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Abstract I '
The devasous disease chytridiomycosis has caused declines of amphibians across the

globe, yet semespepulations are persisting and even recovering. One understudied effect of wildlife
disease is h’» reproductive effort. Here we aimed to understand if disease has plastic effects
on reprodugtion and if reproductive effort could evolve with disease endemism. We compared the

effects of tal pathogen exposure (trait plasticity) and population-level disease history

SC

(evolution in trait baseline) on reproductive effort using gametogenesis as a proxy in the declining

and endan

3

g Litoria verreauxii alpina. We found that unexposed males from disease-

endemic p@pulations had higher reproductive effort, which is consistent with an evolutionary

N

response to ¢ jomycosis. We also found evidence of trait plasticity, where males and females

were affec

5

ently by infection: pathogen exposed males had higher reproductive effort
(larger whereas females had reduced reproductive effort (smaller and fewer developed

eggs) r s of the population of origin. Infectious disease can cause plastic changes in

M

reproductive effort at an individual level, and population-level disease exposure can result in

[

changes to ime reproductive effort; therefore, individual- and population-level effects of disease

should be ¢ d when designing management and conservation programs for threatened and

declining spgei

{

Key words.

U

Reprodu olution; terminal investment; chytridiomycosis; reproduction; plasticity;

A

compensator itment; sex-specific stress

Introduction
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Emerging infectious diseases are a major cause of catastrophic wildlife declines around the
globe (Tompkins et al. 2015). Yet despite declines and extinctions in many species, some populations
persist ahfollowing disease introductions. Changes in recruitment and reproductive effort
in respons re an understudied but potentially important consequence of wildlife
diseases‘chﬂicwcontribute to population recovery. For example, disease-exposed populations of

litters over time, to a single large litter, when compared with disease-naive populations

Tasmanianﬁxually mature earlier and have shifted from multiple breeding seasons of small
(Jones et awmish et al. 2009; Farquharson et al. 2018). Reproductive success in Tasmanian
devils is as ith specific genes, some of which have high variability that might allow for
population olution of reproductive traits, although the frequency of these reproductive
genes hav%ot yet been analysed across populations (Russell et al. 2018; Brandies et al. 2020).

Changes in tion and recruitment in Tasmanian devils demonstrates the possibility that

evolution of¥e uctive effort can occur in response to disease endemism and might be an

importaEdisease in other wildlife systems.
ne of the most impactful diseases causing declines and extinctions in wildlife is

chytridiomSosis (Skerratt et al. 2007; Scheele et al. 2019b). Chytridiomycosis is caused by the
introduced athogen Batrachochytrium dendrobatidis and impacts amphibian species across
the globe ( et al. 2007; Scheele et al. 2019b). Chytridiomycosis emerged globally several
decades aé; and has become permanent and endemic in many regions. Yet even with endemic
disease,“lity remains high in some species (Brannelly et al. 2020b). Endemic wildlife
diseases ca@ublethal effects in individuals and at a population level; one unexpected effect is
change in repro ive effort. Increased reproductive effort in response to a pathogen is termed
”termin{me}lt". Terminal investment is a plastic response to disease, where an individual
invests more in reproduction than in self-maintenance, such as immunity to fight the pathogen. In

amphibians, there are several examples of terminal investment, where B. dendrobatidis infected
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animals display increased reproductive effort. For example, pathogen-exposed males from three
species invested more in sperm production, and pathogen-exposed females from one species
increaseMproduction (Chatfield et al. 2013; Brannelly et al. 2016b). Infection with B.
dendrobati alter mating behavioural displays, with infected males increasing their calling
effort (ﬁ)z!ﬁlea.mlS) or calling more energetically (An and Waldman 2016).

Wil jseases can also lead to population-level changes. Disease-endemic populations of

ine tree frog, Litoria verreauxii alpina, have a higher proportion of younger males

actively bréediflg cd@mpared with disease-naive populations (Scheele et al. 2017c). Shifts in

S

population phics and life-history are an important host response to multiple wildlife

U

diseases (J I. 2008); however, the mechanisms of earlier maturation in disease-endemic

population§are poorly understood. Amphibians could be experiencing earlier maturationas 1) a

[})

heritable c those populations, 2) a plastic response where pathogen exposure leads to

d

changes in rate aturation (Telfer et al. 2005; Tersago et al. 2012), or 3) a response to lower adult

abundance the breeding niche has opened and there is reduced intraspecific competition on

M

younge (Sato et al. 2014).

Sey€ral studies have demonstrated an effect of B. dendrobatidis infection on reproductive

[

effort, recr and demography; however, no studies have investigated whether changes in

O

reproductiv are an evolved response (Muths et al. 2011; Chatfield et al. 2013; Roznik et al.

