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Abstract

Population declines and range contractions among Australian frogs that commenced in the early 1980s continue in some
species that were once widespread. The generality of this pattern has been difficult to discern, especially for those species
that are encountered rarely because they have restricted periods of calling activity with poorly defined habitat preferences,
and are not common. Several lines of evidence indicate that Litoria littlejohni is such a species. This frog was once known
from mid-eastern New South Wales to eastern Victoria, and evidence from wildlife atlas databases and targeted searches
indicate that it has declined in large portions of its former range, leaving several populations that are isolated, in some cases
restricted in distribution, and of small size. We investigated the relationships among populations using mitochondrial ND4
nucleotide sequences and single nucleotide polymorphisms (SNPs) from the nuclear genome. We found that northern and
southern populations form two highly divergent genetic groups whose distributions abut at the southern margin of the
Sydney Basin Bioregion and these genetic groups also show divergence in morphology and male advertisement calls.
Here we describe the populations to the south of the Sydney Basin Bioregion as a new species and provide information on
its distribution and ecology. In light of the apparent isolation and small size of known populations of the new species and
the consequent restriction of the range of L. littlejohni, we assessed the conservation status of both species.

Key words: Amphibia, Anura, Pelodryadidae

Introduction

The Litoria ewingii species group comprises six species of frogs (Litoria ewingii Dumeril & Bibron 1841, Lito-
ria jervisiensis Dumeril & Bibron 1841, Litoria littlejohni White, Whitford & Mahony 1994, Litoria paraewingi
Watson, Loftus-Hills & Littlejohn 1971, Litoria revelata Ingram, Corben & Hosmer 1982, and Litoria verreauxii
Dumeril 1853), which are found in moist habitats associated with the Great Dividing Range, tablelands, and riv-
erine flood plains of eastern Australia including eastern South Australia, Kangaroo Island and Tasmania. Several
members of this group have been investigated extensively as a model system to illustrate the evolution of character
displacement (= reinforcement) and the role of the male advertisement call in pre-mating isolation in geographic
speciation (Littlejohn 1965, Littlejohn & Loftus-Hills 1968, Loftus-Hills & Littlejohn 1971, Littlejohn 1976, Little-
john & Watson 1985). It is therefore reasonable to suspect that the taxonomy of this species group would be well
characterized. However, several members of the groups have received little systematic attention, and to some de-
gree, this is because they are rarely encountered.

Litoria littlejohni is rare in museum collections and has been encountered rarely in surveys over the past three
decades (Gillespie et al. 2016, Lemckert 2010). Infection of L. littlejohni by the introduced amphibian pathogen Ba-
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trochochytrium dendrobatidis (chytrid) has been observed (DEEC 2007). While empirical evidence that chytrid is
pathogenic in L. littlejohni is absent currently, the knowledge that numerous Australian amphibians are susceptible
to the disease chytridiomycosis caused by chytrid (Berger et al. 1998, Skerratt et al. 2007) leads to the possibility
that the low detection of populations is due to this threatening process. A wide distribution and an apparent natural
geographic disjunction in mid-eastern NSW (Gillespie et al. 2016), prompts scrutiny of the systematic status of L.
littlejohni as these attributes are associated often with the presence of cryptic species (Donnellan & Aplin 1989,
Donnellan et al. 1993). Identification of cryptic diversity also has important implications for assigning conservation
status to individual species. The presence of cryptic species can significantly affect the assessment of the impact of
threatening processes, in particular the impact of the loss of genetic diversity and population fragmentation.

In order to assess the species status of populations of L. /ittlejohni, we applied molecular genetic approaches and
examined variation in morphology and male advertisement calls. Our analyses support recognition of a northern and
a southern species, the latter that we describe as a new species.

Materials and methods

Mitochondrial DNA. We obtained nucleotide sequences of the mitochondrial ND4 gene from 22 Litoria littlejohni and
a range of the outgroups L. ewingii, L. verreauxii, L. jervisiensis, and L. revelata (Fig. 1, Table 1). DNA was extracted
from liver, muscle, skin biopsy or skin swabs with a Gentra Purgene kit (Qiagen). The ND4 gene was PCR amplified
and directly sequenced with the primers: 5’-TGA CTA CCA AAA GCT CAT GTA GAA GC-3’ and 5’-GGT YAC
GAG YAA TTA GCA GTT CT-3’, using protocols detailed in Anstis et al. (2016). Sequences were aligned with
Muscle v6.814b (Edgar 2004) implemented in Geneious Pro v8.1.4 (Kearse ef al. 2012) and GenBank accession
numbers are listed in Table 1.

Bayes factors were used to assess all possible alternative partitioning strategies for four data subsets—1+, 2
and 3" codon positions and the tRNA in PartitionFinder v1.0.0 (Lanfear et al. 2017). The Bayes Information Crite-
rion (BIC) were used to assess the best fit partition strategy and nucleotide substitution model for each data subset
in the selected partition strategy. Sequences were analysed phylogenetically using Bayesian and maximum likeli-
hood methods. Bayesian analysis was conducted using MrBayes v3.2.7 (Ronquist e a/. 2012). The analysis was run
with model parameters unlinked using default priors for 10 million generations with two independent runs and two
chains sampling every 1000 generations. Convergence was assessed as achieved when the average standard devia-
tion of split frequencies was <0.001 and effective sample sizes (ESS) were >200 as determined in TRACER v1.7
(Rambaut et al. 2018). The first 25% of sampled trees were discarded as burn-in. Partitioned maximum likelihood
(ML) analysis was performed using RAXML v8.0 (Stamatakis 2014) on the CIPRES Science Gateway (Miller et
al. 2010).

Net average sequence divergence between lineages (dA) was calculated in MEGA v7 (Kumar et al. 2016) as:
dA = dXY - (dX + dY)/2, where, dXY is the average distance between groups X and Y, and dX and dY are the
within-group mean.

Molecular diagnostics. Following the recommendation of Renner (2016), we visually identified diagnostic
SNPs within the mitochondrial ND4 gene in MEGA v7 (Kumar et al. 2016). We selected the apomorphic diagnostic
SNPs for each species, using the outgroups to assess character state polarity.

SNP genotyping methods. Samples were submitted for DNA extraction and DArTseq™ 1.0 genotyping at
Diversity Arrays Technology PL, Canberra, ACT, Australia. DArTseq™ represents a combination of DArT genome
complexity reduction methods and next generation sequencing platforms (Kilian et al. 2012, Courtois et al. 2013,
Raman et al. 2014, Cruz et al. 2013). DNA samples were processed in digestion/ligation reactions using the restric-
tion enzyme combination of Ps#l/Sphl as described by Kilian er al. (2012) except that the single PstI-compatible
adaptor was replaced with two different adaptors corresponding to the Ps#l and Sphl restriction enzyme overhangs.
The Pstl compatible adapter was designed to include the Illumina flow cell attachment sequence, sequencing primer
and a ‘staggered’, varying length barcode region, similar to the sequence previously reported (Elshire e al. 2011).
The Sphl-compatible adapter comprised the Illumina flow cell attachment region and Spil overhang sequence.

Ligated fragments with both a PstI and Sphl adapter were amplified by PCR using an initial denaturation step of
94°C for 1min, followed by 30 cycles with the following temperature profile: denaturation at 94°C for 20 s, anneal-
ing at 58°C for 30 s and extension at 72°C for 45 s, with an additional final extension at 72°C for 7min. Equimolar
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amounts of amplification products from each sample were combined before single end sequencing for 77 cycles on
an Illumina Hiseq2500.

