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Abstract
Emerging infectious diseases can cause dramatic declines in wildlife populations. Sometimes, these declines are followed by
recovery, but many populations do not recover. Studying differential recovery patterns may yield important information for
managing disease-afflicted populations and facilitating population recoveries. In the late 1980s, a chytridiomycosis outbreak
caused multiple frog species in Australia’s Wet Tropics to decline. Populations of some species (e.g., Litoria nannotis)
subsequently recovered, while others (e.g., Litoria dayi) did not. We examined the population genetics and current infection
status of L. dayi, to test several hypotheses regarding the failure of its populations to recover: (1) a lack of individual
dispersal abilities has prevented recolonization of previously occupied locations, (2) a loss of genetic variation has resulted
in limited adaptive potential, and (3) L. dayi is currently adapting to chytridiomycosis. We found moderate-to-high levels of
gene flow and diversity (Fst range: <0.01–0.15; minor allele frequency (MAF): 0.192–0.245), which were similar to
previously published levels for recovered L. nannotis populations. This suggests that dispersal ability and genetic diversity
do not limit the ability of L. dayi to recolonize upland sites. Further, infection intensity and prevalence increased with
elevation, suggesting that chytridiomycosis is still limiting the elevational range of L. dayi. Outlier tests comparing infected
and uninfected individuals consistently identified 18 markers as putatively under selection, and several of those markers
matched genes that were previously implicated in infection. This suggests that L. dayi has genetic variation for genes that
affect infection dynamics and may be undergoing adaptation.

Introduction

Recent decades have seen a dramatic increase in emerging
infectious diseases in wildlife. These diseases are caused by
a diverse range of pathogens (including bacteria, fungi, and
viruses), and have afflicted many taxa, often causing
devastating declines or even extinctions (Daszak et al. 2000;

Smith et al. 2006; Scheele et al. 2019). Diseases often shift
from being epizootic to being enzootic, and in some cases,
populations may rebound following an initial outbreak
(Woodworth et al. 2005; McKnight et al. 2017a; Scheele
et al. 2017). These recoveries are not guaranteed, and in any
one area, some species may recover, while others continue
to either decline or persist only in low numbers (McKnight
et al. 2017a; Bell et al. 2020). These differential recovery
patterns among populations or species may hold important
clues for understanding how wildlife populations respond to
diseases, and that understanding may enhance conservation
efforts and prevent or limit declines in other populations
and species.

Chytridiomycosis presents a useful model to study dif-
ferential recoveries. This disease is caused primarily by the
fungal pathogen Batrachochytrium dendrobatidis (Bd), and
has caused declines and extinctions in hundreds of
amphibian species around the world (Berger et al. 1998;
Daszak et al. 1999; Lips et al. 2006; Scheele et al. 2019).

* Donald T. McKnight
donald.mcknight@my.jcu.edu.au

1 College of Science and Engineering, James Cook University,
Townsville, QLD, Australia

2 School of Environmental and Rural Science, University of New
England, Armidale, NSW, Australia

Supplementary information The online version of this article (https://
doi.org/10.1038/s41437-020-0324-x) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41437-020-0324-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41437-020-0324-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41437-020-0324-x&domain=pdf
http://orcid.org/0000-0001-8543-098X
http://orcid.org/0000-0001-8543-098X
http://orcid.org/0000-0001-8543-098X
http://orcid.org/0000-0001-8543-098X
http://orcid.org/0000-0001-8543-098X
http://orcid.org/0000-0003-0188-3290
http://orcid.org/0000-0003-0188-3290
http://orcid.org/0000-0003-0188-3290
http://orcid.org/0000-0003-0188-3290
http://orcid.org/0000-0003-0188-3290
mailto:donald.mcknight@my.jcu.edu.au
https://doi.org/10.1038/s41437-020-0324-x
https://doi.org/10.1038/s41437-020-0324-x


The Wet Tropics of Queensland, Australia, experienced a
large Bd outbreak in the late 1980s and early 1990s,
during which several species declined, including green-
eyed treefrogs (Litoria serrata [previously genimacu-
lata]), waterfall frogs (Litoria nannotis), and Australian
lace-lid frogs (Litoria [previously Nyctimystes] dayi;
Ingram and McDonald 1993; Richards et al. 1993; Laur-
ance et al. 1996; McDonald and Alford 1999). Histori-
cally, all three species occurred along rainforest creeks at
most elevations; however, during the Bd outbreak, popu-
lations above 300–400-m elevation (hereafter referred to
as “upland”) either declined sharply (L. serrata) or dis-
appeared (L. nannotis and L. dayi), while lowland popu-
lations (< 300–400 m) remained stable (Richards et al.
1993; Laurance et al. 1996; McDonald and Alford 1999).
Following this initial decline, upland L. serrata popula-
tions quickly recovered at most sites, while L. nannotis
gradually recolonized many, but not all, upland sites
(McKnight et al. 2017a; Bell et al. 2020). Both of these
species now have breeding populations at the headwaters
of many upland creeks, despite the fact that Bd is still
present and continues to infect both species (Richards and
Alford 2005; McKnight et al. 2017a). In contrast, L. dayi

has not recolonized upland sites, and continues to be
restricted to low elevations (McKnight et al. 2017a; Bell
et al. 2020).

In a previous study (McKnight et al. 2019), we examined
the population genetics of L. serrata and L. nannotis, and
found that both species have high levels of gene flow
among populations, but recovered upland populations have
reduced genetic diversity. We also found that large areas of
high-quality lowland habitat appeared to be important
refugia for maintaining diversity during the outbreak.
However, the question of why L. dayi has not recolonized
the upland sites is yet to be addressed. Therefore, in the
current study, we built on our previous results by studying
the current infection status and population genetics of
L. dayi. We then compared our results for L. dayi with our
previously published results on other species.

