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The failed establishment of invasive
Eriocheir sinensis in Japan to date was
studied.

An n-dimensional hypervolume ap-
proach and species distribution models
were used.

Both methods suggested this species
has undergone a niche shift during inva-
sion.

Model showed a mismatch between
suitable freshwater and marine envi-
ronments in Japan.
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Invasive alien species represent a serious threat to global biodiversity, causing considerable damage to native
ecosystems. To better assess invasion risks, it is essential to better understand the biological processes that deter-
mine the success or failure of invasions. The catadromous Chinese mitten crab Eriocheir sinensis, whose native dis-
tribution is the Pacific Coast of China and Korea, has successfully invaded and established populations in North
America and Europe. In Japan, where E. sinensis is also regarded as potentially invasive and multiple introduction
vectors exist, the species is not yet established. These settings can be used to explore niche-based processes un-
derlying the apparent failure of a biological invasion. We first quantified native and invasive realized niches of E.
sinensis in freshwater habitats using geometrical n-dimensional hypervolumes. Based on the assumption of niche
conservatism, we then projected habitat suitability of this species in Japan using species distribution models
(SDMs) calibrated with distinct sets of distribution data: native occurrences, invasive occurrences, and both. Re-
sults showed that E. sinensis has undergone either niche shifts or niche contractions during invasions in different
areas of the world. Projections from SDMs indicate that although part of Japan is suitable for E. sinensis, this does
not include the freshwater habitats around the Ariake Sea, which is considered to be a suitable marine environ-
ment for E. sinensis larvae. The mismatch between suitable freshwater and marine environments provides a
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possible explanation for the failure of establishment of E. sinensis in Japan to date. Our findings have useful gen-
eral implications for the interpretation of biological invasions.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Biological invasions are regarded as a serious global environmental
problem, with significant ecological, economic, and health-related conse-
quences (Bellard et al.,, 2016; Ehrenfeld, 2010; Giakoumi et al., 2019;
Morri et al., 2019; Pimentel et al., 2005; Simberloff et al., 2013). Numerous
studies have shown that although complete eradication of established in-
vasive species is possible, it is often expensive and prone to failure
(Genovesi, 2005; Hanfling et al., 2011; Zhan et al., 2015). Therefore, it is
highly recommended that effective control strategies for invasive species
be implemented at the early stages of invasion (Giakoumi et al., 2019;
Hénfling et al,, 2011; Mehta et al., 2007; Zhan et al,, 2015; Zhang et al,,
20193, 2019c¢). Many studies have documented successful biological inva-
sions and the pathways of introduction typically involved (Jeschke and
Heger, 2018; Lockwood et al., 2013). By contrast, comparatively little at-
tention has been given to failed invasions (Allen and Ramcharan, 2001;
Ings et al,, 2010; Marchetti et al., 2004; Zenni and Nufiez, 2013). Studying
successful invasions is of course the primary goal of invasion ecologists.
However, researchers are increasingly recognizing the significance of
failed invasions for advancing our general understanding of invasion ecol-
ogy. This includes, for instance, the identification of the factors that
determine invasion failure and which could be of use for supporting man-
agement actions and for improving invasion risk assessments (Allen and
Ramcharan, 2001; Brockerhoff and McLay, 2011; Marchetti et al.,, 2004;
Zenni and Nuiez, 2013).

Many factors have been suggested to drive the success or failure of bi-
ological invasions (Jeschke and Heger, 2018; Lockwood et al., 2013; Zenni
and Nuifiez, 2013). One of the most important factors concerns simply the
availability of habitats that meet the physiological and life-history re-
quirements of the species. A common expectation is that the niche of na-
tive and invasive populations should be similar (“niche conservatism”),
namely they should occupy similar sub-spaces within a multidimensional
space of environmental variables (Blonder et al., 2014; Carvalho and
Cardoso, 2018; Hutchinson, 1957). Conversely, if the environmental con-
ditions of an area fall outside of the environmental space defined by the
species native range, the outcome of the introduction events is expected
to be failure. However, this picture is complicated by the range of suitable
environments that are available to the species in its native region - which
may not express the full suite of suitable conditions - and by rapid evolu-
tionary changes that can occur during an invasion (Blossey and Notzold,
1995). Both situations may lead to a shift in the niche of invading popula-
tion toward the colonisation of novel environmental conditions
(Broennimann et al., 2007, 2012; Petitpierre et al., 2012; Tingley et al.,
2014; Torres et al,, 2018).

