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1. Summary
We applied the Stochastic Surplus Production Model in Continuous Time (SPiCT) to the winter–spring cohort of neon flying squid in the North Pacific, using annual total catch data reported by NPFC members, two fishery-dependent indices derived from Japanese and Chinese commercial fisheries, and a fishery-independent index obtained from the Japanese scientific driftnet survey. The assessment used data from the 20-year period of 2005–2024, during which annual catch data and all three indices were available, to estimate stock dynamics through 2025. For all input indices, the preliminary relationships with the annual catch data aligned with the general structural assumptions of the surplus production framework. The final parameter estimates were well constrained, with narrow confidence intervals; however, slight diagnostic issues remained in the retrospective analysis. The relative weights of the three indices estimated within the state-space model reflected difference in their reliability: the Chinese fishery CPUE exhibited the lowest estimated observation error, whereas the Japanese fishery CPUE showed the highest error, likely due to large annual fluctuations. The Japanese survey CPUE index occupied an intermediate position. The successful utilization of both fishery-dependent and fishery-independent indices within this state-space framework constitutes a valuable approach for future stock assessments of neon flying squid by the SSC NFS.

2. Introduction
The neon flying squid (Ommastrephes bartramii; NFS) is an oceanic squid distributed globally in subtropical and temperate waters (Roper et al. 1984). In the North Pacific Ocean, the NFS population consists of an autumn cohort and a winter–spring cohort (Yatsu et al. 1997, 1998). Both cohorts are commercially harvested by NPFC members, including China, Japan, Korea, Russia, Chinese Taipei, and Vanuatu, within the NPFC Convention Area. Previous studies evaluated the annual stock size of both cohorts based primarily on traditional surplus production models or depletion methods (Ichii et al. 2006, Chen et al. 2008, Wang et al. 2016). This report provides an updated application of the SPiCT model to the winter–spring cohort of NFS, incorporating both fishery-dependent and fishery-independent indices to enhance assessment robustness.

3. Methods
3.1 Catch data
[bookmark: _Hlk169860863]We used the NPFC statistics (Annual Summary Footprint of the neon flying squid, https://www.npfc.int/summary-footprint-squid-fisheries), which include the annual catch of NFS fishery among NPFS members in the North Pacific between 1995 and 2025 (Fig. 1). Based on the agreement regarding separation of catch into two cohorts by the SSC NFS meeting (NPFC-2026-SSC NFS03-Final Report), we defined the NFS catches recorded in the waters west of 170°E as the “winter-spring cohort”.

3.2 Biomass index
We used three relative indices for the winter–spring cohort of NFS: (1) the standardized CPUE of the Chinese jigging fishery (NPFC-2026-SSC NFS03-WP08), (2) the standardized CPUE of the Japanese jigging fishery (NPFC-2026-SSC NFS04-WPXX), and (3) the standardized CPUE of the Japanese scientific driftnet survey (standardized CPUE in calendar year, NPFC-2026-SSC NFS04-WPXX) (Fig. 2).

3.3 SPiCT model
SPiCT is a stochastic surplus production model in continuous time (Pedersen and Berg 2017), that incorporates dynamics in both biomass and fisheries, as well as observation error of both catches and biomass indices, based on the generalized surplus production model in the form of Pella-Tomlinson (1969) (equation 1). The model has a general state-space framework that incorporates process and observation error, while also allowing the assumption of error-free catch data.



where Bt is the exploitable stock biomass, Ft is the instantaneous fishing mortality rate in year t, r is the intrinsic growth rate of the population, K is the carrying capacity, n is a unitless parameter determining the shape of the production curve,  is the standard deviation of the biomass process noise, Wt is Brownian motion. Two common assumptions for the shape parameter n, which determines the skewness of the production curve, are: the Schaefer model that assumes a symmetrical production curve with MSY corresponding to the biomass at half of carrying capacity K (n = 2) and the Fox model that has an asymmetrical production curve with MSY at 37% of carrying capacity K (n → 1).

SPiCT can consider seasonal patterns in fisheries dynamics and allows setting of priors on the parameters. It can also provide estimates of exploitable biomass and fishing mortality at any point in time from data sampled at arbitrary and possibly irregular intervals. Biomass and fishing mortality are unobserved processes (random effects), while catch and indices are observed variables. SPiCT requires a catch time series and one or more biomass index time series and does not require life history parameters.

