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Abstract: Numerous amphibian species are declining because of habitat loss and fragmentation due
to urbanization of landscapes and the construction of roads. This is a mounting threat to species
restricted to habitats close to urban areas, such as agricultural wetlands in North East Asia. The
Suweon treefrog (Dryophytes suweonensis) falls into the list of species threatened with habitat loss and
most populations are under threat of extirpation. Over the last decades, sub-populations have become
increasingly disconnected and specifically the density of paved roads has increased around the only
site connecting northern and southern Seoul populations. We surveyed this locality in Hojobeol,
Siheung, Republic of Korea in 2012, 2015 and 2019 to first confirm the decline in the number of sites
where D. suweonensis was present. The second objective was to analyze the habitat characteristics
and determine the remaining suitable habitat for D. suweonensis through a species distribution model
following the maximum entropy method. Our results show that rice paddy cover and distance
from the paved road are the most important factor defining suitable habitat for D. suweonensis. At
this locality, uninterrupted rice paddies are a suitable habitat for the species when reaching at least
0.19 km2 , with an average distance of 138 ± 93 m2 from the roads. We link the decrease in the number
of sites where D. suweonensis is present with the decrease in rice paddy cover, generally replaced
by localized infrastructures, greenhouses and habitat fragmentation. Rice paddies should remain
connected over a large area for the protection of the remaining populations. In addition, habitat
requirements should be integrated in the requisites to designate protected areas.
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1. Introduction
Amphibian decline is a global issue [1–4] and the destruction of habitats, along with
fragmentation and disturbance, is one of the primary factors resulting in biodiversity decline [1,5–7]. Habitat connectivity plays a primordial role in the subsistence of species [8,9],
with population isolation, inbreeding and edge effect caused by habitat loss and fragmentation having a significant impact on species declines [10–12]. Specifically, while destroying
patches of habitat, urbanization also leaves the remaining fragments disconnected, further
accentuating its negative impact. As a result, population sizes decrease because of the loss
of genetic diversity [13] and eventually populations are caught in an extinction vortex [14].
A variety of landscape features can result in habitat disconnection, including natural
barriers such as rivers and mountains [15–17]. Artificial structures are a more recent cause
of habitat fragmentation and roads are the main driver resulting in the loss of habitat
connectivity and the increase in fragmentation [18]. In addition, most man-made structures
impair connectivity and even light structures such as the transformation of agricultural
fields into greenhouse will negatively affect the species within the habitat [19]. Therefore,
habitat fragmentation and disturbance must be prevented when aiming at preserving
species diversity [20].
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Despite their artificial origins, rice paddies are adequate substitute habitats for organisms when natural wetland are not available [21]. Even if agriculture has been listed as one
of the principal cause for decrease of wildlife and destruction of the natural habitat [22], the
biodiversity conservation function of rice paddies is becoming increasingly prominent [23].
For instance, rice paddies were developed to enhance biodiversity conservation [24,25]
and in some areas they are the only habitat left. In the Republic of Korea, 10 of the 13
anuran species use rice paddies during their life cycle [26]. However, urbanization and
land development are also damaging the rice paddy environment, critically affecting
biodiversity [24,27].
Analyzing the relation between species specific environmental factors and habitat
type is therefore needed to understand species requirements and prevent population
declines [3]. Our research area in the Republic of Korea focuses on the only remaining
locality connecting populations of Dryophytes suweonensis north and south of Seoul’s urban
area, a species now present exclusively in rice paddies [28]. The area is composed of rice
paddies that used to cover more than 5 km2 a few decades ago, followed by a markedly
decrease in rice paddy area due to urbanization and resulting in the landscape with the
remaining rice paddies being now fragmented by roads and urban areas. We conducted
this study to examine the habitat requirements in relation with habitat connectivity for
D. suweonensis through species distribution models. Lastly, we evaluated how each of the
determined environmental variables affects the presence of D. suweonensis in the habitat
and determined the variables importance for the survival of the species.
2. Materials and Methods
2.1. Species Introduction
The Suweon treefrog (Dryophytes suweonensis) is a Hylidae species distributed on
the western lowlands of the Korean Peninsula, relying on lentic shallow water bodies to
breed. The species is declining, even when controlling for natural fluctuations in amphibian
population size [29], mostly because its natural habitat has been highly modified by human
activities [30] and the species is now found breeding in rice paddies only [28]. Agricultural
wetlands are adequate substitute breeding habitat as the species takes advantage of the
controlled hydroperiod [31] and about 40% of the sites where the species occurs are rice
paddies on land reclaimed from tidal flats since the 1960’s [30]. According to habitat
analyses, D. suweonensis is present far from forest edges and close to rivers [32] and
also generally avoids rice paddy margins when calling, especially when paved with
concrete [19].
2.2. Study Area
