraits might shape

223  the density-ofinfected hosts. Were both tradgiallyimportant,or was oneelationshipmerely

224  a corelational shadow, masked by the other? Path analysis accounted for the covariation

225 between traits and disentangled their simultaneous impacts on disease. Second, did diluters shape
226  disease more strongly through host regulation or encounter reductiorehBlgis partitioned

227  these dilution mechanisny evaluating thelirectversusindirect pathway$®etween the

228 densitiesofseompetitor/diluters and infected hastge interpreted host regulation as the indirect
229 effects of diluters oinfected hosts, mediated by changes in the density of focal hostgidi.e.,

230 competition). In contrast, we interpreted encounter reduction as the direts effdduters on

231 infected hests (not mediated the density ofocal hosts).

232 We fit hierarchical path models using the lavaan packaggRoBseel 2012) and a

233  maximum likelihood estimatdiMLM) that was robust to nomermal standard errors. Mesocosm
234  tank servedrasithe unit of replication (n = 64). However, the trait measurements were replicated
235 by focal host.genotype (n = 8). Therefore, we specified dawa-hierarchical structure with the
236 lavaan survey packad®berski 2014). Unfortunately, collinearity among parameters prevented
237 the fit ofacomprehensive model that included both trai&s)siy of focal hosts, and density of

238 diluters. This.undesirable collinearity likely arose due to the covariation anstsgaind the

239 ‘small sample size at the genotype level of replicafios 8) Given this constraint, we fit two

240 complementaryierarchicaimodels. The first model (which excluded the density of focal hosts)
241  disentangled the impacts of each trait on disease. The sexwwiad included only one trait

242  (susceptibility) bupartitioned the strength of indirect host regulation vs. direct encounter

243  reduction.Tables S2S54 inAppendixS1present moddit statisticsand parameter estimates.

244
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RESULTS

Focal hosts varied in both traits (Fig. 1). Susceptibjlityanged 1.85.2 x10° (L sporé*
mm?) among theightgenotypes. Hereafter, we rank genotypes ksytthit (i.e., the genotype
with lowest susceptibility becomes “G1”). The second trait, juvenile grovehoralow
resources (the.index of competitive ability), ranged 0.13-0.17"{d&@kese traits covaried
positively but nensignificantly (Pearson’® = 0.13). Nevertheless, this covariance became
essentialink‘in‘the path models. Focal host genotypes also drove divergent outcomes in
mesocosms."Append&l presents time seridsr each genotype: G2 and G8 as illustrative
examplesi(Fig. S1), G1, G3, and G4 (Fig. S2), and G5, G6, and G7 (Fig. S3). However, rather
than focus,onreach genotype individually here, we summarize their mean responses along

continuoustgradients of their traits.

Linear Model Results

Variation in susceptibility shapdte sizeof epidemis (Fig. 2). Higher susceptibility
fueled both=higher mean densities of infected hgsesfeéct,P = 0.0046 Fig. 2a)and higher
infection prevalences(effect: P = 0.0008; Fig. 2b). Mere presence of competitor/diluters did not
effect either,meic of epidemic sizevia main effect or interactiorall P > 0.2).

Competitive ability of focal hoststhe second trai-governed diluter densities and
hence potentiadilution mechanisms (Fig. 3). Strongly competing focal hosts constrained
competitoridiluters to lower mean densiti®s(0.0001; Fig. 3a). In turn, higher densities of
competitor/diluters regulated densities of focal hdBts 0.0011; Fig. 3b; this test includes tanks
without any.dilaters). However, densities of focal hosts and competitor/dilutgrsignificantly
impacted one metric of disea3de mean density of infected hosts appeared to be reduced by
higher densities, of competitor/dilutei® £ 0.0005; Fig. 3c) and elevated by higher densities of
focal hostsffld effect: P = 0.0048; Fig. 3d). A path model distitlse causal structure underlying
this result below. In contrast, infection prevalence was not significantly teghag the density
of conpetiter/diluters P = 0.27; Fig. 3e) or focal hostsld effect: P = 058; Fig. 3f). Presence of
diluters (included as a covariate with focal host density)neaa significantpredictorfor either
metric of disease (both > 0.9). Analyses using the density of focal hosts from week 2 only

