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Japanese flying squid (Todarodes pacificus) is one of the most commercially important
resources in the Pacific Ocean and its abundance is largely affected by environmental
conditions. We examined the influence of environmental factors in potential spawning
grounds of the winter cohort, approximated from Japanese and South Korean catch
and catch per unit effort (CPUE) data of Japanese flying squid. Annual spawning ground
dynamics were constructed using sea surface temperature (SST), submarine elevation
and mean Kuroshio axis data from 1979 to 2018. Based on these information, we
generated a suite of spawning ground indices including suitability SST-weighted area of
potential spawning ground (SSWA), mean values (January–April) of suitable SST (MVSS),
and the meridional position (MP) of SST isolines (18–24◦C). Comparable interannual-
decadal variability patterns were detected between the squid abundance and spawning
ground indices, with abrupt shifts around 1990/1991 and in recent decades. In
particular, the Pacific Decadal Oscillation is negatively correlated with spawning ground
indices, suggesting its role in regulating the environmental dynamics in the area. Further,
the gradient forest model underpinned the importance of SSWA, SSWA_Lag1 and
MVSS_Lag1 on squid abundance. The CPUE is also shown to be a better abundance
index than the annual catch in modeling the species’ response to environmental
variability in its spawning grounds. Our findings suggest that it is imperative to pay more
and timely attention to the relationship between the abundance of Japanese flying squid
and environmental changes, especially under adverse environmental conditions.

Keywords: Japanese flying squid, abundance, spawning ground indices, PDO, regime shifts, SST

INTRODUCTION

Japanese flying squid (Todarodes pacificus) is distributed in the northwest Pacific between 20◦N
and 60◦N, particularly in the Japan Sea, the Pacific Coast of Japan, and the East China Sea (Yu et al.,
2018). Based on the different peaks of spawning season, the Japanese flying squid can be divided
into three groups: summer, autumn, and winter spawners, and fishing vessel mainly catch the latter
two spawners (Murata, 1990; Sakurai et al., 2000). The abundance of the winter cohort was about
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1.4 times higher than that of the autumn cohort in the past
10 years.1 The winter cohort is regarded as the most important
group due to its large biomass (Kawabata et al., 2006), thus,
here we focused on its abundance distributions. From January
to April, the winter cohort spawns mainly in the East China Sea
from Kyushu to Taiwan (Murata, 1989; Sakurai et al., 2000) and
migrates to its northern feeding grounds around the waters of
Japan (Sakurai et al., 2013).

Because of its high economic value, fishing vessels from
various countries (e.g., China, Japan, and South Korea) catch
Japanese flying squid (Sakurai et al., 2013). In particular, Japan
and South Korea have recorded average catch weight-per-fishing
boat-per-day (CPUE; tons per net) and catch data throughout
the fishing season. The main fishing period for the winter cohort
is between October and January (Rosa et al., 2011). The annual
catch has increased from 300,000 to 400,000 tons in the 1990s
while the total catch throughout the entire area has declined
significantly from 234,000 to 45,000 tons after 2013 (Figure 1).
In particular, the Japanese catch dropped to 22,829 tons in 2018,
which is the lowest catch since 1979 (Figure 1). The recent large
decline in the squid catch have raised concerns for Scientists and
fishermen, yet factors driving this decline remained insufficiently
understood. To better predict the abundance of Japanese flying
squid and thereby effectively develop sustainable fishery, the
reasons underlying the fluctuations in winter cohort abundance
need to be more clearly elucidated.

To date, there are increasing studies on Japanese flying squid’s
life history (Bower and Sakurai, 1996; Sakurai et al., 1996;
Kidokoro and Sakurai, 2008; Yamamoto et al., 2012; Takahara
et al., 2017; Puneeta et al., 2018), spatial distributions (Bower
et al., 1999; Sakurai et al., 2000; Kawabata et al., 2006; Rosa et al.,
2011; Alabia et al., 2016; Zhang et al., 2017), and abundance
(Murata, 1989; Sakurai et al., 2002; Rosa et al., 2011; Yu et al.,
2018). Japanese flying squid is not only a predator on zooplankton
and small fish, but also a vital prey for marine mammals and
large fish. As an intermediate-trophic-level component of food
webs in the northwest Pacific, Japanese flying squid plays a

1http://abchan.fra.go.jp

FIGURE 1 | Annual catch and CPUE of the Japanese flying squid winter
cohort for each country from 1979 to 2018 (http://abchan.fra.go.jp).

