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Abstract _
Annual caiches of Todamdes pacificus in Japan| have

eradually increased . since the late 1980s despite the

lack -of catch regulations. Paralarval abundances.

have also been higher since the late 1980s than

during the late 1970s and mid-1980s. We propose a

possible scenario for this recent stock increase based

on changing environmental conditions. First, we

rewcwh'endsmmeamualvanauonsofstockand

larval catches;, and.infer, possible spawning. sites

around Japan, assuming that egg masses and

'hatchhngsoocurattempemrm'esbetweenmand_
23°C, and above the continental shelf. We then infer
possible changes in the spawning sites of 7. pacificus

curing, 1984—95basedonGISdata.Weooncludethat

as stock size has increased since the late 1980s, the
fall and winter spawning sites have overlapped in the

Tsushima Strait. andneartheGotolsands and that
winter spawning sites have expanded above the
continental shelf and slope in the East China Sea.

Keywords: GIS, stock fluctuations, paralarvae,
spawning sites, Todarodes pacificus, regime shift.
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Most commercially exploited squids live for a year or
less. Reproductive success will depend on the
physmal and bmlogmal emnromnents atthe spawmng _
and nursery grounds P0531b1e causes s of the “failures"
of Todarodes_pacificus (Steenstrup, 1880) and fHex
illecebrosus. (Lesueur, 1821) fisheries in the 1980s
include. :changing environmental dpﬁditibns and
heavy fishing pressure (Lipinski ef &f., in press). ;

Todarodes pacificus migrates seasonallynear
Japanand Korea and spawns at the southern end of
its distnbution (Murata, 1989;1990). Three
spawning groups {winter, fall and summer) occur
with overlapping spawning grounds. Catches have
fluctuated during the 20™ century (Fig. 1); during
1986 -96, annual -catches near Japan have increased
from 92,000 to 444 000 tons.
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Fig. 1 Annual fluctuations in Todarodes pacificus catches in Jaﬁé:ﬁ dﬁring the 20" Century.
Catches before 1951 include other squid species (modified from Murata, 1989).
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Episodi¢ “regitne shiff” involving entire biological
community structures occur worldwide (Lluch-Belda
et al, 1992). In "the westem North Pacific,

interdecadal regime shifis in water temperature

have'occurred from & warm'regime begnning : an-

the late 1940s, to a cool regime in the:late 1970s, and
back to a warm regime in the late 1980s {eg
Kodama et al, 1995). Theseregimeshiftsappear
to affect ‘the catches of Todarodes *pacificus,
parhcularly the early I9805 cahc:h decrease ad

the ‘late ]9803 catch  increase. Fa]l pamlarval
abundances since the late 1980s have been higher
than during the late 1970s to the mid- 1980s. This
increase con'esponds to the - increase in adult squid *
catches that has occurred since the late 19805 ‘(Goto
and Kldokoro pers. comm) These stock tluctuations
may be’ related to the effects ofregme s]nﬂs on

spamnng and pamlarval survival.
Tn this paper, wereviewthe recent frends of anniuial

vanation in stock size and larval density of
Todarodes pacificus . Wethenpropose 4 possible

~ scenario for the stock ﬂuctuattons related to the

effects of changmg env:ronmental reglmes based‘
' :1),‘ stock size'in the westerm
North Pamﬁc increases with 2 shift to a warm

. on two assmnptmns

reglme, “and 2) a warm’ regime creates. favorable

mwronmental condltmns “for * reproduction and -
recruitmerit, Finally, wé ' estimate” the *relationship
between the’ recentseasonalandanrmalchanges i
the inferréd optimim  spawning groxmdsandwater :

temperamres around Japan
Matenals and Methods

Offshore. .f.: . :

' Anniial variation in stock and larval densities

Annual veriations in stock density of 7. pacificus
have been estimated using average catch weight per
fishing boat per day (CPUE) throughout the fishing
season (Murata, 1989; 1990). Annual variations: in:

