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Abstract: Spawning grounds occupy an important position in the supplementary population of
fishery resources, especially in Western Guangdong waters (WGWs) in the northern South China
Sea (SCS), where fishery resources are being depleted. This study investigated the environmental
effects on the spatiotemporal variability of spawning grounds in WGWs, on the basis of generalized
additive models (GAMs) and central spawning-ground gravity (CoSGG) by using satellite and in
situ observations. Results showed that 57.2% of the total variation in fish-egg density in WGWs
was explained. On the basis of stepwise GAMs, the most important factor was sea surface salinity
(SSS), with a contribution of 32.1%, followed by sea surface temperature (SST), water depth, month,
and chlorophyll a concentration (Chl-a), with contributions of 10.7%, 8.8%, 2.6%, and 2.6%, respectively.
Offshore distance had slight influence on the model, explaining approximately 0.4% of the variation
in fish-egg density. In summary, fish eggs in WGWs were mainly distributed in the area with SSS of
32.0–34.0 Practical Salinity Unit (PSU), SST of 24–27 ◦C, and depth of 0–18 m. CoSGG shifted eastwards
by 0.38◦ N and northwards by 0.26◦ E from April to June. The distribution of spawning grounds
in the WGW was affected by the Western Guangdong coastal current (WGCC), cyclonic circulation,
the SCS warm current (SCSWC), and changes in the habitat environment (such as SST). Fish in WGWs
tend to spawn in areas with a high seabed slope and steep terrain (near the Qiongzhou Strait).

Keywords: fish eggs; environmental factors; spatial factors; generalized additive model;
remote sensing

1. Introduction

Western Guangdong waters (WGWs) are located in the northern South China Sea (SCS). This is
an important place for fish spawning, feeding, breeding, and migration [1]. Spawning grounds are
water areas for the mating, spawning, hatching, and breeding of fish, shrimp, and shellfish. It is an
important place for the survival and reproduction of aquatic organisms, and it plays an important
role in the supplementation of fishery resources [2]. The early life history of fish has three stages:
fish egg, larval, and juvenile. The amount of early supplementation and survival rate affects stock
density [3]. As an important stage in early-life history, fish eggs are the most vulnerable and sensitive
stage in their lives, and small-scale environmental changes may also have a dramatic impact on
their resource–replenishment process [4,5]. Previous studies showed that the habitat environment
affects the distribution [6] and density [7,8] of fish eggs, the stock density of fish spawning [7,8],
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and fish structure [9]. However, the influence of seabed topography and marine environment on the
spatiotemporal distribution of spawning grounds is still unclear. Spawning grounds are the basis
for the replenishment of fishery resources [10]. Exploring the quantitative relationship between the
density and distribution of fish eggs and marine environment factors not only helps to understand the
formation mechanism of spawning grounds but, also, reflects variations in local fishery resources.

The relationship between fishery resources and marine environment are complex, nonlinear,
and nonadditive [11]. In a quantitative analysis of the relationship between fish-egg density and marine
environment, the method choice is important. General additive models (GAMs) can better demonstrate
the nonlinear relationship between dependent and multiple independent variables [12], and they are
widely used in quantitative analyses of the relationship between fishery resources and environmental
factors [1,13–15]. On GAMs, the development status of Clupea harengus eggs distributed in western
Scottish waters was observed to be related to its vertical spatial distribution, and the development of
fish eggs near the bottom was relatively slow [16]. In the Baltic Sea, temperature had no significant
effect on the abundance of Platichthys flesus eggs [17]. The distribution of Engraulis encrasicolus and
Sardinella aurita in the Mediterranean Sea was related to the interaction between seabed depth and
sea surface chlorophyll a (Chl-a) concentration. The near-shore continental shelf area with a high sea
surface chlorophyll concentration was more suitable for spawning [18]. In China, on the basis of GAMs,
the spatial distribution of dominant fish eggs (Stolephorus commersonnii and Cynoglossus joyneri) in the
Haizhou Bay of the Yellow Sea was related to the underlying temperature [19], and the distribution
of Gadus macrocephalus eggs in the Yellow Sea was closely related to environmental factors such as
bottom-water temperature, quality, and salinity [20]. Satellite remote-sensing technology provides
all-weather, large-scale, and high-resolution marine-surface information, and it was successfully
applied to marine-fishery research [1,13,14,21]. In this study, satellite remote-sensing data were applied
in the analysis of the environmental effects of the spatiotemporal distribution of spawning grounds in
WGWs. The early supplementary mechanism of fishery resources in WGWs was explored, providing a
reference for the protection of fish habitats in the SCS.

