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Abstract

:

Yangjiang coastal waters provide vital spawning grounds, feeding grounds, and nursery areas for many commercial fish species. It is important to understand the spatial distribution of fish for the management, development, and protection of fishery resources. In this study, an acoustic survey was conducted from 29 July to 5 June 2021. Meanwhile, remote sensing data were collected, including sea surface temperature (SST), chlorophyll concentration (Chla), sea surface salinity (SSS), and sea surface temperature anomaly (SSTA). The spatial distribution of density and biomass of fish was analyzed based on acoustic survey data using the geostatistical method. Combining with remote sensing data, we explored the relation between fish density and the environment based on the GAMs model. The results showed that fish are mainly small individuals. The horizontal distri-bution of fish density had a characteristic of high nearshore and low offshore. In the vertical direc-tion, fish are mainly distributed in surface-middle layers in shallow waters (<10 m) and in middle-bottom layers in deeper waters (>10 m), respectively. The deviance explained in the optimal GAM model was 59.2%. SST, Chla, SSS, and longitude were significant factors influencing fish density distribu-tion with a contribution of 35.3%, 11.8%, 6.5%, and 5.6%, respectively. This study can pro-vide a scientific foundation and data support for rational developing and protecting fishery re-sources in Yangjiang coastal waters.
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1. Introduction


Coastal waters not only have high primary production and abundant fish resources, but also provide spawning ground, feeding ground, and nursery areas for commercial fish species [1]. However, fish in coastal zones are facing habitat destruction and fragmen-tation [2,3], declining resources [4,5], and less diversity [6], on account of several factors, including overfishing [7,8], marine pollution, aquaculture [9], and climate change [10,11]. Effective and accurate monitoring and assessment of fish resources are conducive to sus-tainable development, utilization, and conservation of fishery resources. Hydroacoustics is an important method for studying fish populations, which could provide fishery infor-mation about the size, abundance, biomass, and spatial distribution of fish [12,13,14,15,16,17]. When compared with traditional sampling methods, the technology has the advantages of being fast and efficient, having high accuracy, and inflicting no damage on fishery resources [18,19,20]. With advances in technology, hydroacoustic has been widely used to assess and manage fisheries in the ocean [21,22,23,24,25,26].



However, the abundance and biomass of fish, obtained from acoustic data, are cross-section data. To obtain continuous distribution data of fish abundance and biomass, in-terpolation is an option. The distribution of organisms and natural variables usually has various spatial heterogeneities and autocorrelations [27,28,29]. Classical statistical methods do not consider this. On the other hand, geostatistical interpolation methods are built on the spatial autocorrelation of observed data and the spatial variability of natural phenom-ena. The theoretical basis and tool for geostatistics [30] are the regionalized variable theory and variance function. Fish abundance or biomass coming from hydroacoustics, com-bined with the geostatistical method, was regarded as the best option to simulate species distribution or spatial dependence of biomass and environmental factors [31,32,33,34,35,36].



The environment influences the distribution of fish [37]. Satellite remote sensing is an essential tool for studying the ocean [38], providing a huge amount of marine data, including biotic (chlorophyll, fluorescence, primary productivity, etc.) and abiotic (cur-rents, eddies, water temperature, winds, waves, sea surface height, transparency, etc.), with the advantages of rapid, large-scale, long-time, and synchronous observation and easy acquisition [39,40]. Knowledge of the relationship between these environmental data and fishery data (catch, survey, etc.) is the foundation for assessing fishery resources and predicting variations in fishing grounds. Some research hold that fisheries have a com-plex, nonlinear, and nonadditive relation with the environment [41,42]. The generalized additive models (GAMs), proposed by Hastie [43], are powerful tools for dealing with the nonlinear relation between biological population and environmental variables. Based on this model, some exports and scholars have made a lot of research on the relationship between fish and the environment [44,45,46,47,48,49,50,51].



