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ABSTRACT: Identifying the factors that affect pathogen prevalence is critical to understanding
the effects of wildlife diseases. We aimed to examine drivers of seasonal changes in the preva-
lence of infection by the amphibian chytrid fungus Batrachochytrium dendrobatidis in tadpoles.
Because tadpoles may be important reservoirs for this disease, examining them will aid in under-
standing how chytridiomycosis affects entire amphibian populations. We hypothesized that tem-
perature is a strong driver of prevalence of Bd in tadpoles, and the accumulation of infection as
tadpoles become larger and older also drives prevalence in this system. We studied Litoria rheo-
cola, a tropical rainforest stream frog with seasonal recruitment of annual tadpoles, and surveyed
6 streams in northeastern Queensland, Australia. Comparisons among models relating infection
status to stream type, season, their interaction, tadpole age, and water temperature showed that
age explained a large portion of the variance in infection status. Across sites and seasons, larger,
older tadpoles had increased mean probabilities of infection, indicating that a large component of
the variation among individuals was related to age, and thus to cumulative infection risk. Our
results indicate that in systems with annual tadpoles, seasonal changes in infection prevalence
may be strongly affected by seasonal patterns of tadpole growth and development in addition to
stream type, season, and water temperature. These effects may then influence prevalence of
infection in terrestrial individuals in species that have relatively frequent contact with water. This
reinforces the need to integrate studies of the drivers of pathogen prevalence across all host life
history stages.
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INTRODUCTION

The prevalence of infection by parasites and patho-
gens often varies seasonally (Wilson et al. 2002, Altizer
et al. 2006). The effects of season may be caused by
seasonal changes in transmission rates (Altizer et al.
2006, Dushoff et al. 2004), or by effects of environ-
mental temperatures on the immune systems of hosts
or on the growth rates of pathogens and parasites
(Schoebel et al. 2011, Zamora-Vilchis et al. 2012).
Host age also commonly affects prevalence, and the
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nature of these effects can differ among systems.
Older individuals typically have greater cumulative
exposure to the risk of infection (Wilson et al. 2002,
Smith et al. 2007), but younger individuals may be
more susceptible to infection (Zuk & Stoehr 2002).
Thus, the biology of hosts and pathogens can interact
in complex, age-specific ways (Johnson et al. 2011).

The chytrid fungus Batrachochytrium dendroba-
tidis (Bd) has caused amphibian population declines
and extinctions worldwide (e.g. McDonald & Alford
1999, Stuart et al. 2004, Woodhams & Alford 2005,
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Alford 2010). The fungus infects keratin in adult
amphibian epidermis and tadpole mouthparts (Berger
et al. 1998, Longcore et al. 1999, Simoncelli et al.
2005), killing adults by severely disrupting elec-
trolyte balance across the skin (Voyles et al. 2009).
Tadpoles can survive with damaged mouthparts and
may even regrow them, so the fungus does not usu-
ally kill tadpoles (Blaustein et al. 2005, Cashins
2009). Because infected individuals do not necessar-
ily die, and transmission can occur between tadpoles
(i.e. between individuals and among tadpole cohorts)
and to adults when adults enter the water (Rachow-
icz & Vredenburg 2004), larval amphibians can act as
reservoir hosts for Bd (Brunner et al. 2004, Wood-
hams & Alford 2005, Rowley & Alford 2007, Sapsford
et al. 2013). Reservoir hosts greatly enhance the abil-
ity of disease to cause extinctions (de Castro & Bolker
2005), so an understanding of the dynamics of Bd
prevalence in tadpoles can provide insight into dis-
ease-related amphibian declines and extirpations.
The dynamics of Bd are often strongly seasonal;
this has been attributed to temperature effects on
pathogen growth rates (Woodhams et al. 2003, Pio-
trowski et al. 2004, Stevenson et al. 2013), and to cli-
mate-driven changes in the resistance of frogs to
infection (Andre et al. 2008, Daskin et al. 2014). In
the laboratory, Bd grows optimally between 15 and
25°C and dies above 28-30°C (Piotrowski et al. 2004,
Stevenson et al. 2013). However, recent evidence has
demonstrated that some strains of Bd have a wider
range of thermal tolerance; some can survive after a
freeze (-12°C) or heat shock (28°C) treatment (Voyles
et al. 2017). Thus, environmental temperatures may
often drive prevalence of infection; in the wild, indi-
vidual frogs that maintain body temperatures outside
the thermal optimum of Bd can be less likely to be
infected (Rowley & Alford 2013, Greenspan et al.
2017), and prevalence of Bd infection in adult frogs is
typically higher when environmental temperatures
are within the optimal thermal range of the pathogen
(Woodhams & Alford 2005, Brem & Lips 2008, Saps-
ford et al. 2013). Similarly, prevalence of Bd infection
in adult frogs often differs among elevations; these
patterns may also be driven by the availability of
temperatures that favour the pathogen's growth
(Woodhams & Alford 2005, Brem & Lips 2008, Saps-
ford et al. 2013). Also, in the tropics, cool water flow-
ing from high elevations may reduce lowland stream
temperatures, increasing prevalence of Bd even
though lowland streams tend to be warmer and less
conducive to Bd growth (Pilliod et al. 2010, Sapsford
et al. 2013). Most studies on the effects of tempera-
ture on prevalence have been conducted in adult

