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ABSTRACT

Seasonal epidemiesupt commoly in natureand aredriven by numerousechanismsHere,

we suggest newmechanisnthat coulddeterminghesize and timingf seasonal epidemics
rearingenvironmenthangeshe performancef parasites. This mechanism arigsd®enthe
environmental conditions in whichparasites producedmpactits performance—independently
from the current environmento illustrate thepotentialfor ‘rearing effect§ we show how
temperature‘influences infection risk (transmission iataDaphniafungus disease system
through bethparasiterearingtemperaturandinfectiontemperatureDuringautumnal epidemics,
zooplankton hosts conta@at) fungaparasitegsporesyearedn a graduallycooling

environment. To delineatbe effectof rearingtemperaturérom temperatureat exposure and
infection, we used lab experimertsparameterize a mechanistic model of transmission\iége.
also evaluated the rearing effesing spores collected from epidemics in coolalgs We

found that fungal sporaseremore infectious when reared at warmer temperatures (in the lab
and in two.of three lakes). Additionally, the expostioeaging rateof hostsincreased with
warmerinfeetiontemperaturesrhus,both mechanisms cause transmissiontatiopas
temperature decreasesger the autumnapidemic seasoffrom summer to winter)Simulations
show howthese temperatwdriven changes in transmission rate can induce waning of epidemics
as lakes.cooF-urthermoreyia thermallydependent transmission, variation in environmental
cooling patterns can alter tsze and shapef epidemics. Thus, the thermal environment drives
seasonal epidemics through effeatshosts (exposure rate) and thiectivity of parasite (a
rearing effect)Rresently, the generality of parasite rearing effects remains unknown. O result
suggest that:they may provide an importantunaterappreciateshechanism linkingemperature
to theseasonaty of epidemics.

KEYWORDS

Daphnig disease ecology, disease seasonality, fungal disease, infectious distasenikowia
rearing effectseasonal epidemicemperaturethermal ecologytranshost effecttransmission
rate

INTRODUCTION

Disease outbreaksften eruptat thesame timesach yea(Altizer et al. 2006)However,
many potential driversf disease&hange synchronousasthese seasonal epidemics wax and
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wane. This synchronizatia@omplicates the search for environmental factioasdrive the
dynamics oseasonal outbreakBascual and Dobson 2005, Altizer et al. 200@netheless,
manymechanisra contribute tdhe seasonality of infectious disegdesluding influxes of
susceptible hosts, changes in contact rates due to host behavior, changes in host immunity,
influence of.elimate offreeliving parasite stages in the environment, elmdate-driven
changes ivector abundance amgctor and/oparasitegphysiology(Altizer et al. 2006, Grassly
and Fraser2006)Ve argueherefor anewmechanismrearing environment (i.e., during the
previous infectiohcan change key traits parasitesn the subsequemfection—independently
from effects otthe current environmenthrough thesparasite rearing effects,seasonal
environmentgan alter traits thathapespidemics

Thissidea emerges from previous workteamsgenerationabr maternal effecttat
generate phenaotypic plasticity host traitsand influencalisease interaction§Plastic’ means
the environment changes phenotyp@hout evolution) For example pffspring susceptibility
and infectien severity can dependroaternal exposure to parasi{®itchell and Read 2005,
Sadd et al#2005, Moret 2006, Ben-Ami et al. 2010, Holeski et al. 2012), food resources
(Mitchell and"'Read 2005, Ben-Ami et al. 2010, Boots and Roberts 2012, Garbutt et al. 2014),
and temperatur@Garbutt et al. 2014). Typically, thelevance of these effecon hostss
couched.evolutionarily (i.e., plasticity might weaken parasiéehated selection, thereby
inhibiting evolutionary responses to disease: Lazzaro and Little 2009, Wolinskaranad09).
Plasticityin,parasite traits is lesstudied, andisuallyconsidered as a function thfe current host
environment(e.g., Mideo and Reece 20H)wever the rearing environmemixperienced by a
parasiten asprevious hostanimpactits performance ithe subsequent hostheserearing
effects’or ‘ftranshost effectson parasite have arisemn a handful of systems in which the
performance oé. parasite depends hostresourcegTseng 2006, Little et al. 2007, Cornet et al.
2014) or host.genotyd&earle et al. 2015 the previous infectionThese effects represent a
biologically.distinct mechaism forgeneratinglasticityin parasite traitsAccordingly,their
independentinfluence atsease interactioraises as long agl) environmental conditionsary
over somespatiotemporalscaleand(2) key parasite traits (like infectivity) respond plastically to
environmental conditions (like temperature) during prior infectiam rearing effects to shape
the dynamics ofeasonaépidemics, parasites must ateproduce and spread repeatedly during

