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Abstract

Understanding the distribution of species is a primary
requirement to understand their behaviour, conservation,
and phylogeography. Over the last decades, the number
of species described on the Korean Peninsula has
significantly increased, but surveys around the boundaries
of the Peninsula are still needed to refine the range of
these species. Further surveys, supported by ecological
niche models, are especially needed in areas where the
environment is similar and connected. We conducted
surveys in the continuous landscapes of the Republic
of Korea, the Democratic People’s Republic of Korea,
and the People’s Republic of China to determine the
distribution of the gold-spotted pond frog, Pelophylax
chosenicus (Okada, 1931). The surveys were conducted
between 2015 and 2021 through the use of visual
and call encounters. We supported our surveys with
molecular analyses by sequencing the mitochondrial
16SrRNA, 12S rRNA, and Cytb gene fragments to confirm
the species identity of the northernmost population in
China. As a result, we found the species to be widespread
in low-elevation wetlands along the eastern coast of
the Yellow Sea, with two isolated populations in the
southeast of the Korean Peninsula, and the northernmost
population in the vicinity of Dandong in the People’s
Republic of China. We then determined the importance
of landscape types for the species, especially rice paddies,
and used ecological niche models to define suitable
habitats across the region. As this species is listed as
threatened in the Republic of Korea, knowing its exact
distribution will be important for conservation practices.

Highlights

e We determined new records of Pelophylax
chosenicus and suitable habitat at a new locality
along the Eastern Coast of the Yellow Sea based
on field surveys, molecular genetics, and ecological
niche modelling.

e Our analyses support two divergent clades within
the species, showing a pattern of single colonisation
of the Korean Peninsula from Northeastern China.

e We determined the importance of low-elevation
landscapes for the species based on its newly defined
range across northeast Asia.

e We highlighted that most of the remaining habitat
for the species was made of agricultural wetlands,
i.e. rice paddies.

e Our ecological niche models showed that
isothermality, precipitation of the driest month, and
mean temperature of the wettest quarter were the
most important variables explaining the distribution
of the species.
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Introduction

Identifying the distribution of species is a key
requirement to understand their diversity and
behavioural ecology, but also the threats they face
(Manne and Pimm 2001, Richardson and Whittaker
2010). Historically, conducting field surveys was one
of the first forms of research effort in the study of
biodiversity (Wallace 1876), and determining the
distribution and occurrence of species remains an
essential prerequisite to understand and protect
biodiversity (Wang et al. 2021, Borzée 2023).
Data on occurrences are generally based on field
surveys, automated monitoring, surveys via citizen
science, and literature reviews (Fletcher Jr et al.
2019, Groffen et al. 2022). The raw data can then be
complemented through the use of ecological niche
models to determine the suitable habitat for the species
(Araujo et al. 2019), which may be ground-validated
through surveys to find new populations (Mizsei et al.
2016). The use of ecological niche models has been
a critical development in ecology as it enables the
understanding of species distribution, and prediction
of species occurrence across the landscape. This
methodology is particularly beneficial over large
areas (Synes et al. 2016), or when field surveys are
not feasible (Peng et al. 2023). This is the case for
taxa distributed across the Korean Peninsula and the
northeast People’s Republic of China (hereafter China),
in which the species’ distribution in the Democratic
People’s Republic of Korea (hereafter DPR Korea) can
only rarely be surveyed (Borzée et al. 2021).

The genus Pelophylax Fitzinger, 1843 is widespread
in Eurasia, likely originating from the western
Palearctic (Pyron 2014), with the East Asian clades
having diverged about 6.2 mya (Liu et al. 2010). The
genus is almost continuously distributed across the
Palearctic, and some species are also found in the
dry landscapes of central Asia. In northeast Asia,
the Pelophylax nigromaculatus (Hallowell, 1861)
and Pelophylax plancyi (Lataste, 1880) species
complexes (following Liu et al. 2010) have diverged
about 4.8 mya, but they have a history of complex
hybridisation, with cytonuclear discordance in
numerous populations, likely in relation to glacial
cycling (Komaki et al. 2015). The genus is widespread
across numerous landscapes as species have broad
ecological requirements: some species can breed
in most types of wetlands (Garcia et al. 2017; e.g.
P. nigromaculatus in northeast Asia, Borzée et al.
2021), and they express traits associated with the
successful invasions of new habitats (Wang et al. 2016,
Wang et al. 2017, Bae et al. 2022). Niche segregation
between the two species complexes is also likely to
occur based on landscape use (Borzée 2024), prey
preference, and microhabitat use (Eom et al. 2007,
Borzée et al. 2019b, Nakanishi et al. 2020), with the
P. plancyi complex expected to have more stringent
ecological requirements.

Pelophylax chosenicus was first described in 1931
(but see Okada 1926) and the species can be estimated
to have been abundant at the beginning of the 20th
century (Okada 1928, Okada 1931, Shannon 1956).

Hybridisation with sympatric Pelophylax species has
been known for a long time (Nishioka 1972, Nishioka
and Okumoto 1983), although the behavioural ecology
of the species has been studied for less than 30 years
(Yoon et al. 1998). Attention to the conservation needs
for the species is more recent (Shim 2003, Ra et al.
2008a, Park et al. 2009), and work to date has provided
important insights to guide further research (Do et al.
2021). Pelophylax chosenicus is closely related to
P. plancyi (Ryu and Hwang 2011, Zhou et al. 2023),
and the time of divergence between the two clades is
so far unresolved, although it is likely to be relatively
recent (Liu et al. 2010). In addition, the species are
morphologically distinct, with male P. plancyi having
clearly visible vocal sacs (Fei et al. 2012) and male
P. chosenicus generally lacking vocal sacs, or having
internal vocal sacs (Kim et al. 2019), despite some
exceptions possibly related to hybridisation with
P. nigromaculatus as males of the latter species
have large vocal sacs and the two species hybridise
(Komaki et al. 2015, Borzée 2024).

