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Long-term Changes in Biological Characteristics of Common Squid
Todarodes pacificus in Response to Environmental and Stock Variability

in the Korean Jigging Fishery
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This study classified the resource status of common squid Todarodes pacificus caught by the Korean jigging fishery
between 1994 and 2023 into three periods based on the standardized catch per unit effort (CPUE): high-resource
(1994-2002), resource-declining (2003-2016), and low-resource (2017-2023) periods. Biological characteristics for
each period were compared and analyzed in relation to the environmental changes. Biological analyses included
mantle length-body weight relationship, mantle length frequency distribution, gonadosomatic index (GSI), length at
maturity, and condition factor (K). Environmental variables included sea surface temperature (SST) and zooplankton
biomass. The environmental analysis revealed a delay in the timing of southward migration to suitable thermal rang-
es and an increase in zooplankton biomass. The biological analyses indicated that average mantle length and length
at maturity (L,  and L,,) continuously decreased, whereas body condition showed an increasing trend. These changes
in biological characteristics suggest that resource variability and environmental fluctuations influence resource status.
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@ %) oy(Todarodes pacificusy="TdX AAsEZ, -2t
A sfj & 29kt BB el BRI oAl k= 4
A0 2 Z Q3 AR o] th(Palomares and Pauly, 2025). Ak
A7) B 3 AR Wt 7k, AL, oE AR LR S
=5 ™(Murata, 1989), o] & 7k 4hehatS Fof HF 2 &
3§59 selo 4 Atelod, fAlo] il vl £
& BAohe wet AAsto] sejubel AdsljolA] = oglH
t}(Kim and Kang, 1995; NIFS, 2021). 57, i H E=, 53|
TSRBEE 5 thdgt ofYollA o=, 53] w7101
F0 Ul ol 502 99 E 12274 [FA 0 of sl
A9 Ao = Z L 51 (2019-2023) Bt o] gk 7| 2o 2

N

U e 44 % A AR e WSS AR ot
(KOSIS, 2025). ZLejut 2112 o] 8lhe 19964 of 255t £
2 4HS 7153 o] F A4 4 0.2 ghasslel, 2023W o] oF 2
T3 EC R F43] 1A THKOSIS, 2025). o] 2fgh 21
Ao olg 7l dgy ojg = gwf F7KOh et al,, 2018), A
7] o Aa EE o4 9] Fx 2%(Choi et al., 2008), F= ©]
Ao & e o] 2] (Leeetal., 2017) & o] oJgt 2919 &
7 715 Jsk2 QI3 ol F2h WsKSakurai et al., 2002; Rosa
etal., 2011; Kim et al., 2018)7} B34 o 2 21851 A2 ¥
ALE| AL ek A A of = whE At 12 o] 52 THA T, A
A 917 9 oo 7o) w2} R i elo o F4lo] el
EAS uolth 5] BalolAlo] ofghe ot & WET e
AA BiLof| 37 9GS 2O v(Cho et al., 2004; Choi et al.,
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2008), o2zt 2H Wish= A W= 9 29 ae4dat 454
O 7 AV A Yol A4 2 B9 =4-27CE 5> H
olr, 2 4=4] 200 m ool A &3L3}3(Roper et al., 1984),
AP Aol 15-24°CY] =23} 3lj#] A 27do] Fa%t
9 olo]ti(Sakurai et al., 2000).

sl ety Hoh= AL o] 27] AL Ao A =2 A
B2 s, o] Al719) AEEo] A 7HHE A4S
= A 8910 & &85tk (Sassa and Tsukamoto, 2010). <=
o, eI 22 G Mg Als A9 4
B oh e AR AR AE B B9l dare u
(Kim et al., 2019). 3{%F 232 23] AR oM F&
STAE D=7t Ao 70%7HA] ashe AR7E BaEgle
™ (Roemmich and McGowan, 1995; Pecl and Jackson, 2008),
o= A9 A A W =2 AMGER o] oA F Aol F78
2 4ok v 4= 2AtH(Baily and Houde, 1989). whehA] AFQ
oo BEshA 54 ¥skE W1 v 2 2 =9
3 Q9 sEEEAE 22 A 2 el A o
2lsfjof gt

g AR e o] Ao XAl st v da
o] th=gof| whef theFdt 2H ] =X E AlFstaL Jlek. A
e Aol Fo7]E 4-59= A AshaL(H, A7
BAAGE 49 3 ), 28] 4] FAS 15 cm o5tz A5}
o] H3skal Qlok EgL =8 671 ool A1, Sal-+E
Z, HFEE, A, @85l LaiAd) S5-8oed
A %= (total allowable catch, TAC)E =¢J3}o] o] &2F2- 1145}
1 9l B(KLIC, 2025), 20184 R e} 241X 1312 A12] T
ol oz A= o] A A x| Ho] 7t Qlet. o] ek g
I} oA, AR B8} A< 753 o] 85 fleliAl= AL 0] 9
A&t 54 wstol tiek et msha] fA4lo] PpA{olrt

