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Abstract: Although the global population of many native frog species has
declined in recent years, alien frog species have spread rapidly worldwide. In
order to eradicate alien frogs, characterizing their spawning sites is highly
important. In recent years, eastern-Japanese common toads, Bufo japonicus
formosus, have caused negative impacts on native ecosystems though predation
and poisoning deaths as a domestic alien species. However, their spawning sites
preference is little known. Here, to clarify when and what kind of ponds B. j.
formosus prefers for spawning, we conducted a field survey on Sado Island
which is one of the invaded regions of this species. We recorded their breeding
season and analyzed what kind of ponds they use mainly focusing on the pond
structure and landscape to obtain basic information for their eradication. Our
results clarified that alien B. j. formosus on Sado Island have the same
reproductive features as the native population according to the environmental
conditions (lunar phase, wind speed, and rainless period), and the ponds they
prefer for spawning are in areas with more surrounding forest and less rice
paddy area regardless of pond structures. In addition, we identified that B. j.
formosus on Sado Island currently have not yet formed large populations.
These findings provide useful information for their eradication not only Sado
Island but also in areas where B. j. formosus is distributed as an alien species.
It is possibile that B. j. formosus on Sado Island can be eradicated completely if
extermination activity is started immediately.

Key words: Breeding season; Bufo japonicus formosus; Domestic alien species;
Sado Island; Spawning pond preference

(Wake and Vredenburg, 2008; Collins, 2010;
Pimm et al., 2014), alien frog species have

Although the global population of many spread rapidly worldwide (Capinha et al.,
native frog species has declined in recent years 2017). They cause negative impacts on native
ecosystems through predation, diseases, and
poisoning deaths (e.g., Daszak et al., 2004;
* Corresponding author. Shine, 2010; Sarashina and Yoshida, 2015). A
E-mail address: kiyoto.3816@gmail.com study focusing on the life history traits contri-
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buting to the invasion success of alien amphib-
ians revealed that small body size and large
clutch size promote their population establish-
ment, and early maturity and higher introduc-
tion effort promote their population spread
(Allen et al., 2017). Meanwhile, Measey et al.
(2016) showed that the alien amphibian species
with large body size and clutch size have sig-
nificant environmental impacts. These compre-
hensive studies focused on invasion success
and environmental impacts, respectively, and
showed that large clutch size is common in
invasive alien amphibians.

In general, frogs spend their larval stages in
water and live on land in adult stages, but adult
frogs need to migrate back to water area for
breeding (Semlitsch, 2002). In addition, most
frogs spend their adult stages near water bodies
that serve as spawning sites (Rittenhouse and
Semlitsch, 2007). Thus, characterizing their
spawning sites is important in order to predict
the potential habitats of alien frogs for eradi-
cating them. In fact, many studies successfully
eradicated invasive frog populations by inten-
sively removing them from their habitat ponds
(e.g., Kraus, 2009; Gray, 2009; Orchard, 2011).

Many alien species of the toad family Bufo-
nidae Gray, 1825, such as cane toads and gut-
tural toads, are invasive alien species that pose
significant threats to native ecosystems world-
wide (e.g., Mandrillon and Saglio, 2007;
Shine, 2010; Ravalo et al., 2019). The global
assessment of alien amphibian impacts con-
ducted by Measey et al. (2016) showed that the
toad family has relatively higher ecological
and socio-economic impacts on native ecosys-
tems than other amphibian taxa. In addition to
the high predation pressure, which is common
to many invasive alien frogs, alien toads cause
poisonous death in upper predators due to ste-
roid toxins stored in the parotoid glands
(Letnic and Ward, 2005; Lodhi, 2018). Further-
more, tadpoles and egg masses of some toad
species also possess deadly toxins (e.g.,
Crossland, 1999; Hayes et al., 2009; Shine,
2010). These findings imply that alien toads
pose significant threats throughout their life
stages, ranging from water to land.

