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In May 2020, a bottom-trawl survey in the southern Bohai Sea collected the
portunid crab Charybdis bimaculata, a species formerly found in the northern
Yellow Sea. In subsequent surveys, C. bimaculata was found to be abundant and
likely to occupy habitats and niches of native species. To study the suitability of
habitat in the southern Bohai Sea for this crab, nine trawl surveys were conducted
between 2020 and 2022 to monitor its dispersal. Using Biomod?2 software and
combining species occurrence and environmental data, a distribution model for
C. bimaculata in the southern Bohai Sea is developed. We analyze relationships
between this and other crustacean species by comparing niche widths and their
overlap. A random forest model outperforms eight others, and has the highest
evaluation indices among single algorithm species-distribution models. The
evaluation index of an ensemble model is significantly higher than those of
single algorithm models, indicating its greater accuracy and robustness. We
report suitable habitat for C. bimaculata to occur mainly in central and
northeastern Laizhou Bay, and for this habitat suitability to shift over years from
the middle to northeastern waters. Niche width showed a negative trend from
2020 to 2022, and is greater in May than August for each year. Niche overlaps
between C. bimaculata and other major crustaceans in the southern Bohai Sea
exist. We consider that increased sea surface temperature caused by climate
change enabled invasion of C. bimaculata from northern Yellow Sea waters into
the southern Bohai Sea, where it can overwinter and complete its life cycle.
These results provide a scientific basis upon which monitoring of C. bimaculata in
the Bohai Sea can be strengthened to better cope with its invasion and any
negative impact on local biodiversity.
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1 Introduction

Climate change affects the distributions of marine species by
changing their environment (e.g., water temperature, ocean
currents) (Hazen et al., 2013; Becker et al., 2019). These changes
can reduce appropriate habitat for entire marine communities,
cause local species extinctions, create conditions suitable for non-
native species to exploit (Stachowicz et al., 2002; Bellard et al., 2013;
Sorte et al., 2013; Hulme, 2017), and enables invasive species
establishment and distribution expansion (Perry et al., 2005;
Knutsen et al., 2013; Xu et al., 2022; Neumann et al., 2013).

The Bohai Sea, a semi-enclosed shallow (average depth 18 m)
water body in northeastern China, is heavily impacted by climate
change (Chen et al,, 2021), and its waters are warming rapidly
(Belkin, 2009). Because the southern Bohai Sea has many oil-
drilling platforms, and the Yellow River, China’s second longest,
discharges into it, contributing more than 75% of the total
freshwater input into the Bohai Sea (Ren et al., 2002), its ecology
is also vulnerable to the impacts of human activity, terrestrial runoff,
and river input (Wang et al., 2022). Changes in these large volumes
of freshwater, and nutrients within, dramatically affect salinity and
dissolved oxygen, primary productivity, phytoplankton biomass,
and chlorophyll-A concentrations. This can result in rapid
environmental changes. Climate change and runoff have changed
environmental conditions in the southern Bohai Sea, changed the
suitability of habitat for native species, and provided suitable habitat
for invasive species.

The crab Charybdis bimaculata (Portunidae) is small and widely
distributed in Japanese waters, and coastal waters of the Yellow and
East China seas. Throughout its range it can be abundant, and in
terms of biomass, a dominant species in the crustacean community
(Teruyoshi, 2008; Luan et al., 2018). In the Bohai Sea area of China,
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C. bimaculata was first reported from a 1982 bottom-trawl survey in
Laizhou Bay (Wang and Wu, 2018), but in 11 consecutive years
(2009-2019) of spring and summer trawl surveys in these waters, the
Shandong Institute of Marine Resources and Environment has not
reported it once, nor has it been reported in any other study from this
area. However, in six trawl surveys between May 2020 and August
2022 in the Bohai Sea, many C. bimaculata were found. Because this
species, which lives for about one year, has been found many times
over in three consecutive years, it appears to have become established
in these waters.