el A= AeAojet sokety 1He] BAE FERt A+
(Kim et al., 2011, 2018)2} Bayesian AFel]l 57+ A Ak dl 2l Af
B ol A S S-8-9F A4 B7F AH(Anetal., 2021;
Kim et al., 2022) So] 3o g} 18y 7]& A1ES
A lep} 217 918 Helelo] BAIR AR/} AL, A2
£ WstE A7 Ho) 1 BEH 02 BAe AT RET Al
Aolet.

uhebA 2 s 19945 2023370 Aw7leld e
of gl ko ojo] 1231 1|2kl (catch per unit
effort, CPUE) ©]&3fl A+l =0l whet Al Al7](a2AH7],
1994-2002; AF74~7], 2003-20161d; AAL7], 2017—
2023¥)= FHEskaL, 2 A7 9] AETHA B4 s |
ste} dsto] vl FAsFGIoh A= Aol o F-Al
= BA|, B Wi B3I A2 AT 2]ax(gonadosomatic
index, GSI), 4444 4}, B]9HE (condition factor)S E-85}51.0.
H, T2 FEEEIE eSS & MR Zske] 4]
SkQITt. o] 5 Fofl s ed Hate] uhE Ao of ALl o) ¥
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2 A= T Safloll A AT g o' o] glE e
pacificus)s HF o2 sho], Aol whE Al7|d
E45 B4kt 81t o5 sl Al AR
=ohd CPUES 2-83tglov, Al ool M=
o7 FE5H7] 918 regime shift 42 2-8-53it
+ Kim et al. (2025)0] AR HH7]01 2] 731 CPUE
ARE AR oY, fol4=F 0.01 o5, Het Zo](cut-off
length) 10, huber 7F53] A4 1L 7208 BA-S 2359
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offdetd Atz

ate Aojo] A7 AEehd] S} sfoketd wst 7he]
AE ZRlstr] lafl, 2 Aol e a2 s eEHAES F
{ ofjFehd aQlo g AAslnh 2 A Ao o] A, At
g, 23 ol AR FFE vl =2 aQlew, 2 A
TolA= AI7TE 2 H3HE Sl & sttt 4
£ 7= Kim et al. (2024)0] =31 A9 a|9F7] 51 8 (re-

gional ocean modeling system)2] A|AY Ho|E|E E-&5}%
o, BA oA} 7|7+ 1994 FE] 2023W7HA], 8 2 Al
7191 9L 12¢9] U 35 5 m dfl=H 4=2(sea surface
temperature, SST)S 7|22 BA4S 43453t} 42 24
2 Kimetal. (2025)0| 4] AA|3H AL A o] o] A A 2] =& 1]
0)(13-23°C) @ & $221°C)S 7|20 2 $8= 9] o, A]
7198 | Wf o w32 EAT W3t S Bk WAlS
= o]FofFrt

FESYAE2 A0l F4 Ho| AYS W sh= AYH
SHA %2 FEo], E o ety HaE A= o
Ao AN FEEYAE AET AR 199420094 7
12 gatatel o A Wt ghraf ok S, 20102023
| 717k S pAek Shref At E Al (Korea Oceano-
graphic Data Center)ol|A] #2353t A= A7 S AMR-SFTH
HAE AA 713t A AV sEEEAE AET HIE

S|
M maks A0 2 SR glon] At el Aregelo]
g 9 B 25 aresto] AAslh gel oo s =
AF A 203-207 2 4004, B3 &2 102-103 2 208-209
MOl RS B0, 2AF 541 Ao Aol o] ARk B £
AR E44E 198t 20-80 m Ao dgshs A= S
L3 tH(Kim et al., 2011).