The raw sequence data were converted to .fastq files using the Illumina HiSeq2500 software. Sequences gener-
ated from each lane were processed using proprietary DArT analytical pipelines. In the primary pipeline the fastq
files were first processed to filter away poor-quality sequences, with application of more stringent selection criteria
to the barcode region compared to the rest of the sequence. In that way the assignments of the sequences to specific
samples carried in the barcode allocation step were very reliable. Sequences from each sample were collected,
separated by individuals, stripped of barcodes, cleaned and filtered to include only those with a Phred score > 25.
Subsequently, sequences were aligned and matched to catalogued sequences in both NCBI GenBank and DArTdb
custom databases to check for viral and bacterial contamination, with any matches removed from further processing.
Identical sequences are collapsed into ‘fastqcall’ files.

The fastqcall’ files are used in the secondary pipeline implementing proprietary SNP calling algorithms in
DArTSoft14™ (Diversity Arrays Technology). Low quality base calls in singleton tags in the fastqcall files were
assigned correct base calls using collapsed tags with multiple members as a template. For SNP calling all tags from
all libraries included in the DArTsoft14 analysis were clustered using DArT PL’s C++ algorithm at the threshold
Hamming distance of 3bp, followed by parsing of the clusters into separate SNP loci using a range of technical
parameters, especially the balance of read counts for the allelic pairs. All monomorphic sequence clusters were
removed and SNPs were called only if they were present in both homozygous and heterozygous forms. One third of
samples were processed twice from DNA, using independent adaptors, to allelic calls as technical replicates. Scor-
ing consistency (repeatability) was used as the main selection criterion for high quality/ low error rate markers. The
average read depth across loci was 7.9 reads per individual per locus for reference alleles and 6 for SNP alleles.

The data were converted to a matrix of SNP loci by individuals, with the contents stored as integers 0, homozy-
gote, reference state; 1, heterozygote; and 2, homozygote for the alternate state. DNA sequences and statistics (i.e.,
call rate, polymorphic information content, heterozygosity, read depth, and reproducibility for all loci and individu-
als) are accessible from Diversity Array Technology Pty. Ltd., Canberra, Australia (Report-DLit19-4642).

Additional SNP filtering. The SNP data and associated metadata were read into a genlight object (Jombart
2008) to facilitate processing with package dartR (Gruber et al. 2018). Further filtering was undertaken on the ba-
sis of call rate (98% unless otherwise specified). We filtered out secondary SNPs where they occurred in a single
sequenced tag, retaining only one SNP from each tag at random. Any monomorphic loci arising as a result of the
removal of individuals were also deleted. Given the low within-population sample sizes (n< 15), we did not fil-
ter loci for departures from Hardy-Weinberg equilibrium (HWE) or linkage disequilibrium. For the SVDQuartets
analysis to retain L. revelata outgroups, we filtered loci at 0.9 and individuals at 0.50, which produced 8534 SNPs
for 85 individuals.

Analysis of the SNP data. We used two approaches to identify genetic clusters from the SNP data. Initially,
genetic similarity among individuals was visualized using the principal coordinates analysis (PCoA) ordination
method as implemented in the gl.pcoa and gl.pcoa.plot functions of dartR. We used a scree plot of eigenvalues to
assess the number of informative PCs to examine, based on the average percentage variation the in the original
variables explained by the PCs, using the gl.pcoa.scree function in dartR.

Secondly, we used the Bayesian clustering approach implemented in STRUCTURE (Pritchard et a/. 2000) to
identify clusters of individuals corresponding to the uppermost hierarchical level and has been shown to perform
well with codominant markers such as SNPs. We used the uncorrelated allele frequency and the admixture ancestry
models with prior locality information to assess values of K from 1 to 5. We performed 3 independent runs with
20,000 burnin and 50,000 MCMC iterations for each value of K. The preferred value of K was determined using the
change in the second order of likelihood, 4K (Evanno et al. 2005) in Structure Harvester webserver (Earl 2012). We
then ran 10 independent runs with the preferred K for 20,000 burnin and 100,000 MCMC iterations and summarised
the individual ancestries across all 10 runs in CLUMPAK (Kopelman et al. 2015).

We assessed divergence between clusters identified in the PCoA and STRUCTURE by the determining the pro-
portion of loci showing fixed allelic differences between the clusters. Fixed difference at a locus occurs when two
populations share no alleles. When many loci are examined and sample sizes are finite, fixed differences will occur
through sampling error. We used simulations implemented in dartR (Georges ef al. 2018) to estimate the expected
false positive rate in pairwise comparisons. We used a tloc=0.05 meaning that SNP allele frequencies of 95,5 and
5,95 percent were regarded as fixed when comparing two populations at a locus.
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We inferred phylogenetic relationships among the samples using the concatenated SNP data set with two phylo-
genetic tree building methods suited to SNP data, SVDquartets and maximum likelihood. SVDquartets (Chifman &
Kubatko 2014) accounts for differences in the genealogical histories of individual loci and for sequence variability
due to both mutational and coalescent variance. In addition, the method is rapid and results are straightforward to
interpret, in contrast to other SNP-based approaches that use MCMC approaches, e.g., SNAPP (Bryant et al. 2012),
which can be slow for large data sets and difficult to assess convergence. A large number of quartets must be sampled
to estimate phylogenetic relationships. We used L. revelata as the outgroup. Three independent runs of SVDquartets
with sampling of 100,000 randomly selected quartets were conducted in the program PAUP* version 4.0a build 165
(Swofford 2003) to assess topological convergence, each of which included 500 bootstrap replicates.

For the maximum likelihood approach, we used 1Q-tree (Nguyen et al. 2014), with the Lewis-type ascertain-
ment bias correction, on the IQ-TREE webserver (Trifinopoulos et al. 2016). The ascertainment bias correction
considers that no invariant sites are included in the data and helps reduce overestimation of tree lengths (Leaché et
al. 2015). Heterozygous SNPs were coded as the appropriate [IUPAC ambiguity codes. We estimated the best sub-
stitution model with ModelFinder (Kalyaanamoorthy et al. 2017) following the BIC criterion. We assessed branch
support with 1000 ultrafast bootstrap pseudo-replicates (Hoang et al. 2017).

Morphological Analyses. Morphometric measurements of preserved adult specimens were taken with callipers
to the nearest mm following Watters et al. (2016). Dimensions measured (in mm) were: snout-vent length (SVL),
head width (HW), head length (HL), eye length (EYE), eye to naris distance (EN), internarial span (IN), greatest
length of tympanum (TYM), tibia length (TBL), tarsus length, i.e. from ankle to heel (TAL). Males and females
were analysed separately. Sex was determined by visual inspection of gonads or the presence of nuptial pads in
males.