Specifically, we tested three hypotheses regarding the
lack of upland recolonization in L. dayi: (1) Litoria dayi is
restricted by low-dispersal ability, which has prevented it
from recolonizing upland sites (null hypothesis: L. dayi has
moderate or high dispersal ability, similar to other species in
the area that have recovered from the outbreak), (2) the
chytridiomycosis outbreak resulted in a genetic bottleneck

Fig. 1 Study sites and connectivity. a Maps of study sites (symbols
and colors correspond to b and c). Large squares= the highest ele-
vation sites (sampled for genetics and Bd), large circles= the lowest
elevation sites (sampled for genetics and Bd), and small diamonds=
mid-elevation sites (sampled for Bd only). Dark-gray areas= rain-
forest, blue lines= streams, bold black numbers and orange lines=
Fst values (the thickness and darkness of the lines are scaled with the
Fst), and white numbers and red lines= relative migration rates from
divMigrate (arrows [black] indicate the direction of gene flow; all

values are relative to each other with 1 being the highest level of
migration observed; the darkness and thickness of the lines scale with
the migration rates). b Results from NetView (k30) showing popula-
tion structuring (all parks and populations were analyzed together;
lines= connections up to 30 nearest neighbors; branch lengths are
irrelevant and this should be read by looking at the number and density
of connections, rather than the exact placement of points). c DAPC
results visualizing structure among and within parks.
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reducing the genetic diversity required for adapting to the
disease (null hypothesis: L. dayi has moderate or high
genetic diversity, similar to other species in the area that
have recovered from the outbreak), and (3) Litoria dayi is
currently in the process of adapting to Bd (null hypothesis:
L. dayi does not show evidence of adaptation). These three
hypotheses were tested by examining current infection
patterns, connectivity, and genetic diversity among regions,
populations, and individuals, as well as searching for sig-
natures of selection across the genome. These results were
then compared with the previously published genetic pat-
terns we documented for L. serrata and L. nannotis
populations.

Materials and methods

Study sites and samples

Toe tips (hereafter referred to as tissue samples) were col-
lected from L. dayi populations in three areas: Woor-
oonooran National Park, Tully Gorge National Park
(hereafter “Tully”), and Girramay Range/Kirrama Range
National Parks (Fig. 1). Girramay and Kirrama border
each other and share contiguous forests and streams;
therefore, they will be referred to as a single site:
“Girramay–Kirrama.” At each park, frogs were sampled for
DNA at both the highest (~300–400 m) and lowest
(~50–200 m) elevations currently occupied by L. dayi
(Table 1). At Wooroonooran, frogs were sampled at two
points along Pugh Creek. At Tully, L. dayi was sampled at

Python Creek and an unnamed creek (both creeks feed into
the Tully River), and at Girramay–Kirrama, frogs were
sampled from two creeks at the current highest elevation for
L. dayi (these sites correspond to “DCl” and “MRl” in our
previous study on L. nannotis and L. serrata, McKnight
et al. 2019). Both creeks connect below those sampling
sites, so a third site was sampled downstream, at the lowest
elevation for L. dayi at Girramay–Kirrama. At all three
parks, there was a direct water connection between the
highest and lowest elevation sites.

In addition to the tissue samples, we also collected data
on the current infection status of L. dayi, and examined how
elevation influenced infection. The expectation was that if
Bd is preventing L. dayi from recolonizing upland sites (as
opposed to a lack of dispersal ability or genetic diversity),
then both infection prevalence and intensity should increase
with increasing elevation. To test this, skin swabs were
collected from all captured frogs at each tissue-sampling
site, and frogs were swabbed at additional sites between our
tissue-sampling sites (two each at Tully and Wooroonooran,
and one at Girramay–Kirrama). These sites were selected to
cover the entire current elevation range of L. dayi, with
roughly evenly spaced sampling points at each park. More
details on sampling sites and sample sizes are provided in
Fig. 1 and Tables 1 and 2.

At each site, frogs were sampled at night by walking a
transect starting at the highest point where L. dayi could be
found at upland sites, and at the lowest point where L. dayi
could be found at lowland sites. Every L. dayi encountered
was sampled until a minimum representative number (n ~
30) had been reached, or no more L. dayi could be found.

Table 1 Study site details.
Park Site Latitude Longitude Elevation

mean (m)
Elevation
range (m)

Transect
length (m)

Girramay–Kirrama G1 −18.17451 145.82828 303 283–327 610

Girramay–Kirrama G2 −18.18250 145.80926 303 287–336 560

Girramay–Kirrama G3 −18.16582 145.82360 222 214–225 310

Girramay–Kirrama G4 −18.15697 145.82381 191 159–213 1540

Tully T1 −17.77420 145.59390 378 359–423a 350a

Tully T2 −17.76977 145.58993 275 258–286 220

Tully T3 −17.76487 145.59011 198 195–207 330

Tully T4 −17.77607 145.66484 95 91–100 150

Wooroonooran W1 −17.38523 145.86868 319 295–356b 560b

Wooroonooran W2 −17.38814 145.87605 237 224–247 250

Wooroonooran W3 −17.39380 145.88595 134 126–143 200

Wooroonooran W4 −17.39803 145.89468 57 47–64 450

The coordinates represent the approximate midpoints of each transect. Litoria dayi was not abundant at
Girramay–Kirrama, resulting in long transect distances, particularly at the lowest elevation, where it was
clustered around small creeks that fed into the main channel. G1 and G2 correspond roughly to DCl and MRl
(respectively) in McKnight et al. (2019).
aOnly one frog was found above 398 m (210-m transect length excluding that frog).
bOnly one frog was found above 334 m (363-m transect length excluding that frog).
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At Girramay–Kirrama, L. dayi was rare, resulting in long
transects, particularly at the lowest elevation, whereas at
Tully, it was abundant, resulting in short transects (Table 1).
Female L. dayi spend most of their time in the forest and are
seldom found along streams (Hodgkison and Hero 1999).
As a result, all samples were collected from males, with the
exception of one female at Girramay–Kirrama, one female
at Tully (swab only), and one juvenile at Tully. All sam-
pling took place in September 2017, and each site was
sampled during a single night or, if necessary, on two
consecutive nights. No recaptures occurred when sampling
took two nights.

