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Reef-associated fish are a crucial source of protein for coastal residents and play an important role in the economy and ecology of marine ecosystems. However, human activities and climate change have led to the degradation of their habitats in the South China Sea (SCS) and East China Sea (ECS). This study models the potential habitats of reef-associated fish in the SCS and ECS between 1993 and 2019 using high-spatial-resolution environmental factors and fish presence data, estimates the importance of environmental factors on habitat distribution and identifies seasonal variation and distribution shifts over recent decades, the results show moderate and highly suitable areas for reef-associated fish in the region total 360,000 km2. Sea body temperature, chlorophyll-α concentration, and seawater salinity are crucial for determining the distribution of reef-associated fish. Moreover, reef-associated fish are also sensitive to seawater temperature in winter. Suitable areas for reef-associated fish near coastlines have decreased due to environmental changes within the region. The findings of this study offer valuable resource for developing fishery management and conservation strategies for this important functional group.
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1. Introduction

Reef-associated fish, such as Seriola dumerili, Ablennes hians, and Carcharias taurus, are among the most economically and ecologically essential functional groups. Reef-associated fish are a significant source of protein for ~85% of coastal inhabitants, but more than 80% of global shallow reefs have been damaged owing to the rising demand for high-quality protein (Manikandan et al., 2014). Moreover, climate change is another primary determinant of the distribution of fish (Cheung et al., 2010; Tang et al., 2020) as the consequent alterations in environmental factors impact marine life. The loss of marine ecosystems and species could result from an abrupt increase in the temperature and acidity of seawater (Cheung et al., 2010).

The South China Sea (SCS) and East China Sea (ECS) are the two most important large marine ecosystems (LMEs) in Asia, and contain biodiversity and ecosystems of global significance (Sherman, 2014). The SCS, located in the Indo-West Pacific, is the third-largest marginal sea in the world and includes over 200 islands and islets. It covers an area of approximately 3.2 million km2 and contains over 3,000 fish species (Randall and Lim, 2000). Marine species in the SCS are genetically and phylogenetically diverse (Fan et al., 2022). The ECS is located in the western Pacific Ocean and covers an area of approximately 0.8 million km2. High biodiversity is also a feature of the ECS, which is home to more than 12,000 tropical and subtropical species (Froese and Pauly, 2022). These two LMEs are bounded to the north by South Korea’s Jeju Island, to the east by Japan’s Ryukyu and Kyushu Islands, to the west by mainland China, and touch the shores of Taiwan, the Philippines, Malaysia, Brunei, Indonesia, and Vietnam (Figure 1). These countries and regions are among the world’s major fishing entities, and rely heavily on fishing for their economic and subsistence needs; nearly 20 million tons of fish are caught annually from the two LMEs, with a market value of over 30 billion USD ( et al., 2019). There are over 1,000 reef-associated fish species in the SCS and ECS (Arai, 2015; Froese and Pauly, 2022). Nearly 95% of reef-associated fish in the SCS and ECS inhabit the epipelagic zone, which extends from the water surface to a depth of 200 m (Froese and Pauly, 2022).
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FIGURE 1
 Map showing the South China Sea (SCS, blue areas) and the East China Sea (ECS, green areas). Red dots show the occurrence records of reef-associated fish from 1993 to 2019. The map has a spatial resolution of 0.25° × 0.25°. Shapefiles of the two LMEs were downloaded from the Large Marine Ecosystems Hub, and the background map was made with Natural Earth.


In recent years, many scholars have used species distribution models (SDMs) to estimate potential species distributions. Due to insufficient data on fish presence, however, few studies on the habitat suitability of reef-associated fish in the SCS and ECS have been conducted. The reef-associated fish population in the SCS and ECS has been harmed by overfishing and climate change (Li and Zhang, 2012; Zhang et al., 2021). By obtaining distribution maps of reef-associated fish from previous years using SDMs, it is anticipated that the most significant environmental factors affecting reef-associated fish habitats will be identified. This information could be beneficial to take specific actions for environmental management. Moreover, by observing the distribution shift, it could also provide fishermen with information regarding the potential concentrations and shrinkage in areas of reef-associated fish, as well as their potential habitat evolution, which could be helpful for species management.