To compare differences in shape between taxa, we used a multivariate method, a linear discriminant function
analysis (DFA). Potentially confounding variation associated with differing body sizes and allometric growth was
minimised by scaling measurements to a standard snout-vent length (SVL; the mean value for each sex) using equa-
tion 13 of Lleonart ez al. (2000; p. 88): y* =y (x /x)’, where y* and y, are, respectively, scaled and measured values
of a variable for specimen i, x_ is the standard body size (SVL in this instance) to which measurements are scaled,
x, is the observed body size of specimen i and b is a constant. Values of b were estimated independently for females
and males as the within-sex regression coefficient calculated for logarithmically transformed values of x, and y, (see
Thorpe 1976, Lleonart et al. 2000). The analysis notes and embedded R script are available from the authors. For
the DFA, we established prior group membership for specimens by choosing those that had either been genotyped or
whose collection location fell to the north of Dudewaugh Creek, in the Upper Nepean State Conservation Area for
the northern taxon or fell to the south of Gerringong Falls for the southern taxon, i.e. well away from the possible
region of contact between the taxa (Fig. 1). We conducted the DFA on the log-transformed metric data using SVL
and the scaled versions of the other metric variables as described above using the ‘lda’ function in RStudio, version
0.98.1028.

Advertisement Call Analysis. Advertisement calls were recorded with a Marantz PMD 660 Recorder (44 kHz
sampling rate and 24-bit encoding) with a Rede NTG-2 condenser shotgun microphone and from SM4+ Songmeters
set at 32 kHz sampling rate (Wildlife Acoustics). All field recordings were from males in active choruses. Com-
mercial tape recordings (Littlejohn 1987, Grigg & Barker 1973, Stewart 2000), were digitised using a direct line to
the Marantz PMD 660 recorder, and the results of previous call analysis were included in comparisons (Martin &
Littlejohn 1966, White et al. 1980, White et al. 1994). All calls were analysed with Raven Pro 1.30© software http://
www.birds.cornell.edu/ raven). Audiospectrograms for analysis were calculated with fast-Fourier transform (FFT)
of 512 points, 50% overlap and 172 Hz grid-spacing, using Hanning windows, for figures we used 512 points. In de-
scribing the advertisement calls, we use the definitions of Kohler ef al. (2017), and adopt the call centered scheme.
For up to five calls per individual male, we measured the call duration (s), intercall interval (s), call repetition rate
(calls/s), number of notes per call, note repetition rate (notes/s), the number of pulses in a note and pulse repetition
rate (pulse/s), and dominant frequency (Hz). A call recordings has been deposited at the Australian Museum as mul-
timedia record 1682760, attached to the database record for holotype AMS R186898.

The calls of the two taxa are qualitatively very similar, and therefore in comparisons we focus on differences in
structural and spectral traits. In a review of calling traits useful for taxonomic purposes Kohler et al. (2017) report
that the number of notes per call and pulses per note are rather invariable traits, not dependent on temperature or
motivation, and thus potentially valuable for taxonomic purposes. Accordingly, we place attention on the differ-
ences in the number of notes and pulses. Dominant frequency is also not dependent of temperature or motivation
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but is affected by body size. We do not have information on the sizes of all of the males included in the call analysis
and therefore we cannot make strong conclusions about differences in dominant frequency. Kohler et al. (2017) also
observe that among temporal variables, the duration of basic uninterrupted call units (in this case note duration and
pulse repetition rate) shows comparatively limited intraspecific variation, and in most cases are not influenced by
variation in body size, but are influenced by temperature.

149E | 151E !

Z

////\'H
f 4/”‘\)
{ACTQ
. T
x\& b
o)
\‘\J
\—\x\l{’\
3 L)
b
b}
: 100 km
WW |
¢\ .
J
-
/J"-*\

Victoria ~~-_ 378

2322 -

° . e o
° L

|

FIGURE 1. Map showing the distribution of genotyped samples of Litoria littlejohni [red squares] and Litoria watsoni sp. nov.

[blue circles] and museum voucher records from the Atlas of Living Australia, accessed July 2018 [small black circles]. Symbols
arrowed with letters indicate type locations. See Table 1 for key to location numbers.
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To address the effect of temperature on call attributes we conducted statistical tests (ANCOVA) with tem-
perature as a covariate. Call attributes were first standardised since the range of temperatures for which calls were
recorded for the two species were not the same. There were no significant differences between the taxa for these
traits with the exception of pulse repetition rate. For pulse repetition rate we compared slopes of regression lines and
then conducted analyses of covariance (ANCOVA) since the slopes were homogenous. For all other variables, we
compared samples by ANOVA with post-hoc comparisons amongst means using Scheffe’s test.

Conservation assessment. To determine if there have been changes in population distribution and abundance
over time we based our analyses on the Area of Occupancy (AOQ) and Extent of Occupancy (EOO) (IUCN 2012).
To calculate AOO and EOO, we first mapped all records of L. /ittlejohni in the Atlas of Living Australia (ALA—ac-
cessed November 2019), and following a process of expert examination, two spurious records were removed from
the total of 1973 occurrence records. Second, we divided the records into four time periods; prior to the year 1990,
and each decade up till 2020. These periods were chosen since it is reasonably established that the introduced am-
phibian pathogen Batrachochytrium dendrobatidis (chytrid) was present in eastern Australia from at least the mid-
1980s (Skerratt et al. 2007), and if there was to be an impact from this pathogen on population distribution it should
be evident when comparing the pre- and post-1990s periods.

We recognise that this is a broad-brush approach. Although there have been targeted surveys, for example by
forestry and mining in specific areas that provide presence records, there are no reports of absences in the data
source we used, i.e. the ALA. Thus, more precise evidence of declines is not available. The analysis assumes that
all areas have been investigated equally, however, it is apparent that the comprehensiveness of spatial sampling is
limited.

Area of occupancy (AOQO) was calculated using the [UCN (2012) recommendation for a 2 x 2 km grid cell.
Although we have no field information that addresses the distance that adults or tadpoles may disperse, we consider
the 2 km grid most likely overestimates the smallest area essential at any life stage to the survival of an existing
population (IUCN 2012).

Material examined. See Table 1 and Supplementary Table S2 for details of all material examined.

Results

We use a non-conventional approach to naming species in the results section to make the paper easier for the reader
to follow. We use the final specific epithets throughout the manuscript rather than use an initial group nomencla-
ture that we would change to the final specific epithets in the taxonomy section. Of course, we do not assume the
separate species status of the two species within L. littlejohni sensu lato but rather use the results section to test this
hypothesis before dealing with the final taxonomy.

Molecular Genetic Analyses. The mtDNA alignment comprised 786 bp. In the phylogenetic analyses of these
data, two main clades are apparent—L. littlejohni and L. watsoni sp. nov. with strong support for each (Fig. 2), and
with 5% net average sequence divergence between them (Table 2). In the 786 bp alignment, L. watsoni sp. nov. is
diagnosed by 8 apomorphic diagnostic nucleotide sites and L. littlejohni by 12 sites (Table 3).

TABLE 2. Net average sequence divergence between lineages in the Litoria ewingii group (dA).

e ] P s T 1 w
ewingii (e) -
Jervisiensis (j) 0.1 -
paraewingi (p) 0.09 0.11 -
verreauxii (V) 0.07 0.1 0.05 -
revelata (r) 0.1 0.12 0.08 0.07 -
littlejohni (1) 0.1 0.12 0.07 0.07 0.09 -
watsoni (W) 0.09 0.12 0.06 0.06 0.09 0.05 -

A total of 75,902 polymorphic SNP loci were scored for 91 individuals of Litoria. After filtering on call rate
(0.9), the “full data set”, which included the outgroups, comprised 8,533 polymorphic SNP loci sampled from 74 L.
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littlejohni sensu lato from 21 locations, and seven individuals of the outgroup L. revelata (Table 1). The “full data
set” was used for the SVD Quartets analysis. The “ingroup only dataset” comprised 77 individuals of L. littlejohni
sensu lato from 21 locations with 40,782 polymorphic SNP loci with 70% missing data after filtering on call rate

(0.9).
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FIGURE 2. Mitochondrial ND4 ML inference tree for Litoria littlejohni and Litoria watsoni sp. nov. with ML bootstrap pro-
portions (left) and Bayesian posterior probabilities (right) at nodes. The tree was rooted with members of the Litoria rubella and
Litoria peronii species groups. For collection locations and ABTC numbers see Table 1.

