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A Bayesian State-space Production Assessment Model for Common Squid
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Given data about the annual fishery yield of the common squid Todarodes pacificus, and the catch-per-unit-effort
(CPUE) data from multiple fisheries from 2000-2018, we applied a Bayesian state - space assessment model for
the squid population. One of our objectives was to do a stock assessment, simultaneously incorporating CPUE data
from the following three fisheries, (i) large trawl, (ii) jigger, and (iii) large purse seine, which comprised on average a
year about 65% of all fisheries, allowing possible correlations to be reflected. Other objectives were to consider both
observation and process errors and to apply objective priors of parameters. The estimated annual exploitable biomass
was in the range of 3.50x10° to 1.22x10° MT, the estimated intrinsic growth rate was 1.02, and the estimated carry-
ing capacity was 1,151,259 MT. Comparison with available results from stock assessment of independently analyzed
single fisheries revealed a large difference from the estimated values, suggesting that stock assessment based on
multiple fisheries should be performed.
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B3] o] AFQ #of(Todarodes pacificus)= Trst o] L=
ol o8 == i FA QI ol tiE 5 shuoloh A &
41709] A3l A 5 2170 o Ao A AR o] & of&lstar 9l
o, 671 oA (ZsHAH7] A, tHE EE o, tHE A of
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9] CPUE (catch per unit effort) A} 27} =7 2] Qi th= 18 o) o
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THPascoe et al., 2020). ©|F /= Lol A Z|of| QJoj YAk
HES U O R B of Y a1t AFUEF A A1
v} 9)ch(Hyun, 2018; Winker et al., 2020). 3} 2]+ Hyun (2018)
of| A= AhleFel I eaHE MR 1 shA] ¢Fokal, Winker
etal. (2020)2] 4%, o1& 0132 CPUEE M2 S o & 714
st om, o] A whgstgl ot o gho = negict
£ @RS Ay gio
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A7 2 S ARFRo 240 A8 R} S A Eke] 1A
QAo A7 O] W QAFE FAlO| aLeskoitt. 1 il of g of
2] CPUEAtE 7} v eF A2 & whEctal 7Py ob B
o1¢] CPUEZLS] AHIAE 71802 nestgict. 19|
TMB R packages BFgHO 2 AFelg7t ol ikl ndlS 2
S o] 2] HAZL AR o] Fo] 2|2 $HoE7] wj el £
Ao A= A A APA R EZE v O 2 w0 Xt W 28 ]
Sttt 1E|aL ghatel| o o] Ao Aol o] A, of Y Ae Aol
et HEI7F B Adgtolct. Ay gatatetd o 2 R E Al
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O] X|QH el F 7t QA AREF M dlof| 2 8-51o Ha=F S5
cHol3} Case ). T A= T o] Uk a1 gt i4] 0 24 7}
o] slLte] CPUEALRE | o] X[ QF AFel 57t o of A Al =
dof &-g-sto] mpE =4 5FUTH(0]5} Case II). Case 119] 73
- 8ok Trdol ol wht 37 9] Alo] 2 (case) = THA] T
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i) NP A o] Fvhe 128k W4(0]8} Case 11-2), 7123 ii)
NP EE o AvkS aLejgt HHA|(o]s) Case 11-3). H|o] 2| QF AF
Bl 7t Jo AR A S vl o B Boj Y-S 1ejgh Ao
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tw) o143} oF 27.3%E AHA|5h= el A W 7] (jigger, jig) o1,
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S 5 5 QIti(Fig. 1b-1c¢).
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Fig. 1. Annual yield of the common squid from 2000 to 2018 (panel a), the jigger fishery CPUE (dashed line with dots in panel b), the purse
seine fishery CPUE (dashed line with open circles in panel b), and the trawl fishery CPUE (dashed line with open circles in panel c).