Many species of toads known as “explosive
breeders” concentrate their reproductive activi-
ty over short periods (Wells, 1977), and have a
homing instinct to the pond where they were
born (Sinsch, 1992). Also, a large clutch size is
one of the promoters of range expansion
among toads (Van Bocxlaer et al., 2010).
Therefore, it would be effective to conduct
extermination activities at the spawning ponds
during the breeding season. For instance, on
Nonsuch Island in Bermuda, extermination
activities focused on spawning ponds have suc-
cessfully eradicated the population of alien
cane toads, Rhinella marina (Wingate, 2011).
The preferences of toads for spawning ponds
vary by species and are often characterized by
the pond’s structure and surrounding land-
scape. For example, the common toad, Bufo
bufo, prefers permanent ponds, while the nat-
terjack toad, Epidalea calamita, and European
green toad, Bufotes viridis, prefers ephemeral
ponds in Europe (Buskirk, 2003). In compari-
son, alien cane toads prefer ponds located in
open areas with gently sloping banks and shal-
low water in the different climate regions in
Australia (Semeniuk et al., 2007). Moreover,
several factors have been found to be associ-
ated with the onset of breeding in some toad
species, explosive breeders, such as precipita-
tion, temperature and lunar phase (e.g., Vaira,
2005; Arnfield et al., 2012). Therefore, it is
necessary to understand the breeding season
and pattern, and spawning ponds preferences
of each alien toad species for effective eradica-
tion.

In July 1963, three domestic alien toads
(unknown sex), Bufo japonicus formosus, were
introduced into pond at a temple called Kou-
ninji, in the southwestern part of the Sado
Island, Japan from the former Yunotani village
(now Uonuma city), Niigata Prefecture, Japan
(Nakamura, 1966). The following year, in
March 1964, an additional 14 male and four
female toads were introduced into the same
pond from Sendai city, Miyagi Prefecture,
Japan (Nakamura, 1966). Although B. j. formo-
sus had already been introduced before 1963 in
1922 and 1961, it has been reported that these
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introductions did not lead to the establishment
of populations (Okada, 1930; Iwasawa, 1960;
Nakamura, 1966). Currently, they are distrib-
uted within 10 km from the point of introduc-
tion (Sawada et al., 2022). According to the
species distribution model, there are concerns
about their further expansion (Sawada et al.,
2022). However, there have been no reports of
the B. j. formosus eradication activities until
now. On Sado Island, there is an abundance of
ground beetles (Baba, 1963), which are the
main prey taxa of B. j. formosus (Sarashina and
Yoshida, 2015). Furthermore, an endangered
species, the Japanese crested ibis, Nipponia
nippon, which mainly eats frogs (Li et al.,
2002), and the rare endemic species the Sado
wrinkled frog, Glandirana susurra, which
could be a potential competitor of B. j. formo-
sus also live on Sado Island (Sado City, 2012).
The negative impacts of B. j. formosus on the
native ecosystems on Sado Island have not yet
been reported. However, they will likely cause
significant negative impacts on their potential
preys, predators, and competitors. In other
areas where B. j. formosus has invaded as a
domestic alien species, there has been a serious
impact on native ecosystems. For example, in
Hokkaido, high predation pressure, mainly
among insects (Sarashina and Yoshida, 2015),
and poisonous death of endemic predators have
been reported (Kazila and Kishida, 2019;
Oyake et al., 2020). Recently, Okamiya et al.
(2021) found that the egg of B. j. formosus also
possesses toxins. On Izu Islands, they have
been introduced on Oh-shima Island, Miyake-
jima Island, Nii-jima Island, and Hachijo-jima
Island (Goto and Iwasaki, 2012; National
Institute for Environmental Studies, 2022).
Particularly, on Hachijo-jima Island, the local
media has reported large number of B. j. for-
mosus (Goto and Iwasaki, 2012). Although
many studies focus on the reproductive traits
of B. j. formosus and its subspecies Bufo japo-
nicus japonicus, such as breeding season,
movement, and population fluctuation (e.g.,
Okuno, 1973; Kusano et al., 2015; Okamiya
and Kusano, 2018), only a few studies report
on their spawning pond preference (e.g.,

Ishikuro and Iwai, 2018; Zheng et al., 2021),
which is important information for their eradi-
cation.

Bufo japonicus tadpoles metamorphose into
very small froglets, less than 1 cm (Okuno,
1984), and adults spend most of their life on
land except during breeding season (Matsui,
2021). Therefore, we hypothesized that their
spawning ponds tend to be in the forests and
shallow wetlands to prevent juvenile desicca-
tion and adult drowning. In fact, fatal cases of
juvenile desiccation and adult drownings of
toads have been reported in their native regions
(e.g., Miyamae and Matsui, 1979; Shinohara,
1992).

