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ABSTRACT
Why do natural populations vary inefrequency of sexual reproduction? Virulent parasites
may help explain why sex is favored during disease epidemics. To illustrate, wa Sigher
frequency_of males and sexually produced offspring in natural populatioria@fltative

partrerogenetichost during fungal epidemici a multiryear survey of 32 lakes, the frequency

of males (an index of sex) was higher in populations of zooplankton hosts with larger epidemic

A lake mesocosm experiment established causality: experimental epidemics pratiigieer
frequency of'males relative to disedsse controls. One common explanation for such a pattern
involves Red Queen (RQ) dynamics. However, this particular system lacks key genetic
specificity aneehanisms required for the RQ, so we evaluated tveo loypotheses. First,
individual females, when stressley infection, could increase production of male offspring vs.
female offspring (a tenant of 'Abandon Ship' theory). Data from a life table exqrérsupports
this mechanism. Second, higher male frequency during epidemics could refleciya purel
demographic process (illustrated with a demographic nradelescouldresist infection more
than femalesvia sze-basedlifferences in resistance and mortglitHowever, we found no
supportforthissresistance mechanisk sizebased modebf resistanceparameterized with
data,revealedvhy: higher malesusceptibility negated tHewer exposure (a sizgased
advantagedf males These resultsuggesthat parasitenediated increases in allocation to sex
by individual females, rather than male resistance, increhséequency of sex during larger

disease epidemics.

K eywor ds:"Raphnia,parasite, parthenogenic, sggecific infection, resistance, sex allocation

INTRODUCTION

Natural populationexhibit substantial/ariationin the frequency of sexual reproduction
(Jokela et.al..2009; e.g., O'Connell and Eckert 2001; Tessier and Caceres 2004). Given the
myriad costs/assated with sexual reproductidBell 1982; Maynard Smith 1978j,remains
challengingtadentify general mechanisms driving populatienel variationin sex(reviewed
by: Hartfield and Keightley 2012).HE RedQueen hypothesigoseghatparasites can promote
more seXDecaestecker et al. 2003; Hamilton et al. 1990; Jokela et al. 20€¥@)parasites can
increase the frequency of sexually reproducing hoataegative frequenegependent selection
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i.e., by sometimes granting sexual offspring fithness advantages over asexyalaohest
parasite coevolution: Bell 1982jowever,the RedQueen does not apply to all hgstrasite
systems; mechanistically,riéquires assumptions about specificity of infection genbgtsea
the host and parasitBlumerous hogparasite systemack thesenatural history ingredien{®.g.,
Clay and Kover 1996; Stelzer 2015, the focal system hesscétritics argueghatthe Red
Queenremairs too restrictiveto generallydrive populationlevel variation in sexOtto 2009;
Salathé“et'al:2008; Stelzer 2015).

An altemative, ‘Abandon Ship’ hypothedisks stress t@ex(Hadany and Otto 2009, and
Mostowy and Engelstadter 2012)re&ssors includingrought, starvation, crowding, and
predators eandriviacreased allocation to ser a diverse array of organisms including
facultative'parthenogens (e.Daphnia Caceres and Tessier 200dgths: Kumpulainen et al.

2004) and strictly sexual speci@sg., plants; Griffiths and Bonser 201@nr more

comprehensive lists see: Hadany and Otto 2009, and Mostowy and Engelstadter 2012). In the

broadest sense, tdandon Ship hypothesposits thaindividual females in the poorest
condition increase alt@tion to sex to escape eminent threats via dormancy or production of
genetically*diverse offsprinfHadany and Otto 2009Hence, sex serves as a-hetiging
strategy governed by an individual's fitness prospects in the local envinbrimgriation in

sex depends aime severity of stresg;ahnges in environmentstressrs could explain why
natural populations vary in the frequency of sexual reproduction.

Here, we examine the ability of parasibeluced stress to drive allocation to sex in their
hosts While'several studies have shotimat parasites often increase outcrossjeqy.,
Kovalchuk'etsal. 2003; Lucht et al. 2008w studies have linked parasiteduced stress to sex
allocation(decisions by individual hosts (but see Duncan et al. 2009; Duncan et alTA#06).
conceptual gap.is quite surprising. Parasites are ubiquitous, often virulentlpleygdiogical
stress on hosts, and create sptimporal variation in infectiomduced stress. Therefore,
parasitedikely serve as a key stressor catalyzing sex investmernRed Queen systems. We
evaluate this/allocatiomechanismn this study.

However, gositive correlation between epidemics aed could also emerge through an
alterndive, nonallocation mechanism: If males resist infection more than females, male
frequency could increase during disease epidemics through demography ,afloicaiton
decisions by individualemales In other wordsmale frequency could increagdemales suffer
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greater parasitenduced mortalitySuchasymmetriamortality couldleave behindnoreresistant
males.To date, this hypothesis has remained mathematically and conceptually unidgetkve
despitethatmales often resist infection [e.gn Lyme diseasé¢Jarefors et al. 2006),
Schistosomiasi@Remoue et al. 2001), Toxoplasma (Walker et al. 1,987Y) BabesigAguilar-
Delfin et al..2001)]. Highemale resistance can arise through-4iased, behavioral, or
immunologicaldtraits that govern exposure or susceptibility to pargsitgs Cousineau and
Alizon 2014;"Moore and Wilson 2002; Perkins et al. 20Bi@nce,male resistance, in itsupely
demographicform modeled here, could providaiaderappreciateget importantalternative
to more typical hypotheses attributing benefits of sex during epidemics.

