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Abstract: The endemic Japanese freshwater turtle Mauremys japonica is the most
common turtle in foothill areas, whereas it is usually absent or scarce in lowland
environments in Japan. In contrast, another turtle, Reeves’ pond turtle (M.
reevesii), usually inhabits lowland areas. Explanation of this pattern based on
habitat segregation between M. japonica and M. reevesii remains controversial
because several studies have emphasized that M. reevesii is not indigenous but
rather introduced from mainland China and the Korean Peninsula. The newly
proposed hypothesis is that M. reevesii and the recently introduced red-eared
slider (Trachemys scripta elegans) have excluded M. japonica from certain suitable
habitats in lowland areas. In this study, to test whether M. japonica originally had
a broad distribution range covering the habitats currently occupied exclusively by
M. reevesii and T. s. elegans, we applied species distribution modeling using
MaxEnt and ENMTools to estimate the suitable habitats and ecological niches of
M. japonica, M. reevesii, and T. s. elegans, respectively, and examined these
similarities. The models showed that M. japonica had the largest suitable habitat
range, from flatlands to foothill areas, compared to that of alien species; however,
almost the entire habitat area of the native turtle and that of the aliens overlapped.
Moreover, these turtles possessed significantly high niche similarity. These results
are consistent with the hypothesis that recent species interactions have shaped the
distribution of indigenous and alien turtles, although the precise ecological and
evolutionary processes have not yet been determined.
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Introduction

The Japanese pond turtle (Mauremys
japonica), Reeves’ pond turtle (M. reevesii),
and the red-eared slider (Trachemys scripta
elegans), are widely distributed in Honshu,
Shikoku, and Kyushu islands, Japan
(Yasukawa et al., 2008; Lovich et al., 2011;
Taniguchi et al., 2015). The endemic Japanese
freshwater turtle M. japonica is most
common in foothill areas, whereas it is usually
absent or scarce in lowland environments
(Yabe, 2002; Okada et al., 2005; Yamada et
al., 2008; Tempaku et al., 2009; Kamezaki et
al., 2017; Kagayama, 2019), although the
turtles can be found in lowland areas in some
areas of Japan (e.g., Yabe, 1996; Kohmatsu et
al., 2000; Kosuge et al., 2003; Noda and
Kamata, 2004; Taniguchi et al., 2015;
Kagayama et al., 2017). In contrast, M. reeve-
sii is most abundant in lowland environments
(Yabe, 2002; Kosuge et al., 2003). Until
recently, this distributional pattern has been
interpreted as different habitat preferences
between M. japonica and M. reevesii.
However, the hypothesis about the relation-
ship between M. japonica and M. reevesii has
become controversial because recent studies
have proposed that M. reevesii is not indige-
nous but rather introduced from mainland
China and/or the Korean Peninsula (Hikida
and Suzuki, 2010; Lovich et al., 2011; Suzuki
et al., 2011).

A nationwide turtle survey conducted by
the Nature Conservation Society of Japan
demonstrated that M. japonica had become
uncommon in many areas of Japan, and the
most abundant freshwater turtle was the
introduced red-eared slider T. s. elegans and
M. reevesii (The Nature Conservation Society
of Japan, 2014). Some studies have suggested
that recent population declines of M. japon-
ica have been caused not only by habitat
degradation due to river alteration for flood
control (Usuda et al., 2012) and predation by
the introduced raccoon, Procyon lotor
(Kosuge and Kobayashi, 2015), but also by
interspecific interactions with alien turtles

with similar ecological requirements (Yasukawa
et al., 2008).

A recent study advocated that population
declines and recent distribution patterns of M.
japonica may be driven by interspecific inter-
actions with the two alien turtle species (M.
reevesii and T. s. elegans), based on a
research result that M. japonica was abun-
dant and widely distributed in lowland areas
in the island where these alien turtles were
absent (e.g., Tanegashima Island [Taniguchi
et al., 2015]). Therefore, it is expected that M.
japonica originally had a large distribution
range, including large areas in the flatlands of
Japan where recent species interactions with
alien turtles have led to the reduction or elim-
ination of native species, especially in lowland
areas.

