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Abstract

The Kuranda Treefrog occurs in tropical north-east Australia and is listed as Critically Endangered due to its small distri-
bution and population size, with observed declines due to drought and human-associated impacts to habitat. Field surveys
identified marked population declines in the mid-2000s, culminating in very low abundance at most sites in 2005 and 2006,
followed by limited recovery. Here, samples from before (2001-2004) and after (2007-2009) this decline were analysed
using 7132 neutral genome-wide SNPs to assess genetic connectivity among breeding sites, genetic erosion, and effec-
tive population size. We found a high level of genetic connectivity among breeding sites, but also structuring between the
population at the eastern end of the distribution (Jumrum Creek) versus all other sites. Despite finding no detectable sign of
genetic erosion between the two times periods, we observed a marked decrease in effective population size (Ne), from 1720
individuals pre-decline to 818 post-decline. This mirrors the decline detected in the field census data, but the magnitude of
the decline suggested by the genetic data is greater. We conclude that the current effective population size for the Kuranda
Treefrog remains around 800 adults, split equally between Jumrum Creek and all other sites combined. The Jumrum Creek
habitat requires formal protection. Connectivity among all other sites must be maintained and improved through continued
replanting of rainforest, and it is imperative that impacts to stream flow and water quality are carefully managed to maintain
or increase population sizes and prevent genetic erosion.

Keywords Litoria myola - Kuranda Treefrog - Effective population size (ne) - Genetic connectivity - Threatened species
management

Introduction

Endangered species are typically in population decline, with
small and fragmented populations. This can drive a loss of
genetic diversity and inbreeding, which in turn can gener-
ate further population decline, in what has been termed an
extinction vortex (Gilpin & Soule 1986). The loss of genetic
diversity, or ‘genetic erosion’, is a fundamental short- and
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long-term issue because it can reduce fitness and the capac-
ity of populations to adapt to environmental change (Agashe
et al. 2011; Berger et al. 2012). Inbreeding depression can
become an added issue in small populations resulting in
reduced survival and reproduction (Darwin 1876; O’Grady
et al. 2006; Charlesworth and Willis 2009). Population frag-
mentation can further reduce genetic diversity within popu-
lations because effective population size is greatly reduced
in each population, thus magnifying the potential effects of
genetic drift and inbreeding depression (Frankham 1996;
Aguilar et al. 2008). With limited gene flow, alleles lost in
individual populations may not be reintroduced by migra-
tion, and may then be lost from the entire species when an
individual population becomes small or goes extinct. There-
fore, assessing and monitoring genetic erosion and connec-
tivity in endangered species is necessary in order to conserve
them.
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Conservation genomics, using thousands of neutral
genome-wide loci (typically, single-nucleotide polymor-
phisms, SNPs), greatly increased accuracy and fine-scale
resolution for estimating parameters like population struc-
turing, effective population size, demographic history,
relatedness, and inbreeding (Luikart et al. 2003). To some
degree, genomic approaches can also overcome the limi-
tations of small sample sizes — typically associated with
rare and endangered species — by providing deeper genetic
insights per individual sampled (e.g., Shi et al. 2009; Will-
ing et al. 2012). Identification of human-induced barri-
ers to gene flow can guide conservation efforts, either via
restoring habitat connectivity in the landscape or manually
translocating individuals across barriers (Jha 2015; Ivy
et al. 2016). Further, genetic data can be used to monitor
genetic erosion and hence implement conservation actions
promptly (Leroy et al. 2018). For instance, genome-wide
estimates of effective population size through time can
help detect population declines and genetic erosion early
(Antao et al. 2011; O’Loughlin et al. 2016). Similarly,
using metrics such as allelic richness can help detect the
early stages of genetic erosion, when other metrics such
as heterozygosity have not yet been affected (Hoban et al.
2014). Sampling populations at multiple points in time
allows for detection of genetic erosion trends and the iden-
tification of possible underlying causes (Mathieu-Begne
et al. 2019), especially when sampling is conducted pre-
and post-disturbance (Vandergast et al. 2016).

Globally, amphibians are the most threatened vertebrate
group, with approximately one-third of all described spe-
cies on the IUCN red-list, including over 660 species listed
as Critically Endangered and possibly more than 140 spe-
cies extinctions since 1980 (Stuart et al. 2004; Scheele
et al. 2017). Frog declines in Australia mirror the global
trend, with six species listed as Extinct, 15 species listed
as Critically Endangered, and 18 species listed as Endan-
gered (IUCN 2021). One response to this has been detailed
assessments of threats and potential management and
research actions (e.g., Gillespie et al. 2020; Geyle et al.
2021), but these have been assessed at the whole species
level and rarely considered genetic diversity and struc-
turing within species. Conservation genomic studies have
only been conducted on a handful of Australian frog spe-
cies (Cummins et al. 2019; McKnight et al. 2019, 2020),
and a detailed assessment of genetic diversity is lacking in
most threatened Australian frog species. For example, con-
servation genomic studies have not been conducted for any
of the 15 Critically Endangered (EPBC Act) Australian
frog species. This is despite strong evidence that reversing
genetic erosion via genetic management is one of the most
effective ways to increase population size and adaptability
of small and declining populations (Frankham 2015).
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The Kuranda Treefrog (Liforia myola) is a stream-breed-
ing rainforest frog restricted to a small area west of Cairns
in north-east Australia (Fig. 1A). Males live and call from
streamside vegetation near riffle zones, while females live
away from the streams in the mid and upper strata of the for-
est. No data exists on the lifespan for this species, but based
on aging of other Queensland rainforest frogs of broadly
similar ecology (Morrison et al. 2004), most breeding adults
are probably in the order of two to five years old. Females
visit the streams to choose a male and lay approximately
500 eggs in the stream, which hatch to an aquatic tadpole
stage (Hoskin 2007). Subadults are presumed to live in the
mid and upper strata of the forest because they are rarely
encountered along streams (Hoskin 2007). Litoria myola is
listed as Critically Endangered on the IUCN Red List and
on the Australian Federal (EPBC) and State (Queensland
NCA) lists. These listings reflect the very small distribution
(Extent of Occurrence 13.5 km?; Area of Occupancy 3.5
km?) and population size (estimates of 1000 adults or less),
along with observed and projected declines due to drought
and human-induced impacts on breeding sites (Hoskin 2007,
DoE 2021). These impacts include forest clearing, impacts
to streams such as damming, water extraction and sedimen-
tation, and potentially invasive ants (Hoskin 2007, 2012;
Hoskin et al. 2018; DoE 2021).

