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The synchronous response of the spatial distribution pattern of Dosidicus gigas and Trachurus murphyi habitat along the Chilean waters to different-intensity El Niño events was examined based on the habitat suitability index (HSI) models inclusive with the key environmental factors of sea surface height anomaly (SSHA), sea surface salinity (SSS), water temperature at 400-m depth (Temp_400 m) for D. gigas, sea surface temperature (SST), mixed layer depth (MLD), Temp_400 m for T. murphyi, and Niño 1 + 2 index. Results showed that all the environmental factors except MLD were significantly correlated with the Niño 1 + 2 index. Compared with weak (WE) and moderate (ME) El Niño events, the suitable range of SSHA and SSS for D. gigas decreased, resulting in a decreased suitable habitat area and increased poor habitat area during the strong (SE) El Niño years. In space, the suitable habitat of D. gigas was mainly distributed in north-central Chile with an east–west strip pattern; it decreased significantly in the northwestern waters off Chile and moved southwestward under SE El Niño events. For T. murphyi, the ME El Niño events yielded a contracted suitable range of water temperature and MLD decreased, consequently leading to a decreased suitable habitat area and increased poor habitat area of T. murphyi compared to WE and SE El Niño events. The suitable habitat of T. murphyi was mainly distributed in the 42°–47°S area and varied non-significantly during the WE and SE El Niño events; however, it clearly decreased in the southwest area of Chile and shifted northeastward under ME El Niño events. Our results indicated that El Niño events with different intensities strongly affected the habitat pattern of D. gigas and T. murphyi off Chile by changing the regional marine environment.
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Introduction

Climate variability drives the synchronous response of marine ecosystems at a global scale and their internal species resources. The synchronous variation of marine species in a marine ecosystem is largely explained by the driving force of climate variability on marine environmental elements in different time scales, which produces a synchronous impact on the abundance of marine species or the distribution of their habitat in marine areas with various spatial scales (Goberville et al., 2014; Oozeki et al., 2019). In the Southeast Pacific Ocean, the Humboldt Current System (HCS) is the eastern boundary upwelling system with the highest fish abundance in the world. Due to its geographical proximity to El Niño events, the HCS is vulnerable to El Niño-Southern Oscillation (ENSO) phenomena and the replacement of its steady state was always promoted by the combined impacts of a seasonal or permanent upwelling in different latitudes, polar undercurrents near the coast, and many other complexly various ocean currents (Penven et al., 2005; Chavez et al., 2008; Freon et al., 2009; Brochier et al., 2013; Gutiérrez et al., 2016; Mogollón and Calil, 2017). Driven by the change in the marine environment or climate events at different scales, changes in species interaction within the HCS were often accompanied by synchronous changes in their abundance level, habitat quality, and spatial distribution pattern. For example, Engraulis ringens and Sardinops sagax presented an interdecadal regime shift in the HCS ecosystem during the warm and cold periods in a synchronized way (Zhang and Xu, 2000; Chavez et al., 2003) . In addition, with the influences of various climatic and environmental conditions, the synchronicity of key species in HCS contributed to the annual variation of the total output in the ecosystem as a whole (Zhang and Xu, 2000; Li et al., 2016; Yang et al., 2019). Therefore, exploring the synchronous change of marine species is helpful to understanding and mastering the variations of ecosystem structure and function under the changing environments, which provide help on a scientific basis for the monitoring and evaluation of ecosystem quality.

The Chilean fishing ground on the western coast of South America is one of the vital fishing grounds in the world, with many economically important species inhabiting in this area such as jumbo flying squid Dosidicus gigas and Chilean jack mackerel Trachurus murphyi (Zhang and Xu, 2000). D. gigas stocks grow fast and are highly abundant in this area. They mainly feed on zooplankton, crustaceans, fish, and cephalopods. D. gigas is an important target species for distant-water fishery countries such as Japan, South Korea, and China (Hu et al., 2018; Yu et al., 2019). For T. murphyi off Chile, its annual catch follows Peruvian anchovy which is the highest in the world, so its fishery occupies an important position in the global marine fishery. Expect Peru, Chile, and other coastal countries, the main fishing countries also involve Japan, South Korea, the European Union, and China (Zhang and Xu, 2000; Gerlotto and Dioses, 2013; Li et al., 2016). Small T. murphyi are mainly clustered in the northern part of Chile, while large individuals mainly inhabit in south-central Chile, supporting fisheries in south-central Chile (Zhang and Xu, 2000; Xie et al., 2021; Feng et al., 2021b). D. gigas and T. murphyi are ecologically important pelagic species in the HCS, occupying the middle position of the trophic niche in this ecosystem; therefore, the climate-related habitat changes of the two species tend to directly affect other trophic-level species through ecological effects (Cury et al., 2000; Hu et al., 2018).

