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Migration of Young Bluefin Tuna, Thunnus orientalis Temminck et Schlegel,
through Archival Tagging Experiments and Its Relation with
Oceanographic Conditions in the Western North Pacific

Denzo INAGAKE", Harumi YAMADA™, Kyohei SEGAWA"™, Makoto OKAZAKI",
Akira NITTA”, and Tomoyuki ITOH"

A total of 105 young bluefin tuna with archival tags was released in the Tsushima Strait
(between the East China Sea and the Japan Sea) in winters of 1995 and 1996. Of 24 fish
recaptured, five moved to the North Pacific and spent there more than one year, and their
migration patterns were analyzed in relation to oceanographic conditions observed by satellites.
The fish preferred warm water around 18°C in the upper layer in the western North Pacific.
They showed clockwise migration patterns closely related with the ocean structure in and around
the Kuroshio-Oyashio Inter-frontal Zone. The fish moved westward in spring in and around the
Kuroshio Extension, northward in summer in the warm water spread from the crest of the
Kuroshio Extension, eastward in fall along the south of the Oyashio front, and southward in
early winter to the Kuroshio Extension. It is likely that their migration routes are related with
changes of chlorophyll-a concentration as well as ocean currents.
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Introduction

Most of Japanese northern bluefin tuna catches
are obtained by purse seine fisheries which target
both immature and mature fish in the western North
Pacific and the Japan Sea. Longline fishery also
harvests pre-spawning and spawning adults in the
waters off southern Japan and the eastern Taiwan in
spring. Trollers mainly operate in the northeastern
East China Sea (hereafter ECS), and catch a large
amount of young bluefin tuna in winter. Based on
the seasonal changes in the fishing grounds and fish
size caught by various fisheries around Japan, the
migration patterns of bluefin tuna in the Pacific
Ocean were previously studied by Yamanaka (1982).
Bayliff et al. (1991) and Yonemori (1989) also
hypothesized the migration of bluefin tuna in the
Pacific by using data from tags. But these authors
could not appear the annual migration patterns of
bluefin tuna throughout a year.

The western North Pacific is one of three most
famous fishing grounds in world, encountering the
warm current Kuroshio and the cold current
Oyashio. The relationships between fish migration
and ocean current in this area were discussed for
Japanese sardine (Inagake 1987), skipjack tuna
(Kawai and Sasaki 1962) and saury (Tomosada and
Inagake 1986), but not for bluefin tuna. Yamanaka
et al. (1969) suggested that bluefin tuna change the
water mass according with their growth. However,
their discussion was limited to the comparison of the

tuna distribution and water mass and did not refer to
the relationship between the tuna migration and
oceanic current.

Recently, archival tags, which estimate geo-
graphical positions from change of light level, are
commonly used, and enable us to get continuous
time-series data with longer duration and higher
resolution. They have been deployed for southern
bluefin tuna (Gunn, pers. comm.) and Atlantic
bluefin tuna (Block et al. 1998). Itoh et al.
(unpublished) showed various migration patterns of
young bluefin tuna, including the trans-Pacific
migration, using the archival tags. Kitagawa er al.
(2000) found that spatial and seasonal changes in
vertical structure of ambient water temperature have
a great effect on the vertical distribution and
movement of the young bluefin tuna in the East
China Sea using archival tag data. On the other
hand, global oceanographic conditions have been
detected using satellite data in recent years. These
satellite data are useful to analyze relationships
between oceanographic conditions and basin-scale
migration routes detected by archival tags.

In this paper, we describe the migration routes
of the young bluefin tuna in the western North
Pacific with relation to oceanic conditions, based on
five tag data from the fish which spent there more
than one year, and discuss the effect of oceanic
currents on their migrations.
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Materials and Methods

Tag data

Tagging surveys were conducted in December
1995 and November 1996 in the Tsushima Strait,
connecting ECS and the Japan Sea. Fish were
caught by trolling and individually tagged. An
archival tag (Northwest Marine Technology, Inc.
U.S.") was inserted into the abdominal cavity of fish
on board and was released immediately after tagged.
A total of 105 bluefin tuna ranging from 45 to 78
cm in fork length (hereafter FL) was released, and
24 tag recoveries were obtained until May 31, 2000,
In this paper, we used data from the tags, #194,
#199, #226, #227 and #241, of five fish spent more
than one year in the North Pacific. These fish were
estimated to be age 0 at release based on their sizes
(49-55 cm FL, Yukinawa and Yabuta 1963, Foreman

temperatures at three layers (near the sea surface,
60-63 m and 120-126 m) were retrieved from the
tags. Data on pressure and temperature were
calibrated before tagged and after recovered. Daily
locations were estimated from the time of sunrise
and sunset determined from a change in light
intensity and stored every day in a tag. In particular,
locations of in latitude were adjusted by seeking for
the nearest point that showed the same surface water
temperature as recorded in a tag along the estimated

longitude. The surface water temperature maps,
published from the Japan Fisheries Information
Service Center, were used for this purpose.

Locations of longitude were not adjusted because the
data were reliable.

Information on the five bluefin tuna deployed
with archival tags and on the data status is
summarized in Table 1. Monthly percentage of days
with data on location and water temperature is

1996). shown in Table 2. Ambient temperature in each of
Data on daily locations and ambient three depth zones were recorded when the fish swam
Table 1. Information on the five recaptured bluefin tuna and the status of sensor used in this study.
Deployment data Recapture data .
= Liberty .
Fork = - Depth (m) of water -
Body lime 1n 3 Sensor Status
Length Date Position > Date Position temperature recording
Size* day
(cm) ]
49 14/Dec/1995 304N 12904E  6lkgBW 20/une/1999 383N ISTIOE 1285 Nearsuface 62 125 L/Ehtintensity records were
in trouble from January 1999
54 11/Dec/1995 417N 12952°E  68kgBW  4/uly/1999 4003 N 15219E 1302 Nearsurface 62 125  No problem through the free
50  10/Dec/1995 3359N 12901'E  65kgBW 16/une/1999 3843 N 14838'E 1285 Nearsutface 60 120 | criperature records werein
trouble from May 1996
52 10/Dec/1995 335N 1290I'E  76kgBW  I/May/2000 3300'N 141SI'E 1635 Nearsuface 62 124 | criperature records were in
trouble from Aug. 1998
55 29/Nov/1996 3425'N 12908'E  87.6emFL  1/Aug/1998 3148 N 11718 W 611  Nearsuface 63 126  No problem through the free

FL Fork length  BW: Whole body weight

Table 2. Monthly percentages of available ambient temperature and locations, obtained by

archival tags.