Surveys for calling males have found L. myola at 16
‘breeding areas’, each defined as a separate stream (Fig. 1A;
Hoskin 2007; Hoskin et al. 2018). Population declines were
observed at all sites during a prolonged drought from 2003
to 2005 (Hoskin 2007). By 2005, L. myola had declined
to low abundance at most sites and had effectively disap-
peared from one site where it had formerly been abundant
(apart from an occasional calling male). The total census
population estimate in the early 2000s, prior to declines, was
approximately 1,000 adults (Hoskin 2007), but the estimate
post-decline (i.e., after 2005) was around 700 adults (Hoskin
2007). Approximately half of the population was estimated
to occur at Jumrum Creek (Fig. 1A) in both the pre- and
post-decline estimates. While some populations gradually
recovered after 2005, there have been more recent declines at
some sites due to land-use impacts on rainforest and stream
habitat (Hoskin et al. 2018; DoE 2021; Hoskin et al. unpub.
data).

The current census estimate remains at about 700 adults,
with approximately half at Jumrum Creek, moderate popula-
tions (100-200) estimated at two creeks (Warril Creek, Owen
Creek; Fig. 1A), and populations at all other breeding sites
estimated to be small (<50) or very small (<20) (Hoskin et al.
2018; Hoskin et al. unpub. data). Census population estimates
are based on counts of adult males in sections of each breed-
ing stream, extrapolated out to the known linear extent of the
population on that stream, and then doubled to estimate the
adult census population (i.e., assuming a 50:50 sex ratio).
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Fig. 1 Population genetic structuring within subpopulations of the
Kuranda Treefrog (Litoria myola). A Map showing the sampled range
of the species, with occurrence records as white dots and sampling
localities as coloured dots. Sampling localities abbreviations are pro-
vided in the legend. OF: Oak Forest; DC: Dismal Creek; QC: Queens
Creek; NB: North Barron; CD: Cadagi Drive; OC: Owen Creek; WC:
Warril Creek; NM: North Myola; BA: Barron Alambi; FA: Fairyland;
JC: Jumrum Creek. NS represents sites where L. myola was detected
but not sampled. The insets show the location of the study area within
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Queensland (QLD), Australia, and a photo of an adult male by Con-
rad Hoskin. The red line represents the Kennedy Highway. B, D, F.
NETVIEW networks for the three time periods: (B) T2001-2016, (D)
T2001-2004 and (F) T2007-2009. k-NN values are 25, 25 and 15
respectively. Individuals are coloured based on sampling locality. C,
E, G. Structure plots for the three time periods: (C) T2001-2016, (E)
T2001-2004 and (G) T2007-2009, for K values of 2, 2 and 3 respec-
tively. Vertical black lines separate sampling localities, with the col-
oured dots underneath matching the localities in panel A

@ Springer



252

Conservation Genetics (2023) 24:249-264

Importantly, the degree to which the species is fragmented
into sub-populations is not known. Males have only been
encountered along streams. Females are also typically found
near streams but have occasionally been found in rainforest
away from streams (Hoskin 2007). Given that breeding sites
are discrete sections of different streams, and given that adults
are primarily encountered at these sites, populations of the spe-
cies have been assumed to be highly fragmented. Estimating
connectivity between breeding sites has been identified as a
key action for conservation of the species (Hoskin et al. 2018).
Here we used a neutral genome-wide SNP dataset to:

Aim 1  Assess genetic population structure and connectiv-
ity between breeding sites. We predicted fine-scale
structuring across the range of L. myola (at the indi-
vidual stream level) due to the fact that the species
is rarely observed in-between the discrete breeding
sites.

Aim 2 Assess genetic diversity within each identified
population. We expected moderate genetic diver-
sity within the Jumrum Creek population due to
the observed consistently ‘large’ population size
over the last 20 years but lower genetic diversity
within the other breeding sites due to small (and
more variable) population sizes.

Aim 3 Estimate effective population size for the entire
species and within genetically defined populations.
Based on previous estimates of population size for
the species, we predicted Jumrum Creek to have the
largest effective population size, and all other popu-
lations to have smaller (< 200) effective population
sizes.

Aim 4 Assess population size trends and genetic erosion
by comparing estimates of effective population size
and genetic diversity in two time periods of sam-
pling. We expected to detect population declines
and genetic erosion from the earlier to the later
period based on observed population declines in
the field.

Ultimately, we use our findings to fulfil key knowledge gaps
identified for Litoria myola (Hoskin et al. 2018; DoE 2021),
and outline on-ground conservation actions for this Critically
Endangered species.

@ Springer

Methods
Sample Collection

A total of 126 Litoria myola individuals were sampled
from 11 of the 16 known breeding streams, spanning the
known distribution of L. myola at the time of sampling
(Fig. 1A). Each breeding stream was sampled at one site,
with the exception of three sites in the relatively large
Jumrum Creek population and two sites on Owen Creek.
Samples were obtained between 2001 and 2016, with two
main sampling periods (2001-2004 and 2007-2009), fol-
lowed by limited sampling in 2013 and 2016 (Table 2;
Online resource 1). Extensive population declines had
occurred by 2005, and some populations could not be sam-
pled after the 2001-2004 period. We therefore used 2005
as the cut-off between pre- and post-decline. We conducted
genetic analyses across three datasets: the time period (T)
including all samples (T2001-2016), the main sampling
period pre-decline (T2001-2004), and the main sampling
period post-decline (T2007-2009).

Individuals were located while walking along streams,
using either a head lamp to detect the frog’s eye reflection
or by sound localization of male mating calls. A total of
105 males and 17 females were sampled. The two sexes
are easily distinguishable by the presence of nuptial pads
on males and their smaller body size. Tissue samples were
collected by using sterile surgical scissors to remove a sin-
gle toe pad from toe II (i.e., second innermost) on the right
foot. Toe pads were placed in 95% ethanol. Litoria myola
is morphologically similar to its sister species Litoria ser-
rata, which co-occurs at nearly all sites. The majority of
males can be identified in the field by call differences and
smaller body size of L. myola but females are difficult to
identify due to greater overlap in body size and their lack
of vocalization (Hoskin 2007). The identification of all
sampled individuals was thus checked using a diagnostic
mtDNA marker (Hoskin et al. 2005).

