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Abstract  

The Pacific saury is one of the keystone species in marine ecosystems of the North Pacific 

and is of great value to fisheries. Its fluctuating total annual catch and significant decline over the 

past decade underscore the importance of understanding the factors affecting its abundance, 

including its relationship to long-term ocean environmental variability. This study examined the 

relationship between annual Pacific saury catch and the North Pacific basin-scale ocean 

environment. The results show a significant correlation between increased catches and the 

intensification of the Kuroshio Extension jet. Increased biological productivity, as measured by 

net primary production, is evident in the Kuroshio-Oyashio extension region along with increased 

saury catches. This increase is associated with the warming of the Sea of Okhotsk and the 

intensification of both the Kuroshio Extension Jet and the Oyashio Current. A 2-year lead-lag 

relationship between the North Pacific Gyre Oscillation and saury catches suggests its potential as 

a predictor of annual catch amounts of Pacific saury abundance. These results may be used to 

improve the assessment of Pacific saury stocks and thereby contribute to sustainable fisheries 

management. 
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Introduction 

The Pacific saury (Cololabis saira) is a species of considerable commercial importance 

including for China, Chinese Taipei, Japan, Republic of Korea, Russia, and Vanuatu1,2. It has a 

wide distribution that spans the mid-latitude regions of the North Pacific3–5. Pacific saury is a 

short-lived species with a life span that varies between 1 and 2 years, making management of this 

stock a challenge2,6. 

The migratory patterns of Pacific saury include movements between the subtropical 

Kuroshio and the subarctic Oyashio, traversing the vast area known as the Kuroshio-Oyashio 

Transition Zone or Kuroshio-Oyashio Extension (KOE; 35–44° N, 141–175° E) (Figures 1a and 

1b)7,8. During the winter season, the spawning areas of Pacific saury are located in the south of 

Japan, recognized as the Kuroshio spawning area, while the feeding and fishing areas during the 

summer and fall seasons are mainly located around the northeast of Honshu (the main island of 

Japan) and the east of Hokkaido, recognized as the Oyashio feeding area1,4,8–13. These seasonal 

movements and territorial preferences demonstrate the species' adaptive behavior and ecological 

tendencies and underscore its complex relationship with the various ocean conditions throughout 

its range1,4,12,13. 

Previous studies suggest that Pacific saury recruitment is significantly correlated with sea 

surface temperature (SST) and sea surface height (SSH) near the Kuroshio Current, as well as 

mixed layer depth within the KOE region5,9,10. In addition, variables such as sea surface 
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chlorophyll, zooplankton, and net primary production (NPP) within the Oyashio Feeding Zone – 

components inherently linked to food resources – are strongly associated with Pacific saury 

recruitment14,15. All of the oceanographic environmental factors that influence Pacific saury catch 

rates are related to the interactions and dynamics of the Kuroshio and Oyashio currents16–22. For 

example, the southward extension of the Oyashio Current (offshore Oyashio Current and 

meanders) and the intensification of the Kuroshio Current along with the Kuroshio Extension 

(KE) jet (after the Kuroshio separates from the coast of Japan at approximately 35° N) are 

identified as important sources of biological productivity within the KOE region (Figures 1a–

e)15,22–24. 

There are two dominant ocean environmental variabilities on interannual to decadal time 

scales in the North Pacific that influence the Kuroshio: the Pacific Decadal Oscillation (PDO) and 

the North Pacific Gyre Oscillation (NPGO)25,26. The PDO, which is associated with the Aleutian 

Low, affects the strength of the Kuroshio and the meridional variability of the KOE, in particular 

the meridional shift of the KOE axis25,27–30. The NPGO, which is associated with the North Pacific 

Oscillation, also affects the strength of the Kuroshio, although it influences the zonal KOE 

variability, which denotes the intensity of the KE jet26,31–34. These variabilities modulate the KOE 

via large-scale oceanic adjustments of the SSH variability, driven by the Rossby wave 

propagation into the KOE region, about 2–3 years after the onset of PDO and NPGO events33,35,36. 
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In recent years, catches of Pacific saury have declined significantly, a trend that has been 

observed both within the Exclusive Economic Zones of Japan and Russia, and also within the 

North Pacific Fisheries Commission (NPFC) Convention Area (Figure 1f)22,37–40. There has been a 

great deal of scientific debate about the causes of this decline, with suggestions ranging from 

increased fishing mortality (e.g., through increases in the number of fishing vessels, fishing days, 

and catch per unit effort (CPUE)) to climate change, expressed as ocean warming and other large-

scale climate variability38–40. However, the cause of the fluctuations of the Pacific saury catch 

remains unclear38. 