TABLE 3. Diagnostic nucleotide sites in mitochondrial ND4 sequence for species in the Litoria ewingii group. Apomor-
phic states are indicated in bold.

11 1 2 3 3 4 4 4 4 4 5 5 5 5 5 5 7 7

8 9 5 8 9 5 6 8 1 33 8 9 0 1 2 5 6 6 2 6

Taxon 5 7 4 5 6 9 4 8 8 37 5 6 3 4 4 9 2 5 1 4
L. watsoni A C T T T T T A G T ¢ G A C C€C T G C A G A
L. littlejohni T T € € C C C G A cC T A GT T C A T G A G
L.paraewingi A C T T T C€C T A AG C C A A C T cC A C A A A
L. verreauxii A T T T T C T A G cC C A A C T C A C A A A
L. jervisiensis G T T T T C€C C A G cC C A A C T C A C A A A
L. revelata A T T ¢ T C T A G c C A A C € Cc Cc ¢ A A A

T T T T
L. ewingii A T T T T C T A G T T A A C T T A C A A A
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In the initial clustering analysis via PCoA, the proportion of explained variance by the first three PC axes was:
1st axis—14.2%; 2nd axis—5.8%, and 3rd axis—4.84%. Three genetic clusters are apparent in the PCoA: L. little-
johni (locations 1—14), northern L. watsoni sp. nov. (locations 15-16) and southern L. watsoni sp. nov. (locations
17-19) (Fig. 3A). The STRUCTURE based clustering analysis found two clusters equivalent to L. littlejohni (loca-
tions 1-14), and L. watsoni sp. nov. (locations 15-19). (Fig. 3B). The percentage of loci having fixed differences
between the three genetic clusters seen in the PCoA analysis ranged from 0.8 to 1.2%, with all values significant
after simulation (Table 4).

In the phylogenetic analysis of the “full dataset” based on SVD Quartets, two major well-supported groups, L.
littlejohni and L. watsoni sp. nov., are present in the tree (Fig. 4). The tree also demonstrates a well-supported split
within L. watsoni sp. nov. into the northern and southern groups that was observed also in the PCoA analysis. The
maximum likelihood analysis also recovered the two major groups and the northern and southern groups with L.
watsoni sp. nov. with strong support (Supplementary Fig. S1).

A o

watsoni north

10 -

littlejohni

0- . li'-'
PC2 L1

-10- o« °
[ ]
,3’ watsoni south
s
204 *
-20 40 PC1 O 10

B

watsoni north watsoni south littlejohni

FIGURE 3. Analyses of SNP data for Litoria littlejohni and Litoria watsoni sp. nov. A) PCoA plot based on 10,901 SNPs and
B) STRUCTURE barplot.

TABLE 4. Fixed difference analysis for Litoria littlejohni and Litoria watsoni sp. nov. (northern and southern generic
groups). Upper matrix: number of loci showing a fixed difference and (% of loci showing a fixed difference); lower
matrix: expected number of loci showing a fixed difference and (the number of loci compared). All comparisons were
significant after simulation.

L. littlejohni L. watsoni-nth L. watsoni-sth
L. littlejohni - 453 (1.1%) 496 (1.2%)
L. watsoni-nth 111 (40,132) - 339 (0.8%)
L watsoni-sth 113 (40,323) 112 (39,829) -
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Morphological Analyses. Raw morphometric measurements of adults are summarised in Table 5. The male
and female DFAs each returned a single discriminant function (LD). Separation of L. littlejohni and L. watsoni sp.
nov. was better for female frogs (Fig. 5). For females (n = 14) overall predictive accuracy was 100% and with jack-
knifed validation the classification success was 50%, while for males (n = 69) the overall predictive accuracy was
80% (six L littlejohni and eight L watsoni sp. nov. individuals misclassified) and with jack-knifed validation the
classification success was 73%. For males, the traits with the highest coefficients were: EN, TAL and TYM. For
females, the traits with the highest coefficients were: HL and SVL.

TABLE 5. Summary of metric variation (mean =SD and range) in Litoria littlejohni and L. watsoni sp. nov.

L. littlejohni L. watsoni
female male female male
N 7 25 7 45
SVL 59.1+1.7 48.7£3.5 58.145.5 49.9+3.1
56.9-61.0 43.1-55.1 50.2-63.6 42.2-58.7
HW 20.1+1 16.6+1.2 19.9+1.9 17.2+1.2
18.9-21.7 14-18.6 16.9-22.5 14.2-20.2
HL 15.2+0.9 13.1+0.9 15.8+1.2 13.8+1.4
14.1-16.3 11.3-15.5 13.8-17.2 9.4-16.4
EYE 6.1+0.6 5.2+0.5 5.8+0.7 5.4+0.5
4.9-6.8 4.2-59 4.7-6.8 4.2-6.3
EN 4.6+0.4 3.8+0.41 4.9+0.5 4.3+0.4
4.1-5.1 3.1-49 43-55 3.6-5.6
IN 4.9+0.3 4.2+0.4 4.8+0.7 4.4+0.4
44-55 3349 3.9-59 3.5-53
TYM 3.3+0.3 2.9+0.4 3.4+0.3 3.1+0.4
2.9-3.7 2.0-34 29-38 244
TBL 31.1+0.8 25.8+1.8 30.8+3.0 26.4+1.3
29.8-32.1 22.3-29.1 25.6-33.8 23.2-30.3
TAL 19.8+1.1 16.2+1.2 19.3+2.5 16.3£0.9
17.9-21.1 13.9-18.3 16-22.5 14.5-18.6
HL/HW 0.8+0.03 0.8+0.1 0.8+0.1 0.8+0.1
0.7-0.8 0.7-0.9 0.73-0.9 0.7-0.9
TBL/SVL 0.5£0.02 0.5£0.02 0.5£0.02 0.5£0.03
0.5-0.6 0.5-0.6 0.5-0.6 0.4-0.6
TYM/EYE 0.6+0.1 0.6+0.1 0.59+0.1 0.58+0.1
0.5-0.6 0.4-0.7 0.5-0.7 0.4-0.7

Advertisement Call Analysis. The male advertisement calls of four populations and 11 individuals of L. little-
Jjohni and four populations and 11 individuals of L. watsoni sp. nov. were compared (Supplementary Table S1, Table
6). The calls of the two species are similar in overall temporal and spectral characteristics (Table 6; Fig. 6). While
temperature affected several temporal attributes a significant difference in slope in the two regression lines describ-
ing the relationship between temperature and the call attribute for each taxon was found only for pulse repetition
rate. Regression analysis of pulse repetition rate against taxon, with temperature as a covariate, showed a significant
difference (F =91.5007, P=0.0001%*), L. watsoni sp. nov. (mean 37.9 pulse/s) and L. littlejohni (mean 42.9 pulse/s)
(Table 4; Fig. 7). We compared the other attributes using ANOVA, and dominant frequency, number of notes and
pulse number differed significantly; L. watsoni sp. nov. (means; 1740.3 Hz dominant frequency, 22.8 pulses per
note, 6.5 notes per call, 37.9 pulse/s) and L. littlejohni (means; 1830.4 Hz, 27.8 pulse per note, 8.8 notes, and 42.9
pulse/s) respectively (Table 4).
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FIGURE 5. Histograms of the discriminant function scores (LD) for morphological analysis of adult female and male frogs.

