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El Niño–Southern Oscillation (ENSO) is a crucial oceanographic phenomenon that leads to interannual fluctuations in the climate and ecosystem productivity of tropical and subtropical areas. These fluctuations affect the suitability of habitats for many commercial fish species. However, detailed information on the effects of this major phenomenon and the resulting environmental changes on the habitat and catch rates of the economically and ecologically crucial species of the greater amberjack (Seriola dumerili) in the Taiwan Strait (TS) is lacking. In this study, we employed a weighted habitat suitability index (HSI) modeling method and used remotely sensed marine environmental data as well as data from recorders in Taiwanese fishing vessels (in 2014–2019) to understand the effects of ENSO events on the habitat suitability and catch rates for greater amberjack in the TS. Analysis of variance revealed that environmental factors substantially influenced greater amberjack habitats and catch rates during ENSO events across seasons. The catch rates were high in spring and summer in the southern and northern TS and in autumn and winter in the southern TS. The catch rates were higher in spring, summer, and autumn (>9.0 kg/h) in El Niño years, and in winter, the catch rates were higher in normal years (>12.0 kg/h) and lower in La Niña years. The predicted HSI for the southern and northern TS revealed that greater amberjack populations were predominantly distributed at 20–24°N and 24–28°N, respectively. Opposite habitat suitability was synchronously found in spring and summer during ENSO events, with higher HSI values recorded in spring in El Niño and normal years and higher HSI values recorded in summer in La Niña years. In winter, the HSI values of the southern and northern TS were higher in El Niño and normal years and substantially lower in La Niña years. Habitat suitability was extremely low in autumn. These findings imply that ENSO events play a key role in regulating environmental conditions and affect the catch rates and habitat suitability for the greater amberjack in the TS.
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Introduction

The greater amberjack (Seriola dumerili) are marine pelagic species that can be found all over the world from the temperate to the tropical waters (Taki et al., 2005). The species has commercial and recreational fishing value (Gold and Richardson, 1998) as well as high aquaculture potential (Nakada, 2008). Greater amberjack is the largest pelagic group in the Carangidae family and is an opportunistic predator species that can mainly be observed in areas near reef-associated floating objects, such as drifting seaweed, in the open ocean (Sley et al., 2016; Hasegawa et al., 2020). In the waters of Taiwan, greater amberjack fishery resources have been steadily increasing. The species is notable for its outstanding quality meat, quick growth, substantial commercial value in a vast international market, and global distribution. However, an increase in fishing efforts and landings has led the greater amberjack species to become classified as overfished (Turner et al., 2000). Two subpopulations of the greater amberjack have been identified along the coasts of East Asia in the East China Sea (ECS) and the South China Sea (SCS) in addition to two subpopulations identified off the coast of the United States (Hasegawa et al., 2020). However, the status of the greater amberjack in Taiwanese waters remains unknown, and no strategies to conserve or manage the greater amberjack have been developed. To effectively develop strategies for managing this valuable fishery resource, information on the habitat preferences of and climate-related environmental effects on the fish is required. However, although fish habitat distribution and climate-related environmental effects have been reported to be essential factors affecting fish populations, the data available on the greater amberjack population in the waters of Taiwan are almost entirely based on assessments of age and growth (Hasegawa et al., 2017; Hasegawa et al., 2020), migration, and spawning (Tone et al., 2022).

The Taiwan Strait (TS) is a shallow shelf zone and an important fishing region from the tropical to subtropical in the western Pacific Ocean between Taiwan and China. The TS is also a crucial water pathway that connects the SCS in the south and the ECS in the north, and it transports water and chemical elements along the western coast of Taiwan. The biogeochemical, physical, and ecological dynamics of the TS fluctuate considerably over time and space because of its complicated bottom topography that alternately forces the monsoon and the convergence of numerous current systems (Gong et al., 2003; Naik and Chen, 2008; Tseng et al., 2020). The TS is approximately 350-km long and 180-km width, having an average depth of 60 m. The TS has greater than 200 m in depth in the southeast (Lan et al., 2009; Naimullah et al., 2020). The three main currents that influence the waters around the TS are the China Coastal, Kuroshio Branch, and SCS currents. A notable topographical feature in the TS is the Chang-Yuen Rise, which stretches westward from the middle of Taiwan’s western coast. The Chang-Yuen Rise divides the TS into two basins and creates an ocean circulation barrier, with the China Coastal Water to the north and the SCS Warm Current and Kuroshio Branch Current to the south (Lee et al., 2003). The warm Kuroshio current flows along Taiwan’s eastern coast, and a cold dome frequently forms over the continental shelf’s northeastern edges (Lan et al., 2020). The Kuroshio Branch Current influences the transportation of greater amberjack fish eggs, larvae, and juveniles (Sassa et al., 2008; Sassa and Tsukamoto, 2010). An important location for the spawning area of the greater amberjack is located near the open water region off the Penghu Islands of Taiwan, in the southern part of the TS (Hasegawa et al., 2020).

