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Abstract: Black-spotted pond frogs (Pelophylax nigromaculatus), widely distributed in East Asia,
can be suitably used for the study of population genetic patterns and ecosystem monitoring. To
systematically manage, conserve, and study this species, it is necessary to understand its habitat
range. We analyzed the genetic and morphological range of black-spotted pond frog populations
within a watershed of the Geum River, one of the main rivers in South Korea. We genotyped the frogs
based on seven microsatellite loci and defined the skull shape based on landmark-based geometric
morphometrics. One watershed area was divided into 14 sub-watershed areas, the smallest unit of
the Geum River basin. The genetic structure of frogs among the 14 sub-watershed areas did not differ
significantly, nor was correlated with geographic distance. Therefore, frogs within these watershed
areas constitute a single population. Morphologically, they differed between some sub-watershed
areas, but morphological distance did not correlate with genetic distance but rather with geographic
distance. This morphological change differs depending on the environmental gradient rather than
the genetic structure. As a single population, frogs in this watershed area need to be managed in an
integrated way. We suggest that the identification of response and adaptation by population genetics
must be compared across and beyond the watershed range.

Keywords: black-spotted pond frog; management and study; morphological difference; population
genetic range; watershed area

1. Introduction

Black-spotted pond frogs (Pelophylax nigromaculatus) are a common species and one
of the easiest frogs to study in East Asia (Korea, Japan, China, and Russia) [1]. This
frog is considered a suitable model species for genetic and ecological studies because
they have low mobility and high philopatry between habitats and breeding sites, easily
breeding in the laboratory and easy to sample in the field, and have high responsiveness
to environmental factors in various types of habitats [2-8]. Therefore, black-spotted pond
frogs have been used to understand genetic and ecological phenomena caused by various
stressors, habitat conditions, and temporal change [5,6,9-11]. However, systematic studies
on conservation and management have been carried out for endangered species such as the
Suweon treefrog (Hyla suweonensis), the gold-spotted pond frog (Pelophylax chosenicus), and
the narrow-mouth frog (Kaloula borealis) in South Korea, but not for the black-spotted pond
frog. Although the focus of conservation biology has been on endangered species [12-14],
the management and conservation of common species should not be neglected. Common
species are equally susceptible to population decline or local extinction [15-17]. They may
also have important ecological and functional roles over a wider spatiotemporal range
than endangered species that exist in limited habitats and occur less frequently [17-19].
Common species can be important indicators for conservation and management roles
because they have a wide geographic distribution and can inhabit diverse environmental
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conditions [20,21]. Black-spotted pond frogs also have ecological, functional, and indicator
significance, and thus, for their conservation and management, it is necessary to confirm
their population range and define their spatiotemporal habitat.

Whether ecologically or genetically, identifying the range of a population can delineate
its management unit [22]. Additionally, it helps manage populations more systematically by
determining important or threatened habitats and extracting information about factors that
connect or disconnect habitats [23,24]. The population range can be genetically inferred
by analyzing genetic structure and diversity and gene flow [25-28]. Although many
methods exist for analyzing population genetic patterns, microsatellite methods have
high reproducibility compared to other analyses and are suitable for identifying fine-scale
population structures [29,30]. Additionally, it is possible to identify the ecological traits
or adaptations in habitats according to the population range by checking phenotypic
differences according to these genetic structures. For instance, the skull is associated with
feeding biology, predator defense, locomotory performance, and microhabitat use [31-34].
It also changes early in life history due to various factors that may control the timing of
metamorphosis [35-37].

We determined the population structure of black-spotted pond frogs in the watershed
area of the main river basin in South Korea and identified morphological differences ac-
cording to genetic structure. Freshwater wetland ecosystems can be managed based on the
watershed area, but this management range needs to be different for each taxon or trait of
an organism. For some species, large or small streams connect habitats, whereas for other
species, streams disconnect habitats [38—41]. Additionally, populations may be divided or
unified according to the geographical structure associated with rivers, the history of rivers
and inhabiting species, and the composition of the biogeographic area [11,25,27,42,43]. The
hydrologic unit map is considered the basic hydrological system related to water cycles.
The geographic range of the catchment area is set by identifying the confluence from the
main stream of the river. In South Korea, these ranges are used as standard boundaries
for use of water resources among water-related institutions and are considered as units of
administration, conservation, and management. The largest unit, the watershed area of
main rivers, is set around the natural independent river formed along the mountain range,
and this area is divided into several watershed area, the outlet points where the natural
streams join. Finally, each watershed area can be divided into sub-watershed areas, the
smallest watershed units. Previously, we reported the genetic diversity and population
genetic structure of black-spotted pond frogs in four main rivers [43]. However, no study
has systematically analyzed the population structure by subdividing this watershed. The
systematic analysis of population structure allows us to determine what stream or water-
shed size can genetically and morphologically separate populations of this species. It also
helps to identify whether the genetic flow also changes with stream flow from upstream to
downstream within the watershed area. Therefore, we confirmed the population genetic
structure of black-spotted pond frogs in sub-watershed areas and identified morphological
variations of the skull.

2. Materials and Methods
2.1. Field Investigation

We selected 14 sub-watershed areas from the Geum River Basin, which is one of the
largest rivers in South Korea (Figure 1). Each sub-watershed area consisted of five collection
sites. Adult male frogs were collected during their breeding season from May to July 2020.
Three frogs were collected from each site resulting in a total of two hundred and ten frogs.
The collected frogs were euthanized by pithing and stored in 70% ethanol. Muscle samples
from the femur were collected, and skeletal morphology was analyzed using X-ray. All
procedures of animal collection, experimentation, euthanasia, storage, and disposal were
performed in accordance with the regulations and with the approval of the Experimental
Animal Ethics Committee of Kongju National University (KNU_2019-01).
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Figure 1. A total of 210 black-spotted pond frogs (P. nigromaculatus) were sampled from 70 sampling
sites in 14 sub-watershed areas along the Geum river in South Korea. Black lines represent the
boundaries of the sub-watershed areas. Blue lines indicate the tributaries and main rivers, and red
points indicate the sampling sites.