The Chinese mitten crab Eriocheir sinensis (H. Milne Edwards, 1853)
(Crustacea, Decapoda, Varunidae) has a native distribution stretching
from China to Korea and is a commercially important aquaculture spe-
cies, especially in China (Cheng et al., 2018; Dittel and Epifanio, 2009).
Eriocheir sinensis is a catadromous species that lives in freshwater dur-
ing its growth phase and migrates to the sea during its reproductive sea-
son (Cheng et al., 2018; Dittel and Epifanio, 2009). According to the
China Fishery Statistical Yearbook (2017), aquaculture production of E.
sinensis in China reached >812,000 t in 2016. Outside its native range,
E. sinensis is considered an invasive species that has successfully
established breeding populations in Europe and North America
(Brockerhoff and McLay, 2011; Dittel and Epifanio, 2009; Herborg
et al., 2003). Previous studies have demonstrated the negative impacts
of this invasive species in introduced regions, including predation on
native species (Mills et al., 2016; Rosewarne et al., 2016; Rudnick and
Resh, 2005; Webster et al., 2015; Wéjcik et al., 2015), competition

with native organisms (Gilbey et al., 2008; Zhang et al., 2019b), patho-
gen transmission (Schrimpf et al., 2014), and riverbank erosion (Dittel
and Epifanio, 2009). Multiple introduction vectors are blamed for the
transportation of E. sinensis into new habitats, including ballast water
discharge, the live crab trade, and religious animal release practices
(Cohen and Carlton, 1997; Dittel and Epifanio, 2009; Low et al., 2013).

Eriocheir sinensis has been designated as a potentially invasive species
in Japan according to the Japanese Invasive Alien Species Act (Ministry of
the Environment, Government of Japan, 2004). Given the frequent ship-
ping activities and the geographical proximity of China and Japan, it is
quite possible that E. sinensis larvae could be transported into Japanese
coastal waters through ballast water. In addition, because E. sinensis is
regarded as a food delicacy in Japan, live import is permitted (Fig. 1a).
In 2018, >103 t of live E. sinensis with a commercial value of approxi-
mately 385 million JPY were imported to Japan (Fig. 1b). Around the
year 2000, driven by commercial interest, local villagers in Chiba and Ya-
magata Prefectures even cultured this invasive species by releasing juve-
niles into paddy fields (Kobayashi, 2012; Takeda and Koizumi, 2005).
Kobayashi (2012) assessed the invasion risk of E. sinensis in Japan using
a habitat comparison approach proposed by Hanson and Sytsma
(2008), and concluded that only the Ariake Sea was likely to provide suit-
able marine environments for the larval stages of this invasive species.
However, despite the existence of multiple introduction vectors and pos-
sible suitable marine environments, only two adult female specimens of E.
sinensis (one live and one dead) were found in November 2004 in Tokyo
Bay, Japan (Takeda and Koizumi, 2005). This represents the only report of
E. sinensis in natural habitats in Japan. It remains unclear why E. sinensis
has not established any population in Japan to date.

Here, we sought to understand the extent to which the failed inva-
sion of E. sinensis in Japan is due to lack of suitable habitat, and whether
there is evidence of a niche shift in the populations of this species that
have been successful in invading other regions. We reconstructed the
niches of native and invading populations using geometrical n-
dimensional hypervolumes (Blonder et al., 2014) and developed species
distribution models (SDMs) to predict habitat suitability in native and
invaded areas. SDM is an approach well suited to invasion biology
(Peterson and Vieglais, 2001), and several SDM predictions have already
been developed for E. sinensis (e.g., Capinha and Anastacio, 2011;
Capinha et al., 2011; Herborg et al.,, 2007a, 2007b; Zhang et al., 2019a).
Despite the fact that SDM is based on the assumption of niche conserva-
tism and niche shift during biological invasions would pose great chal-
lenges in predicting invasive potential, previous studies highlight the
usefulness and necessity of prioritizing invasion hotspots using niche
conservatism (e.g. Broennimann and Guisan, 2008; @rsted and @rsted,
2019; Torres et al., 2018). In this study, we (1) tested whether a niche
shift between the native and invasive ranges of E. sinensis in freshwater
habitats had occurred, (2) developed three different SDMs for this spe-
cies (i.e., native, invasive, and worldwide) and projected its habitat suit-
ability to the Japanese freshwater environment, especially around the
Ariake Sea, and (3) discussed the possible reasons for its failure to
date to establish in Japan and evaluated its future invasion risk.