(when spores were added) mirroeddof these results (sé@g. S4 in AppendiSl).
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Path Model Results

Both path models fit well (see Appendd for diagnostic statistics and parameter
estimates). The firshodeldisentangled the impacts of susceptibility and competitive ability on
the density of infected hosts (Fig. 4). The traits covapisitively butnot significantly P =
0.14). Nevertheless, each trait shaped disease through a unique pathway. Highetdigcepti
directly elevated diseask € 0.009. In contrast, higher competitive abilities indiredatigreased
disease by constrainirige density otompetitor/diluters® = 0.015). In turn, higher densities of
diluters reduced the density of infected hoBts (0.0). Thus, diluters impacted disease more
strongly when focal hosts competed weakly, because diluters were more numerous.

Thesseeond path model partitioned host regulation vs. encounter reduction as @rivers o
the density=of infected hosts (Fk). Intraspecific ariation in susceptibility still strongly
impacted the size of epidemi@2 = 0.004). Additionally, lgher tdal densities of focal hostsde
to higher densi¢sof infecions (P < 0.001). However, higher densities of competitor/diluters did
not directly.lead to a lower density of infected hoBts:(0.37). Thisveak effect may seem
surprisinggsinee it appeared significant when tested univariaedig. 3c). Insteadn this
path modelhigher densities of competitor/diluters suppressed densities of focalRests
0.002), which in turn lowered disease. This causal pathway defines host regulatign. Usi
standardized effect sizes, this indirect effect accounted for 71% of the total effect of diluters on
diseaseln contrast, the direct effect, i.e., encounter reduction, accounted for only 29%. In other
words, the.impacts of diluters consuming shared resources (i.e., competitiee) much

stronger than'the impacts of dilutemesuming parasites.

DISCUSSION

Predicting the size of epidemicmmains a central challenge in disease ecology. Host
traits like susceptibility can directly fuel epidemics. However, othertraitsluding
competitive ability—may govern epidemic size when othdituter’ taxacan reduce disease.
Here, we evaluated a nfenistic, traitbased framework for ‘friendly competition’, a form of
local disease dilution combinirgpmpetitivehost regulation and encounter reductiore W
measured susceptibility and competitive abildy eight focal host genotypes. Thee
challenged each genotype wéhkperimental epidemicsvith and without dilutersn multi-
generational mesocosms. Finally, eisentangled the impaat$ covarying traitand partitioned
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307 host regulation vs. encounter reduction using path madelker susceptibity directly fueled
308 larger epidemigsboth in terms of the density and prevalence of infections. Infection prevalence
309 did not respondignificantly to diluters. However, higher densities of dilustrengly reduced
310 the density of infected hosts. Competitive abitithe second trait-indirectly shaped this metric
311  of disease by.governing the density of diluters. Finally, diluters reduced the densfgctdd

312 hosts primarily«via host regulation. Inhetr words, their indirect effects on disease (mediated by
313 changes in‘focal host density) outweighed their direct eff€his.traitsbased framework

314 strengthens'mechanistic foundations for dilution effects and brings us closeditdipg the

315 size of epidemics in diverse communities.

316 Intraspecific \ariation insusceptibility strongly shapexpidemic size both the density
317 and prevalence of infectionhough seemingly obvious, feempiricalexampledink

318 individually-measured traits like susceplityi to epidemic sizat the populatiorevel (but see
319 Dwyer & Elkinton 1993; Strausa al. 2015) In thisplankton system, clonal variation in

320 susceptibilityof the focal host enabled suckest Infection prevalencesspondedlearlyto

321 variation iprssusceptibilitybut not the density of diluters. In contrakg tensity of infected hosts
322 responded‘tobotiY.et in the final path model, susceptibiliéxerted a larger standardized effect
323  on the density of infected hasian the net effect of competitor/diluters. Thus, variation in

324  susceptibility of focal hostemainedessential for predicting the size of epidem&gen in

325 communities with diluter®revious traibased frameworks falisease dilutiomave focused

326  almost exclusively omter- (rather than intrg specificvariation insusceptibility(but see