.CRUE can reveal trends in the stock index of the fall ;.

and winter spawning groups better than annual catch
varigtions (Okutani and Watanabe, 1983; Murata,
1989; 1990), Paralarval abundance hias also been *
usedtoassessﬂlestock-recrumnem relahonslup feg
Murata, ‘1989; 1990). ‘The Japan Sea National: '
Research Institute has conducted paralarval

collections of the fall-spawning group in~thes/:
southwestern' Sea of Japan and the northem part of -+ -
the East China Sea since 1973, and the *Hokkaido - =

National Fisheries Research Iristitote’ has ‘conducted: -

similar surveys of the winter-spawning group off the -+

Pacnﬁccoastofsouﬂwm]apmandmtheliastcmna
Swmncelg% :
Toanalyzerecmtirends mthestock-mmwunent

relationiship, 'we examined paralarval density index -

(PDI) vahigs' in the northem pairt of the East-China -+

SeaandﬂlesouﬂlwestemSeaofJapmdm‘mgfalL
and the annual CPUE values of the fall-spawning

group in the Sea of Japan, PDI'was calcolated as'the .

nwﬂbérdfpm*aléwae’perl'@ﬂﬂm ‘of water filtered in-
oblique tows of a 80-cm plankton net (0.508 mm: |-
mesh ) from 75-mi depth to the surface. CPUE ig'the’ -
mean catch (ton) per fishing day by 70-100 ton

vessels using automatic jigging machmu in’ oﬂ‘siwre: .f
ofmeSeaofJapaneachAugust : : S

Fig.2 Workmg hypothesm on reproductlon of 7 odarades pactftcua in nature based on

the results of experunenta] studlcs




Detawnmngpombfewmcgm s :
We estimated the possible spawning sites of using
information collected from laboratory and:- field
studies. Todarodes. pacificus produces lL_,elﬂhlwus, :
nearly neutrally buoyant egg masses(Bowerand
Sakurai, 1996). The temperature range for normal .-
embryonic development is 15-23°C (Sakurai: et al,
1996). Most hatchlingscollected offsouthernJapan
where sea surface temperatures range 17 0'23°C -
_(Bower, 1997). In.the presentsmdy ‘we used
temperatures at S0-m' depthtoestimatespawning -
sites, since most paralarvae ocourat . 25-50m -depth
~(Watanabe, : 1965). .We! assumed  that spawmng 3
occurs ¢ above : the : -continental -+ shelf.. andslope
around Japan (Fig. 2) because captive females
regularly sit on the tank bottom just before spawning
(Bower and Sakurai; 1996), and bottom trawds on the
continental shelf and siope at 100-500 m depth often -
collect ' exhausted spent females (Hamabe 'and .
Shimizi, 1966; Yamsda, 1998a, 1998b). To estimate : -
the possible spawning areas,. we . used data’
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Fig. 3 Annual chang,es ‘in CPUE -of'- the : Todarodes
pacificus fall spamung gmup in’ the ‘Sea: of Japan during
1976-90. CPUE “¢aich in"*(ton) ‘per fishing : day. by
automatic Jlggmg of imedim-sized vessels (70-100 tons) in

offshore waters of the Sea ot Japan in August

PDI {number of
paralarvae/1000m®)

Fig. 4 Annual chdnges of ﬂie Todarode.s “pacificus
paralarval density index (PD!) durmg ‘fall in 1975:1996'i in’
the northem East China Sea and the souﬂlwestem ‘Sea of
Japan. PDL: number of paralarvae per’ 1,000m’ of water;
from the results of paralarval collections by oblique tows
of a 80-cm plankton net (0.508 mm mesh size) from 75 m

depth to the surface.

of the meanmonmlytemperammatm-mdepth,
during - 1900-72 {(I0DC, 1978) and the position

hlpelago o

Rxentclmnges‘mpaﬁ‘iblespmwungmbamim;w :
- GIS dat Lo

_‘of the. - continental shelf near the: Japanese:_.'_:?

