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Fishing Characteristics of the Korean Tuna Purse Seine Fishery in the
Indian Ocean Considering the Indian Ocean Dipole (I0D)
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This study analyzed the fishing characteristics of the Korean tuna purse seine fishery in the Indian Ocean considering
the Indian Ocean Dipole (IOD). Logbook data collected from 2012 to 2025 and the Dipole Mode Index (DMI), an
indicator of the IOD, were used for the analysis. School types were classified as fish aggregating device (FAD) and
free-swimming school (FSC) sets. To account for delayed environmental effects, lagged DMI variables from 0 to 6
months were compared. The one-month lagged variable was identified as the most suitable based on model perfor-
mance. A generalized additive model with a Tweedie distribution and log link function was used to assess the impacts
of temporal, spatio-seasonal, environmental, and school-type variables. The results indicated that fishing patterns and
environmental responses differed according to school type, and the influence of the IOD was stronger in the FAD
than in the FSC sets. In particular, the FAD sets showed a decreasing catch per unit effort pattern under positive DMI
conditions. These findings provide useful information for understanding the relationship between climate variability
and fishing behavior, thereby contributing to climate-responsive fishery management.
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SEuet ool Aol g2 1970 oA =9 o] %, 2
Ao "dHaly| Al2kste] 1980 T HiH UGS FAlo
AAal] LhcH(Lee et al., 2020). 2012 o]l = 24 3L Q1=
7HA] gfjsto] A28 o WA 270l 24 278 A8t
7 ghrol I E AR S Ao, FA7IA] lEegeoA
A&A 02 2Yskal JItHIOTC, 2025).

A AA o] ol oS AuEH Ado]o] ¢F
66%= AA|5EAL 9l O m(ISSF, 2025), Q1w=eF ol A= Al
2 Mek(industrial fleets)o| o1& sH= thao] & oF 60%7} A

oAS 53l o1& Qltk(Lecomte et al., 2017). 21 E=Fo]| A
Aol TA o oA A (fish aggregating device, FAD)
S AMESE 299 AdFeR FAE oii(free-swimming
school, FSC)& tate 2 sl= 2Ygo 2 LEHTHGovinden
etal, 2021). FAD 29 2 7jrhgo], goigto] 9 wrhd
019] ul/d < A &f ol EH]&o] 1L, FSC 292 3<% 7iA1 2
o} 8Jul o] ot £¢) WAlo] ek ol gl F 2R AR T
Z7} d2fx|= EA o] Qlth(Fonteneau et al., 2015).

otj chepolis 57 & glol] AAIsH: TE sh44 ol
o2, Ff=HeL(sea surface temperature, SST)S o-2] 3]
9 ol ol QRS vl WA BaloR o
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24 Qlth(Arrizabalaga et al., 2015). 53] 1= F2 A2
o] o)) | Fo} sl H2=(SST) 2] WAool A Ueht=
g o= o]t A EAJS thfol] AlEhA et of
A Aol Q2 Q9olojth(Lan et al., 2013). QIx=%F9] dfjoF2t
782 AAA /g8t oy} Q1= ¢f 4=AK(Indian Ocean
Dipole, IOD)2} 22 thqti 7]% ®5AY kS Wtk
I0D= A 1=t 51wk 7t sl 2% 2fo]& A|=3kgt
Dipole Mode Index (DMDZ A=3}E™, %F(positive)} &
(negative) S143]] wkek 1w oF shopeie] 37 722 s
K21}, ol2jgt nlF7 14 7| % M thepole] BESH 2 &
Kol olg Qo|ng QEeke) 2¢ 47 sk
7 aLegt S Ql 24 o] I qsirt.

