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Change in the horizontal distribution of juvenile Japanese sardine
(Sardinops melanostictus) associated with the dynamics of
the Kuroshio Extension in the western North Pacific

Kaori Takact' T, Motomitsu Takanasur?, Takahiro Kivostira®*,
Akihiko Yatsu?, Satoshi Honpa! and Hiroshi Nisumpa!**

Distribution patterns of juveniles of Japanese sardine Sardinops melanostictus in the Kuroshio—Oyashio transition re-
gion were examined in relation to the dynamics of the Kuroshio Extension. The juveniles were collected using a pelag-
ic trawl during 1996-2009. Index for juvenile abundance estimated in the current survey showed decreasing trends
during 1996-2000, extremely low levels during 2001-2004, and fluctuating trends during 2005-2009. Mean standard
length (SL) and age in days of juveniles collected in May ranged from 33.5-43.6 mm and from 46.2-56.6 days after
hatching, respectively. The May-caught juveniles during 1996-2000 had significantly larger body size and older age in
days than those during 2001-2004 and 2005-2009. Juveniles<40 mm SL occurred predominantly in waters west of
150°E during the decreasing (1996-2000) and fluctuating (2005-2009) periods, meanwhile the small juveniles ap-
peared in waters east of 150°E during the extremely low period (2001-2004). Previous studies have demonstrated that
the axis of the Kuroshio Extension showed a meandering path (unstable state) during 1996-2000 and 2005-2009 but a
non-meandering path (stable state) during 2001-2004. This suggests that since smaller and younger juveniles were
swiftly transported to the downstream waters east of 150°E, they could not stay in the favorable environment for their
growth and survival during 2001-2005 resulting in extremely low recruitment.

Key words: sardine, juvenile, horizontal distribution, recruitment, the Kuroshio Extension
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RENDBWERICR TN E ER STV (4,
1972). CORMBENBATHIC R SN/~ A 7 UAFAI, fiE
FNEER - E U R Mz L, FRFIIEm T L
TEBIMATHEEZLNTWA (B, 1991; Kawabata
etal., 2008). 1988-1991 4F DA @ JH i3 Bl BLEI #2173
2B BAFHEAIH O KEFE AR K & &1L (Watanabe et al.,
1995), ZTRITHD VT, 1996 4E5 5 A = O R LR %
Hige LT, [HEEBMBITHIC B 5 IC AL
A A OMAZFEHEA] (DT, A= Hi0H
LT 5) DKETROKERETEE v & —I12X ) Ei
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Figure 1. Annual catch in weight of Japanese sardine Sardinops
melanostictus in the Pacific waters off Japan during 19762009
based on Honda et al. (2010). Gray line indicates the year that
trawl survey for recruitment of small pelagic fishes began.
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Figure 2. Current structures in waters off central and northern
Japan. The Kuroshio—Oyashio Transition region was defined
based on Kawai (1972) as waters between fronts of the sub-
tropical Kuroshio Extension and the subarctic Oyashio (see
Methods). Gray arrows indicate the quasi-stationary jets of
J1 and J2 (Isoguchi et al., 2006).

5, 34-38°N, 142-154°E D KF-EEiR R0 H M EIc T
A7 RO G ADBTER SN TS (KT, 1998). fit
k= A 7 IZE FAKED N AEANTIZIT R AR O /) 0
A G HARIEDE WA IR BER o E R 2 RS
EEZ LN TW2HY (PR, 1961; Nakai, 1962; JLHE, 1988;
H, 1991; FA, 1991), Z OhA R LR AR LTI,
ATERE IR TRV 2255, BIFEKEICB W T R
BT XA MRS AR L T\ b T & & 7RI
LTwW5,

