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Coastal waters provide an important spawning and nursery ground for offshore

marine organisms. To understand the suitable habitat and distribution of

Harpadon nehereus, a key nearshore species, this study assessed the survey

data of fishery resources and environment in Zhejiang’s nearshore fishery in

Spring of 2017 to 2020. We used the generalized additive model (GAM) and

random forests model (RF) to analyze the environmental factors affecting the

selection of spawning habitats byH. nehereus and analyzed the suitable habitat

characteristics ofH. nehereus in nearshore fisheries. Our results indicate thatH.

nehereus is widely distributed in Zhejiang’s nearshore and that its density is

higher in waters near islands and reefs. Among the relative importance scores

of predictors calculated based on RF, seawater salinity is an important

environmental factor affecting the distribution of H. nehereus in April

(surface seawater salinity was 38.67% and bottom seawater salinity was

34.5%), followed by depth (34.19%), whereas the change in water

temperature had no obvious effect on H. nehereus distribution. The suitable

habitat characteristics of H. nehereus mainly include high salinity near a water

depth of 40 m and a water area with sea bottom dissolved oxygen levels < 6

mg/L. The prediction results of the model indicate that the suitable habitat ofH.

nehereus is mainly located in the region near Zhoushan Islands in the north of

the fishing grounds. Overall, these results may serve as a basis for determining

the protection strategies of key nearshore species and enhancing fishery

management units.

KEYWORDS

Harpadon nehereus, species distribution model, suitable habitat characteristics,
environmental factors, coastal waters
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1 Introduction
Marine fishery resources provide a strong guarantee for

human survival (Botsford et al., 1997), and their optimal

utilization and a healthy ecosystem are prerequisites for

sustainable fisheries production (Rice, 2005). The choice of the

location is important for marine fish to increase opportunities

for feeding and escaping predation and to fulfill the necessary

requirements of fish for survival from the egg to the adult stage

and subsequently dispersing across different habitats (Ciannelli

et al., 2015). Individuals usually choose their aquatic habitats

based on factors such as salinity and temperature within their

physiological tolerance range as habitat (Gordó-Vilaseca

et al., 2021).

Coastal waters provide important habitats for a wide range

of fish species. These waters sustain terrestrial and marine-origin

nutrient supplies and spatiotemporal changes in the nearshore

physicochemical environment (e.g., water depth, temperature

and salinity) due to flood and ebb tides (Kasai et al., 2010; Wang

et al., 2019; Kume et al., 2021). Furthermore, they create different

types of fluctuating habitats, which provide a highly productive,

ever-changing ecosystem for fish communities (Seitz et al., 2014;

Potter et al., 2015). Environmental factors (e. g., water

temperature, salinity, and their fluctuations) are thought to be

some of the main contributors to large-scale patterns of coastal

fish communities (Florin et al., 2009; Pasquaud et al., 2015;

Kume et al., 2021). For example, adult Perca fluviatilis prefer

shallow areas with suitable temperature development as their

spawning habitat during spring (Snickars et al., 2010). The depth

and habitat use affect seasonal up and downslope movements of

Gadus morhua in the Western Baltic Sea (Funk et al., 2020).

Coastal waters are, therefore, recognized to play an important

ecosystemic role at the land–sea interface in order to generate

and sustain high levels of production in the fisheries. However,

these areas are also highly susceptible to human activities,

including fishing and urban construction, which can lead to

changes in coastal fish habitats (Ciannelli et al., 2015).

Harpadon nehereus is a marine species dependent on coastal

habitats, especially in early developmental stages. Compared to

other economic species (e.g., Larimichthys crocea, Trichiurus

haumela), H. nehereus had long been considered as a low-valued

species for a long time and was not the main target species for

fisheries. However, due to its muti-stage of spawning, high

survival rates and fast growth, H. nehereus comprised the

majority of fishery composition in Zhejiang coastal areas

(Chen and Zhang, 2015; Wang et al., 2021, Jiang et al., 2019).

The suitability of the habitat, as well as the availability of feed

preferred by fish may play important roles in the thriving.

Recent surveys of fisheries community resources indicate that

H. nehereus has become a dominant species in some areas off the

coast of China, such as the Yueqing Bay and the Yangtze River

Estuary (Sun et al., 2015; Yuan et al., 2017). Among the fish
Frontiers in Marine Science 02
species found in the southern Zhejiang coastal waters (Wang

et al., 2022), H. nehereus is the second most important species

after Trichiurus lepturus, which plays a decisive role in the

stability of fish community structure and the transmission of

interspecies information in coastal waters. Changes in the

patterns of activities of different species can change the food

web structure at the regional scale, affect the relationship

between feeding and competition, and alter ecosystem

functions (Long and Seitz, 2008). The habitat preferences of

fish determine their food sources in waters of different depths.H.

nehereus is an omnivorous fish with a wide range of feeding

habits, and large individuals demonstrate cannibalistic behavior

(Allen et al., 2014); its increasing dominance has widespread

implications for existing food webs and community structures.