2. Materials and methods
2.1. Species distribution data

Because of the lack of information about the distribution of E. sinensis
larvae in marine environments, we focused on freshwater habitats as

reported by Zhang et al. (2019a). We retrieved worldwide records of
the occurrence of E. sinensis from the published literature (Zhang
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Fig. 1. Imports of live Chinese mitten crab Eriocheir sinensis to Japan. (a) Live adult E. sinensis in a food market in Tokyo (the photo was taken by the first author). (b) The quantity and value
of E. sinensis imports to Japan (data source: Ministry of Agriculture, Forestry and Fisheries, Japan (available at: http://www.maff.go.jp/j/tokei/kouhyou/kokusai/houkoku_gaikyou.

html#r26).

et al.,, 2019a) and from several online repositories, including the DASSH
archive for marine species and habitats data (https://www.dassh.ac.uk),
the Global Biodiversity Information Facility (GBIF.org, 2020), the Na-
tional Biodiversity Network Atlas (https://nbnatlas.org), the Nonindige-
nous Aquatic Species database of the US Geological Survey (https://nas.
er.usgs.gov), and the United States Geological Survey's Biodiversity In-
formation Serving Our Nation (https://bison.usgs.gov). To thin distribu-
tion data in heavily sampled regions, we retained only one occurrence
record per 5-arcminute grid cell (Capinha and Anastacio, 2011;
Capinha et al., 2011). This data cleaning process resulted in a thinned
dataset with 70 native records and 580 invasive records (Supporting In-
formation Fig. S1).

2.2. Predictor variables

Nineteen global land surface predictors at a spatial resolution of
30 arcsec were downloaded from the CHELSA database (http://chelsa-
climate.org), which contains averaged bioclimatic variables for the
period 1979-2013 (Karger et al., 2017) (Supporting Information
Table S1). Because of the catadromous lifestyle of E. sinensis, we further
considered a predictor variable representing the distance to the coast
(details in Zhang et al., 2019a). Before analyses, we checked for collin-
earity between these 20 predictors by calculating pairwise Pearson r
correlation coefficients (details in Supporting Information Fig. S2). For
strongly correlated predictors (i.e., |r| > 0.70), we used only one variable
for model development (Dormann et al., 2013). Based on the results of
the collinearity analysis, we considered seven predictors in our analy-
ses: annual mean temperature (bio1), mean diurnal range (bio2),
temperature annual range (bio7), annual precipitation (bio12), precip-
itation of driest month (bio14), precipitation seasonality (bio15), and
distance to the coast (dcoast) (Supporting Information Fig. S2, Table S1).

2.3. Niche estimation

We quantified the realized niche of E. sinensis in its native and inva-
sive ranges using n-dimensional hypervolumes (Blonder et al., 2014,
2018). Making a close analogy with the Hutchinsonian niche concept
(Hutchinson, 1957), this approach relies on high-dimensional kernel
density estimation to delineate the shape and volume of the niche hy-
perspace in n dimensions (Blonder et al., 2014, 2018), where n is the
number of orthogonal axes representing environmental conditions
exploited by a given species - or species traits (Blonder, 2019). We
first generated a principal component analysis (PCA) of the seven pre-
dictors to introduce exclusively orthogonal axes in the hypervolume es-
timation - note that the predictors were resampled to a resolution of 5
arcmin to reduce computation time. We retained the first four PCA axes
(PCs) to delineate the shape of the niche, as these cumulatively ex-
plained almost 90% of the variance in the dataset. We used the
hypervolume R package (Blonder, 2018) to generate hypervolumes,

using Gaussian kernel density estimation and default settings for band-
width estimation (Blonder et al., 2018). We generated a first
hypervolume for describing the realized niche of the native population,
and three separate hypervolumes for the three populations occurring in
the main invaded areas (Europe, western US, and eastern US; Dittel and
Epifanio, 2009).