Marker discovery, genotyping and filtering

Genomic DNA was extracted at Diversity Arrays Technol-
ogy (DArT) Ltd. Canberra, Australia, using the Machery
Nagel Tissue Kit with the Tecan 100 Robot, using a DArT
proprietary extraction script. SNPs marker discovery and
genotyping were conducted at the same facility with the
DArTseq™ method (Sansaloni et al. 2011; Kilian et al.
2012; Lal et al. 2018). A digestion—ligation reaction was
conducted at 37 °C for 2 h with ~100-200 ng of gDNA per
individual, using a combination of Pstl and Sphl restriction
enzymes and unique DArT proprietary barcodes. Barcodes
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were included in the Pstl-compatible adapter, alongside an
Illumina flowcell attachment sequence and a sequencing
primer. The reverse adapter contained a flowcell attach-
ment region and an Sphl-compatible overhang sequence.
For each sample, mixed fragments containing both Pstl and
Sphl adapters were amplified through 30 rounds of PCR.
Samples displaying incomplete or non-uniform digestion
patterns when visualised through gel electrophoresis were
discarded from the library. Equimolar amounts of PCR
product for each sample were pooled into two batches and
sequenced (77-bp single end reads) on a single flowcell per
batch on an Illumina HiSeq2500, producing ~ 1.25 million
raw reads per individual. Around 15% of individuals per
batch were included twice in the libraries to produce ran-
dom technical replicates. Genotypes were called with the
DArT KDcompute pipeline (http://www.kddart.org/kdcom
pute.html), following Lind et al. 2017, as described for the
closely related Green-eyed Treefrog (L. serrata) in McK-
night et al. 2019. In brief, this involved demultiplexing
using the unique barcodes, adapter trimming, removal of
reads containing base-pair Q scores below 30, and removal
of reads resulting from contamination by blasting raw
reads to the DArTdb sequence database.

Upon receiving called genotype data from DArT, individ-
uals with low Call Rate (i.e., sequenced for less than 80% of
SNPs) or high heterozygosity (> 10%) were filtered because
these could indicate low quality or contaminated samples.
These thresholds were decided based on the distribution of
individual call rate and heterozygosity, in order to remove
obvious outliers. DArTseq™ SNPs were first filtered by call
rate (i.e., the percentage of samples for which SNP infor-
mation is not missing; CR >90%) and monomorphic SNPs
were removed manually in Microsoft Excel v16. Then, using
the DARTQC filtering pipeline (https://github.com/esteinig/
dartqc), genotype calls with less than 10 total reads were
silenced, and SNPs were filtered by minor allele frequency
(MAF, > 2%), CR (>70%), and reproducibility (REP, >
90%). Here we used two call rate filtering steps to ensure
a low error rate in the data. The first step, on the raw data-
set, was the more stringent and the main call rate filtering
step (CR>90%). The second CR filtering step (CR >70%)
was used within DARTQC after silencing of individual
calls to remove any marker with high proportions of miss-
ing data, which would not have been detected as a poor-
quality marker ahead of silencing. Additionally, duplicates
and clusters were filtered, retaining the SNP with the higher
MAF. The DARTQC pipeline outputs data in the .ped format
from PLINK, which was converted to alternative formats for
downstream analyses using PGDSPIDER v.2.1.1.5 (Lischer
and Excoffier 2011).

Full sibling pairs were identified using COANCESTRY
v.1.0.1.10 (Wang 2011) and COLONY v.2.0.6.8 (Jones and
Wang 2010), and from each pair only the sibling with the

highest Call Rate was retained for Hardy-Weinberg Equilib-
rium (HWE) filtering. Before filtering for HWE and iden-
tifying outliers, a preliminary assessment of population
structure was conducted with NETVIEW P (Neuditschko
et al. 2012; Steinig et al. 2016; hereafter referred to as NET-
VIEW) and by discriminant analysis of principal compo-
nents (DAPC) in the R package adegenet v.2.1.3 (Jombart
et al. 2010; Jombart and Ahmed 2011), within R Studio v.1.3
(RStudio Team 2020), R v.4.0.3 (R Core Team 2021). Both
methods identified two clusters, which were then used as
populations for HWE filtering. The dataset was filtered for
HWE equilibrium and linkage disequilibrium (LD), with an
R? value threshold of 0.6 using PLINK v.1.9 (Purcell et al.
2007). SNPs were then removed in an iterative fashion to
retain one SNP per group of linked markers, as per McK-
night et al. (2019).

To identify outlier SNPs (i.e., markers that may be under
selection), two different software were used: LOSITAN v.1.0
(Antao et al. 2008) and BAYESCAN v.2 (Foll 2012), which
are based on different mathematical approaches and assump-
tions. LOSITAN was run for 50,000 generations with the
following parameters: neutral mean Fgp, forcing mean Fgr,
FDR of 0.1, and a confidence interval of 0.95. Five inde-
pendent runs of LOSITAN were conducted, and SNPs were
considered outliers if they were identified as such in all five
runs. The GUI version of BAYESCAN was run with the
following chain (sample size =5,000; thinning interval = 10;
pilot runs =20; pilot runs length =500; additional burn in
=50,000) and parameters (Prior odds for neutral model = 10;
Fis uniform between 0 and 1). Any marker identified as an
outlier by either method was removed from the neutral data-
set. Finally, siblings previously removed were re-introduced
in the dataset, and COANCESTRY and COLONY were used
once more for sibling pair detection. From detected sibling
pairs, only the sibling with the highest call rate was retained
from each pair for downstream analyses, to avoid potential
biases caused by the inclusion of closely related individuals
(Devloo-Delva et al. 2019).

Genetic population structure and connectivity

From the overall filtered neutral dataset, three datasets were
produced to assess genetic structuring and diversity indi-
ces for all samples (T2001-2016; n=110) and to compare
between the two intensively sampled periods: pre-decline
(T2001-2004; n=64) and post-decline (T2007-2009;
n=35). Analyses on the dataset with all samples
(T2001-2016) were conducted to assess whether structuring
patterns detected within the pre- and post-decline time peri-
ods were consistent and robust, given the small sample size
and lack of temporal representations for some breeding sites
in each time period (Online resource 1). Population genetic
structure was then assessed for each of these datasets using

@ Springer


http://www.kddart.org/kdcompute.html
http://www.kddart.org/kdcompute.html
https://github.com/esteinig/dartqc
https://github.com/esteinig/dartqc

254

Conservation Genetics (2023) 24:249-264

three methods: population network analysis with NETVIEW
(Neuditschko et al. 2012; Steinig et al. 2016); discriminant
analysis of principal components (DAPC; Jombart et al.
2010); and the Bayesian clustering method of STRUCTU
RE v.2.3.4 (Pritchard et al. 2000). An analysis of molecular
variance (AMOVA) and calculations of Fgr and PhiPT were
implemented in GENALEX v.6.5.03 (Peakall and Smouse
2006). Details of each of these are below.

NETVIEW was used to build a k-nearest neighbours
(k-NN) population network, after producing an identity by
similarity distance matrix with PLINK for each of the three
datasets. The k-NN network was constructed for a maximum
number of nearest neighbours ranging between 5 and 25.
DAPC was run on all three datasets, using the function find.
clusters implemented in the adegenet package ( Jombart and
Ahmed 2011). To identify the most likely cluster configura-
tion in each of the three datasets, we used BIC as the meas-
ure of goodness of fit, and retained n/3 principal compo-
nents, where n is the sample size for the dataset being used.