2. Materials and Methods

2.1. Fishery Data

Fish egg data were obtained from spawning-ground surveys from 2014 to 2015 (April–June).
Major species of fish eggs identified in this study were Trichiurus haumela, Carangidae, Nemipteras
virgatus, Sardinella aurita, and Anchoviella commersonii. The research area was at 110–113◦ E, 19.5–22◦

N (Figure 1). Fish eggs were sampled by macroplankton nets with a hauling speed of 1.5 n mile/h
and then preserved in 5% formaldehyde solution. The fish eggs were identified by morphological
characteristics, including shape, size, chorion, yolk, oil globule, and pigmentation [9,10]. In this study,
fish-egg data were grouped by 0.25◦ × 0.25◦ grid cells. The unit of fish-egg density was ind (10 m)−3.

J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 2 of 14 

distribution of fish eggs and marine environment factors not only helps to understand the formation 

mechanism of spawning grounds but, also, reflects variations in local fishery resources. 

The relationship between fishery resources and marine environment are complex, nonlinear, and 

nonadditive [11]. In a quantitative analysis of the relationship between fish-egg density and marine 

environment, the method choice is important. General additive models (GAMs) can better demonstrate the 

nonlinear relationship between dependent and multiple independent variables [12], and they are widely used 

in quantitative analyses of the relationship between fishery resources and environmental factors [1,13–15]. On 

GAMs, the development status of Clupea harengus eggs distributed in western Scottish waters was observed to 

be related to its vertical spatial distribution, and the development of fish eggs near the bottom was relatively 

slow [16]. In the Baltic Sea, temperature had no significant effect on the abundance of Platichthys flesus eggs 

[17]. The distribution of Engraulis encrasicolus and Sardinella aurita in the Mediterranean Sea was related to the 

interaction between seabed depth and sea surface chlorophyll a (Chl-a) concentration. The near-shore 

continental shelf area with a high sea surface chlorophyll concentration was more suitable for spawning [18]. 

In China, on the basis of GAMs, the spatial distribution of dominant fish eggs (Stolephorus commersonnii and 

Cynoglossus joyneri) in the Haizhou Bay of the Yellow Sea was related to the underlying temperature [19], and 

the distribution of Gadus macrocephalus eggs in the Yellow Sea was closely related to environmental factors 

such as bottom-water temperature, quality, and salinity [20]. Satellite remote-sensing technology provides 

all-weather, large-scale, and high-resolution marine-surface information, and it was successfully applied to 

marine-fishery research [1,13,14,21]. In this study, satellite remote-sensing data were applied in the analysis of 

the environmental effects of the spatiotemporal distribution of spawning grounds in WGWs. The early 

supplementary mechanism of fishery resources in WGWs was explored, providing a reference for the 

protection of fish habitats in the SCS. 

2. Materials and Methods 

2.1. Fishery Data 

Fish egg data were obtained from spawning-ground surveys from 2014 to 2015 (April–June). Major 

species of fish eggs identified in this study were Trichiurus haumela, Carangidae, Nemipteras virgatus, Sardinella 

aurita, and Anchoviella commersonii. The research area was at 110–113° E, 19.5–22° N (Figure 1). Fish eggs were 

sampled by macroplankton nets with a hauling speed of 1.5 n mile/h and then preserved in 5% formaldehyde 

solution. The fish eggs were identified by morphological characteristics, including shape, size, chorion, yolk, 

oil globule, and pigmentation [9,10]. In this study, fish-egg data were grouped by 0.25° × 0.25° grid cells. The 

unit of fish-egg density was ind (10 m)−3. 

 

Figure 1. Research area and survey stations of spawning grounds in Western Guangdong waters (WGWs; 

dotted box, area of satellite data). 

