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Walleye pollock (Gadus chalcogramma) caught in the Korean fishing area dramatically decreased in the late 1980s. To investigate the potential impact of the late 1980s climate regime shift on the collapse of the pollock catch, we developed a three-dimensional hydrodynamic model with data assimilation and a particle tracking model. Data-assimilated reanalysis showed that sea surface temperature increased by approximately 2°C in the spawning area of pollock in the late 1980s. The suitable spawning area in the East Korean Bay decreased due to warming in the late 1980s. Spawned eggs of walleye pollock were tracked using a particle tracking model for 30 days in January and February during 1983–1992. The number of individuals transported to the nursery within the Korean fishing area from the spawning area was reduced by 74% in the late 1980s. The intensified East Korean Warm Current (EKWC) could be responsible for the decreased number of individuals transported to the southern area in the late 1980s. Warming in the Korean fishing area could also cause a decrease in pollock. These oceanic changes might be linked to climate regime shifts in the late 1980s. The warming regime with positive Arctic Oscillation and weakened monsoon intensified the northward flow of the EKWC and accelerated the warming of the spawning and fishing areas in the late 1980s.
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Introduction

Walleye pollock, Gadus chalcogramma, which is a semi-demersal cold water species, is distributed in the coastal areas of the North Pacific Ocean from the East Japan Sea (EJS) to the central California coast (Bailey et al., 1999a; Makino et al., 2014; Bang et al., 2018; Park et al., 2018). The annual catch of walleye pollock in 2018 was 3.4 million metric tons, making it the second-ranked species in the global catches of fishes (FAO, 2020).

Walleye pollock, which maintained high biomass in the EJS until the 1980s, constituted the most important fish species culturally and economically in Korea as well as in the countries around the EJS (Beamish and McFarlane, 1995; Kang, 2009; Lee et al., 2019). It has been known that there are four major walleye pollock spawning grounds in the EJS: the Tartar Strait and Peter the Great Gulf off Russia, western coastal areas, off Hokkaido and Honshu, Japan, and the East Korean Bay (EKB), Korea (Figure 1A) (Kim and Kang, 1998; Kang and Kim, 2015; Seol et al., 2020). The EKB has been reported as a spawning ground for the walleye pollock living in the Korean fishing area (Kang et al., 2013; Seol et al., 2020). Although the catch of walleye pollock in Japan and Russia is relatively stable, the catch of walleye pollock in Korea, which varies depending on the number of eggs and larvae transported from the EKB, varies significantly (Kim and Kang, 1998). The yearly catch of walleye pollock in the Korean fishing area shows a dramatic decrease in the late 1980s (Figure 2). Juvenile pollock (<300 mm) catch peaked at 67 thousand metric tons (TMT) in 1984. However, catches of adult (>300 mm) and juvenile walleye pollocks suddenly collapsed in the late 1980s. The average catch of juveniles during 83–87 was 41 TMT; however, it was only 9 TMT during 88–92. Adult catches showed a similar change in the late 1980s. It was 36 TMT during 83–87 and 12 TMT during 88–92. Owing to its importance in commercial fisheries, pollock stock collapse has been a crucial issue in the management of Korean fishing, and not much effort has been directed at determining the possible causes of the collapse. Overfishing and the physical environmental changes in habitats due to climate change have been suggested as possible causes of changes in the walleye pollock stock (Jung et al., 2017; Funamoto, 2018).




Figure 1 | (A) Major currents in the East/Japan Sea (EJS). The TC, EKWC, NKCC and LC represent the Tsushima Current, East Korean Warm Current, North Korean Cold Current and Liman Current, respectively. (B) Study area indicating the spawning ground (red shading) of walleye pollock in the East Korean Bay (EKB) and Korean fishing area (blue shading).






