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ABSTRACT: The diversity and the abundance of amphibians have dramatically declined globally
over the past 30 years, and the monitoring and conservation of their habitats is essential. However,
traditional methods such as bait trapping and mark-recapture are costly, and morphological iden-
tification usually requires a high level of taxonomic expertise. Here, seasonal surveillances of
Hida salamander Hynobius kimurae were performed by means of environmental DNA (eDNA)
analysis with Hynobius-specific primers and a species-specific TagMan probe. Water sampling
and visual surveys were conducted seasonally in a stream in Kyoto Prefecture, Japan. Detection
rates of eDNA were then calculated by real-time PCR, and eDNA site occupancy probability was
estimated by multi-scale occupancy modeling. The eDNA-based detection rate of Hida salaman-
der was 76.7 %, whereas the visual survey-based detection rate was 23.3 %, and target eDNA was
detected at almost all sites where the presence of target species was visually confirmed. More-
over, factors relating to the site- and sample-level occurrence probabilities of the target eDNA dif-
fered depending on the developmental stage of the target species. Our findings support previous
studies showing that eDNA analysis enables an effective assessment of amphibian distributions
without damaging the organisms or their habitat, and we compare for the first time the site occu-
pancy probability of amphibian eDNA throughout the life cycle of an amphibian species. The
present study contributes to the development of eDNA analysis as a tool for understanding the
distribution and seasonal activity of amphibian species and will thus aid in the planning of conser-
vation measures and habitat restoration for these species.

KEY WORDS: Amphibian - Conservation management - Environmental DNA (eDNA)
Hynobius kimurae - Real-time PCR - Spatiotemporal ecology

1. INTRODUCTION

They are mainly caused by habitat destruction owing
to land-use changes (Houlahan et al. 2000, Hels &

The decline and the extinction of amphibians are Buchwald 2001), biological invasions (Kats & Ferrer
issues of global conservation concern (Young et al. 2003), and infectious diseases such as chytridiomyco-
2001, Beebee & Griffiths 2005, Ceballos et al. 2015). sis and Ranavirus (Berger et al. 1998, Daszak et al.
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2003). There is an urgent need to monitor remaining
habitats of amphibians; however, traditional methods
(e.g. visual surveys, bait trap, mark-recapture, tele-
metry) require substantial effort and costs, and could
be invasive and destructive for organisms and their
habitats (Darling & Mahon 2011). In addition, mor-
phological identifications usually require a lot of
taxonomic expertise, especially for eggs and larvae
(Gotelli & Colwell 2001, Hopkins & Freckleton 2002).

As a novel monitoring method to overcome such
limitations, environmental DNA (eDNA) analysis has
been developed (Minamoto et al. 2012, Bohmann et
al. 2014, Deiner et al. 2017). Organisms likely shed
their DNA in the forms of mucus, feces, and gametes,
which are collectively termed eDNA (Taberlet et al.
2012, Barnes & Turner 2016). The detection of eDNA
in water samples via PCR does not require damaging
organisms and their habitats, and can have more
highly sensitive detection capabilities than tradi-
tional methods (Taberlet et al. 2012, Thomsen &
Willerslev 2015). Since the primary inception of
eDNA analysis for macro-organisms in 2008, show-
ing the positive correlation between the eDNA
detectability of American bullfrog Lithobates cates-
beianus and species abundance in ponds (Ficetola et
al. 2008), several studies have monitored the distri-
bution of amphibians via eDNA and have shown its
high sensitivity and ease of use (Dejean et al. 2012,
Fukumoto et al. 2015, Spear et al. 2015, Pitt et al.
2017, Takahashi et al. 2018, Wineland et al. 2019).

In Japan, the family Hynobiidae comprises 41 spe-
cies: one species from Salamandrella, 34 species
from Hynobius, and 6 species from Onychodactylus
(Herpetological Society of Japan 2019). The genus
Hynobius includes diverse locally endemic species,
most of which are severely threatened by land devel-
opments and invasive predators, and are thus listed
as critically endangered to near threatened in the
National Red List (Ministry of the Environment,
Japan 2018). Although a few studies have conducted
eDNA-based monitoring of amphibians in Japan
(Fukumoto et al. 2015, Katano et al. 2017, Iwai et al.
2019), no study has targeted Hynobius species
except for that of Sakai et al. (2019), which surveyed
the distribution of the endangered Yamato salaman-
der H. vandenburghi.