For this purpose, in this study, we estimated the habitat suitability of reef-associated fish in the SCS and ECS from 1993 to 2019 using MaxEnt. We trained eight MaxEnt models to investigate the seasonality and tendency of potentially suitable habitats for reef-associated fish in order to investigate the effects of environmental factors more thoroughly. This study provides a theoretical basis for the conservation and sustainable fishing of reef-associated fish in a changing environment.



2. Materials and methods


2.1. Survey area

The boundaries of the SCS are approximately −2.46°–24.57°N and 103.16°–121.50°E (Marineregions.org, 2019). The southern portion of the SCS has coral reefs in water about <200 m deep; the northern portion consists of basins with depths of approximately 5,000 m. The boundaries of the ECS are approximately 24.01°–35.19°N and 118.50°–131.57°E (Marineregions.org, 2019). The average depth of the ECS is approximately 370 m and its maximum depth is approximately 2,300 m. We defined the survey area as a combination of the SCS and ECS, located between −2.46°–35.19°N and 103.16°–131.57 °E (Figure 1). The survey area covered a total ocean area of approximately 4.0 million km2.



2.2. Environmental factors

We downloaded 13 environmental factors from January 1, 1993, to December 31, 2019, on a monthly scale from the Copernicus Marine Environment Monitoring Service1 (CMEMS), with a spatial resolution of 0.25° × 0.25 °between −4°–36°N and 102°–132°E (Table 1). The coordinate system used was the WGS84. We used seasonal-scale data to study the seasonal patterns of potentially suitable habitats. Thus, we calculated the average sea surface temperature (ST2) of the survey area for each month and then determined that winter lasted from January to March (average ST2 of 24.3°C), spring lasted from April to June (average ST2 of 26.5°C), summer lasted from July to September (average ST2 of 27.1°C), and autumn lasted from October to December (average ST2 of 26.2°C). Then, we calculated the average temperature in summer/winter for the sea body and sea surface temperatures. As most reef-associated fish live in the depth range of 0–200 m (Froese and Pauly, 2022), we defined sea body temperature as the average sea water temperature of the top 200 m of the water column.



TABLE 1 Environmental factors used in this study and their units.
[image: Table1]

The MaxEnt model is prone to overfitting because of collinearity between different environmental factors (Graham, 2003); therefore, we performed a linear correlation test for the environmental factors. If the factor had a correlation coefficient higher than or equal to 0.8 with another factor, this factor was removed. Based on the correlation test, we decided not to use net primary production expressed as carbon (NPP), pH value (PH), phytoplankton expressed as carbon (PHYC), and sea surface temperature (ST2, ST5, and ST6) in the MaxEnt models. Finally, we selected 11 environmental factors for MaxEnt modeling of reef-associated fish (Table 1).

As we aimed to research the seasonality and habitat suitability of reef-associated fish, we took the average of the environmental factors to derive eight data sets. The first four data sets and factors (winter, spring, summer, and autumn from 1993 to 2019) were used to study seasonality. The other four data sets (1993–1999, 2000–2006, 2007–2012, and 2013–2019), were utilized to investigate this tendency. In the eight data sets, we used sea body temperature (ST1), chlorophyll-α concentration (CHL), the surface pressure of carbon dioxide (CO2), ocean mixed layer thickness (MLT), nitrate (NO3), dissolved oxygen (O2), phosphate (PO4), sea surface height (SH), and seawater salinity (SS). Moreover, in the four data sets for studying tendency, we used sea body temperatures in summer (ST3) and winter (ST4). All environmental factors were converted into the ASCII format via QGIS 3.26 (QGIS.org,2 QGIS Geographic Information System, QGIS Association) for the MaxEnt software.