While C. bimaculata is not a target species in any current trawl
fishery, it represents a potentially important prey species for many
other fishes (Zhang et al., 2011; Wang et al., 2012), and may now
occupy an important ecological position in the Bohai Sea food web.
Accordingly, for C. bimaculata we report its: 1) distribution and
that of suitable habitat in the southern Bohai Sea; 2) niche width
and ecological overlap with other native crustacean species in the
southern Bohai Sea; (3) likely mechanism of invasion into these
waters; and (4) possible impact on other species of crustacean, and

in niche.

2 Materials and methods

2.1 Study area

Trawl surveys were conducted by the Shandong Institute of
Marine Resources and Environment in the southern Bohai Sea
(Figure 1), covering important ecological areas such as Laizhou Bay
and the Yellow River Estuary (37-38.5°N, 117.7-121°E). In total,
394 stations were sampled over nine surveys in May, August, and
October, from 2020-2022 (Table 1). Limitations in investigation
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FIGURE 1
Study area in the southern Bohai Sea.
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TABLE 1 Number of stations for each survey.

Voyage Number of stations

2020.05 41
2020.08 55
2020.10 43
2021.05 44
2021.08 33
2021.10 37
2022.05 48
2022.08 48
2022.10 45
Total 394

time and marine conditions resulted in some station locations
differing between surveys.

2.2 Data collection

Scientific-survey fisheries data were collected by bottom trawl
each year using the same 260 kW power survey vessel “LU CHANG
YU 60003,” and a single bottom trawl of mouth area 30.6 m>, bag
mesh 20 mm, and diameter ~8 m when towing. Stations were
trawled for 1 h at ~2 kn. Survey data included counts of all
crustaceans. Count data for each station were standardized and
converted into numbers of crustacean individuals (ind) h™; these
data are used to calculate niche width and overlap. Population
occurrence data (presence or absence) for C. bimaculata were
transformed on a spatial resolution grid of 0.1° latitude x 0.1°
longitude to facilitate input data for species distribution models.

2.3 Environmental data

Bottom temperature (BT), bottom salinity (BS), bottom dissolved
oxygen (BO), chlorophyll-a concentration (Chla), primary productivity
(PP), and phytoplankton (Phy) data were obtained from the
Copernicus Marine Service (http://marine.copernicus). Water depth
(Depth, D) data were obtained from the global marine environmental
data set (GMED, https://gmed.auckland.ac.nz/index.html). All
environmental data were downloaded at a 0.1° spatial resolution, and
monthly temporal resolution.

2.4 Species distribution model

The species distribution model (SDM) is based on ecological
niche theory and analyzes habitat suitability by establishing a
correlation between a species’ distribution and environmental
factors, spatial characteristics, and biological factors. We used the
Biomod2 software package in R (V4.0.2) (Thuiller et al,, 2016) to
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investigate habitat suitability for C. bimaculata in the southern
Bohai Sea. Nine models [generalized linear model (GLM), multiple
adaptive regression splines (MARS), generalized boosting model
(GBM), classification tree analysis (CTA), artificial neural network
(ANN), surface range envelope (SRE), flexible discriminant analysis
(FDA), random forest (RF), and maximum entropy (MaxEnt)]
were examined.

The Biomod2 software package requires known presence and
absence points, but information regarding absence points is seldom
available. We follow Thuiller et al. (2016) in generating
pseudoabsence points using known presence points. Using C.
bimaculata presence/absence data, we randomly generated three
groups with 50 pseudoabsence records in each (Shi et al., 2023). To
evaluate model accuracy, we randomly selected 70% of occurrence
data for use as a training data set and the remainding 30% as a
validation data set; each model was run 100 times for cross-
validation. The area under the curve (AUC) of the receiver
operating characteristic (ROC) (Hanley and McNeil, 1982), the
true skill statistic (TSS) (Allouche et al., 2006), and Cohen’s kappa
(Kappa) (Cohen, 1960), were used as indices to evaluate model
performance. The closer the measured values of TSS, Kappa, and
AUC are to 1, the more reliable the prediction results are (Pearce
and Ferrier, 2000). The relative importance of environmental
variables to the distribution of C. bimaculata was also calculated
to better understand which ones best described this species’
distribution. The relative importance of environmental variables
is calculated using methods in the Biomod2 software package. First,
the reference values are calculated using the model constructed with
all the variables; the predicted values are then obtained using a new
model constructed by randomizing the individual variables;
Spearman coefficients of reference and predicted values are then
estimated; and finally, the Spearman coefficient is subtracted from 1
to obtain the importance value.