epidemicsas the environment changes seasonally
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86 Here, wellustrate howa thermal rearing effect on parasite infectivigips shapthe
87 size and timing o$easonal epidemicBuringautumnal epidemicgooplanktorhosts andungal
88 parasites encounter each other gradually coolinghermalenvironmentA single infection
89 cycle lasts 120 _days henceas the epidemics progress from late summeatty winter, the
90 parasiteproducs sporesit very different temperaturgdrom approximately 27° down to 1Q).
91 Arearingeffectemergs becaus¢he temperaturef parasiteproduction influencetheir
92 infectivity (also callecber spore susceptibilityh the next hostdowever temperaturalso
93 influences other componentsiofection risk For exampletemperature controthe foraging
94 rateof this ectothermic hosBince hosts eat spores, exposure becomes a thermally dependent
95 trait (Hall et al=»2006, 2007, Shocket et al. 2018). Furthermore, sfergivity itself may also
96 depend ontemperature at the time of exposure and dhgngewinfection Thus, any
97 quantitative evaluatioof thermal rearing effects on parasibtegstdistinguish thenirom the
98 other effectof temperatureuring exposure and infectiomo address this challenge, we
99 combire experiments and mathematical models desigoegparatélistincteffectsof
100 temperatur@mninfection risk akatransmission ratéas encouragegenerally byMcCallum et al.
101 2017): Q) temperatur®n host exposur€oraging) (2) rearingtemperaturen parasite
102 infectivityand(3) all othereffects of temperature grarasite infectivityduring exposure and
103 infection
104 Our investigatiorshows thaparasiterearingtemperatur@and exposurenfection
105 temperaturgointly influencediseasdransmissionand together thegandrive the trajectory of
106 seasonal epidemic¥/e presenimethods and results of three complemengaglysesFirst,in
107 Temperature-Dependeaof TransmissionExperiments &odel we measurd theeffects of
108 temperature oforaging rate and spore infectivity. We thgumantitatively separatehe three
109 thermaleftects(described above) Hitting a mechanistic model of transmissiaate tothe
110 experimental.datarhe foraging rate of hosts (and, hence, expastedo sporeswas higher at
111 warmer temperatureddditionally, spore infectivitywas primarilydriven by a pronounced
112 thermalrearingeffect sporegeared at warmer temperaturesre much more infectious.
113 Second, irField Test: Infectivity Assag, follow up experiment revealdlat field-collected
114 sporeshecamdess infectiouss lakes cooledHencethe rearing effeatletected in lab also arose
115 in nature.Third, in Simulations of TemperatuiExplicit Epidemicswe built amathematical
116 model of seasonal disease dynamics aptphtion level. Because the modelsleis turn
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specificthermal mechanisnmen or off, itillustratestheseparatéhermaleffects ofrearing vs.
exposure during autumnal cooling. Then, armed thighcompletéransmissiormode| more
simulationdinked differentpatterns otoolingto variation inthe size and timing afeasonal
epidemics Thus, we identify and quantify a thermal rearing effegbamasitenfectivity,
confirm its relevance in the field, and illustrate its quantitative importéaloagsidenost

exposure)n. simulated epidemics.

STUDY SYSTEM

The parasiteN]letschnikowia bicuspidatdereatfter, ‘fungus’is a virulent ascomycete
yeast(Ebert 2005) The host Daphnia dentiferahereafter ‘hos} is the dominant zooplankton
grazerin manysfreshwater, temperate lakes across the Midwestern United States (Tessier and
Woodruff 2002): During epidemicsfectionprevalenceanreachup to 60%(Hall et al. 2010,
Penczykowski et al. 2014&)osts become int#ed when they filtefeed and inadvertently
consume fungal spores. Thus, exposure rate is proportional to foraging rate (H20e7n
Onceingesteduth@eedlelike spores pierce through the host’s gut wall, entering the body
cavity. The*fungal conidia replicate in the host hemolymph before prodigngext generation
of spores«(Metschnikoff 1884, Green 1974). When thediestlO — 20 days posifection,
spores arerreleased into the water colwharenew hostganconsume them (Ebert 2005).
Previous studies have not fougenetic variatiofetweerpopulations via sequencirfg/olinska
et al. 2009, Searle et al. 201d)lab experimentmeasuring parasiteaits (Duffy and Sivars-
Becker 2007;"Auld et al. 2014, Searle et al. 2015). However, spore infectivity responds
plastically te-host genotypg&earle et al. 2015)

The seasonalitgf epidemics motivatesur focus on temperaturéungal epidemics
(defined In our system as infection prevalence >1% sustained for at least 2 tyeiekdly
begin in late.summer or early fall (AugusOctober) and wane in late fall or early winter
(November -DecemberFig 1A; Hall et al. 2011, Penczykowsdt al. 2014). During thistime
period, lakewatertemperatureleclinesirom approximately 27°C to 10°Eig. 1A, Appendix
S1:Fg. S4*Thus, hosts and parasites encounter each other in a thermal envirtdraheabls
gradually This natural historycreateghe opportunityfor a pronouncethermal rearingffectif
thetemperature at which sporage producetmpacstheir performance. Additionally, hosts

could encounter spores madeeither similaror warmertemperaturs. If most spores are
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148 consumed or lost quickly after release, haseexposed t@pores reared recently in a similar

149 thermal environmenilternatively, f spores remain in the water column &or extendetime,

150 hostswill encountespores reareith awarme past environmen(in average)Howevera

151 rearing effectould impact parasit@fectivity regardless of the presence or absenceicia

152 temperature.dagecause it exerts a unigbmlogicaleffect Cther traits that influence the spread
153 of this fungusalso change plastically with temperat@eeg., demographic traits of hosts,

154 production‘of'spores, and exposure rate; see Hall et al. 2006, Shocket et al. 2018).€Therefor
155 seasonal dynamics of epidemics could depena thiermal rearing effectupled with the

156 thermal esponses of these other traits.

157

158 TEMPERATURE-DEPENDENCE OF TRANSMISSION: EXPERIMENTS & MODEL

159 Experimental Methods

160 Foraging Assay

161 We collected foraging rate data across gradients of temperature and host bddy size (
162 Shocket etral=2018). Foraging ratdDaphniadepends on both (Kooijman 200@nd our

163 analysis requires estimates of foraging rate for two different body sizes (large aduib mm

164 for the traasmission model and population average 0.85 for simulations of epidemic3)o

165 quantity feraging, we used standard methods that compare the fluorescence of ungrazed and
166 grazed algaéSarnelle and Wilson 2008, Penczykowski et al. 2014b). See Appendix for detailed
167 methods. Hosts were cultured at 16, 18, 21, 24, and 27°C. The assay used individuals from each
168 temperature“that spanned a size gradient including small juvdaiigs juveniles, and adults.

169 We fit the funetion for temperaturand sizedependent foraging rate (eq.kelow) using

170 maximum likelihoodestimationvia the ‘bbmle’ package (Bolker and R Development Core Team
171 2017)in R (R Core Team 2017). We generated 95% confidence intervals for the function

172  coefficientshy.bootstrapping 10,00€amples

173

174  Infection Assay

175 We measured transmission ragte &t factorial combinations of parasite reariiig)(and

176 exposure/infectionT(g) temperatures using amfection assayWe reared spores at four

177 temperaturesIk = 15, 18, 20, and 229@nd used those spores to infect new hosts at five

178 temperatureslfg = 15, 18, 20, 22, and 25y@r 20 total rearingemperatureexposure/infection
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temperature combinationghis design was necessarygueantifythe rearing effect

independently ofhe effects of exposure/infection temperat@ee Appendixdr detailed

methods and a discussion on experimental design for incorpoaaithgneasuring rearing

effects We cultured a cohort of neonate offspring for five days at 20°C (to control fordipely

at parasite_exposureOn day 6 (averade= 1.5 mm), hosts wetteansferred to their temperature
treatments,andxposed to spores for 24 hours. We visually diagnosed hoss¥dor

infection' 10-18"days post-exposure (depending on temperature). For each treatmerd, we use
maximum-ikelinood to estimate the transmission rate from the proportion inféééed.

generated 95% confidence intervals for the transmission rate at each temperature corblgination
bootstrapping=10,000 samples.

