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Executive summary 
the standardized catch per unit effort (CPUE) data of Korean, Chinese and Chinese Taipei vessels 
in the high seas are used as biomass abundance indices, which may be a better proxy to represent 
the stock abundance in Southeast Pacific than the data based on Chinese vessels alone in the past. 
Furthermore, the impact of vessel characteristics on CPUE is considered for the first time. 
The results of all model scenarios indicate that the jumbo flying squid stock is not overfished and 
not subject to overfishing and the current catch level is lower than the estimated MSY. Taking into 
account critical environmental factors in the stock assessment allows for the determination of 
resource status more realistic. The time series of 5 years may be short, leading to scattered posterior 
results for biological reference points.  

1. Introduction
Jumbo flying squid, Dosidicus gigas (d’Orbigny 1835), is widely distributed in the Eastern Pacific
Ocean from northern California to southern Chile (Nigmatullin et al., 2001). Due to its high
economic values, jumbo flying squid in the Southeast Pacific is the basis of important fisheries.
Since 2000 the total landings of jumbo flying squid have increased constantly, the highest catch
occurred in 2014 and it exceeded 1.1 million metric tons. Jumbo flying squid is an opportunistic
predator that occupies an influential position in the pelagic ecosystem of the Southeast Pacific
Ocean (Markaida et al., 2003). As with other squid species, jumbo flying squid is short-lived with
highly unstable populations that exhibit large fluctuations in abundance in response to exogenous
factors, mainly El Niño and La Niña (Waluda et al., 2006). In this report, we applied Bayesian state-
space surplus production model and environmental dependent model to describe the dynamics of
jumbo flying squid in the Southeast Pacific.

2. Data
2.1 Fishery-dependent data

(1) Catch data
Catch data of jumbo flying squid in the Southeast Pacific Ocean during 2016~2020 were  
derived from Food and Agriculture Organization (FAO) of the United Nation (UN) database 
(www.fao.org/fishery/statistics/global-capture-production/query/en; accessed on  
06/26/2022). 

(2) Abundance index data
The abundance index data (CPUE) were from Southern Pacific Regional Management Organisation 
(SPRFMO) Secretariat. The data field consisted of fishing time (month), fishing area (1° longitude 
×1° latitude), vessel class cluster (Gross tonnage) and yield of flag states (China, Korea and Chinese 
Taipei). The nominal CPUE is calculated as follows: 
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𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑗𝑗,𝑐𝑐,𝑓𝑓 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑗𝑗,𝑐𝑐,𝑓𝑓/ 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑗𝑗,𝑐𝑐,𝑓𝑓                (1) 
where 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑗𝑗,𝑐𝑐,𝑓𝑓 is the total catch occurred in year y, month m, latitude i, longitude j, cluster 
c and flag f. 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑗𝑗,𝑐𝑐,𝑓𝑓  and 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑗𝑗,𝑐𝑐,𝑓𝑓  are the total fishing efforts and 
nominal CPUE, respectively, the specified cluster of specified flag state in the specified spatial grid 
at the specified time. 
The nominal CPUE was standardized by Generalized Linear Model (GLM). The expression of GLM 
is as follows: 
ln(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + σ) = 𝑘𝑘 + ∑(𝑎𝑎𝑖𝑖×𝑥𝑥𝑖𝑖) + ε                            (2) 
The value of σ is 10% of nominal CPUE mean which was added to deal with the 0 value of nominal 
CPUE. k is the intercept. 𝑥𝑥𝑖𝑖 is an independent variable including environmental factors (i.e. sea 
surface temperature, concentration of chlorophyll-a), spatial-temporal factors (i.e. year, month, 
longitude, latitude) and other factors (i.e. vessel class cluster, flag state). 𝑎𝑎𝑖𝑖 is the related coefficient. 
𝜀𝜀 is the error term which is assumed to follow normal distribution. Environmental data came from 
remote sensing satellite dataset in National Oceanic and Atmospheric Administration (NOAA) 
database (https://oceanwatch.pifsc.noaa.gov/doc.html, accessed on 06/28/2022). Sea surface 
temperature (SST) and concentration of chlorophyll-a (Chl-a) were chosen because these 
environmental factors were found to greatly affect the jumbo flying squid’s habitat and will 
subsequently influence the fish aggregation and the fishing efficiency (Yu et al. 2016). 
The standardized CPUE was used as an abundance index in the surplus production stock assessment 
model. 
 