TABLE 6. Advertisement call parameters, mean+SD, ranges and statistical comparisons for L. littlejohni and L. watsoni
sp. nov. Data from four populations and eleven individuals were analysed from each of the two species. Statistical com-
parisons of pulse repetition rate (ANCOVA) with temperature as a covariate, and ANOVA for the remaining call param-
eters are included.

L. littlejohni L. watsoni sp. nov.
Mean+SD, range MeantSD, range F ratio, P>F

Duration of call (s) 5.8+1.8 5.6+1.8 0.1167, 0.7344
4.1-9.7 3.4-12.3

Number of notes 8.8+4.1 6.5+2.0 5.8097, 0.0208*
5-16 3-14

Duration of single note (s) 0.63+0.14 0.58+0.22 2.6279, 0.1072
0.4-1.0 0.2—0.7

Number of pulses in the 2™ last note 27.8+5.9 22.849.8 13.5218, 0.0003*
16-40 7-33

Pulse repetition rate (pulses™) 43.25+14.17 37.56+12.2 91.5007, 0.0001*
34.7-66.7 21.9-60.5

Dominant Frequency (Hz) 1830+95.6 1740+146.9 7.3741, 0.0087*
1733-2500 1505-2018

Systematic Implications. In our genotyped samples, the distributions of L. littlejohni and L watsoni sp. nov.
are closely parapatric with the two nearest locations from 400 m a.s.l. at Dudewaugh Creek in the upper catchment
of the Nepean River (location 14) for L. littlejohni and from 540 m a.s.l. at Gerringong Creek on the Budderoo Pla-
teau (location 15) for L. watsoni sp. nov., separated by 10.4 km. These specimens were collected at breeding sites
however we have evidence that the frogs disperse widely from these sites based on the observation of specimens
under exfoliated rocks on ridge tops (M. Schulz pers com). Both locations are on a continuous raised plateau. There
is a relatively small band (<1 km at narrowest point) of continuous forest just below the plateau escarpment between
these sites, while much of the land on the plateau has been cleared for agriculture. We consider that the distance
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between these two locations is within the lifetime dispersal distance of an adult frog and that their distributions
are parapatric, providing the opportunity for gene flow. The presence of a significant proportion of loci showing
fixed difference between the groups that is not explained by sampling error is unequivocal evidence for the lack of

gene flow between the groups and therefore primary evidence that each comprises separate species (Georges et al.
2018).
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FIGURE 6. Comparison of the male advertisement calls of A-B) L. littlejohni (ABTC 80813) McKenzie Road, Watagan
Mountains, and C-D) the holotype of L. watsoni sp. nov. (AMS R186898), Parma Creek Nature Reserve. A) and C) Waveform
and spectrogram of a single call; B) and D) Waveform and spectrogram of two notes with the time axis expanded, showing the
pulses. Calls in A) and C) comprise 11 and nine notes respectively.

Conservatively, we treat the northern and southern genetic clusters within L. watsoni sp. nov. found in the SNP
analysis as a single species. First, the molecular data do not provide conclusive evidence that the clusters represent
taxa as the mtDNA data do not provide evidence of separate evolutionary lineages and the proportion of variation
explained by the divergence between the clusters in the SNP PCoA is quite small. Second, too few samples are pres-
ently available from the northern genetic cluster to adequately assess morphological divergence. In our samples, the
clusters are allopatric, separated by more than 30 km, further field work to test their genetic isolation in the Ettrema
and Jervis subregions of the Sydney Basin Bioregion is needed.
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FIGURE 7. Regression of pulse repetition rate against temperature. Litoria littlejohni—red circles, L. watsoni sp. nov.—blue
squares. Equations for the regression lines, R* value and F test for significance for each species are also included. Shaded areas
90% CI.

Taxonomy

Litoria littlejohni and L. watsoni sp. nov. share the following features of the L. ewingii species group sensu Tyler
& Davies (1978): squat small to medium frogs with a maximum length of 35-61mm. The fingers are short, broadly
fringed and webbed at least at the base. Moderate to long hindlimbs, toes webbed at least at the base. The dorsum
is usually brown or grey, bearing paler or darker, longitudinally orientated stripes. Several species have dark lateral
stripes on the head but not extending onto the body.

Tyler & Davies (1978) consider that members of the L. ewingii species group are static-water breeders. How-
ever, we have observed that, while L. littlejohni and L. watsoni sp. nov. breed in static forest pools, numerous other
populations of both species breed in streams, and although breeding and tadpole occupancy may occur mainly in
larger connected and sometimes isolated rock pools, the water is not entirely static.

We apply the name Litoria littlejohni White, Whitford & Mahony to the northern populations on the basis that
we genotyped frogs from the Watagan Mountains near the type locality at Walker’s Ridge Road (Joe’s Point), Wata-
gan State Forest. We note that the co-ordinates for the type location given in White et al. (1994) are incorrect, the
correct co-ordinates are -33.067° S, 151.266° E.

White et al. (1994) included all museum vouchers available at the time as paratypes of L. littlejohni that now
include vouchers of both L. littlejohni and L. watsoni sp. nov. We have reassigned the paratypes to the relevant spe-
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cies (see Supplementary Table S2). We note however that we were unable to locate specimens from the Canberra
College of Advanced Education and therefore we could not examine them, but we can assign them to L. watsoni sp.
nov. based on their collection locations.

Litoria watsoni sp. nov.

Holotype. AMS R186898. An adult male collected from Parma Creek, New South Wales (-35.02062° S, 150.4962°
E) by Stephen Mahony on 6 September 2016.

Dimensions of holotype (mm). SVL, 50.2; HL 14.0; HW, 17.8; EN, 4.5; IN, 4.1; EYE, 5.2; TYM, 3.0; TBL,
27.1; TAL, 16.7.

Description of the holotype. The body form, colour and pattern of the holotype are illustrated with an in life
image in Fig. 8D. Head longer than wide (HL/HW = 0.79); head widest at eyes; snout rounded in lateral and dorsal
profiles. Nostrils prominent in dorsal profile. Single row of vomerine teeth running laterally anterior to choanae.
The tympanum is circular and visible, diameter equal to eye diameter (TYM/EYE = 0.58).

Prominent terminal discs on all toes and fingers, no webbing between fingers, and toes with basal webbing.
Finger length 3>4>2>1; toe length 4>5=3>2>1. Sub-articular tubercules present under fingers and toes but not
prominent. Inner metatarsal tubercule present and prominent, approximately one third of the length of first toe.
Nuptial pad dark brown, oval, on dorsal surface only of the proximal half of the first digit. Legs relatively long
(TBL/SVL = 0.54).

Skin texture of back weakly granular, becoming more granular laterally and on the venter and thighs. Ventral
surface granular. Upper surfaces of legs and arms and lower surfaces of lower legs and arms smooth.