To examine the hypothesis of replacement
of M. japonica with alien turtle species in
lowland areas of Japan, large-scale and long-
term field studies, such as removing alien
turtle species from native turtle habitats to
potentially demonstrate the increase in native
turtle populations following eradication of the
alien species, might provide the most compel-
ling evidence, but would require much time
and research efforts. However, there is a
recent trend to use species distribution models
(SDMs) to enable the prediction of suitable
habitats for the target species under broad
circumstances (Guisan and Thuiller, 2005).
For example, Anderson et al. (2002) predicted
the fundamental habitat range of two related
indigenous South American pocket mice
using SDMs and explained the mutually
exclusive distribution ranges between the two
native species based on environmental pref-
erences and the competitive exclusion hy-
pothesis. Warren et al. (2008) provided an
approach that can evaluate niche similarity
among two target species by quantitatively
using the predicted SDMs. In the present
study, we tested the hypothesis that recent
distribution patterns of M. japonica were
influenced by alien turtle species. If these
turtles were segregated by differences in habi-
tat preferences among the turtle species, the
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model would indicate that there was little
overlap in suitable habitats and niche similar-
ity among turtle species. On the other hand, if
alien species displaced indigenous turtles, the
model would indicate that these turtle species
have large overlaps.

Therefore, the goal of this study was to test
the hypothesis that recent species interactions
by alien freshwater turtle species have molded
the distribution of the indigenous turtle
species. SDMs with presence-only data
(MaxEnt and ENMTools; Warren et al., 2008)
were applied to estimate the suitable habitat
of the three turtle species within the distribu-
tion range of M. japonica and to evaluate the
niche similarity among these turtle species.

Materials and Methods

Study area
In this study, we collected the locality

records of three freshwater turtles in Honshu,
Shikoku, Kyushu, and on adjacent islands in
their distribution range in Japan (Yasukawa et
al., 2008; see details in the Data acquisition
subsection). Because the Hokkaido and
Ryukyu archipelagos are not within the natu-
ral distribution ranges of M. japonica, we did
not include these areas in our study region.
Moreover, we removed the locality records of
M. japonica from the Tohoku regions outside
its natural distribution range (Yasukawa et al.,
2008); however, alien turtle locality records
from this region were included. These locality
records (for three turtle species) were collect-
ed from flatland to foothill regions (eleva-
tion, mean=69.8 m, range=–0.9 to 1,043.6;
slope, mean=3.2°, range=0–18.8) and vari-
ous land use environments (e.g., forest, mean
=319,236.3 m2, range=0–1,099,423; paddies,
mean=177,836.3 m2, range=0–1,005,142;
cropland, mean=62,937.1 m2, range=0–
979,679, n=2,889; these data were provided
by the Ministry of Land, Infrastructure,
Transport and Tourism of Japan [2009]). In
addition, data were collected from various
climatic environments (the highest tempera-
ture of the warmest month [August], mean=

31.4°C, range=25.0–33.5; the lowest temper-
ature of the coldest month [January], mean=
0.15°C, range=–6.4 to 9.0; annual precip-
itation, mean=1,644.1 mm, range=943.2–
3,339.1, n=2,889). The sources of topogra-
phy and climate data are provided in the Data
acquisition section.

Data acquisition
The longitude and latitude of the fresh-

water turtle (three species) localities were
collected from multiple data sources from the
early 1970s to the late 2010s (Ministry of the
Environment of Japan, 1988, 1993, 2001; The
Nature Conservation Society of Japan, 2014;
Taniguchi et al., 2015; Kagayama et al., 2017;
Ogano, unpublished data). These occurrence
data were collected from past collection
records, field visual surveys, capture (by hand
and traps) studies, and photographs taken by
citizens. A total of 811, 1,066, and 1,012
localities for M. japonica, M. reevesii, and T.
s. elegans, respectively, were used (Fig. 1).
Occurrences collected from artificial habitats,
such as parks, shrines, and temple ponds,
were excluded. Because these occurrences
included the citizen-collected data, presence
sites might be concentrated in areas that are
easy to observe and have a high human popu-
lation density. In addition, it was necessary to
remove localities with the possibility of intro-
ducing the native species. To avoid biases in
the spatial distribution of the occurrence data,
one locality was chosen randomly from 1 km
grid cells when multiple species localities
occurred therein. Thus, in this study, the
number of localities was 616 (M. japonica),
763 (M. reevesii), and 635 (T. s. elegans),
respectively.