MSH EN B



i

2

o

Jole] Al7] By B4 WskE 2ae] 98, 2
Trstlo Al 1994158 2023 W7HA] S=30ek oA g
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BW=aML"

o} 7141, BW= A13(@), MLL 2|53 (cm), a2t b= 819 4]
2 53] 248 Agolth. 9] AL 21 wisk 3 43 37ua
2 A 83tel A58 2o

K718 A4 EALS GSISH ASAAL,, L,)S $8510] 1
7Fohdch. GSHz RIS A4 e A= whlsh A2,
WAL St 5 A vl AE e AL theat 2

=2

GW
BW

GSI= *x100

o714 GW= A2 $(g), BWE 45 23139k 5 A
(2= onlshH, GSIi= A4 58] 7=t Al71E Tfotsl=
o] &-g-¥lct.

el AL IS A E 7|02 S E 5
3] Thaslltt. T 7]2-2 NIFS (2020)2] £ A4S whe}
nlss, S5, A4, O W, U 69 A 2 ST s
A BA o A= A3 A GL(ICES, 2018) 9] 7]2of| whef mj<s o
AL uds AR, YA GAE 5 AR F st
BEAEE A O] EA ] w2 s A9 &S 7Nk
B ZAAE I EAS Foll R e, s o] 242
50% 9 95%0l =t YFARI L 7 L & =&kt o]
o ARG 3] Al ThE ok

1

P= 1+ebib ML,
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Aol w2 Ao o] ek st 355

o171 4] Pz MLeAI 2] 44 7HA] 11£(%), b,2tb = 3171 A
SOl B Bl 9 GSI BEghe 710w, A
A 713 % B ol U 9 o] F Kmyke Austel 2
g3tk

AroA)o1o] ofof Ale 9 oful ) 44 222 B7Hs] 91,
HGHES ARESt ot IRkl o) Rl tat Ao u&S
7oz themh o] Axshck

BW
ML

K= BW

of7)4] Ki= H]ghe, BWE Al%(2), MLE 954 cm)elth.
A7 LB gk Hlastel AR o] w2 AR o] GOk 4
o) WSHE Blst ol a5 0]24]7]9] B vkl o
2 w2 201 slersly] Sl 129 Wl W B 3ol o)
SEIYRE ARG TR S AN,

[N

i,

MOZof XtRUK|S

19943 55 2023 A7HA] 7o g ez ol Ao Ao
#3315 CPUES A2 E regime shift F-4]1-2 4=3)3 2
AA| A 717+ A 7| (Period 1, 1994-2002), AHA7E
7](Period 2, 2003-2016'3), #1291 7] (Period 3, 2017-2023'd
2 FEEUHFig. 1). A7 £23HE CPUES] Bt ghs o
W A}, Ao A o] AP AEHH 07 Fashs AR
H Gt} Period 1 (1994-2002)2] 4 CPUE= 39.78 714 =
k2.1, Period 2 (2003-2016)0l1 4= 21.42 ©F 46.1% 745}
9lt}. 0] Period 3 (2017-2023)0| A= 10.48 THA] 51.4% 7+
astol, AA B 717 B9 F 73.8%2] AR vt v
EhetTh
MAX| 2Hg(e2 3 SEEZIAE)

2

Ao Ao £ ofF] A|7]Q1 9YRE 129717 9] L SST
BEE A7IEE vlugh Aaf, A A4 22 H9|(13-23°C)
oF 2| =221°C)<] 3114 23z z}o|7h Yebgth(Fig. 2).
E3] 99oll= A7) 7 422 £32 po|7t 71 SEElsHA| W
Ach. Period 10fl41= 27 4=2d(13-23°C)7t F8lf 54 3
7 A] et W, Period 22} Period 30f| A<= g =t 71 &
% 3fj ool AjghA o2 PAJ == o] FIE Gt 24 A]4]
F2(21°C) 524 H32 T35t 2o & K ¢ 0, Period 19]4=
Period 29} Period 3] ]3] At 2] 0 &2 7 s o]l =3
ok 1093} 1ol A= Al Al7] RFollA A4 =2 W7t 5
aff sl o Ankol] A4 L=A Yeput o, 24 422 524 FAF
ol A= 2 Aol 7} thehtA] ghglth. WA, 12 ofl = Period 39
A] Period 13} Period 2¢] B3] 47 4=2tf7} 53l FE+ ol S
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Fig. 1. Regime shift analysis of standardized catch per unit effort
(CPUE) for Todarodes pacificus in the East Sea from 1994 to 2023,
based on Kim et al. (2025).Three period are indicated: Period 1
(1994-2002), Period 2 (2003-2016), and Period 3 (2017-2023).
The black line indicates annual mean standardized CPUE, while
the red line represents the average standardized CPUE for each
regime.