Formation of the model

We built a mechanistic model of transmission rate fasietion of bothparasiterearing
temperaturéTRr) and exposure/infectiolmperaturéTg; seeFig 1B). Transmission ratesy is
the productrefforaging rate of hostsgincehosts encounter spores while foraging) and per
spore infectivity (). In the model, foraging rate of hosts depends only on exposure/infection
temperatureln contrast, spore infectivity depends on bp#nasiterearing temperature and
exposurefinfection temperatuieherearing temperature determines spores’ baseline infectivity.
The exposure/infection temperatuwatsoinfluences the probability auccessfuinfectionvia
other effects omost and parasite physiology.

Wedit'thetransmissioomodel using data from thevo assayslescribed abov&Vith data
from theforaging assaywe modeled foraging rate (i.e., exposuaée)calculated for individual
hostsas anArrhenius function of exposure/infecticemperaturéTg) anda power function of
body length of hostd.{:

F(Ten )= LY - f e (T,:ef—%) eq. 1
with normally distributed errorghis size and temperature-dependent foraging féftg, L),
dependsen body length)(raised taa powercoefficient(y), the size specificforaging rate £) at
a reference temperaturg(s= 20°C),and an Arrhenius coefficienT{) governing how steeply
foragingscales with temperature.

We useddata fromthe infection assay to estimate transmission ygjtatfactorial
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combinations oparasite rearintemperatur€Tr) and exposure/infecticilemperaturgTg). We
calculatel the spore infectivity () at eachtemperatureombination {i(Tg, Tr)] by dividing our
point estimate of transmission ragbéTg Tr), by the value of the foraging rate functimn large
adult hosts (infection assay average 1.5 mm)at theexposure/infectiomemperaturef(Tg, L =

1.5mm)]. See.Appendix fodetailed methodsSpore infectivity, then, is:

B(TELTR)
u(Tgplgh= L0 eq. 2

This function (eq. 2yenerate a3D surfaceshowing how spore infectivity depends Tr and
Te. We fit alinear plando this3D surface in RWe generated 95% confidence intervals for the

slope coefftients using the bootstrapped values for foraging and transmission rates.

Results

Foraging ratef] increased with temperaturé«() and host body lengti.{ Appendix S1:
Table S1Fig 2A,B).Sincehosts encounter spores while foraging, tbegtact more spores
warmer environments. Thus, for a constant density of spores, exgbsuitd decrease over the
epidemic season as lakes cool.

Parasiterearing temperaturd §) and exposure/infectioiemperatureTg ) had opposing,
lineareffects onyspore infectivityuf. Spore infectivityincreased strongly witfearing
temperature«(p=9.0001, sloper = 9.0 x 10°; light grey arrows in Fig 2C). However, it
decreasedess stronglywith exposure/infectioremperatureg < 0.0001, slopeg =-4.9 x 10
> dark grey'arréws in Fig 2CRased the slopes, the positive rearing effect on infectivity was
1.83 times larger than the opposing negative effect of exposure/infection tamgetéing
with the linear model intercept (= -0.011), theeslopes define the plane that describes how
spore infectivity depends on both temperatures (Fig 2C).

Whilesthe factorial combination of temperatures is necessary to fit the transmission
model,not all @mbinations ofearing(Tr) and exposure/infectiol@mperature$Tg ) occur in
nature. For instance, during epidemi€snost spores are consumed shortly afteir
production,Tg andTg areapproximately equal. In that scenasppre infectivity(u) net
increasesvith temperatte, andhereforenetdecrease overtime as lakes coolf¢llowing the
dashed arrow in Fig 2CAlternatively, Tr could lag behindg, if spores made in warmer
conditions persign the environmenfior a while. Still, Tr andTg, areclosely linked at the
seasonal scalsince bothstart high and decrease simultaneousiyius, we still expect spore
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infectivity to decrease over time at the seasonal scale. (We atitrpsgential lag between
temperaturebelow: seeSimulations off emperatureExplicit EpidemicsandDiscussion)

Transmission ratgf] estimated from the infection assay showwezbmplex relationship
to parasite rearingnd exposure/infecticiemperature (solid linesand xaxis inFig 2D,
respectively.-the modeteadilyreproducedhis patterndashed lines in Fig 2D) from the
product of'adult foraging rate (Fig 2B) and spore infectivity (Fig 2C), partigulael strong
rearingeffect First, colder rearingemperature caused large drops in infectivity, regardless of
exposure/infectiotemperaturdi.e., differences in contouregans inFig 2C) spores made in
colder conditions are less infectiod$ien, transmissiorateincreasedvith exposure/infection
temperatur@nly. when spores were reargdwarmer conditions (e.g., 22°C, dark grey contours);
therelationshipflattened as rearing temperature dropfmedolder temperatures (e.@5°C, light
grey contour).

This complicated relatitship between transssion ratgf) and exposure/infection
temperaturéTg,) arosebecauseearing temperatur@r) altersthenetbalancebetweernwo
opposing influences dfg (Fig 2C, Table 2). On the one hafd, exponentiallyincrease$ost
foraging €)"and‘contact with sporéEig 2B); on the other, it simultaneousiyearly decreases
sporeinfeetivity (u). When baseline spore infectivity is high (from warg), it enhances the
positive effects off g, causing either high transmission (for the exponential effect on foraging
whenTg is warn) or medium transmission (for the linear effect on infectiwibenTg, is cool).
When baseline spore infectivity is low (from cd®), it enfances theegative effects ofg,
causing uniformlyjow transmission rat@ combination withany Tg,. Overall, tansmission rate
is highest whemearingtemperatur@and exposure/infectiolemperature are both wartrecause
hosts consume many spores with high baseline infectiMitgse conditions resemble the start of
fungal epidemics itate summer Thus,transmission rate should decrease over the epidemic

season as.lakes cool.

