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

Keywords Least-cost path - Genetic distances -
Gene flow barrier - Rana japonica - Satoyama

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
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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-km? 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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Fig. 1 Study area showing the locations of Rana japonica sampling points (white circles) and land use types (see legend)

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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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

Species Habitat Semi-habitat Non-habitat Barrier References

Lithobates (Rana) 5 50 200 500 Zellmer and Knowles (2009)
sylvatica

Rana temporaria Oto5 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) 1 2to 10 15t0 40 - Charney (2012)
sylvatica

Lithobates (Rana) 0.1 - 10 200 to 1000 Richardson (2012)
sylvatica

Lithobates (Rana) 1to2 5t09 18 Barrier Patrick et al. (2012)
sylvatica

Lithobates (Rana) Oto5 10 to 20 25 to 50 Barrier Scherer et al. (2012)
sylvatica

Lithobates (Rana) 1 2t04 5to 10 1 to 1000 Peterman et al. (2013)
sylvatica

Rana arvalis *1 1 2to 4 Barrier Barrier Pontoppidan and Nachman (2013)
Rana luteiventris 1 - - 2t06 Gabrielsen et al. (2013)
Lithobates (Rana) 10 30 to 48 68 to 220 400 Coster et al. (2015)
sylvatica

Rana japonica 1 5 40 200 to 1000 This study

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

Table 2 Land cover

: - Landscape factor
classifications as landscape

Resistance values of landscape factors and barriers

factors and resistance No bar- Only road Only Road and Road>canal Road <canal

values used to calculate the rier (case (case 2)  canal canal (case  (case 5) (case 6)

least-cost path 1) (case 3) 4)
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

(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
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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
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Table 3 .Rana J ap onica Site Latitude Longitude N No. of egg masses
sample site locations,
numbers of sampling 2010 2011 2012
events, and numbers of egg
masses 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
#Samples were not counted 12 35.7662 140.1799 59 122 73 60
nor collected, but tadpoles 13 35.7614 140.1820 56 120 36 19
were present in several Avg. _ _ 56.6 84.0 68.8 66.5

puddles

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.
Jjaponica 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 (Raja0l, -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 Raja0l, -03, and -04; multiplex-2 included
Raja02 and Rajal0; and the single-locus was Rajal9.
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—HCI (pH 8.0), 100 mM KCI, 20 mM MgCl,,
dNTPs (2.5 mM each), 1 mg bovine serum albumin,
4% dimethyl sulfoxide, primers (20 mM each), and
0.5 U Takara Ex Taqg 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 3130x1 Genetic
Analyzer and GeneMapper 4.0 software (Thermo
Fisher Scientific Inc., Waltham, MA, USA). Rajal9
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).
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Genetic distances

The degree of genetic differentiation between popula-
tions is often measured by the fixation index G (Nei
1973). G"gyis a standardized Gg; that corrects for the
bias caused by a small number of populations. We
calculated the pairwise G"g 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"g; 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"g; 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 O 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

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

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)
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Fig. 2 Correlogram plot of the genetic correlation coefficient
(r) as a function of distance for the Japanese brown frog (Rana
Jjaponica). 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 (o/k=0.05/10=0.005, where k is the number of
distance classes)