2.3. Occurrence data

The presence point records of reef-associated fish in the survey area were collected from Fishbase,3 the Global Biodiversity Information Network Database4 (GBIF), and the Ocean Biodiversity Information System5 (OBIS). The list of reef-associated fish species was retrieved from Fishbase. Then, for each species on the list, we searched Fishbase, GBIF, and OBIS for the catch data, which represented occurrence data for the MaxEnt simulation. The study region consisted of the LMEs of the SCS and the ECS between −4°–36°N and 102°–132°E. The depth ranged from the water’s surface to 200 meters below. The period spanned from January 1, 1993, to December 31, 2019. The occurrence data included the location (including latitude, longitude, and depth) where the fish was caught, the date when the fish was caught, and the species of fish that was caught. The temporal resolution of the occurrence data was 1 month; the original spatial resolution was 0.01° × 0.01°. This spatial resolution is not equal to that of the environmental variables, so we decreased it to 0.25° × 0.25° by counting the occurrence records of the same species in neighboring locations as one record. Figure 1 shows the reported occurrence locations of reef-associated fish from 1993 to 2019, which shows that reef-associated fish were more likely to be present near the coastline of Taiwan Island, the southern shoreline of Japan’s Kyushu Island, and the central part of the ECS. The data from the three databases might have included duplicate records, but this would not have affected the modeling because we set the model to ignore duplicated presence records.

The SCS and the ECS are habitat to a total of 1,075 reef-associated fish species, according to Fishbase. The total number of occurrence records for reef-associated fish from 1993 to 2019 is 18,016. The three most common species all belong to different species groups: Upeneus japonicus (77 records), Caranx sexfasciatus (68 records), and Parupeneus multifasciatus (65 records). The median number of occurrence records is Pomacentrus tripunctatus at 12. There are numerous species with few records, but none with a disproportionately large number of records. A complete species list could be found in the Supplementary materials. We chose the reef-associated functional group rather than individual species for research because: 1. the species in this functional group share similar habitats; 2. the majority of them live in coral reef areas in the epipelagic zone at a depth of less than 200 meters, where marine environmental properties are relatively consistent and uniform; and 3. the records of individual species are insufficiently small for the purpose of this study.

The occurrence data were also divided into eight data sets according to temporal periods (four seasons and four time stages) for MaxEnt modeling. In each occurrence data set, sampling bias was removed using spatial thinning method (Aiello-Lammens et al., 2015), and the minimum neighbor distance was set to one unit cell (0.25°); consequently, each presence location has no a neighboring presence point. Each data set contains the following number of occurrence records: 119 for winter, 192 for spring, 156 for summer, 196 for autumn, 132 for 1993–1999, 149 for 2000–2006, 137 for 2007–2012, and 191 for 2013–2019. The Supplementary material contained additional information, including species lists for each data set.



2.4. MaxEnt simulation and evaluation

MaxEnt is a niche-based habitat suitability model that analyzes species distributions at maximum entropy (Phillips et al., 2004, 2006, 2017). It is a presence-only modeling technique that is most robust when there are few presence records; hence, it has been employed worldwide (Elith et al., 2011; Zhang et al., 2016; Fiedler et al., 2018). In recent years, the MaxEnt model has successfully predicted potentially suitable habitats for various species, including marine species (de Souza and de Marco, 2014; Fiedler et al., 2018; Zhang K. et al., 2018; Zhang Q. et al., 2018; Tang et al., 2020; Yan et al., 2021; Li et al., 2022). In this study, we trained eight MaxEnt models using the eight aforementioned data groups. The MaxEnt software used in this study was MaxEnt 3.4.4 (Phillips et al., 2020). We first analyzed the contribution of all environmental factors by MaxEnt’s optimization of training gain and the internal Jackknife test, and then produced suitable habitat areas for reef-associated fish in the SCS and ECS at different periods. For each training process, we loaded the environmental factors that were saved as *. asc; species occurrence data were saved as *. csv to the MaxEnt software and the regularization multiplier was set as 1. We used 75% of the occurrence data for training and 25% as test data for evaluating the prediction capabilities of the model. The model was trained for 500 iterations or terminated when a convergence threshold of 0.00001 was reached. The model eventually yielded the probability of presence as a function of the environmental factors of each grid cell. The accuracy of the simulation was verified using the area under the receiver operating characteristic curve (AUC). AUC values of >0.8 indicated the model had good confidence, and AUC values of >0.9 were considered excellent (Swets, 1988; Manel et al., 2001). The MaxEnt model’s internal jackknife test for factors’ contributions was performed after each simulation. We trained eight MaxEnt models for seasons in the past 27 years from 1993 to 2019: winter (S1), spring (S2), summer (S3), and autumn (S4), and for the time spans: 1993–1999 (T1), 2000–2006 (T2), 2007–2012 (T3), and 2013–2019 (T4), using the corresponding data sets.