Figure 2 | Annual mean catches of walleye pollock in the Korean fishing area during 1983–1992. Red triangles and blue circles denote juvenile and adult walleye pollocks, respectively. Red and blue solid lines indicate the 5-year mean catches of juvenile and adult walleye pollocks, respectively. Catch data for walleye pollock was obtained from KOSIS (Korean Statistical Information Service; https://kosis.kr/statHtml/statHtml.do?orgId=101&tblId=DT_1EW0004&conn_path=I2).



In the late 1980s, a climate regime shift (CRS) occurred as indicated by the weakened monsoon, intensified Arctic Oscillation, and weakened Siberian High and Aleutian Low-pressure systems (Jung et al., 2017; Ma et al., 2020). The responses of the marine environment due to the CRS vary around the subpolar front (Yasunaka and Hanawa, 2002). The subpolar front region of the EJS was warmed after the CRS, which had a considerable effect on the marine ecosystems (Minobe et al., 2004; Seo et al., 2006; Kim et al., 2007; Tian et al., 2008). In the southwestern EJS, seawater temperature shifted from cold to warm (8.7 to 10.3°C in February) after the late 1980s due to the alternating North Pacific High-pressure system (Kang et al., 2002; Zhang et al., 2007). This change influenced the structure and function of the western EJS ecosystem (Zhang et al., 2000).

The early life stage is the most vulnerable period in the life cycle of a fish. Walleye pollock eggs rise to the surface due to buoyancy as they develop and drift toward nursery grounds on the continental shelf near the coast due to ocean currents; therefore, the early life stage is susceptible to changes in the physical environment (Huang et al., 2021). The water temperatures and transport processes of the eggs and larvae from the spawning grounds to nursery areas affect their survival (Nakatani and Maeda, 1984; Canino, 1994). If the eggs and larvae are transported to the open ocean where feeding conditions are poor, their mortality rate increases (Kim and Kendall, 1989; Bailey et al., 1997; Bailey et al., 1999b; Kim et al., 2015; Huang et al., 2021). The transportation process around the spawning ground and changes in the environment due to the CRS are the factors that determine the recruitment success (Kasai et al., 1992; Kuroda et al., 2014; Kim et al., 2015). Particle tracking experiments based on ocean circulation models are effective attempts to simulate the transport process of eggs and larvae (Kasai et al., 1992; Bartsch and Coombs, 1997; Kim et al., 2015; Takeshige et al., 2015; Huang et al., 2021). Walleye pollock transport processes have also been investigated by several studies using particle tracking models (Hermann et al., 1996; Shimizu and Isoda, 1998; Kuroda et al., 2014; Petrik et al., 2015). Despite various studies on walleye pollock eggs and larvae transport process in many regions, numerical models on these aspects for the western EJS region are unavailable (Kang et al., 2013; Kang and Kim, 2015; Lee et al., 2019). In particular, the potential impact of CRS on egg and larval transport, which may affect the collapse of walleye pollock stock in the EKB, has not yet been revealed (Kim and Kang, 1998; Kim et al., 2007; Kang and Kim, 2015; Lee et al., 2018; Lee et al., 2019; Seol et al., 2020).

We developed a three-dimensional hydrodynamic model with data assimilation to produce reliable data to investigate the egg and larval transport process and its effect on the collapse of the walleye pollock catch in the late 1980s. Then, we simulated the egg and larval transport process using a particle tracking model. The hydrodynamic and particle tracking model configurations are introduced in Section 2. Section 3 presents the results of the particle tracking experiment. The changes to the oceanic environment and the potential effect of CRS on the collapse of the walleye pollock stock in the EKB is discussed in Section 4. Conclusions are presented in Section 5.



Model Setup and Methodology


Study Area

The EJS is a semi-enclosed deep marginal sea surrounded by Korea, Japan, and Russia. Average depth and total surface area are about 1,600m and 1.0 x 106 km2 (Chang et al., 2004). A long and narrow continental shelf and slope area exist along the eastern coast of Korea.

