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Abstract: As anuran biodiversity quickly declines, it is important to understand local patterns
of anuran occurrence. However, the limitations of traditional sampling methods make anuran
biodiversity surveys inadequate. Tropical environments are rich in anuran species, which makes
biodiversity measurements more difficult. Therefore, it is important to develop a rapid, inexpensive
and nondestructive method to measure anuran biodiversity in tropical environments. We used
eDNA metabarcoding to measure anuran diversity at 288 sites in 18 regions of Hainan Island. We
also used traditional methods and compared the results with those obtained through the eDNA
metabarcoding methods. We detected 9 anuran species by traditional sampling methods. We
produced 626 million reads by eDNA metabarcoding and assigned them to 15 anuran species.
Therefore, eDNA metabarcoding can be used for rapid and large-scale anuran biodiversity surveys.
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1. Introduction

One of the key features of the Anthropocene is the increase in global extinction [1].
With the continuous impact of humans on land use, climate change and the emergence of
wildlife infectious diseases, the threat to biodiversity will become increasingly severe [1,2].
Amphibians are a particularly vulnerable group, and many species have experienced
declines in population size, diminishing distribution and extinction [3,4]. One of the
challenges in assessing the conservation status of these species is that individuals are less
likely to be found at low population densities. Accurate detection of amphibian species in
the environment will contribute to their protection.

Assessing the distribution or occurrence of amphibians is a key step in the study of
amphibian diversity. When species are not abundant and organisms cannot be observed
directly, it may be difficult to complete these assessments [5]. This is especially true for
Anura in tropical freshwater ecosystems, the observations of which are limited by water
turbidity, water depth and plant density. Traditionally, anuran surveys often use the
traditional line transect method (TLTM), which is a physical monitoring method based on
acoustic and visual observations; however, these physical monitoring methods are often
subject to various restrictions [6—8]. There is an urgent need to develop nondestructive
methods to detect amphibians as alternatives to traditional methods. By searching for DNA
traces left by organisms in the environment (eDNA), as the DNA is left behind and can
be collected at some time after the animal has passed through that area [9-13], challenges
posed by traditional methods in investigating species that are difficult to find under
low population density can be overcome [14,15]. This has the added benefit of allowing
detection even after the animal has passed through the study area. With the development
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of sequencing technology, the application of environmental DNA (eDNA) in biodiversity
research has attracted widespread attention in recent years [6-8,16]. The development
of eDNA sequencing technology has the potential to increase our understanding of the
persistence and distribution of threatened and cryptic species.

To date, the effectiveness and efficiency of eDNA has been evaluated in temperate
freshwater environments, and eDNA has yielded good results for monitoring amphibians
on temperate islands [6-8,17]. The estimation of the abundance of amphibians will be
greatly increased by the application of eDNA, which is not affected by these physical
factors. Therefore, the application of environmental DNA to amphibian investigations in
tropical freshwater environments is a way to not only reduce sampling work and cost but
also research and protect the diversity of tropical amphibians.

However, there is no guarantee that eDNA is as effective in tropical waters as it is in
temperate waters. In tropical areas, high temperatures and moderately high UV-B radiation
are conducive to microbial growth [18] and therefore promote DNA degradation [19,20].
Moreover, strong solar radiation may accelerate the degradation of eDNA, thus limiting
the monitoring efficiency of eDNA. Therefore, the application of eDNA needs to be tested
for more species.

In this paper, we tested the efficiency of eDNA for monitoring Anura diversity on
Hainan Island. A total of 288 sites were surveyed at 16 sampling locations in each region
(Table S1). We established a reference database of Anura species on Hainan Island. Then,
we compared the efficiency of the eDNA monitoring method and the TLTM method. The
results of the eDNA survey were more efficient than those of the TLTM.

