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INTRODUCTION
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Abstract

Amphibians face severe threats globally, with the amphibian chytrid fungus
Batrachochytrium dendrobatidis causing drastic declines in many species,
resulting in small remnant populations that can be hard to find. Environmen-
tal DNA (eDNA) methods offer a promising survey tool for detecting remnant
populations, given detection sensitivity and ability to screen vast, remote areas.
We conducted eDNA surveys for three stream frog species: the Critically
Endangered Armoured Mistfrog (Litoria lorica), the Endangered Waterfall
Frog (L. nannotis) and the Endangered Australian Lacelid frog (L. dayi). These
inhabit the Wet Tropics World Heritage Area, north-east Australia, and were
heavily impacted by amphibian chytrid fungus in the 1980s and 1990s. We
tested for the three species’ eDNA in all catchments with historic records and
adjacent catchments where they potentially occurred pre-decline, using three
species-specific eDNA assays. Litoria lorica was only detected in samples col-
lected 22 km downstream of the single known population. Litoria nannotis
and L. dayi were detected across many catchments, including some with no
records of the species post-declines. The results support on-foot survey results
suggesting that L. lorica survived chytrid-induced declines at a single site but
reveal that L. nannotis and L. dayi are more widespread than thought, showing
the value of eDNA methods in detecting remnant amphibian populations post
disease declines.
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surveys, such as visual and/or acoustic, on as many
streams as possible in catchments where species were

Managing and recovering remnant populations is depen-
dent on first finding them. For threatened stream species,
including many amphibians, fish and some aquatic mam-
mals, this is commonly done by conducting traditional

recorded historically, pre-decline. While traditional sur-
veys can give important information on local presence/
absence and factors such as population density and sex
ratios, detection of DNA in stream water can detect
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species over entire catchments, regardless of how moun-
tainous and inaccessible they are (e.g., Lopes et al., 2021;
Sasso et al., 2017; Villacorta-Rath et al., 2021). Environ-
mental DNA (eDNA) surveys from stream water have
been successfully applied to the detection of amphibians
(Lopes et al., 2021; Villacorta-Rath et al., 2021), fish
(e.g., Laxmi et al., 2022; Schumer et al., 2019), reptiles
(Villacorta-Rath et al., 2022), and aquatic mammal spe-
cies (e.g., Jamwal et al., 2023; Webb et al., 2025).

These methods are particularly powerful for detection
of stream-associated frogs, given that these species have
aquatic larva and spend at least part of their adult lives in
the aquatic environment. Additionally, many stream frog
species can be difficult to detect via traditional methods
due to weather-dependent activity and calling behavior
(MacKenzie et al., 2002; Scheele & Gillespie, 2018; Sewell
et al., 2010). eDNA methods can detect frog species that
occur at low densities (Pilliod et al., 2013) and can detect
small, remnant stream frog populations over 20 km
upstream (Villacorta-Rath et al., 2021). Importantly, stud-
ies have demonstrated that eDNA analysis can detect
threatened frog species thought to have disappeared
(based on traditional surveys) from parts of their range
(e.g., Dufresnes et al., 2020; Lopes et al., 2021; Renan
et al., 2017). These detections can then target traditional
surveys and conservation efforts.

Amphibians are the most threatened class of verte-
brates (IUCN, 2021), with the fungal pathogen Batracho-
chytrium dendrobatidis, amphibian ‘chytrid’ fungus,
being the most significant cause of extinction and decline
in recent decades (Blaustein et al., 1994; Scheele
et al., 2017; Wake & Vredenburg, 2009). Over 100 species
have gone extinct globally since 1970 and hundreds more
have declined, particularly from cooler parts of their
ranges (Blaustein et al., 1994; Scheele et al., 2017;
Wake & Vredenburg, 2009). Declines caused by amphib-
ian chytrid fungus impacted rainforest areas in Queens-
land, north-east Australia, in the late 1970s and through
the 1980s, and reached the Wet Tropics region in the far
north-east in the early 1990s (Laurance et al., 1996;
Richards et al., 1993; Scheele et al., 2017). This resulted
in probable extinction of six species in the rainforest
mountains of coastal Queensland and substantial
declines in many others (Scheele et al., 2017). Declines
were greatest in upland rainforest areas, particularly for
species closely associated with streams, and remnant
populations persisted in hotter parts of species’ ranges
where chytrid impacts were not as severe (‘disease ref-
uges’; Puschendorf et al., 2011; McKnight et al., 2017,
Scheele et al., 2017).

