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A Life Stage-based Model for Assessing the Walleye Pollock
Gadus chalcogrammus Population in the East Sea

Kyuhan Kim, Myoung Ho Sohn' and Saang-Yoon Hyun*

Department of Marine Biology, Pukyong National University, Busan 48513, Korea
Jeju Fisheries Research Institute, National Institute of Fisheries Science, Jeju 63068, Korea

Since the late 1990s, walleye pollock Gadus chalcogrammus fisheries in Korean waters have been considered col-
lapsed. Although many fisheries scientists suspect that the collapse might have been triggered by overexploitation
of juvenile pollock or environmental changes, such conjectures have been neither tested nor investigated, partially
because of limited data on the population. There has been no survey of the population, and the ages of fish in fishery
catch have rarely been identified. Instead, fishery catch data from 1975-1997 included information about two life
stages, ‘juveniles and adults,” and data on catch-per-unit-effort (CPUE) during 1963-2007 and those on fish length
and weight during 1965-2003 had been sporadically collected from commercial fisheries. To test hypotheses about
the collapse of the pollock fisheries, we used a statistical linear model with juvenile CPUE as the response vari-
able, and abiotic (e.g., water temperatures) and biotic factors [e.g., adult pollock, flatfishes (Pleuronectidae sp.), and
sandfish (Arctoscopus japonicus) CPUEs] as the explanatory variables. The model results indicated that depletion of
the pollock population was associated with both biotic (adult pollock and flatfishes abundance) and abiotic factors
(mid-water temperatures in February and October). We further interpreted the results from ecological and biological
perspectives, suggesting possible mechanisms.

Key words: Pollock population depletion, Generalized linear model, Catch-per-unit-effort, Fisheries selectivity
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Fig. 1. Data on fishery catches of adult and juvenile pollock Ga-
dus chalcogrammus in the East Sea (a), and catch per unit effort
(CPUE) collected from gillnet and longline fisheries (b), and Dan-
ish seine fishery (c). A “sheet” is a unit area of the gillnet whose
width ranges from 45 m to 72 m and whose height ranges from 4 m
to 4.125 m. One “basket” in the longline contains about 300 hooks.
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1990 t(i.e., 1990-1997)0l = o] v]&2] Ax}7} 3:18 7F4gh

Aoz vepyte, o]

Eay
s =0

3} Aol ol A A7} 47

H A FE(1975-1997)0]l BA Aol & thAF o 25t A A2l of
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Table 1. Annual juvenile and adult pollock Gadus chalcogrammus catches by four major pollock fisheries in Korean waters

Adult catch by fishery (MT)

Juvenile catch by fishery (MT)

Year Danish Gillnet  Longline Trawl Total Danish Gillnet  Longline Trawl Total

1975 66 3,264 1,018 21 4,369 38,609 0 0 11,592 50,201
1976 241 4,450 422 62 5,175 52,621 609 0 16,400 69,630
1977 851 7,721 8,993 784 18,349 64,546 12 0 27,714 92,272
1978 796 7,101 1,681 866 10,444 52,527 23 0 36,322 88,872
1979 1,291 7,078 1,533 1,680 11,582 5,817 209 0 28,463 34,489
1980 2,464 13,916 4,863 5,698 26,941 33,962 138 2 30,922 65,024
1981 1,790 18,809 20,992 5219 46,810 47,470 16 0 42,296 89,782
1982 2,826 19,500 10,738 4,779 37,843 47,226 45 0 46,880 94,151
1983 4,004 12,780 7,624 4,177 28,585 31,485 119 0 24,075 55,679
1984 5,435 18,395 12,110 3,458 39,398 37,011 159 13 28,792 65,975
1985 7,534 22,892 5,817 9,960 46,203 22,220 302 21 14,607 37,150
1986 9,182 21,454 7,411 8,360 46,407 19,314 23 1 12,554 31,892
1987 4,674 5,953 5,219 3,945 19,791 8,494 20 5 4,825 13,344
1988 3,382 5,753 2,457 1,649 13,241 1,613 13 0 1,032 2,658
1989 4,110 6,401 2,939 2,162 15,612 6,400 4 0 1,236 7,640
1990 2,154 4,085 1,867 1,496 9,602 13,503 82 0 2,034 15,619
1991 2,664 1,137 1,951 2,533 8,285 6,707 47 0 3,295 10,049
1992 1,701 1,612 1,914 735 5,962 3,361 19 1 1,584 4,965
1993 1,649 2,422 2,446 1,558 8,075 2,411 98 0 5,053 7,562
1994 1,094 2,131 3,250 527 7,002 1,252 48 0 1,839 3,139
1995 158 3,635 2,061 869 6,723 1,920 9 0 260 2,189
1996 232 2,076 1,362 662 4,332 1,821 17 1 1,790 3,629
1997 273 2,948 847 2,190 6,258 410 107 0 386 903
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Fig. 2. Length-frequency distribution of walleye pollock Gadus
chalcogrammus caught by gillnet (a), longline (b), and Danish
seine (c) fisheries.
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Fig. 5. Diagram depicting all the variables considered for the linear
model. In the candidate explanatory variables, the numbers sub-
tracted from ¢ (e.g., t—1 and ¢ —2, where t denotes the year index),
indicate time delays by which CPUE of juveniles at age-1 and age-
2 were used as that of juveniles at age-0.
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N30T Moy wag Aesty] 9o RS o] §3)
of mele] A3HE A Skt T ol G VS
S Shajsha A4 BA0l S B o 4