3. Stock assessment model 
3.1 Description of Bayesian state-space surplus production model 
A complete operational surplus production model consists of two parts, i.e. dynamic model which 
describes the recruitment, growth and mortality of the stock and observation model which relates 
observation (e.g. CPUE or abundance index by scientific survey) to the stock biomass.  
The form of dynamic model is as follows: 
𝐵𝐵𝑦𝑦+1 = (𝐵𝐵𝑦𝑦 + 𝑔𝑔�𝐵𝐵𝑦𝑦� − 𝐶𝐶𝑦𝑦)𝑒𝑒µ𝑦𝑦                                        (3) 
where 𝐵𝐵𝑦𝑦 is the biomass at the beginning of year y; 𝐶𝐶𝑦𝑦 is catch in year y; µ𝑦𝑦 is process error 

which follows normal distribution (e.g. µ𝑦𝑦~normal(0,τ2 )); 𝑔𝑔�𝐵𝐵𝑦𝑦� is surplus production as a 

function of 𝐵𝐵𝑦𝑦, and the Schaefer’s form is: 

𝑔𝑔�𝐵𝐵𝑦𝑦� = 𝑟𝑟𝐵𝐵𝑦𝑦(1− 𝐵𝐵𝑦𝑦
𝐾𝐾

)                                               (4) 

where r is the intrinsic growth rate and K is the capacity denoting the unexploited biomass size. 
Pella and Tomlinson considered an extension of Schaefer model: 

𝑔𝑔�𝐵𝐵𝑦𝑦� = 𝑟𝑟𝐵𝐵𝑦𝑦(1− (𝐵𝐵𝑦𝑦
𝐾𝐾

)𝑠𝑠)                                             (5) 

Equation (4) and (5) are identical when s=1. The reason for the addition of parameter s is that in 
Schaefer model the surplus production is symmetric in relation to biomass whereas the Pella and 
Tomlinson’s equation allows the relationship to be skewed (Hilborn and Walters 1992). 
The form of observation model is as follows: 
𝐼𝐼𝑦𝑦 = 𝑞𝑞𝐵𝐵𝑦𝑦𝑒𝑒ε𝑦𝑦                                                       (6) 
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where 𝐼𝐼𝑦𝑦 is the index of abundance for year y, q is catchability coefficient; ε𝑦𝑦 is the observation 
error that follows normal distribution (e.g. ε𝑦𝑦~normal(0,σ2)). 
State-space model is a kind of model that predicts the future state of a system from its previous 
states probabilistically (Patterson et al. 2008). Process error and observation error could be 
simultaneously incorporated into a state-space model. Bayesian approach has been developed to 
rigorously incorporate expert judgment and inferences into conventional stock assessment and has 
also been used to convey uncertainties in management strategies to decision makers (McAllister and 
Kirkwood 1998).  
In this study, a Bayesian state-space Pella and Tomlinson’s surplus production model was chosen 
to describe the fishery dynamic of jumbo flying squid in Southeast Pacific. 
 
3.2 An environmental-dependent surplus production model 
Two categories for key parameters (i.e., r and K) were determined by sea surface temperature 
anomaly (SSTA) in the Niño 1+2 area. Parameters r_El Niño and K_EL Niño were used to denote 
r and K for certain years when the SSTA was positive. Parameters r_La Niña and K_La Niña were 
used for the rest of the years when the SSTA was negative (Figure 1). 

 
Figure 1 The annual SSTA of Niño 1+2 area from year 2016 to 2020 

 
3.3 Prior distribution 
Setting appropriate prior distribution is primary in Bayesian paradigm. One base scenario and three 
sensitivity analysis scenarios were set based on varied prior distribution for traditional model and 
environmental dependent model. In all scenarios, the standard deviations of process and observation 
error follow gamma distribution and the rest of the parameters follow uniform distribution (Table 1 
and 2). 
 

