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Abstract  Paddy fields in the agricultural landscape 
have become alternative habitats for natural wetland 
species. Habitat degradation, including habitat loss 
and fragmentation, is a major threat to members of 
Amphibia, which is a good indicator species for the 
Satoyama landscape. Recently, linear artificial struc-
tures, such as roads and railways, were recognized as 
factors inhibiting amphibian population persistence. 
Thus, irrigation canals and cement-walled streams 
may also affect amphibian movement and dispersal 
in the rural agricultural landscape termed Satoyama, 
which is now the main habitat for lowland wetland 
amphibians. However, there is limited information on 
such effects. Here, we focused on the Japanese brown 
frog (Rana japonica), which is an indicator species of 
the ecosystem health of the Satoyama landscape, to 
investigate the effects of irrigation canals on popula-
tion structure. The barrier effects of roads and irriga-
tion canals on gene flow between breeding sites were 
evaluated. We constructed a resistance map of the 
limiting factors to gene flow based on land use and 
frog movement and tested for correlations between 
cost and genetic distances. The habitat resistance 
values alone were insufficient to explain the genetic 
distances among breeding sites. Thus, we hypothesize 

that irrigation canals and roads have barrier effects on 
gene flow among amphibians in the Japanese Satoy-
ama landscape.
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Introduction

Wetland areas in lowlands are declining in size and 
experiencing strong development pressure (Malek-
mohammadi and Jahanishakib 2017). Globally, the 
wildlife, whose main habitat is lowland wetlands 
such as amphibians, are declining in population. On 
the other hand, lowland wetlands in the Asian region 
are often rice paddy fields, and many wetland animals 
and plants survive in paddy fields despite continuous 
human activity (Katoh and Ahern 2009; Kobori and 
Primack 2003; Lawler 2001). In these paddy fields as 
well as small natural wetlands in lowlands, grey-faced 
buzzard and herons are the top predators of the eco-
system. (Amira et al. 2018; Fujita et al. 2015; Katoh 
and Ahern 2009). Frogs are one of the main food 
resources for these birds and also predators of insects 
and soil animals; thus, egg masses of frogs have 
been monitored as indicators of ecosystem health in 
these paddy environments (Kuramoto and Sonoda 
2003). However, even paddy fields in Asia have been 
degraded as habitats for frogs and other animals due 
to the modernization of agriculture, including drying 
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out due to increase irrigation canals and paved roads, 
in recent years. (Hamer and McDonnell 2008; Kidera 
et al. 2018; Lane and Fujioka 1998; Tuomainen and 
Candolin 2011).

Japan is a region that has been modernized and 
developed from an early stage (about hundred years 
ago) in Asia; even now, the irrigation canals for 
paddy field management are increasing at a rate of 
170  km per year. It has been noted that agricultural 
modernization and road maintenance have had sub-
stantial impacts on the wetland ecosystem (Natsu-
hara 2013). Paved roads also influence the gene flow 
of many amphibian species and other small animals, 
such as the wood frog (Lithobates sylvaticus), com-
mon frog (Rana temporaria), rattlesnakes (Crota-
lus horridus), and others (Buskirk 2012; Clark et al. 
2010; Garcia-Gonzalez et al. 2012; Safner et al. 2011; 
Trochet et  al. 2016). Linear barriers, such as high-
ways and railways, both restrict migration and disper-
sal movements and also affect the population persis-
tence of amphibians (Beebee 2013; Matos et al. 2019; 
Rytwinski and Fahrig 2012). In fact, it was reported 
that movement inhibition in the common brown frog 
(R. temporaria) occurs depending on the traffic vol-
ume of the road, which decreases gene flow between 
breeding ponds (Safner et al. 2011).