It would be desirable to monitor the distribution of
all Hynobius species using eDNA analysis, although
it is labor- and time-consuming to individually de-
velop the specific eDNA assay for each species. On
the other hand, eDNA metabarcoding via next-
generation sequencing enables multiple species
detection in a single analysis; however, this approach

sometimes cannot distinguish closely related species
depending on the target locus (Bylemans et al. 2018).
As an alternative strategy, the combination of the
genus-specific primers and a species-specific Taqg-
Man probe may reduce the overall effort and cost for
assay development. In addition, the use of fluores-
cently labeled oligonucleotides as the probe increa-
ses the specificity and sensitivity of the assay (Wilcox
et al. 2013, Fukumoto et al. 2015, Wozney & Wilson
2017).

Here, we targeted Hida salamander Hynobius
kimurae living in lotic freshwater environments in
Japan (Hayase & Yamane 1989, Matsui et al. 2009) as
a model species (Fig. 1). The present study demon-
strated whether the combined use of genus-specific
primers and a species-specific probe was a viable
option for eDNA detection in the natural environ-
ment, and conducted seasonal monitoring of Hida
salamander distribution in a stream using the primer/
probe set. Amphibians, including our model species,
often reproduce in a shallow water body; larvae grow
in water with branchial respiration, and after meta-
morphosis, adults in the non-breeding period live on
the humid forest floor and underground (Hayase &

Fig. 1. Adult Hida salamander Hynobius kimurae and its eggs
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Yamane 1989, Dodd 2010, Wells 2010). However,
these descriptions are based upon very limited obser-
vations. Although the Hida salamander is listed as
near threatened in the National Red List (Ministry of
the Environment, Japan 2019) and as critically
endangered in the Red Data books of some prefec-
tures in Japan (http://jpnrdb.com/search.php?mode
=map&g=03010010017), in common with other sala-
manders and amphibians, the spatiotemporal ecol-
ogy and life history of this species have yet to be suf-
ficiently established. In addition, it has been reported
that in the Kyoto Prefecture, populations of Hida
salamander have tended to decline owing to the loss
of lotic habitat due to anthropogenic activities (Red
Data Book of Kyoto Prefecture 2015). In this study,
we applied our eDNA assay to evaluate whether it
can be used to detect seasonal trends in the fine-
scale occupancy of Hida salamanders, which have
been indicated using traditional methods. Moreover,
the site occupancy probabilities of Hida salamander
eDNA were estimated (Dorazio & Erickson 2018)
during reproduction and before and after incubation
to account for false-negative errors in eDNA detec-
tion and environmental factors that could introduce
such errors.

2. MATERIALS AND METHODS

2.1. Development of the assay for
Hida salamander eDNA

Genus-specific primers that amplify a 290 bp DNA
fragment of the mitochondrial 12S region from a
Hynobius species in Japan were taken from Sakai et
al. (2019) (Table 1). Thus, a TagMan probe that
specifically hybridized DNA from the Hida salaman-
der was newly designed. We obtained all sequences
of the target (accession number: MH287432.1) and of
closely related species (H. hidamontanus [AY915-
983.1], H. naevius [AB201658.1], and H. yatsui [AB-
201667.1]) from the National Center for Biotechnol-

ogy Information (NCBI), and then designed a Taq-
Man probe using Primer Express 3.0 (Thermo Fisher
Scientific) with default settings (probe length: 13 to
25 bases; T,,: 68 to 70°C; GC content: 30 to 80%; 5'
end terminating in a base other than G). We con-
firmed in silico specificity of the designed probe by
alignment and comparison of the sequence of the tar-
get species with those of related species using eBioX
(www.ebioinformatics.org/ebiox/).

The in vitro specificity of the assay was then
assessed using the StepOnePlus Real-Time PCR sys-
tem (Applied Biosystems). Each 20 pl of TagMan
reaction contained 100, 10, or 1 pg of total DNA ob-
tained from 1 Hida salamander individual and 2
Yamato salamander H. vandenburghi individuals
(Sakai et al. 2019), which are potentially sympatric
related species in the studied area [Matsui et al.
2019]), a final concentration of 900 nM of forward
and reverse primers, 125 nM of TagMan probe, and
0.1 U of AmpErase Uracil N-Glycosylase (Thermo
Fisher Scientific) in a 1x TagMan Environmental
Master Mix 2.0 (Thermo Fisher Scientific). The ther-
mal conditions used for PCR amplification were as
follows: 2 min at 50°C and 10 min at 95°C, followed
by 55 cycles of 15 s at 95°C and 1 min at 60°C. As a
negative control, we simultaneously amplified PCR
mixtures containing 1 pl of pure water in place of
extracted DNA.

