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Abstract Although the behavior of swordtip squid (Uroteuthis edulis) caught in the southern Japan Sea and
eastern channel of the Tsushima Strait in autumn have been estimated, it needed to be improved in scientific and
fishery benefits, which were a harvest scenario and the reason for serious poor catches in the autumn of 2019. This
study aimed to identify oceanic conditions affecting autumn catches using a numerical ocean model. To determine
the effects of eddies that occurred in the waters to the east of the Tsushima Islands, Lagrangian tracers were released
and the number of tracers remaining in the waters, where the squid of the autumn migrating group are supposed to
grow in summer, were counted regularly. Quantitative results in the tracer experiments supported and improved the
hypothesis of the migratory behavior of the autumn group. The regression expression was obtained with 0.851 of
correlation coefficient between the catch per unit effort (CPUE) in autumn and the index composed from the number
of the remaining tracers in summer and the CPUE of May. In the summer of 2019, a U-shaped current occurred from
the north to the east of the islands, which perhaps accounted for the poor catches in the autumn.
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1. Introduction
The swordtip squid is a neritic species that is widely
distributed in the western Pacific, from northern waters
(southern Japan Sea and the East and South China Seas) to
the tropical seas (Java Sea and coastal waters of Indonesia,
Malaysia, and Thailand), and to northern Australia [1].
This species is particularly abundant in the East China Sea
and the Tsushima Strait, which is divided by the Tsushima
Islands into the eastern and western channels, where it has
become an important source of revenue for many
fishermen [2] (Figure 1). The spring, summer, and autumn
migrating groups of U. edulis, which are caught between
April and June, July and September, and October and
December, respectively, in the southern Japan Sea and the
eastern channel, differ in body shape and size at maturity
[3]. Individuals of the autumn group are characterized by
thick bodies with large clubs, long tentacles, and large
suckers [1]. Catches of the autumn group of U. edulis
fluctuate considerably, with 2019 being the year with the
lowest records so far. Although researchers have
suggested that catches of the squid might be related to

water temperatures and/or the salinity of fishing grounds,
the reasoning behind it remains unidentified [4,5].
It was suggested that fishing grounds in the Tsushima
Strait can be studied by analyzing the current velocity
field rather than the water temperature, using nighttime
light satellite imagery [6]. Furthermore, statolith analyses
and Lagrangian tracer experiments have been used to
analyze the migratory behavior of U. edulis from the
southern East China Sea to the fishing grounds through
currents surrounding Japan. The squid in the spring and
summer migrating groups would be caught when they
approach the Tsushima Strait and southern Japan Sea from
the East China Sea [7,8,9], whereas those in the autumn
group would interestingly need another step to enter the
fishing grounds [10] (Figure 2). After moving to the
Tsushima Strait from the southern East China Sea, the
squid becomes trapped in a pair of clockwise and
counterclockwise eddies in the east of the Tsushima
Islands, which are caused by the Tsushima Warm Current
[11]. These animals become confined in limited layers of
the southern Japan Sea, at a probable depth of 30–50 m,
due to the thermoclines, until vertical mixing occurs in the
autumn, because the empirical water temperatures of the
squid were estimated to be ∼21°C in the spring and after
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through the statolith analyses [10]. Thereafter, the
distribution of the squid extends to fishing grounds in the
southern Japan Sea and then to the Tsushima Strait.
Understanding the ocean dynamics that affect the
swordtip squid is important for the establishment of
programs seeking to reestablish its population, not only
because of the economic importance of this species, but
also because of its ecological relevance to the local
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environment. Therefore, the overall purpose of this study
was to reveal quantitative relationships between the catches
of U. edulis in the autumn migrating group and the oceanic
conditions in the east of the Tsushima Islands, to model a
harvest scenario before the autumn fishing season, and to
identify unusual oceanic conditions that might have caused
poor catches of the squid in the southern Japan Sea and eastern
channel of the Tsushima Strait in the autumn of 2019.

