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Catch distribution of diamond squid (Thysanoteuthis rhombus)
off Hyogo Prefecture in the western Sea of Japan and its
relationship with seawater temperature

Kazutaka MivaHARA!T, Naoki HIROSE?, Goh ONITSUKA® and Shigeaki GORIE*

This paper describes the distribution of catches of diamond squid (7hysanoteuthis rhombus) off Hyogo Prefecture in the
western Sea of Japan, and the relationship between the fishing condition and seawater temperature based on the catch-
location and catch-amount data collected from the logbooks of seven vertical longline fishing boats in 1999-2005.
Catches generally occurred south of 36°15'N, but in September—October of 2003 and 2005, when a cold water mass
occurred on the fishing ground, catches were concentrated near shore south of 35°45'N. Good catches occurred where
seawater temperatures at 50 and 100 m depths were>19°C and>14-15°C, respectively, from late August through early
November in 1999-2005. The mean water temperature at 100 m depth at six oceanographic observation sites off Hyogo
Prefecture was related to the mean latitude of catch locations weighted by catch amount, which suggests that this index

can be used to forecast the location of the fishing grounds.
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Introduction

The diamond squid (7hysanoteuthis rhombus) is an
epipelagic oceanic squid found in tropical and subtropical
regions of the world’s oceans, and at higher latitudes in
temperate waters associated with warm currents. It is now
one of the most abundant and commercially important
squids in the Sea of Japan, where it has been fished since
the early 1960s with vertical longline gear called “taru-
nagashi (drifting barrel)” (Nazumi, 1975a; Miyahara and
Takeda, 2005; Bower and Miyahara, 2005). Thysanoteuthis
rhombus in the Sea of Japan hatches from January to Sep-
tember with a peak in February—March at the spawning
grounds, which are thought to extend from the southwest
Pacific to the East China Sea (Miyahara et al., 2006b).
After hatching, the young stages occur near the surface
(Miyahara et al., 2006a) and are transported northward
through the Tsushima Strait into the Sea of Japan
(Nishimura, 1966; Nazumi, 1975b). Recruitment into the
fishery in the western Sea of Japan in the peak fishing sea-
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son (=September—November) is positively related to sea-
water temperatures 600 km upstream in the Tsushima Strait
in June, and several models incorporating environmental in-
dices near the strait have been shown to accurately predict
the annual CPUE in the fishery (Miyahara et al., 2005).
Miyahara and Gorie (2005) also showed inner-annual fluc-
tuations of abundance using several CPUE (catch per unit
effort) values, but the spatial distribution and abundance of
the squid during the fishing season have not been examined
in detail.

The fishing grounds of 7. rhombus in the Sea of Japan
generally occur over bottom depths of 100-500m, and
catches occur at 75-100m depths during the daytime and
0-50m depths at night (Takeda and Tanda, 1998; Bower
and Miyahara, 2005). Off Hyogo Prefecture, where the
largest catch in the Sea of Japan is landed every year
(Bower and Miyahara, 2005), the fishing grounds occur
during late summer to early winter in areas where the tem-
perature at 100 m depth is>15-17°C (Nazumi 1975a; Tamaki
1987). Seasonal changes of seawater temperatures at>>50m
depth in the western Sea of Japan generally peak in Sep-
tember—November (Watanabe ef al., 2003), but are greatly
influenced by a cold water mass called “Sanin-Wakasa Oki
Reisui” that sometimes occurs in nearshore areas off Hyogo
and neighboring prefectures (Naganuma, 2000). The effect
of this water mass on several commercially important
species has been examined in previous studies (Ito ef al.
1967; Hara 1990; Hashimoto 1998) but has not been exam-
ined on 7. rhombus.
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The present study describes the catch distribution of 7.
rhombus in the western Sea of Japan during 1999-2005 by
using data recorded in the logbooks of vertical longline
fishers. Seawater temperatures were examined to discuss
the relationships between oceanographic and fishing condi-
tions in the area and to consider possible indices for fore-
casting fishing conditions. Recently, numerical modeling
has been used to simulate future oceanographic conditions
in the Sea of Japan, such as temperature and current veloc-
ity (by the RIAM ocean circulation Model, Hirose and
Yoon, 1998; Lee et al., 2003; Hirose, 2003) and is now also
used to accurately predict environmental-dependent fishing
conditions (e.g., for the Japanese common squid 7odarodes
pacificus; Fujii et al., 2004). An exploratory forecast of
horizontal distribution of water temperature was also tried
using the RIAM model to forecast the fishing conditions of
T rhombus off Hyogo Prefecture.