Each frog was captured in a clean plastic bag, handled
using a new pair of nitrile gloves, and released at its
collection site within minutes of being captured. Tissue
samples were collected via toe tips (one from each rear
foot). This procedure is minimally invasive and does not
typically result in bleeding. The scissors were dipped in
ethanol and flame-sterilized between each frog. Tissues
were stored in vials of 70% ethanol. Skin swabs were
collected by rubbing a sterile, rayon-tipped swab (Medical
Wire, MW113), along the stomach, thighs of each rear
leg, and each rear foot (five times each, 25 strokes in
total). All samples were kept at room temperature for up to
48 h, after which they were placed on ice for transport.
Tissue samples were stored at 4 °C, and Bd swabs were
stored at −20 °C.

Bd extraction, qPCR, and analysis

To assess the infection status of L. dayi, the DNeasy Blood
and Tissue DNA extraction kit (Qiagen) was used for each
skin swab following the standard protocol, with two mod-
ifications: an overnight digestion and two 20 μl elutions.
The extracted DNA was sent to Cesar Australia, a com-
mercial company, to perform triplicate qPCR following the
standard protocol outlined in Boyle et al. (2004). Frogs
were only considered Bd-positive if Bd (≥0.1 zoospore
equivalent) was identified in all three of the qPCR tripli-
cates. Eighteen samples amplified in only one or two of the
triplicates. These 18 samples were considered “ambiguous”
and were removed from all analyses. To control for con-
tamination, we made six blanks (i.e., clean swabs that were
placed in vials without swabbing frogs) and extracted them,
and ran qPCR alongside the actual samples. There was no
amplification in any of the blanks. Ceasar Australia also
tested a subset of 31 samples for PCR inhibition using the
TaqMAN Exogenous Internal Positive Control (VIC-
labeled) kit, and did not find inhibition in any of the samples.

A binomial generalized linear regression model in R (R
Core Development Team 2017) was used to look for an
association between Bd infection prevalence (i.e., propor-
tion of individuals that were infected) and elevation.
Infection status was the response variable, and elevation,
park, and their interaction were the explanatory variables.
All individuals were included, regardless of infection status
or intensity (excluding the 18 ambiguous samples). To test
for an association between infection intensity (i.e., zoospore
load) and elevation, a linear model in R was used. Infection
intensity (log10 of qPCR results) was the response variable,
and elevation, park, and their interaction were the expla-
natory variables. All Bd-positive individuals were included
in this model, regardless of zoospore load. The significance
of the relationships was tested using the Anova function in
the car package (Fox and Weisberg 2011) with a type 2 sum
of squares. For the binomial model, overdispersion was
checked by dividing the residual deviance by the degrees of
freedom (1.17), and for the linear model, a residual and QQ
plot were used to assess model fit.

Genomic DNA extraction and sequencing

Genomic DNA was extracted from each sample using the
cetyl trimethyl ammonium bromide procedure (with
chloroform precipitation, Doyle and Doyle 1987), and the
quality and quantity of DNA were checked using gel elec-
trophoresis and a Nanodrop DNA/RNA spectrophotometer
analyzer. Genome-wide single-nucleotide polymorphisms
(SNPs) were generated by Diversity Arrays Technology
(DArT PL), Canberra, Australia, using their proprietary
DArTSeq™ genotyping by sequence methodology

Table 2 Sample sizes for each site.

Site Tissue All Bd swabs Bd swabs for tissue
samples

Total Bd+
(≥10)

Bd+
(<10)

Bd− Total Bd+
(≥10)

Bd+
(<10)

Bd−

G1 28 30 17 6 7 27 15 5 7

G2 19 18 8 8 2 18 8 8 2

G3 – 27 11 7 9 – – – –

G4 23 28 11 8 9 21 9 5 7

T1 28 27 11 7 9 25 11 7 7

T2 – 27 9 12 6 – – – –

T3 – 28 4 10 14 – – – –

T4 28 29 4 6 19 26 2 5 19

W1 29 29 21 5 3 28 20 5 3

W2 – 29 18 5 6 – – – –

W3 – 25 11 7 7 – – – –

W4 28 29 2 6 21 28 2 5 21

Tissue tissue samples sequenced, All Bd swabs all swabs that amplified
in all three triplicates, Bd swabs for tissue samples swabs that
amplified in all three triplicates, and were from frogs that were
sequenced (one frog did not have a swab), Bd+ (≥10) swabs that were
Bd-positive and had ≥10 zoospore equivalents of DNA, Bd+ (<10)
swabs that were Bd-positive but had <10 zoospore equivalents of
DNA, Bd− swabs that showed no amplification in all three triplicates.
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(Sansaloni et al. 2011; Kilian et al. 2012). The same approach
was previously used to generate the high-quality SNP data for
L. serrata and L. nannotis that we used for comparisons
(McKnight et al. 2019), and is explained in detail elsewhere
(Lal et al. 2017; Lind et al. 2017; Kjeldsen et al. 2019).

Briefly, DArTSeq™ SNP genotyping used both frequent
and rare restriction enzymes, PstI and SphI, to perform a
joint digestion–ligation reaction at 37 °C for 2 h with
~100–200 ng of individual gDNA. Custom proprietary
barcoded adapters were used in the ligation reaction to
facilitate individual sample recognition, and allow for
primer-binding sites. Each sample was individually PCR-
amplified using custom primers to selectively enrich target
fragments for sequencing and was visualized via gel elec-
trophoresis. Samples that displayed incomplete or nonuniform
digestion and amplification patterns were removed from the
library. A minimum of 15% random technical replicates were
included for downstream quality and performance measure-
ments. Batches of individuals were pooled and sequenced (77
cycles) on a single flow-cell lane on an Illumina HiSeq 2500
according to the manufacturer’s recommendations.

Individual raw fastq sequence data were demultiplexed
and adapters trimmed with any individual read containing
base-pair Q scores < 30 removed. All sequence data were
checked against DArTdb database sequences to identify
read contamination for removal (Sivasankaran et al. 1993).
SNP calling was conducted using the DArTsoft14 software
within the KDCompute analyses pipeline developed by
Diversity Arrays Technology (http://www.kddart.org/
kdcompute.html) following Lind et al. (2017) and Kjeld-
sen et al. (2019). KDCompute first created clusters (or
stacks) of identical reads at a dataset level with three
nucleotide mismatches allowed. These sequence clusters
were then compared and matched with one another to
identify polymorphisms. Following SNP identification,
individual locus performance metrics were generated,
including call rate, homozygote and heterozygote propor-
tions, polymorphic information content, allele average read
depth, and reproducibility (based on technical replicates).

