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Abstract

:

This study focused on major fish species caught from different ecological habitats to analyze the habitat changes in economically important fish in the Beibu Gulf. The maximum entropy model was constructed based on the data from 26 voyages obtained through the otter trawl fishery stock surveys conducted in the Beibu Gulf from 2006 to 2018. A total of 10 taxa of major fish catches, belonging to 4 families, 1 genus, and 5 species, were analyzed for their distribution characteristics in potential habitats during various ecological periods, specifically the withered and high-water periods, as well as their relationships with crucial environmental factors. During both the withered and high-water periods, the average area under the curve was 0.927, and all models had values exceeding 0.9. Salinity was identified as the principal factor during both periods. The salinity niche of Acropoma japonicum and the primary productivity niche of Sciaenidae were identified as the most restricted factors. The total distribution area of potentially suitable regions for major fish catches extended between 106°30′–109°45′ E and 17°30′–20°45′ N, and the area was lesser during the withered period. During the withered period, the distribution areas of Sciaenidae, Leiognathidae, and Saurida increased, while the distribution area of Trachurus japonicus increased during the high-water period. Sciaenidae and Trachurus japonicus exhibited the highest rates of change at 6.22% and 10.92%, respectively. This indicates that the high-water period may expand the range of suitable habitats for large catches that have an ideal habitat status in the Beibu Gulf. Therefore, it is crucial to anticipate the potential fish habitats in the Beibu Gulf and clarify their spatial distribution patterns.
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Key Contribution: In this study, we predicted the suitable areas for catches of 10 major fish taxa in the Beibu Gulf using long-time series and large sample sizes to account for various flood periods. We utilized the maximum entropy (MaxEnt) model to predict potential habitats for major fish catches in the Beibu Gulf during both withered and high-water periods and to analyze the correlation between environmental factors and their distribution across different flood stages. The results of this study may provide significant insights into fishery stock allocation and enable more effective management during changing flood conditions.










1. Introduction


As the world’s largest carbon sink, the ocean absorbs the excess heat generated from considerably high greenhouse gas emissions, therefore causing an increase in water temperatures [1,2,3]. A continuous increase in temperature leads to the narrowing of marine biodiversity, alterations in the community structure, and shifts in fish distribution in the polar regions [4]. In recent years, the improved efficiency of social and industrial fishing has diminished the availability of sustainable fish stocks, therefore accelerating the degradation of the marine ecosystem and causing irreparable dangers of ecological transition [5,6,7]. In addition, changes in fish resources can affect the stability and sustainability of ecosystems, disrupting the biodiversity and ecological balance [8]. The persistence of extreme global climate change affects marine ecosystems, which increases the risk of extinction of certain species, particularly in near-shore marine ecosystems [9,10].



Surrounded by land on three sides and abundant in fish resources, the Beibu Gulf was formerly one of the four primary fishing grounds and played a crucial role in developing fishery resources in China [11,12]. However, the densely populated Beibu Gulf coast houses many factories that resulted in environmental pollution, directly causing a rise in water temperatures [13]. Therefore, anthropogenic activities and climate change have led to a decline in fish resources and changes in their spatial distribution [14,15,16]. Large-scale, comprehensive studies utilizing long-time series and large sample sizes to predict various flood periods have not been conducted.



MaxEnt models have multiple applications, such as analyzing habitat distribution, predicting species invasion, and assessing environmental risks [17,18]. For instance, the MaxEnt model was used to simulate the optimal habitat for marine life in estuaries to delineate the ecological corridors and protect marine biodiversity [19]. Potentially suitable areas over different months were simulated for three pelagic fish species on the Northwest Atlantic continental shelf, and the influence of environmental factors on their distribution was studied [20]. However, the analysis of the potential areas with high catch rates for the major fish species in the Beibu Gulf requires further investigation. This study used the maximum entropy (MaxEnt) model to predict the potential habitats for major fish catches in the Beibu Gulf across withered and high-water periods and to analyze the correlation between environmental factors and the distribution in different flood stages. The results may provide significant insight into fishery stock allocation and enable more effective management during changing conditions of floods. Therefore, it is crucial to anticipate the potential fish habitats in the Beibu Gulf and clarify their spatial distribution patterns.



