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Pacific saury (Cololabis saira) is a typical small pelagic fish in the northwestern

Pacific with considerable fluctuations in productivity, bringing about great

economic and ecological concerns. Numerous studies have suggested that the

population dynamics of Pacific saury is an integrated process affected bymultiple

environmental and climatic drivers. However, little has hitherto been done to

incorporate the non-stationary effects of multiple drivers, impeding progress in

the understanding of the population dynamics and the development of

management strategies. In this study, we adopted multivariate statistical

analyses such as variable coefficients generalized additive models to determine

the non-stationary effects of climatic and environmental variations on the

population dynamics of Pacific saury. The results showed that Pacific saury

populations in the northwestern Pacific responded to the climate regime shifts

in the late 1980s and early 2000s. Non-stationarity was identified in the

relationships between climate/environment and Pacific saury. The dynamics of

Pacific saury from 1970 to 2021 could be divided into four periods: the 1970s and

1980s when the Siberian High and the intensification of the East Asian winter

monsoon drove down the water temperature, providing a suitable habitat and

resulting in an increase in resource abundance; In the 1990s, the rise in

temperature led to a reduction in resource abundance; At the beginning of the

21st century, the enhancement of the Siberian High brought about a suitable

habitat, and the resource abundance showed a significant increase; The

unfavorable high water temperature environment in the 2010s caused the

resource abundance to decrease once again. This study highlights that precise

identification of the population status and climatic conditions is helpful to

achieve good trade-offs between resource exploitation and protection and to

facilitate ecosystem-based management for Pacific saury fisheries.
KEYWORDS

climate variability, Pacific saury, northwestern Pacific Ocean, small pelagic fish,
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frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2025.1561066/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1561066/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1561066/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1561066/full
https://orcid.org/0000-0002-8894-3251
https://orcid.org/0000-0003-4060-7993
https://orcid.org/0000-0001-8548-0223
https://orcid.org/0000-0001-5775-8080
https://orcid.org/0000-0001-5303-8166
https://orcid.org/0000-0002-9866-8214
https://orcid.org/0000-0003-2798-0638
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2025.1561066&domain=pdf&date_stamp=2025-06-19
mailto:yjtian@ouc.edu.cn
https://doi.org/10.3389/fmars.2025.1561066
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2025.1561066
https://www.frontiersin.org/journals/marine-science


Cao et al. 10.3389/fmars.2025.1561066
1 Introduction

Changes in the abundance and productivity of biological

populations in the northwestern Pacific have often been

associated with large-scale modes of climate variability (Wang

et al., 2022). Due to the climate variability and anthropogenic

changes that have been witnessed worldwide, conventional

statistical models based on the stationary assumption tend to be

biased and void of predictive skills, which would present great

challenges in forecasting potential ecological risks (Dormann et al.,

2013; Williams and Jackson, 2007). A process is stationary if it

follows a probability density that is constant over time, while it is

non-stationary if the probability density is time-dependent (Litzow

et al., 2019a; Wolkovich et al., 2014). Non-stationarity refers to the

phenomenon where the statistical characteristics of data or systems

(such as the mean and variance, among others) change over time,

space, or other factors (Litzow et al., 2018). An increasing number

of studies have emphasized the presence of non-stationary

relat ionships between small pelagic fish populations,

communities, or ecosystem structure and climate/environment in

different marine ecosystems (Puerta et al., 2019; Litzow et al., 2018;

Szuwalski and Hollowed, 2016; Feng et al., 2024). These findings

highlight the relationship between biology and climate factors

characterized by discontinuous nonlinear dynamics (Wolkovich

et al., 2014; Vasilakopoulos et al., 2017; Litzow et al., 2018;

Damalas et al., 2021). For instance, in the North Sea ecosystem,

the relationship between cod and sea surface temperature (SST)

shifted in the 1970s, associated with nonlinear changes in the

ecological thresholds and nutrient amplification within the

ecosystem (Kirby and Beaugrand, 2009). In the Gulf of Alaska,

the relationship between biological abundance and climate was

shown to be weakened or reversed in the late 1980s, which is

consistent with the increased variance in the North Pacific gyre

oscillation (NPGO) (Puerta et al., 2019). With regard to the North

Pacific Ocean, non-stationarity in the climate and ecosystem has

been observed, along with spatial differences between the Northwest

and Northeast Pacific (Ma et al., 2020). Analysis of the non-

stationary relationship between biological and abiotic factors, as

well as the underlying mechanisms, is crucial for elucidating the

effects of climate variability on species or ecosystem changes and for

understanding the biological responses to multiple drivers. This

understanding is essential for the formulation of adaptive

management strategies that take ongoing climate variability into

account (Williams and Jackson, 2007; Dormann et al., 2013; Litzow

et al., 2018; Ma et al., 2020). Therefore, investigations into the

existence and mechanisms of non-stationary relationships are

crucial for a better understanding of the biological responses to

multiple drivers and for the development of adaptive

management strategies.