The Tsushima Current (TC) through the Korea Strait provides warm and saline water into the EJS (Figure 1A). The East Korean Warm Current (EKWC), which separates from the TC, flows northward along the Korean coast. In the northern basin of the EJS, the Liman Current and North Korean Cold Current (NKCC) flow southward along the Russian and Korean coasts, respectively. The EKWC encounters the NKCC and forms a subpolar front in the EKB (Lee et al., 2018). Fish community and biomass in the EJS are greatly affected by both subtropical and subarctic climates (Tian et al., 2006).



Hydrodynamic Model

We employed the Regional Ocean Modeling System (ROMS) to reproduce the physical environment (Shchepetkin and McWilliams, 2005). ROMS is a free-surface, terrain-following ocean model governed by a hydrostatic primitive equation with Boussinesq approximation. The ocean model is discretized on an Arakawa-C staggered grid in the horizontal direction. The circulation and hydrography in the EJS depend on the transport and water mass through the straits, which connect to the Northwest Pacific. The transport and water mass in the straits are determined by the interaction between the EJS and the Northwest Pacific. Therefore, our Northwest Pacific model domain covered not only the EJS but also the Northwest Pacific (15–52° N, 115–162° E; Supplementary Figure 1) to reflect the interaction through the straits. The domain had a horizontal grid size of 1/10° and 40 vertical layers. Vertical resolution varied according to the topography and was enhanced in shallow marginal seas. The model was initialized using temperature and salinity data from the World Ocean Atlas 1998 (Antonov et al., 1998; Boyer et al., 1998). The model included a spin-up period of 10 years, with surface and lateral boundary forcing for the year 1982. We used the daily mean ERA-Interim variables as the atmospheric surface forcing. ERA-Interim is a global atmospheric reanalysis produced by the European Center for Medium-Range Weather Forecasts. Mean sea level pressure, 10 m winds, 2 m air temperature, specific humidity, and shortwave radiation were used for surface forcing. A bulk formula was employed to calculate the surface heat flux (Fairall et al., 2003). Tides were included at the ocean lateral boundary by using the 10 tidal components (M2, S2, N2, K2, K1, O1, P1, Q1, Mf, and Mm) provided by the TPXO7 ocean tide model (Egbert and Erofeeva, 2002). Monthly mean discharge data from 1983 to 1992 for the Yangtze River were used. For the other 11 rivers around the Yellow Sea and Bohai Sea, we used the climate monthly mean data obtained from the Global River Discharge Database (Vörösmarty et al., 1996). Topography data were obtained from the Earth Topography 1 arc minute (ETOPO1) dataset and interpolated into the model grid points (Amante and Eakins, 2009). The model integrated every 90 seconds and produced daily output.



Data Assimilation based on the Ensemble Optimal Interpolation

The model simulation may have prediction errors caused by model uncertainty. Since the model projections are based on the initial values, errors gradually increase as the model is integrated. Data assimilation can reduce the error in a statistically optimal manner (Dee, 2005). Sea surface temperature (SST) was assimilated with the ensemble optimal interpolation (EnOI) in the Northwest Pacific ocean circulation model to reduce model error. Evensen (2003) first introduced the EnOI, which was designed to reduce the enormous number of computations used in the Ensemble Kalman Filter. The EnOI uses an ensemble from the results of long historical model runs. The EnOI analysis was applied using the following equation:



where ψa and ψf are the analysis and forecast model state vectors, respectively. As the state vector includes all variables, such as water temperature, salinity, sea surface height anomaly, u-velocity, and v-velocity, the assimilation effect can be expected for all variables.  is the background covariance matrix of the static ensemble for the EnOI. The α, which adjusts the error covariance of the EnOI, is 1 in this study. H indicates the observation operator. The measurement error covariance, Re prevents the ensemble covariance from becoming too small.where ϵ indicates the observational error which is estimated by the data provider and d is the observed value.