Pelophylax chosenicus is distributed along the
western coast of the Korean Peninsula, until an
unknown northern boundary in China. Following
multiple publications on northward range extension
(Borzée et al. 2017b, Borzée et al. 2018b, Son and
Borzée 2020, Zhou et al. 2023), and modelling results
showing that the species likely extends further
north than surveyed (Borzée et al. 2021), more
information is needed on the distribution of the
species, and especially in the coastal area in China.
Thus, this study was conducted to understand the
distribution of P. chosenicus through field surveys
and ecological niche modelling, relying on molecular
tools to identify the northernmost population at
the species level.

Materials and Methods

Field surveys

Surveys were conducted between 2015 and 2021,
mixing both standardised transects and opportunistic
observations. Standardised surveys were conducted
separately in the Republic of Korea (R Korea hereafter),
DPR Korea, and China. The surveys in R Korea were
conducted in conjunction with surveys conducted for
hylid populations (Borzée et al. 2017c, Borzée et al.
2018a) as Pelophylax chosenicus, the target species,
generally shares its breeding habitat with Dryophytes
suweonensis and D. flaviventris (Borzée et al. 2020a).
The surveys were conducted between late April and
early July, matching the breeding season of the species
(Seo et al. 2014, Groffen et al. 2022). Survey sites
were broadly selected to match the habitat types
where the species occurs, including both natural and
agricultural wetlands. Each site was surveyed through
an aural transect, and the presence and absence of the
species were binary encoded for each site (0 = absence;
1 = presence). The time of day and weather patterns
were selected to match with the activity windows of
the species (Yang et al. 2000). The exact details of
the protocol can be found in Borzée et al. (2017a).
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In addition, opportunistic survey transects were
conducted across the nation, always matching with
the breeding season of the species and in potentially
adequate habitats (survey sites in Fig. 1 and GPS
coordinates in Table S2).

Surveys in DPR Korea were conducted
opportunistically in 2017 and 2018, followed by
surveys in 2019 relying on the same protocol as the
one used in R Korea. The methodology and data points
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are presented in a countrywide review (Borzée et al.
2021). Surveys in China were conducted in June
2018, following the same protocol as used in R Korea,
but within an area geographically restricted to the
regions surrounding the city of Dandong. Additional
opportunistic survey transects were conducted at
four sites along the coast and further along the
border between China and DPR Korea (Fig. 1 and GPS
coordinates in Table S2).
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Figure 1. Spatial distribution of presence (n = 403; 273 field survey points and 130 from GBIF and one museum datapoint)
and putative absence points from field surveys (n = 1280) for Pelophylax chosenicus across the study area. The presence
points are divided into unique survey-based data and occurrence data derived from the Global Biodiversity Information
Facility (GBIF.org; DOI: https://doi.org//10.15468/dl.6kvymf). The agricultural landscapes are represented as areas with
an agricultural landscape cover greater than 50%. The location of the study area (blue polygon) in northeast Asia is shown
on the inset map. Map computed with QGIS3 (QGIS Development Team (2022). QGIS Geographic Information System.
Open Source Geospatial Foundation Project. http://qgis.osgeo.org).
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The GPS coordinates were only recorded at the
starting point of all transects, and as no transect was
longer than 500 m it did not impact the coordinate
accuracy of subsequent analyses. In total, we conducted
1674 surveys. While the probability of detecting the
species should be close to the highest value possible
with the protocol used (Petitot et al. 2014, Baskale
and Capar 2016), and specifically because of spending
at least 5 min at each site, we consider each transect
where the species was not detected as a putative
absence point later in the manuscript. The dataset
was also complemented by a museum datapoint
(Shin et al. 2020), resulting in an additional presence
point (37.6678°N, 127.3264°E).

Sampling ethics and molecular identification

To further verify the occurrence of P. chosenicus
in China, we identified the six individuals sampled
during our survey in Dandong, China through barcoding
and phylogenetic analyses. All six individuals were
captured on the spot during the survey, and orally
swabbed (Dryswab™ ENT, Medical Wire, Wiltshire,
UK) following non-invasive methods, ethically guided
and permitted by the Experimental Animal Welfare
and Ethics Committee of Nanjing Forestry University
(IACUC approval number: 20-220-11). The individuals
were released back to the sampling point within
5 min of capture, and the buccal swabs were kept
in dry conditions with desiccation beads, and then
frozen at -20°C until DNA extraction. We extracted
the genomic DNA using the DNeasy Blood and Tissue
Extraction Kit (Qiagen, Hilden, Germany), following
the manufacturer’s protocol. We determined the
concentration of each DNA sample using a NanoDrop™
2000/2000c. To complement the dataset, we also
added eight P. chosenicus individuals sampled in R.
Korea (sample information in Table S1).

For all samples, we isolated and amplified three of
the most phylogenetically informative mitochondrial
markers commonly used for barcoding of northeast
Asian Pelophylax: 16S rRNA, 125 rRNA, and Cytochrome
b (Cytb) using polymerase chain reactions (PCR). The
primer pairs targeted a 510 bp-long 16S rRNA gene
fragment (Sumida et al. 2002) with the primers FSO1
(5’-AACGCTAAGATGAACCCTAAAAAGTTCT-3’) and R16
(5’-ATAGTGGGGTATCTAATCCCAGTTTGTTTT-3’), a 380
bp-long 12SrRNAgene fragment using the primers L1091
(5’ (5’AAAAAGCTTCAAACTGGGATTAGATACCCCACTAT3’)
and H1478 (5 TGACTGCAGAGGGTGACGGGCGGTGT3’)
adapted from Kocher et al. (1989), and a 658
bp-long Cytb gene fragment using the primers B104F
(5’AACATCTCTGCATGATGAAACTTCGG-3’) and B829R
(5’ATTGAGCGAAGGATGGCGTAGGCGAA-3’) adapted
from Liu et al. (2010). We prepared the PCR reaction
with a total volume of 20 uL per tube for each DNA
template, and each sample contained 35 to 50 ng/uL
of DNA. The final concentrations of our PCR reactions
were 0.125 uM for each forward and reverse primer,
1x Ex Taq Buffer (Takara; Shiga, Japan), 1.875 mM of
magnesium chloride (MgCl,), 0.2 mM of dNTPs Mix
(Takara; Shiga, Japan), 0.1 unit/uL of Ex taq (HROO1A,
Takara; Shiga, Japan), and we added double-distilled