2.2. DNA Extraction and Microsatellite Genotyping

Femur muscles were collected from 210 frogs to extract genomic DNA (gDNA). Total
gDNA was extracted using DNeasy Blood and Tissue kits (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The concentration and quality of gDNA
in frogs were measured using a NanoDrop 2000 (Thermo Fisher Scientific, Wilmington,
DE, USA). The measured gDNA was diluted to a concentration of 10-25 ng/uL. Seven
polymorphic microsatellite loci were amplified using primers (Rnh-1, Rnh-2, Rnh-3, Rnh-4,
Rnh-6, Rnh-10, and Rnh-12) and the protocol from a previous study [4]. We visualized
the amplicons using a Seq-Studio Genetic Analyzer (Thermo Fisher-Applied Bio-systems,
Foster City, CA, USA) and evaluated the dataset for genotype errors and the presence
of null alleles using the GeneMapper version 6.1 (Thermo Fisher-Applied Bio-systems,
Foster City, CA, USA).

2.3. Analysis of the Genetic Diversity and Population Structure

The genetic diversity and population structure of 210 P. nigromaculatus individuals
were identified using the genotype dataset. The deviations of the Hardy-Weinberg equilib-
rium (HWE) and linkage disequilibrium (LD) of seven microsatellite loci were assessed
using GENEPOP version 4.7 [44]. We did not detect null alleles, significant deviations
from HWE, or evidence of LD at the seven loci. Additionally, seven loci were sufficient to
establish population differentiation in 210 frogs (Figure 2).

The mean number of alleles (N ), effective number of alleles (Ng), observed (Hp), and
expected (Hg) heterozygosity, Shannon’s information index (I), molecular diversity (h), and
inbreeding coefficient relative to the subpopulation (Fjs) were calculated for all populations
using GenAlEx version 6.5 add in Microsoft Excel [45] and Arlequin version 3.5 [46]. We
selected I, h, and Fis to compare the genetic diversity of frogs in the 14 sub-watershed areas.
Paired population differentiation (paired Fsr) and p-values obtained by Arlequin version 3.5
were used to compare the genetic distance among populations of 14 sub-watershed areas.
Nei’s genetic distance obtained by GenAlEx version 6.5 was used to create a hierarchical
tree (unweighted pair group method with an arithmetic mean, UPGMA) in using the three
software packages [47].
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Figure 2. The number of multilocus genotypes (MLG) based on the number of combined loci from
210 black-spotted pond frogs. When we included six or more loci, the 207 individuals could be
separated with a 100% accuracy. The central square dot indicates the mean value, the central line
indicates the median value, the bottom box indicates the 25th percentile value, the top box indicates
the 75th percentile value, the bottom and top of line indicate the range within 1.5 interquartile, and
the circles indicate the outlier.

Bayesian clustering algorithms were used to identify the population genetic structure
of frogs among 14 sub-watershed areas using STRUCTURE version 2.3.4 [48]. STRUCTURE
analysis, an admixture model, confirms whether individual i has inherited a portion of its
genetic material from ancestors in population k. One hundred thousand simulations were
included in each analysis after an initial burn-in of 100,000 simulations. The STRUCTURE
Harvester [49] estimated the best K value in the range of 1 to 14 possible clusters with
three independent runs each. This was based on the second-order rate of change in the
log probability of the data between successive values of K. We used the AK method [50]
to identify the best-supported K value, which was determined based on the K value with
the highest change ratio in the posterior probabilities of the two sequential K values. The
STRUCTURE harvester showed that the most suitable K for dividing 14 populations was
two (Figure 3).

4 DeltaK = mean(|L"(K)|) / sd(L(K))

Delta K

Figure 3. Best K value determination using the STRUCTURE harvester. One hundred thousand
simulations after burn-in of 100,000 simulations were performed for the AK (delta K) method. Three
independent runs in the range of 2 to 14 possible clusters were obtained by the simulations. The
highest delta K value was achieved with a K of 2.
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Discriminant analysis of principal components (DAPC) was used to compare the
genetic structure of frogs. This multivariate clustering method used in the ‘adegenet’ R
package [51]. Principal component analysis (PCA) was performed to reduce the dimension
of genetic variation in DAPC. The linear combination of correlated alleles in the linear
discriminant analysis was then produced using principal components.

2.4. Bone Image Tomography

To analyze skull morphology, we performed X-ray tomography as previously de-
scribed [52,53]. We obtained skeletal images using fixed frog specimens in the same
position. A Styrofoam plate was fixed at the bottom of a plastic box containing 70% ethanol.
The frogs were placed on top and fixed with pins. The pins were not directly pierced
through the frogs. After three days, the frogs were completely fixed, labeled, and stored in
a separate bottle. A dual-energy X-ray absorptiometer (DEXA; Medikors InAlyzer, Seong-
Nam, Republic of Korea), at the Korea Basic Science Institute (Gwangju, Korea), was used
to obtain the skeleton images, which were then used to analyze the skull shapes.