This study focused on major fish Species Catches with different ecological habitats to analyze the habitat changes in economically important fish in the Beibu Gulf. The MaxEnt model was constructed using data from 26 voyages in the Beibu Gulf from 2006 to 2018. This model was used to predict the distribution characteristics of potentially suitable areas for fish catches of different ecological types. In addition, their relationship with crucial environmental factors was determined, thus providing theoretical evidence for the conservation and management of fishery ecosystems in the Beibu Gulf.




2. Materials and Methods


2.1. Data Collection and Collation


The data from 26 voyages were collected through the otter trawl fishery stock survey conducted in the Beibu Gulf during January (withered-water period) and July (high-water period) from 2006 to 2018. Based on the average monthly runoff characteristics, the period from April to October is classified as the withered-water period, while the period from November to March is classified as the high-water period. The spatial distribution range was between 106°–110° E and 17°–22° N. The fish distribution data were collected, sorted, and stored in the CSV format (Figure 1). The SDMtools toolbox in ArcGIS was used to prevent any spatial autocorrelation between the distribution points and avoid their repetition within an area of 1 × 1 km. This reduced the possibility of simulation error in the model. Finally, the accurate distribution points of the major fish catches were obtained (Table 1 and Table S1).




2.2. Acquisition and Processing of Environmental Data


Based on careful consideration of the availability and widespread use of environmental variables in the Beibu Gulf, eight environmental factors were selected for this study: bottom temperature, bottom salinity, bottom light intensity, water current velocity, dissolved oxygen, phosphate content, pH, and primary productivity. The resolution used in this study was 5′ × 5′ (approximately 9.2 × 9.2 km). The environmental data, except for pH, were sourced from Bio-ORACLE (ORACLE (https://bio-oracle.org/, accessed on 1 May 2023). All environmental factors were resampled using ArcGIS to attain a unified resolution of 30″ (approximately 1 × 1 km) and stored in the ASCII format.




2.3. Evaluation of the MaxEnt Model


The MaxEnt model (version 3.4.3, Columbia University, New York, NY, USA) was employed to identify the present and future potential suitable areas for catches of 10 major fish taxa in the Beibu Gulf. The pertinent distribution and environmental data were saved in the CSV and ASCII formats, respectively, and imported to the MaxEnt software. Of the collected data, 25% and 75% were randomly selected as the test and training data, respectively. This process was iterated 10 times, and the average value was calculated to obtain the predictive results of the model. The accuracy of the model was assessed by determining the area under the curve (AUC). An AUC value of 0–1 represents a positive correlation with accuracy. Typically, an AUC of 0.8–0.9 indicates good, whereas 0.9–1 indicates excellent predictive accuracy [21].




2.4. Prediction of Potentially Suitable Areas and Analysis of Major Environmental Factors


ArcGIS (10.4) software was used to convert the predictions into raster data. Abbreviations of technical terms were explained upon their initial use. The actual distribution area serves as the basis for classifying the potentially suitable regions into four groups: unsuitable areas, distribution area ranging from 0 to 0.2; generally suitable areas, from 0.2 to 0.3; moderately suitable areas, from 0.3 to 0.5; and highly suitable areas, from 0.5 to 1.0.





3. Results


3.1. Evaluation of the Model Performance


The evaluation results of the accuracy of the MaxEnt model for catches of 10 major fish taxa in the Beibu Gulf are shown in Table 2. The average AUC value was 0.927 for both withered and high-water periods. Across all model groups, the AUC values exceeded 0.9, signifying high accuracy and reliability in the simulation results. Furthermore, the standard deviation of the 10 models after 10 iterations was less than 0.02, indicating remarkable stability, minimal fluctuations in the simulation outcomes, and excellent overall performance.




3.2. Dominant Environmental Factors


The response results of catches of 10 major fish taxa in the Beibu Gulf to the major environmental factors are presented. According to the findings from Table 3, salinity emerges as the most crucial factor, contributing significantly to the variation in major fish catches during the withered-water period. Primary productivity comes next, playing a significant role in determining the response of major fish catches.



The environmental factors that demonstrated the highest contribution rate to the response of the major fish catches remained consistent during high and withered-water periods. Therefore, salinity and primary productivity are crucial factors influencing the major fish catches in the Beibu Gulf.