Figure 1. Map of the study area. The X marks the spot where Lagrangian tracers were released, and a broken square (T area) marks the area where
individuals in the autumn group potentially spend the summer, at depths of 30–50 m

Figure 2. Estimated migratory route of the autumn migrating group of Uroteuthis edulis [10]. The broken ellipse shows the area where individuals in
this group potentially spend the summer, at depths of 30–50 m
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2. Materials and Methods
2.1. Catches of Uroteuthis Edulis
To evaluate relationships between oceanic conditions
and catches of U. edulis in the southern Japan Sea and
eastern channel of the Tsushima Strait, we used monthly
catch data of this squid landed at the fishing port of
Takakushi in Karatsu, Japan, from 2010 to 2019, as a
cross section for catches of squid from the southern Japan
Sea and eastern channel because the catch per unit effort
(CPUE) was available. All the fishers who landed the
squid at the fishing port of Takakushi usually operated in
the waters around Futagami Island (33°36′N, 129°33′E;
Figure 1), which is located to the northwest of
Karatsu. The efficiency of the cross section was validated
by using yearly catch data of the specified fishing
waters, which were published by the Fisheries Agency
(http://www.abchan.fra.go.jp/digests2020/index.html,
retrieved on August 3, 2021). We then expressed the
abundance of U. edulis that migrated to the fishing waters
with the CPUE of every month in spring (April to June),
summer (July to September) and autumn (October to
December).

2.2. Lagrangian Tracer Experiments
The ocean environment was inferred using the highresolution data assimilation output of water temperature
and currents [12]. In addition, Lagrangian tracer experiments
were conducted using the Japan Sea Data Assimilation
Experiment ver.2 dataset [8]. From 2010 to 2019, on the
first day of every month between May and November,
10,000 Lagrangian tracers were released into the eastern
channel of the Tsushima Strait (34°00′N, 129°12′E)
at depths of 10 m, 30 m, and 50 m (Figure 1) because the
empirical water temperatures of the squid were estimated
to be ∼21 °C in the waters to the east of the Tsushima
Islands, where a probable depth was generally 30-50 m
from July to October. The area extending from the
southern Japan Sea to the east of the Tsushima Islands
(the T area: the area where individuals in the autumn
migrating group potentially spend the summer, 34°48′N,
129°30′E; 35°18′N, 131°00′E; 34°30′N, 131°00′E;
and 34°00′N, 129°12′E, clockwise, Figure 1) is critical to
the growth of the autumn migrating group of Uroteuthis
edulis during the summer after they are trapped in a pair
of clockwise and anticlockwise eddies in the east of the
islands [10]. Moreover, it was reported that U. edulis
caught in offshore waters, including those of the T area,
from August to October were smaller than those caught in
coastal waters [8]. The reason for this is that the former
move through a fast current from the East China Sea, but the
latter move slowly through a littoral current. The small
squid in the T area grow during the summer and join an
autumn migrating group when they are larger. Tracers’
advection and diffusion were calculated using the method
of [13]. In fact, many squids vertically migrate and
probably stay at the seafloor or depth of the layer whose
water temperature is lowest to survive in the daytime.
However, there is little information on how long or how
deep this species dives into the sea. In this study, the

advection speed was reduced to 50% of the original to
simulate the ocean conditions experienced by migrating
squid, because velocity usually decreases with depth and
the results of Lagrangian tracer experiments with the
advection speed reduced to 50% suggested the migratory
routes of the squid appropriately [8,9,14].
The tracers exiting the area were identified every day
for 240 days and counted on the first day of every month.
The tracers were released on the first day of a month and
the number of tracers remaining in the T area until the first
day of the next month indicated the retention of tracers by
the eddies for one month or more, which is called the
tracer retention index (TRI). Moreover, when TRI (X to
Y) is shown, X is the month in which tracers were
released and Y is the month in which tracers remaining in
the T area were counted. To factor the biomass of squid
migrating to the eastern channel into the calculation, we
used another index and multiplied the TRI by the monthly
CPUE, which is referred to as the corrected TRI by the
CPUE of the month.