At present, however, some studies stated that the abundance and habitat suitability of D. gigas and T. murphyi in the Southeast Pacific Ocean were regulated by the El Niño event (Yang et al., 2019; Yu et al., 2019; Wen et al., 2020). However, the duration, intensity, and zonal variation characteristics of the El Niño event are particularly changeable, which have impacts on fish species to varying degrees (Liu and Xue, 2010; Yu et al., 2018). For example, Guo et al. (2018) found that compared with the medium-intensity El Niño events, the strong El Niño events decreased the temperature and increased the sea surface height on the main fishing ground of Scomber japonicus in the East China Sea, and suitable habitats of S. japonicus significantly were reduced, resulting in a sharp decrease in catch per unit effort (CPUE).

The Eighth Scientific Committee Report of the South Pacific Regional Fisheries Management Organization (SPRFMO) pointed out that, on the one hand, it is necessary to set the total allowable catch (TAC) and the investment in regulating the fishing efforts when managing the resources of D. gigas and T. murphyi in the southeast Pacific Ocean. On the other hand, it is also important to strengthen the monitoring of their habitat changes driven by climatic and environmental conditions in order to ensure a more reasonable and comprehensive regulation of the fishing quota of the two species (Ianelli and Hintzen, 2020). Therefore, the habitat patterns of D. gigas and T. murphyi were examined and the synergistic response of their habitat suitability to El Niño events with different intensities was further explored. The primary objectives of this study are (1) to assess the impacts of different-intensity El Niño events on environmental conditions; (2) to examine the synchronous response of the suitable habitat patterns of D. gigas and T. murphyi under El Niño events with different intensities; and (3) to evaluate the relationship between environment and species habitat. This study can provide scientific supports for SPRFMO to manage the two species under a changing climate.



Materials and Methods


Fisheries, Environmental, and Climate Index Data

The autumnal fisheries data of D. gigas from 2011 to 2017 and T. murphyi from 2013 to 2017 with a spatiotemporal resolution of season and 0.5° × 0.5° were supplied by the National Data Center for Distance-Water Fisheries of China (NDCDF), Shanghai Ocean University, China. The fisheries data information includes fishing location, fishing time, catch (unit: t), and fishing effort. The study region in the southeast Pacific Ocean covers both central fishing grounds of D. gigas and T. murphyi and is bounded by 70°–97°W and 20°–47°S (Figure 1).




Figure 1 | Geographical distribution of fishing ground of Dosidicus gigas and Trachurus murphyi off Chile and the Niño 1 + 2 region in the Eastern Pacific Ocean.



According to previous studies in assessing the impacts of environmental factors affecting the habitat distribution of D. gigas and T. murphyi, sea surface height anomaly (SSHA), sea surface salinity (SSS), and water temperature at 400-m depth (Temp_400 m) were selected as key variables for D. gigas, while sea surface temperature (SST), mixed layer depth (MLD), and Temp_400 m were selected for T. murphyi in this study (Feng et al., 2021a; Feng et al., 2021b). All environmental variables covering the study region from 1950 to 2017 were obtained from the Asia Pacific data research center (http://apdrc.soest.hawaii.edu/las_ofes/v6/dataset?catitem=71); the data period and its spatiotemporal resolution were matched with fisheries data.

In order to explore the synchronous response of the suitable habitat patterns of D. gigas and T. murphyi off Chile in the southeast Pacific Ocean under the long-term series of El Niño events with different intensities, the monthly SSTA of the Niño 1 + 2 region (between 80°–90°W and 0°–10°S, close to the research area) was considered as an indicator of climate variability, which is sourced from the following website: http://iridl.ldeo.columbia.edu/SOURCES/.Indices/.