crucial role in the ecosystem (Sakurai et al., 2013). Therefore, it
is essential for the maintenance of overall ecosystem homeostasis
to study the potential reasons behind the fluctuations in winter
cohort abundance. As a short-lived species, the variation in
its abundance depends largely on recruitment (Sakurai et al.,
2000). Studies on spawning dynamics have suggested that the
recruitment success is determined by environmental conditions
at the spawning ground (Sakurai et al., 2000, 2002; Rosa et al.,
2011; Liu et al., 2019). For instance, temperature affects many
biological aspects of the Japanese flying squid, such as spawning
process (Sakurai et al., 2000; Sakurai, 2006), lifespan (Takahara
et al., 2017), and gonadal development (Kidokoro and Sakurai,
2008). The suitable spawning temperature range is between
18 and 24◦C, promoting higher hatchlings survival rates and
swimming activities (Sakurai, 2006). Spawning occurs above the
continental shelf and slope (Sakurai et al., 2000, 2002; Rosa et al.,
2011) where bottom trawls surveys often collected exhausted
and weakened females that have spawned at depths within 100–
500 m (Hamabe, 1966). Previous studies (Bower et al., 1999)
have demonstrated that largest paralarval catches were situated
near the Kuroshio front and higher hatching rates were observed
west of the Kuroshio axis. The mean Kuroshio axis also limits
the spawning area and is used to analyze the zones where
spawning is most likely to occur (Rosa et al., 2011). Thus, it
is assumed as a geographic boundary of the squid spawning
grounds in this study.

Large-scale climate variability in the Pacific Ocean
significantly affects pelagic fish stocks by controlling the
oceanographic environmental conditions (Tian et al., 2004,
2012, 2014; Lehodey et al., 2006; Overland et al., 2010; Ma et al.,
2019). Earlier studies have also emphasized the impact of climate
change on stock fluctuations, especially for annual changes of
winter-spawning areas related to regime shifts (Sakurai et al.,
2002; Rosa et al., 2011). Likewise, it has been demonstrated that
spawning ground indices could explain variations in marine fish
abundance and assess the environmental suitability of spawning
grounds (Cui et al., 2019; Liu et al., 2019). These are often based
on sea surface temperature (SST; Bower and Sakurai, 1996;
Sakurai et al., 1996, 2000; Sakurai, 2006; Kidokoro and Sakurai,
2008; Yamamoto et al., 2012; Ji et al., 2020), suitable spawning
area (Sakurai et al., 2002; Rosa et al., 2011; Yu et al., 2018), and
chlorophyll a concentration (Yu et al., 2018).

In this study, we developed annual dynamic potential
spawning ground indicators to better clarify the potential drivers
of the fluctuation in squid abundance. Specifically, our aims
are: (1) to improve spawning ground indices across the squid
spawning zones; (2) to examine the relationships between indices
and winter cohort abundance; and (3) to discuss possible linkages
between spawning ground dynamics and abundance fluctuations
of winter cohort.

MATERIALS AND METHODS

Fishery Data
Fishery information, such as annual catch and catch per unit
effort (CPUE) for Japanese flying squid winter cohort from 1979
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to 2018, were obtained from the Japanese Fisheries Agency.2

CPUE is often positively related to the availability of fisheries and
regarded as an indicator of fish abundance (Sakurai et al., 2000;
Yu et al., 2018; Liu et al., 2019). Therefore, we used the catch
and CPUE data to represent the abundance of Japanese flying
squid in this study. As China and Russia have respective reported
annual catches only from 2012 to 2017 and 2012 to 2018, with
Japanese and South Korean catches accounting for more than
93% of the total catches (Kaga et al., 2019), we limit our analyses
using Japanese catch, South Korean catch and a combination of
Japanese and South Korean CPUE data to represent the winter
cohort abundance of the Japanese flying squid.

Environmental Data
Previous studies have shown that the most suitable spawning
SST of Japanese flying squid is from 18 to 24◦C, promoting
higher hatchlings survival rates and swimming activities (Sakurai,
2006; Sakurai et al., 2013). The reproductive hypothesis suggests
that spawning usually occurs on the continental shelf and
continental slope at depths within 100-500 m (Sakurai et al.,
2000; Sakurai, 2006). Therefore, we used SST, submarine
elevation data, and position of the mean Kuroshio axis within
the potential squid spawning ground (21◦–40◦N and 121◦–
142◦E). Monthly SST data were derived from the Cosmic
Background Explorer (COBE)3 (1979–2002) and Moderate-
resolution imaging Spectroradiometer (MODIS)4 (2003–2018) at
spatial resolutions of 1◦ × 1◦ (latitude × longitude) and 4 km,
respectively. For consistent spatial resolution, we resampled
MODIS-SST data into a 1◦× 1◦ resolution (latitude× longitude).