We evaluate thesevo mechanismsgallocation vs. male resistanagdinga facultatively
sexualhost'Daphnia dentiferahereafter;hosts’) and itsvirulent fungal parasite
(Metschnikowiabicuspidatdereatfter, ‘fungus’ (Ebert 2005; Hall et al. 2009)this system,
the frequency of males provides an index of sexual reproduction and investment diMeosts.
usethis systento link individualdevel traits(e.g., allocation to male offspring by adult females,
or male vssfemale resistande populationlevel variation in sexual reproduction during natural
and experimental epidemidd/e combine multiple modes of inference to eventually cordirm
parasitedrivenallocationto sexmechanism. First, we illustrate a focal pattern: we see higher
male frequency during larger fungal epidemics among natural lakes. We @atttiah parasites
can cause higher male frequency using a mesocosm experiment deplayle&erduring the
epidemic seasofthis experiment helps rule oother cevarying factors among lakes that could
drive the fieldearrelatior). Then, a life tablassayshowed higher allocation to males by infected
females Finally, weruled out a more complicatadale resistance hypothesis, despite field and
mesocosm data that seentecdupport i(at first glance at leastyVe first used a demographic
model to clarify conditions linking male resistance to highde frequency during epidemics.
However,a sizebasedesistancenodelrevealed that maledo not resist infection more than
females (despite priori, sizebased expectations). Togetheuy results suggest that parasite
increasd allecation to sexrather than male resistancieowe this male frequencyepidemic size

pattern

NATURAL HISTORY OF THE HOST-PARASITE SYSTEM
The focalhosts are key consumers in food webs in nigmfperate freshwater lakdhese
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facultative parthenogeitic hosts produce asexual broods of females throughout most of the year
(Fig. 1).However, environmental stress that signals winter's onset (e.g., decreasing water
temperatures and daylight) indusesne females to increase allocation to @leese females can
thenalternate between sexual and asexual reproduatidnanproduce mixed broods with male
and female.offspring Sexual reproduction involves: (1) the production of males and (2) eggs
inside a durable casealled an ephippiunMales then, fertilize these eggs creategetically
diversefeggthat can survive winter insidbe protectiveand durablephippia(Ebert 2005; Fig.
1). This temporal sequence often produces a positive relationship betweenuleadyeof
males and ephippiearrying females (Tessier and Caceres 2004, this pdpar3, the frequency
of malesindexesthe host’s investment isexual reproduction.

Thedecline‘ofconditions from fall to wintealsocoincides with peak infection by the fungal
parasite Before ultimately killing the host, the parasite fills the host’s body cavity spores
upon host death, spores are released into the enviromherdg hosts inadirtently consume
them while foragingThe potential for sekased differences in infection arise because male
Daphniatypieally have a smaller body size than adult females and exposure to fungal propagules
increases withssizgHall et al. 2007). Thusizebased exposure advantages could allow males to
resist infeetion more than females (assuming equal susceptibility to fungal spores consumed
between.sexes).

A MOTIVATING FIELD PATTERN AND EXPERIMENTAL CONFIRMATION

Methods: FieldhSurvey

To investigateaelationships between parasand sexual reproduction, we sampled natural
epidemics across a set of lakes in southwestern Indiana (Greene and Sullivan Counties, USA).
We collected weekly or fortnightly samples throughout the epidemic season (mid-August
throughearly:-December) from 2009-2015. In total, we sampled 32 lakes, some only one year,
others up to.seven years. From each sampling date at each lake, we collected hosts with three
vertical towsofa Wisconsin net (13 cm diameter, 153um mesh; towed bottom to surface). From
these samples, we estimated several key metrics. frarst,~ 400Daphniaper samplewe
visually diagnosed infection status, host stage, and ephippia production with a dissegegts
20 —50X magnification(following Ebert 2005). Tie absence/presence of a brood chamber
distinguishes juveniles and adult stages; males have a distinctive body shape airgtlarge f
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154  antennules. For eachklayear combination, we calculated seasonal maxima for frequencies of
155 males and ephippial femalé¥e estimated integrated infection prevalence by calculating the
156 area under the infection prevalence curve (Van der Plank 1R&3akes sampled multiple

157  years, we aveged these metrics among ye@ts SE) We correlatednaximum frequency of

158 malesand infection prevalenceRésults were similar with the mean frequency of malkds

159 analyses uselllatlab (Matlab v.9.0 R2016a; Mathworks, Natick, MA, USA).

160

161 Methods: Lake'M esocosms

162 To establislpopulationlevel causation between parasites ahdtsin allocation to sex

163  (indexed agnde, frequenciels we created experimentapidemicsn large 6 m deep x 1 m

164  wide) lake-deployed mesocosmghe experiment began duririge typicalautumnalepidemic

165 season t@ensure that hosts and parasites experienced natural changes in temperaturg] food, a
166 daylight —the associated cu&aown to inducehe sex responsén brief, we factorially

167 manipulatecepidemicsand nutrients(Nutrientsconservativelyeflectranges from the field

168  survey). Wertherracked epidemickr 40 days posinoculation(for detailed methods see

169  AppendixS2).'As inthe field survey, we quantifiestagespecific and overalhfection

170 prevalence. \We analyzed differences in infection prevalence among males, juvenile females, and
171  adult females with paiwise randomization tes{40,000 iterations To ruleout crowding as a

172  driver of male frequency (Hobaek and Larsson 198@estimated host densityWe analyzed

173  differences.irthe maximunmale frequencycalculated as for the field survegmd density

174  among treatments with generalized linear models (GLM) with binceniéllog-normaérrors

175 respectivelykorbothanalysesweransaturatecind reduced modetndselectedhe besffitting

176  model with chisquared or likelihood ratio testsor all GLM models, we tested for

177  overdispersion using, sum of the squared residuals from the fitted GLM/residual degrees of
178 freedom (Burnham and Anderson 2002). We used the appropriatedggigbiition if ¢ > 1.