FIELD TESTFINFECTIVITY ASSAY
M ethods

Is theparasite rearing effect tmelab experimentelevant innaturé® To answer this
guestion, w testedwhetherrearing temperaturd §) influenced infectivity () of spores
collectedfrom natural epidemicdVe sampledepidemics irthreelakes on Novemberand 2%’
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271 2015(Clear, Gambill, and ScotGreene and Sullivan Counties, Indiana, USR)bothvisits,
272 we measured water temperature of each &ke meter intervals with a Hydrolab multiprobe
273 (Hach Environmental) anchlculated the average temperaturéhef Unstratified water column.
274  The average temperatumenong thdakeswas 13.7°Q+/- 0.50°C SE)on November 9 and

275 10.1°C (+/- 0.49C SE)on November 28, a 3.6°C difference over fourteen ddy& parasite
276 generation)Oneach lakedate, we collected a zooplankton sample (13l@meter Wisconsin
277 net with153m mesh). After visually identifying infected hosis,collected andhomogenized
278 ~30hostsandquantifiedtheir sporeqat 200X, with a hemocytometerfhe gpores from

279  November 8 werediluted in filtered lake wateandstoredin openbeakersat 15°Cuntil the

280 assay datéSpores retain their infectivityver this time scalgn an oxygenatednvironment

281 (unpublished data).

282 We used these fieldollected sporem an infection assaysee Appendix for detailed
283 methodsOn November 2%, we exposedsix-day-old large, adult hosts to spor&e assay was
284 conducted.at one exposure/infecttemperatur€21°C). Ten days later, we diagnosed the
285 infection status of hosts and calculated the propomifatted for eaclsporetreatmentWe

286 estimated transmission ratg) according to egS6 in AppendixS1 Sincethe

287 exposurefinfection temperaturBs() wasconstantdifferencesn g stem fromdifferences in

288 spore infeetivity(u; see Fig. 1B)We used randomization testsdetermine if spore infivity
289 decreased in each lakeor each lakesporedatewasrandomly shuffleqwithout replacement)
290 among individual hosts 10,000 times. For each simulatierestimatedhetransmission rate for
291 both ‘spore=dates’ and subtractecctdculatethe differenceThese calculationsreatel a

292 distributionef.expected valuedue to random chance. We used the inverse quantile function in R
293 to assign @-value to the observed differencetiansmission ratelsased on these distributions.
294

295 Results

296 Spores.collected from natural epidemics declined in infectivity as tempedatpped.
297 More specifically sporeinfectivity (measured as differences in transmission ggje [

298 significantlydecreased in two of three lakes (FR3gGambillp < 0.0001 Clearp = 0.0024). In
299 the third lake, infectivity waalreadyverylow onthe firstdate Thus, although infectivity

300 decreasedye did not have enough power to detect a signifidéference(Scottp = 0.19.

301
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SIMULATIONS OF TEMPERATURE-EXPLICIT EPIDEMICS
M ethods

How mightthese thermal effects impact diseasébreaks at the population levdlo
answer this questionve used a mathematical model to stthayrelative contributionsof
foragingratef(ITg ), and spore infectivityy(Tg, Tr), during simulated epidemics. We also
evaluatedhow variation in coolingscenariosegulates the trajectory and size epidemics. In
this population‘modeliraits of host and parasite (i.e., model parameters) vary as functions of
temperaturémodified from Shocket et al. 2018 to inclug&ring temperaturand omitalgal
food resources). The modelritten withouttraits as functions demperaturgfor visualclarity,

is (see alse TaldelandAppendix S1: Tabl&1):
as

= =B~ (S +D)(S +)-dS —ufSzZ eq. 3a
L =ufS7 — dl eq. 3b
Lsdilo—mzZ—f(S+DZ eq. 3c
T O SR 4 T, eq. 3d

dTr _ dil o(Tg—TR)
dt A

Susceptiblehost$S(eq. 3a) increase via births from susceptible and infetteth§sesper

eq. 3e

capitabirth ratedropsfrom its maximumb, due to density-dependengaramete(c). Parasites
haveno effecton birth rate (identica for both classespBusceptible hosts decrease at
background.death ratd)(and become infected afteonsuming fungal sporeg)(at foraging
(exposurejate §) that havespore infectivity (). Infected hosts (eq. 3b)crease from infection
and die atwirulencelevatedated;. Dead infected hosts release spores (eq. 3c) at spore yield
(o). Spores arelost at a background raieghd are removed by the foraging of susceptible and
infected hosts.

Exposure/infection temperaturég(, eq. 34 is the current water temperature, which is
seasonally foreetb decrease sigmoidallyvertime {; see Fig 4A for example)t starts at a
constantigh temperaturel(,ay, decreases during autumnal cooling, and plateaaiscidl
temperatureTmin). In this functionD is the day when temperature reaches the midpoint of
cooling, andR controls the cooling rate (highBmeans faster coolingYo avoid extending the

transmission model to values colder than those used to parameterize itTwe sdtC for all
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simulations (although temperature dreyel below 15C in nature).Tg is the sole determinant

of all temperaturalependent traits (Appendix Slable S1)except sporénfectivity (u). Spore
infectivity alsodepends otthe rearing temperatu(@r, eq. 3¢ of sporesAs lakes cool over

time, new _sporereleased ito the environment are reared at cooler temperatliceaccount for

this dynamic.processheé modelracks themeanrearing temperature of all spores in the
environment (see Appendix for derivatioN)ean spore rearing temperature changes with inputs
of new sporesd{ | o), weighted by the difference between the rearing temperature of new spores
and the mean‘rearing temperature of old spdrgs (Tr). This cooling ofTg is slowed by higher
densities of older sporeg)(that were reared at warmer temperatimgsemain in the
environment.sTfogethelrs; andTr determine spore infectivityuf. This modeling approach

allows us te‘incorporate the rearing effect on infectivity angutmtify the lag between current
water temperaturand mean rearing temperature.