In addition, the sensitivity of the assay was
checked by the StepOnePlus Real-Time PCR system.
Each 20 pl of TagMan reaction contained a 10-fold
serial dilution (10°-10~* pg) of DNA extracted from
the exuviae of Hida salamander, a final concentra-
tion of 900 nM of forward and reverse primers,
125 nM of TagMan probe, and 0.1 U of AmpErase
Uracil N-Glycosylase in a 1x TaqgMan Environmental
Master Mix 2.0. The thermal conditions used for PCR
amplification were the same as those described
above. A 2 pl volume of pure water in place of ex-
tracted DNA was simultaneously analyzed as a neg-
ative control. All the PCRs for the template DNA and
negative control were performed in triplicate.

Table 1. Primer/probe set used in this study. T;,: melting temperature

ID Sequence (5'-3') Length T,  Amplicon Reference
(bp) (°C)  size (bp)
Hynobius_12S_F1 TTA ATA AAA ACG GCC TAA AGC GTG 24 58.61 290 Sakai et al. (2019)
Hynobius_12S_R1 TCA ATT ATA GAA CAG GCT CCT CTA GGG 27 61.40 Sakai et al. (2019)
Hida_12S_P [FAM]-CCT TAA ACT TTG GAG CCT ACC CGC 27 67.24 Present study
CTG-[TAMRA]
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2.2. Field survey and water sampling

Seasonal surveillances were conducted in a stream
in Kyoto Prefecture, Japan (34°97'N, 135°64'E),
from February to October 2016 (Fig. 2). Most Hyno-
bius species show habitat segregation, and 2 species
rarely share their breeding habitats. In the studied
stream, the Hida salamander and related species
mentioned above do not share their breeding habi-
tats. Ten sampling sites were selected in the main-
stream from the headwater to approximately 2 km
downstream (Stns 1 to 7) as well as in the tributaries
(Stns 8 to 10), at intervals of ~200 m. Tributaries (Stns
8, 9, and 10) are connected to the mainstream be-
tween Stns 1 and 2, 2 and 3, and 3 and 4. A single 11
water sample was collected from each site using a
plastic bottle in sequence from downstream to
upstream, and benzalkonium chloride (BAC) was
added to the water sample (for a final concentration
of 0.01 %) to suppress DNA degradation (Yamanaka
et al. 2017). Disposable gloves were put on during
water sampling and replaced at each sampling site.
When collecting the water samples, the environmen-
tal parameters (water temperature, pH, and electrical

Flow directior\

100 m

Kyoto Prefecture

Japan

Fig. 2. Schematic map of all sampling sites in the surveyed stream in

conductivity [EC]) were measured using a Hanna
Combo 2 (HI 98130; Hanna Instruments). In addition,
the species occurrences (adults, larvae, or eggs) were
recorded when their presence was visually con-
firmed (Table S1 in Supplement 1 at www.int-res.com/
articles/suppl/n043p341_suppl.xlsx), which was per-
formed by 2 to 4 people and took 10 to 15 min per site
including flipping rocks. Although it would have
been preferable to undertake more exhaustive sur-
veys to accurately assess the presence/absence
of salamanders, we determined that visual surveys
would suffice, as our primary objective was to estab-
lish differences in species detectability between
methods when the survey efforts in the field are com-
parable. The presence of the species at a given site
in the mainstream included the presence between
the site and a neighboring site upstream. However,
because we did not set multiple sampling sites in
each tributary, the presence of the species at a given
site in the tributary included the presence within
approximately 10 m upstream. Field surveys, which
included water sampling and visual surveys, took 3
to 5 h on each sampling date and 10 to 30 min at each
sampling site. Throughout the course of the surveys,

we detected no other species of salaman-

der in the studied stream.

After being transported immediately to
the laboratory, water samples were filtered
through a 47 mm diameter glass microfiber
GF/F filter (nominal pore size 0.7 pm; GE
Healthcare Life Science). Each water sam-
ple was filtered through 2 GF/F filters (i.e.
500 ml x 2 filters). On each sampling day,
1 1 of distilled water was filtered as a ne-
gative control to assess the potential for
contamination of target eDNA during and
after water filtration. Before and after
every use, all sampling bottles and filtering
devices (i.e. filter funnels [Magnetic Filter
Funnel, 500 ml capacity; Pall Corporation],
1 1 beakers, and tweezers) were bleached
with 0.1 % sodium hypochlorite solution for
at least 5 min (Yamanaka et al. 2017). All
filter samples were stored at —20°C until
DNA extraction.