327  Pulkkinen 2007, Strauss al. 2015) Such interspecific differences are egi# for identifying
328 key dilutertaxée.g., LoGiudicest al. 2003; Johnsost al. 2013; Lacroixet al. 2014).However,
329 as illustrated herentraspecific variation in susceptibilitan exert even stronger impacts on
330 diseasdhan presence of key diluteFRurthermore, traits like susceptibility frequently evolve
331 during epidemics (Penczykowski, Forde & Duffy 2011). Thus, future theory shother

332 explorethe impacts ointraspecific variatioron the community ecology of disease, especially
333  whenrelevant'host traitsvolve(Decaesteckest al. 2013; Strausst al. 2017).

334 The'second trai-compeitive ability—directly governed host density and indirectly
335 governedliseasevia host regulation. Both of these impacts manifested along a contimaibus
336 gradient and 6-8 generations of mupiecies feedbacks. Specificalbpmpetitor/diluters

337 constraired the density of eaky competing focal hosts, therelmdirectly lowering the density
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of infections(see Begon 2008However, these aakly competing focal hosts were driven
extinct in some tanks. From the perspective of the focal thastiisk of extinctioremphasizes a
darker side o€ompetition during epidemigsee also Dallas, Hall & Drake 2016)Joreover,
becausaliluters impactedidease primarily through host regulation (rather than encounter
reduction), the dilution effect here was tightly linked to the density cost of compe@ttn.
consequences/of competitiorisease dilutiorand risk of extinction-may frequentlyremain
undetected ishorter experiment$iowever, among experimeritsat last multiplegenerations,
competitive'host regulatioinequently ecome a dominant driver of disea@ditchell, Tilman
& Groth 2002; Johnsod al. 2012a; Dallas, Hall & Drake 2016). Thdsng-term, traitbased
perspectives.on competitiam other systemmightalsoanticipate dilution via host regulation
and the potentialensity cossuffered byfocal hosts.

Despitetheir carrelation both susceptibility and competitive ability of focal hosts
influenced epidemic sizedependentlyThis biologicaloutcome—and the dtatical power of
path analysis which revealed itratter becauseocrelated traitpresent general challenge for
mechanistieemmunitydisease theoryMultiple traits frequently diffemnter-specifically
betwea hostst:and diluters @amplifiers of diseasd-or example, susceptibility to trematodes and
pace of life.covary among amphibian taxa (Johr&@h 2012b) competence for Lyme and
production-of tick vectors covary among mamn{&ardolph & Dobson 2012)usceptibility to
virus and production of aphid vectors covary among grdksesoix et al. 2014) and
susceptibility and encounter rates with chytrid spores covary among tadpolesk{Veirats
2014).When'traits thapromote diseaseorrelatepositivdy (e.g., competitive abilty and
susceptibility-as here; reviewed in Duncan, Fellous & Kaltz 2011), taesnask each others
potentialimpacts Here, we addressed this challenge by partitioning impdtisth traitswith
path analysis.flimportant traitscorrelatenegatively, their net impacédsochallenge simple
prediction.because theganpull epidemic size in opposite directiofs®e Randolph & Dobson
2012). In both scenarios, community thefwydiseasenust continue to grappleith
covariation.among key traitsboth withinand amongpecies

Thestatisticalpartition of variation in the second path moslebwed that the strength of
host regulation exceeded encounter reductifmw general is this result? Hereliltely reflects
the length of our experiment, metric of disease considered, and traits ofsdiRgaroted above,
host regulatiotbecame mie important than encounter reduction during othelti-generatioal

This article is protected by copyright. All rights reserved



369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399

Host traits, competitors, and disease

experiments (Mitchell, Tilman & Groth 2002; Johnsbal. 2012a; Dallas, Hall & Drake 2016)
and models (Ogden & Tsao 2009). In contrast, shorter experiments might only allowadffects
encounter reductioto manifestinterestingly host regulatiosometimeseduceghe density but
not prevalence of infections (Johnsdiral. 2012a; Strausst al. 2016). This can occur when host
density orrelates stronglywith the densityout not prevalence of infectioifas it did here)in
contrast, infection prevalence (which was unrelated to diluters in this experiment) can remain
sensitive to'encounter reductia@ven when it is decoupled from host dené8fraust al.