We compared the effects of environmental variables on different taxa and revealed that the dominant factors remained consistent during both withered and high-water periods of pelagic fish. This finding suggests that the same environmental factors affected the fish within a single water layer. The distribution of Acropoma japonicum and Sciaenidae during the high-water period of demersal fish was primarily influenced by pH, whereas that of Priacanthus macracanthus and Apogonidae was influenced by variations in primary productivity. In addition, the ecological niches of salinity and primary productivity in the catches of 10 major fish taxa in the Beibu Gulf are shown in Figure 2. The salinity and primary productivity niches of A. japonicum and Sciaenidae exhibited the narrowest range, respectively, during the withered-water period. The results of niche analysis during the high-water period were consistent with those obtained during the withered-water period.



The predicted pattern in the potential fitness probability (≥0.2) and environmental changes was determined based on the response curve of environmental variables (Figure 3). Using the economically important fish T. japonicus as a case study, it was observed that when the dominant environmental factor/salinity, affecting T. japonicus during the withered-water period reached a concentration of 32.97 psu, the minimal optimal concentration was achieved. The salinity was directly proportional to the likelihood of fitness. Finally, when the salinity reached 33.73 psu, the probability of fitness achieved its peak value of 0.62, and at 34.19 psu, the maximum survivable concentration was attained. Therefore, the potentially suitable salinity range for T. japonicus during the withered-water period was 32.97–34.19 psu. Furthermore, based on the response curve of T. japonicus to primary productivity, it is apparent that a primary productivity range of 0.003–0.022 g·m−3·d−1 represented a potentially suitable area for T. japonicus, with the highest probability for optimal fitness observed at 0.013 g·m−3·d−1. Based on its response curve to primary productivity, mackerel could have a potentially suitable area in the range of 0.003–0.022 g·m−3·d−1, with the highest probability of suitability of 0.6 achieved at 0.013 g·m−3·d−1.



The salinity levels suitable for T. japonicus were 32.75–34.20 psu during the high-water period. The optimum salinity was 33.72 psu, resulting in the highest probability of potential suitability at 0.62. The appropriate pH range was 8.181–8.193, with the highest potential fitness probability of 0.61 at the optimum pH of 8.184. The ideal range of primary productivity was 0.003–0.022 g·m−3·d−1, with the highest potential fitness probability of 0.63 at the optimum primary productivity of 0.013 g·m−3·d−1.




3.3. Distribution of Potentially Suitable Areas for Different Flood Seasons


The potentially suitable areas of the major fish catches in the withered and high-water periods as per the MaxEnt model are shown in Figure 4, the overall distribution range of which was between 106°30′–109°45′ and 17°30′–20°45′. The demersal fish retreated from the northeast to the southwest, while the pelagic fish moved closer to the shore in the northeast direction. As a result, the spatial distribution varied.



The potentially suitable areas for the major fish catches demonstrated a trend of expansion from the outside to inside during the withered-water period, and the appropriate areas shifted to the mouth of the bay and Hainan Island. Although the trend of distribution areas during the high-water period was similar to that during the withered-water period, the changes in the distribution gradient were inconsistent. The total area of potentially suitable regions during the withered-water period was lower than that in the high-water period (Table 4). The areas of Sciaenidae, Leiognathidae, and Saurida increased during the withered-water period, with the highest rate of change of 6.22% observed in Sciaenidae. Conversely, the area of T. japonicus increased remarkably during the high-water period, with the highest rate of change reaching 10.92%. These findings suggest that the high-water period may expand the range of suitable habitats for significant catches that are more suited to the Beibu Gulf’s habitat conditions.





4. Discussion


4.1. Relationships between the Major Fish Catches and Environmental Factors


The simulation results of catches of 10 major fish taxa in the Beibu Gulf revealed that their environmentally suitable areas differed. The spatial distribution was driven by various dominant environmental factors, but the factors affecting different fish taxa remained consistent. Salinity was the dominant factor influencing the distribution of fish habitats in the Beibu Gulf, and primary productivity was an important influencing factor. However, the effects of pH and water current velocity were minimal.



