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Abstract. Chytridiomycosis has been a key driver of global frog declines and extinctions,
particularly for high-altitude populations across Australia and the Americas. While recent evi-
dence shows some species are recovering, the extent of such recoveries and the mechanisms
underpinning them remain poorly resolved. We surveyed the historical latitudinal and eleva-
tional range of four Australian rainforest frogs that disappeared from upland sites between
1989 and 1994 to establish their contemporary distribution and elevational limits, and investi-
gate factors affecting population recovery. Five rainforest streams were surveyed from moun-
tain-base to summit (30 sites in total), with swabs collected from the target species (Litoria
dayi, L. nannotis, L. rheocola, and L. serrata) to determine their infection status, and data log-
gers deployed to measure microclimatic variation across the elevational gradient. Infection
probability increased with elevation and canopy cover as it was tightly and inversely correlated
with stream-side air temperature. Occupancy patterns suggest varying responses to this disease
threat gradient. Two species, L. rheocola and L. serrata, were found over their full historical
elevational range (≥1,000 m above sea level [asl]), while L. dayi was not detected above 400 m
(formerly known up to 900 m asl) and L. nannotis was not detected above 800 m (formerly
known up to 1,200 m asl). Site occupancy probability was negatively related to predicted infec-
tion prevalence for L. dayi, L. nannotis, and L. rheocola, but not L. serrata, which appears to
now tolerate high fungal burdens. This study highlights the importance of environmental
refuges and connectivity across disease risk gradients for the persistence and natural recovery
of frogs susceptible to chytridiomycosis. Likewise, in documenting both interspecific variation
in recovery rates and intraspecific differences between sites, this study suggests interactions
between disease threats and host selection exist that could be manipulated. For example,
translocations may be warranted where connectivity is poor or the increase in disease risk is
too steep to allow recolonization, combined with assisted selection or use of founders from
populations that have already undergone natural selection.
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INTRODUCTION

The impact of disease epidemics on wildlife popula-
tions is strongly influenced by environmental cofactors
such as climate and habitat conditions (Colhoun 1973,
van Riper et al. 1986, Harvell et al. 2002, Gonzalez-Que-
vedo et al. 2014). The mechanisms are numerous, and
may operate in isolation, additively, or interactively. They

include environmental tolerances of the pathogen
(Puschendorf et al. 2006, Verant et al. 2012), habitat pref-
erences of vectors or reservoir hosts (Samuel et al. 2011,
Brannelly et al. 2018), and environmentally driven varia-
tion in immunocompetence (Flory et al. 2012). Together,
these environmental cofactors can result in profound spa-
tial variation in disease risk (Murray et al. 2011), with
corresponding variation in selective pressure for resis-
tance (Savage et al. 2015). Variation in disease risk may
range from environmental refuges where selection pres-
sure is negligible, through intermediary zones where
moderate disease risk allows spatially or temporally pat-
chy occupancy, to complete host extinction in locations
where mortality consistently exceeds recruitment
(Scheele et al. 2017c).
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Population-level impacts of infectious diseases are also
mediated by the connectivity of host populations. In the-
ory, host connectivity can have both negative and positive
effects. The former derives from host-to-host transmis-
sion, and the capacity of migrants to spread infectious
pathogens among host populations (Hess 1996, Harding
et al. 2012). Impacts of dispersal-mediated transmission
can be devastating, particularly during the epizootic
phase (Daversa et al. 2017). However, connectivity can
have significant benefits when hosts are somewhat toler-
ant of direct pathogen transmission or where host-to-host
transmission plays a relatively minimal role in pathogen
spread, as may be the case for facultative pathogens with
numerous reservoir hosts and/or environmental transmis-
sion (Gog et al. 2002, Heard et al. 2015). Here, migration
contributes to demographic resilience, by offsetting
pathogen-induced mortality (Muths et al. 2011, Spitzen-
van der Sluijs et al. 2017) or by allowing for population
reestablishment following local extinctions (Snall et al.
2008, Jousimo et al. 2014, Heard et al. 2015). Similarly,
connectivity can allow for the spread of resistant geno-
types, either those that occurred within the gene pool at
the time of initial epidemics or those that evolve there-
after, consistent with the Geographic Mosaic Theory of
Coevolution (Thompson 1999). For example, Hawaiian
honeycreepers have recently recolonized lowland areas
from higher elevation refuges following the evolution of
resistance to avian malaria, with connectivity across the
gradient of disease risk (vector abundance) also likely to
have been important in facilitating the evolution of patho-
gen tolerance (Atkinson et al. 2013).
Chytridiomycosis in amphibians, caused by the fungal

pathogen Batrachochytrium dendrobatidis (hereafter Bd),
provides an informative case study of the role of connec-
tivity across environmental gradients in determining the
persistence and recovery of species afflicted by novel
pathogens. Chytridiomycosis has decimated frog popula-
tions in the Americas and Australia since the spread of
the global panzootic strain late last century (Berger et al.
1998, Skerratt et al. 2007, O’Hanlon et al. 2018, Scheele
et al. 2019). In Australia, seven species appear to have
been lost entirely, and a further 36 have suffered popula-
tion declines (Scheele et al. 2017b, 2019). Rainforest
endemics occupying upland sites above 300 m in eleva-
tion in Queensland’s Wet Tropics were particularly
affected (Berger et al. 1998, Scheele et al. 2017b), with
eight species of frogs declining or suffering local extinc-
tions (Ingram and McDonald 1993, Richards et al.
1993). Three species restricted to upland rainforest have
not been seen since the early 1990s; the mountain mist-
frog Litoria nyakalensis, northern tinkerfrog Taudactylus
rheophilus, and sharp-snouted dayfrog T. acutirostris
(Ingram and McDonald 1993, McDonald 1994, Tren-
erry et al. 1994). The armored mistfrog (L. lorica), also
a high-elevation rainforest specialist, was presumed
extinct until rediscovered in 2008 within a small refuge
of warmer and drier habitat on the western slopes of the
Wet Tropics (Puschendorf et al. 2011).