The EnOI consisted of 37 ensemble members formed by a subsampling field from the historical model data. The historical model results of the same date for 36 years, from 1983 to 2018, was sub-sampled. The assimilation was conducted every 7 days. We adopted the horizontal and vertical decorrelation length scales of 35 km and 100 m, respectively, from Seo et al. (2010). A horizontal decorrelation length scale was set to avoid interference between each observation point. The observational data used for the assimilation were the satellite SST data from the Optimum Interpolation Sea Surface Temperature (OISST) data (Reynolds et al., 2007). Horizontal subsampling intervals were 2°, 1°, and 0.5° in the northwestern Pacific, EJS, and southwestern EJS, respectively. The observation errors provided by the OISST dataset were spatially different. The total number of observations used in each assimilation step was 541. In section 3, the reanalysis was validated by comparing the mean SSTs (from January to February) from the reanalysis and that from the OISST averaged over 1983–1987 (hereafter, 83–87) and 1988–1992 (hereafter, 88–92), which represented the periods before and after the pollock collapse, respectively (Supplementary Figure 2).



Particle Tracking Experiment

Particle tracking experiments were conducted using reanalysis data to understand the transport process of walleye pollock individuals (eggs and larvae). We used the Larval TRANSport Lagrangian model (LTRANS) configured for ROMS output (Schlag and North, 2012).

Most walleye pollock eggs spawn in January and February and stay in the surface layer (Kim et al., 2007; Kang and Kim, 2015). Therefore, the walleye pollock eggs were set to the surface grid according to the suitable spawning temperature range during the initial stage of the experiment. The suitable temperature range for spawning grounds in the model was set at 2–5°C, considering the known optimal spawning temperature (Nakatani and Maeda, 1984) and low mortality (Bailey and Stehr, 1986; Yoo et al., 2015; Seol et al., 2020). The spawning ground was located in the EKB between 36°N and 41°N (Figure 1B). Grids with a surface temperature of 2–5°C and a bottom depth of 50–500 m were selected as suitable spawning areas considering the habitat conditions (Lee et al., 2019). Suitable spawning areas during 83–87 and 88–92 were compared. We counted the suitable spawning days at grids with a temperature of 2–5°C and a bottom depth of 50–500 m in the EKB. The suitable spawning period ratio in each grid cell was defined as the ratio between suitable spawning days and total releasing days (592 days) in January and February during 83–87 and 88–92 (Figure 3).




Figure 3 | Suitable Spawning Period Ratio at each grid in the EKB. It was calculated as suitable days for spawning divided by total days from January to February during (A) 83–87 and (B) 88–92. (C) Difference between the two periods.



The time interval of particle movement (internal time step) was an hour, and the output frequency of the reanalysis data (external time step) was one day in the particle tracking model. A shorter time step in the particle tracking model might reduce unexpected movement of particles and improve the consistencies between projections of the model and reanalysis. Therefore, daily reanalysis data were interpolated to hourly data for the internal calculations of movements of particles. To simulate the appropriate vertical movement, it is necessary to obtain biological parameters, such as temporal changes in the density, size, and shape of the eggs and larvae as well as the vertical swimming ability and temperature selectivity of the larvae (Kuroda et al., 2014). However, there are large uncertainties associated with these biological parameters of the walleye pollock in the western EJS (Bang et al., 2018). In addition, models applying passive behavior of individuals performed better than those considering diel vertical migration (Petrik et al., 2015). Therefore, to simplify the problem, we did not consider the vertical movement of walleye pollock eggs and larvae. Random displacement was not applied and particle movement was determined considering horizontal advection at the surface. Walleye pollock individuals were tracked for 30 days from 1st January to 28th (or 29th) February during 1983–1992 (Supplementary Figure 3A). We released one egg at each suitable spawning grid corresponding to the suitable spawning conditions every day. On an average 69 eggs were released each day throughout the study and in total 40,900 eggs were released (Supplementary Figure 3B). The transport of individuals depends on the currents in the spawning area. Walleye pollock eggs take approximately 2 weeks to hatch (Blood, 1994; Bailey et al., 2012), and hatched larvae acquire swimming abilities at least 5 weeks after hatching (Stabeno et al., 1996). Therefore, the total number of individuals at each grid, 15 and 30 days after spawning during 83–87 and 88–92, were compared (Figure 4). We analyzed the abundance of individual walleye pollock 15 and 30 days after spawning to focus on egg drift and the earliest part of the larval period, when swimming abilities can be ignored.




