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ABSTRACT

Community ecology can link habitat to disease via interactions among habist, foc
hosts, other hosts, their parasites, and predators. Howewaplicated food web interactions
(i.e., trophic interactions among predators, and their impacts on host density ant/jivies
obscure,the important pathways regulating disease. Here, we disentangleraty drivers in a
case study of planktoniastase, using a twstep approach.

In step.one, we tested univariate field patterns linking community interacbidws t
disease metrics. Density of focal ho@sphnia dentifera) was related to density but not
prevalence of fungaMetschnikowia bicuspidata) infections. Both disease metrics appeared to
be driven by'selective predators that cull infected hosts (fish,.@gmis macrochirus), sloppy
predators that spread parasites while feeding (midi#esborus punctipennis), and spore
predators thatreduce contact between focal hosts and parasites (other zooplgedailyes
smaltbodiedCeriodaphnia sp.). Host diversity also negatively correlated with disease,

suggesting a dilution effect. However, several of these univariate patterngialty

misleading, due to confounding ecological links among habitat, predators, host densitytand hos

diversity.

In steptwo, path models uncovered and explained these misleading patterns, and
grounded them.in habitat structure (refuge size). First, rather than diezliilying infection
prevalence, fish predation drove disease indirectly through changes ity @émsitiges and
frequency of small spore predators (which became more frequent in lakes walithe$uges).
Secondsmallspore predators drove the two disease metrics through fundamentally different
pathways: They directly reduced infection prevalence, but indirectly reducatyd#nsfected

hosts by lowering density of focal hosts (likely via competition). Third, tineauate diversity
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disease pattern (signaling a dilution effect) merely reflected the confguaidect effects of
thesesmallspore predators. Diversipgr se had no effect on disease, after accounting for the
links between small spore predators, diversity, and infection prevalenagn lthiese small
spore predators were regulated by both size-selective fish predation andsrefugehus, path
models not'only'explain each of these surprising results, but also trace tjies back to

habitatstructure.

KEY WORDS

Disease ecology, community ecologglective predation, sloppy predation, spore predation,

dilution effect,friendly competitionhealtty herds Daphnia, Metschnikowia, path analysis
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INTRODUCTION

Habitat change can increase disease outb(®diisams et al. 2002, Patz et al. 2004).
Community ecalogy can explain this connection by linking habitat to disease \oram
density offocalhosts and interactions among them, other hosts, their paradifggdators
(Ostfeldet.al..2008, Johnson et al. 2015). High host density can promote density-dependent
disease transmissigAnderson and May 1981). Additionally, predators can drive disease by
selectively'eulling infected hosts (Packer et al. 208@)eadindCaceres etla2009)or
consuming frediving parasitegJohnson et al. 2010), or via other mechanisms less relevant here,
including consumption of intermediate hosts for trophicatiytsmitted parasit€see Johnson et
al. 2010). sFurthermore, interactions among$aean also regulate disease transmis@itmit et
al. 2003). In the ‘dilution effect’ paradigm, higher host diversity (specifichlgher
frequencies offlow competency ‘diluter’ hosts) reduces disease, becauseatieeddiluters’
interfere with'disase transmission among more common, more competent foca{@sstid
and Keesing 2000b, Civitello et al. 2015a). In turn, habitat structure can regulate tiseas
changing each of these, i.e., through variation in host density (e.g., white noserngymdbats:
Langwig et al. 2012), changes in predation (amphibian trematodes: Johnson and Chase 2004,
schistosomiasis: Sokolow et al. 2015) or abundance of ‘diluter’ hosts, and hence hosy divers
(Lyme disease: Ostfeld and Keesing 2000b, Wood and Lafferty 2013). In these exéinigsles
between habitat, density of focal hosts, predation, and diversity of all hosts can pivipoint
disease variessamong habitats. Thus, these community links provide esseglitd fosi
understanding, predicting, or everanaging disease across many important systems.

Unfortunately, complicated food web interactions often obscure the important pathway

linking habitat to disease. For instance, habitat structure can simultanesgughte densities of
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important predators and hosts (Ostfeld et al. 1996, Orrock et al. 2011, Penczykows:0 &4 al
Thus, apparent effects of predators, focal host density, and host diversity can beaehated.
Furthermore, interactions among predators and hosts can entangle deastaifdisease with
indirect effeets. For example, predators can consume eacHlotheet al. 2012, Rohr et al.
2015), lowerfocal‘host density (Lafferty 2004, Strauss et al. 20h&hge the relative
frequencies of high and low competency h@Btwrer et al. 2009), or act as more resistant hosts
themselves, hence increasing diversity (Hall et al. 2010, Rohr et al. 2015). Infi@etst @f
predators; mediated by consumption of other key predators or hosts, can even mattesinmore t
their direct'nfluence on diseage.g., Borer et al. 2009)Disentangling these interactions
becomes even more challenging when they depend sensitively on the metreasé dis
considered.For example, density of infected hosts or vectors (measuremerdsitd pacess)
may depend maost sensitively on drivers that regulate overall host (or vectoty.démsontrast,
infection‘prevalence (a measurement of infection risk) may depend more o thiatedirectly
interfere’with.transmission, regardless of host igiie.g., Vanbuskirk and Ostfeld 1995,
Randolph,and Dobson 2012, Strauss et al. 20A8)of these complications pose major
challengessforscommunity ecologists seeking to link habitat to disease usinggiie.

Path models firmly grounded in natural history can provide a solution to these problems
(see Graceretal. 2010). Here, we illustrate adtep approach in a case study of planktonic
diseasdsee Hall et al. 2010). step one we identify theoretically relevant drivers of disease
and their ieractions, and test all relationships with univariate field patterns. We begin by
introducing our study system and the role of focal host density as a potentia diseas
Then, we review and test thrgeneral and relevant modes of predation sease (Table 1).

Next, we describe and test six typesomplicating but essential links among habitat structure,
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host density, predators, and host diversity. Specifically, Lirksdredators can be regulated by
habitat structure and other predators, and Link 5) density of focal hosts and Lirgt @iveosity
can both be regulated by predators. In turn, host diversity also appears linkedde. disstep
two, the univariately significant ecological links guide the creation of path moBels models
disentangledirecteffects of predators from their indirect effects eashsand distinguish
spurious correlations from causal drivers. We fit separate path models ta prfedioon
prevalence and then density of infected hosts. These separate models highligii¢tencds
among the strengths of links (paths) from habitat to these disease metiticzhi¥\two step
approach/wewuncover the most important species interactions driving diseaseuandiigem

in habitat structure.

STEPONE —~THEORETICALLY RELEVANT DRIVERS AND LINKS (UNIVARIATE)
Study system
Focal hest.and.parasite

Our focal host, the cladoceran zooplankaphnia dentifera, is a dominant, non-
selective grazer in many freshwater lakes in North Améfieasier andVoodruff 2002),
including the southwestern Indiana lakes studied here. In many lakes, this hasiherge
autumnal-epidemics of a virulent fungidetschnikowia bicuspidata (Overholt et al. 2012,
Penczykowski et al. 2014). Hosts encounter infectious fungal spores whiseleatively filter
feedingfor-algal food (Hall et al. 2007). Infected hosts cannot recover and die fromanfect
After host.,death, spores are released back into the water column.MI hugyspidata acts as a

parasitic obligatdiller (Ebert and Weisser 1997). With this natural history, transmission could
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increase with highdnost densityand higher density of free-living fungal spores (Anderson and

May 1981).

Three Modes.of Predation

Three'modes of predation appear to regulate fungal epidemics in lake populatbans of
focal host.,,Each mode is grounded in general theory and arises in otheafasste systems
(Table 1).. First, dective predators(bluegill sunfish Lepomis macrochirus]) selectively target
and cull infected hosts, reducing prevalence and density of infe¢Ranker et al. 2003, Hall et
al. 2005; the**healthy herds' hypothesis). Fungal infection makes hosts opaque, anaonence
conspicuous to fish predatdiBuffy and Hall 2008). Fish then consume parasites along with
infected hests*(*concomitant predation”; see Johnson et al. 2010), resulting in a netuogalof
spores. Thus, high fish predation lowers infection prevalence of focal hostet(Hal2005,
Hall et al=2010).