2194 CIEE)

2226 w227 A4

Year Month Ambient temperature Location

surface 62m 125m_estimated

Ambient femperature Location
surface 62m E25m  estimated

Ambient femperature Tocation
surface

Ambient temperatire Location Ambicnt temperatare Location

[ 120 _estimate surface 62im 124m_estimated surface 63m 126m_estimated

1995 Dec oo . ¥ .
1996  Jan oo oo 90.3 Q6.8 1000 1064 16.1 96.8 100.0 1000 Q0.3 1000 10,0 1.0 905 90.3
Feb 100.0 100.0 216 9311 0.0 100.0 3o 96,6 1000 100.0 3.1 89.7 1.0 1000 69.0 10
Mar 10,0 10,0 129 93.5 100.0 100.0 26 4 ({1 0,0 355 068 1040 0.0 484 o3
Apr 1000 100.0 2.7 86,7 100,40 100.0 333 90.0 1000 1000 10.0 13 100.0 50.0 40.0 533
May 00,0 96.8 - 10,0 1004 96.8 484 &71 a7 19 - 6.5 100.0 Ioo.n n3 G6.8
Jun 1000 90.0 6.7 1oo.a 1004 433 133 1000 E - - - 10 0.0 16.7 9.7
Jul 1o0.0 871 - 93.5 100.0 452 129 933 10,0 710 452 1.0
Aug 1o 915 258 432 10040 516 2 1oo.o - - 100.0 581 258 96.8
Sep 100.0 0.0 .o 76.7 1004 63.3 16.7 50.0 - 1000 20.0 13 1000
Oct 100 935 548 45.2 1000 6.8 484 BO.6 1.0 26 a7 100.0
Nowv 1.0 100.0 - 90,0 100,40 96.7 513 93 10,0 BD.O i3 T oo 1000 - -
Dec 100.0 96.8 129 742 1004 80.6 55 7.1 1000 1000 6.5 100.0 oo 96.8 2 6.8
1997  Jan 1000 1o, B 1000 100.0 9.8 90.3 42 0.0 00,0 129 oo 10,0 1000 2158 LR
Feb 1000 1000 Q6.4 821 100.40 100.0 929 75.0 - 100.0 TE.A 71 96.4 100.0 100.0 T BS.T
Mar how.i oo 87.1 581 10040 H.E 935 7.0 1on.o oo 56 03.35 100.0 96.8 56 253
Ap oo 5933 76.7 76.7 1000 106000 .0 76.7 1.0 100.0 16.7 100,60 1000 10040 633 0.0
May 100, 80.6 23 9315 10040 90.3 67.7 90.3 1.0 50.3 2.7 1000 1000 70 452 819
Jun 1o0.o long 46.7 80,0 100.0 833 533 80.0 100.0 733 46.7 96.7 1oo.o 433 T 933
Jul 1000 35.5 8.7 96,8 10000 (2R 258 935 5 100.0 516 2126 100 100 313 ([N 0.3
Aug 1000 129 32 100,40 100.0 97 9.7 100.0 10,0 871 355 96,8 100,0 . 12 968
Sep 1000 20.0 - 1000 100.0 267 133 96.7 = 1on.o 6.7 6.7 90.0 1oo.o 233 133 30,0
Oct oo 19.4 65 oo 100.0 290 32 90.3 - - 1000 B39 484 TLO 1000 355 e 938
MNav 10,0 66.7 167 86.7 100.0 @6.7 0.0 733 - - 100.0 B33 56.7 B6.7 0.6 933 233 933
Dec 1000 BO.6 194 935 100.0 100.0 258 871 - = 0.0 96.8 2.6 80.6 long 100 13 968
1998 Jan 10,0 035 67.7 548 100.0 100.0 613 0.3 E oo 00,0 61.7 839 100,08 0.0 613 915
Feb oo oo 929 RN 100.0 Go4 60.7 2.1 - - Loo.o 0.0 75.0 loo.g loog 100.0 143 786
Mar 1oo.n 1000 96.8 S48 100.0 .8 774 64.5 ® 100.0 1000 8.1 96.8 1000 100.0 129 9.0
Apr loog 90.0 46.7 OO 100.0 100.0 933 0.0 . - 100.0 100.0 867 0.0 100.0 100.0 6.7 100.0
May 100.0 1000 T2 67.7 100.0 915 452 71 1on.o 935 548 90.3 1000 TLO 353 6.8
Jun 1000 73 167 6T 1060 76.7 .7 833 - oo 100.0 733 86.7 1oo.g 70.0 0.0 1060.0
Jul 1000 419 16.1 0315 100.0 581 16.1 915 - 100.0 968 903 95 1o, 96.8 74 839
Aug 1000 7 63 96.8 100.0 2.6 - 6.8 - - - oo 64.5 419 645 ion.o 1oo.o B -
Sep loo.o 13 33 1000 100.0 16.7 i3 96.7 E - - - =
Oet 1000 452 9.7 80.6 100.0 ile 23 613 - - - - - -
Nav 1000 733 233 90.0 100.0 913 80.0 500 - -
Dec 100.0 100 4.8 67.7 1000 1000 387 871 - - - i
1999 Jan 100.0 968 677 56 100.0 1000 64.5 0.3 - -
Feb 1000 79 643 - M0 229 T4 679 - - - -
Mar 100.0 1000 1000 - 100.0 1on.o 935 Bt - - o -
Apr 100.0 100.0 1000 10 033 o 633 E -
May 1.0 LLE ] 548 - 100.0 100.0 50.3 A8.4 - - - - - -
Jun 66.7 633 46,7 - 100.0 G0.0 46.7 800 - - - - -
Jul 75.0 25.0 - 750 - - -

“.* represents that no daily data should be obtamned during each liberty time.

* Present patent is held by lotck Engineering Inc., Canada.
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Table 3. Definition of water masses and currents.

Target characteristics

Extraction method

Kuroshio Axis

Kuroshio Extension Axis

Warm-core ring

Oyashio front

Original Ovashio Water

Warm water spred from the Kuroshio Extension

15~16.5T isotherm at 200 m (Kawai, 1969)

14C isotherm at 200 m (Kawai, 1969)

Temperature front at 200 m

5 T isotherm at 100 m

Water with temperature colder than 2 T (Kawai, 1972)
Area with T=10 C at 100 m and T<14 T at 200 m

in those depth zones. Data from tag #194 was in
trouble for geographical positions after January 1999,
Geographical positions from tags #226 and #227
could not be adjusted after May 1996 and August
1998, respectively, because ambient temperatures
were not recorded.

Satellite remote sensing data

Three kinds of satellite remote sensing data, sea
surface height (SSH), sea surface temperature (SST)
and sea surface chlorophyll-a concentration (SSC),
were used from the NASA and the Colorado Center
for Astrodynamics Research to get oceanographic
conditions around the tagged fish.

The NASA distributes weekly global gridded
MCSST (the multichannel sea surface temperature)
images derived from the NOAA AVHRR. We
composed several weekly nighttime MCSST images
into a near monthly MCSST image, which was used

Tag No.194, 199, 226, 227 and 241, December 1995 - July 19

Holkaido
Tsugaru Sirait

| Japan Sea

40°N

120°E 130°E

| ]

-10000 -9000 -8000 -7000 -6000

in this paper.

The NASA also distributes the standard mapped
images  of  chlorophyll-a  (hereafter  Chl-a)
concentration derived from the SeaWiFS. We

interpolated daily Chl-a images to fill cloudy pixels
considering spatial decorrelation scale of 50 km and
temporal of 2 days. Then, a monthly Chl-a image
composed from the interpolated daily images was
used in this paper.

The Colorado Center for Astrodynamics
Research distributes the semimonthly sea surface
height image derived from TOPEX/Poseidon and
ERS-2.  We used the image of middle of each
month with depth of no motion at 1000 m.