frogs, but prevalence of Bd in tadpoles is also af-
fected by changes in temperature (Cashins 2009,
Valencia-Aguilar et al. 2016, Geiger et al. 2017).

In addition to temperature, the prevalence of Bd in
tadpoles can be affected by age or size (Merila et al.
2000, Rachowicz & Briggs 2007, Valencia-Aguilar et
al. 2016). The body size of tadpoles increases with
age, except if they are starving, and although many
factors can alter age and size relationships, when
members of the same species and cohort share a
habitat, older individuals are usually larger than
younger ones (reviewed by Alford 1999). Particularly
for comparisons within cohorts of tadpoles, body size
can therefore serve as a proxy for mean age. The
prevalence of Bd increases with age in tadpoles of
some species (Smith et al. 2007, Cashins 2009, Cate-
nazzi et al. 2013, Vieira et al. 2013). In these species,
older, larger tadpoles, with greater cumulative expo-
sure to the risk of infection, have a higher prevalence
of infection by Bd than do younger, smaller tadpoles.
In many tropical stream systems, tadpoles can take a
year or more to reach metamorphosis (Alford 1999),
so tadpoles are in the water year-round and cohorts
can overlap across years. If cumulative exposure is a
major driver of infection status (Smith et al. 2007,
Cashins 2009, Vieira et al. 2013), an annual cycle of
prevalence of Bd infection could be driven by tadpole
age. Prevalence would be low when there is an
abundance of younger recruits, should increase as
tadpoles age, grow, and accumulate infections, and
then should decrease as overwintering individuals
metamorphose and a new cohort of younger, smaller,
uninfected individuals enters the system. Because
water temperatures are often substantially cooler
than air temperatures (Mohseni & Stefan 1999), Bd
infections may persist in populations of tadpoles
through summer, even in locations where air temper-
atures cause prevalence in terrestrial amphibians to
reach zero (Rachowicz & Vredenburg 2004, Sapsford
et al. 2013). In systems with annual tadpoles, tadpole
cohort dynamics and seasonal patterns of water tem-
perature could interact to drive seasonal patterns of
prevalence of Bd in tadpoles. As an important reser-
voir, changes in prevalence of Bd in annual tadpoles
might directly affect rates of incidence of infection in
adult frogs and thus affect the prevalence of infection
and ultimately the survival rates of adults.

We examined the hypothesis that annual cycles of
tadpole cohort recruitment and ageing may be a
driver of seasonal variation in prevalence of Bd infec-
tion in tadpoles, by studying larvae of the common
mistfrog Litoria rheocola. This species is endemic to
the Wet Tropics Bioregion of Australia, and popula-
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tions at high elevations suffered severe declines in the
early to mid-1990s due to chytridiomycosis (Berger
et al. 1998, McDonald & Alford 1999). Since then, L.
rheocola have recovered or recolonized at some high-
elevation sites (McDonald & Alford 1999, Roznik & Al-
ford 2015). Common mistfrogs breed all year; there is
a major peak of breeding in summer, and their tad-
poles are present throughout the year and can take up
to 1 yr to reach metamorphosis (Richards 1992, Alford
1999, Cashins 2009, Roznik & Alford 2015).