2.5. Comparison of Skull Shapes

The skull shape was analyzed using landmark-based geometric morphometrics. We
used the TpsDig software [54] to digitize and designate eight landmark points in the skull
(Figure 4) according to a previous study performed on the same species [6,34]: (1) the
posterior tip of the premaxilla, (2) the left tip of the maxilla, (3) the anterior tip of the
sphenethmoid, (4) the right tip of the maxilla, (5) the left tip of the quadrate, (6) the
right tip of the quadrate, (7) the left posterior tip of the prootic, and (8) the posterior
right tip of the prootic. The digitized landmark coordinates were converted into Procrustes
coordinates using the Morpho ] software (version 1.07a, Manchester, UK). Canonical variate
analysis (CVA) was used to compare differences in skull shape among frogs. The Procrustes
distance and significance of differences in skull shape between frogs were obtained after
1000 permutation rounds in CVA. The contribution was calculated from each canonical
variate (CV). The differences in skull shapes were visualized using a rectangular grid with
landmark vectors and a wireframe graph of CV1 and CV2.

Figure 4. X-ray body image of a black-spotted pond frog obtained by a dual-energy X-ray absorp-
tiometry (DEXA). Eight landmark points characterize the skull shape: (1) the posterior tip of the
premaxilla, (2) the left tip of the maxilla, (3) the anterior tip of the sphenethmoid, (4) the right tip of
the maxilla, (5) the left tip of the quadrate, (6) the right tip of the quadrate, (7) the posterior left tip of
the prootic, and (8) the posterior right tip of the prootic.
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2.6. Correlation Analysis of Genetic, Morphological, and Geographic Distance among 70 Collecting Sites

The paired Fst among 70 collection sites in 14 sub-watershed areas were obtained
using Arlequin version 3.5. Procrustes distances among 70 collection sites were obtained
using the Morpho ] software (version 1.07a, Manchester, UK). Geographic distances among
70 collection sites were computed to find evidence of genetic and morphological separation
by geographic isolation. The matrix of geographic distance was obtained by calculating
the distance between the geographic coordinates of collection sites from the ‘geodist’ R
package [55]. These three-matrix data (genetic, morphological, and geographic distance)
were used to analyze the correlation using the Mantel test (number of permutations 999)
with the “vegan’ R package [56].

3. Results
3.1. Comparison of Genetic Diversity and Population Genetic Structure

The overall Shannon’s information index (I) of the 210 frogs was 0.428 (0.377-0.524), the
overall molecular diversity (h) was 0.442 (0.390-0.541), and the overall inbreeding coefficient
relative to the subpopulation (Fis) was 0.170 (—0.029-0.415). The genetic diversity of the
GW12 population was highest in I and h and lowest in the GW7 population (Table 1).
Except for four populations (GW12, GW10, GW14, and GW5), the genetic diversity was
lower in most populations compared to the overall population. Most populations had a
positive Fig value, whereas only the GW4 population had a negative Fig value.

Table 1. Genetic diversity of black-spotted pond frogs (P. nigromaculatus) from 14 sub-watershed
areas based on seven microsatellite loci: Shannon’s information index (I), molecular diversity (h),
inbreeding coefficient relative to the population.

Basin N I h Fig
GW1 15 0.386 0.399 0.329
GW2 15 0.392 0.405 0.079
GW3 15 0.404 0.418 0.051
GW4 15 0.408 0.422 —0.029
GW5 15 0.448 0.463 0.343
GW6 15 0.414 0.428 0.119
GW7 15 0.377 0.390 0.026
GWS8 15 0.440 0.455 0.415
GW9 15 0.405 0.419 0.168
GW10 15 0.444 0.459 0.057
GW11 15 0.420 0.434 0.103
GW12 15 0.524 0.541 0.272
GW13 15 0.427 0.441 0.179
GW14 15 0.500 0.517 0.271
Mean of total 0.428 0.442 0.170

The hierarchical tree (UPGMA) of the Nei’s genetic distance separated the population
of the 14 sub-watershed areas into two major groups (Figure 5a), consistent with the results
of the STRUCTURE harvester. However, the STRUCTURE analysis revealed that the genetic
structure of frogs was similar among 14 sub-watershed areas (Figure 5b). The 210 frogs
were grouped into the same K-cluster, indicating that genetically, all frogs belonged to the
same population.

The DAPC and STRUCTURE analysis showed that all frogs belonged to the same
genetic population. Discriminant function 1 (DF1) explained 21.78% and DF2 16.76% of the
total genetic variation. On the DF1 axis, the GW12 and GW11 populations were separated
from the other populations. In contrast, on the DF2 axis, not all populations were separated
by genetic variation (Figure 6a). Finally, the fine-scale genetic structure was revealed using
100% of the explanatory power. None of the discriminant functions were detected in the
genetic difference of frogs from 14 sub-watershed areas (Figure 6b).
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Figure 5. Genetic distance and population genetic structure of 210 black-spotted pond frogs from 14

sub-watershed areas: (a) unweighted pair group method with arithmetic mean (UPGMA) tree with

Euclidean distance; (b) population genetic structure provided by STRUCTURE analysis.
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Figure 6. Population genetic structure based on discriminant analysis of principal components
(DAPC): (a) scatter plot based on two major discriminant functions (DF). DF1 explained 21.78% of
the genetic variation in black-spotted pond frogs, while DF2 explained 16.76%. Each node represents

the genotype of frogs connected to a centroid assigned based on the clustering of the DAPC scores;

(b) membership probability of DF determined that the sampled frogs were optimally clustered into

14 sub-watershed areas.
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Based on paired Fst, the GW11 population was genetically significantly distant from
the eight populations (GW3, GW4, GW6, GW7, GW9, GW10, GW13, and GW14), indicating
that it was the most genetically distant group (Figure 7). Additionally, GW4 and GW14
were genetically significantly distant from the four groups, although no specific pattern
was found.