Classification of El Niño Events With Different Intensities From 1950 to 2017

According to the definition of different ENSO events by the National Oceanic and Atmospheric Administration (NOAA), El Niño events are divided into four intensities based on the Oceanic Niño index (ONI): weak El Niño events (WE) with 0.5 ≤ ONI ≤ 0.9, moderate El Niño events (ME) with 1.0 ≤ ONI ≤ 1.4, strong El Niño events (SE) with 1.5 ≤ ONI ≤ 1.9, and very strong El Niño events (VSE) with ONI ≥2.0 (http://ggweather.com/enso/oni.htm). According to the above delimitation method, the classification results of El Niño events with different intensities from 1950 to 2017 were as follows: years with WE events included 1952, 1953, 1958, 1969, 1976, 1977, 1979, 2004, 2006, and 2014; years with ME events included 1951, 1963, 1968, 1986, 1994, 2002, and 2009; and years with SE and VSE events included 1957, 1965, 1972, 1982, 1987, 1991, 1997, and 2015.



Construction of HSI Models for D. gigas and T. murphyi off Chile

For marine species vulnerable to environmental change, the response of the spatial distribution pattern of their habitat to climate stress is significant. Based on the long-term impacts of climate variability on marine species in a large spatial domain, the response of species habitat pattern in the same-area or cross-area is often concurrent. At the spatial level, the synchronous impacts sourced from climate variability on species may be positive or negative. At the time level, the changes in species habitat may occur in the same period, in spite of the wide geographical locations across species. In this study, we assumed that the different-intensity El Niño events yielded significant impacts on the habitat patterns of the two species through changing the environments on the fishing ground. Thus, we developed the habitat model for them inclusive with the key environmental factors.

The optimal weighting-based habitat suitability index (HSI) models were developed to evaluate the synchronous response of the spatial distribution patterns of D. gigas and T. murphyi habitat off Chile under different-intensity El Niño events, respectively. The first step in the construction of the HSI model was to fit the suitability index (SI) model for each environmental variable (SSHA, SSS, and Temp_400 m for D. gigas, and SST, MLD, and Temp_400 m for T. murphyi). The second step was to combine all SI models into an integrated HSI model for D. gigas and T. murphyi based on the empirical arithmetic weighting method (AMM) and then calculate the HSI from 1950 to 2017 for the fishing grounds of D. gigas and T. murphyi, respectively.

The range of SI for each environmental variable and the HSI was in the range of 0–1, where 0 indicated the poor habitat with the most unfavorable environmental condition and the least fishing effort, while 1 indicated the suitable habitat with the most favorable habitat and the highest fishing effort (Tian et al., 2009; Feng et al., 2020). According to the values of SI and HSI, SI ≥0.6, HSI ≤0.2, HSI ≥0.6, and HSI ≥0.8 were regarded as the suitable environmental ranges, poor habitat, suitable habitat, and optimal habitat for D. gigas and T. murphyi, respectively (Fang et al., 2014; Li et al., 2014; Feng et al., 2021b). In this study, the SI models and HSI models were sourced from Feng et al. (2021b) whose studies showed that each SI model of D. gigas and T. murphyi passed the significant test (P < 0.05) with a low root mean squared error (RMSE) and a high correlation coefficient (R2), and the HSI model of these two species also showed good model prediction performance.



Exploring the Relationship Between Climate Change and Environment

To analyze the connection between the climate variability in the southeast Pacific Ocean with the environmental variables of D. gigas and T. murphyi, the relationship between SSTA in the Niño 1 + 2 regions and all environmental variables was evaluated using cross-correlation functions (CCFs). Furthermore, in order to evaluate the variation of the marine environment under El Niño events with different intensities, the anomalies of SSH, SSS, and Temp_400 m for D. gigas and SST, MLD, and Temp_400 m for T. murphyi were calculated, respectively.

Based on the established SI model of each environmental variable, the average of the SI value and the proportion of the suitable environmental range (SI ≥0.6) of each environmental factor were determined to evaluate the variation difference in the suitable environment of D. gigas and T. murphyi under El Niño events with different intensities, respectively.