2.3. DNA extraction and real-time PCR

Kyoto Prefecture, Japan. The flow direction of the river is from Stn 7 (the

headwater, bottom right) to Stn 1 (top left). We collected water samples
from the mainstream (Stns 1 to 7) on every sampling day, and from the
tributary (Stns 8 to 10) from 28 April 2016. Note that the detailed location
of the sampling river is not disclosed because of the rarity and conserva-

tion importance of our target species

Total DNA on GF/F filters was extracted
by using a DNeasy Blood and Tissue Kit
(Qiagen, Hilden, Germany) according to
the method described in a previous study
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(Uchii et al. 2016) (Text S1 in Supplement 2 at
www.int-res.com/articles/suppl/n043p341_supp2.pdf),
where the 2 filters from each water sample were
combined. The presence of Hida salamander eDNA
in water samples was evaluated by the StepOnePlus
Real-Time PCR system. Each 20 pl TagMan reaction
contained 2 pl of template DNA, a final concentration
of 900 nM of forward and reverse primers, 125 nM of
TagMan probe, and 0.1 U of AmpErase Uracil N-Gly-
cosylase in a 1x TagMan Environmental Master Mix
2.0. Thermal conditions of the PCR were the same as
above. We simultaneously analyzed 10 pg of exu-
viae-extracted DNA from the target species and 2 pl
of pure water as positive and negative controls, re-
spectively. All the PCRs for eDNA extracts, positive
controls, and negative controls were performed in
triplicate. If any triplicate was amplified by PCR, we
considered it as the detection of target eDNA in the
sample. A randomly selected group of the positive
eDNA samples (n = 22), corresponding to 22.2% of
positive eDNA samples, was commercially Sanger-
sequenced using a 3130xl Genetic Analyzer (Applied
Biosystems) and BigDye Terminator v3.1 (Thermo
Fisher Scientific).

Targeting 3 water samples with high EC in the
study (>0.1 mS cm™!; Table S1), we checked PCR
inhibition using a spiking experiment. We spiked
10 pg of exuviae-extracted DNA from target species
in each water sample (spiking samples) or pure water
(control samples). Real-time PCR platform, TagMan
reaction, and thermal conditions were the same as
above, and all the PCRs were performed in triplicate.
We then calculated AC, for each water sample, which
was defined as the difference in cycle threshold (&)
values of each spiking sample from that of the control
samples.

2.4. Statistical analysis

At first, based on the visual survey (Table S1), each
sampling day was assigned to 4 periods: reproduc-
tive (5 February to 15 March), egg (11 April to
23 May), larval (2 June to 8 August), and post-larval
(only 13 October). Detection rates (%) of target spe-
cies were calculated for eDNA analysis (i.e. the pro-
portion of the number of positive PCR samples rela-
tive to that of all water samples) and visual surveys
(i.e. the proportion of visual surveys in which the tar-
get species was detected relative to the total number
of visual surveys) overall and for each period.

Moreover, using multi-scale site occupancy model-
ing with the Bayesian Monte Carlo Markov chain

(MCMC) algorithm, the site occupancy probability of
Hida salamander eDNA was estimated for each
period. The occupancy probability of target eDNA
was modelled using the R package 'EDNAOCCU-
PANCY" (Dorazio & Erickson 2018) in the statistical
software R version 3.6.1 (R Core Team 2019). Even if
a target species is present in a stream, the correspon-
ding eDNA may not necessarily be detected owing to
the loss, degradation, or contamination at different
stages of eDNA analysis (e.g. water sampling, DNA
extraction, and PCR). This approach allows us to esti-
mate eDNA occurrence and detection probabilities,
not the occurrence and detection probabilities of the
salamander, taking the imperfect detection with false
negatives into account. In addition, it can evaluate
various biotic and abiotic factors that may affect
probabilities at 3 hierarchical levels: ¥ (site level;
probability of target eDNA occurrence at a given
sampling site), 6 (water sample level; conditional
probability of target eDNA occurrence in each sam-
ple of a given site, given that target eDNA was pres-
ent at the site), and p (PCR replicate level; condi-
tional probability of target eDNA detection in each
PCR replicate of a given eDNA sample, given that
target eDNA was present in the sample) (Schmidt et
al. 2013, Chen & Ficetola 2019).