2015; Bran@elly et al. 2016b; Lampo et al. 2017; Scheele et al. 2017c; Campbell et al. 2019). It is well

4

underst many amphibian species, recruitment can mitigate the effects of devastating

{

disease (Muths etSal. 2011; Newell et al. 2013; Scheele et al. 2015; West et al. 2020). There is also

U

evidence that di e epidemics can impact genetic diversity and structure (Lachish et al. 2011;

Robins 012), which can lead to an evolutionary response. Disease-associated population-

A

level changes or recovery are often attributed to evolved resistance or tolerance (Savage and

Zamudio 2011; Robinson et al. 2012; Langwig et al. 2017). However, in cases where there is little
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evidence of increased resistance or tolerance, reproductive changes associated with disease
endemism might be occurring. Research into reproductive evolution in response to disease is

(Brannelly Furthermore, understanding whether shifts in reproductive effort

important tr '::iorming management actions, especially for populations that continue to decline

correspond to trait plasticity and/or changes in trait baseline is important for predicting long-term

| S—

population dynamics associated with endemic disease and for informing management actions.

In this sﬁy we experimentally tested whether increased reproductive effort is a plastic

and/or an esponse in a species that has dramatically declined due to chytridiomycosis. We
investigate@uctive investment in the endangered alpine tree frog, Litoria verreauxii alpina, in
males and f, rom four populations: three with endemic B. dendrobatidis infection (>20 years),
and popul was naive to B. dendrobatidis (i.e., it had never experienced an epidemic). We
a—
explored the plasticity of reproductive effort by comparing individuals that were exposed or not
exposed to the pathogen in a common garden setting. In addition, we looked for an evolutionary
response of changes in baseline reproductive effort by comparing individuals originating from
populations that either experienced endemic disease or were naive to the pathogen. We note that
plasticity cs be an evolved and heritable trait; however, testing for the evolution of plasticity of

reproducti se is outside the scope of this study. The samples used here were part of a larger

clinical infe periment, exploring multiple facets of disease plasticity and evolution (Bataille et

al. 2015; Gggan et al. 2018a,b,c).

mreproductive effort, we explored gonad characteristics and stages of
gametogenesis in Sales and females. We also compared gonad development across populations of
origin and ental pathogen exposure to determine if exposure or population-level disease
history caus cial maturity. We predicted that if reproductive effort and development are
plastic, we would see an effect of experimental exposure on reproductive traits. If reproductive

effort and development vary with population-level disease exposure, we predicted that the animals
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from the disease-endemic populations would have higher baseline reproductive effort compared
with the disease-naive population. Changes in reproductive effort can occur at the individual- and at

the popula!o:!fvel, such that these two hypotheses are not mutually exclusive.

Methods L

Study specQ

Thmree frog (Litoria verreauxii alpina) is a species of conservation concern because

this once widespr;d species experienced extreme decline due to disease in the Australian Alps
beginning i Os. It is currently listed as an endangered species in both New South Wales and
Victoria, argortality due to B. dendrobatidis infection still occurs (Brannelly et al. 2015;
Scheele et@ There is empirical evidence that recruitment, rather than environmental or

immun ost critical for population survival where the disease is endemic (Brannelly et al.

2020b).

Prior to the introduction of B. dendrobatidis, L. v. alpina males sexually matured by two

years of ag& males by three years of age (Scheele et al. 2015, 2016). Demographic analysis

after the a. dendrobatidis indicates that both males and females have the ability to sexually
mature by year of age (Scheele et al. 2015, 2016). At the time of sample collection and
fixationghis experiment were between 9 and 11 months post-metamorphosis, which we
assume(mo young-of-year in their first possible breeding season (see Text S1). These frogs

were held 39 captive environment, but because L. v. alpina is a temperate species that relies
on seasonati stimulate breeding, we expect that the results of this experiment reflect baseline
breeding capa ot breeding season optimum. Therefore, our study represents a conservative

measure of reproductive effort and investment.

This article is protected by copyright. All rights reserved.
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Populations of origin

ExirimeWaI animals came from four populations in Kosciuszko National Park, New South
Wales, Aus e populations are geographically distinct and have similar ecology, consisting of
open bog "
I I
range in el@ation for these four sites is 1307-1525m. Three of these populations — Eucumbene,

an alpine stream running through the site and pools for breeding habitat. The

Kiandra, ar@ — were disease-endemic, having become infected with B. dendrobatidis about

20 years prior tgo.this study. The fourth population — Grey Mare — was B. dendrobatidis naive during

this experi e of only two known disease-naive populations of L. v. alpina at the time. Since

then, both naive pioulations have experienced B. dendrobatidis introductions and near complete

populationﬁHoward and Clemann 2014; Grogan et al. 2018b; Banks et al. 2020). While the

use of one aive population is a small sample size, it was the only disease-naive population

ecoIogicaIIo the infected populations nearby. These four populations have been used in

popula parison studies for adaptive and evolved traits in L. v. alpina (Bataille et al.