o
129 gell & sl SHEHF o] B71A sEEAE A

FthFig. 3). ZtiA]
), 42 19974
ol 17.9 mg/m?>E 7153530tk A7 ot A EwS ¥ s,
Period 27} 501.6 mg/m2=2 7}AF =9k 31, Period 37} 470.7 mg/
m?=2 AR 5 LreRH HhE, Period 12 156.7 mg/m?& th
£ F 7Ixbol vlal @A 8] 2ok

th(Fig. 4). 98 B+t o574 HIl= A7) 2F 531t 2ol & B
$1.°.51, Period 1941 9%-E] B 9JF440] 25 cm o}k
& UEhd HHH, Period 29} 39 4]= o] R[]0 mddhe= AlA
o] 77} 10903} 1292 W7 A= Fo) BlEir). &
5] Period 3] 99 B+t |42 20.3 cm=, Al Al7] & 71 &
A repste. A1718 #A) B 9542 ] st 23k, Period |
225.3 cm, Period 2+=24.7 cm, Period 3-& 23.7 cm&% YEN}
o, A9l 70| Yol a5 g o) go] WA 2k
she 49 neich

QAEXH-HMZ &A

A7 A e Aol e] o BT BAAE 24T 2,

AAATR>0.95)5 o] Ko A
UeERtth(Fig. 5). Al71E 2 34 7]&7]
4 bk B 3,08 27813 2H, o] F Period 2014 7H
& 7171 A9(06=3.20)7F ERlE o], 3t Al7]ol] A e

A71E Ao Aol o] o Hof v e HILE AR A1)
HH4 0 2 7h2of =& gh, woll W2 a2 UEtdi=
ot € ¥e 22 mE
A7) ZF Btk Akol= F-3iskith(Fig. 6). B+t H|WHE Fh2
Period 101 4] 222.3, Period 201 4] 231.6, Period 3¢ 4] 208.9&
eSO H, Period 20014 7H =2 H|FHE Zho] ¥H2kE|¢lot

A1 AAE o2 1299 s EEdAEAET T 1L
th58 9] Ak o] BiRtE 7He] At A S EA e dxt, 49
A (=0.497, P<0.01)7} Uepyton], 5E2&93E 57t
of wheh HREE = F7el= ko] ERIE St 7IIPE 2 U
o] £A% At BE A7|oA TSR AE e A ed
of Yt = W5 o] A A 7} Yl th(Period 1, P>0.1;
Period 2 and 3, P<0.05).
GSl

A7 AkeAojo] L Wt GSIE Blugt A3, B A7)
olA 6d = THE 718 02 GSIV}55h= A 3Fo] 214l
ATHFig. 7). 53| Period 204 += 893} 9ol 22 GSI7} 6.3
628 A E 7|55, Al Al7] F 7P Sl A &
=0] 137} Yepytt} E35F Period 22 H GSI= 4.992,
Period 1 (3.78) & Period 3 (3.42)}X.t} =7 Leh} A44] g
o] A o= A YEhyitt
H=HE

e Aolo] Al Haks B4R Axh 50% AdsAl
(L) 2 95% g AL, )= oA Alztel b2 2114 2
4 7o) BRI I Tth(Fig. 8, Fig. 9). w412 2A|AE 37] &
P& 7|Hre 2 gl o, s (A vlgo] F7d] ZHE
AERhS o= 519t

1994-19954, 1999-2002, 20052012, 202132 A%
A 2 7 BEsto] EA A AQE|glom, 2FH o
2 EAA 894 (P<0.01)0] &+ H 1996-1998'd, 20032004
W, 2013-2020, 20221, 20234 9] A2 gt S-8-5}9iTh B4
A}, L= 1996'd 25.2 emol| 4] 20161 18.9 cm& 714
2 A5, 2023W o)== 22.1 emE AZ ST Y
L, A A 0 2= Aol sk Aol Algto] Aol whet
Haxslz Zoko] FashA vkttt A7 L, B+t Period
194 22.9 cm, Period 29|41 20.0 cm, Period 39]|4] 21.2 cm
2 vehgth. A7 L B-E 212 Period 10]14] 28.1 cm,
Period 201|A4] 24.1 cm, Period 39|A4] 25.7 cm& &}l &SIk,
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Fig. 2. Monthly mean sea surface temperature (SST) distributions in September to December for 3 periods (Period 1: 1994-2002, Period
2:2003-2016, Period 3: 2017-2023) in the East Sea. Colored contours indicate suitable thermal range (13-23°C), and the red contour line
represents the optimal temperature (21°C) for Todarodes pacificus.

o & CPUES 7|5E0.2 79] -2 W52 whadah A A)7](Period 1,
1994-2002; Period 2, 2003-2016; Period 3, 2017-2023)= -

B Aol 199495 E 2023d7H1] Falll ] Arlol  Rahw, A7l AEatE 54 wisjel sok 87 29l 7o) ¢
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Fig. 3. Annual changes in zooplankton biomass in December
from 1994 to 2023 for 3 periods (Period 1: 1994-2002, Period 2:
2003-2016, Period 3: 2017-2023). Black lines and dots represent
yearly observations, and red horizontal lines represent the mean
zooplankton biomass for each period.