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

@ Springer



198

Wetlands Ecol Manage (2023) 31:191-202

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 (Lesbarréres 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
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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 G"st No barrier  Only road  Onlyriver Road andriver Road>river  Road <river
distance
1vs2 268.77 0.010 268.77 268.77 268.77 268.77 268.77 268.77
l1vs3 579.633 0.051 604.822 604.822 604.822 604.822 604.822 604.822
l1vs4 879.296 0.040 929.504 929.504 928.504 928.504 929.504 928.504
lvs5 1051.91 0.056  1051.91 1051.91 1051.91 1051.91 1051.91 1051.91
1vs6 926.306 0.124  2280.43 3258.12 2276.19 3258.12 7475.17 3258.12
1vs7 755.755 0.097  1895.03 2872.72 1890.79 2872.72 7089.8 2872.72
1vs8 627.274 0.129  1418.99 2390.84 1415.57 2390.84 6599.85 2390.84
1vs9 1915.57 0.164  3092.03 4692.04 4395.12 8883.05 15,454 10,315.2
1vs 10 2512.23 0.117 384447 6292.04 5362.88 9421.34 20,499.7 11,761.7
1vs1l 1890.05 0.110  2776.7 3748.56 4313.35 6866.14 11,084.9 9224.27
lvs12 1294.65 0.089 21262 3098.1 4387.74 6651.65 10,874.4 9298.63
1vs13 1906.78 0.108  2662.6 3594.68 4986.07 7249.98 11,472.8 9896.96
2vs3 332.404 0.019 357.593 357.593 357.593 357.593 357.593 357.593
2vs4 743.953 0.038 848.052 848.052 847.052 847.052 848.052 847.052
2vs5 971.049 0.036 990.102 990.102 989.274 989.274 990.102 989.274
2vs6 1173.54 0.062 24133 3390.98 2409.05 3390.98 7608.04 3390.98
2vs7 1024.52 0.068  2027.9 3005.58 2023.66 3005.58 7222.67 3005.58
2vs 8 801.143 0.108  1551.86 2523.7 1548.44 2523.7 6732.72 2523.7
2vs9 2162.8 0.161  3206.15 4806.16 4527.97 8996.07 15,545.3 10,448.1
2vs 10 2781 0.140  3977.34 642491 5495.74 9554.21 20,632.6 11,894.5
2vs 11 2158.81 0.060  2909.57 3881.43 4446.21 6999 11,217.8 9357.13
2vs 12 1508.35 0.062  2259.08 3228.07 4520.6 6784.52 11,007.3 9431.5
2vs 13 2039.65 0.070  2795.48 3678.38 5118.93 7382.85 11,605.6 10,029.8
3vs4 489.463 0.021 490.463 490.463 489.463 489.463 490.463 489.463
3vs5 716.56 0.025 716.562 716.562 716.562 716.562 716.562 716.562
3vs6 1505.94 0.045 2611.33 3510.58 2606.5 3511.27 7704.58 3511.27
3vs7 1240.12 0.040  2225.93 3125.18 2221.1 3125.87 7319.21 3125.87
3vs8 1016.73 0.110  1749.88 2632.53 1745.88 2633.22 6826.64 2633.22
3vs9 2495.2 0.158  3563.74 5163.74 4725.39 9169.96 15,902.9 10,568.4
3vs 10 2996.6 0.129  4173.83 6488.38 5693.17 9674.49 20,729.1 12,014.8
3vs 1l 2374.41 0.063  3106.07 3944.89 4643.63 7119.29 11,314.3 9477.42
3vs 12 1723.94 0.060  2446.46 3285.32 4718.01 6904.8 11,103.8 9551.79
3vs 13 2125.78 0.087  2896.77 3735.63 5316.34 7503.13 11,702.2 10,150.1
4vs5 232.899 0.009 231.899 231.899 232.899 232.899 231.899 232.899
4vs6 1805.59 0.062  2663.64 3502.49 2663.91 3502.76 7696.49 3502.76
4vs7 1497.53 0.062  2278.23 3117.09 2278.51 3117.36 7311.12 3117.36
4vs 8 1004.92 0.159  1785.61 2624.44 1785.88 2624.71 6818.55 2624.71
4vs9 2794.86 0.175  3845.43 5589.34 4782.8 9161.45 16,371.1 10,559.9
4vs 10 2930.95 0.157  4165.74 6480.29 5750.57 9665.99 20,721.1 12,006.3
4vs 1l 2308.76 0.099  3097.98 3936.8 4701.04 7110.78 11,306.2 9468.91
4vs 12 1658.29 0.089  2336.02 3277.23 4775.41 6896.3 11,095.8 9543.28
4vs13 2060.12 0.137 27412 3727.54 5373.74 7494.62 11,694.1 10,141.6
S5vs6 1893.86 0.062  2751.5 3590.34 2752.18 3591.03 7784.35 3591.03
S5vs7 1585.79 0.087  2366.1 3204.94 2366.78 3205.63 7398.97 3205.63
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Table 5 (continued)