Table 1. The prior distributions of parameters for traditional surplus production model 
Parameters Basic Scenario Sensitivity 1 Sensitivity 2 Sensitivity 3 
r uniform (0,3) uniform (0,3) uniform (0.5,2) uniform (0,3) 
K uniform (120,3000) uniform (120,1000) uniform (120,3000) uniform (120,3000) 
q uniform (0,1) uniform (0,1) uniform (0,1) uniform (0,1) 
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s uniform (0,3) uniform (0,3) uniform (0,3) uniform (0.5,1.5) 
B2016/K uniform (0,1) uniform (0,1) uniform (0,1) uniform (0,1) 

τ2 
inverse gamma 
(0.001,0.001) 

inverse gamma 
(0.001,0.001) 

inverse gamma 
(0.001,0.001) 

inverse gamma 
(0.001,0.001) 

σ2 
inverse gamma 
(0.001,0.001) 

inverse gamma 
(0.001,0.001) 

inverse gamma 
(0.001,0.001) 

inverse gamma 
(0.001,0.001) 

 
Table 2. The prior distributions of parameters for environmental-dependent model 

Parameters Basic Scenario Sensitivity 1 Sensitivity 2 Sensitivity 3 
r_El Niño uniform (0,3) uniform (0,3) uniform (0.5,2) uniform (0,3) 
K_El Niño uniform (120,3000) uniform (120,1000) uniform (120,3000) uniform (120,3000) 
r_La Niña uniform (0,3) uniform (0,3) uniform (0.5,2) uniform (0,3) 
K_La Niña uniform (120,3000) uniform (120,1000) uniform (120,3000) uniform (120,3000) 
q  uniform (0,1) uniform (0,1) uniform (0,1) uniform (0,1) 
s uniform (0,3) uniform (0,3) uniform (0,3) uniform (0.5,2) 
B2016/K uniform (0,1) uniform (0,1) uniform (0,1) uniform (0,1) 

τ2 inverse gamma 
(0.001,0.001) 

inverse gamma 
(0.001,0.001) 

inverse gamma 
(0.001,0.001) 

inverse gamma 
(0.001,0.001) 

σ2 inverse gamma 
(0.001,0.001) 

inverse gamma 
(0.001,0.001) 

inverse gamma 
(0.001,0.001) 

inverse gamma 
(0.001,0.001) 

 
3.4 Posterior distribution and convergence test 
Monte Carlo Markov Chain (MCMC) is used to estimate model parameters and biological reference 
points. The estimation process is carried out in Winbugs. Four chains are used and each chain 
calculates a total of 50,000 times. The first 20,000 times were discarded and the rest values are 
reserved once every 10 times. The initial value of each chain is shown in Table 3 and 4. 
Convergence of the MCMC samples to the posterior distribution was checked by monitoring the 
trace of four chains of each parameter. Gelman and Rubin (1992) diagnostics were also examined. 
 

Table 3. The initial value of different MCMC chains in traditional model 
 K r q B2016/K s τ2 σ2 
Chain 1 300 0.5 0.05 0.5 0.5 0.1 0.1 
Chain 2 500 0.6 0.06 0.6 0.6 0.1 0.1 
Chain 3 700 0.8 0.07 0.8 0.8 0.1 0.1 
Chain 4 900 1 0.08 1 1 0.1 0.1 

 
Table 4. The initial value of different MCMC chains in environmental dependent model 

 K_El Niño K_La Niña r_El Niño r_La Niña q B2016/K s τ2 σ2 
Chain 1 300 300 0.5 0.5 0.05 0.5 0.5 0.1 0.1 
Chain 2 500 500 0.6 0.6 0.06 0.6 0.6 0.1 0.1 
Chain 3 700 700 0.8 0.8 0.07 0.8 0.8 0.1 0.1 
Chain 4 900 900 1 1 0.08 1 1 0.1 0.1 

 

3.5 Biological reference points estimation 
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The biological reference points are essential for figuring out the stock status and giving management 
advice. The three biological references (i.e. BMSY, FMSY, MSY) were calculated as follows: 
𝐵𝐵𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐾𝐾(𝑠𝑠 + 1)(−1/𝑠𝑠)                                              (7) 
𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑟𝑟(1− 1/(𝑠𝑠 + 1))                                            (8) 
𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐵𝐵𝑀𝑀𝑀𝑀𝑀𝑀×𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀                                                 (9) 
 
4. Results 
4.1 Generalized Linear Model 
6 significant influencing factors were selected as the final explanatory variables for the GLM (Table 
5). The trends of standardized CPUE and the nominal CPUE were consistent (Figure 2). The 
standardized CPUE was used as an abundance index in the surplus production stock assessment 
model. 
 