Second;sloppy” predators (Chaoborus punctipennis midge larvae) distribute
infectious spores when they attack infected prey. Midge predators repeass higher in the
water columnialleviating an environmental trap created when diestieid hosts sink. Focal
hosts consume these dispersed spamegasing infection prevalence (Caceres et al. 2009)
Midgeseandsorinduce changes in host phenotype that increase susceptibuifty et al.
2011). High.midge density correlates witigher infection prevalence in two sets of lakidsll
et al. 2010,"Penczykowski et al. 2014). Thus, selective and sloppy predators have opposite
effects on,disease spread.

Third, spore predators(other non-selective zooplankton [cladoceran] fifeseders)

consume frediving parasites while rarely becoming sick. Spore predation reduces contact
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between focal hosts and parasit#&shnson et al. 2010). In our study system, spore predators can
also compete with focal hosts, and contribute to host diversity (see more below). The most
common spore predator taxa in our lakéer{odaphnia sp.) highly resists infection, and the

second maost.commol(pulicaria) is almost completely immune. The fornoan reduce
prevalence and-density of infections in experiments, and both appear to reduaminfec
prevalence.in lake communitiéd. pulicaria: Hall et al. 2009Ceriodaphnia: Strauss et al.

2015) Other even rarer cladoceran spore predateoscor,but they rarely (if ever) become
infected in lakes we sample (SRH, unpublished). Thus, these three modes of predation

(selective'sloppy, and spore predation) each regulate disease throughmstingnisms.

Links 1-4):*Predators may be regulated by habitat structure and other predators

Refuge sizea critical habitat variable, varies among lakes and regulates selective fish
predationw=.Visually oriented fish predators target large, conspicuous zooplankton (@ndoks
Dodson'1965;.Vanni 1986 Howeve, large zooplankton can escape fish predation in the deep
water refuge habitat. This refuge habitabasinded at the top by temperature change (due to
habitat choicerby warrwater fishes), and at the bottom by oxygen depletion (due to
physiological dem@ads of zooplankton). Intensity of fish predation proves difficult to measure
directlybutssmall body size of focal hosts indicates more intense predatjorMis and
Schiavone 1982, Vanni 1986, Carpenter et al. 1987). Thus, smaller refuges shealdhore
intense fish“predation (i.e., smaller focal host body &iirds 1).

Trephic interactions among predators, regulated by refuge size, could confound direc
(Table 1) and indirect drivers of disease. Fish predators consume sloppy midgerpredalt

midge predators can also seek deep water refuge from fish predation E2armilTessier
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176  1997). Thus, intensity of fish predatidrrtk 2a) and/or refuge size_(nk 2b) could regulate
177  the density of midge predators. Furthermoriglgesare gapdimited, preferentially culling

178  smaller host¢Pastorok 1981), and camduce plastic increases in host body size (Duffy et al.
179  2011). Thussmidges could also potentially impact the fish predation index (body sizalof fo
180 hosts). Either'way, fish predation intensity and midge density should be nggedirrelated.
181 Both fish predators and midge predators selectively consume spore predatbicrbase
182  body size. Visually oriented fish target larger taxa, while dapiéed midges target smaller

183 taxa(Gonzalez and Tessier 1997, Tessier and Woodruff 2002). The most common spore
184  predato is'small, and hence less conspicuous to fish but more susceptible to midges

185  (Ceriodaphnia; hereafter: small spore predators. Frequency of these small spore predators
186  within thethest'community should be higher in lakes with smaller reflgss § a), more

187 intense fish predatiorLink 3b), and fewer midge predatoisirtk 3c). Larger bodiedaphnia
188  pulicaria(hereafter: large spore predators) are more vulnerable to fish and lesgés.mi

189  Moreover;.these large spore predators compete superiorly without fish predaimid1€91).
190 Thus, they should become more frequent in lakes with larger refuigés4a), less intense fish
191  predation kink+4b ), and more midge predatotsrtk 4c). Overall, variation in refuge size and
192  predation regimes should govehe importance of these two spore predators and perhaps restrict
193  them tordifferent types of lakes. All of these trophic interactions createretrpn problems
194  with univariate data, because apparent effects of predators on disease calilg acsefrom

195 changes in‘their prey (other predators).

196

197  Link 5): Host density may be regulated by predators
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198 When disease transmission is density dependent, species interactionuthss rexst

199  density could indirectly drive disease (Anderson and May 19Ba&jexample, predators that

200 consume focal hosts and reduce their density can inhibit disease spread (ernty, 260%).

201 Alternatively;.competitors can inhibit disease spread if they reduce fostadid@osity by

202  depleting sharedresourc@sg., Mitchell ¢ al. 2002). Fish predators and midge predators both
203 consume fecal hosts, and spore predators compete with focal hosts for sharedalgases

204 (Gonzalez and Tessier 1997, Tessier and Woodruff 2002, Hall et al. 2009, Strauss et al. 2015).
205  Thus, focal host density could be lower in lakes with more intense fish predatikrb@) or

206 more midge“predator&ifik 5b), or in lakes dominated by small spore predators/competitors
207  (Link 5c) or large spore predator/competitocenk 5d). These potential indireeffects

208  mediated byhest density could even exceed the direct effects of these preddiseasm

209 (Tablel).

210 Mereover, the importance of densityediated effects could depend on the disease metric
211  considered..Indirect effects mediated by density ddlfbosts depend on strong links between
212 focal host,density and disease. However, host density can be more closelydidkasity of

213 focal host infections than infection prevalence, for example, due tnear-densityprevalence

214  relationshipgCivitello et al. 2013). Thus, predators that regulate focal host density may

215  primarily-drivesvariation in density of infected hosts. In contrast, preddtatsnterfere with

216  transmission.through other mechanisms might more strongly drive variationdtidnfe

217  prevalencésee Vanbuskirk and Ostfeld 1995, Randolph and Dobson 2012, Strauss et al. 2015).
218 Here, spore predators uniquely drive disease through two mechanisms: |daveairgpst

219  density via competitiorgand consuming of frediving parasites (Halét al. 2009, Strauss et al.

11
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220 2015). Thus, the relative importance of these two mechanisms could depend on the metric of
221 disease considered (prevalence vs. density of infections).

222

223 Link 6): Host.diversity may be regulated by spore predators (hosts themsel ves)

224 Theroles of spore predators also become entangled with a potentially spurigien‘dil

225 effect’. Adilution effect associates decreasdsast diversity with increases in disease risk for
226  afocal host specid®stfeld and Keesing 2000a, Keesing et al. 2006, Civitello et al. 2015a).
227  This pattern emerges when rarer ‘diluters’ interfere with transmission amorggcompetent,

228  more commonifocal hosts. Interference can occur through spore predation (Johnson et al. 2010)
229  or competition with focal hos{&eesing et al. 2006)Thus, spore predators may serve as

230 potential ‘diluters’ in our study system. Critically however, a spurious diyetisease

231 correlation could merely reflect the impacts of certain spore predatorsngdisease, rather

232 than anyefiects of host diversitger se (see LoGiudice et al. 2003, Randolph and Dobson 2012).
233 This spurious.result could occur if spore predators simultaneously reduce distasgense

234 our index of host diversity.