STRUCTURE was run on all three datasets, testing
from 1 to 5 genetic clusters (K) with 3 replicates for each
K (burn-in =50,000; Markov chain Monte Carlo repli-
cates =300,000), with a fixed lambda value of 1, and infer-
ring alpha. The ADMIXTURE model was adopted because
the species originated recently in evolutionary time (Hoskin
et al. 2005) and thus all individuals share recent common
ancestors. Information about sampling locality was included
with the LOCPRIOR option to account for the small sam-
ple size of some breeding sites and facilitate detection of
clustering at the stream level if present. The ‘best’ value of
K was identified based on both the L(K) and AK criteria
(Pritchard et al. 2000; Evanno et al. 2005) using STRUCTU
RESELECTOR (Li and Liu 2018). To avoid detecting only
the first major level of structuring, STRUCTURE was then
run on the identified clusters independently with the same
parameters as above. Finally, to ensure that detected clusters
were not the result of uneven sample size, STRUCTURE
was also run subsampling the larger Jumrum Creek popu-
lation to 15 individuals, matching the sample size for the
second and third largest sampled populations.

AMOVA statistics and differentiation indices were cal-
culated in GENALEX for the three time periods, with 999
permutations and the samples divided into the most likely
population clusters identified by DAPC, NETVIEW, and
STRUCTURE.

Genetic diversity

Genetic diversity indices were estimated separately for each
of the three time periods (i.e., T2001-2016, T2001-2004
and T2007-2009). For each time period, genetic diversity
and genetic differentiation were estimated for the whole
species, the identified genetic population clusters and the
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individual sites corresponding to distinct breeding streams.
Average observed heterozygosity (H,,,), average expected
heterozygosity corrected for sample size (H,, ,) and F;q were
calculated in R, using the function gl.report.heterozygosity
within the R package dartR v.2.0.4 (Gruber et al. 2018).
Individual multi-locus heterozygosity (MLH) was estimated
with the MLH function of the R package inbreedR v.0.3.2
and then averaged by population (Stoffel et al. 2016). Pri-
vate alleles (PA) and allelic richness (AR) were estimated
using HP-RARE v.1.0 (Kalinowski 2005), which applies a
rarefaction method to account for uneven sample sizes. To
allow comparisons both within and across time periods, rar-
efaction was implemented to match the smallest sample size
at the finest hierarchical level (i.e., to match the population
genetic cluster within a singular time period with the small-
est sample size). Locus specific minor allele frequency was
calculated using the minorAllele function of the adegenet
package, and from this the proportion of rare alleles was
obtained by dividing the number of SNPs with MAF <0.05
by the total number of SNPs.

Effective population size

Effective population size (Ne) was estimated for all three
time periods, to first estimate Ne for the entire species in the
last twenty years, and then assess whether a change in effec-
tive population size could be detected between T2001-2004
and T2007-2009. Effective population size was calculated
in NEESTIMATOR v.2.1 (Do et al. 2014) using the Linkage
Disequilibrium (LD) estimator of Ne (NeLD) with random
mating, using all standard critical values (i.e., 0.00, 0.01,
0.02, and 0.05) implemented in the software. We selected the
LD method because it is able to detect even small popula-
tion declines early when compared to the temporal method
(Antao et al. 2011). Notably, this method estimates contem-
porary effective population size, which represents the Ne
of the parent population, and not the sampled population.
We ran five independent runs with random subsets of 1000
SNPs each to minimize the effect of physical linkage in our
dataset. The number of SNPs was chosen as the lowest pos-
sible number still capable of achieving high precision of Ne
estimates (Waples et al. 2016), to achieve a balance between
minimizing linkage while retaining power. We then calcu-
lated the average of the five independent runs. Changing crit-
ical values had a minor effect on Ne estimates for the whole
species and the Eastern cluster (Standard deviation < 100;
Online resource 9), and therefore we report estimates for
the more conservative critical value of 0.05. Additionally,
we estimated Ne in two other ways, using the same software
and parameters but changing the input data. Once using the
full SNP dataset before LD filtering (n=7,436) to assess
whether filtering by LD hid the underlying biological sig-
nal, and once randomly subsampling populations for the
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T2001-2004 time period to match the sample size of time
period T2007-2009, to assess whether any changes in Ne
could be due to the difference in sample size between the
two time periods.

Results
Marker discovery, genotyping and filtering

The initial raw dataset produced by DArT contained 60,815
SNPs across 126 Kuranda Treefrog (Litoria myola) individu-
als. Nine individuals were removed because of low Call Rate
(CR) and one individual was removed because of high het-
erozygosity, leaving 116 samples. The first CR filter reduced
the number to 31,822 SNPs. The dataset was further reduced
to 9,890 SNPs following silencing by read depth and filter-
ing by minor allele frequency, CR, and reproducibility, and
removal of duplicates and clones. Filtering by HWE and
LD left 7,215 SNPs (Online resource 2). Finally, BAYES-
CAN identified three outliers, while LOSITAN identified
83 outliers across all five independent runs, including those
identified by BAYESCAN; resulting in a final dataset of
7,132 neutral SNPs. The same six full sibling pairs were
identified by COLONY and COANCESTRY, both before
and after filtering by HWE, LD, and removing outliers. All
sibling pairs were detected within the same creek/sampling
location, and were sampled within the same sampling event
(Online resource 3). From each sibling pair, the individual
with the highest call rate was retained for population struc-
ture analyses in STRUCTURE, DAPC and NETVIEW, for
a total sample size of 110 individuals.

Genetic population structure and connectivity

STRUCTURE, DAPC, and NETVIEW analyses identified
between one and three clusters across the three time peri-
ods investigated (Table 1), but two main geographically
distinct clusters were consistently identified: an Eastern
cluster formed by the samples from Jumrum Creek and half
of the samples from the adjacent Fairyland (FA) site, and a

Western cluster consisting of all remaining samples (Fig. 1).
When analysing the two identified clusters separately, STRU
CTURE did not identify any further clustering. The same
two clusters were identified when subsampling the larger
Jumrum Creek populations to account for uneven sampling.
These results are discussed below, by time period, and a
detailed summary containing STRUCTURESELECTOR
plots, bar plots for each mode of K, BIC plots from the find.
clusters function, and AMOVA results, is provided in the
Supplementary Material (Online resource 4-8).