Post-genotyping filtering and quality control

DArTSeq sequencing and filtering pipelines delivered a
total of 33,016 SNPs. To obtain the highest-quality data,
SNPs were further filtered by first removing duplicate SNPs
within the same sequence reads (69 base pairs), and
sequences with a high degree of similarity (assigned with a
95% probability, Lal et al. 2017). Next, the following cri-
teria were applied: average number of reads (averaged
between the two alleles) ≥ 7, MAF ≥ 0.02, call rate= 1.0
(i.e., no missing data), and reproducibility ≥ 0.9. A very
stringent call rate was used because of the possible presence
of null alleles at some parks (McKnight et al. 2019).

To identify potential outlier loci under selection,
BayeScan v.2.1 (false discovery rate [FDR]= 0.1, Foll and
Gaggiotti 2008; Foll 2012), HacDivSel (Carvajal-Rodriguez
2017), and FstHet (Flanagan and Jones 2017) were used
both on the entire dataset (with each collection site
as a population) and on each park separately (at
Girramay–Kirrama, both higher elevation sites [G1 and G2]
were entered as a single population; HacDivSel was not
used for the entire dataset because it requires datasets within
only two populations). This produced four sets of tests (one
for the entire dataset and one for each park). Any markers
that were identified as outliers in at least two programs for
any of the four sets of tests were removed, producing a
neutral dataset. This procedure was used simply for the
purpose of making a neutral dataset (neutral among popu-
lations), not for identifying markers that were under selec-
tion specifically for Bd.

Once a neutral dataset had been constructed, PLINK
(v1.9, Purcell et al. 2007) was used to test for linkage dis-
equilibrium (LD, all individuals were included in the ana-
lysis). Any links with an R2 ≥ 0.6 were removed. To
minimize the loss of data, this was done by iteratively
removing the SNPs with the greatest number of significant
links, until no links ≥ 0.6 remained.

The GWASExactHW package in R (v1.01, Painter 2013)
was used to identify markers that were out of
Hardy–Weinberg equilibrium (HWE). This test was per-
formed with all the sites within each park combined into a
single population. Any markers that were significantly out
of HWE (P < 0.01) at all populations were removed
(P values were not adjusted for multiple comparisons,
resulting in the retention of a conservative set of markers).

These filtering steps resulted in a final dataset of 8,304
high-quality, neutral SNPs. With the exception of the call
rate threshold and the filtering criteria for neutral markers
(i.e., outlier tests), these were the same filtering steps used
in McKnight et al. (2019) for L. serrata and L. nannotis.

Population structure and connectivity

Several methods were used to examine population structure
and connectivity, thus testing the hypothesis that L. dayi has
low physical dispersal abilities that are preventing it from
recolonizing the uplands. First, the genetic distances among
populations were calculated as Fst values in Arlequin
(v3.5.2.2, Excoffier et al. 2005). Second, the divMigrate
function in the R package diveRsity (v1.9.90, Keenan et al.
2013) was used to examine differential migration rates.

Population structure was visualized using both NetView
R (v1.0, Steinig et al. 2015) and a discriminant analysis of
principal components (DAPC) via the R package “ade-
genet” (v2.0.1, Jombart 2008, Fig. 1). In addition, an ana-
lysis of molecular variance (AMOVA) in Arlequin was used
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to examine how the variance was partitioned among and
within parks (parks were included as the groups, with
sampling sites within parks included as the populations).

Genetic diversity

Genetic diversity was examined both within each sampling
site and within each park (all sampling sites combined). The
following metrics were calculated: MAFs, percent of mar-
kers that were polymorphic within a given site or park (both
with and without rarefying), expected and observed het-
erozygosities (Genetix v4.05.2, Belkhir 2004), and Fis
(Genetix). In addition, the effective population size (Ne) was
calculated using the LD method in NeEstimator, using only
alleles with a MAF > 0.05 (v2.01, Do et al. 2014).

Adaptation

To construct a dataset to identify markers under selection
for Bd, the data were carried through the previously
described filtering steps (except for removing outliers, SNPs
in LD, and those out of HWE) following the same settings
used before, with one exception. Only using individuals that
were not missing any data resulted in a large loss of mar-
kers. Therefore, to maximize the chance of detecting
selection, a less-stringent threshold of 70% (i.e., less than
30% missing data) was used. Then, to reduce the presence
of null alleles, for each SNP, a Fisher’s exact test was used
to compare the amount of missing data among the three
parks, and any SNPs that were significantly different at a
FDR of 0.05 were removed.

Outlier tests were conducted in BayeScan (FDR= 0.1)
(Foll and Gaggiotti 2008; Foll 2012), HacDivSel (Carvajal-
RodrõÂguez 2017), and FstHet (Flanagan and Jones 2017). In
each test, uninfected individuals were compared with indivi-
duals that were infected with a load equivalent to the DNA of
at least ten zoospores. This threshold was selected a priori and
used to reduce noise in the tests by removing individuals who
may have simply carried a few zoospores acquired from the
environment without actually being infected.

The fundamental concept behind each outlier detection
program is that alleles under selection will differ in fre-
quency between two (or more) groups more strongly than
the background difference between the groups (i.e., those
markers are “outliers”). In our case, the expectation was that
if an allele was under selection due to a role in Bd infection
dynamics, the difference in the allele frequencies between
infected and uninfected individuals would exceed the
expected difference based on the background level of dif-
ferentiation between those groups. Each program applies a
different strategy to identify outliers (e.g., BayeScan uses a
Bayesian approach based on the multinomial Dirichlet
model, whereas FstHet and HacDivSel apply frequentist

methods), generally resulting in different outcomes from
each method. Some of these results can be spurious for a
variety of reasons, such as a mismatch between the evolu-
tionary mechanism that produced the observed differences
and the expected mechanism based on a program’s
assumptions. Therefore, we implemented a conservative
approach, and only considered markers as significant out-
liers (i.e., putatively under selection) if they were identified
as outliers in all three tests. This provided a robust set of
markers that had a high probability of being under selection.