Paddy fields, which provide breeding environ-
ments for frogs in Asia, are spread over the lowlands, 
unlike the breeding ponds adjacent to forests that 
sporadically exist across suburban agricultural land. 
Therefore, linear structures such as irrigation canals 
and roads are thought to have different effects on 
frog breeding success. These linear structures, often 
present along with the paddy fields, may act as very 
strong barriers or as partitions between the breeding 
sites themselves. In paddy fields in Asia, linear struc-
tures can impede gene flow and the movement among 
forests and paddy fields, and cause habitat degrada-
tion as the paddy environment becomes fragmented. 
In Japan, it was reported that paddy field size affects 
the habitat potential for Japanese brown frogs (Nat-
suhara and Kanbara 2001). Therefore, there is a risk 
that roads and irrigation canals will narrow the breed-
ing area by dividing paddy fields that appear uniform. 
Information on how irrigation canals and roads affect 
the health of local frog populations is very important 
for prioritizing impact mitigation measures for the 
conservation of wetland ecosystems in paddy fields. 
In our previous research, we revealed that roads and 

irrigation canals may have affected the gene flow 
between breeding areas of Japanese brown frogs in 
paddy fields, but the extent was not clarified (Kob-
ayashi et  al. 2013; Kobayashi and Abe 2019). The 
Japanese brown frog has no suckers, and adults inhibit 
forest edges and in forests, making it more suscepti-
ble to concrete structures and development than other 
frogs that breed in paddy fields (Watabe et al 2010). 
If the health of local populations of Japanese brown 
frog is compromised by disruption of migration and 
gene flow, frog populations will decline and the con-
servation of wildlife at the top of the wetland ecosys-
tem that feed on frogs, such as gray-faced buzzards 
and white storks that are considered for reintroduc-
tion, will be affected. Thus, the health of the Japanese 
brown frog population is one important indicator of 
the balance and health of wetland ecosystems.

Therefore, in this study, we estimated to what 
extent irrigation canals and roads affect the genetic 
diversity of the Japanese brown frog. Specifically, 
the purpose of this study was to clarify the degree 
of gene flow inhibition of roads and irrigation canals 
that separated breeding sites of Japanese brown frog, 
using landscape genetic analysis.

Material and methods

Study area

The study was conducted in a 3-km2 area on the west 
side of Inba Lake, Chiba Prefecture, Japan. The study 
area contains a two-way, 10-m wide road and a 3-m 
wide, cement-walled irrigation canal, named the 
Moroto River (Fig. 1). The surrounding area is char-
acterized by various land uses (Fig. 1). To the east of 
the study area, there is a lake, a few busy roads, and 
an urban area. The north side of the study area con-
sists of a golf course, a large railway, paddy fields, 
and an urban area with a large road. To the west of 
the study area, there is a large golf course. To the 
south of the study area, there is a paddy field and a 
lake.

Land cover map

We constructed a land cover map based on the 
National Actual Vegetation Map of Japan (Fig.  1). 
Recently, new construction has expanded in this 
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region. Thus, we revised a land cover map using 
data from a multispectral satellite image from Geo-
Eye-1 (JAPAN SPACE IMAGING Co., Tokyo, 
Japan) taken in April 2009 (NIR/Red/Green/Blue, 
Pixel size = 1.64  m) and a ground survey conducted 
in 2012. We converted the polygon vector of the land 
cover map to a raster cell size of 1 m, which is appro-
priate for calculating least-cost distances because it 
avoids the cracks between the cost cells (Watts et al. 
2016).

Definition of the study‑species habitat for resistance 
values

We reviewed a previous study that described the suit-
able habitat for R. japonica to determine the resist-
ance value of each land use. Those studies revealed 
that the primary habitats of this species are grass-
lands, paddy fields, and wetlands (Kaneko and Mat-
sui 2004; Matsushima and Kawata 2005), and for-
est floors and the forest edge (Osawa and Katsuno 
2001, 2002). Semi-habitats are defined as areas that 
are likely not optimal but may still provide resources 
for some life stages (Johansson et  al. 2005; Safner 
et al. 2011); this includes crop fields in this area for 
R. japonica (Natsuhara and Kanbara 2001; Osawa 
and Katsuno 1997). Areas of unsuitable habitat 

(non-habitat) include artificial land uses, such as fac-
tories, residential areas, and commercial stores.