179

180 Results: Field Survey

181 Maximum:frequencies of males and ephippial females increased with epidemic size in the
182  field survey (Fig2). Each point averages years (from 1 toI7SH. Male frequeng is relative

183  to adult females: male density / (male density + adult female deresitljuding female juveniles

184  (results were similar including juveniledjale frequency (3axis) was higher in lakes with
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larger epidemics of the focal fungal parask@xis, where each point is the integrated

prevalence of infection in lake= 0.43, p = 0.017, Fig.a&2. Maximum frequency of males also

positively correlated with maximal frequency of ephippicanrying females among lakes

(where each paint is maximal frequency, averaged over years for a given lake; r = 0.55, p =

0.001, Fig..B).. Together, these correlations suggestldrgerepidemics led to more males, and

more maleded.to increased sexual reproduction (indexed by frequency of ephippial females).
Time seriesfrom two lakes illustrate dynamics underlying these patterns. Iexaasgles

we see a temporal cadence of incieginfectionprevalence, then male frequency and the

frequency of ephippial females (proportion of males and of ephgapiging females relative to

non-ephippialadult females; Tessier and Caceres 200d)igh the seasonal epidemics. In the

lake with a'small epidemic, male production began on ordinal date 290 (1 October 20}, Fig 2

but female hosts produced detectableephippia before the survey ended. In the lake with a

large epidemic, male production began slightly earlier, ordinal date 278 (28 Sep@hiil, Fig

2d), and male frequency waslative to the smaépidemic lake; ephippial production began on

ordinal date299 (26 October 2011). This chronology shows that male and ephippial production

are, in part; modulated by the onset of winter (since autumnal cdotiggrssex in this host).

Yet, investment in sex was lower in the lake with a small fungal epidemic (@u\R2011; Fig.

2c) relativerto a lake with larger fungal epidemic (Midland, 2011; Fiy. Rmong all lakes,

similar dynamics produced the motivating correlation (F2gsh.

Results: L ake'mesocosms

In the field-experiment (Fig. 3), host populations also shifted towards higher frequehcie
males during fungal epidemics, as in the field survegxiummale frequency increased with
the addition of fungal parasitémainparasite effect (P)*=7.79,p = 0.005¢ = 0.07, Fig. &).
However, there.was reffect of nutrientgy?= 0.165,p = 0.685)or their interactiony®= 1.52,p
= 0.218).In:itheshigh nutrient treatment, infection prevalence was slightly higtier et al.
2016) andsmale production was of longer duration (Fégd) 3elative to the low nutrient
treatment Appendix S2, Fig. S1). The key point, however: at two varying nutrient levels,
parasites increased male frequerfty expected, disease decreased host densiff €4.61,p
=0.032,¢ = 0.1, Fig. B). However there wereno main (N:y?= 2.88,p = 0.090) or interactive
effects of nutrients on host density (P x = 1.19,p = 0.280). Thus, hosts did not produce
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more maleslue to crowdinga common stresspin other words, crowding did not explain the
epidemic sizemale frequency pattein the mesocosms

Temporal dynamics in the experiment (Fig, @ largely mirror those from the field (Fig.
2c,d). They alsounderlie the summary patterns from the experiment (Rig.AZross all high
nutrient replicates, the onset of male production occurred on ordinal date 278 (5 Q6tdher
Fig. 3c-d). (See Appendis2for similar patterns in the low nutrient treatmerkig. SJ. In the
absence of parasites, peak male frequency reached c. 52% (dashed line, botlofigandiagl
date 292 (19°October); then, it declined on ordinal date 295 (22 October). With panasiées
frequency peaked later améshigher (Fig. 8l). Note thatunlike in the field survey, the
experiment.ended before ephippiwarrying females appeared.

TEST OF THE ALLOCATION TO SEX MECHANISM

Methods: Life-table Assay

We used a lifdableexperiment tdest forincreasd allocation to sex (malequency) by
individual ginfected females. In short, we first created six environmens&gjléhat contained
the requisite cues to catalyze a transition to the sexual stage (highey,dsmsibfepidemic
season temperature and light conditions: 15°C, 8:16 light: dark @yetsier ad Caceres 2004).
We added-parasites to three flasks and kept the other three flasks {isgasidter epidemics
began, we collected 15 individual females from each flask and tracked theitiaidoasex (#
males/total offspring produced) over three clutches wiaplkg them exposed to
environmentakcues from their natal flask (for expanded details see Apigdibo test for
increased allecation to sex (frequency of males) and fecuthelifines due tmfection we fit a
mixed-effects generalized linear mod&L(MM) with binomial errors (male frequency) or
Poisson errors (fecundity). We checked for overdispersion with visual diagnostittseascale
parametefPinheiro and Bates 2000). This modioaccountedor potentialdifferences among

flasks.