Exploring the Relationship Between Climate Variability and the Two Species

To explore the synchronous variation of suitable habitat patterns, the established HSI model of D. gigas and T. murphyi was used to calculate the HSI anomaly and the proportion of poor, suitable, and optimal habitat areas of the two species. Spatial distributions of suitable habitat were also plotted under El Niño events with different intensities. Moreover, the longitudinal and latitudinal gravity centers of suitable habitat of D. gigas and T. murphyi under El Niño events with different intensities were examined to reflect the changing characteristics of the spatiotemporal position of the suitable habitat of these two species. The gravity centers of suitable habitat were determined as follows (Li et al., 2014):

 

 

where LONGHSI and LATGHSI represent the longitudinal and latitudinal gravity centers of suitable habitat, respectively; i and j denote longitude and latitude, respectively.



Exploring the Relationship Between Environmental Change and the Two Species

A spatial correlation analysis method was applied to assess the spatial correlation between key environmental factors and habitat suitability for D. gigas and T. murphyi, respectively, and spatial correlations were further plotted. In addition, the CCF was used to analyze the relationship between the environmental variables and the latitudinal gravity centers of suitable habitat of D. gigas and T. murphyi, and then the most preferred environmental factors of the two species were selected. On this basis, the variation difference of the average latitudinal gravity center of the most preferred environmental factor was analyzed under El Niño events with different intensities. Three El Niño years with different intensities were selected as the case study, and the isolines of the most preferred environmental factor of D. gigas and T. murphyi were plotted in order to explore the correlation between key environmental factors and habitat suitability of the two species.




Results


Variations in Environmental Conditions Under Different-Intensity El Niño Events

Cross-correlation analysis showed that the Niño 1 + 2 index was significantly positive with SSHA and Temp_400 m at a time lag of -8–14 months (P < 0.001), and the highest correlation occurred at 1 month with correlation coefficient values of 0.2686 and 0.2643, respectively (Figure 2). The Niño 1 + 2 index was significantly positive with SST and SSS at time lags of -1–1 and -2–1 months, respectively (P < 0.05). The highest correlation occurred at -1 and 0 months with correlation coefficient values of 0.1443 and 0.1090, respectively (Figure 2). The Niño 1 + 2 index was negatively correlated with MLD but not significantly (P > 0.05) (Figure 2). From the perspective of the variable-driven processes, the above results of CCF indicated that the increase in Niño 1 + 2 SSTA would yield an increase in SSHA, SSS, and Temp_400 m and a decrease in MLD. At the same time, the short leading or lagging time of 0 or 1 month implied that the response of the marine environmental variables affecting D. gigas and T. murphyi to El Niño events was rapid and even concurrent with climate variability. Under El Niño events with different intensities, SSHA increased with the strengthening of the intensity, while SSSA and MLDA gradually decreased. SSTA and Temp_400A were higher during WE and SE El Niño events compared to ME El Niño events (Figure 2).




Figure 2 | Cross-correlation coefficient between the Niño 1 + 2 index and environmental factors and variation of anomaly value of environmental factors under El Niño events with different intensities.



The suitability indexes of SI-SSHA, SI-SSS, and SI-Temp_400 m for D. gigas gradually decreased with the strengthening of the intensity (Figure 3). However, the suitability indexes of SI-SST, SI-MLD, and SI-Temp_400 m for T. murphyi were higher in WE and SE El Niño years than those in ME El Niño years (Figure 3). The proportion of suitable environmental ranges (SI ≥0.6) of each environmental variable for D. gigas and T. murphyi varied significantly (Figure 4). Among them, the proportion of suitable SI-SSHA and SI-Temp_400 m for D. gigas gradually decreased with the El Niño event intensities, while SI-SSS for D. gigas was highest under ME El Niño events compared to that under WE and SE El Niño events. The proportion of suitable SI-SST for T. murphyi was gradually decreased, while the suitable SI-Temp_400 m for T. murphyi showed the opposite variation. The proportion of suitable SI-MLD for T. murphyi varied contrarily to that of SI-SSS for D. gigas.




Figure 3 | Changes of suitability index of key environmental factors of Dosidicus gigas and Trachurus murphyi under El Niño events with different intensities. (The nodes of the boxplot from top to bottom are the upper edge, upper quartile, median, lower quartile, and lower edge, with “+” representing outliers).






Figure 4 | Changes in the proportion of suitability index (SI >0.6) of key environmental factors of Dosidicus gigas and Trachurus murphyi under El Niño events with different intensity. (The nodes of the boxplot from top to bottom are the upper edge, upper quartile, median, lower quartile, and lower edge, with “+” representing outliers).