o
o

A7 Q= thgo] o]t HE =¢8] AYd+=5 4
HEH, 38 SST, chlorophyll-a %%, 34=H o] & tjokat

e agle Bgsto] thgolo] AR At 9 AlSHA
i 54 EA et A7) 3= it Arrizabalaga et al.
(2015)2 5k, A1, AEFollA] H2x28k= 8 th=tol 6
T AR A s Hlal FA ST 2 S A a4
+ FAD 213} FSC ¢ Zto] Ut o9 274 3 R0
g 54 2folol| gt A5L7F 3 = ¢ 2 (Dagorn et al., 2013;
Fonteneau et al., 2013), £3] FAD 22| &7} tho] 214
I} A Aol |2 = FEFoll et == FAZHA] &= AL 9l
TH(Park et al., 2025). =W AF& Lee et al. (2020)-2 2+5H-8-A]
W A=2E Zgote] eyt Qe tho] Aol e =4
FHE F4 ol 54 A5 sHskelth A5 23 FAD =
Aol thE =% FEfoll Hlsl At e =& F4= 018 Blas
HAou QoA 2Ysks 8 AT FAD 242

B sllE o W o g yehyith ot ad At w7
7H2016-2018'd) &4t = HFeha A H Abzof 7]ukstar Qf
o] 7] 2|Ql o8] E4] WSkE wotst bl THAI7F 3w, s
S 291 70] T A o] R0l A 2] AiTt. o] 9o <l
= e SeuEl A Aselg Y olgE T2 ogE
Foll tiet A= =g v ti(Ku et al., 2018).

2 7|5t whE sigehE Ws/dol FTketel wet
(IPCC, 2021), sl 24 291t o] S5 7ho] o a1-gof tf
gk o= AP A& 7Ha3t o] 8t AEAIQ1 of o we
£ 9lell SRR Qlrh whebA 2 Aol A= 201295 H
2025E7HA] f-2jube} thgo] o]l o) Ql=of 29 S
HA8tal, | ale] @9y oj =gk (catch per unit
effort, CPUE)]| n| A= FaF& AFA o= Hrlsto] 24 &
E/9& FHA7IAL 7| FRistol| whE AE 7 9w At
Zagt wsha) LA et A S AlgstalAL gk

Me

>
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EA=

1129} 24127 (logbook) A52E 4§ 3fe] &

S 1d3}7] Y3l vl=t dfjoFh 717 (National Oceanic and At-
mospheric Administration, NOAA)2] 7]3-o]ZAlE|(Climate
Prediction Center, CPC)ol| A A|3-3= < DMI A7 &
Ashlck. sl A Qe 4R WS Y s AR
A, 9712 ko) kR wE A4S vhdsh u 283}
c}.

HE M
H= o

38

A

Qe 29134 U O]9 WIS BASIL, 0 i)
7hckEol(skipjack tuna, Katsuwonus pelamis; SKJ), =t
o(bigeye tuna, Thunnus obesus, BET), 2Ftledo](yellowfin
tuna, T albacares; YFT) & A &gt Y™ Z] o]5-& 7]El(others,
OTH)= 5&ste] & 24 vl&S 245k

2P UA| A A o] FA BE 1 YA BRES FAD
Zor, BT U 5 5Y oFFHEFSC 202 A&
sl m REQSNAY T o el 7} Fekel 79 A 2lah
o] CPUEES 2433t CPUE: 29 A%}, 29913, 2YA]
7k, ety ol P E 7|2 0 82 Fil(set)S A ol5kaL,
3l HFO = 5o ofgfje} o] 4hE5H T

PN
T =
CPUE= Catch, (ton)

' Number of sets,

o714 Catchi= i1 F42] o] 2l5k(ton), Number of sets,
= 54 Slpolth

1M 2 s EA5H] Y8 2YAAE 7R e ¢
7% 57X 5 AR (grids) & 5% 21, CPUEE 3ld A4}
ujgsto] A F7HHE2E A2} eI

DMI XAzt 24

DMI A]5=¢] A= 2 HGAIH 71 067114 o] H o] 2 =
A& Uehl= A A(lag)S A/ 8k3ATt ©]F Akaike informa-
tion criterion (AIC)E ©]&3dlo] e A3 E H|ws} o,
7P 32 AICE Y= lags 470l WHg sl
GAM 2 1=