Results: Lifestable Assay
Data fromthe life table assagupporédthe ‘allocation to sex’ mechanism. Infected female
hosts in the life table assay significantly increased allocation to sex ceatpauninfected

females. These females came from and received cues from flasks where final infection
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prevalenced = 0.04,p = 0.530) and final hostensity weresimilar across all treatments (Flask:

p = 0.768; Spore levep = 0.433). All females originally exposed in those flasks, then used for
the life table assay, became infected. These infected females in the life ¢allegar higher
frequencies of males (GLMM, parasite treatmérits >¢ < 1.4,x% = 5.46,p = 0.019, Fig. 4)

and producedssmaller clutchgs=0.018, Fig4b). Thus, infected females incurred a parasite
mediated reduction in fecundibut allocatedthatreduced reproduction towards maleence
theepidemic sizemale frequency pattern seen in these laloegd have arisen becauséection
stressed females increased allocation to sex (male production).

DEVELOPMENT OF THE MALE RESISTANCE MECHANISM: A DEMOGRAPHIC M ODEL

The alternativemale resistancmechanisnposes thatorrelationdbetween male frequency
and epidemic sizim the fieldcould reflect demograghDo males resist infectioandincrease in
frequency due.to parasite-driverortality of less resistant femal@$Ve evaluate this possibility
using a demographic model of disease, reproduction, and sexual allo€htsomodel separatie
feedbacksrantlentifiedkey metrics from field and mesocosm data to evaluate the hypothesis
The detds of this model appear in Append®d In brief: we highly simplify reproduction,
assuming‘that changesmale and female density refledtocation §) to each sex from a
constantsreproductive flwR]. Then, we assume a constant force of infeclitrese two
assumptions removesbme densitdependent feedbacks on reproduction and disease, but
enabledanalytical tractabilityWe derive conditions under which male frequency increases with
larger epidemies, like in the field pattern, and over a diskasébaseline, as in the experiment.
Importantly;differential mortality of infected males vs. females placed some important
demographic bounds on this masssistance mechanisMle then compared and contiext
infection prevalence of females vs. maldew doesmaleresistance influengeatterns of
infection prevalence between femateglmales?

Herein.the.amain textwe summarizekey results from the demographic modebr(
analytical.and graphical details, see Apper&lix First, the model predicts thedmpletemale
resistance (an.extreme example) almost certainly leads to increasing male frequency with
epidemic size (version A) and higher male frequency over a difre@skbaseline (version B).
However if males becomenfected moderatemale resistance can: (ftjoduce higher male

frequency with epidemics and over a disefase baseline and (2ad to higher infection
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frequency in females and maléfowever, both infection prevalence and male frequency results
depend orstagespecificmortality: males cannot suffeeveraemortality from infection. This

result puts some demographic bounds on the male resisteat@nismThe modereadily
captures the increase abdtlie diseaséreebaseline version (like ithe mesocosm experiment:

Fig. 3. Thussmale resistance providesiathematicallyiable alternative mechanisfor the

epidenic sizemale frequency patterr as long as males do not suffer extreme virulence.

QUANTITATIVE EVALUATION OF THE ALTERNATIVE MECHANISM: MALE RESISTANCE
Methods: Field Survey and Mesocosmsvs. Lab Assay

We empiricallytested the hypothesis thahaller males have higher resistadoe to éss
(slower)contact with spores-irst,we perform a ‘indirect test: we evaluatednfection
prevalence in the field. This testimglirectbecausdield prevalenceloes not jusinirror
resistanceAny epidemiological model, like the one above, shows how prevalence during an
epidemiccombines additiondtaits besides resistanaed various dynamical feedbacks.
Thereforegpevalence can rifct resistance- assuming all else equdlhus, for this indirect
text, weestablisked that smaller size ofialeswith measurements of d0individuals of each
host stagen.23 lakes on each sampling date during epidemic season of 2015wEhen,
estimate.mean stagspecific infection prevalence (e.g., # infected males/total # males; see
AppendixS2for extended details) in each lake and mesoqagoulation for each sampling
date.

Seondyweperformed more directestof male resistanc&pecifically,we estimatd
resistance of.each stadeectly from a highly controllethb assay, essentially eliminating the
influence ©of other traits that also shape prevalence during field and mesocosmcepideims
lab experiment, weneasureexposure (feedingpateandinfection prevalencéand then used
those data.to.estimate pgyore susceptibility and resistance in the mbe&w).In brief, we
measured. foddpore consumption byales, juvenile females, and adult femagposed to one
of three parasites doses (0, 150, or 350 sp/mL) for 48 hours. We then measured hosts and
maintained‘them for subsequent visual diagniosi49 days post exposur@or details,see
AppendixS2). We analyzed differences infection prevalence from thontrolledassayacross

stages and spe dosesvith logistic regression
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Results: Field Survey and M esocosmsvs. Lab Assay