Wang et al. (2021) pointed out that with climate change, H.

nehereus is moving northward along the coast of China, which

may compress the ecological niches of other coastal species and

affect marine ecosystems.

The relationship between resources and the marine

environment is complex. Generally, the movement, activity,

and connectivity patterns of fish are influenced by dynamic

environmental conditions (Perry et al., 2018). Ambient salinity

determines a fish’s capability to adapt to environmental

variations. For instance, when fish such as Trachinotus

marginatus and Sparus aurata are exposed to low salinity

gradients, fish oxygen consumption increases and fish

mortality increases, and as salinity increases, fish become more

tolerant of toxic compounds, such as ammonia (Costa et al.,

2008; Kir and Sunar, 2018; Kir et al., 2019). Annual mean

benthic water temperature is reportedly the most important

variable in determining the distribution of H. nehereus (Wang

et al., 2021). Moreover, water temperature has a strong influence

on the distribution patterns of coastal fish such asGadus morhua

(Staveley et al., 2019) and Homarus americanus (Jury and

Watson, 2013), that seek suitable habitats by migrating

seasonally in relation to water temperature (Freitas et al., 2021).

Habitat protection of coastal fishery resources is a hotspot of

relevant research. At present, research on the characteristics of

fish habitats mainly focuses on particular species (e.g., Conger

myriaster, Albula vulpes) with high economic and ecological

value (Li et al., 2017; Brownscombe et al., 2019). According to

pertinent research in recent years, H. nehereus has gradually

become an important dominant species in the coastal waters of

China, occupying a dominant position in some sea areas, but few

studies have assessed its habitat needs. In the present study, we

chose H. nehereus as an example to evaluate the modelling

approach for the key species affecting coastal ecosystems. The

objectives of this study were to: (1) assess the driving

environmental variables for determining the distribution of H.

nehereus; and (2) The distribution pattern of suitable habitats of

H. nehereus in Zhejiang’s coastal waters. This study could help

strengthen environmental impact assessments and support

decision-making in ocean planning.
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2 Material and methods

2.1 Sampling method and stations

The study area is located in the mid-west of the East China Sea

(Figure 1) and is affected by different water masses and scouring

waters; the salinity gradient changes greatly, and food is plentiful.

The coastal waters of Zhejiang are located in the western East China

Sea, which is an important site for fish spawning, feeding, breeding,

and migration (Wang and Fan, 2004; Su and Yuan, 2005). The area

has many islands, and the coastline is tortuous. Water circulation

and water mass interactions make this area a suitable hydrological

environment rich in basic nutrients that provide a variety of habitats

for various fish species (Wang and Fan, 2004; Zhang et al., 2020).

Bottom trawl surveys were carried out in the spring (April) of

2017–2020 off the coast of Zhejiang (27°00′N−31°00′N, 120°30′E
−121°30′E). The isobath of the surveyed sea area is parallel to the
shoreline. Therefore, we set up a total of 123 stations according to

the distance from the shore and adopted the fixed-point survey

method for sampling in different years. The type of fishing boat

used was a single-bottom trawler, with a main engine power of

220 kw. The surveys were conducted at 3 knots for about 30

minutes on average. The mesh size of the capsule net was 25 mm,

and the perimeter of the net port was 50 m. A catch was landed at

each survey station, and the weight of the catch was converted

into the catch per unit net with a drag speed of 2.0 kn and a trawl

time of 1.0 h as the resource abundance index.
Frontiers in Marine Science 03
2.2 Environmental variables

In addition to obtaining the resource data of the dominant

fish at various stations, we also used multifunctional water

quality meters to synchronously obtain environmental data.

Organisms have a tolerance range for environmental variables

and environmental conditions suitable for their habitats

(Shelford, 1911). The spawning period of H. nehereus is

mainly from May to September. In April, H. nehereus migrates

from offshore to coastal waters for spawning. H. nehereus is

benthopelagic, living in brackish water and seawater, preferring

to inhabit shallow depths (0–150 m). H. nehereus lays floating

eggs, which are greatly affected by the sea surface environment.