This study is focused on Siheung, in Gyeonggi Province, Republic of Korea. The mean
annual temperature of the area between 2010 and 2019 was 12.5 ◦ C, ranging from −15.1 ◦ C
to 36.2 ◦ C and the mean value of annual precipitations was 1150 mm (Climate Korean
Meteorological Administration; https://data.kma.go.kr/ (accessed on 21 January 2021)).
To collect data to build our ecological models, we first surveyed the area in Hojobeol
(37.407◦ N, 126.805◦ E; Figure 1), the focal locality of this project. The area is about 5 km2
and it is now covered with agricultural fields and localized infrastructures (Figure 1). The
area was originally a tidal flat that was reclaimed in 1721.
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distribution of D. suweonensis. We modeled the probability of presence of D. suweonensis
in the four areas studied utilizing the known presence datapoints originating from the
surveys and using 10,000 random datapoints as a proxy for absence, together with the
environmental factors of the research locality. The parameters were set such as 25% random
test, 15 bootstrap replicates, 5000 iterations and regularization multiplier = 1 [41,42]. A
smaller regularization multiplier concentrates the habitat suitability closer to the presence
data and it increases the possibility of overfitting, while a higher regularization multiplier
can result in rougher and underfitted models which have low discrimination [43]. However,
the results of both alternative models (Appendix A Figure A2) were not biologically meaningful as they went against the known ecology of the species. For instance, D. suweonensis
does not prefer the edges of rice paddy adjacent to roads but prefers the center of the rice
paddy [44]. As a result, we used a regularization multiplier value of 1 for all analyses.
We used a 10 m × 10 m grid resolution of environmental variables, computed from
1:5000 map data that can be expressed at 1 m resolution. To determine which habitat is
suitable for D. suweonensis, we determined a threshold following the average suitability
approach. The value for average suitability is calculated as the mean predicted suitability
value for the areas with known presence datapoints. The areas with values over the
threshold were designated as suitable habitat for the species while areas below the threshold
were designated as unsuitable. The average suitability approach is simple and easily
applicable but robust because it relies on flexible criteria according to the data used to build
the model and does not rely on a fixed standard [45]. The reliability of the modeling result
was evaluated through the area under the receiver operating characteristic (ROC) curve
(AUC) value, built in the MaxEnt software and the true skill statistic (TSS). We used the
AUC to statistically assess the test results, following the literature where the AUC is the
most common quantitative index describing the ROC curve [46,47]. TSS is a method to
determine the accuracy and reliability of a model, based on sensitivity and specificity [48].
The model was based on the environmental variables important to D. suweonensis.
We selected the distance to forest, freshwater bodies such as streams and lakes and paved
road as variables to be included in the model. In addition, as the vegetation index is an
important variable for habitat analysis because it is highly correlated with climate change
and landscape modification, we included the normalized difference vegetation index
(NDVI) in the model, one of the most widely used vegetation indices [49,50]. Altitude and
slope were also included as basic terrain.
We used seven environmental variables, including rice paddy cover, distance to forest,
distance to freshwater, distance to paved road, NDVI, altitude and slope to build our
models. Correlation analysis were performed with SPSS v 24.0 (IBM Corp. 2016) to check
for multicollinearity (i.e., correlation between a pair of variable over |0.7| [51,52]. No
variable pair crossed the threshold (r < 0.61). Distance to forest, distance to freshwater
and rice paddy cover were extracted from the 2019 land cover layer downloaded from
the Environmental Geographic Information Service (EGIS; https://egis.me.go.kr/main.do
(accessed on 21 January 2021)). Distance to paved road was extracted from the 2019
road data downloaded from the National Spatial Data Infrastructure Portal (NSDI; http:
//www.nsdi.go.kr/lxportal/?menuno=2679 (accessed on 21 January 2021)). NDVI was
built from satellite images taken in July 2019 and downloaded from the United States
Geological Survey (USGS; https://www.usgs.gov/ (accessed on 21 January 2021)). Altitude
and slope data were extracted from the 2014 digital elevation model from the National
Geographic Information Institute (http://map.ngii.go.kr/mn/mainPage.do (accessed on
21 January 2021)). Lastly, we compared our modeling results with the actual environment
values at the four sites surveyed for the two variables the most important to explain habitat
suitability for D. suweonensis, namely rice paddy cover and distance from paved road.
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3. Results
3.1. Sampling and Habitat Analysis
We found Dryophytes suweonensis in the rice paddies of all four sites during the surveys
in 2012. We observed D. suweonensis at the site B only in 2015 but we found D. suweonensis
at sites A and B in 2019. In total, we obtained 36 datapoints to analyze the habitat used
by D. suweonensis and we used these points to build the models. To prepare the data, we
analyzed the seven environmental values selected for the 36 points where we observed
D. suweonensis (Table 1) and later compared these values with the modeling result.
Table 1. Environmental values at the locality where Dryophytes suweonensis was observed (sites A, B, C and D; Figure 1) in
Siheung in 2012, 2015 and 2019. This table highlights the relationship between habitat suitability values, ranges of model
results and contribution of each environmental variables.
Environmental Variables