Given its significant economic importance and the implications for maximum sustainable 

yield under climate change, it is imperative to accurately determine whether Pacific saury 

abundance variability is a consequence of anthropogenic impacts, inherent natural variability, or 

both. A detailed study of the interaction between ocean environmental variability, with a focus on 

the strength of the Kuroshio and KE jets, and climatic variability, represented by the PDO and 

NPGO, may provide insights into the ocean conditions associated with the variability of Pacific 

saury productivity. In the broader context of basin-wide changes in ocean conditions, it may 

explain the observed Pacific saury catch variability in the Northwestern Pacific over the past 

decade. 

This study examines the relationship between variability in Pacific saury catches within the 

Northwestern Pacific and variability in the ocean environment of the North Pacific, analyzed on 
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interannual to decadal time scales. In addition, the study uses statistical methods to identify the 

prevailing ocean conditions that correspond to periods of increased Pacific saury catches, thereby 

illuminating potential lead-lag relationships with basin-scale climate variability in the North 

Pacific. A detailed examination of lead-lag relationships between the catch amounts and basin-

scale ocean conditions provides information on the observed recent declines in Pacific saury 

catches. 

 

Results 

Ocean conditions related to the Pacific saury catches 

Figure 2 shows the regressed SST anomalies onto the annual catches of Pacific saury from 

the two different data sets – Northwestern Pacific (NWP) and North Pacific (NP) – and regressed 

PC time series with the annual catch amounts of Pacific saury during 1990–2020. The regressed 

SST anomalies show an overall surface cooling within the KOE region. This potentially indicates 

the southward extension of the Oyashio Current, accompanied by surface warming within the Sea 

of Okhotsk and eastward of approximately 160° E. The R-squared values for the regressed SST 

anomalies are 0.44 and 0.33, respectively, suggesting a slightly higher correlation of regional SST 

variability with Pacific saury catches compared to basin-scale SST variability. A notable 

observation, however, is that the anomalies exhibit similar spatial patterns despite the different 

regions (NWP and NP) they represent. These coherent spatial patterns of SST anomalies indicate 
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that Pacific saury catches are influenced not only by regional SST variability but also by large-

scale SST variability at the basin scale. This suggests a possible connection between Pacific saury 

catch variability and large-scale environmental variability in the North Pacific. While SST can 

explain the variability in Pacific saury catches, the regression results for atmospheric 

environmental variables – temperature at 2 m, mean sea level pressure, and wind speed at 10 m – 

show statistical insignificance (not shown). The results suggest that Pacific saury catches are more 

strongly correlated with oceanic processes, such as upper ocean current variability, than with 

atmospheric processes, including upwelling and net heat flux – the critical air-sea energy 

exchange responsible for surface warming or cooling – which may have a direct influence on 

surface biological productivity. 

Figure 3 shows the regressed SSH anomalies onto the annual catches of Pacific saury from 

the two different data sets – NWP and NP – and regressed PC time series with the annual catch 

amounts of Pacific saury during 1990–2020. The SSH anomalies derived from both data sets also 

show similar spatial patterns. These patterns show positive SSH anomalies in regions southwest 

of Japan and within the KE jet, and negative SSH anomalies south of Japan and north of the KE 

jet. This spatial pattern suggests an intensification of the Kuroshio current south of Japan and the 

KE jet. In addition, the monthly SSH anomalies show the origin of the positive SSH anomaly in 

the interior of the North Pacific, which may be indicative of Rossby wave propagation, although 

not explicitly shown here (not shown). Unlike the regressed SST anomalies, the R-squared value 
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for the SSH anomaly within the NP is superior to that within the NWP, suggesting a predominant 

relationship between basin-scale ocean processes and Pacific saury catches in the North Pacific 

region. 