3. Results
3.1. Changes in CPUE of Uroteuthis edulis
A strong positive correlation (r = 0.91, p < 0.001,
r: correlation coefficient, p: probability value) was shown
between yearly catches of U. edulis landed at the fishing
port of Takakushi and those at all the fishing ports along
the coast of the southern Japan Sea and eastern channel of
the Tsushima Strait from 2010 to 2019 (Figure 3). The
change in monthly CPUE means (±SDs, SD: standard
deviation) of the squid landed at the fishing port of
Takakushi are shown in Figure 4. The means remained
unchanged at ∼17.5 kg/day/boat from April to June before
increasing gradually from July to December. The CPUE
means in September and December were ∼30 kg/day/boat.
The change in seasonal CPUE means (±SDs) of the squid
landed at the fishing port are shown in Figure 5. All the
seasonal CPUEs generally decreased by half over 10 years,
and in particular, the autumn CPUEs dropped from 25.8
kg/day/boat in 2017 to 18.8 kg/day/boat in 2018, and then
further dropped to 11.6 kg/day/boat in 2019. The
correlation coefficients between the autumn CPUEs and
monthly CPUEs from April to September for 10 years are
shown in Figure 6. The correlation coefficients between
the autumn CPUEs and monthly CPUEs of May, June,
July, and September were ∼0.55, whereas those between
the autumn CPUEs and monthly CPUEs of April and
August were 0.05 and 0.28, respectively.

3.2. Changes in Monthly TRIs
All the Lagrangian tracers released at the southmost
point of the T area flowed northeast along with the
Tsushima Warm Current, but some remained in eddies to
the east of the Tsushima Islands (Figure 7 and Figure 8).
The changes in means (±SDs) of monthly TRIs between
2010 and 2018 and monthly TRI of 2019 at depths of
10 m, 30 m, and 50 m are shown from May to November
(Figure 9). In general, the monthly TRIs increased
from May to July, and then decreased to August. The
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TRIs at a depth of 50 m showed a smooth and gradual
decline from summer to autumn, whereas at depths of 10
m and 30 m some irregular changes were observed. The
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monthly TRIs from June to September in 2019 appeared
significantly lower than means of those for the previous
nine years.

Figure 3. Relationship between the yearly catches of Uroteuthis edulis landed at all the fishing ports around the southern Japan Sea and eastern channel
of the Tsushima Strait and those at the fishing port of Takakushi

Figure 4. Change in mean (±SD) of monthly catch per unit effort (CPUE) of Uroteuthis edulis landed at the fishing port of Takakushi from 2010 to
2019

Figure 5. Yearly change in seasonal catch per unit effort (CPUE) of Uroteuthis edulis landed at the fishing port of Takakushi. Spring, summer, and
autumn represent April to June, July to September, and October to December, respectively
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Figure 6. Correlation coefficient between monthly catch per unit effort (CPUE) from April to September and the autumn (October–December) CPUE
for 10 years (2010–2019)

Figure 7. Distribution of Lagrangian tracers on October 1 in 2010–2016 and 2018 when the tracers were released at the X point on July 1 each year at a
depth of 30 m. The number of remaining tracers in the T area is shown on the right of each broken square. Those in 2017 and 2019 are shown in
Figure 8 (c) and (f), respectively
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Figure 8. Distribution of Lagrangian tracers on August 1, September 1, and October 1 in 2017 (a, b, and c, respectively) and 2019 (d, e, and f,
respectively) when the tracers were released at the X point on July 1 each year at a depth of 30 m. The number of remaining tracers in the T area is
shown on the right of each broken square

3.3. Relationship between CPUEs and TRIs
Table 1 shows correlation coefficients between CPUEs
of Uroteuthis edulis landed at the fishing port of
Takakushi in autumn and the TRIs which varied according
to such conditions as release dates, depths and counting
dates. More positive correlation coefficients occurred
between tracers that were released in June and July than
between those released in other months, and between the
tracers that were released at a depth of 30 m than between
those at other depths. A strong positive correlation
(r = 0.846, p < 0.01) was only found between the CPUEs
and TRIs (Jul to Sep) at a depth of 30 m. The correlation
coefficient between the autumn CPUEs and the corrected
TRIs (Jul to Sep) by the CPUEs of May was the highest
(r = 0.851, p < 0.01) among between April and December.
The correlation coefficient was slightly larger than the
original one (r = 0.846, p < 0.01) (Figure 10 and Figure 11).
Table 1. Correlation coefficient between catch per unit effort (CPUE)
of Uroteuthis edulis landed at the fishing port of Takakushi in
autumn (October–December) and the tracer retention index (TRI)
counted on the first day of September, October, November, and
December after the tracers were released at depths of 10 m, 30 m,
and 50 m on the first day of June, July, August, and September from
2010 to 2019. *p < 0.1; **p < 0.05; ***p < 0.01
Release date