Figure 4 | Horizontal distribution of individual abundance at each grid 15 days after spawning for (A) 83–87 and (B) 88–92. (C) Difference between the two periods. (D-F) are the same except at 30 days after spawning. Meridional distributions of individual abundances are denoted next to the horizontal maps.



Furthermore, we compared the mean SSTs, surface velocities, and wind velocities during 83–87 and 88–92 to investigate the environment changes around the EKB (Supplementary Figures 4–6). Temporal variations in the mean meridional travel distances of the total individuals from the spawning grounds were compared with the climate indices (Supplementary Figure 7).




Results


Reproducibility of the Reanalysis

Reproduction of surface temperature in the EJS is essential as suitable spawning grounds for walleye pollock are determined by surface temperature in this study. The latitudes of the 5 and 10°C isothermal lines were comparable in both the SSTs, although the 10°C isotherm in the reanalysis was located further north than that of the OISST near the coast (Supplementary Figure 2). The differences between the SSTs averaged over the EJS during 83–87 and 88–92 were 0.62°C in the reanalysis and 0.78°C in the observation.

The spatial mean of the root-mean-square error between the reanalysis and the OISST were 1.19 and 1.22°C during 83–87 and 88–92, respectively. Pattern correlation coefficients between the reanalysis SST and OISST were 0.98 in both periods. There were some differences between the high temperature (>13°C) in the path of the EKWC and the low temperature (<2°C) in the EKB. This difference might be due to the large uncertainty of satellite derived SST in coastal seas (Kwak et al., 2015).



Suitable Spawning Areas

Walleye pollock inhabits the cold waters along the continental shelf and slope regions (Kim and Kang, 1998; Kang and Kim, 2015). The EKB of North Korea is the most representative spawning ground in the Korean waters in winter (Kang et al., 2013). The mean suitable spawning period ratio during 83–87 was 0.64 (Figure 3A). A high ratio (>0.8) was obtained for the northern EKB during 83–87. A suitable spawning period ratio of 0.8 indicated that the egg particles were released on 474 days which was 80% of the total particle tracking experiment days (592 days). The ratio for the southern EKB was lower than 0.3. The mean ratio decreased to 0.53 during 88–92 (Figure 3B) despite a marginal increase around 40°N. The decrease in mean ratio was 0.11 during 83–87 and 88–92 (Figure 3C).



Transport of Individuals

The individuals were widely dispersed over time. The abundance of individual walleye pollock after 15 days were higher in the central area of the EKB than in other areas during both periods (Figures 4A, B). Nevertheless, a considerable number of individuals were advected offshore by the current. Individuals were even more concentrated in the central coast of the EKB and the number of individuals increased by approximately 60, because of the decreased southward dispersion of individuals (Figure 4C). The individuals followed similar patterns 30 days after spawning during both periods (Figures 4D, E), although they were dispersed further widely from spawning grounds. The difference in the number of individuals also showed a similar pattern as that after 15 days. More individuals were found in the northern EKB than in the southern EKB during 88–92 (Figure 4F).

In addition, meridional distributions of the abundance of individuals are represented in Figure 4. The individual abundance pattern with latitude showed an asymmetric distribution with more individuals in the north during both periods. The degree of asymmetry was high during 88–92. The maximum abundance of individuals after both 15 and 30 days appeared at 39.1°N during 83–87 (Figures 4A, D), but it moved north to 39.4°N after 15 days and 39.5°N after 30 days during 88–92 (Figures 4B, E). Significant differences were found between the mean of the total number of individuals between the two periods (t-test, p < 0.01). The differences were noticeable after 15 and 30 days in the southern EKB. The abundance of individuals in the southern EKB during 88–92 was less than half of that during 83–87 (Figures 4C, F).