In this study, we selected a 20-year period from 2005 to 2024 for the stock assessment, during which annual total catch and all three indices were available. Five models with distinct parameter configurations were examined (Table 1). Starting with a fully noninformative model with no prior assumptions (M0), informative priors were introduced sequentially until realistic parameter estimates were achieved. The intrinsic growth rate (r) of squid species, including NFS, is known to be highly variable both among and within species, generally ranging from 0.3 to 2.4 (Table 2). Accordingly, the prior mean for the intrinsic growth parameter r was set to 1.5 based on previous study on NFS (1.19 from Ichii et al. 2006, and 1.71 from Wang et al. 2016) (Table 1). For the error structures, observation errors for catch and indices, and process error in biomass, were estimated without prior information in M0, M1, and M2. In models M3 and M4, informative priors were incorporated into the parameters alpha and beta, assuming equal process error and observation errors (logalpha = 0, logbeta = 0, Table 1). Furthermore, we examined a model incorporating prior information that the initial biomass fraction (B2005/K) was assumed to be 0.5 (with sd = 0.5 for M4), reflecting the historical fact that the commercial NFS fishery had been intensively conducted for many years prior to the data start year of 2005. In all models, the observation error for catch (sdc) was not fixed to zero. This is because cohort separation using the 170°E line cannot perfectly separate the cohorts, suggesting a slight mixture of the autumn cohort into the winter–spring cohort.

In SPiCT, the temporal dimension of the continuous-time model is numerically resolved using an Euler scheme that discretizes time into intervals of fixed length. To fit the biological characteristics of the target species, we configured the SPiCT Euler time step to one year (dteuler = 1). Since NFS have a short lifespan of only one year with complete annual generation turnover, an annual discrete-time difference framework is biologically more realistic than a continuous-time differential framework.

4. Results and discussion
The annual total catch of the winter-spring cohort of NFS showed a continuous declining trend over the 20-year period from 2005 to 2024 (Fig. 1). In the initial phase of the fishery (2005–2008), the annual total catch exceeded 120,000 tons. However, the catch sharply decreased to approximately 40,000–50,000 tons during the 2010s. In the recent decade, the decline intensified significantly, remaining at historical low levels thereafter. Throughout the entire time series, China consistently dominated the total harvest, accounting for the vast majority of the cumulative catch.

The long-term trends of the Japanese fishery CPUE and Chinese fishery CPUE were generally similar (Pearson’s r = 0.6), as both indices decreased sharply after 2006 (Fig. 2). However, the Chinese fishery CPUE was more stable with less annual variation, while the Japanese fishery CPUE showed much larger fluctuations. On the other hand, the Japanese survey CPUE showed a different trend from the commercial CPUEs in some specific years, such as its peak in 2008. Despite these short-term differences, the overall long-term decline was similar across all three indices, and they all reached low levels by 2024.

The input data diagnostic plots showed the preliminary relationships between the annual catch and each of the three indices before the final model optimization (Fig. 3). We found that the relationship between the survey CPUE and the effort proxy (catch divided by the index) was characterized by a negative slope; therefore, the optimal effort (Emsy guess) was estimated in all three indices. However, the Japanese fishery CPUE and the Japanese survey CPUE showed large data scatter in their regressions, and their initial Emsy guesses suggested much higher and less realistic production levels (around 380,000 tons and 200,000 tons, respectively).

To select the appropriate model, a diagnostic checklist consisting of seven criteria was applied to all runs from M0 to M4 (Table 3). All five models successfully achieved convergence (Criterion 1), maintained finite variance parameters (Criterion 2), and satisfied basic residual assumptions (Criterion 3), with their estimated production curves remaining within the realistic range (Criterion 5). However, the completely noninformative model (M0) failed to provide realistic credible intervals (Criterion 6) (Tables 3 and 4). Furthermore, the simpler models (M1 and M2) showed clear sensitivity to initial values (Criterion 7). In contrast, by introducing informative priors for the error structures and the initial biomass fraction, M3 and M4 successfully satisfied the remaining diagnostic criteria, although a slight retrospective bias was still observed (Criterion 4) (Figs 8 and 9). Further M3 and M4 were almost satisfactory with slight violations in the Q-Q plots associated with the Japanese fishery CPUE (Figs 4 and 5).

The main outputs from M 3 and M 4 are shown in Figures 6 and 7, and their parameter estimates are summarized in Table 4. The estimated intrinsic growth rate (r) was 0.86 for M3 and 0.88 for M4 (Table 4). The carrying capacity (K) was estimated at 560,224 tons for M3 and 735,406 tons for M4. The initial biomass fraction (B2005/K, bkfrac) was estimated at 0.86 for M3 and 0.55 for M4. The estimated value of the shape parameter (n) for both M3 and M4 was 3.74, which was greater than the initial prior mean (n=2), resulting in a rightward shift of the surplus production curve. This shape indicates that MSY would be achieved when Bmsy/K = 0.618 (Figs. 6 and 7). However, it remains unclear whether this higher Bmsy/K ratio compared to other marine fishes (an average of 0.404 for all fish species; Thorson et al. 2012) is biologically valid for this species, as squid species are generally characterized by short lifespans, high metabolic rates, and rapid growth (Arkhipkin et al. 2021).

The state-space framework automatically optimized the relative weights of the three indices by estimating their respective observation errors. The Chinese fishery CPUE exhibited the lowest estimated observation error (sdiChina = 0.37, 95% CI: 0.25–0.56), indicating that it provided the most consistent signal for tracking the long-term stock biomass dynamics. In contrast, the Japanese fishery CPUE showed the highest observation error (sdiJapan = 0.85, 95% CI: 0.63–1.14), likely reflecting substantial interannual fluctuations. The Japanese survey CPUE occupied an intermediate position (sdiSurvey = 0.63, 95% CI: 0.46–0.87), capturing the biological fluctuations of the NFS stock with less influence from commercial fishery-related biases. The model successfully integrated the different sources of variability without excluding any input data, providing support for the reliability of the three-index approach.