T2001-2016

When including all individuals sampled from 2001 to 2016
(n=110), STRUCTURE identified K=2 as the most likely
value of K, both using the AK and LnP(K) criteria. DAPC
also identified K=2 as the most likely configuration. Both
analyses split the sampled individuals into an Eastern cluster,
comprising the Jumrum Creek samples (JC), and a Western
cluster comprising remaining samples (Fig. 1B). The Fairy-
land (FA) population, for which only four individuals were
sampled in total (all in 2016), is equally split between the
two clusters. Two individuals sampled at JC2 are assigned to
the Western cluster. The same pattern is observed in NET-
VIEW across all explored values of k-NN, and is most clear
at k-NN =25 (Fig. 1B). Pairwise Fgr and PhiPT between
the two identified cluster at K=2 were low, but significant,
being 0.009 (p <0.05) and 0.011 (p <0.005), respectively.
AMOVA also showed low among-cluster variance (1%).

T2001-2004

Samples collected between 2001 and 2004 show a similar
pattern to the T2001-2016 dataset in terms of population
structure. Analyses with STRUCTURE identified K=2 as
the best clustering using the AK method, and for the LnP(K)
method K=1 and K=2 had nearly identical values with
overlapping standard deviations. The same was true for
DAPC, where K=1 and K=2 provided the best clustering
and were equally likely. Once again, at K=2 the JC popula-
tion forms a separate (Eastern) cluster, while all remaining

Table 1 Summary of clusters

. 3 . Dataset STRUCTURE DAPC NETVIEW Ambiguous Possible migrants

identified with STRUCTURE, - populations

DAPC, and NETVIEW LnP(K) AK
T2001-2016 2 2 2 2 visible FA 2 sampled at JC2
T2001-2004 1;2 2 1;2 2 visible None 1 sampled at JC2
T2007-2009 1 3 2 2 visible None None

LnP(K) and deltaK criteria were used to identify the ‘best’ value of K in STRUCTURE analyses. ‘Ambigu-
ous populations’ refers to populations that comprise individuals assigned to more than one identified clus-
ter in similar proportions. Possible migrants refer to individuals sampled within the geographic distribution
of one of the identified clusters but being assigned by clustering approaches to a different cluster
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Table 2 Diversity measures for the whole species and the identified Eastern and Western cluster, across the three investigated time periods:

T2001-2016, T2001-2004 and T2007-2009

n Hy,, H,,. Ave. MLH Fig Sibling pairs PA AR  Prop. Rare
T2001-2016 Whole species 110 0.30 0.32  0.30 0.04 6 - 1.81 0.08
Eastern cluster 53 030 032 0.30 0.04 4 0.11 1.81 0.10
Western cluster 57 0.30 0.32  0.30 0.04 2 0.11 1.81 0.09
T2001-2004 Whole species 65 030 032 0.30 0.05 6 - 1.81 0.08
Eastern cluster 30 030 031 0.30 0.05 4 0.11 1.81 0.08
Western cluster 35 0.31 032 0.30 0.04 2 0.11 1.81 0.09
T2007-2009 ‘Whole species 35 031 032 030 0.03 0 - 1.81 0.09
Eastern cluster 18 031 031 0.31 0.02 0 0.11 1.80 0.07
Western cluster 17 030 0.32  0.30 0.03 0 0.12 1.80 0.07

Sample size (n), observed (Hy,

) and expected (H,,,.) heterozygosity, average Multi Locus Heterozygosity (Ave. MLH), inbreeding coefficient

(Fig), number of sibling pairs detected, number of private alleles (PA), allelic richness (AR) and proportion of rare alleles (Prop. Rare) are

reported

sampling localities cluster together (Fig. 1C). The split is
discrete, with only one sample out of 30 from JC being
assigned to the Western cluster. In NETVIEW plots, the
Eastern and Western cluster are clearly visible but highly
interconnected (Fig. 1C). As for the T2001-2016 analysis,
pairwise Fst and PhiPT between the Eastern and West-
ern cluster are low but significant (0.009, p <0.05; 0.013,
p <0.01; respectively), and the variance explained among
the two clusters is also low (1%).

T2007-2009

In the dataset comprising samples from 2007 to 2009, AK
and LnP(K) found three and one clusters, respectively. The
three clusters for the AK method represent the Western and
Eastern cluster previously identified in the T2001-2016 and
T2001-2004 time periods, as well as a third cluster con-
sisting mainly of two individuals within the Eastern cluster
(Fig. 1G). DAPC identified an optimal two clusters, repre-
senting the Eastern population comprising JC samples and a
Western population comprising all remaining samples. NET-
VIEW clearly shows two clusters (the Eastern and Western)
at k-NN =15, but once again highly interconnected (Fig. 1F).
Fgr and PhiPT values are higher than T2001-2004, but still
low, at 0.011 (p <0.05) and 0.019 (p <0.01), respectively.
AMOVA once again revealed that only 1% of variance is
explained among the two clusters.

Genetic diversity

All genetic diversity measures investigated (Hy,,, H, .
MLH, PA, AR, and the proportion of rare alleles) were
very consistent both across populations and time periods
(Table 2). Heterozygosity measures (H,,, H, ., and MLH)
were similar and often identical between the whole spe-
cies and the identified Eastern and Western cluster, ranging
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between 0.30 and 0.32. Allelic richness (AR) ranged between
1.80 and 1.81, Private alleles (PA) were less than one for all
populations after accounting for sample size, and the propor-
tion of rare alleles (MAF < 0.05) ranged between 0.07 and
0.1 (Table 2). Heterozygosity metrics were consistent even
for individual breeding streams, ranging between 0.28 and
0.30 (H,), and 0.29 and 0.32 (H,, ;,.) (Online resource 14).
Estimates of the proportion of rare alleles and F;g on the
other hand were heavily affected by the small sample size at
this scale and are thus not discussed here. All genetic diver-
sity estimates are provided in Online resource 14.

Effective population size

Estimates for the whole species and the Eastern cluster had
parametric 95% confidence intervals (CIs) below infinity
(T2001-2016: Whole species Cls=1,222-2,848; Eastern
Cls=681-4,109), except for one replicate (replicate A;
Online resource 10). In contrast, Ne estimates for the West-
ern cluster had wide CIs (T2001-2016: CIs=1,544-29,321),
and the upper CI extended to infinity in 12 of the 15 rep-
licates runs (Online resource 10). Thus, we excluded any
estimate with a parametric upper 95% CI reaching infinity,
which indicates that results could be explained entirely by
sampling error (Waples and Do 2010). All Ne estimates and
95% Cls are provided in the Supplementary Material and
the averages from the five replicates are presented in Fig. 2.