Geographical Information  System  (GIS) was

~ developed for use ‘interrestrial fields, but is now

increasingly used for oceanographic and fisheries -
studies (Simpson, 1994; Kiyofusji ¢z af., 1998). We =

and annual .changes of spawning grounds and ‘water

“examined the relahons}np between _ the. momhly el

temperatures af 21-53° N and 121-153° B during.

1984-95.
To dctem:me possible spawnmg sites, we collectﬂd

three data -sets: monthly GMCSST (global mulg-
channel sea surface temperative), Lewtus'._ B

clnnatnloglcal oceanographic - and topography data.

o s
1

"NOAA/NESDIS (Nationial Environmental  Satellite . -

Data and- Infbrmaum} and the NODC (Natlonal" s

Oceanographic Data Ccnter) produced the GMCSST

- and Levitus. ‘data sets.’ Wedctcmunadahnear

equanonrelanngmpermiesat(}-mandm-mdepth - .5

;... for.each. gnd and, then estimated the 50-m deplh
. temperature ; for each month dunng 1984-95 using

this equation and GMCSST daia We then estimated” '
the surface area where the 50-m depth temperature”

ranged 15-23°C above the bottom depths of 100-
500m.

Rmultsand Dlscnsmn :

Annual C hanges Qf PDI ami CPUE

In the northem East China Sea and the southwestem
Sea of Japan, annual PD1 values were. relatwely hlgh ‘

m 1975 low. - during . 1976—88 and mcxeased
remarkably . after 1989, which corresponds to annua]

changes of CPUE values {Figs.3,4). Paralawae were -

more widely dlstnbuted during 199496 than. durmg
| the tate 1970s 1o early, 1980 (Fig, 5), when annual
- PDIvaIu&swelow(Gotodeasa}m 1991).

During: 1973-84,: positive relatxonshlps oceurred

between, both adult catch and the PDI of their
oﬂ‘spmmgandbehwmthePDImdadu]tcahchofﬂw '
same generation for the fall-spawning group (Murata,

1989). We examined the relationship between PDI

and CPUE in the Sea of Japan using data from 1975-
96 (Fig. 6). The CPUE. in offshore waters of the Sea
of Japan and the PDI in waters from the northem East
ClnnaSeawﬁzcsomhwestemS&aofJapmmfhl} ’

were simngly correlated (R2=0 91) A posmve

relatlonsl'np (R=077) also ocourred between PDI :f‘_
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Flg 6 Relatlonsh:p between-CPUE :and PRI

“"'in’the same yearin thé‘Sea of Japanusing the
L same data from Flgs 3 and4 dunng 1975-9¢6.
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These results suggests that -the’ cafich ‘increasés -

since the late 1980s may reflect a favorable stock-

recruitment relauonslup Stock - S1ze ofthe winter=- -
spawmng" group was the largest of the thrée groups
ugh the late 19605, biit ‘the fh]l—-spammg group -

cert the' ]argest since the 1970s (Murata, 1939)

e:q:anded and’ overlapped from” oﬁ‘m of the "
southwestemSeaofJapanmfa]ltothsEastCMnajr

. areas'occwred in the western and ‘the souﬂmstem

coastal waters “of - Kiishu i Pacifié < coastal

T <R =009,
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Fig.7 Relanonsth between PDI and CPUE in the
next year in'the Sea of Japan using the samc

-data from Figs. 3 and 4 during 1975- 96 _

watcrs “off - Sthoku(Flg 8). During, spnng to"
sutnmer; the estimated spawning “areas ~ gradually

shifted : notthwards- alopg the continental shelves .
of ithe - JapaniSea -and. Pacific Ocean. In fall. =~
the areas occurred -around the Tsushlma Strait |
and- Noto ‘ Peninsula; limited . spavmmg coulda]so"“‘;"”
have occurred -along the- coast, of northern Japan. .