In this document, we applied the Stochastic Surplus Production Model in Continuous Time (SPiCT) to the winter–spring cohorts of NFS, using the total catch data reported by NPFC members, two fishery-dependent indices, and a fishery-independent index (the Japanese fishery CPUE, the Chinese fishery CPUE, and the Japanese survey CPUE). Although some runs yielded statistically acceptable estimates, these results remain preliminary and should not be used to determine the stock status at this stage. Nevertheless, this document demonstrates that the SPiCT framework integrating multiple indices has strong potential as a robust tool for assessing the stock status of this species, consistent with its successful applications to other cephalopod stocks worldwide (e.g., Larivain et al. 2021).
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Table 1. Prior distributions and parameter configurations for the five sensitivity runs (Models M0 to M4) implemented in the SPiCT assessment for the winter–spring cohorts of NFS.
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Table 2. Intrinsic growth rate (r) for squid species estimated by surplus production models.
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Table 3. Diagnostic checklist for the acceptance of the SPiCT assessment across the five sensitivity models (M0 to M4). The symbols Y and N denote Yes (checklist passed) and No (checklist failed), respectively.
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Table 4. Summary of SPiCT model parameter estimates and stock status across the five model runs (Models M0 to M4) for the winter–spring cohorts of NFS.
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Fig. 1. Annual catch of the winter-spring cohorts (catch from the water west of 170°E) of NFS by NPFC members from 2005 to 2025. Annual total catch from all members was used for the SPiCT run. Data are obtained from the NPFC Annual Summary Footprint.
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Fig. 2. Time series of the three relative indices for the winter-spring cohorts of NFS, used as input data for the SPiCT assessment from 2005 to 2024. The lines show the commercial fishery CPUE for Japan (red) and China (blue), and the Japanese survey CPUE (black). The Chinese fishery CPUE data were obtained from NPFC-2026-SSC NFS03-WP08.
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Fig. 3. Input data diagnostic plots for the winter–spring cohorts of NFS, showing the relationships between annual catch and the three indices: (a) Japan fishery index, (b) China fishery index, and (c) Japanese survey CPUE. Each panel illustrates the initial data exploration, including time series of inputs, effort proxy correlations, and initial biomass-production trajectory guesses before the final SPiCT optimization.
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Fig. 4. Residual diagnostic plots of the SPiCT model derived from Model 3 (M3) for the winter–spring cohorts of NFS. Panels from left to right display the diagnostics for log catch, log Index 1 (Japanese fishery CPUE), log Index 2 (Chinese fishery CPUE), and log Index 3 (Japanese Survey CPUE). Plots from top to bottom illustrate the log data series, one-step-ahead (OSA) residuals with bias p-values, autocorrelation functions (ACF) with Ljung-Box p-values, and QQ-plots with Shapiro-Wilk normality p-values.
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Fig. 5. Residual diagnostic plots of the SPiCT model derived from Model 4 (M4) for the winter–spring cohorts of NFS. Panels from left to right display the diagnostics for log catch, log Index 1 (Japanese fishery CPUE), log Index 2 (Chinese fishery CPUE), and log Index 3 (Japanese Survey CPUE). Plots from top to bottom illustrate the log data series, one-step-ahead (OSA) residuals with bias p-values, autocorrelation functions (ACF) with Ljung-Box p-values, and QQ-plots with Shapiro-Wilk normality p-values.
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Fig. 6. Main output plots of the SPiCT assessment derived from Model 3 (M3) for the winter–spring cohorts of NFS. The panels display the estimated time series of absolute and relative biomass (with 95% confidence intervals), fishing mortality, catch fits, Kobe plot, production curve, time to stock recovery (Bmsy), and prior-to-posterior density distributions for the shape parameter n.
　
[image: ]
[image: ロゴ

中程度の精度で自動的に生成された説明]

Fig. 7. Main output plots of the SPiCT assessment derived from Model 4 (M4) for the winter–spring cohorts of NFS. The panels display the estimated time series of absolute and relative biomass (with 95% confidence intervals), fishing mortality, catch fits, Kobe plot, production curve, time to stock recovery (Bmsy), and prior-to-posterior density distributions for the shape parameter n. 
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Fig. 8. Retrospective analysis plots with 5-year data peels for Model 3 (M3) of the winter–spring cohorts of NFS, showing the retrospective trajectories and Mohn’s ρ values for both absolute and relative estimates of biomass and fishing mortality.
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Fig. 9. Retrospective analysis plots with 5-year data peels for Model 4 (M4) of the winter–spring cohorts of NFS, showing the retrospective trajectories and Mohn’s ρ values for both absolute and relative estimates of biomass and fishing mortality.
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