We usel the model to quantify the contribution of host foraging ritaer(d spore
infectivity (u) to decreasingliseasdransmission over thepidemic season. We simulated
epidemicsswhere both traits were held constant, eaclvarégdalone, andboth traits varied
with the appropriate temperatsrelhen, wejuantified how variation in cooling scenarios could
influenceepidemic sizeand the timing of peak prevalencakes vary in their seasor@ioling
patterndueto differences ihabitat structuréfor example, maximum depth, Appendix $ig.
S4A). For a given lake, intesnnual variatiomn the timingandrate ofcooling is controlled by
largerscale _climatevariation(for example Appendix S1Fig. S1B). Thus, ve variedl) starting
temperaturdthe high ceilingTmay), 2) startdate of coolingD), and 3) steepness of cooling rate
(R).

All‘simulations began with low infection prevalence (1%) to mimidypieal seasonal
patternwe observe in naturésmall initial start) We parameterized host foraging rate (eq. 1) with
a typical average body length for these populatiars .85 mm, unpublished dat&®thertraits
(host birth ratelf], death rates of uninfected][andinfected host$d;], and spore yieldd])
varied witheurrent watetemperaturéTg ) according tolrable S1(Shocket et al. 2018). The

density-dependena# birth rate(c) and loss ratef sporesrf) did not vary with temperature.

Results

In a typical coolingscenariaFig. 4A), thetemperaturelependence dbraging ratef
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362 and spore infectivityd) both lowered transmissioate(Fig. 4B) andnfection prevalence (Fig.
363 4C). The difference between timeanparasiteearing temperaturd g) and the currenwvater
364 temperatureTg) was negligiblecompared to the seasonal shifts in both temperatures. The
365 maximumdifferencewas~0.17°C because lakes cool gradually as spareggained and lost.
366 (Larger lags.are possibigven the planktohike parameters usebut requirdarge, sudderand
367 unrealisticchangesn temperaturesee Appendi&1: Fig S3 Even though simulatetly; andTr
368 closely trackedeach othdmthstill strongly influencel epidemicsize (current water

369 temperaturevia hosvraging rateandsporeinfectivity; rearing temperature viepore

370 infectivity). Foraging rate alone hadarger effecon epidemicsizethan spore infectivity alone
371 (as parameterizeiere al7% vs. 366 reductionn epidemic size [area under the prevalence
372 curve]). Combined, both factors produced an even smaller epidadu®o(reductioras

373 parameterizetiere)that qualitatively matches the seasonal waning of epidemics typically
374 observedn nature(for example, in Fig 1A).

375 Different scenarios dake cooling (determinetdy parameters of thgg function,eq 3d:
376 Tmax D, Rjyehangedepidemic sizeand timing of peak prevalend&/hen bkes begathe

377 epidemic season with a warmer temperathigherTmay), epidemicaverelarger (Fig A,B,C).
378 Howeverepidemicgeached their peak (maximum prevaldragest in the seasai

379 intermediate starting temperatur¥ghen the onset of coolingas delayedhigherD), epidemics
380 werelarger andoeakedater in the seasaffrig 5D,E,F). Whendkes cooledaster(higherR)

381 epidemicseached a higher peak prevalence, but total epidemic size remained fairly consistent,
382 because prevalence also decreased more q\feikyG,H,l). For most of the rang# R, the
383 timing of peaksprevalence changed little. Thus, cooling Ryteadrelatively small effects on
384 epidemic properties compared to the other two param@iggsandD).

385 Thepatterns of theswvo epidemic propertie@pidemic size and peak timing) have
386 simple or complex explanation®spetively. The mechanistic linkbetweencooling parameters
387 andepidemic.size is straightforwardarmer temperatures elevatansmission rat€p) via the
388 effects on.host exposure and spore infectivity. Tmme timespentat higher temperaturggia
389 higherTmax laterD, or steepeR) results inlarger epidemics. However, the relationship between
390 epidemic size angeaktiming of epidemics is complex: epidemic size and date of peak
391 prevalence can be eithgositively correlated (Fig 5Fr exhibitdifferent relationshipg

392 different parts of parameter space (FigI»C
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We dissect these relationshipsdetail in Appendid&1(Fig. S4)but briefly summarize
themhere. The timing of peak prevalence is strongly influenced by the attracting interior,
epidemicequilibrium (whe temperatures are warnmeandtransmission rates highejy or the
attracting boundarydiseasdree equilibrium (when conditions are coldandtransmission rate
becomes toa.low to support epidemid®)e interior equilibrium contains trdensity of
susceptible host$ (which is the minimal host requirement of the parasite:lowestlensity of
susceptible*hosts required to maintain the epidemic) and the density of infectet! hast
epidemicggrow, the parasite depletes suscepthusts towardghis minimal host requirement,
S . However,cooling raisesS (and lowerd"). Thatrelationship between the burn-througtsof
by the parasitefiiom infection)vs. the increase iminimal requirement$S) from cooling
depends on‘transmission rate, the trait made so thermally sensitive from bgitngfewrad
rearing effects of temperaturhe transmissiomediated burn-througbaries among cooling
scenariosandlays at the heart of these varying relationshiffter epidemics chargpast this
interior equilibrium(with infection depletings, increasing), epidemicgeak andhenwane
with coolinggBuring that wanindransmission rateecomes too low to support epidemics (i.e.,
parasite losses’exceed gains from new infectidth@)ever it takestime for epidemicdo coast

towardselimination

DISCUSSION

Canparasite rearing effecisfluence the outcome of hoparasite interactions®
handful of Jabexperiments show that the conditions in waipharasiteés madecan affecits
performancesit@ subsequent infectiqfiseng 2006, Little et al. 2007, Cornet et al. 2014).
However, models of disease sprélaugh populationsarelyincorporatehis type ofparasite
plasticity, andlittle is known abouits impactsin naturally occurring epidemicklere we show
how rearingtemperatur@and exposure/infection temperatofeparasits jointly influence
transmissionatein a zooplanktorfungus disease systeifemperature effects on transmission
matter in this'system becausestsencounteparasits in a gradually coolingautumnal}hermal
environment.