2.2. Environmental Data 

Figure 1. Research area and survey stations of spawning grounds in Western Guangdong waters
(WGWs; dotted box, area of satellite data).



J. Mar. Sci. Eng. 2020, 8, 607 3 of 13

2.2. Environmental Data

Satellite data were sea surface temperature (SST), sea surface chlorophyll a concentration (Chl-a),
and sea surface salinity (SSS). SST and Chl-a data were derived from MODIS Aqua products of NASA
(http://oceancolor.gsfc.nasa.gov), for which temporal resolution was 8 days, and spatial resolution was
4 km. SSS data were obtained from the Global Ocean Physical Reanalysis Product of the Copernicus
Marine Environment Management Service (CMEMS, http://marine.copernicus.eu/), for which temporal
resolution was one month, and spatial resolution was 1/12◦. The digital elevation model (DEM) of
WGWs was derived from elevation data of Google Earth, with an elevation level of 18 and a spatial
resolution of 8.85 m.

Satellite remote-sensing SST, Chl-a, and SSS data were derived by removing invalid values and
performing monthly averaging and data-fusing by using MATLAB (MathWorks, Natick, MA, USA)
software. Satellite remote-sensing SST, Chl-a, and SSS data were processed to monthly images through
ArcGIS 10.5 (Esri, Redlands, CA, USA)software (ordinary kriging) [22–24]. The distribution of seabed
depth (elevation) and seabed-terrain slope was plotted through ArcGIS 10.5 software by DEM data.

2.3. GAMs Fitting Procedures

The GAMs is an additive model that was proposed by Hastie [12]. It is a nonparametric method
of generalized linear regression [19]. The primary formulation of this model is

Y = α+
n∑

j=1

fi
(
x j

)
+ ε (1)

where Y, fish-egg density (ind (10 m)−3); xj, explanatory variable (environmental factors for each survey
station); α, formulation intercept; ε, residual; and fi(xj), any univariate function of the respective
variable with spline smoothing. The formulation of the GAM is

log(Y + 1) = s(Month) + s(Lon) + s(Lat) + s(SST) + s(Chl− a) + s(Slope) + s(SSS)+
s(Distance) + s(Depth) + ε

(2)

where Y is the fish-egg density. In order to prevent the response variable from appearing as zero,
we made a logarithmic transformation after Y + 1; s(x), spline-smoothing function of covariate x;
Month, month; Lat, latitude; Lon, longitude; SST, sea surface temperature; Chl-a, sea surface chlorophyll
a concentration; Slope, seabed terrain slope; SSS, sea surface salinity; Distance, closest distance from
the shore; Depth, water depth; and E, model error that obeyed the Gaussian distribution. The mgcv
package in R v.3.4.4 software (R Core Team, https://www.r-project.org/) was used to build and test the
GAMs [25,26], and a forward-stepwise method was employed to select variables with a significant
influence on the model.

The Akaike information criterion (AIC) was applied to check the fitness of the model after adding
variables to the model [27]. The smaller the AIC value is, the better the model fit. Generalized
cross-validation (GCV) was used to assess predictor variables. The smaller GCV is, the greater the
generalization ability of the model [28,29]. The significance and nonlinear contribution of the factor to
the nonparametric effect were evaluated by F and chi-squared tests, respectively [30–32].

The formula for calculating the AIC value is

AIC = θ+ 2d fϕ (3)

where θ, deviation; df, effective degree of freedom; and ϕ, variance.

http://oceancolor.gsfc.nasa.gov
http://marine.copernicus.eu/
https://www.r-project.org/
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2.4. Center of Gravity of Spawning Grounds

The center of the spawning-ground gravity (CoSGG) of fish-egg density in each month was
calculated with reference to the gravity-center analysis method [1], indicating the spatiotemporal
variations of spawning grounds in WGWs. The formula for calculating the CoSGG of spawning
grounds is [33]

X =
K∑

i=1

(Ci ×Xi)/
K∑

i=1

Ci

Y =
K∑

i=1

(Ci ×Yi)/
K∑

i=1

Ci (4)

where X and Y, CoSGG longitude and latitude; Ci, fish-egg density of fishing area i; Xi and Yi, central
latitude and longitude positions of fishing area i; and K, total number of fishing areas.