The Armoured Mistfrog (Litoria lorica) was histori-
cally distributed at upland sites in the Thornton Peak
uplands and Carbine Tableland above 600 m altitude in

the Wet Tropics region of northeastern Australia
(Cunningham, 2002; Davies & McDonald, 1979;
Hoskin & Puschendorf, 2014; Puschendorf et al., 2011).
Litoria lorica was believed to be extinct following signifi-
cant declines attributed to chytridiomycosis in the early
1990s (Cunningham, 2002; Puschendorf et al., 2011). A
single, small population of L. lorica was rediscovered in
2008 in the Carbine Tableland area, outside of its known
historical range, during surveys of the Waterfall Frog
(L. nannotis), in hotter marginal areas of the northern
Wet Tropics (Hoskin & Puschendorf, 2014; Puschendorf
et al., 2011). Litoria nannotis and another Wet Tropics
stream frog, the Australian Lace-lid (L. dayi), also suf-
fered extensive population declines due to chytrid disease
in the late 1980s and early 1990s. These declines were
particularly notable from upland areas above 600 m ele-
vation, but both species persisted at many lowland sites
(McDonald & Alford, 1999). In the decades since these
declines, L. nannotis has recolonized some upland sites,
whereas there has been poor recovery of L. dayi (Bell
et al., 2020; McKnight et al., 2017). Since the rediscovery
of L. lorica, traditional surveys on foot have been per-
formed at most of the known sites pre-decline and also in
many nearby catchments with extensive suitable water-
fall habitat but no historic records (Hoskin &
Puschendorf, 2014). These surveys failed to find other
populations of L. lorica and found very few populations
of L. dayi, but did find many populations of L. nannotis
(Hoskin & Puschendorf, 2014).

Litoria lorica (Figure 1A) remains known from the
single rediscovered population, and now a nearby rein-
troduced population upstream in the same catchment
(Hoskin & Puschendorf, 2014). The species is listed as
Critically Endangered under the Australian Environment
Protection and Biodiversity Conservation (EPBC) Act.
Litoria dayi (Figure 1B) is listed as Endangered on the
EPBC Act. Litoria nannotis (Figure 1C) was formerly
listed as Endangered on the EPBC Act but was recently
delisted due to evidence of recovery and is listed as
Endangered on the State list (Queensland Nature Conser-
vation Act). Given their threatened status, finding popu-
lations of these species is important, particularly for
L. lorica. However, conducting surveys on foot to locate
populations of these species is challenging and time-
consuming due to the remote and rugged terrain.
Villacorta-Rath et al. (2021) showed that eDNA detection
of L. lorica and L. nannotis is possible in water samples
taken from up to 22 km downstream from known popu-
lations, providing a survey technique for entire
catchments.

Here, we used an eDNA approach to test for the pres-
ence of these three threatened frog species in watersheds
where they were previously known to occur in the
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FIGURE 1

Photos of the three study species: (A) the Armoured Mistfrog (Litoria lorica), (B) the Australian Lace-lid (L. dayi), and

(C) the Waterfall Frog (L. nannotis); and (D) water sampling at one of the study sites (Noah Creek). Photo credit: Conrad J Hoskin.

northern Wet Tropics area. We predicted that L. dayi and
L. nannotis would be detected in many of the sampled
catchments, but that L. lorica would be detected only in
the catchment where the remnant population is known
to occur.