To quantify thehermal rearingeffect we combined three modes of inference. First, w
built and parameterizkamechanistic model of transmission ragewith experimental dataVe
found thathigher temperatures increasansmissiomatebecausdigher exposuraifection
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424  temperature elevatémst foraging (and exposure to spofegndhigherparasiterearing

425 temperature elevatspore infectivity (). Therefore, transmission rate dragbsrply over the
426 epidemic seasqin part because cooler conditions result in lower quality spores. Second, we
427 verified thethermal rearingffectin nature warmer-rearedsporedaken from lakewere more
428 infectious than coler-reared spore@n two of thredakes with a trend irthe other).Finally,
429 simulationsdemonstrate thahesetemperaturariven changes itransmission rateanexplain
430 why epidemics'become larger when they stamtmer(Shocket et al. 2018) amdaneas lakes
431 cool. The populationmodel predicts thahostsporesarereared recentlyi.e., rearing

432 temperature: exposure/infection temperatiitgecause lakes cool gradually as sptuasover
433 quickly. Nenethelesgearing temperaturgtill impacts disease transmissioecausét

434 independentlelevates infection risk when warm and depresses it whentdente, by

435 determiningparasite qualitythermal rearing effecigresent aeparatdiological mechanism
436 distinct frominfluence ofcurrent temperature @xposure (foraging) and infectivity

437 Furthermareyariation in cooling pattescan alterepidemic sizendtiming. Thus,rearing

438 temperatur@nd exposure/infectiolmperaturgointly alter infection risk anehfluencethe

439 seasonality oépidemics.

440 Theplasticity ofspore nfectivity (u) is determinedy a tug of war between rearing
441 temperatur@nd exposure/infectiol®mperatureSporeinfectivity increased with rearing

442 temperaturgTg, sowarmreared spores were more infectious than-ceéded sporefor both
443 lab-reared andield-collected specimefnsAlthough we can quantify this rearing effect, we
444  cannotyet explain its underlying mechanis@onversely highertemperatureluring exposure
445 and infectioniFg,, loweredspore infectivity Thiseffectmight stem from enhancemaenitthe
446 hostimmunesystemn warmer but not overly stressfidmperaturg(as seen iuedraogo et al.
447 2003, Adamo and Lovett 2011, Fuller et al. 2011, Triggs and Knell; 20t Zee alstinder et
448 al. 2008, Murdock et al. 2012). Host immune cells phagoeypsres of this parasite

449 (Metschnikeff.1884, Green 1974hd carevenclear infectionStewart et alin preparatior).
450 Perhaps thisiprocesgperatesnore effectivelyat warmer temperatureghe net outcome of the
451 tug of war s'clear infectivity depends more strongly ogaring temperature (Fig. 2Q)hus, in
452  warmer conditiongarasiteproduce higher quality spores, and this process is the primary
453 determinant of spore infectivity.

454 Once we quantified the competiaffects of temperature on infectivity, we could predict
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the otherwise confusing response of transmission rate in our experiment. Morealpgcifi
transmission rates} responded in a complex way to the factorial combinatiornzddsite
rearingtemperatureTr) and exposure/infectiolemperaturéTg) due to tensiobetweerthe
three thermaéffects Tr on infectivity [u], Tg on infectivity, andTg on foraging {]; Fig. 2D,
Table 3. Deglines in rearing temperature dropped transmission overall bex@dseared
sporeswvereless infectiousgroducing contour means in Fig. 2Bjowever, lostsencounter
spores while"foragin¢Hall et al. 2007))and foraging scales almost expondiytiaith
temperature"(within thithermalrange). Thus, exposure puliansmission up with temperature
when spores are high quality (i.e., wareared) But, when spores are low quality (i.e., cold-
reared)therearingeffect enhancethe (linearly) declining component of exposure/infection
temperature omfectivity, causing transmission rate flatten(producing differentontour
slopes in Fig. 2D). Therefore, transmission rate depends on the net contributluessethiree
competingthermaleffects.

The,thermaresponse of foraging ratg @riving disease transmissioia hostparasite
contact ispotentiallya general mechanism. Metabolic rate increases with body temperature
(Kooijman'2009). Thereforepfaging rateof poikilotherms must alsimcreaseawith
environmentatemperaturéo accommodate the higher demand for energy (before dropping off
at stressfultoo-hottemperaturedDell et al. 2014)However, empirical evidender thethermal
response of foragingatescaling up tanfluencedisease outcomes mixed.Outbreak size
increased with temperature for armyworms that consumed more baculovirus particles on leaves
(Elderd and"Reilly 2014)put transmission rate plateaued at high temperatures for a bacterial
pathogen eDaphniaconsumed during host foraging (Vale et al. 2008). For vector-borne
diseases, the biting rate of arthrop@attors increases with temperature and contributes to the
thermal response of disease; however, transmission is constrained by other traits at high
temperatures, leading to intermediate peaks in transmissiofMateecai et al. 2013, 2017).
Furtherinvestigation in more systems is needed to determine the generality of temgerat
dependent.exposure via foraging as a mechanism for the thermal response aof disease

Using a.mathematicglopulation model parameterized for the plankton system, we found
thatmeanrearingtemperaturshouldcloselytrack exposure/infectiotemperatureluring
epidemics (Figs. 4A and Appendix S1: F&2A). Thelag betweemearing and infection
temperaturess smallbecausdakes cool gradually due to the large volume of water and water’s
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high heat capacityl his finding simplifies theeffectof temperature in the fielhr our system
warmer temperatureshouldincrease transmission duethe net effect onnfectivity (viathe
dominantparasite rearingffect) and exposure effectsd hostforaging) Correspondingly,
autumnal cooling should drop transmissiateand leado theseasonalvaning of epidemics
(Fig. 4). However, the population moddso shows that other outconae possibleFor
instance, Bbstantial lagsiriseif temperaturehanges sudden(geeAppendix S1: Fig. S3)as
can occuin‘terrestrial or smallevolumeaquatichabitats. Thus, #tamodeling approaahsed
here couldeappliedo systemsawith thermalrearing effectdut moreabruptly-changing
temperatureéhough time.