ol BE A= F AHEo] ofd, A= o g7k A
o2 Aolsteitt. A= CPUEAR 19} A o} 3 7Hs 2]
& B q 3ol tiste] vl #AE 71
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Table 16 MR Belsigon, ¥ 71 71598 7lekom uy
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(Auger-Méthé et al., 2016). 2] (1)-2)olH= 314 o212 u
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070 % ol SRRt A 71 ol99] CPUEAEE o] §
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oY = 29| Fate] FUR gh(o) =0} )& 7HlekaL 71
S TH Auger-Méthé et al., 2016).
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5, 294 ARE o Jd e -89 Kol JEA AR
HEE A-83}%tt. Froese et al. (2017)0]| 4+ FishBase2] z}
3] &2 (resilience) g 25 B-g-5to] W=tk Kol A=A A
AEZE 2= 1S 10Kl =1, Froese et al. (2017)2]
W& A-g-5to] ) Kol HA AP EEZE 283t g
sfolo] e Aol A9l slseio] & 5024 FishBased)
A15)5 2 & highez FA|Hjo] 9l o] FBS wEro® K
o] AR APH BxE AT 4= QISIcK(Table 2). 24~ r
I K7V 20 AFEEZE 20kl 714519 2.1, Froese et al.
(2017)0l A o] W& BHg-sho] Z}2-o] 2{H1gEE 1.06, 855,264
2 Agotqiet 1 al AR E B3-S R57] S8l HE
Al4=(coefficient of variation)= 1.0 (=100%)2.2 11835}

719, YA Bepolls B A AP REZE 2830
2 =RoA A8 APAREE FHOo R TSt A At
7 E2E(joint prior distribution)E TH-2] 4] (12)9} Zo] 13

s,

Table 1. Notations used in this paper. Bold font is used for a vector to distinguish it from a scalar.

Notation Description Units
Indices
t Year Year
f Afishery’s index. Three fisheries were considered. Fisheries code jig=jigger; )
Fisheries code ps=large purse seine; Fisheries code fw = large trawl
Data
Pigps The correlation between jig and ps -
Pigtw The correlation between jig and tw -
Ps The correlation between ps and tw -
Y, Yield at time ¢ MT
[/, I=MT/hook
L, Abundance index of multiple fisheries fat time ¢ ([l ¢ JI=MT/haul
' [/ I=MT/haul
Parameters
r Intrinsic growth rate -
b The constant coefficient for initial relative exploitable biomass: P, (i.e., P,=b) -
K Carrrying capacity MT
[[g,JI=hook’
Vector of the catchability coefficients for multiple fisheries: Qg Upsr G [[qps]]=haul'1
q [[g, Jl=haul"
opz The variance of process error -
G Vector of the variances of observation errors for multiple fisheries: ¢.2,0*,0,2 -
State variables
B, Exploitable biomass at time ¢ MT
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Fig. 2. Posterior distributions of the respective parameters under Case I. The curve in panel a indicates the informative prior of r; and that in

panel b represents the informative prior of K.

1 logP. -log(b))?
L(b,K,Upz,r,P | Y)= \/27_[7017 exp[_ M}

202
P
Y
0 (logP. -log[P+1P (1-P. }-—4])
<11 21 exp[- s o K ] ...... (13)
2000 <70, 201’
L'(qjig’ ps’qM’K’o}igz’Opsz’O-Mz’P‘ pjig,ps’pjig,tw’p ps,tw’l):
2018 31 ,
“I1@ I expl- - (o) X' (Fw)] - (14)
2000

o71AM, Y=( Yo Yaor 5 Yai) 12| IZ(lOg(Ijzg,z)’
log(I, ), log(1,, ))°It.