GW1 GW2 GW3 GW4 GWS5 GW6E GW7 GW8 GWI9 GW10 GW11 GW12 GW13 GW14 FST
L
owt 0.050
GW2 —
GW3 0.036
GW4
GW5 —
0.022
GW6E
GWT7 —
L 0.009
GW8 —
GW9
GWio - -0.005
GW11
Gw12 — L -0.019
GW13 | . p <005
w0 mem 0 o

Figure 7. A heatmap showing paired Fsr values among frogs from 14 sub-watershed areas. The blue
boxes indicate paired Fsr values. Dark gray colored boxes indicate the significant difference of Fs
between two group, whereas light gray colored boxes indicate the non-significant difference of Fs
between two groups.

3.2. Differences in the Skeletal Shape of the Skull

Two major morphological variations were identified using CVA. Canonical variate 1 (CV1)
and CV2 explained 29.41% and 23.70% of the morphological variation, respectively, in
210 frogs from 14 populations. A higher CV1 value indicated a narrower and longer skull,
while a higher CV2 values indicated a broader and shorter skull (Figure 8). Procrustes
distance and significance of CVA distance showed that some populations were separated
from the other groups (Figure 9). However, a relationship similar to the genetic segregation
pattern was not observed.

3.3. Relationship between Geographic, Genetic, and Morphological Distances

Based on the geographical distances among the 70 collection sites, the Mantel test
revealed no significant (p > 0.05) genetic isolation (Figure 10). Moreover, genetic distance
did not correlate with morphological distance (p > 0.05), but morphological distance and
geographic distance were strongly correlated (Mantel statistic, r = 0.160, p < 0.05).
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Figure 8. The skull shape variation among frogs collected from 14 sub-watershed areas determined
by performing canonical variate analysis (CVA). The scatterplot consists of two major canonical
variates (CV). CV1 and CV2 explained 29.41% and 23.70% morphological variation, respectively in
frogs from 14 sub-watershed areas. Circles in the deformation grids and the black wireframe graphs
indicate the skeletal shape of the individuals with the lowest CV values. Sticks in the deformation
grids and the gray wireframe graphs indicate the change of skeletal shape with increasing CV value.

GW1 GW2 GW3 GW4 GWS5 GW6 GW7 GWS GW9 GW10GW116W126W13GW14  Procrustes distance

owt | | 0.0980
GW2
GW3 - 0.0784
GWw4
Gws _|
- 0.0588
GW6 —|
GW7
1 0.0392
GWS
GW9 |
GW10 | -0.0196
GwW11
ez - 0.0000
ew13 - . p<0.05
w14 [] p>o00s

Figure 9. A heatmap showing Procrustes distance among frogs obtained from 14 sub-watershed areas.
The green boxes indicate Procrustes distance values. Dark gray colored boxes indicate significant
difference of Procrustes distance from CVA between two groups, whereas light gray colored boxes
indicate the non-significant difference of Procrustes distance from CVA between two groups.
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r=0.160, p=0.002
r=-0.003, p=0.529 r=0.058, p=0.238
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Figure 10. The relationship between the geographic, genetic, and morphological distance of
70 sampling sites in 14 sub-watershed areas. The geographic distance (Geo, in orange), paired popu-
lation differentiation (paired Fgr, in blue), and the Procrustes distance (Morph, in green) are shown.

4. Discussion

South Korea’s main rivers include the Geum, Han, Yeongsan, and Nakdong Rivers.
These river basins are divided into several watersheds. It was confirmed that the black-
spotted pond frogs were genetically distant along the main river basin [43]. We focused
on the sub-watershed area that comprises the watershed area from one of the main rivers,
the Geum River, and identified the population genetic structure in the smallest watershed
unit. The results of Bayesian and multivariate clustering analyses showed that the black-
spotted pond frogs inhabiting 14 sub-watershed areas in the Geum River genetically belong
to the same population. However, populations inhabiting isolated sites or those with
different habitat traits may be partially separated. Some populations showed high or
low genetic diversity and differentiation of genetic structures in Fgt and genetic diversity.
Since we only wanted to determine whether the frogs were genetically divided within
this watershed area, we do not know about differences depending on specific factors
revealed from previous studies, such as isolation of habitats, biophysical connectivity, or
landscape features [11,57,58]. The genetic segregation of black-spotted frogs in the four
main river basins can be explained by geographic distances, large mountain ranges, and
habitat differences [43,59]. In contrast, the Geum River watershed area targeted in our
study is a single territory [42]. It is also geographically restricted, so the black-spotted pond
frogs inhabiting this area belongs to a single population. Because of these results, it was not
possible to predict or identify any impact on genetic flow by upstream and downstream, or
on genetic isolation by the size or scale of the stream.

Contrary to the genetic patterns, we found morphological variations between frogs
from the 14 sub-watershed areas. We expected morphological differences to change with
genetic structure. However, these morphological distances correlated with geographic
distance but not with genetic distance. Reportedly, the morphological change in head
width or length can appear in response to the exposure duration of thyroid hormones due
to accelerated or delayed metamorphosis [36,37]. The duration of frog metamorphosis
can vary depending on environmental factors, such as duration of tadpole stage, predator
pressure, temperature, protein content in food, and water level [36,60-64]. Even if we
collected all frogs from paddy fields near streams with homogenous environments, it
seems that the gradients of these environmental factors may differ among sub-watersheds.
This difference in pattern may lead to an adaptive response to local selection pressures.
Microsatellite patterns can be influenced by larger and/or stronger factors than detailed
response, whereas morphological traits can be a sensitive response to local environmental
changes [6,11,25]. The morphological response within the same population may be slightly
different, and morphological comparisons of populations with different genetic structures
must be performed in animals from a larger watershed range.
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5. Conclusions