3. Results

3.1. GAMs Analysis

The spatiotemporal and environmental factors selected on the basis of AIC and GCV values were
month (Month), sea surface temperature (SST), chlorophyll a concentration (Chl-a), sea surface salinity
(SSS), distance from shore (Distance), and waters depth (Depth). In this study, the GAM formulation was

log(Y + 1) = s(Month) + s(SSS) + s(Depth) + s(SST) + s(Chl− a) + s(Distance) (5)

The deviance explained by this model was 57.2%, with R2 of 0.531 (Table 1).

Table 1. Deviance analysis for the general additive models (GAMs) fitted to the fish-egg density.

Model Factors AIC
Value

GCV
Value

Adjusted
R2 Value

Deviance
Explained(%)

Residual
Deviance

Log(Y + 1) = NULL 1354.16 6.30 0 0.00 1808.76
Log(Y + 1) = s(Month) 1349.69 6.21 0.02 2.6 1761.76

Log(Y + 1) = s(Month) + s(SSS) 1251.74 4.43 0.32 34.7 1181.80
Log(Y + 1) = s(Month) + s(SSS) + s(Depth) 1214.40 3.89 0.41 43.5 1022.39

Log(Y + 1) = s(Month) + s(SSS) + s(Depth) + s(SST) 1169.28 3.34 0.51 54.2 829.06
Log(Y + 1) = s(Month) + s(SSS) + s(Depth) + s(SST) + s(Chl-a) 1161.02 3.26 0.52 56.8 781.28

Log(Y + 1) = s(Month) + s(SSS) + s(Depth) + s(SST) + s(Chl-a) + s(Distance) 1159.03 3.24 0.53 57.2 774.32

In GAMs, the influence of the spatiotemporal and environmental factors on fish-egg density is
indicated by the contributions in Table 2. The most important influencing factor from the selected factors
was the SSS with a contribution of 32.1%, followed by SST, depth, month, and Chl-a, with contributions
of 10.7%, 8.8%, 2.6%, and 2.6%, respectively. The distance had slight influence on the fish-egg density,
explaining 0.4%. As indicated by the ANOVA F-ratio test, all selected factors in the model and fish-egg
density showed significant correlations (Pr(F) < 0.05). The chi-squared test evaluates the nonlinear
contribution of nonparametric effects, and the lowest value (Pr(chi)) was the best. In the GAMs,
the factors of the SSS, SST, and Depth were the best.

AIC, Akaike information criterion; GCV, generalized cross-validation; SSS, sea surface salinity;
SST, sea surface temperature; and Chl-a, chlorophyll a concentration.

In GAMs, the influence of spatiotemporal and environmental factors on the fish-egg density
were indicated by the contributions in Table 2. The most important influencing factor from the
selected factors was the SSS, with a contribution of 32.1%, followed by SST, depth, month, and Chl-a,
with contributions of 10.7%, 8.8%, 2.6%, and 2.6%, respectively. Distance had a slight influence on the
fish-egg density, explaining 0.4%. As indicated by the ANOVA F-ratio test, all the selected factors in
the model and fish-egg density showed significant correlations (Pr(F) < 0.05). The chi-squared test is
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a type of test to evaluate the nonlinear contribution of nonparametric effects, and the lowest value
(Pr(chi)) was the best. In GAMs, the factors of the SSS, SST, and Depth were the best.

Table 2. Contributions of the selected variables in GAMs.

Variables Contribution (%) d.f. Pr(F) Pr(chi)

SSS 32.1 10.57 2.2 × 10−16 *** 2.2 × 10−16 ***
SST 10.7 9.02 5.7 × 10−9 *** 4.6 × 10−10 ***

Depth 8.8 2.82 8.3 × 10−9 *** 1.9 × 10−9 ***
Month 2.6 1.81 0.019 * 0.018 *
Chl-a 2.6 4.28 0.004 ** 0.004 **

Distance 0.4 0.45 0.047 * 0.046 *

***, p < 0.001; **, p < 0.01; and *, p < 0.05. SSS, sea surface salinity; SST, sea surface temperature; Chl-a, chlorophyll a.;
d.f., degrees of freedom; Pr(F), p-value from an ANOVA F-ration test; and Pr(chi), a type of score test to evaluate the
nonlinear contributions of the nonparametric effects.