Table 5. Stepwise GLM building for influencing factors of jumbo flying squid catch rate 

Added terms d.f. Deviance Resid. Df Resid. Dev P 
Cumulative 
explained % 

AIC 

NULL   4964 1926.67    
+Year 4 46.26 4960 1880.41 0.0000 2.40 9281.43 
+Month 11 248.73 4949 1631.69 0.0000 15.30 8599.01 
+Longitude 48 185.81 4901 1445.88 0.0000 25.00 8094.76 
+Latitude 32 53.40 4869 1392.48 0.0000 27.70 7971.92 
+Flag 2 1.99 4867 1390.49 0.0296 27.80 7968.82 
+VesselClass
_cluster 

2 17.41 4865 1373.08 0.0000 28.70 7910.26 

 

 
Figure 2. Nominal CPUE and standardized CPUE of jumbo flying squid 

 
4.2 Estimates of parameters in traditional model 
The significant difference between prior distribution and posterior distribution indicated that the 
data in the model provided sufficient information to dominate the form of posterior distribution in 
all scenarios (Figure 3 and 4). According to the results of the test, all the model runs in each scenario 
were converged. 
The estimates of parameters for traditional surplus production model were shown in Table 6. For 
the base scenario, the mean and the median value of parameters r, K, q, s, τ2, σ2 and B2016/K were 
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1.25 and 1.17, 9.38 and 6.46 million tons, 0.012 and 0.009, 1.26 and 1.15, 0.044 and 0.009, 0.101 
and 0.030, 0.66 and 0.76, respectively. For the sensitivity analysis scenario 1, the mean and the 
median value of parameters r, K, q, s, τ2, σ2 and B2016/K were 1.49 and 1.45, 4.16 and 3.45 million 
tons, 0.014 and 0.012, 1.41 and 1.32, 0.033 and 0.007, 0.092 and 0.022, 0.74 and 0.82, respectively. 
For the sensitivity analysis scenario 2, the mean and the median value of parameters r, K, q, s, τ2, 
σ2 and B2016/K were 1.19 and 1.17, 8.41 and 5.08 million tons, 0.012 and 0.010, 1.33 and 1.30, 0.043 
and 0.009, 0.103 and 0.009, 0.68 and 0.79, respectively. For the sensitivity analysis scenario 3, the 
mean and the median value of parameters r, K, q, s, τ2, σ2 and B2016/K were 1.53 and 1.56, 6.96 and 
4.03 million tons, 0.013 and 0.010, 0.99 and 1.00, 0.039 and 0.008, 0.098 and 0.025, 0.72 and 0.80, 
respectively. 
 

 
(a) 
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(d) 

Figure 3. Prior and posterior distributions of parameters for traditional model (a) base scenario; (b) 
sensitivity analysis scenario 1; (c) sensitivity analysis scenario 2; (d) sensitivity analysis scenario 3; 
the unit of K is 104 metric ton. (The figure panels from left to right and from up to bottom 
respectively represent K, r, q, 𝜏𝜏, 𝜎𝜎, P1, and s) 
 
The estimates of parameters for environmental dependent model were shown in Table 7. For the 
base scenario, the mean and the median value of parameters r_El Niño, K_El Niño, r_La Niño, 
K_La Niño, q, s, τ2, σ2 and B2016/K were 1.13 and 0.97, 14.29 and 13.74 million tons, 1.28 and 0.97, 
14.08 and 13.53 million tons, 0.008 and 0.005, 0.87 and 0.61, 0.105 and 0.019, 0.291 and 0.050, 
0.60 and 0.64, respectively. For the sensitivity analysis scenario 1, the mean and the median value 
of parameters r_El Niño, K_El Niño, r_La Niño, K_La Niño, q, s, τ2, σ2 and B2016/K were 1.17 and 
1.02, 5.75 and 5.68 million tons, 1.48 and 1.44, 5.73 and 5.70 million tons, 0.011 and 0.008, 1.04 
and 0.86, 0.070 and 0.014, 0.218 and 0.040, 0.69 and 0.74, respectively. For the sensitivity analysis 
scenario 2, the mean and the median value of parameters r_El Niño, K_El Niño, r_La Niño, K_La 
Niño, q, s, τ2, σ2 and B2016/K were 1.13 and 1.07, 13.99 and 13.31 million tons, 1.21 and 1.18, 13.99 
and 13.47 million tons, 0.015 and 0.007, 0.97 and 0.71, 0.234 and 0.024, 0.325 and 0.050, 0.52 and 
0.55, respectively. For the sensitivity analysis scenario 3, the mean and the median value of 
parameters r_El Niño, K_El Niño, r_La Niño, K_La Niño, q, s, τ2, σ2 and B2016/K were 1.00 and 
0.79, 14.11 and 13.26 million tons, 1.24 and 1.12, 12.78 and 11.60 million tons, 0.008 and 0.004, 
1.08 and 1.00, 0.116 and 0.018, 0.340 and 0.050, 0.64 and 0.71, respectively. 
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(a) 