2015; Brannel I. 2016a; Grogan et al. 2018a,b,c; Banks et al. 2020). A map and site description

are available in Brannelly et al. (2016aq).

ol

Experimen

Welconducted a common garden experiment in which individuals from four populations

h

L

(one dis Y Grey Mare; and three disease-endemic: Eucumbene, Kiandra and Ogilvies) were

collected as eggs fliom the wild, brought into captivity, and raised in a bio-secure, pathogen-free

Ul

environment le et al. 2015; Grogan et al. 2018a,b,c). At approximately eight months after

metamo we experimentally exposed the frogs to 750,000 B. dendrobatidis zoospores in

A

25mL of dilute salt solution for 18hrs, or mock exposed (exposed n=215, unexposed-controls n=39,

see Table S1). Sample size between exposed and unexposed-control groups are not even because

This article is protected by copyright. All rights reserved.



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184
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these animals were part of a larger clinical infection experiment (Bataille et al. 2015; Grogan et al.

2018a,b,c). We tested the animals for B. dendrobatidis infection every 14 days using quantitative

t

rip

PCR until t of the experiment (first signs of morbidity or day 86 after inoculation) (see Text S1

husbandry

C

Sample fix@tion agd processing

Onithgidayiithat animals first showed clinical signs of infection (from day 19 onwards after

$

inoculatio e end of the experiment if they remained healthy (day 86 after inoculation), we

U

swabbed the animals for B. dendrobatidis infection, weighed them to the nearest 0.01g, humanely

q

euthanized&hem with buffered Tricaine Methanesulfonate (MS-222), and fixed them in neutral

buffered f e used mass as a proxy for animal size (Text S1), and measured mass on the day

d

of experimental Pathogen exposure and on the day of euthanasia for all individuals.

w d the formalin fixed animals and removed the left gonad. We conducted visual

N

gross examination blind to experimental pathogen exposure and population of origin. All males

dissected well developed testes, which indicated sexual maturity. We assigned females to one of

1

three deve | categories based on gross examination of the ovaries: 1) small,

0O

underdevelo varies, 2) mid-sized almost developed ovaries with some developed eggs, and 3)

ovaries witlhideveloped eggs.

th

We processed a subset of those dissected individuals (16 unexposed females, 16 unexposed

males, 21 emales and 23 exposed males, see Table S1) for histological examination

U

followin rd methods (Woods and Ellis 1994). We analysed the histological samples blinded to

experimenta ure and population of origin.

A
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Gonad and gamete characteristics

Wiassess’i six histosections per male individual to determine testis area, number of
seminiferomensity of seminiferous tubules, and germinal epithelium depth. We measured
the largest nd identified spermatogenesis cell clusters to stage (spermatogonia,

I I
spermatocyiies, spermatids, spermatozoa) following Brannelly et al. (2016c), (see Text S1). For most

of the char@s measured, larger depth, area, or higher count indicates higher reproductive

indicates h

output. However, a lower density of seminiferous tubules and a lower proportion of spermatogonia
mroductive output: lower tubule density per unit of testis area allows for more

spermatogenesis 50ccur due to increased intra-tubule space (i.e., more space inside the testis

devoted to ogenesis) and is therefore associated with higher reproductive effort when
spermatog active (Marion 1982). Because spermatogonia are an early stage of
spermatog€ne lower proportion of spermatogonia cell clusters (i.e., more cells in later stages of

develo indicative of higher spermatogenesis effort (Delgado et al. 1992; Rastogi et al.
2005).

We assessed six histosections per female individual to determine ovary size, number of eggs,

size of the hgs, oviduct width, density of eggs within the ovary, and oogenesis stages (Stage |

- pre—vitellage II-V — vitellogenic; Stage VI — post-vitellogenic) (Text S1). Similar to the
interpretati male gonad/gamete characteristic analyses, for females, a lower density of
eggs peﬁlates with larger average egg size, which indicates higher reproductive effort
becauseMcells are associated with later oogenesis. A smaller proportion of pre-vitellogenic

eggs indicates an gVerall higher proportion of combined vitellogenic and post-vitellogenic eggs (i.e.,

eggs that h development), which we interpreted as higher reproductive effort. In both males
and females, lysed gonad size relative to body size, rather than unscaled gonad size.

This article is protected by copyright. All rights reserved.
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Statistical analysis

Wimodelrd the proportional change in body mass from the beginning of the experiment to
the end ofmnt, and the mass of the animals at the end of the experiment using a linear
model (LM rimental pathogen exposure (unexposed-controls or exposed), sex of the

I I
animal, pofulation of origin (Kiandra, Eucumbene, Ogilvies [disease-endemic populations], and Grey
Mare [dise@se-nalMe population]), and the interaction of experimental exposure and sex were fixed
effects. All analyses were conducted in R in the RStudio interface (RStudio Team 2016; R Core Team

2017), see Sdéfor package and citation details, and Text S1 and Tables S1-S3 for full model

details. s

ThSeE:ect of population of origin and experimental exposure on female reproductive status

was analyzed using.a multinomial logistic regression (MR), where reproductive category (1:
underdeve s, 2: developing eggs, and 3: developed eggs) was the dependent variable, and
the fixe s were experimental exposure, population of origin, and an interaction between
experi Xposure and population of origin.