2. Materials and Methods
2.1. Study Area and Sample Location

Hainan is the second largest island (located between 108°37'~111°03' E and 18°10'~20°10’ N)
in the South China Sea (Figure 1). The total land area of Hainan is approximately 33,920 km?;
42.5% of which is in the tropical zone. Hainan is the largest tropical island in China. Most of the
hills have an elevation of 500~800 m, and more than 81 hills are higher than 1000 m. The mean
temperature is 23~25 °C and the mean rainfall is 1728 mm. The Nandu River, Changhua River,
and Wanquan River are the three largest rivers on Hainan Island, and each has a catchment area
of more than 3000 km?.
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Figure 1. Sample regions on Hainan island: Haikou (HK), Wenchang (WC), Qionghai (QH), Wanning
(WN), Lingshui (LS), Sanya (SY), Ledong (LD), Dongfang (DF), Changjiang (CJ), Baisha (BS), Danzhou
(DZ), Lingao (LG), Chengmai (CM), Dingan (DA), Tunchang (TC), Qiongzhong (QZ), Wuzhishan
(WZ), Baoting (BT). Abbreviations are in parentheses.
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We sampled 18 regions on Hainan Island for Anura using both traditional line transect
methods (TLTM) and eDNA metabarcoding. In each region, 16 sites were sampled, for
a total of 288 sites (Figure 1, Table 1, Table S1). The 18 sampled regions were located
within 6 major river drainage basins (Nandu River, Wanquan River, Lingshui River, Sanya
River, Changhua River, and Wenchang River) on Hainan Island. For each site, traditional
and metabarcoding sampling was conducted in the same year (2018). For each site, we
converted the anuran species abundance data into occurrence data to avoid potential bias

due to possible differences in sampling efficiency among sites.

Table 1. List of the 18 studied regions. See Figure 1 for region locations. Each region has 16 sample sites.

Region

Date of TLTM

Date of eDNA

Number Region Name Latitude Longitude Sampling Sampling Sample Code
1 Haikou 110.33462 19.97135 2018-4-20 2018 HK
2 Wenchang 110.74983 19.60477 2018-4-21 2018 WC
3 Qionghai 110.48429 19.23553 2018-4-22 2018 QH
4 Wanning 110.38378 18.80618 2018-4-23 2018 WN
5 Lingshui 110.03361 18.53303 2018-4-24 2018 LS
6 Sanya 109.52814 18.27064 2018-4-25 2018 SY
7 Ledong 108.95645 18.46054 2018-4-26 2018 LD
8 Dongfang 108.69555 19.09091 2018-4-27 2018 DF
9 Changjiang 109.0469 19.26384 2018-4-28 2018 dJ
10 Baisha 109.44084 19.21888 2018-4-29 2018 BS
11 Danzhou 109.56594 19.53215 2018-4-30 2018 Dz
12 Lingao 109.69121 19.90166 2018-5-1 2018 LG
13 Chengmai 109.99477 19.73185 2018-5-2 2018 M
14 Dingan 110.30891 19.69298 2018-5-3 2018 DA
15 Tunchang 110.11322 19.35441 2018-5-4 2018 TC
16 Qiongzhong 109.84268 19.0279 2018-5-5 2018 QZ
17 Wuzhishan 109.51214 18.78224 2018-5-6 2018 Wz
18 Baoting 109.70767 18.64269 2018-5-8 2018 BT

2.2. Traditional Methods

We investigated the richness and abundance of amphibians in waterbodies from 20
April to 8 May (2018) using the traditional line transect method (TLTM), which is based
on visual and acoustic sampling [21-27], each site sampled for once. We searched for
amphibians along the transects each night between 19:30 and 22:30 hours after eDNA
sampling, and both methods were performed over the same nights for each site. We
also carefully listened to calls from amphibians within the transects. We captured frogs or
tadpoles after the TLTM and eDNA sampling, and brought them to the lab for further study.