Different-Intensity El Niño-Related Habitat Changes of D. gigas and T. murphyi

The HSI anomaly of D. gigas gradually decreased with the El Niño intensities; at the same time, the proportion of its poor habitat area gradually increased, while the proportion of suitable and optimal habitat ranges during SE events was lowest (Figure 5). For T. murphyi, the HSI anomaly and suitable and optimal habitats were higher under WE and SE El Niño events than those under ME El Niño events. Compared to the WE and SE El Niño events, the ME El Niño events yielded expanded poor habitats (Figure 5).




Figure 5 | Changes in proportion of poor, suitable, and optimal habitat areas of Dosidicus gigas and Trachurus murphyi under El Niño events with different intensities. (The nodes of the boxplot from top to bottom are the upper edge, upper quartile, median, lower quartile, and lower edge, with “+” representing outliers).



Regarding spatial distribution, the suitable habitat of D. gigas was distributed in the areas between 75°–97°W and 22°–38°S in the central and northern regions of Chile, which significantly reduced with the strengthening of El Niño intensities. Under the SE El Niño events, the suitable habitats of D. gigas largely reduced in the west of 85°W between 30° and 35°S (Figure 6). A minor difference was found in the suitable habitat range and spatial distribution during the WE and SE El Niño years for T. murphyi. Suitable habitats mainly concentrated in the waters between 42° and 47°S, which significantly decreased in the southwest region of Chile under ME El Niño events (Figure 6).




Figure 6 | Spatial distribution of suitable habitats of Dosidicus gigas and Trachurus murphyi under El Niño events with different intensities.



The spatial location of D. gigas suitable habitat gradually moved southwestward with the El Niño event intensity (Figure 7). For T. murphyi, the longitudinal and latitudinal gravity centers of suitable habitat moved southwestward under WE and SE El Niño events compared with ME El Niño events (Figure 7). In the longitudinal direction, the gravity center of the suitable habitat of D. gigas during SE events was significantly different from that under WE and SE events, with the longitudinal difference of about 1° (Figure 7). The gravity center of the suitable habitat of T. murphyi during WE and SE years was clearly different from that in ME years, with the longitudinal difference of about 1.5° (Figure 7). The changing trends of the gravity center of the suitable habitats of D. gigas and T. murphyi in the latitudinal direction were both similar to those of the longitudinal direction, with a small variation difference of the gravity center in the latitude under El Niño events with different intensities (Figure 7).




Figure 7 | Changes in the longitudinal and latitudinal gravity center of the suitable habitat of Dosidicus gigas and Trachurus murphyi under El Niño events with different intensities. (The nodes of the boxplot from top to bottom are the upper edge, upper quartile, median, lower quartile, and lower edge).





Impact of Environmental Changes on D. gigas and T. murphyi

Spatial correlation results showed that SSHA, SSS, and Temp_400 m were negatively correlated with HSI on the fishing ground of D. gigas, SST and Temp_400 m were positively correlated, and MLD was negatively correlated with HSI on the fishing ground of T. murphyi (Figure 8).




Figure 8 | Spatial correlation between key environmental factors of Dosidicus gigas (top panel) and Trachurus murphyi (bottom panel) overlaid with a fishing ground range.



Cross-correlation analysis showed that the latitudinal gravity center of the suitable habitat of D. gigas was significantly positive with SSHA (P < 0.001), SSS (P < 0.05), and Temp_400 m (P < 0.001), respectively (Figure 9). The environmental variable with the highest correlation coefficient value of 0.5219 was Temp_400 m (Figure 9). The latitudinal gravity center of the suitable habitat of T. murphyi was significantly positive with SST (P < 0.001) and MLD (P < 0.05) and was positively related to Temp_400 m (P > 0.05) but not significantly (Figure 9). The environmental variable with the highest correlation coefficient value of 0.5094 was SST (Figure 9). The above results of CCF also showed that the changes in the key environmental factors of Dosidicus gigas and Trachurus murphyi drove the changes in the latitudinal gravity center of the suitable habitats of the two species, and the influence of seawater temperature on the latitudinal changes of their habitats was more important.




Figure 9 | Cross-correlation coefficients of key environmental factors of Dosidicus gigas (top panel) and Trachurus murphyi (bottom panel) and latitudinal gravity center of habitat suitability index.