Figure 4 shows zonally averaged (145–155° E) regressed temperature and zonal current 

anomalies upper 300 m and regressed NPP anomaly upper 100 m onto the annual catch amounts 

of Pacific saury. From the surface to 300 m depth, anomalies in temperature and zonal currents 

show physically coherent spatial patterns with those of SSH anomaly. In particular, the weak 

subsurface warming south of 35° N and surface to subsurface cooling between 35–43° N 

illustrates an enhanced temperature gradient, implying a corresponding strengthening of the KE 

jet, as shown by the positive zonal current anomalies around 35°N. In addition, the temperature 

anomaly shows that the warming from the surface to near-surface regions (approximately 50 m 

depth) occurs mostly north of 43° N. From the surface to a depth of 100 meters, a positive 

anomaly in NPP could be observed generally north of 33° N. In simple terms, this means that 

there's an increase in the basic biological activity that supports the food chain, such as 

phytoplankton growth. Since the primary High seas fisheries operate in the 38–47° N latitude 

range, this increased biological productivity suggests that there may be an increase in catches of 

Pacific saury. 

Figure 5 displays regressed temperature and current anomalies at 45 m depth and regressed 

NPP anomaly at 5 m depth onto the annual catch amounts of Pacific saury. Temperature and 
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current velocity anomalies at 45 m depth indicate near-surface warming in the southwestern part 

of the Sea of Okhotsk, near Hokkaido, and Pacific waters off the Kuril Islands. This warming is 

consistent with the surface to near-surface warming observed in the zonally averaged temperature 

anomaly approximately north of 43° N. The temperature anomaly shows a near-surface cooling 

east of Honshu and south of Hokkaido, accompanied by a prevailing westward current anomaly, 

highlighting the intensification of the Oyashio Current. The NPP anomaly shows a positive 

anomaly consistent with the zonally averaged NPP anomaly approximately north of 33° N. An 

increase in biological productivity, which can provide favorable ocean conditions for Pacific 

saury, is observed in the southwestern part of the Sea of Okhotsk, the Pacific waters of the Kuril 

Islands, the eastern coasts of Honshu and Hokkaido, and regions that include the High Seas 

Pacific saury fishery. 

 

Relationship between the NPGO and Pacific saury catches 

The observed correlation coefficients between Pacific saury catches and the annually 

averaged NPGO index reveal a statistically significant relationship when the NPGO precedes 

Pacific saury fluctuations by a span of 2 years, with r = 0.51, p < .01 during 1950–2020 

(Supplementary figure 2). This indicates a potential temporal relationship wherein NPGO-related 

ocean environmental variability might be preceding Pacific saury catch fluctuations. In contrast, 
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correlations concerning the PDO do not demonstrate any statistically significant relationship (not 

shown). 

Figure 6 displays SSH anomalies regressed onto the 2-year low-pass filtered NPGO index 

with lags. In the periods before 2 years and up to half a year after the onset of the positive phase 

of NPGO, SSH anomalies show a negative anomaly in the KE jet region and a positive anomaly 

north of the KE region. Such anomalies suggest a possible weakening of the KE jet. Beyond the 

six-month post-NPGO, the positive SSH anomaly appears to migrate southward, showing positive 

anomalies in the KE jet region. Over time, these SSH anomalies become increasingly positive, 

while areas north of the KE jet region show negative anomalies. Such temporal evolutions suggest 

an increase in the strength of the KE jet following the NPGO event. 

Notably, the SSH anomaly in the KE jet region shows a positive anomaly after the onset of 

the NPGO. Part of this positive anomaly appears to originate from the eastern regions, mainly the 

interior of the North Pacific, suggesting a westward propagation of the Rossby wave associated 

with the NPGO. Remarkably, two years after the NPGO event, the SSH anomaly reflects spatial 

patterns comparable to those observed during the increase in the Pacific saury catches, 

characterized by positive SSH anomalies in the KE jet region and negative anomalies north of the 

KE jet. These results may indicate a temporal relationship connecting Pacific saury catch 

variability to basin-scale ocean environmental variability, exemplified by the NPGO. 
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The regressed ocean environmental variables such as SST, SSH, upper ocean temperature 

and current velocity, and NPP, suggest a potential increase in Pacific saury catches under ocean 

conditions characterized by the intensification of the KE jet, the warming of the southwestern part 

of Sea of Okhotsk, the strengthening of the Oyashio Current, and the corresponding increase in 

biological productivity within the KOE region and regions the southwestern part of Sea of 

Okhotsk. This includes the Pacific waters off the Kuril Islands, which has been identified as a 

major fishing area for Pacific saury. The Ocean environmental variability associated with the 

NPGO, characterized by a 2-year lag, shows similar environmental variability to that of the 

Pacific saury, the intensified KE jet, which significantly impacts biological productivity in the 

KOE (Figures 3 and 6). This similarity is consistent with the observed lead-lag correlation 

between Pacific saury catches and the annually averaged NPGO index. Thus, the results may 

indicate a possible lead-lag relationship between Pacific saury catches and basin-scale ocean 

processes associated with the NPGO. 