Materials and Methods

Daily fishing data of catch number (C,) and boat location
(latitude and longitude) were collected from the logbooks
of seven vertical longline fishing boats (sampled from each
fisheries cooperative association/branch in Hyogo Prefec-
ture in 1999-2005 (Fig. 1). The catch amount (W,
kg-day '-boat ') of each boat was estimated by multiply-
ing Cy by the mean body weights during 10-day periods in
September—December of each year in the corresponding
season (the mean body-weight data during 1999-2004 were
published in Miyahara and Gorie (2005), and these data in
2005 were obtained in the present study).

To outline the ambient oceanographic conditions near
the fishing ground, contour drawings of seawater tempera-
tures at 0, 50 and 100 m depths in the western Sea of Japan
were derived from the oceanographic database of the Japan
Sea National Fisheries Research Institute (http:/jsnf.affrc.
g0.jp/Physical/newindex.html), which is based on the data
collected monthly by prefectural fishery research institutes.
The mean seawater temperatures at 100m depth at six ob-
servation sites off Hyogo Prefecture (Fig. 1) were used to
determine whether a cold water mass occurred near the
fishing ground, and compared with weighted means of the
catch locations (L,,,) during the period between five days
before and five days after each oceanographic observation.
In the present study, L,,,, is given by

L= WL W,

where L, is the catch location at which the catch of W, oc-
curs. A linear regression of the mean seawater temperature
was run on the L, (latitude and longitude, respectively)

using the least squares method. Data of late November
2002, September 2004, and September 2005 were excluded
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Figure 1. Map of study area in the present study. Open squares
show the six observation sites off Hyogo Prefecture. Closed
circles indicate the fisheries cooperative associations/branches
from which logbook data of monitored fishing boats were
collected; a: Igumi, b: Moroyose, ¢: Hamasaka, d: Kasumi,
e: Shibayama, f: Takeno, g: Tsuiyama.

for the analysis because of lack of the oceanographic obser-
vations or the less logbook data.

Operational forecasts of water temperature in the
potential fishing ground were made with the RIAM model,
which is now accessible on the Internet (http://jes.riam.
kyushu-u.ac.jp/). In the present study, a horizontal distribu-
tion of water temperature at 100 m depth in early October
2005 off Hyogo Prefecture was preliminarily simulated two
months earlier (in August 2005).

Results
The horizontal distributions of catches and water tempera-
tures between late August and early November in 1999—
2005 are shown in Figs. 2—4. The sea surface temperature
(SST) declined during the fishing season from 24-28°C in
early September to 18-22°C in early November. The tem-
peratures at 50 and 100 m depths did not show such clear
seasonal changes, and generally ranged from 22-24°C at
near shore to 16-22°C at 36°30'N (at 50 m depth) and 16—
20°C at near shore to 12—16°C at 36°30'N (at 100 m depth),
respectively. In September—October of 2003 and 2005, a
cold water mass (with <12°C at 100 m depth) occurred on
the fishing ground.

The distribution of catches showed no clear changes
despite of decreased SST through the fishing season.
Catches occurred ubiquitously south of 36°15'N, and from
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Figure 2. Horizontal distributions of 7 rhombus catch amount (kg-day '-boat™', bubble circles) during late Au-
gust—early September and water temperature of 0, 50 and 100 m depths in early September off Hyogo Prefecture in
the western Sea of Japan. Contour drawings of the seawater temperatures were derived from the oceanographic
database of the Japan Sea National Fisheries Research Institute (http://www.jsnf.affrc.go.jp/Physical/newindex.html).
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Figure 3. Horizontal distributions of T. rhombus catch amount (kg-day '-boat™!, bubble circles) during late Sep-
tembe—early October and water temperature of 0, 50 and 100 m depths in early October off Hyogo Prefecture in the
western Sea of Japan. Contour drawings of the seawater temperatures were derived from the same database as Fig. 2.
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Figure 4. Horizontal distributions of 7. rhombus catch amount (kg-day~'-boat™!, bubble circles) during late Octo-
ber—early November and water temperature of 0, 50 and 100 m depths in early November off Hyogo Prefecture in
the western Sea of Japan. Contour drawings of the seawater temperatures were derived from the same database as
Fig. 2.
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134°10'E to 135°00'E except for 2003 and 2005. In 2003
and 2005, catches were concentrated nearshore south of the
cold water. Good catches occurred in warm areas where the
temperatures at 50- and 100 m depths were>19°C and> 14—
15°C, respectively.

The mean seawater temperatures at 100 m depth at the
six fixed observation sites off Hyogo Prefecture ranged
from 10.7 to 16.7°C during late August through late Octo-
ber in 1999-2005 (Fig. 5). The mean seawater temperature
showed a positive linear relationship with the weighted
mean latitude of the catch (»=0.78, P<<0.01), but no clear
relationship with the mean longitude. A simulated horizon-
tal distribution of water temperature at 100m depth off
Hyogo Prefecture was very similar to the actual observa-
tions two months later (Fig. 6).