Data on SSH and SST range from December
1995 to July 1999, and those on SSC from
September 1997 to July 1999.

99
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¥ Emperor
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Fig. 1. Daily locations of five bluefin tuna from December 1995 to July 1999 with bottom topography.

A, #194; O, #199; [, #226; O, #227; Yy, #241.
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Temperature map

To identify oceanographic conditions, water
temperatures at 100 and 200 m in depths were also
used with maps on SSH and SST detected by
satellite remote sensing. 100 m and 200 m
temperature maps using in this paper were printed in
the Monthly Ocean Report, which was published by
the Climate and Marine Department, Japan
Meteorological Agency. The definition of each
water mass and axis of each current using in this
paper are listed in Table 3.

Migration of Young Bluefin Tuna Related to

Oceanic Conditions in the western North
Pacifie
Figure 1 shows all daily locations of five

bluefin tunas with the sea bottom topography. The
five recaptured fish were distributed mainly in the
following five areas: 1) the Tsushima Strait to the
shelf edge of ECS, 2) along around 145°E line and
around 150" E line of 35-40° N in the Pacific in
summer where the first and second crests of
Kuroshio Extension (hereafter KE) usually exist
respectively, 3) 40-42° N line in fall where is the
Oyashio front and/or the Subarctic Boundary, 4)
around the Shatsky Rise and the Emperor Seamount
Chain in late fall, and 5) around KE in winter and
spring.

Figure 2 shows the daily locations of each fish.
Of them, one fish (#226) were not estimated the
daily locations after May 1996. Figure 3 shows the

Tag No.194, December 1995 - January 1999
==

schematic diagram of their migration. In ECS, all
five fish usually stayed in the northeastern area
through a half of one year after release, but
sometimes migrated to southern waters along the
shelf edge near the Kuroshio from January to June.
When they left ECS, there were two routes; one was
the path to the Pacific Ocean along the Kuroshio
beyond the southern coast of Kyushu (#194 in
March and #241 in May), and another was the path
to the Japan Sea (#199 from June to November and
#227 from June to August). When the two fish left
the Japan Sea to the Pacific Ocean, there were two
paths: one was through the Tsugaru Strait (#199 in
November) and another was through the Soya Strait
and Okhotsk Sea (#227 in August).

They arrived in the western North Pacific
Ocean, the most of fish showed clockwise annual
migration patterns (Fig. 3). From May to August,
they migrated northward along around 145°E line or
around 150" E line where the warm water usually
spread from the first or second crest of KE. They
then reached to the Oyashio front, and migrated
eastward along the front and/or the Subarctic
Boundary from August to October. There fish
migrated southward to the waters near the Shatsky
Rise and the Emperor Seamount Chain in November,
and moved southward into KE in December. They
were distributed in and around KE during winter and
early spring, and they concentrated again around the
first or second crest of KE in May.

Monthly maps of SST, SSH and SSC with
daily locations of all five tunas are shown in Figs.

50°N
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40°N

L
30°N ‘ | h
7

20"N u ———— T

120°E 130°E 140°E 150°E

160°E 170°E 180° 170°'W

Fig. 2. Daily locations of each bluefin tuna from December 1995 to July 1999. The mark was distinguished by 12 colors
corresponding to each month from January to December.
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Tag No.1 99 December1995 - July 1999
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Tag No.226, December 1995 - May 1996
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Fig. 2. Continued.
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Tag No.227, December 1995 - December 1996
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Tag No.194, 199, 226, 227 and 241, December 1995 - July 1999
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Fig. 3. Schematic diagram of migratory paths of bluefin tuna found by five archival tags in this study. Red dots show

the daily locations of each bluefin tuna.

4a-4k. Figure 5 indicates daily changes of ambient
temperatures at three layers (see Table 1) and
latitude of fish locations. The detailed migration
pattern of each is described with a relation to
oceanographic  conditions and the topography
between a release and a recapture.

#194 fish (indicated by the triangle symbol in the
Fig. 2 and Figs. 4a-4k)

#194 fish stayed in ECS during the first thirteen
months from late December 1995 to early February
1997 (Figs. 4a-4d). The fish was usually distributed
in the northeastern area of ECS, but it migrated
southward in the winter season. From December
1995 to March 1996, the fish migrated to southern
waters along the shelf edge of ECS (around 29-30°
N, see Figs. 1, 2 and 4a). The ambient temperatures
at three layers (hereafter ATs) decreased gradually
from 18C in December to 15°C in the end of
January due to a winter cooling and vertical mixing,
and ATs of 15°C usually continued until March.
When the fish moved southward to the Kuroshio
(temperature at 100 m depth of the Kuroshio was
18-21°C in ECS in February) in early February, ATs
increased to 17°C, but it decreased again to 15T
with a little northward shift of the fish. The fish
stayed in the southern area till May 1996.

The fish moved northward in mid-June, then
usually stayed in the northeastern area of the ECS
from July to November 1996. The ambient
temperature of near sea surface (hereafter ATNS)

The numeral denotes the month when the fish was usually distributed.

increased from 17.0°C in early May to 29.6C in
mid-August, although the ambient temperature at the
depth of 62 m (hereafter AT62) remained around 13
-15C from May to late September 1996. When the
fish showed a little southward movement to the west
of Kyushu in late August, AT62 increased around
19°C (Fig. 5). The ambient temperature at the depth
of 125 m (hereafter ATI125) was sometimes
observed around 14-15C from April to August.
AT62 increased to 17-22°C in October-November
1996, although ATI25 increased slightly to around
16T.

ATI125, which recorded a few times in the
northern area, increased to around 18°C in mid-
December 1996, because ATs converged almost the
same value due to a winter vertical mixing of
waters. When ATs decreased to 16.0°C in the end of
January 1997, the fish moved suddenly southward to
the Kuroshio southwest of Kyushu from the
northeastern area of the ECS in early February 1997
(Figs. 4d and 5). ATNS and AT62 then recovered to
18-21°C but ATI25 was still around 17°C (Fig. 5).
The fish showed active vertical movement to the
deeper layer than 125 m in the Kuroshio after
February, because ATI125 higher than 18°C were
recorded continuously. The fish moved eastward
rapidly to the Pacific Ocean beyond the south of
Kyusyu in mid-February, and then still moved along
the Kuroshio, judging from the ATI25 of 13-18°C.
Then, the fish arrived within February and stayed in
the Kuroshio near the Izu Islands until mid-April
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1997. ATs were around 18-19°C from the later half
of February to late March according to development
of vertical mixing.

In the later half of April 1997, the fish
migrated northward from the Izu Islands area, then
ATs shifted from around 18C to 14-15C. The fish
migrated through the Kuroshio warm-core ring in the
first crest of KE as shown in Inagake and Saitoh
(1998). SSH map in Fig. 4e shows that spreading
of the warm water was restricted on the first crest
of KE but was prominent from the second crest
between April and July. The fish returned
southeastward along the warm water spread from the
second crest of KE in May. ATNS increased to 19

Sea surface lemperatura (°C)
I T T

C and ATI125 were sometimes observed around 13-
14C(Fig. 5). This reducing the number of ATI125
indicated that the fish started to restrict diving into
subsurface layer. When ATNS increased to around
21 C in early July, the fish started a northward
migration with keeping itself in this surface warm
water (ATNS remained between 18°C and 227T).
However subsurface temperature decreased from 16
C 10 9T in AT62 and from 12C to 7C in ATI25
according to northward migration, although ATNS
remained (Fig. 5).