 

Discussion 

Ocean conditions in the period of high productivity of stock 

Regressed SSH, temperature, and zonal current velocity anomalies onto the annual catch 

amounts of Pacific saury illustrate the enhanced KE jet; positive SSH anomaly in the KE jet 

region and enhanced meridional temperature gradients around 35° N with positive zonal current 
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velocity anomaly (Figures 2–5). Previous studies suggest that a stronger Kuroshio current, 

including the KE jet, facilitates the influx of greater quantities of zooplankton into the KOE 

region41,42. This influx, in turn, amplifies biological productivity. This abundance of zooplankton 

increases biological productivity in the KOE region and may contribute to an overall 

enhancement of ecological conditions within the KOE region, potentially establishing more 

favorable ocean conditions conducive to the Pacific saury stock43–46. Therefore, the regressed 

ocean environmental variables suggest the role of the Kuroshio Current in influencing favorable 

ocean conditions for the Pacific saury fishery, which is mainly caught in the KOE region14,15,22–24. 

The regressed SST and temperature anomalies observed at 45 m depth show a surface to 

near-surface cooling off of the eastern and northeastern coasts of Japan (Figures 2 and 5). This 

surface to near-surface cooling may indicate the potential intensification of the Oyashio Current. 

It is noteworthy to consider this in the context of increased catches of Pacific saury in the region. 

The surface to near-surface cooling, consistent with previous studies, suggests a positive 

correlation between the strengthening of the Oyashio Current and increased catches of Pacific 

saury42,47–50. This relationship may be attributed to the role of the Oyashio Current in transporting 

nutrient-rich waters from northern latitudes to coastal areas such as those near Japan. As a result, 

changes in the southward extent and intensified of the Oyashio Current may significantly affect 

the annual catch amounts of Pacific saury22,40. 
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Regressed vertical temperature and NPP anomalies suggest that when Pacific saury catches 

increase, the southwestern part of the Sea of Okhotsk shows surface to near-surface warming with 

positive NPP anomaly near the main fishing grounds of Pacific saury (Figure 4). Specifically, an 

increase in Pacific saury catches corresponds to the surface to near-surface warming of the 

southwestern part of the Sea of Okhotsk and Pacific waters off the Kuril Islands, accompanied by 

a positive NPP anomaly, indicating increased biological productivity in the primary Pacific saury 

fishing grounds (Figures 4 and 5). These results suggest a robust link between temperature 

variations within the Sea of Okhotsk and corresponding variations in NPP, a connection that is 

directly relevant to facilitating favorable conditions for Pacific saury catches47,51–54. 

Furthermore, an examination of monthly temperature and NPP anomalies reveals that the 

presence of a positive NPP anomaly in the southwestern part of the Sea of Okhotsk, as well as 

near Hokkaido and Pacific waters off the Kuril Islands, corresponds to the onset of surface to 

near-surface warming within the Sea of Okhotsk, which typically begins in the summer season 

(Supplementary figures 3 and 4). This climatic effect reinforces the favorable environment 

necessary for the proliferation of Pacific saury. Thus, the interplay of factors, including the 

intensity of the KE jet, the Oyashio Current, and the temperature dynamics that characterize the 

Sea of Okhotsk, collectively emerge as key determinants influencing the variability observed in 

Pacific saury catches. 
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Relationship between the NPGO and the Pacific saury catches 

The increase in temperature in the southwestern part of the Sea of Okhotsk corresponds to 

an increase in the catch amount of Pacific saury, which is not observed after a two-year lag of the 

positive phase of NPGO (Supplementary figures 5 and 6). However, the regression of surface to 

near-surface NPP on the two-year lagged NPGO reveals a biologically productive ocean condition 

around the southwestern part of the Sea of Okhotsk and the Hokkaido the fishing grounds for 