Pacific saury (Cololabis saira) is a small pelagic fish that is

widely distributed throughout the subtropical and subarctic regions

of the North Pacific (Miyamoto et al., 2019; Yatsu, 2019). This

species is commercially exploited in Japan, Russia, Vanuatu, Korea,
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Chinese Taipei, and the Chinese Mainland [Food and Agriculture

Organization (FAO) website: http://www.fao.org/fishery/species/

3001/en]. The fishing vessels of Japan and Russia operate mainly

within their exclusive economic zones (EEZs), whereas those of

other countries fish within the North Pacific high seas west of 165°E

(Yatsu et al., 2021). The role of the intermediate trophic level, such

as small pelagic fishes, seems to be crucial: small pelagic fishes exert

top-down control on zooplankton and bottom-up control on top

predators, a process known as “wasp-waist” type of control (Bakun,

2006; Cury et al., 2000). Therefore, large fluctuations in the

populations of small pelagic fishes, due to fishing or natural

factors, can significantly affect both plankton and predators

(Santos et al., 2007), ultimately influencing the community

composition and modifying the structure and function of marine

ecosystems (Bakun, 2006). As typical r-strategists, Pacific saury are

highly sensitive to external environmental changes and have

increasingly caused concerns for fishers and fisheries-related

researchers on a global scale (Alheit and Peck, 2019). Japan was

the first country to utilize Pacific saury resources, achieving the

largest catches of this species in the world during the last century.

Japan maintains long time series of catch per unit effort (CPUE)

data (in tons per net), which show similar annual variations with

catch. The total catch of Pacific saury has varied greatly, from 18.1 ×

104 tons in 1998 to 63.1 × 104 tons in 2014 (FAO, 2021). In 2020

and 2021, the total catch of Pacific saury decreased to 14.0 × 104 and

9.3 × 104 tons, respectively (https://www.npfc.int/summary-

footprint-pacific-saury-fisheries, last accessed October 12, 2022).

This decrease in fish landings has become a serious problem.

The life span of Pacific saury is short, approximately 2 years

(Suyama et al., 2006), with 1-year-old fish (age 1) being the main

target of fisheries. During their short life cycle, Pacific saury migrate

over a large area (Figure 1). Their primary spawning grounds are

located in the Kuroshio and Kuroshio Extension regions during

winter (Fuji et al., 2023; Yatsu et al., 2013). Hatched larvae and

juveniles are transported east along the Kuroshio Extension (Oozeki

et al., 2015), after which they migrate north from subtropical

regions into the subarctic Oyashio waters from May to July.

There, they feed on the abundant copepods found in these

regions (Miyamoto et al., 2020). Subsequently, they commence

spawning migration toward the west in August or September

(Kakehi et al., 2020, 2022; Miyamoto et al., 2019). However,

current research on Pacific saury within the northwestern Pacific

has primarily considered the responses to climate and

environmental factors to be stable, and the non-stationarity in the

relationships between these factors over time has not been evaluated

(Liu et al., 2019; Yatsu et al., 2021).

Understanding how populations and communities respond to

climatic variability is critical for predicting the ecological

consequences of climate change and for anticipating efficient

management approaches for commercially exploited species and

marine ecosystems. For instance, Ma et al. (2023) discovered non-

stationary effects of multiple drivers on the dynamics of Japanese

sardine (Sardinops melanostictus, Clupeidae), suggesting the
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importance of density-dependent effects, fishing activities, and

environmental drivers, particularly SST, to the long-term

population dynamics of Japanese sardine. Feng et al. (2024) found

non-stationarity in the relationships between climate/environment

and the four most important species in the Humboldt Current

System, with different species showing different threshold years. A

lot of research has been done to investigate the variations in the

abundance of Pacific saury in relation to oceanic–climate changes

(Tian et al., 2002, 2003, 2004; Xing et al., 2022; Yatsu et al., 2021; Liu

et al., 2019). There is increasing evidence that the variations in the

abundance of Pacific saury are influenced by the oceanic and

climate environment. However, little has hitherto been done to

incorporate the non-stationary effects of multiple drivers, impeding

progress in the understanding of the population dynamics of Pacific

saury and the development of management strategies for the

protection of fishery resources. Therefore, there is an urgent need

to explore the non-stationary effects of multiple drivers on the long-

term population dynamics of Pacific saury. To this end, this study

collected Pacific saury catch and biomass data, as well as regional

SST data and large-scale climate indices (CIs), to analyze the long-

term trend in catch and to reveal the non-stationary effects of

environmental and climatic drivers on the population dynamics of

Pacific saury. This study aimed to: 1) explore the long-term

variability in Pacific saury, the environment, and climate in the

northwestern North Pacific; 2) identify regime shifts in climate,

environmental variables, and Pacific saury abundance; and 3)

investigate the non-stationarity in the relationships between

biological responses and physical drivers. The results contribute

to understanding the potential mechanisms of resource variability

in marine organisms under multiple pressures and provide essential

insights into the scientific management of Pacific saury fishery

resources, as well as for ensuring the resilience of long-term

predictions concerning the impacts of climate variability.
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2 Materials and methods