 

(b) 
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(c) 

 
(d) 

Figure 4. Prior and posterior distributions of parameters for environmental dependent model (a) 
base scenario; (b) sensitivity analysis scenario 1; (c) sensitivity analysis scenario 2; (d) sensitivity 
analysis scenario 3; the unit of K is 104 metric ton.  
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Table 6 The estimates of parameters for traditional model 
Scenarios Statistics r K q s τ2 σ2 B2016/K 

Base 

mean 1.25 938.31 0.012 1.26 0.044 0.101 0.66 
2.50% 0.07 135.60 0.001 0.06 0.001 0.001 0.06 
25% 0.54 283.90 0.004 0.54 0.003 0.007 0.47 
50% 1.18 646.00 0.009 1.15 0.009 0.030 0.76 
75% 1.86 1408.00 0.017 1.92 0.030 0.084 0.89 
97.5% 2.84 2792.02 0.038 2.88 0.277 0.570 0.99 

Sensitivity 
1 

mean 1.49 416.24 0.014 1.41 0.033 0.092 0.74 
2.50% 0.25 130.60 0.004 0.18 0.001 0.001 0.17 
25% 0.90 217.37 0.008 0.78 0.003 0.005 0.64 
50% 1.45 345.40 0.012 1.32 0.007 0.022 0.82 
75% 2.06 569.60 0.019 2.01 0.023 0.068 0.90 
97.5% 2.88 951.11 0.034 2.90 0.226 0.563 0.99 

Sensitivity 
2 

mean 1.19 840.70 0.012 1.33 0.043 0.103 0.68 
2.50% 0.53 143.00 0.001 0.06 0.001 0.001 0.07 
25% 0.82 274.80 0.005 0.55 0.003 0.007 0.49 
50% 1.17 507.55 0.010 1.30 0.009 0.028 0.79 
75% 1.56 1230.25 0.017 2.03 0.030 0.083 0.90 
97.5% 1.95 2726.02 0.033 2.89 0.273 0.630 0.99 

Sensitivity 
3 

mean 1.53 695.76 0.013 0.99 0.039 0.098 0.72 
2.50% 0.12 133.10 0.001 0.52 0.001 0.001 0.13 
25% 0.76 233.07 0.005 0.75 0.003 0.006 0.61 
50% 1.56 402.70 0.010 1.00 0.008 0.025 0.80 
75% 2.27 892.05 0.018 1.23 0.025 0.072 0.90 
97.5% 2.92 2617.02 0.034 1.47 0.241 0.547 0.99 
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Table 7 The estimates of parameters for environmental dependent model 
Scenarios Statistics r_El Niño r_La Niño K_El Niño K_La Niño q s τ2 σ2 B2016/K 

Base 

mean 1.13 1.28 1428.97 1407.94 0.008 0.87 0.105 0.291 0.60 
2.50% 0.04 0.07 223.80 227.20 0.001 0.02 0.001 0.001 0.07 
25% 0.42 0.56 761.05 757.67 0.002 0.21 0.006 0.012 0.38 
50% 0.97 1.18 1374.00 1353.00 0.005 0.61 0.019 0.050 0.64 
75% 1.74 1.95 2049.00 2008.00 0.010 1.31 0.066 0.163 0.83 
97.5% 2.85 2.88 2875.02 2857.00 0.033 2.76 0.729 1.673 0.98 

Sensitivity 1 

mean 1.17 1.48 574.83 573.42 0.011 1.04 0.070 0.218 0.69 
2.50% 0.06 0.17 186.50 182.89 0.003 0.07 0.001 0.001 0.17 
25% 0.49 0.81 404.77 402.17 0.005 0.40 0.004 0.010 0.54 
50% 1.02 1.44 567.50 569.75 0.008 0.86 0.014 0.040 0.74 
75% 1.78 2.13 746.42 743.32 0.013 1.53 0.049 0.128 0.87 
97.5% 2.85 2.90 967.60 962.80 0.036 2.79 0.508 1.344 0.98 