Thethermalresponse dfransmissiomate (13) could haveimportant implications fothe
seasonalityf the fungakpidemican Daphnia We showsome pssibilities using simulations
that illustratenow thethermal sensitivity of transmission ratan shape thsize and timing of
peak prevalence of epidemi¢r instance, warmestartingconditions lead to larger epidemics
which may.or may not peak laterthe seasorthese seasoneffects arise largely through an
interplay betweeitwo temperaturalependenprocesseshe burn-through of susceptible hosts,
S, and thechange in theninimal host requirement for parasit&s, However, hesesimulations
employ an.allelseequal approachthey assume th#te initial starting conditions remain
constant.among scenaridsds. 4, 5, Appendix S1: Fi&5). Epidemicsvary substantially in
their start datéand other characteristicsised on a variety of other ecological factors, such as
dissolved'organic carbon that bloddar radiatio{Overholt et al. 2012), zooplanktgpecies
that dilute diseas@Penczykowski et al. 2014a, Strauss et al. 2015), and fish pre@idtibet al.
2006).These.factorsomgicate mapping of predictiorfsom our simpletemperaturelependent
model to field epidemics. (Hence, we have not yet attempted to do so here.)

These camplicating ecological factatsinteractwith thermallydependent transmission,
however. When epidemicsart later, they begin in cooler conditiof$ius, theyareslowed by
less infectious.spordsearing effectanda lowerexposurgforaging) rateThis idea issupported
by evidencesshowing that epidemics that begirlier {(n warmer conditions) become much
larger(Overholt et al. 2012, Penczykowski et al. 2014a, Shocket et al. 2018). Therefore, any
factor inhibiting the start of epidemics, all else equal, should makedhetter via thermal
effects describe her@dditionally, the simulations here demonstrate teatperéure-dependent
transmission andutumnal coolinganhelp explainwhy infection prevalencstereotypically
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decreaseduringlate fall declining spore infectity and host exposuiia colder waters can
terminateepidemicyFig. 4, 5, Appendix S1: FigS5). This epidemic-endingnechanismmay
join others, including apid evolution of hostesistanc€Duffy and Sivars-Becker 2007, Duffy et
al. 2009) increases in density of dilutefidall et al. 2009a), andeclines in sporproductionat
coldtemperaturegShocket et al. 2018). Futuweork will needto determine the relative
contributions of temperature and otlv@eractingdrivers ofepidemic start dajsize and
seasonality

Thegenerality of rearing effectsn parasites remains uncle@nly one other studigas
evaluatedhermal rearing effeston parasiténfectivity or virulence(Little et al. 2007)It did not
detecta qualitysmediated effect likéhe one shown here (i.e., warmer conditigiedding higher
quality spores). That studiftle et al.2007) dso proposed (but did not findjn alternative
mechanism for thermal rearimgfects acclimation In an acclimatioreffect performance should
peak wherpastandcurrentconditionsmatch(Bennett and Lenski 1997, Little et al. 2007). A
temperaturenatchingpatternclearly did not emerge hemsther(i.e., there was no ridge of
highest infeetivity at matchin@r andTg, in Fig. 2C). Instead, our findings ecamother quality-
type rearingeffect inthis plankton-fungusystemCertain host genotypes produce more
infectious'spores than others (i.e., a genotype rearing effect), aparéisite does not acclimate
to host genotypéSearle et al. 2015 hus,someenvironments simply provida@gher quality
conditionsfor rearing infectiouparasits (e.g., warmer temperaturfiserd, specifichost
genotyps [Searlest al.2015]).In other systems, better nutritional resourtegprevious hosts
can rendersparasites more harnffuprotozoan parasite of mosquitoes: Tseng 2006;tarizlc
parasite oDaphnia Little et al. 2007)r less harmful (avian malaria: Cornet et al. 2014)
Rearing effed of algal resources-if found inthis systerr—could also driveseasonalityor
heterogeneity of diseasece resources often vary season@figll et al. 2009b) or leeen
lakes(Civitello.et al. 2015)Furthermorego-varyingseasonal changes in algal resouanes
temperatureould jointly influence transmission via rearing effeciberefore, rearing effects on
parasite infectivity could influence epidemics in this plankton sysa@aipotentially others, in
underevaluated ways.

Thus, we hopé¢hatthis planktonic example can inspire more work on rearing effects.
Rearing effectprovidea mechanistically distinanfluence orparasitesandhence epidemics

Further, rearing effects of all typeghermal,nutritional, anchost genotype-remain
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548 understudied. Thus, they couddve parasitgperformane and disease seasonality to an

549 underappreciated exteiRearing effectaremostlikely to emergeor parasitesvith short

550 infection cycles thamultiply repeatedly during epidemicEhey also likely require that

551 environmental conditions changelongertemporal scaleselative to parasite reproduction and
552 spreadAdditienally, three of four disease systems with documented rearing effectgeinvol

553 eukaryoticparasiteshe otheiis bacterial).We neednorefactorial experiments that dissect

554 paraite“plasticity,.e., those whicttandistinguishbetweerthe effects ofrearingversuscurrent

555 environmeéntsoparasite trait§see Appendifor a note orexperimental desighsHowever an

556 experimentakearch for rearing effects must also separate plasticity from evolutionary effects.
557 Thefocal fungus here shows no observed genetic variation for infectivity in experinbaritg (
558 and Sivars=Becker 2007, Auld et al. 2014, Searle et al. 2BiEbce, we illustrate a solely plastic
559 effect. Other parasites can evolve very rap{@lgert 1998, Altizer et al. 2003). In those systems,
560 genotypic changesiust be separated from plastic rearing effadish that caveat in mind, we
561 hope thatareful evaluation across mdnestparasite systems will determine the generality of
562 these plasticrrearingffects and their potential contributiondeasonal epidemics

563
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Table 1: Traits forthe temperaturdependent model of transmissiate(Fig 1B). Coefficients
(with 95%confidence intervals from bootstrapp)raye given for traits fit as functions of

temperature. All functions were fit with temperature in Kelvin.