A &2 R ER T A 2SS 72 1996 SE LD < £ 7
ORI BT 5 IR =L, 20004 £ T 120 J0KL
% Lo 7225, 20004E F T & ERIC 120 IR 0 PEII & % 7R
L 722007 3 £ UF20094FE & Br X, 2001 4F LR XA 42 90 JEA
HKeiili O ALK HETHER L 72 (Fig. 3-a). Y4720
AR EIE, IMAERRPHERAE R BICHE B S,
KK 1°C Z & O KK B 5 HEAOFHRERK
12, BB AR R (35-40°N, 143-160°E) 12595
MREEG 2T UC, WAEROKRGEHTRE LD L
EFENTWAE (FHIFA, 2001). oM AEREIL,
1996-1999 4F-1239.1 4 5 9.0 \Z 2T 3 A L, 2000 4F |23
L 723 20 2001-2004 4£12 0.2-0.5 & 4D TR WEZ R L
72D B, 20052009 4E 1213 1.9-382 D [ THI L 7= (Fig.
3-b; RHIF A, 2010). <A T ¥ KFEHEREEOGFETMT
B XN Y AR (Fig. 3-c) & O CTEBEIN D
FFHL TV EnD, ZOMARBEIT R Z
R MAOMARZEDORIICRICE R & A X, 20034
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Figure 3. a: Interannual variations in egg production, b: index of
the juvenile abundance, and c: the estimated number of age-0
fish of the Pacific stock of Japanese sardine during 1996—
2009 based on Honda et al. (2010). The study years were di-
vided into three periods: decreasing period (1996-2000), ex-
tremely low period (2001-2004), and fluctuating period
(2005-2009) based on the index of the juvenile abundance.
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X DBEREREMOOEDE LT A T VKFERED
BFFEMCH SN TS (FHEIED, 2004).

1996-2003 4E DA = FE R A OR K2 6, Rl
WIRATIHIC BT 2 KRR ERESEGWER E LT 17
VHMEROEE - EERAEBEL TR EEZLNTVS
(Takahashi et al., 2008, 2009). FAHEIHOKIEICEH LT, %
AEOFABIN 2 OFIGHERKIR (B & O R KR O #
PH) 13 F316.6 (15.1-17.2) °C, REMMAKE CEAA T %
L 72 F3 i K imiE 16.8 (15.8-184) C TH o722 & 5
(Fig. 4), 2001-2004 4 (2R R AN 2 KM G PR 2358 42 L
TWiebd3E 2w, T/, BEEMBITsic B 280
75 v N VAEMOBAFREIE 1950 4% LI T 1990 4K
PIRICHR DR LB LA, 4 72 OMAREMN
FAEFEHL TWD5-6 HIZBIFA2BAFEE, 2005-20064F
IR A 2R L 72 flid, 1990 45482113 oo Hy K M)
Vni & mKk#2 7R L CTEBY (HTF, 2007; Saitoh et al., 2010),
APEBREE O 1 "C 20012004 4F (T FF R A IS ASE 22 R ATA S
N7z813Z 212w €512, ZM2001-2004 4E DA &=
BREBSICE LT EIE2 (2011) 1, 2 2001-2004 4F
Za A RKEDORRD TIRWAERIIZ IS X 2 K
IS, EREIDIEORFE D AR B S hil
CWVIRIIZH B LG LTWD. &b, HEDOKFH &
BIRED & O LTI, AR ESS W

~ A7 AL, Bk B L R TEIC B W
T, BRI WEKEED % 1) b S0 DU i~ &
ERTH OKTF, 1998). 727501, BRI OA LT
WBBBE TN D TTIEEL T RnEEZ LR
52 lhn, BRI W BB AY, B BRI
BT A DOGARRICRIZTTHBETIRNEEZ LN
5. AR BB A T O M BR BB LT 7
AP ER SN TE Y, BATHALE A B8 A7 <
AT A HEEH S (Quasi stationary Jet; Isoguchi et al., 2006)
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Figure 4. Interannual variations in sea surface temperature
(SST) measured in sampling stations. Horizontal bars and
open diamonds are mean SST at all stations and weighted
mean SST by the number of juveniles collected. Vertical bars
indicate standard deviations of the mean at all stations.

(Fig.2), Bbiiti OBEAIH 72 IMH s &7z (72
& 21X Qiu and Chen, 2010). < Z TAWFZETIL, IMA&ETE
BoHER D X, 1996-20004F % A, 2001-2004 4F- %
R, 2 L CT2005-20094F % 2B & X5 L, fEfARE
FEED D B NP DA 24TV, Bt 7 &P
DR R AL DM AREE & DRI IZ O W THRES L7z