2.1 Data description and sources

2.1.1 Fishery data
Japan has the longest history of Pacific saury fishing, with catch

prior to the 2010s having been much higher than those by other

countries (Supplementary Figure S1). At the same time, only Japan

has assembled long time series of CPUE data (Supplementary

Figure S1). CPUE is often positively related to the availability of

fisheries and is regarded as an indicator of fish abundance. The total

catch data for the earlier period of 1950–2015 were obtained from

FAO (FAO, 2021), while those for the later period of 2015–2021

were from NPFC (https://www.npfc.int/summary-footprint-

pacific-sauryfisheries). The annual total catch and the CPUE (in

metric tons/vessel) reported by The North Pacific Fisheries

Commission (NPFC) from 1995 to 2021 may be regarded as

being representative of stock abundance to investigate its

potential link between climate change and Pacific saury. Such

fishery capture data or the CPUE of many small pelagic fishes

have been deemed as a suitable proxy for stock abundance in a lot of

previous research (Liu et al., 2019; Hou et al., 2022; Xing et al.,

2022). Therefore, in this study, we integrated both the catch and

CPUE data to obtain a relatively long time series to represent the

abundance of Pacific saury.

2.1.2 Environment data
Monthly SST field data with a resolution of 1° × 1° (latitude ×

longitude) for the geographical range of 20°–50° N, 120°–180° E and

for the period 1950–2021 were obtained from the Hadley Centre Sea

Ice and Sea Surface Temperature (HadISST) dataset (https://

www.metoffice.gov.uk/hadobs/hadisst/) (Rayner et al., 2003). The

HadISST dataset is a unique combination of monthly globally
FIGURE 1

Schematic diagram showing the spawning ground and migration route of Pacific saury with the oceanographic structures along the Pacific coast of
Japan. The solid red line represents the Kuroshio Current and Kuroshio Extension, while the solid blue line represents the Oyashio Current. The
dotted line with arrows represents the migration route of Pacific saury. The oval areas represent the spawning and fishing grounds of Pacific saury.
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complete fields of SST and sea ice concentration on a 1° latitude–

longitude grid from 1870 to the present. The boundaries of the SST

field were chosen to include the entire migratory range of Pacific

saury, which varies with stock abundance. The monthly SST fields

were averaged over January to March (JFM), April to June (AMJ),

July to September (JAS), and October to December (OND) to

obtain the winter, spring, summer, and autumn SST

fields, respectively.

2.1.3 Climate data
The Pacific decadal oscillation (PDO), NPGO, Arctic

Oscillation Index (AOI), Siberian High Index (SHI), Aleutian

Low Index (ALI), Southern Oscillation Index (SOI), and East

Asian Monsoon Index (MOI) are useful large-scale CIs to define

the climate variability in the North Pacific (Thompson andWallace,

1998; Hare and Mantua, 2000; Gong et al., 2001; Mantua and Hare,

2002; Wu and Wang, 2002; Di Lorenzo et al., 2008). All of these

large-scale CIs are derived from open-access online databases and

have a monthly temporal scale for the period 1950–2020. These

large-scale CIs are often associated with variations in the fish

communities and ecosystems in the North Pacific (Tian et al.,

2014, 2023; Liu et al., 2019; Ma et al., 2019). Large-scale climate

processes, such as the Siberian High, Aleutian Low, Arctic

oscillation, and Asian monsoon, are most active in winter (Wu

and Wang, 2002; Gong et al., 2001; Lee et al., 2025). Therefore, the

winter (from December to February, a period that is frequently used

in relevant research) average for each index was calculated to

represent climatic variability (Alheit and Bakun, 2010; Tu et al.,

2015; Ma et al., 2019; Ma et al., 2020). Details of these CIs are

provided in Supplementary Table S1. In addition to the above

indices related to the North Pacific, the Atlantic multidecadal

oscillation (AMO), defined as the detrended mean SST anomaly

of the North Atlantic (0°–60° N), was also considered here due to its

strong teleconnection with the northwestern North Pacific (Wu

et al., 2020; Sun et al., 2017).
2.2 Data analyses

2.2.1 Empirical orthogonal function
Empirical orthogonal function (EOF) analysis has been used to

determine a set of orthogonal spatial modes (i.e., the association or

loading of each grid on the trend) along with a set of uncorrelated

time coefficients that represent dominant trends in the space–time

field data (Hannachi et al., 2007; Thorson et al., 2020). In this study,

EOF analysis was used to identify the most important SST

variability pattern in the northwestern Pacific. We calculated the

spatial modes and time coefficients of the winter (January–March),

spring (April–June), summer (July–September), and autumn

(October–December) SST fields and retained the first four

principal components (PCs) of each to focus on the dominant

variability patterns (Litzow and Mueter, 2014). For convenience of

description, the spatial modes and time coefficients of the PCs were

shortened into EOFs and PCs, respectively (similar to Hannachi

et al., 2007). The EOF was conducted using singular value
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decomposition of the centered and scaled (average 0 and variance

1) data matrix, which is considered a preferred method for

numerical accuracy (Venables and Ripley, 2002). The EOF was

performed with the “prcomp” routine (psych package) (Revelle,

2022) in R (R Core Team, 2020).