2.3. Reference DNA Database

Based on literature reports for species diversity and known species ranges [28], we
defined a list of 45 amphibian species that were known to occur on Hainan Island (Table 2).
We constructed a reference database of the 125 rRNA mitochondrial sequences as com-
pletely as possible to ensure appropriate taxonomic assignment to sequences recovered
from the environmental samples. We sequenced at least one individual from each of the
11 species that were found using the traditional survey method; 9 species were sampled
from the sites at which we surveyed eDNA (Table 2). Two species (Kaloula pulchra and
Fejervarya kawamurai) were collected from the survey sites and preserved in 96% ethanol.
As it was a challenge to collect samples from all 45 species expected, we supplemented our
local amphibian sequence reference database with sequences recovered from the EMBL
database, release 143. Following the extraction of toe clip tissues (1-3 individuals per
species) for 11 amphibian species, we amplified the 12S rRNA mitochondrial gene in a
dedicated room. We sequenced the PCR products using Sanger sequencing [29,30].
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Table 2. Occurrence of historically recorded anuran species according to traditional methods and the
eDNA metabarcoding method on Hainan Island. ‘+” indicates a presence record.

Traditional eDNA Historical

Species Method Metabarcoding Records

Duttaphrynus
melanostictus
Fejervarya multistriata + + +
Hoplobatrachus
rugulosus
Hyla simplex + + +
Kalophrynus
pleurostigma
Microhyla ornata + + +
Microhyla pulchra +
Polypedates
megacephalus
Sylvirana guentheri +
Fejervarya kawamurai
Kaloula pulchra
Limnonectes fragilis
Microhyla butleri
Micryletta inornata
Occidozyga martensii
Amolops hainanensis
Amolops torrentis
Buergeria oxycephala
Chirixalus doriae
Fejervarya moodiei
Hylarana macrodactyla
Hylarana spinulosa
Hylarana taipehensis
Ingerophrynus
ledongensis
Leptobrachium
hainanense
Liuixalus hainanus
Liuixalus ocellatus
Liuixalus romeri
Microhyla heymonsi
Nidirana hainanensis
Occidozyga lima
Odorrana graminea
Odorrana hainanensis
Odorrana leporipes
Odorrana nasuta
Parapelophryne scalpta
Polypedates mutus
Rana johnsi
Rhacophorus rhodopus
Rohanixalus vittatus
Theloderma
albopunctatum
Theloderma corticale +
Tylototriton
hainanensis
Zhangixalus dennysi +
Zhangixalus
yinggelingensis

+ + +

+
+

+
+ 4+ 4+ o+
+

S T T T T T T T S S SR

+
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We attempted to sequence at least one individual from each species found using the
traditional survey method. We supplemented our local amphibian sequence reference
database with sequences recovered from the EMBL database, release 143. We downloaded
all the vertebrate sequences from the EMBL database. From our local reference database
and the EMBL database, we extracted the relevant fragment of 125 sequences for metabar-
coding analyses using the programs ecoPCR 0.5.0 [31] and OBITools 1.1.22 [32]. The final
12S metabarcoding reference database is as complete as possible, given the available tis-
sues and EMBL accessions. For the 28 species that were detected in our aquatic eDNA
samples, we used the final 125 metabarcoding reference database to attribute taxonomy to
the sequences.

2.4. eDNA Metabarcoding Sampling

eDNA sampling. We sampled the water within a waterbody for eDNA analysis each
night between 18:30 and 19:30, each site sampled for one night. For each sample waterbody,
we chose 5 sampling sites along the bank at random and collected 400 mL of surface water
at each site using sterile bottles. We then mixed one replicate from each of the 5 sites into
one bottle to obtain three bottles with 2000 mL of water each. For each waterbody, we
replicated the experiment 3 times.