Sampling point ~ Geographic G"st No barrier ~ Onlyroad  Onlyriver Road andriver Road>river  Road <river

distance
S5vs8 1093.18 0.151 1873.46 2712.29 1874.15 2712.98 6906.4 2712.98
5vs9 2883.12 0.163  3933.29 5677.2 4871.07 9249.72 16,493.5 10,648.2
S5vs 10 2828.68 0.154  4253.58 6568.14 5838.85 9754.26 20,808.9 12,094.6
Svsll 2206.5 0.112  3185.83 4024.66 4789.32 7199.05 11,394.1 9557.18
Svs12 1556.03 0.073  2399.02 3365.09 4863.69 6984.56 11,183.6 9631.55
Svs13 1957.86 0.110  2804.2 3815.4 5462.01 7582.89 11,781.9 10,229.9
6vs7 329.742 0.027 385.392 385.392 385.392 385.392 385.392 385.392
6vs 8 803.025 0.123 878.004 878.004 878.004 878.004 878.004 878.004
6vs9 989.262 0.202  1209.88 2114.98 2343.74 5905.66 9829.85 7281.91
6vs 10 1650.55 0.199  2276.77 3752.53 3311.55 6814.29 13,672.8 8728.35
6vs 1l 1170.71 0.085 122845 1228.45 2261.97 4264.86 4262.52 6190.94
6vs 12 1039.64 0.091  1044.61 1044.61 2336.33 4071.98 4073.64 6265.3
6vs 13 1614.5 0.129  1642.94 1642.94 2934.68 4670.3 4671.96 6863.63
7vs8 492.62 0.082 492.62 492.62 492.62 492.62 492.62 492.62
7vs9 1297.32 0.174  1567.16 2472.25 2504.36 6045.55 10,122.4 7442.52
7vs 10 1756.48 0.118  2202.06 3677.82 3472.17 6702.79 13,562.4 8888.95
7vs 1l 1134.3 0.048 11343 1134.3 2422.59 4147.63 4147.63 6351.55
7vs 12 844.098 0.061 844.098 844.098  2496.94 3933.06 3937.06 6425.91
7vs 13 1456.24 0.089  1478.88 1478.88 3095.29 4531.38 4535.38 7024.24
8vs9 1789.93 0.178  2059.77 2964.88 2996.99 6536.77 10,615 7935.13
8 vs 10 1979.87 0.136  2425.45 3901.2 3964.79 7041.32 13,902.6 9381.56
8vs 11 1357.68 0.120  1357.68 1357.68 2915.2 4486.11 4487.77 6844.16
8vs 12 707.221 0.144 707.221 707.221 2989.59 4271.57 4277.23 6918.52
8vs 13 1279.52 0.121  1302.16 1302.16 3587.94 4869.9 4875.56 7516.85
9vs 10 1392.51 0.107  2213.32 3515.28 2213.74 3571.42 9172.02 3571.42
9vs 1l 1227.58 0.068  1777.16 2842.26 1774.28 2839.38 8167.74 2839.38
9vs 12 1639.92 0.177  2018.89 3125.92 2023.24 3359.61 8688.71 3359.61
9vs 13 2103.78 0.116  2617.24 3724.27 2621.59 3922.03 9249.58 3922.03
10vs 11 622.189 0.102  1067.76 264791 1067.35 2659.6 9519.17 2659.6
10 vs 12 1272.66 0.077  1981.86 3457.66 1981.45 3469.34 10,328.9 3469.34
10vs 13 1313.17 0.104  2385.52 3923.74 2388.86 4002.14 10,655 4002.14
11vs 12 751.531 0.060 914.112 914.112 914.112 914.112 914.112 914.112
11vs 13 876.212 0.027  1400.11 1400.11 1403.04 1403.04 1400.11 1403.04
12vs 13 612.142 0.029 634.787 634.787 634.787 634.787 634.787 634.787
References Beebee TIC (2013) Effects of road mortality and mitiga-
tion measures on amphibian populations. Conserv Biol