To effectively manage marine resources, understanding the distribution patterns of marine species in terms of space and time are crucial. These patterns enable researchers to determine the environmental characteristics that affect how species respond to environmental changes as well as their range and habitat preferences. This information can assist in improving ecosystem management (Saraux et al., 2014), fish stocks and abundance (Azevedo and Silva, 2020), and prey abundance and dispersion (Garrison et al., 2002) and in habitat conservation (Ward et al., 2015) and fishery management (Kai et al., 2017). Satellite-derived environmental variables and temporal and spatial distribution patterns can be utilized to locate and predict potentially suitable fish habitats and distribution (Mansor et al., 2001; Zhang et al., 2017; Lee et al., 2018; Abdul Azeez et al., 2021).

Climate change has led to worldwide biodiversity redistribution (Pecl et al., 2017), with alterations in species distributions occurring faster in marine habitats than in terrestrial systems (Chen et al., 2011; Poloczanska et al., 2013). Diverse groups of marine species have exhibited consistent poleward tendencies in response to climate change (Poloczanska et al., 2013). These tendencies demonstrate the projected and actual effects of climate change on oceanographic variables (Wu et al., 2012). Many researchers have focused on determining the effects of changes in habitat suitability due to climate variability and their interactions with fish distributions and abundance and catches; these data would be crucial for achieving prudent exploitation of fish resources and sustainable management (Silva et al., 2016; Tanaka and Chen, 2016). The El Niño–Southern Oscillation (ENSO) phenomenon is considered a crucial indicator of large-scale environmental and climatological variability related to climate change, and the phenomenon exerts considerable effects on the distribution and production of fish species in the oceans (Anderson and Rodhouse, 2001). The environmental conditions that occur during the respective oceanic warming and cooling of El Niño and La Niña have both the positive and the negative effects on the abundance index (Tian et al., 2003). The ENSO phenomenon happens in the tropical Pacific Ocean and is an indicator of interannual oscillations. The ENSO phenomenon is caused by changes in surface wind pressure and the sea surface temperature (SST). These changes offer intermediary reasons for climatic variations in El Niño and La Niña years (McPhaden et al., 2006). The SST in the eastern and central tropical Pacific is lower than the average in La Niña years and is higher than the average in El Niño years (Naimullah et al., 2021).

In this study, we used a habitat suitability model for the greater amberjack in the TS that incorporated climate-related oceanographic characteristics to better understand and enable future predictions of the greater amberjack’s environmental habitat by using multiple oceanographic predictors. The implications of climate change for the greater amberjack habitats in the waters of Taiwan are unknown. Therefore, examining the causes and effects of climate change on the greater amberjack habitats is crucial. The goal of this research is to build an integrated habitat suitability model to investigate the habitat suitability for the greater amberjack in the TS and to quantify climate-driven shifts in different types of El Niño and La Niña episodes. In response to the effects of climate change, the present study also provides suitable fishery resource management and conversation measures based on an analysis of synchronous changes that occur during different ENSO episodes and thus offers science-based suggestions for the sustainable management and responsible use of the habitat patterns of the greater amberjack in the TS.





Materials and methods




Greater amberjack fishery data

Daily spatial high resolution fisheries data of the greater amberjack from 2014 to 2019 were collected using voyage data recorders from the Taiwanese fishing vessels (5–200 MT) that are equipped with an angling gear and operate in the TS. The fishing data included latitude and longitude, fishing date, operating hours, total catch (kg), and targeted species. These data obtained 0.1° spatial grids were used to collect data from daily fishing locations. To adjust for fishing effort, the monthly catch rates were determined (Equation (1)) by dividing the total weight of the greater amberjack caught by all the fishing vessels over the course of a month by the total operating hours at all the fishing locations during that month. The monthly catch rates for each 0.1° grid within the study area were used in the following formula, where i is the latitude, and j is the longitude for each 0.1° spatial grid. We used MATLAB software to create catch rate distribution maps for the greater amberjack.

 





Satellite-derived marine environmental data

The monthly SST, sea surface salinity (SSS), sea surface height (SSH), mixed layer depth (MLD), and eddy kinetic energy (EKE) marine environmental data were obtained from the Copernicus Marine Environment Monitoring Service (https://marine.copernicus.eu) at a horizontal resolution of 1/12°. The monthly chlorophyll-a concentration (Chl-a) data were extracted from the National Aeronautics and Space Administration’s (NASA) Aqua satellite (oceancolor.gsfc.nasa.gov), which has a sensor for measuring Chl-a in oceans. Monthly temporal and spatial resolution of 4.6 km (at the equator) were found in the level 3 data map image of the Chl-a data. All remotely sensed marine environmental data from 2014 to 2019 were downloaded and were then resampled, with monthly means derived on a 0.1° spatial grid, which corresponded to the spatial grid employed for the fishery data. To construct Hövmöller plots of spatiotemporal variations in oceanographic conditions of the six environmental variables were extracted using MATLAB on a monthly timescale throughout the regions covering the TS (20–29°N). The monthly average values of all the environmental variables included in the study from 2014 to 2019 in the TS were utilized to produce the monthly average time-series trends analysis. Before statistical models were used, the relationships between the environmental data were examined to calculate the correlation coefficients between the variables. When all the environmental variables were tested for intercorrelations, low correlation coefficients (r2< 0.25) were found.