The aim of our study was to examine seasonal pat-
terns of prevalence of Bd infection in larval L. rheo-
cola. We also aimed to determine how those patterns
are affected by tadpole size (as a proxy for age),
water temperature, season, and elevation. Although
many factors could possibly influence prevalence in
these tadpoles, we were particularly interested in the
relative role of tadpole size, because although the
phenomenon of an increase in infection prevalence
with age had been observed in many species, the
importance of this factor in long-term patterns of Bd
prevalence in the field had not been explored.

MATERIALS AND METHODS
Study sites

We sampled tadpoles at 6 sites in the Wet Tropics
Bioregion in northeastern Queensland, Australia. We
sampled on 5 occasions over 1 full annual cycle: aus-
tral winter (June/July 2010), spring (October 2010),
summer (January 2011), autumn (March/April 2011),
and the following winter (June/July 2011). The sites
were of 3 types, and full site descriptions can be
found in Sapsford et al. (2013). Briefly, 2 sites were at
high (>400 m) elevations, 2 were at contiguous low
elevations (i.e. contiguous with, and downstream from,
high-elevation sites), and 2 were at non-contiguous
low elevations (i.e. not downstream from high-

elevation sites) (Table 1). The 2 contiguous low-ele-
vation sites were contiguous with high-elevation
sites; however, they were independent of the high-
elevation sites we studied.

Field methods

We sampled every 10 m along a 400 m transect
at each field site. Sampling at each site in each sea-
son took place over 4 d. Tadpoles were sampled
during the day using a dip net pressed against and
slowly moved along the stream substrate, or held
steady while rocks upstream from the net were dis-
placed manually to dislodge tadpoles attached to
rock surfaces. Tadpoles of Litoria rheocola are part
of the ‘lotic-suctorial’ ecomorphological guild and
are adapted to fast-flowing (torrent) sections of
streams (Liem & Hosmer 1973, Altig & Johnston
1989, Richards 1992). Their large ventral oral discs,
depressed body shape and muscular tails allow
them to adhere to rock surfaces (Richards 2002).
Tadpoles were captured and held in individual
50 ml vials filled with stream water until they were
processed. A pair of new, well-rinsed vinyl gloves
was worn while processing each tadpole (Cashins et
al. 2008). During processing, tadpoles were identi-
fied to species (Anstis 2013). After identification,
they were measured and swabbed for PCR assays of
Bd infection status. Body length was measured to
the nearest 0.5 mm from the tip of the snout to the
base of the tail where the axis of the tail myotomes
contacts the body wall (Altig 2007). Developmental
stage (Gosner 1960) was not recorded because the
hindlimbs develop in sheaths beneath the epidermis
until late in development (Cashins 2009), preventing
determination of developmental stage using hindlimb
characteristics. After processing, tadpoles were re-
leased where they were captured. To reduce the
likelihood of capturing tadpoles already processed

Table 1. Sites at which tadpoles were sampled within the Wet Tropics Bioregion in northeastern Queensland, Australia. Tempera-
ture data are mean + SD

Site National Park Site type Location Elevation Annual temp. (°C)
(m) Air Water
Windin Creek Wooroonooran High 17°22' 04" S, 145° 42' 52" E 718 18.90+2.62 18.75+ 1.42
Bobbin Bobbin Falls Wooroonooran High 17° 22" 44" S, 145° 46' 22" E 700  19.13+2.93 18.05+3.82
Frenchman Creek =~ Wooroonooran  Contiguous low 17°18' 29" S, 145° 55" 16" E 59 22.24 £+2.94 21.06 +2.53
Tully Creek Tully Gorge Contiguous low 17°46' 30" S, 145° 38' 38" E 114 2221 +3.37 20.36 +2.68
Mena Creek Private land Non-contiguous low  17°39' 00" S, 145° 59' 14" E 59  21.86+3.65 22.40+2.18
Stoney Creek Hull River  Non-contiguous low  17° 55" 18" S, 146° 04' 07" E 18 2279 +3.57 21.62+2.84
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during the sampling period, sampling always re-
sumed upstream from all locations at which tadpoles
were released.

Water temperatures were measured at the time
and the location where each tadpole was captured,
using a glass spirit thermometer with a range of —10
to 50°C.