Yangjiang coastal waters have excellent water quality and well-developed aquacul-ture. However, with the development of seaside industries and aquaculture, the ecologi-cal environment of coastal waters has been facing challenges [52,53]. Based on the Guang-dong Provincial Marine Environment Bulletin, water quality in Yangjiang coastal waters has been declining in recent years; for example, in Haitou Bay and the southern waters of Dongping Fishing Port, the seawater quality standard has dropped from Level I in 2015 to Level IV in 2017 [54]. According to the Guangdong Provincial Offshore Wind Power Development Plan (2017–2030) (revised), several offshore windfarms will be built in Yangjiang coastal waters, which will often have impacts on the marine environment and marine fishery resources [55,56,57]. Habitat degradation has also been found in Hailing Bay [58]. Variations in the marine environment can affect fishery resources. However, few studies on fish have been made in this region. Zhang et al. [59] investigated the species, quantity, and distribution of fish larvae and eggs in 1998. Jia et al. [60] studied the conditi-on of fishery resources in Hailing bay and Zhenhai bay.



In this paper, the specific objectives were (1) to analyze the spatial distribution of fish density and biomass using the geostatistical method; (2) to investigate the relation be-tween fish density distribution and the environment. This is the first time that hydroa-coustics was used to investigate fishery resources in Yangjiang coastal waters. This study not only provides a scientific basis for fishery management in Yangjiang coastal waters but also provides fundamental data for the fishery big data platform in the future.




2. Data and Methods


2.1. Study Area


Yangjiang coastal waters, situated on the northern South China Sea, have a bathy-metric range of 0–22 m (Figure 1). The climate is subtropical oceanic monsoon with high temperatures; rainy summers; and mild, variably rainy winters. The mean annual tem-perature is 22.5 °C; the mean annual precipitation is 2200 mm; the tide is an irregular sem-idiurnal tide, and the tidal mean annual difference is 1.57 m [53]. There are several rivers entering the sea, such as Moyang River, Nalong River, and Shouchang River. Superior natural conditions and diverse habitats such as estuaries, harbors, mudflats, and mangroves provide ideal places for economic animals such as fish, shrimp, and crabs to fish breed and grow. According to the results of the investigation of Jia et al. [60], the dominant fish species were mainly Thrissa kammalensis, Stolephorus commersoni, Sardinella zunasi, Carangoides kalla, and Thrissa dussumieri in the study area, and their proportion was 82.35% of the total catch. These fish species are all warm-water small pelagic fishes and usually inhabit middle and upper water layers. Due to overfishing, these small pelagic fish have become the dominant species in many offshore regions [61,62,63,64]. These small pe-lagic fishes are coastal fish [65,66,67] with obvious seasonal migration characteristics: in spring and summer, they migrate to shallow coastal waters for spawning, baiting, growth, and development, and in autumn and winter, they migrate to the offshore sea for over- wintering.




2.2. Acoustic Data


We conducted an acoustic survey in Yangjiang Coastal waters during the day from 29 June to 5 July 2021. A split-beam BioSonic DT-X echosounder (frequency: 200 kHz, beam angle: 6.7°) was used to collect data. The transducer was fixed away from the ship engine. The transducer was oriented vertically and 0.8 m beneath the water surface. The Biosonics software Visual Acquisition was utilized for collecting acoustic echograms. Meanwhile, coordinates were perceived by GPS receivers. The main parameters are as follows: collection threshold was −130 dB; pulse duration was 0.4 ms.



Echo integration was used to calculate fish density. All data processing was carried out in the software Visual Analyzer 4.0. Analysis in Visual Analyzer followed the user guide [68]. Fish density (  ρ )   was calculated using the equation:   ρ = S v / σ  .  σ  is the volume backscattering section and related to target strength (TS):   T S = 10 log  σ   .   S v   is the vol-ume backscattering strength (dB) and is as ten times the log of the sum of the gain-cor-rected reflected intensity samples (P), divided by the sum of the samples, times the system scaling constant (   ρ c  )  :   S v = 10 log (  ρ c  ∗ ( ∑ P / ∑ s a m p l e s ) )  . The bottom line was obtained by the bottom tracking algorithm. Then the bottom was transferred up 0.5 m to eliminate the interference of bottom noise. The echograms between 1.5 m below the transducer and the adjusted bottom line was processed. In order to shield the effect of other scatterers, such as plankton, etc., the target strength threshold was placed at –60 dB [69]. Single target analysis algorithms from the built-in software of Visual Analyzer were used to analyze acoustic data. Specific parameter settings are as follows: the minimum pulse coefficient is 0.75, the maximum pulse-back coefficient is 3, and the termination pulse width of –12 dB. Each analysis unit consists of 1200 pings, and the results of the analysis were including fish per unit area (FPUA), volume backscattering coefficient (Sv), fish per cubic meter (FPCM), backscattering cross section (σ), the starting coordinates, mean water depth, and TS distribution. Among them, FPUA and FPCM contain the following relationship:   F P U A = F P C M × d e p t h  .




