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1. Summary
We standardized the catch per unit effort (CPUE) for the autumn and winter–spring cohorts of neon flying squid (Ommastrephes bartramii) using data from Japanese driftnet surveys conducted in the western North Pacific from 2001 to 2025. Captured individuals were separated into specific cohorts based on their mantle length. Generalized additive models (GAMs) were applied to standardize the CPUE by incorporating temporal (year and ten-day period), spatial (latitude and longitude), and environmental (sea surface temperature) variables. The standardized CPUE series generally tracked the nominal CPUE trends for both cohorts. These standardized indices can serve as a robust, fishery-independent abundance index for future stock assessments of this species.

2. Introduction
The neon flying squid (NFS) is an oceanic species that is widely distributed throughout subtropical and temperate waters around the world (Roper et al. 1984). In the North Pacific, the population comprises two distinct seasonal cohorts: an autumn cohort and a winter-spring cohort (Yatsu et al. 1997, 1998). To elucidate the interannual variations in the abundance of these seasonal cohorts, Japan has conducted annual driftnet surveys in the western North Pacific since 2001, providing fishery-independent catch-per-unit-effort (CPUE) data for both cohorts. The CPUE was standardized using a generalized additive model (GAM) that accounted for temporal, spatial, and environmental variables.

3. Methods
The research vessel Kaiun-maru (Aomori Prefecture, Japan) was deployed to conduct annual driftnet surveys from June to August in the western North Pacific. Surveys were carried out at 14–26 sites each year from 2001 to 2025 (Table 1). Sampling sites were generally located along three longitudinal lines at 144°E, 155°E, and 175.5°E between 30°N and 50°N. At each station, 50 net panels were deployed in the evening and retrieved at sunrise the following morning, with an operational duration of 10–13 hours. Each panel measured 50 m in length and 7 m in depth. To collect various sizes of NFS, the survey employed non-size-selective driftnets consisting of 14 mesh sizes ranging from 22 to 157 mm. The dorsal mantle length (ML) of all NFS caught was measured onboard to the nearest 1 cm.

Between 2001 and 2025, a total of 30,154 NFS were collected during the driftnet surveys. The size distribution of collected NFS exhibited a bimodal distribution, with a boundary of 31 cm ML (Fig. 1). Individuals with an ML of <31 cm and ≥31 cm were classified as the winter-spring cohort and the autumn cohort, respectively (Ichii et al. 2004, Nishizawa et al. 2024).

The winter-spring cohort (individuals < 31 cm ML) was predominantly caught by driftnets with small mesh sizes (93 mm or less), whereas the autumn cohort (individuals ≥ 31 cm ML) was caught by driftnets with large mesh sizes (106 mm or more). Accordingly, the effort corresponding to the catch of each cohort was defined as the number of large-mesh driftnet panels for the autumn cohort, and small-mesh panels for the winter–spring cohort.

CPUE Standardization was conducted following the NFS standardization protocol (NPFC-2024-SSC NFS01-WP02). We developed generalized additive models (GAM) for each cohort. Full model was expressed in the following equation. 



The response variable was the total number of NFS caught at each driftnet site (n = 466), assuming a negative binomial distribution. Explanatory variables included survey year and ten-day period (late-June, early-July, mid-July, late-July, and early-August) as categorical fixed effects. Environmental factors, such as sea surface temperature (SST), are known to influence the catch rates and spatial distribution of various squid species (e.g., Chen 2010); therefore, in situ SST was incorporated as a continuous predictor using a univariate thin-plate regression spline smooth [s(SST)]. To model spatial variations, a two-dimensional tensor product smooth [te(Lat, Lon)] was used because the study area is longitudinally elongated, and the sampling density differs between axes, being denser along the latitudinal gradient and sparser along the longitudinal gradient (Figs 2 and 3). The tensor product smooth effectively accounts for these differences in scale and sampling intervals by allowing independent smoothing for latitude and longitude. Furthermore, to account for unequal survey effort across sites, the log-transformed number of driftnet panels in the corresponding mesh-size classes used at each sampling site was incorporated as an offset term.

