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Japanese Spanish mackerel (Scomberomorus niphonius) is an important commercial fish
species with a seasonal migratory habit in China. At present, no study has reported the
seasonal variation of its potential suitable habitat. Therefore, we used biomod2 ensemble
model to predict the potential suitable habitat of S. niphonius in different seasons through
its current distribution sites and future environmental variables. Our results showed that
the ensemble model had a high accuracy, with true skill statistics and receiver operator
characteristic values of 0.91 and 0.98, respectively. Under the Representative
Concentration Pathway (RCP) 4.5 scenario, the reduction rate of suitable habitats in
summer of 2050 will be 33.2%, and those for the rest of the seasons will reach 3.5%. The
reduction rate in summer of 2100 will be 43.5%, and those for the remaining seasons will
reach 6.5%. In addition, this reduction rate will become more serious with the increase in
emission scenario and time, especially in the RCP8.5 in which the summer reduction rate
is as high as 88.9%. Habitat changes in summer show a strong temperature sensitivity.
The distribution centroid of S. niphonius will shift to higher latitudes under RCP 4.5 and
RCP 8.5. Depth and temperature are the two most important factors that affect the
distribution of this species. The results can provide basic data for understanding the
adaptability of S. niphonius to climate change and establishing an elastic ecosystem.

Keywords: climate change, suitable habitat, Scomberomorus niphonius, species distribution, seasonal variation
INTRODUCTION

The Japanese Spanish mackerel (Scomberomorus niphonius) is a large, warm-water, pelagic fish
species widely distributed in the subtropical and temperate waters of Northwest Pacific Ocean. It is
mainly distributed in East China Sea, Yellow Sea, and Bohai Sea and is one of the most important
commercial fisheries in China (Zhu et al., 1963; Shui et al., 2009; Jiang et al., 2020). Since the 1950s,
S. niphonius has been extensively exploited. In 1999, the production of S. niphonius in China, Japan,
and South Korea was 5.89×105t, which was the highest in history. The catch of China was
in.org June 2022 | Volume 9 | Article 9277901
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maintained above 4.0×105 in recent years, accounting for 80% of
the total catch of the three countries (Ministry of Agriculture and
Rural Affairs, 1998–2020).

Water temperature is the main driving force of S. niphonius
resource variation and migration. In spring (mid-March), as the
water temperature in the sea rises, S. niphonius migrates
northward from East China Sea to the coast of Yellow Sea and
Bohai Sea to breed. Then, it migrates southward as the water
temperature drops in autumn to return to East China Sea for the
winter (Liu et al., 1982). S. niphonius is highly sensitive to water
temperature, and its different stages of life history reveal various
adaptability requirements for water temperature; water
temperature is closely related to the migration distribution of
S. niphonius (Wei, 1980).

An increasing number of studies have shown that climate
change has affected species composition and resource changes,
habitat distribution, and migration routes (Cai et al., 2020). A
study also showed that the centroid shift of fishing ground is
related to surface water temperature, and the higher the water
temperature, the higher the latitude of centroid distribution
(Ma et al., 2021). Therefore, climate change may affect the
growth, reproduction, and survival of S. niphonius by altering
environmental factors. The dominant ages of S. niphonius
caught in recent years have dropped from the third and
second instars to the second and first instars, and the average
mass has dropped by about 150 g. Other biological
characteristics also indicate that although S. niphonius has a
high catch, it currently faces a trend of resource decline (Zheng
et al., 2014).

Species distribution models (SDMs) are tools used to predict
and simulate the potential distribution and habitat preference
of species based on known distribution points, environmental
variables, and their relationships. They are widely used in the
prediction of the distribution area of terrestrial and marine
organisms (Araújo et al., 2007; Franklin, 2010). The ensemble
model has extensive input objects, high accuracy, and excellent
universality, making it an important tool for distribution
prediction (Aguirre-Gutiérrez et al., 2013). Zhang et al.
(2019) predicted the potential distribution area of Engraulis
japonicusin 2050 and 2100 under Representative Concentration
Pathway (RCP) 4.5 and RCP8.5 climate scenarios using
biomod2, and the results showed that the distribution of E.
japonicus will decrease with the passage of climate scenarios
and years. Xing et al. (2021) used the ensemble model to predict
the potential distribution of Chelonia mydas in different time
periods and inferred their migration routes. Liu et al. (2022)
predicted the potential suitable habitat of Portunus trituratus,
showing the desirable and inclusive performance of the
ensemble model.