Fosach gonad/gametogenesis measure we conducted a linear mixed effects model (LME)
for continuo endent variables, generalized linear mixed effects model (GLME) with a beta
distributio endent variables that were proportions, and GLME with a Poisson distribution for

dependen!arlaE!es that were count data. The fixed effects were experimental exposure,

populatioan orig", and their interaction. The random effect was individual. To assess the oogenesis

stages of t:/e compared the proportion of total eggs counted within the three stages (pre-

vitellogenic; genic; post-vitellogenic) per individual using a general linear model (GLM) with a
beta di@here the fixed effects were experimental exposure, population of origin, and
their interaction. TO understand the effect of population-level disease history without the direct
influence of infection we assessed the effect of population of origin with a separate model on a

subset of the data (only unexposed-control animals) in instances where there was a statistical trend

This article is protected by copyright. All rights reserved.
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254
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256

257

258
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260

261

(p-value between 0.05 and 0.08) or statistical significance (p<0.05) for the effect of population of
origin on a trait (e.g., proportion of spermatogonia cell clusters) or an interaction between
populationm‘H and experimental exposure (e.g., tubule density) in the full model. In these
analyseses ion-level disease history (disease-naive or disease-endemic) was the fixed effect

and mdmda*asa random effect.

C

Results w
Exper:menten exposure

batidis exposed animals (n=215) developed severe chytridiomycosis. Pathogen-
exposed arg ived on average 29.4 days (range 19-63 days) after inoculation, and infection
load at mo@s 5.58+0.89 log;pzoospore equivalents (mean * standard deviation). There was
an effe ion of origin on survival and infection intensity, which has been explored in detail
in other pu ork, where animals from the disease-endemic population, Kiandra, had higher

survival and lower infection loads compared to the other populations of origin (Bataille et al. 2015).

All unexpo&-control animals (n=39) for this study remained B. dendrobatidis negative and healthy

to the end ®perlment (day 86).

gposed animals lost mass over the experimental timeframe, while the
unexpo nimals gained mass (Fig 1a). There was a significant effect of experimental
exposure on pro ortlonal change in mass where pathogen-exposed animals lost 7.9£13.9% body
mass over e of the experiment (average of 29.4 days after experimental exposure), while

unexpos ol animals gained 16.3+18.5% in body mass (84 days after experimental exposure)

(LM: experime xposure, F; ,43=93.802, p<0.001; Table S3).

At the end of the experiment, pathogen-exposed animals were smaller than unexposed-

control animals, and females were heavier than males (Fig 1b). Exposed females were 17.7% smaller
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280
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284

than unexposed-control females (exposed: 3.81+1.11g, unexposed: 4.63+1.26g; d=0.488); and
exposed males were 16.5% smaller than unexposed-control males (exposed: 2.84+0.79g, unexposed:
3.4010.73!, d=0.521). Overall, individuals from the disease-naive Grey Mare population were larger

than indivi e other populations (Fig S1) (LM: sex, F; ,43=80.231, p<0.001; experimental

exposur%, H!MFAOZ, p<0.001; population of origin, F3 ,43=11.651, p<0.001; Table S3).

SC

Male gonad characteristics

U

There was an effect of both experimental pathogen exposure, and its interaction with

E)

population\ef origin on seminiferous tubule density. We found that unexposed-control males from

the diseas opulation had significantly higher tubule density than other experimental groups:

d

40.8% higher defsity than the unexposed-control animals from disease-endemic populations, and

65.9% higher ity than all pathogen exposed animals (LME: experimental exposure, x°1=14.236,

\'{

p<0.00 tal exposure*population of origin, x’3=9.828, p=0.020; Table S3; Fig 2a&3).

BeGause we observed a significant interaction between experimental exposure and

1

population in seminiferous tubule density, we explored the effect of population-level

O

disease histo Isease-endemic or disease naive) on the tubule density of male gonads in the

unexpose ntrol animals only. We found that indeed, unexposed males from disease-endemic

h

!

populat ificantly lower tubule density than the unexposed males from the disease-naive

population (diseas@-naive: 346.0+134.7 tubules/mm?; disease-endemic: 204.8+89.7 tubules/mm?;

Ul

d=0.87), indicati igher baseline reproductive effort in unexposed-control males from disease-

tions (LME: x%,=4.820, p=0.028; Table S3, Fig 2a). Pathogen-exposed animals did not

vary in seminiferous tubule density across populations of origin (Fig 2a; see Text S1).