Amira N, Rinalfi T, Azhar B (2018) Effects of intensive rice 27:657-668. https://doi.org/10.1111/cobi. 12063

production practices on avian biodiversity in Southeast Berven KA, Grud;len T,A (1,990,) Dispersal in t.he wood ﬁjOg

Asian managed wetlands. Wet Ecol Manag 26:865-877. (Rana sylvatzca):. implications for genetic populatlon

https://doi.org/10.1007/511273-018-9614-y structure. Evolution 44:2047-2056. https://doi.org/10.

Angelone S, Kienast F, Holderegger R (2011) Where move- ,2307/ 2409614 - .
ment happens: scale-dependent landscape effects on Buskirk J ('2(.)12) Pern.leabl.hty of the landscape matrix between
genetic differentiation in the European tree frog. Ecog- am.phlblan breeding sites. Ecol Evol 2:3160-3167. https://
raphy 34:714-722. https://doi.org/10.1111/j.1600-0587. doi.org/10.1002/ece3.424

2010.06494.x

@ Springer


https://doi.org/10.1007/s11273-018-9614-y
https://doi.org/10.1111/j.1600-0587.2010.06494.x
https://doi.org/10.1111/j.1600-0587.2010.06494.x
https://doi.org/10.1111/cobi.12063
https://doi.org/10.2307/2409614
https://doi.org/10.2307/2409614
https://doi.org/10.1002/ece3.424
https://doi.org/10.1002/ece3.424

Wetlands Ecol Manage (2023) 31:191-202

201

Charney ND (2012) Evaluating expert opinion and spatial scale
in an amphibian model. Ecol Modell 242:37-45. https://
doi.org/10.1016/j.ecolmodel.2012.05.026

Clark RW, Brown WS, Stechert R, Zamudio KR (2010) Roads,
interrupted dispersal, and genetic diversity in timber rat-
tlesnakes. Conserv Biol 24:1059-1069. https://doi.org/10.
1111/5.1523-1739.2009.01439.x

Coster SS, Babbitt KJ, Kovach AI (2015) High genetic con-
nectivity in wood frogs (Lithobates sylvaticus) and spot-
ted salamanders (Ambystoma maculatum) in a commercial
forest. Herpetol Conserv Biol 10:64-89

Decout S, Manel S, Miaud C, Luque S (2012) Integrative
approach for landscape-based graph connectivity analysis:
a case study with the common frog (Rana temporaria) in
human-dominated landscapes. Landsc Ecol 27:267-279.
https://doi.org/10.1007/s10980-011-9694-z

Dole JW (1971) Dispersal of recently metamorphosed Leopard
Frogs, Rana pipiens. Copeia 1971:221-228. https://doi.
org/10.2307/1442821

Fujita G, Naoe S, Miyashita T (2015) Modernization of drain-
age systems decreases gray-faced buzzard occurrence by
reducing frog densities in paddy-dominated landscapes.
Landsc Ecol Eng 11:189-198. https://doi.org/10.1007/
$11355-014-0263-x

Gabrielsen CG, Kovach Al, Babbitt KJ, McDowell WH (2013)
Limited effects of suburbanization on the genetic struc-
ture of an abundant vernal pool-breeding amphibian.
Conserv Genet 14:1083-1097. https://doi.org/10.1007/
$10592-013-0497-4

Garcia-Gonzalez C, Campo D, Pola IG, Garcia-Vazquez E
(2012) Rural road networks as barriers to gene flow for
amphibians: species-dependent mitigation by traffic calm-
ing. Landsc Urban Plan 104:171-180. https://doi.org/10.
1016/j.landurbplan.2011.10.012

Goslee SC, Urban DL (2007) The ecodist package for dis-
similarity-based analysis of ecological data. J Stat Softw
22:1-19

Hamer AJ, McDonnell MJ (2008) Amphibian ecology and
conservation in the urbanising world: a review. Biol
Conserv 141:2432-2449. https://doi.org/10.1016/j.bio-
con.2008.07.020