Resistance values and cost distances

We reviewed the resistance values that were defined 
for primary habitat, semi-habitat, non-habitat, and 
barriers in previous studies of the genus Rana (includ-
ing Lithobates) since 2009 (Charney 2012; Coster 
et al. 2015; Decout et al. 2012; Gabrielsen et al. 2013; 
Patrick et  al. 2012; Peterman et  al. 2013; Pontop-
pidan and Nachman 2013; Richardson 2012; Safner 
et al. 2011; Scherer et al. 2012; Zellmer and Knowles 
2009; Table 1). The ranges of values were 1 to 10 for 
primary habitat, 2 to 50 for semi-habitat, 5 to 220 for 
non-habitat, and 2 to infinity, which is indicative of 
being impassable, for barriers (Table  1). The values 
for each category varied because of the specific aims 
of each study. The values for semi-habitat tended to 
be 2 to 10 times those of primary habitats, whereas 
the values for non-habitats were 5 to 80 times greater 
than those for primary habitats. In this study, we used 
the median values at the smaller end of the range of 
previous studies as resistance values. The resistance 
values were as follows: primary habitat = 1, semi-hab-
itat = 5, and non-habitat = 40 (Table 2).

We tested six combinations of barrier values 
(Table 2). First, we tested a “No Barrier” condition 
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Fig. 1   Study area showing the locations of Rana japonica sampling points (white circles) and land use types (see legend)
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(case 1) to determine whether land use alone suf-
ficiently explained the genetic distances. For the 
additional cases, we added high- (1000) and mid-
resistance (200) values for barriers (roads and irri-
gation canals) to determine whether either or both 
affected genetic distances (Table  2, cases 2–6). 
We calculated cost distances among the 13 breed-
ing sites using a function of the least cost path in 

ArcGIS toolbox ver. 9.3 (ESRI, Redlands, CA, 
USA) and correlation coefficients with genetic 
distances.

Field sampling

We conducted annual censuses counting the number 
of R. japonica egg masses in the study area from 2010 

Table 1   The cost values of habitat and non-habitat based on earlier studies of ranid frogs. The numbers in parentheses indicate the 
adjusted numbers when the resistance value of habitat was converted to 1

*1 The habitat attraction value were set as inverse of the cost value

Species Habitat Semi-habitat Non-habitat Barrier References

Lithobates (Rana)
sylvatica

5 50 200 500 Zellmer and Knowles (2009)

Rana temporaria 0 to 5 25 to 45 80 100 Safner et al. (2011)
Rana temporaria 5 10 to 20 40 to 80 10,000 Decout et al. (2012)
Lithobates (Rana)
sylvatica

1 2 to 10 15 to 40 – Charney (2012)

Lithobates (Rana)
sylvatica

0.1 – 10 200 to 1000 Richardson (2012)

Lithobates (Rana)
sylvatica

1 to 2 5 to 9 18 Barrier Patrick et al. (2012)

Lithobates (Rana)
sylvatica

0 to 5 10 to 20 25 to 50 Barrier Scherer et al. (2012)

Lithobates (Rana)
sylvatica

1 2 to 4 5 to 10 1 to 1000 Peterman et al. (2013)

Rana arvalis *1 1 2 to 4 Barrier Barrier Pontoppidan and Nachman (2013)
Rana luteiventris 1 – – 2 to 6 Gabrielsen et al. (2013)
Lithobates (Rana)
sylvatica

10 30 to 48 68 to 220 400 Coster et al. (2015)

Rana japonica 1 5 40 200 to 1000 This study

Table 2   Land cover 
classifications as landscape 
factors and resistance 
values used to calculate the 
least-cost path