We selected four climatic and one topo-
graphic variable assuming that these variables
have an effect on the distribution of freshwa-
ter turtle species (Fig. 2). The climatic varia-
bles included the highest temperature of the
warmest month (August) (hereafter, max.
temperature), the lowest temperature of the
coldest month (January) (hereafter, min.
temperature), annual precipitation, and total
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daylight hours from April to November,
which were provided by the Japan
Meteorological Agency (2012). The topo-
graphic factor was the mean slope provided
by the Ministry of Land, Infrastructure,
Transport and Tourism of Japan (2011). It
was expected that climatic factors, such as the
highest temperature of the warmest month
(August), the lowest temperature of the cold-
est month (January), and total daylight hours
limited the distribution of freshwater turtle
species because these ectotherms required
moderate temperatures and solar radiation to
control their body temperature (Vitt and
Caldwell, 2014). Furthermore, slope as the
topographic factor and precipitation may
affect the dispersal or establishment of fresh-
water turtles in the high-elevation regions
because the distribution of turtles may be
limited by the velocity of water currents
(Buhlmann and Vaughan, 1991; Usuda et al.,
2012; Kagayama, 2019). All five variables of
grid data were divided by 1 km grid cells using
ArcGIS 10.0 (ESRI, CA, USA), and we calcu-
lated only the total daylight hours from April
to November using ArcGIS 10.0 and the
Mesh Climate Value, which is a contiguous
nationwide grid consisting of 1 km2 cells
because most freshwater turtles hibernate
during winter in the water (Ultsch, 1989). In
this study, we did not add land use and
anthropogenic effects as variables (e.g.,

paddy, cropland, and distance from the city or
road) because the number of samples would
decrease if we arranged the presence sites by
each variable in the same period. This might
lead to a decrease in native turtle distribution
sites in flatland regions and could cause erro-
neous results regarding suitable habitat distri-
bution patterns of the native turtle species.
Moreover, we did not select elevation, alti-
tude, or latitude as variables because elevation
usually is highly correlated with slope, and we
already used climatic factors that may limit
the vertical and horizontal distribution ranges
of these ectotherms, such as air temperature
during the warmest and coldest months, and
annual precipitation, as variables.

Constructions of SDMs
We constructed SDMs for the three fresh-

water turtles, M. japonica, M. reevesii, and T.
s. elegans using MaxEnt ver 3.3.3k (Phillips et
al., 2006). MaxEnt predicts the occurrence
probability for each grid cell as a function of
the environmental variables based on
presence-only data of target species and back-
ground environmental variables (Phillips et
al., 2006). In the present study, the range of
prediction for these turtles was within the
distribution range of M. japonica (Yasukawa
et al., 2008), including Honshu, Shikoku, and
Kyusyu (Yasukawa et al., 2008), and we
produced a buffer with a radius of 25 km from

Fig. 1.  Presence sites of freshwater turtles. (A) Mauremys japonica (n=811), (B) Mauremys reevesii
(n=1066), (C) Trachemys scripta elegans (n=1012).
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Fig. 2.  Candidate environmental variables
affecting habitat suitability of freshwater turtles.
Data obtained from the occurrence records for the
three species were used (Mauremys japonica,
n=811; Mauremys reevesii, n=1,066; Trachemys
scripta elegans, n=1,012).

the presence sites of all three turtle species.
Indeed, surveys were conducted to define
backgrounds as grid cells within these buffers
and prevented background areas from being
included as areas that we did not survey, such
as high altitude areas (APPENDIX I).
MaxEnt randomly sampled 10,000 back-
ground locations from covariate grids and a
logistic output of MaxEnt was used, and the
suitability value ranged from 0 (unsuitable
habitat) to 1 (suitable habitat).

We performed MaxEnt analysis by ran-
domly selecting 25% of the occurrence points
as test points and ran 100 replications. In
addition, we evaluated the accuracy of the
model by the area under the curve (AUC) of
the receiver operating characteristic plots. In
general, values of AUC≥0.7 were regarded as
good predictors (Hosmer et al., 2013).