The predicted presence probabilities range from 0 to 1, and we defined a presence probability of <0.4 as low habitat suitability, 0.4–0.6 as moderate habitat suitability, and > 0.6 as high habitat suitability. The resultant suitability map was visualized using QGIS 3.26, and the geographical areas of low, moderate, and high habitat suitability for reef-associated fish were calculated.




3. Results


3.1. Model performance for reef-associated fish

Receiver operating characteristic (ROC) analysis is acknowledged as the best assessment indicator for diagnostic testing (Peterson et al., 2008), and AUC values are used to assess the precision of model prediction. The AUC values of S3 and T3 were >0.9, and those of the others were >0.8 and very close to 0.9 (Table 2), indicating that the MaxEnt models predicted potentially suitable areas for reef-associated fish in the SCS and ECS over recent decades with high credibility.



TABLE 2 Area under the receiver operating characteristic curves (AUCs) for MaxEnt modeling and the contribution of environmental factors.
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3.2. Effect of environmental factors on reef-associated fish

The relative importance of environmental factors was determined by the contribution rates calculated by MaxEnt. The effect of environmental factors on reef-associated fish distribution increased with contribution rate. MaxEnt’s internal jackknife test can assess each environmental factor using a knife-cut approach and determine the impact of different factors on the potential distribution area of species (Wu, 1986; Berger and Skinner, 2005; Berger, 2007). The contribution rates of the environmental factors are listed in Table 2, and the results of the jackknife test are shown in Figure 2. The results show that sea body temperature (ST1) is the most critical factor in predicting the seasonal distribution of reef-associated fish in the SCS and ECS, with a contribution rate of 19.2% in winter (S1), 33.8% in spring (S2), 38.7% in summer (S3), and 58.2% in autumn (S4). In addition, chlorophyll-α concentration (CHL, 39.6% in S1, 18.0% in S2, 17.7% in S3, and 22.0% in S4) and seawater salinity (SS, 13.9% in S1, 11.9% in S2, 17.4% in S3, and 12.2% in S4) are also important environmental factors for seasonal distribution. In the models for predicting the distribution for 1993–1999 (T1), 2000–2006 (T2), 2007–2012 (T3), and 2013–2019 (T4), sea body temperature in winter (ST4) was the most important factor. ST4’s contribution rate reached 40.6% for T1, 30.1% for T2, 39.7% for T3, and 45.8% for T4. The other two factors with high impact were chlorophyll-α concentration (CHL, 16.9% in T1, 30.0% in S2, 13.2% in S3, and 16.6% in S4) and seawater salinity (SS, 12.2% in S1, 10.1% in S2, 11.0% in S3, and 12.0% in S4).
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FIGURE 2
 MaxEnt’s internal Jackknife test results on regularized training gain for reef-associated fish in the South China Sea (SCS) and East China Sea (ECS). (A–D) Winter, spring, summer, and autumn. (E–H) 1993–1999, 2000–2006, 2007–2012, and 2013–2019.


The response curves of the MaxEnt models for reef-associated fish suggested a high chance of occurrence (suitability >0.6) of this functional group in the SCS and ECS, as illustrated in Figures 3, 4. The suitable sea body temperature for reef-associated fish is between 20°C and 24°C, which dramatically affects the distribution pattern of reef-associated fish. In particular, reef-associated fish were found to be significantly influenced by sea body temperature in winter, indicating that these species are susceptible to low temperatures. From 1993 to 2019, the contribution rate of sea body temperature in winter increased, showing that reef-associated fish in the area have some capacity for ecological adaptation under climate change. Seawater salinity and chlorophyll-α concentration are the second essential environmental factors for reef-associated fish; moreover, sea surface height (ST, 13.7% in S3, and 10.3% in T3) and Carbon dioxide (CO2, 8.9% in S2) impact reef-associated fish in some cases. This suggests a complicated scenario in which reef-associated fish in the region are affected by different environmental factors.

[image: Figure 3]

FIGURE 3
 Response curves of several environmental factors affecting the distribution of reef-associated fish from the seasonal pattern simulation. (A–D) Sea body temperatures of S1, S2, S3, and S4; (E–H) chlorophyll-α concentration of S1, S2, S3, and S4; and (I–L) seawater salinity of S1, S2, S3, and S4. PSU, practical salinity units.