Assessing infection status

We swabbed each tadpole's mouthparts according
to Cashins (2009). Tadpoles were held (mouthparts
facing up) between the fingers and thumb. A sterile
fine-tip dry rayon swab (no. 113 Dry swabs, Medical
Wire and Equipment) was gently passed along the
mouthparts in a regular pattern: 8 times horizontally
across both the lower and upper tooth rows and jaw
sheath, and 8 times vertically across all tooth rows
and jaw sheath for a total of 16 strokes.

After sample collection, all swabs were placed in
separate vials and refrigerated until the end of sam-
pling. These samples were analysed in triplicate using
real-time quantitative PCR assays following the pro-
cedures outlined by Boyle et al. (2004). Samples were
considered positive for Bd if at least 2 of the 3 repli-
cate PCR reactions for that sample had numbers of
zoospore equivalents >0 (Hyatt et al. 2007).

We also compared patterns of prevalence of infec-
tion in adult L rheocola to tadpole prevalence of
infection. Data for adult L. rheocola were taken from
Sapsford et al. (2013) and were used only to compare
patterns across the 2 life stages. Data for adults were
collected at the same sites at the same time (see
Sapsford et al. 2013 for detailed methodology).

Statistical analysis

We performed detailed statistical analysis only on
data for L. rheocola tadpoles, which were the domi-
nant species in the tadpole assemblage, making up
64 % of the individuals in our samples. We initially
examined the overall relationship of probability of
infection by Bd to tadpole size. We built a candidate
set of generalized linear mixed models with a bino-
mial link function using the glmer function in R ver-
sion 3.5.0 (R Core Team 2017) that allowed us to
examine influences on the infection status of each
tadpole. Individual infection status (infected or not
infected) was the response variable. Predictor vari-
ables were the continuous standardized covariates
individual tadpole size and water temperature at the

capture locality of each tadpole, as well as the cate-
gorical effects of season, site type (combining eleva-
tion and connectivity), and the season by site type
interaction. We used the 2 sites of each type (high,
contiguous low, non-contiguous low) as replicates,
and all models included site as a random effect, to
account for site-specific differences in infection sta-
tus not related to the effects of interest. Collinearity
of variables was checked using variance inflation
factors, as we were concerned about the relationship
between temperature and season; values were on the
cusp of the cut-off value of 3, but Pearson correlation
coefficients were well within reasonable range (<0.6,
Zuur et al. 2010). Taking this into consideration, we
decided to keep both temperature and season in the
model. To verify that the model complied with under-
lying model assumptions, residuals were plotted
against fitted values (Zuur & leno 2016). We evalu-
ated the fit of models using Akaike's information cri-
terion corrected for small sample size (AICc). As well
as selecting the best model using AICc, we compared
the best model with simpler models, and compared
simpler models among themselves to examine the
importance of particular variables as influences on
tadpole infection status, as suggested by Burnham et
al. (2011). We graphically compared the fit of the best-
fitting model and the best single fixed-effect model,
and compared the predictions of both models to the
body size distributions of tadpoles in each season for
each site type.

We also used a generalized linear mixed model
using the Ime function in R to examine infection
intensity of each tadpole. Only using individuals pos-
itive for Bd infection, we used the log-transformed
zoospore genomic equivalents as the response vari-
able. Predictor variables and methods used to evalu-
ate the fit of the model were as described above.

RESULTS

We obtained data on 721 Litoria rheocola tadpoles.
Large numbers of L. rheocola were captured in each
season: 174 in the first winter, 145 in spring, 122 in
summer, 102 in autumn and 178 in the second winter.
Preliminary examination of the data (Fig. 1) strongly
supported the hypothesis that prevalence of infection
increases with size, and thus with tadpole age. Every
individual ranging from 15-17 mm was infected. The
increasingly wide confidence intervals were caused
by increasingly small sample sizes, which, in turn,
occurred because most individuals have completed
metamorphosis before they reach those sizes (Fig. 1).
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Infection status

Of our candidate models (Table 2), the most com-
plex, 18-parameter model was optimal as indicated
by AICc, and accounted for 61.2 % of the variation in
infection status of tadpoles. This model suggested
body size was positively correlated with infection sta-
tus, indicating that larger tadpoles were more likely
to be infected. Conversely, water temperature was
negatively correlated with infection status (Table 3),
indicating that as water temperature increased, in-
fection decreased. As we were interested in the role
of body size in Bd dynamics, we wanted to know how
well variation in body size explained infection status.
The model indicating only size as a predictor variable
explained 37.5% of the variation, suggesting that
body size is an important determinant of infection
status in these systems. Furthermore, body size was
included in the top 10 models (Table 2).