Landscape factor Resistance values of landscape factors and barriers

No bar-
rier (case 
1)

Only road 
(case 2)

Only 
canal 
(case 3)

Road and 
canal (case 
4)

Road > canal 
(case 5)

Road < canal 
(case 6)

Wetland 1 1 1 1 1 1
Water area 1 1 1 1 1 1
Paddy field 1 1 1 1 1 1
Grassland 1 1 1 1 1 1
Forest 1 1 1 1 1 1
Crop field 5 5 5 5 5 5
Artificial area 40 40 40 40 40 40
Road (10 m) 40 200 40 200 1000 200
Urban river 1 1 200 200 200 1000
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to 2012 (Fig. 1, Table 3). Many R. japonica individ-
uals congregate to mate in wet paddy fields, ponds, 
and wetlands during the reproductive season, which 
is typically from February to March (Kaneko and 
Matsui 2004). From 2010 to 2012, we collected R. 
japonica eggs from 13 breeding sites within the study 
area (Fig.  1, Table  3) from February to March. The 
breeding sites were primarily in paddy fields, small 
drains beside paddy fields, and wetlands resulting 
from abandoned paddy fields. We collected approxi-
mately three eggs per egg mass from 20 egg masses 
each year at each breeding site (except site 1 in 2011). 
The latitude and longitude of each breeding site, and 
the numbers of samples and observed egg masses for 
each year are presented in Table 3.

DNA extraction

We reared the eggs to the tail-bud stage at room tem-
perature (about 20 °C) in the laboratory. A few sam-
ples per breeding site did not reach the tail-bud stage 
and were, therefore, excluded from subsequent analy-
ses. One individual per egg mass was euthanized for 
DNA extraction.

Total DNA was extracted using a DNeasy Blood 
and Tissue Kit (Qiagen Inc., Valencia, CA, USA). 
We used six loci (Raja01, -02, -03, -04, -10, and 

-19 from Koizumi et  al. 2009) at which a bias for 
null alleles was not detected using Micro-checker 
2.2.3 (Van Oosterhout et  al. 2004). These markers 
were amplified by two multiplex PCR assays and 
one single-locus PCR assay as follows: multiplex-1 
included Raja01, -03, and -04; multiplex-2 included 
Raja02 and Raja10; and the single-locus was Raja19. 
We carried out PCR for the different loci using the 
same PCR conditions, as follows: template DNA was 
added to 10 ml of PCR mixture consisting of 20 mM 
Tris–HCl (pH 8.0), 100  mM KCl, 20  mM MgCl2, 
dNTPs (2.5 mM each), 1 mg bovine serum albumin, 
4% dimethyl sulfoxide, primers (20  mM each), and 
0.5 U Takara Ex Taq DNA Polymerase Hot-Start Ver-
sion (Takara Bio., Shiga, Japan). The PCR consisted 
of an initial denaturation step of 98 °C for 1 min, fol-
lowed by 35 cycles of denaturation at 98 °C for 10 s, 
annealing at 60  °C for 60  s, and extension at 72  °C 
for 30  s, followed by a final extension at 60  °C for 
30  min. Amplified fragments of microsatellite loci 
were genotyped using an ABI PRISM 3130xl Genetic 
Analyzer and GeneMapper 4.0 software (Thermo 
Fisher Scientific Inc., Waltham, MA, USA). Raja19 
samples were mixed with multiplex-1 samples when 
loaded into capillary tubes. These egg samples and 
genetic data sets were used in our previous study 
(Kobayashi et al. 2018).

