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1. Summary
We updated the standardized catch per unit effort (CPUE) of the autumn and winter-spring cohorts of neon flying squid (Ommastrephes bartramii) based on Japanese driftnet surveys conducted in the western North Pacific from 2001 to 2024. The individuals caught by the driftnets were divided into cohorts based on their mantle length. We used generalized additive models to standardize the CPUE, incorporating temporal (year and ten-days), spatial (latitude and longitude), and environmental (SST and lunar illumination) variables. We found large interannual variation in the standardized CPUE for both cohorts, with no clear increasing or decreasing trends over the years for both cohorts. This standardized CPUE can serve as a fishery-independent abundance index for future stock assessments of this species.

2. Introduction
The neon flying squid 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). To reveal interannual changes in abundance of these seasonal cohorts, Japan has conducted driftnet surveys annually in the western North Pacific since 2001. Here, we provide fishery-independent CPUE for both cohorts and CPUE standardized by a generalized additive model (GAM) incorporating temporal, spatial, and environmental variables. 

3. Methods
The research vessel Kaiun-maru (Aomori Prefecture, Japan) has been deployed to carry out driftnet surveys annually from June to August (mostly in July) in the western North Pacific. Driftnet surveys were made at 14–26 sites each year from 2001 to 2024 (Table 1). Each driftnet site was generally located on three longitudinal lines at 175.5oE, 155oE, and 144oE between 30oN and 50oN. At each driftnet station, 50 panels of net were deployed in the evening and retrieved the following morning at sunrise. The time duration from the net deployment to retrieval was 10-13 h. Each panel was 50 m long and 7 m deep. The survey driftnets comprised non-size-selective nets (14 mesh sizes ranging from 22 to 157 mm) to catch different sizes of squid. The dorsal mantle length (ML) of all squid caught was measured onboard to the nearest 1 cm.

From 2001 to 2024, a total of 28,187 neon flying squids were collected with the driftnet surveys. The size of squids exhibited a bimodal distribution with a boundary of 31 cm (Fig. 1). Individuals with a ML of 30 cm or smaller and lager than 31 cm were regarded as the winter-spring cohort and the autumn cohort, respectively (Ichii et al. 2004, Nishizawa et al. 2024). The winter-spring cohort was mainly caught by driftnets with a mesh size of 93 mm or less, while the autumn cohort was caught by driftnets with a mesh size of 106 mm or more. Therefore, the stock abundance indices of each squid cohort (survey CPUEs) were defined as the catch number per driftnet panel (50 m) of these mesh size classes. 

To standardize the abundance index of neon flying squid, we developed generalized additive models (GAM) for each cohort, expressed in the following equation. 



The number of neon flying squids caught at each driftnet site (n = 451) was the response variable, assuming a negative binomial distribution. Year, ten-days (e.g., late-June, early-July, mid-July) and operational location (interaction between longitude and latitude) were included as explanatory variables. Environmental conditions, such as lunar cycle and sea surface temperature (SST), are known to influence catch rates and/or distribution of squid species (e.g., Chen 2010, Masuda et al. 2014). We therefore included lunar illumination near the sea surface at each driftnet site and date, calculated using the method described by Śmielak et al. (2023), and in situ SST as explanatory variables. In addition, due to an unequal total driftnet panel used at each driftnet site, survey effort (total driftnet panel at each driftnet site) was treated as an offset term. The functions such as s(Lat, Lon) were spline functions and thin plate regression splines were used in this model.

We considered 16 models for each cohort, always including at least Year and offset terms (Table 2) and assumed that the model with lowest Akaike Information Criterion (AIC) value is the best model (Burnham and Anderson 2010).

Time series of standardized CPUE were estimated using the best GAM. We used the expanded grid function in R software to generate a series of explanatory variables and then calculated predicted values of CPUE. Then, the annual standardized CPUE was calculated as the mean of the CPUE. The 95% confidential intervals for the standardized CPUE were calculated by bootstrap resampled residuals with 1000 replications.