This article is protected by copyright. All rights reserved.
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We found that population of origin had a marginal effect on the proportion of
spermatogonia (GLME: Population of origin, x23=7.515, p=0.057; Table S3, Fig S2). Therefore, we
explored t* ct of population-level disease history the proportion of spermatogonia in the

unexpose als. Unexposed-control males from disease-endemic populations had a

45.2% Io-we!p*portion of spermatogonia (disease-endemic populations: 23.0+8.1% spermatogonia;

disease—naf\/ﬁﬂation: 33.418.5% spermatogonia; d=0.89; Fig 2b), indicating higher baseline

reproducti GLME: x*,=8.850, p=0.003; Table S3).

(
Thmr of seminiferous tubules within the testis was associated with population of
origin (Fig 2c), whSe individuals from one disease-endemic population had fewer tubules within the

testis in toﬁhose from the disease-naive population. Individuals from Eucumbene, a disease-

endemic p had the fewest number of tubules within the testis (GLME: population of origin,

X23=19.600; Tukey’s post hoc: Eucumbene—Kiandra, p=0.001; Eucumbene—Grey Mare,

p=0.002; gilvies, p=0.067; all other comparisons p>0.103; Table S3). In unexposed animals

alone, populati vel disease history was not associated with the total number of seminiferous

tubules counted (GLME: x21=1.427, p=0.232; Table S3).

Ex;LaI pathogen exposure affected testis size relative to body size. Exposed animals

had 119.4stis per body mass than unexposed-control animals (experimentally exposed:
0.32+0.14 testisssige mm?*/animal mass g; unexposed: 0.14+0.09 mmz/g; d=1.04, Fig 4). There was no
effect Dﬁof origin nor an interactive effect with experimental exposure on testis size
reIativemss (LME: experimental exposure, x21=20.531, p<0.001; Table S2, S3).
Th;issues in all samples looked healthy and normal; there were no obvious changes
consist@ema (Fig 3). We found that regardless of population of origin or experimental
pathogen exposur€, individuals were producing an equivalent number of sperm per unit area of

seminiferous tubules (see Text S1). There was no effect of experimental exposure or population of

This article is protected by copyright. All rights reserved.
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origin on germinal epithelium depth, the size of the largest seminiferous tubule, or the proportion of

spermatozoa, spermatids, or spermatocytes (see Table S2 and S3 for model results and summary).

Q.

Femalegonadsharacteristics

W}w was no effect of population of origin on female gonad/gamete characteristics,
t

experimen ogen exposure affected reproductive effort such that exposed females had

reduced gwesis (Figs 5&6). Experimental exposure affected the proportion of eggs per

oogenesis g 5b), where exposed animals had a smaller proportion of eggs in vitellogenesis

(oogenesis stages II-V) than unexposed-control animals (exposed: 22.0%, unexposed-control: 33.0%;

odds ratio, @.57; GLM: experimental exposure, x*1=6.809, p=0.009; Table S3). Exposed females had
97.0% mormr ovary area, indicating smaller average egg cells (exposed, eggs per mm?:
19.7+17.2; unexposed-control, eggs per mm*: 10.0+10.4; d=0.48; LME: experimental exposure,

x*1=4.691, p=0"08@; Table S3; Fig 6a). Among the largest egg cells within the ovaries, exposed

maller eggs compared with unexposed-control animals (exposed egg width:
0.65+0.35mm; unexposed egg width: 0.86+0.309mm; d=0.45; LME: experimental exposure,

X1=4.444, p= ; Table S3; Fig 6b).

Ther s no effect of experimental exposure, population of origin, or their interaction on

number ofggs ;resent within the ovary histosections, area of the ovary relative to body size, or on

oviduct Hle S2 and S3 for model results and summary).

Maturi<

Male frogs (n=125) from all populations of origin were morphologically sexually mature.

Female morphological sexual maturity (n=139) was variable, where pathogen-exposed animals were
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less likely to be sexually mature than unexposed-control animals (Fig 5a). Exposed females were half
as likely (odds ratio, 0.53) to have fully developed eggs in the ovaries (31.8% of 110 experimentally
exposedmo.o% of 20 unexposed-control females), 2.54 times more likely to have

developin ovaries (25.5% of experimentally exposed females; 10.0% of unexposed-
control f& mw 1.71 times more likely to have underdeveloped ovaries (42.7% experimentally
exposed females; 25.0% of unexposed-control females) (MR: experimental exposure, x*,=7.157,

p=0.028; T ig 5a).