235 Accounting for links between spore predator frequencies and host diversity impay he

236 disentangle these potential impacts of host divepatye from impacts of key spore predators.
237  Becauserhost.ecommunities in our lakes are so uneven (see below), we representrhibgt dive
238  (including,both focal hosts and spore predators) with the inverse Simpson’s divetsiy i

239  With focal'hosts dominating most of our lake communities, host diversity should inerdase

240  higher frequencies of small spore predatbrs K 6a), large spore predatorkifk 6b), and other

241  spore predatord.ink 6¢). However, as spore predators become even more frequent and begin

242  to dominate, a higher frequency of spore predators will actually decrease tise iBirapson’s

12
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243 host diversity index. By including a few of these types of lakes, we may beatdeduple host
244  diversity (which would begin to decline) from frequencies of key spore predatoich(would

245  continue to increase). Thus, it may become possible to disentangle directadfferts

246  diversity from,spore predation. In other words, by linking spore predators to host gjweesit
247  can test whetherhost diversfigr se drives disease, or whether a spurious dilution pattern arises
248  merely through correlation with key, relativelyre, spore predators.

249

250  Study system summary

251 Three'modes of predatienselective, sloppy, and spore—appear relevant to our study
252 system (Table 1). Habitat structure could directly or indirectly regalbté them, based on

253 decades of'natural historgsearch. However, trophic interactions among predators and their
254  effects on host density and diversity could confound direct effects with indffects of

255  predatorswen disease. Altogether, six ecological links obscure the most impdtiamtysa

256 linking habitat.to disease (see Table 2). Moreover, these most important paths could depend on
257 the disease metric examined. To continue, we must first test each of thesalphtsase

258 drivers (host'density, modes of predation, and host diversity) and each ecologicalHink wi
259 univariate field patterns. Then, we can begin to synthesize disease dnivé¢neiainteractions
260  with path-analysis.

261

262  Univariate’Analyses

263  Field Sampling Methods

264 We sampled lakes i@reen and Sullivan counties (Southwest Indi&f#4) during

265 epidemicf focal hosts (mid August early December)The sampling regime differed slightly

13
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among yearswe visited 15 lakes in 2010v(sitedweekly), 18 in 2009weekly), and 28 in 2014
(fortnightly). At each visit we collected two sampb#szooplankton, each poolirigree vertical
tows of a Wisconsin net (13 cm diameter, 153 um meghbh the first sample, we measured
body size (=.40+ focal host adults) and visually screened live focal hosts (400¥fe€tions.
Mean body'size"of adult hosts provides the index of intensity of fish predation. Infection
prevalence was calculated as the proportion of these focal hosts that were.infected

The second sample was preserved to estimate areal densities of focal hostggand mid
larvae. We 80 estimated frequencies of focal hosts (mean frequency: 72%; maximum: 99%
and spore“predators within the host (cladoceran) community (small Koafi@daphnia sp.
[15%, 79%, largeD. pulicaria [8%, 44%)] and all others lumped togethBogmina sp.:3%,
28% Diaphanesoma sp.: 0.7%, 12%, D. parvula: 0.4%, 10%Alona sp. & Chydorus sp.:
0.2%,1.4%, and very rai2. ambigua andScapholebris sp.]). We calculated inverse Simpson’s
diversity index of this total host community (focal hosts and all spore predaltoiesjtion
prevalence.of.focal hosts was multiplied by their total areal density todeelsity of infected
hosts. Finally, we estimated refuge size wihtical casts of a Hydrolab multiprobe, taking
temperatureand oxygen at every 0.5 to 1.®afuge size was calculated as the difference
betweerthe depth othethermocline (upper bound, defined as maximum buoyancy frequency)
and theroxygen-threshold (lower bound, 1 mg/L) (see Penczykowski et al. Zatépnch lake x

year combinationywe calculated a season (S&mv.) averagdor each variable

Sati sticalumethods
All statistical models were fit using @ Development Core Team 2010). Predation

modes (Table 1) anecological links (Table 2) were tested individually with univariateaai
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289 effect models in the package NLMEinheiro and Bates 2000). ‘Lake’ was included in all
290 models as a random effect (intercept only). With only three years of data, wedyael’ as
291  afixed (rather than random) effect. With this baseline modettstie, we then used likelihood
292  ratios to test.significance of each relationship. Densiglagpy midgepredatorsvas log

293 transformedpriorto analyses. However, all other data remained untragdfiororder to

294  preserve their natural variance structures. We explicitly modeled varianceesipalhse

295 variables with exponential or power functions to describe the heteroskeglastibe datgsee
296 Pinheiro and'Bates 2000).

297

298  Univariate disease driver results

299 Field"patterns supported host density, all three modes of predation, and host disersity a
300 potential disease drivers. Density of focal hosts was not correlated wittianfprevalence
301 (Fig. 1 A7P.=0.25). However, it was positively correlated with infected host densityXBg
302 P <0.000%1).For all other potential drivers, impaain infected host density (Fig. S1)

303 qualitatively mirrored those on infection prevalence (Fig. Zkes with more selectiviesh

304 predation (indexed by body size of focal hosts) had lower prevalence ¢:iid? 2 0.0005) and
305 density of infections (FigS1A; P < 0.0004. In contrast, lakes with higher detiss ofsloppy
306 midge predatorsGhaoborus) had higher prevalence (FigB2 P < 0.0001) and density of

307 infections(Eig.S1B; P < 0.0001). Furthermore,dkes vith higher frequenciesf small spore
308 predatorsCeriodaphnia) andother spore predators hkxver prevalence (Fig. € & E; bothP
309 < 0.0005).and density of infectiofBig. S1C & E; P = 0.0024 P < 0.0001, respective)y

310 However, frequency dargespore predatord pulicaria) was unrelated tprevalence (Fig. 2

311  D; P=0.58) or density of infection&ig. S1 D; P = 0.38. Finally, high host diversity also
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correlated with low prevalence (Fig. 2E;= 0.0074) and density of infections (Fig. SIPK

0.0005), consistent with the prediction of a dilution effect.

Univariate ecological link results

LinksTamong habitat structure, predators, host density, and host diversity céedplica
interpretation of these potential disease drivers (see Pdblestatistical significancef each
link). Smaller refuges from fish marginally (but not significanthgreased the intensity of fish
predation((i.e., decreased body size of focal hosts [Lifigl 3 A]). However more intense
fish predation"dideducedensity of sloppy midge predatdtsnk 2a; Fig. 3 B. In turn,
frequency of small spore predato@e(iodaphnia) increasedvith smaller refuges (bk 3g Fig.
3 D), more'intense sizeelective fish predatiofLink 3b; Fig. 3 E), and lower densities of gape-
limited midges (Link 3c; Fig. 3 F). On the opposite side of the refuge spedtaguency of
large spore,predator® (pulicaria) increased with larger refug@sink 4a; Fig. 3 G)less intense
sizeseletive.fish predatiorfLink 4b; Fig. 3 H, but lower densiés of gapdimited midge
predators (opposite of the prediction based on natural history, bunangynally significant;
Link 4c; Fig=3al). Thus, predators were regulated by habitat structureaehdther.

Density of focal hosts was much less responsive to these predators, howéaet, itin
only decreased-with higher frequency of small spore predators (margiggliffcant Link 5¢
Fig. 4 C, likely.due to competition). All other links with densiy of focal hosts wsignificant
(Links 5a,b&d corresponding to Fig. 4 A, B & D, respectively). Finally, host diyarncreased
with higher frequencies of smdllink 6a), large (Link 6b), and other spore predators (Link 6c),
since all of them were relatively rare (Fig. 5CA respectively). Thuslensity of focal hosts and

diversity of host communities (two potential disease drivers) were linketlezieommunity
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composition of spore predators. This multitude of significant, univarrdée (see Table 2)
potentially confound disease drivers (Figs. 2 & S1). Hence, we turned to pathsatmalysi

disentangle them.