To reduce uncertainty in the single algorithm model and data
generation process (mainly pseudo-deletion sites), we developed an
ensemble species distribution model to predict the spatial distribution
of suitable habitat for C. bimaculata. Single models with AUC > 0.7,
TSS > 0.5, and Kappa > 0.4, were retained (Chen et al,, 2021) to
construct the distribution of C. bimaculata within the study area. Six
survey ensemble models were constructed, and the distribution
results of potentially suitable habitat for C. bimaculata based on
each ensemble model were normalized. The normalization process
was realized by Fuzzy membership in ArcGIS 10.3. A habitat
distribution map for C. bimaculata was prepared using ArcGIS
10.3. The grid value in the figure represents the habitat suitability
index (HSI)—the probability of a habitat being suitable for a species.
The HSI ranges 0 to 1; the closer the grid value is to 1 the higher the
probability of species occurrence. We define that area with HSI > 0.6
to be suitable habitat for C. bimaculata following Yu et al. (2020).

2.5 Niche width and overlap

The Shannon-Wiener index was used to calculate niche width
(Dice, 1945).

frontiersin.org


http://marine.copernicus
https://gmed.auckland.ac.nz/index.html
https://doi.org/10.3389/fmars.2024.1334896
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhang et al.

By = -1 (PylnP;

Pianka’s index was used to calculate niche overlap (Shannon
and Weiner, 1963)

Q; = 31 (Py - Piy)/\/ S Py - D Piy

where Pj; = n;/Nj; represents the proportion of the number of
individuals of species i in the j resource state to the number of all
individuals of that kind, where j represents a certain survey station.
Qjis the overlap index, and its value is between 0 and 1; the larger
the value, the higher the overlap. When Q; > 0.75, overlap is
considered to be significant (Pianka, 1973).

3 Results

3.1 Suitable habitat for Charybdis
bimaculata in the southern Bohai Sea
(single algorithm model)

Based on cross-validation evaluation, the AUC (Figure 2A), TSS
(Figure 2B), and Kappa (Figure 2C), and values of 2700 single
algorithm models were calculated. The RF model performs best, for
which the three evaluation indices are the highest. GBM and ANN
models follow.

The average relative importance of environmental variables in
the RF model is shown in Figure 3. The main factors influencing the
distribution of C. bimaculata vary with time: in May 2020 they are

C25%-75%
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BS, BO, and BT; August 2020, BO, D, and BT; May 2021, D, Phy,
BT, and Chla; August 2021, BO, Phy, and Pro; May 2022, BO, Pro,
and BT; and August 2022, Pro, BS, and BT. Of these, BT (in 5
surveys) and BO (in 4 surveys) most-greatly affect the distribution
of C. bimaculata.

Suitable habitat for C. bimaculata (HSI = 0.6) occurs mainly in
the central (37°30-37°50’N, 119°20-119°50’E) and northeastern
(37°50-38°10°N, 119°50-120°30’E) waters of Laizhou Bay, and
gradually shifts over time from the former to the latter. The area
of suitable habitat in May 2020 is significantly larger than in August
0f 2020 and 2022, but smaller than it is in August of 2021 (Figure 4).
The proportion of pixels where the corresponding probability of
HSI is > 0.6 for surveys in May 2020 is 16.4%, and for August 2020
(12.6%), May 2021 (16.4%), August 2021 (17.9%), May 2022
(19.8%), and August 2022 (13.0%).