Four species displayed significant declines, but were
more broadly distributed latitudinally and elevationally
(Fig. 1); the Australian lace-lid Litoria dayi, waterfall
frog Litoria nannotis, the common mistfrog Litoria rheo-
cola, and green-eyed treefrog Litoria serrata. These spe-
cies declined precipitously at sites above 400 m between
1989 and 1994, but persisted in lowlands across their his-
torical range (McDonald and Alford 1999, Richards
and Alford 2005). Surveys across the Wet Tropics
between 1989 and 1993 frequently documented the last
upland sightings of these species (Richards et al. 1993,
Trenerry et al. 1994).
One explanation for the elevational pattern of declines

throughout the Wet Tropics is that warmer temperatures
at lower elevations reduce fungal growth, resulting in
reduced pathogenicity and virulence of Bd (Berger et al.
2004, Skerratt et al. 2007). Optimal temperatures for Bd
growth in vitro are generally between 17°C and 25°C
(Piotrowski et al. 2004, Stevenson et al. 2013), and infec-
tion and mortality rates decline sharply at temperatures
above 26°C in animal experiments (Woodhams et al.
2003, Berger et al. 2004, Greenspan et al. 2017). In nat-
ure, infection probability in Australian rainforest frogs is
reduced with the increasing proportion of time that ani-
mals spend with body temperatures above 25°C (Rowley
and Alford 2013), matching observations among ecolog-
ically similar high-elevation frogs from Central America
(Richards-Zawacki 2010). Moreover, as anurans are
ectotherms, temperature affects a range of physiological
processes relevant to disease susceptibility, including
immunity (Rollins-Smith 2017) and skin turnover
(Meyer et al. 2012). Spatial modeling and analysis of
seasonal fluctuations in Bd infection suggest that tem-
perature is a key factor mediating disease-induced decli-
nes (Murray et al. 2009, 2011, 2013, Puschendorf et al.
2009, Phillott et al. 2013, Sapsford et al. 2013, Grogan
et al. 2016).
While the threat posed by chytridiomycosis to

amphibian biodiversity remains high (Scheele et al.
2019), recovery of amphibians afflicted by chytridiomy-
cosis has been recently documented. Eleven of 43
declined species in Australia have shown some recovery
(26%; Scheele et al. 2017b), while globally signs of recov-
ery have been observed in 60 of 501 declined amphibians
(12%; Scheele et al. 2019). Examples include the recolo-
nization of hundreds of sites in Yosemite National Park,
USA, by the Sierra Nevada yellow-legged frog Rana sier-
rae (Knapp et al. 2016), significant re-expansion of the
whistling treefrog Litoria verreauxii verreauxii in Aus-
tralia’s southern highlands (Scheele et al. 2014) and a
three- to tenfold recovery in the abundance of Fleay’s
barred frog Mixophyes fleayi in the rainforests of Aus-
tralia’s eastern seaboard (Newell et al. 2013). In each of
these cases, connectivity across disease risk gradients has
been an apparent driver of persistence and re-expansion
following initial declines.
We sought to characterize the elevational extent of

recovery in the four formerly widespread species of frogs
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from the Australian Wet Tropics (L. dayi, L. nannotis, L.
rheocola, and L. serrata) and gain insights into the fac-
tors affecting persistence and recolonization. Although
evidence exists of declined species having recolonized
higher elevation sites in the Wet Tropics (McDonald
et al. 2005, Woodhams and Alford 2005, Puschendorf

et al. 2013, Sapsford et al. 2013), only one study
expressly set out to document recolonizations, reporting
some higher elevation populations of L. nannotis and L.
serrata at Paluma and Kirrama ranges in the southern
Wet Tropics (McKnight et al. 2017). Our study repre-
sents the most comprehensive attempt to document the

FIG. 1. Historical spatial and elevational distribution of the four focal species in the Wet Tropics prior to and during declines.
Historical records (dots) were collated from the Queensland, Australia, Government’s biodiversity atlas (Wildnet) and reviews of
published and unpublished sources. Map color scale shows elevation in meters above sea level. The location of the five study regions
(triangles) is also shown, being Big Tableland (BT), Mount Lewis (ML), Behana Gorge (BG), Murray-Kirrama (MK), and Ethel
Creek (EC). Inset histograms show the elevational distribution of historical records for each species.
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recovery of the four focal species across the latitudinal
and elevational extent of their former range. Further-
more, it is the first to assess the ongoing prevalence and
intensity of Bd infections among these frogs three dec-
ades after initial declines, and presents novel insights
into the effects of temperature-mediated disease risk on
recovery among chytridiomycosis-impacted amphibians
in Australia. Elucidating the role of the various factors
involved in the persistence and recovery of Bd-suscepti-
ble anurans has significant ecological, evolutionary, and
conservation implications (Skerratt et al. 2016).

METHODS

Study sites

Based on availability of species distribution data from
upland sites prior to declines, we selected five streams
where our target species, L. dayi, L. nannotis, L. rheo-
cola, and L. serrata, were known to be, or likely to have
been, present prior to declines (Table 1; Fig. 1). Streams
were roughly latitudinally equidistant across the Wet
Tropics bioregion and displayed continuity (and there-
fore, habitat connectivity) between the uplands and low-
lands (Table 1; Fig. 1). We refer to these streams as Big
Tableland, Mount Lewis, Behana Gorge, Murray-Kir-
rama, and Ethel Creek (in order from northernmost to
southernmost).
Along each stream, we established sites every 200 m

in elevation with the first lowland site at 200 m above
sea level in most cases (Appendix S1: Table S1). Sites
were selected using topographic maps and located by
GPS. Occasionally, it was not possible to place a survey
site at the precise elevation planned due to the presence
of topographic features such as large inaccessible water-
falls, gorges, and pools. In these cases, sites were reposi-
tioned slightly to maximize the chances of locating each
species. A 100-m survey transect was established at each
site.