Sensitivity 2 

mean 1.13 1.21 1398.93 1398.61 0.015 0.97 0.234 0.325 0.52 
2.50% 0.53 0.53 211.59 203.90 0.001 0.03 0.001 0.001 0.03 
25% 0.76 0.84 699.05 714.42 0.003 0.24 0.006 0.012 0.22 
50% 1.07 1.18 1331.00 1347.00 0.007 0.71 0.024 0.050 0.55 
75% 1.47 1.57 2051.00 2041.00 0.017 1.54 0.092 0.166 0.81 
97.5% 1.94 1.95 2870.02 2864.00 0.048 2.82 1.082 1.772 0.98 

Sensitivity 3 

mean 1.00 1.24 1411.05 1277.87 0.008 1.08 0.116 0.340 0.64 
2.50% 0.03 0.05 238.10 228.29 0.001 0.52 0.001 0.001 0.06 
25% 0.34 0.51 718.20 659.45 0.002 0.72 0.005 0.012 0.46 
50% 0.79 1.12 1326.00 1160.00 0.004 1.00 0.018 0.050 0.71 
75% 1.51 1.90 2062.00 1827.00 0.009 1.40 0.067 0.181 0.87 
97.5% 2.79 2.86 2887.02 2780.02 0.035 1.93 0.860 2.010 0.98 
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4.3 Biological reference points 
Three biological reference points were estimated.  
The results from the traditional model were shown in Table 8. For the base scenario, the mean and 
median values of MSY were 1.68 and 1.14 million tons. The mean and median values of BMSY were 
4.62 and 3.17 million tons. The mean and median values of FMSY were 0.57 and 0.48. For the 
sensitivity analysis scenario 1, the mean and median values of MSY were 1.29 and 1.12 million 
tons. The mean and median values of BMSY were 2.14 and 1.78 million tons. The mean and median 
values of FMSY were 0.75 and 0.74. For the sensitivity analysis scenario 2, the mean and median 
values of MSY were 1.79 and 1.21 million tons. The mean and median values of BMSY were 4.03 
and 2.60 million tons. The mean and median values of FMSY were 0.59 and 0.56. For the sensitivity 
analysis scenario 3, the mean and median values of MSY were 1.65 and 1.20 million tons. The mean 
and median values of BMSY were 3.44 and 1.99 million tons. The mean and median values of FMSY 
were 0.74 and 0.75.  
The results from the environmental dependent model were shown in Table 9. In the years when  
the SSTA were positive in Nino 1+2 area, for the base scenario, the mean and median value of MSY, 
BMSY and FMSY were 2.47 and 1.19 million tons, 6.66 and 6.21 million tons, 0.38 and 0.25, 
respectively. For the sensitivity analysis scenario 1, the mean and median value of MSY, BMSY and 
FMSY were 1.27 and 0.89 million tons, 2.80 and 2.68 million tons, 0.48 and 0.37, respectively. For 
the sensitivity analysis scenario 2, the mean and median value of MSY, BMSY and FMSY were 2.95 
and 1.71 million tons, 6.60 and 6.04 million tons, 0.44 and 0.39, respectively. For the sensitivity 
analysis scenario 3, the mean and median value of MSY, BMSY and FMSY were 3.35 and 1.99 million 
tons, 7.10 and 6.67 million tons, 0.49 and 0.39, respectively.  
In the years when the SSTA were negative in Nino 1+2 area, for the base scenario, the mean and 
median value of MSY, BMSY and FMSY were 2.45 and 1.41million tons, 6.49 and 6.14 million tons, 
0.44 and 0.31, respectively. For the sensitivity analysis scenario 1, the mean and median value of 
MSY, BMSY and FMSY were 1.27 and 0.89 million tons, 2.80 and 2.68 million tons, 0.48 and 0.37, 
respectively. For the sensitivity analysis scenario 2, the mean and median value of MSY, BMSY and 
FMSY were 2.95 and 1.73 million tons, 6.53 and 6.18 million tons, 0.47 and 0.42, respectively. For 
the sensitivity analysis scenario 3, the mean and median value of MSY, BMSY and FMSY were 3.39 
and 2.37 million tons, 6.43 and 5.80 million tons, 0.60 and 0.56, respectively. 
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Table 8 The estimates of biological reference points for traditional model 
Scenarios Statistic MSY BMSY FMSY 

