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Abstract

Alien invasive algae along with ship ballast water have posed a serious threat to China’s marine
ecological security. A clear understanding of the geographical distribution of invasive species
and their response to climate change can provide a scientific basis for their prevention and control.
In this study, combined with environmental variables and distribution data, MaxEnt was used
to predict the potential geographical distribution and change trend of Alexandrium in the four
major sea areas of China currently, 2040s (2040-2050) and 2090s (2090-2100), reveal the dominant
environmental factors affecting the geographical distribution, analyze the migration trends of centroids
the highly suitable area, and clarify the key control sea areas. The results showed that: 1) The AUC
values of all models were significantly higher than random models, and the Kappa statistics of
all models were higher than “general”, demonstrated that the prediction results were available.
2) The most important environmental variable affecting the geographical distribution of Alexandrium
was the Temperature. Range (bio24), and its suitable range was 23.43-31.52°C. 2) At present,
in the corresponding sea areas of Nantong, Yancheng, Ningbo, Jiaxing, Dongying, Binzhou,
Cangzhou, Tianjin, Tangshan, Qinhuangdao, Shenzhen, Dongguan and Zhongshan, special attention
should be paid to the control of Alexandrium. 3) Under the future climate change scenarios,
excepted in the South China Sea, the total and highly suitable area of Alexandrium showed
an increasing trend. 4) Under climate change scenarios, in the Yellow Sea, the centroids
of the highly suitable area would move to the southeast. In the Bohai Sea and the East China Sea,
the centroid showed a trend of moving to different latitudes and directions. In the South China Sea,

the centroids of of the highly suitable area and total suitable area of Alexandrium would both
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move to the southwest. Our results can provide a theoretical basis for the prevention and control

of Alexandrium.
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Introduction

The invasion of marine organisms has threatened
the environmental and ecological safety of the ocean,
and has been concerned by the world environmental
organization [1, 2]. Ship ballast water and its sediments
are considered to be one of the main carriers for the
global transfer of aquatic organisms, including harmful
aquatic organisms and pathogens [3-5]. The aquatic
microorganisms, phytoplankton and aquatic animals
contained in ballast water are discharged into the new
ecosystem as the ship crosses the global ocean. The
long-distance transfer of ballast water and sediment
enables aquatic organisms to spread across natural
biogeographic barriers, providing opportunities and
possibilities for species invasion [6-8]. Thousands
of species flow with ballast water around the world
every day, among which more than 100 alien species
have been identified by scientists as suspected alien
species [9, 10]. After successful colonization in the
new environment, alien species will multiply in large
numbers and become dominant species, which may lead
to repeated invasion disasters periodically.

Since the 1990s, China has begun to pay attention to
and study the introduction of species into ballast water.
Chu et al. collected 12 ballast water samples from five
container ships entering Hong Kong from June 1994 to
October 1995, and found at least 81 alien species from
eight phyla of animals and five phyla of protozoa [11].
Wang et al. investigated the abundance and diversity
of red tide forming species in ballast water during the
study of species causing red tide in the ballast water
of Yangshan Deepwater Port, and identified a total of
21 red tide forming species in 10 different sea areas
[12]. Wu et al. measured the diversity and abundance
of phytoplankton in the ballast water of 26 ships in
Shanghai Yangshan deepwater port from April 2015 to
January 2016, identified 84 species of phytoplankton,
and found 9 potentially harmful phytoplankton [13].

Climate change has a great impact on species
distribution and regional ecosystems [14, 15]. It is an
effective means to determine the impact of climate
change on the ecosystem by simulating the distribution
of species through corresponding scientific means and
determining the areas where sensitive species exist or
may exist [16, 17]. Invasive plants have a great impact
on many aspects of the ecological environment. In
recent years, with the rapid development of marine
transportation, many aquatic organisms, including
harmful aquatic organisms and pathogens, have crossed
the geographical barrier to China’s sea area through
ship ballast water [18, 19]. At present, marine biological
invasion has been very serious, and has threatened

the environmental and ecological security of China’s
marine environment. However, there are few reports
on the dominant environmental factors and their
thresholds that affect the geographical distribution of
typical invasive algae in China at the macro level, so it
is necessary to carry out such studies.

In this paper, we take Alexandrium as the research
object, obtained its detailed geographical distribution
records through field investigation, used ArcGIS
software and MaxEnt model to predict its potential
geographical distribution and changes in China's four
major sea areas in different periods, and revealed the
main environmental factors affecting its geographical
distribution, so as to provide a theoretical basis for the
prevention and control of Alexandrium.

Materials and Methods
Occurrence Data of Species

Occurrence data of Alexandrium were collected
through the field survey of Chinese wharves from 2017
to 2022 and the environmental impact assessment report
of the water transport Research Institute of the Ministry
of Transport of China from 2012 to 2022. Firstly,
Microsoft Excel (2010) was used to remove duplicate
records. Second, the distance between each point and
the center of the cell grid was calculated, and the point
closest to the center in each cell grid was retained.
After the above procedures, 94 distribution points of
Alexandrium were retained for the establishment of
MaxEnt (Table SI).

Environmental Data

Data of environmental variables were from Bio-
OR ICLE environmental database of global marine
biological diffusion model (http:/bio-oracle.org).
The climate data of current and future (RCPS.S5,
RCP4.5, RCP6.0 and RCP2.6) emission scenarios were
downloaded respectively, with a spatial resolution of
5 arcmin (about 9.2 km?). Twenty four environmental
variables affecting the distribution of marine algae were
selected (Table 1).