Comparisons of the SDMs
To test the differences among SDMs, we

used the framework of Warren et al. (2008)
using ENMTools ver. 1.4.3 (Warren et al.,
2010). We used the concept that compares
niches provided by Peterson et al. (1999),
niche similarity, which determines whether
SDMs of related species predict one another’s
known occurrences better than expected
under the null hypothesis that they provide
absolutely no information about one another’
s ranges (Takami and Osawa, 2016). In the
present study, the background similarity test
was implemented in ENMTools to test these
questions. The measures of niche similarity
that quantitatively compared niche models
were based on the value of the sum of differ-
ences in suitable habitat probability between
two species at all points in the objective area
were provided (Warren et al., 2008). Then, in
accordance with Warren et al. (2008), we used
two statistical measures, Schoener’s D
(Schoener, 1968) and Warren’s I (Warren et
al., 2008), to measure niche similarities. Both
similarity measures ranged from 0, where
species predicted environmental tolerances
did not overlap at all, to 1, where all grid cells
were estimated to be equally suitable for both
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species (Warren et al., 2010). These similarity
statistics were calculated for comparisons
between (1) M. japonica and M. reevesii, (2)
M. japonica and T. s. elegans, and (3) M.
reevesii and T. s. elegans. To evaluate the
differences between SDMs, background simi-
larity tests were implemented in ENMTools.
The test may be used to determine whether
the SDMs obtained from two allopatrically
distributed populations are more different
than expected given the underlying environ-
mental differences between the regions in
which they occur (Warren et al., 2010). The
test addresses this hypothesis by generating a
null distribution for the SDM difference
expected between one population and random
occurrence points placed within the range of
another population (Warren et al., 2010). We
used this test to construct the null distribution
of similarity statistics between the SDMs
based on the localities of one species and
those based on 100 replications of random
points drawn from the geographic range of
the other species (Peterson et al., 1999;
Warren et al., 2008). Warren et al. (2008)
showed that the inclusion of unsuitable habi-
tat for a species can bias the result, the
geographic range of each turtle species that
generated random points was restricted to
areas inside the 25 km buffer circles or cells
involving the presence localities of each turtle
species (APPENDIX II). We conducted bidi-
rectional tests because the background of the
similarity test can yield different results when
the comparison is reversed (Warren et al.,
2010). To determine whether the distribution
of one species positively or negatively predic-
ted that of the other species, the lower and
upper 2.5% value of the null distribution were
regarded to indicate that the SDMs of the two
species were significantly dissimilar and simi-
lar, respectively (Takami and Osawa, 2016).

Results

Constructions of SDMs
Three SDMs were constructed and high

performance was evidenced by the relatively

high AUC values (average test AUC: M.
japonica, 0.75; M. reevesii, 0.82; T. s.
elegans, 0.87). The predicted suitable habitat
of M. japonica, M. reevesii, and T. s. elegans
in Honshu, Shikoku, and Kyushu are shown
in Fig. 3A, B, and C, respectively. In Fig. 3,
each predicted suitable habitat mapped was
extracted only over thresholds for each
species. These thresholds, which were divided
into categories based on whether they were
suitable habitats or not, used the maximum
training sensitivity plus specificity logistic
threshold (Jiménez-Valverde and Lobo, 2007).
These values were 0.41 (M. japonica), 0.37
(M. reevesii), and 0.29 (T. s. elegans). Figure
3 illustrates that the estimated suitable habitat
of the three freshwater turtle species had a
wide range distributed around Japan. The
indigenous turtle species had the broadest
suitable habitat among all three turtle species.
On the other hand, the two alien species, M.
reevesii (55,526 km2) and T. s. elegans
(47,031 km2), had a narrower range than M.
japonica (80,878 km2). Furthermore, Figs 4
and 5 show the large overlap of suitable habi-
tat among the native and two alien species
within the predicted suitable habitat of M.
japonica. The area of duplication was as
follows: overlap of all three species
(34,349 km2), M. japonica and M. reevesii
(8,096 km2), M. japonica and T. s. elegans
(3,561 km2), and M. japonica only
(34,872 km2).