water to make up the final volume. We conducted
the PCR amplifications using a SimpliAmpTM
Thermal Cycler (Applied Biosystems, USA), under
the following thermal conditions: initial denaturation
for 5 min at 95°C; 35 cycles of denaturation at 94°C
for 1 min, annealing at 55°C for 1 min, extension at
72°C for 1 min, followed by a final extension at 72°C
for 10 min. To screen the PCR products, we ran the
electrophoreses on a 1.5% agarose gel loaded with 3 uL
of PCR amplicons and 1 ul of TopGreen Nucleic Acid
6x Loading Dye (GenomicBase, Republic of Korea). The
PCR amplicons were sent for purification and Sanger
sequencing for both forward and reverse directions
to Cosmogenetech (Cosmogenetech Co., Ltd., Seoul,
Republic of Korea) and Tsingke Biotech Co., Ltd. (Beijing,
China). We deposited all newly generated sequences
in GenBank (accession numbers in Table S2).

To confirm the identity of the individuals sampled
in Dandong, we then reconstructed the phylogeny
of the species using different combinations of
independent and concatenated datasets of 16S
rRNA (n taxa = 93), 12S rRNA (n taxa = 101), and Cytb
(n taxa =170) gene fragments. The taxa in the analyses
included the sympatric and congeneric species in the
region: P. nigromaculatus, P. plancyi, P. chosenicus,
P. mongolius, P. hubeiensis, and P. fukienensis; along
with five outgroup taxa consist of the western
Palearctic P. bedriagae and P. lessonae, and three
Asian ranids; Glandirana emeljanovi, G. rugosa, and
Amolops granulosus (Table S1). To align the sequences,
we first retrieved the sequences for ingroups and
outgroups from BLASTn and GenBank (accession
numbers in Table S1; originating from Min et al.
2008, Zhang et al. 2008, Liu et al. 2010, Ryu and
Hwang 2011, Jeong et al. 2013, Komaki et al. 2015,
Hofman et al. 2016, Jiang et al. 2017, Eo et al. 2019,
Huang et al. 2019, Tokumoto et al. 2019, Oike et al.
2020, Margaryan et al. 2021, Zhou et al. 2022b, and
Zhou et al. 2022a). We analysed and trimmed the
DNA sequences using Geneious Prime version 2022.1
(http://www.geneious.com, Kearse et al. 2012),
and aligned the sequences using Clustal Omega
(Sievers et al. 2011) with the default settings in the
same Geneious Prime program. The final alignments
used for the phylogenetic analyses were 890 bp-long
for the concatenated 12S rRNA and 16S rRNA gene
fragments (n sequence = 75), 658 bp-long for the Cytb
gene fragment (n sequence = 170), and 1,548 bp-long
for the concatenated 12S rRNA, 16S rRNA and Cytb
gene fragments (n sequence = 70).

Finally, we reconstructed the phylogeny using
the Bayesian Inference (Bl) method in MrBayes
version 3.2.6 (Huelsenbeck and Ronquist 2001). We
determined the best nucleotide substitution model
using PartitionFinder version 2.1.1 (Lanfear et al.
2017) and obtained SYM+G as the best model for the
concatenated 16S rRNA and 12S rRNA gene fragments
and HKY+I+G as the best nucleotide substitution model
for the Cytb gene fragment. In addition, we obtained
GTR+I+G as the best model for the concatenated
dataset for the three gene fragments, based on the
five partitions we recovered using the fixed single
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position strategy for the non-coding 16S rRNA and 125
rRNA gene fragments, and the three codon positions
strategy for the protein coding Cytb. In MrBayes
version 3.2.5 (Huelsenbeck and Ronquist 2001), we
analysed the input NEXUS files for each independent
and concatenated datasets. For each dataset input file,
we included information about the best fit nucleotide
substitution model, and we ran the analysis by sampling
the Markov chain Monte Carlo (MCMC) for ten million
generations. We sampled the Markov chain every
1000 generations and discarded the first 10% of the
generations as burn-in. We evaluated the adequacy
of the sampling and the convergence of the trees
generated from the analyses by confirming that the
average standard deviation of split frequencies had
reached < 0.01 at the end of each analysis. To verify
whether each tree reached stationarity, we evaluated
the effective sample size (ESS) of each posterior
distribution using TRACER version 1.7.1 (Rambaut et al.
2018), confirming ESS > 400 across all runs.

Additionally, due to the availability of sequences
for P. plancyi, the clade most closely related to
P. chosenicus, in the alignment of Cytb (n = 170), we
analysed the maternal genealogies by generating the
haplotype data using DNAsp version 6 (Rozas et al.
2017). Here we assigned all sequences to their
respective clades based on the resolved phylogenetic
tree. Finally, we computed the number of haplotype
group and haplotype diversity. We then inferred
the haplotype network using the TCS method
(Clement et al. 2002) embedded in POpART version 1.7
(Leigh and Bryant 2015).