Infection intensity

Of our candidate models (Table 2), the most com-
plex, 19-parameter model was optimal and accoun-

n=22 77 82 75 95 90 126 80 43 19 7 4 1
1.01 T ‘ |

8 9 10 11 12 13 14 15 16 17
Head length (mm)

0.8 1

0.6 1

0.4

Proportion infected

0.2 4

Fig. 1. Proportion of Litoria rheocola tadpoles in each 1 mm

size interval infected by Batrachochytrium dendrobatidis,

with 95% Clopper-Pearson confidence limits. Numbers at

the top indicate total numbers of tadpoles in each 1 mm

interval; small numbers and associated wide confidence

intervals in the 3 largest intervals reflect variability in size at
metamorphosis

ted for 30% of the variation in infection intensity of
tadpoles. Infection intensity was positively correlated
with body size and negatively correlated with water
temperature. This corresponds with the results from

Table 2. Results of modelling. The intercept-only model included an overall intercept and separate intercepts for the random

effect of each of our 6 sites. More complex models included all possible combinations of the effects of season (Season), site type

(Type: high elevation, contiguous low elevation, non-contiguous low elevation), and their interaction, with body size (Size) of

Litoria rheocola and temperature (Temp) at the site where each individual was captured as possible covariates. Models of par-

ticular interest appear in bold. The top 10 models are included for 2 types of models: (1) infection status (infected or not

infected) as the response and (2) intensity of infection (number of zoospore equivalents for infected individuals only) as the
response. AICc: Akaike's information criterion corrected for small sample size

Response Model df Log AICc  AAICc Akaike Nagelkerke
likelihood weight R?
Infection Type + Size + Season + Temp + TypexSeason 18 -278.17 593.30 0.998 0.612
status Type + Size + Season + TypexSeason 17 -285.42 605.70 12.41 0.002 0.597
Type + Size + Season + Temp 10 -313.12 646.60 53.25 <0.001 0.539
Type + Size + Season 9 -321.76 661.80 68.47 <0.001 0.519
Size + Season + Temp 8 -323.21 662.60 69.32 <0.001 0.516
Type + Size + Temp 6 -331.76 675.60 82.33 <0.001 0.496
Size + Season 7 -331.03 676.20 8291 <0.001 0.498
Size + Temp 4 —-340.85 689.70 96.44 <0.001 0.475
Type + Size 5 -370.91 751.90 158.59 <0.001 0.400
Size 3 -380.66 767.30 174.04 <0.001 0.375
Infection Type + Size + Season + Temp + TypexSeason 19 -468.72 977.70 0.943 0.300
intensity Type + Size + Season + Temp 11 -480.28 983.30 5.62 0.057 0.249
Size + Season + Temp 9 —-490.75 1000.00 22.31 <0.001 0.200
Type + Season + Temp + TypexSeason 18  -482.05 1002.20 24.43 <0.001 0.241
Type + Season + Temp 10  -491.95 1004.50 26.82 <0.001 0.194
Season + Temp 8 -500.32 1017.10 39.34 <0.001 0.152
Type + Size + Season + TypexSeason 18  -492.44 1022.90 4521 <0.001 0.192
Size + Season 8 -505.97 1028.40 50.63 <0.001 0.123
Type + Size + Season 10  -505.93 1032.50 54.79 <0.001 0.123
Size 4 -512.32 1032.80 55.03 <0.001 0.089
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Table 3. Estimated regression parameters, standard errors, z-values (or t-values), and p-values for (1) binomial generalized

linear mixed model where infection status was the response (z-values) and body size of Litoria rheocola, season, and site type

were the predictors, and (2) generalized linear mixed model where intensity of infection was the response (t-values) and body
size, season, and site type were the predictors. Bold values indicate predictor variables that were significant (p < 0.05)