Hedrick PW (2005) A standardized genetic differentiation
measure. Evolution 59:1633-1638

Johansson M, Primmer CR, Sahlsten J, Merila J, Centre EB,
Johansson M, Primmer CR, Sahlsten J, Merila J, Merild
J (2005) The influence of landscape structure on occur-
rence, abundance and genetic diversity of the common
frog, Rana temporaria. Glob Change Biol 11:1664—
1679. https://doi.org/10.1111/j.1365-2486.2005.01005.x

Kaneko Y, Matsui M (2004) Rana japonica. In: Bailie JEM,
Hilton-Taylor C, Stuart SN (eds) 2004 IUCN red list of
threatened species: a global species assessment. [UCN,
Gland. https://doi.org/10.2305/IUCN.UK.2004.RLTS.
T58625A11815180.en

Katoh S, Ahern J (2009) Multifunctional landscapes as a basis
for sustainable landscape development. J Jpn Inst Landsc
Archit 72:799-804. https://doi.org/10.5632/jila.72.799

Kidera N, Kadoya T, Yamano H, Takamura N, Ogano D, Wak-
abayashi T, Takezawa M, Hasegawa M (2018) Hydrologi-
cal effects of paddy improvement and abandonment on
amphibian populations; long-term trends of the Japanese

brown frog, Rana japonica. Biol Conserv 219:96-104.
https://doi.org/10.1016/j.biocon.2018.01.007

Kobayashi S, Abe S (2019) Estimated dispersal range of Japa-
nese brown frogs using assignment tests. Bull Herpetol
Soc Jpn 2:127-136 (in Japanese)

Kobayashi S, Abe S, Matsuki R (2013) Genetic structure of a
Japanese brown frog (Rana japonica) population implies
severe restriction of gene flow caused by recent urbani-
zation in a satoyama landscape. Mitochondrial DNA
24:697-704. https://doi.org/10.3109/19401736.2013.
773981

Kobayashi S, Abe S, Tomita M, Matsuki R (2018) Fine-scale
genetic structure and estimation of gene flow of the Japa-
nese brown frog Rana japonica in a satoyama landscape
on the western side of Inba Lake, Eastern Japan. Curr
Herpetol 37:11-22. https://doi.org/10.5358/hsj.37.11

Kobori H, Primack RB (2003) Participatory conservation
approaches for satoyama, the traditional forest and agri-
cultural landscape of Japan. Ambio 32:307-311

Koizumi N, Watabe K, Mori A, Takemura T (2009) Isolation
and characterization of 19 polymorphic microsatellite
DNA markers in the Japanese brown frog (Rana japon-
ica). Mol Ecol Res 9:248-250. https://doi.org/10.1111/j.
1755-0998.2008.02429.x

Kuramoto N, Sonoda Y (2003) Biological diversity in satoy-
ama landscapes. In: Takeuchi K, Brown RD, Washi-
tani I, Tsunekawa A, Yokohari M (eds) satoyama.
Springer, Tokyo, pp 81-109. https://doi.org/10.1007/
978-4-431-67861-8_4

Lane SJ, Fujioka M (1998) The impact of changes in irrigation
practices on the distribution of foraging egrets and herons
(Ardeidae) in the rice fields of central Jpn. Biol Conserv
83:221-230. https://doi.org/10.1016/S0006-3207(97)
00054-2

Lawler P (2001) Rice fields as temporary wetlands: a review.
Israel J Zool 47:513-528

Lesbarreres D, Lodé T, Merild J (2004) What type of amphib-
ian tunnel could reduce road kills? Oryx 38:220-223.
https://doi.org/10.1017/S0030605304000389

Malekmohammadi B, Jahanishakib F (2017) Vulnerability
assessment of wetland landscape ecosystem services using
driver-pressure-state-impact-response  (DPSIR) model.
Ecol Indic 82:293-303. https://doi.org/10.1016/j.ecolind.
2017.06.060