Variation. Summary of variation in morphometric measurements for each sex is presented in Table 3 and
appearance in Fig. 8. Male SVL 42-59 mm female SVL 50-64 mm; head length relative to head width variable
(HL/HW range 0.66—0.97). The tympanum diameter is variable in size relative to eye length (TYM/EYE range
0.44-0.72). Legs relatively long (TBL/SVL 0.44-0.59).

Color in life. Dorsal surfaces of body and limbs light brown mottled with dark and lighter flecking of brown
and yellow. The side of the face and extending back beneath the tympanum to the axil is a lighter shade of the dorsal
colouring (Fig. 9). Colour on back of upper and lower leg and onto the foot, groin and posterior flanks, and on the
upper axil of the forelimb is an immaculate reddish-orange wash (Fig. 9). A darker brown to black line extends from
the external nostril along the canthus rostralis to the eye, continuing less intensely behind the eye over the tympa-
num and then onto the flank where it gradually dissipates. Ventral surface white, with the exception of the upper legs
which have an orange wash. The gular region has a yellowish wash. Iris is yellowish gold.

Advertisement call. This description of the call is based on eleven individuals from four locations (Supplemen-
tary Table S1, Table 6). The call is a series of moderately strident notes sounding like “wriiik..wriiik..wriik...wriik”
which increase in volume to the last note, and is placed in the “pulse repetition sound” category of Beeman (1998).
The call is moderately long (mean 5.6 s), comprising (mean 6.5, range 3 to 14) repeated notes of short duration
(mean 0.58 s) each separated by a shorter interval (0.40 s). The repeated notes increase in amplitude across the call,
and each consists of distinct pulses (Table 6, Fig. 6). Note duration and inter-note duration also increases gradually
across the call and is accompanied by a gradual increase in the number of pulses (mean 22.8, range 7 to 33) in each
note. The note envelope is fully amplitude modulated with distinct short pulses separated by a duration about three
times longer, with the amplitude rising to a peak followed by a rapid decay (Fig. 6). Spectrally, there is no evidence
of frequency modulation in the call or in the notes. Dominant frequency of the call has a mean of 1740 Hz (range
1505 to 2018 Hz).

Etymology. Named in honour of Dr Graeme Watson, formerly of the University of Melbourne, Victoria, Aus-
tralia, for his lifelong contribution to the ecology and evolutionary biology of Australian amphibians and his particu-
lar contribution to elucidating the evolutionary relationships in the L. ewingii species group.

Distribution. Found in eastern Victoria and south-eastern New South Wales, from 10 km east of Bellbird Creek
and 4 km south of Brookville in eastern Victoria, along the eastern fall of the Great Dividing Range north to the
Budderoo Plateau, Illawarra Region, NSW.

Altitudinally, L watsoni sp. nov. occurs from near sea level, e.g. Parma Creek (179 m asl) and Nadgee State
Forest (198 m a.s.l.) to about 1,100 m a.s.l. in the upper reaches of the Mongarlowe River, near Braidwood, NSW.
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FIGURE 8. Images in life of Litoria littlejohni A—C) unvouchered males Sawmill Pond, Watagan Mountains, NSW; and Lifo-
ria watsoni sp. nov., D) holotype, adult male (AMS R186898) Parma Creek Nature Reserve, NSW, E) adult male Parma Creek
Nature Reserve, NSW, F) adult male Gerringong Falls, Budderoo Plateau, NSW.

The ranges of Litoria watsoni sp. nov. and L. littlejohni appear to abut at the southern boundary of the Sydney
Basin Bioregion. The southern end of the Sydney Basin Bioregion is characterised by ranges of sedimentary sand-
stones and silts that are deeply dissected by rivers forming steep escarpments and v-shaped valleys, and has been
recognised as a biogeographic barrier for several taxa (Bryant & Krosch 2016). However it does not appear to be
associated with a distinct drier and warmer landscape change as is the case for other biogeographical barriers in
north-eastern Australia such as the St Lawrence and Burdekin gaps. Additional research is required at the southern
border of the Sydney Basin Bioregion and the northern border of the South East Corner Bioregion to better under-
stand the distribution of L. littlejohni and L. watsoni sp. nov. to determine whether they are sympatric in the zone
where these two bioregions meet.
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FIGURE 9. Images of Litoria watsoni sp. nov. in life from the Parma Creek Nature Reserve and Budderoo Plateau, NSW. A)

ventral view showing colour under legs and in axilla, B) back of thigh, C) plantar view of foot, D) palmar view of hand.

Habitat. Litoria watsoni sp. nov. occurs in several different vegetation communities including numerous sites
of post-forest harvest regrowth (Daly & Craven 2007, Lemckert 2010, Gillespie et al. 2016). At the northern extent
of its distribution in the Shoalhaven River catchment (Parma Creek Nature Reserve and Barren Grounds Nature
Reserve on the Budderoo Plateau), where it appears to be most abundant, it is generally associated with upland heath
and dry sclerophyll forest communities. In southern NSW and eastern Victoria records are generally in wet forests
(Gillespie et al. 2016), although there are two historic records in heath in Nadgee Nature Reserve in south-eastern
NSW (ALA accessed June 2020). Where L. watsoni sp. nov. is associated with heathland, the soils are sandy, and
the parent geology is sandstone. In these locations the breeding sites are in streams that flow slowly across a mostly
horizontal bedding plane on a plateau or steppe, and are not found in the v-shaped valleys or coastal valleys that
form once the streams descend from the plateau (Fig. 10). Dense heath vegetation, comprising various species of
Banksia and Grevillia, border and overhang the streams, and males typically call from branches up to a 1.5 m above
the stream or from deep within large clumps of ferns. Preferred streams are shallow, characterized by rocky or sandy
bases, potholed and with lateral rocks bars creating pools that are either completely isolated from surrounding water
bodies, or larger connected pools (Fig. 10). Where associated with wet forests communities the field records cite
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FIGURE 10. Photographs of breeding habitat for L. watsoni sp. nov. A) Permanent stream with larger interconnected and
isolated pools at Tianjara (K. Klop-Toker), B) pond in Nadgee (R. Bilney); and L. /ittlejohni C) permanent stream with larger
interconnected and isolated pools at Dharawal National Park (K. Klop-Toker), D) pond in the Watagan Mountains.
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roadside ditches and puddles in south-eastern NSW and eastern Victoria (Littlejohn & Watson 1966). Whether L.
watsoni sp. nov. prefers these landscape features, or is apparently absent from larger more permanent water bod-
ies and streams due to field survey design, is difficult to determine from available data. We know of no records in
heavily modified landscapes such as farmlands or urban areas, and there is some debate about whether the species
is affected by forestry practices (Lemckert 2004, 2010; Gillespie et al. 2016).

Breeding Biology. Little is known about the larval ecology of L. watsoni sp. nov. and studies are a matter of
priority given its threatened conservation status (see below).

Males call along permanent streams in all seasons of the year particularly following rainfall (Gillespie et al.
2016). Males have been observed calling at a small forest pond at Nadgee and Yadboro State Forest in far south-
eastern NSW after summer rain (Bilney pers. obs.). Calling behaviour by L. littlejohni in relation to season and
permanent streams and ephemeral habitats is very similar to that of L. watsoni sp. nov. (Lemckert & Mahony 2008,
Lemckert 2010, Mahony 1993, White et al. 1994).