Modelling Process

MaxEnt software operation procedure was as
follows. 1) The occurrence data of Alexandrium
in “CSV” format and the environmental variable
in “ASC” format were imported into the “sample”
and “environmental layers” data boxes of MaxEnt
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Table 1. Marine hydrological environmental variables.

Number | Environmental variables Parameter
1 biol Currents velocity. Lt. max
2 bio2 Currents velocity. Lt. min
3 bio3 Currents velocity. max
4 bio4 Currents velocity. mean
5 bio5 Currents velocity. min
6 bio6 Currents velocity. range
7 bio7 Ice thickness. Lt. max
8 bio8 Ice thickness. Lt. min
9 bio9 Ice thickness.max
10 biol0 Ice thickness.mean
11 bioll Ice thickness.min
12 biol2 Ice thickness. range
13 biol3 Salinity. Lt. max
14 biol4 Salinity. Lt. min
15 biol5 Salinity. max
16 biol6 Salinity. mean
17 biol7 Salinity. min
18 biol8 Salinity. range
19 biol9 Temperature. Lt. max
20 bi020 Temperature. Lt. min
21 bio21 Temperature. max
22 bio22 Temperature. mean
23 bio23 Temperature. min
24 bio24 Temperature. Range

software (V3.4.4) respectively. 2) “Create response
curves” and “Do jackknife to measure variable
importance” were selected respectively to analyze the
relationship between variables and presence probability
of E. granulosus and measure the importance of
variables. 3) In the initial model, “Random test
percentage” was set to 25 %, while in the reconstructed
model, “random seed” was selected, and the “replicates”
was set to 10 [20, 21].

Evaluation of MaxEnt

Receiver operating characteristic (ROC) is a highly
recognized diagnostic test evaluation index, and the
value range of area value under ROC curve, i.e. AUC
value, is 0.5-1 [22]. Kappa statistics is a consistency
test method, which comprehensively considers the
species distribution rate, sensitivity and specificity, and
is widely used in model evaluation. The value range
of Kappa is -1-1. When Kappa is greater than 0.75, it

means good consistency, and less than 0.4 means poor
consistency [21, 23].

Results and Discussion
Selection of Modeling Variables

In order to avoid multi-collinearity among 24
environmental variables, Pearson correlation analysis
method was used. Firstlyy, MaxEnt was used to
calculate the percent contributions of 24 variables,
and the variable whose percent contribution rate was
greater than 0 were retained (Table S2). Thereafter,
the Pearson’s coefficients between two variables with
percent contribution greater than 0 corresponding to
94 occurrence data of Alexandrium were analyzed
using SPSS. Thirdly, by comparing the percentage
contribution of the variables with the absolute value of
the coefficient greater than 0.85 (Table S3), the higher
one was retained. Finally, 7 variables of Currents
Velocity Range (bio6), Ice Thickness. Mean (biol0),
Salinity. Lt. Max (biol3), Salinity. Min(biol7), Salinity.
Range (biol8), Temperature. Lt. Max (biol9) and
Temperature. Range (bio24) were retained to establish
the prediction model of Alexandrium.

Model Performance

In this paper, 10 groups of repetitions were
used to test the AUC values and Kappa consistency
of the models. The AUC values under the current
situation was 0.975+0.001. In 2040s, the AUC values
of RCP2.6, RCP4.5, RCP6.0 and RCP8.5 scenarios
were  0.975+£0.001, 0.975+0.002, 0.976+0.001 and
0.977+£0.001, respectively. In 2090s, the AUC values
of RCP2.6, RCP4.5, RCP6.0 and RCP8.5 scenarios
were  0.975+£0.001, 0.976+0.002, 0.977+0.001 and
0.973£0.003, respectively. The above showed that the
AUC values of all models were significantly higher than
random models, and they all achieved high accuracy.

The Kappa statistics under the current situation
was 0.745+0.072. In 2040s, the Kappa values of
RCP2.6, RCP4.5, RCP6.0 and RCP8.5 scenarios
were  0.755+0.085, 0.688+0.081, 0.759+0.079 and
0.756+0.082, respectively. In 2090s, the AUC values of
RCP2.6, RCP4.5, RCP6.0 and RCP8.5 scenarios were
0.698+0.087, 0.743+£0.071, 0.648+0.102 and 0.734+0.079,
respectively. The above showed that the Kappa statistics
of all models were higher than “general”, and the
prediction results were available.

Dominant Variables

Percent Contribution and Permutation Importance
of Variables

The percent contribution and permutation
importance of modeling variables can be measured by
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Table 2. The AUC and Kappa values of the three models.

AUC Kappa

Current 0.975+0.001 0.745+0.072
2040s, RCP2.6 0.975+0.001 0.755+0.085
2040s, RCP4.5 0.977+0.002 0.688+0.081
2040s, RCP6.0 0.976+0.001 0.759+0.079
2040s, RCP8.5 0.977+0.001 0.756+0.082
2090s, RCP2.6 0.975+0.001 0.698+0.087
2090s, RCP4.5 0.976+0.001 0.743+0.071
2090s, RCP6.0 0.977+0.002 0.648+0.102
2090s, RCP8.5 0.974+0.003 0.734+0.079

MaxEnt’s own module. Results showed that (Fig. 1), the
percent contribution rate of Temperature. Range (bio24)
was the highest (73.34 %), and the remaining variables

o ¢ T

biol3 bioil7

were ranked as Salinity. Range (biol8, 11.76%), Ice
Thickness. Mean (biol0, 7.01%), Temperature. Lt. Max
(bio23, 3.79%), Salinity. Lt. Max (biol5, 2.73%), (bio2,
0.94%), (biol, 0.33) and Currents Velocity. Range (bio5,
0.1%).