Considering the biological characteristics, and the availability

and reliability of data, the chosen environmental variables

mainly included depth, surface, and bottom environment

variables (sea temperature, salinity, chlorophyll, and dissolved

oxygen). The environmental variables (temperature, salinity,

chlorophyl l , and dissolved oxygen) were sampled

simultaneously. The details are included in Table 1.
2.3 Data analysis

This study mainly used models to analyze trends in

environmental variables that affect species distribution.
FIGURE 1

Survey locations of H. nehereus for all survey years.
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2.3.1 Generalized additive models
Generalized additive models (GAM) (Hastie and Tibshirani,

1990) are universal and convenient statistical algorithms in

traditional regression methods and are often used for

standardizing catch data. GAMs are an extension of

generalized linear models (GLMs), and both are based on the

statistical distribution of response variables for data analysis (Li

et al., 2017). GLMs assume that the predictive function between

the response variable and the explanatory variable is a linear

relationship, whereas GAMs consider a non-linear relationship

(Wang et al., 2019). Data analysis is based on the additive

predictive function, which ensures that the model has some

non-parametric characteristics. The formula of GAM is as

follows:

g yð Þ = a +oi
i=1fi xið Þ + ϵ (1)

where g is the differentiable and monotonic link function, y

is the response variable, a is the function intercept, fi is a smooth

function, xiis the predictor variable, and ϵ is a random

error term.

Owing to the unique geographical location of the marine

environment, some environmental variables may have strong

correlations. To reduce the influence of predictor variables with

multicollinearity on the model fitting results, we first performed

a correlation analysis on the predictor variables and conducted

preliminary screening of the predictor variables added to the

model. Thus, we only considered removing the predictor
Frontiers in Marine Science 04
variables with strong collinearity in the process of constructing

the GAM.

2.3.2 Random forests
Random forest (RF) (Breiman, 2001) is an improved method

for bagged trees, and has the advantage of combining many

randomly constructed decision trees to reduce the influence of

outliers and redundant data on the prediction results. RF can

quantify complex nonlinear relationships without obvious

overfitting. According to the RF algorithm summarized by

Liaw et al. (Liaw and Wiener, 2002), the operation of the

model is mainly controlled by two model parameters, ntree and

mtry; ntree determines the number of decision trees and mtry

determines the number of random features. The ntree value is

generally determined by the relationship between the result and

error, and mtry defaults to 1/3 of the number of predictors. In

this study, we determined that ntree was 1000 according to the

stable trend, and that mtry was 4.

We can also sort the relative importance of predictors using

RF and the relative importance score calculation formula is as

follows:

Vi =
1

ntree
ov ∈ SXi

G Xi, vð Þ (2)

where Virepresents the explanatory rate of the predictor

variable Xi to the model, SXi represents the set of nodes split by

Xi in the random forest of ntree trees, and G (Xi, v) represents the
TABLE 1 Statistical summary of predictor variables.

Variable Description Range (Mean)

2017 2018 2019 2020

Lon Longitude 120.5–123.75 120.5–123.75 120.5–123.75 120.5–123.75

Lat Latitude 27–31 27–31 27–31 27–31

Depth Depth of water
(m)

3.32–70.48
(31.72)

4.35–75.36
(32.58)

3.42–73.45
(31.75)

7.40–69.94
(34.62)

SST Sea surface temperature
(°C)

12.92–19.61
(15.88)

12.41–21.15
(15.96)

13.43–21.51
(16.77)

13.52–20.09
(15.62)

BST Sea bottom temperature
(°C)

12.97–19.75
(15.80)

12.84–19.33
(15.88)

13.30–20.72
(16.75)

13.58–19.92
(15.85)

SSS Sea surface salinity
(PSS)

8.40–32.63
(26.89)

6.39–34.14
(28.66)

1.33–34.21
(26.81)

8.37–34.23
(27.65)

BSS Sea bottom salinity
(PSS)

10.81–39.59
(28.95)

7.38–34.48
(30.28)

6.93–34.61
(28.56)

11.91–34.52
(27.43)

Sch.a Sea surface chlorophyll a
(mg/L)

0.45–43.54
(7.08)

0.02–58.37
(4.69)

0.03–23.74
(2.78)

0.08–87.23
(8.04)

Bch.a Sea bottom chlorophyll a
(mg/L)

0.169–42.51
(9.21)

0.06–62.74
(6.72)

0.03–83.79
(11.74)

0.01–89.42
(7.26)

SDO Sea surface dissolved oxygen (mg/L) 7.85–12.94
(9.37)

7.24–11.88
(8.93)

7.03–13.52
(8.88)

8.01–11.75
(9.26)

BDO Sea bottom dissolved oxygen (mg/L) 2.81–9.17
(7.35)

1.71–9.22
(7.14)

2.83–9.92
(7.12)

2.08–9.71
(7.32)
fro
ntiersin.org

https://doi.org/10.3389/fmars.2022.961735
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Jiang et al. 10.3389/fmars.2022.961735
Gini information gain of Xi at the split node v, which is used to

select the explanatory variable of the maximum information gain.
2.4 Model evaluation

To ensure that the model has high accuracy and to add fewer

predictor variables, we usually use the Akaike information

criterion (AIC) as an index to filter the model (Akaike, 1998).