To clarify when and what kind of ponds B. ;.

formosus prefers for spawning in invaded

areas, we conducted a field survey on Sado
Island, where negative impacts on native eco-
systems by alien B. j. formosus are feared in
the future. We recorded their breeding season
and analyzed what kind of ponds they use
mainly focusing on the pond structure and
landscape to obtain basic information for their
eradication.

MATERIALS AND METHODS

Study site

This study was conducted on Sado Island
(Sado City, Niigata Prefecture, Japan) (see Fig.
1), which is divided into three main areas: the
Osado Mountains in the northern part of the
island (maximum elevation 1,172 m), the
Kosado Mountains in the southern part of the
island (maximum elevation 645 m), and the
Kuninaka Plain between the two mountain
ranges (Sado City, 2012). Sado Island is loca-
ted off the western coast of Niigata Prefecture,
with an area of 855.25 km?, annual precipita-
tion of 1,785 mm, annual mean temperature of
13.6°C (Sado City, 2012, 2021).

Surveys

Field surveys were conducted nine times for
a total of 29 days between March and July
2020 (see Table 1) because previous studies
conducted in Niigata and Nagaoka city in Nii-
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FiG. 1. The elevation map of Sado Island and
field survey sites. The star and circles indicate the
locations where the pond surveys were conducted.
The star indicates the Kouninji where Bufo
Japonicus formosus were introduced. White circles
indicate sites where no B. j. formosus were found,
and black circles and a star indicate sites where B. ;.
formosus were found. Sendai City is the origin site
of the alien B. j. formosus on Sado Island
(Nakamura, 1966). Elevation data were obtained
from the digital national land information (Ministry
of Land, Infrastructure, Transport and Tourism,
2009) and compiled on Geographic Information
System.

gata Prefecture reported early April to early
May as the start of the B. j. formosus breeding
season (Iwasawa and Miyazaki, 1984; Nakano,
2001). Surveyed ponds were selected to
include a variety of environments and to be at
least 200 m apart from each other because B. ;.
formosus is known to have an average home
range of 20 m to 100 m (Kusano et al., 1995;
Okuno, 1995; Okamiya and Kusano, 2018).
Here, we defined a permanent water body with
less than 8 m depth as a pond, referring to the
studies by Oertli et al. (2000) and Biggs et al.
(2005). We focused on ponds in the southwest-
ern part of the island based on the previous
study which confirmed that B. j. formosus was
only distributed in that area (Sawada et al.,
2022), and selected 45 ponds for the analysis
(Fig. 1). All 45 pond field surveys were com-

pleted in March and April, and were monitored
in May and June to ensure the presence or
absence of B. j. formosus. Moreover, the ponds
where B. j. formosus were found were visited
during every survey after their initial observa-
tion. Alien B. j. formosus found during the
survey were captured whenever possible and
euthanized by freezing approximately —10°C
(Lillywhite et al., 2017), and all egg masses we
found were collected from the pond and dis-
posed of so they would not hatch.

During the field surveys, we recorded the
presence or absence of B. j. formosus and their
life stages, and period of pond use of B. j. for-
mosus. Toad presence data were recorded with
three stages information (adults, tadpoles, or
egg masses). To collect pond structure data, the
pond’s perimeter (m), depth (cm), material
(artificial or natural), and vegetation cover on
the surface of the pond (%) were measured on
site. As for pond material, ponds with rubber
or concrete bottoms were considered artificial
material ponds, and ponds with gravel or soil
bottoms were considered natural material
ponds. Most ponds on Sado Island are artificial
(approximately 1,400) (Ouchi, 2012), and
therefore it was difficult for us to find and dis-
tinguish natural ponds. After the field survey,
to examine the relationship between weather
conditions and the timing of the B. j. formosus
breeding initiation, weather data was obtained
from the Japan Meteorological Agency (2020)
and compared with previous studies. Also, the
forest and rice paddy area (m?) within a 100 m
riparian buffer of each pond was calculated to
collect landscape data. The size of this buffer
was determined with reference to the average
home range of B. j. formosus being 100 m
(Kusano et al., 1995; Okamiya and Kusano,
2018). The forest and rice paddy area data
were calculated using a QGIS version 3.6.0
(QGIS Development Team, 2019) based on the
vegetation map data (Ministry of the
Environment, 1999).