Using all samples across the full time period
(T2001-2016) gave an average Ne estimate for the whole
species of 1,801; 1,335 for the Eastern cluster; and
2975 for the western cluster (Fig. 2). The estimates for
T2001-2004 are similar for the whole species (1720), but
lower for the Eastern and Western cluster (1009 and 1612,
respectively). In contrast, the estimates for T2007-2009
are much lower for both the whole species (818) and the
Eastern cluster (433), representing an over 50% decrease
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Fig.2 Effective population size (Ne) and census population size
(N) for the whole species and the Eastern genetic population cluster
(essentially, Jumrum Creek). Ne estimates from this study are pro-
vided for all three time periods investigated (T2001-2016, T2001-
2004 and T2007-2009). The average value from independent runs is

in both cases. For the Western cluster, two estimates
reached infinity, and the remaining three had upper con-
fidence limits reaching infinity. Therefore, for the West-
ern cluster, a change in Ne between the two time periods
could not be reliably assessed.

Waples and Do (2010) suggest using the lower CI as an
indication of the lowest possible Ne bound for a popula-
tion. This can be particularly useful when the estimates
reach infinity. Lower CIs for estimates of Ne followed
the same pattern of decline between T2001-2004 and
T2007-2009, with a similar magnitude as that observed
for the actual estimates of Ne (Online resource 10). Fur-
thermore, using this approach we could assess possible
changes in Ne in the Western cluster, for which no reli-
able Ne estimates could be obtained for T2007-2009.
This revealed once again a decline in Ne between the
two time periods, although with lower magnitude (~22%
decline; Online resource 10). Estimating Ne with both
the full SNP dataset before filtering for LD, and subsam-
pling individuals for T2001-2004 to match the sample
size for T2007-2009, did not change the observed pattern
of decline (Online resources 10-11).

reported, and individual estimates are displayed as black points. Point
estimates of N were available only for time periods T2001-2004 and
T2007-2009 (Hoskin 2007; Hoskin et al. 2018). Arrows highlight the
detected decline between T2001-2004 and T2007-2009

Discussion

We analysed a large genomic dataset of 7132 neutral SNPs
for 110 individuals to guide conservation actions for the
Critically Endangered Kuranda Treefrog (Litoria myola).
Based on field observations, we expected individual breed-
ing populations to be highly isolated, declining and experi-
encing genetic erosion. While we detected only moderate
genetic population structure and good connectivity across
many breeding populations, we also detected sharp and
rapid population declines. These declines had not resulted
in genetic erosion at the time of sampling. Below, we fur-
ther discuss these results, and highlight their implication
for the conservation of the species.

Genetic population structure and connectivity

Our first aim was to determine connectivity between
known breeding sites. Because the species is rarely
observed away from discrete sections of streams, we
predicted fine-scale structuring at the individual stream
level across the range of L. myola. We did find genetic
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structuring at the stream level, but only of Jumrum Creek
in the east of the range versus the remaining creeks to the
west (which were themselves genetically indistinguishable
from each other in all analyses). The two genetic clusters—
Eastern (Jumrum Creek) and Western—were recovered
in all analyses. The Western cluster included all samples
from the nine streams sampled across the western 80% of
the range. The geographically intermediate Fairyland site
(FA; yellow symbol) was found to be evenly genetically
mixed between the Eastern and Western clusters (Fig. 1),
and hence falls in the area of connectivity between the two
genetic groups. These results suggest reduced gene flow
between Jumrum Creek and all other sites, with Fairyland
representing an intermediate population.

In spite of the consistent recovery of an Eastern and
Western cluster, genetic differentiation between these two
clusters was low (Fgp ~ 0.01) and we detected movement
of two individuals between the clusters (discussed below).
An important question is whether the Eastern versus West-
ern genetic structuring reflects restricted gene flow due to
natural structuring (i.e., as a result of natural processes over
hundreds or thousands of years), or human-induced impedi-
ments acting either currently or historically (i.e., within the
last 140 years of intense human use of the region). In con-
sidering structuring due to natural causes, the genetic struc-
turing may reflect that Jumrum Creek is at the far eastern
end of the range; however, in comparison, the site equally
geographically separated at the far west of the range (Oak
Forest, OF) is not genetically distinct (but note that we only
had two samples from that site). Prior to modern settlement,
the Kuranda area was fairly continuous rainforest, particu-
larly along the Barron River and associated creeks, and the
area between the Eastern and Western clusters would have
been no exception. A study on the closely related L. serrata,
which is 1% divergent for mtDNA from L. myola (Hoskin
et al. 2005), found no fine-scale structuring in areas of fairly
continuous rainforest for well surveyed populations that have
retained constant population size since the 1980s (McKnight
et al. 2019). Additionally, there is no sign that the Barron
River has been a barrier to dispersal of L. myola, with no
structuring detected between breeding sites on the northern
versus southern side (Fig. 1).

We therefore suggest that the genetic structuring within
Litoria myola reflects human-induced impacts on genetic
connectivity in the last 140 years, with land clearing as the
primary cause. The Kuranda region was settled by European
settlers in the 1880s, and has had a history of logging, dairy
and beef cattle farming, and coffee plantations. Today the
land use is residential within the Kuranda township, and
primarily rural residential outside of this (Fig. 1). Much
of the current rainforest habitat in the Kuranda region is
regrowth, with only small areas and riparian strips of rem-
nant (uncleared) habitat. Assessment of aerial imagery
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shows that there is substantially more rainforest in some
parts of the distribution of Litoria myola currently than
there was in the first half of the 20th century. For exam-
ple, aerial imagery from the year 1952 shows that the area
between Jumrum Creek (Eastern) and the Western genetic
cluster was heavily cleared (i.e., Kuranda township, Fairy-
land, and Myola areas) (Online resource 12). This clearing
extended right to the southern bank of the Barron River,
particularly between Warril Creek (WC) and Jumrum Creek,
which potentially severed natural genetic connectivity for
decades. The Eastern versus Western genetic structuring is
consistent with this historic land clearing. Although roads
have been shown to reduce gene flow and generate structur-
ing in amphibian populations only 2 km apart (e.g., tiger
salamander, McCartney-Melstad et al. 2018), across similar
geographic scales to our study, we suggest the impact on
gene flow is a result of historic land clearing rather than
reduced connectivity due to roads, because the only major
road through the L. myola distribution (Fig. 1A) is raised
above tree height where it goes through the habitat, and is
thus unlikely to represent a barrier to the frogs.