. These results suggest that the main spawping
grounds occurred in the Tsushima Strait in fall,

and: the East China Sea in winter,asreported i
by Murata (1989 1990). Spawning sites of the three
groups imay seasonally shift and overlap in: -the
southwestern ‘Japan Sea to the East China Sea:
Howaver possible :spawning sites along central :and
nottherni Japan  are..restricted due to the riamrow
contmcntal she]f zoné -and Tow: temperaturesﬂnat
occurdmng“mtertospnng The' seasonal ‘shifts in
mfexredspamungsntes basedontemperatwes o
changes at 50 m depth and the range ofcontmental oo
shelf around_Japan are similar to the_'c ésii I
paralarval dlslnbuhon (Mmata, 1989)
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Fig. 8 Estlmawd month!y spawnmg ‘sites' of Todamdes
pacificus around Japanbasedon mean temperature 4t 50-m
depth dunng 1900~1972 {JODC 1978). ‘Stippled - areas
indicate sites “of . opt:mum ‘temperature’ for embryomic
development (15-23°C} above’ the' conunemal she]f and
. slope smroundedby 100-500mxsobaths S

Recent changm in the pomble .spmwung m ba.saed
on GIS data .
We ised GIS . datatoexanunetherelahonshlpj
between the recent seasonal and armual changes of
the optimurn - spawning groundsmdﬂleshlfcﬁ'nm
aooldreglmetoammregxmeﬂlatoocmredmthe
late- 19803byc0mpm1ngﬂ1cswsomlmdarmual,
sluﬂsofeshmahedsmwmnggmundsd:mgl?&to
1995.- Kiyofuji- et af.- (1998) concluded  that the
possible. spawning - grounds. occmmd yearrmmd Jin .
Tsushima Strait-and near the Goto Islands n 1989-91,
wh1chwasﬂ1ebegum1gofﬁ1ewa:mreg|me when
fa]lpamlmvalabmdaneeandamualcatchmcreaséd

- From October to-December, the possible spawnifig
grounds did not vary geographically between

Fig. 9. Companson af seasonal Shlﬂ:s of mfemad spawning,
sites between October to April in 1985/86 {cold years) and

1'990/91 (waxm years), based on GIS data. -

1985/86 and 1990}’91 (Flg 9): Dunng Janualy and
April i 1991, inferred spawning sites occurred in -
waters from the Tsushima Strait to the East' China .
Sea along the continental ‘shelf, but not in Tsushima:
Strait i 1986 We then oompated=the interannual . .
vanability of ‘possible ‘spawning . sites in February . .-
dunng 1984:94 (Fig. :10), which is the peak of
spawning ‘month of the winter-spawning. group -
(Murata, 1989). Tn February of 1989, 1990, 1991 and
1994, the inferred spawning sites occurred widely
from the Tsushima Strait to the -East China Sea.
Spawning sites it February of 1984, 1986, 1988 and
in 1992 occurred above the continental shelf in: the
East China Sea and southwest of Kyushu. L
These results suggest that winter spawning. -



s 'andwmrspawnmgareasmllextemlandoverlapm
- the Sea ‘of Japan :and the Bast Ching Sea when adult -
stocks increase ‘diring: a warm- regime.: However, -

the inferred spawning sites varied annually (e.g. 1992

in a‘'warm regirae), which might be a.cavse of the -
historical :catch . ﬂuctuatlons of Tadarades pacy“ ficus .,

(see Fig 1)+

We' showed that GIS can: be used to esumate andQ
forecastthe stock fluctuations of 7. pacificus-related -
to climatic regime shift by examinipg temporal-and, .
spatial ‘distribution of the optimurn spawning sites. ;.
GISwﬂ]becomemmnportanttoolmﬁmlreﬁtudles of‘

stock ﬂuctuanons in explmted squld specxe&
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