2.2.2 Regime shift detection
Breakpoint analysis was used to identify abrupt shifts in the

biological time series and in their functional relationships (similar

to Möllmann et al., 2021). This algorithm detects breakpoints in

linear regression models by identifying where the coefficients shift

between multiple stable regression relationships. The optimal

model with m breakpoints and m + 1 segments was determined

by minimizing the residual sum of squares (Zeileis et al., 2003). The

biological time series was log-transformed in order to better identify

linear relationships. Breakpoint analysis was performed with the

“breakpoints” routine (strucchange package) (Zeileis et al., 2002) in

R (R Core Team, 2020).

In addition, sequential t-test analysis of the regime shifts

(STARS) (Rodionov, 2004) and Bayesian change point analysis

(Erdman and Emerson, 2008) were also used to identify abrupt

shifts in the time series to increase the accuracy of time nodes.

STARS was performed with the code published in Stirnimann et al.

(2019), while the Bayesian change point analysis was performed

with the “bcp” routine (bcp package) (Erdman and Emerson, 2008)

in R (R Core Team, 2020).

2.2.3 Relationship between Pacific saury and
physical drivers

Pearson’s correlation analyses were applied to determine linear

correlations between the catch and biomass and the monthly SST

fields, as well as between the monthly SST fields and the CIs. The

number of degrees of freedom of the coefficients obtained from the

significance tests was adjusted based on the potential

autocorrelation in the PCs (Bretherton et al., 1999; Pyper and

Peterman, 1998). Analyses were conducted using the “corr.test”

routine (psych package) in R (R Core Team, 2020).

Generalized additive models (GAMs) and threshold generalized

additive models (TGAMs) were utilized to determine the type of

relationships (stationary or non-stationary) between the biological

responses and SSTs (physical drivers). A “stationary” relationship is

defined as a single function throughout the entire time period and is

formulated by a GAM (Ciannelli et al., 2004) as Equation 1:

Y =  a   +   s(X) + e (1)

where Y is the biology time series; X is the SST; and s, a, and e
are the smooth function (with k ≤ 3 to avoid overfitting), intercept,

and error terms, respectively. In contrast, a “non-stationary”

relationship is depicted by two (or more) functions during

different time periods with the biological responses to physical

drivers changing abruptly over a threshold year (Litzow et al., 2018).

Recent studies have supported that TGAMs perform well in

identifying the change point of a relationship by fitting two

functions for different periods, which can be used to understand

whether the Pacific saury–climate relationship in the northwestern
frontiersin.org
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Pacific is non-stationary and to determine the regime–shift point as

well. The non-stationary relationship is formulated by a TGAM

(Puerta et al., 2019) as Equation 2:

Yt   =
a1 + s1(x) + et ,   if   t < y

a2 + s2(x) + et ,   if   t ≥ y

(
(2)

where y is the threshold year that separates different periods

with different biological responses to physical drivers. The y value, a

year between the 10th and the 90th of the time series, was

determined such that the generalized cross-validation (GCV)

score of the model was minimized (Casini et al., 2009). Residuals

of the fitted models were calculated to examine the temporal

autocorrelations. In cases of autocorrelated residuals, the GAM

and TGAM were extended to general additive mixed model

(GAMM) and threshold generalized additive mixed model

(TGAMM) with a correlation structure of autoregressive process

of order 1 (corAR1) (Wood, 2006; Ma et al., 2021a). GCV was not

appropriate for threshold year selection in the TGAMM; thus, the

“genuine” cross-validatory squared prediction error (gCV) was used

in the threshold year selection process. The gCV accounts for the

estimation of the threshold year and the degrees of freedom for all

stationary and non-stationary formulations (Ciannelli et al., 2004).

In addition, the fitness of the stationary (GAMs) and non-stationary

models (TGAMs) were also compared based on gCV. Analyses were

conducted with the “mgcv” package in R (R Core Team, 2020).

The variable coefficient generalized additive models (vcGAMs)

invented by Litzow et al. (2019a) were used to reveal the non-

stationary response–driver relationships between population

dynamics and external drivers. We considered four situations of

response–driver relationships that were assumed either stationary

(no breakpoint) or non-stationary with respectively one, two, or

three breakpoints that partitioned the entire time period. For the

three non-stationary situations, the drivers were assumed either

invariant (unchangeable through segments) with time or variant

among segments. Therefore, a total of seven scenarios were modeled

(Table 1). The formula for vcGAM is as Equation 3:
Frontiers in Marine Science 05
Y = a +o
i