4. [bookmark: _Hlk169771854]Results and discussion
The spatial distributions of CPUE for the autumn and winter-spring cohorts are shown in Figs 2 to 4. The autumn cohort of neon flying squid was distributed predominantly in the eastern part of the study area, and this distribution pattern seemed consistent across years (Figs 2 and 4). The cohort had a higher CPUE at the operational sites east of 170°E between 40 and 45°N (Figs 2 and 4). In contrast, the winter-spring cohort showed a wider distribution range (Figs 3 and 4). The CPUE of this cohort seemed to be higher at the operational sites along 144°E and 155°E than those east of 170°E (Figs 3 and 4). 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 following models were selected as the best GAM for each cohort:
Autumn cohort: 


For both cohorts, the spatial variable (latitude and longitude) was the most important predictor, followed by SST (Fig. 5). These variables were included in the best model. Ten-days was a less important predictor and was eliminated from the best model for both cohorts (Fig. 5). Lunar illumination was included in the best model for the winter-spring cohort, but was a less important predictor among the variables (Fig. 5). Percentages of deviance explained for the Autumn and winter-spring models were 60.4% and 62.3%, respectively.

The diagnostics of the best model for each cohort are shown in Figs 6 and 7. They were considered satisfactory results with no evidence of non-normality and no significant bias in the residual plot for either cohort.

We found that the effect of the variable on CPUE differed between the two cohorts. CPUE was high for the autumn cohort in areas where SST was around 14°C, whereas CPUE was high for the winter-spring cohort in areas where SST was around 22°C (see Figures 8 and 9). This may reflect that the autumn cohort, particularly females, migrates farther north to feed than the winter-spring cohort (Ichii et al. 2009). Although the lunar illumination was a less important predictor, it was included in the best model for the winter-spring cohort and showed a negative relationship (Fig. 9), suggesting that squid aggregated more in the surface layer when moonlight intensity was low. This behavior may be partly explained by predator avoidance (Benoit-Bird et al. 2009).

The annual standardized CPUE derived from the best generalized additive model (GAM) in the autumn cohort exhibited a similar trend to the nominal CPUE (Fig. 10). In contrast, the winter-spring cohort showed large differences between the nominal and standardized CPUE prior to 2006. Since no surveys were conducted before 2006 in the western part of our study areas (Fig. 3), where CPUE is generally high, the nominal CPUE may have underestimated the stock level. Our standardized CPUE would more accurately reflect actual stock levels.

This paper provides not only information on the distribution of each cohort obtained from fishery-independent surveys, but also the cohort-specific abundance indices. These fishery-independent abundance indices can be useful for future stock assessments by SSC NFS.

This paper was written according to the CPUE standardization protocol for neon flying squid.
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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 cohort and winter-spring cohort of Ommastrephes bartramii between 2001 and 2024.
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Table 2. Results of model selection based on AIC for the autumn and winter-spring cohorts of Ommastrephes bartramii. The best model with lowest AIC for each cohort is shown in bold.
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Fig. 1. Histogram for mantle length of Ommastrephes bartramii (n = 28,187 individuals) caught by survey driftnets. 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 Ommastrephes bartramii collected by survey driftnets.
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Fig. 3. Interannual changes in the spatial distribution of CPUE for the winter-spring cohort of Ommastrephes bartramii collected by survey driftnets.
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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 2024. 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. Variable importance plot for the autumn cohort (a) and the winter-spring cohort (b). The relative importance of each variable in explaining squid abundance was ranked according to the increase in AIC on removal from the full model.
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Fig. 6. 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. 7. 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. 8. 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 warmer color in (a) represents a higher CPUE estimated by the best GAM. The relative density of data points is shown by the rug plot on the x-axis.   
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Fig. 9. GAM-derived effect of explanatory variables (a: Lat and Lon, b: SST, c: Year, d: Lunar illumination) 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 warmer color in (a) represents a higher CPUE estimated by the best GAM. The relative density of data points is shown by the rug plot on the x-axis.
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Fig. 10. Interannual changes in CPUE for the autumn cohort 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.
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image1.emf
Autumn cohort Winter-spring cohort Autumn cohort Winter-spring cohort