Contribution (%)

Mean Value of
Observed Point

Habitat Range of
Observed Point

Habitable Range of
Modeling Result

Rice paddy cover (km2 )
Distance to paved road (m)
NDVI (0–100)
Distance to freshwater (m)
Distance to forest (m)
Slope (◦ )
Altitude (m)

81.9
5.1
4.5
4.1
2.5
1.4
0.5

0.15 ± 0.00
89.1 ± 13.8
0.62 ± 0.02
115.9 ± 12.2
443.1 ± 22.7
0.36 ± 0.03
3.9 ± 0.1

0.10–0.22
10.0–316.2
0.31–0.73
20.0–308.9
123.7–710.2
0.07–0.65
3.2–4.9

0.12–0.22
0–502.9
0–0.78
10.0–324.5
187.9–747.3
0.07–1.19
2.9–4.9

3.2. Modeling Results
The AUC (area under curve) and TSS (true skill statistic) values indicate that the
reliability of the model was excellent (test AUC value = 0.994; training AUC value = 0.996;
test TSS value = 0.977; training TSS value = 0.981). The modeling results converged within
a mean iteration value of 716 and provided a habitat suitability index ranging from 0 to
1, from most unsuitable to most suitable habitat [53]. The average suitability approach
resulted in a threshold of 0.55 and we therefore considered the habitat with a value between
0.55 and 1 to be suitable for the species. The suitable habitat for the species covered 0.43 km2
or 4.35% of the total area of rice paddies in Siheung (10.69 km2 ; Figure 2). According to
the Jackknife test result, rice paddy cover (81.9%), distance to paved road (5.1%), NDVI
(normalized difference vegetation index; 4.5%), distance to freshwater (4.1%), distance to
forest (2.5%), slope (1.4%) and altitude (0.5%) had the highest contribution to the model.
For the variable rice paddy cover, habitat suitability increased with the size of the area
of connected rice paddy, until reaching a plateau phase at 0.19 km2 (Figure 3). The species
was found in areas with a rice paddy cover of at least 0.12 km2 . The closer to a paved road,
the less suitable the habitat was for D. suweonensis and paved roads had an effect over 1 km.
NDVI had a positive relationship with habitat suitability of D. suweonensis, until reaching
a plateau phase at about 0.65 and the species was estimated to be able to exploit habitats
with values ranging from 0 to 0.78, although individuals were observed at sites with values
between 0.31 to 0.73. The habitat was determined to be suitable for the species up to 500 m
away from freshwater but habitat suitability also decreased with distance from freshwater.
Habitat suitability was also higher when close to forests, with a threshold in impact until
600 m. Regarding slope and altitude, the lowest values were associated with higher habitat
suitability for D. suweonensis (Table 1).
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For the variable rice paddy cover, habitat suitability increased with the size of the
area of connected rice paddy, until reaching a plateau phase at 0.19 km2 (Figure 3). The
species was found in areas with a rice paddy cover of at least 0.12 km2. The closer to a
paved road, the less suitable the habitat was for D. suweonensis and paved roads had an
effect over 1 km. NDVI had a positive relationship with habitat suitability of D.
suweonensis, until reaching a plateau phase at about 0.65 and the species was estimated to
be able to exploit habitats with values ranging from 0 to 0.78, although individuals were
observed at sites with values between 0.31 to 0.73. The habitat was determined to be
suitable for the species up to 500 m away from freshwater but habitat suitability also
decreased with distance from freshwater. Habitat suitability was also higher when close
to forests, with a threshold in impact until 600 m. Regarding slope and altitude, the lowest
values were associated with higher habitat suitability for D. suweonensis (Table 1).
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The in-depth analyses at the survey sites showed that based on rice paddy cover
requirement only, the habitable was suitable on 0.66 km2 (62.9%) out of a total area of 1.05
km2 at site A, with a mean (± standard deviation) rice paddy cover of 0.14 ± 0.04 km2. At
site B (1.05 km2), the suitable habitat covered 0.66 km2 (62.8%), with a mean rice paddy
cover of 0.13 ± 0.03 km2. At site C (0.67 km2), the suitable habitat was 0.32 km2 (47.9%),
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The in-depth analyses at the survey sites showed that based on rice paddy cover
requirement only, the habitable was suitable on 0.66 km2 (62.9%) out of a total area of
1.05 km2 at site A, with a mean (± standard deviation) rice paddy cover of 0.14 ± 0.04 km2 .
At site B (1.05 km2 ), the suitable habitat covered 0.66 km2 (62.8%), with a mean rice paddy
cover of 0.13 ± 0.03 km2 . At site C (0.67 km2 ), the suitable habitat was 0.32 km2 (47.9%),
with a mean rice paddy cover of 0.11 ± 0.02 km2 . At site D (0.78 km2 ), the suitable habitat
was 0.25 km2 (31.3%), with a mean rice paddy cover of 0.10 ± 0.02 km2 . The mean value and
standard error for the distance from paved road was 138 ± 93 m2 at the site A, 49 ± 28 m2
at the site B, 37 ± 28 m2 at the site C and 39 ± 28 m2 at the site D. According to the response
curve, an increase in distance to paved road up to 45 m matched with the steep increase in
habitat suitability for D. suweonensis and gradually decreased thereafter (Figure 3). Mean
values of distance to paved road were 138 ± 93 m at the site A, 49 ± 28 m at the site B,
37 ± 24 m at the site C and 39 ± 28 m at the site D (Table 2). The mean distance to paved
roads at sites A and B was relatively higher than at the sites C and D and the sites A and B
had a higher habitat suitability.
Table 2. Descriptive statistics for the two environmental variables having the largest effect on habitat suitability for
Dryophytes suweonensis in Siheung, Republic of Korea. These two variables are rice paddy cover and distance from paved
road, extracted from 36 points where D. suweonensis were observed in 2012, 2015 and 2019. The data is provided broken
down by sites A, B, C and D (details on Figure 1).
Site