However, owing to algorithm differences, this may not be

applicable to tree-based regression (Li et al., 2015). This study

combined AIC and mean absolute deviation (MAD) to screen

the predictor variables added to the GAM, whereas the predictor

screening of the RF model was completely based on MAD.

Smaller values of the AIC and MAD are considered to indicate a

higher accuracy of the model. In the fitting process, a backward

selection regression method was used to substitute the predictor

variables into the model, and the optimal model was selected

based on AIC and MAD, as described previously (Li et al., 2015).

The AIC can be computed as follows:

AIC = 2k − 2lnL (3)

where k is the number of parameters, L is the

likelihood function.

MAD can be computed as follows:

MAD =
1
No

N
i=1 yi − ŷ ij j (4)

where N is the number of samples,ŷ iis the estimated value

(the predicted value) from the model for the th observation, and

is the actual value.

K-fold cross-validation is a common method for comparing

different types of models and their prediction performance (Arlot

and Celisse, 2010; Li et al., 2015). Therefore, we used it to evaluate

the prediction performance of the RF and GAM. We used 80% of

the dataset as the training set and the remaining 20% as the test

set. Further, to facilitate the subset method for replacing a single

model, we performed independent repeated sampling on the

subset. The entire process was repeated 100 times. To

quantitatively evaluate the prediction performance of the model,

performance was mainly based on the root mean square error

(RMSE) of the predicted value of the model (Hyndman and

Koehler, 2006), the degree of linear regression between the

predicted value, and the actual value in the test set.

To understand the distribution of suitable habitats for H.

nehereus in different years using the two models, we divided the

research water area into a grid size of 0.1° × 0.1° and obtained the

coordinates of the center point of each grid. According to

the environmental survey data of each site from 2017 to 2020,

the conventional Kriging interpolation method was used to

calculate the environmental data of the center point for each

grid. The relative resource density of each center point was

obtained based on the GAM and RF model, and the habitat
Frontiers in Marine Science 05
suitability index (HSI) was calculated as follows:

HSIi,t =
ŷ i,t − ŷ min,t

ŷ max,t − ŷ min,t
(5)

here HSIi,t is the habitat suitability index of the ith grid point

in year t, ŷ i,t is the predicted value of the ith grid point in year t

predicted by the model. ŷ max,t and ŷ min,tare the highest and

lowest values for the predicted value of year t, respectively.
3 Results

3.1 Distribution of harpadon nehereus

There were more high-value biomass stations in 2018 than in

the previous years (Figure 2). By comparing the number of high-

density stations in the surveyed sea area, H. nehereus biomass in

the sea area near 30°N was found to be significantly higher than

that at 28°N (t test p<0.05), and the center of gravity of H.

nehereus resources in different years was basically the same.
3.2 Analysis and screening of the
influence of factors

Habitat is an important factor that affects species distribution.

By constructing a Spearman correlation matrix, we preliminarily

understood the relationship between H. nehereus population

resources and different non-biological variables and analyzed

the correlation strength between two different predictor

variables (Figure 3). Pearson’s R was used as the correlation

coefficient between various predictor variables. The larger the

color block, the greater was the correlation. The color of the block

represents the size of the coefficient. Mantel’s R and Mantel’s P

respectively represent the correlation coefficient and the

significance of the degree of correlation between the resource

density of H. nehereus and predictor variables. The results show

that the amount ofH. nehereus resources is significantly correlated

with depth, sea surface temperature (SST), and Sea bottom

temperature (BST) (P < 0.01), and that the correlation

coefficient with SST was the highest among them. Further, the

resources were also significantly correlated with the Longitude,

Latitude, and sea surface salinity (SSS) (P < 0.05).

Among the predictor variables, there was a strong correlation

between Depth, Longitude, BST, and sea bottom salinity (BSS);

the correlation coefficient between longitude and latitude was the

largest, and that between SST and BST was higher than that of

other variables. To reduce the influence of collinearity on the

fitting effect of the GAM, we performed a multicollinearity test on

the predictor variables based on the variance inflation factor

(VIF); as Longitude and other variables (Longitude VIF value >

4) have the dramback of multicollinearity, Longitude was not

considered a predictor variable when constructing the GAM.
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Simultaneously, one of the predictor variables with strong

correlation was selected as an explanatory variable and added to

the GAM.
3.3 Model fitting results

In the model fitting process, we logarithmized the response

variables and biomass data of H. nehereus at each station to
Frontiers in Marine Science 06
reduce the influence of some maximum values on the model

fitting effect. Table 2 shows the best model results for the GAM

and RF after stepwise screening. The explained deviation

between the two models is small, and several predictor

variables have a significant effect on the response variable. We

calculated the relative importance scores of predictors based on

the RF model (Figure 4); SSS, BSS, and depth are the three most

important predictor variables for the distribution of H. nehereus

(relative importance scores > 30%).
B

C D

A

FIGURE 2

Spatial distribution of H. nehereus from 2017 to 2020. (A: 2017. B: 2018. C: 2019. D:2020).
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3.4 The influence of different factors on
the resource density of H. nehereus