0
s(X1,i) +o

i

0
s(X2,i) + e (3)

where Y is the response variable; a is the intercept; s represents a

smooth function with degrees of freedom ≤3 (a relatively small

number to give conservative limitation on the degrees of freedom

due to the relatively shorter time series data in the segment-specific

fitting) to avoid overfitting; X1 and X2 are the fishing and climatic

variables, respectively; and e is the error term. The subscript i

represents the number of breakpoints ranging from 0 (no

breakpoint) to 3 (three breakpoints or four segments). The value

of breakpoints was set to ensure each segment had a minimum

length of 8 years, a relatively long period that is reasonable for a

stable relationship. The identification of breakpoints and the model

selections were based on comprehensive considerations of the

explained deviance (R2), the adjusted R2, the GCV score (Golub

et al., 1979), and the corrected Akaike information criterion (AICc)

(Hurvich and Tsai, 1993). The higher the R2 and the adjusted R2

and the lower the GCV and AICc, the better the model fits.
3 Results

3.1 Climate and SST variability of the
northwestern Pacific

Multiple regime shift detections achieved consensus and

indicated that three climatic regime shifts occurred in the past

decades in the North Pacific (Figure 2; Supplementary Figures S2,

S3). The first one occurred in the mid-1970s and featured a sharp

decrease in the strength of the Aleutian Low pressure system, a shift

from cold to warm phase of the PDO. After that, a climatic regime

shift happened in the late 1980s, with an abrupt decline in the

strength of the Siberian High pressure system and an enhanced

Arctic oscillation. The latest climatic regime shift was observed in

the mid- and late 1990s and was represented by an upward shift in

the AMO and NPGO, respectively.
TABLE 1 Results of the model selection.

Scenario Breakpoints (bps) Drivers in different
segments

Explained
variance

Adjusted R2 GCV AICc

Year 1 Year 2 Year 3 Environmental Climatic

No bp – – – PC1.win NPGO 0.338 0.298 0.759 136.240

– – – PC1.win SOI 0.337 0.296 0.761 136.3794

Invariant, one bp 2009 – – PC1.win NPGO 0.579 0.533 0.527 118.099

2010 – – PC1.win NPGO 0.577 0.531 0.529 118.280

Invariant,
two bps

2001 2009 – PC1.win SHI 0.808 0.762 0.299 91.880

2000 2009 – PC1.win NPGO 0.784 0.735 0.331 96.916

Invariant,
three bps

1988 2001 2009 PC1.win SHI 0.909 0.881 0.156 59.966

1990 2001 2009 PC1.win SHI 0.889 0.857 0.187 69.245
fro
For each scenario, the two best models are displayed. The final best model is highlighted in bold.
win, winter; GCV, generalized cross-validation score; AICc, corrected Akaike information criterion; PC1win, winter principal component 1; NPGO, North Pacific gyre oscillation; SOI, Southern
Oscillation Index; SHI, Siberian High Index.
ntiersin.org

https://doi.org/10.3389/fmars.2025.1561066
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Cao et al. 10.3389/fmars.2025.1561066
The first four PCs/EOFs well represented the regional SST

variability, explaining approximately 74.27%, 70.86%, 71.34%, and

74.47% of the total variance for the winter, spring, summer, and

autumn SST fields, respectively (Supplementary Figures S4-S7).

Winter PC1 (winPC1) explained 35.49% of the total variance,

increasing dramatically in the late 1980s. Spring PC1 (sprPC1)

explained approximately 30% of the total variance, increasing

dramatically in the late 1980s and the late 1990s. Summer PC1

(sumPC1) explained approximately 32% of the total variance,

showing a decrease in the late 1970s. Autumn PC1 (autPC1)

explained approximately 37% of the total variance, increasing

dramatically in the late 1980s. Both PC3 and PC4 featured

interannual fluctuations without long-term trends.

The spatial modes of the SST fields showed that both EOF1

represented homogeneous patterns (Supplementary Figures S4-S7).

The winter, summer, and autumn EOF2 showed meridional
Frontiers in Marine Science 06
differences with inverse loadings between the subtropical and

temperate zones, while spring EOF2 showed different patterns.

Winter EOF3 indicated zonal differences with negative loadings

in the Oyashio Extension and positive loadings in the Kuroshio

Extension area. In contrast, spring EOF3 had negative loadings in

the subtropics and positive loadings in the temperate zone. Winter

EOF4 showed negative loadings in the oceanic area and positive

loadings in the coastal area, as well as spring EOF4.
3.2 Correlations between climate/
environment and Pacific saury

The CIs and PCs had intra- and inter-associations (Figure 3).

There was a significant positive correlation between AMO and

winPC1, sprPC1, and sumPC1. PDO was positively correlated with
FIGURE 2

Trajectories of scaled climatic indices. Vertical lines and texts represent the time nodes of the regime shifts, while horizontal lines indicate the
regime means determined by the breakpoint analysis.
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winPC2 and sprPC3, but showed negative correlations with

winPC4, sprPC1/2/4, sumPC3, and autPC3. NPGO showed

positive correlations with winPC2 and sumPC4. AOI only had

positive correlations with winPC1, sprPC1, and autPC1, but showed

a negative correlation with sprPC3. SHI showed negative

correlations with winPC1 and sprPC4. MOI only showed negative

correlations with winPC1 and sprPC2. SOI had positive correlations

with winPC3/4, sprPC4, and sumPC3 and a negative correlation

with sprPC3. ALI showed positive correlations with winPC4 and

sprPC2/4, which is different compared with PDO. The CIs could be

divided into two groups. The first includes SHI and AOI, which

were negatively correlated (r = −0.46, p < 0.001); the second consists

of ALI, PDO, SOI, and NPGO, which were correlated to different

extents with each other.