To evaluate whether there had been a niche shift during invasions, we
explored the overlap between native and invasive hypervolumes using
both a distance (distance between hypervolume centroids) and a similar-
ity metric (B diversity) (Mammola, 2019). We estimated centroid distance
as the Euclidean distance between hypervolume centroids, using the
hypervolume_distance R function (Blonder, 2018). We estimated (3 diver-
sity through the kernel.beta function in BAT R package (Mammola and
Cardoso, 2020). This approach decomposes the two process underlying
overall differentiation among hypervolumes (PBota): the replacement of
space between hypervolumes (Byepiacement), reflecting niche shifts, and
the net differences between the amount of space enclosed by each
hypervolume (Byichness)» Teflecting niche expansion or contraction
(Carvalho and Cardoso, 2018). Botar ranges from 0 (identical niches) to 1
(fl,llly dissimilar niches), and Btotal = Breplacement + Brichness-

2.4. SDM development

According to the different extents of the study areas (Supporting In-
formation Fig. S1), we constructed three SDMs: (a) a native SDM using
native distribution data, (b) an invasive SDM using invasive distribution
records, and (c) a worldwide SDM using all native and invasive occur-
rence records. To overcome uncertainties resulting from single SDM al-
gorithms, an ensemble modelling approach was used (Aratjo and New,
2007; Guisan et al., 2017; Thuiller et al., 2019b). In brief, we used a con-
sensus of 10 SDM algorithms, fitted with their default parameter set-
tings in the biomod2 R package (Thuiller et al., 2019a). Species
absence data is also essential for SDM development; since true absence
data is often difficult to acquire, we used pseudoabsences as an alterna-
tive (Guisan et al,, 2017; Thuiller et al., 2019b). Both the number and the
way that pseudoabsences are selected play important roles in SDM
studies (e.g. Barbet-Massin et al., 2012; Chapman et al., 2019).
Herborg et al. (2007a) reported that the highest documented dispersal
distance of E. sinensis was 1260 km; therefore, for each SDM, we created
buffer area with a radius of 1260 km from presence records and ran-
domly selected 10,000 pseudoabsences within the corresponding buffer
area. We evaluated the predictive abilities of 10 SDM algorithms
through a fivefold cross-validation approach (Franklin, 2009; Guisan
et al,, 2017). In this approach, 80% of the data were randomly selected
and used for model training and the remaining 20% for model testing.
We repeated this procedure 10 times for each SDM algorithm. We mea-
sured the predictive accuracy of each algorithm via two evaluation met-
rics: the area under the receiver-operating characteristic curve (AUC;
ranging from 0 to 1, Swets, 1988) and the true skill statistics (TSS;
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ranging from —1 to 1, Allouche et al., 2006). We only selected algo-
rithms with AUC > 0.90 and TSS > 0.75 for all three SDMs for subsequent
analyses (Allouche et al., 2006; Swets, 1988). We developed TSS-
weighted mean ensemble models for each SDM by using the selected al-
gorithms. We evaluated predictive abilities of ensemble models using
TSS, AUC, and the Boyce index (Table 1) (Boyce et al., 2002; Hirzel
etal., 2006). The Boyce index ranges from —1 to +1 (negative values in-
dicate counter prediction, values close to zero indicate model no better
than random, and good model falls within positive values range). It is
considered to be the most appropriate index to evaluate presence-
only predictions (Boyce et al., 2002; Guisan et al., 2017; Hirzel et al.,
2006).

We transformed continuous habitat suitability maps into binary
maps using a 10th percentile presence threshold (Pearson et al.,
2007). The coefficient of variation (i.e. standard deviation/mean*100%)
across single SDM predictions was also calculated to measure uncer-
tainty of the spatial maps.