Submarine elevation data were derived from the ETOPO1
Global Relief Model5 and were also resampled to the same
spatial resolution. The specific position of the mean Kuroshio
axis was sourced from previous studies (Yamashiro, 1993;
Liu and Gan, 2012).

Climate Index
Pacific Decadal Oscillation (PDO) index is a long-term mode
of climate variability in the Pacific (Miller et al., 2004).
Monthly PDO data were derived from the National Centers for
Environmental Information.6 As the most prominent climate
variability signal in the northwestern Pacific Ocean occurs
between December and February (Overland et al., 2008), we only
used the winter-averaged PDO index.

Construction of Dynamic Potential
Spawning Ground
The annual dynamic potential spawning ground of the Japanese
flying squid in the northwest Pacific from 1979 to 2018 was
defined by using three parameters: suitable SST range, submarine
elevation and mean Kuroshio axis. The suitable SST was set from
18 to 24◦C (Sakurai, 2006), the submarine elevation range for

2http://abchan.fra.go.jp/index1.html
3https://psl.noaa.gov/
4https://oceancolor.gsfc.nasa.gov/
5https://www.ngdc.noaa.gov/
6https://www.ncdc.noaa.gov/teleconnections

spawning was set from 100 to 500 m, and the average position
of the Kuroshio axis with offset from the mean and seasonal
variability from 100 to 500 m depth was used (Yamashiro, 1993;
Liu and Gan, 2012, Yu et al., 2019; Figure 2). Briefly, the dynamic
potential spawning ground index was calculated using 18–24◦C
SST range, 100–500 m elevation range, and mean Kuroshio axis.

Spawning Ground Indices
To analyze the mechanisms for the variations in winter cohort
abundance of Japanese flying squid, we calculated three spawning
ground indices. Suitability SST- weighted area of dynamic
potential spawning ground (SSWA) was used to describe the
spatial and temporal variation of annual dynamic potential
spawning ground. Previous studies on the suitable spawning area
(SSA) of Japanese flying squid has been restricted to the sum of
suitable SST area or SST-suitability-weighted on fixed spawning
ground that considered comprehensive effects of SST variation
on spawning and survival rates (Rosa et al., 2011; Liu et al., 2019).
Combined with the above factors, we used the SSWA to weigh
the effective SSA on dynamic potential spawning grounds (Liu
et al., 2019). The annual SSWA is calculated using the following
equation:

SSWAi =
Ni∑

j = 1

Sj × TSIj (1)

where Ni is the grid number of SST between 18 and 24◦C in the
dynamic potential spawning ground in year i; Si is the size of
grid j at 1◦ x 1◦ (latitude x longitude) resolution; and TSIj is the
temperature suitability index of grid j computed as follows:

TSIj =
1
√

2πσ
e−

(t−µ)2

2σ2 (2)

FIGURE 2 | Location of potential spawning grounds of winter cohort of
Japanese flying squid. Red line represents the average position of the
Kuroshio axis and the gray area represents regions with submarine elevation
between 100 and 500 m.
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where µ is the average SST (21◦C); σ = 1.5 with approximately
95% of the area being within 18–24◦C.

The mean value of suitable SST on dynamic potential
spawning ground (MVSS) was used to describe the spatial and
temporal variation of average SST from January to April, covering
the entire spawning period of the winter cohort (Sakurai et al.,
2000; Rosa et al., 2011).

A series of meridional position indices (MP) were also
computed and interpreted as the meridional position of SST
isolines between 18 and 24◦C on potential spawning ground
(MP18, MP19, MP20, MP21, MP22, MP23, and MP24) and
reflect the variation in the entire position of the potential
spawning ground of the winter cohort.

Sequential Regime Shift Detection
The Sequential t-test Analysis of Regime Shift (STARS),
downloaded from an online repository,7 was used to identify
the trends and regime shifts in the time series (Rodionov,
2004). Later, the method was renamed to the Sequential Regime
Shift Detection (SRSD) method (Rodionov, 2005). SRSD results
consist of the target significance level (P), the cutoff length (L)
and the Huber’s weight parameter (H). The first two parameters
control the magnitude and scale of the regimes to be detected
and the last parameter affects the weights assigned to the outliers.
In this study, SRSD was used to detect the regime shifts on
abundance and spawning ground indices with L set to 10, H to
1, and significant level to 5%. In addition, the cumulative sum
(CuSum) of the anomalies in the time series was used to visualize
the trends of all indices (Beamish et al., 1999).