Pacific saury (Supplementary figures 7 and 8). While the enhanced surface to near-surface NPP is 

not associated with the temperature-related NPP increase of the Sea of Okhotsk, that observed in 

the two-year lagged NPGO is associated with the westward Rossby wave propagation. These are 

linked to ocean environmental variability, the strength of the KE jet, and the total zooplankton 

flux along with the mixed layer depth in the KOE region.41,43–45  

Previous studies have suggested that about 2–3 years after the positive phase of the NPGO 

events, the KE jet is enhanced by the westward Rossby wave propagation31,33–36. They also 

emphasize that during periods of enhanced KE jet, there is an increase in zooplankton flux 

transported by the Kuroshio current within the KOE region41,42. This increase in zooplankton flux 

can result in conditions that support abundant Pacific saury catches. Post-NPGO conditions 

include SSH anomalies, which show mostly weak negative anomalies in the KOE region and near 

the coasts of Hokkaido and the Pacific waters off the Kuril Islands, coupled with cooling of 

surface-to-subsurface. These SSH and temperature anomalies may indicate a shallow mixed layer 
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depth in the KOE region, which not only provides a biologically favorable environment for 

Pacific saury but also causes their movement to the near-surface due to fisheries exploiting the 

shallow mixed layer depth41,44,45. In conclusion, the results of this study reveal a basin-scale lead-

lag relationship between Pacific saury catches and the NPGO, characterized by a two-year lag, 

highlighting the complex interactions and consequent impacts on marine life and their respective 

ecosystems. 

While the NPGO shows a lead-lag relationship with the total Pacific saury catch, the PDO 

does not show a statistically significant relationship, possibly due to their different effects on the 

Kuroshio. Previous studies suggest a link between the PDO and KOE meridional variability, 

reflecting the meridional shift of the KE jet27,29,30. In contrast, the NPGO is associated with the 

zonal variability of the KOE, reflecting the strength of the KE jet. The strength of the KE jet is 

more relevant to zooplankton variability in the KOE region than the meridional shift of the KE jet 

itself31-33. Therefore, the intensification of the KE jet attributed to the NPGO could potentially 

lead to increased zooplankton transport into the KOE region41. In contrast, the ocean 

environmental variability associated with the PDO does not induce significant changes in 

zooplankton variability within the KOE region. Furthermore, the regressed SSH, vertical 

temperature and NPP anomalies associated with the PDO show contrasting spatial patterns to 

those associated with the NPGO (Supplementary figures 9–11). This contrast may elucidate a 
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possible lead-lag relationship between the NPGO and Pacific saury catches, a relationship not 

evident with the PDO. 

 

Concluding remarks 

This study suggests that observed variations in Pacific saury catches on interannual to 

decadal scales are not exclusively correlated with local ocean processes. This also indicates a 

possible connection between the Pacific saury catches and basin-scale ocean environmental 

variability, primarily the NPGO with a 2-year lag. This relationship indicates a potential 

predictability of Pacific saury abundance in the North Pacific. It also suggests that the notable 

decline in the total catch of Pacific saury in the Northwestern Pacific in recent years may be 

influenced by natural ocean variability, including variability associated with the negative phase of 

the NPGO. While this interpretation is based on the data and analyses presented in the study, it is 

important to clarify that the results do not exclude the possible role of anthropogenic impacts, 

such as overfishing. Overfishing and Illegal, Unreported and unregulated (IUU) fishing continue 

to pose a challenge on the high seas, affecting both conservation and research efforts. Therefore, 

consistent monitoring of fishing activities, along with continued conservation and research, 

remains essential. It should be noted that the interpretations in this study should not be construed 

as an official position or opinion of the NPFC. 
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This study is limited by its sole reliance on the total catch of Pacific saury in the 

Northwestern Pacific and does not use the CPUE even if they exhibit similar variabilities. To 

avoid the potential effects of human activities, such as changes in the number of fishing vessels 

and fishing gear, only post-1990 data were used. However, the results of the study indicate that 

fluctuating ocean conditions (natural variability) are likely to be the primary drivers of the 

variation in catch levels. This suggests that human impacts (anthropogenic effects) may have had 

less of a role from 1990 to 2020 compared to the influence of ocean variability (natural 

variability). Future studies incorporating CPUE data are recommended for a more comprehensive 

understanding of fishery-related variability in ocean conditions. 
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Data and Method 

Fisheries Data 

This study uses annual catch data for Pacific saury in the Northwestern Pacific, including 

North Pacific Fisheries Commission (NPFC) Convention Area, from 1995 to 202237. In this study, 

catch amounts are used as an indicator of stock abundance. The underlying assumption is based 

on the probabilistic relationship that increased stock abundance is likely to result in increased 

catch amounts. The annual catch data show similar variability to the catch per unit effort (CPUE, 

in metric tons per operating day fished) using the vector autoregressive space-time model during 

the same period (not shown). The consistency between CPUE trends and observed total catch 

amounts variability supports the validity of catch amounts as an estimator of abundance. 