FAI%H(Cook’s distance), C, (Cook and Weisberg, 1982)E ©]
£3191.00] o] 4102 Lk El C=(b—b, ) (X'X)(b— b,V
(pMSE) o] Ht} & dAtol A= mA) 529 5 FAE C
7 k2 A9 sl BEA S Qe BEA 2 Bese

o714 b= BE P22 o] gatol Akket SI7AE] b
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< A BEA S A 27t = AL 8] A =, MSE= ¥
A LA} 12 AL T A E 0] kS ofmjgitt, o] 4h2] ¢
gk S22 9] BF3} “xl(externally studentized residual)
d5 °1-8ok3itt o5 A= YetH d=e/(VMSE (1 - h))
ol H ex= A WSAS] AL, MSE = A HSA7}
AAE 2A7E olgsto] AL BdAlgeatel™ hs &
AF3iE(hat matrix)2] A djzrlaolnt. 9 #ES}F b=
(n—p— 19 AFEE 7= 225 w2l G A QU7
afi2ofl A1 2F a7F0.05% 9 | d, | >t(1— a/2; n—p—1)°]
g HSAE oA = 1HE51 3t (Kutner et al., 2005). o
714 n& B2 9] A, pe o 3 S AA TS F N
Folth. & Aol M= BEA7F G SAJTSA o 0]
A Q1 Aol v AR AE A 2 A o B B
Z|7} o] W=o]l &5A] ohgtet.
tEaAl/d o] of et FEFEe

R o e CRER S o Y
o] 2(ridge trace)E ©|-8-5Hal HEaAl Q] WA Hat
Z413H(mean-centering) S o]-8515ith 3 Ego|Ak
Aol mEle] Aol mjA|= Yofs I =S T 4

HAom yef7] wfiol FAREAe
Factor: VIF)ol| v|&f| tha5-41/d 9] 24| o] -5 A o= 7
o ek 4= Qlh 5% Edlo]lis 53 54 % (ridge estimator),
B(O=XTX+AD)'XTY o] 4] TH 9] W 2~(biasing parameter), 2] Z
7holl w2 p(6)gke] Meke ez vehd 2lo]th(Hoerl and
Kennard, 1970). %, B(6)7} 6] v A2t F71oll = F25 Wshs
HRIohH A5 Abo] O] =2 A4 THA| = Q1% ths5414
O] FAIZE g Ao & gt 3 4= 9lom o] A9 747kl A4
WP ES Beilststo] wAystylet.
7t 2M

dlo] Ak= SSB7} ]/ o] o] Fek=7] 9} o] qlrkal 5t
ot ulidolzt Aol & 7l e B2 AakA] JstaL ol
o}, 1efu el o] At of vk A= e} o] ' CPUEZ} /o1 9}
aj/go] & SR o] Q7] wiZe] o] ARES] AHAIE AL
sto] mligof7t Aol = 7HlElE IS UM 082 HA5H
o AgAQ O] Bz Qlsto], n]/dolel o] Hekzthe] 7

o
[
T
5
=
&
=
Q
o)
=

2l

SE] o] ZF AR ATTA S AlAlsl=Y] o] it £ A
Ao A = F7-2] AHR(i.e., 0] &5k CPUE) B0l A 733t &F
o] A A7} Urebd 9., u]/idof e} Ao Ato]e] 71l o
o3t S A 2Jgt At oA whe Uojifx] 2 Fo
2 gt 5kt

Deo| Meimt Fct

e A el A2 Table 20] 7 2|51l 0w el 2|2 o] rd)
£ “1+Temp100.150_Feb+Long+Temp150_Oct+Flat+Long:
Temp150 Oct” o] it} b2} 12| Z 9} Shapiro-Wilk A4 7
A (Shapiro and Wilk, 1965; R Core Team, 2013)2] AN P-
value=0.35)0] W= AelE wmdo] Hxpr) Qxjgke] A4t
B 7L YutskA] ekek o w(Fig. 6), Breusch-Pagan 3%
(Breusch and Pagan, 1979; R Core Team, 2013; Hothorn et
al., 2015)9] AvK P-value=0.55)+= o] Z2}7} 9 2}5o] S-HAk

Sample quantiles

Theoretical quantiles

Fig. 6. Quantile-quantile plot of residuals for the final model.