Function M eaning (units) Function Type Function Coefficients (95% Cls)®
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f host foraging rate  Arrhenius function ofl g, with

(eg 1) (L/day) power function of body length.}:
1 1
f(Tg, L) = LY - f 'eTA(TRef TR>
u Perspore infectivity Linear function ofTg andTr:
(eq 2) (spore’) W(Tg, Tr) = ag Ty + arTr + o

y=2.18 (1.60—2.99
f=5.36-10°(3.70 —6.75- 10°)
Ta = 8,720 (4,800—12,600)

ag =-4.93-10° (-10.3—-1.08 - 10°)
ar =8.99-10° (6.89-12.1- 10°)

a, =-0.0111 (-0.024% —0.00188

732  ®Coefficientss(units): y: exponent (unitless); fr: foraging at reference temperature (L thday
733 Y); Trei reference temperature (202C293.15K); Ta: Arrhenius temperature (Kyg andog:
734  slope coefficients (sporeK™); o,: intercept (spord
735
736 Table2: A qualitative summary of the resuftsr the temperaturdependent model of
737 transmissionraté={g. 2). The effect of earing temperaturd ) on spore infectivity f) alters
738 the net balance:between the two opposing influences of exposure/infection tarepg@eat the
739 increasing component due to foragifigand thedeclining component oimfectivity.
740 Collectively, these three mechanisdetermine théransmission ratd.
741
Tril Tg Sign of thermal effect on transmission rate Net transmission
temper atures for each mechanism: rate (3)
Tr ON spore Tg on spore Tg on
infectivity (u) infectivity (u) foraging (f)

Warm / Warm + - + High

Warm /(Cool + + - Medium

Cool/Warm - - + Low

Cool / Cool - + - Low
742
743 FIGURELEGENDS
744  Figure 1. Atransmission model that depends on reariig &nd exposure/infectiom§))
745 temperaturegA) Example of a typical epidemic (Downing Lake in 20itffection prevalence
746 in black. Weighted temperatuf@ aquathe effective temperature that hosts experience based
747 on daily migration patternglecreases over the epidemic season (late summer to early winter).
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Thus, hosts encounter parasites in a seasonally cooling thermal environmeran@nigsion

rate ) is the product of host foraging (exposure) ri{f&; ) (eq. 1), and spore infectivity,

u(Tg,Tr) (eq. 2). Host foraging rate only depends on exposure/infection temperature and host
physiology. Spare infectivity depends on both temperatiiggsnfluences spore infectivity via

host and parasite physiology, whilg only determines the baseline infectivity of spores.

Figure 2: Parameterization of the transmission model) Host foraging ratef(Tg, L): (A)
Points fromforaging assay, acrdmxdy length () and temperaturélg,) gradients. Lines show
the parameterized model (eq. 1). (B) Foraging rate model parameterized for large adults in
infection assayy(lengthL] = 1.5 mm; thicksolid line) and for population average in simulations
(L= 0.85 mm; thiclkdashedine; thin lines are 95% confidence intervals). 8ppre infectivity,
u(Tg, TRr), fit as a planelependenbn rearingtemperaturgTg, light gray arrows) and
exposure/infection temperaturds(, dark gray arrows, eg. 2). The dashed line approximates the
trajectory of lake temperature during the epidemic se&3alors indicate rearing temperatures:
dark red =#22°C, light red = 20°C, light blue = 18°C, dark blue €18) Transmission rate,
S(Te, Tr): Empirical estimates from the infection assay (dashed lines connecting points) and
modelpredicted transmission (solid lines). Error bars omitted for visual clarity (included in
Appendix-S1¥ig. S1). Grclesaround pointslenote treatments whefe, ~ Tk (i.e., no lag

betweenTg andTg). Colors are sameearing temperaturess in panel C.

Figure 3: Theinfectivity of spores collected from natural epidemics (indexed by transmission
rate: see text)*decreased with rearing temperature in two of three lakes (@anhllo01,

Clearp = 0.0024), with a nosignificant trend irScott(p = 0.16). *' and 'NS' denote significant
and nonsignificant Pvalues, respectivelyerror bars are 95% Cls based on 10,000 bootstraps.

Figure 4: Simulated epidemics (eq. 3) with a single scenario of seasonal cooling and factorial
combinations of temperatudeendent components of transmission rate. (A) Exposure/infection
temperatureTg,) changes sigmoidally (eq. 3Bnax= maximum temperatur@;,, = minimum
temperatureR = cooling rate, an® = day when temperature reaches midpdiptx= 25°C, R=
1.06,D = 70, andl i, = 15C). The difference between spore rearing temperalgefjua,

solid line) andTg, (black, dashed lines) was negligible, peaking at ~@ 1 all simulations
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(B) Transmission rate and (C) infection prevalence during epidemicsfdtaging ratefj and

per spore infectivityy) are held constant at the hottest value (&€2%r varied as functions of

Tg andTg: both traits constant (solid black line), thermally-dependeantly (solid purpldine),
thermallydependent only (dashed black line), and both traits thermedtiypendent (dashed
purpleline)..keraging rate has a larger effect, but both traits contribute to waning epidemics as

temperatures cool.

Figure 5. Simulated epidemics with multiple scenarios of seasonal coolinglbmdits as
temperaturalependent functions. Top row varies starting temperatyg)( middle row varies
start date of goolingd), and bottom row varies cooling rat)(Left column shows five cooling
scenarios, middle column shows corresponding epidemic dynamics, and right column shows
how two epidemic properties (size and date of peak prevalence) vary with eachtparoiets

in the right column correspond to the five examples in the first two coluPanameters values
decrease as lines becofass solid and colors become more cool (i.e., red >orange > green >
blue > purple)(A,B,C) Starting temperatur&ax epidemics are larger with hotter starting
temperatures=Epidemics reach peak prevalence later at intermediate starting temperatures.
(D,E,F) Start date of cooling: epidemics are larger and peak later as start date of cooling moves
later in thesseason. (G,H,l) Cooling ra®e epidemic properties are relatively stable with varying
cooling rates. Base cooling paramet@ig:= 25C, D = 70,R=1.06, and i, = 15<C.
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