In the modeling, the presence of target species by
visual surveys, water temperature, pH, and EC were
included in the site-level probability ¥, given that (1)
more target eDNA can be detected at the site with
the presence of species by observation, (2) water
temperature and pH can influence the physiology
and reproductive behavior of salamanders (Sadinski
& Dunson 1992, Horne & Dunson 1994), and (3) high
EC indicating eutrophication may negatively affect
the species abundance (Pitt et al. 2017). Water tem-
perature and pH were included in the sample-level
probability 0, given that moderately higher tempera-
ture and lower pH may decrease eDNA persistence
(Strickler et al. 2015, Jo et al. 2019). None of the fac-
tors were included in the PCR replicate-level proba-
bility p. Although a high EC could inhibit PCR ampli-
fication, the EC values measured during the course
of the present study ranged from 0.00 t0 0.12 mS cm™!
(Table S1), and Environmental Master Mix is known
to be a reagent tolerant to PCR inhibitors (Doi et al.
2015, Jane et al. 2015). Actually, no substantial inhi-
bition was confirmed in water samples with high EC
(see Results). The mean values of water temperature,
pH, EC, and the presence of species by observation
were calculated for all sampling events during each
period, and were used for the modeling. The dataset
for the post-larval period was excluded from the
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occupancy modeling because it is known that no
Hida salamanders are found in the stream after Octo-
ber, except for those engaged in reproduction, and
indeed, we detected no target eDNA at any sites dur-
ing this period. According to Dorazio & Erickson
(2018), 10000 iterations of the MCMC algorithm
were run per model and burn-in was set at 1000 to
discard the initial transient region of the chain to
obtain precise parameter estimates. The model selec-
tion was performed based on the widely applicable
information criterion (WAIC), which was suitable for
model selection in the Bayesian estimation (Watan-
abe 2010). A model with the smallest WAIC value
was adopted as the most supported model for each
period.

3. RESULTS

3.1. Development of the assay for
Hida salamander eDNA

A TagqMan probe specifically hybridizing Hida
salamander DNA was developed (Table 1). The de-
signed probe possessed at least 2 nt of mismatches
against the sequences of related species (Fig. S1 in
Supplement 2). An in vitro specificity check revealed
PCR amplification curves for all concentrations of
total DNA obtained from Hida salamander (100 pg:
C; =28.9; 10 pg: C, = 32.3; 1 pg: C; = 35.9), whereas
no amplification curves were obtained for Yamato
salamander DNA or the PCR negative control,
thereby confirming the species-specificity of the
assay. In addition, the in vitro sensitivity check
showed that although the developed assay amplified

102 to 107! pg of exuviae-extracted DNA in triplicate,
no DNA within the range 1072 to 10~ pg was ampli-
fied. Thus, the limit of detection (LOD) of the assay
was 0.1 pg per PCR reaction (Table S2 in Supple-
ment 1). The slope, y-intercept, R? value, and PCR
efficiency of the assay were -3.866, 34.985, 0.981,
and 81.406 %, respectively.

3.2. Field survey

Out of 129 water samples in total, Hida salamander
eDNA was detected in 99 samples, which resulted in
a 76.7% overall eDNA detection rate (Fig. 3,
Table 2a). Furthermore, eDNA detection rates in the
reproductive, egg, larval, and post-larval periods
were 94.3 % (33/35 samples), 72.7 % (32/44 samples),
85.0% (34/40 samples), and 0.0% (0/10 samples),
respectively (Table 2A). In contrast, the presence of
the target species was visually confirmed 30 times in
total (i.e. overall detection rate by visual surveys was
23.3%) (Fig. 3, Table 2B). Target eDNA was detected
at almost all the sites where the presence of species
was visually confirmed (Fig. 3; Table S3 in Supple-
ment 1). C; values of all eDNA samples from the real-
time PCR experiments are shown in Table S4 (Sup-
plement 1). All of the PCR-positive eDNA samples
had C; values of less than 50, and we confirmed that
no filtration or PCR negative controls showed ampli-
fication, thereby indicating that there was no con-
tamination of target eDNA during any of the experi-
mental steps (sampling, filtration, DNA extraction,
and real-time PCR). Using Nucleotide BLAST in
NCBI, we confirmed that all sequences of eDNA
samples perfectly matched the Hida salamander

Table 2. Results of the (A) eDNA- and (B) visual survey-based detection rates of Hida salamander in the 4 different develop-

mental periods. In A, N is the number of water samples and PCR-positive samples. In B, N is the number of total visual surveys

and the presence of target species by visual surveys. Rate is the quotient of them. The overall PCR-positive rates of target
eDNA in each period are in bold