We could not perform tests on subsets of the data (e.g.,
for an individual park or elevation) due to small sample sizes
for subsets. Therefore, to control for differences among
parks and elevations, the genetic distance (1−proportion of
shared alleles) among individuals was calculated using only
the markers that were identified as outliers in all tests. Then
the adonis2 function in the R package vegan (Oksanen et al.
2017) was used to run a PERMANOVA with elevation and
park as the first terms in the model, followed by Bd, which
was included as a binary factor (infected [≥10 zoospore
equivalents] or uninfected [0 zoospore equivalents]). All
interactions were included (5,000 iterations). This tested
whether infected and uninfected individuals were genetically
distinct (based on the markers that were putatively under
selection) after accounting for the effects of elevation and
park. To verify the utility of the PERMANOVA for this
application, the probability that a random subset of markers
would return a significant difference between infected and
uninfected individuals was assessed by repeatedly (1,000
iterations) randomly selecting 18 markers (the number that
was significant in all three outlier tests), and re-running the
PERMANOVA using only those markers to calculate
genetic distance.

In addition, for markers that were identified as outliers in
all three tests, an NCBI BLAST (blastn) search was used to
align them with the following genomes: Xenopus (taxid:
8353), Rana (taxid: 8399), and Nanorana (taxid: 120497).
For each sequence, the best two matches (based on the lowest
e value) were retained for further examination. An identical
BLAST search was also conducted for four markers that
were identified as outliers in both BayeScan (the most con-
servative method) and FstHet, but not HacDivSel (no mar-
kers were identified as outliers in BayeScan and HacDivSel,
but not FstHet). NCBI, UniProt, GeneCards, and Xenbase
were used to determine the putative functions of the genes.

Results

Infection status

Both Bd infection intensity (F1,208= 8.05, P= 0.005) and
prevalence (χ21,320, P < 0.001) increased significantly with
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increased elevation (Figs. 2 and 3). There were also sig-
nificant differences among parks in both analyses (F2,208=
6.36, P < 0.001; χ22,320, P= 0.021, respectively), but inter-
actions were not significant (F2,208= 0.54, P= 0.586;
χ22,320, P= 0.137, respectively). Infection prevalences at the
highest elevations within each park were high, with
66.7–89.7% of individuals infected with Bd.

Low-dispersal hypothesis

There was no evidence of genetic subdivision within parks
(all Fst ≤ 0.04) and only moderate differences among parks
(all Fst ≤ 0.15, Fig. 1). Similarly, both NetView (Fig. 1b)
and DAPC (Fig. 1c) showed that each park clustered
separately from the others, but there was little evidence of
substructure within parks (nearly all of the variation in the
DAPC was explained by differences among parks, Fig. 1c).
Further, the AMOVA found that differences among parks
accounted for 9.05% of the variation in the data, whereas
differences among sampling sites within parks only
explained 1.55% of the variation (differences among indi-
viduals within sites= 2.11%; variation within individuals

= 87.3%). The divMigrate results suggested that gene flow
was bidirectional along the streams (Fig. 1a).

Loss of genetic diversity hypothesis

Diversity analyses did not suggest inbreeding or a large loss
of diversity (Table 3, Fig. 4). Girramay–Kirrama had
slightly reduced diversity compared with the other parks,
but expected and observed heterozygosities were similar at
all sites, and Fis values did not deviate substantially from
zero. Similarly, the average MAFs per site ranged from
0.192 to 0.245, and the percentage of polymorphic markers
within each site ranged from 79.0 to 97.8%. Nevertheless,
Ne estimates were low at Girramay–Kirrama (7.9–40.3 per
site) and Wooroonooran (38.0–63.3 per site).

Adaptation hypothesis

BayeScan identified 22 outlier loci, HacDivSel identified
422, and FstHet identified 492 (550 markers in total).
Eighteen markers were identified as outliers by all three
programs, and four were identified by BayeScan and

Fig. 2 Batrachochytrium
dendrobatidis infection
prevalence at each study site
(i.e., percent of individuals
that were infected). Sites within
parks are arranged from the
lowest elevation (G4, T4, and
W4) to the highest elevation
(G2, G1, T1, and W1). Black
dots are the mean elevation for a
given site, and the error bars
show the range.

Fig. 3 Batrachochytrium dendrobatidis infection intensity (i.e., log10
of the zoospore load based on the qPCR results for all infected
individuals). In both panels, colors are used consistently and corre-
spond to the sites in Fig. 1. a Infection intensity at each sampling site.
Numbers show the mean elevation per site. G Girramay–Kirrama, T

Tully, W Wooroonooran. Whiskers show the 10th/90th percentile, and
all outliers are shown. b Mean infection intensity for each site plotted
against mean elevation for that site. Error bars show one standard
deviation for the infection intensity. Colors correspond to sampling
sites in Fig. 1a.
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FstHet, but not HacDivSel (no markers were identified as
outliers in BayeScan and HacDivSel, but not FstHet). The
PERMANOVA based on the 18 consensus markers found
a significant effect of Bd (pseudo P < 0.001) after
accounting for elevation (pseudo P < 0.001) and park
(pseudo P < 0.001); however, elevation and park explained
more of the variation (elevation R2= 0.137, park R2=
0.222, Bd R2= 0.062). The only significant interaction was
between elevation and park (pseudo P= 0.005; Supple-
mentary Information). For the 1,000 PERMANOVAs
using the same model structure and individuals, but ran-
dom subsets of 18 markers, only 4.2% showed a sig-
nificant effect of Bd (pseudo P < 0.05), which is close to
the expected type 1 error rate. The lowest pseudo P value
from random subsets of markers was 0.0026, whereas our
pseudo P value for the 18 consensus markers was 0.0002.
This suggests that it is unlikely that our results arose by
chance, and the 18 consensus markers likely constitute an
actual genetic difference between infected and uninfected

frogs. This difference can be visualized with ordination
plots (Fig. 5).