TARFAT} siFEy 1Ho] WA= T AP ET e B
et viAy IAE Yetdle F7F ©7] diZell(Daskalov,
1999), o|= 1183}7] 98l Uuks}l 714 23 (generalized addi-
tive model, GAM)&- ©]-8-5to] 52 Hpo} FE5Hp 1HY] &
et v Ay BAE 8HA 241 8FAtH Guisan et al., 2002).
& Aol A A8 CPUE Af&o] A Fo12] Fx(zero catch)
O] HIEE oF 17%% e, 502 71 vty 225 Yeyl
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o}, Tweedie £ = 0342 Z33)H oFo] A48 2= o} ThEA
EAE Al At 4= glo] Frojg] Frgo] 23t Aoy
CPUE 220l A3} 2 (Shono, 2008), of o} 7+& 412 A}
|33t

Y~ Tweedie(t.,$,p)

&lu; y=log(u;)

g(u,; y=o+Year+te(Long ,Lat,Month |Group)

+s(DMI, , |Group )+Group,

lag i

A71A Y= i1 F(set)2] CPUEE &fn|stH, uw= 714
%ﬂ- CPUE, ¢+= —‘:‘r—*}E—’,\—(dispersion parameter), px= Tweed-
e w20 FHj wiFHE oJudtth E3F g(u,)+= log-link g
’\OIUJI te@} s= 27} tensor product smooth $<=2} spline
smooth 35 UEPHlT). Year= A% &3t Group= o3
(FAD 2 FSC)2 oju)ait}.

BA 242 R AZES[O|(R Core Team, 2026)2] mgev ]
712 &AMt WA A gItel Al 27t a7 38 7]
158 (Model 1/& 231920, o] F 27 2.2(DMI), o}
P E(Group), 12| o P e F7F 9 $H WkS- Ajol & HE
ot Ao Atg gIks <A O R F7sHlcH(Table 1). 22
oM %, A 9 G HEE o]§sto] 2 91X A
o w2 AJFHA WE-S wkgslict. 0|5 $J3) tensor prod-
uct smooth g<(te)& AH&sto] 37+ 4 AH Aol Exhsh

H|AE HES =459tk tensor product smooth g4 ¢
T, AT 9 Yy} Zho] gy} O 2 HRE 7k AAS AR oF
Q02 2aek 4 glof A1EZE Eah 24o] HtsitWood,
2006). DMI+= spline smooth $=<(s)E o|-8-3}0] 37 ol
CPUE 7be] HIA1Y k& RS 24a15ic). Se] oz elel
ufe} 37 W 9 W B4l A ek R4S 1
slo] Group A2 the e 728 Agsialch e 4
s %71+ Akaike information criterion (AIC), Bayesian in-
formation criterion (BIC), <Al 32 *Hroot mean square
error, RMSE), 4t 2*Kmean absolute error, MAE) 2
Arg 2K deviance explained)E ©]-8&-5}0] 435} T}, o 7] 4
RMSEL o) 2 gkt 223}k 7F 9.310] aalel 272 ek
o, MAE= At 22}9] H-S 2Ju|git). E3F analysis of de-

viance 7|8t 710 Al 7% (Chi-square test)S 53l 4= 27}

of w2 el AT AN o] 2E oI5t

2 o

ZHEM U DMI X|HE T}

Aol Al f-ejutef thefo] Avgo] o2 2012 22 9] o] 4
o] }_H% ]xl—d O]b‘ 2013 11,:_]_1?_ 1 01@‘ ] 11:}5 o]xl—oi
378t %24 Hel Wl M & :% o]aL gltt. 53] 2016 <]l
= ZAAo] Bl on, o
'IH 012%& °k25UPi°E AEH |5 7|E3k3ick(Fig. 1). ©

T o2 2 YA} A dastel ot oA HXIA F
7HAIE Bt 18U 2020 o = ThA] Ftste] E4 04501]
o g 5Fo] 57}6}01 A9k, AR A Q1 a2 2021 Hrp W2 4=
oA MES HolaL §lth

Al F24dE A AKFig. 2), AWt o & 7ol 7t
71 =2 vlEa AR eFl o, T 0 2 Sfrhato], mrheol
o9tk 18U 2014d 1} 2015 ol = Sfr}edo] o] o] F] ulg
o] 7ithol vt ko n, 2019 ofl &= F o] 7HE2A v
o] H|53t g Wtk Zlo] =8 §4oltt.