Correlation Analysis
Correlation analyses with significance tests computed using 1,000
permutations were used to examine the relationships between
the catch and CPUE and between spawning ground indices and
PDO. A machine learning method based on the gradientForests
R package (R Core Team, 2017) was also used to quantify the
relationships between indices and winter cohort abundance. The
gradientForests is an extension of the random forest approach
(Ellis et al., 2012), designed to analyze variable importance and
identify complex relationships between predictor and response
variables. The analyses provide information on mean R2 weighted
importance and cumulative importance of covariates. Here,
gradientForests was used to examine the relative importance of
various spawning ground indices to the winter cohort abundance.

RESULTS

Variations in Catch and CPUE
Similar annual variations were detected from the annual catches
of winter squid cohort by Japan, South Korean and their total
catches (Figure 1), showing periodic high (1991–2014) and low
(1979–1990; 2015–2018) catches. The correlation coefficients
between the CPUE and catches (Japanese, South Korean, and
total catches) were r = 0.91, r = 0.79, and r = 0.92 at

7https://sites.google.com/site/climatelogic/

p < 0.01, respectively (Table 1). Long-term variation in the
winter cohort abundance was detected by SRSD. Before 1990,
catch and CPUE were lower than the average from 1979 to
2018 (Figure 3). Japanese and South Korean catches, total catch,
and CPUE showed significant regime shift in 1990/1991 with
increasing abundance trends (Figure 3). After 2014, Japanese
catches and CPUEs were lower than the average from 1979 to
2018 (Figures 3A,D). The total catch and South Korean catch
were lower than the average after 2015 and 2016, respectively
(Figures 3B,C). Japanese catch and CPUE captured a regime shift
in 2014/2015 with decreasing abundance trends (Figures 3A,D).
Meanwhile, the South Korean catch and total catch showed
a regime shift in 2015/2016 of similar declines in abundance
(Figures 3B,C).

Variation in Dynamic Potential Spawning
Ground
The dynamic potential spawning grounds from 1979 to 2018
was defined by suitable SST range, submarine elevation, and
Kuroshio axis. These were mainly distributed in the East China
Sea from the northern waters of Chinese Taiwan to the Pacific
coast of Japan (Figure 2). The spatial and temporal distributions
of dynamic potential spawning grounds from January to April,
1979–2018 were shown in Figures 4, 5. The annual areal extent
of potential spawning ground varies with temperature. Low
areal extents were shown in 1982, 1984–1986, 1988, 2003, 2006,
2016, and 2017 (Table 2). In contrast, larger potential spawning
grounds were observed in 1991, 1997–1999, 2001–2004, 2009
(Table 2). The area within the upper temperature range limit
(24◦C) also varied with the position of the Kuroshio axis,
and showed an increasing trend in the recent decades (2013–
2014 and 2017–2018). In addition, there is a general increase
in SST since 1999.

Regime Shifts in Spawning Ground
Indices
Regime shifts were not detected in MP18, MP22, MP23, and
MP24, thus, only three (MP19, MP20, and MP21) spawning
ground indices were subsequently utilized. The interannual
variations in SSWA displayed a slightly upward trend with
maximum and minimum SSWA in 1991 and 1984 (Figure 6A1),
respectively. However, an obvious upward trend with a peak at
20.64◦C in 1991 and a dip at 19.69◦C was observed in 1984
(Figure 6B1). The variations in MP19 (r = 0.75, p < 0.01),
MP20 (r = 0.73, p < 0.01), and MP21 (r = 0.65, p < 0.01)
were similar to those with MVSS. The southernmost positions

TABLE 1 | Correlations analyses among Japanese catch, South Korean catch,
total catch and CPUE.