[image: Figure 4]

FIGURE 4
 Response curves of several environmental factors affecting the distribution of reef-associated fish from the distribution tendency simulation. (A–D) Sea body temperature in winter of T1, T2, T3, and T4; (E–H) chlorophyll-α concentration of T1, T2, T3, and T4; and (I–L) seawater salinity of T1, T2, T3, and T4.




3.3. Predicted potentially suitable habitats in recent decades

Prediction maps of suitable area for reef-associated fish from 1993 to 2019 are shown in Figure 5. Overall, reef-associated fish have a wide distribution near coastlines, and the total area of potentially suitable habitats in the SCS and the ECS is >2.0 million km2; most suitable habitat areas are concentrated in the eastern–central ECS, along the coastline of Taiwan, and around the southern coastline of mainland China. The average area of high habitat suitability (presence probability >0.6) was approximately 200,000 km2, and the average area of moderate habitat suitability (presence probability 0.4–0.6) was approximately 160,000 km2.

[image: Figure 5]

FIGURE 5
 Suitability of reef-associated fish in the South China Sea (SCS) and East China Sea (ECS) predicted by MaxEnt. (A–D) Winter, spring, summer, and autumn. (E–H) 1993–1999, 2000–2006, 2007–2012, and 2013–2019.





4. Discussion


4.1. Seasonality and trends of reef-associated fish distribution

Reef-associated fish are valuable resources for coastal countries and regions; however, they face threats from climate change, overfishing, and habitat damage (Sadovy, 2005). In this study, we performed MaxEnt modeling of reef-associated fish habitats in the SCS and ECS under environmental conditions from 1993 to 2019 to study the seasonal variation and trends of suitable habitats for their conservation. Reef-associated fish inhabit coral reef ecosystems, and the predicted suitable habitat is consistent with the coral reef distribution in the two LMEs (Niino and Emery, 1961; Yu, 2012). Thus, our prediction is in agreement with the actual situation.

Marine species are expected to exhibit seasonal habitat variability (Mellin et al., 2007; Wilson et al., 2014). Coral reef ecosystems undergo seasonal change owing to factors such as sea temperature shifts (Bates, 2002; Kayanne et al., 2005; Fulton et al., 2014). We found that reef-associated fish in the SCS and ECS show apparent seasonal variation in habitat use: in winter, reef-associated fish concentrate in the eastern–central ECS, along the coastline of Taiwan Island, and around the southern coastline of China; in spring and summer, some reef-associated fish habitats shift to the southern SCS; in autumn, more fish are concentrated in the southern SCS. The total area of moderate and highly suitable habitats in spring and summer is approximately 20% larger than that in winter and autumn.

Fishery resource assessment, including the trends of fish habitats, has become a research focus (Xu et al., 2021) as climate change has become increasingly severe. Our predictions reveal the tendencies for suitable habitats for reef-associated fish. In the SCS, suitable habitats have continuously decreased, and the total area of moderate and highly suitable habitats in the two LMEs decreased by over 10% over the study period. This is because coral reefs in the SCS have experienced continuous damage owing to climate change and sea pollution (Yu, 2012). Based on our findings, major fishing nations in the region should protect reef-associated fish in response to damage to their habitats.



4.2. Environmental factors influencing reef-associated fish distribution

Suitable habitats for reef-associated fish are sensitive to sea body temperature. The average sea body temperature within the region increased by almost 0.2°C from 1993 to 2019; correspondingly, suitable habitats for reef-associated fish have decreased. Moreover, seasonal patterns of suitable habitats can be driven by short-term temperature changes during different seasons. Both short-and long-term temperature changes affect the distribution of reef-associated fish (Eme and Bennett, 2009; Heupel and Simpfendorfer, 2014; Tang et al., 2014; Holland et al., 2020). The predicted suitable habitats for reef-associated fish in this study are sensitive to sea body temperature in winter; therefore, we suggest that winter climate conditions could impact reef-associated fish in the SCS and ECS. Although the detailed mechanisms remain unknown, researchers have reported the rapid influence of winter climatic conditions on the distribution of marine species (Wingate and Secor, 2008; Morley et al., 2017).