Table 2. Model selection summary. ‘“Temp 100.150 Feb’, ‘Long’, ‘Temp 150 Oct’, and ‘Flat’ denote the average of water temperatures at
the depths of 100 and 150 m in Feburary, longline CPUE, that of water temperatures at the depth of 150 m in October, and flatfishes CPUE,

respectively

Model Linear form D df AD  Adf P-value AIC

1 Null 105.98 24 NA NA NA  111.06
2 1+ Temp 100.150_Feb 8116 23 2482 1 0.008 106.39
3 1+ Temp 100.150_Feb + Long 5324 22 2793 1 0.001 97.84
4 1+ Temp 100.150_Feb + Long + Temp 150_Oct 4246 21 1078 1 0.021 94.19
5 1+ Temp 100.150_Feb + Long + Temp 150_Oct + Flat 3549 20 6.97 1 0.047 91.70
6 1+ Temp 100.150_Feb + Long + Temp 150_Oct + Flat + LongxTemp 150_Oct 26.52 19 896 1 0.011 86.43
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3 718 QA TSRt AL sholnh 58 Edlol A 2E AdEE
A0 FEIAG7F oF kel H O] M4 0] Ftol| ¥
oIS Helvkes AS YelithFig. 7a). 53] Ao 4-8319]
Alg= oF Su|gke] goll e R o7} 5ol Al F4=E B A 4
2] 7 B4 A (numerical instability)2] FA| 72 SolA|A F
At Fig. 7Tb= ¥~ 5413} 2H8& Bl thsa-4d/do] nAH
5% Efo|AE Hojn Al MiEEo]l 2ol A4S S
I 4= iet. o]= 2 A RE9] oA e 71

e zA diba o g W] Yot S AT Table 3).

(a) —&— Temp 100.150_Feb
—£— Long

—+— Temp 150_Oct

Flat

LongxTemp 150_Oct

H

(b) —&— Temp 100.150_Feb
—— Long
2 —— Temp 150_Oct
= Flat
; - —— LongxTemp 150_Oct

Standardized coefficient
w

=it

0 5 10 15 20 25 30
Biasing parameter ()

Fig. 7. Ridge trace plots describing trends of the estimated coef-
ficients as a function of biasing parameters 0 before (a) and after
(b) mean-centering.

2% A8 2d(final model)o] A4S LT FAAL
2 fFJ3t3icHTable 3b). ZElo] HyFAsHE Fall A= 9
7] 2ol 2 A5 Atk o5 Wik 7RO’ 9
AE|Qieh. &, BsAe 48E nd o] AR5 Al

ArRigEo] Mo HiE 7|E o R HolA Qe HET

(2

2011) 2 A70] HERAG S Ao of2fst o] el

29421 100 m&} 150 m =& 18] 11 7FAbu| o] Aek=7]71 o
o vl golo] Aka7)eh ool Ak Mol Ao= Lekiteh
5,299 F Ao 0] 2 uf 04 O] AEEC] =8k
I g n)/gdol o] Aetarl= 7] R Aear]of @A §
Eok3lth 1049 150 m 23} ¢15-2] CPUEE A2 452t
S(interaction effect)2 UERH =Y o] F+ W9 TAE A
2 ez ep  adSo] 1 ws) oA el 4
T HolLh TANE Wolr 1l A2 o) A A= Ao
2 UeRdri(Fig 8).

ofglo| et

ulgoje} ole] Aol 3¥lel Alx7t 2859l CPUE
o} o] 3l R0 A -2 AT (5077} 23 El9l0m] 49
of AlA7H A G RIS this olZA el T e Al
A(:>0.9)7F ERkTi(Table 4). 4Jo12] CPUER 48] A}
3} 9101919] QL= CPUE7} alg L] 10438 055 3
L7HA] S v, o3 AR A SAH U A
ei5te, of 2l AL 2ol A 3ylo] ok 4] Alxtele) 7 2
AL Lrehd 112 5 R Afolof) £73712be] Aol 7t
§1917] thizo 2 ofshslct. ArbA .02 olelst AT 7k 3
A w o]t Aol 2 Thel sl T olE) A

KR

3 9182 wto] ) A5 oSS AABHT Fig. 9
o =5

=2 O

.
o
i

Table 3. Estimates of coefficients (Coef) of explanatory variables and their standard errors (SE) in the best model before mean-centering (a)
and those after mean-centering (b). ‘Temp 100.150 Feb’, ‘Long’, ‘Temp 150 Oct’, and ‘Flat’ denote the average of water temperatures at
the depths of 100 and 150 m in Feburary, longline CPUE, the average of water temperatures at the depth of 150 m in October, and flatfishes