Among the three turtle species, the permu-
tation importance of the three climatic varia-
bles, including max. temperature, min.
temperature, precipitation, and slope, and the
one topographic variable had particularly
high values. Of the five environmental varia-
bles, the importance of max. temperature,
min. temperature, and slope for M. japonica,
min. temperature, precipitation, and slope for
M. reevesii, and slope and min. temperature
for T. s. elegans was higher than that of any
other factors (Table 1).

Comparison of SDMs
Results of background similarity tests indi-
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Fig. 4.  Mauremys japonica’s predicted suitable
habitat, and overlap area between M. japonica and
alien turtle species.

Fig. 5.  Elevation of Mauremys japonica’s
suitable habitat, and the overlapping area between
Mauremys japonica and alien turtle species.

Fig. 3.  Predicted suitable habitat of (A) Mauremys japonica, (B) Mauremys reevesii, and (C)
Trachemys scripta elegans. Red grids indicate suitable habitats that were extracted over thresholds for each
species.

Table 1.  Permutation importance of five environmental variables.

Environmental Variables
Permutation Importance (%)

M. japonica M. reevesii T. s. elegans

The highest temperature of the warmest month (August) 50.3 5.8 13.1
The lowest temperature of the coldest month (January) 18.6 52 38.6
Slope 11.3 16 30.9
The annual precipitation 9.3 23.1 12.5
The total age daylight hours (April–November) 10.5 3.1 4.9
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cated that the ecological niches of the fresh-
water turtle species were significantly similar.
In particular, the SDM of M. japonica posi-
tively predicted that of M. reevesii and vice
versa (Table 2). The SDM of M. reevesii posi-
tively predicted that of T. s. elegans and vice
versa (Table 2). However, the SDM of T. s.
elegans positively predicted that of M. japon-
ica, but it was not predicted in the opposite
direction and the SDM of M. japonica nega-
tively predicted that of T. s. elegans (Table 2).

Discussion

This study revealed that climatic and topo-
graphic factors possessed high values in the
permutation importance in SDMs for the
three turtle species (Table 1), suggesting that
these factors limited the distribution patterns
of these turtles. Most freshwater turtles are
ectotherms and require suitable ambient
temperatures and solar radiation to maintain
body temperature for their physiological and
behavioral performance. Moreover, ambient

temperature influences egg conditions and
promotes embryonic development (hatching
success) and sex determination of these turtles
(Breitenbach et al., 1984; Bobyn and Brooks,
1994; Okada et al., 2010; Vitt and Caldwell,
2014). On the other hand, low ambient
temperature during the hibernation season
can kill hibernating turtles (St. Clair and
Gregory, 1990). Therefore, temperature ulti-
mately determines the distribution and popu-
lation dynamics of freshwater turtles.
Furthermore, micro-habitat environments,
such as current velocity (e.g., Buhlmann and
Vaughan, 1991; Usuda et al., 2012;
Kagayama, 2019), may also be important. For
example, Kagayama (2019) surveyed the
distribution patterns of three freshwater turtle
species in the Yorogawa River system
(35°24'2.5842" N, 140°7'46.6896" E) and
showed that M. reevesii and T. s. elegans
were abundant in the lower regions of the
river, whereas M. japonica was abundant in
the middle and upper regions of the river.
Moreover, the present study suggested that

Table 2.  Results of the background similarity test. Similarity statistics and summary of null
distributions (lower 0%, 2.5%, 97.5%, and 100% values) are shown. The directions of the background
similarity tests are indicated by arrows as follows: occurrence localities of one species → geographic range
of the other species in which background environmental data as random points were generated.

Species pair
Similarity
statistics

Null distribution Direction of niche
similarity0% 2.5% 97.5% 100%

M. japonica → M. reevesii I=0.95* 0.921 0.923 0.936 0.937 Similar
D=0.76* 0.718 0.725 0.749 0.751 Similar

M. reevesii → M. japonica I=0.95* 0.861 0.864 0.886 0.887 Similar
D=0.76* 0.607 0.611 0.645 0.650 Similar

M. japonica → T. s. elegans I=0.87* 0.926 0.930 0.942 0.945 Dissimilar
D=0.61* 0.734 0.742 0.770 0.771 Dissimilar

T. s. elegans → M. japonica I=0.87* 0.751 0.752 0.776 0.779 Similar
D=0.61* 0.470 0.471 0.501 0.506 Similar

M. reevesii → T. s. elegans I=0.95* 0.879 0.880 0.899 0.901 Similar
D=0.76* 0.637 0.638 0.672 0.676 Similar

T. s. elegans → M. reevesii I=0.95* 0.755 0.756 0.778 0.782 Similar
D=0.76* 0.472 0.476 0.502 0.507 Similar

* P<0.001, based on 100 randomizations (two-tailed).
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velocity may have negative effects on the
abundance of the two alien species (M. reeve-
sii and T. s. elegans). Therefore, the present
study estimated the permutation importance
of climatic and topological factors because
slope and annual precipitation usually affect
velocity in rivers.