Discussion

FIUS

Understanding how infection can affect individuals and populations is important for

identifying cts of wildlife disease and developing procedures to protect endangered and

d

declining species {Brannelly et al. 2020a). However, the direct impacts of infection on reproduction

at both the in al- and population-level in declining amphibian species are still understudied. In

M

this stu whether gamete production, gonad characteristics, and maturation rate were

directly influenced by B. dendrobatidis infection (i.e., trait plasticity in response to experimental

[

pathogen ex e), and if these traits varied among populations with different pathogen exposure

9

histories (i. le evolutionary changes in baseline effort with disease endemism). To date,

there are vigry few examples of trait evolution after chytridiomycosis enters a population (but see

£

Voyles et a 2018)gand even fewer that are not related to immune function. Testing for population-

{

level shifts c traits is challenging because there are few B. dendrobatidis naive populations

left to com disease-exposed populations across the globe (Scheele et al. 2019a; Brannelly et

al. 2020 ,@ 5 the L. v. alpina system, we had the unique opportunity to assess gametogenesis in

an endangered frog where recruitment is important for population persistence following disease

introduction. Through this research we found multiple lines of evidence that support changes in

reproductive effort in response to disease. We found support for both trait plasticity in individual
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366

367
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369

370

371

372

373

374

375

376

377

378

379

380

males and females, as well as population-level changes in baseline male reproductive effort that are

consistent with trait evolution after disease endemism.

pt

Populationsieveladaptation
-

Prexipusigesearch has explored the plastic effects of disease on reproductive traits (Chatfield
et al. 2013; et al. 2015; Brannelly et al. 2016b), but has not explicitly tested whether disease
endemismwmt in evolution of reproductive effort. We found that in disease-endemic
populations, sed-control males had lower seminiferous tubule density and a lower
proportion of spermatogonia in the testes, which is indicative of increased baseline reproductive
effort. Thiss;her reproductive effort in disease-endemic populations is consistent with the

evolution ctive effort following disease endemism, but we cannot exclude other causes

such as parental effects.

E/, the population-level variation in gamete production disappeared when the

animals were experimentally exposed to the pathogen. Population-level change in gamete
productior&iﬁht have a relatively lower total impact on recruitment compared with the direct
impact of i which has been repeatedly tested and the results were similar (Chatfield et al.

2013; Brann al. 2016b). Our study design on wild-caught animals limits our ability to conclude

that the chgges in reproductive effort observed across populations are due to an evolved response,

or other“n as parental effects and epigenetics. Regardless, this study presents valuable
I

data on threatened natural populations of amphibians, and the observed reproductive changes in

the disease-en c populations highlight that reproductive effort is important for this species and

warrant research.

Development of B. dendrobatidis endemism has had a short evolutionary timescale since

pathogen emergence at these sites approximately 20 years prior to the time of the experiment
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(Scheele et al. 2017b), yet we still see an observable difference in male reproductive effort among
populations. We expect that if recruitment remains an important factor in population persistence,
over timm be more observable differences among populations with varying disease-
exposure experimental results indicate that impacts of disease on reproduction might
be morgrrgmman previously thought. Future work on this species should focus on verifying
whether diseasegendemism can cause evolution of increased reproduction. Possible methods to test
for evoluti roduction include genetic techniques (such as exploring whether genes
associatedWithfgafhetogenesis are under selection across populations), establishing that increased

fitness is a: with reproductive changes in a disease context, and minimizing the impacts of

parental e d epigenetics following several generations of captive rearing animals for
additional gmmon garden experiments. When working with endangered species, small samples
sizes are a m/hile we only tested one B. dendrobatidis naive population, similar studies

demonstrate'tha®ariation among populations is consistent with evolution of a phenotype (Grogan

et al. 201§§.

Disease-rehroductive plasticity

W@vat B. dendrobatidis infection causes a plastic response of reproductive effort in

both male !E :emale frogs. We found that exposed males had over two-fold larger testes relative to

body size tian un’posed-control males across populations, which is a similar result to previous
studies in and other species of frogs (Chatfield et al. 2013; Brannelly et al. 2016b). These

findings su e idea of terminal investment in males. In this study, we found that pathogen-

ost mass during the experiment and were smaller than the unexposed-controls, yet
still increased their'reproductive effort in gametogenesis; therefore, sperm production might not be
associated with size or body condition in L. v. alpina. Increased sperm production can greatly

increase reproductive potential (Gage et al. 1995; Vellnow et al. 2018), where total testis size and
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testis size relative to body size is positively correlated with number of offspring (Trivers 1972; Gage
et al. 1995; Byrne et al. 2002; Macias-Garcia and Saborio 2009). In our experiment we found that
both testis!iz nd testis size relative to body mass were higher in the exposed males, indicating

increased ction in experimentally exposed animals.