In the indirectest thefield survey and mesocosm experiment produced, at first glance, some
support for the resistance mechanism. Howethercontrolled assay undermined this support.
Together, these results highlight important distinctions between prevalence and redistiece.
field surveygmale and juvenile female hosts were similarly sized (p = 0.175), buhblss (p <
0.001) and,juvenile females (p < 0.001) were smaller than adult femalesgf-igebce, males
likely have lower exposure than adult females, all etpeal(i.e., the exposure part of the
hypothesis mighapply). Then, in the field survey, infectipnevalencevas similar among males
andjuvenile females (squares Figh;5 = 0.409) but lower than adult females (allguies<
0.001). The mesocosm exprent mirrored these results, except that males had lower infection
prevalencerrelative to both female stages (high nutrient treatments: trianglels, Bigp-values
< 0.0001); low nutrient treatments (not shown) shibgienilar results. However, ihe
controlled,lab-based assay, logistic regressguantified no difference in infection prevalence
between stages, suggesting similar resistance levels among stages (for full results, with dose
effects, seesAppendi®2). (We discuss possible reconciliation betwdeindirecttest[Fig. 5]

vs. thedirect tesestimatef infection prevalence and resistance f-igc and &] below).

M ethods..A"Size-Based M odel of Resistance

In theindirect tesf male resistancéield and mesocosm data suggesteatmales were
more resistainthan adult female@ased on infection prevalence, which agaemisndirect
measure ofresistance). Y#te controlled lab experimeimtdicated similainfection prevalence
amongsmallersmales anldrgerfemales Why did the sizdsased hypothesis for male resistance
fail? To answer this questiowge fit datafrom the lab assaio a sizebased model aesistance
(modified from Bertram et al. 201.3jor details of this modedeeAppendix S2 Briefly: the
model assumes that exposUE€.,Z), scales with surface arelal and with sizezorrected raté
but declines,with exposure to sporgyia sensitivitya). Susceptible hosts which contact spores
are then infeCted with per spore susceptibilityesistance i8(L,2) = u E(L,Z). Estimation of,
andu; for eachsstaggand two other common parameters uses maximum likeliMledalso
calculated sizeorrected resistan(aesﬁ] = u E,. We then bootstrapped 95% confidence
intervals around each parameter and compared estimates among stages using randomizations.

Finally, we bootstrapped confidence envelopes on feedingséte7), and resistance;(L,2),
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as functions of length and spore dose.

Results: A Size-Based Model of Resistance

Thesizebased model aesistancexplains whymales are not more resistant despite being
smaller than.adufemalesIndeed, the sizbased exposure part of the resistance model works
well. In fact,compared to both juvenile (p = 0.00@&)d adult female§ = 0.0004) males had
muchlowersizeécorrectedexposure £) rates i.e., lower foraging/exposure -even after
accounting fotheir smallsize(Fig. 6a). After controlling for sizejuvenile and adult females
hadsimilarexposure rateize-corrected?; p = 0.0684, adults trending highed)l else equal,
then, males should have been more resistiowever maleshadsimilar persporesusceptibility
(u) compared to both juveniles (p = 0.5838) and dentiales p = 0.1112, Fig. 6, adults
trending lower than males) aadult females hakbwer perspore susceptibilityu) relative to
juveniles p.=.0.0343. Combined, tension between exposiireand susceptibility led to no
significantdifferences between males and adult femalesze corrected resistance

B

, (all p-valuesof pair-wise comparisons > 0.05, Fig) 6Additionally, adding in variation in size
among stages;,both exposure r&€.,2) (Fig. &), andresistancgp;(L,2), increasd with host
size (butflattenedndthendecrease as largeadult femaleslepressed their feediray high dose;
Fig. 6d see als®\ppendixS2for results at lower doseshich show éssforagingdepressiohn
Hence, larger-adult females and smaller males had similar levels of res{sanp®int
estimateswith confidence envelogeoverlappeaonsiderably, Fig. €. Taken together, these
results do not suppatthie hypothesis thamaller malesesistinfectionthrough lower exposure
Thus,through rigorous evaluation ohale resistanceve conclude that the male resistanc

mechanishiikely did not drive theepidemic sizenale frequencypattern in the field.

DiscussioN
We evaluated two mechanisms which could link disease epidemtiesfrequency of sex
In a multiryear,"multilake field survey, th&requency of maleg@n index of sexjyvas higher in
lake populations of zooplankton hoststh large fungalepidemicsA mes@osm experiment
confirmed causalitythe frequency fomales increased with parasitelative to diseas&ee

controls (Since itdirectly manipulated parasit@sthe field this experiment obviasworry
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about spurious correlation). Following Abandon Ship theory (Hadany and Otto 2088, t
epidemic sizeamale frequency patterns could ansefection-stressedemalesncreased
allocation to sexmales)(Duncan and Little 2007; Griffiths and Bonser 2013; Mostowy and
Engelstaedter 2012However it could have emerged due to populatievel consequences of
male resistancgtypically overlooked but important possibilitigat couldalso drive a positive
relationshipbetweerepidemics and s¢x

We found-that individual, infected femalalfocated moré¢o male offspring Stress from
infectionmanifested (at least in part) as virulence on fecundity; infected hosts produced clutches
with fewer offspring relative to uninfected hosts. Those infecéipessed females then produced
a higher propertion of males per clutch. This ‘Abandon ship’ ste=gsonse resembles that of
other facultatively pathenogenic and strictly sexarghnismswvhich plastically alter investment
in sexwhen stressefk.g., by droughtpw resourcesand crowdingfor comprehensive lists:
Hadany and Otto 2009; Mostowy and Engelstaedter 2612, plastic allocation choices by
infection-stressed females most likely produced theeggglemic size pattern seen in the field.