Landscape features

To analyse the landscape features used by
P. chosenicus, we combined the data obtained
from our field surveys with records from the
Global Biodiversity Information Facility (GBIF; DOI:
https://doi.org//10.15468/dl.6kvymf.), matching
the dataset extracted through the megaSDM
package in R (Shipley et al. 2022), by running the
‘OccurrenceCollection’ function. The combined
datasets resulted in a total of 403 occurrence points
(Fig. 1). In addition to using presence points, we used
the 1280 putative absence points recorded from our
surveys to compare landscape features between
presence and absence points (Fig. 1). We spatially
thinned the occurrence data using a thinning distance
of 500 m, resulting in 273 unique presence points and
922 putative absence points. Finally, we extracted
landscape types at these spatially thinned presence
and absence sites. To do so, we downloaded the 500-m
resolution global land cover raster from the Global Land
Cover by National Mapping Organizations (GLCNMO
version 3; Kobayashi et al. 2017; available from
https://globalmaps.github.io/glcnmo.html). The raster
cells for this dataset were classified into 14 different
landscape types (broadleaf deciduous forest, broadleaf
evergreen forest, cropland, other vegetation mosaic,
herbaceous vegetation, mixed forest, needleleaf
deciduous forest, needleleaf evergreen forest, open
canopy forest, paddy field, shrub, sparse vegetation,

urban, water bodies), including several landcover
types that are suitable habitats for P. chosenicus
(e.g., natural and agricultural wetlands based on the
literature: Borzée 2024; Table S2). Finally, we conducted
a Chi-square goodness of fit test to determine the
relationship between the type of landscape for each of
the presence (n=273) and putative absence datasets
(n=922). Further, due to the expected reliance of the
species on rice paddies based on empirical data, we
binary encoded the presence of rice paddies for each
site (Table S2) and tested for a difference between
species occurrence and rice paddies through a third
chi-square test.

Ecological niche modelling

To generate ecological niche models (ENMs) for
P. chosenicus, we initially considered a set of 27
environmental variables, including 19 bioclimatic
variables and elevation data downloaded from the
WorldClim 2.0 database (Fick and Hijmans 2017;
https://www.worldclim.org/), six consensus land cover
variables (cultivated area, forest cover, herbaceous
vegetation cover, open water bodies, shrub cover,
urban areas) and slope data downloaded from
EarthEnv (Tuanmu and Jetz 2014, Amatulli et al. 2018;
http://www.earthenv.org/). The selection of the six
land cover layers is based on the habitat feature
analyses of presence points. All environmental layers
were downloaded as 1-km spatial resolution rasters.
To define the model calibration area (Soberdén and
Peterson 2005), we generated a 50-km radius circular
buffer (~0.45 dd) around each occurrence point using
the ‘BackgroundBuffers’ function of the megaSDM
package (Shipley et al., 2021). We then masked
the environmental layers to the boundaries of the
calibration area using R packages raster (Hijmans 2021)
and rgdal (Bivand et al. 2021) and used the masked
rasters for downstream niche modelling.

We further spatially thinned the initial occurrence
dataset (n = 405) using the thinning distance of
1km. This resulted in a total of 273 occurrence
points used for model calibration. To generate the
background dataset, we implemented a target group
background sampling to account for the differences
in spatial sampling efforts between China, DPR Korea,
and R Korea (Barber et al. 2022). To do so, we first
downloaded all amphibian occurrence points recorded
from within the boundaries of the calibration area from
GBIF via the megaSDM package (no DOI is assigned
to the dataset when extracted through the package).
Then, we converted these points to a density raster
representing the spatial sampling efforts of amphibian
occurrence points within the modelling extent. We
used this raster for spatial bias correction in the model
calibration process.

Using the R package SDMtune (Vignali et al. 2020),
we implemented a data-driven variable selection
approach to select environmental variables with high
importance and low collinearity. First, using 80% of
the occurrence points (n = 218), 8,000 target group
background points, and all 27 environmental variables
masked to the calibration area, we trained a Maximum
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Entropy (MaxEnt) model in default settings and 10
permutations. We used the ‘varlmp’ function to check
the importance of each variable. We then used the
‘reduceVar’ function to generate a reduced-variable
model, applying a percent contribution threshold of
1 and removing variables below this threshold. Next,
we used the ‘varSel’ function on the reduced-variable
model to further remove highly collinear variables. The
threshold for this step was the Spearman’s correlation
coefficient of 0.7. In both steps of variable reduction,
we used the True Skill Statistic (TSS; Allouche et al.
2006) calculated from the testing dataset to compare
the performance of models before and after
variable removal. After this step, the following eight
environmental variables were retained for model
calibration: isothermality (bio3), mean temperature of
wettest quarter (bio8), precipitation of driest month
(bio14), cultivated landscape cover, herbaceous
vegetation cover, open water bodies, urban areas,
and slope.

We optimized the MaxEnt model parameters using
the ENMeval package (version 2.0.0; Kass et al. 2021).
Using the eight selected environmental variables,
all occurrence points, and 10,000 target group
background points as inputs and applying a 10-fold
cross-validation, we tested the combinations of six
MaxEnt feature classes (L, LQ, H, LQH, LQHP, LQHPT)
and regularization multipliers (RM) ranging from 0.5
to 8 at the increment of 0.5. Among the candidate
ENMs output from the ENMeval run, we selected the
optimal model generated with an H feature combined
with a regularization multiplier of 0.5, as this model
had both the highest test AUC (area under the receiver
operating characteristic curve) and the lowest 10%
omission rate (Kass et al. 2021).

Based on the selected optimal model parameters,
we projected the final ENM on a 10-fold cross-validation
using MaxEnt version 3.4.1 via the dismo R package
(Hijmans et al. 2020). We used cloglog output and
used jackknife tests to assess the importance of each
variable. The ENMs were first projected across the
calibration area, and then projected across the entire
study area. We evaluated the final model based on
the following criteria: 1) AUC, 2) TSS (Allouche et al.
2006), using Maximum Test Sensitivity plus Specificity
threshold (=0.4154) for calculation, 3) AUC_ . (difference
between training and validation AUC; Warren and Seifert
2011), 4) comparisons with the known distribution of
P. chosenicus (NIBR 2019), and 5) comparisons with
null models (Bohl et al. 2019, Kass et al. 2021). For
comparisons with null models, we used the ‘ENMnulls’
function of the ENMeval package (Kass et al. 2021) to
simulate 100 iterations of null models with the same
parameterization as the empirical model (H feature with
RM value of 0.5). The AUC, TSS, and comparisons with
null models were used to assess the model’s predictive
abilities, AUC,_ _ was used to assess the degree of model
overfitting, and comparisons with known distributions
were used to visually assess the consistency between
the predicted and actual distributions.