Table 3   Rana japonica 
sample site locations, 
numbers of sampling 
events, and numbers of egg 
masses

*Samples were not counted 
nor collected, but tadpoles 
were present in several 
puddles

Site Latitude Longitude N No. of egg masses

2010 2011 2012

1 35.7746 140.1704 40 27 Several* 22
2 35.7749 140.1676 59 95 71 158
3 35.7736 140.1646 56 36 64 52
4 35.7696 140.1633 52 69 23 13
5 35.7675 140.1634 60 160 66 99
6 35.7754 140.1803 57 22 34 64
7 35.7732 140.1781 60 170 116 170
8 35.7702 140.1741 60 34 24 32
9 35.7776 140.1902 59 28 60 20
10 35.7663 140.1940 60 49 162 37
11 35.7674 140.1877 58 160 96 119
12 35.7662 140.1799 59 122 73 60
13 35.7614 140.1820 56 120 36 19
Avg. – – 56.6 84.0 68.8 66.5
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Genetic distances

The degree of genetic differentiation between popula-
tions is often measured by the fixation index GST (Nei 
1973). G″ST is a standardized GST that corrects for the 
bias caused by a small number of populations. We 
calculated the pairwise G″ST values (Hedrick 2005; 
Meirmans and Hedrick 2011) to represent genetic dis-
tances using GenALEx 6.5.01 (Peakall and Smouse 
2012) and genotyped data.

Simple and partial Mantel tests

We conducted simple and partial Mantel (P Mantel) 
tests to determine the correlations between genetic 
and cost distances using the Ecodist package in R 
3.0.0 (Goslee and Urban 2007). We removed the 
effects of simple geographic distances on the P Man-
tel tests.

Additionally, to estimate the geographic range of 
random mating in this area, we calculated the cor-
relation coefficient (Mantel r) for every 300-m geo-
graphic distance class using the Ecodist package and 
constructed a correlogram plot. The 300-m distance 
resulted from dividing the maximum geographic dis-
tance (~ 3000 m) into 10 classes.

Results

The geographic, genetic, and cost distances for 
the six cases are shown in Table  5. The maximum 

geographic distance was 2 996.6  m between sites 
No. 3 and No. 10, and the maximum G″ST value was 
0.202 between No. 6 and No. 9. The minimum geo-
graphic distance was 232.9  m between sites No. 4 
and No. 5, and the minimum G″ST value was 0.009 
also between No. 4 and No. 5 (Table 5). There were 
significant correlations between the genetic and cost 
distances for all the cases we tested. The values of the 
correlation coefficients of both Mantel tests (Mantel 
r and P Mantel r) are shown in Table 4. The lowest 
correlation coefficient (Mantel r) occurred with Case 
3, the “Only Canal” case, and the second lowest 
Mantel r value occurred with Case 1, the “No Bar-
rier” case. On the contrary, the highest Mantel r value 
occurred with Case 5, the “Road > Canal” case, and 
the second highest Mantel r occurred with Case 4, the 
“Road = Canal” case.

The P Mantel tests, which determine the correla-
tions between genetic and cost distances controlled 
by geographic distance, revealed that only three cases 
were significant. The highest correlation coefficient (P 
Mantel r) occurred with Case 5, the “Road > Canal” 
case, and the second highest P Mantel r occurred with 
Case 4, the “Road = Canal” case.

In Fig. 2, the correlation coefficient for each geo-
graphic class is shown in the correlogram. The cor-
relation coefficients were high for the 450-m class but 
declined thereafter, reaching 0 for the 1000-m class. 
The Mantel tests of each class yielded significant cor-
relations for the 150-, 450- (positive correlation) and 
2850-m (negative correlation) classes only.

Table 4   Mantel correlation coefficients and p values for the correlations between genetic and geographical distances for Rana 
japonica 

This includes the partial Mantel correlation coefficients for road cost distance while controlling for geographic distance (P Mantel r), 
p value (p val), and the 95% confidence interval around the partial Mantel correlation coefficients (P Mantel r lower and upper limits)