Seasonal variations in salinity are related to river inputs, topography, and water masses [22,23]. The Beibu Gulf is a semi-enclosed bay surrounded by land on three sides, with three different water systems: coastal, offshore, and mixed waters. The coastal, offshore, and mixed waters are observed during the high-water period, whereas only coastal and mixed waters are observed during the withered-water period [24]. The characteristics of each water system were different. The intensity of coastal water was strong in summer and fall but weak in winter and spring; the intensity of open seawater was strong in summer and weak intensity in winter. It is characterized by high temperature and salinity, and the mixed water was characterized by low temperature and salinity [25]. Owing to seasonal variations, the strength of the water system also varies. The intensity of the coastal water weakens in spring, and the coastal water retreats to the inner coast of the bay under the influence of the outer sea and mixed waters, which not only alters the salinity of the seawater but also drives the flow of nutrients [26]. Therefore, the resulting salinity level is the dominant factor affecting the distribution of suitable areas. In addition, primary productivity requires inorganic nutrients, which can be used as indicators to assess environmental quality and are closely related to the abundance of phytoplankton [27]. Being located in tropical and subtropical regions, the Beibu Gulf experiences temperatures that are conducive to the survival of phytoplankton and the maintenance of photosynthetic enzyme activities. This leads to a high and prolonged conversion of inorganic matter into organic matter at a significant rate of photosynthesis. Therefore, primary productivity is a crucial factor that influences the habitats of fish species. Recent studies on the relationship between fish and environmental factors in the Beibu Gulf have indicated that salinity is a crucial factor involved in fish migration [23,28], thus highlighting the importance of salinity and the accuracy of the results.




4.2. Applicability of the Prediction of Potentially Suitable Areas


The total area of the potentially suitable regions for the major fish catches and that of the withered and high-water periods determined using the MaxEnt model were compared. The total area was observed to be enhanced in the high-water period than in the withered-water period (Table 4), as most fish in the Beibu Gulf spawn in the spring [24]. Replenishing fish stocks during the flood season directly leads to a significant increase in their resources. Fish communities are highly dependent on the water temperature and changes, which cause fluctuations in biomass [29,30]. A decrease in water temperature affects certain deep water and migratory fish, which causes changes in clustering, resulting in a reduction in the catch during the withered-water period [31]. In addition, a seasonal change in the total area also reflects the positive effects of the moratorium on fishing on fish protection, during which the fish food was sufficient, no damage to habitat was caused by overfishing, the disturbance in marine ecology was reduced, and fishery resources were restored to a great extent [32,33].



The predicted distribution areas for catches of 10 major fish taxa in the Beibu Gulf were consistent with their actual distribution areas. The potentially suitable sites for major fish catches during the withered and high-water periods were distributed between 106°30′–109°45′ and 17°30′–20°45′. The outer edges of these areas were closer to the mouth of the Beibu Gulf and the western edge of Hainan Island, consistent with the dominance of certain fish species in the center of the typical fishing area. Population survival stabilized in the typical fishing area and the western edge of the Hainan Island [34]. This study showed that P. edita was more suitable for survival in the southeastern than in the southwestern region during the high-water period. Additionally, the habitat was more suitable for survival in the middle of the bay during the withered-water period, consistent with the spatial distribution of P. edita in the Beibu Gulf [35]. T. japonicus was primarily spatially distributed in the Beibu Gulf along the western edge of Hainan Island and the mouth of the gulf [36]. This study reveals that T. japonicus was predominantly distributed in the western, central, and bay-mouth regions of Hainan Island, aligning with the previous outcomes.



The predictive results of this study were generally consistent with previous research findings and were distributed in accordance with the suitability. They illustrated the distribution of suitable areas for various major fish catches, which were broader in scope than those of earlier studies due to the availability of more comprehensive survey data. The augmented accuracy of the model further improved the predictions.