Depth

Sep 1

Oct 1

Nov 1

Dec 1

Jun 1

10 m
30 m
50 m

0.14
0.30
0.49

0.26
0.23
0.19

0.29
0.49
0.32

0.29
0.64**
0.40

10 m

0.07

0.51

0.21

0.19

30 m

0.85***

0.50

0.63**

0.50

50 m

0.33

–0.05

0.25

0.14

10 m

–0.04

0.07

0.17

0.17

30 m

0.50

0.10

0.35

0.58*

50 m

0.06

0.27

Jul 1

Aug 1

Figure 9. Changes in mean (±SD) of monthly tracer retention index (TRI)
for nine years (2010–2018) (solid line) and monthly TRI of 2019 (broken
line) from May to November at depths of 10 m, 30 m, and 50 m

Sep 1

–0.07

0.02

10 m

0.03

0.12

0.13

30 m

–0.08

–0.14

–0.21

50 m

–0.18

0.07

0.02
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Figure 10. Correlation coefficient between the autumn (October–December) catch per unit effort (CPUE) and corrected tracer retention index for July
to September (TRI (Jul to Sep)) by the CPUE of the month from April to September between 2010 and 2019

Figure 11. Relationship between the autumn (October–December) catch per unit effort (CPUE) and corrected tracer retention index for July to
September (TRI (Jul to Sep)) by the CPUE of May from 2010 to 2019

3.4. Oceanic Conditions in the Western Japan
Sea, 2019
Figure 8 shows differences in the distribution of the
tracers on the first day of August, September, and October
between 2017 and 2019 after the tracers were released on
July 1. The autumn CPUE of the squid in 2017 was close
to the average for the 10 years from 2010 to 2019,
whereas that in 2019 was the lowest (Figure 5). In 2017,
the TRI (Jul to Oct) was as half as the TRI (Jul to Sep),
and the TRI (Jul to Sep) was as half as the TRI (Jul to
Aug), which means the number of the tracers remaining in
the T area decreased by half each month (Figure 12). In
2019, however, the number of the tracers decreased to
one-tenth of the TRI (Jul to Aug) in September. In the
waters to the east of the Tsushima Islands, within the T
area, few eddies or currents occurred in summer, but a Ushaped current occurred in the area in the middle of
August 2019 (Figure 13). This current flowed to the south
and pushed the Tsushima Warm Current southward.
Figure 14 shows that the water temperature and current
distribution in the T area and the wasters to the east of the
Korean Peninsula were different in the two years. In 2019,
the southward current occurred between the waters

whose water temperatures were high and low off the
peninsula.

Figure 12. Change in tracer retention index (TRI) for June to August,
September, October and November in 2017 and 2019
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Figure 13. Distribution of sea water temperatures and current vectors in the southern Japan Sea and Tsushima Strait at a depth of 30 m on August 15 in
(a) 2017 and (b) 2019. Each black broken square shows the T area. The curved line in (b) indicates the unusual U-shaped current

Figure 14. Distribution of sea water temperatures and current vectors in the southern and western Japan Sea and Tsushima Strait at a depth of 30 m on
August 15 in (a) 2017 and (b) 2019. The squares in (a) and (b) show (a) and (b) in Figure 13, respectively. The curved line in (b) indicates the unusual
southward current