Overall Reproductive Egg Larval Post-larval
(3 Feb-13 Oct) (3 Feb 3-15 Mar) (11 Apr-23 May) (2 Jun-8 Aug) (13 Oct)
N Rate (%) N Rate (%) N Rate (%) N Rate (%) N Rate (%)

(A) eDNA-based detectability
Water sample 129 35 44 40 10
PCR positive 99 76.7 33 94.3 32 72.7 34 85.0 0 0.0
1/3 positive 14 10.9 4 11.4 7 15.9 3 7.5 0 0.0
2/3 positive 15 11.6 2 5.7 3 6.8 10 25.0 0 0.0
3/3 positive 70 54.3 27 77.1 22 50.0 21 52.5 0 0.0
(B) Visual survey-based detectability
Visual survey 129 35 44 40 10
Presence 30 23.3 6 17.1 10 22.7 14 35.0 0 0.0
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Fig. 3. Results of PCR positive rates of Hida salamander eDNA at each sampling site on each sampling day. The number of

positive PCR replicates is indicated by the color of circles: red (3/3) to white (0/3). Sites at which we visually confirmed the

presence of target species are indicated by arrows (adult: black; egg: gray; larva: white). Note that water sampling at the
tributaries (Stns 8 to 10) began on 28 April 2016, and Stns 8 to 10 are shown as black dots until the sampling day

sequences. Moreover, all water samples showed AC;
values less than 2 (Table S5 in Supplement 1), thus
we considered that PCR inhibition in water samples
can be neglected throughout the present study.

3.3. Multi-scale site occupancy modeling

The site occupancy probabilities of Hida salaman-
der eDNA were estimated in the surveyed stream.
The most supported models included the presence
by visual surveys, water temperature, and pH for the
egg period and EC for the larval period in the site-
level probability ¥, and included water temperature

for the reproductive and egg periods in the sample-
level probability 6 (Table 3; Table S6 in Supple-
ment 1). The site-level occurrence probabilities of
target eDNA tended to be higher in the presence of
the species, and with higher temperature and pH,
and the sample-level occurrence probabilities ten-
ded to be higher at low temperatures, although the
uncertainties of these factors were relatively high
(i.e. 95% credible intervals [CI] of both variables
encompassed zero) (Table 3). The mean site-level
occupancy probabilities of target eDNA based on the
most supported models were 0.9150 for the repro-
ductive period, 0.8129 for the egg period, and 0.8598
for the larval period (Table S7 in Supplement 1).
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Table 3. The best-supported models for estimating the site occupancy probability
of Hida salamander eDNA during each period, showing the posterior median and
95 % CI of each parameter. The parameters 3, o, and d represent the Bayesian esti-
mates of site-level occurrence probability ¥, sample-level occurrence probability
0, and PCR replicate-level detection probability p, respectively. The terms visual,
temp, and EC refer to visual survey, water temperature, and electrical conductiv-
ity, respectively. Note that the dataset for the post-larval period was excluded
from analysis (see Section 2.4 for details)

validity of the definition of each pe-
riod. Therefore, as far as we know,
this is the first study estimating the
detection and site occupancy prob-
ability of amphibian eDNA during
their reproductive period and be-
fore and after incubation in water.

In common with numerous other
Period Model Parameter Median (95 % CI) amphibians, the ecology and life
Reproductive  ¥(.) 6(temp) p(.) B (intercept) 1.372 (0.332, 2.692) history of the. I,_hda Salamande.r are
o (intercept)  1.565 (0.960, 2.339) yet4t0 be §uff1c1§ntly wel.l Qescgbefi,
o (temp) ~0.335 (-1.099, 0.321) owing to its rarity and difficulties in
§ (intercept)  1.242 (0.912, 1.586) conducting appropriate surveil-
Egg Y(visual + temp + pH) P (intercept)  1.037 (0.297, 2.222) lance. On the basis of very limited
6(temp) p(.) available literature, the Hida sala-
B (visual) 0.480 (-0.643, 1.815) mander inhabits and breeds in the
B (temp) 0.022 (-0.608, 1.246) lotic environment, their egg incuba-
B (pH) 0.348 (-0.675, 1.683) tion requires approximately 1 mo,
o (intercept) 1.522 (0.849, 2.330) :
o (temp) _0.487 (~1.401, 0.362) metamorphosis occurs between late
5 (intercept)  0.895 (0.600, 1.194) July and late September, and no
Larval W(EC) 6() p(.) B (intercept) 1.124 (0.275, 2.158) larvae are found in the water af'ter
B (EC) ~0.277 (-1.182, 0.700) October, although these descrip-
o (intercept)  1.494 (0.912, 2.270) tions are based on very rough esti-
8 (intercept)  0.977 (0.683, 1.274) mations (Hayase & Yamane 1989,