2016). Thus;the partition of dilution mechanistasalsodepend on how strongly the chosen
metric of disease scales with host density. Findliggeems likely thatertain traits of diluters
could increasesthe strength of encounter reduction relative to host reguieienwe focused

on traits of'focal hosts. However, the partition of dilution mechanisms could also depend on
whether diluterseduce host density (Rolral. 2015), or how rapidly they remove parasites
(Veneskyet al. 2011). More partitions in other systems should test these hypotheses and
delineate when host regulation vs. encounter reduction matter more.

Ourtraitcentered framework for friendly competition could be readily expanded. First,
parallel experimentsould incorporate traits of dilute(§eneskyet al. 2014) orimpacts of
predation=Shouldiluters that consume parasites faster always reduce diseasdywhen
susceptibility of focal host fallwithin a certairange(Strausset al. 2015 Whensize selective
predators mediate competition between focal hosts and dil{@&eusst al. 2016) do traits
like body Size become more importaiman ‘competitive ability’ as measured hekéet other
traits might*matter at the metacommunity scale, where much dilution effect research focuses
(Ostfeld & Keesing 2000; Johnsenal. 2013). Maintenancef diluters in a metacommunity
could depend less of local competitive ability and mordispersal abilityor risk of extinction
(Joseptet al. 2013). Thus, expanding a traits-based framework for friendly competition to a
metacommunity scale might predict the sizes of lepagdemics and the emergence of a dilution
effect acrass, sitesinally, ecoevolutionary perspectives could grapple with feedbacks between
trait diversitysin the focal host populatigDecaesteckest al. 2013),trait-driven impacts on
diseasand'dilution and rapid evolution imposed bpmpetitor/diluter®r parasitegStrausset
al. 2017).All of these expansions promise exciting frontiers.

In summaryjntraspecificvariation among focal host traits hetppredict epidemic size
through direct and indirect, dilution-mediated pathways. Using path models, we disentangled
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how variation intwo generalcorrelatedraits—susceptibility and competitive abilityshaped
epidemics. Higher susceptibilitlirectly fueled larger epidemicsyhile stronger competitive
ability constrained diluters and indirectly alloweigher densities of infectionshe reduction of
the density of infected hosts by diluters was driven primarily by competitive hosdtregurhe
second dilution mechanism—encounter reductiovas-relatively weakThis empirically
evaluded framework provides mechanistic tra#sed foundations for dilution effect theory.
Such theorybrings disease ecologists closer to predicting the size of epidemics in diverse

communities:

AUTHORS’ CONTRIBUTIONS
ATS, SRH*MAD, and CEC designed the studhTS led trait measurement assays. AMB set up
the mesocosm experiment with assistance from ATS and SRH. AMB led samplingvraf€S

the first draft of the manuscript, and all authors contributed to revisions.

ACKNOWEEDGEMENTS

ATS was supported by the NSF GRFP. O. Schmidt and J. Hite assisted with trait measurements,
and K. Griebel assisted with the mesocosm experiment. M. Frisby at the Indiana University
Statistical-€onsulting Center assisted witehierarchical path model$his work was

supported by NSF DEB 1120316, 1353749, 1353806, 1354407, and 1406846.

DATA ACCESSIBILITY
All data andsseripthave beemrchived on Dryad Digital Repositorgtoi:10.5061/dryad.1f7sk

REFERENCES

Anderson, R.M. & May, R.M. (1981) The population dynamics of mpamasites and their
invertebrate host$hilosophical Transactions of the Royal Society of London Series B-
Biolegical Sciences, 291,451-524.

Begon, M. (2008) Effects of host diversity on disease dynammiestious disease ecol ogy:
Effects of ecosystems on disease and of disease on ecosystems (eds R.S. Ostfeld, F.
Keesing & V.T. Eviner), pp. 12-2®rinceton University Press, 41 William Stjrieeton,
NJ 08540 USA.