In terms of permutation importance, Temperature.
Lt. Max (biol9) was the highest (94.87%), followed
by Temperature. Range (bio24, 3.97%), while the
permutation importance of the remaining variables was
less than 1%.

Jackknife Test of Variables

Results of Jackknife test (Fig. 2) showed that when
modeling with a single variable, the regularized training
gain of Temperature. Range (bio24) was the highest
(4.1), indicating its importance to modeling. When
Salinity. Min (biol7), Salinity. Lt. Max (biol3) and
Salinity. Range (biol8) were used for modeling alone,
their regularized training scores exceeded 2. These

Percent contribution ® Permutation importance

biol8 bio19 bio24

Variable

Fig. 1. Percent contribution and permutation importance of variables.
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Regularized training gain

Fig. 2. Jackknife test of seven variables.
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indicated that the above variables play a dominant
role in restricting the geographical distribution of
Alexandrium.

Response Curves of Variables

According to the percent contribution rate and
permutation importance of environmental variables,
combined with the Jackknife test, the dominant
variables affecting the distribution of Alexandrium
were selected, and the response curves were drawn
(Fig. 3). The response curve can be used to judge the
value of environmental variables that are beneficial or
detrimental to the growth of Alexandrium. In this study,
taking the presence probability of 0.5 as the threshold.

With the increase of Temperature. Range (bio24),
the presence probability of Alexandrium showed
an upward trend and reached 0.5 at 24.62°C, and reached
the maximum (0.97) at 27.61°C. When Temperature.
Range (bio24) reached 31.52°C, the presence probability
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Fig. 3. Response curves of key variables.

of Alexandrium decreased slightly, but it was greater
than 0.83. Therefore, the range of Temperature.
Range suitable (bio24) for Alexandrium growth was
23.43-31.52°C (Fig. 3a).

With the increase of Temperature. Lt. Max (biol9),
the presence probability of Alexandrium showed an
upward trend and reached 0.5 at 15.32°C, and reached
the peak (0.93) at 26.57°C. With the continuous
increase of Temperature. Lt. Max (biol9) to 27.6°C, the
presence probability decreased to 0.5, so the range of
Temperature. Lt. Max (biol9) suitable for Alexandrium
growth was 15.32-27.6°C (Fig. 3b).

With the increase of Salinity. Min (biol7), the
presence probability of Alexandrium showed an upward
trend and reached 0.5 at 8.59%, and reached the
peak (0.99) at 12.72 %. With the continuous increase
of Salinity. Min (biol7) to 19.17%, the presence
probability decreased to 0.5, so the range of Salinity.
Min (biol7) suitable for Alexandrium growth was
8.59%-19.17% (Fig. 3c).
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With the increase of Salinity. Range (biolS),
the presence probability of Alexandrium showed an
upward trend and reached 0.5 at 8.96%, and reached
the maximum (0.97) at 11.86%. When Salinity. Range
(biol8) reached 31.85%, the presence probability of
Alexandrium decreased slightly, but it was greater
than 0.58. Therefore, the range of Salinity. Range
(biol8) suitable (bio24) for Alexandrium growth was
8.96%-31.85 % (Fig. 3d).

With the increase of Salinity. Lt. Max (biol3),
the presence probability of Alexandrium showed an
upward trend and reached 0.5 at 11.17%, and reached
the peak (0.99) at 20.16%. With the continuous increase
of Salinity. Lt. Max (biol3) to 29.68%, the presence
probability decreased to 0.5, so the range of Salinity.
Lt. Max (biol3) suitable for Alexandrium growth was
11.17%-29.68 (Fig. 3e).

In limiting the potential distribution of species,
climate factors are the key factors on the macro scale,
and the study of the interaction between plants and
climate is an important direction of ecology [24-26]. In
this study, the important analysis showed that the top
two environmental variables in percent contribution
rate were Temperature. range (bio24) and Temperature.
Lt. Max (biol9). Zhao et al. showed by exploring the
relationship between Alexandrium and environmental
factors that when the temperature was higher or lower
than a certain temperature, its growth would be limited
[27]. You explored the response of growth to important
environmental factors and showed that the growth of
Alexandrium was mainly limited by temperature [28].
Similar laws have been found in the study of other
algae. Li et al. showed that temperature is the dominant

118° E 119°E 120°E

environmental factor limiting the suitability of
Macrocystis pyrifera in China [29]. Li et al. showed that
the appropriate temperature was crucial for the growth
of Costaria costata [30]. Norma et al. explored the
potential distribution of invasive freshwater Ceratium
furcoides in South America and found that its suitable
habitat would change with the increase of temperature
[31].

In addition to temperature variables, Salinity.
Min (biol7), Salinity. Range (biol8) and Salinity.
Lt. Max (biol3) also affected the distribution of
Alexandrium. Response curve showed that when the
salinity was too high or too low to a certain extent, it
would exceed the threshold suitable for Alexandrium,
which would reduce its survival probability in some
areas. Zhao et al. also proved the key of salinity to the
growth restriction of Alexandrium by exploring the
relationship between Alexandrium and environmental
factors [27].