The relationships between the fish-egg density and the chosen factors are presented in Table 2. The
environmental factors (SSS, SST, and Chl-a) had the most significant influences on the model, with a
total contribution of 45.4% (Table 2). Among those factors, SSS had the greatest influence on the fish-egg
density, with a contribution of 32.1% (Table 2). Within the range of 24–30.5 Practical Salinity Unit (PSU),
an increase in the SSS had a positive effect on the fish-egg density. As the SSS increased, the confidence
interval decreased and reliability increased. Within the range of 30.5–32 PSU, the increase in the SSS
had a negative effect on the fish-egg density, with its confidence interval decreasing and credibility
increasing. Within the range of 32–34.5 PSU, the SSS increased with the increase in the fish-egg density,
reaching its maximum of 34.5 PSU. At the same time, the confidence interval decreased and reliability
increased (Figure 2b). The SST contribution to the model was 10.7% (Table 2). Within the ranges
of 24–25 and 27–29 ◦C, the fish-egg density increased with the increasing SST, and it reached its
maximum at 29 ◦C. Within the ranges of 25–27 and 29–32.5 ◦C, the fish-egg density decreased with the
increasing SST, reaching its minimum at 32 ◦C. Within the range of 29–32.5 ◦C, the confidence interval
increased with the increasing SST, and the reliability was reduced (Figure 2d). Chl-a had a slight
influence on the fish-egg density, with a contribution of 2.6% (Table 2). Within the ranges of 0–4 and
10–21 mg m–3, the fish-egg density showed an upward trend, which increased with an increase in the
Chl-a, and the fish-egg density reached its maximum at 21 mg m–3. Within the range of 10–21 mg m–3,
the confidence interval increased, and the reliability was reduced. Within the ranges of 4–10 mg m–3

and 21–35 mg m–3, the fish-egg density showed a downward trend. The fish-egg density decreased
as the Chl-a increased. The fish-egg density had its minimum at 33 mg m–3; near the minimal value,
the confidence interval was large, and the reliability was low (Figure 2e).

Spatial factors (depth and distance) contributed 9.2% to the model (Table 2). Depth contributed
8.8% to the model (Table 2). In the range of 0–18 m, the fish-egg density increased with the increase in
depth and reached its maximum at 18 m. Within the range of 18–45 m, the fish-egg density decreased
with the increase in depth, reaching its minimum at around 50 m. Within the range of 45–80 m,
the fish-egg density increased with the increase in depth, and the confidence interval increased and the
reliability decreased (Figure 2c). The contribution rate of distance to the model was 0.4% (Table 2).
There was a negative linear correlation between the fish-egg density and distance, and the fish-egg
density decreased with the increase in distance. After the distance reached 40 km, the confidence
interval increased, and the reliability decreased (Figure 2f).

The contribution of the time factor (month) to the model was 2.6%. The fish-egg density gradually
decreased with the increasing month value, reaching its maximum in April, and it remained at a high
level in April and May. In June, it dropped significantly, reaching its minimum (Table 2 and Figure 2a).
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Figure 2. A generalized additive models (GAMs) analysis of the effects of the spatiotemporal and
environmental factors on the fish-egg density in WGWs: (a) month, (b) seas surface salinity (SSS),
(c) depth, (d) sea surface temperature (SST), (e) chlorophyll concentration of a (Chl-a), and (f) distance.
Shadow areas, 95% confidence intervals. Rug plots on the x-axis indicate data density.