Statistical analysis
All statistical analyses were performed using
RStudio Desktop 1.3.1093 (RStudio Team,

Downloaded From: https://bioone.org/journals/Current-Herpetology on 03 Nov 2024
Terms of Use: https://bioone.org/terms-of-use



SAWADA & KAMIJO—SPAWNING POND PREFERENCE OF ALIEN TOAD

103

TABLE 1. Seasonal changes in pond use by Bufo japonicus formosus. Numbers in parentheses indicate the
number of adult females (F) and males (M) captured. The alien B. j. formosus found during the survey were
captured whenever possible and euthanized by freezing approximately —10°C, and all egg masses we found
were collected from the pond and disposed of so they would not hatch.

Survey span

Observed number

Start date End date Adult Egg mass Tadpoles*
11 Mar. 12 Mar. 12 (M: 10/F: 1/Uncaptured: 1)
24 Mar. 26 Mar. 9 (M: 3/F: 4/Uncaptured: 2) 6
8 Apr. 9 Apr. 6 1
20 Apr. 22 Apr. 1
18 May 20 May
1 Jun. 3 Jun.
15 Jun. 18 Jun.
28 Jun. 2 Jul.
19 Jul. 22 Jul.

*: 1 tadpole means 1 clutch size individual visually.

2021). To clarify the pond preference of alien
B. j. formosus on Sado Island, we examined
the effect of explanatory variables on response
variable using the generalized linear model
(GLM). The response variable was the pres-
ence or absence of B. j. formosus (absence: 0;
presence: 1). The explanatory variables were
the pond’s perimeter (m), depth (cm), material
(artificial: 0; natural: 1), vegetation cover on
the surface of the pond (%), forest area (m?),
and rice paddy area (m?). To avoid multicolli-
nearity between explanatory  variables,
Pearson’s correlation coefficient (PCC) and
variance inflation factor (VIF) were calculated
(Appendixes I and II) using the package
‘psych’ (Revelle, 2022) and ‘car’ (Fox et al.,
2022), respectively. Referring to the studies by
Wen et al. (2015) and Alin (2010), we deter-
mined high collinearity when PCC was greater
than 0.75 or less than —0.75 and when VIF was
greater than 10. GLM was performed with
binomial distribution and logit link function
using RStudio’s default function ‘glm’
(RStudio Team, 2021). The correlation
strength between the response variable and
each explanatory variable was evaluated using
Wald statistics (z-value). We determined the
explanatory variable to be significant for the

response variable if the P-value calculated
from the z-value was less than 0.05. Akaike’s
information criterion (AIC; Akaike, 1973) was
used to select the best model. The set of
models were generated with all possible com-
binations of the explanatory variables using the
package ‘MuMIn’ (Barton, 2022). The model
with the smallest AIC was selected as the best
model and Model 1. The models with differen-
ces of 2 or less from the AIC of Model 1
(AAIC<2) were also selected as the best
models and Model numbers were assigned in
descending order of AAIC values. In addition,
to evaluate the most important explanatory var-
iables in them, model averaging was per-
formed on the best models using the package
‘MuMIn’ (Barton, 2022).

Finally, after the GLM analysis, box-and-
whisker plots were created for each significant
explanatory variable, with and without B. j.

formosus, to understand its specific character-

istics.

RESULTS

Field survey
Bufo japonicus formosus were observed in
13 of the 45 ponds surveyed (Fig. 1; Appendix
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TABLE 2. Detailed records of ponds where Bufo japonicus formosus were observed. The Kouninji is the
introduced site of B. j. formosus (Nakamura, 1966). Numbers in parentheses indicate the number of adult

females (F) and males (M) captured.

Observed number

Distance from the Kouninji (km)

Adult Egg mass Tadpoles*
0 15 (M:10/F:5) 3 0
33 1 (M:1/F:0) 0
3.6 2 (Uncaptured) 0 0
43 0 1 0
4.6 0 0 1
5 1 (M:1/F:0) 0 0
7.2 0 1 0
7.4 0 1 0
7.6 0 1 0
8.3 1 (Uncaptured) 0 0
8.6 0 3 0
10.5 0 2 0
11.8 1 (M:1/F:0) 0 0
Total 21 (M: 13/F: 5/Uncaptured: 3) 12 1

*: 1 tadpole means 1 clutch size individual visually.