In the best GAM and RF models (Figures 5, 6), the influence

of different predictors on H. nehereus resource fluctuations

indicated that, the year had little effect on the changes in the

resources ofH. nehereus (Figures 5A, 6A). In the fitting results of
Frontiers in Marine Science 07
the two models, different predictors showed a nonlinear

relationship with the density of H. nehereus. Under the same

predictor, the trends of changes in the resources of H. nehereus

fitted with the two models were similar (for example, in the RF

model fitting results, the trend of relative biomass with SSS was

similar to the lower limit of the 95% confidence interval in

the GAM).
TABLE 2 Summary of the optimal fitted results of the models.

Models GAM RF

Explanation % 39.50 40.85

AIC 444.65 \

MAD 0.28 0.12

Added variables Significance level Added variables Significance level

variables Year + +

Lon \ \ + **

Lat + ** + **

Depth + * + **

SST \ \ + **

BST \ \ + **

SSS + * + **

BSS + ** + **

BDO + ** + **
+ indicates the explanatory variable of the optimal model after screening, ** indicates that the predictor variable has a very significant influence on the response variable (P < 0.01); *indicates
that the predictor variable has a significant influence on the response variable (P < 0.05).
FIGURE 3

Correlation matrix for the relative biomass of H. nehereus and predictor variables. Pearson’s R was used as the correlation coefficient between
various predictor variables. The larger the color block, the greater was the correlation. The color of the block represents the size of the
coefficient. Mantel’s R and Mantel’s P respectively represent the correlation coefficient and the significance of the degree of correlation
between the resource density of H. nehereus and predictor variables.
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Fluctuations in H. nehereus resources mainly occurred in high-

salinity waters. When SSS > 25, there was an obvious trend of first

increasing and then decreasing resource density, and the maximum

resources appeared at SSS 30 (Figures 5B, 6B). At BSS > 15, the

amount of H. nehereus resources increased with an increase in BSS

(Figures 5D, 6D). The suitable SSS range was 25–32 and the suitable

BSS range was 27–34. The resource density ofH. nehereus presented

a trend of first increasing and then decreasing with a change in
Frontiers in Marine Science 08
water depth (Figures 5C, 6C). When the BDO concentration was

less than 7 mg/L, the resource density of H. nehereus did not

decrease significantly (Figure 5E, 6E). The areas with a high density

ofH. nehereus resources were mainly distributed between 28°N–30°

N (Figures 5F, 6F) and 122°E–123°E (Figure 6G). An impact of

water temperature onH. nehereus resources was mainly observed at

SST < 16°C (Figure 6I), and the changing trend of resources with

BST was not obvious (Figure 6H).
B C

D E F

A

FIGURE 5

Effects of factors from GAM on the relative biomass of H. nehereus. (A: Year. B: SSS. C: Depth. D: BSS. E: BDO. F: Lat).
FIGURE 4

Relative importance of predictor variables for determining the distribution of H. nehereus. The relative importance score of the predictor variables
was calculated based on RF; the higher the score, the more important the predictor variables are in explaining the distribution of H. nehereus.
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3.5 Model prediction performance
evaluation and display

Each group of data in the table represents the mean and

range of the statistical results (Figure 7). In the cross-validation

results, the average RMSE of the RF model (0.10) was less than

that of GAM (0.23). In the linear regression results of the true

and predicted values, the statistical results of the slope and the

intercept of the two models had relatively small differences. The

average coefficient of determination for RF cross-validation was

0.73, which was higher than that of GAM at 0.30 (Table 3).

Overall, RF was better than GAM in terms of the model

prediction performance.

The habitat suitability index (HSI) was used to predict the

suitable habitat of H. nehereus based on the two models

(Figure 7). A HSI with a numerical value from 0 to 1

represents a range from an unsuitable area (HSI value is 0) to

the most suitable area (HSI value is 1). The highly suitable area

for H. nehereus based on GAM fitting was wider than that

obtained with the RF model. The central and northern waters of

the study area were found to be highly suitable areas for H.

nehereus. The eastern sea area of Zhoushan Islands was found to

be the most suitable area for the distribution of H. nehereus.
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Further, the distribution areas of highly suitable habitats of H.