Sejuhet Ik thefo] Aol o) thgk CPUES] Al37t &
S AT EH, A7]of whe} Q1= F52F A5 5SS 053
WA 24k A0 & Ve tHFig. 3). 29 %7]¢1 2012d 7}
20130]l= oS FAskaLAt 2P AMo] FF s 7] o)
sto] FHT o) EEE HYlow, o] F 2014 %5E 2016
A7MA = 24 o] A5 sf o] X‘ZQL AeFE Bk 20174
220250l = ThA] B B9 7HA] o] F5to] 2UTFOE A of
o] F o7 AR Lo, A 2 AR oS A oE 2
o] o]Foj et o] gk ¢ wjEl £42 F3ll 54 Al712 s

oA CPUE7} &2 11 e of o] FAES & 4= AUtk 53
201793} 2018\ ofl= A 7- 3¢ o] &7-9] 13° F-Lof| 4] CPUE7}
A2 02 =7 el on, 202391} 2025 of| = U &

o A AW of ko] TEkE| ¢t

DMI9| A AR s F7tst7] fl5to] 0-67114 AAE 2183
GAM 25 55150k A2 e o] A= E AIC 7|2
2 gt 23}, Vh AR S 285 mEoflA 7 w32 AIC
24(73386.10)°] LR THTable 2). o] o wheh 2 Aol A= 1
A A 2= 243 DMIZ 2% W dlof| A8t

Table 1. GAM structures used to evaluate environmental effects on CPUE

Model GAM structure Description

Model 1 Y+te(long,lat,Month) Baseline spatiotemporal model

Model 2 Model 1+s(DMi,, ,) Addition of environmental effect

Model 3 Model 2+Group Addition of fishing school effect

Model 4 Y+te(long,lat, Month, by=Group)+s(DMI, ,by=Group)+Group Group-specific environmental and spatial responses

CPUE, catch per unit effort; DMI, Dipole Mode Index; GAM, generalized additive model.
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Fig. 1. Annual total catch and number of vessels for the Korean tuna purse seine fishery in the Indian Ocean from 2012 to 2025.
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Fig. 2. Annual catch composition of major tuna species caught by the Korean tuna purse seine fishery in the Indian Ocean. SKJ, skipjack;
BET, bigeye; YFT, yellowfin; OTH, others.

Table 2. Comparison of AIC values according to DMI lag periods

(AAIC=AIC-AIC, . )

DMI lag (month) AIC AAIC
Lag 0 73388.21 2.1
Lag 1 73386.10 0.00
Lag 2 73398.55 12.45
Lag 3 73392.23 6.13
Lag 4 73396.55 10.45
Lag 5 73394.04 7.94
Lag 6 73400.90 14.80

AIC, Akaike information criterion; DMI, Dipole Mode Index.
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AZ GAM &4 A3}, ol ged 37 9 34 vk &}
1kt Model 471 H= 23HE A oA 3 A 0=
LR CHTable 3). Model 49] AICE 72921.58 2.2 Model
1(73166.67) th 8] F 2457} wkoko ], RMSEQF MAE A 7+
7+30.28 2 19.57% 7} U] Vrelgth A E 2= Model 1
9] 7.42%0) A} Model 42] 10.44%5 Z7}5to] 7 H= 9 o]
THE T HEE S0 R Z71gt]| nhet wEl Ao
A A 0 2 R Qi)
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Fig. 3. Annual geographic distribution of CPUE (ton/set) for the Korean tuna purse seine fishery in the Indian Ocean. CPUE, catch per unit

effort.