This article is protected by copyright. All rights reserved



431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459

Host traits, competitors, and disease

Bolker, B.M. (2008)Ecological Models and Data in R. Princeton University Press.

Civitello, D.J., Cohen, J., Fatima, H., Halstead, N.T., Liriano, J., McMahon, T.A., Ortega, C.N
Sauer, E.L., Sehgal, T., Young, S. & Rohr, J.R. (2@i&jliversity inhibits parasites:
Broad evidence for the dilution efferoceedings of the National Academy of Sciences
of the.United States of America, 112,8667-8671.

Clay, C.A, Lehmer, E.M., Jeor, S.S. & Dearing, M.D. (2009) Sin nombre virus and rodent
speciesdiversity: A test of the dilution and amplification hypothédes One, 4.

Dallas, T."Hall;’'R.J. & Drake, J.M. (2016) Competitimediated feedbacks in experimental
multispecies epizootic&cology, 97,661-670.

DecaesteckerpE., De Gersem, Michalakis, Y. & Raeymaekers, J.A.M. (2013) Damped long-
termrhost-parasite Red Queen coevolutionary dynamics: a reflection of dilutiots2ffe
Ecology Letters, 16, 1455-1462.

Duncan, A.B., Fellous, S. & Kaltz, O. (2011) Reverse evolutiBalection aginst costly
resistance in diseageee microcosm poulations &aramecium caudatum. Evolution, 65,
3462:3474.

Dwyer, G. & Elkinton, J.S. (1993) Using simple models to predict virus epizootics in gypsy-
moth, populationsJournal of Animal Ecology, 62,1-11.

Grover, J:P7(199Mesource Competition. Chapman & Hall.

Hall, S.R., Becker, C.R., Duffy, M.A. & Caceres, C.E. (2012) A poeféciency tradeoff in
resource use alters epidemiological relationsltitpslogy, 93, 645-656.

Hall, S.R.,.Becker, C.R., Duffy, M.A. & Céaceres, C.E. (2010a) Variation in resourcesgicoui
anduse'among host clones creates key epidemiologicalaffsd@merican Naturalist,
176,557-565.

Hall, S.R., Becker, C.R., Simonis, J.L., Duffy, M.A., Tessier, A.J. & Caceres, C.E. (2009)
Friendly.competition: evidence for a dilution effect among competitors in a planktonic
hostparasite systentcology, 90, 791-801.

Hall, S.R., Sivars-Becker, L., Becker, C., Duffy, M.A., Tessier, A.J. & Céaceres, ZDE7)
Eating.yourself sick: transmiss of disease as a function of foraging ecoldgpol ogy
Letters, 10,207-218.

This article is protected by copyright. All rights reserved



Host traits, competitors, and disease

460 Hall, S.R., Smyth, R., Becker, C.R., Duffy, M.A., Knight, C.J., Macintyre, S., Tessier, A.J. &

461 Céceres, C.E. (2010b) Why dpaphnia in some lakes sicker? Disease ecology, thabi

462 structure, and the planktoBioscience, 60, 363-375.

463  Johnson, P.T.J., Dobson, A., Lafferty, K.D., Marcogliese, D.J., Memmott, J., Orlofske, S.A.,

464 PoulingR. & Thieltges, D.W. (2010) When parasites become prey: ecological and

465 epidemiological significace of eating parasite$rendsin Ecology and Evolution, 25,

466 362-371.

467  Johnson, P.T.J7, Lund, P.J., Hartson, R.B. & Yoshino, T.P. (2009) Community diversity reduces
468 Schistosoma mansoni transmission, host pathology and human infection risk.

469 Proeeedings of the Royal Society B-Biological Sciences, 276,1657-1663.

470  Johnson, PiT.J., Preston, D.L., Hoverman, J.T., Henderson, J.S., Paull, S.H., Richgels, K.L.D. &
471 Redmond, M.D. (2012a) Species diversity reduces parasite infection through cross-

472 generational effects dmost abundancé&cology, 93, 56-64.

473  Johnson, R.T.J., Preston, D.L., Hoverman, J.T. & Richgels, K.L.D. (2013) Biodiversity decreases

474 diseaseithrough predictable changes in host community compeétianae, 494,230-

475 233.