Surveys and Bd sampling

We conducted initial surveys of all sites between May
and October 2013 (Austral winter and spring) to maxi-
mize chances of finding infected frogs (Berger et al.
2004, Phillott et al. 2013). Given the extreme difficulty

in accessing many of these sites (up to a three-day hike
through rugged terrain), most sites received a single sur-
vey. However, when a species was not detected at a par-
ticular elevation but was recorded at the elevation below,
we returned wherever possible to survey an additional
elevation between the two sites for three consecutive
nights to maximize the chance of locating that species.
These additional surveys were undertaken in December
2013 and January 2014.
In all cases, surveys were conducted after dark, with

each transect walked by two experienced observers and
the position and species of every frog recorded. Up to 20
frogs were captured at each site by hand and a skin swab
was taken by rotating a swab (MW100; Medical Wire
and Equipment, Bath, UK) over the abdomen, hands,
feet, and thighs twice to sample Bd zoospores (Skerratt
et al. 2008). A clean pair of vinyl gloves was worn when
handling each frog to prevent disease transmission
between animals.
We used quantitative PCR (Real-time TaqMan assay;

Applied Biosystems, Scoresby, Victoria, Australia) to
diagnose Bd infection status as per Boyle et al. (2004)
with the addition of bovine serum albumin to reduce the
effect of PCR inhibitors (Garland et al. 2010). We used
qPCR standards derived from the Wet Tropics Bd strain
Paluma-Lgenimaculata#2-2010-MW and considered
frogs to be positive for Bd infection when one zoospore
equivalent was present in at least two of the three repli-
cates in order to optimize sensitivity and specificity
(Skerratt et al. 2011).

Temperature loggers and canopy cover

We deployed data loggers (ibutton, model DS1922L;
Maxim Integrated, San Jose, California, USA) on the
initial visit to each site to record hourly stream-side air
temperature, and recovered them during 2014. All ibut-
tons were coated in Plastidip (Plasti Dip, Performix,
Plasti Dip International, Bundook, New South Wales,
Australia) to protect them from moisture ingression
(Roznik and Alford 2012). On each stream, at each ele-
vation, we secured two replicate air temperature data
loggers in a shaded location at a height of 0.5 to 1.5 m
depending on the availability of suitable vegetation for
attachment. All data loggers were deployed at heights
and in habitat where we would expect to find the focal

TABLE 1. The upland and lowland geopositions for each stream at which surveys were undertaken.

Stream Source of Lowland coordinates Upland coordinates Expected species

Big Tableland Mungumby Creek 15.707 °S; 145.2557 °E 15.711 °S; 145.2721 °E Ld, Ln, Lr, Ls
Mt Lewis South Mossman River 16.516 °S; 145.3412 °E 16.508 °S; 145.2730 °E Ld, Ln, Lr, Ls
Behana Gorge Behana Creek 17.182 °S; 145.8264 °E 17.243 °S; 145.8487 °E Ld, Ln, Lr, Ls
Murray-Kirrama Murray River 18.158 °S; 145.8234 °E 18.219 °S; 145.8058 °E Ld, Ln, Lr, Ls
Ethel Creek Ethel Creek 18.984 °S; 146.2106 °E 18.997 °S; 146.1894 °E Ld, Ln, Ls

Notes: Expected species are based on historical records from the five study regions (Fig. 1). Species are Litoria dayi (Ld), L. nan-
notis (Ln), L. rheocola (Lr), and L. serrata (Ls).
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species, based on our previous experience with these
frogs. Due to floods in the wet season, it was not possi-
ble to recover some data loggers. However, where both
air temperature loggers were recovered, the mean air
temperature was calculated and used in analyses.
We also collected a hemispherical canopy photograph

from the center of the stream at three points along each
100-m transect (at approximately 20 m, 50 m, and
80 m). Percentage canopy cover was calculated using
Gap Light Analyzer (v 2.0; Frazer et al. 1999) and mean
canopy cover calculated for the site.

Statistical analysis

Analyses were undertaken in a Bayesian framework,
with models fitted using Markov Chain Monte Carlo
(MCMC) sampling in OpenBUGS v. 3.2.3 (Thomas
et al. 2006), called from R v. 3.4.4 (R Core Team
2018). To aid convergence, continuous covariates were
centered by subtracting the mean and dividing by two
standard deviations. Parameter estimates were derived
from 20,000 MCMC samples in all cases (10,000 from
each of two chains), after a burn-in of 5,000 samples.
Given rapid convergence, chains were not thinned to
maximize precision of the posterior distributions (Link
and Eaton 2012). We used uninformative priors
throughout and compared models with the Deviance
Information Criterion (Spiegelhalter et al. 2002) and
model selection weights (Burnham and Anderson
2002). All code and data required to reproduce the
analysis are provided in a supporting digital archive
(Bell et al. 2019).

Microclimatic variation.—We built a linear model of
spatiotemporal variation in stream-side air temperature
during the survey period, both to allow inference about
the drivers of stream-side air temperature and to enable
prediction of air temperatures at sites and times for
which logger data were missing due to logger failure or
loss. We began by restricting recordings to those from
midnight, providing a single nightly temperature
recording that was centered on the active period of the
study species. Model construction commenced by
assuming that the five survey streams would differ fun-
damentally in their temperature regime due to latitudi-
nal variation and other factors. As such, the intercept
was allowed to vary between streams as a normally dis-
tributed random effect

tempi ¼ aj i½ � þ ei (1)

where aj[i] is the intercept term for temperature recording
i at stream j (drawn from a normal distribution with
mean of zero and standard deviation [ralpha] to be esti-
mated) and ei is the residual error term (also drawn from
a normal distribution with mean of zero and standard
deviation [rresid] to be estimated). Effects of season, cli-
mate, and site were then added in a single global model