IIT). They were observed in the ponds between
11 March and 22 April 2020, with adults
observed between 11 March and 26 March,
egg masses between 24 March and 9 April, and
tadpoles from 8 April to 22 April (Table 1).
The highest numbers of B. j. formosus, i.e., 15
adults (10 males and five females) and three
egg masses (Table 2), were observed in the
pond at Kuoninji where they were introduced;
the number of adults observed from 11 March
to 12 March was nine males and one female
and from 24 March to 26 March, one male and
four females. For the other 12 ponds, no corre-
lation between distance from the Kouninji and
the number of observed B. j. formosus was
found (Adult: PCC=0.61, Egg mass: PCC=
—0.06, Tadpoles: PCC=-0.16) (Table 2).

Spawning pond preference

All explanatory variables were included for
the GLM as a result of PCC and VIF evalua-
tion, and seven GLMs were selected as the best
models using AIC best model selection (Table

3). In the best models, there were no signifi-
cant relationships between the B. j. formosus
presence and pond structure variables (Table
3). On the other hand, the most frequently used
explanatory variable was forest area, which
was used in six of the seven best models (Table
3).

Forest area was significantly positively cor-
related with the presence of B. j. formosus in
all models including forest area except model 5
(Table 3). The values for the meantstandard
deviation (SD) of forest area for ponds with
and without B. j. formosus were 22,010+
7,960 m*> and 15,220+8,730 m?, respectively,
and B. j. formosus were never observed at the
ponds with less than 5,346 m?> (=15%; for a
buffer area of 31,400 m*> with a radius of
100 m) of forest area (Fig. 2A).

In Model 2, the rice paddy area was signifi-
cantly negatively correlated with the presence
of B. j. formosus (Table 3). The values for the
mean+SD of the rice paddy area for the ponds
with and without B. j. formosus were
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TaBLE 3. Results of GLMs estimation of pond characteristics that determine the presence or absence of
Bufo japonicus formosus. Coefficients for models where the AAIC was within two are shown. Asterisks (*)
denote coefficients for which the P-value from the Wald test was less than 0.05. Details of each explanatory
variables are followings: Perimeter: (m); Depth: (cm); Material: (artificial: 0, natural: 1); Plant: Vegetation
cover on the surface of the pond (%); Forest: Forest area within 100 m from survey ponds (m?); Rice: Rice

paddy area within 100 m from survey ponds (m?).

Model (Intrc) Perimeter Depth Material Plant Forest Rice AAIC
1 —2.657 0.094* 0.0
2 —0.073 —0.087* 1.2
3 —2.845 0.010  0.095* 1.4
4 -3.051 0.559 0.091* 1.6
5 —1.842 0.068 —0.035 1.8
6 -2.714 4.0x10 0.095* 2.0
7 —2.672 1.0x10 0.094* 2.0

6,740+7,320 m? and 12,370+8,280 m?, respec-
tively, and excluding the one outlier, B. j. for-
mosus were never observed in the ponds with
more than 12,781 m? (=40%; for a buffer area
of 31,400 m*> with a radius of 100 m) of rice
paddy area (Fig. 2B).

The results of averaging the seven best
models showed that the explanatory variables
could be ranked in the following order accord-
ing to their importance: forest area, rice paddy
area, vegetation cover, material, depth, and
perimeter (Table 4). In particular, forest area
was remarkably important compared to the
other explanatory variables (Table 4).

DiscussioN

Invasion state of B. j. formosus

The nine-year monitoring study of Okuno
(1973), focused on the native B. j. japonicus
until its decline, reported that the largest breed-
ing population included 209 adults in one year
in a pond, and the smallest breeding population
included 18 adults in a pond. In addition, on
Hachijo-jima Island and Hokkaido, where B. ;.
formosus are invasive, 1,471 and 3,079 adults
were captured at one site during a year (Goto
and Iwasaki, 2012; Tokuda, 2021). Therefore,
it is highly likely that alien B. j. formosus on
Sado Island have not yet formed large popula-
tions, since the maximum number of adult B. ;.

formosus observed in one pond was 15 in this

study (Table 2).