The correlation analysis between the water temperature and the

CIs in the Northwest Pacific revealed a negative correlation between

PDO and SHI with water temperature, while AOI and AMO

exhibited positive correlations. The remaining indices showed

either weak or insignificant correlations. Specifically, PDO was

primarily associated with water temperatures in Oyashio and the

eastern fishing areas, whereas SHI and AMO were linked to water

temperatures in the region affected by Kuroshio (Figure 4).
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The catch and CPUE data were individually correlated with the

water temperature data. The CPUE data were observed to exhibit a

significant negative correlation with water temperature, predominantly

in the high seas region of the Pacific saury fishing grounds (Figure 5).
3.3 Non-stationary relationship between
climate/environment and Pacific saury

For all the models relating Pacific saury to the CIs and EOFs, the

non-stationary model generally resulted in a lower gCV. Model

comparisons among the stationary (GAM) and non-stationary

(TGAM) formulations supported the non-stationary relationship

between Pacific saury abundance and the CIs and PCs within the

northwestern Pacific Ocean (Figure 6). According to the variations

in the GCV, threshold years were selected to distinguish eras for

fitting driver–response relationships separately (Figure 6). TGAMs

provided a better fit for the relationship between Pacific catch and

physical drivers than did GAMs. Different years were distinguished

by the threshold year based on the variations in the GCV, indicating

an alteration in the relationship between Pacific saury catch and the

physical drivers. The fitted curves of the best TGAMs for the
FIGURE 3

Correlations between climatic indices and principal components. Coloured squares indicate significant correlations with a significant level of 0.05.
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FIGURE 5

Maps of the correlation coefficients (Cor) between winter (January–March) sea surface temperature (SST) field and Pacific saury. Colored grids
indicate significant correlations (p < 0.05).
FIGURE 4

Maps of the correlation coefficients (Cor) between the winter (January–March) sea surface temperature (SST) field and the climatic indices. PDO,
Pacific decadal oscillation; NPGO, North Pacific gyre oscillation; AOI, Arctic Oscillation Index; SHI, Siberian High Index; MOI, East Asian Monsoon
Index; SOI, Southern Oscillation Index; ALI, Aleutian Low Index; AMO, Atlantic multidecadal oscillation. Colored grids indicate significant correlations
(p < 0.05).
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periods before and after the selected threshold years showed

different patterns, implying that the biology–environment

relationships were altered across the threshold years (Figure 6).

The best-fit model for catch is a non-stationary model with SSTlag0

as the driver and with thresholds in 1987. The best-fit TGAM curves

exhibited distinct patterns before and after the selected threshold

years, indicating a shift in the relationship between Pacific saury

catches and the physical drivers across these threshold years.

As the CPUE data showed a stronger correlation with water

temperature, this study analyzed CPUE data with climate and

environmental data using vcGAMs. Non-stationary models

achieved better performance than the stationary models when

relating the CPUE to the climatic drivers (Table 1). The best

stationary model was the one including winPC1 and NPGO as

drivers, explaining 33.8% of the CPUE variance. Under the case of

invariant drivers, considering non-stationarity increased the amount

of variance explained up to 90.9%when the breakpoints increased to 3

(Table 1 and Figure 7). The best model with invariant drivers was the

one that identified PC1.win and SHI as the most influential drivers

with breakpoints in 1988, 2001, and 2009 (Table 1 and Figure 7).
4 Discussion

4.1 Climate change and variability and their
effects on the thermal changes in the
northwestern Pacific

To explore the long-term variations in the catch of small pelagic

fishes in the northwestern Pacific and the response patterns to

driving factors, Pacific saury were chosen as the research targets in

combination with climate and environment data.

Low-frequency shifts in the North Pacific climate have significant

impacts on marine ecosystems (Di Lorenzo et al., 2008; Hare and

Mantua, 2000). Climate change could affect the variability of the
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Siberian High pressure systems and the monsoon and further the

regional thermal changes (Hsu et al., 2013; Miao et al., 2020; Zhao

et al., 2018). The PDO and NPGO were closely associated with the

thermal and nutrient variations in the North Pacific. Driven by the

Aleutian Low [represented by the North Pacific Index (NPI)], they

have been shown to have great biological effects in the northeastern

North Pacific (Di Lorenzo et al., 2008; Newman et al., 2016; Overland

et al., 2008). However, they showed little correlation with the winter

SST field in the tropical northwestern North Pacific, which may

indicate their weak effects on the biological variability in this region.