476  Johnson;*R.l.J., Rohr, J.R., Hoverman, J.T., Kellermanns, E., Bowerman, J. & Lunde, K.B.
477 (2022Db) Living fast and dying of infection: host life history drives interspecifi@tran
478 in infection and disease riskcology Letters, 15, 235-242.

479  Joseph, M.B., Mihaljevic, J.R., Orlofske, S.A. & Paull, S.H. (2013) Does life history mediate
480 changing disease risk when communities disasserflot#@gy Letters, 16,1405-1412.
481 Keesing, FayaHolt, R.D. & Ostfeld, R.S. (2006) Effects of species diversity on disgkase

482 Ecalogy Letters, 9, 485-498.

483  Lacroix, C., Jolles, A., Seabloom, E.W., Power, A.G., Mitchell, C.E. & Borer, E.T. (2014) Non-
484 random. biodiversity loss underlies predictable increases in viral disease prevalence.
485 Journal of the Royal Society Interface, 11, 10.

486  Lampert, W& Trubetskova, (1996) Juvenile growth rate as a measure of fitheBsyhnia.

487 Funetional Ecology, 10,631-635.

488  LoGiudice, K., Ostfeld, R.S., Schmidt, K.A. & Keesing, F. (2003) The ecology of infectious
489 disease: Effects of host diversity and community composition areldisease risk.

This article is protected by copyright. All rights reserved



490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520

Host traits, competitors, and disease

Proceedings of the National Academy of Sciences of the United States of America, 100,
567-571.

Mitchell, C.E., Tilman, D. & Groth, J.V. (2002) Effects of grassland plant speiersity,
abundance, and composition on foliar fungal diseasgiogy, 83,1713-1726.

Ogden, N.H«& Tsao, J.l. (2009) Biodiversity and Lyme disease: Dilution or anailin?
Epidemies, 1, 196-206.

Ostfeld"R"&Keesing, F. (2000) The function of biodiversity in the ecology of vector-borne
zoonotic diseasefanadian Journal of Zoology-Revue Canadienne De Zoologie, 78,
2061-2078.

PenczykowskinR.M., Forde, S.E. & Duffy, M.A. (2011) Rapid evolution as a possible constraint
on emerging infectious diseas€seshwater Biology, 56,689-704.

Pinheiro, J. & Bates, 2000)Mixed-Effects Modelsin Sand S-PLUS. Springer New York.

Pulkkinen, K. (2007) Microparasite transmission to Daphnia magna decreasepriestece of
conspecificsOecologia, 154,45-53.

R Core Team+(2017) R: A language and environment for tstatisomputingR Foundation for
Statistieal Computing, Vienna, Austria.

RandolphyS.E. & Dobson, A.D.M. (2012) Pangloss revisited: a critique of the dilution effect and
thesbiodiversitybuffersdisease paradigrRarasitology, 139,847-863.

Rohr, J.R., Civitello, D.J., Crumrine, P.W., Halstead, N.T., Miller, A.D., Schotthoefer,, A.M
Stenoien, C., Johnson, L.B. & Beasley, V.R. (2015) Predator diversity, intraguild
predation, and indirect effects drive parasite transmisBimteedings of the National
Academy of Sciences of the United States of America, 112,3008-3013.

Strauss, A.T., Civitello, D.J., Caceres, C.E. & Hall, S.R. (2015) Success, faitlsraiguity
of the dilution effect among competitoEscology Letters, 18,916-926.

Strauss, A.L., Hite, J.L., Shocket, M.S., Caceres, C.E., Duffy, M.A. & Hall, S.R. (2019 Rapi
evolution rescues hosts from competition and disease degpite a dilution effeet
increases the density of infected hoBraceedings of the Royal Society B: Biological
Sciences, 284

Strauss, A.T., Shocket, M.S., Civitello, D.J., Hite, J.L., Penczykowski, R.M., Duffy, M.A,,
Céceres, C.E. & Hall, S.R. (2016) Habitat, predators, and hosts regulate tlisease
Daphnia through direct and indirect pathwaysological Monographs, 86,393-411.