CPUE, respectively

(a) Before mean-centering

(b) After mean-centering

Explanatory variable

Coef SE t P-value Coef SE t P-value
Intercept -6.10 1.83 -3.33 0.00 5.16 0.31 16.77 0.00
Temp 100.150_Feb 0.45 0.12 3.91 0.00 0.45 0.12 3.91 0.00
Long 0.52 0.11 4.65 0.00 0.22 0.06 4.01 0.00
Temp 150_Oct 1.14 0.34 3.34 0.00 0.53 0.13 3.98 0.00
Flat 0.03 0.01 2.40 0.03 0.03 0.01 2.40 0.03
LongxTemp150_Oct -0.06 0.02 -2.53 0.02 -0.06 0.02 -2.53 0.02
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Fig. 8. Three-dimensional plot of the interaction term, Long and
Temp 150 Oct. Those two variables associated with the interac-
tion term were mean-centered (e.g., Longc=Long—Tng and
Temp 150_Oct =Temp 150_Oct—Temp 150_Oct, where the sub-
script ¢ denotes the mean-centering procedure; the means of the
two variables, Long and Temp 150 Oct are 9.90 kg/basket and
4.91°C, respectively).
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Fig. 9. Summary for interpreting study results. The dashed arrows
show pathways of significant explanatory variables and those in
parentheses indicate a direction of effect (i.e., *—’, “+’ and ‘<’ de-
note negative, positive and interaction effects, respectively). Areas
separated by gray represent a major source of mortality on each life
stage of walleye pollock Gadus chalcogrammus; environmental ef-
fect on those in white; fishing effect on those in gray.
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Table 4. Time-lagged correlations between catch and CPUE of juvenile, and those of adult. Those in parentheses denote a type of fishery
used for data collection, and values followed by an asterisk denote significant difference (P-value<0.05)

Shift value in year

Data +1 +2 +3 +4 +5 +6
Juvenile catch

Adult catch 0.576* 0.688* 0.836* 0.939* 0.867* 0.716*
Juvenile CPUE (Danish seine)

Adult CPUE (gillnet) 0.280 0.541* 0.787* 0.672* 0.400 0.320

Adult CPUE (longline) 0.283 0.550* 0.796* 0.671* 0.264 0.212
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(1) Temp 100.150 Feb: 292] 100 me} 150 m 4~2-0] 0]/
o] o] et =27]9} oFo] AFhS: W el A2 Cushing (1969)0] 2]
3 Al71E DA-ELA] 7ol o3f ofslE 4= Ut 100 me}
150 m 2-9] At A Ao 73t sl 212 B v
WA w53t Q5fi4=0] £ Soll ol A 4= =t ol=
FHFO TS ST Bk o2t 20830 4] EE
AAAFITE 5 2050 FAS EFAE A (spring
bloom)& oF7]5l=1]|(Yamada et al., 2004), =0 % 4~2-2F%
of 0.2 Qe | ZYE o] e Aofe] 2 4
o[ Al I} LA|jhof| whet o] 52 AEEC] TS 7
o] 9lc}. E3t, Shida et al. (2007)2 24 Hej 2] 7}] et #7}
W QI shele] 129 5 Lol A2 el 4 Thalcka
319191, Funamoto et al. (2014)2 53l &5 af| <ol A 24 9]
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O] 7Hd AR At
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dTAgol AA 7 7k 9] Rlof ofsf 2w lrkar H ottt

A, Holo] Fawat Al Mgl whE T e
o2 5 4 ek 1099 sy 2 74 S i
A|(fall bloom)t o] Qlom] 53] AZHof| A El

of
lof
2
O

Ho

0A] Well= o] Al7]9] gokagol HEE & FFE
& #] Qlth(Heintz and Vollenweider, 2010). wh2}kA],
7b SRR 7R g Y] 27152 (1) Temp
Feb'o] aj 43} Zro] AX|- 5] 7ol oJa A=
ey Ao vl FEoF AR 7S EEEE Y
o o}t Aaket e wlido] Y] AA| oA F

TFE A7 SIS AolBE, A F
717F S A Sl s 97152 oFE 7HsAdol Atk

T HE 7 RE 20050 4E = QIRE A1 9] S7to]
t}. Francis and Bailey (1983)+= HE] n]do]7} A Ao A]4]5}
= GEf Aojoll &gt FFEAS For] Yol 2ok AT
of| A3k Ao]eta 24519).01 Olla and Davis (1990)= 2=

3 3| el ApR| o) = 0] H|a A wHEgt 20k
Qehar shginh. &, A 9] ek A Edo R
O 2| E]7} ol g2] SHolA= 0A] FElES]
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