Additionally, zonal distributions of the abundance of individuals from 36°N to 38.6°N were examined to compare the individuals in the nursery ground of the Korean fishing area between the two periods. Figure 5 shows the individual abundance according to the distance from the coast in the Korean fishing area. The individuals decreased over the entire area during 88–92 due to the intensified EKWC. The decrease in the number of individuals was more prominent in the nursery ground on the continental shelf and slope near the coast (<100 km). The individual abundance decreased by 71% after 15 days and by 74% after 30 days during 88–92 (Figures 5C, F).




Figure 5 | Zonal distribution of individual abundances from 36°N to 38.6°N according to the distance from the coast 15 days after spawning for (A) 83–87 and (B) 88–92. (C) Difference between the two periods. (D-F) are the same, except at 30 days after spawning in the nursery within the Korean fishing area.






Discussion


Decrease of Walleye Pollock and Change in Oceanic Environment

The spawning grounds of walleye pollock are mainly located in the continental shelf area (Bailey et al., 1997; Kang and Kim, 2015). Floating eggs of walleye pollock are mainly distributed in the surface layer of the ocean owing to their buoyancy (Oh et al., 2004). As a result, environmental changes in the surface layer may influence the spawning of walleye pollock eggs and the survival of larvae (Funamoto, 2007). In particular, the water temperature of the upper layer directly affects the mortality of the floating eggs and indirectly influences the recruitment and population of walleye pollock (Hamatsu et al., 2004; Oh et al., 2004; Tian et al., 2008; Yoo et al., 2015). The SST difference during 83–87 and 88–92 shows remarkable warming in the EKB, known as the spawning ground of walleye pollock (Supplementary Figure 4C). The maximum increase in the SST was >3°C. This warming may have reduced the suitable spawning area. Warming in the Korean fishing area may also influence the juveniles and adults. Change in temperature is an important factor that may alter the physiological functioning, behavior, and demographic traits of organisms. Temperature changes lead to shifts in the size structure, spatial range, and seasonal abundance of fish populations (Doney et al., 2012). Intolerable temperature conditions promote migration or local extinction if adaptation is impossible (Parmesan, 2006). Warming in the Korean fishing area prevented the formation of suitable habitats. Reduced habitats may accelerate the collapse of walleye pollock stocks. In the southern EKB (~39°N), the difference in the mean suitable spawning period ratio was 0.17 due to the warming (Figure 3C). Reduced spawning grounds might be the cause for the decrease in walleye pollock catch in the late 1980s (Seol et al., 2020). The mean SST increased by 0.8 °C in the EKB and the Korean fishing area during 83–87 and 88–92, whereas the global mean SST increased by approximately 0.4 °C from the 1950s to the 2000s (Levitus et al., 2009). The warming in the EKB and the Korean fishing area was linked to the intensification of the EKWC.

Horizontal advection has a significant role in the ecosystem variability, especially in the strong boundary current regions where the currents transport temperature anomalies and change nutrient availability (Miller et al., 2004). Current patterns linked to subarctic front systems usually change due to climate variation in the EJS (Kim et al., 2007). The EKWC, which transports large amounts of heat to the EKB, is a dominant flow along the Korean coast during both periods. The SST in the EKB is affected by the path of the EKWC. Previous studies have reported that the EKWC generally separates from the coast at approximately 38°N and flows eastward, based on observations (Cho and Kim, 1996; Chang et al., 2004). Most model-based experiments have had difficulty resolving the exact path of the EKWC (Seung, 1993; Hogan and Hurlburt, 2000). However, we were able to depict the path of the EKWC more accurately using data assimilation. There was a significant difference between the paths of the EKWC during the two periods (Supplementary Figure 5C). The EKWC flowed further north during 88–92 than during 83–87.