Climatic Niño index

To calculate the tropical climatic index, we were considered the Oceanic Niño Index (ONI), which is an ENSO-associated index, and investigated the association between the ONI and the mean catch rates of the greater amberjack. The ONI was used to define ENSO events, which were considered running 3-month mean SST anomalies between 5°N–5°S and 120°–170°W in the Niño 3.4 region. El Niño and La Niña episodes were outlined as five consecutive and overlapping 3-month period intervals in which the ONI was above +0.5°C or below −0.5°C, respectively. During the study years, the ONI’s positive and negative values alternated, indicating considerable interannual variations in oceanographic conditions. An ONI range of ±0.5°C was described as a normal year. The ONI values were obtained from the National Oceanic and Atmospheric Administration’s (NOAA) Climate Prediction Center and were accessed from the center’s website (https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php).





Statistical analysis

One-way analysis of variance (ANOVA) were utilized to analyze the associations between the greater amberjack catch rates and environmental variables during ENSO events based on the location in the TS at which the fishery data were obtained from 2014 to 2019. Tukey’s tests were used to perform pairwise post hoc comparisons. We checked and confirmed that the necessary presumptions that the variance was homogeneous, the errors had a normal distribution, and error independence of the one-way ANOVA were met.





Partial least squares regression method

The partial least squares regression (PLSR) approach can be used to compress data by reducing a large number of collinear spectral variables into a small number of set especially when the variables are multicollinearity. This strategy is progression from multiple regression analysis, which can be used to determine the influence of several predictors in linear combinations of one or more response variables (Carrascal et al., 2009). In a previous study, the predictor variables of (catch rates >60%) with latent structure and response variables (six environmental factors) was accounted for by using PLSR, which can be used to select the model with the best predictor variables that most favorably reflect the changes in response variables (Wold et al., 2001). In the present study, to evaluate the predictors’ relative importance in the overall model, we determined the PLSR for the variable influence on projection (VIP) scores. Based on VIP scores, the relative weighting was proportionately determined. In the present study, for developing the HSI model for the greater amberjack, we used six weights based on VIP scores.





Development of the habitat suitability index model

The habitat suitability index (HSI) model has been widely used to evaluate the spatiotemporal distribution patterns of potential habitats for marine species (Feng et al., 2022). Many studies have used multiple marine environmental factors to develop HSI models for a single species (Yen et al., 2012; Chang et al., 2019; Lee et al., 2020; Vayghan et al., 2020). The HSI model has become an increasingly crucial ecological tool for identifying species responses to climate-related environmental variability to enable the conservation, management, and restoration of valuable marine resources. HSI models are mainly based on a suitability index (SI), and they are habitat quality indicators that determine the associations between one or more key environmental factors and the abundance of key species or the occurrence of a specific species (Yu and Chen, 2020). An HSI value ranging between 0 and 1 indicates that a habitat is likely suitable for a species, with 0 indicating that a habitat is completely unsuitable and 1 indicating that a habitat is completely suitable. The associations between the catch rates for the greater amberjack and all the environmental factor were shown as curves representing the SI values, with a catch rate of >60% being considered a high catch. The following formula (Equation (2)) was used to calculate the SI values:

 

where catch ratesij represents the total fishing efforts over the ith interval of the range of the environmental factors j, and max(catch ratesij) represents the maximum total fishing efforts. The following formula (Equation (3) to (8)) can be used to determine the associations between the SI and environmental factors for the greater amberjack, where α and β are constants, and the environmental factors included in this research.

 

 

 

 

 

 

Several models, such as the geometric mean model, the continuous product model, the minimum model, and the arithmetic mean model (AMM), can be combined with SI models to form integrated HSI models (Lee et al., 2018). However, numerous studies have reported that the AMM is the most favorable for HSI models, and that it has led to optimal results for several fish species (Yen et al., 2012; Li et al., 2014; Lee et al., 2020). Therefore, the AMM was used in the present study; the setting weights of different environmental factors were reported Naimullah et al. (2021) to substantially impact HSI modeling. The weighted HSI AMM was estimated (Equation (9)) using the following formula:

 

where SIi is the SI value for all the environmental factor i; wi is the weight of each environmental factor, determined using the VIP score; and n is the number of the environmental factors considered in the HSI model. We estimated the influence of the ENSO phenomenon on habitat suitability for the greater amberjack species as well as the weighted HSI generated from the models throughout the important fishing seasons, distributed spatially.






Results




Greater amberjack time-series analysis and spatial distribution pattern of catch rates in the TS

The methodological framework of this study is presented in an overall workflow schema (Figure 1), which was used to determine how climatic events resulting from ENSO factors influence the marine environmental conditions that affect the suitable habitat of the greater amberjack in the TS. The environmental factors for the monthly time-series trend analysis from January 2014 to December 2019 are shown in Figure 2, demonstrates the strong environmental fluctuations exhibited in the TS. There is a prominent seasonal variation has been revealed between the environmental factors; from March to August (spring to summer), SST is increasing while SSS, SSH, Chl-a, and MLD are on decreasing trend. The trend pattern of EKE is more obvious opposite fluctuation shift with Chl-a, when the Chl-a is higher, EKE shows lower and vice versa throughout the year (Figure 2). The monthly average catch and catch rates of the greater amberjack in the southern and northern waters of the TS exhibited various trends (Figure 3). Similar trends were found in January, February, and March, whereas the trends varied in other months. The catch rates were higher in the northern TS than in the southern TS. Therefore, we separated the trend patterns of the southern and northern TS. Fluctuation patterns are influenced by fish availability, which is related to the environmental conditions caused by climatic events investigated in this study. The spatial distribution patterns revealed that the catch rates during spring and summer were widely distributed from 22–24°N in the southern TS to 24–28°N in the northern TS (Figures 4A, B). In autumn, the catch rates were higher in the southern TS, with the majority of the high catch rates occurring in the southeastern waters of the TS (Figure 4C). Higher the catch rates were noted in the southern TS, from 20–24°N, throughout winter (Figure 4D).