However, there has been a steady expansion
of B. j. formosus populations on Sado Island;
as of 2020, 56 years after the invasion, it was
estimated that the expansion has reached arcas
approximately 10 km from the point of intro-
duction (Sawada et al., 2022). In addition,
Sado Island is included in both the latitude and
longitude of the Japanese toads’ natural distri-
bution area (Matsui, 2021), and Sawada et al.
(2022) predicted that the B. j. formosus popula-
tions will expand into the south-eastern part of
the Island along the Kosado Mountains in the
near future. Hence, although the B. j. formosus
population on Sado Island may be suppressed
by non-climatic factors, such as abiotic and
topographic conditions, it is undeniable that it
will not increase in the future.

Breeding season

In the pond at the Kouninji, where the high-
est number of B. j. formosus was observed, we
found that females appeared more frequently in
the later stages of the breeding season (Table
1). Based on Okuno (1973), which showed that
the peak breeding period is between the first
and second days when many female toads
appear in the pond, in our study, end of March
may have been the peak breeding season.

Kusano et al. (2015) showed that lunar
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F1G. 2. Relationship between the presence or
absence of Bufo japonicus formosus and the area of
forest and rice field within 100 m from the ponds.
Box-and-whisker plots and mean value of the forest
area (A) and rice paddy area (B) within 100 m of the
ponds. The values for the mean+standard deviation
(SD) of forest area for ponds with and without B. ;.
formosus were 22,010+7,960 m? and
15,220+8,730 m?, respectively, and those of the rice
paddy area  were  6,740£7,320m>  and
12,370+8,280 m?, respectively. The horizontal lines
represent (from the top) the maximum, the third
quartile, the median, the first quartile and the
minimum. The cross mark indicates the average
value. The shaded box represents the middle 50% of
the distribution (between the first and third
quartiles). The circles indicate each raw data, and a
black circle indicates an outlier.

phase significantly influences the reproductive
activity of B. j. formosus, which increases as
the new moon approaches, even after taking
into account the effects of weather conditions.
During study, 24 March 2020 was the new
moon on Sado Island (Japan Meteorological
Agency, 2020). Assuming the peak breeding
period was end of March, the main activating
factor of reproductive behavior for alien B. ;.
formosus on Sado Island would be the new
moon, similar to native populations.

In addition, Kusano et al. (2015) showed
that the breeding activity of B. j. formosus
increases when daily mean wind speed

becomes stronger and the rainless period lasts
longer, although they are not as influential as
the lunar phases. On Sado Island, the daily
mean wind speed in March 2020 was 2.3 m/s,
whereas that on 11 March was 3.1 m/s, making
it the second strongest day between 1 and 11
March (Japan Meteorological Agency, 2020).
Incidentally, maximum instantaneous wind
speed of 7.0 m/s on 11 March was the stron-
gest between 1 and 11 March (Japan
Meteorological Agency, 2020). Furthermore,
the longest rainless period in March 2020
lasted three days from 7 to 9 March, while the
last time there were three or more days without
rain before this date was three days from 25 to
27 January (Japan Meteorological Agency,
2020). These results confirmed that the breed-
ing season activity of alien B. j. formosus on
Sado Island corresponds to that of populations
living in their native habitat.

Spawning pond preference

In terms of landscape characteristics, the
forest area within 100 m of the pond was sig-
nificantly positively correlated with the pres-
ence of B. j. formosus (Table 3). Zheng et al.
(2021), who conducted a study in an urban-to-
rural gradient area, showed that B. j. formosus
prefer to spawn in forested areas within 100 m
of the study site at the landscape level, as they
did in this study. Moreover, at the pond struc-
ture level, shallow water depth, greater cover
of aquatic vegetation, and increased water area
were deemed to be important variables to
influence on the number of B. j. formosus egg
masses (Zheng et al., 2021). Furthermore, as
our study focused only on permanent ponds,
our results may differ from those of Zheng et
al. (2021) as they only focused on paddy fields
(including abandoned ones). As for forest area,
it has been demonstrated that adult B. j. formo-
sus prefer closed canopies as their habitats
during the non-breeding season because they
use them to retain body water (Okamiya and
Kusano, 2018). In addition, forests are essen-
tial ecosystems for tadpoles and frog juveniles
as they help avoid desiccation (Osawa and
Katsuno, 2001a; Rothermel and Semlitsch,
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TAaBLE 4. Model averaging parameter estimates of standardized partial regression coefficients. The
predictors are sorted by the relative importance. Model averaging was performed from the seven best models
shown in Table 3. The relative importance for a predictor is the sum of Akaike weights of the models in which
the predictor was present, referring to Kusano et al. (2015). Details of each explanatory variables are
followings: Perimeter: (m); Depth: (cm); Material: (artificial: 0, natural: 1); Plant: Vegetation cover on the
surface of the pond (%); Forest: Forest area within 100 m from survey ponds (m?); Rice: Rice paddy area
within 100 m from survey ponds (m?).