Japanese Catch South Korean Catch Total Catch

South Korean Catch 0.77**

Total Catch 0.97** 0.90**

CPUE 0.91** 0.79** 0.92**

**Correlation is significant at the 0.01 level.
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FIGURE 3 | Annual anomalies (white bars) for Japanese catch (A), South Korean catch (B), total catch (C) and a combination of Japanese and South Korean CPUE
(D) of winter cohort of Japanese flying squid from 1979 to 2018. The black dash line shows the cumulative sum (CuSum) of anomalies and black solid line
represents the regime shifts detected by SRSD.

of MP19, MP20 and MP21 all appeared in 1984, reaching 29.5◦
N, 27.9◦N and 26.5◦N, respectively (Figures 6C1,D1,E1). The
northernmost latitudinal position of MP19 reached 31.3◦N in
1999, MP20 reached 30.5◦N in 1998 and MP21 reached 28.9◦N
in 2003 (Figures 6C1,D1,E1).

SSWA, MVSS, MP19, MP20, MP21 all highlighted regime
shifts with significant increasing trends during 1990/1991 within
the dynamic potential spawning grounds (Figures 6A2–E2).
SSWA showed regime shift with decreasing trends in 2014/2015
(Figure 6A2) while regime shift was not detected in MP20 and
MP21 in 2015/2016 (Figures 6D2–E2).

Relationship Between Spawning Ground
Indices and Climate Index
The PDO index showed a decreasing trend over time
(Figure 6F1). The regime shifts in the winter PDO index were
detected by SRSD in 1988/1999 and 2014/2015 (Figure 6F2),
which corresponded well with observed signals in spawning
ground indices. Winter PDO and three spawning ground indices
all showed significant negative correlations (Table 3). The
variations in SSWA (r = −0.55, p < 0.01), MVSS (r = −0.55,
p < 0.01), MP19 (r = −0.39, p < 0.01), were similar to those in
winter PDO. However, relationships between winter PDO with
MP20 and MP21 showed weak correlations.

Importance of Spawning Ground Indices
Analyses
GradientForest analyses showed the relative importance of
spawning ground indices along with their one-year lagged time

series to catch and CPUE of winter squid cohort (Figure 7).
In addition, the Japanese catch proportion gradually decreased
from 90% in the 1980s to about 60% in the 2010s, while the
South Korean catch proportion increased from 10% in the 1980s
to about 40% in the 2010s (Figure 1). To make the data analysis
clearer, we use only the total catch and a combination of Japanese
and South Korean CPUE data as indicators for gradientForests
in this study. Based on the analyses, SSWA was shown as the
most important predictor of both catch and CPUE, followed by
SSWA_Lag1, MVSS_Lag1, MP19_Lag1, MP19, and MVSS.

Further, based on the cumulative important analysis
(Figure 8), catch and CPUE of winter cohort exhibited a strong
response when SSWA and SSWA_Lag1 were >26, MVSS_Lag1
was >20◦C and MP19_Lag1 was >30.4◦N (Figure 8). However,
the catch was not as sensitive as the CPUE in MVSS and MP19.
Therefore, CPUE appears to be a better proxy than catches.

DISCUSSION

Effects of Spawning Ground Dynamics
on Japanese Flying Squid
The spawning period of Japanese flying squid lasted from
summer to winter, of which the winter cohort is the most
important due to its large biomass (Kawabata et al., 2006). In
this study, the spawning ground indices represented different
aspects of its dynamic potential spawning ground. In particular,
the size and spatial distributions of SSA were shown to
potentially impact the winter cohort abundance of Japanese
flying squid (Sakurai et al., 2002; Rosa et al., 2011; Yu et al.,
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FIGURE 4 | The annual dynamic potential spawning ground of winter cohort of Japanese flying squid from 1979 to 1998.

2018). Such studies, however, have not addressed the effects
of SST variability on squid’s spawning and survival rates.
Therefore, we used the modified SSWA to represent the spatial-
temporal variation of dynamic potential spawning ground. SSWA
showed a synchronous increasing trend with the winter cohort
abundance of Japanese flying squid in 1990/1991 (Figures 3, 6A2
and Table 4), implying that the abundance accrued when the
SSWA contracted. The most prominent signal in SSWA is the
simultaneous decline during 2014/2015 with Japanese catch and
CPUE (Figures 3, 6A2, Table 4), indicating that stocks decreased
when the SSWA contracted. Synchronous regime shifts suggested
that the increase in SSWA could be favorable to enhance the
winter squid cohort abundance, and vice versa.