for the temperature data. The seasonal rise and fall of
midnight air temperature was modeled with the aid of a
two-parameter cosine function of Julian date. Climatic
effects beyond the seasonal trend were modeled using a
linear, stream-specific effect of daily maximum tempera-
ture recorded at the nearest Australian Bureau of Mete-
orology (BOM) recording station. Linear effects of
elevation and canopy cover on temperature were added
given the historical elevational decline of the focal spe-
cies and the influence of canopy cover on microclimate
and Bd dynamics observed elsewhere in the Wet Tropics
(Skerratt et al. 2007, Roznik et al. 2015). Last, due to the
sequential nature of the logger data, we accounted for
temporal autocorrelation in the recordings by adding a
first-order autoregressive term, allowing recording i to
be a function of recording i � 1. The full final model
was as follows:

tempi ¼ aj i½ � þb1� cos
2p � dayi

365

� �
þb2 � sin

2p �dayi
365

� �

þb3j i½ � � maxtempj i½ � þb4� elevationi

þb5 � canopyi þb6� tempi�1 þ ei

(2)

where b1–b6 are regression coefficients, dayi is the day of
the year of recording i, maxtempj[i] is the maximum tem-
perature recorded on the day of recording i at the nearest
BOM station to stream j, elevationi is the site elevation
in meters, canopyi is the average canopy cover at the site,
and tempi�1 is the recording on the previous night.
The fitted model was used to predict the midnight air

temperature at each site throughout the survey period to
allow missing recordings to be imputed. For each of
1,000 simulations, air temperature at midnight was esti-
mated at each site on each night using the posterior
mean of each model coefficient and the relevant maxi-
mum air temperature recorded at the nearest BOM sta-
tion. The mean prediction across simulations was
retained in each case. Model performance was also
assessed using these predictions, by assessing the corre-
spondence between the predicted and observed tempera-
ture for the recordings upon which the model was built.

Infection risk.—Relationships were explored between
stream-side air temperature at midnight and the proba-
bility of infection using logistic regression. Linear mod-
els of the relationship between stream-side air
temperatures and infection load among infected individ-
uals were also pursued, but were ultimately excluded
given small sample sizes of infected individuals for some
species.
Models were constructed with the assumption that the

relationship between temperature and infection proba-
bility would be similar among species, but not identical.
In this case, the intercept and regression coefficient for
the temperature effect for each species were assumed to
come from a common distribution with a mean and
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standard deviation to be estimated from the data. Mod-
els of infection probability were constructed as follows:

logit cið Þ ¼ aj½i� þ bj i½ � � tempi

infectedi �Bernoulli cið Þ (3)

where ci is the probability of infection of frog i, aj[i] is the
intercept term for species j to which frog i belongs (drawn
from a normal distribution with mean lalpha and stan-
dard deviation [ralpha] to be estimated), bj[i] is the effect of
midnight air temperature for species j to which frog i
belongs (drawn from a normal distribution with mean
lbeta and standard deviation [rbeta] to be estimated), and
infectedi is the infection status of frog i (a Bernoulli ran-
dom variable with probability ci). As lagged temperature
variables have proven superior predictors of Bd infection
probability in our study region (Murray et al. 2013, Phil-
lott et al. 2013), we fitted five separate models to the
infection data, with midnight air temperature represented
as either that on the night of capture or the mean over the
preceding 7, 14, 21, and 28 nights.
We used the top-ranked models to produce predic-

tions of Bd infection prevalence at each site across the
survey period to enable assessment of relationships
between infection risk and site occupancy (following
Heard et al. 2015). For each site, predictions were con-
structed by simulating the swabbing of 30 individuals of
each species during each month of the survey period
(May 2013 to January 2014, with sampling assumed to
occur on the 15th day of each month). The probability
of infection for each frog in each simulation was esti-
mated using the coefficients of the top-ranked infection
model, with the relevant midnight air temperature
derived either from logger data or predictions when log-
ger data were lacking. We ran 10,000 simulations for
each species at each site in each month, each time using
a random draw from the joint posterior distribution of
the parameters of the relevant infection model. For each
species in each simulation, we calculated the prevalence
of infections among the 270 frogs sampled across the
season (30 frogs per month for nine months), by sum-
ming the estimated probabilities of infection for each
frog and dividing by the number sampled (Hosmer et al.
2013). We transformed these values to the logit scale,
and retained the mean and standard deviation across
simulations for each species at each site.

Site occupancy vs. infection risk.—Relationships between
the probability of site occupancy and predicted infection
prevalence were assessed using logistic regression. We
began by using the repeat surveys at five sites to assess
detection probabilities for each species. They were very
high in each case, ranging from 0.85 (for L. nannotis) to
1 (for both L. dayi and L. rheocola). As such, we treated
detection or non-detection data at each site as a reliable
indicator of species presence or absence during the sur-
vey period.

We fitted two models to the occupancy data for each
species: the first being a null model (intercept only) and
the second including an effect of predicted infection
prevalence on the probability of occupancy. Uncertainty
in predicted Bd prevalence was propagated by allowing
the MCMC algorithm to sample this parameter from a
normal distribution defined by the site- and species-
specific mean and standard deviation estimated above
(on the logit scale). For each species, this model had the
form

logit wið Þ ¼ aþb1 � previ

occupiedi �Bernoulli wið Þ (4)

where wi is the probability of occupancy of site i, a is the
intercept term, b1 is the effect of predicted Bd prevalence
at site i (previ), and occupiedi is the occupancy status of
site i (a Bernoulli random variable with probability wi).
For the purposes of model fitting, only sites along
streams at which a given species was detected at least
once were included in the data set for that species.