Response Predictor Estimate SE z (or t) P

Disease status Intercept 0.271 0.692 0.391 0.696
Size 1.714 0.156 11.020 <0.001
Water temperature -1.660 0.470 -3.536 <0.001
Autumn -2.418 0.765 -3.162 0.002
Spring —-0.869 0.854 -1.018 0.308
Summer -2.185 0.940 -2.325 0.020
Winter -1.579 0.807 -1.958 0.050
Contiguous 0.898 0.759 1.184 0.237
Non-contiguous -3.269 0.935 -3.496 <0.001
Autumn x Contiguous 1.698 0.962 1.765 0.078
Spring x Contiguous 1.710 0.963 1.777 0.076
Summer x Contiguous 3.476 1.009 3.447 <0.001
Winter x Contiguous 0.373 0.922 0.405 0.686
Autumn x Non-contiguous 4.820 1.095 4.400 <0.001
Spring x Non-contiguous 4.808 0.970 4.960 <0.001
Summer x Non-contiguous 6.142 1.065 5.770 <0.001
Winter x Non-contiguous 4.259 0.970 4.390 <0.001

Infection intensity Intercept 0.070 0.179 0.390 0.697
Size 0.287 0.056 5.134 <0.001
Water temperature -1.220 0.172 -7.093 <0.001
Autumn 0.329 0.325 1.013 0.312
Spring 0.138 0.297 0.463 0.644
Summer 1.311 0.470 2.792 0.006
Winter -1.828 0.276 —6.620 <0.001
Contiguous 0.474 0.259 1.830 0.165
Non-contiguous 0.626 0.493 1.270 0.294
Autumn x Contiguous 0.690 0.461 1.496 0.136
Spring x Contiguous 1.199 0.371 3.228 0.001
Summer x Contiguous 0.604 0.525 1.150 0.251
Winter x Contiguous 0.158 0.316 0.500 0.617
Autumn x Non-contiguous -0.453 0.653 -0.693 0.489
Spring x Non-contiguous 1.101 0.520 2.117 0.035
Summer x Non-contiguous 0.714 0.689 1.037 0.301
Winter x Non-contiguous 0.681 0.495 1.376 0.170

the infection status model; however, the estimated
regression parameter of body size was lower than in
the infection status model. To determine if body size
played a large role in the variation of infection inten-
sity, we also examined the model with size as the
only predictor variable; this model only explained
8.9% of the variation, and only 7 out of the top 10
models included size as an explanatory variable. Our
modelling of infection intensity suggests that it is
highly variable among individuals and is less subject
to both seasonal and body size effects than is infec-
tion status.

Because the best-fitting models for both infection
status and infection intensity incorporated the inter-
action of site type and season, we did separate
graphical comparisons for each site type of selected

model fits with each other and with the body size dis-
tributions of tadpoles (Fig. 2). We calculated preva-
lence of infection using the predicted values of infec-
tion status from the top model and the tadpole body
size only model and compared these to the actual
prevalence of infection recorded at each season at
each site. At sites of each type, the best-fitting model
performed very well at predicting seasonal mean pre-
valence of infection by Bd (Fig. 2). At high-elevation
sites (Fig. 2a), although it was not as good a fit, the
predictions of the model incorporating tadpole body
size as the only fixed factor followed a very similar
pattern to those of the data and the best-fitting
model; however, the model for tadpole size (as the
only fixed factor) overpredicted prevalence in spring
and summer and underpredicted it in winter. At
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Fig. 2. (a,d,g) Prevalence of infection by Batrachochytrium dendrobatidis (Bd) (solid line) in Litoria rheocola tadpoles and
adults across seasons at high-elevation sites, low-elevation sites contiguous with high-elevation streams, and non-contiguous
sampling sites, and prevalence of infection in tadpoles predicted at those sites by a model incorporating only size (body size)
and random site effects only (dotted line) and by the best fitting 18-parameter model (dashed line, see Table 2). Note that the
prediction using only size and random site effects is quite similar to the empirical observations, suggesting that size con-
tributes strongly to the observed patterns. (b,e,h) Body size distributions across seasons at high-elevation, low-elevation, and
non-contiguous sites (heavy lines: medians; boxes: 25 and 75 % quartiles; whiskers: 95 % confidence intervals). (c,f i) Infection
intensity distributions across seasons at high-elevation, low-elevation, and non-contiguous sites