GradientForest analyses clearly showed that SSWA is the most
important predictor of the squid’s relative abundance (Figure 7).
The cumulative importance analysis also highlighted that the
robust threshold responses for CPUE in SSWA and SSWA_Lag1

occurred between 26 and 28. CPUE was significantly more
sensitive than catch in the SSWA, suggesting that SSWA can
better predict CPUE (Figure 8). This is in agreement with the
results of the regime shift analysis (Table 4). Besides, CPUE
of adult squid, a potential proxy for spawning-stock biomass
(SSB) and fishing mortality (F) (Probst and Oesterwind, 2014),
is positively correlated with the abundance of larvae in the
following year (Okutani and Watanabe, 1983). Thus, CPUE
appears to be a more suitable abundance index than catches
(Sakurai et al., 2000).

The spatial distribution of dynamic potential spawning
ground revealed a slight decline in the winter squid cohort
abundance when the discontinuity of the spawning ground
in the East China Sea in 1990 was minimized in 1991
(Figure 5), consistent with results of an earlier study (Rosa
et al., 2011). However, another regime shift (i.e., 2015/2016)
was not observed in SSWA, suggesting that SSWA fluctuation
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FIGURE 5 | The annual dynamic potential spawning ground of winter cohort of Japanese flying squid from 1999 to 2018.

could not completely account for the variation in winter
cohort abundance.

Japanese flying squid abundance depends largely on
recruitment success, regulated by environmental conditions
in the potential spawning grounds (Sakurai et al., 2000).
Likewise, spawning stock abundance also affects recruitment in
the following year. For example, if the abundance of spawning
parental squid was low in the previous year, the recruitment
abundance will also be low in the subsequent year. Besides,
targeted fishing intensity along the spawning migration route
is also a vital factor affecting recruitment. SST is considered
an important factor to squid abundance as it affects its life
history, particularly its spawning and survival rates (Bower
and Sakurai, 1996; Sakurai et al., 1996, 2000; Sakurai, 2006;
Kidokoro and Sakurai, 2008; Yamamoto et al., 2012; Ji et al.,
2020). An earlier study of spawning ground indices emphasized
the important influence of SST on abundance changes within
a fixed range of spawning ground (Liu et al., 2019). However,

it was not able to incorporate information on the effect of
temperature changes to the size of the squid spawning ground
(Sakurai et al., 2000). Our results highlighted that the range
of potential spawning grounds varied with SST, submarine
elevation and spawning period with synchronous abundance
changes during 1990/1991, 2014/2015 (Figures 3, 6B2 and
Table 4). Moreover, both CPUE and catch responded to the
change in MVSS_Lag1 (Figure 7), potentially due to the
one-year lag between spawning to fishing (Rosa et al., 2011).
These results revealed that an increase in MVSS enhanced
winter cohort abundance, and vice versa. It also coincided with
results of earlier studies where catches increased and decreased
during warm and cold regimes, respectively (Minobe, 1997;
Sakurai et al., 2000, 2002; Ji et al., 2020). The simultaneous
increase of SST and survival rates in the former resulted to an
enhanced stock size of T. pacificus (Ji et al., 2020). Significant
positive correlation between MVSS and SSWA suggests similar
fluctuation patterns (Table 3).

Frontiers in Marine Science | www.frontiersin.org 7 May 2021 | Volume 8 | Article 659816

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-659816 May 25, 2021 Time: 12:31 # 8

Liu et al. Spawning Ground Index of Squid

TABLE 2 | The annual size of potential spawning ground of winter cohort of
Japanese flying squid from 1979 to 2018, based on the total number of
1◦ × 1◦ pixels.

Year Size of potential spawning ground (number
of pixels) (1◦ × 1◦ resolution)

1979 29

1980 28

1981 27

1982 24

1983 29

1984 20

1985 23

1986 23

1987 26

1988 24

1989 25

1990 27

1991 35

1992 30

1993 28

1994 30

1995 31

1996 27

1997 32

1998 32

1999 32

2000 29

2001 33

2002 31

2003 24

2004 31

2005 28

2006 23

2007 29

2008 30

2009 31

2010 29

2011 29

2012 29

2013 29

2014 30

2015 25

2016 22

2017 23

2018 26

We also applied a series of MP indices to elucidate variations
of the entire potential spawning ground of winter squid cohort.
The northward advance of the three MP indices (MP19, MP20,
and MP21) is coincident with the increase in winter cohort
abundance during 1990/1991, albeit MP19 is accompanied with
a drop in abundance in 2014/2015 (Figures 3, 6C2–E2 and
Table 4). These suggest that northward shifts in MP indices
enhance the abundance of winter squid cohort. CPUE and
catch also responded well to changes in both MP19_Lag1
and MP19 while CPUE was slightly more sensitive than catch