The BLAST search found matches for all 22 of the
potential outliers we tested (18 consensus markers+ 4 that
were found in BayeScan and FstHet but not HacDivSel). We
could not find standard gene ontology terms for many of
these sequences; therefore, we used the information avail-
able in NCBI, UniProt, GeneCards, and Xenbase to assign
the sequences into categories of putative functions or sys-
tems (see Supplementary Information for details about the
SNPs and BLAST results). SNP sequences with the highest
BLAST scores (based on e values [0.003–4.9]) were
grouped into the following categories based on biological
functionality (five fit into two categories): cell surface
functions (recognition, movement, and transport across the
membrane)= 6, DNA/RNA (transcription, maintenance,
and repair)= 3, skin= 3, tumor regulation and apoptosis=
3, organelle structure and cytoskeleton= 3, nervous system
= 3, immune system= 1, nuclear transport= 1, meiosis= 1,

Table 3 Diversity results for
each site and for each park (i.e.,
all sites within a park
combined).

Mean MAF (SD) % poly. % poly. rare H n.b. Het. obs. Fis (SD) Ne (jackknife CI)
[NeEstimator]

G1 0.204 (0.158) 86.4 84.4 0.280 0.270 0.034 (0.200) 40.3 (22.2–114.7)

G2 0.192 (0.162) 79.0 79.0 0.265 0.272 −0.021 (0.246) 7.9 (4.8–12.5)

G4 0.204 (0.158) 85.1 84.0 0.281 0.282 −0.002 (0.218) 22.1 (9.9–98.5)

T1 0.243 (0.143) 97.5 96.3 0.333 0.323 0.033 (0.208) 67.7 (25.9–∞)

T4 0.243 (0.141) 97.8 96.3 0.334 0.321 0.044 (0.207) 7499.3 (3086.5–∞)

W1 0.236 (0.146) 95.6 94.1 0.324 0.315 0.028 (0.206) 63.3 (34.6–211.6)

W4 0.237 (0.146) 95.6 93.9 0.324 0.315 0.028 (0.210) 38.0 (19.1–150.2)

G 0.207 (0.157) 90.5 89.8 0.282 0.274 0.027 (0.143) 57.0 (40.7–86.1)

T 0.245 (0.140) 98.9 98.9 0.334 0.322 0.042 (0.157) 307.4 (124.8–∞)

W 0.241 (0.143) 97.6 97.6 0.327 0.315 0.039 (0.158) 87.3 (53.5–187)

MAF minor allele frequency, % poly. percent of markers that were polymorphic at a given site, % poly. rare
percent of markers that were polymorphic at a given site after rarefying the data to the lowest sample size, H
n.b. expected heterozygosity (corrected), Het. obs. observed heterozygosity, Fis (SD) mean inbreeding
coefficient and SD of the mean (median values ranged from −0.008 to 0.000), Ne effective population size
(via NeEstimator).

Fig. 4 Genetic diversity metrics from this study (L. dayi) compared
with the previously reported results for L. serrata and L. nannotis
(McKnight et al. 2019). Each point is a sampling site. MAF=minor

allele frequency, % polymorphic= percent of markers that were
polymorphic in a given site, observed het.= observed heterozygosity.
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and unknown or matches to full sequences rather than genes
= 3. The second-best BLAST matches (based on e values)
were similar (20 matches; three fit into two categories): cell
surface functions (recognition, movement, and transport
across the membrane)= 3, skin= 3, tumor regulation and
apoptosis= 3, organelle structure and cytoskeleton= 3,
DNA/RNA (transcription, maintenance, and repair)= 2,
immune system= 1, nervous system= 1, GTPase activa-
tion= 1, and unknown or matches to full sequences rather
than genes= 6. Several of these (e.g., genes related to skin
function and cell cycle regulation) have obvious implica-
tions for Bd and are consistent with previous studies.
Nevertheless, it should be noted that due to the short length
of our sequences, and the lack of genomes for closely related
species, many of these matches were low quality (only 10
markers had a match with an e value < 1, the remaining
matches had e values of 1.4 or 4.9).

Discussion

Our results suggest that L. dayi has both high population
connectivity (consistent with effective dispersal) and high
levels of genetic diversity (comparable with those of
L. nannotis and L. serrata). The results allowed us to test
the hypotheses we advanced in the “Introduction” regarding
possible effects of dispersal, bottlenecking, selection, and
ongoing infection on the lack of recovery in L. dayi.

Low-dispersal hypothesis

Our results are not consistent with the hypothesis that low-
dispersal abilities have prevented L. dayi from recolonizing
upland sites. Population connectivity provides a useful
proxy for dispersal ability, and we observed high levels of

connectivity within each park (based on Fst values), and
both NetView and the DAPC showed little evidence of
structuring. In addition, divMigrate did not detect asym-
metry in the gene-flow patterns, suggesting that frogs were
moving both upstream and downstream. Although a
downstream bias in gene flow is common in some stream-
dwelling species (Bolnick et al. 2008; Guarnizo and Can-
natella 2013), its absence in L. dayi makes sense, because
their eggs are attached to rocks, and their tadpoles possess
adaptations to fast-flowing water, such as suctorial mouth
disks and specialized tails, to prevent them from being
washed downstream (Davies and Richards 1990).

The Fst values for L. dayi were similar to the previously
reported values for L. nannotis (which went through the
same pattern of declines, but has recolonized many upland
sites). Indeed, at Girramay–Kirrama, where our G1 and
G2 sites correspond to L. nannotis sampling sites in
McKnight et al. (2019), L. dayi only had a slightly higher
Fst than L. nannotis (0.04 compared with 0.01), and when
looking across similar sites from each study, the ranges of
Fst values were similar for both species (L. dayi:
<0.01–0.04; L. nannotis: 0.01–0.08; only sites with direct
water connections were included in these ranges). These
results are also consistent with previous work showing that
L. dayi moves away from streams, with females spending
most of the year in the forest (Hodgkison and Hero 1999).