MEEFE

MADRELBIE

1996-2009 4F 5-6 H I FE it 2 7z 0 A & R R IC B
WT, 1996-2001 AF L2 ST R B A7 AR S A E B AR O AHM AL
(499 b >) %, 2002-2009 £E (2 AL E #F )T I E M O ILE
A (664 ) ML, Ffg o —)vd R 27 m,
WOEEH2Im, 2y FZY FOHA10mm, Iy RV K
DOWERX14m) ZHCTEMIZA 7 UHiEfiz REL 72
WK 3.5 2 v MR CTHRMIERIZ305E L, —
W 7= 0 23 ML 72, 1997, 19984EIZIZZENENVE#E
173, BL 170 F CHEZ £ L7228~ 1 7 T HEMA DS
FRETRRESIN o722 05 (KT, 1998),
180° LIS D 7= — & AN 5 S BA L 7.

b — VRIS B W, BREKROFH & CTD 2
X BB 2 17T 5 72, AWFZE T, A (1972) 128D
WC, 100 miE D K 5°C LU o & Lk, 15°c ULk
DHEE % Bl & L, 5-15°C Ok % BBl g1k & &
FL LAY oA SEIT40-69 (CF3548) MT
HY, 2D H34-63 (CF¥43) SAEEIBERI IR
W72 (Table1). 20024E\2351F 2 N D2 M2k X,
<A U AR ATIR TRE S s (Table 1).

RESINT~ A 7 ML, RERITS U CTaffkz it
¥, bLAE—HEmb LT ECTHB LRI & EIX
L ez dte L. REShi~ 17 Mm%
TR L CHEBREICR LI, FE#EMRE Standard Length (SL,
mm) ZPEL, FREANCKEOREMK, FhEL
BFEEZ ROz Fo, KREETRESN 1T
MDD B, 1996-2005 12D W TIFFAA MM 72 ) 5K 30
AR, 20062009 FEANZ D TIZFHAL Y 72 0 2k 50 44
DO#FEF 2158 K ICOWT, HA (RVA) Wik s H
WA E D S W 2 X7z (Table 2). H 7 ALBH (3 Taka-
hashi etal. (2008) D FLIHEV, AT 4 K7 T A LiIcxT
RF VRBIRCEAE L721%, WAKY 2 (#2000) B &
Yoy ¥y 7740 Ay =1k (3M, #80003 X UV#12000)
EHCWCTHAZE L. BAHRZ GRS TICB W
T100-500 5 C®I%E L, A HmE > A7 4 (RATOC
TV 7) ) #AWCEHE - FHIL. AT
OEAIMLEIHHICHE Y (XM, 2008), FEAH B
EHMLCHARWRICBU S E 1WIERSNDE 2 LA
LN ENTWAZ &5 (Hayashietal., 1989), H ¥kt
WZ3%MACTHEE L7z,
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Table 1.
sardine is shown in parentheses. — : no data obtained.

Number of sampling stations used for this study by oceanographic regions. Number of stations with positive catch of juvenile

Kuroshio—Oyashio

. . Oyashio region Kuroshio region Total
transition region

Year Survey date Number . Number . Number . Number .
(positive (positive (positive (positive

. catch) O.f catch) O_f catch) O.f catch)

stations stations stations stations
1996 9-26 June 43 (23) 6 (0) 2 (0) 51 (23)
24 May— 1 June,
1997 1825 Tune 43 (15) 0 - 0 - 43 (15)
14-22 May,

1998 S 14 Tune 50 (11) 0 - 1 (0) 51 (11)
1999 25 May—15 June 34 (12) 8 (0) 2 (0) 44 (12)
2000 15 May— 8 June 50 (23) 4 (0) 4 (0) 58 (23)
2001 12 May— 6 June 63 (3) 2 (0) 4 (0) 69 (3)
2002 8-28 May 38 (5) 0 - 7 (2) 45 (7)
2003 11-28 May 37 (1) 1 (0) 5 (0) 43 (1)
2004 12-30 May 42 (6) 3 (0) 4 (0) 49 (6)
2005 13-29 May 42 (2) 0 - 3 (0) 45 (2)
2006 11-28 May 39 (4) 1 (0) 2 (0) 42 (4)
2007 12-28 May 39 (14) 2 (0) 2 (0) 43 (14)
2008 10-27 May 40 (2) 0 - 0 - 40 (2)
2009 8-26 May 47 (25) 2 (0) 0 - 49 (25)

Table 2. Number of specimens for otolith analysis.