3. Results
3.1. Realized niches in native and invasive ranges

The first four axes of the PCA of the seven selected predictors
accounted for 90% of the total variance of the dataset, while variance
contributed by other axes was relatively low (each axis <7%)
(Supporting Information Table S2, Figs. S3-S6). The volume of Eriocheir
sinensis 4-dimensional hypervolume in its native range was 25.61, and
virtually as voluminous as the western US populations hypervolume
(25.16). Conversely, hypervolumes constructed for the eastern US and
European populations were one order of magnitude less voluminous

than the native hypervolume, respectively 6.20 and 1.23 (Fig. 2). We
found that there was a low niche overlap between native and invasive
populations, as emphasized both by the pairwise Pyt Values close to
1 and by the distance among niche centroids (Table 2). The difference
between native and invasive western US hypervolumes was almost ex-
clusively attributable to niche shift (Brepiacement) (Table 2), with invasive
populations having shifted their niche especially with respect to PC1, 3,
and 4 (Fig. 2). On the contrary, Byichness Mostly explained differences in
the range of conditions experienced by native and both the eastern US
and European populations (Table 2). In particular, non-native popula-
tions in these areas are occupying a subset of the native niche, indicating
niche contraction. Some niche shift was also observed in respect to PC2,
particularly in eastern US populations (Fig. 2).

3.2. SDM

Model validation revealed that three algorithms (i.e. GBM, GLM, and
Maxent) had good predictive ability for native, invasive, and worldwide
SDM:s (Fig. 3). The three ensemble SDMs built using the selected algo-
rithms had excellent predictive abilities with TSS > 0.80, AUC > 0.93,
and Boyce >0.61 (Table 1). The relative contribution of predictors varied
between the three SDMs (Supporting Information Fig. S7). The three
SDMs provided very different projections of habitat suitability for E.
sinensis (Fig. 4). Generally, coefficient of variation values were smaller
within suitable ranges than that within unsuitable ranges (Supporting
Information, Figs. S8-S9). The native SDM provided reliable predictions
of E. sinensis distribution in Asia, but this model failed to identify the dis-
tribution in Europe and North America (Fig. 4a, b, ). Similarly, the inva-
sive SDM successfully predicted the distribution of E. sinensis in Europe
and North America, but failed to predict its distribution pattern in the

PCA1

B Native niche

Invasive niche in Europe T
¥ Invasive niche in west USA

B |nvasive niche in east USA

PC4

Fig. 2. The 4-dimensional hypervolume sizes of Chinese mitten crab Eriocheir sinensis in its native and invasive ranges. Large points with white borders represent centroids of each
hypervolume. 10,000 random points were sampled from each hypervolume to delineate its shape and boundary.
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native range (Fig. 4d, e, f). The worldwide SDM provided good predic-
tions for both native and invasive distribution patterns (Fig. 4g, h, i).

Given the superiority of worldwide SDM in delineating the distribu-
tion of E. sinensis in both native and invasive ranges, we only presented
habitat suitability of this species in Japan projected by worldwide SDM.
The worldwide SDM predicted that a large part of the Japanese coastal
area would be suitable for E. sinensis (Fig. 5a, b). The worldwide SDM
also suggested that no suitable freshwater habitat exists along the
coast of the Ariake Sea (Fig. 5). Interestingly, the native SDM and inva-
sive SDM also indicated that there is no suitable freshwater habitat for
E. sinensis near the Ariake Sea (Supporting Information Fig. S11).

To answer the question of why there is no suitable freshwater envi-
ronments around the Ariake Sea, we extracted environmental values
from presence records of E. sinensis in both its native and invaded
range. We also created a 100 km radius buffer zone around the Ariake
Sea and extracted environmental data within this buffer area
(Supporting Information Fig. S12). We observed that around the Ariake
Sea, all predictors except annual precipitation more or less overlap with
those either from native range or from invasive ranges (Supporting In-
formation Fig. S12). The annual precipitation values around the Ariake
are significantly higher than those from where E. sinensis occur
(Mann-Whitney U Test, p < 3.1 x 10~'>; Supporting Information
Fig. S12).

4. Discussion

For a comprehensive understanding of invasion ecology, it is impor-
tant to study both successful and failed invasions (Allen and Ramcharan,
2001; Marchetti et al., 2004; Zenni and Nufiez, 2013). In the present
study, we investigated a possible ecological explanations for the failure

Table 1

Predictive performances of three ensemble species distribution models (SDMs) and 10th
percentile presence thresholds for three ensemble SDMs. Results of TSS, AUC, and Boyce
are expressed as mean + standard error.