UERATHP<0.01, Table 4). Model 20]|4= DMI 27} whe}
213} o] 27} oF 204 74451905, Model 36 4= o} 5
#4= 710f) 2] 27129l 247} Lrebedeh. 58] Model 4]
M= 243} o =) oF 2104 7H4slo] o) A B tu] 714 2
2o BRIE|gle) o]tz o wae) e B7h W §7 ukS 2jo]

Table 3. Model selection results for Tweedie GAMs (AAIC=AIC-
AIC

nﬁn)

£ Rt ATAkg aapt Bl A el T8 285t

OlZSEN 217 BtS
2)% wE)(Model 4)2) ¥ 413 AT} 24 ATH(Table 5), 57
A4 f3H FAD 297} FSC 29 EA S-2Ja1) teh

Table 4. Analysis of deviance for Tweedie GAM models based on
Chi-square tests

Model AlC AAIC  RMSE  MAE exlgg\i/g:jcg/o) Model Resid. Df Resid. Dev ADeviance P-value
Model 1 73166.67 24510 30.78 19.98 7.42 Model 1 8896.3 472021 - -
Model 2 73141.12 219.54 30.73 19.94 7.68 Model 2 8893.0 471817 203.90 <0.001
Model 3 73135.02 21345 30.71 19.92 7.76 Model 3 8891.4 471757 59.87 <0.01
Model 4 7292158 0.00 30.28 19.57 10.44 Model 4 8823.9 469653 2103.95 <0.001

GAM, generalized additive model; AIC, Akaike information crite-
rion; RMSE, root mean square error; MAE, mean absolute error.

GAM, generalized additive model; df, degrees of freedom; Deyv,
deviance.
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Table 5. Significance of smooth terms in the final Tweedie GAM
(edf=effective degrees of freedom)

Smooth term Group edf F-value P-value
te(Long, Lat, Month) ~ FAD ~ 63.026 3.880  <0.001
te(Long, Lat, Month) ~ FSC ~ 49.739  2.342  <0.001
s(DMI,,) FAD 2670 7.854 <0.001
(DMl ) FSC 2988 2791  0.005

GAM, generalized additive model; FAD, fish aggregating device;
FSC, free-swimming school; DMI, Dipole Mode Index.

WTHP<0.001). DMI®] H|AE a1k A 7 2% e KR
A I3t 2L (P<0.05), WhS- R HES- Aol A= 3
gt ato 7} gl ¥ ik
FAD 2o A= A& 0 & =2 Fvalue (F=7.854)2} 5
HES- 2135.0] v siEo] veh £ wisto] ot vR3-A
o] AA UehEth 53] 52 DMI 204 = AHia o= &
2 CPUE 40| SAE %o, DMIZ} o] Wako &2 715t
o wte} CPUE7} A o2 hassh= ko] ZIE i of
2|3 7 A ko] DMI 27101 A] B F=316kA] Yerst o
, 52 DMI 7o A= CPUE 74 Zo| 37| S 5= £
o] T Ith(Fig. 4). BHH FSC Z¢Jof A= At oz whe
F-value (F=2.791)%} A|gHAQ1 v g whg- sfjgio] yepyiet.
DMI7} 53t 22714 F7kohe ol Al ekt 371 4%
o] ZRIE oLt o] % 152 O DMI 24 ol A= w247 4
s el o] LpeRge) Ee FSC 232 79 A=) 7t Zo] Al ]
O 2 7 ekl 874 9H3-9] £81414d o] FAD &4 Ech =27
LrEbstTh 53] FSC Atz Y4 AoflA] 32 7} vl 2|12
A= Abw Bt o] A Uehk(Fig. 5), 87 Bhs- 4 9] ¢
gAdo] A e m vhe 7l o 2 vk Qltt. DMI B 23]
FARE(edf)= FAD 2 %ol 4] 2.670, FSC 24l A] 2.988
UrEfLE DMISFCPUE A7} e A3 (edf=1)- oFH 2|, 2]
U E3beh vy BA| Rk vl A kgt 34 FE o)
HIAE W3S ofmlgte)

O

2

il

Ao A e AlFEE 8 21Q DMI A5 1133te] 92
Ut QI thgo] Aol el 24 541} 3H Rhe-S +4
skelct. A5+ 23k, DMI A= -2 ubet Q= vhgo] A
0|19} CPUE ¥ol 23t 9ok mlAl= &4 8lo= 1
Epytt o] gt Ak IEoF A=A AAHI0D)o] 1=k A
Hho] sfjokehd 25 BN 7| AL thgo] 9] i 3 oA
ol FFF= Xtk AP AT Aket AR Ak Haltt
(Ménard et al., 2007; Lan et al., 2013).