The population belonging to a single origin in a watershed area has several implica-
tions. From a species conservation and ecosystem management viewpoint, it is necessary to
understand that the black-spotted pond frog population is a meta-population with a single
origin and should be managed as a whole. In contrast, even in genetic structures with a
single origin, a population with a remarkable difference in genetic structure or very low
genetic diversity in some sites in a sub-watershed area to watershed area can be considered
to experience isolation or differentiation or to be threatened by specific factors. In the
future, it will be possible to identify populations exhibiting these patterns and manage
them intensively. In particular, the black-spotted pond frog is considered to be in a condi-
tion that is experiencing population decline due to human agricultural pressures, habitat
degradation, overharvesting, and chemical pollution, from the IUCN red list [65]. However,
their conservation priority in Korea is very low. Therefore, it is necessary to organize such
ecological information and manage the population based on it in preparation for decline.
From an experimental and research viewpoint, the population within a watershed area can
be regarded as a population with a single origin, and experiments can be conducted by
excluding differences in population genetic structure. Conversely, to identify the differences
in environmental response or adaptation according to the population’s genetic structure, it
is necessary to compare populations in a larger watershed area. Since some populations
in our study showed segregated microscopic genetic structures, we expect to see more
apparent separation when organisms from a larger area are included.

Author Contributions: Conceptualization, Y.D.; methodology, K.W.C.; software, ].-K.P,; validation,
J.YK,; formal analysis, ].-K.P; investigation, ].-K.P. and Y.D.; resources, KW.C. and Y.D.; data curation,
J.-K.P,; writing—original draft preparation, J.-K.P.; writing—review and editing, ].Y.K. and Y.D;
visualization, J.-K.P,; supervision, K. W.C.; project administration, ].Y.K. and Y.D.; funding acquisition,
Y.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (MSIT) (No. 2022R1A2C1004240), by Korea Environmental In-
dustry & Technology Institute (KEITI) through Wetland Ecosystem Value Evaluation and Carbon
Absorption Value Promotion Technology Development Project, funded by Korea Ministry of En-
vironment (MOE) (2022003640001), and by the research grant of Kongju National University in
2022 (2022-0213-01).

Institutional Review Board Statement: Experimental procedures on animals were performed in
accordance with regulations and with the approval of the Experimental Animal Ethics Committee of
Kongju National University (KNU_2019-01).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. AmphibiaWeb. Pelophylax nigromaculatus: Dark-Spotted Frog. 2007. Available online: https://amphibiaweb.org/species /5109
(accessed on 30 August 2022).

2. Beebee, T. Ecology and Conservation of Amphibians; Springer Science & Business Media: Berlin, Germany, 1996.

3.  Beebee, T. Conservation genetics of amphibians. Heredity 2005, 95, 423—427. [CrossRef] [PubMed]

4. Gong,];Lan, H; Fang, S.G.; Wan, Q.H. Development and characterization of 13 polymorphic microsatellite DNA markers for the
pond green frog (Rana nigromaculata). ]. Genet. 2010, 81, e7—10. [CrossRef]

5. Park, ].K; Do, Y. Physiological response of Pelophylax nigromaculatus adults to salinity exposure. Animals 2020, 10, 1698. [CrossRef]
[PubMed]

6. Park, ] K.; Kim, ].B.; Do, Y. Examination of physiological and morphological differences between farm-bred and wild black-apotted
pond frogs (Pelophylax nigromaculatus). Life 2021, 11, 1089. [CrossRef]

7. Huang, M.Y.; Zhao, Q.; Duan, RY; Liu, Y.; Wan, Y.Y. The effect of atrazine on intestinal histology, microbial community and short

chain fatty acids in Pelophylax nigromaculatus tadpoles. Environ. Pollut. 2021, 288, 117702. [CrossRef]


https://amphibiaweb.org/species/5109
http://doi.org/10.1038/sj.hdy.6800736
http://www.ncbi.nlm.nih.gov/pubmed/16106261
http://doi.org/10.1007/s12041-011-0004-y
http://doi.org/10.3390/ani10091698
http://www.ncbi.nlm.nih.gov/pubmed/32962210
http://doi.org/10.3390/life11101089
http://doi.org/10.1016/j.envpol.2021.117702

Sustainability 2022, 14, 16530 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

Park, ] K,; Kim, J.B.; Do, Y. Reference intervals in combined veterinary clinical examinations of male black-spotted pond frogs
(Pelophylax nigromaculatus). Animals 2021, 11, 1407. [CrossRef]

Wang, S.; Zhu, W.; Gao, X,; Li, X;; Yan, S,; Liu, X.; Yang, J.; Gao, Z.; Li, Y. Population size and time since island isolation determine
genetic diversity loss in insular frog populations. Mol. Ecol. 2014, 23, 637-648. [CrossRef]

Ma, D.; Liu, H.T; Ji, Y.J.; Shi, C.M.; Yang, Y.H.; Zhang, D.X. Black-spotted pond frog (Pelophylax nigromaculatus) on the Chinese
Loess Plateau represents a cryptic species: Evidence from molecular phylogeny and ecological niche modeling. . Syst. Evol. 2015,
53, 339-350. [CrossRef]

Garcia, V.O.S; Ivy, C.; Fu, J. Syntopic frogs reveal different patterns of interaction with the landscape: A comparative landscape
genetic study of Pelophylax nigromaculatus and Fejervarya limnocharis from central China. Ecol. Evol. 2017, 7, 9294-9306. [CrossRef]
Koh, L.P; Sodhi, N.S.; Brook, B.W. Ecological correlates of extinction proneness in tropical butterflies. Conserv. Biol. 2004,
18, 1571-1578. [CrossRef]