Year Number of specimens
1996 174 *
1997 146 *
1998 127 *
1999 95*
2000 342°*
2001 10*
2002 18*
2003 5%
2004 43
2005 225
2006 79
2007 275
2008 53
2009 566
Total 2,158

*: Data was cited from Takahashi et al. (2008).

REMEDFER

<A T IHAORWEGAEHS 2T B 720, T E
FEPE 10 BE W T4 X 12 (150°E LA, 150-160°E, 160—
170°E, 170-180°E) X4 L7z, #RALHEX i (P OHEIX 2 5

NEFEC 5 i=1,2,3,4) \CBTHMENKE T, REMAKEK
ZCELT, UTOXTERSNDHANEX L D MIBL
P, (%) 2RO, TORELETAT.

Ci

T
P=—"i %100 1
i icl ( )

i=1 Tz
B, RFAAETIE, 1996413 150-170°E EARIZ, 1997-1998

FEIZZMEOEEN LD D5 S EX G TIRITHEICR D
LI A OEE S/ (Fig.5). 72721, 1996-1998
I T DHEADHRR170° L D HTIHIFT L A LIRE S
N o727, 1999 4F LLFEIZ1% 165°F LAVY O {ffisk € F e
ENB LI olz. TDI1999ELLIETIE, HHER40%

X 150°E LAVEIS, #60% 1 2 A X 0 3 A 2 Bl i
LTwW5.
# R

REMADKREKRDEELL

PRE SN OBREMK & BB L O SL (+SD)
% Fig. 61278 L 72, 19962000 4FE D i W2 B 5 R4 H
MO DFSL 13 45.4-76.0 mm TDH - 72, 1997, 1999,
B L2000 D5 HICHRESI N HEADTFYSLIZ6H
WCERE SN MM X ) HEIS/NDNE 2572 (Mann-Whitney
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Figure 5. Longitudinal compositions of number of sampling
stations during 1996-2009.

U-test, p<0.05). 2001-2004 5F DO AKK ] & 20052009 4F D %2
BICBT A~ AT VHEBROFHSLIE, ThZENn33.5-
436 mmB L U31.547.0mmTH Y, TN5HI1X1997, 1999
BLU2000FE05s HICHRESNHADOTHSLLID A
BT/ S o 72 (Mann-Whitney U-test, p<0.05). 1996
2000 4 VIR RALE DRSSV EICH ), REA L
DREOEEREI, 1996200045 H Tl%0.11-0.16, {6
H T130.09-0.21, 2001-2004 4F T 1 0.06-0.14, 2005-2009
ETIZ0.07-0.16 TH o /2. F72, 20064E DOHEFAIEAR L%
/B L, RARSLIF39.5mmTH Y, 2001 4EB L 052003
2006 4F D 54 RIS B\ THRE S N7 HE £ o I BUR R 546 1K)
TlE, 40mmSLLULFIZ¥ =2 %R L7 (Fig6). Ihb
Dz k 5, AWFZETIZ 40 mm SL LT O % INEUHE £
. NIRES DKo A kX & ) AT L 72,
?mi*’éﬁ:ﬂ) BEHER DREEL
1996-2009 4F- O H #1 H W ff AT 12 FH v 72 it 2158 Mk oo it
hE (SL) &, BHAEE (OR) oL cEflTcRsh
72 (SL=0.11 OR+2.57,=0.93). 1996-20004E D57 & 6
RSN~ A T UM OBEICBT A2 FYHIBE, 2
NZFN599-71.4 H# & 61.9-763 H# T - 72 (Fig. 7).
ZOHbL, sHECHDOMAIRESNAE (1997, 1999 8
L T20004F) 12BWT, 6 BICHRE S N-MAOFIYH
WS HICRESN ALY S HEEICED» > 72 (Mann-
Whitney U-test, p<0.05). 2001-2004 4 & 20052009 4F- @ 5
JICHRE S hf:%’éﬁa O AL, ENFN46.2-56.6 H
Wi & 43.6-58.7 Hili T (Fig. 7), 1996-20004F @ 5 A IZ¥R4E
SR O Hiln & 0 A B2 > 72 (Mann-Whitney
U-test, p<0.05). 384 1] 0 1996-2000 4F 12 3 > T 1At 191 74
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Figure 6. Frequency distribution of standard length (SL) in ju-
veniles collected in May (solid) and June (open) during
1996-2009.