Type of barrier Mantel r p P Mantel r p val P Mantel r lower 
limit, 2.5%

P Mantel r 
upper limit, 
97.5%

No barrier (case 1) 0.487 0.001 0.045 0.340  − 0.163 0.229
Only road (case 2) 0.550 0.001 0.237 0.075 0.117 0.363
Only canal (case 3) 0.478 0.001 0.065 0.320  − 0.038 0.214
Road and canal (case 4) 0.610 0.001 0.415 0.002 0.264 0.595
Road > canal (case 5) 0.634 0.001 0.450 0.004 0.370 0.564
Road < canal (case 6) 0.558 0.001 0.282 0.020 0.107 0.429
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Discussion

Our results suggested that genetic distances between 
R. japonica samples at different breeding sites could 
not be explained by the fragmentation of suitable 
habitat alone because the correlation coefficient of 
the “No Barrier” case was among the lowest of the 
tested cases. The highest and second highest corre-
lation coefficients occurred with the “Road > Canal” 
and “Road = Canal” cases, respectively, in both the 
Mantel and P Mantel tests. Thus, both the roads and 
canals act as barriers to gene flow, although the roads 
have stronger barrier effects.

Previous studies indicated that the barrier effects 
of roads on migration and gene flow depended on 
the traffic volume and road width (Decout et  al. 
2012; Gabrielsen et  al. 2013; Safner et  al. 2011). 

The roads in our study area were ~ 10-m wide, with 
two-way traffic of ~ 700 vehicles/h (road traffic cen-
sus data, Chiba Prefecture, Japan, 2010). These are 
mid-sized roads compared with larger roads, such as 
highways that were involved in previous studies, and 
those authors used the same resistance value as for a 
non-habitat area (Charney 2012; Coster et  al. 2015; 
Decout et al. 2012; Safner et al. 2011). However, our 
results suggest that the mid-sized roads have a higher 
resistance value than non-habitat for this frog. Safner 
et  al. (2011) used a threshold for impassibility of 
1000 vehicles/h on a two-way street, which exceeds 
the traffic volume in our study. We presumed that the 
traffic volume threshold for impassability varies rela-
tive to the body size of adult animals. The body size 
of an adult R. japonica (3.5–6.5  cm) (Marunouchi 
et  al. 2002) is smaller than that of R. temporaria 
(5.0–8.6  cm) (Miaud et  al. 1999). Thus, the smaller 
streets in our study area may act as barriers to migra-
tion and restrict the gene flow of R. japonica.

Additionally, large rivers act as barriers to migra-
tion for some frog species (Angelone et al. 2011; Cos-
ter et al. 2015). However, smaller rivers, such as first- 
or second-order streams (upstream), may either form 
a barrier to migration or be suitable habitat, depend-
ing on the species (Charney 2012; Coster et al. 2015; 
Decout et al. 2012). Compared with a previous study, 
the resistance value (200) in our study corresponded 
to the barrier effects of a third- or fourth-order river 
(downstream) on R. sylvatica (Coster et  al. 2015). 
The under-developed suckers on the hands and feet of 
R. japonica make it difficult for them to climb cement 
walls (Watabe et  al. 2012). Therefore, the irrigation 
canal (3-m width) within this study area, which is the 
size of a second-order stream, formed a barrier with 
the effect of a large river to migration and gene flow. 
The resistance value of a canal is high because of the 
cement walls.

In our study, the resistance value of roads was 
higher than that of irrigation canals. This may result 
from the crossability. Frogs may be able to cross the 
canal using riparian and floating vegetation by adher-
ing to the cement wall or using narrow pedestrian 
bridges. However, it may be more difficult for frogs 

Fig. 2   Correlogram plot of the genetic correlation coefficient 
(r) as a function of distance for the Japanese brown frog (Rana 
japonica). The extent of the positive spatial genetic structure 
as measured by the intercept was 300 m. The null hypothesis 
of a random distribution of genotypes is bound by 95% con-
fidence intervals with error bars determined by bootstrapping. 
Dark circles represent significant values of the Mantel tests 
(p < 0.05). *Value exceeds the Bonferroni-corrected signifi-
cance level (α/k = 0.05/10 = 0.005, where k is the number of 
distance classes)
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to cross the paved, hot, and dry roads while avoiding 
vehicles.