2 | METHODS

2.1 | Study system

We collected water samples from 12 sites within the his-
torical distribution of L. lorica (Figure 2). These sites
included most major catchments draining off Thornton
Peak and the Carbine Tableland, including all catch-
ments with historical records and the single catchment
with the known persistent population and the reintro-
duced population. These catchments also included suit-
able habitat for L. dayi and L. nannotis, which are of
similar ecology to L. lorica in inhabiting streams with
fast-flowing water and waterfalls. These three species fall
in a species group called the ‘torrent frogs’. The sampled

catchments had a mix of pre- and post-decline records of
L. dayi and L. nannotis (Table 1). These two species were
therefore also included in the eDNA analyses to assess
persistence and compare eDNA detection with records
based on traditional survey methods.

2.2 | Species occurrence records pre- and
post-1993

Occurrence records of the three target species were
obtained from publicly available databases, such as the
Atlas of Living Australia, and field surveys by one of us
since 1995 (CJH). Records prior to 1993 were categorized
as ‘pre-decline’, and those from 1993 as ‘post-decline’,
based on the documented history of chytrid-related frog
declines in the northern Wet Tropics region (Laurance
et al, 1996; McDonald & Alford, 1999; Richards
et al., 1993). All occurrence records come from sightings
made during traditional on-foot surveys. The entire list of
species occurrence sources is listed in Supporting
Information S1. Water samples were collected at 12 sites
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FIGURE 2
Wet Tropics World Heritage Area,

Study area in the

northeast Queensland, Australia.
Water sampling sites are shown as
open white circles on the map. The
West Carbine site is not shown. A
summary of the eDNA detection
16.0°S results is presented to the left of the
map. Presence/absence of target
(S) species eDNA is shown as filled
sectors in the circles: L. lorica (red),
L. dayi (yellow), L. nannotis (blue)
(see key); pale colored sectors show
no detections. The top inset shows
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within the Thornton Peak and Carbine Tableland areas.
FEight sites were set on drainages flowing out of the
Thornton Peak upland area: Bloomfield River, Woobadda
Creek, Roaring Meg Falls, Emmagen Creek, Baird Creek,
Noah Creek, Hilda Creek, and Cooper Creek. Four sites
were set on drainages around Carbine Tableland: Stewart
Creek, Syndicate Creek, Mossman Gorge, and West Car-
bine. (Figure 2; Table 1). Details on the water sampling
locations can be found under Supporting Information S2.

2.3 | Environmental DNA sample
collection

Water samples were collected between October 2019 and
January 2020. For some sites, water samples were taken
approximately 500 m downstream from historical or

145.4°E

recent occurrence records, while for others, water sam-
ples were taken a considerable distance downstream
from occurrence records (details on Table 1). Some water
sampling sites had no upstream occurrence records but
were within 22 km of potentially suitable habitat visual-
ized on Google Earth imagery, with 22 km being the
maximum downstream distance for eDNA detection of
L. lorica and L. nannotis in Villacorta-Rath et al. (2021).
Five replicate 400 mL samples of water were collected
at each site using a new, clean, plastic bottle for each
(Figure 1D). Each of these 400 mL samples was then dec-
anted into a plastic jar containing 150 mL of Longmire's
buffer, making a total of 550 mL water sample plus pre-
servative buffer. Additionally, a field blank was con-
ducted at each site and consisted of decanting 400 mL of
MilliQ water into a plastic jar containing 150 mL Long-
mire's buffer. All samples were carefully packed upright
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TABLE 1 Sampling site details, upstream occurrence records pre- and post-1993, and eDNA results for L. lorica, L. nannotis and L. dayi.