Marunouchi J, Kusano T, Ueda H (2002) Fluctuation in abun-
dance and age structure of a breeding population of the
Japanese brown frog, Rana japonica Gunther (Amphibia,
Anura). Zool Sci 19:343-350. https://doi.org/10.2108/zsj.
19.343

Matos C, Petrovan SO, Wheeler PM, Ward Al (2019) Land-
scape connectivity and spatial prioritization in an urban-
ising world: a network analysis approach for a threatened
amphibian. Biol Conserv 237:238-247. https://doi.org/10.
1016/j.biocon.2019.06.035

Matsushima N, Kawata M (2005) The choice of oviposition site
and the effects of density and oviposition timing on survi-
vorship in Rana japonica. Ecol Res 20:81-86. https://doi.
org/10.1007/s11284-004-0010-0

Meirmans PG, Hedrick PW (2011) Assessing population struc-
ture: FST and related measures. Mol Ecol Resour 11:5—
18. https://doi.org/10.1111/j.1755-0998.2010.02927.x

@ Springer


https://doi.org/10.1016/j.ecolmodel.2012.05.026
https://doi.org/10.1016/j.ecolmodel.2012.05.026
https://doi.org/10.1111/j.1523-1739.2009.01439.x
https://doi.org/10.1111/j.1523-1739.2009.01439.x
https://doi.org/10.1007/s10980-011-9694-z
https://doi.org/10.2307/1442821
https://doi.org/10.2307/1442821
https://doi.org/10.1007/s11355-014-0263-x
https://doi.org/10.1007/s11355-014-0263-x
https://doi.org/10.1007/s10592-013-0497-4
https://doi.org/10.1007/s10592-013-0497-4
https://doi.org/10.1016/j.landurbplan.2011.10.012
https://doi.org/10.1016/j.landurbplan.2011.10.012
https://doi.org/10.1016/j.biocon.2008.07.020
https://doi.org/10.1016/j.biocon.2008.07.020
https://doi.org/10.1111/j.1365-2486.2005.01005.x
https://doi.org/10.2305/IUCN.UK.2004.RLTS.T58625A11815180.en
https://doi.org/10.2305/IUCN.UK.2004.RLTS.T58625A11815180.en
https://doi.org/10.5632/jila.72.799
https://doi.org/10.1016/j.biocon.2018.01.007
https://doi.org/10.3109/19401736.2013.773981
https://doi.org/10.3109/19401736.2013.773981
https://doi.org/10.5358/hsj.37.11
https://doi.org/10.1111/j.1755-0998.2008.02429.x
https://doi.org/10.1111/j.1755-0998.2008.02429.x
https://doi.org/10.1007/978-4-431-67861-8_4
https://doi.org/10.1007/978-4-431-67861-8_4
https://doi.org/10.1016/S0006-3207(97)00054-2
https://doi.org/10.1016/S0006-3207(97)00054-2
https://doi.org/10.1017/S0030605304000389
https://doi.org/10.1016/j.ecolind.2017.06.060
https://doi.org/10.1016/j.ecolind.2017.06.060
https://doi.org/10.2108/zsj.19.343
https://doi.org/10.2108/zsj.19.343
https://doi.org/10.1016/j.biocon.2019.06.035
https://doi.org/10.1016/j.biocon.2019.06.035
https://doi.org/10.1007/s11284-004-0010-0
https://doi.org/10.1007/s11284-004-0010-0
https://doi.org/10.1111/j.1755-0998.2010.02927.x

202

Wetlands Ecol Manage (2023) 31:191-202

Miaud C, Guyétant R, Elmberg J (1999) Variations in life-
history traits in the common frog Rana temporaria
(Amphibia: Anura): a literature review and new data from
the French Alps. J Zool 249:61-73. https://doi.org/10.
1017/50952836999009061

Natsuhara Y (2013) Ecosystem services by paddy fields as sub-
stitutes of natural wetlands in Japan. Ecol Eng 56:97-106.
https://doi.org/10.1016/j.ecoleng.2012.04.026