Some studies have shown that M. japonica
and the alien turtle species may have
possessed allopatric distribution patterns
(Yabe, 2002; Kosuge et al., 2003) because
each turtle species has different habitat pref-
erences. The predicted SDMs of the present
study showed that M. japonica is a habitat
generalist inhabiting broad environmental
conditions (such as rivers, ponds, and marsh)
from lowlands to foothill areas (Kosuge et al.,
2003; Noda and Kamata, 2004; Yasukawa et
al., 2008; Kagayama et al., 2017) and had the
largest range of suitable habitats among the
three turtle species examined in this study.
However, most of M. japonica’s suitable area,
especially in lowland areas, overlapped with
those of M. reevesii and T. s. elegans, and
suitable habitat where M. japonica occurs
alone is the foothill region outside the over-
lapping ranges of M. reevesii and T. s.
elegans (Figs. 4 and 5). Moreover, the back-
ground similarity test showed that native and
alien turtle species had significant niche simi-
larity. Therefore, the results of the present
study support the assertion provided by
Taniguchi et al. (2015), who reported that
contemporary distribution patterns of M.
japonica may be driven by interspecific inter-
actions with the two alien turtle species (M.
reevesii and T. s. elegans).

Recently, several studies suggested that
alien turtle species reduced the population
size of native turtles and displaced them (e.g.,
Cadi and Joly, 2003, 2004; Polo-Cavia et al.,
2010, 2011; Yabe, 2014). Yabe (2014) showed
that the dominant species had changed from
M. japonica to T. s. elegans from 2005 to
2011 at several areas in Japan. This is proba-
bly due to competition for resources such as
food and habitat, which led to a decline of M.
japonica. On the other hand, both theoretical

considerations and field studies strongly
suggest that there has been reproductive inter-
ference (Gröning and Hochkirch, 2008)
between the native and alien species, which
has driven the substitution of native species by
aliens (e.g., Konishi and Takata, 2004;
Takakura et al., 2009). Hybridization between
M. japonica and M. reevesii (Kato et al.,
2010; Suzuki et al., 2014) could be a part of
reproductive interference with the introduced
M. reevesii and potentially cause negative
effects on indigenous M. japonica. In the
future, we need to clarify whether the substi-
tution of M. japonica with M. reevesii or T. s.
elegans occurred based on long-term moni-
toring of these turtles.

Recently, studies employing SDMs and
ENMTools approaches have successfully eval-
uated the niche evolution and dynamics of
hybridization zones between two native
species (Warren et al., 2008; Takami and
Osawa, 2016). SDMs and ENMTools were
applied in this study to evaluate the niche
similarity between native M. japonica and two
alien turtle species. In the case of evaluating
the SDMs of the alien species, we assumed
that the distributions they attained were at
equilibrium states in the introduced regions.
Previous studies have pointed out that M.
reevesii had been introduced from Korea
since the late 18th century and from China
since the 1970s (Hikida and Suzuki, 2010;
Suzuki et al., 2011), and that T. s. elegans had
been introduced from the United States since
the 1920s (Kamezaki, 2015). Since both the
species are now widespread and well-
established in Honshu, Shikoku, and Kyushu,
Japan (The Nature Conservation Society of
Japan, 2014; Taniguchi et al., 2015), the
assumption of an equilibrium distribution
may be valid. Moreover, the absence of the
two alien turtle species in the foothill regions
in Japan could be explained by the habitat
preference of each turtle species.
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Appendix I

Definition of background area.

Appendix II

Definition of background area using the niche similarity test. (A) Mauremys japonica, (B) Mauremys
reevesii, and (C) Trachemys scripta elegans.
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