RESULTS

General patterns

At least one of the four focal species was detected at
each of the 30 survey sites, but occurrence patterns var-
ied considerably among species (Fig. 2). Litoria dayi was
detected at just five sites, none of which were above
400 m elevation. It was absent from Big Tableland and
Ethel Creek, despite being recorded historically at both
locations. Litoria nannotis was widespread, being present
at 18 sites in total, although it was absent from Big
Tableland (present historically) and detected at only two
sites at Mount Lewis. No detections of this species were
made above 800 m. Litoria rheocola was detected at 14
sites, including one record at 1,000 m at Mount Lewis.
However, most sites at which this species was detected
were below 600 m elevation, and it was not detected at
any of the five sites at Ethel Creek (although this accords
with historical records). Litoria serrata was widespread
and abundant, occurring in all regions and across the
entire elevational range. Incidence of this species
increased with elevation, in contrast to the other three
species. Due to the paucity of pre-decline abundance
data, we did not attempt to compare present day with
historical abundance.
Skin swabs were taken from 11 L. dayi, 106 L. nanno-

tis, 83 L. rheocola, and 147 L. serrata, with observed Bd
infection prevalence of 18%, 35%, 28%, and 47%, respec-
tively (Fig. 3). Infection loads were low for L. dayi and
L. nannotis (always < 650 zoospore equivalents),
whereas heavy infections of >10,000 zoospore equiva-
lents were detected in both L. rheocola and L. serrata
(Fig. 3). Five L. serrata had infections of this intensity
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or greater, and this species had a high average infection
load of 1,961 zoospore equivalents.

Microclimatic variation

We retrieved 146,793 recordings of stream-side air
temperature from the data loggers deployed during this
study (Big Tableland, 19,353; Mount Lewis, 43,794;
Behana Gorge, 23,308; Murray-Kirrama, 28,180; Ethel
Creek, 32,104). Recordings were obtained from 23 of
the 30 survey sites, covering elevations from 130 m to
1,200 m. Fig. 4 shows patterns in the average monthly
stream-side air temperature recorded at midnight for
sites between 200 m and 1,200 m in elevation. Average
monthly midnight temperatures invariably peaked in
January and reached their minimum in August, and con-
sistently declined with increasing elevation. Averaging
across streams, mean monthly midnight air temperature
ranged from 18.9°–24.6°C at 200 m, dropping to 16.9°–
22.9°C at 400 m, 15.6°–21.4°C at 600 m, 14.4°–20.9°C
at 800 m, 13.1°–19.7°C at 1,000 m and 12.4°–18.8°C at
1,200 m (Fig. 4).
Our linear model of stream-side air temperature at

midnight (Table 2), derived from 6,099 recordings, fitted
the data extremely well (R2 = 0.90, RMSE = 0.97°C).
Microclimate of the northern most stream (Big Table-
land) was warmer on average than all others (model
intercept for Big Tableland = 7.138, all others < 7);
however, microclimates of the remaining streams did not
follow a cooling trend with increasing latitude (Table 2).

As expected, the effect of maximum daily air tempera-
ture recorded at the nearest weather station also varied
between streams (and was > 0 in all cases; Table 2) and
stream-side air temperature was strongly positively cor-
related from night to night (autoregressive term = 0.657,
95% CI = 0.641, 0.674).
At the site level, midnight air temperature declined

sharply with increasing elevation, and to a lesser degree
with increasing canopy cover (Table 2). For illustrative
purposes, Fig. 5 displays predictions of the mean mid-
night temperature during August across the elevational
and canopy gradient observed at our study sites (with
model intercept set to zero, representing an “average”
site). The mean midnight temperature was predicted to
be 5.11°C cooler at 1,200 m than at 200 m (on average
across the canopy gradient), with an average decline of
1.02°C for every 200 m increase in elevation (Fig. 5).
Corresponding figures for canopy cover are an average
drop of 2.11°C between the minimum and maximum
canopy covers (45% and 95%), with an average decline
of 0.42°C for every 10% increase in canopy cover
(Fig. 5).

Infection risk

The probability of infection decreased sharply as mid-
night air temperature increased for all four species
(Fig. 6). This was true for all permutations of midnight
air temperature assessed (that on the night of capture,
plus lagged measures); however, the average midnight
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temperature over the preceding 28 nights proved to be
the superior predictor of infection probability for all four
species (Table 3). The effect was strongest for L. dayi
and weakest for L. rheocola based on posterior mean

values, although the 95% CIs overlapped extensively
among species (Table 4).
Infection probability was predicted to increase in a

sigmoidal fashion with increasing elevation and canopy
cover for all species, given the negative effects of these
two variables on stream-side air temperature. Fig. 7
shows this relationship for each species, based on the
temperature predictions displayed in Fig. 5 for the
month of August. Across species, the chance of infection
at 200 m elevation and 45% canopy cover was predicted
to average 9%, being highest for L. nannotis (10%) and
lowest for L. serrata (7%). The chance of infection was
predicted to climb to 94% on average across species at
1,200 m elevation and 95% canopy cover, with a mini-
mum of 91% for L. rheocola and maximum of 96% for
L. nannotis and L. serrata.

Site occupancy vs. infection risk

Of the four focal species, there was evidence of a
negative relationship between site occupancy and pre-
dicted infection prevalence for L. dayi and L. rheo-
cola; models including effects of Bd prevalence on
occupancy rate were superior for these species
(Table 5), and 95% credible intervals for the effect of
infection prevalence on the probability of occupancy
were <0 in each case (Table 6). Sites at which L. dayi
was detected displayed a predicted infection preva-
lence across the study period of ≤ 0.32, with the
equivalent figure for L. rheocola being ≤ 0.60 (Fig. 8).
The null model was superior for L. nannotis (Table 5)
and the effect of predicted Bd prevalence on the prob-
ability of occupancy was ~ 0 (Table 6). In contrast to
all other species, the incidence of L. serrata among
sites increased with increasing predicted infection
prevalence (Fig. 8), and the probability of site occu-
pancy for this species was positively related to infec-
tion risk, with a 95% CI > 0 (Table 6).