Base 

mean 167.84 462.06 0.57 
2.50% 18.51 76.54 0.02 
25% 85.00 148.30 0.20 
50% 114.30 316.80 0.48 
75% 173.32 673.25 0.90 
97.5% 696.11 1454.02 1.43 

Sensitivity 1 

mean 129.11 213.52 0.75 
2.50% 44.62 73.13 0.13 
25% 90.17 116.87 0.43 
50% 111.90 178.45 0.74 
75% 147.00 284.42 1.05 
97.5% 318.91 506.51 1.49 

Sensitivity 2 

mean 179.19 403.34 0.59 
2.50% 39.80 83.65 0.06 
25% 93.71 150.50 0.34 
50% 121.10 260.20 0.56 
75% 191.40 563.90 0.84 
97.5% 694.64 1293.00 1.23 

Sensitivity 3 

mean 165.17 343.54 0.74 
2.50% 39.01 69.05 0.05 
25% 92.79 116.20 0.36 
50% 120.10 198.75 0.75 
75% 175.02 441.60 1.09 
97.5% 605.04 1290.02 1.52 
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Table 9 The estimates of biological reference points for environmental dependent model 

Scenarios Statistics 
EL Niño La Niña 
MSY BMSY FMSY MSY BMSY FMSY 

Base 

mean 247.25 665.85 0.38 245.26 649.40 0.44 
2.50% 3.73 113.20 0.01 6.58 117.60 0.01 
25% 49.76 350.70 0.10 72.11 351.87 0.13 
50% 119.60 621.35 0.25 140.80 613.50 0.31 
75% 293.50 931.62 0.54 302.60 909.87 0.67 
97.5% 1295.02 1502.00 1.44 1047.00 1417.02 1.36 

Sensitivity 1 

mean 126.87 279.77 0.48 149.07 276.50 0.60 
2.50% 4.92 96.74 0.02 14.72 98.09 0.05 
25% 45.13 195.10 0.17 77.84 197.40 0.28 
50% 89.02 268.20 0.37 121.90 271.10 0.53 
75% 163.90 356.72 0.67 196.70 347.50 0.89 
97.5% 474.14 516.30 1.50 413.80 502.20 1.42 

Sensitivity 2 

mean 294.62 660.25 0.44 294.62 653.18 0.47 
2.50% 14.98 112.30 0.03 20.19 114.19 0.03 
25% 79.88 324.80 0.20 94.38 339.00 0.21 
50% 170.80 604.20 0.39 173.00 617.90 0.42 
75% 394.70 939.50 0.62 385.10 922.40 0.69 
97.5% 1218.02 1518.05 1.15 1192.05 1473.00 1.19 

Sensitivity 3 

mean 335.41 710.06 0.49 339.37 643.42 0.60 
2.50% 9.99 120.20 0.02 22.01 115.50 0.03 
25% 82.52 362.25 0.17 120.20 329.20 0.25 
50% 198.70 666.90 0.39 237.45 580.20 0.56 
75% 447.02 1031.00 0.73 458.95 918.52 0.92 
97.5% 1394.02 1491.00 1.48 1156.00 1424.02 1.40 

 
4.4 Stock status 
The temporal trends of Bratio (B/BMSY) and Fratio (F/FMSY) in different scenarios showed similar 
patterns. According the Kobe plot, the stock being overfishing or overfished had never happened 
since 2016, and the probability of the stock being healthy in the terminal year in traditional model 
were 59.7%, 73.3%, 66.4% and 73.2% (Figure 5). The probability of the stock being healthy in the 
terminal year in environmental dependent model were 51%, 61.2%, 46.1% and 66.3% (Figure 6). 
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(a)                                  (b) 

 
(c)                                  (d) 

Figure 5. Kobe diagram of traditional model (a) base scenario; (b) sensitivity analysis scenario 1; 
(c) sensitivity analysis scenario 2; (d) sensitivity analysis scenario 3 

 
 

 
  (a)                                   (b) 
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(c)                                     (d) 

Figure 6. Kobe diagram of environmental dependent model (a) base scenario; (b) sensitivity 
analysis scenario 1; (c) sensitivity analysis scenario 2; (d) sensitivity analysis scenario 3 
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