As an important commercial fish species in China, seasonal
variation in the distribution of S. niphonius is affected by sea
temperature. Therefore, seasonal variation in the distribution of
S. niphonius was analyzed using current distribution data and
current and future environmental data under different climate
scenarios. The results are expected to provide basic information
for understanding the responses of species to climate change.
Frontiers in Marine Science | www.frontiersin.org 2
MATERIAL AND METHODS

Japanese Spanish Mackerel Data
Current distribution data of S. niphonius were obtained from
fishery resource surveys. From 1998 to 2000, the “Beidou” fishery
research vessel investigated the fishery resources in Chinese
offshore waters for four seasons (Jin et al., 2006; Tang et al.,
2006). The density distribution of each fishery resource was
sampled by a bottom trawl with a drag speed of about 3.0 knots.
A total of 295 data were collected in spring, and 299 data were
obtained in summer, autumn, and winter.

Current and Future Environmental Data
Considering the biological relevance and availability of
environmental layer data, the SDM used five environmental
variables, namely, sea surface temperature (SST), sea surface
salinity (SSS), surface current velocity (SCV), offshore distance,
and depth, under RCP4.5 and RCP8.5 climate scenarios for 2050
and 2100. Current and future environmental data were obtained
from Bio-Oracle (http://www.bio-oracle.org) and the global
marine environment dataset (http://gmed.auckland.ac.nz)
(Morley and Heusser, 1997; Basher et al., 2014). Meanwhile, in
the future environmental data layer, we used the environmental
data of 2050 (2040–2050) and 2100 (2090–2100) under RCP4.5
and RCP8.5 scenarios to predict the suitable habitat for future
species. Temperature directly affects the physiological habits of
species, and a large seasonal difference exists in the temperature
in monsoon climate (Doney et al., 2012). Therefore, we selected
the temperature of the hottest month in Bio-Oracle database to
represent the summer temperature, the temperature of the
coldest month to represent the winter temperature, and the
average temperature to represent the spring and autumn
temperature. Annual averages were used for other
environmental variables. In addition, the spatial resolution of
each variable was 5×5 arcmin (the geographical coverage area
was about 9.2×9.2 km2), and the Pearson correlation coefficient
was lower than 0.7, which not only ensured the resolution
matching but also eliminated redundancy among variables
(Zhang et al., 2019).

Ensemble Model Construction
The flow chart of the ensemble model construction is as
follows (Figure 1).

In this study, the weighted average method was adopted to
gather nine single models in the software biomod2 to build an
ensemble model. The models were generalized linear models,
generalized additive model, generalized boosting model, random
forest (RF), artificial neural network, classification tree analysis,
surface range envelope (SRE), flexible discriminant analysis, and
maximum entropy. The single model with a true skill statistics
(TSS) value greater than 0.8 was selected as a weighted set to
form an ensemble model. The value of each grid in the single
model was then multiplied by the weight of the corresponding
model and summed to obtain the result of the ensemble model.
The formula of single-model weighting and ensemble model
results is as follows (Zhu, 2019):
June 2022 | Volume 9 | Article 927790
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Wj =
rj

oh
j=1rj

(2a)

where Wj is the weight of j single-model results, rj is the TSS
value of the jth single model, and h is the number of single model
results when TSS is greater than 0.8.

yi =o
n

j=1
wj � xij (2b)

Where yi is the habitat suitability index of the ith grid species,
wj is the weight of the jth model, and xij is the value of the iTh
grid in the jth model. The value range of yi is [0, 1000], and the
closer yis to 1000, the better the environmental conditions of this
grid for predicting species growth.)

Meanwhile, centroid changes in species distribution can be
used to describe the geographical and spatial shifts of species.
Therefore, we use the mean of the horizontal coordinate of
species distribution data as the centroid. The formula for
distribution centroid is as follows (Chen, 2014):

x = o
n
i ci · xið Þ
on

i ci
(2c)

Where x is the latitude of the barycenter of species
distribution, ci is the habitat suitability index of the ith grid, xi
is the latitude of the ith species occurrence point, and n is the
total number of species occurrence points.

