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Abstract

This study investigated the factors influencing the formation of fishing grounds for the neon flying
squid (Ommastrephes bartramii), whose importance has increased due to the recent decline in
Japanese common squid (Todarodes pacificus) resources since around 2015-2016. Using catch data
from squid jigging vessels operating from May to July between 2019 and 2022, together with
oceanographic data from the Hybrid Coordinate Ocean Model (HYCOM), we analyzed the three-
dimensional (3D) temperature structure of O. bartramii habitat. Kernel density estimation was
applied to characterize temperature distributions and to quantify the presence or absence of thermal
frontal structures at specific temperatures. A generalized linear mixed model was then used to
examine the relationship between these thermal fronts and catch per unit effort. The results indicated
that the presence of frontal structures at 8°C-10°C in May, 8°C in June, and 6°C-10°C in July was
associated with increased catches. These findings suggest that not only surface temperatures, but
also intermediate-water thermal gradients play an important role in the formation of O. bartramii
fishing grounds and that incorporating 3D environmental information could improve the accuracy of

fishing-ground prediction models.

Discipline: Fisheries
Additional key words: squid jigging

Introduction

In Japan, the neon flying squid (Ommastrephes
bartramii) is an important fishery resource (Fisheries
Agency & Fisheries Research and Education Agency
2024), especially in light of the recent decline in Japanese
common squid (Zodarodes pacificus) resources since
around 2015-2016 (Miyahara et al. 2025, Okamoto et al.
2025). The species is widely distributed in the North
Pacific across subtropical and subarctic regions (Roper
et al. 1984). It is known to hatch in subtropical spawning
grounds and migrate to subarctic foraging grounds
(Murata et al. 1988; Murata et al. 1998; Ichii et al. 2009,
Kato et al. 2014, 2015). Two seasonal cohorts are
recognized: autumn-spawning and winter—
spring-spawning (Ichii et al. 2009). From May to July,
Japan’s squid jigging vessels mainly harvest the
autumn-spawning cohort that has newly populated the

foraging grounds (Fisheries Agency & Fisheries Research
and Education Agency 2024) (Fig. 1).

Recent long-term analyses show that, from April to
August, the summer habitat and fishing grounds of O.
bartramii shift northward and converge on the Subarctic
Frontal Zone around 40-43°N (Kato et al. 2023). This
front likely offers an optimal combination of temperature
and prey availability for the species (Kato et al. 2023).
Given the broad habitat range with north—south migration,
it has been difficult to estimate the location and extent of
fishing grounds with high confidence. A habitat
forecasting model based on oceanographic conditions has
been practically applied to O. bartramii (Igarashi et al.
2011), contributing to efficient searches for fishing
grounds. However, current models are point-estimate
models that do not explicitly consider spatial structure,
whereas fishers take water temperature within a certain
surrounding area into account when choosing a fishing
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ground. Operational practices and behavioral ecology
also indicate the importance of evaluating vertical water
structure. In daytime squid jigging, jigs are typically
lowered to approximately 300 m-330 m, and vertical
migration based on biotelemetry has reported dives to
about 350 m for autumn-spawning cohorts during
foraging migrations (Sakai et al. 2006, Sakai et al. 2012).
Accordingly, this study focused on the surface and a
depth of 350 m as key behavioral layers, and evaluated
fishing grounds in three dimensions within the May-July
season. Based on these considerations, we examined
whether three-dimensional (3D)

influences fishing-ground formation.

thermal structure

Materials

1. Catch data

We used catch and position data from May to July
during 2019-2022, collected from 38 squid jigging
vessels. Of these, 37 vessels were equipped with
approximately 26 automatic jigging machines, while one
larger vessel was equipped with 52 machines. Operating
hours varied daily. For O. bartramii operations, fishing
occurred during both daytime and nighttime periods, and
catch and position data were recorded separately for day
and night, with catch expressed as case counts. Because
precise estimation of a vessel’s daily operating hours is
difficult, we assumed equal daily operating time.
Accordingly, we treated the number of automatic jigging
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cohorts of O. bartramii
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machines as effort, and defined the catch per unit effort
(CPUE) as the number of cases per automatic
jigging machine.

2. Ocean data

Ocean data were obtained from the Hybrid
Coordinate Ocean Model (HYCOM) developed by the
U.S. Naval Research Laboratory. Specifically, we
extracted daily temperatures from 0 to 400 m using the
Global Ocean Forecasting System 3.1 output on the
GLBy0.08 grid for 2019-2022. We also extracted daily
sea surface height (SSH) and sea surface salinity (SSS)
from the same system. The HYCOM horizontal resolution
is 1/12° x 1/12°.

Methods

1. Capturing 3D temperature distributions using
KDE

We performed a kernel density estimation (KDE;
Silverman 1986, Worton 1989) by year and month for
water temperatures at the surface and a depth of 350 m at
each catch location to characterize the distributional shape.

For univariate temperature KDE with the observed
temperature series expressed as {T;}i-;, the density
estimate at temperature t is given by

CE nl—hiK(t_hTi). M

Here, n denotes the sample size, h the bandwidth, and K
the kernel function. We used the Gaussian kernel:

2 —T:
KW =gzep(-5), u=5" @

2. Identifying high-use locations via latitude—
longitude KDE and constructing north—south
temperature sections

The temperature ranges used for analysis were defined
based on the KDE-derived temperature distributions.