Taken together, these results do not suggest a low-
dispersal ability in L. dayi. Indeed, the similarities to pre-
viously reported values and patterns for L. nannotis suggest
that both species have similar dispersal abilities. Therefore,
given that L. nannotis experienced the same declines, at the
same sites, as L. dayi, but has recolonized many upland
sites, a lack of dispersal ability in L. dayi does not appear to
explain its lack of recovery. Another possibility, suggested
by Bell et al. (2020), is that L. dayi has failed to recolonize

Fig. 5 Ordination plots (PCoA) based on genetic distances
(1−proportion of shared alleles) that were calculated using only 18
SNPs that were identified as potentially being under selection in all
three outlier detection tests. Lower= the lowest elevation site at each

park (G4, T4, and W4), upper= the highest elevation site(s) at each
park (G1, G2, T1, and W1). Only individuals that were uninfected (0
zoospore equivalents) or infected with ≥10 zoospore equivalents were
included.
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upland sites because of limited dispersal opportunities due
to small lowland population sizes, rather than an inherent
lack of dispersal ability. Although this may have played a
role at Girramay–Kirrama, L. dayi was abundant in the
lowlands at Tully and Wooroonooran, making this
hypothesis unlikely at those sites.

In addition, the infection data showed that both the
prevalence (percent of individuals infected) and intensity
(zoospore load) of infections increased with elevation, with
66.7% or more of individuals infected at the highest ele-
vations currently occupied by L. dayi. This result agrees
with an L. dayi survey conducted in 2013 (Bell et al. 2020),
and suggests that Bd is likely still a substantial problem for
L. dayi, and continues to restrict its upper elevational range.

Loss of genetic diversity hypothesis

Litoria dayi had high levels of genetic diversity, and our
results do not suggest that a lack of diversity has prevented
it from adapting and recovering from the disease outbreak.
Although the diversity was slightly lower at
Girramay–Kirrama than at Wooroonooran or Tully, possibly
as a result of Bd (McKnight et al. 2019), none of the parks
showed obvious signs of inbreeding or low diversity. Sev-
eral factors affect a population’s ability to retain diversity
during an outbreak, including the duration of the decline, the
number of individuals that survived the decline, and gene
flow from neighboring populations (McKnight et al. 2017b).
Thus, although diseases can cause a large loss of genetic
diversity (Trudeau et al. 2004; Schoville et al. 2011; Albert
et al. 2014; Serieys et al. 2015), many populations can
endure a large population size reduction without experien-
cing bottlenecks or inbreeding (Morgan et al. 2008; le Gouar
et al. 2009; Teacher et al. 2009; Lachish et al. 2011; Brü-
niche-Olsen et al. 2013). Populations of L. dayi at Woor-
oonooran and Tully appear to be robust, with high densities
of individuals occurring over large areas (McKnight, pers.
obs.). The species was less dense at Girramay–Kirrama, but
still occurred over a large area. In addition, based on the high
levels of connectivity we observed, it is likely that our study
populations benefitted from gene flow from populations we
did not sample. The large number of individuals surviving in
the lowlands, combined with gene flow, would allow the
retention of high levels of genetic diversity, despite the loss
of all populations at sites above 300–400-m elevation
(Lachish et al. 2011; Whiteley et al. 2015; McKnight et al.
2017a; McKnight et al. 2019).

The observed diversity values for L. dayi were similar to
previously reported values for L. serrata and L. nannotis
(McKnight et al. 2019). At Girramay–Kirrama, L. dayi had
slightly lower genetic diversity values than L. nannotis and
L. serrata, but comparing the species across all sites, L. dayi
at Wooroonooran and Tully generally had slightly higher

genetic diversity than did L. serrata or L. nannotis at
Girramay–Kirrama (Fig. 4). Further, at all three parks,
L. dayi generally had higher diversity than did either
L. serrata or L. nannotis at Paluma Range National Park.
These comparisons are admittedly strained due to the fact
that, in some cases, different parks were sampled for dif-
ferent species. However, the fact that L. dayi showed no
signs of inbreeding, and has not been able to recover even at
parks with high diversity, while both L. serrata and
L. nannotis recovered even at sites with low diversity,
suggests that a lack of genetic diversity is not precluding
L. dayi from adapting to coexist with Bd at upland sites.

Effective population sizes for L. dayi (7.9–7499.3;
median= 40.3) were largely comparable with previously
reported values for L. nannotis (18.4–1756.5; median=
62.9) and L. serrata (10.3–676.1; median= 212.9)
(McKnight et al. 2019). Effective population sizes for
L. dayi at Wooroonooran and Girramay–Kirrama were
generally low, but effective population sizes were higher at
Tully, particularly at site T2, which had the highest density
of L. dayi (based on the transect distance required to sample
30 frogs: 150 m as opposed to 350–1540 m; median=
560 m); this site was also close to numerous other small
creeks populated by L. dayi. The other sampling sites were
comparatively more isolated. We also note that Tully gen-
erally had lower infection intensities and prevalences
compared with the other sites. In addition, the low effective
population size values at some sites may be partially a
sampling artifact because female L. dayi lives in the forest
where we could not sample it (Hodgkison and Hero 1999).

Adaptation hypothesis

Our results are consistent with the hypothesis that L. dayi is
currently undergoing adaptation to Bd. Previous research in
other systems has documented that there is a heritable com-
ponent to Bd infection risk (Palomar et al. 2016), and several
studies have found evidence of Bd driving selection (Grogan
et al. 2018; Voyles et al. 2018; Kosch et al. 2019). Our results
are consistent with those studies. All three outlier tests iden-
tified the same 18 markers, and the subsequent PERMA-
NOVA based on those markers confirmed that infected and
uninfected frogs were genetically distinct, even after
accounting for elevation and park. This suggests that selection
for resistance to Bd infection is occurring at those loci.