In the late 1980s, increased temperature and intensified northward flow around the spawning ground in the southern EKB might negatively influence the early life stages of walleye pollock in the EJS. A warmed spawning ground decreased the spawning rate. The walleye pollock that remained in the southern EKB decreased as the intensified northward current transported the eggs and larvae further north. Walleye pollock might change the spawning ground and habitat to adjust to the warmed spawning condition and transport northward to fulfil its life cycle. This change in habitat might shift the spawning migration route further north. The northward shifting of spawning ground, habitat, and migration route might eventually lead to the collapse of walleye pollock in the Korean fishing area. The proportion of walleye pollock catch in the Korean fishery dropped after the late 1980s regime shift (Kang and Kim, 2015). Decreased walleye pollock catch in the late 1980s continued until the 2020s. In addition to the environmental changes, there was high fishing pressure on the juvenile pollock from the 1970s to 1990s as the catch of adult walleye Pollock decreased (Kang and Kim, 2015; Bang et al., 2018).



Climate Regime Shift in the Late 1980s

The path and speed of the ocean current might be affected by northwesterly winds, which are dominant in the EJS during winter (Seager et al., 2001). The northwesterly wind was predominant during both periods (Supplementary Figures 6A, B). The northwesterly wind can generate a southward surface Ekman current suppressing the northward EKWC. It drags water southeastward in the ocean, and the Coriolis force acts southwestward. The balance between the drag and Coriolis force eventually moves water southward at the surface. The difference in wind velocity between the two periods shows that the northwesterly wind was weakened, which resulted in a more northward flow of the EKWC and heat transport during 88–92 (Supplementary Figure 6C). Our model result suggested that the intensified northward flow and increased heat transport resulted in warm conditions and decreased the walleye pollock eggs and larvae in the southern EKB. The decreased walleye pollock eggs and larvae may be linked to the collapse of walleye pollock catch in the Korean fishing area.

Changes in spawning and transport of walleye pollock eggs are attributed to ocean temperature and currents, which are determined by atmospheric conditions. Reanalysis in this study was forced by atmospheric boundary conditions, which reflect realistic atmospheric climate change in the North Pacific. The change in wind velocity might result from the difference in atmospheric pressure, which is practically quantified by climate indices.

Typical climate indices in the North Pacific are the Arctic Oscillation Index (AOI) and the East Asian Winter Monsoon Index (EAWMI) in winter (Rebstock and Kang, 2003; Tian et al., 2006; Kim et al., 2007; Tian et al., 2008; Jung et al., 2017). It is known that oceanic changes in the EJS are also highly associated with variations in the AOI and EAWMI (Thompson and Wallace, 1998; Jung et al., 2017). Supplementary Figures 7A, B indicate the temporal variation of AOI and EAWMI during the study period. The AOI is defined by surface atmospheric pressure patterns (Thompson and Wallace, 1998). The EAWMI is defined as the difference in the area-averaged zonal wind speed at the 300-hPa level, and it represents the intensity of the winter monsoon (Jhun and Lee, 2004). We filtered the high-frequency signals for less than 10 years from the long-period climate indices (1970–2019). Both climate indices have suddenly changed in the late 1980s, and this change has been reported as the CRS in many previous studies (Tian et al., 2006; Tian et al., 2008; Nagato and Tanaka, 2012; Jung et al., 2017; Ma et al., 2020). The AOI shifted from a negative phase to a positive phase in the late 1980s. The Arctic wind vortex strengthened and hindered the southward intrusion of cold air to mid-latitudes during the positive period of the AOI. The positive phase led to warm conditions in the walleye pollock spawning grounds and Korean fishing area. The warm conditions in the Korean fishing area might result in adverse oceanic conditions for the adult walleye pollock due to the altered ecosystem, related to competition with other species (Kang et al., 2000). The CRS with a weakened monsoon and intensified northward warm current might have provided an unfavorable condition for the walleye pollock in the late 1980s.