Eight candidate models, all including Year and offset terms, were evaluated for each cohort (Table 2). The best model was selected based on the lowest Akaike Information Criterion (AIC) value, where models with a delta AIC < 2 were considered to be similarly well supported (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
The spatial distributions of CPUE for the autumn and winter-spring cohorts are shown in Figures 2 to 4. The autumn cohort was distributed predominantly in the eastern part of the study area, and this spatial pattern seemed consistent across years. The cohort had a higher CPUE at the operational sites east of 170°E between 40 and 45°N. In contrast, the winter-spring cohort showed a wider distribution range. The CPUE of this cohort seemed to be higher at the operational sites west of 160°E. These results are generally consistent with findings from previous works (e.g., Yatsu et al. 1998, Chen and Chiu 2003, Ichii et al. 2009).

Based on AIC, the full model was selected as the best model for both cohorts (Table 2). For the autumn cohort, two models fell within the delta AIC < 2 threshold; although the full model was not the one with the absolute lowest AIC, it was selected to enable a direct comparison between the two cohorts.

Percentages of deviance explained for the autumn and winter-spring models were 60% and 59%, respectively. The diagnostics of the best model for each cohort are shown in Figures 5 and 6. For both cohorts, the Q-Q plots from gam.check function in R showed an adequate model fit, with no substantial departures from the assumed error distribution. In addition, the plots of residuals versus linear predictors and annual boxplots of deviance residuals showed no clear evidence of heteroscedasticity, with residual medians consistently near zero. These diagnostics confirmed that the model provided an adequate fit to the data and showed no evidence of severe annual bias or systematic errors.

We found that the effect of sea surface temperature (SST) on CPUE differed markedly between the two cohorts. Specifically, the CPUE for the autumn cohort peaked in areas with SSTs ranging from 13°C to 15°C, whereas the winter–spring cohort exhibited higher CPUE in warmer waters around 22–24°C (Figs 7 and 8). This may reflect that the autumn cohort, particularly females, migrates farther north to feed than the winter-spring cohort (Ichii et al. 2009). 

The time series of standardized and nominal CPUE for each cohort are shown in Figure 9. For both cohorts, the standardized CPUE closely tracked the nominal trends. For the autumn cohort, the standardized index exhibited high fluctuations, peaking marked in 2004, 2006, and 2009, with noticeably widened 95% confidence intervals during these high-abundance years.
The winter–spring cohort displayed a pronounced peak during 2007–2008, followed by a decline to a lower, stable level throughout the 2010s. Notably, a sharp increase in CPUE occurred in 2025, albeit with substantial uncertainty. This widened confidence interval reflects the effect of spatial sampling bias and extreme localized overdispersion in the catch data. Similarly, the wide confidence intervals observed prior to 2006 can be explained by a lack of survey coverage in the western part of the study area (Fig. 3), where CPUE is generally high.

This study presents cohort-specific abundance indices for the NFS. These fishery-independent indices, derived from the Japanese driftnet survey, will be highly valuable for integration into future stock assessments conducted by the SSC NFS.
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Table 1. Summary of Japanese driftnet surveys and nominal CPUE (the number of individuals per driftnet panel) and standardized CPUE for the autumn and winter-spring cohorts of Ommastrephes bartramii between 2001 and 2025.
[image: ]