2.3. Remote Sensing Data


Remote sensing data included sea surface temperature (SST), chlorophyll concentra-tion (Chla), sea surface temperature anomaly (SSTA), and sea surface salinity (SSS). Among them, SST, Chla, and SSTA were collected from the Pacific fisheries science center of the National Oceanic and Atmospheric Administration (https://ocean-watch.pifsc.noaa.gov/ (accessed on 13 September 2022)). SST and SSTA data were from data products of the NOAA Coral Reef Watch Program, with a spatial resolution of 5 km and a temporal resolution of daily. Due to cloudy and rainy weather, multi-day data were not available, so Chla data from Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua data, with a spatial resolution of 4 km and a temporal resolution of 8 days were chosen. In order to be consistent with the resolution of acoustic data, ArcGIS was used to process the resolution of SST, Chla, and SSTA as 0.01° with the resample tool. SSS was downloaded from the Copernicus Marine Environment Management Service (http://marine.copernicus.eu (accessed on 13 September 2022)). The temporal and spatial resolution of SSS is daily and 1/12°, respectively. Remote sensing data of SST, Chla, SSTA, and SSS were extracted using MATLAB software in the study area.




2.4. Geostatistic Analysis


The variation function is defined as:


  γ  h  =  1  2 N  h      ∑   i = 1   N  h        z    x i    − z    x i  + h      2   



(1)







In the formula,   γ  h    is semi-variance;  h  is lag distance,   z    x i      is the observed value at sampled point    x i   ,   N  h    is the number of pairs separated by distance  h  [70]. The main specific process is as follows:




	(1)

	
Normality distribution test was performed. If the conduction of normal distribution was not satisfied, logarithmic, reciprocals, square roots, inverse square roots or Box-Cox transformations were available;




	(2)

	
Transformed data were modeled using the semi-variance function on the premise of isotropy. In general, there are 3 models: spherical, exponential, and Gaussian. The model is described by three parameters as follows [71]: (i) nugget,    C 0   , Y-axis inter-cept of the model; (ii) sill,    C 0  + C  , asymptote of the model; (iii) range, a, spatial de-pendence is apparent when the distance greater than the parameter;




	(3)

	
The parameters of residual sums of squares (RSS) and regression coefficient (   r 2  )   are all important indicators that can reflect a fitting degree of model. The most suitable model had the highest    r 2    and smallest RSS. Then, kriging interpolation was per-formed based on the final model;




	(4)

	
Verification of results. Cross-validation was adopted.










2.5. GAMs


In general, the equation of GAMs is as follows:


  g    u i    =  β 0  +   ∑   i = 1  n   f i     x i    + ε ,  



(2)







In the formula,   g    u i      is a link function;    u i    is response variable, and it represents FPUA in the paper;    β 0   , the intercept in y-axis;   f  x   , a smooth function;    x i   , the explana-tory variable, and it represents geographical and environmental factors in the paper (Table 1); ε, random error.



The collinearity between the environmental factors was tested by the variance infla-tion factor (VIF). If VIF > 10, the factor was removed [72]. With latitude, water depth, and sea surface temperature anomaly (SSTA) with larger VIF removed, the results are pre-sented in Table 2. Then, we adopted the stepwise method to add variables step by step (Table 3). The degree of model fitting is related to Akaike’s information criterion (AIC) [73]. Finally, the model was selected when the value of AIC no longer decreased. These processes were performed with the software R.





3. Results


3.1. Size of Fish


The distribution of target strength (TS) was −58~−30 dB. The main range of TS was −58~−44 dB, which accounted for about 90.97% (Figure 2). On the basis of the formula of fish target strength and body length [74]:   T S = 19.1 log 10  L  − 64.07  , the distribution range of body length of fish is about 2−11 cm, with a mean fish length of 5.24 cm, which indicates that fish are mainly small individuals in study areas.