We used 1.5 um glass fiber (GF) filters and filtered each water sample until the filter
was blocked. To control for possible contamination of equipment or cross-contamination
among waterbodies, for each replicate, a negative control was created by filtering 1000 mL
of ultrapure water (one filter) (Lan Hai Co., Ltd., Guangzhou, China). The filters were
kept in ethanol in a 1.5 mL screw-cap microcentrifuge tube on ice. All the tubes were
stored at —20 °C in a laboratory until DNA extraction was performed. Before sampling each
waterbody, we eliminated any DNA attached to the bottles and filtering equipment using
10% commercial bleach (approximately 0.5% hypochlorous acid) and then washed the
bottles using DNA-free distilled water. The samples from each waterbody were collected
and filtered by individuals wearing disposable, nonpowdered latex gloves.

PCR and sequencing. We extracted mitochondrial DNA (mtDNA) from the filters of
each water sample using a General AllGen Kit (Beijing CoWinBiotech Co., Ltd., Beijing,
China) [33], which generated 100 puL of DNA extract. We amplified DNA from a short frag-
ment of the 125 rRNA mitochondrial gene in a mixture that included 2 uL of DNA extract as
a template, 1 U of Start Taq DNA Polymerase, 0.2 mM of each dNTP, 0.2 IM of the batra_F (5'-
ACACCGCCCGTCACCCT-3') and batra_R (5'-GTAYACTTATGTTACTT-3') primers [33]
and 4 uM of the human blocking primer batra_blk (5'-TCACCCTCCTCAAGTATACTTCAA
AGGCA-SPC3I-3) [34]. The ‘batra’ primers were used for the amplifications because they
have a high proportion of sequences related to amphibian and fish species (99.28%) and
show high taxonomic discrimination [34]. The primers (batra_F and batra_R) were 5/
labeled with a unique six-nucleotide tag (with at least three differences between tags),
so we could differentiate all the samples and assign sequences to the individual samples
during the sequence filtering process by the primer tags. The PCR mixture was denatured
at 94 °C for 5 min; this was followed by 35 cycles of 30 s at 94 °C, 30 s at 58 °C and 30 s
at 72 °C; the final elongation step was performed at 72 °C for 10 min. The PCR was run
for 9 replicates per sample. Additional negative controls were generated using ddH20
(instead of the filters) during DNA extraction and PCR. According to the study in [35], we
used DNA extract from Lithobates catesbeianus as a positive control to verify whether the
amplification of DNA from the target species in the eDNA samples failed due to inhibition
of the PCR [36,37]. We ran parallel PCR assays of the negative (including negative field
controls and PCR processing controls) and positive controls. The amplification and the
DNA extract was performed in isolated rooms.

Before preparing the libraries, we examined the quality of each PCR product based
on fluorescent signals using gel electrophoresis. All the negative controls (negative field
controls and PCR processing controls) showed a lack of PCR products following gel
electrophoresis. Each PCR product was pooled in equal volume to construct a library



Diversity 2021, 13, 440

6 of 12

for the expected sequencing depth of 300,000 reads per sample. We prepared libraries
using the DNA Sample Prep Reagent Set (MyGenostics, Beijing, China), which included
end repair and adapter ligation. We built 9 libraries for the PCR products from the water
samples, with each library having 32 samples (totaling 288 samples), two libraries for the
negative controls (one for the PCR control and one for the field control) and one library
for the positive controls. The DNA for libraries were further purified before sequencing
using SPRI beads according to the manufacturer’s protocol. The enrichment libraries were
sequenced on an Illumina HiSeq X Ten sequencer with paired-end readings of 150 bp.