Other crucial environmental factors for reef-associated fish distribution are chlorophyll-α concentration and seawater salinity, which significantly affected both seasonal variation in fish distribution and long-term distribution shifts. The concentration of chlorophyll-α is a measure of phytoplankton biomass, the primary producer of the coral reef food web. Among reef-associated fish in the study area, herbivorous fish are the primary consumers, and the phytoplankton biomass directly affected their habitats. However, a great number of predators, including groupers, tunas, or sharks, have an indirect relationship with Chlorophyll-α concentration. The biomass of predators was found to be much greater than that of primary consumers (Grigg et al., 1984; Polunin, 1996), indicating that trophic exchanges between habitats are necessary for sustaining coral reef ecosystems (Valentine and Heck, 2005). Therefore, chlorophyll-α concentration is considered to indirectly influence the distribution of reef-associated fish to some extent (Mátyás et al., 2003). A seawater salinity of approximately 34.5 practical salinity units (PSUs) is optimum for reef-associated fish in the study region.

The seasonal patterns of suitability maps could be explained by seasonality of important environmental factors. The most important environmental factor for spring, summer, and autumn is sea body temperature, but that for winter is chlorophyll-α concentration. The reef-associated fish prefers sea body temperatures between 20°C and 24°C (see Figures 3A–D), and the moderate and high habitat suitability areas in spring, summer, and autumn agree with the geographical distribution of this temperature range. In winter, however, reef-associated fish nest in the ECS, where the average temperature is relatively low (around 16°C). This suggests that the winter distribution pattern is significantly influenced by other environmental factors, such as chlorophyll-α concentration and seawater salinity. With an average value of 0.4 mg m−3 and 35 PSU, chlorophyll-α concentration and seawater salinity are significantly higher in the ECS during winter than during other seasons.

Long-term changes in the mean values of important environmental factors in the study area can be used to interpret the tendency of distribution patterns. We found that the spatial distribution of magnitude of important environmental factors in this region has not shifted significantly from 1993 to 2019. However, the average sea body temperature in winter has increased by 0.3°C, the average seawater salinity has decreased by 0.3 PSU, and the average chlorophyll-α concentration has decreased by 10%. These long-term changes in environmental factors could lead to the shift of potentially suitable areas for reef-associated fish in the past decades. The increase in the average sea surface temperature in the study area should be attributable to global warming. Chlorophyll-α concentration is generally influenced by sea surface temperature, with a higher sea surface temperature resulting in a lower chlorophyll-α concentration (Gregg and Conkright, 2002). Causes of changes of seawater salinity are more complicated to discuss. On the one hand, seawater salinity is also affected by sea body temperature (Cox et al., 1970; Schmitt, 1981). On larger time scales, however, seawater salinity exhibits multidecadal variability (Durack et al., 2012). The last freshening period in the study area began in the mid-1990s (Du et al., 2015). The weakening of the Kuroshio intrusion has been found to be the primary factor controlling the freshening in the two LMEs (Nan et al., 2016). The salinification period in the study area has been detected since the middle of the 2010s, caused by a stronger Kuroshio intrusion and human activities such as the rising Luzon Straits transport (Zeng et al., 2018).



4.3. Application of MaxEnt to marine species

The MaxEnt model predicts the geographical distribution of a species based on the idea of maximum entropy (Phillips et al., 2004, 2006, 2017). It has been widely used to predict the distribution of terrestrial species such as plants (Zhang K. et al., 2018; Zhang Q. et al., 2018; Tang et al., 2020, 2021), and has been extensively applied to studying marine species’ current distribution patterns and future distribution under climate change (Reiss et al., 2011; Fiedler et al., 2018; Melo-Merino et al., 2020). This study shows the possibility of using MaxEnt to study the distribution shift of different time periods and the seasonality of marine species.

A potential shortcoming of the MaxEnt model is that it cannot differentiate between the effects of climate change and human activity on the distribution of fish. However, human activities such as overfishing pose a risk to approximately 75% of coral reefs, resulting in a global decline in the quality of habitats for reef-associated fish (Pandolfi et al., 2003; Halpern et al., 2008; Leprieur et al., 2008; Barange et al., 2010; MacNeil et al., 2015; Spalding and Brown, 2015; Madin et al., 2016). This may lead to inaccuracies in the MaxEnt projection of the future fish habitat, but we consider it should not have an impact on investigating the present seasonal variation and distribution trend of fish habitats. We expect that, in addition to predicting the future distribution trend of fish, studying the mechanisms of human activities and climate change affecting the distribution of fish will also be the focus of future research.