these sites, the seasonal pattern of prevalence in
adults was very similar to that in tadpoles, although
prevalence in adults was always lower. At least in
direction, changes between seasons in the body size
distribution of tadpoles (Fig. 2b) matched changes in
prevalence; however, the median body size did not
appear to change proportionally as much as did pre-
valence. Median infection intensity was weakly asso-
ciated with body size and season at high elevation,
and did not follow a similar pattern to that shown by
prevalence (Fig. 2c). Results at contiguous low (Fig.
2d,e) and non-contiguous low sites (Fig. 2g,h) were
similar, with somewhat different seasonal patterns of
prevalence, and median infection intensity seemed
to follow similar patterns to prevalence (Fig. 2f,i). As
at high-elevation sites, patterns of prevalence in
adults were similar to those in tadpoles, although
adult prevalence was lower. The sole exception to
this pattern was in the first winter at non-contiguous
sites, where adult prevalence was many times higher
than prevalence in tadpoles. The values predicted by

the size-only model consistently underpredicted pre-
valence in the contiguous low sites and overpre-
dicted it at the non-contiguous low sites in all seasons
except the final winter. Patterns of body size distribu-
tions with season (Fig. 2b,e ,h) show that, in general,
body size behaved as predicted, with an influx of
small recruits in summer (or late summer, leading to
a minimum in autumn) and progression through to
the largest individuals in spring, before many have
metamorphosed.

DISCUSSION

We found that, while many factors influence infec-
tion status in tadpoles, tadpole age was a very impor-
tant factor, indicating that cumulative infection risk
may be as important as temperature in driving preva-
lence of Bd. This result is notable because most stud-
ies have assumed that temperature is the most impor-
tant factor driving prevalence (e.g. Hamilton et al.
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2012, Fernadndez-Beaskoetxea et al. 2015). In our
study, infection probability increased strongly with
body size, indicating that the probability of becoming
infected by Bd was cumulative, so that larger, older
individuals were more likely to be infected (Smith et
al. 2007, Cashins 2009). The full model incorporating
the effects of tadpole size, individual temperature,
site type, season, and the site type by season interac-
tion, was the best predictor of infection status in tad-
poles. However, our planned comparisons of simpler
models indicated that tadpole body size alone ac-
counted for a substantial proportion (37.5%) of the
variation in probability of infection. These compar-
isons strongly suggest that temperature effects, at
least those separable from general seasonal changes
in temperature, were not the only drivers of probabil-
ity of infection, but that probability of infection is also
affected by age, and thus cumulative exposure to the
risk of transmission.

We suggest that the annual cycle in tadpole body
size worked together with changes in season and
temperature, and differences among site types, to
produce the patterns of prevalence of Bd that we
observed. Litoria rheocola were numerically domi-
nant in our streams, and the other species present
have similar annual life cycles (Woodhams & Alford
2005, Cashins 2009), so it is unlikely that the patterns
we observed were strongly influenced by different
dynamics in tadpoles of other species. L. rheocola
breed mostly in summer, so in summer there was an
influx of newly hatched tadpoles that were initially
uninfected. It is likely there were effects of seasonal
mean temperature; in summer, mean water tempera-
tures were warm, which would have reduced the
prevalence of Bd because the growth of Bd slows at
temperatures above 25°C (Piotrowski et al. 2004,
Stevenson et al. 2013). As temperatures decreased in
autumn and winter, the tadpole cohorts aged and
their cumulative risk of transmission increased; how-
ever, we cannot separate these effects entirely. Our
graphical comparisons showed that considered
alone, body size tended to slightly overpredict preva-
lence at high-elevation sites, to more strongly over-
predict it at the non-contiguous low sites, and to
underpredict prevalence at the contiguous low sites,
suggesting that environmental factors influence the
predictions, with different influences in different
environments.