To display the results of species distribution directly, we
visualized the potential suitable habitat of species on R
platform and calculated the distribution centroid and habitat
reduction rate of S. niphonius. The habitat suitability index of a
Frontiers in Marine Science | www.frontiersin.org 3
species translates the predicted results into a binary of 0 and 1 by
defining thresholds. We tested the appropriate range of
thresholds by comparing native range (Pan et al., 2020;
Ohshimo et al., 2021, https://www.fishbase). When the
threshold value was 0.3, the actual distribution of the species
was consistent with the current distribution simulated by the
model. Therefore, in this study the threshold was set as 300, that
is, a value more than 300 indicates that species exist in the grid,
and that less than 300 indicates the non-existence of a species. In
addition, to study the temperature sensitivity of the species, we
simulated the habitat change of S. niphonius when the
temperature increased by 0°C–2°C in summer, using 0.2°C as a
warming range.
Evaluation of Model Accuracy
Three statistical parameters, namely, Kappa statistics (Kappa),
TSS, and receiver operator characteristic curve (ROC), were used
to evaluate the accuracy of the combined prediction model.
Kappa coefficient can be used to measure the degree of
coincidence between the two labeling results, where the false
positive rate is the abscissa, and the true rate is the ordinate. The
AUC value represents the area of ROC, and the larger the area,
the better the effect of the classifier. Therefore, the value range of
AUC is [0.5–1]. When the AUC value is greater than 0.8, the
model effect is great; when the AUC value is greater than 0.9, the
model effect is excellent (Chu et al., 2017). The value of TSS is a
combination of sensitivity and specificity indexes, and the
negligence and substitution errors are considered. The value
range is between [−1,1]; when the value is greater than 0.8, the
fitting effect is excellent; when the value is between 0.6 and 0.8,
FIGURE 1 | Flowchart for ensemble model construction (when calculating summer tempereture sensitivity, we used each summer temperature increase of 0.2oC as
a new future sea surface temperature variable, all the way up to a 2oC increase.).
June 2022 | Volume 9 | Article 927790
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the fitting effect is good; when the value is between 0.4 and 0.6,
the fitting effect is average (Allouche et al., 2006; Piri Sahragard
et al., 2018).
RESULT

Model Accuracy and Variables Importance
According to the results of model accuracy evaluation index, RF
had the best fitting effect in single models, with TSS and AUC
values of 0.90 and 0.96, respectively. The least effective was SRE,
which had a TSS value of 0.75 and was not involved in the further
construction of the ensemble model (Figure 2). The ensemble
model has a higher performance than RF, with TSS and AUC
values of 0.91 and 0.98, respectively. This finding shows that the
ensemble model had a better simulation effect than the
single model.

Table 1 shows the importance values of each environmental
variable to the current distribution of S. niphonius. The
largest importance was depth, followed by SST, SSS,
and offshore distance, and the smallest importance was
SCV. Figure 3 displays the simulation results of the
optimum temperature. In spring and autumn, the optimum
temperature was 14°C–23°C, 24°C–28°C in summer, and 13°
C–18°C in winter.

Suitable Habitats for Current and Future
Species
Biomod2 ensemble model predicted the suitable habitat of S.
niphonius under current and future climate scenarios. Compared
with the field survey results, the distribution range of the current
suitable habitat was almost the same (Figure 4), which indicates
that our model has a high performance.

Under future climate scenarios, the time and spatial range of
suitable habitats for S. niphonius changed significantly, with a
Frontiers in Marine Science | www.frontiersin.org 4
decreased trend in each season. The decreasing trend became
more serious with the passage of time and climate scenarios
(Figure 5 and Table 2). Under the RCP4.5 scenario, 33.3% of
summer habitat will be lost in 2050, especially in southern East
China Sea and South China Sea. The habitat loss rates of the
other three seasons will be about 3.5% and will mainly occur in
South China Sea and the eastern periphery of East China Sea,
whereas an increasing trend was observed for Bohai Bay. In
consideration of its life history stage and migration area in the
offshores of China, the spawning grounds in Yangtze Estuary,
Zhoushan offshore, Wenzhou offshore, and Guanjingyang
offshore waters of East China Sea are threatened, and the
wintering grounds in southern East China Sea and northern
South China Sea are also affected Wang et al., 2019. In the same
year, the habitat changes under RCP8.5 and RCP4.5 climate
scenarios converged, but the shrinking range continuously
extended northward with the high climate scenarios. Under the
same climate scenario, habitat changes in 2100 and 2050 will be
similar, but the degree of reduction will become more severe.