DISCUSSION

This is the first systematic study of the current distri-
bution of rainforest frogs in the Australian Wet Tropics
following catastrophic Bd-related upland population
declines and disappearances more than two decades ago.
We surveyed sites across both an elevational and latitu-
dinal gradient, and suggest that observed upland recolo-
nizations have been supported by connectivity across a
gradient of disease risk that enabled persistence in low-
land refuges and gradual adaption between the host and
pathogen.
One species appears to have largely recovered (Litoria

serrata) and a further two appear to have made partial
recoveries (L. nannotis and L. rheocola). Litoria serrata
was detected across its full elevational range, was abun-
dant at numerous sites, and persists with high infection
prevalence and intensity. Litoria nannotis and L. rheo-
cola were detected at, or close to, their historical

0 1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10
Litoria dayi

2/11 (18%)

0 1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10
Litoria nannotis

37/106 (35%)

0 1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10
Litoria rheocola

Fr
eq

ue
nc

y

23/83 (28%)

0 1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10
Litoria serrata

Infection load (log scale)

69/147 (47%)

FIG. 3. Histograms of Batrachochytrium dendrobatidis (Bd)
infection load among infected individuals of each species. Infec-
tion load is the natural logarithm of estimated zoospore equiva-
lents. Text in the upper right of each plot gives the prevalence of
infections (number infected vs. number tested).

Article e02152; page 8 SARAC. BELL ETAL.
Ecological Applications

Vol. 0, No. 0



elevational range, and persist with high infection preva-
lence (and intensity in the case of L. rheocola). However,
evidence of continued constraints on recovery by
chytridiomycosis was found for L. rheocola; despite
being found across its full historical elevational range, a
negative relationship between site occupancy probability
and predicted Bd prevalence was apparent for this spe-
cies (Table 6), corresponding to lower rate of occupancy

in cool, shaded sites at higher elevations. Our final target
species, L. dayi, appears to have made little or no recov-
ery from initial epizootics, being restricted to warmer,
lowland refuges (≤400 m) at which infection prevalence
is low (see also McKnight et al. 2017).
We also found evidence of response variability to

chytridiomycosis within species. For example, L. rheo-
cola was present at 600 m at Big Tableland and 1,000 m
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at Mt Lewis (our two most northern transects) but was
absent above 500 m at Behana Gorge and 400 m at
Murray-Kirrama, at the southernmost extent of its
range. Conversely, L. nannotis was entirely absent from

Big Tableland where it occurred historically and at eleva-
tions above 500 m at Mt Lewis, but was present at
800 m at our three most southern transects. This hetero-
geneity in response could have numerous drivers and
relate as much to resilience to initial epidemics as to fac-
tors influencing recovery. We note that the pattern of
stronger recovery of L. rheocola in the northernmost
streams is consistent with warmer climates at these loca-
tions (particularly evident in the temperature logger data
at Big Tableland). We speculate that complete loss of

TABLE 2. Parameter estimates for the model of stream-side air
temperature at midnight, as recorded using data loggers.

Parameter/effect Mean 95% CI

Intercept
Big Tableland 7.138 6.776, 7.469
Mount Lewis 6.713 6.379, 7.017
Behana Gorge 6.415 6.092, 6.710
Murray-Kirrama 6.727 6.389, 7.034
Ethel Creek 6.697 6.355, 7.008

cos(Date) 0.493 0.419, 0.564
sin(Date) 0.317 0.275, 0.355
Elevation �1.008 �1.089, �0.923
Canopy �0.422 �0.508, �0.338
Maximum air temperature
Big Tableland 0.682 0.491, 0.877
Mount Lewis 0.533 0.428, 0.641
Behana Gorge 0.782 0.557, 0.996
Murray-Kirrama 1.137 0.979, 1.291
Ethel Creek 0.767 0.648, 0.879

Autoregressive term 0.657 0.641, 0.674
Stream-level standard deviation 9.476 4.517, 22.130

Note: Posterior means are shown, along with the 95% credi-
ble interval (95% CI) for each parameter.
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L. nannotis at Big Tableland and weak recovery at Mt
Lewis could relate to comparatively small population
sizes (see further below) and/or differences in genetic
diversity at the northern extremity of the species range,
with resulting differences in capacity for recovery.
Genetic divergence occurs between populations of L.
rheocola and L. nannotis on either side of the Black
Mountain Corridor (Schneider et al. 1998, Bell et al.
2012), which splits our two most northern transects from
the three southern transects, so genetic differences in
immunity to Bd are possible between these groups.
In concordance with several other recent studies in the

Wet Tropics (e.g. Phillott et al. 2013, Roznik et al. 2015),
our study showed that exposure to cooler temperature
regimes strongly increases the probability of infection by
Bd for our focal species. However, our study provides
unique insights into the thermal gradients used by these
species across their current and former range. Elevation

was a strong driver of temperature regimes among our
sites, with mean monthly midnight air temperatures drop-
ping by ~ 1°C for every 200 m increase in elevation. Nev-
ertheless, temperature differences between neighboring
survey elevations (those on the same stream) varied, with
the largest drops in mean monthly midnight temperature
observed between 400 m and 600 m at Mt Lewis and Big
Tableland, and between 200 m and 400 m at Ethel Creek
(and, to a lesser extent, at Murray-Kirrama; Fig. 4). The
reason for the greater temperature differences between
consecutive elevational steps at some locations is uncer-
tain, but this nonlinear response of temperature to eleva-
tion may impact infection dynamics and result in
thermally driven disease barriers, which could explain
variation in the ability of species to recolonize the uplands
from lower elevation sites due to a steeper gradient of
selection pressure at these low- to mid-elevations. Given
the strong influence of temperature regimes on Bd infec-
tion prevalence, and the apparent continued intolerance
of L. dayi to the pathogen, thermally driven disease barri-
ers to upper elevational migration appear particularly
strong for this species.
Canopy cover was an important predictor of stream-