Cunningham, R.B.; Lindenmayer, D.B. Modeling count data of rare species: Some statistical issues. Ecology 2005, 86, 1135-1142.
[CrossRef]

O’Grady, ] J.; Reed, D.H.; Brook, B.W.; Frankham, R. What are the best correlates of predicted extinction risk? Biol. Conserv. 2004,
118, 513-520. [CrossRef]

Chapco, W.; Litzenberger, G. A DNA investigation into the mysterious disappearance of the Rocky Mountain grasshopper,
mega-pest of the 1800s. Mol. Phylogenet. Evol. 2004, 30, 810-814. [CrossRef]

Cameron, S.A.; Lozier, ].D,; Strange, ].P.; Koch, ].B.; Cordes, N.; Solter, L.E,; Griswold, T.L. Patterns of widespread decline in North
American bumble bees. Proc. Natl. Acad. Sci. USA 2011, 108, 662-667. [CrossRef] [PubMed]

Lindenmayer, D.; Wood, J.; McBurney, L.; MacGregor, C.; Youngentob, K.; Banks, S. How to make a common species rare: A case
against conservation complacency. Biol. Conserv. 2011, 144, 1663-1672. [CrossRef]

Gaston, K.J. Valuing common species. Science 2010, 327, 154-155. [CrossRef]

Gaston, K.J.; Fuller, R A. Commonness, population depletion and conservation biology. Trends Ecol. Evol. 2008, 23, 14-19.
[CrossRef]

Duelli, P.; Obrist, M.K. Biodiversity indicators: The choice of values and measures. Agric. Ecosyst. Environ. 2003, 98, 87-98.
[CrossRef]

Devictor, V.; Godet, L.; Julliard, R.; Couvet, D.; Jiguet, F. Can common species benefit from protected areas? Biol. Conserv. 2007,
139, 29-36. [CrossRef]

Waples, R.S. Pacific salmon, Oncorhynchus spp., and the definition of “species” under the Endangered Species Act. Mar. Fish. Rev.
1991, 53, 11.

Storfer, A.; Murphy, M.; Evans, J.; Goldberg, C.; Robinson, S.; Spear, S.; Dezzani, R.; Delmelle, E.; Vierling, L.; Waits, L. Putting the
‘landscape’ in landscape genetics. Heredity 2007, 98, 128-142. [CrossRef] [PubMed]

McCartney-Melstad, E.; Shaffer, H.B. Amphibian molecular ecology and how it has informed conservation. Mol. Ecol. 2015,
24,5084-5109. [CrossRef] [PubMed]

Waraniak, ].M.; Fisher, ].D.; Purcell, K.; Mushet, D.M.; Stockwell, C.A. Landscape genetics reveal broad and fine-scale population
structure due to landscape features and climate history in the northern leopard frog (Rana pipiens) in North Dakota. Ecol. Evol.
2019, 9, 1041-1060. [CrossRef]

Clucas, G.V,; Younger, ].L.; Kao, D.; Rogers, A.D.; Handley, ].; Miller, G.D.; Jouventin, P.; Nolan, P.; Gharbi, K.; Miller, K.J. Dispersal
in the sub-Antarctic: King penguins show remarkably little population genetic differentiation across their range. BMC Evol. Biol.
2016, 16, 211. [CrossRef] [PubMed]

Davis, C.D.; Epps, C.W.; Flitcroft, R.L.; Banks, M. A. Refining and defining riverscape genetics: How rivers influence population
genetic structure. Wiley Interdiscip. Rev. Water 2018, 5, e1269. [CrossRef]

Jackson, N.D.; Fahrig, L. Habitat amount, not habitat configuration, best predicts population genetic structure in fragmented
landscapes. Landsc. Ecol. 2016, 31, 951-968. [CrossRef]

Sunnucks, P. Efficient genetic markers for population biology. Trends Ecol. Evol. 2000, 15, 199-203. [CrossRef]

Zane, L.; Bargelloni, L.; Patarnello, T. Strategies for microsatellite isolation: A review. Mol. Ecol. 2002, 11, 1-16. [CrossRef]
[PubMed]

Paluh, D.J.; Stanley, E.L.; Blackburn, D.C. Evolution of hyperossification expands skull diversity in frogs. Proc. Natl. Acad. Sci.
USA 2020, 117, 8554-8562. [CrossRef]

Bardua, C.; Fabre, A.C.; Bon, M.; Das, K,; Stanley, E.L.; Blackburn, D.C.; Goswami, A. Evolutionary integration of the frog cranium.
Evolution 2020, 74, 1200-1215. [CrossRef]

Vidal-Garcia, M.; Keogh, J.S. Phylogenetic conservatism in skulls and evolutionary lability in limbs-morphological evolution
across an ancient frog radiation is shaped by diet, locomotion and burrowing. BMC Ewvol. Biol. 2017, 17, 165. [CrossRef] [PubMed]
Park, ].K.; Kang, T.G; Lee, ].E.; Kim, ].E.; Kim, Y.; Do, Y. Skeletal Differences in Lower Body and Limbs in Relation to Ecological
Traits in Anurans in South Korea. Proc. Natl. Inst. Ecol. Repub. Korea 2022, 3, 32-40.