On the whole, the shrinking trend was more evident in low
latitude and near shores. The resources in the coastal area of
southern East China Sea decreased remarkably, those in the
coastal area of Bohai Sea increased, and those in Yellow Sea were
stable. South China Sea is almost no longer suitable for the
survival of this species.
FIGURE 2 | Model accuracy evaluation.
TABLE 1 | Importance values of each environment variable .

Predictor variable Importance value

depth 0.571
temperature 0.325
Offshore distance 0.200
salinity 0.121
velocity 0.074
June 2022 | Volume
 9 | Article 927790

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Yang et al. The Effects of Climate Change
Changes in the Distribution Centroid
The changes in the suitable habitat of S. niphonius caused the shift
of the distribution center. In this study, the distribution center of S.
niphonius shifted to the northeast (high latitude and deep sea).
The centroid shifted to 0.5–2.2 latitude north in spring, 0.63–0.97
latitude north in autumn, and 0.7–2.28 latitude north in winter.
However, the distribution centroid will shift from 31.95°N to
44.41°N in 2100 under the RCP8.5 scenario (Table 3).

In addition, our study on the temperature sensitivity of summer
S. niphonius revealed that the reduction rate of potential suitable
habitat showed an uneven decreasing trend when the temperature
increased from 0.2°C to 2°C. Habitats decreased by about 8% for
every 0.2°C increase in average SST. However, when the
Frontiers in Marine Science | www.frontiersin.org June 2022 | Volume 9 | Article 927795
temperature increased by 0.2°C and 1.2°C, the shrinkage rate
increased by about 10% and 24%, respectively (Figure 6).
DISCUSSION

Model Performance and Main Variables
SDMs are being accepted more. However, the single model
selected cannot prove that it maintained an excellent
performance under any input conditions Zhu, 2019). The
ensemble model can solve the problem of variability between
models and the variability of input conditions to a certain extent,
and its multiple evaluation indexes are significantly higher than
FIGURE 4 | Current simulated habitat and actual survey sites of Scomberomorus niphonius. The color gradient indicates variation in habitat suitability (red: highest,
blue: lowest). The black dots represent the actual survey sites. (A–D) represent suitable habitats in spring, summer, autumn and winter respectively.
FIGURE 3 | Response of suitable habitat of Scomberomorus niphonius to temperature. Redlines represent the results of the second (middle) run of the response
curve algorithm, and blue lines show the first and third runs. Vertical lines represent temperatures on species distribution sites.
0
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those of the optimal single model, reducing the uncertainty of the
model (Thuiller et al., 2014). In this study, the predicted suitable
habitat range of S. niphonius was almost consistent with the
investigated distribution range, which further confirmed
the performance of the ensemble model. However, given the
uncertainty of the model itself and input conditions, our pursuit
of model accuracy is infinite (Guo et al., 2020). For example,
sampling data for S. niphonius can also take into account
otoliths, molecules, interannual variation, etc. (Cao et al., 2015;
Pan et al., 2019; Ma et al., 2021). Environmental factor data can
also take into account correlations between feeding habits and
baits, variability between groups, etc. (Lin et al., 2017; Wang
Frontiers in Marine Science | www.frontiersin.org 6
et al., 2019). All these factors contribute to the accuracy of the
model in the Future. In this study, five environmental climate
data were selected to explore the impact of each factor on the
distribution of S. niphonius. The predicted results showed that
depth and temperature had the greatest influence on the
distribution of the species. Previous studies have shown that
the S. niphonius inhabits pelagic waters and is highly sensitive to
water temperature. The species also has a preference for
spawning in deeper waters, and egg abundance is strongly
influenced by water depth (Wei, 1980; Zhang et al., 1985). Also
as mentioned in advances in the biology of S. niphonius, the
migratory distribution of this species is closely related to
temperature and depth. Seasonal variations in temperature
affect the spatial and temporal distribution of the species’
migrations (Qu et al., 2021).
Suitable Habitats and Temperature
Sensitivity
The prediction results showed that the distribution area of S.
niphonius will shrink, and the distribution center will shift to the
deeper sea waters of a high latitude. A study result of monthly
and annual changes in the distribution of the fishing grounds of
S. niphonius in the Bohai Sea, Yellow Sea and East China Seas are
similar to our study. A significant increase in temperature had a
more northerly centroid for the distribution of the fishery and a
slower migration rate compared to the same period in other
years. In summer the centroid of gravity of the distribution was
significantly more northerly (Liu, 2009). There was also a study
used Generalized Additive Model (GAM) to analyze spawning
data for S. niphonius in the Yellow Sea (Wan et al., 2020). They
revealed that the distribution of spawning grounds may had a
FIGURE 5 | Changes in the potential suitable habitat of Scomberomorus
niphonius . (Blue indicates that the species was suitable for survival but is
unsuitable now; yellow represents previously and now suitable habitats; red
means that the species that did not fit before and now shows fitness).
TABLE 3 | Latitude changes in the distribution centroid of Scomberomorus
niphonius under future climate scenarios.