nehereus also varied in different years.
4 Discussion

4.1 The influence of environmental
variables

The oceanographic environment is a direct factor that

stimulates fish to spawn and migrate. Consequently, factors

such as water temperature and salinity affect the distribution

of fish spawning grounds (Ciannelli et al., 2015). H. nehereus

spawn over a prolonged time period ranging from summer to

autumn, under the influence of coastal currents and the

Kuroshio Current. The adult H. nehereus begin to swim from

wintering waters (e.g., the East China Sea, the Yellow Sea) to

nearshore waters in spring (Luo et al., 2012). Under the right

conditions, the spawning brood stock of H. nehereus migrates to

the offshore areas and estuaries to spawn (Taqwa et al., 2020;

Wang et al., 2021). Salinity and depth were the most powerful

predictors for H. nehereus distribution in spring. These patterns

may be attributed to the seasonal migratory habits of H.
B C

D E F

G H I

A

FIGURE 6

Effects of factors from RF on the relative biomass of H. nehereus. (A: Year. B: SSS. C: Depth. D:BSS. E: BDO. F: Lat. G: Lon. H: BST. I: SST).
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nehereus, including spawning and overwintering migration.

Furthermore, predation, starvation, or abnormal diffusion

processes can limit the change in the habitat that fish

experience from year to year (Jørgensen et al., 2008).

In this study, sea salinity had a significant influence on the

distribution of H. nehereus in spring, which could be attributed

to its selection of suitable habitats (Wang et al., 2019). The

species was heavily concentrated in estuaries and offshore areas,

indicating that it has a wide salinity tolerance range.

Furthermore, H. nehereus has also been reported to be highly

abundant in other coastal hypersaline habitats due to its

ecological tolerance. (Nooralabettu, 2008; Liu et al., 2021;

Wang et al . , 2021) However , for coastal fish, the

osmoregulatory mechanism in different life stages may differ.

(Allen et al., 2014; Thomas et al., 2021) For example,

Pomatoschistus microps is a widespread small-sized fish

occurring in temperate estuaries, which has a relatively wide

tolerance for salinity variation. However, juveniles display better

physiological performances at low levels of salinity. (Souza et al.,

2018) During the course of this study, 70% of H. nehereus

samples captured in spring were adults with a body length

greater than 160 mm. Compared with juveniles, adults have

stronger swimming capability and can choose more suitable

habitats for survival.
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The salinity of the East China Sea was generally > 30‰ (Luo

et al., 2012), and living in waters with similar salinity can ensure

that H. nehereus will not experience a strong acute stress

response (Ciannelli et al., 2015). Therefore, it would be able to

meet osmoregulation and ionoregulation needs with lower

energy expenditure. Additionally, the higher biomass of H.

nehereus in high salinity waters may be related to the

distribution of prey organisms. Benthosema pterotum and

Apogon lineantus are the main prey organisms for H. nehereus

in spring, and the optimum seawater salinities for the two

species are 29.7-34‰ and 31.4-32‰, respectively (Liu et al.,

2021; Tang et al., 2021). H. nehereus swim to the area where the

prey organisms are located to forage, despite the increased

energetic costs of living at higher salinities. Consequently, the

distribution of the prey organisms may be one of the influencing

factors of sea salinity on the distribution of H. nehereus.

Shallow waters have long been assumed to afford small fish

protection from piscivorous fish; large piscivores enjoy a

metabolic benefit by occupying deeper waters. In the

Tsitsikamma National Park marine protected area, South

Africa, the shallow reef (water depth of 11–25 m) assemblages

were dominated by juveniles and low trophic level species, while

deep reef (water depth of 45–75 m) assemblages were

characterized by large, sexually mature, and predatory fish.
B C D

E F G H

A

FIGURE 7

Maps of 2017–2020 model-based habitats suggested to be suitable for H. nehereus. (A–D): 2017–2020 GAM model-based habitats,
(E–H): 2017–2020 RF model-based habitats.
TABLE 3 Cross-validation comparison between the GAM and RF models.

Model RMSE Slope (a) Intercept (b) Coefficient of determination (r²)

GAM 0.23 (0.18-0.28) 0.30 (0.21-0.45) 0.30 (0.22-0.38) 0.28 (0.11-0.44)

RF 0.10 (0.08-0.12) 0.73 (0.69-0.77) 0.12 (0.09-0.14) 0.93 (0.88-0.96)
frontiersin.org

https://doi.org/10.3389/fmars.2022.961735
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Jiang et al. 10.3389/fmars.2022.961735
(Heyns et al., 2016). In relevant research in this field, bottom

water temperature and depth are considered important

environmental variables affecting the habitat and distribution

of H. nehereus (Wang et al., 2021).Changes in the water depth

gradient can directly affect the bottom water environment,

thereby altering the distribution of fish populations (McLean

et al., 2016; Whitfield, 2017). Some bottom environmental

variables (sea temperature, salinity) in this study showed a

strong positive correlation with water depth. With the increase

in depth, the resources of H. nehereus first increased and then

decreased, which could explain the migration behavior of H.