However, even in this fine-scale landscape, the 
Mantel test-based correlogram revealed the effects 
of isolation owing to distance (Fig.  2). The effec-
tive dispersal range of this species appears to be 
between 500 and 1000  m within the study area 
(Fig. 2). This is consistent with our previous study 
in this area, in which we estimated the dispersal 
range to be ~ 600  m using assignment test-based 
estimations of the breeding sites of each captured 
individual (Kobayashi and Abe 2019). Addition-
ally, the range is consistent with findings of other 
studies on R. japonica, in which the home range has 
been estimated as 200 to 270 m, with a maximum of 
500 m (Osawa and Katsuno 2001), and with studies 
on other ranid frog species (500 to 1000 m; Berven 
and Grudzien 1990; Dole 1971). Long-distance dis-
persal (e.g., over 5 km) has been documented in rare 
instances for some ranid frogs, such as R. pipiens 
and R. clamitans (Berven and Grudzien 1990; Dole 
1971; Schroeder 1976). However, this capability 
for R. japonica in the study area is hindered by the 
presence of linear barriers.

This study confirmed that roads and concrete-
walled canals act as barriers to the movement of 
Japanese brown frogs, which may also occur in 
other small animals such as other amphibians and 
mammals. When considering the health of wetland 
ecosystems, our results suggest that road conser-
vation measures are a priority. Because amphib-
ian roadkill directly affects populations, conserva-
tion measures have been studied (Lesbarrères et al. 
2004; Taylor and Goldingay 2010; Wang et  al. 
2019). In Asia, the effectiveness of underpasses 
has been confirmed for brown frogs and toads, and 
it is thought that multiple lined-with-soil under-
passes are particularly effective for roads that cross 
paddy fields or wetlands (Wang et  al. 2019). Pre-
vious studies have also shown that concrete walls 
and ditches act as barriers in ranid frogs such as 
Japanese pond frogs (Pelophylax porosua porosua) 
that do not have suction cups and sufficient jump-
ing capabilities to cross over (Watabe et  al. 2010, 
2011). In previous research, conservation measures 

such as attaching slopes and nets and making the 
surface uneven have been examined and their effects 
have been confirmed (Watabe et al. 2010, 2011). In 
paddy field areas near urban areas where suitable 
habitats are decreasing because of paddy improve-
ments and abandonment, it is necessary to actively 
adopt such conservation measures to balance biodi-
versity conservation and urban functions in wetland 
ecosystems.
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Table 5   Pairwise cost, geographic, and genetic distances for each comparison of samples from different Rana japonica breeding 
sites