53] 2 9] FAD 2¢°l|4+= DMI7} 571845 CPUE
7h ks WA kg sfElo] el Ak 0.2 ok(he)
10D Al7]oll= QUES} A2 aefolH -2o0] A%t E3%

& - olul - PEg - ol

FAD FSC

&
S

Partial effect on log(CPUE)
=
n

0
—
S

1 0 i I 0 i
DMI (lag 1 month)

Fig. 4. Partial effects of DMI on nominal CPUE for FAD and FSC
sets estimated from the final Tweedie GAM. DMI, Dipole Mode
Index; CPUE, catch per unit effort; FAD, fish aggregating device;
FSC, free-swimming school; GAM, generalized additive model.

o] Zlojx]= RH, F5 s ol A= 850l ZahE Ll 24
oF 9 5 YAPIAHI o] STk Al 2H s ol
AJBHc}(Saji et al., 1999; Roxy et al., 2016). L2} thegof
Agolgle F2 AR Aok FHOR £S5 glon]
(Fig. 3), (+)9] 10D A]7]ofl A5 sl ol A WA sl= o] 2|3t
2 Blgh= 8 3 of el 7tk ol o] E S T

9 715o] 9.

oo} & sto] AK(+)2] 10D A]7]9f FAD 22 CPUEZ} 7
AEE ol§2 A /1S Tej 4 Stk WA 454 o
o) E4bo|e}. FAD A Hol & AAsIR) s}, chetol 7}
FADZE #dsh= 34 8912 FAD /| 45 2% o]
A& Zroltk(Fréon and Dagorn, 2000). Al Q1=QF2] 3
917t 4-2 A5} Lol T A haks Hlolge] WE
£ AaAAH FAD FH O HFEY oyt #o|7 S7et A
Aefolut 2t 2 BAI S 7R Ao] Slek. T WAl o)
o] 4212 o55o]ck. QH(+)2] 10D Al7]o] A4 Q1w pollA]
Aole AL F2dstt S Aol EHSo RS
ATk o= B34 o1 FQ 7hEol o] 24 o5 B
Al 3FaL AT 0] 72] 'hgo] 20iA]7] Hof ofto] s o=
oz 4ol WSkl Al Bl agS HAaATI= 7
o AtH(Green, 1967). o] A& «=2] 2] 373t =5 2|
gH o2 2}-g-5to] FAD 299 CPUE #2488
540] 9.

E5t 3 AolA s DMIS| A AaE 1 2, 1742
RS A5 melo]d 7H e AICT) Lk ol o
G Mo} thigol 9] ol Y o Aol S o= vy
w7 Heke 04 ATHIE 3 AEE 01 A S Ak
o Seld MBS 40 72 U HojdE Ruo WslE £
ol cao]o) a5 W o] Q5Rg ) x|l o] ek Al A vt
o] A o7 FAHLE U I7IA = Al 2] 9l0] 24
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Fig. 5. Annual variation in the proportion of FAD sets and FSC sets. FAD, fish aggregating device; FSC, free-swimming school.

Sh= Ao g A4 A Qth(Lehodey et al., 1997; Polovina et al.,
2001; Kim et al., 2015). webA] 170 Al 2= Tt 541 2] 4]
e QA ohjeh, B Risto] chat chapole] Alefeba
o A gt AR s AE 4= Qlct.

71 25 o] ARTANE of 10.4% .02 ekt
oli= QIEoF thepo] Aoisle] CPUE W5 gl 87422
uko 2 Al w]y] o] 7] WliE o & ekE o) SST, chlorophyll-
a, 3= $0](sea surface height anomaly, SSHA) 52| $1/3
7|8F e AR = o B4 ol de] 85 Lo k(Lan
etal., 2013; Arrizabalaga et al., 2015), A}=H &7t A|7F 3A)
o oje} 2 A Roke] BT A THoIA] 27149 B
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