AT} ofof W2 AESLA HES AL A K o7 B
A} 394,

wzslE CPUES] 713kt A7 5 Al de4o] 44
£ 199045 F4k ol M&HQ) 7 FAE BGoH, £
1) Ae 2

201061 T F4 o] Folli= Upepideh Ake Ao] of
sl mak AJ7ko] Aol whet 41420 2 74519 OB (KOSIS,
2025), ol= Ak 4} ol 2 praR A4 AAHUSE

AAFEEEE. o] 2k A4 gz ThoFet AJEEHA, o]l 4] f9lo]

23t B3hA] oJgko] e o] Al A o= wehE

= MFASE 52 A Ao s
= , ol T AE, AR, WA E 2o JFF
S & 7o B Qlck(Brander, 2007; Brierley and
Kingsford 2009; Brown et al., 2010). & A Lo|Al&= Q. o]
3] A171Q1 9U R E 129 B3t B3l s H 9] sl 2 w320
A 27 A S H9I(13-23°C) th WA Rl A7 R
95t 2ol 2 13irt. 53] 99| 49 Period 19 ot -2
W97 Sl B0 shel7bA detetel 4 ole] W Rus
7F5517| gk WA, Period 2 @ Period 30l aj ot 7 &
% o] ARt o2 P E o] AAR] /I7F SaE= Y
o] HHE UL} o] = 22] Fol A7]7F A A= e ]t
], olo] what A A17] o]Fo] A|gtE|o] AT Uk 740} o
I Aol FFE vHE 7S AARITE A q-2dstE
g Ao Ao 35 H &2 9 AR W3} 7hsAd2 Kishi et al.
(2009)°ll &fafi A4 BF Qlom, Faf At 2 HE Y 42
A E32 W37 A of ofgho] w2 = PR HarE v gl
TH(Choi et al., 1997, 2008; Cho et al., 2004). £3| -3l 3[ <]
At b o] St 4 B s} e o] of el B
2 B2 91 300] WA e g vl A, Al 8 sk
w2 %47} 4o] oj2jsp T A2 R Ao ARA ot
(Cho et al., 2004). o]f] k) 35 -0 g o] 24l HEHS B
o} JdstHA B7tsl7| s tinbd 5wl thgt 24
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200t 1

100

€ pouad

0-
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Fig. 4. Mantle length (ML) frequency distributions of Todarodes pacificus caught by the Korean jigging fishery in the East Sea during the
main fishing season (September-December) for 3 periods (Period 1: 1994-2002, Period 2: 2003—-2016, Period 3: 2017-2023). Dashed lines

represent monthly mean ML values.
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Fig. 5. Mantle length-body weight relationships of Todarodes pacificus caught by the Korean jigging fishery in the East Sea during the main
fishing season (September-December) for 3 periods (Period 1: 1994-2002, Period 2: 2003-2016, Period 3: 2017-2023). Equations were

fitted to log-transformed data.
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Fig. 6. Monthly variation in the condition factor (K) of Todarodes
pacificus caught by the Korean jigging fishery in the East Sea for
3 periods (Period 1: 1994-2002, Period 2: 2003-2016, Period 3:
2017-2023). Solid lines represent monthly mean values of K, and
dashed lines indicate the overall average K for each period.
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Fig. 7. Monthly variation in the gonadosomatic index (GSI) of
Todarodes pacificus caught by the Korean jigging fishery in the
East Sea for 3 periods (Period 1: 1994-2002, Period 2: 2003-2016,
Period 3: 2017-2023). Solid lines represent monthly mean GSI,
and dashed lines indicate the overall average GSI for each period.
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Fig. 8. Annual maturity ogives of Todarodes pacificus caught by the Korean jigging fishery in the East Sea, estimated using logistic regres-

sion. Shaded areas represent 95% confidence intervals calculated by bootstrapping. Dashed lines indicate the mantle lengths at 50% (L, ;

0,
blue) and 95% (L,; red) maturity.
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Fig. 9. Temporal trends in length at maturity (L, and L) of To-
darodes pacificus caught by the Korean jigging fishery in the East
Sea from 1996 to 2023 for 3 periods (Period 1: 1994-2002, Period
2:2003-2016, Period 3: 2017-2023). Blue squares and red trian-
gles represent L, and L, values, respectively, with dotted lines
indicating linear trends over time.
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