In addition, data reported by the Food and Agriculture Organization of the United Nations 

(FAO) for the northwestern, northeastern, and eastern central Pacific Ocean between 1950 and 

1994 are included to understand the long-term variability of Pacific saury catches in the 

Convention Area. The total catch of Pacific saury includes data reported by NPFC members: 

China, Chinese Taipei, Japan, Republic of Korea, Russia, and Vanuatu. Total catch data from the 

NPFC show consistent variability with data reported by the FAO from 1995 to 2014 (not shown), 

suggesting that FAO data before 1995 can be included in the NPFC dataset. To account for 

potential anthropogenic influences such as increases in the number of vessels, fishing days, vessel 

size variability, and advances in fishing gear, this study focuses only on fishery data after 1990 to 
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examine the interannual to decadal variability of Pacific saury catches about ocean environmental 

variability. 

 

Ocean Environmental Variables 

Monthly mean temperature and current velocity of the upper 300 m depth and sea surface 

height (SSH) data during 1988–2020 were obtained from Simple Ocean Data Assimilation 

(SODA) 3.4.2, which has a spatial resolution of 0.5°55. Monthly Sea Surface Temperature (SST) 

data from 1988–2020 with a spatial resolution of 0.25° were obtained from the NOAA Optimum 

Interpolation SST v2.156. ERA5 monthly 2 m height temperature, sea surface pressure, and 10 m 

height wind velocity with 0.25° spatial resolution during 1988–2020 from the European Centre 

for Medium Range Weather Forecasts were used to understand the relationship between 

atmospheric variability and Pacific saury catches57. Monthly net primary production (NPP) data in 

the upper 300 m depth during 1993–2020 were obtained, to understand biological productivity, at 

a resolution of 0.25° from the Global Ocean Biogeochemistry Hindcast provided by the 

Copernicus Marine Environment Monitoring System Service58. The North Pacific Gyre 

Oscillation (NPGO) index and the Pacific Decadal Oscillation (PDO) index were used during 

1950–2022.  

To examine the lead-lag relationship between Pacific saury catches and the ocean 

environment in the context of basin-scale variability, this study introduced time lags of 1 or 2 yr. 
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This study also used datasets from multiple time periods: 1988–2016, 1989–2017, 1991–2019, 

and 1992–2020. This approach allowed a detailed examination of the temporal relationship 

between Pacific saury catches and climate indices. To understand the annual catch amounts of 

Pacific saury associated with regional and basin-scale ocean environmental variability, this study 

used two regions of the data set: Northwestern Pacific (NWP; 30–55° N, 130–175° E) and North 

Pacific (NP; 0–60° N, 120° E–120° W). In order to understand the variability of the ocean 

environment around the main fishing area for Pacific saury, ocean variables are presented only in 

the NWP. 

 

Cyclostationary Empirical Orthogonal Function (CSEOF) 

In this study, a cyclostationary empirical orthogonal function (CSEOF) analysis was 

conducted to extract the spatio-temporal variability of these geophysical variables including SST, 

SSH, temperature, current velocity, NPP, air temperature at 2 m height, mean sea level pressure, 

and 10 m height wind velocity59,60. The CSEOF method has been utilized by various studies to 

investigate the relationship between a specific time series and the physical variability of the 

environmental variables61–63. The geophysical variables, 𝐺𝐺(𝑟𝑟, 𝑡𝑡), are decomposed into 

cyclostationary loading vectors (CSLVs), 𝐴𝐴𝑛𝑛(𝑟𝑟, 𝑡𝑡) and their corresponding principal component 

(PC) time series, 𝐵𝐵𝑛𝑛(𝑡𝑡) as in Eq. (1): 
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𝐺𝐺(𝑟𝑟, 𝑡𝑡) = ∑ 𝐴𝐴𝑛𝑛(𝑟𝑟, 𝑡𝑡)𝐵𝐵𝑛𝑛(𝑡𝑡)𝑛𝑛 ,  (1) 

 

where n, r, and t denote the mode number, 2-dimensional space, and time, respectively. The 

current velocity and 10 m height wind velocity were analyzed as a single variable by combining 

both the zonal and meridional components. The CSEOF analysis was conducted separately on 

each environmental variable at each depth, and the CSLVs were obtained to demonstrate the 

physical evolution of environmental variables over a nested period d of 12 months. The nth mode 

of the CSLVs is expressed with periodicity d, as in Eq. (2): 