SDMs TSS? AUC® Boyce Threshold
Native 0.805 (+0012) 0938 (£0.004) 0.619 (+£0.063) 0.608
Invasive 0.882 (4+0.007) 0.980 (+0.002) 0.925(+0.015) 0.580
Worldwide  0.849 (+£0.009) 0.975 (4+0.002) 0.935 (+0.012)  0.406

@ TSS: true skill statistics.
b AUC: area under the receiver-operating characteristic curve.

of E. sinensis in becoming established in Japan to date. Our results sug-
gest that the potential mismatch between suitable freshwater and ma-
rine environments in Japan may be partially responsible for this
phenomenon.

4.1. Niche shifts in biological invasions

The results of the n-dimensional hypervolume analysis suggested
that a bioclimatic niche shift had occurred during the invasion process
of E. sinensis in western US populations and only partly in eastern US
and European ones. This was not an unexpected result, because niche
shifts during biological invasions have been previously demonstrated
for a variety of invasive species from terrestrial, freshwater, and marine
habitats (e.g., Broennimann et al., 2007; Li et al., 2014; Parravicini et al.,
2015; Petitpierre et al., 2012; Tingley et al., 2014; Torres et al., 2018).
The niche shift in western US population leads this population to occupy
a niche space of comparable size to that of native populations, although
within a different range of environmental conditions. The n-
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Fig. 3. The TSS (a, b, ¢) and AUC (d, e, f) scores of the 10 modelling algorithms used to develop different species distribution models (SDMs) for Chinese mitten crab Eriocheir sinensis.
Algorithms with TSS > 0.75 and AUC > 0.90 were considered in subsequent analyses. TSS: true skill statistics; AUC: area under the receiver-operating characteristic curve. ANN:
artificial neural network; CTA: classification tree analysis; FDA: flexible discriminant analysis; GAM: generalized additive model; GBM: generalized boosting model; GLM: generalized
linear model; MARS: multiple adaptive regression splines; Maxent: maximum entropy; RF: random forest; SRE: surface range envelope. Results are expressed as mean =+ standard
error. For native SDM, FDA failed to converge thus had missing data. It should be noted that TSS and AUC scores among different SDMs (i.e. native, invasive, and worldwide SDMs)
cannot be compared since these SDMs were developed using different presence-background datasets.
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tribution models (SDMs). Projected habitat suitability varies from 0 (white) to 1 (red). Binary SDM predictions can be found in Supporting Information Fig. S10.

dimensional hypervolume calculated for the native populations was sig-
nificantly more voluminous than the n-dimensional hypervolume for
the invasive populations in Europe and eastern US. Since limited niche
shifts were detected, this result suggest that invasive populations in
Europe and eastern US underwent niche contraction, thus they occur
in habitats characterized by a smaller set of bioclimatic conditions
than those experienced by native populations. The lack of a greater
niche shift or expansion in the invaded areas in Europe and eastern US
may be due to competitive exclusion by native organisms, or simply be-
cause these invasions are recent.

Our three SDM projections provide further independent evidence
for a niche shift between the native and invasive ranges of E. sinensis.
The native and invasive SDMs were only helpful within the areas in
which the SDMs were trained, and had low transferability for new
areas. This low transferability probably resulted from the niche shift;

Table 2

whereas the worldwide SDM, which was developed using all distribu-
tion data, provided good predictions of distribution range in both native
and invasive ranges. Our results provide further evidence in support of
previous findings that when predicting habitat suitability for invasive
species, pooling distribution data from entire ranges can provide reli-
able predictions and thus is recommended (e.g. Beaumont et al., 2009;
Broennimann and Guisan, 2008; Jiménez-Valverde et al., 2011;
Capinha et al,, 2011). Our findings concerning the niche shift support
those of a recent study by Torres et al. (2018), who quantified native
and invasive niches for 22 invasive freshwater invertebrates, including
E. sinensis, based on the framework proposed by Broennimann et al.
(2012). One of the key assumptions when projecting habitat suitability
for invasive species via SDMs is niche conservatism during biological in-
vasions (Broennimann et al., 2007; Parravicini et al., 2015). As a result,
niche shifts pose a great challenge to projections of habitat suitability

Niche differentiation among n-dimensional hypervolumes of the native and invasive populations of Eriocheir sinensis, as measured with a measure of overlap (below the diagonal panel;
Protal = Preplacement + Prichness) and of distance (above the diagonal; distance between centroids).