From end of July to August 1997, the fish
reached the Oyashio front east of Hokkaido (around
42°N, 152°E), where both of #199 and #241 were,

2 34 56 7 B 5 10111213 141516 17 18 19 20 21 22 23 24 25 36 27 28

150E 160E
Sea surface height (cm)
|
65 70 75 B0 85 00 95 100105110115120125130135740 145150 155160165 170175 180185180185

Fig. 4a. Monthly horizontal distributions of sea surface temperature, sea surface height referred from 1000 m with daily
locations of each bluefin tuna by month from December 1995 to March 1996.

A, #194; O, #199; [, #226; <, #227.
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and then these fish moved northeastward along the
Oyashio front from August to September (Fig. 4f).
In this period, the fish sometimes rushed into cold
water (colder than 5C) deeper than 125 m depth,
which was probably near the core of the Original
Oyashio Water (Kawai 1972), because the coldest
temperature recorded was 2.2C at 62 m depth
(Table 3). The SSC and SSH maps (Fig. 4f) show
that they concentrated at the southern edge of the
high Chl-a concentration and the northern edge of
the high SSH area around 42-43°N, assumed to be
the Oyashio front, in September. In October, the fish
remained almost the same area as it was in
September, and kept itself mostly in the surface
layer with the exception of a few days having dived

150E 1608
Sea surface temperature (°C)
=T | e N

203 4 5 8 7 8 9 1011 1219 14 15 16 17 18 10 20 21 22 23 24 25 26 27 28

Fig. 4b. Same as Fig. 4a, but for April 1996 to July 1996,
A, #194; O, #199; [, #226; O, #227.

into 62 m or 125 m layer where the temperature
was between 5.9C and 10C (Fig. 5).

The fish separated from other two fish after end
of October 1997 and moved to east-southeastward,
then reached northwestern waters of the Shatsky
Rise in December where Chl-a still remained in a
higher concentration (Fig. 4g). ATNS increased from
14-15C in late October to 18°C in the first half of
November due to the southward migration, although
the fish still kept inactive in vertical movement from
July to October (Fig. 5). ATNS and ATI125 in late
November decreased to 12-14C and to 67T,
respectively, due to a winter cooling. But ATNS and
ATI25 in December fluctuated between 10C and 16
C, and between 6°C and 14°C, respectively (Fig. 5),

150E 160E 170E 180E o
Sca surface height (em)
' [ I O I — [

65 70 75 B0 B5 80 95 100105110115120125130 135140 145150155160 165170175 180185190 195
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which suggested that the fish was distributed several
meso-scale eddies and ridge of the warm water
spread from KE (Figs. 4f and 4g).

ATs converged and decreased to around 10-13
C in late December 1997 (Fig. 5), due to a
development of winter vertical mixing. High
concentration area of Chl-a disappeared around the
fish in January 1998 (Fig. 4g). With a little
northward shift (ATs decreasing from 15C to 12T
in early January), the fish traveled widely west-
southwestward beyond KE (ATs increased to 207C).

SSH and SSC maps in February 1998 (Fig. 4g)
shows that the fish was distributed in the warm
waters out of a couple of cold rings in 35"N, 150
E and 32°N, 153"E in the subtropical region south
of KE, where was a litter higher Chl-a concentration

150E 160E

Sea surfaca temparature (°C)
e R

2 3 ¢ 5 6 7 8 9 10111213 4 15 16 17 18 19 20 21 32 23 24 25 26 27 28

area. ATs decreased to 18C from 20C due to a
winter cooling. In March, the fish moved eastward
through the warm waters spread from the third crest
and the forth crest of KE to the west of the Shatsky
Rise where the higher Chl-a concentration area
appeared. ATs decreased to 12°C at the end of
March (Fig. 5).

In early and middle April 1998, the fish
migrated to the first crest of KE (Fig. 4h). ATNS
and ATI125 fluctuated between 11°C and 16C, and
between 9C and 12°C, respectively, then ATs
converged and increased to around 16-17C in late
April. It is suggested that the fish moved westward
within the warm water spread from offshore crests
of KE to the first crest of KE, and arrived the first
crest of KE area in late April which temperature at

1508 160E
Sea surface height (cm)
G B

Fig. 4c. Same as Fig. 4a, but for August 1996 to November 1996,

A, #194; O, #199; O, #227; Yy, #241.
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the depth of 100 m was around 17°C, almost the
same value of ATI25. The spring bloom occurred
around the fish in early and middle April 1998 (SSC
map in Fig. 4h).

In May 1998, the fish migrated eastward along
the first and second crests of KE around 36" N line
where the southern edge of the high Chl-a
concentration area was found (Fig. 4h). ATs
increased from 16°C to 20°C from late April to
early May, and then ATNS decreased to 16-17°C
with a little movement to the northern area of the
second crest of KE. The fish returned to the north
of KE in mid-May, where the vertical temperature
gradient gradually developed, therefore ~ATNS
increased to 18-19°C but ATI125 decreased 11°C of
(Fig. 5). There was no typical meandering of KE
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a2 Y _T%

Sea suriace temporature (°C)
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between 145°E and 155" E from May to July 1998,
in contrast to 1997 when the warm water spreading
from the second crest appeared around 150°E and
the fish migrated northward along this warm water
(Fig. 4e).

In June 1998, the fish moved westward again to
the first crest of KE, and encountered with #199 fish
(Fig. 4h). After then these fish migrated together for
five months (Figs. 4h-4i). In May and June, an
existence of the warm water spread from the first
crest of KE and the Kuroshio warm-core ring, which
was recognized in May and was observed to join
with KE in June by the Monthly Ocean Report
(Japan  Meteorological ~ Agency 1998). ATNS
decreased once to 15.3°C in early June but soon
increased to 18-20C (Fig. 5) reflecting a rapid

140E
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Fig. 4d. Same as Fig. 4a, but for December 1996 to March 1997,

A, #194; O, #199; vk, #241.
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seasonal warming in spite of a movement forward
north. But AT125 which were occasionally recorded,
remained around 6-8°C (Fig. 5), which indicates that
the fish dived close to the Oyashio water.

From July to August 1998, the fish shifted
northward along the warm water spread from the
first crest and a couple of the Kuroshio warm-core
rings (Figs. 4h and 4i) where was near the Oyashio
first Intrusion (Japan Meteorological Agency 1998).
Then, they arrived to the southeast of Hokkaido,
where they came in contact with the Oyashio front
(Fig. 4i). The southern limit of the high Chl-a
concentration area shifted northward from May to
August, and two fish seemed to chase the high Chl-
a concentration area in their northward migrations.

VSOE VERE
Sea surface temperature (°C)
2 345 67T 809 VNREHIHBBETIIDARANNISETS

Fig. 4e. Same as Fig. 4a, but for April 1997 to July 1997.
A, #194; O, #199; vx, #241.

Their ATNS were 19-20TC. But their AT62 and
AT125 colder than 5C were sometimes observed
(Fig. 5), which shows that they sometimes rushed
into the cold water near the Original Oyashio Water
southeast of Hokkaido in summer.