nehereus as a result of the bottom water environment change in

this season. For example, cod (Gadus morhua) is a cold-water

species, and their optimum water temperature for growth ranges

between 9 and 15°C; sea surface temperatures that are too high

or too low can prompt them to swim to deeper areas (Freitas

et al., 2021). In addition, Funk et al. (2020) found that the

inhabitation of different water depths by cods was associated

with spawning behavior in the Baltic Sea. In the case of H.

nehereus, April coincides with the pre-spawning time. At this

time, H. nehereus uses deeper, more saline waters, to potentially

maximize food availability, temperature preferences, and egg

development. Besides, the seabed sediments at depths of 40–70

m consist of silty mud and fine argillaceous sand in the survey

area, and adult H. nehereus prefers deep waters and sand-mud

bottoms to resist high temperatures and light (Li et al., 2017).

Differences in dissolved oxygen (DO) in the water

environment affect the classification and size of the

zooplankton community, affecting the foraging and growth of

fish and altering the spatial ecology and population dynamics of

the water area. DePasquale et al. (2015) found that early life

estuarine fish were more sensitive to low DO concentrations

than to water acidification. Low DO has been reported to reduce

the scope for activity, such as swimming and feeding, of Atlantic

cod (Gadus morhua), resulting in reduced foraging success and

increased predation risk (Chabot and Claireaux, 2008).

However, potential lethality and avoidance has been observed

in fish inhabiting areas with high DO concentrations. A fish kill

in Lake Waubesa was thought to have been caused by

supersaturation of DO, produced by a dense bloom of

Chlamydomonas sp. (Nordlie, 2006). Low DO areas are

believed to be unsuitable for the survival of benthic organisms

(Gong et al., 2017), and hypoxia-tolerant organisms may use

hypoxic waters as refuges to avoid predation (Roman et al.,

2019). In this study, the amount of H. nehereus resources and

bottom DO showed a non-linear negative correlation; the

resources decreased with an increase in water temperature and

bottom DO concentration in spring. When the bottom DO

concentration was lower than 7 mg/l, the extent of resource

fluctuation was small, and it showed a significantly reduced

trend when the bottom DO was greater than 7 mg/L. This may

be related to the distribution of regional population structure
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caused by changes in DO concentration. Breitburg et al. (2001)

proposed that DO concentration has an important effect on the

distribution of estuarine biological resources. Oxygen depletion

can induce vertical or horizontal displacement of fish and this

movement may render the individual more vulnerable to

predation (Long and Seitz, 2008). Ocean deoxygenation is an

important cause of increase inH. nehereus resources, as reported

in a new study (Kang et al., 2021). High water content in the

muscle and other tissues of H. nehereus can greatly reduce the

demand for oxygen, giving H. nehereus an advantage when

competing with other fish in the shallow sea. However, at

higher DO concentrations, H. nehereus faces an increased risk

of predation; therefore, the resources show a downward trend.

Water temperature was considered the most important

factor affecting the geographical distribution pattern of

offshore organisms (Snickars et al., 2010; Bučas et al., 2013;

McLean et al., 2016). Wang et al. (2021) analyzed the impact of

future climate change on the distribution of H. nehereus in the

coastal waters of China and indicated that the annual average

benthic water temperature was the most important

environmental variable affecting H. nehereus distribution. In

this study, water temperature had a negative impact on the H.

nehereus distribution in spring. The thermal tolerance of fish

that live in a highly variable environment for long durations is

generally considered to be higher than that of fish living in a

thermally stable environment. For individuals, there are

significant differences in the width of thermal tolerance

windows at different developmental stages (Pörtner and Peck,

2010). For example, in adult Solea, due to the need to provide

oxygen for egg or sperm masses, the oxygen supply capacity

gradually decreases relative to the demand, making larger

individuals more heat sensitive and less tolerant to extreme

temperatures (Rijnsdorp et al., 2009). The results of a study on

glass eels Anguilla anguilla showed that lower water

temperatures can significantly reduce eels’ migration behavior

from higher salinity seawater to lower salinity freshwater to

reduce migration-related energy expenditure, thereby increasing

the success rate of spawning reproduction (Edeline et al., 2006).

The complex water environment provides diverse habitats

for marine life. The study area has a tropical monsoon climate,

and its unique ocean conditions are suitable for various marine

organisms to thrive. The coastal waters of Zhejiang Province

exhibit typical spatial heterogeneity (Jiang et al., 2019); there are

spatial differences in the resource and environment utilization

and in the similarity and adaptability among species (Zhang

et al., 2020), causing suitable habitats to often be distributed in

patches. The suitable habitat ofH. nehereus is narrow, the central

and northern parts of the study area are greatly affected by

Taiwan’s warm, saline current, which maintains the salinity and

water temperature in this sea area at a relatively high level.