 

𝐴𝐴𝑛𝑛(𝑟𝑟, 𝑡𝑡) = 𝐴𝐴𝑛𝑛(𝑟𝑟, 𝑡𝑡 + 𝑑𝑑)  (2) 

 

Thus, 𝐴𝐴𝑛𝑛(𝑟𝑟, 𝑡𝑡) consists of 12 monthly spatial patterns that illustrate the spatio-temporal 

evolution of the nth mode. Its corresponding PC time series, 𝐵𝐵𝑛𝑛(𝑡𝑡), illustrates the temporal 

variation of the nth mode of spatial variation. Each of the PC time series is statistically 

independent and the CSLVs are perpendicular to one another. 
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Regression Analysis 

The statistical relationship between the annual total catches of Pacific saury variability in the 

Convention Area of NPFC, 𝐹𝐹(𝑡𝑡), and ocean environmental variability was obtained by 

conducting regression analysis in the CSEOF space, as described by Eq. (3): 

 

𝐹𝐹(𝑡𝑡) ≈ ∑ 𝛼𝛼𝑚𝑚𝐵𝐵�𝑚𝑚(𝑡𝑡)10
𝑚𝑚=1 ,  (3) 

 

where m denotes the mode number, 𝛼𝛼𝑚𝑚 is the regression coefficient, and 𝐵𝐵�𝑚𝑚(𝑡𝑡) is annually 

averaged the PC time series of each ocean environmental variable. Through the regression 

coefficient, 𝛼𝛼𝑚𝑚, the regressed and reconstructed ocean environmental variability, 𝑅𝑅(𝑟𝑟, 𝑡𝑡), can be 

obtained as in Eq. (4):  

 

𝑅𝑅(𝑟𝑟, 𝑡𝑡) = ∑ 𝛼𝛼𝑚𝑚𝐴𝐴𝑚𝑚(𝑟𝑟, 𝑡𝑡)10
𝑚𝑚=1   (4) 

 

Thus, the resulting physical evolutions of the ocean environment, 𝑅𝑅(𝑟𝑟, 𝑡𝑡), share the long-

term variability of the fishery data, 𝐹𝐹(𝑡𝑡), with some regression error. Therefore, regressed 

environmental variables show the environmental conditions during an increase in Pacific saury 

catches. In this study, the first ten CSEOF PC time series of the predictors were used for the 

regression analysis to minimize the chance of overfitting, which can lead to unstable 
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predictability. The R-squared values of the regression are shown in Supplementary Figure 1. The 

R-squared values suggest that the ocean environmental variables exhibit statistically significant 

(above e-fold) explanatory power. In order to study the interannual to decadal relationship 

between the Pacific saury catches and the ocean conditions, the annual mean spatial patterns of 

𝑅𝑅(𝑟𝑟, 𝑡𝑡) are presented. 

The correlation between variations in the ocean environment and both PDO and NPGO was 

investigated using analogous regression analysis, but the analysis involved the monthly PC time 

series of the environmental variables because the PDO and NPGO indices are monthly available. 

The ocean environmental variables regressed on the indices represent ocean conditions during the 

positive phase of each index. Several lagged regression analyses were performed on the NPGO 

and PDO indices with time lags such as ±1 year (e.g., between 1989–2017 and 1991–2019) and 

±2 years (e.g., between 1988–2016 and 1992–2020). 

 

Data Availability Statement 

The published article, together with the supplementary information accompanying it, 

contains all the data collected or evaluated in the course of this study. If further details are 

required, they can be obtained from the corresponding author upon reasoned request. 
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Figure Set 

 

 

Figure 1. The mean ocean environmental variables and Pacific saury catches: (a) sea surface 

temperature (SST), (b) sea surface height (SSH), (c–e) zonally averaged (145–155° E) upper 

300 m temperature (Temp) and zonal current velocity (ZC) accompanied by upper 100 m net 

primary production (NPP) from 1990–2020, except for NPP which is from 1993–2020, and 

(f) the annual catch amounts of Pacific saury in the Convention Area of North Pacific 

Fisheries Commission from 1950–2022. The vertical white dashed lines in the SST and SSH 

indicate the range of 145–155° E. 
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Figure 2. (a–b) The regressed and reconstructed sea surface temperature (SST) anomalies of 

the Northwestern Pacific (NWP) and North Pacific (NP) onto the annual catch amounts of 