In September 1998 (Fig. 4h), this fish and #199
showed a little eastward movement near the
145" E

fish
Kuroshio warm-core ring around 41° N,

(Japan Meteorological Agency 1998), southeast of
Hokkaido. The fish stayed within a surface layer
(ATNS was 18-20C), judging from the facts that
only three days AT125 (3-4°C) and four days AT62
(3-14C) was observed in two months of August and
September (Fig. 5).

1998,

In  October these fish moved east-

5 70 TS 80 B5 90 95 100105110115120125130 135140145150 155160165 170175 180185190185
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Fig. 4f. Same as Fig. 4a, but for August 1997 to November 1997, adding horizontal distributions of chlorophyll-a concentration.
A, #194; O, #199; ¥, #241.
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Fig. 4g. Same as Fig. 4f, but for December 1997 to March 1998.
A, #194; O, #199; Yo, #241.
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Fig. 4h. Same as Fig. 4f, but for April 1998 to July 1998.
A, #194; O, #199.
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Fig. 4i. Same as Fig. 4f, but for August 1998 to November 1998.
A, #194; O, #199.
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northeastward along the southern edge of the high
Chl-a concentration area of the Oyashio (Fig. 4i),
which was suggested by ATI125 observing around 5-
6°C (Fig. 5). Then the fish arrived to the water
around 45°N, 165" E, but #199 reached far east to
the Emperor Seamount Chain in early November
(Fig. 4i). The high Chl-a¢ concentration area around
the fish shifted northward in early November (Fig.

#1954,

| i IS T S i

4i) and ATNS of the fish decreased to 11°C from
18-20°C in September (Fig. 5). The fish rapidly
turned southward and reached the northern area of
KE in early December through a couple of the
Kuroshio warm core-rings (around 39°N, 165°E and
40°N, 160°E) around the Shatsky Rise (Fig. 4j).
After this southward shift, ATNS and AT62
recovered to 18°C and ATI25 also did to 15T from
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Fig. 5. Time series of ambient temperatures at three layers and of each fish's positions in latitude (black thin line) with
habitat area (upper thick line). Red circle denotes the ambient temperature at near sea surface. Green triangle
denotes the ambient temperature at the depth of 62 m for #194, #199 and #227, 60 m for #226, and 63 m for
#241. Blue square denotes the ambient temperature at the depth of 125 m for #194 and #199, 120 m for #226,

124 m for #227, and 126 m for #241.
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5-6C in late November. This southward migration
route was a little higher concentration area of Chl-a
as well as warm area.

From December 1998 to January 1999, the fish
gradually moved eastward from the Shatsky Rise
area to the west of the Emperor Seamount Chain
along the northern area of KE (Fig. 4j). ATNS
decreased to 12°C and ATs converged in the end of
December (Fig. 5) due to an active winter
convection,

Because the light intensity records were in
trouble after middle of January 1999, the migration
routes of the fish was unknown a half of year
before it was recaptured on 20 June 1999 at 38" 39

#226

L o b s o 0y o b o e b o v by PONTINN NUNNY TS N SN T [ N

‘N, 157" 10E in the warm water spread from the
third crest of KE. But, temperature data could help
us to suggest the distribution area of the fish from
January to June 1999 (Fig. 5). ATs increased 18°C
from 12-13C in January, and then decreased to 11
T in late February. It was suggested that the fish
moved southward into the subtropical area south of
KE in January, and then moved to northern water of
KE. ATs increased to 18°C in April, then decreased
to 13-14°C in the first half of May (Fig. 5). It was
suggested that the fish stayed in KE area in April
and moved northward into the warm water spread
from the third crest of KE. ATNS increased to 20
C due to a summer warming although ATI25
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remained constant around 14-15C in June. It can be
presumed that the fish stayed in the warm water
spread from the third crest of KE from May to June
before recapture.

#199 fish (indicated by the circle symbol in the
Fig. 2 and Figs. 4a-4k)

#199 fish stayed in ECS during six months
from late December 1995 to beginning of June 1996
(Figs. 4a and 4b). The fish was usually distributed
in the northeastern area of the ECS but it showed
north-south movement several times from February
to May (Figs. 4a, 4b and 5). ATs of the fish
changed several times between 14°C and 17°C
according to north-south movements (Fig. 5).

In the first half of June 1996, the fish moved
northward into the Japan Sea (Fig. 4b). ATNS
rapidly decreased from 21°C in late May in ECS to
15°C in mid-June in the Japan Sea, and AT62 and
ATI125 decreased from 15C to 10°C during this
northward movement (Fig. 5). The fish may move
along the Tsushima Current, because temperature at
100 m depth of the Tsushima Current was around
10C (Japan Meteorological Agency 1996), which
corresponded to mostly AT62 and ATI125.

The fish spend five months in the area west of
the Tsugaru Strait from July to mid-November 1996,
and then the fish moved eastward to the Pacific
Ocean through the Tsugaru Strait (Fig. 4c). In the
west of the Strait, ATNS gradually increased to 25
C in mid-August, and then decreased to 15T in
late November (Fig. 5). The fish should stay near
the Tsushima Current, because AT62 was usually
between 8 and 13°C. ATI25 became to observe
between 2C and 9C from middle of October. It
suggested that the fish tried active vertical
movement around the Tsushima Current in fall
before the eastward migration to the Pacific Ocean.

Jan. Apr. Jul. OCt. Jan. Apr. Jul.
1997

In later half of November after passing the
Tsugaru Strait, ATs converged around 15C (Fig. 5)
which was the same temperature of the Tsugaru
Warm Current in late November 1996 (Japan
Meteorological Agency 1996). Then the fish rapidly
moved southeastward to 155° E line in early
December. ATs increased to 18-19 C (Fig. 5), the
fish should have passed the offshore Kuroshio
warm-core ring, because temperature at 100 m depth
of the warm-core ring was around 18°C (Japan
Meteorological Agency 1996). In the middle and late
December, ATs was usually 15°C (Fig. 5) in the
offshore area between 157°E and 168°E along 40°
N, where a train of warm-core rings was observed
on SSH map (Figs. 4d). ATs decreased to 12-13C
in late December, and then the fish migrated
southward and stayed into the subtropical waters
south of KE near the Emperor Seamount Chain from
January to March. ATs recovered around 18C in
early January 1997, and then ATs fluctuated between
14°C and 18°C to March (Fig. 5). SSH map in Fig.
4d shows there were several cyclonic and anti-
cyclonic eddies around the fish.

In April 1997, the fish moved northeastward
from the Emperor Seamount Chain to the date line
along the warm water spread from KE (Fig. 4e).
ATs rapidly decreased from 17C down to 12-13C
in April, then the fish turned southward to the
northern area of KE and ATs recovered to 16T
(Fig. 5). Although the fish seems to try turning
again to the northern area from habitat water, ATs
decreased the 12-13°C again, then the fish moved
westward and arrived in the warm water spread from
the second crest of KE (152-153"E) in the mid-July,
where the fish encountered #194 and #241 fish
(Figs. 4e). ATI125 was almost stable around 11-12
C during May to mid-July, but ATNS increased
from 13-15C in May to 19C in late June due to a
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seasonal warming (Fig. 5). ATI25 sometimes
increased to 14-17°C, which indicated that the fish
was distributed mainly in the warm water spread
from KE with being sometimes closely to KE.