Apart from the presence of Eastern and Western clus-
ters, our results show much higher connectivity than we pre-
dicted. Samples from streams across the entire western 80%
of the range are genetically indistinguishable, even using
these high-resolution markers. Further, we detected prob-
able evidence of current movement between the two clusters,
with two individuals sampled at Jumrum Creek clustering
among the Western samples (Fig. 1B). This male and female
were of Western genetic origin but were sampled at Jumrum
Creek, suggesting a journey of at least 3 km. Adult females
are regularly encountered in the forest and have been found
up to 100 m from streams, which is towards the maximum
distance that surveys have been conducted from streams
(Hoskin 2007; Hoskin et al. 2018). It is therefore not surpris-
ing that they could travel between some streams. In contrast,
males have only ever been encountered adjacent to streams,
so it is surprising that one of the two long distance move-
ments that we detected was a male.

Interestingly, we detected six full sibling pairs, with each
sibling pair being adult frogs from the same sampling loca-
tion and sampling event. As would be expected, the sibling
pairs were detected at the four sites that had the largest sam-
pling effort (JC1, JC2 WC, QC) (Online Resources 1, 3).
However, the number of full sibling pairs is striking. For
example, the eleven individuals sampled at site JC1 in 2001
included three full sibling pairs. Five of the six sibling pairs
found across all sites involved males, with only one involv-
ing a male and a female. Based on rainforest species of simi-
lar broad ecology and size (Morrison et al. 2004), Litoria
myola probably reaches breeding age at two or three years
old, so the detected sibling pairs in our sample were presum-
ably at least this age. The number of full sibling adults in our
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sample, with the frogs in each pair found in close proximity,
suggests that Litoria myola has generally low dispersal (at
least for males).

Further research is required to estimate dispersal dis-
tances, and whether movement between breeding sites is
typically by females, males, and/or sub-adult frogs. Never-
theless, the results so far suggest that the species may gener-
ally not disperse far, but that some long-distance movements
are possible and sufficient to retain connectivity across
breeding streams. Importantly, this movement is unlikely to
occur through non-forested habitat. Despite natural regrowth
and active replanting of rainforest in recent decades, exten-
sive cleared areas remain between most streams. The ripar-
ian habitat corridor along the Barron River probably acts
as the primary dispersal pathway for adult frogs. However,
the river itself is not likely to be a movement pathway. This
is because the adult frogs are not aquatic, and the aquatic
eggs and tadpoles would have limited survival in the river
due to the abundance of predatory fish. Further, the Barron
River flows west to east, so if egg or tadpole dispersal along
the Barron River was prevalent, Jumrum Creek would be
unlikely to be genetically distinct, being located at the far
eastern (i.e., downstream) end of the distribution.

Genetic diversity

Our second aim was to assess genetic diversity across the
whole species and any genetically identified population. Our
prediction was that the Jumrum Creek population would
have at least moderate genetic diversity due to the relatively
large population size (in the order of hundreds of adults)
observed over the years in field surveys, whereas the other
breeding sites would have low genetic diversity due to small
and, in some cases, declining population sizes. Unexpect-
edly, we found moderate heterozygosity (i.e., Hyys, Hy
and MLH =~ 0.3) for the two genetic clusters identified, the
whole species (Table 2) and the individual breeding streams
(Online resource 14). We also found no observable change in
heterozygosity, allelic richness and number of private alleles
between the two well-sampled time periods T2001-2004
and T2007-2009 (Table 2). The observed heterozygosity
in L. myola (and populations within) is comparable to that
observed (also using DArTseq™ SNP data) in the relatively
widespread and abundant sister species, L. serrata (McK-
night et al. 2019), and double the heterozygosity in another
Australian hylid (Litoria ewingii, Melville et al. 2017) and
an Australian myobatrachid frog (Pseudophryne guentheri,
Cummins et al. 2019). High genetic diversity at smaller
breeding sites of L. myola is surprising, but can be explained
by the high level of connectivity detected between them.
Rather than acting as many small, independent populations,
these are all likely to be connected as a relatively large West-
ern population, and therefore able to retain genetic diversity.

It is important to note that sample size for many of the
individual breeding sites sampled post-drought was small
(N < =5; Online resource 1). Therefore, it is possible that
while the Western cluster as a whole retained good levels
of genetic diversity, some breeding sites within this cluster
may have experienced genetic diversity loss that could not
be detected with our sample sizes.

Effective population size

Our third aim was to estimate effective population size (Ne)
of the whole species and the identified populations. We
could not obtain consistent estimates for the Western clus-
ter for T2007-2009, so here we focus on estimates for the
whole species and the Eastern cluster (for whom estimates
of Ne were consistent across replicates and only once had
an upper CI reaching infinity). For T2001-2016, average
Ne was 1,801 and 1,335 for the whole species and Eastern
cluster, respectively. In T2001-2004, Ne estimates were
similar, at 1,720 and 1,009 individuals for the wholes spe-
cies and Eastern cluster, respectively. A marked decline in
Ne was observed for the later time period T2007-2009, for
which Ne estimates dropped to 818 for the whole species
and 434 for the Eastern cluster, representing a 55% and 68%
decline respectively (discussed below). Effective popula-
tion size estimates were larger than our field census popula-
tion size estimates, particularly for the pre-decline period
(T2001-2004) (Fig. 2). While this result used to be uncom-
mon, with most early studies finding Ne/N ratios of <0.5
(reviewed in Frankham 1995; Palstra and Ruzzante 2008),
more recent work has found many examples with Ne/N
ratios above 1, and up to 1.7 in some amphibians (Waples
et al. 2013). See Online resource 13 for a discussion of the
potential reasons for the high Ne/N ratio in this study. The
current population size for Litoria myola probably remains
similar to the T2007-2009 Ne estimates; i.e., less than 800
individuals, with about half of these at Jumrum Creek. Field
surveys conducted after the time period investigated here
showed that some populations have recovered slightly after
2010 (but none to pre-decline densities), while the two larg-
est populations have declined even further (Jumrum Creek,
JC; Warril Creek, WC. Hoskin et al. unpub. data).

The reason for Ne estimates for the Western cluster
reaching infinity remains unclear. Four main sources of
bias are suggested for the linkage disequilibrium estimator
of Ne that can result in inflated estimates: (1) difficulty in
achieving high precision when the true Ne is larger than
1000 (Waples and Do 2010); (2) rare alleles (Turner et al.
2001; Waples and Do 2010); (3) allelic dropout (Russell and
Fewster 2009): and (4) high migration between relatively
small populations within a metapopulation. The first source
of bias is well documented (e.g., Waples and Do 2010), but
is unlikely to be the cause as it does not explain why Ne

@ Springer



260

Conservation Genetics (2023) 24:249-264

estimates were consistent and had narrow CIs in the whole
species and the Eastern cluster and not the Western cluster
(all of which had Ne estimates > 1000); nor does it explain
why the estimates for the Western cluster are larger than that
of the whole species (which includes all the Western cluster
individuals within the estimate). The second source of bias,
inflation due to rare alleles, is usually addressed by adjust-
ing the value of P_;,. Waples and Do (2010) in particular
recommend that for sample sizes (S) below 25, a P_;; value
larger than 1/(2 S) and smaller than 1/S should be used. For
the T2007-2009 Western cluster estimate, the sample size
is 17, thus our adopted P, value of 0.05 falls within the
recommended range [1/(2¥17)=0.03, and 1/17=0.06]. The
third possible source of bias, allelic dropout, might also have
upwardly biased our Ne estimates; indeed data from mating
crosses obtained for this species, using the same methodol-
ogy as the one adopted here, did reveal medium rates of
allelic dropout (Bertola et al. unpub. data). However, once
again, that would be a shared issue across all the estimates,
rather than for the Western cluster alone.