To identify the suitable habitat for P. chosenicus
across our study range, we applied one “liberal”

threshold (= 0.2578; 10-percentile training presence;
P10) and one “strict” threshold (= 0.4154; Maximum
Test Sensitivity plus Specificity; MTSS) to convert the
continuous suitability outputs of ENMs into binary
presence/absence maps. To generate binary maps,
we used the ‘ecospat.binary.model’ function of the
ecospat R package (Di Cola et al. 2017). We used
R version 4.1.0 (R Core Team 2021) for all the analyses.

Results

Species distribution

We documented a total of 1195 independent
datapoints (thinned from the 1674 surveys conducted),
including 394 presence points (273 after thinning;
complemented with 130 datapoints from GBIF
(after thinning) and one datapoint from the museum),
and a total of 1280 putative absence points (922 after
thinning; Fig. 1). In R Korea, we found the species
to be ranging from Buan in the south, along with
two isolated inland populations, and continuously
present from Buan northwards through the continuous
landscape in the lowlands of the nation, interrupted
only by the Chilgap hills and the Seoul-Incheon urban
area. All presence datapoints collected in DPR Korea
were in the lowlands, and the species is expected to
be similarly continuously distributed along the west
coast of the Korean Peninsula until the border with
China. In China, the only presence points recorded
were in the vicinity of Dandong, close to the border
with DPR Korea.

Molecular identifications, phylogenetic relationship,
and haplotype network

Out of the six Pelophylax sampled in Dandong, four
individuals clustered within P. chosenicus (18PcC002-
18PcC005; Figs. 2-4; accession numbers in Table S2,
though note that 18PcC400 did not amplify for all gene
fragments). One of the individuals (18PpC001) did not
belong to the P. chosenicus clade (Figs. 2-4), but based
on the focal gene fragment, it was instead related to
either P. plancyi distributed in central China (see Cytb
tree) or P. nigromaculatus distributed from northeast
to central China (see concatenated trees; Figs. 2 and 3).
The concatenated trees inferred from the 12S and 16S
rRNA fragments recovered four individuals sampled
in Dandong within a polyphyletic clade containing P.
chosenicus, P. nigromaculatus and P. plancyi (890 bp;
n=75; posterior probability (PP) = 88%; Fig. 2). Within
the polyphyletic clade, P. chosenicus was distributed
across the Korean Peninsula and southern Liaoning
Province, here referred to as Eastern Coastal Yellow
Sea, while P. nigromaculatus and P. plancyi were
distributed across the Chinese Mainland (Fig. 2).

The concatenated tree for the three mitochondrial
gene fragments (12S rRNA, 16 rRNA, and Cytb;
1548 bp; n = 70; Fig. 3) provided a better resolution
of the phylogenetic relationships within the genus,
resolving two distinctive clades within P. chosenicus,
one restricted to the Korean Peninsula and southern
Liaoning Province (Clade Il, Eastern Coastal Yellow Sea;
PP = 70%; Fig. 3) and one distributed on the Korean
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Peninsula but also including a P. plancyi individual
from Anhui, China (Clade I; PP = 99%; Fig. 3). Two of
the individuals sampled in Dandong formed a subclade
(PP = 91%; Fig. 3), and all four clustered within the
P. chosenicus clade restricted to the Eastern Coastal
Yellow Sea (PP = 70%; Fig. 3).

The Cytb tree supported the same phylogenetic
clustering, with the five individuals within the
monophyletic P. chosenicus clade distributed on the
Korean Peninsulaand Eastern Coastal Yellow Sea (Clade B;
PP =86%; Fig. 4). The haplotype network for the same
Cytb fragment (658 bp; n = 70) resulted in 80 haplotype
groups with a haplotype diversity of 0.964 (Fig. 4B).
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Figure 2. Phylogenetic tree for Pelophylax individuals sampled in Dandong in relation to sympatric species. Phylogeny
reconstructed using the concatenated 12S rRNA and 16S rRNA gene fragments (890 bp; N = 75). The percentage of posterior
probability is indicated for each node. Individuals are colour-coded only when the species is sympatric with P. chosenicus.
The asterisk symbol (*) represents polyphyletic clade including P. chosenicus, P. nigromaculatus, and P. plancyi.
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Here, the six Pelophylax individuals sampled from
Dandong grouped into three distinct haplotype
groups consisting of: (a) an individual clustered
within the haplotype group 36, sharing ancestry with
P. plancyi from Sichuan and Hunan (n haplotype = 3;
Fig. 4B), (b) two individuals within the P. chosenicus
haplotype group restricted to Dandong (haplotype 57;
n haplotype = 2; Fig. 4B), with shared ancestry with the
P. chosenicus haplotype groups originating from Liaoning
and the Korean Peninsula (haplotype 57; Fig. 4B), and
(c) three individuals clustering with the P. chosenicus
haplotype group restricted to the Korean Peninsula
(haplotype group 59; n haplotype = 12; Fig. 4B).

Agranuiosus_ruimt || Amolops (outgroup)
G.