3.2 Suitable habitat for Charybdis
bimaculata in the southern Bohai Sea using
an ensemble algorithm model

AUC, TSS, and Kappa values of an ensemble model are
significantly higher than those of the single-algorithm model
(Table 2, Figure 5), indicating that the integrated model is more
accurate and robust.

The importance of environmental variables for different survey
ensemble models is similar to RF model results. However, the
integrated model emphasizes the importance of fewer factors (one

104 o mean value

T T T T T T T T T
ANN CTA FDA GBM GLM MARS RF  SRE MAXENT

25%~75%
1.5 interquartile range|

— median
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FIGURE 2
Evaluation metrics for single-algorithm models.
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FIGURE 3
Relative importance of environmental variables determined from random

environmental factor may be much more important than others). In
this way, the ensemble model improves model accuracy.

The distributions of suitable habitat in the ensemble and RF
models are similar, but the area of suitable habitat is significantly

forest (RF) models.

higher. The proportion of pixels for which the HSI probability is >
0.6 for each survey differs over time: May 2020 (30.9%), August
2020 (13.0%), May 2021 (22.7%), August 2021 (22.2%), May 2022
(26.6%), and August 2022 (15.9%) (Figure 6).
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TABLE 2 Evaluation metrics for ensemble models.

Voyage

2020.05

2020.08

2021.05

2021.08

2022.05

2022.08

FIGURE 5

Evaluation Metric Evaluation value
ROC 0.892
TSS 0.8
Kappa 0.736
ROC 0.976
TSS 0.967
Kappa 0.950
ROC 0.943
TSS 0.834
Kappa 0.762
ROC 0.867
TSS 0.867
Kappa 0.765
ROC 0.933
TSS 0.867
Kappa 0.788
ROC 0.977
TSS 0.933
Kappa 0.875

10.3389/fmars.2024.1334896

3.3 Niche of Charybdis bimaculata in
southern Bohai Sea waters

The highest niche width (3.56) occurred in May 2020, and the
lowest (1.49) in August 2021. Niche width trended down from 2020
to 2022 and is higher in May than in August of all years (Figure 7).
High numbers indicate overlap in niches between C. bimaculata
and other main crustaceans in southern Bohai Sea waters; niche
overlap is higher in May 2020 and August 2021, and lower in all
months of 2022. There are significant overlaps (> 0.75) with
Oratosquilla oratoria, Metapenaeopsis dalei, Crangon hakodatei,
and Palaemon gravieri in May 2020, M. dalei in May 2021, and
Alpheus distinguendus, O. oratoria, Latreutes planirostris,
Trachysalambria curvirostris, and Alpheus japonicus in August
2021 (Figure 8).

4 Discussion

4.1 Model applicability

The SDM model is widely used in studies on marine organisms,
including to determine habitat distribution (Rubec et al., 2016; Shi
et al., 2023), impacts of climate change on marine habitats (Chen
et al,, 2021; Martina et al., 2022), and biological invasions by non-
native species (Neumann et al., 2013). We use Biomod2 software to
reveal the distribution of suitable habitat for C. bimaculata from the
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FIGURE 8
The species with the 10 greatest niche overlaps with Charybdis bimaculata

Yellow to southern Bohai seas. By comparing evaluation indices of
single and integrated models, we determine that RF models
outperform single ensemble models. As a machine-learning
model (Han et al, 2021), the RF model performs better in an
environment where data are few (Hernandez et al., 2006; Mi et al.,
2017). The GBM and MAXENT models are both machine-learning
models, and they also perform well. The ensemble model that
integrates multiple models that perform well at predicting C.
bimaculata habitat is generally better than a single model for
evaluating indicators, and is becoming increasingly widely applied
in fisheries modeling (Zhang et al.,, 2019; Hao et al,, 2020; Chen
et al,, 2023; Ye et al., 2021; Liu et al., 2022). Our application of the
SDMs model confirms that it is appropriate for studying habitat
distribution during the early stages of species invasion. Accurate
prediction of the potential distribution of C. bimaculata can aid the
management of this species, which is important for conservation of
biodiversity in the Bohai Sea. Accurate prediction can also identify
the potential risk posed by species invasion in these waters.