Discussion

Squid populations are generally unstable and strongly af-
fected by environmental conditions (Bakun and Csirke,
1998; Dawe et al., 2000; Rodhouse, 2001). As a result, en-
vironmental indices are often used to predict squid abun-
dance (e.g., Pierce et al., 1998; Robin and Denis, 1999;
Agnew et al., 2002; Denis et al., 2002). Annual changes of
T rhombus abundance in the Sea of Japan have been dis-
cussed in accordance with environmental indices, espe-
cially water temperature in the Tsushima Strait two months
before the start of the fishery (Miyahara et al., 2005). The
results of the present study showed that the distribution and
abundance of catches were also related to seawater temper-
atures on the fishing ground.

The main fishing grounds off Hyogo Prefecture gener-
ally occurred at the south of 36°15'N (Figs. 2-4). This is
presumably due to the limited cruising range of the fishing
boats, which operate during the day and must return to port
before night. In 2003 and 2005, however, the fishing ground

N E
135°00°
y =0.0243x + 35.479
r=0.78 (P<0.01)
36°00° “ []
g 3
E [[#% |2
= L 2 € 134°30°
B L ¢1e S
3 o
35945 big J: J_Jl
35030 134°00°
5 10 15 20 5 10 15 20

Water temperature (°C) Water temperature (°C)

Figure 5. Relationship between mean water temperature (100 m
depth) of the six observation sites off Hyogo Prefecture and
weighted means of the catch locations (latitude and longi-
tude) of the monitored fishing boats. The weighted means of
the catch locations were calculated using catch data collected
during the period between five days before and five days after
each oceanographic observation. Bars show=SD.

occurred much closer to shore, south of 35°45'N. The rela-
tionship between water temperature in the fishing ground
and weighted mean latitude of the catch suggests that the
catches were strongly influenced by the occurrence of cold
water masses in the region (Fig. 5). In the Sea of Japan,
similar cold water masses often occur in several nearshore
areas as well (Naganuma, 2000), and the influences of these
cold masses have been studied on the fishery biological
characteristics of several important species. For example,
few eggs and larvae of sardines and squids were collected
in the cold water areas, and no spawning there was sug-
gested (Ito et al, 1967). Cold water mass at bottom is
closely related to the migration and fishing condition of
swordtip squid (Photololigo edulis) off Shimane Prefecture
(Moriwaki, 1994). Location of the cold water masses and
related oceanographic conditions of the Tsushima Current
can also deflect the routes of broad-scale migration of the
Japanese amberjack (Seriola quinqueradiata) in the Sea of
Japan (Ogawa, 1976; Hara, 1990; Hashimoto, 1998).
Catches occurred where the seawater temperature at
100 m depth was>14-15°C, which is similar to the results
of Tamaki (1987), who reported catches where the tempera-
ture at this depth was>15°C. High catches in warm areas
are presumably due to a biological characteristic of T
rhombus as a warm water species, but future studies need to
clarify how such fishing areas form. Direct tracking of the
squid using ultrasonic telemetry (lizuka, 1990; Nakamura,
1993; Yatsu et al., 1999; Yano et al., 2000) or data-record-
ing tags (Gilly ef al., 2006) will make it feasible to obtain
swimming speed and depth information corresponding to
ambient oceanographic conditions, which will help improve
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Figure 6. Simulated and actual horizontal distributions of water
temperature at 100 m depth in early October 2005 off Hyogo
Prefecture in the western Sea of Japan. A: operational fo
recast made in August 2005 using the RIAM ocean circula-
tion model (http://jes.riam.kyushu-u.ac.jp/), B: actual temper-
ature data from the database of the Japan Sea National
Fisheries Research Institute (http://jsnf.affrc.go.jp/Physical/
newindex.html).
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forecasting models.

The mean seawater temperature at 100m depth at the
six observation sites off Hyogo Prefecture was a good index
for identifying the location of the fishing ground. A linear
regression of the mean latitude of boats on seawater tem-
perature suggests that seawater temperature data can be
used to quickly forecast the location of the fishing grounds
(Fig. 5). The vertical distribution of 7. rhombus adults in
the Sea of Japan (50-150m during the day, 0—50 m during
the night; lizuka, 1990; Miyahara ef al., unpublished) also
supports the validity of using this depth’s data. When sea-
water temperatures at this depth are examined throughout
the Sea of Japan, the estimated potential fishing grounds
extend from coastal areas off Yamaguchi Prefecture to Ni-
igata Prefecture (Watanabe et al., 2003), which closely co-
incides with where fishery occurs (Bower and Miyahara,
2005).

Operational forecasts made with the RIAM model
suggests that a simulated horizontal distribution of water
temperature could be available to forecast oceanographic
conditions enough before the start of fishing season (Fig.
6). The results of the present study will improve our ability
to forecast future fishing conditions by simulating the de-
tailed horizontal spread of water temperatures and identify-
ing areas with appropriate seawater temperatures.
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