Figure 1 | Methodological framework for data interpretation and analysis.






Figure 2 | The monthly average time series trend of environmental factors from January 2014 to December 2019 in the Taiwan Strait.






Figure 3 | Monthly average catches and catch rates of greater amberjack in the southern and northern Taiwan Strait.






Figure 4 | Seasonal average catch rates of greater amberjack in the southern (blue color box) and the northern (red color box) Taiwan Strait in 2014–2019.







ENSO episodes and temporal variability of catch rates of greater amberjack

The ENSO phenomenon was determined to demonstrate interannual variability in 2014–2019 (Figure 5A). The Niño Index was positive in 2015, 2016, and 2019 (El Niño years) and negative in 2017 and 2018 (La Niña years) and in 2014 (a normal year). The temporal relationship between the latitudinal gravitational center and catch rates of the greater amberjack fluctuated, demonstrating monthly and interannual variability in 2014–2019 (Figure 5B). In addition, the catch rates were higher in the El Niño periods, whereas the catch rates steadily declined in the La Niña periods. Consequently, the catch rates varied significantly (p< 0.05) between the ENSO episodes. The HSI model was used to analyze the impact of the ENSO phenomenon on the catch rates and habitat suitability for the greater amberjack in the TS.




Figure 5 | (A) Interannual variability of the El Niño–Southern Oscillation and (B) relationship between latitudinal gravitational centers and catch rates in the Taiwan Strait in 2014–2019.







Environmental variability in ENSO event periods

The oceanographic environmental characteristics, particularly the SST and SSH, in the TS changed in 2014–2019 (Figures 6A, C). Strong positive temperature anomalies were linked with marine heatwaves in 2016 and 2019. In addition, warm anomalies were linked with El Niño periods. However, although the heatwaves caused extremely warm temperatures across the area, the warm anomalies resulting from El Niño were more spatially diverse. During the warm El Niño events, the SSS and MLD were positive anomalies, whereas during the cooler La Niña events, they were negative anomalies (Figures 6B, E). SSH variation was associated with the SST but also demonstrated a mesoscale oceanographic characteristic influence on spatiotemporal anomalies (Figure 6C). Chl-a generally exhibited an inverse relationship with the SST, exhibiting negative anomalies during warm events and positive anomalies during cool events (Figure 6D). The EKE varied substantially both spatially and temporally over the duration of the time series (Figure 6F).




Figure 6 | Hövmöller plot of anomalies in six environmental variables; (A) sea surface temperature anomaly (SSTA), (B) sea surface salinity anomaly (SSSA), (C) sea surface height anomaly (SSHA), (D) Log chlorophyll-a anomaly (Log Chl-a A), (E) mixed layer depth anomaly (MLDA), and (F) eddy kinetic energy anomaly (EKEA) during El Niño and La Niña events in the Taiwan Strait in 2014–2019.







Association between greater amberjack catches and environmental variables in the TS

Table 1 presents the relative weighting of the key environmental variables for the greater amberjack in ENSO events, which was based on VIP scores determined using the PLSR method. In the El Niño years, the MLD and SST described the highest VIP score, and the Chl-a explained the lowest. In the La Niña years, the SSS described the highest VIP score, and the EKE explained the lowest. In the normal years, the MLD most described the highest VIP score, followed by the SSH, SSS, EKE, SST, and Chl-a (Table 1). Box-and-whisker plots were used to demonstrate the association between the greater amberjack species and environmental variables across four seasons during ENSO events based on the fishery location data in the TS from 2014 to 2019 (Figure 7). ANOVA revealed that the greater amberjack catch rates recorded during ENSO events were significantly influenced by environmental variables throughout all seasons. The results revealed that the high catch rates in spring during El Niño events associated with a higher SST, SSS, and EKE and a lower SSH, Chl-a, and MLD. Low catch rates were found in the La Niña and normal years (Figures 7A1–a7). However, that there is no significant difference exhibited in the catch rates in spring between El Niño, La Niña and Normal years. The catch rates for summer were higher in the El Niño and normal years, with the catches during the two types of years demonstrating no significant differences and associated with a higher SSS and EKE and a lower SST, SSH, Chl-a, and MLD (Figures 7B1–b7). Moreover, the catch rates in autumn were comparable to those in summer, and higher catch rates were recorded in these seasons in the El Niño and normal years and associated with a higher SSS and EKE and a lower SSH and Chl-a. A higher SST was found in the El Niño years, and a higher MLD was found in the normal years (Figures 7C1–c7). In winter, higher catch rates were recorded in the El Niño and normal years and associated with a higher SSS and EKE and a lower SST, SSH, and MLD as well as a higher Chl-a in the normal years (Figures 7D1–d7).