The SHI- and ALI-dominant patterns affected the different modes of

the regional SST fields. The SHI was correlated with the PC1s of the

winter and spring SST fields, which represented the primary pattern

in the regional thermal changes. It should be noted that the PC1s of

the winter and spring SST fields were tightly correlated with the mean

winter and spring SSTs, respectively, suggesting that the PC1s also

contain long-term warming signals (Figure 3) (Zhang et al., 2010).

The ALI was associated with the winter PC2 (the primary decadal-

scale variability modes) and the spring PC3, both highlighting inverse

patterns in mid-latitude and tropical areas. These results indicate that

thermal changes in the northwestern Pacific were composite

processes affected by different climate variability modes and

climate change.
4.2 Non-stationary climatic and
environment effects on Pacific saury
population dynamics

We employed an analytical framework that integrated both

traditional and advanced statistical methods. Traditional statistical

methods including EOF, STARS, and correlation analyses have been

extensively used in research works on climate-induced small pelagic

fish variability in the North Pacific (Chang et al., 2019; Ma et al.,

2022; Wang et al., 2022). Advanced methods including TGAMs and
FIGURE 6

Comparisons of the “genuine” cross-validatory squared prediction errors (gCVs) of the generalized additive models (GAMs), generalized additive
mixed models (GAMMs), threshold general additive models (TGAMs), and threshold generalized additive mixed models (TGAMMs) with the sea
surface temperatures and their lags (0–2 years) as explanatory variables for catch (a) and catch per unit effort (CPUE) (b), represented by different
colors. Arrows indicate the best-fit models selected using both the minimum gCV and the plausibility of the trajectory criteria.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1561066
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Cao et al. 10.3389/fmars.2025.1561066
vcGAMs thrived in recent years with their unique characteristics

that cater to the present research demands (Ma et al., 2023; Feng

et al., 2024). TGAMs consider the non-stationary driver–response

relationships and have been successfully used in determining the

critical transitions and assessing ecosystem resilience. Therefore, the

analytical framework serves as an effective approach in investigating

climate-induced Pacific saury variability.

Non-stationarity in the relationships between climatic/

environmental drivers and Pacific saury responses was verified by

our research. Previous studies presented clear evidence for the non-

stationarity in the climate–biology relationships in the northeastern

North Pacific (Litzow et al., 2018, 2019b; Puerta et al., 2019). The

long-term population dynamics of Pacific saury were subject to
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climatic and environmental effects. These effects were non-

stationary with time-dependent drivers, intensities, and functional

relationships (Figure 7). Significant interannual and interdecadal

variations in the Pacific saury catch were identified, which strongly

respond to climate and environmental changes, and the response

patterns showed differences with other small pelagic fishes in the

northwestern Pacific such as sardine (Figures 5, 7; Table 1) (Ma

et al., 2023). Favorable climatic conditions in the 1980s sustained

high-level abundance for sardine, while the abundance of Pacific

saury was stable. Strong negative density-dependent and climatic

effects led to the sardine collapse in the 1990s, and Pacific saury also

decreased due to the unsuitable environment. Negative triple effects,

particularly the high fishing pressure, restricted the sardine increase
FIGURE 7

Results of the final best model show. (a) Solid lines represent original residuals, and dashed lines represent fitted values. (b) Climatic and
environment drivers. (c) Effect of climatic and environmental drivers on the residuals. Colors indicate different periods divided by the final best
model. CPUE, catch per unit effort; SHI, Siberian High Index.
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in the 2000s. Pacific saury showed an increasing trend in abundance

with suitable environment. Suitable climatic conditions

accompanied by low fishing pressure contributed to the

population recovery in the 2010s, while Pacific saury showed a

decreasing trend with the unsuitable environment, which is

different from sardine. The main reasons for the trend difference

between sardine and Pacific saury may be their different traits and

the fishing pressure. The Pacific saury fishery had a low fishing

effort in the 2000s and an increased fishing effort in the 2010s,

which is different from that of sardine fishery.

In addition, our results indicate the presence of non-stationarity

in the fish–environment relationships in the Pacific areas, providing

evidence for the widespread non-stationarity in the climate-induced

biological variability patterns in the North Pacific. A global-scale

climatic regime shift occurred in the late 1980s with considerable

ecological effects (Reid et al., 2016). However, it is difficult to tackle

the impact of fishing as the effects of fishing pressure and climate

variability often interact, making them hard to distinguish. It is well

known that winter is the main spawning season for most species in

the Kuroshio ecosystem, such as yellowtail, blue mackerel, Japanese

sardine, and Pacific saury (Liu et al., 2019; Tian et al., 2012; Yasuda

et al., 1999; Yukami et al., 2009; Wang et al., 2021). Utilizing a

mixture of two linear regression models revealed that the variability

in the survey CPUE was positively correlated with the winter SST of

the previous year in the Kuroshio Recirculation Region (KR)

throughout the survey period, except for 1994–2002 (Ichii

et al., 2018).