£ (13) 3 W A9l Ba(brK o2 PYE #4517 ek
= @——/’\" é] (14) = T‘:]—é ‘:},]’7@/:}9] E_)':(qfig’qm’qm’K’Ujlz"Upzs’ Uni
P)YE 27517 913t - ghapolnh = Fhapof tigt 4] (13),
(14)9] A%t ¢ gk=(joint likelihood function): tF3-2] 2]
(15)2} ek

2 2 2 2
LK 1109509000120 100 0 P PP

) ps’,W:I’Y)Z
2 . 5 5 )
L(bK.0}.r.PY) (q;,9,.9,.K.0,%0,70,.P
| P jlgps’pjzg,tw’p ps,[w’I) ...... (15)

A (163 o] A AR Bt o] Aol wre} 2% A
A RIS AT 92 Fao] Wl

L Dyl Y TEPLY |0) PR K)AP -+ (16)

TMBS} A% d%F 5= tmbstan R packages ©|-83}]
MCMC (markov chain monte carlo) A&-& A A8} 01,

Table 2. Prior probability density functions (PDFs) on parameters

Parameters Form of the prior Mode Ccv

r Log-normal (0.74, 0.69) 1.06 1.0 (=100%)
K Log-normal (14.35, 0.69) 855,264 1.0 (=100%)
b Non-informative

op2 Non-informative

oj,.; Non-informative

(o Non-informative

0.2 Non-informative

iy Non-informative

G Non-informative

9, Non-informative

Note: CV, coefficient of variation.
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% 3,000,00071¢] & FE5I3T) ©] 5 =71 15,000709] S RIS E-r(bFqu,gs oGO0 Op 1) 2 AR
FEE H(burn-in) A5t o 28 2 7He] A7) A 7L P T AR = o1 W 27| Ao e S
THauto correlation)S A A3} A8l Tl OOHWH FEE == Adsl= S A5 2 Ao A= 3714 BH-S- v
541 CHthinning). 71 A3}, 3 15,000749] - o]§ato] A o2 ARG E O] =gl gl 27| Aol & Zdsle]

SR ZE A5t CHHyun et al., 2005): (i) 2} 8| 2|9} Fo] 2 E7|(Raftery and

Table 3. Diagnostic tests for Markov Chain Monte Carlo samples for parameters (b,r,K. op ,‘g ps,
Case I (when multiple fisheries CPUE data were used), Case I1I-1 (when only jigger fishery CPUE data were used), Case II-2 (when only
large purse seine fishery CPUE data were used), Case 1I-3 (when only large trawl fishery CPUE data were used

qﬂg o T ) from four different cases:

Case ll
Case |
Case II-1 Case II-2 Case II-3
P Lag-1 auto Naive/Time Lag-1 auto Naive/Time Lag-1 auto Naive/Time Lag-1 auto Naive/Time

arameter DF : . . . : . . .

correlation  series correlation  series correlation  series correlation  series
r 0.99 0.003 1.00 1.01  0.007 1.00 1.03 0.027 0.93 1.05 0.095 0.90
K 1.01 0.016 1.00 0.99 0.002 1.00 1.99 0.022 0.90 099 0.016 1.00
b 1.01  0.009 1.02 0.99 0.008 0.97 1.04 0.036 0.87 1.01  0.031 0.96
o} 0.99 0.023 1.01 0.98 0.005 1.00 292 0.024 0.88 1.01 0.018 0.93
o 099 0.023 1.01 0.98 0.005 1.00
[os 0.99 0.023 1.01 292 0.024 0.88
02 0.99 0.023 1.01 1.01 0.018 0.93
G 1.01 0.019 1.01 1.02  0.002 1.00
s 1.02 0.019 1.01 1.01  0.022 0.86
q,, 1.02 0.014 1.01 1.10 0.139 0.82

The dependence factor of Raftery-Lewies statistics (DF), lag-1 autocorrelation, and the ratio of the naive standard error to the time series
standard error were checked.