3.2. Relationship between Fish-egg Distribution and Environmental Factors

The spatiotemporal distribution of the fish-egg density and SST in WGWs is shown in Figure 3.
The SST of the study area was 22–24 ◦C in April, 24–26 ◦C in May, and 26–30 ◦C in June. Areas with a
high value of the fish-egg density in April were concentrated in a sea area with the SST of 22–24 ◦C,
in May with the SST of 24–25 ◦C, and in June with the SST of 28–30 ◦C (Figure 3a–c). In June, the
fish-egg density was generally lower than that in April and May and mainly distributed in high
latitudes (20.5–21.5◦ N) and high-SST (> 28 ◦C) waters (Figure 3c).
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Figure 3. Relationship between the spatiotemporal distributions of the fish-egg density, water
temperature, and salinity in WGWs: (a) SST in April, (b) SST in May, (c) SST in June, (d) SSS in April,
(e) SSS in May, and (f) SSS in June.
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The SSS gradually increased from April to June in WGWs. The high-SSS area tended to move
toward the northwestern area (Figure 3d–f). The area with high fish-egg density was concentrated in
waters with an SSS of 33.2–33.5 PSU in April, 33.7–33.8 PSU in May, and greater than 33.9 PSU in June.

3.3. Relationship between Fish-egg Distribution and Spatial Factors

The spatial-factor analysis (distance, depth, and slope) and fish-egg density in WGWs showed
that the fish-egg density in near-shore areas was generally higher than that in offshore areas (Figure 4a).
The fish-egg density was higher in shallow waters (10–20 m) and lower in relatively deep waters
(40–70 m) (Figure 4a). In this study, the fish-egg density reached its maximum near the Qiongzhou
Strait (32070.05 ind (10 m)−3), where the seabed slope was higher (seabed slopes > 1◦) than that in
other areas (density > 10,000 ind (10 m)−3) (Figure 4). The fish-egg density in this area was higher than
that in other areas (Figure 4b).
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water depth and (b) distribution of seabed slope; r, a score of Pearson correlation coefficient; and P,
p-value from Pearson correlation coefficient.

3.4. CoSGG Variations of Spawning Grounds in WGWs

The CoSGG of the spawning ground in WGW moved from the southwest of the study area to the
northeast from April to June (Figure 5a). It was located in the area near Leizhou Peninsula (110.87◦ E,
20.68◦ N, green dot in Figure 5a) in April, moved to the eastern waters (111.20◦ E, 20.72◦ N, red dot in
Figure 5a) in May, and shifted to the northern waters (111.25◦ E, 20.94◦ N, yellow dot in Figure 5a) in
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4. Discussion

4.1. Effects of Environmental Factors on Fish-Egg Density

The results of this study highlighted the importance of examining multiple environmental drivers
when assessing fish-egg responses to environmental conditions [34,35]. In particular, interactions
between geographical and ecological environmental factors obtained from the satellite remote sensing
and fish-egg density were found on the basis of GAMs. Among the selected factors, the SSS had
the greatest influence on the fish-egg density, with a contribution of 32.1% (Table 2). Fish egg is an
early stage of fish-life history. Therefore, the water environment, especially salinity, was one of the
major factors affecting the metabolism of fish eggs [36]. Salinity affects embryos developed through
changing the osmotic pressure of fish eggs. The research indicated that the hatching rate and increasing
salinity showed an approximately normal distribution trend [37]. A higher or lower salinity hinders
the material exchange between fertilized eggs and the surrounding medium, resulting in the reduction
of the hatching rate and embryo malformation [38]. This study showed that fish eggs in WGWs were
mainly distributed in waters with an SSS of 31.5–34.5 PSU, and the most suitable SSS for fish eggs
was 33–34.5 PSU (Figure 2b). There were relatively concentrated spawning grounds for Trichiurus
haumela and Nemipteras virgatus in WGWs, where the suitable salinity ranges were 33.0–34.5 [39] and
33.94–34.92 PSU [40], respectively, consistent with the results of this study. In addition, the salinity
affected the vertical distribution of fish eggs in the water. In low-salinity waters, fish eggs tended to
accumulate, making them unable to get enough oxygen, which was not conducive to the development
of the fish eggs. In high-salinity waters, on the other hand, fish eggs could be suspended or floated in
water. This could facilitate oxygen absorption from the surrounding water, improving the hatchability
of the fish eggs [38,41].