4.3. Outlook


Based on the prediction of the habitat distribution of catches of 10 major fish taxa in the Beibu Gulf, we determined that the primary fish catch was primarily concentrated in the western, central, and bay estuaries of Hainan Island. However, the combination of climate change and overfishing has resulted in a decline in fish resources and a gradual reduction in biodiversity [37,38,39]. This has the potential to alter the spatial distribution as it affects the community structure and agglomeration effect [40,41,42]. To protect and restore fish stocks and manage fishery ecosystems in the Beibu Gulf, the highly suitable areas during the withered and high-water periods can be superimposed over the gradient-suitable area of the MaxEnt model. The overlapping regions can be divided into protected areas, which provide a basis for formulating relevant policies to protect and restore fish stocks and manage fishery ecosystems in the Beibu Gulf. It is important to note that with the increase in climate warming, the spatial distribution of fish stocks will continue to change in the future. Therefore, it is crucial to thoroughly examine and assess the current effectiveness of the protected areas in order to adapt their function accordingly. However, in the future, various CO2 emission strategies may be developed to predict changes in the spatial distribution of potentially suitable areas under different climatic conditions. Additionally, the spatial distribution of fish in the Beibu Gulf can be compared with the outcomes of this study, and the protected areas may be reclassified based on the predicted results.





5. Conclusions


Overall, the MaxEnt model exhibits excellent performance in evaluation, highlighting a clear tendency of potential habitat migration from the outer margin to the central areas. Salinity emerged as the principal factor influencing migration patterns during both periods. Notably, the salinity niche of A. japonicum and the primary productivity niche of Sciaenidae were identified as the most influential factors shaping their distribution. The demersal fish exhibited a retreat from the northeast to the southwest, while the pelagic fish moved closer to the shore in a northeastern direction. Additionally, the spatial distribution of fish taxa showed significant variability. During the withered-water period, there was an increase in the areas occupied by Sciaenidae, Leiognathidae, and Saurida, with Sciaenidae showing the highest rate of change at 6.22%. The area occupied by T. japonicus significantly increased during the high-water period, with the highest rate of change reaching 10.92%. The total area of potentially suitable regions in the high-water period exceeded that of the withered-water period. These findings indicate that the distribution of potentially suitable habitats varies across different flood periods, suggesting that the high-water period may expand the range of suitable habitats for significant catches in the Beibu Gulf. Therefore, it is crucial to anticipate the potential fish habitats in the Beibu Gulf and clarify their spatial distribution patterns.
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Figure 1. Study area. 
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Figure 2. Salinity and primary productivity niches of catches of 10 major fish taxa. 
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Figure 3. Response curve of the probability of the presence of Trachurus japonicus to the dominant environmental factors. 
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Figure 4. Distribution of potentially suitable areas for major fish catches in the Beibu Gulf under different flood seasons. 
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Table 1. Available data of catches of 10 major fish taxa in the Beibu Gulf.
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Taxa

	
Index

	
Available Data




	
January (Withered-Water Period)

	
July (High-Water Period)






	
Leiognathidae

	
bottom

	
514

	
462




	
Priacanthus macracanthus

	
bottom

	
281

	
136




	
Trichiuridae

	
bottom

	
389

	
408




	
Parargyrops edita

	
bottom

	
479

	
528




	
Acropoma japonicum

	
bottom

	
403

	
328




	
Decapterus maruadsi

	
pelagic

	
325

	
479




	
Saurida

	
bottom

	
492

	
505




	
Sciaenidae

	
bottom

	
447

	
300




	
Apogonidae

	
bottom

	
380

	
388




	
Trachurus japonicus

	
pelagic

	
388

	
500











 





Table 2. AUC values of the simulated MaxEnt model.
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Taxa

	
Withered-Water Period

	
High-Water Period




	
Area under the Curve (AUC) Value

	
Standard Deviation

	
AUC Value

	
Standard Deviation






	
Leiognathidae

	
0.914

	
0.006

	
0.921

	
0.006




	
Priacanthus macracanthus

	
0.942

	
0.005

	
0.944

	
0.009




	
Trichiuridae

	
0.929

	
0.007

	
0.924

	
0.006




	
Parargyrops edita

	
0.924

	
0.005

	
0.922

	
0.005




	
Acropoma japonicum

	
0.933

	
0.005

	
0.942

	
0.005




	
Decapterus maruadsi

	
0.926

	
0.006

	
0.912

	
0.006




	
Saurida

	
0.919

	
0.005

	
0.924

	
0.005




	
Sciaenidae

	
0.925

	
0.005

	
0.95

	
0.006




	
Apogonidae

	
0.926

	
0.007

	
0.917

	
0.006




	
Trachurus japonicus

	
0.934

	
0.005

	
0.917

	
0.005











 