STEP TWO=SYNTHESIZING DISEASE DRIVERS
Path Analysis Methods

Tolwork through these complicated interactions, we used path analysis. To fit path
models, we used the packdgeaan(Rosseel 2012), weighting observations using the package
lavaan.survey{(Oberski 2014) to account for matependence of the same lakaspled in
separate yearssiven the limits of our dataset, we tested three complementary models. Model 1
disentangled-drivers affection prevalenceand model 2 disentangled drivers of density of
infected hosts (hence, it includes ‘focal host density’ [Fig. 1 B]). Unfortunatelyould not
include *hest diversity’ in model 2, due to collinearity among too many diseasesdriver
Therefore,in.order to more directly compare drivers of prevalence varssiydof infections,
we fit a third model. Model 3 is nearly identical to model 1, but it also includes ‘fodal hos
density’ and*omits ‘host diversity’. These modifications create a plastiletural form for
comparison with model 2.

Allmodels were constructed, fit, and assessed using a robust, pre-deterratoed|pr
First, all significantand trendinginivariate patterngere included ireach appropriatpath
model (excepting the limitations due to collinearity, described above). Two tiaksgen the
‘fish predation indexand‘midge density and between ‘small spore predator frequency’ and
‘focal host density’) weréit ascovariancs, implying correlation. All other links were fit as

regressions, implying causalityAdditional covariances were included for correlations among
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frequencie®f spore predators (since they shared a common denominator). Second, wavdel
fit with a maximum likelihood estimator (MLM) that was robust to imammal standard errors
and used a robust SatoBantler chisquare test statist{Satorra and BentleiOR1). After

model fittingsesidual covariances were inspected in order to ideatijypotentially missing
links. Through this process, the link between refuge size and the index of fish predatah) (L
was added to all thremodels. Third, w assesed modefits with severalrobustcriteria,
includingCFI, TLI, RMSEA, and SRMR test statistifdu and Bentler 1999) (see Appendix S1
in Supporting Informatiofior details). Finally, we extracted® values and standardized
parameterestimates (SPE’s) &ach relationship. These SPE’s were used to compare effect

sizes among paths in our final models.

Path Analysis Results

Fitsstatisticsconfirmed good fits of all three path models (see Table Eable 2
delineates.each ecological link, reviethsory behind the relevant natural history of the plankton
system, and reports its statistical significance as a univariate pattdinkaimdpath models 1, 2,

and 3, where"applicable (see TablesS32for parameter estimates and more details).

Path model 1:=Disease drivers & underlying ecological links

Path.model 1 (Fig. 6) disentangled drivers of infection prevalence (Fig. 2&s hath
small refuges had more intense fish predation (Link 1), which in turn reduced derssaymf
midge predators (Link 2a). Together, small refuges (Link 3a) and more intdnpecfiation
(Link 3b) increased frequency of small spore predators. In contrast, lefgges (Link 4a) and

less intense fish predation (Link 4b) increased frequency of large spore predatensafter
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381 accounting for these ecological links, high frequency of small spore pre@aoieaphnia)

382  still directly reduced infection prevalence € 0.048; SPE =-0.231). Simultaneously, high
383  density of sloppy midge predatoShaoborus) directly increased infection prevalenéex

384 0.026; SPE.=,0.294)However the index of selective fish predation no longer exeated

385  significant'directeffect omfection prevalencé = 0.47; SPE = 0.098), even though it appeared
386 important univariaty (Fig. 2A). Instead, fish drove indirect effects on disease, mediated
387 trophically through changes in small spore predators and sloppy midge pedaichermore,
388 frequency of/other spore predators no longer significantly reduced prevafantection P =
389  0.103 despitetthe relatively strong effeBPE =0.332). Finally, the negative diversitysease
390 pattern detected univariately (a dilution effect; Fig. 2 F) now disappeare®.(/9 SPE=

391 0.063). Instead, the path model clarified that this spurious pattern merely echoed, as a
392  correlational'shadow, direct links between infection prevalence and small spdatops (see
393 Table 2).

394

395 Path models 2 and 3: Disease drivers and underlying ecological links

396 Model2,(Fig. 7 A) disentangled drivers of density of infected hosts (Figs. 1 & Sli1). Al
397 analogous ecological links were identical (Link&)lor qualitatively similar (links-3l) to model
398 1 (see Tables2)Additionally, (Link 5c¢) frequency of small spore predatdZerfodaphnia)

399  marginally.correlated with lower density of focal ho$ts=(0.070; SPE = -0.240). In contrast,
400 disease drivers differed extensively from Model 1. High total density of fost$ caused high
401 densitieswof infected focal hos® € 0.001; SPE = 0.500). Neither small spore predakoss (
402 0.16; SPE =-0.116), sloppy midge predat®s (0.19; SPE = 0.190), nor selective fish

403  predation P = 0.68; SPE = 0.054) significantly regulated density of infected hosts, even though
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404  all appeared important univariately (Fig. S1 A-C). Instead, in this path modegtthe t

405 relationship between total and infected density of focal hosts (Fig. 1 B) washdiceatieffects
406  of those other drivers. Nevertheless, small spore predators indirectlydetirssty of

407  infections by.marginally lowering density of infected hosts, most likelyceimpetition. As in
408 model 1, these small spore predators were regulated by habitat structuge ¢ie€) and fish

409 predation (see Table 2). Thus, habitat structure still connected to disease tmealagbrp

410 mediated pathways. However, when predicting density of infected hosts, thesdioosnec

411  became weaker and less direct.

412 Path'nodel 3, the prevalence based analogue of model 2, largely mirrored the original
413  model of infection prevalence (path model 1). For example, sloppy midge prexditdisectly
414 influenced disease, and selective predators still exerted hadathated indirect effects on

415 infection prevalence through midges and smailrspredators. However, the intentional

416  contrastsshetween models 2 (Fig. 7 A) and 3 (Fig. 7 B) become uniquely informative. Both
417  model structures linked small spore predators to focal host density and eactiveesimease

418 metric. However, only the dict link to prevalence mattered in model 3 (since total density of
419 focal hostssremained unconnected to infection prevalence). In contrast, only thet indire

420 mediated by density of focal hosts mattered in model 2 (since the link betwesiredent total
421  and infeeted-hoests was so strong). Thus, small spore predators reduceidemsd metric

422  through different pathways.

423

424  DISCUSSION

425 We disentangled drivers of zooplankton epidemics using a two-step approach, guided by

426  theory and field data. In step one, we identified several potential diseass diieunivariate
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field patterns. In this analysis, host density was correlated with dengifiectfed hosts, but not
infection prevalence (Fig. 1). Additionally, both metrics correlated witlctedefish predation,
sloppy midge predation, and spore predation by certain zooplankton taxa (Fig. 2 &)S1 A-
Finally, both.metrics declined with higher diversity of hosts (i.e., focal hastalaspore
predators:eombined). This univariate diversity-disease pattern supportsandsfigict (Fig. 2
& S1 F). However, some of these strong univariate patterns proved misleading, duplexcom
community interactions that obscured the direct and indirect drivers of disegse3(bi). In
step two, path analysis uncovered and explained these misleading patternscaBpgepith
analyses delineated three types of complicating communésaictions: 1) trophic interactions
among predators (see Fig. 3), 2) impacts and regulators of focal host dendtig (dgeand 3) a
spurious diversitydisease pattern (see Fig. 5). All of these interactions were ultimately
grounded'in habitat structifi.e., refuge size; see Figs7h

Path,analysis improved our interpretation of univariate field patterns by hgeddivn
each ofithese.complicating community interactions. First, it clarified how troghradtions
among predators shaped disease. Surprisingly, in path models 1 and 3, selectieddistnpr
did not directlysreduce infection prevalence (despite Fig. 2 A). Instead, fishipredatrked
indirectly by decreasing density of sloppy midge predators (Link a3M8) and increasing
frequeney-of:small spore predators (Link 3b; Fig. 3 E). In turn, these indirectsefiere
modulated_ by size of the refuges from fish predators (Link 1; Fig. 2 A). Seoqoathi models
2 and 3small'spore predators drove the two disease metrics through fundamentally different
pathwayss, Small spore predators directly reduced infection prevalencedipettly reduced
density of infected hosts by lowering density of focal hosts (likely vigoetition, and

marginally significant; Link 5c; Fig. 4 C). Finally, path model 1 undermined ataus

21
This article is protected by copyright. All rights reserved



450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

interpretation of the dilution effect. Instead, the spurious univariate divelisggse pattern
merely reflected the direct effects of small spore predators on infecticslgameg. In turn, these
small sporepredators were regulated by habitat structure and fish predation. Each of these

results is more thoroughly discussed in turn.