I I
Female frogs in this study did not show terminal investment. We found that experimentally

exposed fe@ibited traits that were consistent with a negative effect on reproduction,
including sm gg cell size of the largest eggs in the ovaries, fewer vitellogenic cells within the
ovaries, an igher density of eggs (more eggs per unit of ovary area). Sexual development and egg
production@torrelated with female body size as they are associated with energy availability
(Trivers 19¢n 1990; Prado and Haddad 2005; Cabrera-Guzman et al. 2013). While our

experimen sed females had smaller, less developed eggs in their ovaries, we found that

experimen@sed and unexposed animals had equivalent total numbers of eggs in the ovaries

y size relative to body size. Ovary size appeared to scale with body size, because

experimentall sed females were smaller than unexposed-control females and lost mass over
the course of the experiment. The effect of B. dendrobatidis infection on female size is a likely
epranatio!for their reduced reproductive activity (e.g., fewer developed eggs), especially because

the female xperiment were young, and it is uncommon for them to breed in their first year

~—

(Scheele et

£for female oogenesis differ from a previous experiment with L. v. alpina

(Brannelly & al. 2016b). In the previous study, B. dendrobatidis exposed females had much larger

ovaries, oviducts: ;d produced more developed eggs than unexposed-control females (Brannelly et
al. 2016b). anation for these opposing results is differences in female age. In the present
study, fema under one year of age, whereas in the previous study, females were at least
three years old when the clinical infection experiment began. Females often take longer to sexually

mature than males, and a wide range of female maturity is expected in young animals (Rastogi et al.
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1983; Morrison and Hero 2003; Brannelly et al. 2019), which is consistent with what we found

through our assessment of maturity. As predicted by the terminal investment hypothesis, young

(Velando e uffield et al. 2018). Young animals prioritizing self-maintenance following

animals mi!h: ::ioritize self-maintenance rather than reproductive effort or sexual development

pathoge-n im has been suggested before, where young infected Litoria aurea males (<1 year

old) had smﬁlerjstes when recovering from infection, but equivalent body size compared to non-

recovering als (Campbell et al. 2019).

'mnt to note that this species experiences very high mortality due to

chytridiomycosis i5the wild, with the adult breeding cohort experiencing near complete population

It

turnover ey, (Brannelly et al. 2015; Scheele et al. 2015). Terminal investment leading to
increased ﬁ

ive output might be a viable strategy for male animals, but harmful for young
females thm increase their reproductive effort. The sex differences in the plastic effects of
disease tion are likely due to differences between male and female reproductive
development erns. Females often take longer to sexually mature, and sexual maturity is often
a function of body size in frogs (Rastogi et al. 1983; Berven 1990). It is possible that these young
females ar!not prioritizing self-maintenance, but rather are energetically constrained and physically
cannot incr, ir reproductive effort when infected. However, in the wild, female L. v. alpina
typically en reeding season at 2-4 years of age (Scheele et al. 2017c), which was the age
range test! in Brannelly et al. (2016c¢). Most female L. v. alpina do not breed in their first year;
therefoMcts of pathogen exposure on female gamete development and production might
not be reIe@reeding in wild populations. However, these results highlight the sublethal
effects of B. den atidis infection and the differences between male and female responses to
infectio{i prudent to investigate the effect of disease and population of origin on
females of varying age to ensure that the effects seen here and in Brannelly et al. (2016c¢) are

consistent with age-dependent responses to pathogen exposure. Such an approach could be
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adopted in field studies using skeletochronology to determine age (Scheele et al. 2017c; Brannelly et
al. 2018), and ultrasound to estimate if females are gravid (Graham et al. 2018; Calatayud et al.

2019).

rpt

Male mat

Ra turation in males was consistent, and all males in this study were sexually mature,

confirmed tiv@ spermatogenesis during histological examination. Our results indicate that

SC

regardless tion of origin or experimental pathogen exposure, males were sexually mature

u

for their first breeding season when raised in captivity. While rates of maturity in the wild might

£

differ, with®jther increasing or decreasing maturation possible (O’Regan and Kitchener 2005; Antor

et al. 2007 [. 2010; Zupa et al. 2017), we assume that this timeframe for sexual maturity

d

after metamorphOsis would be similar to these individuals breeding as young-of-year in their first

possible bree ason.

\Y

Our results have implications for interpreting previous field observations of maturation

rates. In w opulations, a higher proportion of young male and female L. v. alpina are commonly

]

found amo ing cohorts in disease-endemic populations (Scheele et al. 2017c), which is a

O

clear shift in ation age structure after disease endemism. However, this shift in demographics

might not B& due to early maturation. Instead, a younger breeding cohort might be due to high adult

3

[

mortalit in a lower proportion of animals in their second or third breeding season. The

results of our studfhdemonstrate that both males and females are physically capable of sexual

Ul

maturation at | han one year of age, and maturation rate is unrelated to population-level disease

history urce population. We suggest that the shift in age structure and higher proportion of

A

younger males (1 yr) and females (2 yrs) breeding at disease-endemic populations is a response to

lower abundance of older individuals: where the breeding niche has opened and reduced the
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intraspecific competition on younger individuals (Sato et al. 2014). A younger cohort of breeding

adults is an important shift in demographics, but in the case of L. v. alpina, we suggest that it is not

T

rp

likely due t0 ap evolutionary change at the population-level, unlike what we observed in sperm

productio

©

Management implications

Populations that rely on increased recruitment in response to disease are still susceptible to

S

other thre s climate change and habitat destruction. In L. v. alpina, distribution and

U

abundance declined dramatically from short hydroperiod ephemeral water bodies with the

E)

introducti f B. dendrobatidis, where recruitment was likely to fail due to drought (Scheele et al.