Table 3. Test results of the model and importance of environmental factors.
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Taxa

	
Withered-Water Period

	
High-Water Period




	
Dominant Environmental Factors






	
Leiognathidae

	
Bottom salinity, primary productivity, water current velocity

	
Bottom salinity, primary productivity, water current velocity




	
Priacanthus macracanthus

	
Bottom salinity, pH, water current velocity

	
Primary productivity, bottom salinity, pH




	
Trichiuridae

	
Bottom salinity, primary productivity, pH

	
Bottom salinity, pH, primary productivity




	
Parargyrops edita

	
Bottom salinity, primary productivity, water current velocity

	
Bottom salinity, pH, primary productivity




	
Acropoma japonicum

	
Bottom salinity, pH, primary productivity

	
pH, bottom salinity, primary productivity




	
Decapterus maruadsi

	
Bottom salinity, primary productivity, water current velocity

	
Bottom salinity, primary productivity, pH




	
Saurida

	
Bottom salinity, primary productivity, water current velocity

	
Bottom salinity, Primary productivity, Water current velocity




	
Sciaenidae

	
Bottom salinity, pH, primary productivity

	
pH, bottom salinity, primary productivity




	
Apogonidae

	
Bottom salinity, pH, Primary productivity

	
Primary productivity, bottom salinity, pH




	
Trachurus japonicus

	
Bottom salinity, primary productivity, water current velocity

	
Bottom salinity, primary productivity, pH











 





Table 4. Areas suitable for major fish catches in the Beibu Gulf during different flood seasons.
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Taxa

	
Area Comparison

	
Withered-Water Period

	
High-Water Period




	
Rate of Change

(%)

	
Total Area/km2

	
Less Suitable Area/km2

	
Moderately Suitable Area/km2

	
Highly

Suitable Area/km2

	
Total Area/km2

	
Less Suitable Area/km2

	
Moderately Suitable Area/km2

	
Highly

Suitable Area/km2






	
Leiognathidae

	
−4.78%

	
81,023.28

	
8998.28

	
34,484.21

	
37,540.79

	
77,148.9

	
10,028.06

	
34,719.46

	
32,401.38




	
Priacanthus macracanthus

	
9.56%

	
65,981.63

	
8389.03

	
24,586.27

	
33,006.32

	
72,291.28

	
14,682.31

	
30,835.6

	
26,773.37




	
Trichiuridae

	
3.57%

	
75,997.62

	
13,423.31

	
29,439.59

	
33,134.72

	
78,712.96

	
10,995.79

	
31,172.54

	
36,544.62




	
Parargyrops edita

	
0.81%

	
80,887.12

	
8882.8

	
34,299.79

	
37,704.52

	
81,542.05

	
9405.02

	
35,709.6

	
36,427.43




	
Acropoma japonicum

	
10.23%

	
55,406.37

	
9101.69

	
20,864.42

	
25,440.26

	
61,076.61

	
9864.33

	
20,560.23

	
30,652.05




	
Decapterusmaruadsi

	
6.26%

	
73,117.69

	
13,783.51

	
22,459.5

	
36,874.67

	
78,002.88

	
9735.06

	
32,591.83

	
35,675.99




	
Saurida

	
−0.88%

	
77,737.47

	
8409.71

	
31,575.84

	
37,751.92

	
77,055.83

	
10,632.1

	
30,527.96

	
35,894.87




	
Sciaenidae

	
−6.22%

	
68,149.76

	
11,121.6

	
27,264.56

	
29,763.6

	
63,909.14

	
12,194.47

	
27,502.4

	
24,212.28




	
Apogonidae

	
10.61%

	
69,620.75

	
11,191.4

	
28,421.87

	
30,007.47

	
77,004.13

	
10,746.75

	
30,160

	
36,097.38




	
Trachurus japonicus

	
10.92%

	
68,919.29

	
9704.9

	
24,924.94

	
34,289.45

	
76,448.31

	
11,843.74

	
27,580.82

	
37,023.75
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