Links 1-4): Trophic interactions among predators regulate direct and indirect effects on disease
Selective fish predation, ratated by habitat (Link 1; see Fig. 3 A), structured
communities'of other predators in these lakes as predicted (see Table 2). wtlakasall
refuges, stronger fish predation reduced midge density (Link 2a; Fig. 3 Bl $died spore
predators Ceriodaphnia) became more frequent with smaller refuges and more intense fish
predation (Links 3a&b; Fig. 3 D & E), while large spore predatdrpylicaria) became more
common with larger refuges and less intense fish predation (Links 4a&b; Fig. B)G Bespite
some suggestive univariate relationships (Links 3c & 4c; Fig. 3 F & |), midae no effect on
composition.of.spore predators in path models. Therefore, selective fish predators had the
greatest capacity to regulate disease through trophicetliated indirect interactions (i.e.,
predation en"midges and spore predators). In other systems, other selectivepapqaiar to
regulate schistosomiagiSokolow et al. 2015»almon licdKrkosek et al. 2011), grasshopper
fungus (kaws-et al. 2009n00se tapewormgoly and Messier 2004), and grouse nematodes
(Hudson et.al..1992) (see Table 1). In most of these systems, any potential infdicesioéf
these predators are less clear. However, their indirect effects could even bmpustant than

their apparent direct effects, as in our case study here.

Indeed, indirect paths linking predators to disease apply broadly. First, our large

selective predator influenced density of the smaller sloppy predator. In tusiwikdess fish
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predation had more disease via higher midge density (Figs. 6 & 7B). Related relationships
among predators regulate other diseases. For example, foxes may ngdeadidease by
lowering density of small mammal hosts that critically spread infection. Honwawetes can
outcompete.foxes, release small mammals from predation pressure by foxasjraaty
elevate Lyme-disease risk through these cascading interadtenst al. 2012) Similarly,
lobster predators prevent epidemics in sea urchins by maintaining low deoshiests.
However, overharvesting lobsters releases urchins from predation pressuratss their
population growth, and indirectly promotes bacterial epidemics (Lafferty 2004)l three
cases, top'predators (fish, coyotes, humans) mediate the impacts of mesopmadigess (
foxes, lobsters) on disease. Interestingly, mesopredators can then adise thseugh different
mechanisms; either increasing it (midges: by spreading parasites duriog feleging) or
decreasing itibxes and lobsters: by controlling density of key hosts).

Second, selective fish predators also regulated disease through diredh shédthost
community..Specifically, higher frequencies of small spore preddersoflaphnia) reduced
infection prevalence, likely via consumption of free-living parasites (Fig. 2rl{urn, intense
fish predationtincreased frequency of these small spore predators and heecdynduluced
disease (Figs. 6 & 7B). Consumers in other systems can regulate disesisglaiashifts in
host communities. Grazing by vertebrate herbivores can increase frequergiylytbmpetent
grass hosts,.and hence increase prevalence of viral d{8easeet al. 2009). Thus, consumer
mediated Shifts in host communities can githerease or decrease disease. Other examples
merit more thorough exploration. For example, variation in community structure sfdaost

drive hantavirus transmission (Clay et al. 2009). Predators of rodents also appesrdseale

23
This article is protected by copyright. All rights reserved



495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

hantavirus prevalend®rrock et al. 2011). Could predators reduce hantavirus by regulating host
community structure, by depressing density of focal hosts, or both?

Shifts in structure of host communities do not always drive disease. In ouruzhge st
large spore predats O. pulicaria), had no effect on either disease metric (Figs. 2 & S1 D).
This seemedsurprising, sin@de spore predatocompletely resist infection and reduce
transmission_in experimenflslall et al. 2009). In the field, theytso reduced epidemic size in a
different set of Michigatakes(Hall et al. 2009) and delayed the start of epidemics in a subset of
the present Indiana lakéBenczykowski et al. 2014 However, using seasonal averagiesy
did not reducenfection preyalenceamong lakes in Michiga(Hall et al. 2010) or Indiana (Fig. 2
D). Perhaps seasonal declines in refugeisifieese Indiana lakes squeeze out this larger spore
predatojustrastepidemgin the focal host begin. Alternativel, pulicaria caninhabit a
deeper water microhabitélteibold 1991) potentiallybelow where spores are consumed by focal
hosts(Caceres et al. 2009Either way, large spore predators somehow remained temporally or
spatiallyiirrelevant. Nonetheless, a general lesson arises here: competagsyaads
transmission experiments alone may not identifydmscies that drive diseasenature.
Experimentsmust be paired with field data robustly identiy these tax&e.g., Johnson et al.
2013, Venesky et al. 2014, Rohr et al. 2015). Only then can we begin to sort through the direct

and indirectsspecies interactions that regulate disease.

Overall,indirect effects overshadowed the direct effects of seledtveredation in our
case study. Initially, selective fish predation seemed to strongly tedndth metrics of disease
(Fig. 2A, STA).. However, these univariate patterns (espedalinfection prevalencaygnored
trophicinteractions between fighredation, midges, and small spore predators (described above).

After accounting for these indirect effects in path model 1, the directetietish predation
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518 disappeared (Figs. B Direct effects of fish predation might lbgore important elsewhere
519 (e.g., in Michigan lakes: Duffy and Hall 2008, Hall et al. 201A)ternatively,indirect effects
520 mediated by mesoscale predators and host community structure might frequerghadow
521 direct effects.of selective predators, evethi@Michigan lakeqsee Hall et al. 2010), or even
522  more generally,“in"other disease systems (Table 1). Thus, our case studyaldustommon
523  challenge for community and disease ecologists. Focusingtentfal direct effects of

524  predatorslis relatively simple, while unraveling complicated trophic wejnsres a great

525 amount of data and insight from natural history. Nevertheless, these indirets effiebe

526  extremelysinfluentiale.g., Lafferty 2004, Borer et al. 2009, Levi et al. 2012, Orlofske et al.

527 2012, Orlofske et al. 2014, Rohr et al. 2015).

528

529  Link5): Impactsiand regulators of focal host density

530 Density=of focal hosts impacted the two disease metrics differentiativatiately,

531 density of focal hosts had no relationship with infection prevalence (Fig. 1 A). ydowetal

532 and infected density of focal hosts were closely linked (Fig. 1 B). This ndsmeay have

533  arisen because high host density can depress per capita infection risk, decbapiersity-

534  prevalencerrelationshifCivitello et al. 2013). These different roles of host density caused stark
535 differences between path models disentangling infection prevalenbenfpdel 2; Fig. 7 A) and
536 density of infected hosts (path model 3; Fig. 7 B). Specifically, small spordgnedad sloppy
537 midge predators directly regulated infection prevalence, but no predatoty/diegalated

538 density of infected hosts. Instead, these potential impacts (supported uniganatel

539  statistically werwhelmed by the strong link between density of total and infected hosts in the

540 path analysis. In turn, focal host density was not regulated by fishes, midgegemdore
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541 predators (Fig. 4 A, B & D, respectively). However, it was marginally e¢gdlby frequency of
542  small spore predators (Link 5c; Fig. 4+ 0.07), who compete with focal ho$&trauss et al.

543  2015) and who themselves depend on habitat structure and fish predation. Thus, these small
544  spore predators indirectly reduced density of infected hosts, likely via dtiop€éEig. 7 A).