Sampling point Geographic 
distance

G″st No barrier Only road Only river Road and river Road > river Road < river

1 vs 2 268.77 0.010 268.77 268.77 268.77 268.77 268.77 268.77
1 vs 3 579.633 0.051 604.822 604.822 604.822 604.822 604.822 604.822
1 vs 4 879.296 0.040 929.504 929.504 928.504 928.504 929.504 928.504
1 vs 5 1051.91 0.056 1051.91 1051.91 1051.91 1051.91 1051.91 1051.91
1 vs 6 926.306 0.124 2280.43 3258.12 2276.19 3258.12 7475.17 3258.12
1 vs 7 755.755 0.097 1895.03 2872.72 1890.79 2872.72 7089.8 2872.72
1 vs 8 627.274 0.129 1418.99 2390.84 1415.57 2390.84 6599.85 2390.84
1 vs 9 1915.57 0.164 3092.03 4692.04 4395.12 8883.05 15,454 10,315.2
1 vs 10 2512.23 0.117 3844.47 6292.04 5362.88 9421.34 20,499.7 11,761.7
1 vs 11 1890.05 0.110 2776.7 3748.56 4313.35 6866.14 11,084.9 9224.27
1 vs 12 1294.65 0.089 2126.2 3098.1 4387.74 6651.65 10,874.4 9298.63
1 vs 13 1906.78 0.108 2662.6 3594.68 4986.07 7249.98 11,472.8 9896.96
2 vs 3 332.404 0.019 357.593 357.593 357.593 357.593 357.593 357.593
2 vs 4 743.953 0.038 848.052 848.052 847.052 847.052 848.052 847.052
2 vs 5 971.049 0.036 990.102 990.102 989.274 989.274 990.102 989.274
2 vs 6 1173.54 0.062 2413.3 3390.98 2409.05 3390.98 7608.04 3390.98
2 vs 7 1024.52 0.068 2027.9 3005.58 2023.66 3005.58 7222.67 3005.58
2 vs 8 801.143 0.108 1551.86 2523.7 1548.44 2523.7 6732.72 2523.7
2 vs 9 2162.8 0.161 3206.15 4806.16 4527.97 8996.07 15,545.3 10,448.1
2 vs 10 2781 0.140 3977.34 6424.91 5495.74 9554.21 20,632.6 11,894.5
2 vs 11 2158.81 0.060 2909.57 3881.43 4446.21 6999 11,217.8 9357.13
2 vs 12 1508.35 0.062 2259.08 3228.07 4520.6 6784.52 11,007.3 9431.5
2 vs 13 2039.65 0.070 2795.48 3678.38 5118.93 7382.85 11,605.6 10,029.8
3 vs 4 489.463 0.021 490.463 490.463 489.463 489.463 490.463 489.463
3 vs 5 716.56 0.025 716.562 716.562 716.562 716.562 716.562 716.562
3 vs 6 1505.94 0.045 2611.33 3510.58 2606.5 3511.27 7704.58 3511.27
3 vs 7 1240.12 0.040 2225.93 3125.18 2221.1 3125.87 7319.21 3125.87
3 vs 8 1016.73 0.110 1749.88 2632.53 1745.88 2633.22 6826.64 2633.22
3 vs 9 2495.2 0.158 3563.74 5163.74 4725.39 9169.96 15,902.9 10,568.4
3 vs 10 2996.6 0.129 4173.83 6488.38 5693.17 9674.49 20,729.1 12,014.8
3 vs 11 2374.41 0.063 3106.07 3944.89 4643.63 7119.29 11,314.3 9477.42
3 vs 12 1723.94 0.060 2446.46 3285.32 4718.01 6904.8 11,103.8 9551.79
3 vs 13 2125.78 0.087 2896.77 3735.63 5316.34 7503.13 11,702.2 10,150.1
4 vs 5 232.899 0.009 231.899 231.899 232.899 232.899 231.899 232.899
4 vs 6 1805.59 0.062 2663.64 3502.49 2663.91 3502.76 7696.49 3502.76
4 vs 7 1497.53 0.062 2278.23 3117.09 2278.51 3117.36 7311.12 3117.36
4 vs 8 1004.92 0.159 1785.61 2624.44 1785.88 2624.71 6818.55 2624.71
4 vs 9 2794.86 0.175 3845.43 5589.34 4782.8 9161.45 16,371.1 10,559.9
4 vs 10 2930.95 0.157 4165.74 6480.29 5750.57 9665.99 20,721.1 12,006.3
4 vs 11 2308.76 0.099 3097.98 3936.8 4701.04 7110.78 11,306.2 9468.91
4 vs 12 1658.29 0.089 2336.02 3277.23 4775.41 6896.3 11,095.8 9543.28
4 vs 13 2060.12 0.137 2741.2 3727.54 5373.74 7494.62 11,694.1 10,141.6
5 vs 6 1893.86 0.062 2751.5 3590.34 2752.18 3591.03 7784.35 3591.03
5 vs 7 1585.79 0.087 2366.1 3204.94 2366.78 3205.63 7398.97 3205.63
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