Mean fish density was negatively correlated with water depth with a Pearson corre-lation coefficient of 0.63 (Figure 3a). Distribution of TS in different water depths showed a larger size of adult fish gathering in deeper water while juvenile fish were mainly dis-tributed in shallow water (Figure 3b,c).




3.2. Distribution of Fish Density and Biomass Based on Geostatistic


Fish density was expressed as fish per unit area (FPUA). Total backscattering cross sections (σ) in per unit volume can be quantified by volume backscattering coefficient (Sv). Thus, as a proxy of fish biomass [17], we use it to represent fish biomass in this paper.



As Table 4 shows, the optimal model for fish density and biomass are all exponential models. The nugget coefficient is an important indicator of the degree of spatial heteroge-neity. The nugget coefficient of fish density was 0.273, while that of acoustic biomass was 0.498. This indicates that fish density and biomass all had moderate spatial auto-correlation.



The results of kriging interpolation and cross-validation are shown in Figure 4. Cross-validation results suggest that the fish density and acoustic biomass data predicted by the geostatistical model and the measured data that came from acoustic data had a regression coefficient of 0.63 and 0.61, respectively.



The range of fish density and acoustic biomass was 0.009–1.88 ind./m2 and 0.027–7.153 10–6 m2/m3, with a mean value of 0.375 ind./m2 and 0.638 × 10–6 m2/m3, respectively. The spatial distribution of acoustic biomass is similar to fish density. The distribution of fish density and biomass all had a characteristic of high nearshore and low offshore.




3.3. Vertical Fish Density Distribution


The parameter of FPCM was used to analyze the fish distribution vertically. Fish den-sity in shallow water areas (<10 m) is larger than that in deep water areas (>10 m) (Figure 5a). Water depth was stratified in units of 2 m. In the vertical direction, fish were mainly distributed in the surface and middle water layers when the water depth was less than 10 m (Figure 5b); fish were mainly distributed in middle and bottom water layers when the water depth was greater than 10 m (Figure 5c).




3.4. Fish Density and Environmental Factors—GAM Model


The expression was as follows:


  log   F P U A + 1   ~ s   S S T   + s   C h l a   + s   S S S   + s   L o n   ,  



(3)







Cumulation deviance explained by the optimal model for fish density is 59.2%. The contributions of factors affecting fish density are represented in Table 5. The results show that SST was the most influential factor and had a contribution of 35.3% (Table 5). Other factors successively are chlorophyll, SSS, and Longitude, with contributions of 11.8%, 5.6%, and 6.5%, respectively (Table 5). The F-test showed that all factors had a significant influence on fish density (p < 0.01).



SST had a maximum contribution of 35.3%. Fish density had a negative correlation with SST, and fish density declined with the increase of SST. In range of 29.25–29.45 °C and 29.45–30.13 °C, with the increase of SST, the confidence interval decreased and increased, respectively (Figure 6a). The contribution of chlorophyll was 11.8%. Fish densi-ty had a positive linear relation with chlorophyll density and increased with the increase of chlorophyll density in the range of 0.37–10.53 mg/m3. When the range of chlorophyll density was 0.37–4 mg/m3 and 4–10.53 mg/m3, the confidence interval reduced and increased, respectively (Figure 6b). SSS had a contribution of 5.6%. In range of 31.9 to 32.4 PSU and 32.9 to 33.5 PSU, fish density declined with the increase of salinity; and in the field of 32.4 to 32.9 PSU, fish density increased with the increase of salinity. In range of 31.9 to 33 PSU, the confidence interval decreased. In the field of 33 to 33.5 PSU, the confidence interval first increased and then decreased (Figure 6c). The contribution of longitude was 6.5%. In range of 111.9°E to 112.2°E, fish density had a negative relation with longitude and decreased with the increase of longitude; in the range of 112.2°E–112.5°E, fish density was stable at a lower level. The confidence interval was reduced when the longitude was 111.9°E–112.1°E and increased when the longitude was 112.1°E–112.5°E (Figure 6d).