Folly, M.; Costa, B.B.; Carmo, L.F; Martins, A.; Pombal, J.P. Untangling the morphological contradiction: First ontogenetic
description of the post-hatching skeleton of the direct-developing frog Brachycephalus garbeanus Miranda-Ribeiro, 1920 (Amphibia:
Anura: Brachycephalidae) with comments on the genus miniaturization. Zool. Anz. 2022, 298, 39-54.


http://doi.org/10.3390/ani11051407
http://doi.org/10.1111/mec.12634
http://doi.org/10.1111/jse.12156
http://doi.org/10.1002/ece3.3459
http://doi.org/10.1111/j.1523-1739.2004.00468.x
http://doi.org/10.1890/04-0589
http://doi.org/10.1016/j.biocon.2003.10.002
http://doi.org/10.1016/S1055-7903(03)00209-4
http://doi.org/10.1073/pnas.1014743108
http://www.ncbi.nlm.nih.gov/pubmed/21199943
http://doi.org/10.1016/j.biocon.2011.02.022
http://doi.org/10.1126/science.1182818
http://doi.org/10.1016/j.tree.2007.11.001
http://doi.org/10.1016/S0167-8809(03)00072-0
http://doi.org/10.1016/j.biocon.2007.05.021
http://doi.org/10.1038/sj.hdy.6800917
http://www.ncbi.nlm.nih.gov/pubmed/17080024
http://doi.org/10.1111/mec.13391
http://www.ncbi.nlm.nih.gov/pubmed/26437125
http://doi.org/10.1002/ece3.4745
http://doi.org/10.1186/s12862-016-0784-z
http://www.ncbi.nlm.nih.gov/pubmed/27733109
http://doi.org/10.1002/wat2.1269
http://doi.org/10.1007/s10980-015-0313-2
http://doi.org/10.1016/S0169-5347(00)01825-5
http://doi.org/10.1046/j.0962-1083.2001.01418.x
http://www.ncbi.nlm.nih.gov/pubmed/11903900
http://doi.org/10.1073/pnas.2000872117
http://doi.org/10.1111/evo.13984
http://doi.org/10.1186/s12862-017-0993-0
http://www.ncbi.nlm.nih.gov/pubmed/28693418

Sustainability 2022, 14, 16530 13 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Relyea, R.A. The lasting effects of adaptive plasticity: Predator-induced tadpoles become long-legged frogs. Ecology 2001,
82,1947-1955. [CrossRef]

Emerson, S.B. Heterochrony and frogs: The relationship of a life history trait to morphological form. Am. Nat. 1986, 127, 167-183.
[CrossRef]

Finn, D.S.; Theobald, D.M.; BLACK IV, W.C.; Poff, N.L. Spatial population genetic structure and limited dispersal in a Rocky
Mountain alpine stream insect. Mol. Ecol. 2006, 15, 3553-3566. [CrossRef]

Mullen, L.B.; Arthur Woods, H.; Schwartz, M.K.; Sepulveda, A.].; Lowe, W.H. Scale-dependent genetic structure of the Idaho
giant salamander (Dicamptodon aterrimus) in stream networks. Mol. Ecol. 2010, 19, 898-909. [CrossRef]

Finn, D.S.; Encalada, A.C.; Hampel, H. Genetic isolation among mountains but not between stream types in a tropical high-altitude
mayfly. Freshw. Biol. 2016, 61, 702-714. [CrossRef]

Lam, A.; Toussaint, E.F.; Kindler, C.; Van Dam, M.H.; Panjaitan, R.; Roderick, G.K.; Balke, M. Stream flow alone does not predict
population structure of diving beetles across complex tropical landscapes. Mol. Ecol. 2018, 27, 3541-3554. [CrossRef]

Jeong, H.; Lee, Y.I. Late Cambrian biogeography: Conodont bioprovinces from Korea. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2000,
162, 119-136. [CrossRef]

Park, ].K.; Yoo, N.; Do, Y. Genetic diversity and population genetic structure of black-spotted pond Frog (Pelophylax nigromaculatus)
distributed in South Korean river basins. Proc. Natl. Inst. Ecol. Repub. Korea 2021, 2, 120-128.

Rousset, F. genepop’007: A complete re-implementation of the genepop software for Windows and Linux. Mol. Ecol. Resour. 2008,
8,103-106. [CrossRef] [PubMed]

PE, PR.S. GenAlEx 6.5: Genetic analysis in Excel. Population genetic software for teaching and research-an update. Bioinformatics
2012, 28, 2537.

Excoffier, L.; Lischer, H.E. Arlequin suite ver 3.5: A new series of programs to perform population genetics analyses under Linux
and Windows. Mol. Ecol. Resour. 2010, 10, 564-567. [CrossRef] [PubMed]

Hammer, J.; Harper, D.A.; Ryan, P.D. PAST: Paleontological statistics software package for education and data analysis. Palaeontol.
Electron. 2001, 4, 9.

Pritchard, ]J.K.; Stephens, M.; Donnelly, P. Inference of population structure using multilocus genotype data. Genetics 2000,
155,945-959. [CrossRef]

Earl, D.A. STRUCTURE HARVESTER: A website and program for visualizing STRUCTURE output and implementing the
Evanno method. Conserv. Genet. Resour. 2012, 4, 359-361. [CrossRef]

Evanno, G.; Regnaut, S.; Goudet, J. Detecting the number of clusters of individuals using the software STRUCTURE: A simulation
study. Mol. Ecol. 2005, 14, 2611-2620. [CrossRef]

Jombart, T.; Devillard, S.; Balloux, F. Discriminant analysis of principal components: A new method for the analysis of genetically
structured populations. BMC Genet. 2010, 11, 94. [CrossRef]

Park, ].K.; Do, Y. Assessment of Body Condition in Amphibians Using Radiography: Relationship between Bone Mineral Density
and Food Resource Availability. Kr. J. Ecol. Environ. 2019, 52, 358-365. [CrossRef]

Park, ].K.; Do, Y. Evaluating the physical condition of Hyla japonica using radiographic techniques. Sci. Total Environ. 2020, 726,
138596. [CrossRef] [PubMed]

Rohlf, EJ. tpsDig, Version 2.10. 2006. Available online: http://life.bio.sunysb.edu/morph/index.html (accessed on
17 December 2021).