Misawa & Matsui 1997). In the pres-

4. DISCUSSION

The present study monitored the seasonal distribu-
tion of Hida salamander in a stream using eDNA
analysis that combined genus-specific primers with a
species-specific probe, which outperformed the de-
tectability by visual surveys under conditions in
which the survey efforts in the field were comparable.
In addition, multi-scale occupancy modeling enabled
us to estimate the site occupancy probability of target
eDNA based on the most supported model, and eval-
uate the effects of environmental factors on the target
eDNA at each hierarchical level (¥, 6, and p). These
findings support those of previous studies showing
that eDNA analysis allowed the effective assessment
of amphibian distributions. For example, Spear et al.
(2015) have also reported that the concentration of
hellbender Cryptobranchus alleganiensis eDNA in-
creased during the September breeding period, al-
though they did not estimate the site occupancy prob-
ability of the target eDNA. In contrast, in the present
study, we took the imperfect detection with false neg-
ative into account by estimating eDNA occupancy
probability, and assigned each sampling day to 1 of 4
periods (reproductive, egg, larval, and post-larval),
based not only on the findings of previous studies but
also on our visual surveys, which will strengthen the

ent study, we found that the sea-
sonal distribution of Hida salamander based on eDNA
analysis is generally consistent with these previous
descriptions. Target eDNA was never detected at
Stn 7 in the egg to post-larval periods nor at any site in
October (i.e. post-larval period) (Fig. 3). Stn 7 (the
headwater of the stream) is a lentic environment, and
the target species would not constantly use this site,
possibly with the exception of the temporary move-
ment of adults. Thus, the eDNA detection at Stn 7 dur-
ing the reproductive period might represent such an
ecology of the target species. In addition, although
the presence of larvae was confirmed at several sites
on 8 August, the species was never found at any site
on 13 October. These results show that the signal of
target eDNA can sensitively provide quantitative in-
formation on spatiotemporal ecology, such as the sala-
mander's reproductive and seasonal activity. On the
basis of our study, it appears likely that the species re-
produces from February to March, then incubates the
eggs for 1 mo, and, subsequent to metamorphosis, the
juveniles in the surveyed stream were able to make
the transition to terrestrial habitats during October at
the latest.

The detection rate of Hida salamander eDNA was
the highest in the reproductive period, despite the rel-
atively low detection rate by visual surveys (Table 2).
Some studies have suggested that the promotion of
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eDNA production is due to reproductive activity,
such as spawning and male—male competition (Spear
et al. 2015, Bylemans et al. 2017, Takahashi et al.
2018), and the results of the present study supported
these indications. In the reproductive and egg peri-
ods, the presence of adults and eggs were visually
confirmed only at Stns 4 and 5 (Fig. 3), while target
eDNA was detected at the sites downstream (Stns 1
to 3). As there is no way of knowing whether this
reflected (i) the presence of target species estimated
by eDNA analysis in the site without visual detection,
or (ii) the false-positive detection of target eDNA due
to its downstream transport, we would need to exer-
cise caution in interpreting the detection of target
eDNA at Stns 1 to 3, particularly during this period,
considering the increase in eDNA release due to
reproductive activity. Despite the recent increase in
studies focusing on eDNA transport (Deiner & Alter-
matt 2014, Jane et al. 2015, Jerde et al. 2016, Wilcox
et al. 2016, Fremier et al. 2019, Laporte et al. 2020), it
remains unclear as to how far aqueous eDNA might
be transported downstream and how environmental
factors might affect eDNA transport. In addition, we
unfortunately did not measure any hydrogeographic
parameters (e.g. flow velocity, water depth, type of
substrate) in the studied stream, and thus any valid
assessment of the transport of target eDNA in the
present study would be limited. eDNA could be
transported further downstream in streams with
greater flow velocity, whereas the false-positive
detection of eDNA might be less frequent at sites fur-
ther downstream due to its dilution in water and
absorption by sediment. Consequently, further stud-
ies in which a range of hydrogeographic parameters
are assessed will be necessary to gain a better under-
standing of the transport and diffusion of aqueous
eDNA, and to enable inference of the spatial scale
over which target eDNA signals can be detected at
sampling sites.