Landscape features

Based on 273 presence points, the highest number
of occurrences was recorded in agricultural landscapes
(n = 146; cropland and rice paddies combined),
followed by urban areas (n =53), deciduous broadleaf
forests (n=15), open canopy forests (n = 12), vegetation
mosaics (n = 11), mixed forests (n = 9), water bodies
(n =9), evergreen needleleaf forests (n = 5), shrubs
(n=5), deciduous needleleaf forests (n = 4), herbaceous
vegetation (n = 3), and sparse vegetation (n = 1). The
extent of occurrence of P. chosenicus was significantly
different across land cover types (chi-square test;
X% = 406.38; df = 12; p < 0.001; Fig. 5).
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Figure 3. Phylogenetic tree for the Pelophylax chosenicus individuals sampled in Dandong in relation to sympatric and
congeneric species from the Eastern Palearctic. Phylogeny reconstructed using 1548 bp concatenated 16S rRNA, 12 rRNA,
and Cytb gene fragments (n = 70). The percentage of the posterior probability is indicated for each node, and the individuals
newly sampled in this study are highlighted in dark blue. P. chosenicus clades are in yellow.
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Figure 4. Phylogenetic relationships and haplotype network inferred from the Cytb gene fragment for Pelophylax chosenicus
individuals sampled in Dandong and their sympatric and congeneric species from the Eastern Palearctic. (A) Phylogenetic
tree reconstructed using 648 bp from the Cytb gene fragment (n = 170). The percentage of the posterior probability
is indicated for each node, and the individuals sampled in Dandong are highlighted in dark blue and marked with an
asterisk (*). (B) Haplotype network based on the same Cytb fragment (n = 170) together with the selected outgroup
taxa. The colours used to code the haplotypes match the colours used for the phylogenetic tree. Hatch marks between
two haplotypes indicate mutation events. Solid black circles indicate missing haplotypes. The size of haplotype groups is
standardized to the scale provided in the network. (C) Distribution map with the sampling locations and ranges based on
the IUCN Red List of Threatened Species for all selected species. All colours match with the clades and haplotype groups.
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For the 922 putative absence points (after thinning),
the highest number of absence points was recorded
in agricultural landscapes (n = 467), followed by
deciduous broadleaf forest (n = 111), vegetation mosaics
(n = 76), urban areas (n = 76), open canopy forests
(n = 60), mixed forests (n = 40), shrubs (n = 25), water
bodies (n = 21), evergreen broadleaf forests (n = 14),
herbaceous vegetation (n = 12), evergreen needleleaf
forests (n=10), deciduous needleleaf forests (n = 8), and
sparse vegetation (n = 2). The area of putative absence
points was significantly different across land cover types
(x? = 1237.4; df = 13; p < 0.001; Fig. 5).

Finally, we found that 70 out of the 273 presence
points (25.67%) were located in rice paddies, while
198 out of the 922 putative absence points (21.47%)
were located in rice paddies, a significant difference
between the presence and putative absence points
(x2 = 343.83; df = 1; p < 0.001).

Ecological niche modelling

The two statistical evaluation metrics indicated
high predictive performance of the final ENM
(AUC = 0.820 + 0.027 SD; TSS = 0.553 + 0.008 SD),
while the AUC__ value (= 0.023) indicated low model
overfitting. In addition, the comparisons of test AUC
scores with 100 null ENMs indicated a significantly
higher predictive performance of the empirical models
(Mann-Whitney U-test: W = 4800; p < 0.001; Fig. 6).
Furthermore, the plotted continuous habitat suitability
model and binary presence/absence maps generated
from both P10 (“liberal”) and MTSS (“strict”) thresholds
were consistent with the known distribution of
P. chosenicus across the Korean Peninsula (NIBR 2019).
Therefore, we considered the final ENM to be suitable as
a representation of habitat suitability for P. chosenicus
across the geographical extent of our study.

Based on percent contribution, isothermality (bio3)
had the highest contribution to the model, followed
by slope, precipitation of driest month (bio14), mean
temperature of wettest quarter (bio8), cultivated
landscape cover, urban landscape cover, herbaceous
vegetation cover, and the cover of open water
bodies (Table 1). Based on permutation importance,
isothermality (bio3) had the highest contribution,
followed by precipitation of driest month (bio14),

mean temperature of wettest quarter (bio8), cultivated
landscape cover, slope, herbaceous vegetation cover,
the cover of open water bodies, and urban landscape
cover (Table 1). According to the response curves, the
suitable habitats for P. chosenicus across our study
area were characterized by isothermality between
22 and 28, mean temperature of wettest quarter above
22°C, precipitation of driest months above 25mm,
slope below approximately 15°, cultivated landscape
cover greater than 40%, herbaceous vegetation
cover approximately below 52%, cover of open water
bodies greater than 20%, and cover of urban areas
approximately below 85% (Fig. 7).

Both continuous and binary MaxEnt outputs
showed areas of high habitat suitability across the
western coast of the Korean Peninsula, in agreement
with previous model-based range predictions for the
species (Borzée et al. 2021). The areas of suitable
habitat predicted by the ENM were highly consistent
with the known distribution across R Korea (NIBR 2019;
Fig. 8; Fig. 9), and the expected distribution in DPR
Korea and China (Borzée 2024). Our ENM predictions
showed that the narrow areas of highly suitable habitat
along the western coast of the Korean Peninsula
continued into the southern coastal regions of Dandong
in Liaoning Province, China (Fig. 8). Across central
Liaoning Province, there was another broad area of
predicted suitable habitat continuing into northern Jilin
Province. Both P10 (“liberal”) and the MTSS (“strict”)
thresholds consistently predicted such patterns of
suitable habitats, while the former tended to predict
broader areas to be suitable for P. chosenicus (Fig. 9).

Discussion

Here we report the presence of Pelophylax chosenicus
in China, identified through phylogenetic and haplotype
analyses, highlighting the continuity of the population
with P. chosenicus on the Korean Peninsula (Figs. 2-4).
We also clarify the divergence within P. chosenicus
(Min et al. 2008), segregated into two distinctive clades
(Cladeland Aand Il and B; in Figs. 3 and 4 respectively),
with our samples clustering within the clade
ranging on the Korean Peninsula and further north
along the Eastern Coastal Yellow Sea (Clade B; Fig. 4).