The fourth possible source of bias is a high level of
migration between small populations within a metapopula-
tion. In this scenario, small sample sizes for individual sub-
populations can inflate Ne estimates (Waples and Do 2010).
If we consider the Western cluster a metapopulation, with
individual breeding sites acting as small populations but
experiencing high levels of gene flow between each other, it
could explain the inflated Ne estimates obtained. If this was
the case, we would expect the issue of inflated Ne estimates
to be more pronounced for T2007-2009, for which sample
sizes of individual breeding sites are the smallest (n=2-8).
This is indeed the case, with all five Ne estimates for the
Western cluster for T2007-2009 having an upper CI at infin-
ity, and two estimates reaching infinity themselves (Online
resource 10). On the other hand, results presented here point
to the Western cluster being a highly interconnected popula-
tion, with individual streams being genetically indistinguish-
able from each other. In light of this, one could argue about
whether the Western cluster represents a metapopulation
with high gene flow or a single homogeneous population. If
the latter is true, then the sample size for this population is
comparable to the Eastern cluster, and this possible source
of bias does not explain the observed inflated Ne estimates.
Hence, the reason behind the inflated Ne estimates for the
Western cluster remains unclear. Therefore, we focus on esti-
mates for the whole species and the Eastern cluster.

Population decline and genetic erosion
Our final aim was to assess population decline and genetic
erosion before and after 2005. Estimates of Ne detected a

substantial decline, mirroring the decline detected by census
population size estimates (Hoskin 2007; Hoskin et al. 2018).
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While there are potential biases in both Ne and census esti-
mates, the trend of decline is similar in both, and shared for
the whole species and the Eastern cluster (Fig. 2). While we
could not assess a decline in Ne estimates for the Western
cluster directly, an assessment of lower Cls still supported a
decline in Ne, with an estimated reduction of 22% (Online
resource 10). In stark contrast to the estimated declines in
Ne, heterozygosity and allelic richness estimates did not
decline from T2001-2004 to T2007-2009 for the species
as a whole or for either genetic cluster (Table 2). Given that
contemporary Ne estimated here represents the Ne of the
parent population (rather than the sampled population), it is
even more surprising that no decline in other genetic diver-
sity metrics could be detected in the sampled population.

Overall, our results suggest recent, rapid and sharp popu-
lation declines in Litoria myola, without genetic erosion at
the time of sampling. This concurs with studies suggest-
ing that while changes in effective population size can be
detected as early as ~ 5 generations after the decline (Antao
et al. 2011; Hollenbeck et al. 2016), immediate genetic
diversity loss may not occur unless the final population
size is below ~ 100 individuals (Hoban et al. 2014). These
results add to other studies showing that, with sufficient tem-
poral sampling, genomic data can aid to detect population
declines in its early stages (e.g., Antao et al. 2011; SkrbinSek
et al. 2012; Hollenbeck et al. 2016; Vandergast et al. 2016).
Importantly, more than ten years have passed since the last
thorough sampling of this species (T2007-2009), and field
surveys have detected continued declines. Thus, it is possible
that genetic erosion has taken place since, warranting prompt
conservation actions (discussed below).

Management recommendations

From our genetic results, we suggest the following on-
ground conservation actions (Fig. 3):

(1) Jumrum Creek harbours approximately half the popu-
lation of Litoria myola and contains unique genetic
diversity; hence, all efforts must be made to maintain
the large population at this site. This includes formally
protecting the main area of breeding habitat, which is
mostly in unprotected land downstream of Jumrum
Creek Conservation Park; and managing impacts to
water flow and water quality from activities in the large
and increasingly urbanized catchment.

(2) Populations on all the other streams form the Western
genetic cluster (with the exception of FA as a mixed
site) and all of these likely play a role as stepping
stones in maintaining connectivity across this cluster.
However, a number of these populations are currently
extremely small and under threat from ground water
extraction, sedimentation, clearing, urban development,
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ASSESS GENETIC DIVERSITY
FOR FLAGGY CK AND JANETTA CK
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Fig.3 Visual summary of management recommendations for Litoria
myola. All known records for the species are depicted as circles, with
coloured circles representing breeding sites sampled for this study.
Colours of sampled breeding sites match Fig. 1A. Green symbols are
Jumrum Creek, yellow is the Fairyland site, and the remaining col-

stream damming and, potentially, invasive ants (Hoskin
2007, 2012; Hoskin et al. 2018; DoE 2021). Threats to
each breeding site need to be identified and minimised
in order to maintain and improve each of these popula-
tions.

(3) Our results support efforts to improve rainforest con-
nectivity along the Barron River vegetation corridor. In
particular, our results suggest replanting efforts would
be well spent between the Western and Eastern clus-
ters (i.e., between Warril Creek, Fairyland, and Jumrum
Creek). This corridor exists due to replanting efforts by
the community group Kuranda EnviroCare and private
landowners, and these efforts should be supported into
the future. Much of this land is owned by the Queens-
land Department of Transport and Main Roads and the
Mareeba Shire Council, meaning these groups are key
stakeholders in the future of this Critically Endangered
species.

(4) Further surveys should be conducted across the range
of the species and in nearby streams in order to better
resolve the distribution of Litoria myola. This includes
thorough surveys of Flaggy Creek to estimate the extent
and size of the recently discovered population there.
Genetic analysis of this population would be valuable
to assess whether it is part of the Western genetic clus-
ter or is genetically distinct.

(5) Continued field monitoring of key populations to
assess population trends and detect further declines (or

PROTECT HABITAT

oured sites form the Western genetic cluster. The red line shows the
Kennedy Highway and blue lines represent streams within the region.
The thicker blue line is the Barron River, the main waterbody in the
region

recovery) at breeding sites. Key sites include Jumrum
Creek, Warril Creek, Owen Creek, and several of the
very small populations in the Western cluster. Should
significant declines be detected, translocation of indi-
viduals between the Eastern and Western cluster should
be considered in an attempt to off-set loss of genetic
diversity within each.
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