spring summer fall winter

current 31.81 31.95 31.99 32.24
RCP4.5-2050 32.25 33.78 32.50 32.60
RCP4.5-2100 32.50 35.29 32.50 32.71
RCP8.5-2050 32.61 34.85 32.46 34.71
RCP8.5-2100 34.60 44.41 32.45 33.59
TABLE 2 | Habitat changes of Scomberomorus niphonius under future climate
scenarios.

spring summer fall winter

RCP4.5-2050 −3.79 −33.16 − 3.40 −3.76
RCP4.5-2100 −6.08 −43.52 −6.88 −6.07
RCP8.5-2050 −4.76 −40.82 −4.91 −6.60
RCP8.5-2100 −21.43 −88.87 −21.81 −9.66
FIGURE 6 | Reduction index of suitable habitat for Scomberomorus
niphonius under uniform warming.
June 2022 | Volume 9 | Article 927790
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northerly trend in years with high sea surface temperatures (Wan
et al., 2020). Similarly, it has been shown that the latitudinal
variation in the centroid of the distribution of S. niphonius
follows an opposite trend to that of latitude, with significant
monthly and annual variation (Ma et al., 2021). In addition, it
has been suggested that high sea surface temperatures may affect
next-year replenishment of S. niphonius and reduce Recruitment
per Spawner (RPS)Wang et al., 2019. Therefore, in a high-
emission climate scenario, continuously rising temperatures
will force this species to adapt or move to cooler waters to
prevent extinction. Summer is generally the breeding season of S.
niphonius and rising temperature may be one of the reasons for
the serious decline of S. niphonius in summer and forces shift of
distribution center to the north.

Monitoring Management Suggestions
In view of the risk of potentially suitable habitat loss, we proposed
several recommendations for the monitoring and management of
S. niphonius. The ensemble model predicted that South China Sea
will almost no longer be suitable for this species, whereas Yellow
and Bohai seas will provide a more suitable habitat. These areas
should therefore be of concern, with the timely protection of
potential habitat loss and increase areas, establishment of
monitoring sites, management of the ecological environment of
waters, and monitoring of population dynamics based on seasonal
changes, in particular, those of blue point mackerel spawning
(April–June) and feeding (August–November) season. Moreover,
attention should be given to illegal fishing while maintaining the
suitable habitat of S. niphonius population in East China Sea and
improve the relevant fishing policy. The implementation of the
management plan of “protecting in spring, banning in summer
and harvesting in autumn and winter” should be continued (Qiu
et al., 2007; Sun, 2009). In addition, attention should be focused on
the temperature difference between estuaries and sea environment
and its influence, timely forecast offishing situation, establishment
of protection areas, and active establishment of an early warning
mechanism to deal with climate change.
CONCLUSIONS

Climate change affects the spatiotemporal distribution and
distribution centroid of S. niphonius. Under global warming,
the suitable habitat for S. niphonius will be severely lost with the
passage of climate scenarios and years. It is predicted that under
Frontiers in Marine Science | www.frontiersin.org 7
the RCP8.5 scenario, the habitat environment of S. niphonius
from 2050 to 2100 will be more severe, especially in summer.
Habitat increase in Bohai Sea, stable habitat in Yellow Sea and
loss of habitat in East China Sea and South China Sea. Species
distribution centroid tends to shift to higher latitudes. Habitat
change leads to a redistribution of resources, which ultimately
affects local fishing activities. However, our impact on species
resources still needs further research. Society needs to consider
adaptation measures, grasp the trend of quantitative changes in
a timely manner, and do a good job in follow-up research and
dynamic monitoring. Ensuring resilient ecological services are
built to respond to the impacts of future climate scenarios along
our coasts and the rest of the world.
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