Pacific saury during 1990–2020, respectively. (c) The regressed PC time series of the SST 

anomalies of the NWP and NP (black solid and black dashed lines, respectively) and the 

normalized annual catch amounts of Pacific saury (red solid line), during the same period. 
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Figure 3. same as Figure 2, but for the sea surface height (SSH). 
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Figure 4. The zonally averaged (145–155° E) of the regressed and reconstructed anomalies 

of the ocean environmental variables in the North Pacific onto the annual catch amounts of 

Pacific saury during 1990–2020 (except for the net primary production (NPP) during 1993–

2020): (left) upper 300 m temperature, (middle) upper 300 m zonal current velocity (ZC), and 

(right) upper 100 m NPP. 
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Figure 5. The regressed and reconstructed temperature and current at 45 m depth anomalies 

(top) and net primary production (NPP) anomaly at 5 m depth (bottom) in the North Pacific 

onto the annual catch amounts of Pacific saury during 1990–2020 (except for the NPP during 

1993–2020), respectively. The vertical white dashed lines indicate the range of 145–155° E. 
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Figure 6. The regressed and reconstructed sea surface height (SSH) anomalies in the North 

Pacific onto the normalized 2-year low-pass filtered North Pacific Gyre Oscillation (NPGO) 

index (contour intervals: 2 cm). The target index is for 1990–2018, and the SSH anomalies 

are for 1988–2020, with a time lag of ±2 years. Numbers in the title indicate the time lags and 

positive values indicate that the NPGO leads the SSH. Areas of positive SSH anomalies are 

shaded red, and areas of negative anomalies are shaded blue. 
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Supplementary figure set 

 

 

Supplementary figure 1. The R-squared values of the regression at each depth onto the 

annual catch amounts of Pacific saury during 1990–2020 (except for net primary production 

(NPP) during 1993–2020) for (a) temperature, (b) current velocity, and (c) NPP. The vertical 

dashed lines denote the e-folding value. 
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Supplementary figure 2. The normalized annual catch amounts of Pacific saury (black) and 

North Pacific Gyre Oscillation (NPGO) with a 2-year lag applied (NPGO leads 2 years, red) 

during 1950–2022. 
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Supplementary figure 3. The monthly regressed and reconstructed temperature anomaly at 

45 m depth in the North Pacific onto the annual catch amounts of Pacific saury during 1990–

2020 (contour intervals: 0.2℃). Areas of positive temperature anomalies are shaded red, and 

areas of negative anomalies are shaded blue. 
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Supplementary figure 4. same as Supplementary figure 3, but for the net primary production 

during 1993–2020 (contour intervals: 0.5 mg/m3/day). Areas of positive anomalies are shaded 

green, and areas of negative anomalies are shaded blue. 
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Supplementary figure 5. The zonally averaged (145–155° E) regressed and reconstructed 

upper 300 m temperature anomalies in the North Pacific onto the normalized 2-year low-pass 

filtered North Pacific Gyre Oscillation (NPGO) index. The target index is for 1990–2018, and 

temperature anomalies are for 1988–2020, with a time lag of ±2 years. Numbers in the title 

indicate the time lags, and positive values indicate that the NPGO leads the temperature. 
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Supplementary figure 6. same as Supplementary figure 3, but for the North Pacific Gyre 

Oscillation (NPGO) with a 2-year lag (the NPGO leads by 2 years). 
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Supplementary figure 7. Same as supplementary figure 5, but for the net primary production 

during 1995–2020. 
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Supplementary figure 8. same as Supplementary figure 4, but for the North Pacific Gyre 

Oscillation (NPGO) with a 2-year lag (the NPGO leads by 2 years). 
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Supplementary figure 9. The regressed and reconstructed sea surface height (SSH) 

anomalies in the North Pacific onto the normalized 2-year low-pass filtered Pacific Decadal 

Oscillation (PDO) index (contour intervals: 2 cm). The target index is for 1990–2018, and the 

SSH anomalies are for 1988–2020, with a time lag of ±2 years. Numbers in the title indicate 

the time lags and positive values indicate that the PDO leads the SSH. Areas of positive SSH 

anomalies are shaded red, and areas of negative anomalies are shaded blue. 
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Supplementary figure 10. same as supplementary figure 5, but for the 2-year low-pass 

filtered Pacific Decadal Oscillation Index. 
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Supplementary figure 11. same as supplementary figure 7, but for the 2-year low-pass 

filtered Pacific Decadal Oscillation Index.  
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