4.2 Mechanism of invasion

The life cycle of C. bimaculata involves a planktonic larval stage
and largely benthic post-settlement stage; adults have poor
swimming ability and cannot migrate long distances (Pan et al,
2012). Population genetic structure suggests that larval C.
bimaculata disperse from spawning grounds, and are transported
in currents to new places. Their high larval dispersal ability leads to
homogenization of genetic variation in the Yellow and East China
seas (Han et al., 2015). It follows that C. bimaculata likely spread as
larvae from the northern Yellow Sea to the southern Bohai Sea.

Spawning of C. bimaculata occurs throughout the year, except
during winter, and is greater in summer when water temperatures
are higher (Doi et al., 2008). The super typhoon “Lekima” (August

Frontiers in Marine Science

08

4-13, 2019) occurred when C. bimaculata was spawning, and
caused major storm surges in the Bohai Sea. After entering
Shandong Peninsula, the typhoon’s path moved west and lingered
in Laizhou Bay for 30 h, producing sustained southeast winds in
Bohai Strait and northeasterly winds above force 8 in Bohai Bay,
preventing the Yellow Sea storm surge into the Bohai Sea from
returning (Fu et al., 2021). It is probable that plankton containing
the larvae of C. bimaculata carried by this storm surge settled in the
southern Bohai Sea, and the following year many C. bimaculata
became apparent.

An extreme and accidental climate event such as super typhoon
likely provided an opportunity for C. bimaculata to spread, but
climate change explains how the species can persist in the southern
Bohai Sea. The semi-enclosed Bohai Sea is severely affected by
climate change, with sea surface temperatures within it increasing
five times faster than the global average (Belkin, 2009). In recent
decades, bottom temperatures in the southern Bohai Sea have also
increased on average by 0.013°C annually (Ning et al., 2010). Sea
bottom salinity, which was relatively stable at 28.7 from the 1950s to
1980s has risen to 30 at the beginning of 21st century, and increases
annually by 0.105 (Ning et al,, 2010; Zhou et al., 2012). Increased sea
temperatures enable C. bimaculata to successfully overwinter,
reproduce, and complete its life history, resulting in the
expansion in distribution of this species.

4.3 Adaptation of Charybdis bimaculata to
southern Bohai Sea habitat

Larvae require a suitable habitat in which to settle (Peterson,
2003). We predict suitable habitat using the SDMs, report this to
occur mainly in central and northeastern Laizhou Bay, and for this
area to generally shift from the middle to the northeast of this bay
over time. This suggests that invasive species adapt to the new
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environment, leading to instability in the species distribution model
(Elith et al., 2010). Charybdis bimaculata continues to adapt to
habitat in the southern Bohai Sea, and will survive better in more
optimal habitat. The distribution of C. bimaculata is affected by
different environmental factors, and the effect of the same
environmental factor differs over time. Although BO and BT are
the main variables affecting the distribution of this crab in the
southern Bohai Sea, other environmental variables also affect its
distribution over time. After invading the southern Bohai Sea, its
niche width and niche overlap with other crustacean species
decreased significantly, suggesting that competition between it
and other crustaceans was reducing. Most Bohai Sea crustaceans
occur throughout the Yellow and East China seas with C.
bimaculata. This indicates that these species can coexist in the
Bohai Sea. Charybdis bimaculata is often an abundant and, in terms
of biomass, dominant species. As a small crab, it represents a food
source for fish, crustaceans and cephalopods, so its spread to the
southern Bohai Sea may contribute to increased biodiversity.
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