Potential Geographical Distribution of Alexandrium
in Bohai Sea, Yellow Sea, East China Sea and South
China Sea

Potential Geographical Distribution under
Current Situation

In the Bohai Sea, Alexandrium was suitable in most
areas, with a total suitable area of 8.62 x 10* km?2.
The area of the highly suitable area accounts for 48.47%
of the total suitable area, with an area of 4.18 x 104,
part of which was distributed in the sea areas
corresponding to Dongying, Binzhou, Cangzhou,
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Fig. 4. Potential suitable area in the Bohai Sea under current situation.
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Tianjin and Tangshan, the other part was distributed
in the sea areas corresponding to Qinhuangdao in a
pie shape, and the other part was distributed in the sea
areas corresponding to Dalian, Yingkou, Jinzhou and
Panjin in a scattered shape. The area of moderately
suitable area was 3.12 x 10* km? accounting for
36.23% of the total suitable areca, mainly distributed
in the corresponding sea areas of Dalian, Tangshan
and Weifang. The area of the lowly suitable area was
0.45 x 10* km?, accounting for 5.23% of the total
suitable area, surrounded by thin strips in the periphery
of the moderately suitable area. The marginal suitable
area accounts for 10.06% of the total suitable area, with
an area of 0.87 x 10* km?, extending to the open sea
next to the lowly suitable area. In general, most of the
Bohai Sea was suitable for Alexandrium, and the highly
and moderately suitable areas account for 84.70% of the
total suitable areas. Therefore, special attention should
be paid to the prevention and control of Alexandrium
in the sea areas corresponding to the cities along the
Bohai Sea (Fig. 4).

In the Yellow Sea, Alexandrium was mainly
distributed in the corresponding sea areas of Nantong,
Yancheng, Lianyungang, Rizhao, Qingdao, Weihai and
Yantai, with a total area of 25.67 x 10* km?. The area of
the highly suitable area accounted for 9.58% of the total
suitable area, with an area of 2.46 x 10* km?, mainly
distributed in strips in the sea areas corresponding to
Nantong and Yancheng. The area of the moderately
suitable area accounted for 7.96% of the total suitable
area, with an area of 2.04 x 10* km?, mainly surrounded
by strips in the periphery of the highly suitable area,
and the other part was dotted in the corresponding sea

118°E 120°E 122°E
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areas of Lianyungang and Rizhao. The area of the lowly
suitable area accounted for 21.79% of the total suitable
area, with an area of 5.59 x 10* km?, mainly surrounded
by strips in the periphery of the moderately suitable
area. The marginal suitable area accounted for 60.67%
of the total suitable area, with an area of 15.57 x 10* km?,
distributed in the corresponding sea area from Nantong
to Yantai. In general, the corresponding waters of
Nantong and Yancheng need to pay attention to the
prevention and control of Alexandrium (Fig. 5).

In the East China Sea, Alexandrium was mainly
distributed in the corresponding sea areas of Quanzhou,
Putian, Fuzhou, Ningde, Wenzhou, Taizhou, Zhoushan,
Jiaxing and Shanghai, with a total area of 10.9 x 10* km?.
The area of the highly suitable area accounted for
16.15% of the total suitable area, with an area of
1.76 x 10* km?, mainly distributed the corresponding sea
areas of Ningbo and Jiaxing. The area of the moderately
suitable area accounted for 11.8% of the total suitable
area, with an area of 1.29 x 10* km?, one part was
distributed in strips in the sea areas of Shanghai and
Jiaxing, and the other part was distributed in strips in
the sea areas outside the highly suitable areca. The area
of the lowly suitable area accounted for 22.31% of the
total suitable area, with an area of 2.43 x 10* km?,
mainly surrounded by strips around the periphery of
the moderately suitable area, and another small part
was distributed in dots. The marginal suitable areca
accounted for 49.71% of the total suitable area. From
Taizhou to Shanghai, it was distributed in the periphery
of the lowly suitable area, while from Wenzhou to
Quanzhou, it was distributed along the coast. In general,
the corresponding sea areas of Ningbo and Shanghai
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Fig. 5. Potential suitable area in the Yellow Sea under current situation.
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Fig. 6. Potential suitable area in the East China Sea under current
situation.

114°E

need to pay attention to the prevention and control of
Alexandrium (Fig. 6).

In the South China Sea, Alexandrium was dominated
by marginal suitable areas, and the areas of the highly
suitable area,moderately suitable area and lowly suitable
areas were very small, with a total area of 5.22 x 10* km?.
The area of the highly suitable area accounted
for 3.83% of the total suitable area, with an area of
0.2 x 10* km?, mainly distributed the corresponding sea
areas of Shenzhen, Dongguan and Zhongshan. The area
of the moderately suitable area accounted for 3.17% of
the total suitable area, with an area of 0.17 x 10* km?,
one part was strip-shaped surrounding the periphery of
the highly suitable area, and the other part was dotted
in the sea area corresponding to Jiangmen. The area of
the lowly suitable area accounted for 10.3% of the total
suitable area, with an area of 0.64 x 10* km?, mainly in
thin strips surrounding the periphery of the moderately
suitable area. The marginal suitable area accounted
for 82.69% of the total suitable area, with an area of
432 x 10* km?* distributed in thin strips in the
corresponding sea area from Zhanjiang to Zhangzhou.
In general, most of the sea areas in the South China
Sea were not suitable for the survival of Alexandrium,
and the low suitable areas and marginal suitable
areas accounted for 84.70% of the total suitable
areas. Therefore, we only need to pay attention to
the prevention and control of Alexandrium in the
corresponding sea areas of Shenzhen, Dongguan and
Zhongshan (Fig. 7).