Table 2. Results of model selection based on AIC for the autumn and winter-spring cohorts of Ommastrephes bartramii. The best model for each cohort is shown in bold.
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Fig. 1. Histogram for mantle length of Ommastrephes bartramii (n = 30,154 individuals) caught by survey driftnets during 2001–2025. The black arrow indicates the 31 cm boundary, separating the two cohorts (autumn and winter-spring cohorts).
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Fig. 2. Interannual changes in the spatial distribution of CPUE for the autumn cohort of neon flying squid (Ommastrephes bartramii) collected during the driftnet surveys from 2001 to 2025. Circle sizes are proportional to the CPUE values.
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Fig. 3. Interannual changes in the spatial distribution of CPUE for the winter-spring cohort of neon flying squid (Ommastrephes bartramii) collected during the driftnet surveys from 2001 to 2025. Circle sizes are proportional to the CPUE values.
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Fig. 4. Spatial distribution of CPUE for the autumn cohort and winter-spring cohort of Ommastrephes bartramii collected by survey driftnets from 2001 to 2025. Circle size indicates CPUE and colors distinguish survey years. For illustration purposes, each dot is a jitter point to avoid overplotting.
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Fig. 5. Diagnostics of the best model for the autumn cohort, including Q-Q plot, histogram of residuals, residual plots across years, and the relationship between observed and fitted values.
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Fig. 6. Diagnostics of the best model for the winter-spring cohort, including Q-Q plot, histogram of residuals, residual plots across years, and the relationship between observed and fitted values.
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Fig. 7. GAM-derived effect of explanatory variables (a: Lat and Lon, b: SST, c: Year) 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 relative density of data points is shown by the rug plot on the x-axis.   
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Fig. 8. GAM-derived effect of explanatory variables (a: Lat and Lon, b: SST, c: Year, d: Ten-days) on CPUE for the winter-spring 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 relative density of data points is shown by the rug plot on the x-axis.
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Fig. 9. Interannual changes in CPUE for the autumn and winter-spring cohorts of Ommastrephes bartramii. 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.
  TEL	+81-3-5479-8717
FAX	+81-3-5479-8718
Email	secretariat@npfc.int
Web	www.npfc.int
2nd Floor Hakuyo Hall, 
Tokyo University of Marine Science and Technology,
4-5-7 Konan, Minato-ku, Tokyo
108-8477, JAPAN

2


image1.emf
Autumn cohort Winter-spring cohort Autumn cohort Winter-spring cohort

2001 26 0.506 0.138 0.218 0.159

2002 16 1.012 0.454 0.424 0.330

2003 21 1.665 0.519 0.596 0.706

2004 21 2.050 0.083 3.219 1.019

2005 21 1.438 0.643 0.419 1.014

2006 19 2.281 0.573 3.456 0.483

2007 19 0.948 3.183 1.631 1.957

2008 18 1.260 3.317 1.023 3.028

2009 15 2.456 0.599 2.137 2.032

2010 21 0.182 1.076 0.395 0.618

2011 18 0.170 1.594 0.747 0.863

2012 20 0.289 1.522 0.450 1.067

2013 20 0.310 0.815 0.891 0.639

2014 20 0.647 0.434 0.831 0.501

2015 19 1.183 1.030 0.776 1.094

2016 21 0.963 0.752 1.019 0.712

2017 22 0.799 0.444 0.976 0.462

2018 18 2.360 0.594 1.545 0.975

2019 17 0.308 0.651 0.342 0.614

2020 15 2.855 0.368 1.543 1.424

2021 17 0.657 0.338 0.531 0.405

2022 19 0.340 0.389 0.354 0.243

2023 14 0.180 1.227 0.891 1.263

2024 14 0.063 1.695 0.069 0.430

2025 15 0.077 2.564 0.518 2.962

Year

Nominal CPUE (no. individual per driftnet panel) Standardized CPUE (scaled)

no. driftnet survey stations


image2.emf
Cohort Model AIC delta AIC

Autumn Year + offset(Effort) + te(Lat, Lon) + s(SST) 2252.23 0

Year + offset(Effort) + te(Lat, Lon) + s(SST) + Tendays 2253.70 1.47

Year + offset(Effort) + te(Lat, Lon) + Tendays 2265.53 13.30

Year + offset(Effort) + te(Lat, Lon) 2266.13 13.90

Year + offset(Effort) + s(SST) 2351.93 99.70

Year + offset(Effort) + s(SST) + Tendays 2354.48 102.25

Year + offset(Effort) + Tendays 2479.54 227.31

Year + offset(Effort) 2510.25 258.02

Winter-spring Year + offset(Effort) + te(Lat, Lon) + s(SST) + Tendays 3348.59 0

Year + offset(Effort) + te(Lat, Lon) + s(SST) 3358.71 10.12

Year + offset(Effort) + te(Lat, Lon) + Tendays 3378.84 30.25

Year + offset(Effort) + te(Lat, Lon) 3398.78 50.19

Year + offset(Effort) + s(SST) + Tendays 3433.63 85.04

Year + offset(Effort) + s(SST) 3435.06 86.47

Year + offset(Effort) + Tendays 3647.57 298.98

Year + offset(Effort) 3656.49 307.90
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