This article is protected by copyright. All rights reserved



Host traits, competitors, and disease

521  Tessier, A.J. & Woodruff, P. (2002) Cryptic trophic cascade along a gradient cizake

522 Ecology, 83,1263-1270.

523  Thieltges, D.W., Reise, K., Prinz, K. & Jensen, K.T. (2009) Invaders interfere \tile na

524 parasitehost interactionBiological Invasions, 11,1421-1429.

525  Venesky, M:D., Kerby, J.L., Storfer, A. & Parris, M.J. (2011) Can Differences in Host Behavi
526 Drive Patterns of Disease Prevalence in TadpdtsrOne, 6.

527  Venesky, M.D7Liu, X., Sauer, E.L. & Rohr, J.R. (2014) Linking manipulative experiments to

528 field data to test the dilution effedournal of Animal Ecology, 83,557-565.

529  Wojdak, J.M., Edman, R.M., Wyderko, J.A., Zemmer, S.A. & Belden, L.K. (2014) Host density
530 and.,competency determine the effects of host diversity on trematodé@eargection.

531 PloSone, 9, e105059.

532

533

534 SUPPORTINGIANFORMATION

535  Additional'supporting information may be found in the online version of this article.

536  Appendix S1."Supplementary methods and results.

537  Figure S1Mesocosm dynamics of two illustrative fotalst genotypes varying in key traits.
538 Figures S2 & S3. Mesocosm dynamics of all other focal host genotypes.

539 Table S1..Comparisons between GLS and mixed models.

540 Figure S4. Density of focal hosts during week 2 (when parasites were added).

541 Table S2."Test/statistics and cutoff criteria for path models.

542  Table S3./Parameter estimates for the first path model (Fig. 4).

543 Table S47Parameter estimates for the second

544  path model (Fig. 5). o Correlation: s
545 ~= o | P=013
z3
546 g T,
2 4
547 FIGURES & CAPTIONS =x I
w32 °
548 g o ]
E -
549  Figure 1. Two key traits covary among eight 8 % G2
=
d | T T T
0 3x10° 6x10°

This article is protected by copyright. All rights r Susceptibility

(Transmission Coefficient, 8
[L spore”” mm™])



550
551
552
553
554
555
556

557

558
559
560
561
562
563
564
565
566
567
568
569
570

Host traits, competitors, and disease

focal host genotypes. Susceptibility is indexed as a transmission coefficignigasured with

infection assays). Growth rate of juveniles on low resources representsanficdenpetitive

ability. The traitscovary msitively but nonsignificantly = 0.13). However, both traits and

their covariation become foundations for linear (Figs. 2—3) and path models (FHys. 4—

Genotypes.are hamed according to variation in susceptibility (along x axis; Fi§8.i81-

AppendixSlpresent each genotype’s time series in the mesocosm experiaremtpars are

bootstrapped standard errors.

Figure 2. Varlation in susceptibility

predicts the size of epidemics. Points are
temporal averages for each mesocosm.tan
Higher susceptibility fuels both) higher
mean densities of infected hosts dnd
higher mean infection prevalencg éffects;
solid lines),, Neither metric of epidemic size
is effected by the mere presence of
competitor/dilaters (C), or its interaction
with susceptibility g x C). P values are fits
of linear models. Key: squares = focal host
alone; diamends = with competitor/diluters.
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reduce the density of infected hosts? Higher total densities of focal hosts lead to a higher density
of infected hosts (plotted in Fig. 3d). However, higher densities of competitonglitlitenot
directly lead to a lower density of infected hosts (despite the appareittrgtéd in Fig. 3c).

This direct effect, i.e., encounter reduction, explained a relatively sroglbgiion (29%) of the

net effect of.diluters on disease. Instead, higher densities of competitor/diluters suppressed
densities of focal hosts, which in turn lowered diseakss ifndirect effect, i.e., host regulation,
explained‘the'majority (71%) of the impact of diluters on disease. In addition to this dilution
effect, variation'in susceptibility remained an important driver of epideimec Key: solid =
positive coefficients; dashed = negative coefficients; dotted = indirect effect; arrow weights =

standardized.effect sizes.
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