The SSS in the northeastern part of the study area was significantly lower than that in other waters,
and the fish-egg density in this area was generally lower than that in other waters (Figure 3d–f) because
of the dilution of the Pearl River estuary. From the GAM analysis, the fish-egg density fluctuated
with the increase in salinity in the salinity range of 30–34.5 PSU, partly connected with different
salinity-suitability levels for various fish-species eggs. The northern SCS is an area with multispecies
fishery resources and a complex composition [42]. Suitable salinity (about 34 PSU) provides spawning
grounds for fish of different reproductive habits [43]. In addition, the sea-salinity gradient had a certain
effect on the spawning grounds. The salinity gradient in Leizhou Bay in China is small, and the salinity
has little effect on fish eggs [44]. The salinity gradient in WGWs was larger, and the salinity had a
greater impact on the density and spatial distribution of fish eggs.

The contribution rate of the SST to the fish-egg density was 10.7% (Table 2). Fish eggs in
WGWs were mainly distributed in waters with SST of 22–32 ◦C, and the most suitable SST for
fish egg survival was 24–30 ◦C (Figure 2d). Studies showed that the suitable temperature for the
fish eggs of Trichiurus haumela in the SCS was 25–28 ◦C [39], consistent with the results of this
study. The effects of temperatures at 25 and 29 ◦C on the fish-egg density had two distinct peak
areas (Figure 2d), related to the characteristics of multi-fish-species fishery resources in WGWs [43].
The water temperature is one of the key factors affecting fish metabolism [36,45]. The water temperature
affected the number, distribution, and population structure of fish eggs by affecting the adult gonadal
development and reproductive migration [46]. The water temperature also had a significant impact on
the metamorphosis [6] and hatching speed of fish eggs [47]. The fish-egg density sharply decreased
in June, which might have been related to changes in the water temperature. The average water
temperature in June was higher (greater than 28 ◦C; Figure 3c), which reduced the survival rate of
some eggs that did not tolerate high temperatures, leading to a decrease in the fish-egg density [48].
On the other hand, an increase in the water temperature promotes the development of some fish eggs,
shortens their hatching time, and accelerates the speed of fish-egg hatching, which also leads to a
decrease in the fish-egg density [38]. In the East China Sea, the fish-egg density in the summer (June)
was higher than that in the spring [49], which was different from the results of this study. This may be
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related to the difference in the water temperatures in this month. In June, the SST (28–32 ◦C) in WGWs
was higher than the SST (20.03–27.13 ◦C) in the East China Sea [49]. Different water-temperature levels
affected the density and distribution of the fish eggs. The GAM analysis showed that the contribution
rate of Chl-a to the fish-egg density was only 2.6% (Table 2). Chlorophyll had little effect on the fish-egg
density, because the eggs were in the endotrophic stage and could not prey [6,50].

4.2. Effects of Spatial Factors on Fish-Egg Density

The GAM analysis showed that depth ranked the third in the impact on the fish-egg density,
with a contribution of 8.8% (Table 2). The research area was located in the sea with a water depth of
8–55 m. The effect of water depth on the fish-egg density showed a fluctuation trend that first increased,
decreased, and then increased (Figure 2c). Water depth was one of the major reasons affecting the spatial
distribution of spawning grounds [50]. Trichiurus haumela in WGWs mainly spawned in waters with a
depth of 40–70 m [39]. Carangidae fish spawned in waters with depths lower than 60 m in the spring and
summer [33]. Nemipteras virgatus mainly inhabited the bottom sediment, with a depth of 60–80 m [40].
The eggs of Anchoviella commersonii were mainly distributed in areas with depths of less than 20 m [51].
The eggs of Sardinella aurita were mainly distributed in areas with a depth of 10 m [52]. Anchoviella
commersonii and Sardinella aurita of pelagic fish and Nemipteras virgatus and Carangidae of demersal
fish inhabited areas with different water depths. Therefore, the effect of water depth on the fish-egg
density in the study area showed a fluctuation trend. In WGWs, the fish-egg density in the deep-water
areas was significantly lower than that in shallow–water areas (Figure 4a). The relatively harsh lived-in
environments of fish living in deeper waters (less food in shallow waters) and other factors might
increase the breeding interval of these fish (annual to perennial). Therefore, the fish-egg density in
deep waters was lower than that in other areas [53]. The relevant research found that, in the coastal
waters of the North Sea, fish eggs tended to gather in shallow waters (<40 m) and form spawning
grounds [50,54]. This was similar to the distribution characteristics of spawning grounds in WGWs.
This might be due to the abundance of bait organisms in shallow offshore waters, which can provide
an ideal spawning ground for fish [53,55]. Fish eggs cannot swim or move independently [49,56].
Therefore, fish eggs floating in the water are susceptible to the effects of ocean currents. The complex
seabed terrain reduced the flow velocity and helped fish eggs to gather in this area. This study showed
that there was a significant positive correlation between the fish-egg density and seabed slope (p < 0.05;
Figure 4b). The Qiongzhou Strait (Figures 1 and 4b) had a high seabed-slope value, and the fish-egg
density in this area was also higher than that of other areas (Figure 4). This was because the complex
seabed topography provides an ideal environment for fish-spawning communities [19,57]. Previous
studies showed that the spawning grounds of the Baltic herring (Clupea harengus membras) were also
distributed in steep areas with steep slopes on the seabed [58]. Therefore, the seabed slope was one of
the conditions for the formation of spawning grounds, and the area with a high seabed-slope value
tended to attract fish to spawn.