Table 4. Point estimates of parameters and their 95% credible intervals from four different cases

Case llh
Parameters Case |
Case II-1 Case II-2 Case II-3
r 1.02 (0.26, 1.32) 0.42(0.21, 0.78) 0.74 (0.21, 0.81) 0.58 (0.17, 0.84)
K 1.15%10° 1.57x10° 8.17x10° 1.12x10°¢
(6.46x10°, 1.82x10°) (9.29%10°%, 1.84x10°) (7.23%x10°, 1.78x10°) (7.73%10°%, 1.83x10°)
b 0.99 (0.16, 1.88) 1.99 (1.07, 2.84) 1.11 (0.78, 2.84) 0.55 (0.11, 0.99)
apz 0.41(0.29, 0.63) 0.03(0.02, 0.07) 0.10 (0.06, 0.28) 0.10 (0.06, 0.27)
Ujé 0.41(0.29, 0.63) 0.03 (0.02, 0.07)
Upﬁ 0.41(0.29, 0.63) 0.10 (0.06, 0.28)
0.2 0.41(0.29, 0.63) 0.10 (0.06, 0.27)
3.29x10°8 2.59%x108
i (1.58x10%, 9.78x107%) (1.71x10%, 6.05x107%)
1.23x10 2.98x10
s (5.82x107, 3.61x10%) (6.59%107, 3.17x10%)
3.19x106 4.12x10
o (1.51x10%, 9.39x10%) (1.14%10%, 6.02x10°)

Case I (when multiple fisheries CPUE data were used), Case II-1 (when only jigger fishery CPUE data were used), Case II-2 (when only
large purse seine fishery CPUE data were used), Case II-3 (when only large trawl fishery CPUE data were used). The 95% credible intervals
of estimates are provided in parentheses, respectively.
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Fig. 3. Predicted annual CPUE under Case I. In panels a-c, dots
denote CPUE data from jigger, purse seine, and trawl, respectively.
The respective solid line in each panel indicates the corresponding
predicted CPUE, and the dashed lines in each panel indicate the
95% credible intervals.
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Fig. 5. Predicted annual CPUE from three different cases: Case
II-1 (panel a), Case II-2 (panel b), Case II-3 (panel c). In panels
a-c, dots denote CPUE data from jigger, purse seine, and trawl,
respectively. The respective solid line in each panel indicates the
corresponding predicted CPUE, and the dashed lines in each panel
indicate the 95% credible intervals.
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CPPfile of TMB
//A Bayesian state-space Schaefer model for the common
squids stock
//Author: Dongyoung An, Kyuhan Kim, Saang-Yoon Hyun

#include <TMB.hpp>
// pass missing values
template<class Type>
bool isNA(Type x){
return R_IsNA(asDouble(x));
}
// dlnorm
template<class Type>
Type dlnorm(Type x, Type meanlog, Type sdlog, int give
log=0) {
/freturn 1/(sqrt(2*M_PI)*sd)*exp(-.5*pow((x-mean)/
sd,2));
Type logres = dnorm( log(x), meanlog, sdlog, true) - log(x);
if(give log)
return logres;
else
return exp(logres);

}
// square
template<class Type>
Type square(Type x){
return pow(x,2.0);

}

//objective function
template<class Type>
Type objective_function<Type>::operator() () {

//Data

DATA VECTOR(Yt);

DATA MATRIX(It);
t //matrix type

DATA VECTOR(rho);
fisheries

DATA VECTOR(modeCV_K);  //mode and CV of K,
which are used for informative prior for K;

DATA VECTOR(modeCV r); //mode and CV of r,
which are used for informative prior for r;

//Yt: Yield (in weight) at time t
//It: multi_fisheries CPUE at time

//tho: correlatoin of multiple

o)
o
olN
s
0.

o

//Parameters

PARAMETER(logr); //r: intrinsic growth rate;

PARAMETER(logb); //b: The constant coefficient of
initial relative biomass

PARAMETER(logsig p2);  //sig_p2: the variance of the
process error

PARAMETER(logK); //K: carrying capacity

PARAMETER VECTOR(logq);
It = q*Bt //vector Type
PARAMETER VECTOR(logPt);
Pt=Bt/K; //State variabls