side air temperature regimes across our study sites, with
mean monthly midnight air temperatures estimated to
decrease roughly 0.4°C for every 10% increase in canopy
cover (Fig. 5). With an observed canopy gradient
between 45% and 95%, this means a 2°C difference
between high and low canopy sites at any given eleva-
tion, on average across our study area. This variation is
significantly less than that across the elevation gradient,
but could still be consequential for Bd infection dynam-
ics. According to our data, infection probability drops
sharply between a mean monthly air temperature of
16°C to 18°C (from roughly 75% to 35%, on average
across species; Fig. 6). Hence, sites at the same elevation
but at opposite ends of the canopy spectrum could dis-
play significantly different infection rates (see Fig. 7),
with resulting implications for mortality rates and popu-
lation persistence. A previous Wet Tropics study (Roznik
2013) demonstrated that the proportion of time that L.
serrata, L. nannotis, and L. rheocola were exposed to
temperatures below 16°C was a strong predictor of infec-
tion status, and impairment of frog immune response
under cooler conditions (Rollins-Smith et al. 2011)
means that mortality rates are often highest at such tem-
peratures (Berger et al. 2004, Murray et al. 2009, Phillott
et al. 2013). While none of our sites above 200 m eleva-
tion had canopy cover below 70%, small patches of open
canopy habitat with consequent warmer temperatures
likely exist across the elevational gradient. These may
play a role in the recovery and persistence of frogs
(Puschendorf 2009, Daskin et al. 2011, Puschendorf
et al. 2011, Roznik et al. 2015), particularly at elevations
of ~600 m where 16°C is a common nighttime tempera-
ture for several consecutive months in the year (Fig. 4).
In addition to these site-scale environmental drivers of

disease risk, population recovery following Bd epizootics

TABLE 3. Model selection statistics for the five models fit to
the Batrachochytrium dendrobatidis (Bd) infection data for
each species.

Model DIC DDIC Model weight

Midnight temperature at capture 432.5 19.8 0
Mean midnight temperature
Over 7 nights 422.3 9.6 0.006
Over 14 nights 416.8 4.1 0.093
Over 21 nights 415.5 2.8 0.178
Over 28 nights 412.7 0 0.723

Notes: Model selection statistics are the Deviance Informa-
tion Criterion (DIC), distance from the most parsimonious
model (DDIC), and model selection weight. The top-ranked
model for each species is highlighted in boldface type.

TABLE 4. Parameter estimates for the top-ranked infection
model for each species.

Species and Parameter/Effect Mean 95% CI

Litoria dayi
Intercept �0.640 �1.756, 0.448
Temperature �2.145 �5.097, �0.256

Litoria nannotis
Intercept �0.371 �0.809, 0.128
Temperature �1.889 �2.647, �1.180

Litoria rheocola
Intercept �0.791 �1.279, �0.373
Temperature �1.715 �2.744, �0.495

Litoria serrata
Intercept �0.711 �1.143, �0.339
Temperature �2.049 �3.021, �1.239

Notes: The temperature effect in these models is the average
stream-side air temperature at midnight over the preceding 28
nights (derived from loggers or predictions from the air temper-
ature model where logger data were missing). Posterior means
are shown, along with the 95% credible interval (95% CI) for
each parameter.
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is likely determined by various factors relating to land-
scape context and connectivity, such as the regional
extent of species loss, proximity to nearest refuge popu-
lations from which recolonization can occur and conti-
nuity of habitat to provide connectivity (Van Looy et al.
2019). Where there is species extirpation from an area,
and a lack of connectivity to nearby areas where frogs
persist, recolonization would be very difficult over
longer time scales. Our study suggests this may be the
case for L. nannotis at Big Tableland, and L. dayi at both
Big Tableland and Ethel Creek, as a tidal river south of
Big Tableland and an expanse of agricultural land north

of Ethel Creek represent significant barriers for these
species.
Within streams, we observed no areas of entirely

unsuitable habitat, nor major landforms that would pre-
vent frog dispersal between sites. Hence, in addition to
the importance of the gradient in disease risk for deter-
mining recolonization rates, we speculate that immigra-
tion rate may as yet be inadequate to drive recolonization
of some sites by our focal species across the Wet Tropics.
In support of this, we found that species that were well
below their former upland distribution at some streams
were also observed at low abundance in the lowland part
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of these streams, and this would result in reduced export of
migrants to higher elevations. For example, low numbers of
L. rheocolawere observed in the low elevation sites atMur-
ray-Kirrama (where the species was not seen above 400 m)
and fewL. nannotiswere observed at the low-elevation sites
at Mt Lewis (at which the species was not seen above
500 m). It seems quite plausible in this case that hetero-
geneity between sites in apparent recolonization success
may be due to small refuge population sizes resulting from
ongoing impacts of chytridiomycosis in these refuges (Phil-
lott et al. 2013, Grogan et al. 2016), aswell as other ecologi-
cal or genetic factors that constrain population growth
rates (Savage et al. 2015,McKnight et al. 2019).
Of course, there are likely to be various other epidemi-

ological, immunological, demographic, and genetic
factors that influence the patterns of recovery (or non-
recovery) documented during this study and these may
display considerable site-specificity. Attenuation of Bd

virulence with time has been frequently hypothesized as
a factor that may allow frogs to recover (Berger et al.
2016, McKnight et al. 2017, Scheele et al. 2017b); how-
ever, this remains unsupported with evidence favoring
host factors such as evolution of innate immune defenses
(Voyles et al. 2018), including production of antifungal
compounds by cutaneous bacterial symbionts (Harris
et al. 2009, Becker et al. 2015, Kueneman et al. 2016,
Bell et al. 2018), increased recruitment (Phillott et al.
2013, Brannelly et al. 2016, Scheele et al. 2017c), behav-
ioral changes (Richards-Zawacki 2010, Puschendorf
et al. 2011, Rowley and Alford 2013) and increases in
genetic diversity (McKnight et al. 2019). Adaptive
immune defenses have not yet been identified in Aus-
tralian Wet Tropics frogs, although there is evidence of
an adaptive immune response in other Australian frogs
(Bataille et al. 2015). However, genes associated with
immunocompetence can be upregulated in susceptible
frog species under heavy selection pressure from Bd (re-
viewed in Fu and Waldman 2017, Eskew et al. 2018).
Lastly, we highlight the possibility that the failure of L.
dayi, L. nannotis, and L. rheocola to recover to the extent
of L. serrata could result from the latter now acting as a
reservoir host for Bd, having recovered more quickly
than its congeners and now being able to tolerate both
high infection prevalence and intensity. The presence of
reservoir hosts that harbor high Bd loads is an impor-
tant determinant of population suppression in other
Australian frogs that can be infected by the pathogen
(Scheele et al. 2017a, Brannelly et al. 2018).
Lowland refugial amphibian populations played a