Natsuhara Y, Kanbara M (2001) Habitat suitability and net-
work for the Japanese brown frog, Rana japonica Gunther
in Southern Osaka. Jpn Inst Landsc Archit 64:617-620.
https://doi.org/10.5632/jila.64.617

Nei M (1973) Analysis of gene diversity in subdivided popula-
tions. PNAS USA 70:3321-3323

Osawa S, Katsuno T (1997) Discussion of peculiarity in Yato
(paddy field at bottomland with sideslope) and conserva-
tion of frogs. J Jpn Inst Landsc Archit 61:529-534. https://
doi.org/10.5632/jila.61.529

Osawa S, Katsuno T (2001) Dispersal of brown frogs Rana
Jjaponica and R. ornativentris in the forests of the Tama
Hills. Curr Herpetol 20:1-10. https://doi.org/10.5358/hsj.
20.1

Osawa S, Katsuno T (2002) Environmental factors influenc-
ing the relative abundance of brown frogs in urban area
ecological parks. J Jpn Inst Landsc Archit 65:513-516.
https://doi.org/10.5632/jila.65.513

Patrick DA, Gibbs JP, Popescu VD, Nelson DA (2012) Multi-
scale habitat-resistance models for predicting road mortal-
ity “hotspots” for turtles and amphibians. Herpetol Con-
serv Biol 7:407-426

Peakall R, Smouse PE (2012) GenALEx 6.5: genetic analysis
in Excel. Population genetic software for teaching and
research-an update. Bioinformatics 28:2537-2539. https://
doi.org/10.1093/bioinformatics/bts460

Peterman WE, Feist SM, Semlitsch RD, Eggert LS (2013)
Conservation and management of peripheral populations:
spatial and temporal influences on the genetic structure
of wood frog (Rana sylvatica) populations. Biol Conserv
158:351-358.  https://doi.org/10.1016/j.biocon.2012.07.
028

Pontoppidan M-B, Nachman G (2013) Spatial Amphibian
impact assessment—a management tool for assessment of
road effects on regional populations of Moor frogs (Rana
arvalis). Nat Conserv 5:29-52. https://doi.org/10.3897/
natureconservation.5.4612

Richardson JL (2012) Divergent landscape effects on popula-
tion connectivity in two co-occurring amphibian species.
Mol Ecol 21:4437-4451. https://doi.org/10.1111/j.1365-
294X.2012.05708.x

Rytwinski T, Fahrig L (2012) Do species life history traits
explain population responses to roads? A meta-analysis.
Biol Conserv 147:87-98. https://doi.org/10.1016/j.biocon.
2011.11.023

Safner T, Miaud C, Gaggiotti O, Decout S, Rioux D, Zundel
S, Manel S (2011) Combining demography and genetic
analysis to assess the population structure of an amphibian
in a human-dominated landscape. Conserv Genet 12:161—
173. https://doi.org/10.1007/s10592-010-0129-1

Scherer RD, Muths E, Noon BR (2012) The importance of
local and landscape-scale processes to the occupancy

@ Springer

of wetlands by pond-breeding amphibians. Popul Ecol
54:487-498. https://doi.org/10.1007/s10144-012-0324-7

Schroeder EE (1976) Dispersal and movement of newly
transformed green frogs, Rana clamitans. Am Midl Nat
95:471-474. https://doi.org/10.2307/2424413

Taylor BD, Goldingay RL (2010) Roads and wildlife: impacts,
mitigation and implications for wildlife management in
Australia. Wildl Res 37:320-331

Trochet A, Dechartre J, Chevalier HL, Baillat B, Calvez O,
Blanchet S, Ribéron A (2016) Effects of habitat and frag-
mented-landscape parameters on amphibian distribution
at a large spatial scale. Herpetol J 26:73-73

Tuomainen U, Candolin U (2011) Behavioural responses to
human-induced environmental change. Biol Rev 86:640-
657. https://doi.org/10.1111/j.1469-185X.2010.00164.x

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P
(2004) MICRO-CHECKER: software for identifying and
correcting genotyping errors in microsatellite data. Mol
Ecol Notes 4:535-538. https://doi.org/10.1111/j.1471-
8286.2004.00684.x