4. Discussion
4.1. Improved Migratory Process of
the Autumn Group
Although it was expected that the eddies to the east of
the Tsushima Islands would be weaker in October [10],
the results of our tracer experiments showed that the
retention decreased gradually from summer to autumn
(Figure 9). The deeper the tracers were released, the more
gradual the decrease in the monthly TRIs. This might be
caused by the weakened effect of the wind. If the retention
by the eddies accounts for the growth process of the
individual squid belonging to the autumn migrating group,
July and September would be important because the
monthly TRIs decreased sizably from July to September,
especially at a depth of 30 m. It was suggested that the
squid of the autumn group would migrate into waters
with a temperature of ~21°C in summer, and that such a

temperature appeared at a depth of ∼30 m in the eastern
channel of the Tsushima Strait in July [10]. The correlation
coefficient between TRIs (Jul to Sep) and autumn CPUEs
was larger than that between TRIs (Jul to Oct) and autumn
CPUEs (Table 1), indicating that the squid that stayed in
the eddies in the T area would spread to the southern
Japan Sea and Tsushima Strait in September and begin to
be caught in the coastal waters in October. Moreover, the
correlation coefficient between the corrected TRIs (Jul to
Sep) by the CPUE of May and the autumn CPUEs was the
largest (Figure 10), meaning that the migrating group,
which included individuals caught in the waters around
Futagami Island in May, unexpectedly contributed to the
autumn group, even though the CPUE of May was smaller
than that of July, August, and September (Figure 4). Thus,
some small squid that migrated from the East China Sea to
the waters around Futagami Island and/or those to slightly
the west of the island in May would reach the T area one
or two months later (Figure 2).
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4.2. Causes for Poor Catches in Autumn 2019
Figure 13 shows that a U-shaped current occurred in the
T area in the middle of August 2019. This unusual current
seems to have stopped the tracers from remaining in the T
area and moved them out of the area to the Japan Sea.
Although the distribution of the tracers cannot be directly
applied to the migration of the squid, the power to hold
something in the waters to the east of the Tsushima
Islands would have been weakened in the August of 2019
by the U-shaped current. Supposing that the improved
hypothesis about the migratory behavior of the autumn
group above is correct, fewer squid would be trapped in
the T area in the summer of 2019 than in the other years.
This event can account for the poor catches of the squid in
the autumn of 2019. The reason the U-shaped current
occurred is yet unknown, however, this might be linked to
the southward current caused by high and low water
temperature distributions, lying north and south, in the
waters off the eastern Korean Peninsula we observed in
August (Figure 14). The difference in the water
temperature off the northeastern peninsula was more than
10 °C larger than the average year (Figure 15), which
probably account for the unusual southward current.

through the statolith analyses. Thus, Lagrangian tracer
experiments would be a powerful tool to know the
distribution of not only eggs, larvae and juveniles of fishes
and squids but also adults with appropriate experiment
conditions for behavior of each creature. However, the T
area, where the tracers were counted regularly, was
defined in an arbitrary manner because there was little
information about the distribution of small U. edulis in the
waters to the east of the Tsushima Islands as fishermen
usually operate in the coastal waters, where large squid are
generally distributed in summer [8]. This is why we need
to set a more appropriate area, which will enable us to
estimate an autumn CPUE more accurately by using a
CPUE of May and a TRI (Jul to Sep) before the harvest
season.
It is still difficult to fully understand the oceanic conditions.
In fact, we cannot explain the reason why the U-shaped current
occurred in the T area, although the unusual water temperature
distribution may have affected the current. Furthermore, it
is unclear why the monthly TRIs began to decrease not in
October but in August [10] although the thermoclines are
usually stable until September. To understand not only these
remaining questions but also relationships between currents
and the migration of other species, an oceanographic
approach is required. The Japan Fisheries Agency
(http://www.abchan.fra.go.jp/digests2020/index.html,
retrieved on August 3, 2021) reported, for example, serious
poor catches of Japanese common squid (Todarodes
pacificus) in the Japan Sea in the autumn of 2019, which
would be caused by the drastically changed distribution of
the Tsushima Warm Current because the squid migrated in
the Japan Sea from spring to autumn [15]. Additionally,
the newly cohort of Chub mackerel (Scomber japonicus)
and Japanese anchovy (Engraulis japonicus), which were
manly caught in the southern Japan Sea, decreased in 2019,
which might be caused by the unusual currents due to low
swimming ability as the small U. edulis would. If the
currents can be appropriately estimated by using ocean
data and a model, the catches of some species will be
forecasted in the immediate term.
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