The distance from shore had the least effect on the fish-egg density, with a contribution of 0.4%
(Table 2). The distance of the survey stations in this study was 0-60 km, and the effect on the fish-egg
density gradually decreased with the increase in distance (Figure 2f). In this study, the fish-egg density
in farther areas was significantly lower than that in offshore areas. This might be connected with the
reproductive migration of fish to offshore areas in the spring and the formation of a central spawning
ground in offshore areas [49].

4.3. Spatiotemporal Distribution of Fish-Egg Density in WGWs

The center of gravity of the spawning ground in WGWs moved 0.38◦ E to the east and 0.26◦ N to
the north from the spring to summer (Figure 5). Fish eggs cannot swim [56], and their distribution
was related to physical oceanographic factors such as currents and tides [49]. The position of the
spawning ground was affected by changes in the ocean currents. Ocean currents such as the Western
Guangdong coastal current (WGCC) and the South China Sea warm current (SCSWC) existed in
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the WGWs (Figure 6) [59]. There was a coastal flow from the Pearl River estuary along the coast
of Western Guangdong to the southwest, lastly crossing the Qiongzhou Strait into the Beibu Gulf
(Figure 6) [60]. From May to August, a cyclonic circulation was formed in the area centered at 20–20.5◦

N and 110.75–110◦ E in WGWs (Figure 6b, c). A cold center was formed in this area, with lower
temperatures than those of the surroundings (Figure 3c) [61]. In the outer WGCC area, there is a warm
current in the South China Sea (SCSWC) that flows fast northeastward all year round (Figure 6) [2,62].
Therefore, fish eggs were affected by the cyclonic circulation (survey time was in late-May) and drifted
eastward to gather northeast of Hainan Island (Figure 6) in April and May. In June, the fish eggs
drifted northeastward due to the SCSWC with a fast flow. In WGWs, the fish-egg density in each
month showed higher in the west and lower in the east, reaching its maximum in the eastern waters of
the Leizhou Peninsula (Figure 6). This was related to the WGCC that flew westward all year round.
Fish eggs drifting along the WGCC gathered in the northeastern waters of Hainan Island (Figure 6).
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Figure 6. Spatial distribution of the ocean currents and fish eggs in WGWs: (a) April, (b) May,
and (c) June (arrow direction represents the current direction). Black arrow, western Guangdong
coastal current (WGCC); blue arrow, cyclonic circulation; and red arrow, South China Sea warm current
(SCSWC).

5. Conclusions

This study analyzed for the first time the environmental effects of the spatiotemporal distribution
of the spawning grounds in WGWs on the basis of satellite remote-sensing and survey data. The most
important environmental factor affecting the fish-egg density was the SSS, followed by the SST, depth,
month, Chl-a, and distance. The spawning grounds in WGWs were mainly distributed in waters
with an SSS of 33.0–34.5 PSU, SST of 24–29 ◦C, and depth of 5–25 m. The complex seabed terrain was
conducive to the accumulation of fish eggs. The results of this study were helpful in understanding
the spatiotemporal distribution of early supplementary populations of fishery populations and their
response mechanisms to environmental changes in WGWs.
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