FIGURE 6 | Annual variations (solid lines) and anomalies (white bars) of SSWA
(A1,A2), MVSS (B1,B2), MP19 (C1,C2), MP20 (D1,D2), MP21 (E1,E2), and
PDO (F1,F2) from 1979 to 2018. The black dash lines in A1 to E1 represent
linear trends. Dash and solid lines in panels (A2–F2) represent cumulative sum
(CuSum) of anomalies and regime shifts detected by SRSD, respectively.
SSWA, suitability SST-weighted area of potential spawning ground; MVSS,
mean values (January–April) of suitable SST; MP19, the meridional position of
19◦C SST isoline; MP20, the meridional position of 20◦C SST isoline; MP21,
the meridional position of 21◦C SST isoline; and PDO, the winter-averaged
Pacific Decadal Oscillation.

(Figure 8). These findings are consistent with those from
previous studies reporting CPUE as a better abundance index for
winter cohort than annual catches (Okutani and Watanabe, 1983;
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TABLE 3 | Correlations analyses between winter (December–February) PDO
(Pacific Decadal Oscillation), and spawning ground indices (SSWA: suitability
SST-weighted area of potential spawning ground, MVSS: mean values of suitable
SST on dynamic potential spawning ground, MP: the meridional position of
suitable SST isoline (e.g., MP19, MP20, and MP21).

SSWA MVSS MP19 MP20 MP21

MVSS 0.71**

MP19 0.63** 0.75**

MP20 0.55** 0.73** 0.74**

MP21 0.48** 0.65** 0.61** 0.89**

Winter PDO −0.55** −0.55** −0.39** −0.24 −0.12

**Correlation is significant at the 0.01 level.

Murata, 1989, 1990). Significant positive correlations among all
the spawning ground indices in the potential spawning ground
(Table 3) indicated that increases in both SSWA and MVSS
resulted to the northward shift of suitable SST isotherm. This
resulted to a northward movement of potential squid spawning
ground. As the Japanese flying squid migrates north to its
feeding area around Hokkaido after spawning and hatching
(Kasahara, 1978), northward shifts of MP indices could facilitate
the migration of juveniles to their feeding grounds through the
northward-flowing current (Ji et al., 2020), thereby increasing
feeding success and recruitment.

Over all, the spawning ground indices corresponded well
with fluctuations in the winter cohort abundance, capturing

the pronounced increasing trend in 1990/1991 and decreasing
trends in recent years. Due to the lack of optimal spawning
temperature, it seems most likely that a series of MP indices
reflected the variations of potential spawning ground rather than
the optimal position.

Possible Controlling Mechanism of
Climate-Ocean Effect on Abundance
Being an opportunistic and climate-sensitive species, squid
abundance and distribution are highly influenced by climate
change (Rodhouse, 2001). Earlier studies have shown that the
PDO influences the abundance and recruitment of marine taxa
such as the North Pacific albacore (Thunnus alalunga), Pacific
sardine (Sardinops sagax), market squid (Doryteuthis opalescens),
and spear squid (Loligo bleekeri) (Mantua et al., 1997; Koslow and
Allen, 2011; Tian et al., 2013; Phillips et al., 2014; Zwolinski and
Demer, 2014). However, based on the gradientForest analyses,
the relative importance of the PDO index to squid catch and
CPUE was negligible, indicating that a single PDO index could
not fully account for the fluctuation of the winter cohort
abundance of Japanese flying squid. Regime shifts in catch and
CPUE of winter squid cohort from 1979 to 2018 were observed
during 1990/1991 and 2014/2015. However, potential spawning
ground showed larger and continuous spatial extents during
positive regime shift years (1991–2014) across the different
periods (1979–1990, 1991–2014, and 2015–2018; Figure 9). The

FIGURE 7 | Importance of spawning ground indices (SSWA, MVSS, MP19, MP20 and MP21) and their one-year lagged time series on CPUE (A) and Catch (B)
from the gradientForest analyses.
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FIGURE 8 | Cumulative importance of catch (red line) and CPUE (blue line) in response to spawning ground indices.

TABLE 4 | List of regime shifts detected by SRSD in various indices during 1979 to 2018.