2017a). Th ng populations are surviving only at the few permanent to semi-permanent

d

water bodies'in the alpine region. However, with a heavy reliance on recruitment for population

persistence, population could be lost with one or two successive years of failed recruitment.

\1

Tadpol thus failed recruitment, can be caused by natural disasters such as the recent

devastatingfires and extreme droughts in Australia (Ward et al. 2020; Wintle et al. 2020). These

[

natural disas re anticipated to become more frequent with climate change (Williams et al.

O

2001). Pro breeding at permanent water bodies is key to the survival of L. v. alpina

(Scheele etfal. , 2017c; Brannelly et al. 2016b), and has become especially important now

n

because mg@st of the remnant populations’ habitat was burned in the 2019/2020 bush fires.

t

Confirmin@\an evolutionary response to disease is important for identifying management

Ul

strategies. For ple, interventions that involve captive breeding or translocations should include

conside possible changes in reproduction when choosing individuals. If populations are

A

evolving with disease endemism it would be important to include wild type genotypes that have

undergone selection rather than maintaining the genetic diversity of the founder animals, which is
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the current standard practice in captive management. However, there are also likely fitness trade-

offs with the evolution of reproductive effort and immunity; high reproductive effort might lead to

higher sus! ibility to disease (Nordling et al. 1998; Knowles et al. 2009). If conservation
interventio d, then understanding and mitigating these tradeoffs are important and

requireﬁc!gmuconsideration. Our study highlights the importance of understanding the impact

of disease fr:m : ecological and evolutionary perspective. We can use this knowledge to develop

conservati gies and techniques that will align with successful evolutionary trajectories of

species anwe be more sustainable.
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Figure legemds
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Figure 1. P @ al change in mass (a) from inoculation (the start of the experiment) to the end of

the experiment, calculated as [(mass at experiment end — mass at inoculation)/mass at inoculation].

Each pai ts an individual animal (males and females combined). The grey line represents

n

the mea

[

nal change for each group (experimentally exposed to B. dendrobatidis or

unexposed-controfanimals). (b) Individual mass at the end of the experiment. The middle lines in

U

the box plots ent the median, and box hinges represent the first and third quartile, the

whiskers r t 1.5x the interquartile range, and dots represent outlying data points.
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Figure 2. Male testis characteristics affected by population of origin. a) The density of seminiferous

tubules peitestis area across population and experimental exposure to the pathogen B.

[

dendrobati e proportion of spermatogonia cells across population of origin and

O

experiment sure to the pathogen B. dendrobatidis, where the proportion of spermatogonia

cells is infl§enced by population-level disease history for unexposed-control animals only. c) The

A

effecto on number of seminiferous tubules per whole testis histosection, represented

{

as experimenta posed and unexposed-control animals combined because experimental

U

exposure did not siatistically influence the number of tubules per histosection. The middle lines in

the box resent the median, and box hinges represent the first and third quartile, the

A

whiskers represent 1.5x the interquartile range, and dots represent outlying data points. For panels

(a) and (b) the (*) indicates statistical significance.
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with all s genesis stages present.
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Figure 4. Testis area per histosection, measured in mm? among males that were experimentally
exposed to B. dendrobatidis and unexposed-control males. The middle lines in the box plots
represent *e edian, and box hinges represent the first and third quartile, the whiskers represent
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=
~J
on

Testis area per animal mass (mmzfg}
_CJ =
(% n
n =

o
o
o

Unexposed Exposed

r |

0

Figure 5. Female maturity and development. a) Proportion of animals based on their stage of sexual

maturit, aturity as determined through gross examination of the ovaries and oviducts in

n

L

all disse s that were experimentally exposed to B. dendrobatidis (n=110) and unexposed-

controls (n=20). Erfor bars are 95% confidence intervals of a proportion. b) Stages of oogenesis for

B

unexposed-c emales (n=16) and exposed females (n=21). Egg cells counted are represented as

a proporti lated per individual. The (*) represents a statistical difference. The middle lines in

A

the box plots represent the median, and box hinges represent the first and third quartile, the

whiskers represent 1.5x the interquartile range, and dots represent outlying data points.
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Figure f.(?gacteristics that were significantly different between females experimentally
expose : obatidis and unexposed-controls. a) Egg width is the width (mm) of the five

largest egg cells per histosection. b) Egg cells per ovary area is the number of egg cells per

histosectiog.diui by the ovary area (mm?). The middle lines in the box plots represent the
median, inges represent the first and third quartile, the whiskers represent 1.5x the
interquartile r and dots represent outlying data points.
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