Simultaneously, the northern area is an estuary of the Yangtze

River (Robinson et al., 2011; Sun et al., 2015; Gong et al., 2017),
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where the fresh water and abundant food provides a better prey

environment for H. nehereus. Consequently, the density of H.

nehereus resources was significantly higher in this area than in

the southern seas. Owing to the strong adaptability of H.

nehereus (Kang et al., 2021; Wang et al., 2021), its population

has an advantage in the fierce competition for suitable habitats.

Simultaneously, short-distance migration habits allow H.

nehereus to be widely distributed in the surveyed seas (Lin,

2009). In recent years, the increasing fishing intensity has

severely reduced the resources of fish, such as Trichiuridae,

occupying higher trophic levels, thus reducing the number of

small fish. (Whitfield, 2017; Liu et al., 2021). Furthermore, the

peak breeding season of H. nehereus in the coastal waters of

Zhejiang is mainly during the summer closing season mandated

by the management policy in the East China Sea. Consequently,

the recruitment cohort is less affected by anthropogenic

disturbances; thus, the recruitment of H. nehereus can be

effectively recovered during the breeding season.
4.2 Model performance evaluation

Compared with other traditional regression models such as

GLM, the advantage of GAM is that it adopts an additive

method to comprehensively analyze the influence of different

predictor variables on response variables and can optimize the

expression of nonlinear relationships between variables (Park

et al., 2020). In fact, many predictive variables used to analyze

marine environmental variables may have strong collinearity

issues (such as water depth and other variables used in this

study). To reduce the deviation of fitting results caused by

collinearity, a traditional regression model is usually used to

screen the predictor variables, which may cause important

predictors to be ignored (Wood and Augustin, 2002). Unlike

traditional regression methods, machine learning methods, such

as RF, can reduce the influence of discrete values on regression

results without considering the collinearity of predictors. Relying

on the advantages of the model, the correlation and interaction

between variables can be effectively resolved. Based on the results

of this study, we conclude that GAM can provide a good fitting

effect based on fewer predictors (Yu et al., 2013). Machine

learning methods, such as RF, can use the advantages of

model algorithms to solve the problem of strong collinearity

between predictor variables, which can further improve the

predictive performance of the model, and simultaneously

reflect the influence of more predictive variables on response

variables (Reiss et al., 2011; Rinde et al., 2014). However, one of

the main problems of machine learning is that it cannot provide

clear statistical principles.

Various methods, including machine learning, have been

widely used in environmental assessment, species distribution

prediction, and other fields. In recent years, these have been

gradually used in marine fish ecology-related research (Bučas
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et al., 2013; Smoliński and Radtke, 2017). We used two models to

analyze the distribution of H. nehereus spawning stock in the

study area, to fully understand the environmental factors that

affect the fluctuations in their resources (Li et al., 2015). In this

study, the gap between GAM, which is based on traditional

regression methods, and RF, which is based on machine learning

methods, was smaller in the model interpretation rate. However,

RF was performed better than GAM in the model prediction

performance and provided details of the habitat distribution

upon suitable habitat prediction. The suitable habitat area for H.

nehereus predicted by the GAMwas wider than that predicted by

RF. This difference may be attributed to the different

descriptions of the basic and actual niches of the species in

different models (Liu et al., 2020).

Species’ distributions are affected by processes operating in

both environmental and geographical space (Barry and Elith,

2006). The final prediction performance of the two models is not

particularly high, which may be related to the small amount of

data used in the experiment, key environmental variables may be

undescribed. We suggested that when using different models to

analyze suitable habitat characteristics of species to reduce the

impact of data source constraints, the model should be matched

with ecological knowledge, so that the information obtained

through the model will be more abundant, and even raise new

questions about ecology by elucidating subtle relationships in the

model results.
5 Conclusion

Our results indicated that seawater salinity was an

important environmental factor affecting the distribution of

H. nehereus, followed by depth, whereas a change in water

temperature had no obvious effect on H. nehereus distribution.

In spring, H. nehereus mainly inhabited deep water areas with

high salinity, which are characterized by lower dissolved

oxygen and water temperature. The model-based prediction

results indicated that the suitable habitat of H. nehereusmainly

encompasses the region near Zhoushan Islands to the north of

the fishing grounds, owing to the abundant nutrients and

complex habitats brought and sustained by the Yangtze

River. These results add to our understanding of the

environmental factors affecting H. nehereus migration and

spawning in the sea areas of interest and provide reference

and theoretical basis for analyzing the habitat characteristics of

other key nearshore species.
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