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1. Summary
We standardized the catch per unit effort (CPUE) of the autumn cohort of neon flying squid (Ommastrephes bartramii), based on the logbook from the Japanese squid jigging fisheries in the North Pacific during the summer between 2005 and 2025. The cohort was defined as individuals caught in areas east of 170°E longitude. Generalized additive models (GAMs) were applied to standardize the nominal CPUE, incorporating temporal (year and month) and spatial (longitude and latitude) variables. The model with the lowest AIC value was selected as the best performing model. The annual standardized CPUE derived from the best GAM showed a similar trend to the nominal CPUE. The standardized CPUE increased since 2023, and the highest CPUE value of the study period was recorded in 2025. This standardized CPUE can serve as a fishery-dependent abundance index in future stock assessments of this species.

2. Introduction
The neon flying squid (NFS) is an oceanic squid occurring in subtropical and temperate waters around the world (Roper et al. 1984), and the North Pacific population comprises an autumn cohort and a winter-spring cohort (Yatsu et al. 1997, 1998). For the cohort-specific stock assessments of this species, abundance indices based on fishery CPUE are essential (Maunder and Punt 2004). Here, we present Japanese fishery-dependent CPUE for the autumn cohort of NFS, standardized using a generalized additive model (GAM) that incorporates both temporal and spatial variables. 

3. Methods
Data on Japanese squid jigging fishery using medium-sized vessels (<200 tonnes) were obtained from fishing logbooks for the period 2005–2025. The data includes the date of catch, the daily fishing location (longitude and latitude), and the daily catch in weight for each fishing vessel. While fishing locations were available for all vessels targeting NFS from 2017 onward, location data were unavailable for certain vessels prior to 2016. Therefore, for CPUE standardization, data from 2017 onward were collected from all vessels, whereas data prior to 2017 were derived from a subset of “sampling vessels” providing complete information (Table 1). Previous work demonstrated that there was no discrepancy in either the spatial distribution of fishing locations or the annual trends in nominal CPUE between the sampling vessels and the remaining vessels (NPFC-2026-SSC NFS03-WP07). In this study, NFS caught east of 170°E were defined as the “autumn cohort”.

Standardization of CPUE for NFS was conducted following the standardization protocol for NFS (NPFC-2024-SSC NFS01-WP02). Nominal CPUE was calculated for each vessel as the total catch divided by the total number of operating days. To standardize nominal CPUE, a generalized additive model (GAM) was applied, using CPUE (catch/day/vessel, n = 20,765) as the response variable. Since the response variable exhibited a highly right-skewed distribution (Fig. 1), we evaluated three alternative error structures— Log-normal, Gamma (with a log link), and Tweedie (with a log link)—to determine the most appropriate model based on Akaike’s information criteria (AIC). The AIC values indicated that the Tweedie model gave the best performance, and thus the Tweedie error structure was selected for the CPUE standardization model. Explanatory variables included Year and Month (May–Sep.) as categorical variables to account for annual and seasonal variations, respectively, and operational location (represented by a smooth spatial interaction between longitude and latitude) as a spline function. The formulation of the full model used for CPUE standardization is expressed as follows:


where E[CPUE] represents the expected value of nominal CPUE, and ln is the log link function, and β0 is the intercept. The term s(Lon, Lat) denotes a two-dimensional thin-plate regression spline function that captures the spatial distribution of fishing effort. The response variable (CPUE) is assumed to follow a Tweedie distribution with mean μ, dispersion parameterφ, and power parameter p.
We evaluated four candidate models, all including Year as an explanatory variable (Table 2), and selected the model with the lowest AIC value as the “best model” (Burnham and Anderson 2010).

Time series of standardized CPUE were estimated using the best model. To calculate the predicted CPUE values, a spatial grid of explanatory variables was generated using the expand.grid function in R software, constrained within the observed minimum and maximum ranges of latitude and longitude from the dataset. The annual standardized CPUE was then calculated as the mean of these predicted values for each year. Finally, 95% confidence intervals for the standardized CPUE were estimated via residual bootstrapping with 1,000 replications.

4. [bookmark: _Hlk169771854]Results and discussion
For the autumn cohort, Japanese squid jigging fishing vessels are typically distributed within the region spanning 175°E–195°E and 40°N–45°N (Figs. 2 and 3). The CPUE shifted across months (May to September), showing a gradual increase toward August followed by a slight decline in September (Fig. 3). The CPUE varied among years, with distinct decreases observed in 2010–2011 and 2021–2023 (Fig. 3).