% positive
Records % positive = eDNA

Latitude Longitude Elevation Records post- eDNA technical
Location Site name ©) ©) (m) pre-1993 1993 field reps reps
(a) Litoria lorica
Thornton uplands  Bloomfield —15.96229 145.31531 25 Yes (29) No 0 0
River
Woobadda —15.96661 145.37479 151 No No 0 0
Creek
Roaring Meg —16.03016  145.30969 202 Yes 17) No 0 0
Falls
Emmagen Creek —16.04022 145.45747 23 No No 0 0
Baird Creek —16.07592  145.32207 242 No No 0 0
Noah Creek —16.13972  145.42705 29 No No 0 0
Hilda Creek —16.16554 145.30484 127 Yes (11) No 0 0
Cooper Creek —16.17377 145.41946 20 No No 0 0
Carbine Tablelands Stewart Creek —16.29337 145.31764 15 No No 0 0
Syndicate Creek = —16.42320 145.35738 25 No No 0 0
Mossman Gorge —16.47182 145.33185 90 Yes (6) No 0 0
West Carbine 370 No Yes (22) 20 1.7
(b) Litoria nannotis
Thornton uplands  Bloomfield —15.96229 145.31531 25 Yes(18) Yes(14) O 0
River
Woobadda —15.96661 145.37479 151 No No 0 0
Creek
Roaring Meg —16.03016  145.30969 202 Yes (5) Yes (0.5) 100 75
Falls
Emmagen Creek —16.04022 145.45747 23 No No 0 0
Baird Creek —16.07592 145.32207 242 No No 0 0
Noah Creek —16.13972  145.42705 29 Yes (1.5) No 60 21.7
Hilda Creek —16.16554 145.30484 127 Yes (9) Yes (8) 80 10
Cooper Creek —16.17377 145.41946 20 No No 0 0
Carbine Tablelands Stewart Creek —16.29337 145.31764 15 No No 80 15
Syndicate Creek  —16.42320 145.35738 25 No No 100 34.5
Mossman Gorge —16.47182 145.33185 90 Yes (0.5) Yes (0.5) 80 13.1
West Carbine 900 Yes 31) Yes(22) 20 1.7
(c) Litoria dayi
Thornton uplands  Bloomfield —15.96229 145.31531 25 Yes (29) Yes(15) 100 20
River
‘Woobadda —15.96661 145.37479 151 No No 0 0
Creek
Roaring Meg —16.03016  145.30969 202 Yes (17) Yes (1) 100 93.3
Falls
Emmagen Creek —16.04022 145.45747 23 No No 20 1.6
Baird Creek —16.07592 145.32207 242 No No 0 0
Noah Creek —16.13972  145.42705 29 No No 100 31.6
(Continues)
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TABLE 1 (Continued)
Latitude Longitude
Location Site name ©) ©)
Hilda Creek —16.16554 145.30484
Cooper Creek —16.17377 145.41946
Carbine Tablelands Stewart Creek —16.29337 145.31764
Syndicate Creek = —16.42320 145.35738
Mossman Gorge —16.47182 145.33185

West Carbine

% positive

Records % positive = eDNA
Elevation Records post- eDNA technical
(m) pre-1993 1993 field reps  reps
127 No Yes (8) 40 13.3
20 No No 100 21.7
15 No No 40 6.7
25 No Yes (0.5) 100 23.3
90 Yes (0.5) Yes (0.5) 60 18.3
900 Yes (31) No 0 0

Note: At all sites, except West Carbine, we collected five eDNA field replicates, screened through a total of 60 gPCR technical replicates per species. At West
Carbine, we collected four eDNA field replicates, screened through 48 qPCR technical replicates per species. Columns show water sampling region, water
sampling site, latitude and longitude, elevation (m), yes or no for known species occurrence records pre- and/or post-1993 (with number in brackets stating the
distance, in km, that the closest occurrence record was/is upstream from that water sampling site), and eDNA data. The West Carbine site is downstream from
the only known extant population of L. lorica and specific location details are not given (to protect the frogs from threats associated with visitation). Sources of
occurrence records are listed in Supporting Information S1 and qPCR detection data are recorded in Supporting Information S3, S4, and S5. All positive
detections (from either traditional surveys or eDNA analysis) are highlighted in bold.

in plastic crates and returned to the laboratory. This
water sampling method has previously been shown to
detect L. nannotis and L. lorica at sites located up
to 22 km upstream (Villacorta-Rath et al., 2021).