The contour lines of Temp_400 m = 7.25°C for D. gigas and SST = 12°C for T. murphyi under El Niño events with different intensities showed that the average latitude of the most preferred Temp_400 m of D. gigas gradually moved southward under SE El Niño events, while the average latitude of the most preferred SST of T. murphyi moved southward under WE and SE El Niño events than that under ME El Niño events (Figure 10). Furthermore, 3 years was selected as the case to show the movement of the most preferred Temp_400 m for D. gigas and SST for T. murphyi (Figure 11); the result was consistent with the findings shown in Figure 10.




Figure 10 | Average latitude changes of the most preferred Temp_400 m of Dosidicus gigas and SST of Trachurus murphyi under El Niño events with different intensities. (The nodes of the boxplot from top to bottom are the upper edge, upper quartile, median, lower quartile, and lower edge, with “+” representing outliers).






Figure 11 | Spatial distribution of the isolines of the most preferred Temp_400 m for Dosidicus gigas and the most preferred SST for Trachurus murphyi in the years of 1953 (weak El Niño), 2002 (moderate El Niño), and 2015 (strong El Niño).






Discussion

Climate variability plays important roles in the variation of environmental conditions such as ocean temperature, chemical composition, and primary productivity and then drives the changes in marine species abundance and distribution. In this study, in order to better understand the synchronous response of the spatial distribution patterns of D. gigas and T. murphyi habitats off Chile in the Southeast Pacific Ocean to climate variability, the environmental variables included in the HSI model mainly referred to Feng et al. (2021b) on the selection of key environmental factors of D. gigas and T. murphyi off Chile based on the maximum entropy model (MaxEnt). Then, the factors with a high correlation among the environmental factors were excluded. Meanwhile, according to the biological characteristics of the vertical movement and multifaceted ecological demand for D. gigas and T. murphyi off Chile, SSHA, SSS, Temp_400 m, and SST, MLD, and Temp_400 m were selected as the key environmental factors for D. gigas and T. murphyi, respectively, in order to explore the synergistic response of their suitable habitats to different-intensity El Niño events.

The El Niño event is the warm regime of the ENSO phenomenon with the strongest interannual variation signal in the sea–air coupling system of large-scale surface seawater and tropical atmospheric circulation anomalies in the equatorial Pacific Ocean every 3–7 years, resulting from the strong air–sea interaction (Montecinos and Aceituno, 2005; Behera et al., 2021). The changes in equatorial currents and trade winds caused by the El Niño events have a strong impact on regional oceanic conditions, and the changing environments further significantly affect the life cycle of marine species, such as gonad maturation time, migration path, spawning location, and habitat distribution range (Chen and Cane, 2008; Pecl and Jackson, 2008; Brander, 2010). However, previous studies stated that the El Niño events showed obvious irregularity in the tropical Pacific, specifically reflecting the irregularity of the duration and intensity of SST anomalies, which has evolved different-intensity El Niño events and yielded various impacts on the abundance and distribution of marine species (Liu and Xue, 2010; Zhou and Fang, 2018). In addition, the redistribution of the species population depends not only on the climate variability but also on the synchronous response of species related to them (Davis et al., 1998; Hastings et al., 2020). Therefore, exploring the coordinated response of habitat distribution of key pelagic species such as D. gigas and T. murphyi off Chile to climatic and environmental changes driven by the El Niño events with different intensities at various spatial and temporal scales can provide a scientific basis for the rational utilization and management of their resources.