Based on AIC, the full model was selected as the best model (Table 2). The diagnostics of the best model are shown in Figure 4. The Q-Q plot and the distribution of residuals indicated that the residuals were approximately normally distributed, with only minor deviations at the extreme quantiles. Additionally, the residuals showed no systematic trends across years and months, remaining stable around zero. Furthermore, the GAM-derived effects of the explanatory variables on CPUE accurately captured their underlying relationships, as shown in Figure 5. These results suggest that the best model appropriately described the CPUE. The final estimated Tweedie power parameter p was 1.749.

The annual standardized CPUE derived from the best model for the autumn cohort exhibited a similar trend to the nominal CPUE (Fig. 6). Across the entire study period, CPUE reached its lowest levels in 2010 and 2011. The standardized CPUE increased continuously after 2023, and the highest CPUE value of the study period was recorded in 2025 (Fig. 6). Consequently, this standardized CPUE can serve as a reliable fishery-dependent index of biomass in future stock assessments of this species.
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Table 1. Catch and effort of the Japanese squid jigging fisheries, as well as the nominal CPUE (total catch per total days operated) and standardized CPUE for the autumn cohort of Ommastrephes bartramii between 2005 and 2025.
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Table 2. Results of model selection based on AIC for the autumn cohort of Ommastrephes bartramii. The best model with lowest AIC for each cohort is shown in bold.
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Fig. 1. Histogram showing the distribution of daily catch per vessel for the autumn cohort of Ommastrephes bartramii from 2005 to 2025 (n = 20,765).
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Fig. 2. Spatial distributions of fishing locations of the Japanese squid jigging fisheries targeting the autumn cohort of Ommastrephes bartramii between 2005 and 2025. Each red circle shows daily fishing positions.
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Fig. 3. Relationship between CPUE (log-transformed) and each explanatory variable (Year, Month, Longitude, and Latitude).
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Fig. 4. Diagnostics of the best model for the autumn cohort of Ommastrephes bartramii, including Q-Q plot, histogram of residuals, the relationship between observed and fitted values, and the residual plots across years and months.
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Fig. 5. GAM-derived effect of explanatory variables (a: Latitude and Longitude, b: Year, c: Month) on CPUE for the autumn cohort in the best model. The dotted lines indicate the 95% conﬁdence intervals, and the solid line shows the ﬁtted GAM function that describes the effect of a predictor variable on CPUE. The warmer color in (a) represents a higher CPUE estimated by the best GAM.  
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Fig. 6. Interannual changes in CPUE for the autumn cohort of Ommastrephes bartramii between 2005 and 2025. The black and red lines indicate nominal and standardized CPUE, respectively. The shaded red areas indicate the 95% bootstrap confidence intervals, obtained by resampling the data 1,000 times.
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Year No. of vessel Total days Catch (ton) Nominal CPUE (scaled) Standardized CPUE (scaled)

2005 7* 201 435.866 1.027 1.236

2006 5* 186 388.534 0.989 1.059

2007 11* 608 1179.079 0.918 1.071

2008 3* 117 191.259 0.774 0.797

2009 9* 412 988.649 1.136 1.092

2010 9* 494 513.470 0.492 0.529

2011 6* 204 144.247 0.335 0.364

2012 7* 391 795.427 0.963 0.914

2013 10* 548 653.517 0.565 0.622

2014 10* 507 1105.319 1.032 1.152

2015 8* 492 995.038 0.958 0.981

2016 10* 575 1204.272 0.992 1.065

2017 26 1477 3624.245 1.162 1.174

2018 26 1331 3759.559 1.338 1.351

2019 29 2446 6786.404 1.314 1.388

2020 32 2654 7239.930 1.292 1.200

2021 28 1546 3710.111 1.136 0.968

2022 23 1304 3019.508 1.097 0.934

2023 24 1852 3193.496 0.817 0.725

2024 23 1915 4145.513 1.025 0.879

2025 20 1505 5204.424 1.638 1.500

*Only vessels for which the precise fishing locations were available were used.
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Model AIC delta AIC

Year + Month + s(Lon, Lat) 69731.70 0

Year + s(Lon, Lat) 69917.50 185.80

Year + Month

70598.40 866.7

Year 71165.10 1433.40
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