In the past few decades, the research on global
climate and environmental change has attracted more
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Fig. 7. Potential suitable area in the South China Sea under current situation.
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and more attention in the field of scientific research
[32, 33]. Many scholars have carried out research on
the suitable areas of invasive plants [34, 35]. Sayit et
al. explored the distribution pattern of invasive plant
Xanthium spinosum [36], Chen et al. explored the
proliferation risk of invasive plant Tithonia diversifolia
[37], Li et al. predicted the distribution area of Flaveria
bidentis [38]. In this study, MaxEnt was used to analyze
the potential distribution areas of Alexandrium in the
Bohai Sea, the Yellow Sea, the East China Sea and the
South China Sea. Results showed that Alexandrium
was distributed in most areas of the Bohai Sea, the
corresponding sea areas of Nantong and Yancheng in
the Yellow sea, the corresponding sea areas of Ningbo
and Jiaxing in the East China sea, the corresponding
sea arcas of Shenzhen, Dongguan and Zhongshan in the
South China sea. According to the actual investigation,
the occurrence frequency of Alexandrium in each sea
area is basically consistent with the simulation results,
which confirms the accuracy. In the above-mentioned
high fitness areas, a situation should be formed in
which prevention is the primary and treatment is
the secondary. For the prevention and control of
Alexandrium, scientific research institutions should
actively explore the research of biological agents, such
as using fungi, bacteria, viruses or native algae to
inhibit the growth of Alexandrium [39]. Administrative
units need to actively promote the prevention and
control of Alexandrium in management, and should also
take corresponding measures in the input link as far as
possible. First of all, we should actively promote the
publicity and education of Alexandrium prevention and
control, improve the national awareness of prevention
and control, and encourage ships to prevent and control
by themselves [40]. Secondly, the key sea areas should
be monitored and ready for prevention and control
at any time. Third, effective prevention and control
technologies should be actively promoted. Finally,

for ships that bring Alexandrium and cause serious
consequences, in addition to increasing the punishment,
they should also be prohibited from berthing again
[41, 42].

Potential Geographical Distribution under Climate
Change Scenarios

Compared with the current distribution, under
RCP2.6, RCP4.5, RCP6.0 and RCP8.5 in the 2040s,
the total suitable area of Alexandrium in the Bohai
Sea would increase by 2.01%, 0.64%, 1.85% and
2.01% respectively, the area of the highly suitable area
would increase by 40.20%, 51.33%, 71.26% and 9.14%
respectively, the area of the moderately suitable area
would decrease by 33.56%, 50.44%, 72.00% and 12.67%
respectively, and the area of the marginal suitable
area would decrease by 46.40%, 59.20%, 64.00% and
74.40% respectively. Under RCP8.5, the area of the
poorly suitable area would increase by 184.62%, remain
unchanged under RCP4.5, reduce by 12.31% and 4.62%
respectively under RCP2.6 and RCP6.0 (Fig. 8A-D).

Compared with the current distribution, under
RCP2.6, RCP4.5, RCP6.0 and RCP8.5 in the 2090s,
the total suitable area would increase by 0.32%, 2.01%,
2.01% and 2.01% respectively, the area of the highly
suitable area would increase by 63.95%, 42.36%,
35.05% and 65.45% respectively, the area of the
moderately suitable area would decrease by 62.89%,
35.78%, 27.78% and 63.11% respectively, while the area
of marginal suitable area would decrease by 50.40%,
80.00%, 66.40% and 55.20% respectively. Under
RCP2.6 and RCP8.5, the area of the poorly suitable area
would be reduced by 53.85% and 24.62% respectively,
while under RCP4.5 and RCP6.0, it would increase by
47.69% and 33.85% respectively (Fig. 8E-H).

Compared with the current distribution, under
RCP2.6, RCP4.5, RCP6.0 and RCPS8.5 in the 2040s, the
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Fig. 8. Potential suitable area in the Bohai Sea under climate change scenarios.
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Fig. 9. Potential suitable area in the Yellow Sea under climate change scenarios.

total suitable area of Alexandrium in the Yellow Sea
would increase by 14.35%, 21.09%, 24.23% and 25.09%
respectively, the area of the highly suitable area would
increase by 140.4%, 29.10%, 84.75% and 105.93%
respectively, the area of the moderately suitable area
would increase by 652.72%, 75.51%, 371.77% and
536.39% respectively, the area of the poorly suitable
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area would increase by 27.20%, 74.29%, 98.76% and
117.02% respectively, and the marginal suitable area
would be reduced by 93.93%, 6.43%, 57.70% and
87.77% respectively (Fig. 9A-D).

Under RCP2.6, RCP4.5, RCP6.0 and RCP8.5 in the
2090s, the total suitable area would increase by 21.79%,
23.77%, 22.50% and 21.98% respectively, the area of the
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Fig. 10. Potential suitable area in the East China Sea under climate change scenarios.
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highly suitable area would increase by 0.56%, 37.01%,
47.74% and 29.66% respectively, and the area of the
poorly suitable area would increase by 4.22%, 168.45%,
182.36% and 80.62% respectively. Under RCP2.6, the
arca of the moderately suitable arca would be reduced
by 35.71%, and under other emission scenarios, it would
increase by 270.07% (RCP4.5), 142.86% (RCP6.0) and
313.95% (RCP8.5) respectively. Under RCP2.6, the arca
of marginal suitable area would increase by 47.93%,
and under other emission scenarios, it would decrease
by 62.61% (RCP4.5), 54.71% (RCP6.0) and 38.60%
(RCPS8.5) respectively (Fig. 9E-H).