We arriveratthat conclusion because the alternative, ‘male resistance’ mechfaresn
Males wer@ndeedsmaller,in the fieldand lab experimenthan adult female$-urthermore,
they hadslewerforaging(and thus, exposure) raté&duch size and exposure differences should
haveyieldedmale resistancexet, even after accountinfpr exposuresmaller males and larger
femalesresisted infection similarlyThe mechanistianodelof resistancexplained whymales
were equally susceptible to infection as juvenile femaihestended tbe moresusceptible than
adult femalesFurthermore, higher spore doses depressed expafSiarger adult femalebut
not males.'Both factorsegated the sizbased exposure advantagfenales Hence, we find no
support for the maleesistance mechanisi@till, sexbased differences in resistance arise
frequently,in other systems (e.gguilar-Delfin et al. 2001,Jarefor et al. 2006, Remoaeal.
2001, Walker.et al. 1997) and could drive populaterel differences in the frequency of sex
more broadly.

The failure of the male resistance mechanism seemed surprising given differences in
infection prevalence between males and femaléseindirect testi.e., using prevalenaata
from the survey and field experimentniales resistethfection more than females, the
demographic model predicted that female infection prevalence should (usually) exceed male
prevalence, aseen herén the survey and experiment in the field. Yet, thgistancenodel and
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experiment ruled out male resistan®&ie must remember, however, that infection prevalence in
the field (andully dynamical models) does not simptyirror resistanceHence thecontrast
betweerthe prevalencéased indirect testsvthe actual resistance metnighlights key
differences betweeprevalenceandresistance

This alloeation response lnyfected femaleslid not arise due to a Red Queen mechanism.
Theepidemic sizanale frequencyorrelationdetected here superficially resenblaredictions
from the' ReeQueen hypothesis (RQH). In the RQH, parasites can increase frequency of
sexually reproducing hosts by sometimes granting them fithess advantages over asexual ones
(via host-parasite coevolutiarnhe RQselection mechanism can piece positive correlations
between epidemic size and frequency of sex, often indexed as percent males (Decaestecker et al.
2007; Hamilton et al. 1990; Jokela et al. 2009). Howevedmhniafungus systerhere
clearlylacks essentiadomponents requed for the RQHsummarized in Appendi®2). Thus,
while the Red Queen provides a powerful model for parasite-induced séocdlhgystem lacks
most of therequisite natural history ingredients.

Links between arasiteinduced stress and allocationsiexareparticularly intriguing for
facultative parthenogens. For these organisms, sex intricately links to dgramahdispersal
(Bell 1982;.Bonner 1958). Hence, ecological conditions that induce allocation to sdgaan a
modukte.population genetic variancates of evolution (Balloux et al. 2003; Wright 1931), and
inbreeding depression (Caceres et al. 2009). Therefore, conndwtiereen parasites and
allocation'to sex in these (and other) organisms may help clarify how and whereparasit
drive/maintainwariation in their host populatiorw generally then,do parasitestresshosts
enoughto alter-allocation to seat the individual and population levelgvhat genetic
components (e.g., modifier genes, Hadany and Otto 28@8)ate the switch to sexual
reproductionFuture studies that address thpkgsiological and genetic questions will advance

our understanding of the factors driving variation in the frequency of sexual reproduction.

ACKNOWLEDGMENTS
We are‘grateful to K. Boatman, A. Bowling, and Z. Brown for field assistance. $e3&sc
Ronk, B. Feaster, and T. Stoeltingfa Indiana DNHRacilitated the field surveyDiscussions
with A. de Roos (UvA) and the Bever and Lively$alilJ) improved this manuscript. (AEPA
STAR Fellowship supported JLH. N&RFssupported RMP, MSS, and ATNSFfunded this

This article is protected by copyright. All rights reserved



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
460
461

work: (DEB-0841679, 0841817, 1120316, 1120804, 1353749, 1354407, 135B30b&émeter
estimates utilized Karst, funded through the Lilly Endowment, Inc. and the IndianAGIET

Initiative.

LITERATURE CITED

Aguilar-Delfin,d., M. J. Homer, P. J. Wettstein, and D. H. Persing. 2001. Innate resigtanc
Babesia‘infection is influenced by genetic background and gender. Infection and
Immunity 69:7955-7958.

Balloux, F., L. Lehmann, and T. de Meeus. 2003. The dipul genetics of clonal and partially
clonal diploids. Genetics 164:1635-1644.

Bell, G. 1982, The Masterpiece of Nature: The evolution of genetics of sexuality. BeAle
USA, University of California Press.

Bertram, C. R., M. Pinkowski, S. R. Hall, M. A. Duffy, and C. E. Caceres. 2013.redliated
indirect effects, predators, and disease: test of absiged model. Oecologia 173:1023-
1032:

Bonner, J.'T.“4958. The relation of spore formation to recombination. American Naturalist
92:193-200.

BurnhamyK>P., and D. R. Anderson. 2002, Model selection and multimodel inference: a
practical informatiortheoretic approach New York., Springéerlag.

Céceres, C. E., C. Hartway, and K. A. Paczolt. 2009. Inbreeding depression varies with
investment in sex in a facultative parthenogen. Evolution 63:2474-2480.

Clay, K., and:P. X. Kover. 1996. The Red Queen Hypothesis and plant/pathogen interactions.
Annual Review of Phytopathology 34:29-50.