Native Europe Eastern US Western US
Native - 1.51 1.79 1.25
Europe 0.99 = 0.06 + 0.93 - 0.95 242
Eastern US 0.98 = 0.36 + 0.62 0.93 = 0.24 + 0.69 - 2.73
Eastern US 0.84 = 0.83 + 0.01 1.00 = 0.09 + 0.91 1.00 = 0.39 + 0.61 -
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Fig. 5. The continuous (a) and binary (b) predictions of habitat suitability for Chinese mitten crab Eriocheir sinensis in Japan projected by worldwide species distribution model. Continuous
map was converted into binary map by using 10th percentile presence threshold. The star symbols indicate the location of the Ariake Sea.

for invasive species solely based on native distribution data since native
presences may not fully describe species environmental requirements.

4.2. Possible explanations for the failed establishment of E. sinensis

All three of our SDMs suggested that there is suitable freshwater hab-
itat for this invasive species in Japan, although the sizes and locations of
the predicted suitable habitat varied (Fig. 5, Supporting Information
Fig. S11). Eriocheir sinensis is a catadromous species that requires freshwa-
ter habitats for growth and marine environments for reproduction
(Cheng et al., 2018; Dittel and Epifanio, 2009). Therefore, both freshwater
habitats and marine environments are important for this species. We pre-
viously developed a periodic stage-based matrix population model for E.
sinensis using published information about its life history (Zhang et al.,
2019c). Our results highlighted the important role of the larval stage in
regulating the population dynamics of E. sinensis, and consequently, the
significant role of marine environments where pelagic larvae live. Unfor-
tunately, thus far, information about the distribution of E. sinensis larvae is
scarce, which hinders our ability to develop a SDM to estimate the habitat
suitability for E. sinensis larvae in marine environments. Kobayashi (2012)
highlighted that marine environments in the Ariake sea are likely to be
suitable for E. sinensis larvae. Interestingly, all three SDMs suggested
that there is no suitable freshwater habitat for E. sinensis around the
Ariake Sea area (Fig. 5, Supporting Information Fig. S11). Our results indi-
cate that suitable freshwater and marine habitats for this species in Japan
are not connected, which may partially account for the failure to date of E.
sinensis to establish in Japan.

High level of annual precipitation in freshwater habitats around the
Ariake Sea region may adversely affect E. sinensis through different
mechanisms, such as reducing dissolved oxygen (Tundisi and Tundisi,
2012). For instance, Tundisi and Tundisi (2012, page 122) explicitly
mentioned that “...the level of dissolved oxygen drops drastically when
the levels of suspended matter markedly increase after heavy precipitation
and drainage into lakes, ponds or rivers”. Previous study demonstrated
that low levels of dissolved oxygen have adverse effects on immune
ability, physiological response, and hepatopancreatic metabolism of ju-
venile E. sinensis (Qiu et al., 2011). Further studies are required to inves-
tigate the potential impacts of heavy precipitation on E. sinensis. It
should be noted that larvae of E. sinensis mainly occur in spring (Dittel
and Epifanio, 2009); during this time period, both river discharge and
precipitation in Ariake Bay are small (Yanagi and Abe, 2005), which en-
sure the suitability of Ariake Sea for larval survival and settlement of E.
sinensis (Hanson and Sytsma, 2008; Kobayashi, 2012).

In addition to the above-mentioned abiotic resistance mechanism, bi-
otic resistance may also play some role in the failed establishment of E.
sinensis in Japan. The Japanese mitten crab E. japonica is a widely distrib-
uted native of Japan (Zhang et al., 2019b). We previously investigated

shelter competition between male pairs of invasive E. sinensis and native
E. japonica under laboratory conditions (Zhang et al.,, 2019b). Our results
clearly showed that native E. japonica are competitively superior to size-
matched invasive E. sinensis and display more frequent aggressive behav-
ior. Hence, it is reasonable to hypothesize that the existence of a widely
distributed strong native competitor might also contribute to the failure
of establishment of invasive E. sinensis in Japan.