Our results presented that the suitable habitats of D. gigas gradually decreased with the strengthening of the El Niño event intensity, and its key environmental factor SSHA increased with the strengthening of the intensity, while variations of SSS were opposite to those of SSHA. It indicated that a lower SSHA and a more suitable SSS were favorable for yielding a high-quality habitat of D. gigas (Figures 2 and 5). SSH represents the convergence and surge of seawater and also reflects the cumulative results of the thermodynamics and dynamics between ocean and atmosphere. Its impact on marine species often reflects the impact of different ENSO events (Li et al., 2016; Chen and Chen, 2020). During the ME and SE El Niño events, the weakened trade wind in the equatorial Pacific broke the balance between the surface wind stress and the upper boundary pressure gradient of the thermocline. Consequently, the sea surface wind stress anomaly in the tropical western Pacific expanded from west to east along the equator with the oscillation of the water body in the tropical Pacific (Blanco et al., 2002; Strub and James, 2002). Moreover, the generated abnormal wind stress and divergence fields were conducive to water body oscillation, which in turn further strengthened the eastward expansion of water body oscillation in the mixed layer, resulting in the decline of the sea level in the tropical western Pacific due to water body eastward movement, while the sea level in the equatorial eastern Pacific rose and thermocline deepened due to water body accumulation (Zhao et al., 2007; Neelin, 2010; Alizadeh-Choobari, 2017). The increasing of SSH in the eastern equatorial Pacific and South America also indirectly reflected that the accumulation of warm water weakened the upwelling along the west coast of South America and the upwelling intensity of inorganic salts and other nutrients in the deep waters during the El Niño years, leading to the reduction in plankton richness and further weakening the food availability of D. gigas (Halpern, 2002; Rahn, 2012). Inevitably, suitable habitats of D. gigas largely contracted.

As an indicator of the global water cycle, SSS plays an important role in the dynamic process of tropical climate; it often reflects the changes in ocean fresh water flux, ocean advection, and MLD caused by ENSO atmospheric circulation anomaly (Huang et al., 2008; Cravatte et al., 2009; Nguyen et al., 2017; Fang et al., 2019; Qi et al., 2019). Surface advection and precipitation change are the main mechanisms of SSS response to the El Niño events (Huang et al., 2008; Fang et al., 2019). During the El Niño years, the warm fresh water in the equatorial western Pacific moved eastward, resulting in the reduction of precipitation in the South Pacific Composite Belt (SPCZ) region and indirectly leading to the SSS decline (Cravatte et al., 2009; Zhi et al., 2020). The decreased SSS also reflected the weakening of the intersection intensity between the cold eddy in the north and the warm eddy in the south equator, yielding unfavorable impacts on the development of fishery productivity and the expansion of suitable habitat for D. gigas (Niu et al., 2009).

The suitable habitat range of T. murphyi during WE and SE El Niño events enlarged significantly compared to ME El Niño events, and key environmental factors SST, Temp_400 m, and MLD played an important role in regulating the spatial distribution of the T. murphyi habitat (Figures 2 and 5). Zheng et al. (2012) clarified that under the central and Western El Niño events, the negative salinity anomaly and the MLD shifted westward, showing consistency in the variation. Therefore, MLD decreased with the strengthening of the El Niño intensity and the decrease of SSS. MLD can reflect the change of sea–air flux, and its thickness determines the vertical distribution volume of ocean net surface heat flux (Chang et al., 2013; Xu, 2014). During the El Niño years, with the combined influences of ocean surface heat flux and the large-scale wind field, the warming of the ocean surface in the eastern equatorial Pacific was much stronger than that in the subsurface, inducing a shallow upper ocean stratification and a mixed layer depth. This further accumulated the solar radiation absorbed by the ocean surface and heated up and shallowed the mixed layer under the strengthening El Niño intensity (Sutton et al., 2007; Xu, 2014). In addition, the North–South movement of the SST isoline is consistent with the shift of the T. murphyi suitable habitat. It showed that with the rise of SST in Chilean waters, the preferred SST isoline of T. murphyi moved southward, and suitable habitat also migrated southward. On the contrary, they both shifted northward (Li et al., 2016; Feng et al., 2021b). However, the key environmental factors SST and Temp_400 m of T. murphyi were higher during WE and SE El Niño events than those under ME events, which may be related to the occurrence of multiple strong sporadic westerly events and different types of El Niño events in the central and eastern Pacific (Figure 2).