Compared with the current distribution, under
RCP2.6, RCP4.5, RCP6.0 and RCP8.5 in the 2040s, the
total suitable arca of Alexandrium in the East China
Sea would increase by 15.32%, 2.80%, 8.33% and
20.66% respectively, the moderately suitable area would
increase by 98.92%, 38.71%, 123.66% and 241.94%
respectively, the poorly suitable area would increase by
27.20%, 74.29%, 98.76% and 117.02% respectively, and
the marginal suitable area would decrease by 96.01%,
43.59%, 37.04% and 36.47% respectively. Under
RCP2.6, the area of the highly suitable area would be
reduced by 12.20%, and under other emission scenarios,
it would increase by 4.72% (RCP4.5), 36.61% (RCP6.0)
and 3.15% (RCP8.5) respectively (Fig. 10A-D).

Under RCP2.6, RCP4.5, RCP6.0 and RCPS8.5 in
the 2090s, the total suitable area would increase by
1.40%, 12.65%, 24.03% and 21.98% respectively, the
area of the highly suitable area would increase by
53.94%, 31.50%, 72.05% and 92.13% respectively, and
the area of the marginal suitable arca would decrease
by 5.88%, 29.03%, 37.85% and 47.57% respectively.
Under RCP2.6, the area of the moderately suitable arca
would be reduced by 25.81%, and under other emission
scenarios, it would increase by 96.24% (RCP4.5),
84.41% (RCP6.0) and 213.98% (RCP8.5) respectively.
Under RCP2.6 and RCPS8.5, the arca of the poorly

suitable areca would decrease by 5.98% and 22.79%,
and increase by 95.16% and 47.58% under RCP4.5 and
RCP6.0 (Fig. 10E-H).

Compared with the current distribution, under
RCP2.6, RCP4.5, RCP6.0 and RCP8.5 in the 2040s,
the total suitable area of Alexandrium in South China
sea would be reduced by 21.00%, 37.65%, 45.97%
and 21.00% respectively, the moderately suitable area
would be increased by 179.17%, 154.17%, 145.83% and
216.67% respectively, the lowly suitable area would
be increased by 88.46%, 17.95%, 34.62% and 93.59%
respectively, and the marginal suitable area would
be reduced by 39.62%, 57.51%, 67.09% and 47.44%
respectively (Fig. 11A-D).

Under RCP2.6, the area of the highly suitable area
would decrease by 79.31%, while under other emission
scenarios, it would increase by 82.76%, 34.48% and
44.83% respectively.

Under RCP2.6, RCP4.5, RCP6.0 and RCPS8.5 in
the 2090s, the area of the total suitable area would
be reduced by 34.61%, 25.36%, 1.06% and 14.00%
respectively, the area of the highly suitable area would
be increased by 155.17%, 96.55%, 337.93% and 234.48%
respectively, the area of the moderately suitable area
would be increased by 112.50%, 183.33%, 362.50%
and 454.17% respectively, the area of the lowly suitable
areca would be increased by 17.95%, 66.67%, 103.85%
and 58.97% respectively, and the area of the marginal
suitable arca would be reduced by 55.59%, 50.48%,
43.77% and 52.56% respectively (Fig. 11E-H).

Lambers et al. found that under the background of
climate warming, some species would be extinct, but
the distribution area of a large number of species would
expand, which showed that climate warming is a double-
edged sword for the growth and distribution of species
[43]. Obviously, this study showed that climate warming
would be conducive to the growth of Alexandrium,
and its suitable habitat would be expanded in the seca

Fig. 11. Potential suitable area in the South China Sea under climate change scenarios.
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arecas of China. Climate change may accelerate and
some species form new physiological characteristics
to adapt [39, 44, 45]. Relevant studies have shown that
changes in the temporal and spatial pattern of climate
may lead to changes in the geographical distribution
pattern of plants [20-22, 46]. Systematic exploration of
the geographical distribution pattern of Alexandrium
under the background of climate change can provide
a scientific basis for prevention and control and the
formulation of relevant prevention and control policies.

Trajectory Trend of Centroid of the Highly
Suitable Habitat

Based on the centroid of the highly suitable
habitat under the current and future climate change
scenarios, the movement trajectory in the Bohai Sea
was revealed as follows. 1) Under RCP2.6, the centroid
would move from 119.53°E/ 39.07°N (current) to the
southeast by 19.95 km to 119.57°E/38.88°N (2040s),
and then to the northeast by 24.91 km to 119.78°E/39°N
(2090s). From current to 2090s, the centroid would
generally moved 27.38 km to the southeast (Fig. 12).
2) Under RCP4.5, the centroid would move from
119.53°E/ 39.07°N (current) to the southeast by 21.95 km
to 119.69°E/38.93°N (2040s), and then to the southwest
by 30.01 km to 119.52°E/38.69°N (2090s). From current
to 2090s, the centroid would generally moved 38.17 km
to the southwest (Fig. 12). 3) Under RCP6.0, the centroid
would move from 119.53°E/ 39.07°N (current) to the
southeast by 31.91 km to 119.84°E/39.01°N (2040s), and
then to the southwest by 51.61 km to 119.45°E/38.67°N
(2090s). From current to 2090s, the centroid would
generally moved 40.96 km to the southwest (Fig. 12).
4) Under SSP5-8.5, the centroid would move from
119.53°E/ 39.07°N (current) to the southwest by 27.89 km

1193°E 119.5°E

to 119.37°E/38.84°N (2040s) , and then to the northeast
by 44.22 km to 119.78°E/39°N (2090s). From current to
2090s, the centroid would generally moved 26.57 km to
the southeast (Fig. 12).