4.3. Further perspectives

Based on these and previous results, it is not possible to conclude
with absolute certainty that E. sinensis invasion of Japan is not a concern,
and we therefore encourage further studies. To estimate more accu-
rately the habitat suitability of marine habitats, distribution data for E.
sinensis larvae should be collected and a SDM for marine habitats should
be developed. Furthermore, E. sinensis could negatively interact with na-
tive Japanese species via different pathways. Schrimpf et al. (2014) con-
firmed that this species can serve as a vector for the crayfish plague
pathogen Aphanomyces astaci, which could pose a threat to native
Japanese freshwater species. For instance, Martin-Torrijos et al. (2018)
reported that the pathogen A. astaci caused two mass mortality events
in the endangered Japanese native crayfish Cambaroides japonicus. In
addition, invasive E. sinensis and native E. japonica have the same num-
bers of chromosomes (2n = 146) (Lee et al., 2004); therefore, it is pos-
sible that the two species could hybridize and produce viable offspring.
In fact, Vladivostok (Russia) is considered a sympatric zone for E.
sinensis and E. japonica, and hybridization between the two species in
this region has been confirmed by molecular techniques (e.g., Kang
et al,, 2018; Xu et al.,, 2009; Xu and Chu, 2012). Further studies are re-
quired to verify whether invasive E. sinensis can hybridize with pure E.
japonica from the Japanese archipelago. Another possible scenario is
that invasive E. sinensis may consume native Japanese freshwater spe-
cies and negatively affect their population dynamics. Our preliminary
experiments showed that both male and female adult E. sinensis can
prey intensively on native juvenile E. japonica under laboratory condi-
tions (Supporting Information Fig. S13). Eriocheir japonica is a cannibal-
istic species, and habitat segregation among different-sized individuals
along river courses is suggested to be an evolutionary adaptation to
avoid cannibalism (Zhang et al., 2018). In freshwater habitats predicted
to be suitable for E. sinensis, this invasive species may heavily consume
small natives and adversely influence the recruitment and stability of E.
Jjaponica populations. Future work is needed to test this hypothesis.

4.4. Management strategies

Given the potential risks, we propose several management strategies
for preventing invasive E. sinensis in Japan. Our SDM predictions highlight
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that a large part of Japanese coastal regions may provide suitable freshwa-
ter environments for E. sinensis. These regions deserve more attention and
should be prioritized in monitoring the presence of the species. Existing in-
troduction vectors should be managed cautiously to mitigate the potential
introduction of this invasive species into Japan. For instance, ballast water
should be treated properly before being released, especially in the Ariake
sea. Several ballast water treatment methods, both physical (e.g., heat, ul-
traviolet light, and deoxygenation) and chemical (e.g., ozone, hydrogen
peroxide, and chlorine dioxide), have been proposed to kill marine organ-
isms transported via ballast water (Tsolaki and Diamadopoulos, 2010;
Zhan et al,, 2015). Meanwhile, live trade in E. sinensis should be carefully
managed. The Japanese government has recently implemented strict reg-
ulations for the live trade of E. sinensis. For example, E. sinensis can only
be purchased live by customers with special permission; otherwise, live
crabs must be frozen before sale. Despite of these regulations, it is still rel-
atively easy to buy live E. sinensis from these markets (Zhang, personal ob-
servation). Thus, further management strategies should be considered. In
addition to preventing possible introduction vectors, monitoring programs
to detect the early stages of invasion of Japan by E. sinensis should be con-
sidered. Environmental DNA (eDNA) is capable of detecting invasive
species at low densities; this enables the rapid implementation of eradica-
tion programs, thereby increasing the success of eradication efforts
(Ficetola et al., 2008; Zhan et al., 2015). Recently, Robinson et al. (2019)
used the eDNA technique to study the spatial distribution of E. sinensis
within three rivers in Great Britain. We encourage researchers to develop
species-specific eDNA markers for E. sinensis and E. japonica and consider
the use of eDNA for the early detection of E. sinensis in Japan.
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