Bioinformatics analysis. We filtered and annotated the eDNA sequence reads using
functions implemented in the OBITools package [32]. We assembled direct and reverse
strands to construct consensus sequences and then removed low-quality sequences from
the consensus sequences (FASTQ average quality score <35) using the Illumina paired-end
program. We identified each sequence record by its corresponding sample based on its
molecular tag (no errors allowed) and assigned primers (2 bp errors per primer allowed)
to PCR products using the ‘ngsfilter’ function. Unaligned sequences were removed from
the datasets with the ‘obigrep’ function. For each library, we clustered strictly identical
sequences into operational taxonomic units (OTUs) using the ‘obiuniq’ function to keep
the information from their read counts. With the ‘obigrep’ function, we removed sequences
with lengths that were too long (>130 bp) or too short (<30 bp), deleted OTUs with read
counts <10, and kept only the OTUs with total read counts >10 for the denoising analy-
sis [33]. We labeled the sequences in each library as ‘head’, ‘singleton’, or ‘internal” (most
likely due to amplification/sequencing errors and chimeric sequences) using the ‘obiclean’
function [32]. We then removed the ‘singleton” and ‘internal” sequences from each library
and kept only the ‘head’ sequences for taxonomic assignment (options —r 0.05 -H) [38].
We downloaded the gene sequence data from the EMBL database (release 124), National
Center for Biotechnology Information (NCBI); these data included information on different
taxonomic groups (vertebrates, mammals, prokaryotes, fungi, invertebrates and plants)
and environmental samples. We constructed the NCBI database of 125 rRNA mitochondrial
sequences based on the downloaded data using ecoPCR [31]. Sequences from the samples
and negative and positive controls were assigned taxonomy according to the National
Center for Biotechnology Information (NCBI) reference database and local amphibian
reference database using the ecotag tool. Sequences were assigned to a database sequence
based on a 95% similarity threshold.

2.5. Statistical Analyses

We compared the list of species, genera and families obtained from eDNA sampling
with that obtained by traditional sampling. For each sample, we calculated the percentage
of species detected by each method; that is, we divided the number of species detected by
one method by the total number of species detected.

In addition to the observed species richness measurements, we also calculated the
richness estimates for data obtained by traditional survey methods and eDNA methods
using Chao2 richness estimates [39,40]. A 95% confidence interval was calculated to test
the difference in estimated richness among the sampling methods.

Then, we tested the consistency of the diversity patterns determined based on the two
methods at each site. We calculated the species richness according to the data obtained
with the two sampling methods at each site and tested their correlation with Pearson’s
correlation coefficient. We calculated the relative incidence of species as the percentage
of sites where species were found and used Kendall’s rank correlation coefficient to test
whether the occurrence patterns were related.

All the statistical analyses were performed using R 3.3.2 [41], the "vegan" package
(version 2.4-1) [42], and the “dunn.test” package (version 1.3.4) [43]. The significance level
was fixed at p < 0.05.
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3. Results

Using traditional methods, we detected 9 amphibian species in Hainan (Table 2).
After sampling with the TLTM, eDNA was collected from water samples. Specimens
of two species were collected, and data for 17 species were downloaded from the NCBI
database. The sequences of 28 species were obtained. There were 17 species of amphib-
ians in Hainan that were neither collected nor found in the NCBI database. A total of
626,468,064 sequences were obtained in the eDNA analysis, and 25,472,437 sequences re-
mained after quality control filtering. After comparison with the NCBI library, a total of
38 orders, 56 families and 110 species remained (Table S2). Based on comparison with the
local database, 193,933 sequences were identified as amphibians local to Hainan.

A total of 15 local Hainan amphibian species were identified by the eDNA method
from 288 sample points, while 9 species of local Hainan amphibian species were detected
by the traditional methods (Table 2); Fejervarya kawamurai, Kaloula pulchra, Limnonectes
fragilis, Microhyla butleri, Micryletta inornata, and Occidozyga martensii were not detected by
the TLTM. The Chao2 estimates of amphibian abundance show that the eDNA metabolite
method (15 species) resulted in a higher number of species than the traditional method
(9 species) (Table 3). The observed and estimated values of species richness based on the
eDNA method are higher than those based on the traditional sampling methods.

Table 3. Overall species richness of the 18 regions. Species richness represents the number of species
observed by the eDNA metabarcoding method or traditional sampling method. Chao II represents
the bias-corrected Chao II estimates, with the 95% confidence interval in parentheses.