Indices Shifts in

1980-1990 1990-2000 2000-2010 2010s

Climatic index Winter PDO 1988/1989 2014/2015

Spawning ground indices MVSS 1990/1991 2014/2015

SSWA 1990/1991 2014/2015

MP19 1990/1991 2014/2015

MP20 1990/1991

MP21 1990/1991

Japanese flying squid Japanese catch 1990/1991 2014/2015

South Korean catch 1990/1991 2015/2016

Total catch 1990/1991 2015/2016

CPUE 1990/1991 2014/2015

All 1990/1991 Middle 2010s

Spawning ground indices include SSWA, MVSS and MP (MP19, MP20 and MP21); Japanese flying squid abundance indices included Japanese and South Korean
catches, total catch, and CPUE. SSWA: suitability SST-weighted area of potential spawning ground, MVSS: mean values of suitable SST on dynamic potential spawning
ground, MP: the meridional position of suitable SST isoline (e.g., MP19, MP20, and MP21), winter PDO: Pacific Decadal Oscillation in winter (December–February).

connection of East China Sea to the southern coasts of Japan is
considered as one of the most important factors to the squid stock
recruitment (Sakurai et al., 2000). In contrast, potential spawning

ground is discontinuous during negative regime shift years
(1979–1990, 2015–2018), characterized by low squid catch and
CPUE. Additionally, SST shifts are also crucial manifestations
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FIGURE 9 | The average potential spawning ground of winter cohort of
Japanese flying squid during the three identified regimes: 1979–1990,
1991–2014, and 2015–2018.

of climate-driven change along with Kuroshio axis variations
(Liu et al., 2019). Thus, we constructed a series of spawning
ground indices using SST with PDO to propose a possible
mechanism controlling the changes in squid abundance. The
gradientForest analysis showed that spawning ground indices
(i.e., SSWA, MVSS, and MP19) were indeed essential predictors
of changes in winter cohort abundance (Figure 7). Simultaneous
regime shifts (Table 4) and strong correlations (Table 3) were
observed in winter squid cohort abundance and indices (e.g.,
PDO and spawning ground indices) from 1979 to 2018. From
these observations, we proposed a potential control mechanism

explaining the fluctuations in the abundance of Japanese flying
squid. PDO-based climate regimes led to SST changes, modifying
the size and location of dynamic potential spawning ground
crucial for spawning and recruitment success, consequently
impacting the abundance of the Japanese flying squid. Hence,
fluctuations in catch and CPUE from 1979 to 2018 could be
largely explained by the changes in the spawning ground indices.

Further, it is worth noting that Russian and Chinese catch data
were excluded from this study due to their short data series and
small percentage of contribution to squid fishery. However, these
data may still have a contribution to the abundance variation of
the winter cohort of Japanese flying squid.

It has become clear that not only environmental conditions
but also fishing pressure affect the abundance of Japanese flying
squid. With overfishing and the increase of fishing vessels with
squid-jigging and large freezing machines, the winter cohort
abundance remained low throughout the 1980s. After taking
appropriate management measures (e.g., total allowable catch
management plan) and improving environmental conditions,
the winter cohort abundance has gradually recovered. However,
the winter cohort abundance is again at a low level in recent
years. Therefore, sustainable development of squid fishery must
balance an understanding of the fishing effort and environmental
conditions since both fishing and environmental pressures can
cause fluctuations in stock size.

In the future, resource managers could predict squid
production in the Japan Sea by monitoring the change of
spawning ground indices, and will allow them to adjust
the size of fishing areas and the magnitude of fishing
intensity. Fishery managers could further use the results
of this study to estimate the appropriate stock size and
propose appropriate management measures to promote
resource recovery.

CONCLUSION

To clarify the mechanism behind the long-term variability of
winter cohort abundance of Japanese flying squid, we constructed
a series of spawning ground indices based on the annual
dynamic potential spawning ground, incorporating the diverse
aspects of its spawning site. Synchronized regime shifts were
identified in abundance, spawning ground, and climate indices
in 1990/1991 and in recent years. These spawning ground
indices significantly accounted for changes in winter cohort
abundance of Japanese flying squid, characterized by an increase
and decrease in abundance in 1990/1991 and in recent years,
respectively. Consequently, our study provided an explanation on
the sharp abundance decline of the Japanese flying squid in the
Northwestern North Pacific, potentially caused by unfavorable
conditions in its spawning grounds.

Our proposed annual dynamic potential spawning ground
indices were identified using multiple environmental parameters
(SST, bottom topography data and mean Kuroshio axis).
However, inclusion of more physical variables (e.g., Chl a
concentration, mixed layer depth, and wind stress) to the model
could further improve its predictive performance and should be
explored in constructing spawning ground indices in the future.
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