Based on the centroid of the highly suitable
habitat under the current and future climate change
scenarios, the movement trajectory in the Yellow Sea
was revealed as follows. 1) Under RCP2.6, the centroid
would move from 121.57°E/ 32.94°N (current) to the
northwest by 6.32 km to 121.56°E/33°N (2040s), and
then to the sooutheast by 22.74 km to 121.69°E/32.81°N
(2090s). From current to 2090s, the centroid would
generally moved 17.39 km to the southeast (Fig. 13).
2) Under RCP4.5, the centroid would move from
121.57°E/ 32.94°N (current) to the northeast by 17.15 km
to 121.58°E/33.11°N (2040s), and then to the southeast
by 38.37 km to 121.91°E/32.89°N (2090s). From current
to 2090s, the centroid would generally moved 34.21 km
to the southeast (Fig. 13). 3) Under RCP6.0, the centroid
would move from 121.57°E/ 32.94°N (current) to the
northeast by 37.62 km to 121.77°E/33.25°N (2040s), and
then to the southwest by 18.97 km to 121.59°E/33.21°N
(2090s). From current to 2090s, the centroid would
generally moved 2791 km to the northeast (Fig. 13).
4) Under SSP5-8.5, the centroid would move from
121.57°E/ 32.94°N (current) to the northeas by 58.12 km
to 119.37°E/38.84°N (2040s) , and then to the southeast
by 63.07 km to 119.78°E/39°N (2090s). From current to
2090s, the centroid would generally moved 18.34 km to
the southeast (Fig. 13).

Based on the centroid of the highly suitable habitat
under the current and future climate change scenarios,
the movement trajectory in the East China Sea was
revealed as follows. 1) Under RCP2.6, the centroid
would move from 122.03°E/30.69°N (current) to the
northeast by 23.56 km to 122.22°E/30.84°N (2040s), and
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Fig. 12. Trajectory trend of the highly suitable habitat in the Bohai Sea.
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Fig. 13. Trajectory trend of the highly suitable habitat in the Yellow Sea.

then to the southwest by 34.45 km to 121.91°E/30.69°N
(2090s). From current to 2090s, the centroid would
generally moved 12.77 km to the northwest (Fig. 14).
2) Under RCP4.5, the centroid would move from
122.03°E/30.69°N (current) to the southeast by 11.43 km
to 122.08°E/30.59°N (2040s), and then to the southwest
by 11.39 km to 121.98°E/30.53°N (2090s). From current

to 2090s, the centroid would generally moved 16.7 km
to the southwest (Fig. 14). 3) Under RCP6.0, the centroid
would move from 122.03°E/30.69°N (current) to the
southwest by 31.71 km to 121.95°E/30.39°N (2040s), and
then to the northwest by 20.06 km to 121.92°E/30.59°N
(2090s). From current to 2090s, the centroid would
generally moved 15.25 km to the southwest (Fig. 14).

121.8°E 122°F 122.2°F 1223°E
N 20405
30.8°N A 30.8°N
2090s Current
A
30.7°N 30.7°N
2090s
30.5°N 30.5°N
® RCP85
B Rrcp6.0 040s
: REP“': 20405
RCP2.
0 20
303°N @ Current s km 303N
121.8°E 122°F 122.2°F 122.3°F

Fig. 14. Trajectory trend of the highly suitable habitat in the East China Sea.
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Fig. 15 Trajectory trend of the highly suitable habitat in the East China Sea.

4) Under SSP5-8.5, the centroid would move from
122.03°E/30.69°N (current) to the southeast by 30 km to
122.1°E/30.41°N (2040s), and then to the northwest by
12.86 km to 122.05°E/30.52°N (2090s). From current to
2090s, the centroid would generally moved 17.57 km to
the southeast (Fig. 14).

Based on the centroid of the highly suitable habitat
under the current and future climate change scenarios,
the movement trajectory in the South China Sea was
revealed as follows. 1) Under RCP2.6, the centroid
would move from 114°E/22.51°N (current) to the
north by 19.15 km to 114°E/22.71°N (2040s), and then
to the southwest by 50.24 km to 113.81°E/22.25°N
(2090s). From current to 2090s, the centroid would
generally moved 33.41 km to the southwest (Fig. 15).
2) Under RCP4.5, the centroid would move from
114°E/22.51°N (current) to the southwest by 22.71 km to
113.85°E/22.34°N (2040s), and then to the southwest by
2.18 km to 113.84°E/22.33°N (2090s). From current to
2090s, the centroid would generally moved 24.86 km to
the southwest (Fig. 15). 3) Under RCP6.0, the centroid
would move from 114°E/22.51°N (current) to the
southwest by 15.17 km to 113.92°E/22.38°N (2040s), and
then to the southwest by 23.74 km to 113.74°E/22.23°N
(2090s). From current to 2090s, the centroid would
generally moved 38.29 km to the southwest (Fig. 15).
4) Under SSP5-8.5, the centroid would move from
114°E/22.51°N (current) to the southwest by 8.21 km to
113.93°E/22.47°N (2040s), and then to the southwest by

29.99 km to 113.77°E/22.21°N (2090s). From current to
2090s, the centroid would generally moved 37.6 km to
the southwest (Fig. 15).

In this study, the migration trajectory of Alexandrium
centroid was calculated, and it was found that the
movement in the four sea areas was inconsistent, but it
would move to the South as a whole. In the study of
the centroid of species such as Fritillaria cirrhosa [47],
Blumea balsamifera [20], Isoetes [21] and Diaphorina
citri [48], it was found that with climate warming,
species would migrate to regions at different latitudes.
Because the population of Alexandrium is very large,
the control of Alexandrium should not only refer to its
potential suitable areas, but also consider topographic
characteristics, climate change, ecosystem development
and systematic geography, which is a greater challenge
for the control of Alexandrium population in the 21
century.