Cousineau, S. V., and S. Alizon. 2014. Parasite evolution in resposseliased host
heterogeneity in resistance and tolerance. Journal of Evolutionary Biology 27:2753-2766.

Decaestecker, E., S. Gaba, J. A. M. Raeymaekers, R. Stoks, L. Van Kerckhoven, D. Ebert, and L.
De Meester. 2007. Hoglarasite 'Red Queen' dynamicshaved in pond sediment.
Nature,450:870-873.

Decaestecker, E., A. Vergote, D. Ebert, and L. d. Meester. 2003. Evidence for strong hest clone

parasite species interactions in @phniamicroparasite system. Evolution 57:784-792.

This article is protected by copyright. All rights reserved



462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

Duncan, A. B., S. A. Hall, and T. J. Little. 2009. Parasitism and environmental sex detiermina
in Daphnia Evolutionary Ecology Research 11:965-973.

Duncan, A. B., and T. J. Little. 2007. Parasite-driven genetic change in a natural population of
Daphnia _Evolution 61:796-803.

Duncan, A. B, S. E. Mitchell, and T. J. Little. 2006. Paramdiated selection and the role of
sex.anddiapause Daphnia Journal of Evolutionary Biology 19:1183-11809.

Ebert, D. 2005,"Ecology, Epidemiology, and Evolution of ParasitisdDaphnia Bethesda, MA,
USA,"National Library of Medicine, National Center for Biotechnology Inforomati

Ebert, D. 2008. ' Host-parasite coevolution: Insights fronTtaphniaparasite model system.
Current:Opinion in Microbiology 11:290-301.

Griffiths, JG.pand S. P. Bonser. 2013. Is sex advantageous in adverse environmesite? A te
the Abandon-Ship hypothesis. American Naturalist 182:718-725.

Hadany, L., and S. P. Otto. 2009. Condition-dependent sex and the rate of adaption. American
Naturalist 174:S7578.

Hall, S. R4C»R. Becker, J. L. Simonis, M. A. Duffy, A. J. Tessier, and C. E. Caceres. 20009.
Friendly‘competition: evidence for a dilution effect among competitors in a planktonic
host-parasite system. Ecology 90:791-801.

HamiltonsW. D., R. Axelrod, and R. Tanese. 1990. Sexual reproduction as an adaptati@h to resi
parasites (a review). Proceedings of the National Academy of Sciences 835336

Hartfield, M., and P. D. Keightley. 2012. Current hypotheses for the evolution of sex and
recombination. Integttive Zoology 7:192009.

Hite, J. L., RaM. Penczykowski, M. S. Shocket, A. T. Strauss, P. A. Orlando, M. A. Duffy, C. E.
Céceres et al. 2016. Parasites destabilize host populations by shiftingtatageed
interactions. Ecology 97:439-449.

Hobaek, A.,,and P. Larsson. 1990. Sex determinati@aphnia magnaEcology 71:2255-2268.

Jarefors, S.,.L..Bennet, E. You, P. Forsberg, C. Ekerfelt, J. Berglund, and J. Ernerudh. 2006.
Lymerborreliosigeinfection: might it be explained by a gender difference in immune
response? Immunology 118:2232.

Jokela, J., M. F. Dybdahl, and C. M. Lively. 2009. The maintenance of sex, clonal dynamics, and
host-parasite coevolution in a mixed population of sexual and asexual snails. America
Naturalist 174:S4353.

This article is protected by copyright. All rights reserved



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
521
522
523

Kovalchuk, 1., O. Kovalchuk, V. Kalck, V. Boyko, J. Filkowski, M. Heinlein, and B. Hohn.
2003. Pathogemduced systemic plant signal triggers DNA rearrangements. Nature
423:760-762.

Lively, C. M., M. F. Dybdahl, J. Jokela, E. E. Osnas, and L. F. Delph. 2004. Host sex and local
adaptation by parasites in a sadmatode interaction. The American Naturalist 164:S6
S18.

Lucht, J: M:;"B:"Mauch-Mani, H. Y. Steiner, J. P. Metraux, J. Ryals, and B. Hohn. 2002.
Pathogen stress increases somatic recombination frequefAigbidlopsis Nature
Genetics 30:311-314.

Matlab. R2016a. Mathwork#latick, MA, USA.

Maynard Smith, J. 1978, The evolution of sex. Cambridge, England, Cambride Univ. Press.

Moore, S. L., and K. Wilson. 2002. Parasites as a viability cost of sexual seieatiatural
populations of mammals. Science 297:2015-2018.

Mostowy, R., and J. Engelstaedter. 2012. H@stsite coevolution induces selection for
condition-dependent sex. Journal of Evolutionary Biology 25:2033-2046.

O'Connell;"L."M., and C. G. Eckert. 2001. Differentiation in reproductive strategy between
sexual and asexual populationsfoitennaria parlinii(Asteraceae). Evolutionary
Ecelogy Research 3:311-330.

Otto, S. P. 2009. The evolutionary enigma of sex. The American Naturalist 174:S1-S14.
Perkins, S.E., I. M. Cattadori, V. Tagliapietra, A. P. Rizzoli, and P. J. Hudson. 2003. Empirical
evidence for key hosts in persistence of a-biokne disease. International Journal for

Parasitology 33:909-917.