4. Discussion


4.1. Size, Number and Distribution of Fish Resource


In this paper, we found that fish are mainly small individuals with a mean fish length of 5.24 cm in Yangjiang coastal waters. Several reasons account for the phenomenon. First, coastal waters are usually spawning and nursery areas of local and migratory fish. The breeding season for fish is usually in spring and summer. Second, according to the survey of Jia et al. [60], the dominant fish species were mainly small pelagic fish in shallow water. This phenomenon was also found in other regions. Fu et al. [75] also found that the mean fish length was 6.92 cm and the number of juvenile fish accounted for 85.86% in summer in coastal waters of northwest Beibu Gulf; Guo et al. [76] found that there were the largest mantissa density and smallest average individual quality of fish resource in Daya Bay as a result of small dominant fish species such as Trachuurus japonicus, Culpanodon punctatus, Apogon lineatus, and leiognathus brevirostris; Yan et al. [77] also found that the proportion of fish biomass with body weight less than 10 g reached 90.93% in summer in Huangmao Bay.



The distribution of fish density had a characteristic of high nearshore and low off-shore. The increased number of juvenile fish in coastal waters is an important reason. In spring and summer, a large number of small pelagic fish migrate to shallow coastal waters for spawning. Higher productivity in coastal waters provides sufficient food for fish. Meanwhile, from May 1 to August 16 is the closed fishing season. Under these conditions, the number of adults and juvenile fish increases. Chen et al. [78] also pointed out that fish populations would grow rapidly under the conditions of no fishing pressure and rela-tively sufficient food.



In the vertical direction, we found that when the water depth < 10 m, fish was mainly distributed in the middle-surface water layers, and when the water depth > 10 m, fish were mainly distributed in middle-bottom water layers. First, shallow water has high pri-mary productivity and abundant food to attract fish to gather; second, fish in shallow water are mainly juvenile fish; third, predation pressure is less in shallow water. This phe-nomenon has also been found in the Yellow Sea [79] and the Pearl River Estuary [80].



The mean fish density in Yangjiang coastal waters in summer was 3.75 × 105 ind./km2, which is larger than that in other regions in China (Table 6, Figure 7). First, bottom trawl was used in most studies. In general, fish at the bottom and near-bottom were investigated using bottom trawl, and fish in the whole water were investigated using hydroacoustics. Coupled with the selectivity of gear, bottom trawl may lead to an underestimation of fish density. Second, this may be related to perfect fishery protection measures and low fishing intensity. In order to protect marine organisms, several marine protected areas have been established. At the same time, recreational fishing and deep-sea fishing have been encour-aged to develop. These provide favorable conditions for the growth and reproduction of fisheries.




4.2. Relationship between Fish Density and Environmental Factors


For this article, GAMs results showed that SST, Chlorophyll, and SSS had significant impacts on fish density distribution. In these factors, SST was the most influential factor and had a contribution of 35.3%. We also found that fish density had a negative correlation with SST. With the increase in SST, fish density decreased. Water temperature not only affects the metabolism, growth, and reproduction of fish [90], but also affects fish activities (such as distribution and migration) [91]. In summer, fish are mainly warm-water and warm-temperature species offshore of the South China Sea [92]. Coastal waters have higher SST, which is not conducive to inhabitation for fish [78]. Temperature has also been viewed as the major factor influencing fish distribution in Maryland’s coastal bays [93] and Zhoushan Islands [94].



Chlorophyll concentration was an important factor with a contribution of 11.8%. Fish density was positively associated with chlorophyll concentration. With the increase in chlorophyll concentration, fish density increased. Chlorophyll can reflect phytoplankton’s biomass and can be used to estimate primary productivity [95]. Yangjiang has developed aquaculture in coastal waters. A large amount of nutrients salt from rivers carried, cage, and pond culture enter the bay, making plankton grow and multiply. Enough food and a suitable environment attract fish to gather. This is one of the reasons why fish density is high in coastal waters.