In a composite description based on samples from the Cann River, Victoria, the Mongarlowe River, NSW and
Budderoo Plateau, NSW (referable to L. watsoni sp. nov.) and from the Watagan Mountains, NSW (referable to L.
littlejohni), Anstis (2017) described oviposition sites, egg mass structure, and embryo morphology, without noting
any differences in these attributes among the sampled locations. Martin & Littlejohn (1966) described the larvae of
L. watsoni sp. nov. from Cann River, Victoria (as L. jervisiensis).

Diagnosis. Litoria watsoni sp. nov. can be distinguished from all other members of the L. ewingii species
group except L. littlejohni by the occurrence of immaculate orange markings on the anterior and posterior surfaces
of the femur and tibia, in the groin and posterior flanks, and by its larger size (see Anstis [2017] for comparative
measurements). The call can be distinguished from that of L. littlejohni by the lower number of pulses in each note
(mean 22.8 compared to 27.8) (Table 4). From a genetic perspective, apomorphic nucleotide states at 21 sites in the
mitochondrial ND4 gene reliably diagnose L. watsoni sp. nov. from L. littlejohni (Table 3).

Conservation assessments for L. littlejohni and L. watsoni sp. nov.

The Atlas of Living Australia, as of 20 April 2020, has a total of 2411 records, 2064 that are referrable to L. little-
johni and 347 to L. watsoni sp. nov. The AOO of L. watsoni sp. nov. is 308 km?, and for L. littlejohni it is 390 km?.
The AOO for both species are below the IUCN threshold level of 500 km? for species with evidence of continued
declines and which are severely fragmented. These estimates result in the classification for both species of “Endan-
gered” [IUCN Red List Assessment: Criteria 1. A.2(a)(c)(e), and Criteria 2. B.2 (a),(b)(1)(ii)].

Both L. littlejohni and L. watsoni sp. nov. have patchy, but widespread distributions, and this would tend to
indicate that they are habitat specialists, and that the preferred habitat is itself patchy. However, no habitat speciali-
sation has been identified in descriptive studies (Daly & Craven 2007), or from modelling approaches (Lemckert
2010, Lemckert & Mahony 2010).

In contrast to the low AOO values, the EOO for both species is relatively large, i.e., L. watsoni sp. nov. is 31,950
km? and L. littlejohni is 16,317 km?. The larger values serve to demonstrate the extent of spatial fragmentation of the
historical records for both species (Fig. 11). They also indicate that there are large areas of potential habitat where
the species have not been recorded. The distribution of both species includes large areas of wilderness and habitats
that are not subject to regular ecological monitoring. Litoria littlejohni has historic records in the Blue Mountains
World Heritage Area, a vast area of 1.03 million hectares of sandstone plateau, escarpment and gorges (UNESCO
2020), of mostly natural vegetation, much of which is accessible only by foot. Similarly, there are large areas of
potential habitat for L. watsoni sp. nov. in several National Parks on the eastern fall of the Great Dividing Range
in south east NSW and in eastern Gippsland, Victoria. For example, Morton National Park at the northern extent of
the range of L. watsoni sp. nov. is an area of 1,997 km? with numerous plateaus and streams with habitats similar
to that described above.

Despite these large natural areas, there is compelling evidence of declines and disappearances of populations
of both species in the past 30 years (Fig. 11). In east Gippsland L. watsoni sp. nov. was observed at only six sites
between 2009 and 2015 despite targeted surveys (Gillespie ef al. 2016). Similarly, we are aware of only three ob-
servations in far south-eastern NSW between 2010 and 2020 despite more than 100 hours of targeted field surveys
and the use of acoustic recorders for over 12 months at eight historic locations (Moses & Mahony unpubl.) (Fig. 11).
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Absence of observations are not explained comfortably by the rugged nature and isolation of the areas. Both regions
have large areas of native hardwood forests that are selectively logged with some native hardwood plantations.
Surveys are undertaken by forestry industry ecologists, and there have been two doctoral research projects that have
investigated forest dwelling and stream associated amphibians (Heleioporus australiacus and Litoria spenceri), in
portions of these areas, without observing populations of L. watsoni sp. nov. (Gillespie & Hollis 1996, Penman et
al. 2004, Penman 2005). We consider that focused field studies are necessary in the areas where there have been no
records in the past three decades, so that appropriate decisions can be made about conservation actions.

Evidence of declines and disappearance of L. littlejohni populations come from within large areas of land man-
aged for nature conservation and as water catchments where public access is minimal. The Greater Blue Mountain
National Park and World Heritage Area covers a considerable portion of sandstone plateau landscape known to
provide preferred habitat for this frog within the Sydney Basin Bioregion, and we are aware of only three recorded
populations in this area in the past decade (Fig. 11).

At the north-eastern extremity of the Sydney Basin Bioregion, the Watagan Mountains supports a small popula-
tion of L. littlejohni (Fig. 11). In this area it is also associated with first order streams on a small sandstone plateau,
and with numerous forest pools constructed as part of forestry operations. There is evidence of a small decline in oc-
cupancy in this area (Mahony 1993), but the species has been observed in natural and forestry modified habitats over
a twenty-year period (Lemckert 2011). Populations are not large and choruses comprise two to six males. Threats in
this area relate mostly to human impacts such as damage from recreational vehicles.

All records N=2411

pre 1990s N=208

1990-99 N=52

—

FIGURE 11. Historic distribution of L. littlejohni and L. watsoni sp. nov. by decadal sampling periods from the ALA (accessed
May 2020). Circles show the areas of the far south east of the distribution of L. watsoni sp. nov. and in the Greater Blue Moun-
tains area in the north west of the distribution of L. littlejohni where records have declined.

In contrast to the situation for L. watsoni sp. nov. and most of the range of L. littlejohni, the Woronora Plateau
area has supported a stable population over the last 20 years. Since 2002, L. littlejohni has been recorded on the
Woronora Plateau in a series of intensive surveys by mining consultants and government (DECC 2007, present
study). This plateau which has several catchments that are dammed as part of the water supply for the metropolitan
area of Sydney, is protected and is covered with native vegetation. There are over 1940 individual records of the
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frog from this area in the Atlas of Living Australia, which represent records from first order streams from four river
catchments that flow over a sandstone topped plateau with subdued relief. Many of the records from this area are
repeated surveys along the same streams, and do not represent newly reported populations (Fig. 11), and the total
AOQO for this area is 216 km?. The natural values of the surface habitats are protected in the Sydney Water Catch-
ment Area, however there is a threat to the streams from land subsidence and cracking of the surface rocks and creek
bases due to underground mining in several of the catchments that provide habitat for the frog (DECC 2007).

The amphibian disease chytridiomycosis may be responsible for the observed declines. Although we do not
have pre-decline demographic data, there is evidence that chytrid occurs on other frog species found within the
geographic range of both L. littlejohni and L. watsoni sp. nov. (Kriger et al. 2007), and population losses over the
past three decades coincide with the known occurrence and spread of the chytrid pathogen in eastern Australia
(Berger & Speare 1998, Skerratt ef al. 2007, Mahony et al. 2013). Furthermore, chytrid infected L. /ittlejohni have
been found on the Woronora Plateau (DECC 2007). Both species are likely to be susceptible to chytridiomycosis,
and urgent conservation actions are necessary to prevent the loss of isolated populations and the genetic diversity
they represent. Studies are needed urgently to understand why a few populations remain robust, and whether this
is because they are resistant to chytrid, or occur in habitats that provide some protection, or where chytrid does not
occur presently (Scheele et al. 2014Db).