Valuables Estimate Stdard Error Relative importance
Forest 0.090 0.048 1.00
Rice —0.065 0.061 0.45
Plant 0.010 0.012 0.27
Material 0.559 0916 0.18
Depth 4.0x104 0.006 0.00
Perimeter 2.0x104 0.011 0.00

2002); with this in mind, and considering that
B. japonicus tadpoles metamorphose into espe-
cially small froglets measuring less than 1 cm
(Okuno, 1984), one could easily assume that a
pond with landscape structures that help block
sunlight, such as a forest, is indispensable for
preventing desiccation, which was one of our
initial hypotheses.

Rice paddy fields are important spawning
sites for frogs in Japan, such as the Japanese
tree frog, Dryophytes japonica, and Japanese
brown frog, Rana japonica (e.g., Osawa, 2008;
Watabe et al., 2021). While toads have often
been seen in wetlands near rice paddy fields
(e.g., Miyamae and Matsui, 1979; Kusano et
al., 1995; Fukuyama et al., 2007), there is little
evidence showing that they use rice paddy area
for spawning (e.g., Zheng et al., 2021);
besides, our results showed a negative correla-
tion between rice paddy area and presence of
B. j. formosus (Table 3). It is generally
believed that organisms in the same taxonomic
group avoid interspecific competition with the
temporal and spatial division of reproductive
resources (Crump, 1971; Maiorana, 1976),
which has often been observed in frogs as well
(e.g., Donnelly and Guyer, 1994; Gillespie et
al., 2004). On Sado Island, the montane brown
frog, Rana ornativentris, has their breeding
season in early to late March (Kato et al.,
2010; Uruma et al., 2012), sharing the breeding

season with B. j. formosus (Table 1), and they
are generally found in forests and grasslands
and mainly use stagnant water such as rice
paddy fields as its spawning site (Osawa and
Katsuno, 2001b). Therefore, alien B. j. formo-
sus may avoid rice paddy fields used by R.
ornativentris for spawning.

Measures for eradication

We confirmed that alien B. j. formosus on
Sado Island have the same reproductive
requirements as the native population based on
environmental conditions (lunar phase, wind
speed, and rainless period: Table 1), and the
ponds they prefer for spawning are in areas
with more surrounding forest and less rice
paddy area regardless of the pond structure
(Fig. 2; Table 3). Moreover, we identified that
the population on Sado Island is currently very
small (Table 2). Early countermeasures are the
most effective way to control the impact of
alien species and reduce the eradication cost,
time, and efforts (e.g., Simberloff et al., 2013;
Russell et al., 2017). For these reasons, exter-
mination activities on Sado Island should be
conducted immediately before a large popula-
tion forms. Numerous studies have demonstra-
ted the effectiveness of intensive eradication
efforts focused on spawning ponds during the
breeding season (e.g., Wingate, 2011). Such
measures have also successfully captured many
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alien toads in the short term on Hokkaido and
Hachijo-jima Island, where B. j. formosus has
invaded as a domestic alien species (Goto and
Iwasaki, 2012; Naito and Shiga, 2016). Bufo ;.
Japopnicus spawns in ponds as well as small
water bodies such as puddles, but the ponds
become large breeding sites (Kuwabara et al.,
2019). To implement the eradication activities
more efficiently, it is important to select priori-
ty management ponds and seasons based on
the results of this study and the study of poten-
tial distribution areas by Sawada et al. (2022).
We consider it a top priority to eradicate B. J.
formosus in the 13 ponds where they were
found and ponds in forests within their poten-
tial distribution areas need attention. In the
ponds where B. j. formosus are particularly
abundant, it should be necessary to consider
installing traps for mass capture of toads, such
as the drift fence with large pit-falls trap
(Suzuki et al., 2018) that prevent toads from
getting out once they enter the pond (Tokuda,
2021) minimizing the impact of traps on native
species.