critical role in the persistence of our focal species follow-
ing initial epizootics at higher elevations, and have an
ongoing role in the persistence of L. dayi, L. nannotis,
and L. rheocola. Protection of these populations and
appropriate management to mitigate broader threaten-
ing processes is vital, particularly at sites with high-qual-
ity habitat that may play a disproportionate role in
maintaining genetic diversity (McKnight et al. 2019).
We suggest that population connectivity along a disease
risk gradient has been vital to the persistence and recov-
ery of our focal species, analogous to the case for Hawai-
ian Honeycreepers recovering from avian malaria
(Atkinson et al. 2013, Guillaumet et al. 2017). Hence,
maintaining the capacity for individuals to migrate from
refuge populations to higher risk locations should be a
fundamental management priority.
At some sites, translocations could be trialed as a pos-

sible management intervention to facilitate the recovery
of our focal species (Cayuela et al. 2019). Translocations
have potential to amplify effects of natural selection by
overcoming barriers, such as natural obstacles or an
overly steep increase in disease risk due to microclimatic
factors, which inhibit the spread of resistant phenotypes.
These efforts could be combined with assisted selection
or targeting of frogs that have undergone natural selec-
tion. Translocation to unoccupied lowland sites could be
pursued for L. dayi and L. nannotis, at Big Tableland

TABLE 5. Model selection statistics for the three logistic
regression models fit to the occupancy data for each species.

Species and Model DIC DDIC
Model
weight

Litoria dayi
Null 29.570 13.500 0.001
Predicted Bd prevalence 16.070 0 0.999

Litoria nannotis
Null 19.610 0 0.694
Predicted Bd prevalence 21.250 1.604 0.306

Litoria rheocola
Null 33.380 7.260 0.026
Predicted Bd prevalence 26.120 0 0.974

Litoria serrata
Null 29.080 7.34 0.025
Predicted Bd prevalence 21.740 0 0.975

Notes: Model selection statistics are the Deviance Informa-
tion Criterion (DIC), distance from the most parsimonious
model (DDIC), and model selection weight. The top model in
each case is highlighted in boldface type.

TABLE 6. Estimated effect of predicted Bd prevalence on the
probability of site occupancy for each species.

Species and Parameter/Effect Mean 95% CI

Litoria dayi
Intercept 3.704 0.836, 7.351
Predicted Bd prevalence �15.270 �27.570, �5.561

Litoria nannotis
Intercept 2.414 0.021, 5.334
Predicted Bd prevalence �0.816 �7.122, 5.787

Litoria rheocola
Intercept 3.870 1.402, 7.050
Predicted Bd prevalence �8.616 �16.640, �2.481

Litoria serrata
Intercept �0.521 �2.321, 1.216
Predicted Bd prevalence 10.750 3.039, 20.620

Note: Posterior means are shown for both the intercept and
effect, along with their 95% credible intervals (95% CI).
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and Ethel Creek for the former, and Big Tableland for
the latter (locations at which these species were histori-
cally recorded but are no longer found). Additionally,
translocations to less densely occupied sites could be
used to increase abundance and facilitate natural recolo-
nization, with priorities being L. rheocola at Murray-
Kirrama and L. nannotis at Mt Lewis. Likewise, experi-
mental elevational translocations could also be trialed at
these sites to facilitate recovery.
Such translocation efforts could be aided by man-

agement actions that seek to reduce disease risk.
While canopy reduction to increase insolation may
increase temperatures sufficiently to reduce disease
risk in lowland and mid-elevation sites (see Roznik
et al. 2015), the broader impacts of such activities
may render it unsuitable. A recently suggested alter-
native is the use of localized warming through artifi-
cial heat sources (Hettyey et al. 2019), which has the
potential to reduce the disease risk gradient at sites
where microclimatic barriers (nonlinear responses in
temperature that may predict greater disease risk) are
too great, optimizing opportunity for host selection.
However, such warming initiatives may be unneces-
sary in the face of climate change, as possible vege-
tation and canopy changes (Kearney et al. 2009)
may break down these microclimatic barriers. There-
fore, careful evaluation of translocation and warming
initiatives is imperative, judging potential benefits
against feasibility, cost, and broader environmental
impacts.

Seeking to understand recovery mechanisms may
reveal pathways to facilitate natural recovery. For some
of our focal species (particularly L. dayi), and others
with enzootic chytridiomycosis in eastern Australia, crit-
ical knowledge gaps remain in the areas of immune
defense, the roles of microhabitat use and thermoregula-
tion in mitigating pathogen virulence, and life history
shifts that enable demographic compensation for height-
ened adult mortality. We suggest further field research to
evaluate changes in microhabitat use or life history shifts
in remnant populations that facilitate persistence, and
laboratory experiments to determine if variation in
innate immunity between populations explains differ-
ences in recovery patterns. Experiments that reveal the
mechanisms underpinning the ability of L. serrata to
withstand high Bd loads would be worthwhile. Further
upland recolonizations seem probable for L. rheocola
and L. nannotis given time, but recovery in L. dayi
remains uncertain. It is worth cautioning that there may
be thresholds of adaptability that prevent further unas-
sisted recovery. The above research initiatives, coupled
with ongoing monitoring of declined species, will pro-
vide important insights into the ecological response of
these frogs to Bd, and management actions that could
further facilitate recovery.
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