24 | Environmental DNA extractions

Immediately upon return to the laboratory (1-3 days
after field sampling), 20 mL aliquots of each field repli-
cate were decanted into five 50 mL Falcon tubes (DNA
LoBind, Eppendorf). These five replicates meant that a
total of 100 mL of water was screened for eDNA from
each site (Villacorta-Rath et al., 2021). This water volume
has been shown to give enough power to detect L. lorica
eDNA up to 22 km downstream from a small population
(Villacorta-Rath et al., 2021). Environmental DNA was
extracted following a glycogen-aided precipitation
method described by Edmunds and Burrows (2020). To
do this, we added 20 mL isopropanol, 5 mL NaCl (5 M)
and 5 pL glycogen (20 mg/mL) to each 20 mL aliquot.
Samples were then incubated overnight at 4°C and subse-
quently spun at 6750 g for 10 min. The supernatant was
then decanted and 120 pL of lysis buffer was added to
eDNA pellets from each aliquot. Once pellets were dis-
solved in lysis buffer, pellets from all five aliquots from
each field replicate were pooled into a single tube (pellet
dissolved in a total of 600 pL lysis buffer) and frozen
overnight at —20°C. Samples were then thawed, vortexed
at maximum speed for 30 s, and incubated at 55°C for
4 h. After incubation, samples were cooled down, 1 pL
glycogen and 1200 pL PEG-NacCl buffer were added, and
samples were incubated at 4°C overnight. Finally, two

ethanol washes were performed on each sample, and the
pellet was allowed to air-dry for 10 min before adding
100 pL elution buffer. The extracted DNA was then
purified using the DNeasy PowerClean Pro Cleanup Kit
(Qiagen) kit and eluted in 120 pL elution buffer.

2.5 | Detection of Litoria species

Litoria species detection was performed using three dif-
ferent species-specific eDNA assays, one for each species,
targeting their COI mitochondrial genes (Edmunds
et al., 2019). Details of primer sequences can be found in
Supporting Information S3, S4, and S5. The limit of
detection (LOD) was set at 95% or greater detection
(Klymus et al., 2019). Based on seven serial dilutions, the
LOD for all three species was 2 copies/reaction
(Supporting Information S3, S4, and S5).

All qPCR plates were set up using the EzMate™
401 Automated Pipetting System (Arise Biotech) and run
in QuantStudio5 or QuantStudio3 using 384-well plates
or 96-well plates, respectively. Twelve qPCR technical
replicates were run per field replicate per species to give
a total of 60 eDNA technical replicates per species per
site, except for West Carbine, which totalled 48 eDNA
technical replicates per species due to four field replicates
rather than five. In addition, each plate contained two
triplicate positive control samples consisting of genomic
DNA of the respective target species, as well as three no-
template controls (NTC). The NTC samples did not con-
tain the target species DNA, and their lack of amplifica-
tion indicated that no contamination was introduced
during plate handling.
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Each qPCR assay consisted of 3 pL of template DNA
and 7 pL of master mix (5 pL PowerUp SYBR Green Mas-
ter Mix; 0.5 pL. forward primer at 10 pM; 0.5 pL reverse
primer at 5pM; 1 pL MilliQ® water). Thermal cycling
conditions for all three Litoria species were as follows:
initial denaturation and activation at 95°C for 2 min,
then 55 cycles of 95°C for 15s, and 60°C for 1 min. A
subsequent melt curve analysis was performed to gener-
ate dissociation curves by transitioning from 60°C to
95°C, at 0.15°C s~ *. All plates were analyzed with a com-
mon fluorescence threshold (0.2) using QuantStudio™
Design and Analysis Software (version 1.4.2; Thermo
Fisher Scientific Australia Pty Ltd) before export and sub-
sequent analyses in Microsoft Excel.

Samples were considered putative positive detections
if: (1) the amplification curve crossed the common fluo-
rescence threshold within 50 cycles; (2) the amount of
eDNA was above the LOD; and (3) the melt curve analy-
sis showed a dissociation temperature peak at 78.52°C
(£0.62%-99% confidence interval) for L. lorica, 79.66°C
(£0.75%-99% confidence interval) for L. nannotis, and
79.06°C (£0.65%-99% confidence interval) for L. dayi.
Amplicons from putative positive detections were
sequenced via dual direction Sanger sequencing at the
Australian Genome Research Facility (AGRF) to confirm
that they were true detections. The percentage of positive
detections for each species at each site was calculated
based on the total number of field and qPCR technical
replicates that showed positive amplification over the
total number of replicates at that site.