545 Consequently, small spore predators reduced disease in two different whys, eac

546  primarily driving a different disease metric. In general, consumption efifrieg fungal spores
547  canreduce encounters between focal hosts and parasites, while competitiomeggiate host

548 density (see Strauss et al. 2015)his combination of encounter reduction and host regulation
549  defines ‘friendly competition’ (Hall et al. 2009, Strauss et al. 20Hgre, path analysenabled

550 us to partition host regulation (mediated by focal host density; Fig. 7B) versosreer

551  reduction (not'mediated by focal host density; Fig. 7A). The partition revealsotat

552  regulation primarily reduced density of infected hosts, while encounter realuetduced

553 infection‘prevalence. Thus, although the univariate links bet@eendaphnia frequency and

554  prevalence.(kig: 2 C) or density of infections (Fig. S1 C) looked superficialiiasithey likely

555 arose by different mechanisms. These two components of friendly competition opayebe

556 general. Examples likely include hawitas transmitted among rodents (Clay et al. 2009),

557  Schistosoma among shailgJohnson et al. 2009parasites in intertidal communiti€®ohnson and
558  Thieltges=201@)emerging diseases in amphibidgdshnson et al. 2013, Venesky et al. 2014),

559 and fungal pathogens and viruses in plant communities (Mitchell et al. 2002, Boudreau 2013,
560 Lacroix et'al’2014). A similar partition between host regulation and encountetioadtauld

561 help clanfy.drivers of prevalence versus density of infections in all of gystems.

562 More generally, path analyses can attribute changes in disease to eitheschdrust

563 density or changes in other drivers. This approach could be broadly useful (see Begon 2008)
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For example, it could determine whether selective predators (see Table 1) iedase Oy
merely reducing total host density, or also by selectively cullifected hosts (or, as in this case
study, via other indirect paths). In Lyme disease, density of infecteddggleshds on both total
tick density.and infection prevalence. In turn, both of these factors can depend on the rodent
community(Vanbuskirk andOstfeld 1995, Randolph and Dobson 2012). Path analysis could
clarify whether rodents in field data drive Lyme disease more througttiorigorevalence or

total density of ticks. Dragonfly predators reguliieeiroia infections in amphibians by both
consuming free-living parasites (reducing transmission) and lowering haostydeia predation
(elevating"pethost transmission risk, because parasites seek hosts). These impacts
counterbalance each other and are extremely difficult to detect in fieldodagzath models
might tease'them apd@rlofske et al. 2014, Rohr et al. 2019)hese examples exhibit a wide
range of insights that can be gained with path models that distinguish betwees afrhvast

densities'and drivers of per capita transmissio

Link 6): Sourious diversity-disease pattern

The host diversity-disease pattern in our case study proved fairly mngjeddi
univariate regressions, higher diversity of hosts appeared to decreasenueygig. 2 F) and
density (Fig=S1 F) of infections, consistent with the pattern behind the contabdgrgion
effect(Ostfeld and Keesing 2000a, Keesing et al. 2006, Begon 2008, Randolph and Dobson
2012). However, in path model 1 (Fig. 6), diversity had a negligible effect on diseaisechh
our results support the dilution effect as spurious correlational pattern, but notlaltsaase
driver. Instead, path model 1 shows how small spore pred@aisdaphnia) strongly reduced

infection prevalence themselves (Fig. ZE). Simultaneous, frequency of all spore
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predators increasdubst diversity (Links 6a&c; Fig. 5 A & C Once we accounted for these
links, diversity itselthada negligible effect on diseas&his result makes sense sinuea priori
mechanism links diversityer seto diseas¢see LoGiudice et al. 2003, Randolph and Dobson
2012). In contrasCeriodaphnia spore predators can reduce disease mechanistidaylypoth
consuming free=living parasite spores and competing with focal hosts (Stralis204.5).

More geneally, asimilar confounding correlation between diversity and key ‘diluters’
can arise whener focal hosts are common and dilutars rarge.g., Ostfeld and Keesing
2000b, Johnson et al. 2013, Lacroix et al. 2014). Incidentally, this condition @ threecore
requirementsfor a dilution effe@stfeld and Keesing 2000a, Keesing et al. 2006). Although
metaanalysis demonstrates that diversity appears to broadly inhibit pa&sitiésllo et al.
2015a) the'mechanistic drivers of these diversliyease patterns are rarely dissected. In the
metaanalysis, 89 of 168 studies compared infection risk for host species with and without one
additionakspecies. In these cases, the design clarifies which ‘diluteiespeduced disease.
However,.inthgemaining 79 studies, it is often challenging to disentangle divgesitye from
the identity of key diluters, especially in observational studies. Thus, compellergit-
disease patterns of dilution effects may broadly obscure the key taxa amahieets driving
these patterns. More experiments that independently manipulate diversity aad sjestity
are needed-torrigorously attribute ‘diluting’ effects to key taxa versus iwpes se.

Alternatively, with path analyses it even becomesiptesso attributeobservational
dilution patterns to key diluter taxa. Through the same approach, we can alsspteasdfects
of key diluters from potential correlative changes in density of focal heetsBegon 2008).
Finally, it becomes possibte link habitat to disease via key diluters (i.e., small predators dilute

in higher predation lakes with smaller refuges). With this hab@atered approach, we can
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clarify why species diversity correlates with disease, which species deiypatternand how
they interfere with disease transmission. This approach greatly improves aponarrelative
studies between diversity and disegsg., Allan et al. 2009, Huang et al. 2013), although those

patterns offer.an important starting point.

Future diréctions

The habitaicentered approach here could be expanded to synthesize other community
interactions.” For example, other habitat variables and abiotic drivers coudtheaghdlitional
variation in.ouMetschnikowia disease system. Here, we grounded all drivers in size of the deep
water refuge. However, midge density was not related to refuge sikelhi Fig. 3 C),
possibly because midge larvae can also use deep anoxic waters or sedimerttsehedep
water refige(Gonzalez and Tessier 1997). Instead, lakes with more dissolved organic carbon
(DOC) have.more midgd®©verholt et al. 2012) DOC can also structure the refuge habitat,
intensity of fish predation, and frequencies of spore predators in the cladcoenmunity
(Wissel etal™2003, Penczykowski et al. 2014). Moreover, DOC reduces solaonaavaich
can directly killfreeliving fungal Metschnikowia spores (Overholt et al. 2012)Ve aim to study
these interactions in future analyses armed with more data. More ambitioei$igpe to
eventually synthesize our results with other, less well-documented factorgyaur lakes. For
example, a broader synthesis could incorporate impacts of human fishing, predation by
piscivorousfish, lake productivity, shifts in phytoplankton communities, or outbreaks of othe
parasites of zooplankton, phytoplankton, or fishes. We must first lay the groundwork to
understand all of these factors’ roles in the aquatic food web before we caniggrtineis

interactiongbut see Civitello et al. 2015b)
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Path models of other disease systems could also test other important modes ohpredati
Most obviously, in other systems, predation of intermediate hosts could influenceissias of
tropically-transmitted parasites while ‘micropredation’ can trangm@iasites when
micropredatoers act as disease vectseg Lafferty and Kuris 2002)n our system, two
additional'medes'may occur. First, predators can change host behavior, whichtanay i
change their exposure to parasifésiemann and Wassersug 2000). Fish and midge predation
can regulate the depths at which focal hosts and spore predators migratédar{tierml|d
1991, Gonzalez and Tessier 1997), possibly influencing contact with parasites. Second,
predatorsean'change host traits, rendering them either(emgreKatz et al. 2014r less(e.g.,
Groner and Relyea 2018)sceptible to parasite®©ne such trait is body size: lardgessts have
higher exposureates and larger spore yields, both of which can increase d{s&ket al.
2007, Duffy et al. 2011, Bertram et al. 2013, Civitello et al. 2015b, Strauss et al. 2015).
understand.,how these and other modes of predation interact, we must first cleadtandder

their direct.effects on disease (e.g., Table 1). Then, we can begantme their interactions.