The Australian invasive frog, the cane toad,
has a similar preference for spawning ponds
even in different climatic regions (Semeniuk et
al., 2007). Therefore, it is highly likely that B.
J. formosus will show similar spawning pond
preferences in Hokkaido and the Izu Islands as
they did on Sado Island, and the results of this
study will provide useful information for eradi-
cation activities not only on Sado Island but
also in areas where B. j. formosus is distributed
as an alien species.
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APPENDIX |

Confirmation of multicollinearity among explanatory variables using PCC. High collinearity
was determined when PCC>0.75 and PCC<-0.75. The numbers shown in the upper right half of
the figure indicate the correlation coefficients between the corresponding explanatory variables.
The grey bars indicate the distribution of the corresponding explanatory variables. The graph in the
lower left half of the figure shows the scatter plots among the corresponding explanatory variables.
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APPENDIX I

Confirmation of multicollinearity among explanatory variables using VIF. If the VIF between explanatory
variables was less than 10, multicollinearity was not considered.

Perimeter Depth Material Plant Forest
Depth 1.184504
Material 1.036381 1.216488
Plant 1.000822 1.079946 1.065144
Forest 1.126967 1.018147 1.027299 1.013687
Rice 1.099355 1.089163 1.038893 1.005735 2.160617

AppPENDIX 11

Data of the ponds where field surveys were conducted. Each valuable was measured as follows. B. j:
Occurrence of Bufo japonicus formosus (absence: 0, presence: 1); Perimeter: (m); Depth: (cm); Material:
(artificial: 0, natural: 1); Plant: Vegetation cover on the surface of the pond (%); Forest: Forest area within
100 m from survey ponds (m?); Rice: Rice paddy area within 100 m from survey ponds (m?).

B.j Perimeter Depth Material Plant Forest Rice

0 88.5 21.0 1 30 9,808 0

0 52.0 155.0 0 0 24,251 0

0 97.6 144.0 0 0 3,278 22,526
0 40.0 28.0 1 0 0 16,719
0 73.2 72.0 1 50 25,544 0

0 105.0 33.0 1 0 22,455 8,945

0 472 44.0 1 0 19,430 11,970
0 82.4 115.0 0 0 6,960 24,440
0 111.2 198.0 0 0 11,742 18,797
0 452 148.0 1 5 22,089 9,311

0 46.2 31.0 1 80 15,661 15,739
0 70.2 77.0 1 0 28,385 0

0 83.6 122.0 1 0 10,607 20,793
0 30.8 82.0 1 0 9,326 13,569
0 48.0 216.0 0 0 14,066 14,388
0 118.8 204.0 0 0 11,167 19,389
0 120.0 108.0 0 40 12,696 14,934
0 77.5 206.0 1 0 7,209 24,191
0 87.7 133.0 1 0 22,724 8,676

0 60.2 105.0 1 0 19,698 11,702
0 87.7 34.0 1 0 4,328 27,072
0 124.0 50.0 0 0 691 18,968
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APPENDIX 11

(continued)

B.j Perimeter Depth Material Plant Forest Rice
0 109.6 70.0 1 0 0 0
0 66.6 200.0 0 0 15,574 15,826
0 129.6 148.0 1 0 13,638 17,762
0 82.8 90.0 1 10 27,361 0
0 19.0 24.0 1 20 13,982 17,418
0 143.6 174.0 1 10 15,267 16,133
0 60.0 55.0 1 80 18,394 13,006
0 76.8 32.0 1 90 17,837 13,563
0 8.8 32.0 1 31,400 0
0 16.4 11.0 1 31,400 0
1 97.0 95.0 1 40 31,400 0
1 78.8 140.0 0 27,586 0
1 13.6 15.0 1 30,651 749
1 30.0 123.0 1 16,941 967
1 126.4 138.0 1 24,435 6,965
1 48.2 52.0 1 70 9,430 10,725
1 68.8 78.0 1 5,346 26,054
1 91.2 32.0 1 20,465 4,965
1 94.2 80.0 1 80 21,244 10,156
1 84.8 252.0 1 30 19,112 12,288
1 23.0 44.0 0 0 30,518 882
1 44.6 42.0 1 60 30,249 1,151
1 62.4 86.0 1 0 18,759 12,781
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