Sea surface salinity was also an important environmental factor with a contribution of 5.6%. This may be related to the presence of large numbers of juvenile fish in offshore waters. Compared with adult fish, juvenile fish are easily affected by salinity due to their incompletely developed organs [96]. Many studies have found that salinity is an import-ant factor affecting the distribution of larvae and juveniles [97,98,99]. Feng et al. [72] also found that salinity was an important factor influencing fish larvae density in western Guangdong water and the most suitable salinity range was 33.0–33.8 PSU. Fish density de-creased sharply when salinity is more than 33 PSU, this may be because that too-high salinity was not conducive to adult and juvenile fish. Salinity not only affects fish distribution [100], but also affects reproductive potential [101], species richness [102], community structure [103], and distribution pattern [104,105] of fish, especially in estuary.




4.3. Limitations and Prospects


In the study area, fish are mainly small pelagic fishes. In the daytime, fish are usually found close to the bottom [106], maybe in the dead zone; at night, fish usually leave the bottom and schools disaggregate [69,107,108]. In this paper, we only had acoustic survey data in the daytime. This may result in an underestimation of fish density. Meanwhile, the acoustic beam direction is vertical. In shallow water, small observation volume caused by the surface blind zone and the bottom dead zone [109] and fish avoidance caused by vessel noise [110] also led to an underestimation of fish density [111]. Thus, in order to estimate fish density accurately, in the future, we should add horizontal beam observation in shallow water and acoustic surveys at night.



Fish abundance is affected by a combination of physical factors (such as salinity, tem-perature, turbidity [112], dissolved oxygen [113,114,115], water depth [113], and chlorophyll [116]) and biotic factors (such as habitat [117], migration [118,119,120], and reproduction). The season is also an important factor [20,75,83], and fish density distribution and the influencing factors varied with it.



In this paper, we only analyzed the influence of several factors including SST, chloro-phyll, and SSS on fish density in a short time. In the future, more environmental factors should be collected and considered to increase the accuracy of the model.





5. Conclusions


In this paper, we utilized acoustic data to analyze the spatial distribution of fish abun-dance and biomass using the geostatistical method. Then, the relationship between fish density and environmental factors was analyzed based on GAMs. The main conclusions can be drawn as follows:




	(1)

	
Fish are mainly small individuals in Yangjiang coastal waters in summer;




	(2)

	
The spatial distribution of fish density and acoustic biomass all had a characteristic of high nearshore and low offshore. Geostatistical analysis indicated that fish density and acoustic biomass had moderate spatial autocorrelation;




	(3)

	
In vertical direction, fish usually inhabit waters of upper-middle depth in shallow water areas (<10 m), and in deeper water areas (>10 m), fish usually inhabit waters in the middle and bottom;




	(4)

	
GAMs showed that SST, SSS, and longitude have a very significant correlation with fish density (p < 0.001), and chlorophyll has a significant correlation with fish density (p < 0.01).
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Figure 1. Location of the study area, which was highlighted in orange. These light blue areas are marine protected areas, and the green points represent mangrove wetlands. 
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Figure 2. Distribution of Target Strength. 
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Figure 3. (a) Relationship between mean fish length and mean depth. (b) TS distribution in different water depth. (c) Spatial distribution of mean fish length in Yangjiang coastal waters. 






Figure 3. (a) Relationship between mean fish length and mean depth. (b) TS distribution in different water depth. (c) Spatial distribution of mean fish length in Yangjiang coastal waters.



[image: Remotesensing 15 00543 g003]







[image: Remotesensing 15 00543 g004 550] 





Figure 4. (a) Geostatistical interpolation result (density), (b) cross-validation (density), (c) geostatis-tical interpolation result (biomass), (d) cross-validation (biomass). 
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Figure 5. (a) Vertical distribution of fish density, (b) fish distribution in echogram (depth < 10 m), (c) fish distribution of in echogram (depth > 10 m). TS echograms are presented with a 40 log TVG. 
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Figure 6. Effects of variables on fish density in the optimal model. (a) SST, (b) Chla, (c) SSS, (d) Longitude. s(x) is the spline smooth function in the y-axis, the values represent degree of freedom, and shaded areas indicate the 95% confidence interval. 
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Figure 7. Mean fish densities in summer in different regions of China (Unit: 105 ind./m2). 
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Table 1. The Description of environmental factors.
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	Variables
	Units
	Mean
	Range
	Description