EHARTHEHK DRSS IS VETZ /R L, SREHTEOH
i O E R B, 1996200045 A T1%0.12-0.17, FH6H
T1£0.09-0.21, 2001-2004 4 T 1% 0.09-0.13, B £ ' 2005~
2009 4FET130.12-0.15TdH - 7=.

Hiig S8 S 7L %, $R4 H BN Fig. 812
AT SHICRESINZ A4 T UHEA OB H X, 1996-
2000 4F D 31 & 20052009 4E O ZEBHAII1E, 3 H ML
L 72 B4R D 5 & 2 EG A3 IR & 22 > 7278, 2001-2004 4
OEEIZIZ, 20024E 2 BT 4 HIDL L 22k o4
ME Ao 72 (Fig. 8-a). 6 HICHRE S N-MM oML X
19971998 4F- 121k 4 A DL ICHRAL L 7281 & 5% % <, l_.c
1999-2000 4F 12 1% 3 A LLAT 2R L L 724k o /5 @ 2 H & 5%
WMo 72 (Fig. 8-b). 5-6 H& @ L T, HeABEAROMEALH
W2 sHEHEESN, 205 B3 -4 HITIMEL kN
B 5 EEH90% L EZ o7z (Fig. 8-¢).

BREBX EREMADEBREROMA

~ A 7 UHEM AR SN EX B, 1996-2000 4 0 9%
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Figure 7. Frequency distribution of age in days of juveniles col-
lected in May (solid) and June (open) during 1996-2009.

21X 341X, 20012004 4E DAL K IH 12 1Z 12X, 2L T
2005-2009 4EDEFINIIZ 23X TH - 7z (Fig. 9). 2005 4ELA
FBEDOZEBIN BT, 20004 LT ORI O L 9 ITHRE
WX ED 33X EEZR LD, 20004E0ATH 7. F
EAEICE T S M E LT, 20012005 45 12 d i L C
150°E & D DX ICBWT~Y 4 T U fEAPRESI N
Mol ENETFoNi. T/, AEELrEL AT
et O HMBFEPNF VO FIT150-160°EDHEX TH 1,
150°E LLVH O [X T LD R b 55 - 724F 13 1998, 2006,
BIU20084ETH 72, 72721, AEHEM (<40 mm SL)
WCHET 2L, WD 9 5 1996-19984F 121, FEf Ak
205 B /NTUHE M DRI E A1 40% DL &K D o 7225,
INIFRESR D D B 90% DL OAEARAT 150°F LATE O ifE X CTHR4E
SN ARRWNIC BT B/ ORREHFIG1E, 20024F
BT 60% DL I L 72b @@, 150°E LAVE DX |2
B CMIMEAIIRE SN h o 72 (Fig. 10). ZBH o
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Figure 8. Hatch month compositions of number of juveniles
collected in a: May, b: June, and c: total during 1996-2009.
Data during 19962003 were referred from Takahashi et al.
(2008) and ND indicates no data available.
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Figure 9. Occurrences of juveniles in longitudinal areas during
1996-2009. a: diagrams of longitudinal areas and b: frequen-
cy distribution of the occurrences. Crosses and ND indicates
longitudinal areas without catch and samplings, respectively.
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Figure 10. Proportions of individual numbers of small juveniles
(<40 mm SL) to total juveniles (open squares) and occur-
rence of the small juveniles in waters west of 150°E to the
entire survey area (shaded bars) during 1996-2009.
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Figure 11. Diagrams summarizing the results of the present
study with the three periods based on the index of juvenile
abundance. a: dynamic state of the Kuroshio Extension and
periods shown short (<2,000 km) path in the axis (Qiu and
Chen, 2010). b: diagrams of the main sampling section of ju-
veniles. Total and small (SL <40 mm) indicates sections of
the highest frequency in Fig. 9 and of occurrence ratio ex-
ceeding 70% according to Fig. 10, respectively. c: mean
standard length (SL) of juveniles collected in May (solid)
and June (open) as shown in Fig. 6, respectively. Vertical
bars indicate standard deviations of each sample. d: mean
age of juveniles collected in May (solid) and June (open) as
shown in Fig. 9, respectively. Vertical bars indicate standard
deviations of each sample.
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