Table 1 | Proportional weighting of the sea surface temperature (SST), sea surface salinity (SSS), sea surface height (SSH), sea surface chlorophyll-a (Chl-a), mixed layer depth (MLD), and eddy kinetic energy (EKE) in El Niño, La Niña, and normal years based on VIP scores.






Figure 7 | The box-and-whisker plots illustrating the effect of the environmental variables on catch rates for greater amberjack in spring (A1–A7), summer (B1–B7), autumn (C1–C7), and winter (D1–D7) during ENSO events in the Taiwan Strait. The height of the box is equivalent to the standard error, and horizontal black line indicates the mean. The superscripted roman numerals denote the significant differences identified using the Tukey’s test (p< 0.05). One-way analysis of variance was utilized to determine the significant differences of each box.







Environmental variability and SI

A seasonal fitted SI model was developed for each environmental variable, and all the models was significant (p< 0.001), had lower root mean square differences (RMSDs), and had higher correlation coefficients (Table 2). The SI curve was used to identify various optimal ranges for all the environmental variable in each season for the greater amberjack species (Figure 8). The optimal SST ranges (SI > 0.6) were 24°C–27°C, 29°C–30°C, 27°C–29°C, and 23°C–25°C in spring, summer, autumn, and winter, respectively (Figure 8A). The SSS optimal ranges were 34.4–35 PSU in spring and winter and 33.2–34.3 PSU in summer and autumn (Figure 8B). The optimal SSH ranges in spring and summer were similar; they were 0.5–0.68 and 0.51–0.61 m, respectively. The optimal ranges in autumn and winter were 0.57–0.71 and 0.65–0.74 m, respectively (Figure 8C). The suitable Chl-a range was higher in summer and winter (0.13–0.32 mg/m3) than in spring and autumn (0.12–0.18 mg/m3; Figure 8D). Furthermore, the optimal MLD range was lower in spring and summer (9–16 m) and higher in autumn and winter (17–28 and 28–39 m, respectively; Figure 8E). The optimal EKE range demonstrated a consistent trend across seasons (0.011–0.019 m2/s2; Figure 8F).


Table 2 | Seasonal fitted suitability index (SI) model for all the environmental variable; α and β are the estimated parameters of the SI model, and RMSD indicates the root mean square difference.






Figure 8 | Suitability index curves fitted to the relationship between fishing effort for greater amberjack and all the environmental variable, that is, (A) sea surface temperature (SST), (B) sea surface salinity (SSS), (C) sea surface height (SSH), (D) sea surface chlorophyll-a (Chl-a), (E) mixed layer depth (MLD), and (F) eddy kinetic energy (EKE), in each season. The intersections of the SI curve and the horizontal dashed lines (SI = 0.6) are the optimal range for all the environmental variable.







Variability in habitat suitability during ENSO events

Analysis of HSI maps revealed that the suitable habitats in spring in the El Niño and normal years were larger and extended southward (south to 23°N), whereas the suitable habitats were smaller in the La Niña years (Figures 9A–C). In summer, although the selected habitat maps indicated that the suitable areas were larger in the southern TS (south to 22°N) during the La Niña years, the majority of the fish populations were located in the northern TS. Furthermore, in summer during the normal years, HSI values were lower, whereas in summer during the El Niño years, the catch rates and HSI values were higher, indicating that the fish populations moved further northward in the TS (Figures 9D–F). However, in autumn, the catch rates in the southern TS that matched with suitable habitats were higher in the El Niño years than in the La Niña and normal years (Figures 9G–I). The HSI maps revealed that the suitable habitats during winter in the El Niño and normal years were more northward in the northern TS and further southward in the southern TS. Furthermore, the catch rates were higher in these areas in these years than they were in the La Niña years (Figures 9J–L). The influence of ENSO events on the percentage of suitable habitats of the greater amberjack was determined to be higher in the El Niño years than in the La Niña and normal years, with different seasonal variability (Figure 10).




Figure 9 | Average catch rates of greater amberjack overlaid with habitat suitability in spring (A–C), summer (D–F), autumn (G–I), and winter (J–L) during ENSO events.






Figure 10 | Percentage of suitable habitat area for greater amberjack in the Taiwan Strait in each season during ENSO events.







Spatial variability of environmental conditions and suitable habitats

The spatial habitat distribution patterns of the greater amberjack were associated with the optimal oceanographic environmental variable ranges (Table 2). The areas with variables in the optimal ranges are outlined in different colors for each season in Figures 11A–D. The habitat suitability for the greater amberjack in the TS was associated with oceanographic environmental conditions and ENSO events. Spatial correlation analysis was conducted to determine the association between HSI values and each environmental variable in the main fishing grounds between 20–28°N and 116–127°E, in the TS in 2014–2019 (Figures 12A–F). The results revealed spatial variations in the relationship between environmental conditions and habitat suitability. In the northern TS (24–28°N), the HSI value was positively correlated with the SST, SSS, SSH, and EKE, and in the southern TS (20–24°N), the value was negatively correlated with the aforementioned variables, although the correlation coefficients were not high (Figures 12A–C, F). Moreover, the HSI and Chl-a values were significantly positively correlated in both the southern and northern TS, whereas the MLD was negatively correlated across all fishing locations (Figures 12D, E). The AMM-based HSI model results indicated significant monthly fluctuations in the HSI prediction maps. The predicted habitat shifted northward to approximately 27°N during spring and remained the same until summer. The predicted habitat then shifted southward to approximately 20–24°N in autumn and winter. The time-series latitudinal sections of the predicted HSI along the southern and northern TS revealed that the greater amberjack was primarily distributed in 20–24°N and 24–28°N. However, this area fluctuated monthly and annually (Figures 13A–F).