In early July to the beginning of August 1997,
the fish migrated northward through mainly the
surface layer of the warm water spread from the
second crest of KE (Figs. 4e-4f). ATNS increased to
22°C because of seasonal warming, but AT62 and
ATI125 decreased to 6C (Fig. 5).

In August 1997 (Fig. 4f), the fish concentrated
near the Oyashio (around 42°N, 152°E) with #194
and #241 fish, and they moved northeastward along
the Oyashio front during September. From August to
mid-September, AT62 and ATI25 were observed
only five days in each layer with a cold temperature
(2.8 - 4.97C), and ATNS decreased to 13°C from 20
C (Fig. 5). The fish moved a little southward (from
45°N to 41" N) from late September to early
October, ATNS increased to 17C. ATNS decreased
down to 14°C in late October due to a seasonal
cooling. Then the fish started east-southeastward
movement to the Shatsky Rise, and ATNS recovered
to 18C in the end of October. Frequency of AT62
observation increased and AT62 was around 8-12°C
during the movement, which the thicker warm water
may permit the fish to migrate into deeper waters.

The fish stayed in the water above the Shatsky
Rise until early December. And then the fish was
distributed in the warm water spread from the forth
crest of KE around 160" E and near the high
concentration area of Chl-a (Fig. 4g). ATNS and
AT62 were around 18C and ATI25 was around 13
-14C in December except for three days in late
December. When the fish moved a little northward,
ATs decreased to 11-13C (Fig. 5). At the end of
December, ATs converged on 17-18C, as a result of
the development of vertical mixing in upper layer.

In January to mid February 1998 (Fig. 4g). the
fish moved eastward beyond the fifth crest of KE
(around 170°E) from the southern edge of the higher
Chl-a concentration area to the date line area where
not so high concentration of Chl-a was observed.
The fish returned to the eastern edge of a warm
water spread from the forth crest of KE (around 163
"E) in March, where the high Chl-a concentration
appeared and #194 also migrated in. ATs fluctuated
from around 18°C to around 13C from January to
March, because the fish may travel meanderingly
between KE and the warm water spread from KE
(Fig. 5).

In April 1998, #199 fish showed a small
southeastward movement into the forth crest of KE
(around 163" E) nearby the Shatsky Rise where was
lower Chl-a concentration, but this movement made
its ATs recover to 18C from 13-16C in late March
(Fig. 4h).

In May 1998, the fish moved westward through
the warm water spread from the third and forth
crests of KE (Fig. 4h) which temperature at 100 m
depth was 17-18'C (Japan Meteorological Agency
1998). #199 fish were distributed zonally (east-west)
between the first and forth crests of KE from 144

E to 165" E around 36°N line as well as #194 fish.
It is likely that this is caused by no typical
meandering of KE from the first to third crests in
1998, which compared with ones in 1997 and in
1999. ATNS changed from 18T to 13°C with
northward and southward movements as well ATI25
fluctuated between 11°C and 17C (Fig. 5).

In June 1998, the fish caught up with #194 fish
in the first crest of KE (Fig. 4h). After then their
migration to the Oyashio front was already described
in the previous section of #199 fish. In early
October (Fig. 4i), the fish started its eastward
migration little earlier than when #194 fish did.
ATs of these fish showed no difference before this
eastward migration (Fig. 5). #199 fish may leave
from the high Chl-a concentration area of the
Oyashio in late October, although #194 fish still
remained. In November, the fish reached to the
waters around the Emperor Seamount Chain, but
#194 fish stayed near the Shatsky Rise. ATNS of
the fish was warmer (14-17°C) than #194's (11-14
C). ATI125 increased to 7-11°C in late October, bul
AT62 and ATI25 of #194 fish were still 5-6 C (Fig.
3).

In November 1998, #199 fish was distributed n
the higher Chl-a concentration area appeared in the
eastern area of the Emperor Seamount Chain (40" N,
178" E: Fig. 4i). ATNS decreased from 17C to 11-
12°C and ATI25 decreased from 11°C to 7-8C.
The decrease in ATs was caused by a little
northward movement of the fish.

In early December 1998, the fish moved
southward in the east of the Emperor Seamount
Chain where was a little concentration of Chl-a
although high concentration was still observed in
northern area (Fig. 4j). ATNS and AT62 recovered
to 19-20C and ATI25 increased to 17-18°C (Fig.
5). It is likely that the fish rushed into KE. because
ATI125 corresponded to the temperature of KE at
100 m (17-18 C, Japan Meteorological Agency
1999).

The fish, then, stayed in KE area until mid-
January 1999 (Fig. 4j) and ATs was around 18C.
After then the fish moved northward in late January,
ATs decreased to 10-13C. In February, the fish
moved to the higher concentration area appeared
along KE east of the Emperor Seamount Chain (Fig.
4j). ATs fluctuated between 12°C and 18C (Fig.
5). due to north-south movements.

From late February to April 1999, the fish
migrated westward almost along KE (Figs. 4j and
4k). ATs fluctuated between 12°C and 19C (Fig. 5),
which indicated that the fish traveled between KE
and the warm water spread from KE. The spring
bloom occurred along the migration route in this
period.

In the first half of May 1999, the fish moved
southeastward along the second crest of KE. and
ATs recovering to 18-20°C (Figs. 4k and 5). From
late May to July, the fish was mainly distributed
northward in the warm water spread from the second
crest of KE, corresponding with the spring bloom
occurred. ATNS remained around 18°C but AT62
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and ATI25 decreased to around 10°C after the
second half of June. Finally, the fish was recaptured
by a purse seiner near the northern limit of the
warm water (40°03'N, 152°19'E) in 4 July 1999.

#226 fish (indicated by the square symbol in the
Fig. 2 and Figs. 4a-4k)

#226 fish was released in the Tsushima Strait
(33" 59'N, 129°52'E) on 10 December 1995. The
temperature records of this fish were in trouble from
May 1996. Therefore daily positions were estimated
during only first five months, The fish was usually
distributed in the northeastern area of the ECS with
a few times of north-south shift during first five
months after released (Fig. 2). ATs were higher in
south and lower in north (Fig. 5).

Longitudinal positions of the fish were still
useful after May 1996. The change of longitude
showed that the fish stayed in ECS in all of first ten
months until September 1996 (Fig. 6). After that, the
fish migrated into the Pacific Ocean east of 145 E
in December 1996. The fish shifted westward from
150°E to 140" E in March 1997, then rapidly
returned to around 160°E in mid-April. And then,
the fish stayed in the area between 150°E and 160°
E until December 1997 with a gradual eastward shift
similar to those observed in #194 fish (Fig. 6). The
fish stayed mainly around 160°E, which is the same
longitude as the Shatsky Rise, from December 1997
to February 1998. The fish moved eastward to 170
E in March-April 1998, and turned westward to the
150" E from mid-April to June (Fig. 6). The fish

Longitude

120°E 130°E 140°E

150°E

TR EEET PR TEN TN TN AN S RN PN T R ET PR TN FT Ty

160°E 170°E 180° 170°W

Jan. =

.