2.6 | Relationship between eDNA
detections and distance from the nearest
known population

Logistic regressions were performed to test whether dis-
tance to the nearest known upstream population pre-
dicted eDNA detections of each of the Litoria species. For
each species, two separate models were fitted: one using
pre-decline upstream records and one using post-decline
upstream records. In all models, distance to the nearest
known population (km) was included as the independent
variable, and eDNA detection was modeled as a binomial
response. Only sites with positive eDNA detections for
each species were included in the models.

3 | RESULTS

All positive eDNA detections for each species matched
the reference sequences from GenBank at 100% similarity

A journal of the Society for Conservation Biology

(L. lorica MZ330819 and MZ330818; L. dayi JN131426
and JN131438; L. nannotis MZ383982). Litoria lorica was
detected at just one of the 12 sites sampled, L. nannotis
was detected at seven out of 12 sites, and L. dayi was
detected at nine out of 12 sites.

3.1 | Environmental DNA detections
versus traditional surveys

3.1.1 | Thornton peak area

Litoria lorica eDNA was not detected at any of the sampling
sites (Table 1; Figure 2), supporting the findings of tradi-
tional surveys around Thornton Peak post-1993 that suggest
local extinction from this area (Cunningham, 2002;
Hoskin & Puschendorf, 2014). In contrast, L. dayi was
detected at most (six out of eight) sites in the Thornton
Peak area, and L. nannotis was detected at three of the eight
sites (Table 1; Figure 2). The Roaring Meg Creek sampling
site had the highest eDNA detection rate of both species
(100% field reps for both species; Table 1), which was not
surprising given that both species have been detected just
up to 1 km upstream from the water sampling site in tradi-
tional surveys post-1993 (Table 1). Interestingly, the Bloom-
field River sampling site is approximately 14 km
downstream from the Roaring Meg site, in the same broad
catchment, and only L. dayi was detected there (in 100% of
field reps; Table 1). Both L. dayi and L. nannotis have been
detected approximately 8 km upstream from the Hilda
Creek eDNA sampling site in traditional surveys post-1993,
and indeed eDNA detections were made for both species
(40% field reps for L. dayi; 80% for L. nannotis; Table 1).
The only other creek with eDNA detections for both species
was Noah Creek (60% field reps for L. nannotis; 100% for
L. dayi). Noah creek has a pre-1993 record for L. nannotis
but no records of either species post-1993. Litoria dayi DNA
was detected in water samples from Emmagen Creek (20%
of field reps) and Cooper Creek (100% of field reps), despite
no records of the species pre- or post-1993. There were no
eDNA detections for L. dayi or L. nannotis at Woobadda
Creek or Baird Creek, and no occurrence records of these
species pre- or post-1993 (Table 1).