Figure 11 | Seasonal spatial distribution of greater amberjack fisheries with most preferred environmental conditions indicated with colored lines; magenta (Chlorophyll-a; Chl-a), light green (sea surface salinity; SSS), red (sea surface temperature; SST), dark green (mixed layer depth; MLD), aqua blue (eddy kinetic energy; EKE), blue (sea surface height; SSH), respectively.






Figure 12 | The correlation coefficients between the spatial distribution of habitat suitability index (HSI) values and environmental variables: (A) SST versus HSI, (B) SSS versus HSI, (C) SSH versus HSI, (D) Chl-a versus HSI, (E) MLD versus HSI, and (F) EKE versus HSI.






Figure 13 | Time-series latitudinal section plots of the greater amberjack habitat suitability index (HSI) along the southern and northern Taiwan Strait: (A) 118°E, (B) 119°E, (C) 120°E, (D) 122°E, (E) 123°E, and (F) 124°E; the maps were generated using an arithmetic mean model developed using marine environmental data from 2014–2019. The black solid line outlines the areas with an HSI value of 0.8.








Discussion




Seasonal catch rate variations and spatial distribution patterns

In this study, we investigated how the oceanographic conditions resulting from ENSO events influenced the catch rates of the greater amberjack in the southern and northern TS during the study period. Moreover, we applied an AMM-based HSI modeling method to predict the habitat suitability for the greater amberjack. Our developed HSI models and analyses of the catch rates and the environmental variability may provide an insight into the climate-driven habitat suitability variations in target fish species in the TS during different ENSO events. Such research can be used to assess the effects of climate-related changes on marine environments and the quality of species-suitable habitats, which may be crucial for fishery management. Seasonal greater amberjack fishing, which was associated with various catch rates and marine environmental characteristics, was widely distributed from the southern to the northern TS (Mammel et al., 2022). Anomalous climate events and marine environmental variability can lead to changes in catch rates and influence the spatial distribution patterns of the greater amberjack in the southern and the northern regions of the TS. According to Hasegawa et al. (2017); Hasegawa et al. (2020), the greater amberjack is a widespread species that can be found throughout the southern and northern parts of the TS.

Catches and catch rates were higher in the northern TS in spring and summer and higher in the southern TS in autumn and winter (Figure 4). This difference may be related to the selection of favorable marine habitat areas and physiological requirements of the greater amberjack. Mammel et al. (2022) reported that significant seasonal catch rate variations were strongly influenced by the marine environment, and that catches were widely distributed from north to south, indicating that the greater amberjack expanded their habitat spatial distribution range throughout the entire TS. Because all seasons are crucial for greater amberjack fisheries in the TS, we included all seasons in our study. Tone et al. (2022) used archival tag studies in northern Taiwanese waters to describe the habitat of the greater amberjack. This information can be used as a framework for analyzing changes in fish migration and spatial patterns. However, the investigation focused on the age structure and life history characteristics of the greater amberjack in the southern TS, near the thermal front region (Hasegawa et al., 2017). Although many studies have provided information on the catches and catch rates of the greater amberjack, few have been conducted in the TS.

Seasonal changes in the catch rates and marine environmental conditions of fishing grounds in the TS can be determined using remote sensing data and using daily catch data and data from vessel recorders, which are operated on Taiwanese fishing vessels. Catch rates and the variability of fish population structures are affected by climate-related oceanographic environmental conditions (Ho et al., 2016). The variability of the spatial distribution patterns of the greater amberjack may be mostly influenced by the current system in the TS. The currents in the TS, that is, the SCS, Kuroshio Branch, Kuroshio, and Coastal China Sea currents, may affect the movement of the greater amberjack in the TS when seasonal changes occur, leading to a wide distribution of the species. Previous research on various marine fish species in the TS has shown that the catch rates and spatial distribution patterns are influenced by seasonal changes in physical processes of various currents and climate-related environmental variability (Lan et al., 2014; Chen et al., 2021).