	SST
	°C
	29.65 ± 0.27
	29.25–30.13
	Sea surface temperature



	Chlorophyll-a
	mg/m3
	4.21 ± 2.20
	0.37–10.53
	Chlorophyll concentration



	Salinity
	psu
	33.08 ± 0.45
	31.90–33.51
	Sea surface salinity



	SSTA
	°C
	1.30 ± 0.25
	0.89–1.72
	Sea surface temperature anomaly



	Depth
	m
	13.11 ± 4.82
	5.86–22.3
	Water depth
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Table 2. Collinearity analysis based on VIF.
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	Variables
	VIF





	Lon
	1.051



	SST
	2.046



	Chla
	3.072



	SSS
	1.864
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Table 3. Optimal model based on variables.
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	Model
	AIC





	log(FPUA + 1) ~ s(SST)
	−50.442



	log(FPUA + 1) ~ s(SST) + s(Chla)
	−81.159



	log(FPUA + 1) ~ s(SST) + s(Chla) + s(SSS)
	−89.251



	log(FPUA + 1) ~ s(SST) + s(Chla) + s(SSS) + s(Lon)
	−104.401
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Table 4. Parameters of semi-variance function models.






Table 4. Parameters of semi-variance function models.





	
Variable

	
Density

	
Biomass




	
Model

	
Exponential

	
Spherical

	
Gaussian

	
Exponential

	
Spherical

	
Gaussian






	
Nugget (C0)

	
0.0128

	
0.0048

	
0.0125

	
0.1213

	
0.0119

	
0.0301




	
Sill (C0 + C)

	
0.0739

	
0.0729

	
0.0729

	
0.2436

	
0.1798

	
0.1802




	
Range (A)/m

	
5040

	
2820

	
2372.91

	
74,250

	
19,600

	
14,849.23




	
RSS

	
2.422 × 10−4

	
3.423 × 10−4

	
3.392 × 10−4

	
3.67 × 10−3

	
9.037 × 10−3

	
8.994 × 10−3




	
R2

	
0.743

	
0.632

	
0.635

	
0.717

	
0.302

	
0.306




	
Nugget coefficient

(C0/(C0 + C)

	
0.273

	
0.066

	
0.171

	
0.498

	
0.066

	
0.167
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Table 5. The results of the optimal GAMs.






Table 5. The results of the optimal GAMs.





	Variables
	Edf
	F
	Accumulation of Deviance Explanation/%
	Deviance Explanation of Each Factor/%
	p





	SST
	2.266
	24.499
	35.3
	35.3
	9.23 × 10−11 ***



	Chla
	1.000
	7.328
	47.1
	11.8
	0.0077 **



	SSS
	6.284
	5.444
	52.7
	5.6
	1.34 × 10−5 ***



	Longitude
	2.466
	5.795
	59.2
	6.5
	7.68 × 10−4 ***







*** p < 0.001; ** p < 0.01. 
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Table 6. Mean fish densities in coastal waters of China in summer.






Table 6. Mean fish densities in coastal waters of China in summer.





	Region
	Time
	Fish Density

(105 ind./km2)
	Method
	Source





	Xinghua Bay
	September 2008
	0.582
	Trawl
	[81]



	Min River Estuary
	September 2008
	1.588
	Trawl
	[81]



	Dongshan Bay
	August 2010
	0.106
	Trawl
	[82]



	Zhelin bay
	August 2011
	0.649
	Hydroacoustic
	[83]



	Jiulong River Estuary
	August 2013
	0.571
	Set and gill net
	[84]



	Qinzhou coastal waters
	August 2016
	1.248
	Trawl
	[85]



	Zhejiang coastal waters
	July 2015
	2.055
	Trawl
	[86]



	Lingshui Bay
	August 2015
	1.11
	Hydroacoustic
	[20]



	Daya Bay
	August 2015
	1.066
	Trawl
	[76]



	Sanmen Bay
	June 2018
	0.2888
	Trawl
	[87]



	Oujiang estuary
	August 2018
	3.39
	Trawl
	[88]



	Sansha Bay
	July 2019
	0.121
	Set-net
	[89]



	Yangjiang coastal waters
	July 2021
	3.75
	Hydroacoustic
	This study
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