2001 26 0.248 0.351 0.189 0.294

2002 16 0.496 1.151 0.464 0.858

2003 21 0.815 1.315 0.625 1.955

2004 21 1.003 0.211 3.700 2.328

2005 21 0.704 1.630 0.516 3.423

2006 19 1.117 1.452 2.812 0.529

2007 19 0.464 8.069 1.418 1.675

2008 18 0.617 8.409 1.005 2.251

2009 15 1.202 1.519 1.873 1.760

2010 21 0.089 2.729 0.364 0.736

2011 18 0.083 4.042 0.728 0.597

2012 20 0.142 3.858 0.371 0.659

2013 20 0.152 2.065 0.829 0.447

2014 20 0.317 1.100 0.720 0.297

2015 19 0.579 2.611 0.723 0.713

2016 21 0.471 1.907 1.082 0.523

2017 22 0.391 1.125 0.954 0.313

2018 18 1.156 1.506 1.841 0.710

2019 17 0.151 1.650 0.393 0.504

2020 15 1.398 0.933 1.361 1.055

2021 17 0.322 0.856 0.554 0.334

2022 19 0.167 0.987 0.398 0.167

2023 14 0.088 3.111 1.000 1.139

2024 14 0.031 4.296 0.077 0.731

Nominal CPUE (no. individuals per driftnet panel)

no. driftnet survey stations Year

Standardized CPUE


image2.emf
Cohort Model AIC ΔAIC

Autumn Year + offset(Effort) + Ten days + s(Lat, Lon) + s(Lunar illumination) + s(SST)  2211.439 10.646

Year + offset(Effort) + Ten days + s(Lat, Lon) + s(Lunar illumination) 2224.941 24.148

Year + offset(Effort) + Ten days + s(Lat, Lon) + s(SST)  2200.846 0.053

Year + offset(Effort) + Ten days + s(Lunar illumination) + s(SST)  2284.341 83.548

Year + offset(Effort) + s(Lat, Lon) + s(Lunar illumination) + s(SST)  2203.384 2.592

Year + offset(Effort) + Ten days + s(Lat, Lon) 2218.517 17.725

Year + offset(Effort) + Ten days + s(Lunar illumination) 2401.342 200.550

Year + offset(Effort) + Ten days + s(SST)  2303.027 102.234

Year + offset(Effort) + s(Lat, Lon) + s(Lunar illumination)  2222.329 21.536

Year + offset(Effort) + s(Lat, Lon) + s(SST) 

2200.792 0

Year + offset(Effort) + s(Lunar illumination) + s(SST)  2280.459 79.667

Year + offset(Effort) + Ten days 2427.018 226.226

Year + offset(Effort) + s(Lat, Lon) 2219.182 18.390

Year + offset(Effort) + s(Lunar illumination) 2401.984 201.192

Year + offset(Effort) + s(SST)  2300.148 99.356

Year + offset(Effort) 2458.332 257.540

Winter-spring Year + offset(Effort) + Ten days + s(Lat, Lon) + s(Lunar illumination) + s(SST)  3181.194 0.872

Year + offset(Effort) + Ten days + s(Lat, Lon) + s(Lunar illumination) 3207.682 27.360

Year + offset(Effort) + Ten days + s(Lat, Lon) + s(SST)  3180.652 0.329

Year + offset(Effort) + Ten days + s(Lunar illumination) + s(SST)  3285.249 104.927

Year + offset(Effort) + s(Lat, Lon) + s(Lunar illumination) + s(SST) 

3180.322 0

Year + offset(Effort) + Ten days + s(Lat, Lon) 3200.524 20.202

Year + offset(Effort) + Ten days + s(Lunar illumination) 3501.233 320.910

Year + offset(Effort) + Ten days + s(SST)  3286.323 106.001

Year + offset(Effort) + s(Lat, Lon) + s(Lunar illumination)  3198.563 18.241

Year + offset(Effort) + s(Lat, Lon) + s(SST)  3181.974 1.651

Year + offset(Effort) + s(Lunar illumination) + s(SST)  3285.498 105.175

Year + offset(Effort) + Ten days 3501.050 320.727

Year + offset(Effort) + s(Lat, Lon) 3202.496 22.174

Year + offset(Effort) + s(Lunar illumination) 3508.342 328.019

Year + offset(Effort) + s(SST)  3286.338 106.016

Year + offset(Effort) 3508.617 328.294
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