3.1.2 | Carbine tableland area

Of the four catchments sampled around the Carbine
Tableland, L. lorica was only detected in water samples
from the known catchment, in the West Carbine. As for
Villacorta-Rath et al. (2021), L. lorica was detected
(in 20% of field reps) about 22 km downstream of the
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population (Table 1). There were no L. lorica detections
in the other three catchments sampled (Table 1;
Figure 2). There is a historical (pre-1993) record of
L. lorica in the headwaters of Mossman Gorge
(Cunningham, 2002) but the species was not detected in
our eDNA testing there and has not been detected
post-1993 by traditional surveys (Hoskin &
Puschendorf, 2014). Litoria nannotis was detected in
water samples from West Carbine, despite the sampling
occurring approximately 22 km downstream of the
known population (Table 1), a result that mirrors
Villacorta-Rath et al. (2021) for the same water sampling
site. Litoria dayi was not detected in West Carbine water
samples and has not been detected in traditional surveys
post-1993, but was detected in the headwaters pre-1993
(Table 1). Both L. dayi and L. nannotis DNA was detected
at all three of the other Carbine Tableland sites: Moss-
man Gorge, Syndicate Ck, and Stewart Ck. Mossman
Gorge had occurrence records pre- and post-1993, includ-
ing contemporary presence of both species 0.5 km
upstream from the eDNA sampling site (Table 1). Detec-
tion rates were high for both species at Mossman Gorge
(80% of field reps for L. nannotis; 60% for L. dayi). Syn-
dicate Creek had the highest percentage of positive
L. dayi and L. nannotis eDNA detections in field repli-
cates (100% for both species) and qPCR technical repli-
cates (23.3% and 34.5%, respectively) (Table 1). There
are no occurrence records for L. nannotis in this catch-
ment and the only record for L. dayi is a post-1993
sighting just upstream of the water sampling site
(Table 1). Stewart Creek had moderate to high rates for
L. nannotis and low detection rates for L. dayi, despite
no occurrence records for either species pre- or post-
1993 (Table 1).

3.2 | Relationship between eDNA
detections and distance from the
population

The logistic regressions did not find a significant relation-
ship between eDNA detection of L. nannotis or L. dayi and
distance to the nearest known upstream populations, either
using pre = or post-decline records: L. nannotis (pre-
decline: p = 4.705 x 1078, SE = 4.990 x 10°, z = 0.00,
p = 1.00; post- decline: p = 3.894 x 10~ SE = 7.110 x 10°,
z=0.00, p = 1.00), L. dayi eDNA detection (pre- decline:
p=—2235x 10"%, SE = 3.272 x 10°, z = 0.00, p = 1.00;
post- decline: f = —4.67 x 10", SE =6.83 x 10°,
z=0.00, p =1.00). Note that the relationship between
L. lorica eDNA detection and distance to the nearest
known upstream population was not tested because the
species was only detected in one catchment.

4 | DISCUSSION

Our results support the conclusion from traditional sur-
veys (Hoskin & Puschendorf, 2014; Puschendorf
et al., 2011) that L. lorica was extirpated by amphibian
chytrid fungus from most of its historical range and per-
sists in just one catchment. In contrast, the eDNA results
show that L. dayi and L. nannotis are more widespread
through the region than suggested by records from tradi-
tional surveys.

As was anticipated, species were detected in almost
all cases where there were contemporary upstream
observations—L. lorica in the single known catchment,
and L. dayi and L. nannotis detected at five out of five
and four out of five sites, respectively, with upstream
post-decline records (Table 1). Interestingly, there were
also eDNA detections at many sites with no contempo-
rary and/or historic upstream records. For example, in
the Thornton Peak area, L. dayi was detected at three
sites with no historical or contemporary records: Emma-
gen, Noah and Cooper Creeks, with 100% of field repli-
cates showing positive eDNA amplification in the latter
two. Also, L. nannotis was detected at Noah Creek, which
only had occurrence records pre-chytrid declines
(Table 1). Similarly, in the Carbine Tablelands area,
Stewart and Syndicate Creeks had positive eDNA detec-
tions of L. nannotis and L. dayi despite only a single con-
temporary record of L. dayi just upstream of the
Syndicate Creek site (Table 1). The general lack of occur-
rence records in our study area reflects how difficult the
remote and mountainous creeks are to survey with tradi-
tional methods. In this situation, eDNA methods are an
efficient tool for catchment-wide surveys for unknown
populations.