-

Apr-
1996 Jul. -

Oct.—-

#194
#199
#226
#227 |
#241 |

L L SRl

Jan.—

Apr-
1997 Jul.

Oct.—

Jan.

Apr.—_
1998 Jul. -

Oct.-: =

Jan.

=

Apr—
1999 Jul. -

Oct.—

)

Jan.

2000 Apr.—:

. —_
Jul. H

Fig. 6. Time series of each fish's positions in longitude.

LG LS N 0 (LU LA LS L LA I LS LA LR B S B LA IR BRI

LIS BLILELRC L T A L T



76 INAGAKE, D., H. Yamapa, K. Secawa, M. Okazaki, A. Nitra, and T. Ito

stayed in 145-150" E until September. In October
1998, the fish moved eastward rapidly to 170-180°
E, and stayed until January 1999. The fish moved
westward and reached the 148" E area in June. The
change of longitude of the fish after June 1998
corresponded to ones #194 and #199 fish, which
suggested that the #226 fish migrated together with
these fish in this period. At last, the fish was
recaptured at 38°43'N, 148° 38'E near the location
where #199 fish stayed in June 1999.

#227 fish (indicated by the diamond symbol in the
Fig. 2 and Figs. 4a-4k)

#227 fish has the records of the longest liberty
time and distance among all recaptured fish attached
archival tags as of 31 May 2000, and the fish
showed a round trip of trans-Pacific migrations,
going from the Japanese waters to the water off the
North America and returned to Japan. In this paper,
the migration of the fish is described in the western
North Pacific.

The fish was released in the Tsushima Strait
(33" 59'N, 129°52'E) on 10 December 1995, which
was the same as the time and place for #226 fish.
The temperature records of the fish were in trouble
from the end of August 1998. #227 stayed in ECS
during seven months until early July 1996 after
release. The fish was mainly distributed in the
northeastern area of the ECS and it showed several
north-south shifts, like as other fish (Figs. 2 and 5).
ATs of the fish fluctuated between 14°C and 18°C
during north-south shifts (Fig. 5).

The fish started to move northward to the Japan
Sea in the second half of June 1996 (Fig. 5), when
ATNS increased up to 22°C. The fish was
distributed in the Japan Sea from mid-July to early
August., ATI124 decreased to 11T from 14-15C in
ECS (Fig. 5). It is likely that the fish migrated
northward along the Tsushima Current, because
ATI24 was coincident with temperature at 100 m
depth of the Current (10°C, Japan Meteorological
Agency 1996). The fish stopped by near Sado Island
(38" N, 138°E) from mid-July to early August (Fig.
2), and ATNS of the fish increased to 25C there
(Fig. 5). After then the fish started again northward
migration, and moved to the Pacific Ocean through
the Soya Strait. It may take a few days that the fish
passed the Okhotsk Sea (Fig. 2). The fish was
distributed in the surface layer off southeast of
Hokkaido in the later half of August, because
ATI124 was not observed. ATNS decreased to 14C
in late August (Fig. 5), it was the same SST value
as the first Oyashio Intrusion (Japan Meteorological
Agency 1996). The fish might cross the Oyashio
front off east of Hokkaido.

In late August to mid-October 1996, the fish
stayed around 41°N, 147 E (Fig. 2), where was the
Kuroshio warm-core ring near the Oyashio front
(Fig. 4c, Japan Meteorological Agency 1996).
ATNS fluctuated between 14°C and 19°C, and
ATI124 was observed only twice and were around
4°C (Fig. 5). It is likely that the fish traveled around
the Oyashio front and the Kuroshio warm-core ring.

The fish started trans-Pacific migration toward the
west coast of the North America in mid-October
1996 (Fig. 2). The trans-Pacific migration route was
consistent with the northern ridge of higher SSH
around 40" N (green area in SSH map of Fig. 4c),
which was assumed to correspond to the Subarctic
Boundary with eastward current.

The fish was recaptured in the Northwest
Pacific in late May 2000. Unfortunately, we could
not describe a detailed migration from the North
American coast to Japanese waters, because the
temperature records were not available during this
migration. The change of longitude (Fig. 6) showed
that the fish left the North American coast in early
April 1999 and reached in early June at 160°E (the
same longitude of the Shatsky Rise). And then, the
longitude of the fish was between 160°E and 180
E to early May 2000. The fish was recaptured at
33°00N, 141°51E east of Izu Islands at 31 May
2000, after the fish moved westward from 160" E
area.

#241 fish (indicated by the star symbol in the Fig.
2 and Figs. 4a-4k)

#241 fish, which is another example of trans-
Pacific migrations, was released in the Tsushima
Strait (34" 25'N, 129°08'E) on 29 November 1996.
The fish stayed in ECS five months after release
(Fig. 2). The fish stayed mainly in the northeastern
area of the ECS with several north-south
movements. ATs decreased from 20°C in November
1996 to 15-16C in mid-January 1997 and became
stable around 16C until mid-March 1997 (Fig. 5).
ATs remained nevertheless southward movements.
But in late March to early April 1997, when the fish
showed the southward movement, ATNS increased
to 17-18°C (Fig. 5) due to a spring warming. After
returning to around Tsushima Strait with decreasing
of ATs to 15-16°C on the second half of April, the
fish moved southward rapidly to the south of
Kyushu Island in April to May, then ATNS and
ATI126 increased to 22.8°C and 17.0C, respectively.
It is likely that the fish moved into the Kuroshio
because AT126 was almost the same as temperature
at 100 m depth of the Kuroshio main axis (18C:
Japan Meteorological Agency 1997).

After the fish reached the Kuroshio, the fish
continued to move eastward along the south coast of
Japan (Fig. 2). ATNS decreased gradually to 17C
during this migration, although ATI126 decreased to
13-14°C suddenly after arriving in the Pacific Ocean.
The fish may move along the inshore side of the
Kuroshio front. The fish immediately arrived in the
warm waters spread from the first and second crests
of KE in May, which were different from migration
routes of #194 fish with staying around Izu Islands
(Fig. 2).

In June 1997, the fish stayed in the warm water
spread from KE. ATNS fluctuated between 20C and
18°C and AT126 changed from 13-14C to 10-11°C,
which maybe caused by a little northward excursion.
The fish moved eastward to the northern area of the
second crest in July, and then encountered with the
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other two fish (#194 and #199). The warm water
spreading of the second crest was more prominent
than one of the first crest (Fig. 4e).

#241 fish started northward migration in late
July 1997 and ATNS increased to 22C (Fig. 5). A
group of three fish (#194, #199 and #241) was
distributed at the northern edge of the warm water
spread from KE from August to the first half of
October. Their distribution area was at the southern
edge of the highest Chl-a concentration area in the
Oyashio region along the northern edge of the high
SSH area around 40° N (Fig. 4f). They were
distributed in the upper layer during August to
October, because AT63 and AT126 were observed at
ten and five days in this period, respectively. The
fish rushed into the cold water during this period
near the Original Oyashio Water, judging from two
data of temperature under 5C in the AT63 and
AT126 (Fig. 5). ATNS fluctuated between 13.3T
and 20.9°C (Fig. 5). showing a wide movement in
and around the warm water.