Method Species Richness Chao II Chao ILlow Chao ILup
eDNA 15 15 15 15.057
Traditional 9 9 9 9

In the 18 areas of Hainan sampled, 95.1 & 19.8% of species were detected by eDNA.
The TLTM detected 56.8 & 24.8% of species. A total of 51.9 £ 26.1% species were detected
by both methods (Figure 2). The percentage of total species detected by each method was
different (Wilcoxon rank sum test: p < 0.001) (Figure 3a), and the proportion of species
detected by eDNA was higher than that detected by traditional methods.
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Figure 2. Species richness per site as detected with traditional and eDNA metabarcoding methods.
The species caught only with traditional methods are shown in black, those detected only with the
metabarcoding method are shown in dark gray, and those detected by both metabarcoding and
traditional methods are shown in light gray.
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Figure 3. Percentage of species detected during each visit with the metabarcoding (red) or traditional
(blue) methods. The differences between the eDNA and traditional methods were tested using a
Wilcoxon rank sum test (p < 0.001).

The eDNA method detected a high proportion of genera. A total of 95.1 £ 19.8% of
genera were detected with the eDNA method. The TLTM allowed detection of 56.9 + 24.8%
of genera. A total of 52.1 £ 26.2% of genera were detected by both methods. The percent-
age of total genera detected by the two methods was different (Wilcoxon rank sum test:
p <0.001). The number of genera detected by the eDNA method was greater than that
detected by the traditional survey method (Figure 3b).

The percentage of genera detected by the two methods was similar to the percentage
of species detected by the two methods (Dunn random dominance test: z = 0.09, p = 0.46;
Figure 4a,c).
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Figure 4. Percentage of genera (a) and families (b) detected by either the eDNA or traditional methods compared to the
percentage of species detected by both methods. The 1:1 line is represented by the dashed line in all plots; (c) Percentage of

taxa detected by both the metabarcoding and traditional methods according to taxonomic level (species, genus and family).

Differences between taxonomic levels were tested using Dunn’s test for stochastic dominance; ns: p > 0.05, ***: p < 0.001.

The eDNA method also detected more family-level species. The eDNA method
detected 95.1 &+ 19.8% of the first-class species. The TLTM detected 63.3 £ 25.2% of the
first-class species. A total of 58.5 &= 27.6% of the first-class species were detected by
both methods. The proportion of family-level species detected by the eDNA method in
the 18 sampled areas was higher than the proportion detected by traditional methods
(Wilcoxon rank sum test: p < 0.001).

The percentage of families detected by the two methods was higher than the per-
centage of species (Dunn test: z = 3.13, p < 0.001; Figure 4b,c) and genera (Dunn test:
z = 3.04, p = 0.0011; Figure 4c) detected by the two methods.

Among the 288 sampling points in this survey, based on the traditional sampling
method, the site with the highest species richness had 6 species, and the site with the lowest
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species richness had 0 species, with an average of 2.39 & 1.35; based on the eDNA sampling
method, the site with the highest species richness had 10 species, and the site with the
lowest species richness had 0 species, with an average of 4.22 4 1.7. Pearson correlation
coefficient was used to test the correlation between these values. The species richness
values estimated by the two methods were significantly correlated (r = 0.663, p < 0.001,
Figure 5a).

with eDNA

Species richnass
Occurrence
with eDNA

Species richness with Occurence with
traditional methods traditional methods

(a) (b)

Figure 5. Relationships between species richness (a) and species occurrences (b) determined by the
metabarcoding and traditional methods for (a) all data. Species occurrences are expressed as the
percentage of sites where a species was detected. The 1:1 line is represented by the dashed line on
all plots.

Among the 15 amphibians investigated in this study, the species with the highest
occurrence rate (76.7%) was observed 221 times by the traditional method (Table S3). The
species with the lowest occurrence rate were investigated 0 times, with an occurrence rate
of 0%, and the average occurrence rate was 15.9%. In the eDNA surveys, the species with
the highest occurrence rate occurred 262 times, and the occurrence rate was 90.9%. The
species with the lowest occurrence rate appeared three times, the occurrence rate was
1.04%, and the average occurrence rate was 28.1%. Kendall’s rank correlation coefficient
was used to test the occurrence rate, and the species occurrence rates estimated by the two
methods were also correlated (t=0.78, p = 0.0014, Figure 5b).