In addition, the BLAST search matched several of the
markers to genes with potential implications for Bd infec-
tions. For example, five markers matched genes related to
skin function as either their best (3) or second-best (3)
match (one matched for both). One of these (NCBI:
XM_018268914.1; e value= 1.4) was a keratin-associated
protein, which is potentially of interest because Bd colo-
nizes keratinized surfaces, resulting in electrolyte
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imbalances that can lead to death (Berger et al. 1998;
Campbell et al. 2012). Further, three of the matches
(e values= 0.4–1.4) were for a fucosidase alpha-L gene
(FUCA1; NCBI: XM_018564520.1), which was also
implicated in Bd infection dynamics in southern corroboree
frogs (Pseudophryne corroboree, Kosch et al. 2019). That
study used a laboratory infection trial followed by geno-
typing each frog, and it used both outlier detection methods
and a genome-wide association analysis to look for genes
that were associated with Bd tolerance. Of 29 SNPs that
they identified as potentially related to Bd, 20 matched
fucosidase alpha-L genes. This agreement among studies is
interesting, given that L. dayi and P. corroboree are not
closely related. Nevertheless, there is good reason to suspect
that fucosidase alpha-L genes would be involved in infec-
tion dynamics, because fucose is common on amphibian
skin and likely plays a role in defense against pathogens,
possibly by preventing them from binding to the skin
(Meyer et al. 2007). In addition, in mammals, fucosidase
plays a role in the formation of the stratum corneum, the
layer predominantly infected by Bd (Nemanic et al. 1983;
Berger et al. 1998; Abdayem et al. 2016).

Several other genes are also noteworthy. For example,
two of our sequences matched genes related to immune
function (NCBI: KY587143.1 and XM_018243675.1;
e value= 4.9 and 1.4, respectively), one of which (NCBI:
KY587143.1) is associated with the MHC II complex. In
addition, both our results and the results of Kosch et al.
(2019) found an association between Bd and the same
sodium bicarbonate solute carrier, family 4 (slc4a9; NCBI:
XM_012959752.2; e value= 4.9). Finally, four of our SNP-
matched genes involved in the regulation of tumors or
apoptosis (two SNPs matched for both the best and second-
best match; e value= 0.4–4.9). Two of those genes were
specifically related to tumor regulation in skin cells (NCBI:
XM_018560900.1 and XM_018560908.1). Genes that
regulate cell proliferation and apoptosis may have an
important role in the progression of Bd infections (Rich-
mond et al. 2009). Indeed, a study that compared gene
expression in Bd-sensitive and tolerant species, as well as
between infected and uninfected individuals, found sig-
nificant differences in a large number of genes related to
apoptosis (Ellison et al. 2014). Another study (Brannelly
et al. 2017) examined apoptosis in two species of experi-
mentally infected frogs (including a Litoria species), and
found that infection load correlated positively with cell
death, further supporting the notion that apoptosis has an
important role in infections.

The agreement among outlier detection methods, agree-
ment with previous research, and biological plausibility of
the genes identified, all support the hypothesis that L. dayi is
currently adapting to Bd or, at the least, has genetic varia-
tion for traits that have important roles in Bd infections.

Nevertheless, several caveats should be acknowledged.
First, the results of our BLAST searches were often low-
quality matches, reducing confidence in them. Second, this
study was entirely observational. Therefore, although our
results are suggestive, more work on L. dayi is needed
before we can confirm that it is adapting to Bd. It would be
particularly useful to employ techniques such as controlled
heritability genetic parameter investigations and tran-
scriptomics. In addition, these efforts are currently hindered
by a shortage of genetic resources for frogs in the family
Pelodryadidae (and “treefrogs” more generally), and a
reference genome for a member of this group would greatly
enhance our ability to test for adaptation to Bd.

Mechanisms allowing recolonization

Our results suggest that L. dayi may be in the process of
adapting to Bd, despite a lack of upland recolonization.
Therefore, it is worth briefly discussing how L. dayi could
be adapting without experiencing upland population
recoveries, as well as discussing other mechanisms that
could allow recolonization. Although lowland populations
of L. dayi have not experienced the massive declines that
occurred in the uplands, our results show that many lowland
individuals do become infected by Bd, particularly at the
highest elevation sites (~300–400 m) where they currently
occur. These infections likely have fitness costs, even when
they are sublethal (Chatfield et al. 2013; Campbell et al.
2019), which would result in selective pressure. The
strength of that selective pressure is not clear, however, and
it could take many generations before alleles that confer
resistance or tolerance to Bd are common enough in
populations to allow the recolonization of upland sites
(Robinson et al. 2012). Here again, more research should be
conducted on this species to determine the strength of
selection, and follow populations for several generations to
attempt to document selection in action.

There are also several other potential explanations for the
differential recovery patterns of Australia’s rainforest frogs
that were beyond the scope of this paper. For example, in
some other systems, a shift in the timing of reproduction has
allowed populations to recover from declines associated
with Bd (Scheele et al. 2015). This has not been tested for
our system, but it is possible that L. nannotis and L. serrata
underwent such a shift, while L. dayi did not. In addition,
differences in skin microbial communities or antimicrobial
peptides may have played a role in the differential recovery
patterns, as has been suggested in other systems (Kueneman
et al. 2016; Jani et al. 2017; Bates et al. 2018; Bell et al.
2018). We are investigating this possibility, and our current
results suggest that the skin microbiomes of L. dayi do
differ from those of L. nannotis and L. serrata (McKnight
2019 [unpublished thesis]).
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These possibilities are not mutually exclusive with the
hypothesis that adaptation to Bd is occurring. For example,
fucose levels on the skin could affect the microbiome, which
could, in turn, affect Bd. Thus, adaptation may be driven by
interactions between the microbiota and Bd. Such pathways
are clearly speculative, however, and future studies should
continue to examine this system, test these possibilities, and
further our understanding of the factors that allow some
populations to recover while precluding recovery in others.

Conclusion

We tested three hypotheses for the lack of upland recolo-
nization in L. dayi, and our results suggest that neither low-
dispersal abilities nor a lack of genetic diversity can explain
the absence of population recoveries. We did, however, find
consistent evidence that some loci are undergoing selection.
Thus, it is possible that L. dayi is currently in the process of
adapting to resist infection by Bd, but more research is
needed to confirm this, ideally including controlled herit-
ability trials.
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