The fish started trans-Pacific migration from
mid-October 1997 (Fig. 2). The migration routes
corresponded to the northern edge of the high SSH
and to the southern ridge of the high Chl-a
concentration zone around 42-43° N (green area in
SSH map of Fig. 4f). The fish should migrate along
the Subarctic Boundary with an eastward current.
ATNS increased from 13°C in late October to 17
C in early November. The fish reached around the
date line in the end of November, and ATNS
decreased to 10°C (Fig. 5). Accompanying this
cooling of ATNS and vanishing the high Chl-a
concentration, the fish departed from the northern
edge of the high SSH and moved southward (Fig.
4g). ATNS increased to 18°C in mid-December
around 170" W (Fig. 5). The fish was recaptured at
31748N. 1177 18'W. west of the US on 1 August
1998.

Discussion
We described migration patterns of young
bluefin tuna with relation to oceanographic

conditions detected by satellite data. Estimation of
daily positions in this paper is the same way
described in Itoh er al. (unpublished). We considered
that the accuracy of daily positions is good enough
to discuss the large-scale migration of fish.

All five bluefin tuna in this paper were mainly
distributed along the coast of Japan during a half of
one year after release. The possible migration paths
of young bluefin tuna along Japanese coast were
suggested by the conventional tagging surveys
(Bayliff er al. 1991, Yonemori 1989). In the
offshore waters, #194, #199 and maybe #226 fish
showed clockwise annual migration patterns closely
related the oceanographic conditions. The fish moved
westward in spring around the Kuroshio Extension,
northward in summer in the warm water spread from
the crest of the Kuroshio Extension, eastward in fall
along the south of the Oyashio front and the
Subarctic Boundary, and southward in early winter

to the Kuroshio Extension. Uehara (1962) showed
that the fishing ground of skipjack tuna moved along
the Kuroshio in the waters south of Japan, and
Kawai and Sasaki (1962) showed that skipjack tuna
were distributed along a strong current of the
secondary Kuroshio front and jut out northward in
summer. It is likely that young bluefin tuna utilized
the eastward currents of the Tsushima Current,
Kuroshio, Oyashio front and Subarctic Boundary in
their each eastward migration except for their
westward migration around KE in spring. It is
known in the water east of Hokkaido that the
Japanese sardine utilized the currents in its
northward and southward migration periods (Inagake
1987), and the saury moved to Hokkaido coast along
the subarctic front against its current in a southward
migration period (Tomosada and Inagake 1986).
These fishes have a possibility to have a selective
migration system for an oceanic current in their each
migration period.

Two fish (#241 and #227) showed trans-Pacific
migration. #241 fish distributed together with moved
#226 and #194 fish, before the fish started the trans-
Pacific migration. There was no typical difference
for their locations and ATs among these fish before
they separated each other. In this paper, we could
not find out the reasons why some bluefin tuna
selected the trans-Pacific migration and other fish
did staying in the western North Pacific from the
point of view of oceanic conditions. Potential
mechanisms to control the migration roots as well as
the timing of onset of migration might include
small-scale  oceanographic  conditions, carrying
capacity, their individual characteristics for migration
activity. and other biological factor.

The northward migration routes were located in
the first crest of KE in 1998 summer. In the period,
a typical meandering at the second crest was not
observed. but the prominent northward spreading of
the warm water and a couple of the Kuroshio warm-
core rings existed in the northern area of the first
crest. In contrast, the fish migrated northward in the
second crest in 1997 and 1999 when the northward
spreading of the warm water from the second crest
was prominent but the warm water spreading was
restricted in the northern area of the first crest. It is
likely that young bluefin tuna searched the warm
waters over 21-22°C near surface along KE from
April to June and then they started the northward
migration.

Histogram of ATs recorded by five tags is
shown in Fig. 7. They were mainly distributed in
the waters of 14-19°C, which dominated 65% of all
data obtained. throughout the whole area and all
season (Fig. 7a). Higher temperatures were recorded
during the distribution in ECS (Fig. 7b) in spring to
fall, KE in spring and Japan Sea (Fig. 5). Only
#194 fish experienced ATs higher than 25C in ECS
(Fig. 5). Lower temperatures than 10T were
recorded when they dived into deeper waters around
the Oyashio front and the Subarctic Boundary
between summer and fall (Figs. 5 and 7c¢).
Kitagawa et al. (2000) and ltoh er al. (unpublished)
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stated that young bluefin tuna preferred 14 - 21°C.
Uda (1960) stated that bluefin tuna preferred the sea
surface temperature 12 - 21°C. It is suggested that
their preferring temperature did not change so much
with a growth during age 0 to 4 and older, but that
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the mode of ATs shifted from 15C in ECS at age
0 and 1 to 17C in the western North Pacific during
age | to 4 (Fig. 7b and c).

There were some phenomena suggesting that
their migrations were induced by changes of ATs.
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In ECS, the fish were distributed mainly in the
northeastern area of the ECS with a few or several
southward shifts along the shelf edge of ECS from
January to May. These southward shifts were
induced by the winter cooling under 15C at the
surface layer and ATs recovered over 17-18°C (Fig.
5).

It was February for #194 and the end of April
for #241 that fish moved to the Pacific Ocean from
the ECS. On the other hand, it was June that #199
and #227 fish moved to the Japan Sea. Former two
fish moved during southward shifts avoiding cooler
water in the northern area. Latter two fish may miss
to move to the Pacific during southward shifts. As
temperature in the southern area gradually increased,
they hardly moved the warmer southern area and
tended to stay in the northern area around Tsushima
Islands. As temperature in the area increases in
summer, the fish may move to the Japan Sea for the
purpose of avoiding warmer waters. There may be
young bluefin tuna bearing with warm water in the
northern area, like #194.

In the western North Pacific, there were similar
behavior in related to ambient water temperatures.
When #194 and #199 fish moved along the Oyashio
front, ATNS decreased to 13-15C during fall. After
that they started to move to the water north of the
Shatsky Rise and their ATNS recovered to 18°C.
On the other hand, when ATNS during the
migration along KE in spring increased over 20T,
the fish started to move northward to the Oyashio
front through the crest of KE and then ATNS
decreased down to around 18°C. However, although
ATNS of #194 fish reached close to 30°C, the fish
occurred to stay in ECS throughout a year and its
ATNS recorded close to 30C during that summer.

Young bluefin tuna sometimes utilized the
higher Chl-a concentration area during the clockwise
migration as well as keeping their preferring ATs.
Oyashio front in summer corresponded to higher
Chl-a concentration area within the preferring
ATNS. In the Shatsky Rise and Emperor Seamount
Chain waters in winter, a little higher Chl-a
concentration often appeared. In early spring, spring
blooms occurred along KE. In May to August the
fish moved to northward along the crest of KE with
the northward shift of spring blooms. Higher Chl-a
concentration areas are associated with their preys,
anchovy, squids and so on (Watanabe 1960, Yokota
et al. 1961, Pinkas 1971). Their migration routes
depended on oceanic conditions as well as other
factors such as food condition and predators.

We regarded that young bluefin tuna should
have a capability to select its habitat waters
throughout the year instinctively selecting the
efficient utilization of current with maintenance of
their habitat temperature and making the use of the
abundance area of prey. The bluefin tuna might have
gotten this migration system in the long evolution
process.
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