Conclusions

The AUC values indicated that the MaxEnt model
constructed in this study was very effective and
feasible. The Jackknife test combined with the percent
contribution rate showed that the Temperature. Range
(bio24) was the most critical environmental variables
affecting the geographical distribution of Alexandrium.
By simulating the potential distribution in the four
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major sea areas of China and combining with field
investigation, it was shown that special attention should
be paid to the prevention and control of Alexandrium
in the corresponding sea arcas of Nantong, Yancheng,
Ningbo, Jiaxing, Dongying, Binzhou, Cangzhou,
Tianjin, Tangshan, Qinhuangdao, Shenzhen, Dongguan
and Zhongshan. Under the future climate change
scenarios, in the Bohai Sea and the East China Sea,
the centriod of the highly suitable area would move to
different latitudes and directions, move to the southeast
in the Yellow Sea, and move to the southwest in the
South China Sea.
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Supplementary Material

Table S1. Distribution points of Alexandrium.

NO. Longitude Latitude NO. Longitude Latitude
1 117.761 39.050 48 120.159 40.105
2 117.768 39.043 49 120.169 40.090
3 117.774 39.021 50 120.181 40.070
4 117.783 38.999 51 120.166 40.045
5 117.792 38.981 52 120.145 40.082
6 117.772 38.973 53 120.138 40.098
7 117.812 38.966 54 120.115 40.090
8 117.747 38.980 55 120.129 40.058
9 117.725 38.987 56 121.896 30.092
10 117.841 38.962 57 121.966 30.111
11 117.841 38.960 58 121.907 30.078
12 117.895 38.957 59 121.954 30.087
13 117.932 38.902 60 121.962 30.084
14 118.024 38.900 61 121.970 30.082
15 118.121 38.901 62 121.950 30.077
16 118.213 38.900 63 121.957 30.073
17 117.841 38.830 64 121.963 30.070
18 117.934 38.830 65 121.973 30.065
19 118.023 38.831 66 121.947 30.069
20 117.605 38.767 67 121.954 30.066
21 117.688 38.767 68 121.961 30.063
22 117.754 38.767 69 121.922 30.062
23 117.843 38.765 70 121.939 30.061
24 117.932 38.765 71 121.958 30.059
25 118.025 38.765 72 121.973 30.057
26 118.120 38.765 73 121.930 30.047
27 118.213 38.765 74 121.946 30.048
28 118.340 38.765 75 121.961 30.048
29 119.663 38.627 76 121.974 30.048
30 117.754 38.627 77 121.930 30.028
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Table S1. Continued.
31 117.842 38.626 78 121.952 30.024
32 117.934 38.625 79 121.977 30.020
33 118.029 38.625 80 122.000 30.016
34 118.131 38.624 81 122.351 30.743
35 118.244 38.626 82 121.977 30.021
36 118.337 38.626 83 122.367 30.709
37 117.668 38.558 84 122.353 30.651
38 117.934 38.556 85 113.790 22.118
39 121.619 38.944 86 113.872 22.457
40 121.665 38.945 87 114.297 22.569
41 121.746 38914 88 114.505 22.681
42 121.652 38.963 89 114.532 22.681
43 121.690 38.958 90 117.043 23.481
44 121.762 38.935 91 117.064 23.543
45 120.234 40.086 92 122.069 29.702
46 120.220 40.058 93 120.238 36.142
47 120.196 40.096 94 120.469 37.505

Table S2. Percent contribution and cumulative contribution of initial variables.

Variable Percent contribution rate / % Cumulative contribution rate / %
bio24 87.83 87.83
biol8 6.31 94.14
biol9 1.47 95.61
biol0 1.09 96.70
biol7 0.88 97.58

bio6 0.52 98.10
biol3 0.38 98.48
bio21 0.31 98.79

bio2 0.29 99.08

bio7 0.29 99.37
biol5 0.21 99.58

bio9 0.18 99.76
biol6 0.14 99.90
bio23 0.10 100.00
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Table S3. Pairwise Pearson’s correlation coefficients of climatic variables.

bio2 bio6 bio7 bio9 biol0 | biol3 | biol5 | biol6 | biol7 | biol8 | biol9 | bio21 | bio23

bio6 0.91

bio7 -0.38 -0.37

bio9 -0.39 | -0.38 1.00

biol0 | -0.36 | -0.36 1.00 1.00

biol3 0.55 0.68 0.24 0.22 0.25

biol5 0.59 0.69 0.09 0.07 0.09 0.95

biol6 0.08 0.28 0.54 0.54 0.55 0.87 0.76

biol7 | -0.33 -0.11 0.72 0.72 0.72 0.58 0.43 0.90

biol8 0.80 0.64 -0.70 | -0.70 | -0.68 0.12 0.32 -0.37 | -0.72 1.00

biol9 | 0.38 0.39 -0.18 | -0.18 | -0.18 0.47 0.72 0.27 0.00 0.55

bio21 0.34 0.37 -0.19 | -0.19 | -0.19 0.45 0.70 0.26 0.01 0.53 1.00

bio23 0.98 0.89 -0.50 | -0.52 | -0.49 0.45 0.49 -0.04 | -0.44 0.84 0.32 0.29

bio24 | -0.61 -0.50 0.30 0.31 0.28 -0.05 0.11 0.24 0.39 -0.33 0.49 0.53 -0.66