Table 1. Percent contribution and permutation importance of environmental variables used to predict current habitat
suitability of Pelophylax chosenicus. Based on 273 occurrence points compiled from survey results and the Global

Biodiversity Information Facility (GBIF; data in Table S1).

Variable Percent contribution Permutation importance
Isothermality (bio3) 33.3 46.2
Slope 31.9 2.0
Precipitation of driest month (bio14) 20.5 23.1
Mean temperature of wettest quarter (bio8) 7.1 22.7
Cultivated landscape 3.8 5.1
Urban landscape 2.3 0.2
Herbaceous vegetation 0.7 0.3
Open water bodies 0.5 0.3
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Figure 5. Landscape characteristics at presence (n = 273) and putative absence (n = 922) sites for Pelophylax chosenicus.
The distribution of presence and putative absence sites were significantly different across land cover types (chi-square
tests; p < 0.001). For both presence and absence datasets, agricultural landscapes (croplands and rice paddies combined)
account for the highest recorded frequency among landscape types, but the frequency of rice paddies is significantly
different between presence and putative absence sites (chi-square test; p < 0.001).

In addition, our samples assigned to P. chosenicus
clustered with individuals assigned to P. plancyi ranging
across the North Eastern Coastal Yellow Sea (Beijing,
Shandong), and the Yangtze Basin. Furthermore, the
clade assigned to P. plancyi (P. plancyi Il; Fig. 4) is more
closely related to P. chosenicus, and re-assigning the
samples from this clade to P. chosenicus would remove
the polyphyly within P. chosenicus, and result in a clear
boundary between the two species. This taxonomic
update would result in P. chosenicus distributed
around the Yellow Sea, but not south of the Shandong
Peninsula and thus not including the type locality of P.
plancyi. In contrast, P. plancyi would be ranging further
south, from the northern boundaries of the Yangtze
Basin, and thus segregating the two clades along river
basins already known to have shaped phylogenetic
patterns in ranids (Shen et al. 2022).

Clade diversity but a single colonisation of the
Korean Peninsula

The phylogeny and haplotype network based on the
Cytb fragment also demonstrated a high divergence
within P. nigromaculatus, P. plancyi and P. hubeiensis,
resulting in polyphyletic and multiple intra-specific
clades, in opposition to the strongly structured
clades of P. mongolius and P. fukienensis (Fig. 4).
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Figure 6. The distribution of test AUC values between
the empirical MaxEnt models of Pelophylax chosenicus
(n = 48) and null models (n = 100). The empirical models
have significantly higher test AUC values compared to the
null models (Mann-Whitney U-test: W = 4800; p < 0.001).
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Figure 7. Response curves of Pelophylax chosenicus to environmental variables used in ecological niche modelling. See
Table 1 for the contribution value of each variable. Based on 273 occurrence points compiled from survey results and the
Global Biodiversity Information Facility (GBIF; data in Table S1).

This pattern was most likely induced by widespread
secondary contacts in multiple refugia (Zhang et al.
2008; Fig. 4), and the blurring of genetic boundaries by
the trade of the genus (Wang et al. 2016; Wang et al.
2017), making phylogenetic relationships difficult to
interpret. Our results for P. nigromaculatus recovered
the demonstrated clade divergence (Komaki et al.
2015) here associating “reinhardtii” with the lineage
on continental Asia (Peters 1867) and “nigromaculatus”
with the lineage in Japan (Hallowell 1861 “1860”). In
contrast, P. hubeiensis predominantly ranges within
the central Yangtze Basin (Hubei; Clade Il; Fig. 3 and 4),
but the polyphyletic nature of the species hints at the
need for further studies.

However, we did not recover any paraphyly within
the focal P. chosenicus clade and, presumably, the
multiple secondary contacts were not as prominent
for this species due to its distribution on the
Eastern Coastal Yellow Sea. The divergence within
P. chosenicus may be the result of a single colonisation
of the Korean Peninsula, similarly to other northeast
Asian anurans that colonised the northern latitudes
before becoming isolated on the Korean Peninsula
(e.g. Bufo stejnegeri; Fong et al. 2020).

Suitability of habitats for the species in northeast Asia

Suitability
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Figure 8. MaxEnt habitat suitability model for Pelophylax
chosenicus based on eight environmental variables
and 273 occurrence points (AUC = 0.820 + 0.027 SD;
TSS=0.553+0.008 SD; AUC, .. = 0.023). The model was first
trained on the calibration area (circular polygon) and then
projected across the entire study extent encompassing the
Korean Peninsula and Jilin and Liaoning provinces in China.
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We identified suitable habitats throughout eastern
DPR Korea using ENMs and we confirm the presence
of two inland populations in R Korea, one south of
Daegu and the other in the vicinity of Hapcheon.
The southernmost population reported in Buan,
R Korea, may not be the southernmost one, based
on the modelling results, as suitable habitat is found
further south than the southernmost confirmed
presence. However, the current known distribution
is not entirely unexpected as it generally matches
with the southern distribution boundary of the
Korean endemic Dryophytes flaviventris (Borzée et al.
2020b). The presence of the two inland populations
in R Korea is also in agreement with the modelling
results and confirms the likely presence of other inland
populations throughout the Korean Peninsula. The
additional datapoint in Shenyang, Liaoning Province,
China, published during the review process of this
manuscript demonstrates the validity of our results
(zhou et al. 2022a; Fig. 1).