Both the biomass and the catch of Pacific saury in the

northwestern North Pacific have declined largely since the 2010s

with increasing pressure from Mainland China and Taiwan, raising

the big concern of fishing impact on the population dynamics. The

main objective of this study was to investigate the non-stationary

relationship between climate and environmental factors and the

population dynamics of Pacific saury without considering

the fishing pressure factor. Yatsu et al. (2021) hypothesized that

the abundance variability of Pacific saury in 1982–2018 was driven

by environmental factors and fishing, with the latter exerting more

adverse effects after 2016. Recent studies have demonstrated that

rather than increased fishing effort, unfavorable conditions both in

the spawning ground in Kuroshio waters and the nursery ground in

Oyashio waters resulted in the large decline in the catch and

biomass of Pacific saury (Liu et al., 2019, 2022; Xing et al., 2022).

There is abundant literature on the role of climate forcing in the

biological variability in the North Pacific (Lan et al., 2014; Li et al.,

2019; Overland et al., 2008). Most of these studies, with some

exceptions such as that of Litzow et al. (2018), modeled

relationships among climatic, oceanic, and biological variables as

stationary (Wolkovich et al., 2014). However, our research clearly

pointed to the existence of non-stationarity in the relationships

between the physical drivers and the biological responses. The

decreasing collinearity in the environmental variables caused by

declines in the variances of pressure systems seems to be an

inducement of the non-stationary relationships (Litzow et al.,

2019; Litzow et al., 2020a, b). In addition, the accurate

recognition of climate states (or eras) is highlighted for its crucial
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role in the identification of non-stationarity in environment–

community relationships. Furthermore, analytical techniques

considering non-stationarity achieved better fitness than

traditional techniques with stationary assumptions; thus, these

techniques are desired for future research. Abandoning the

assumptions of stationary relationships among physical and

biological variables may be an important step for the

understanding of climate-induced biological dynamics.

Non-stationarity was identified with threshold years in the

1990s in the Tsushima area and in the 1980s in the Pacific area as

a possible result of the declined variances in the Siberian High and

Aleutian Low, which emphasized the important role of the Siberian

High in controlling the environment of the Northwest Pacific

Ocean (Ma et al., 2021b, 2023). Our study also highlights the

importance of the Siberian High pressure index, which has

received little attention in previous studies.
4.3 Implication for Pacific saury fishery
management in a frequently changing
climate

There were no other long-term time series available for fishery-

independent or fishery-dependent biomass indices to be

supplemented to give more confidence on the results of this study.

Therefore, in this study, the catch data and the CPUE data were

utilized as proxies for species relative abundance or supplementary

indicators to analyze the response of species fishery resources to large-

scale climate and regional environmental variations. The variations in

species catch are affected by several factors (fishery factors such as the

fishing intensity and fishing methods, among others), and the

biological characteristics of species (e.g., migration, among others)

also influence the catch, except for climate and environment (Yatsu

et al., 2021). An expansion in the distribution of potential competitors

(especially Japanese sardine) can alter the distribution of Pacific saury

with regard to SST (Fuji et al., 2023). There is the potential controversy

regarding whether the catch data reflect the abundance of marine

species (Cheung et al., 2013). However, the catch data may provide a

better description of the actual trends of different species under

appropriate conditions (Pauly and Zeller, 2016). The non-stationary

effects of climatic drivers on the population dynamics of Pacific saury

pose great challenges to the management of Pacific saury fisheries.

Management targets for fishing mortality and spawning biomass have

been calculated by assuming stationary population processes.

However, this stationary assumption may be violated under climate

change (Szuwalski and Hollowed, 2016). Non-stationary population

processes can introduce bias into the estimates of biomass and target

fishing mortalities in stock assessments; therefore, frameworks that

incorporate non-stationary effects into management strategies have

become more appealing.

Favorable climatic conditions may alleviate the impacts of high

fishing effort, while unfavorable climatic conditions may exacerbate

the consequences of low fishing effort (Qiu et al., 2010). This suggests

that contemporaneous climatic conditions should be considered

when developing management strategies. Incorporating non-
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stationary climatic effects into the assessment and management of

Pacific saury requires rapid recognition of the climate regimes and

effective climatic drivers. However, it is often difficult to foresee

elusive tipping points of these climate regimes and climatic drivers.

Our hypothesis that the alterations in effective climatic drivers are

driven by variations in the strengths of the Siberian High and

Aleutian Low pressure systems would make it possible to predict

important climatic drivers under future climate. Here, the strengths

of pressure systems are defined by their pressure levels (anomalies),

where higher values correspond to the strong phase of high-pressure

systems and lower values correspond to the strong phase of low-

pressure systems (Shi et al., 2025). Therefore, monitoring the

strengths of pressure systems is realizable and recommended. In

addition, anthropogenic activities are expected to result in the

widespread emergence of novel climates along with increasing

ecological surprises by the end of this century (Williams and

Jackson, 2007). Intensive investigations into biological responses to

novel climates are essential for enhancing the accuracy of population

dynamics predictions and facilitating the development of adaptive

management strategies in the context of climate change (Rogers et

al., 2019; Schartup et al., 2019).
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