//q: scaling role, where

/Nog(Pt), where

//Derived quantities
int nyrs=Itrows();  //myrs: the number of years
int f=lIt.cols(); //f: the number of fisheries

matrix<Type> loglt = log(It.array()); //transformation to
loglt; //matrix Type
vector<Type> q=exp(logq);
Type b=exp(logb);
Type sig_p2=exp(logsig_p2);
Type sig_p=sqrt(sig_p2);
Type sig_o=sig p;
the observation errors
Type K=exp(logK);
Type r=exp(logr);
Type logMSY=logr+logK-log(4.0);
Type MSY=(r*K)/4.0;
Type BMSY=K/2.0;
matrix<Type> Sigma(f, f); //variance-covariance matrix for

//sig_o: the standard deviation of

multivariate normal distribution
Sigma.row(0) << sig o*sig o,
sig_o*sig_o*rho[1];
Sigma.row(l) << sig_o*sig_o*rho[0],

sig_o*sig_o*rho[0],

sig_o*sig o,
sig_o*sig_o*rho[2];
Sigma.row(2) <<sig_o*sig_o*rho[1], sig o*sig o*rho[2],
sig_o*sig_o;
vector<Type> Pt=exp(logPt);
vector<Type> E logPt(nyrs+1);
log(Pt) //vector<Type> E_logPt(nyrs);
vector<Type> logBt=logPt+logK;
matrix<Type> logpredlt(nyrs,f);
matrix<Type> predlt(nyrs,f);
for(int i=0;i<nyrs;i++)
for(int j=05<f:j++) {
logpredIt(i,j)=logq(j)+logPt(i)+logK;
predIt(i,j)=exp(logpredIt(i,));
15

//Expected values of

/fpredicted It;
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vector<Type> Bt=exp(logPt+logK);
vector<Type> residual(f);
vector<Type> nll(5); //negative log likelihoods that have
three components
//three informative priors
//objective function
nll.setZero();

/lprocess equation

for(int i=1;i<=nyrs;i++) {
E logPt(i)=log( Pt(i-1)+r*(1.0-Pt(i-1))*Pt(i-1)-Yt(i-1)/K );
nll(0) -= dnorm(logPt(i), E logPt(i), sig_p, true);

}

//observation equation

//multivariate normal distribution

using namespace density;

MVNORM t<Type>neg log dmvnorm(Sigma);

for(int i=0;i<nyrs;i++) {
residual = (loglt.row(i) - logpredIt.row(i));

std::cout << "residual:" <<residual << std::end];

nll(1) +=neg_log dmvnorm(residual); //return the nega-
tive log density unlike the other density function

3

//Only for the initial biomass, which is treated as the fixed
effect paramter;
nll(2)-= dnorm(logPt(0), log(b), sig_p, true);

//Informative prior for K

//K ~lognormal(mu_K, sig2 K);

Type prior mode K=modeCV_K(0);

Type prior CV_K=modeCV_K(1);

Type sig2 K=log(square(prior CV_K)+1);

Type mu_K=log(prior mode K)+sig2 K;

nll(3)-= dlnorm(K, mu_K, sqrt(sig2 K), true);
/mll(3)-=-(0.5*10g(2.0*M_PI)+log(sqrt(sig2_K))+logK+sq
uare(log(K)-mu_K)/(2.0*sig2 K));

//Informative prior for r

//t ~ lognormal(mu_r, sig2 1);

Type prior mode r=modeCV _1(0);

Type prior CV_r=modeCV _r(1);

Type sig2 r=log(square(prior CV_r)+1);
Type mu_r=log(prior mode r)+sig2 r;

nll(4)-= dlnorm(r, mu_r, sqrt(sig2 r), true);
//nll(4)-=-(0.5*log(2.0*M_PI)+Hog(sqrt(sig2_r))+logrt+squa

re(log(r)-mu_r)/(2.0*sig2 1));

Type jnll = nll.sum(); /fjoint negative loglikelihoods
//Reporting
REPORT(jnll);
REPORT(Bt);
REPORT (predlt);
REPORT(b);
REPORT(sig_p2);
REPORT(K);
REPORT(q);
REPORT(r);
REPORT(MSY);

return jnll;