It should be noted that the amounts of eDNA pro-
duced from the eggs of the Japanese eel Anguilla
japonica (Takeuchi et al. 2019) and Siberian sala-
mander Salamandrella keyserlingii (Takeshita et al.
2020) are considerably smaller than those produced
by the corresponding adults and larvae. Thus, the
eDNA released from eggs might be less likely to be
detected downstream compared to that released
from adults and larvae. Further study would be
needed to detect the differences in eDNA production
among different taxa and different developmental
stages of the same species.

Multi-scale site occupancy modeling of the target
eDNA resulted in some implications of the different

effects of environmental factors on the presence of
salamander eDNA during different periods. In the
larval period, EC tended to negatively affect the site-
level eDNA occurrence probability ¥ (Table 3); sala-
mander eDNA occurred less frequently at sites with
higher EC values. EC is an index of the water quality,
and higher values usually negatively impact the
reproductive success of aquatic species (Horne &
Dunson 1994), which would thus suppress the detect-
ability of target eDNA in the stream. Some studies
have previously shown the negative relationships
between EC and detectability of fish and amphibian
eDNA (Pitt et al. 2017, Jo et al. 2020), which support
the findings of the present study. Such an effect
might be particularly pronounced in the case of lar-
val salamanders owing to their chemical intolerance.
During the reproductive and egg periods, higher
water temperatures tended to negatively affect the
sample-level eDNA occurrence probability 6 (i.e.
salamander eDNA was collected less frequently even
if the eDNA was present at the site when the water
temperature was higher). This may be due to the
decrease in eDNA persistence at higher tempera-
tures (Strickler et al. 2015, Jo et al. 2019). Neverthe-
less, the parameters estimated in the occupancy
modeling have relatively high variance, which is
probably attributable to the relatively small sample
size and number of replicates in the present study,
and the effect of environmental factors on the species
occurrence probabilities were not directly confirmed
here. Further study would be needed to examine
whether the positive/negative effects of these factors
on eDNA occurrence in this study represent the
impact on the species occurrences.

Although we assessed the effect of EC on the site-
level occupancy probability ¥, we did not consider
the effect of EC on the PCR replicate-level detection
probability p in occupancy modeling. This was be-
cause EC values were very low throughout the study
period and actually we confirmed no PCR inhibition
in water samples with relatively high EC values.
Indeed, in this study, we were able to detect target
eDNA in water samples with relatively high levels of
EC (approximately 0.1 mS cm™) and with visual
observation of target species (see Tables S1 and S4).
However, some studies have found that EC can have
negative effects on the PCR replicate-level detection
probability (Wineland et al. 2019, Sengupta et al.
2019), although the reported EC values were consid-
erably higher than those detected in the present
study. Thus, depending on the environmental condi-
tions, future studies should take into consideration
the effects of EC on PCR detectability, and it would
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also be desirable to use PCR reagents such as Envi-
ronmental Master Mix, which perform well over a
wide range of EC values.

The present study showed the usefulness of eDNA
analysis for the seasonal surveillance of salamanders,
although some issues and perspectives remain to be
examined. First, it would be necessary in the future
to show the efficacy of the combination of genus-spe-
cific primers and a species-specific probe to detect
other Hynobius spp. eDNA. This strategy could
potentially target a larger number of related species
than multiplex real-time PCR (Tsuji et al. 2018, Jo et
al. 2020) without developing the assay for each spe-
cies, and detect target eDNA with higher sensitivity
than versatile nested PCR (GoFish; Stoeckle et al.
2018) due to the fluorescence probe specifically
hybridizing the target PCR amplicon. Rapid and
effective monitoring of Hynobius species across the
country based on this approach would be required.
Second, in the present study, we conducted the field
survey in a single stream in a single year and used
fewer replicates of water samples and PCR analyses
than have hitherto been used in other eDNA studies
(de Souza et al. 2016, Voros et al. 2017, Wineland et
al. 2019). Accordingly, this might have resulted in the
limited inferences regarding the spatiotemporal eco-
logy of the target species examined in this study (e.g.
providing occupancy probability ¥ with the site
where eggs and larvae could not be present, and
uncertainties of environmental factors on the target
eDNA occupancy probabilities). Thus, increasing the
number of water samples and PCR replicates may be
important for a more precise estimation of occupancy
probabilities, and this consideration should be con-
sidered in future studies. Nevertheless, the present
study showed that eDNA analysis an improve the
efficiency of the seasonal surveillance of threatened
salamander distributions in streams without damag-
ing the organisms and their habitat. The method
used in the present study will substantially con-
tribute to elucidating the distribution and ecology of
amphibians, which is necessary for the planning of
conservation activities and restoration of habitats for
amphibians.
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