Most of the mean distances of individuals were >20 km southward for 30 days during 83–87, but >30 km northward during 88–92 (Supplementary Figure 7C). The increase in northward individuals resulted in a decrease in the number of individuals transported to the nursery in the Korean fishing area (Figure 5). The fewer eggs and larvae transported to the nursery might cause a decrease in the walleye pollock catch in the Korean fishing area. The transport of individuals to the nursery area is closely linked to the survival rates of the larvae and juveniles, which is critical for the abundance of walleye pollock (Funamoto, 2018). A comparison of temporal variation between the climate indices and travel distances of the individuals suggests that the CRS might be responsible for changes in spawning rates, transport of the individuals, mortality, and abundance of walleye pollock in the Korean fishing area.




Conclusions

The catch of walleye pollock in the Korean fishing area rapidly decreased in the late 1980s. The lag correlation between the juvenile and adult walleye pollock catches implies that the walleye pollock stock depends on the survival in early life stages. The survival of walleye pollock in its early life stage is closely related to the water temperature and the transport process in the spawning area. The cause of catch collapse has not yet been clarified because of the lack of reliable environmental data. The regional hydrodynamic model results with data assimilation provided more reliable reanalysis data. The particle tracking model experiment enabled us to investigate the potential impact of environmental changes on the transport of early life individuals, such as eggs and larvae.

Based on the reanalysis data, the area of estimated suitable spawning grounds decreased due to warming in the late 1980s. Moreover, the southward bound individuals from the spawning grounds to the nurseries in the Korean fishing area decreased due to the intensification of the northward EKWC during 88–92. Reduction of suitable spawning ground and individuals transported southward to the nursery could have resulted in a decrease in walleye pollock juveniles in the Korean fishing area. Unfavorable oceanic conditions for the spawning and nursery areas might have influenced not only the survival of larvae but also the recruitment and year-class strength of the population of walleye pollock. Furthermore, increased water temperature might negatively affect walleye pollock adults living in the Korean fishing area (Kotwicki et al., 2005). These ecological changes in the life history of walleye pollock might have influenced its collapse in the late 1980s.

Oceanic environmental changes in the late 1980s were associated with fluctuations in atmospheric conditions in the northern hemisphere such as the Arctic Oscillation (AO) and East Asian Winter Monsoon. The Korean fishing area was warmed, and the northwesterly suppression of the northward EKWC was weakened in the late 1980s. The CRS with a positive AO is responsible for weakening the northwesterly and the increase of SST in January and February. Therefore, the CRS, which induced atmospheric and oceanic changes in the late 1980s, might have impacted the collapse of the walleye pollock catch in the Korean fishing area.

Both CRS and overfishing could cause the collapse of the walleye pollock catch. Heavy fishing activities on juveniles and spawners in the EKB might accelerate the decrease in the walleye pollock catch (Kim et al., 2014). Although several studies have been conducted on walleye pollock in the EJS, its recruitment mechanisms, prey-predator relationship, and food availability under changing environments, and ecology in the western EJS still remain to be understood comprehensively. We defined the spawning grounds based on physical parameters, such as temperature and bottom depth. However, spawning grounds might also be influenced by other biotic and abiotic factors. Fluctuation in female spawning biomass over previous years changed the production of eggs and the availability of hatched larvae (Smart et al., 2012). In addition, walleye pollock adults spawn eggs to areas where suitable larval food is abundant (Kendall and Nakatani, 1992). These factors may interact in various spatial and temporal scales and affect the production, abundance, and distribution patterns of eggs (Brodeur et al., 1996). Biotic factors influencing the spawning conditions need to be considered in the future study. In addition, a profound understanding of the walleye pollock ecology in the EJS, considering egg size, mortality, year-class, recruitment, vertical migration, and swimming ability, will help in the development of an individual-based model.
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