Summary

Here, we disentangled community disease drivers of zooplankton epidemica tsimg
step approach:==We aimed to explain the most important paths linking habitat staudigsase,
via changes.in host density, three modes of predation, and/or host diversity. In step one, we
identified several potential disease drivers with univariate field patterns, tedtivg natural
history theory. However, several of these univariate patterns proved niigledlée to complex
community interactions. In step two, path analysis uncovered and explained thesdingsle

patterns. For instance, we detected an apparent effect of selective predatian bupthined
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656 it better through indirect trophicalyediated effects on sloppy and spore predators. We

657 detected weak effects of selective, sloppy, and spore predation on densigctadrifosts, but

658 these signals were overwhelmed by the much stronger signal of total hast idsiE Finally,

659 we detected.a diseadesersity patern signaling a ‘dilution effect’, but then explained the pattern
660 mechanistically"by encounter reduction and host regulation from a key sporeptaxat

661  Ultimately, habitat structure grounded all three of these interactidhg ipath models. We

662  hope thatthis approach to simplifying complexity will stimulate similark in other disease

663  systems. We must continue to disentangle these webs of interactions in order ¢te advan

664  broad understanding of the community ecology of disease.

665
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908 TABLES

909 Table L. Three modes of predation and their direct effectdismasegeneral theory, empirical examples, and natural history in the

910 study system.here, with a zooplankton focal hDspbnia dentifera) and a fungal parasit®letschnikowia bicuspidata).

Predation Mode Select Empirical Examples Daphnia/
& General Theory Metschnikowia system
Selective Predation e Selective prawn predatotarget schistosomiafected snails, and appeaBluegill sunfish Lepomis
to reduceschistosomiasigansmissior{Sokolow et al. 2015). macrochirus) predators

Theory:"Selective predators e Selective piscivorouish target liceinfected juvenile salmon, likely  target infectedhosts

target and cull infectegrey,  |owering sea lice infection load&rkosek et al. 2011). because fungaihfection

reducing'prevalencelensity, o Selective spiders target fungimected grasshoppers, reducing parasit@akehosts conspicuous

or intensity“of infections driven host mortality (Laws et al. 2009). (Duffy and Hall 2008).
(Hudson etal. 1992, Packer  selective wolves appear to targedoseheavily infected with Selective fish predation
etal. 2003, Hall et al. 2005).  tapewormsreducing infection burdens (Joly and Messier 2004).  &ppears to lowenfection

« Selective foxes appear to target heavily infected grouse, potentially PrevalencegHall et al.

lowering nematode infection burdens (Hudson et al. 1992). 2010).
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Sloppy Predation e SloppyDidinium predators may increase infectious free living bacteridarval Chaoborus midges
when attacking infecteBaramecium prey(Banerji et al. 2015). regurgitatesporesafter
Theory: Sloppy pedatoror e Sloppy butterflyfish attack infected coral and enhance water-borne attacking infected hosts
herbivores, or scavengers)  transmission of black-band disease (Aeby and Santavy 2006). (Caceres et al. 2009)
can distribute infectious free- ¢ Sloppy beetle herbivores spread rust fungus spores (potentially longHigh midgedensity
living parasites when they distances) after foging on infected musk thist{&ok and Abad 1994). correlates with high
attackinfected prey(Caceres Sloppy jackal or vulture scavengers may distribute anthrax spoas infection prevalence (Hall

et al. 2009,Auld et al. 2014).  from ungulatecarcassethrough fecegLindeque and Turnbull 1994). et al. 2010).

Spore Predation ¢ Zooplankton consume free-living chytrid zoospores, potentially Cladoceran spore

(more generally. predation of  suppressing outbreaks of algal chytrids (reviewed: Kagami et al. 20Jg¥gdators inadvertently

free-1iving parasites) e Aquatic micropredators consume fungal zoospores, reducing infectioacuum” spores while
rates of chytridiomycosis in amphibians (Schmeller et al. 2014).  filter-feeding They
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911

912

913

914

Theory: Predators of free e Damselfly nymphs consume fréiging trematode larvae, reducing rarely (small

living parasites can consume Ribeiroia infections in amphibian hosts (Orlofske et al. 2012). Ceriodaphnia sp.) or
parasites without becoming e Small fishes consume frdiging trematode larvae, potentially reducingnever (largeb. pulicaria)
infected.q Spore predation transmission success to finaldts(Kaplan et al. 2009). become infectedBoth
reduces 'encounters between e predatory fungi capture and consume fieielg nematodes, even after taxa appear to reduce

focal hosts and parasites and passage through dog gastrointestinal tracts, offering potential biocoritfévalence and/or density

can lowerinfection for nematodes infecting mamméBarvalho et al. 2009). of infections (Hall et al.
prevalence-or density of « Dung beetles feed on parasitematodes and protozoans, broadly 2009, Hall et al. 2010,
infections: (Johnson et al. reducing transmission to livestock, wildlife, and hum@aesiewed: Penczykowski et al. 2014,
2010, Strauss et al. 2015). Nichols et al. 2008). Strauss et al. 2015).
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916

917

918

919

920

921

Table 2. Six ecological links among habitat, predators, density of focal hosts, and diversityhosthr@mmunity complicate
disease drivers in the study system with zooplankton focal Hoapéiiia dentifera) and fungal parasitedgtschnikowia
bicuspidata). \Column 1 delineates each link, column 2 reviews relevant natural history theocy|amd 3 reports statistical
significance as a univariate pattern. Columns 4 and 5 rep@tues and standardized parameter estimates with links as paths in path
model 1(disentangling drivers of infection prevalence), and path model 2 (disergadrijliers of density of infected hosts).

Ecological'links in path models 2 and 3 are quantitatively identical (column 5). Sagmiéind trending values P < 0.1) are bold.

Ecological Link Natural History Theory Univariate Path Model 1 Path Models 2 &
Result (Fig. 6) 3
(Fig. 7 A & B)
Link 1: Regulators of Intensity 1) Prey escape fish predation inthe P =0.11 P=0.004
of Selective.Predation (Fish, refuge. Small refugeshouldincreasé  Fig. 3 A SPE =0.297

e.g.,Lepomis.macrochirus):

Link 2:..Regulators of Bnsity 2a)More intense fish predation shou P =0.017 P =0.052
of Sloppy.Predators (Midge, decrease (via predatidn) Fig. 3B SPE =0.281
Chaoborus punctipennis): 2b) Larger refuges from fish predatio P =0.98 Univariate relationship not
should increase Fig.3C significant or trending
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Link 3: Regulators of 3a) Smaller refuges from fish should P < 0.0001 P =0.009 P =0.037
Frequencyof Small Spore increase (small = inconspicuofis) Fig. 3D SPE =-0.251 SPE =-0.211
Predators (Zooplankton, 3b) More intense fish pred. should P =0.0064 P =10.002 P=0.09
Ceriodaphnia sp.): increase (small = inconspicuotis) Fig. 3 E SPE =0.351 SPE =0.358
3c) Lower gapeimited midge density P = 0.0072 P=0.75 P=0.89
should increase (small = susceptible) Fig. 3 F SPE =-0.039 SPE =-0.016
Link 4: Regulatos of 4a) Larger refuges from fish should P < 0.0001 P <0.001 P <0.001
Frequencyef-Large Spore increase (large = conspicuotis) Fig.3 G SPE =0.600 SPE =0.608
Predators (Zooplankton, 4b) Less intense fish predation shou P < 0.0005 P =0.002 P =10.003
Daphnia pulicaria): increase (large = conspicuotis) Fig. 3 H SPE =0.254 SPE =0.236
4c) Higher gapdimited midge density *P = 0.062 P=0.30 P=0.35
should increase (large = resistant) Fig. 31 SPE =0.075 SPE =0.070
Link 5: Regulators of Density 5a)More intense fish predation shou P =0.73 Univariate relationship not
of Focal'Hosts (Zooplankton, decrease (via predatidn) Fig. 4 A significant or trending
Daphnia dentifera): 5b) Higher midge density should P=0.46 Univariate relationship not
decrease (via predatidn) Fig. 4 B significant or trending