Padgham, M.; Summer, M.D.; Karney, C.F. Package ‘Geodist”: Fast, Dependency-Free Geodesic Distance Calculations. 2020.
Available online: https:/ /cran.r-project.org/web/packages/geodist/geodist.pdf (accessed on 12 December 2021).

Oksanen, A J.; Blanchet, EG.; Kindt, R.; Legendre, P; Minchin, PR.; Hara, R.B.O.; Simpson, G.L.; Solymos, P.; Stevens, M.H.H.;
Wagner, H. The Vegan Package. Community Ecology Package. 2015. Available online: http://CRAN.R-project.org/package=
vegan (accessed on 12 December 2021).

Beneteau, C.L.; Mandrak, N.E.; Heath, D.D. The effects of river barriers and range expansion of the population genetic structure
and stability in Greenside Darter (Etheostoma blennioides) populations. Conserv. Genet. 2009, 10, 477-487. [CrossRef]

Truelove, N.K,; Kough, A.S.; Behringer, D.C.; Paris, C.B.; Box, S.J.; Preziosi, R.F,; Butler, M.]. Biophysical connectivity explains
population genetic structure in a highly dispersive marine species. Coral Reefs 2017, 36, 233-244. [CrossRef]

Watanabe, K.; Tominaga, K.; Nakajima, ].; Kakioka, R.; Tabata, R. Japanese Freshwater Fishes: Biogeography and Cryptic Diversity.
In Species Diversity of Animals in Japan; Springer: Tokyo, Japan, 2017; pp. 183-227.

Buskirk, J.V.; Saxer, G. Delayed costs of an induced defense in tadpoles? Morphology, hopping, and development rate at
metamorphosis. Evolution 2001, 55, 821-829. [CrossRef] [PubMed]

Richter-Boix, A.; Tejedo, M.; Rezende, E.L. Evolution and plasticity of anuran larval development in response to desiccation. A
comparative analysis. Ecol. Evol. 2011, 1, 15-25. [CrossRef] [PubMed]

Marquez-Garcia, M.; Correa-Solis, M.; Sallaberry, M.; Méndez, M. Effects of pond drying on morphological and life-history traits
in the anuran Rhinella spinulosa (Anura: Bufonidae). Evol. Ecol. Res. 2009, 11, 803-815.

Gomez-Mestre, I.; Saccoccio, V.L.; lijima, T.; Collins, E.; Rosenthal, G.G.; Warkentin, K.M. The shape of things to come: Linking
developmental plasticity to post-metamorphic morphology in anurans. J. Evol. Biol. 2010, 23, 1364-1373. [CrossRef]


http://doi.org/10.1890/0012-9658(2001)082[1947:TLEOAP]2.0.CO;2
http://doi.org/10.1086/284476
http://doi.org/10.1111/j.1365-294X.2006.03034.x
http://doi.org/10.1111/j.1365-294X.2010.04541.x
http://doi.org/10.1111/fwb.12740
http://doi.org/10.1111/mec.14807
http://doi.org/10.1016/S0031-0182(00)00108-5
http://doi.org/10.1111/j.1471-8286.2007.01931.x
http://www.ncbi.nlm.nih.gov/pubmed/21585727
http://doi.org/10.1111/j.1755-0998.2010.02847.x
http://www.ncbi.nlm.nih.gov/pubmed/21565059
http://doi.org/10.1093/genetics/155.2.945
http://doi.org/10.1007/s12686-011-9548-7
http://doi.org/10.1111/j.1365-294X.2005.02553.x
http://doi.org/10.1186/1471-2156-11-94
http://doi.org/10.11614/KSL.2019.52.4.358
http://doi.org/10.1016/j.scitotenv.2020.138596
http://www.ncbi.nlm.nih.gov/pubmed/32305770
http://life.bio.sunysb.edu/morph/index.html
https://cran.r-project.org/web/packages/geodist/geodist.pdf
http://CRAN.R-project.org/package=vegan
http://CRAN.R-project.org/package=vegan
http://doi.org/10.1007/s10592-008-9627-9
http://doi.org/10.1007/s00338-016-1516-y
http://doi.org/10.1554/0014-3820(2001)055[0821:DCOAID]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/11392399
http://doi.org/10.1002/ece3.2
http://www.ncbi.nlm.nih.gov/pubmed/22393479
http://doi.org/10.1111/j.1420-9101.2010.02016.x

Sustainability 2022, 14, 16530 14 of 14

64. Gomez-Mestre, I.; Kulkarni, S.; Buchholz, D.R. Mechanisms and consequences of developmental acceleration in tadpoles
responding to pond drying. PLoS ONE 2013, 8, e84266. [CrossRef]

65. Kuzmin, S.; Maslova, I.; Tuniyev, B.; Matsui, M.; Pipeng, L.; Kaneko, Y. Pelophylax nigromaculatus. In The IUCN Red List of
Threatened Species; IUCN: Gland, Switzerland, 2004; Volume e.T58679A11809026.


http://doi.org/10.1371/journal.pone.0084266

	Introduction 
	Materials and Methods 
	Field Investigation 
	DNA Extraction and Microsatellite Genotyping 
	Analysis of the Genetic Diversity and Population Structure 
	Bone Image Tomography 
	Comparison of Skull Shapes 
	Correlation Analysis of Genetic, Morphological, and Geographic Distance among 70 Collecting Sites 

	Results 
	Comparison of Genetic Diversity and Population Genetic Structure 
	Differences in the Skeletal Shape of the Skull 
	Relationship between Geographic, Genetic, and Morphological Distances 

	Discussion 
	Conclusions 
	References