4. Discussion

As many amphibian habitats in Hainan are streams in remote mountainous areas,
it is not feasible to conduct surveys with the TLTM at night. The main areas addressed
by TLTM surveys are rivers, farmland, ponds, reservoirs and other areas that are greatly
disturbed by human activities. Therefore, many local amphibian habitats in Hainan are not
within the scope of TLTM surveys.

The detection of local species is not perfect, and many amphibians local to Hainan
were not detected in this study; however, based on the abundance and occurrence rates
of the investigated species, the number of species obtained from the eDNA samples is
higher than that obtained from traditional methods. The proportion of species detected by
eDNA was higher than that detected by traditional methods. The eDNA method can detect
more concealed species, which are difficult to observe with the TLTM. Due to the high
temperature, humidity and solar radiation, the plants in Hainan are highly diverse. The
plant species in Hainan are mainly tropical, and the proportion of woody plants, especially
trees, is very large, which makes it difficult to observe amphibians, which hide in trees, by
traditional survey methods.

Despite its limitations, eDNA is a promising method for assessing Anura biodiversity
in tropical areas. In view of the rarity of false species detection, the species richness values
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estimated by the two methods were significantly correlated (r = 0.663, p < 0.001). The
species occurrence rates estimated by the two methods were also correlated (t = 0.78,
p =0.0014).

Our results confirm that eDNA significantly enhances biodiversity surveys and can be
applied to overcome many challenges associated with traditional monitoring methods [15].
Due to strict quality control and careful evaluation of positive detections, eDNA surveys
have great potential for detecting species with low population density and can detect more
concealed species than other methods. Therefore, the analysis of eDNA can be used as a
rapid assessment method for biodiversity in neotropical areas, and eDNA should be used
as a supplementary tool in addition to traditional methods [44].

5. Conclusions

As with any other survey method, strict quality control of eDNA data is important
to avoid the false reporting of missing species (false positive) or undetected species (false
negative). A complete reference database is essential to avoid miscalculation, especially in
highly biodiverse environments [45]. We carefully examined the inference of target species
detection to avoid false positives. We considered the ability of 12S rRNA to differentiate
local species. We also tested whether the DNA traces of the target species detected at the
survey site were consistent with the species investigated by traditional methods in the
study environment.

Environmental DNA can also lead to imperfect detection and biased results. For
example, primer bias may lead to false negatives [15]. During the sampling process, we
did not discover nearby undetected species. Amphibians breed in the rainy season. In
this survey, we did not sample in the rainy season, which reduced our detection ability. In
addition, the diffusion of eDNA differs by habitat. In streams, eDNA can be detected in
the range of several meters to several tens of kilometers from the source according to the
velocity and turbulence of the streamflow [15]. Sampling of more conservative niches, such
as ponds, must take into account the occupancy and connectivity of the water body. There
are 154 rivers flowing into the sea on Hainan Island, 39 of which have a water area of more
than 100 square kilometers. A complex water environment will reduce the monitoring
ability of eDNA. In addition, in tropical areas, the adverse effects of high temperatures on
eDNA should be considered [46].

Our results support the potential application of eDNA in investigating species di-
versity in tropical regions [14,38,47,48]. The diversity of amphibians in Hainan is high.
However, the exact distribution and number of these amphibians is often unknown. In
future work, environmental DNA and other survey methods should be applied to describe
the geographical range, population fluctuation and conservation status of species.

Our study confirmed the ability of eDNA sampling to detect threatened aquatic
wildlife. As an effective monitoring method, eDNA sampling could be applied to other
taxa of conservation concern. Of course, eDNA sequences cannot reveal the health status
or recovery potential of amphibian populations, but they clearly indicate that further
assessment and protection are needed.
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