Influence of marine environmental variability on the catch rates of greater amberjack

Understanding the effects of environmental conditions on the variability of the catch rates of fish species is essential for the fisheries ecosystem-based management, which has become increasingly an accepted species management approach. However, no management or conservation strategy has been implemented for the greater amberjack in the TS, and the status of the species is unknown. Therefore, in our study, we investigated the influence of multiple dynamic environmental variables on the greater amberjack in the TS and the catch rates of the species to determine how each factor affected the species stock structure. Gaining an understanding of the association between the spatial variation of fish assemblages and marine environmental characteristics enables the habitat regions of pelagic fish to be precisely identified by using remote sensing (Brodie et al., 2015; Lee et al., 2018). A habitat is more likely to become preferable when environmental conditions are optimal. For example, the SST demonstrated considerable seasonal fluctuations, with the lowest values noted in winter (23.95°C) and highest values noted in summer (29.15°C). The SST regulates the physiological and metabolic processes of fish (Abdul Azeez et al., 2021). It influences spawning, the development of eggs and larvae, and the general distribution of fish (Gordoa et al., 2000), and it plays a key role in the spatial distribution of marine fish species (Hidayat et al., 2021). The SST has strong seasonal variability in the TS and demonstrates particular variability in summer and winter (Belkin and Lee, 2014; Lee et al., 2021).

The optimal SSS range in the fishing locations of this study was 33.2–34.3 PSU throughout summer and autumn and 34.4–35 PSU in spring and winter. The SSS substantially influenced the habitat quality for the greater amberjack and was higher in the El Niño years. The SST and SSS have an inverse relationship with respect to the seasons; a higher SST occurs when the SSS is lower (Figures 8A, B). Salinity levels exceeding 35.8 PSU result in oligotrophic conditions and decreased primary production, which cannot meet the nutritional needs of pelagic fish species (Coletto et al., 2019). The prey species aggregate near the fronts and eddies associated with the SSH, which attracts pelagic predatory fish species (Abdul Azeez et al., 2021). In the present study, the optimal SSH range was lower in spring and summer (0.5–0.68 m) and higher in autumn and winter (0.57–0.74 m) for the greater amberjack, and the SSH value were higher in the La Niña years and lower in the El Niño years. Mesoscale oceanographic features encourage the aggregation of foragers by mixing nutrients and delivering them to the photic zone, which enhances phytoplankton growth and potentially attracts predators from higher trophic levels (Sournia, 1994).

Chl-a has direct and indirect associations with foraging distribution and influences the spatial distribution of predators (Lee et al., 2018). The optimal Chl-a ranges were low in spring and autumn (0.12–0.18 mg/m3) and high in summer and winter (0.13–0.32 mg/m3). The summer and winter ranges may have been high because high discharge water currents during those seasons brought nutrients to the TS. Furthermore, most fishing locations in fishery research are in coastal regions with substantial nutrient concentrations that vary with the current systems within each season in the TS. Most areas identified as potential fishing grounds are upwelling regions, which have high Chl-a and favorable SSTs, which cause sufficient nutrients to move from the layer at bottom to the top surface layer of sea waters. This often leads to high biological productivity (Hu and Wang, 2016) and influences the diet of the greater amberjack in the TS.

The MLD can serve as a proxy for SSH variation causes cooling surface temperatures can prompt to convection, which leads to an increased MLD and a decreased SSH (de Boyer Montégut et al., 2004). In the present study, we discovered that the optimal MLD range was much lower in spring and summer (9–16 m) and much higher in autumn and winter (17–39 m). Moreover, the highest catch rates for the greater amberjack in the TS were mostly found in waters with an MLD range of 10–50 m (Mammel et al., 2022). This was similar to the optimal range (11–50 m) in the western-central Gulf of Mexico (Murie et al., 2011). Seasonal changes in MLDs and the transfer of water masses initiate marine environmental and biophysical mechanisms. These environmental shifts are supported by subtle biological processes, such as the distribution of nitrogen-fixing organisms (Song et al., 2022). Heat exchange and wind pressure at the seawater–air interface and turbulent mixing of the water masses play a major role in determining MLDs (Kara et al., 2003). Our findings also revealed that low EKE values have a favorable effect on greater amberjack catch rates in the TS, suggesting that an EKE higher than the optimal level can reduce the quality of suitable habitats. The optimal EKE range was 0.011–0.019 m2/s2 and remained similar across seasons. Studies have reported that EKE is a significant predictor of the distributions of several pelagic fish species (Champion et al., 2018; Champion et al., 2021; Mammel et al., 2022), and low EKE values have a favorable effect on the quality of kingfish (Seriola lalandi) habitats in Australian waters (Brodie et al., 2015; Champion et al., 2020).





ENSO events and habitat variations of greater amberjack

ENSO is a large-scale El Niño event in the tropical Pacific Ocean and is characterized by unusual SST warming, which, when together with regional environmental variability, considerably influences the fish stock dynamics of pelagic realm. No study has been conducted the impact of ENSO events on variations in the catch rates of greater amberjack fisheries in the TS. Our results indicate that the impact of ENSO on the greater amberjack catches was affected by the phase of the ENSO event. There have been many model-based approaches used to analyze habitat suitability for pelagic fish species under changing climatic conditions, and environmental variability has become a prevalent aspect of fishery research (Brodie et al., 2015; Lee et al., 2020; Mammel et al., 2022). The HSI model is among the most effective and extensively used techniques for analyzing the effects of climate variability on rapid changes in the habitat suitability for fish over time and space (Gong et al., 2011). The habitat model can be used to obtain reliable and valid information, which can then be used to understand the potential influence of anomalous environmental variability and to identify a marine species’ preferred habitat.