The effects of elevation were similar to those of
season, in that prevalence was higher at the cooler,
higher elevations and lower at the warmer, lower
elevations. In addition to the elevational effect,
prevalence of infection tended to be lowest at non-

contiguous low-elevation sites. Mean water tempera-
tures at these sites were warmer than water temper-
atures at contiguous low-elevation sites, probably
because water flows from higher, cooler elevation
sites into contiguous low-elevation sites. In summer,
water temperatures at non-contiguous low-elevation
sites were between 25 and 28°C, whereas water tem-
peratures were always under 25°C at contiguous low-
elevation sites. The higher prevalence of Bd infec-
tions in tadpoles at contiguous low-elevation sites
may be accounted for by this thermal effect, or by
transport in stream flow of Bd zoospores from high-
elevation sites, or both, as suggested for differences
in Bd prevalence in terrestrial frogs by Sapsford et al.
(2013). The fact that infection intensity was relatively
weakly affected by season and body size indicates
that transmission of infections from tadpoles to other
tadpoles and to adults, which should be related to the
density of infective zoospores in the environment, is
likely to be more strongly affected by prevalence in
tadpoles than by changes in intensity. Furthermore,
the fact that prevalence in adults was substantially
higher than that in tadpoles at non-contiguous low-
elevation sites in the first winter of the study suggests
that in more isolated systems with greater seasonal
temperature fluctuations, adults may serve as a re-
servoir for Bd infections in tadpoles, as well as tad-
poles serving as a reservoir for adults.

Elevation and season affect the prevalence of Bd
infections (Woodhams & Alford 2005, Phillott et al.
2013, Sapsford et al. 2013). The mechanism driving
these effects is usually thought to be temperature.
However, in the present study, we have provided evi-
dence to support the hypothesis that the probability
of infection as tadpoles age may also have a major
role in driving prevalence in tadpole assemblages. In
systems in which tadpoles contribute to infection by
Bd in terrestrial frogs, the dynamics of tadpole age
and density could, therefore, have strong effects on
temporal patterns of Bd prevalence in amphibian
populations more generally (Valencia-Aguilar et al.
2016). In our Australian Wet Tropics streams, and in
similar streams in Central and South America, many
species have annual tadpoles that are present through-
out the year (Woodhams & Alford 2005, Whiles et al.
2006). In any of these systems, effects of tadpole age
dynamics on seasonal cycles of Bd prevalence could
affect seasonal patterns of prevalence in terrestrial
amphibians. For example, populations of Telmato-
bius jelskii in the Peruvian Andes may have multiple
breeding events throughout the year, and thus infected
tadpoles are present all year in streams; older tad-
poles in this South American system also had a
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higher prevalence of infection by Bd than younger
tadpoles (Catenazzi et al. 2013). The patterns of
prevalence that have been detected in tadpoles at
Australian sites are a close match to patterns of preva-
lence in adult frogs (Woodhams & Alford 2005, Saps-
ford et al. 2013). In our case, prevalence of Bd in tad-
poles was almost always higher than prevalence of
Bd in adults. Some adult populations can lose their
infections in warm summer months (Sapsford et al.
2013); however, high prevalence among tadpoles
enables reinfection of adult populations. L. rheocola
spend the majority of their time in and around streams
(Hoskin & Hero 2008, Dennis 2012), and thus have
frequent contact with water where infected tadpoles
reside. This pattern provides evidence that tadpoles
act as effective reservoirs for Bd, especially in sys-
tems with annual tadpoles, and is becoming evident
in other systems (e.g. Catenazzi et al. 2013). Interest-
ingly, this trend is being detected in more temperate
regions; for example, perennially overwintering lar-
vae of the midwife toad Alytes obstetricans in a lake
in France may act as reservoirs of infection depend-
ing on the time of spring thaws (Clare et al. 2016). In
addition, larval populations of A. obstetricans in
ponds in Switzerland also maintained their infections
while overwintering (Geiger et al. 2017).

Changes in the vulnerability of individuals to infec-
tion with age can cause seasonal changes of preva-
lence that are driven by the timing of recruitment of
juveniles (Altizer et al. 2006), and the risk of infection
to juveniles can also differ among seasonal cohorts
(Cornell et al. 2008). We suggest that understanding
drivers of Bd infection in tadpoles is critical to fully
understanding what drives Bd infection in adult
amphibians. Our results reinforce the need to exam-
ine the effects of all potential drivers of observed pat-
terns of change of infection prevalence. In particular,
it is important to integrate studies of host-pathogen
dynamics across all stages of host life histories in con-
junction with temperature and elevation as possible
drivers of seasonal infection prevalence patterns.
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