Total Area (km2 )

Area of Rice Paddy Cover
Over 0.12 km2 (km2 )

Mean Total Area of Rice
Paddy Cover (km2 )

Mean Distance from
Paved Road (m)

A
B
C
D

1.05
1.05
0.67
0.78

0.66 (62.9%)
0.66 (62.8%)
0.32 (47.9%)
0.25 (31.3%)

0.14 ± 0.04
0.13 ± 0.03
0.11 ± 0.02
0.10 ± 0.02

138 ± 93
49 ± 28
37 ± 24
39 ± 28

4. Discussion
This study determined that rice paddy cover and distance to paved roads were the
principal characteristics explaining habitat suitability for Dryophytes suweonensis in Siheung,
Republic of Korea, a reasonable proxy for the species in general. Our results showed that
the remaining suitable habitats for D. suweonensis in the area are the large rice paddies
near Hojobeol (Figure 1). Specifically, we found that rice paddy cover was critical and had
the highest contribution (81.9%) to habitat suitability, with all other variables combined
contributing to only about 5%. We conclude that, the highest the rice paddy cover, the
more suitable the habitat is for D. suweonensis. While a new quantitative result, this finding
is reflected by the fact that rice paddies are the only habitat of D. suweonensis [28] and the
size of the rice paddy complexes is known to be significant factor to the presence of the
species [30,54].
For the habitat to be suitable for D. suweonensis, the rice paddy cover should be at
least 0.12 km2 , although the species was only found in areas with a rice paddy cover higher
than 0.19 km2 and a larger area may be needed to host stable populations as the average
size of rice paddy complexes where the species is present in the Republic of Korea is
4.78 ± 4.36 km2 [30]. At the locality studied in this project, the site C was isolated from the
other sub-populations by the Botong stream, villages and high hills, while the site D was
isolated from the other rice paddies by a wide eight-lane road. Thus, the habitat suitability
at the sites C and D is below the threshold required for D. suweonensis to be present and
it likely explains why the species was not detected at these sites recently. Also, while the
species was detected at the site A, a localities where the species is functionally extirpated
can still be characterized by the presence of a few remaining males.
The distance from paved road was also a significant variable determining the presence
of D. suweonensis. Being at least 45 m from a paved road drastically increased the suitability
of the habitat for D. suweonensis, with paved road having an impact as far as 1006 m away.
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The impact of roads on amphibians is widespread and sometimes reaching even further.
For instance, populations of the Leopard frog (Lithobates pipiens) are negatively affected by
traffic density within a radius of 1.5 km [55]. Similarly, populations of Spotted salamanders
(Ambystoma maculatum) drop when the breeding pond is near a paved road [56]. In addition,
our results show that not only large paved roads but also small dirt road around rice
paddies negatively affect habitat suitability for D. suweonensis. Thus, it is important to
consider the removal of paved roads and dirt roads when considering the conservation of
the species.
Landscape urbanization and habitat fragmentation have a negative impact on
D. suweonensis [34]. In 2012, individuals were observed at all four sites but since 2015
individuals have not been observed at the sites C and D. The site C was composed of rice
paddies only until 2010, when the number of greenhouse began to increase. This transformation resulted in a decrease in rice paddy cover, while at the same time increasing landscape
fragmentation. The transformation of rice paddies into greenhouse is known to have an
adverse effect on the anuran species breeding in rice paddies [19] and D. suweonensis at the
site C is likely have become extirpated for these reasons. Regarding the site D, the original
area was about 2 km2 , before being divided into three sections with the opening of the 3rd