Discussion

While the temporal patterns of distribution and abundance of L. littlejohni and L. watsoni sp. nov. are consistent
with declines due to a relatively recent threatening process, the relative rarity of both species can confound such
an interpretation. Therefore, it is important to identity the reasons why a species is rare so that the appropriate con-
servation actions can be developed. Rarity may be the result of long-term evolutionary processes and be a natural
feature, or it may be the outcome of specific threats that are related to human activities.

A species may be apparently rare because of a number of factors—it maybe a habitat specialist and its habitat
is restricted, or it has cryptic habits and detection probability is low, or there is insufficient survey effort, or it has
experienced extensive declines due to anthropogenic landscape impacts, e.g. land clearing or disease (Knapp 2011).
Here we explore each of these four factors for L. littlejohni and L. watsoni sp. nov.

First, several studies have investigated the habitat requirements of L. littlejohni, and L. watsoni sp. nov. (as
L. littlejohni) to test whether it is a habitat specialist which may explain its rarity (Daly & Craven 2007, Lemckert
2010, Gillespie et al. 2016). There are fewer than 30 extant populations known for both species combined across a
relatively long but narrow distribution that spans 5 degrees of latitude (about 800 km) and at its maximum is only
120 km wide, from central-eastern New South Wales south to north-eastern Victoria. They typically occur at mid
to higher elevations, on the eastern fall of the Great Dividing Range (Daly & Craven 2007), and have not been re-
corded from the coastal plain or coastal swamps and heaths, or from cleared agricultural land. They are found only
in native vegetation communities, but they can vary from dense upland heaths to dry and wet sclerophyll eucalypt
forests (White et al. 1994, Daly & Craven 2007, Lemckert 2010, Gillespie et al. 2016). Their ranges are coincident
with large areas of native vegetation, mostly eucalypt forest and heath communities, with about equal amounts in
areas where forestry occurs and lands in conservation reserves. Several lower elevation riverine valleys that have
been cleared for agriculture may once have provided suitable habitat. We know of no population of either species
outside of forested habitats. Lemckert (2010) found that occupied habitat of L. littlejohni was associated with a lack
of grass in the understory, higher moisture environments, and flatter areas (negative to rough terrain), features that
are widespread in the native forests. Together these habitat features do not indicate that L. /ittlejohni is a habitat
specialist, and when combined with observations of breeding habitat (Daly & Craven 2007), and vegetation asso-
ciations, do not provide a clear understanding of why this species is observed so rarely. To emphasize the potential
generalist nature of both species, the habitats used for breeding includes lotic and lentic situations. To the south of
the Sydney Basin bioregion, L. watsoni sp. nov. breeds in slow moving permanent streams that pass over sandstone
substrates (Daly & Craven 2007), and in north-eastern Gippsland and southern NSW in the South East Corner biore-
gion, it breeds in ephemeral pools with clay or sandy substrates (Gillespie et al. 2016; this study). Litoria littlejohni
breeds in ephemeral and permanent ponds on clay and sandy substrates and in slow moving permanent streams on
sandstone (Mahony 1993, White et al. 1994). In summary the ecological information indicates they are generalist
species, and that their habitats are not restricted.
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Second, there is no evidence that L. littlejohni or L. watsoni sp. nov. are particularly cryptic in habit that would
explain their rarity. Both are relatively large (adult female snout to vent up to 60 mm), with distinctive markings and
moderately strong mating call (White et al. 1994). They are one of the few species in the L. ewingi species group
where breeding events are episodic following heavy rainfall, which may occur in all seasons including autumn and
winter (Mahony 1993, Lemckert & Mahony 2008). It could be argued that they are not regularly reported since most
surveys occur in spring and summer, and the probability of detection of adults may be low due to the brief breeding
period. However, the larvae are distinctive (Anstis 2017) and often present for several months in ponds and streams,
and it would be expected that they would be detected in surveys. However, tadpole surveys have not until recent
times been included in recommended field survey protocols (DECC 2010). Therefore, in summary we consider that
it is not likely that rarity is an outcome of cryptic behavior leading to poor detection.

Third, it is also not likely that the lack of recorded observations is due to a lack of survey effort. This is not
a suitable explanation since the forestry estate is distributed across the range and is subject to ecological surveys.
Although these do not occur over a large spatial scale in any one year, over the period of a decade a large proportion
of the area would be surveyed (Penman et al. 2005, Lemckert 2011, Gillespie ef al. 2016). A similar observation can
be made for lands under conservation management (DEC 2007, Gillespie et al. 2016).

Fourth, a possible explanation for rarity is that populations have declined, and there are several potential causes
for the widespread decline of forest dependent habitat generalists. Declines may be associated with human activities
such as land clearing or forestry harvesting (Gillespie ef al. 2016). Although all records are within native vegetation
communities, which might imply that the species does not cope well with disturbance, several sites are within post-
harvest forest regrowth (Daly & Craven 2007; Lemckert 2004, 2010; Gillespie et al. 2016). Furthermore, population
disappearances have occurred in several long-established national parks where forestry practice and habitat distur-
bance are not feasible reasons for population declines.

A more plausible explanation for the declines in both species is the disease chytridiomycosis that is caused by
the introduced amphibian pathogen Batrochochytrium dendrobatidis (chytrid). Most surveys that could have de-
tected L. littlejohni and L. watsoni sp. nov. were conducted since the arrival of the chytrid fungus in Australia in the
mid-1970s (Berger & Speare 1998), and the signal of decline may not be detected by post decline surveys. Members
of the L. ewingii species group, of which L. littlejohni and L. watsoni sp. nov. are members, are distributed in the
cooler mesic zone of Australia where chytrid impacts have been widespread (Scheele et al. 2014a, Brannelly et al.
2016). Another member of this species group, L. verreauxii alpina, is impacted greatly by chytridiomycosis with
marked declines in distribution and abundance (Scheele et al. 2014a). It seems entirely plausible that L. littlejohni
and L. watsoni sp. nov. have gradually declined from large areas of their former distribution due to impacts of the
pathogen. However, direct evidence does not exist as we are not aware of any reports of moribund individuals or
studies that have tested whether the species is susceptible to chytridiomycosis or any field surveys that have inves-
tigated whether the species is infected by chytrid.

Evidence of declines comes from examination of the Atlas databases which shows that in the last decade there is
only one region where L. littlejohni show consistent reports of the species presence, on the Woronora Plateau on the
south-eastern margin of the Sydney Basin Bioregion (Atlas of Living Australia, BioNet, Victorian Biodiversity At-
las, DEC 2007, Daly & Craven 2007, Gillespie ef al. 2016). Repeated annual streams surveys in this area show that
the population is relatively large and robust (ALA database records). Most of this area is within protected lands such
as the South Western Sydney Water catchment area, a National Park and a Nature Reserve. However, the species has
not been found in large tracts of contiguous lands to the west and south of this area, much of which is conservation
reserves. If our proposal that the decline of populations of this species is due to chytrid is correct, the apparent robust
nature of population on the Woronora Plateau may prove to be important in understanding specific environmental
niches or intrinsic biological factors such as genetically determined immunity that enable populations to persist in
the face of chytridiomycosis (Puschendorf et al. 2013).
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