Our modelling results predict the presence of the
species in the plains west of the Bohai Bay, and further
surveys in the area are needed, although the species
would have to have dispersed across a landscape that
is a range delineation boundary for other species,
such as Rana huanrenensis (IUCN SSC Amphibian

Specialist Group 2019). This type of movement is
however notimpossible as dispersal across the Yellow
Sea has happened in some species, including Rana
coreana (Borzée 2024). Both surveys and modelling
results support the absence of P. chosenicus on the
east coast of the Korean Peninsula and further north,
in line with the data already published (NIBR 2019,
Borzée 2024) and available through the citizen science
platform iNaturalist (https://www.inaturalist.org/
observations?place_id=any&subview=map&taxon_
id=66318), a credible platform for amphibian species
identification (Borzée et al. 2019c). Further surveys in
eastern Korea, Jilin Province in China, and the Russian
Primorye are thus unlikely to detect the presence of
the species, but additional surveys are needed in Jeolla
Province in R Korea, along the whole west coast of DPR
Korea, and in all the lowlands of Liaoning in China.
In terms of landscape use, P. chosenicus was found
to be significantly more often present in croplands,
deciduous broadleaf forests, and urban areas. It is
important to understand the link between the drivers
of settlement for historical human populations, their
transformation into the current urban area, and the
match with the lowlands used by species, similar
to Dryophytes suweonensis (Borzée et al. 2017c)
but also amphibians in general (Small and Cohen
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Figure 9. Binary presence/absence maps for Pelophylax chosenicus. Generated from MaxEnt model outputs by applying
one “liberal” threshold (= 0.2578; 10 percentile training presence; P10) and one “strict” threshold (= 0.4154; Maximum
Test Sensitivity plus Specificity; MTSS). While both thresholds generally predicted similar areas of presence both within
the calibration area (circular polygon) and across the entire study area, the more liberal P10 threshold predicted broader
areas of presence. The four areas on the two maps delineated by administrative boundaries are (from the north west):
Liaoning and lJilin Provinces in China, DPR Korea and R Korea.
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2004), and the connection with high biodiversity
(Dambrine et al. 2007). The sites with putative absence
were generally agricultural landscapes, followed by
deciduous broadleaf forests, vegetation mosaics, and
urban areas. The overlap in the landscape features
where the species was found and putatively absent is
representative of the broad scale of the sampling effort,
within and outside of the range of the species, and
highlights that landscape variables are not limiting the
distribution of the species. In contrast, the distribution
of P. chosenicus is likely restricted by other variables
such as elevation or climate, similar to other anuran
species (Otto et al. 2007). The significant difference
in presence and putative absence in relation to rice
paddies is important as the species relies on this
type of landscape for its survival, as expected due to
the high rate of conversion of natural wetlands into
agricultural wetlands in R Korea (Lee and Miller-Rushing
2014, Park et al. 2021b, Borzée et al. 2019a), but it
also relies on other types of landscapes, and even
wetlands in urban areas (Sung et al. 2007, Ra et al.
2008b, Ra et al. 2010).

In general, our modelling results were well
supported, and the empirical models were better
supported than the null models, highlighting the
validity of our results. In addition, the two binary
thresholds used did not show extensive variations in the
predicted suitable habitat for the species. Isothermality
was the most important variable, representative of
daily temperature fluctuations in comparison with
yearly variations, and highlighting that the range of
the species was not determined by landscape use
only, similarly to the Chinese giant salamander as its
range is also restricted by isothermality (Zhang et al.
2020). Slope was the second most important variable
(<15°) for habitat suitability, generally matching
with lowlands in our focal landscape, a variable
also associated with the occurrence of the syntopic
D. suweonensis and D. flaviventris (Borzée et al.
2020b), and also associated with the Chinese giant
salamander (Zhang et al. 2020). Next in the list of
important variables was the precipitation of the
driest month, with habitat suitability being associated
with rain regimes matching with light rain (> 25mm),
followed by a mean temperature of the wettest quarter
(>22°C), matching with relatively high temperature
for temperate areas, and the breeding season of the
species (Seo et al. 2014). Finally, vegetation cover
with cultivated landscape over > 40%, herbaceous
vegetation cover approximately below 52% and
cover of urban areas approximately below 85% were
related to habitat suitability. These last variables also
highlight that while the species can live in agricultural
wetlands, likely due to their ancestral presence in
habitats being transformed, they are also present in
other areas. The strong overlap with urban areas could
be related to the ability of the species to cope with
development, although it is more likely related to the
expectation that P. chosenicus can be relatively long
lived (15 years for the closely related P. nigromaculatus,
Kashiwagi et al. 2005), in connection with the fact
that urban development in R Korea is relarively recent

(Lee and Miller-Rushing 2014, Lee et al. 2018); and that
individuals in urban areas are remnant populations
as the species is sensitive to pollution (Byeon 2010,
Borzée et al. 2018c).

Understanding the distribution and landscapes for the
conservation of species

While our results can be seen in a positive light as
we define a broader range than previously known for
P. chosenicus, these are not genuine improvements in
the status of the species, but additional information
on a species that is listed as Vulnerable and
decreasing in the IUCN Red List of Threatened Species
(IUCN SSC Amphibian Specialist Group 2021). The
species faces multiple threats (Cheong et al. 2009, Ra
and Park 2011, Ra et al. 2016), but habitat loss remains
the main pressure as most low elevation wetlands have
been converted to rice agriculture, and are now being
transformed into dry agriculture or for the production
of other manufactured goods for economic reasons
(e.g. in the boundaries of Seoul; Park et al. 2021b).
However, the threats need to be better understood as
the species is not strictly bound to rice paddies, unlike
other threatened species in the same landscape (NIBR
2019), but it is sensitive to agrochemical pollution
(Borzée et al. 2018c). In addition, the species is under
threat due to climate change both because of the shift
in climate for current natural habitats (Gerick et al.
2014, Kim et al. 2021), but also because of the delay
in the flooding of rice paddies where the species
breeds in agricultural wetlands (Chuang et al. 2018).
It is important to note that conservation efforts are
ongoing in R Korea, with a translocation program
initiated by the National Institute of Ecology of Korea
(Park et al. 2021a), and several conservation plans
and recommendations available (Yang and Koo 2016,
Raetal. 2019, Yoo et al. 2019). In addition, the species
is not likely to be threatened in DPR Korea (Borzée et al.
2021). Further surveys are needed in China to better
understand the distribution of the species, and the
threats to it within this part of the range.
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