47

This article is protected by copyright. All rights reserved



5c¢) Higher freq. small spore pred. P=0.070 Host density not P =0.070

should decrease (via competitidn) Fig.4 C  important (Fig. 1 A) SPE =0.240

5d) Higher freq. large spore pred. P=0.18 Univariate relationship not
should decrease (via competitidn) Fig. 4 D significant or trending

Link 6: Regulators of Host 6a) Higher freq. small spore pred. P < 0.0005 P <0.001

Diversity(Zooplankton: Focal should increase (because rare) Fig.5 A SPE =0.365

Hosts and-Spore Predators): 6b) Higher freq. large spore pred. P =0.037 P <0.001 T collinearity
shouldincrease (because rare) Fig.5B SPE =0.479 among disease
6¢) Higher freq. rare spore pred. P <0.0001 P <0.001 predictors
should increase (because rare) Fig.5C SPE = 0.664

922  * = univariate trend detected in the opposite direction than predicted from theory (Link 4c)

923 T =linksinotincluded, because inclusion of the ‘dilution effect’ link between divensttyisease created collinearity among disease

924  predictors (path models 2 and 3)

925  References: (Tessier and Woodruff 2002{Gonzalez and Tessier 1997jWissel et al. 2003f(Tessier and Welser 199fStrauss

926 et al. 2015, (Hall et al. 2009).
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927 FIGURE LEGENDS

928

929  Figure L«Overall density of focal host®éphnia dentifera) A) does not drive infection

930 prevalence, buB) does drive density of infected focal hosts. Each point is a lake population in a
931 given yearn(2009, 2010, and 2014)nfection prevalence isiean proportion of focal hosts

932 infected during,an epidemic seasdnfected host density is mean density of ctde focal hosts

933  over the same time periodRegressia models were fit with randomake’ effectsfixed ‘year’

934 effects,and*flexible variance functions &xcount for heteroscedasticity in the data.

935

936 Figure 2. Three modes of predatighable 1)correlate with infection prevalence of the focal
937  host zooplanktanQiaphnia dentifera). Infection prevalence is mean proportion of focal hosts
938 infected during an epidemic season. Each point is a lake population in a giveA)y&eective
939  Predation:*Fish predation is indexed by body size of adult focal hosts (mm). Smaller size =
940  more fish predation (1); larger size = less (|). More selective fisipredation(left on x-axis)

941  correlatedyith.lower infection prevalenceB) Soppy Predation: More sloppymidge predators
942  (Chaoborus)eorrelatel with higher infection prevalenceC-E) Spore Predation: C) High

943 frequenciesvithin the host communitgf small spore predato(€eriodaphnia) correlatel with
944  lower infection prevalenceD) Frequency ofarge spore predato(P. pulicaria) did not, butt)
945 frequencys=of-othespore predatoralso did. Host Diversity: Finally, F) higher host diversity

946 (focal hests and spore predators) also correlatddlower infection prevalence, consistent with
947  adilution effect. Regressio models were fit with randomake’ effectsfixed ‘year’ effectsand
948 flexible variance functions taccount for heteroscedasticity in the data.

949
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Figure 3. Predators were regulated by habitat structure and trophic interactionsheith ot
predators (Links %; see Table 2)Each point is a lake population in a given ye®y.Small
refuge habitats had only marginally more fish predat®nMore intensdish predation (smaller
adult focal hessize left on xaxis) correlated with fewesloppy midgepredatorgChaoborus).
However,C)refuge size did not predict midge density. Small spore predators weze mor
frequent wherD) refuge size was smallég) fish predation intensity was higher, aRdmidge
density was lower. In contrast, large spore predators were more frequer@vefuge size
was largefH), fish predation intensity was lower, andnidge density was lower (marginally).
Regressionmadels were fit with randdiake’ effects fixed ‘year’ effects, and flexible variance

functions toaccount for heteroscedasticity in the data.

Figure 4. Foeal host densitydaphnia dentifera) was only marginally regulated by small spore
predators (Link,5, see Table 2). Each point is a lake population in a given year. Focal host
density was not reduced By fish predation intensity d8) midge predator density (both are
predators of focal hostsIC) Focal host density was marginally lower in lakes with higher
frequencies of small spore predatdZerfodaphnia), butD) not in lakes with higher frequencies
of large spore“predatorB (pulicaria) (both spore predators compete with focal hosts).
Regressia,models were fit with randomake’ effectsfixed ‘year’ effects, and flexible variance

functions toaccount for heteroscedasticity in the data.

Figure 5. Diversity of the host community (i.e., focal hodigphnia dentifera] andspore
predators) was strongly regulated by frequency of each group of spoagopsedSpore

predators are themselves hosts, but are all rarer than focal hosts. Each dak# opaulation
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in a given year Higherfrequencies oR) small spore predator€ériodaphnia), B) large spore
predators. pulicaria), andC) other spore predators all increased host diversiggrégsia
models were fit with randoméake’ effectsfixed ‘year’ effects, and flexible variance functions

to account for,heteroscedasticity in the data.

Figure 6. Path'model Hisentangles drivers of infection prevalence in a focal iegthnia

dentifera). “Ecelogical links among habitat, predators, and host diversity (Links 1-4 & 6, Table 2;
Figs. 3 & B)synhesize three modes of predation (Table 1; Fig. 2). From the bottom, moving up:
1) Small refuges led to intenselectivefish predation.2a) Intensefish predation correlated with

low density of'sloppy midgpredatos (Chaoborus). 3a) Small refuge & 3b) intense fish
predationincreased frequency of small spore predat@esiodaphnia) in the host community.

4a) Large refuge & 4b) less intenséish predation increased frequencylarige spore predators

(D. pulicaria).=6a-c) Frequencies of apore pedators increasdubst diversity.Disease

Drivers. Sloppy midge predators and small spore preda@arsddaphnia) had large

significant,,and direct effects on infection prevalence. Selective fislajowa did not directly

drive infection prevalence, but indirectly mediated density of sloppy midgetors and
frequencysof'small spore predators. Other spore predators reduced diseasesignoificantly.

The dilution effect pattern was not significant, once accounting for the difects of small

spore predators and other spore predators. Model fit statistics: S2¢ottar chi square =

0.903; CFI = 1:000; TLI = 1.152; RMSEA = 0.000; SRMR = 0.044.

Figure 7. A)Path model 2 disentangles drivers of infected focal host deBsiphiia

dentifera). B) Path model 3 mirrors the structure of model 1 (Fig. 6), but without ‘host
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999

1000

1001

1002
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1006

diversity’, in order to facilitate dact comparisons with path model Roth models:Ecological
links among habitat, host density, and predators (Links 1-5, Table 2; Figs. 1,3/&tHgsize
three modes of predation (TableFlg. S1). Links 14 are qualitatively identical to Fig. 6.
Additionally5c) high frequencies small spore predat@er{odaphnia competitors) marginally
correlated'with low focal host densitieslodel 2): Neither spore predators, sloppy predators,
nor selective predators regulated density of infected hosts. Instead,nddemmly on total
density ofi focal 'hostsModel 3): Drivers are qualitatively identical to model 1 (Fig. 6). Model 2
fit statistics: SatorrdBentler chi squar® = 0.317; CFl = 0.985; TLI = 0.948; RMSEA = 0.053;
SRMR = 0:070: Model 3 fit statistics: SateBantler chi squar® = 0.404; CFl = 0.997; TLI =

0.990; RMSEA = 0.022; SRMR = 0.066.
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