Gyeongin expressway in 2010 (Figure 1). As a result, the surface of rice paddy was greatly
reduced, down to 0.78 km2 . Greenhouses also cropped up at the sites and it is highly likely
that D. suweonensis became extirpated at the site D for the same reasons. Hojobeol has
become divided into sites A and B following the construction of the Mayu highway, a
six-lane paved road completed in 2016 (Figure 1). The number of individuals at the site
A was found to be fluctuating, a potential sign of future extirpation and further habitat
fragmentation and decrease in rice paddy cover, such as resulting from the construction of
the new motorway going through site B under discussion, would therefore likely lead the
extirpation of D. suweonensis in Siheung.
While this study is focused on a single amphibian species, habitat fragmentation
and degradation caused by urbanization and greenhouses development can result in the
extirpation of other species present at the site [7]. Preserving or restoring undisturbed
habitats and preventing further degradation and fragmentation is a highly efficient method
to protect species and populations [20] and damages to the ecosystem when constructing
roads and buildings must be minimized. Furthermore, rice paddies play a significant role
in replacing natural wetland [21] and preserving rice paddies is a primary requirement to
conserve the ecosystem at the study locality. This is also likely to be the only method to
prevent the extirpation of D. suweonensis and as Siheung is the connecting point for the
populations south and north of Seoul the loss of the population would results in a gap
in the range of D. suweonensis, the interruption of gene exchange and a step toward the
extinction vortex.
While this study follows all statistical requirements, a potential spatial autocorrelation
of the data cannot be excluded. The potential autocorrelation here arises from the small
number of datapoints, inherent to the work on Endangered species and the small scale
of the study, as the purpose of this study is to determine the variables important to the
species at this locality only.
Currently, the only guidelines to evaluate environmental protection areas for wildlife
habitat in the Republic of Korea are the Article 12* (documentation criterion for establishing
first-class catchment area in ecology and natural map) and Article 13* (documentation
criterion for establishing second-class catchment area in ecology and natural map) of the
Documentation Guideline for Ecological and Nature Maps [57]. However, in this documentation, regulations are provided irrespectively of species characteristics and requirements,
only stipulating that protected areas should be established within a 1-km radius and 500-m
radius from the spot where Endangered species are found, for class I and class II respectively. Some additional details are provided for birds and fish but not for amphibians
despite their need for both terrestrial and aquatic habitat to complete their life cycles. In
addition, several species are known to disperse and migrate and have special conservation
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needs—for example, Dryophytes sp. [58], Onychodactylus koreanus [59], Bufo gargarizans [60]
and Rana sp. [61]. Therefore, specific criteria and regulations must be developed based on
habitat requirements, such as determined here for D. suweonensis, to determine protected
areas for amphibians. The use of habitat analysis and modeling applied in this study
provide such tools.
5. Conclusions
In the last ten years, the development of paved roads near Hojobeol in Siheung has
resulted in a decrease in the density of rice paddies and in the fragmentation of the main
habitat of the Dryophytes Suweonensis. As a result, the species became extirpated from some
sites and the population declined at others. Therefore, in order to preserve the remaining
D. suweonensis population in Siheung, development should be limited to activities that do
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