There are two types of El Niño events: eastern El Niño and central El Niño (Philander, 1983). The impacts of central and eastern El Niño events on the West Coast of America may be opposite. For example, with the occurrence of the central El Niño event, the western United States was mainly dry in the north and wet in the south in winter, while the eastern El Niño event produced a humid climate (Weng et al., 2007; Yu and Zou, 2013). According to the meteorological industry standard “El Niño/La Niña events discrimination method” issued by the China Meteorological Administration in 2017, the moderate-intensity El Niño years 1968, 1994, 2002, and 2009 in this study belong to central El Niño events, while weak and strong El Nino event years belong to eastern El Niño events. Compared with the SST anomaly under the eastern El Niño events, the maximum warming phenomenon under the central El Niño events is concentrated in the central equatorial Pacific, and the warming effect on the eastern equatorial Pacific and South America is relatively short, limited, and weak (McPhaden, 2004; Alizadeh-Choobari, 2017; Zhou and Fang, 2018). In addition, during the eastern El Niño years, the easterly stress anomaly along the equator of the eastern Pacific and the central Pacific usually remains in the east of 100°–120°W (McPhaden, 2004). However, it increases in the zonal direction during the moderate-intensity El Niño years, which may weaken the deepening trend of the thermocline in the eastern equatorial Pacific to a certain extent, resulting in the weakening variation of the SST anomaly in eastern Pacific and South America (McPhaden, 2004). Therefore, the SST and Temp_400 m of T. murphyi and its suitable habitat range were higher during WE and SE El Niño events than those in ME El Niño years. Compared with those of T. murphyi, D. gigas abundance and recruitment are more vulnerable to climatic and environmental change, and its distribution area is closer to the equatorial region, so it is more significantly affected by the El Niño events (Yu et al., 2019; Fang et al., 2021).

Climate-induced variations in ocean current intensity, circulation axis, and inter-tropical convergence zone (ITCZ) affected the sea substrate conditions and forced marine species with strong migration ability to abandon their original habitat and move to a new suitable and stable living space (Tian et al., 2004; Lee, 2009). In this study, the latitudinal gravity center of the suitable habitat for D. gigas off Chile gradually moved southward with the strengthening of El Niño intensities, which was mainly associated with seawater temperature at a depth of 400 m (Figures 7, 9–11). For T. murphyi, the latitudinal gravity center of the suitable habitat shifted southward under WE and SE El Niño events compared with ME El Niño events, which could be explained by the movement of the preferred SST (Figures 7, 9–11). A stable ocean current system is the fundamental reason for the formation of the marine species fishing ground. The fishing ground of D. gigas distributed in the northern region of Chile is mainly formed by the coastal upwelling driven by wind (Blanco et al., 2002). During normal climate years, the equatorial wind promotes the coastal upwelling on the west coast of South America, uplifts the thermocline, strengthens the upwelling intensity, promotes phytoplankton growth, and provides rich primary productivity for the growth and reproduction of pelagic species (Blanco et al., 2002). However, during the El Niño years, the south Pacific highly weakened and ITCZ moved southward, which was unfavorable to upwelling in southern Peru and northern Chile. The cold eddy force in the north of southern Chile was weaker than the South Equatorial Countercurrent in the north; the isoline of the preferred Temp_400 m moved southward. At the same time, the accumulation of warm water in the equatorial eastern Pacific and south American enhanced the surface and polar undercurrent in northern Chile. The transport of equatorial warm water to the polar direction depressed the thermocline and reduced the productivity of plankton, promoting a large southward shift of the suitable habitat of D. gigas (Halpern, 2002; Strub and James, 2002; Penven et al., 2005). Arcos et al. (2001) proposed that the habitat of T. murphyi moved southwest under the strong El Niño events. This study showed that the suitable habitat of T. murphyi was mainly distributed in the southwest of Chile during the WE and SE El Niño events, which was consistent with previous studies. In addition, under the ME El Niño events, the gravity center of the suitable habitat of T. murphyi moved northeastward, which may be related to the latitudinal change of the most preferred SST under different-intensity El Niño events (Figure 11).

This study focuses on the coordinated response of the suitable habitats of D. gigas and T. murphyi off Chile in the Southeast Pacific Ocean under the long-time series of El Niño events with different intensities, but there are some uncertainties in this study. Firstly, the research focus of this study is limited to the habitat distribution changes of the two species. There is limited fisheries/survey data to validate the synchronous variation between species and habitat in a long term. Second, the mechanism leading to the difference in SST change under El Niño events with different intensities and the synchronous change mechanism of the suitable habitat of D. gigas and T. murphyi are still unclear. In the future, interdisciplinary studies including but not limited to fishery biology, physiology, and marine science should be conducted to establish an appropriate physical biological coupling model or marine dynamics model in order to explore or clarify the mechanism of the coordinated response of D. gigas and T. murphyi to climate variability.
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