Pinheiro, J. C., and D. M. Bates. 2000, BtixEffects Models in S andus. New York, NY
USA, Springer New York

Remoue, E.,.D..T. Van, A. M. Schacht, M. Picquet, O. Garraud, J. Vercruysse, and A. Ly. 2001.
Gender-dependent specific immune response during chronic Hech&tosomiasis
haematobiaClinical and Experimental Immunology 124:62-68.

Salathé, MR, D. Kouyos, R. R. Regoes, and S. Bonhoeffer. 2008. Rapid parasite adaptation
drives selection for high recombination rates. Evolution 62:295-300.

Stelzer, CP. 2015. Does the avoidance of s#xosts increase fitness in asexual invaders?
Proceedings of the National Academy of Sciences 112:8851-8858.

This article is protected by copyright. All rights reserved



524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554

Tessier, A. J., and C. E. Caceres. 2004. Differentiation in sex investment by clones and
populations oDaphnia Ecology Letters 7:695-703.

Van der Plank, J. E. 1963, Plant disease: Epidemics and Control. N.Y., N.Y. USA, Academic
Press.

Walker, W..C. W. Roberts, D. J. P. Ferguson, H. Jebbari, and J. Alexander. 1997. Innate
immunity toToxoplasma gondis influenced by gender and is associated with
differences in interleukiri2 and gamma interferon production. Infection and Immunity
65:4119-1121.

Wright, S/ 1931, Evolution in mendelian populations. Genetics 16:0097-0159.

FIGURE CAPTIONS

Figure 1. Life cycle of the hostDaphnia dentiferaSolid lines depict the asexual
parthenogenetic phase. Dashed lines depict the sexual phase. Numbers in parentheses reflect the
ploidy of the gametes produced by different stages. Note the smaller size of adsltetatlve

to adult females. lllustration by Julia Ferguson.

Figure 2. The'epidemic sizmale frequency patterfield survey Variation in the maximum
frequency=ef males, relative to adult females, in populations of a zooplankton hostryirtig va
epidemic.sizes (indexed as integrated prevalence [proportion days]). Eacis po@if 32

lakes, with the maximum frequency or integrated epidemic prevalence averaged acyesssl
(2009 — 2015) + SE. Regression beisline (black line) and lower/upper 96 confidence
envelopess«(grey lines)A] Males became more frequent during larger epidemics of the fungal
parasite. B)xRPopulations with higher maximal frequency of males had higher maximal frequency
of ephippial female€Examples(C, D) Mean frequency of infection (grey), males (black), and
ephippial females (white) through the autumnal epidemic season in a lak€atlsrhall

fungal epidemic (Dogwood, 2011) and (D) a larger one (Midland, 2011).

Figure 3. Experimental confirmation of the epidemic siale frequency pattern: (Agake-
deployed mesocosms confirmed that fungal epidemics caused host populations to skift towar
higher mean frequency of males (accounting for a nutrient effect and interaegdexy. B)
Disease significantly decreased hdshsity. Thus, stressful overcrowding did not explain higher
male frequency in parasite treatments. For GhtdducedP-values, ‘F’, ‘N’, and ‘F'N’ indicate
fungal parasite, nutrient, and interactive effects, respectiv@)\D)Y Seasonal dynamics from the
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high nutrient treatment illustrate mean frequency of males (black) withaypgnel C) and with

(+, panel D) parasites. Grey squares denote parasite prevalence. The dashed line marks
maximum frequency of males in the parasite treatment. Points areeans + SE.

Figure 4. Experimental test of the ‘allocation to sex’ mechanism:téfde assayindividual,
infected female hosts increase production of males in-talifie assay A) Infected female

hosts, from '+ parasite’ flasks, significantly incred$iee frequency of males produced per

clutch. B)Virulence on fecundity: infected hosts produced fewer offspring relative to atadfe
hosts. P-values'come from a generalized linear mixed effects model. Ridleshfilled symbols

are — parasite’ and + parasite’ treatments, respectively. Data are means +SE.

Figure 5. Quantifying ‘male resistance’: field survey and lake mesocosms vs. lab experiments:
(A) In the fieldsurvey (2015), males and juvenile females were significantly smaller than adult
femalehosts, canfirming the size component of the hypotheBjdn(the field survey (squares)
and mesocosm experiment (triangles), males and juveniles had lower infection prevalence
(means = SE) relative to adult females. Lower case letters indicate significant differences
between stages; survey and mesocosm data analyzed sepatatelyhé lab experiment, males
also tended torhave lower infection prevalence relative to juvenile and adult females (means +
bootstrapped 95% CI). However, infection prevaletidenot differ significantly across stages.
P-values.are from a logistic regression model with “D” representing padsteeffects, “St”
representing stage effects, and “D x St” representing their interaction.

Figure 6. Quantifying ‘male resistance’ wita size based mode\: sizebased model of
resistanceshows that smaller males do not resist infection more than adult few@les. (
Parameteriestimates (x 95% CI) from the model (equs. 1,2) fit to a joint fofiafpegon assay.

(A) Sizecarrected expsure rateE (equ. 1), B) perspore susceptibilityy (i.e., susceptibility of

hosts toinfection to consumed hosts), abjdsjze corrected resistanc% (i.e., the product of

andu; low % means highesistance).l{, E) Bestfit model predictions of (D) exposure rate,

Ej(L,2), and (E)resistangg(L,2), for each host stage (means + 95% confidence envelopes).
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