The distance from the water sampling site to the clos-
est known individuals of the three species ranged from
0.5 to 22 km (Table 1). Downstream eDNA detection dis-
tance was at least 22 km, for L. lorica and L. nannotis at
the West Carbine site. This detection distance is known
from detailed on-foot surveys for these species upstream
from this sampling site into the catchment
(Villacorta-Rath et al., 2021). Detection to at least 22 km
is high compared to other eDNA surveys of stream dwell-
ing organisms (Jo & Yamanaka, 2022). Interestingly,
eDNA detection was not related to distance to nearest
upstream record in this study. This is in line with another
study testing the effect of water discharge and source
population biomass on eDNA detections (Van Driessche
et al., 2023). The authors found that the relationship
between eDNA detection and distance from the source
was species-dependent, with some species showing sub-
stantial variation in detection probability beyond 300 m
downstream from the population (Van Driessche
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et al., 2023). In our study, all sampling sites were located
well beyond 300 m from the known species occurrence
record, which may have obscured a strong distance-
detection relationship. Determining the effect of stream
distance on detection probability would require a more
specifically designed study, with more sampling sites
downstream of known populations, and incorporating
other factors such as adult and larval abundance, water
volume and flow rate.

We only had one known false negative in our study—
lack of L. nannotis detection at the Bloomfield site despite
contemporary records 14 km upstream (Table 1). There
may well have been other false negatives at sites with no
occurrence records. Several methods have been proposed
to reduce false negatives in eDNA studies, including
increasing field replication (Furlan et al., 2016), water
volume sampled (Sepulveda et al., 2019), and qPCR tech-
nical replication (Feist et al., 2018). We anticipated very
low DNA copy numbers in our samples (Laporte
et al., 2020; Schumer et al., 2019) due to the rarity of the
frogs, large distances between the source and sampling of
DNA, and large water volumes in the catchments, and
hence inconsistency in detection across replicates
(Ellison et al., 2006). We therefore ran a large number of
technical replicates (12) (Tréguier et al., 2014; Villacorta-
Rath et al., 2021). This number represented the maxi-
mum DNA extract volume that could be screened for
three target species without diluting the available
extracts. Another source of false negatives could be spe-
cies seasonality, as observed in some amphibians
(Takahara et al., 2019) and fish (Boothroyd et al., 2016;
Laramie et al., 2015). In our study system, seasonal
effects would be limited for adult frogs because they
occupy the stream habitat year-round, but there could be
seasonality in DNA input into the stream from larval
stages because tadpole numbers vary seasonally (CJH,
unpub. data).

Our results add to the increasing body of evidence
highlighting the power of eDNA to uncover small and
overlooked populations of aquatic and semi-aquatic spe-
cies, including in amphibians (Lopes et al.,, 2021;
Thomsen et al., 2016; Valentini et al., 2016). The eDNA
results then pave the way for conservation. Here, L. lorica
was detected in only one catchment, supporting the
results of traditional surveys and highlighting the need
for concentrated efforts to protect the last population.
The eDNA detections of L. nannotis and L. dayi suggest
they are more widespread than previously believed. This
suggests these species survived in warmer environmental
refuges from disease (Puschendorf et al., 2011) on many
of the streams in this region. These results can guide con-
servation efforts for these threatened species. On-foot sur-
veys in these catchments can estimate population sizes,

A journal of the Society for Conservation Biology

and eDNA screening of additional catchments can fur-
ther refine the current distributions of these two species.
Important areas for further eDNA surveys are the south-
ern end of the L. dayi distribution, in the Paluma Range,
and the northern end of the L. nannotis distribution,
north of the Bloomfield River, areas where these species
are believed to have been locally extirpated by amphibian
chytrid fungus (Hoskin & Hero, 2008).

One of the strengths of eDNA surveys as conducted
here is that large, remote catchments can be screened
from relatively accessible downstream sites. Some of the
sampled sites did not have upstream species occurrence
records, either pre- or post-decline, because the rugged
and inaccessible terrain has limited on-foot surveys.
Another strength was the use of a simple eDNA field col-
lection method, involving directly collecting water and
preserving it in a non-hazardous, non-alcohol based
buffer that can keep eDNA intact for at least 3 months at
tropical ambient temperature (i.e., +28°C) (Cooper
et al., 2022). This simple and fast field protocol means
that non-specialists can perform sample collection and
there is no need to refrigerate the samples or rush them
back to the lab (Cooper et al., 2022; Villacorta-Rath
et al., 2020). This method could be applied to the search
for remnant populations of amphibians and other aquatic
and semi-aquatic species, globally.
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