Complex SDMs, such as MaxEnt, are reported to perform well within particular regions at finer resolutions, but predict poorly at large spatial scales and produce constrained predictions (Drake et al., 2006; Jiménez-Valverde et al., 2008; Jones et al., 2012). The spatial range of the study area in this investigation is large, but the generated suitability maps have wide distributions. We considered that MaxEnt performed well in this study because reef-associated fish have a broad distribution in the SCS and ECS, which is beneficial for MaxEnt predictions (Elith et al., 2011; Schmidt et al., 2020; Huang et al., 2021).

In response to changing conditions in marine environments, marine species tend to relocate and change their geographic range. The spatial–temporal distribution of marine species is a reflection of their population dynamics, which is a crucial factor for conservation strategies. Other researchers’ modeling of the seasonal distribution of marine species (Pitchford et al., 2016) and our research on seasonal patterns of reef-associated fish’s distribution demonstrate MaxEnt’s capacity to handle seasonal geographical shifts of marine species. Migratory species with complex spatial dynamics may also experience geographical range shifts, as they may alter their habitat preferences between migratory endpoints or across life stages (McKinney et al., 2012). The majority of research on this topic has focused on seabirds or mammals (Melo-Merino et al., 2020). Studying fish migration using MaxEnt will be the focus of future research.

As a presence-only distribution model, the maximum accuracy and stability in MaxEnt rely on sample capacity. Compared with recording the occurrence of terrestrial species, it is more difficult to accurately document the presence of marine species, such as fish. If sampling does not fully cover the survey area, then the prediction of the MaxEnt model will be biased (Fiedler et al., 2018). Although MaxEnt’s predictions of species distribution often shows the high model performance, this may also be attributable to MaxEnt’s propensity to overfit the sample occurrence data (Jiménez-Valverde et al., 2008). This can be caused by biased sampling effort. MaxEnt is generally regarded as robust to sample size variations (Bučas et al., 2013); nonetheless, large sample of biased data is not considered superior to a small amount of well-sampled data (Bean et al., 2012). The sampling completeness, whether the observed samples are consistent with the real distribution of species, of environmental gradients should take precedence over sample size, as this is the most important factor in determining the model’s accuracy (Newbold et al., 2009). Moreover, selecting appropriate environmental factors and removing high-correlated factors reduce MaxEnt’s tendency for overfitting (Graham, 2003). In this study, we made an effort to eliminate the sampling bias and remove environmental factors with high correlations.

The prediction results of this study were consistent with ecological plausibility, demonstrating that the MaxEnt model may accurately predict the distribution of marine species to some extent.

Based on our research findings, the reef-associated fish distribution in the SCS and ECS is most likely caused by changes in environmental factors such as sea body temperature, chlorophyll-a concentration, and seawater salinity. Clearly, steps must be taken to safeguard reef-associated fish populations in the SCS and ECS. To ensure the conservation and management of this functional group, additional research will be required to monitor the alterations of important environmental factors and to predict future reef-associated fish habitats. We recommend that potential strategies for coastal nations in this region include regulations or incentives to reduce emissions of greenhouse gases, which cause global warming and contribute to increases in sea water temperature; regulating human activities that contribute to the decline of chlorophyll-a, such as nutrient pollution; and establishing marine protected areas to help conserve reef-associated fish populations by shielding them from overfishing.




5. Conclusion

Investigating the seasonal variation and trends in reef-associated fish’s distribution and estimating the effects of important environmental factors are essential for fishery resource conservation. Our findings indicate that the distribution of reef-associated fish in the SCS and ECS has obvious seasonal patterns, and reef-associated fish are generally concentrated in the eastern–central ECS, along the coastline of Taiwan, and around the southern coastline of mainland China. Our results also show that suitable habitats for reef-associated fish have decreased along with rising temperatures in recent decades, with the most rapid decline occurring in the southern SCS. Our study serves as a reference for the development of fishery management and conservation strategies for this important functional group and region.
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