Wang Y, Lan J, Zhou H, Guan L, Wang Y, Han Y, Qu J, Shah
SA, Kong Y (2019) Investigating the effectiveness of
road-related mitigation measures under semi-controlled
conditions: a case study on Asian amphibians. Asian Her-
petol Res 10:62-68

Watabe K, Mori A, Koizumi N, Takemura T (2010) Funda-
mental experiments to develop eco-friendly techniques
for conserving frog habitat in paddy areas: escape coun-
termeasures for frogs falling into agricultural concrete
canals. Jpn Agric Res Q 44:405-413. https://doi.org/10.
6090/jarq.44.405

Watabe K, Mori A, Koizumi N, Takemura T, Park MS (2011)
Experiment for development of simple escape counter-
measures for frogs falling into concrete canals. Trans Jpn
Soc Irrig Drain Rural Eng 79:215-221. https://doi.org/10.
11408/jsidre.79.215

Watabe K, Senga Y, Mori A, Koizumi N, Takemura T, Nishida
K (2012) Population model of Rana japonica crossing
agricultural concrete canals: evaluating population con-
servation by improving the migration routes of frogs.
Paddy Water Environ 10:223-229. https://doi.org/10.
1007/s10333-012-0313-7

Watts K, Vanhala T, Connolly T, Cottrell J (2016) Striking the
right balance between site and landscape-scale conserva-
tion actions for a woodland insect within a highly frag-
mented landscape: a landscape genetics perspective. Biol
Conserv 195:146-155. https://doi.org/10.1016/j.biocon.
2015.12.039

Zellmer AJ, Knowles LL (2009) Disentangling the effects of
historic vs. contemporary landscape structure on popula-
tion genetic divergence. Mol Ecol 18:3593-3602. https://
doi.org/10.1111/j.1365-294X.2009.04305.x

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1017/S0952836999009061
https://doi.org/10.1017/S0952836999009061
https://doi.org/10.1016/j.ecoleng.2012.04.026
https://doi.org/10.5632/jila.64.617
https://doi.org/10.5632/jila.61.529
https://doi.org/10.5632/jila.61.529
https://doi.org/10.5358/hsj.20.1
https://doi.org/10.5358/hsj.20.1
https://doi.org/10.5632/jila.65.513
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1016/j.biocon.2012.07.028
https://doi.org/10.1016/j.biocon.2012.07.028
https://doi.org/10.3897/natureconservation.5.4612
https://doi.org/10.3897/natureconservation.5.4612
https://doi.org/10.1111/j.1365-294X.2012.05708.x
https://doi.org/10.1111/j.1365-294X.2012.05708.x
https://doi.org/10.1016/j.biocon.2011.11.023
https://doi.org/10.1016/j.biocon.2011.11.023
https://doi.org/10.1007/s10592-010-0129-1
https://doi.org/10.1007/s10144-012-0324-7
https://doi.org/10.2307/2424413
https://doi.org/10.1111/j.1469-185X.2010.00164.x
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.6090/jarq.44.405
https://doi.org/10.6090/jarq.44.405
https://doi.org/10.11408/jsidre.79.215
https://doi.org/10.11408/jsidre.79.215
https://doi.org/10.1007/s10333-012-0313-7
https://doi.org/10.1007/s10333-012-0313-7
https://doi.org/10.1016/j.biocon.2015.12.039
https://doi.org/10.1016/j.biocon.2015.12.039
https://doi.org/10.1111/j.1365-294X.2009.04305.x
https://doi.org/10.1111/j.1365-294X.2009.04305.x

	The effects of irrigation canals and roads as barriers to gene flow between Japanese brown frog (Rana japonica) breeding sites at a fine scale in a Satoyama landscape
	Abstract 
	Introduction
	Material and methods
	Study area
	Land cover map
	Definition of the study-species habitat for resistance values
	Resistance values and cost distances
	Field sampling
	DNA extraction
	Genetic distances
	Simple and partial Mantel tests

	Results
	Discussion
	Acknowledgements 
	Appendix 1
	References