In the present study, higher catch rates were recorded in spring, summer, and autumn in the El Niño years, with no significant differences identified between seasons. However, in winter, higher catch rates were recorded in the normal years than in the El Niño and La Niña years (Figure 7). Similarly, a study reported higher catch rates for pelagic fish species during the El Niño years in the southeast Pacific Ocean off the coastal waters of Chile (Feng et al., 2022). Despite the fact that the box-whisker plots indicate that there is no significantly difference observed in catch rates between ENSO events in spring compared to other seasons, previous research has demonstrated that the monsoon patterns had an impact on the TS during the spring, which was marked by a strong flow of the cold water China Coastal Current that carried lower temperature water and high nutrients during ENSO periods (Zhong et al., 2022). Notably, in the present study, habitat suitability during spring and summer was synchronously opposite to habitat fluctuations during ENSO events, with higher HSI values being recorded in spring in the El Niño and normal years and higher HSI values recorded in summer in the La Niña years. This may have occurred because the greater amberjack requires higher temperature ranges (Mammel et al., 2022), and La Niña likely causes temperatures to gradually decrease in spring, which leads to the temperature being balanced in summer. This suggests that the SST was higher in summer in the La Niña years in the TS (Kuo and Ho, 2004). In the present study, in autumn, the HSI value of the southern TS was higher in the El Niño years than in the La Niña or normal years, although habitat suitability in autumn was lower than that in other seasons. Other research that employed the species distribution model revealed that the habitat suitability in the TS for the greater amberjack was less favorable in autumn (Mammel et al., 2022). Habitat suitability may be lower in autumn than in other seasons because the optimal Chl-a range is substantially lower in autumn (Figure 8D). This may occur because of lower nutritional supply and unfavorable environmental conditions. Our findings also revealed a higher HSI score in the southern and northern TS in winter in the El Niño and normal years. Furthermore, we discovered low HSI values in winter in the La Niña years, which did not match with the recorded catch rates. Another study reported findings that correlated well with the favorable environmental conditions in winter recorded in our study (Mammel et al., 2022); the optimal Chl-a and SSH ranges were comparatively higher in winter (Figures 8C, D). Furthermore, the currents and temperature increased nutrient supply and food availability for the greater amberjack in the TS.

ENSO events caused by climate variability in the Pacific Ocean are complex (Wang et al., 2017), and the effects of the events lead to changes in the habitat suitability, which may influence the fisheries (Kuczynski et al., 2018). For example, many studies have reported that commercially crucial marine species, such as large pelagic fish species (Hill et al., 2016), three swimming crab species in the TS (Naimullah et al., 2021), and jack mackerel (Trachurus murphyi; Feng et al., 2022), are considerably influenced by ENSO events. In this study, the latitudinal sections of the predicted HSI (Figure 13) demonstrated that the greater amberjack prefers and is highly abundant in the southern (20–24°N) and northern (24–28°N) TS, which are near to the SST frontal region (Mammel et al., 2022) and, therefore, provide favorable marine environmental conditions. This study provides preliminary findings that suggest that the catch rates and habitat suitability for the greater amberjack in the TS are related to environmental variability and ENSO. Our study only employed a habitat modeling approach to analyze the impact of ENSO events on the catch rates and habitat quality variations in different seasons, for which environmental and greater amberjack fishery data in the TS were obtained using remote sensors. Future studies should focus on SST frontal regions and spatial information related to prey dynamics. This would improve evaluations of the potential responses of the greater amberjack to environmental variability and climate change and thereby improve the understanding of suitable habitat conditions for the greater amberjack.






Conclusion

In the present study, we determined that the catch rates and habitat suitability for the greater amberjack in the TS are considerably influenced by climate variability and marine environmental changes resulting from ENSO events in various seasons. Furthermore, global warming is causing climate change and variations in the sea temperature influence the catchability, habitat quality, and fishing pressure of fish species. High season-related habitat variability has led the greater amberjack to seek a stable and favorable environment in response to changes in climate. Our results revealed that El Niño is positively associated with higher catch rates in spring, summer, and autumn, whereas in winter, catch rates are higher in the normal years and lower in the La Niña years. During ENSO episodes, habitat suitability in spring and summer exhibits synchronized opposite variations, with higher HSI values being recorded in spring during the El Niño and normal years and in summer in the La Niña years. Habitat suitability is considerably lower in autumn than in the other seasons. In addition, the HSI value is higher in the southern and northern TS in winter in the El Niño and normal years and extremely low in winter in the La Niña years.

Our investigation is the first to elucidate the implications of climate change on the catch rates and habitat distribution of the greater amberjack in the TS. The findings of this research can be used to improve fishery management; to develop a standard harvest strategy; and to prevent time, labor, and fuel from being wasted on locating fishing grounds. Moreover, we determined the habitat of the greater amberjack was in the southern (20–24°N) and northern (24–28°N) TS. The results revealed that a high abundance of the greater amberjack and favorable oceanographic conditions are located near SST frontal areas. However, SST frontal data were not considered in this study. Future studies should consider such data and other climatic factors, such as Pacific Decadal Oscillation, that may affect habitat distribution. Future studies should also consider spatial information related to prey and apply modeling to predict habitat hotspot variability under dynamic and varying climatic and environmental conditions to enable sustainable management of the valuable species of the greater amberjack.
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