0 = {4,6,8,10,12}°C 3)

By year and by month, we applied a bivariate KDE
to catch locations in latitude ¢ and longitude A to identify
high-use fishing locations. For observation coordinates
{p;, A;}i=1, the density estimate at evaluation point (¢, 1)
is defined as
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We also constructed north—south temperature sections
from monthly mean temperatures. For each 6§ € ©® and
latitude ¢, the depth in meters at which that temperature
occurs is defined as z(8, @), within the range 0 m-400 m.
If no value exists within & 0.5°C of the target temperature,
the datum was treated as missing.

3. Definition of “frontal structure (present/absent)”

Let the latitude of the catch location be ¢, and the
step size be A, = 0.5°. Then, the slope and curvature by
central differences are defined as follows:

z(0,90+0p)—2(0,900—A¢)
28,

Slopecatch(eﬂ (pO) = ®)

2(0,00+0,)—22(0,00)+2(0,00—Ayp) ©)

Curvcatch(e' 900) = @ )z
®

For the northern evaluation point (north), let
@1 = @ + 1°, and compute the slope and curvature by
substituting ¢ with ¢ in the above (catch) formulas.

Next, for each 8 € 0, we defined a binary index By
(present = 1, absent = 0) using the following decision
rule:

i | Slopenorth(ev(pl) | > | Slopecatch(g' (PO) |
Bg — and | curvnorth(er (pl) | > | Curvcatch(eﬁ (PO) | (7)

otherwise

4. Statistical analysis (GLMMys)

Using, as explanatory variables, the presence/
absence (1/0) of frontal structures at specific temperatures
4, 6, 8, 10, and 12°C) defined in increments of 2°C, we
fitted independent generalized linear mixed models
(GLMMs; Bolker et al. 2009) including Month (May,
June, and July) and Month X frontal structure interactions.
The response variable was catch (number of cases), with
effort (number of machines) included as an offset, that is,
log(effort). SSH and SSS were additionally included as
covariates. Random intercepts were included for the
vessel, day, and year. The GLMMs were implemented
with R (version 4.2.2).

For observation I in each month, the model is given
by

3D Temperature Analysis of Neon Flying Squid Fishing Grounds

Y; ~ Poisson(y;),
n; = log

= Bo+ YoBo.
0e{6,8,10,12}

+ 8 montn[i)Bo.i + 1 SSH;+ a3SSS;
0€{4,6,8,10,12}

+ bvessel[i(i)] + bday[d(i)] + byear[y(i)]

+log(effort;). ®)

Here, Y; denotes the catch for observationi, p; is the
expected value, and By ; indicates the presence/absence
(1/0) of frontal structure at 8 °C. byessel[j(i)l Dday[a(i)]
and byearfy(iy) account for vessel, day, and year specific
deviations.

Results

1. Analysis of fishing-ground temperatures

The KDE-derived peak temperature of surface
water at the fishing grounds yielded 13.64°C in May,
13.45°C in June, and 13.64°C in July, indicating little
monthly variation (Fig. 2). At a depth of 350 m, the KDE
value decreased over time: 8.36°C in May, 7.27°C in
June, and 6.55°C in July. Temperature ranges also shifted
lower with season: May, 6°C-12°C; June, 5°C-12°C; and
July, 4°C-8°C.

2. Thermal environment around catch locations

From the spatial KDE, high-frequency catch
locations shifted northward from May to July in each
year (Fig. 3; Table 1). The centers of the fishing grounds
were located around 38° N in May and moved to
approximately 44° N in July. Longitudinal positions
varied considerably among years without a consistent 3D
pattern. In meridional temperature sections at these
locations (red crosses in Figure 3), abrupt shoaling of
isotherms with northward movement was observed in
several months, particularly in May, June, and July 2019;
June 2020; June and July 2021; and May, June, and July
2022 (Fig. 4).

3. Statistical analysis

The results for the GLMMSs are summarized in
Table 2. Effects of frontal structures differed by month
(Month x frontal structure), after accounting for sea
surface height (SSH) and surface salinity (SSS) and
including random intercepts for vessel, day, and year. In
May, the presence of the 8°C and 10°C frontal structures
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Fig. 2. KDE analysis results for water temperatures at the surface and a depth of 350 m in O. bartramii fishing grounds

during May-July

The broken line indicates KDE density, and the dotted line indicates the KDE-derived peak temperature.
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was associated with significantly higher catch (8°C: IRR
=1.073, p <0.001; 10°C: IRR = 1.087, p < 0.001), whereas
the 12°C frontal structure showed a significant negative
effect (IRR = 0.919, p < 0.001) and the 6°C frontal
structure was not significant. In June, only the 8°C
frontal structure showed a significant positive effect
(IRR = 1.041, p < 0.001), while the 6°C, 10°C, and 12°C
frontal structures were not significant. In July, the 6°C
and 10°C frontal structures had significant positive
effects (6°C: IRR = 1.017, p < 0.05; 10°C: IRR = 1.020, p
< 0.05), whereas the 8°C and 12°C frontal structures had
significant negative effects (§°C: IRR = 0.963, p < 0.001;
12°C: IRR = 0.922, p < 0.001). SSH and SSS showed
significant positive effects in the model (both p < 0.001).
The 4°C frontal structure was excluded from the final
analysis because its presence was extremely rare, leading
to unstable estimation. Overall, the temperature range
exhibiting positive effects varied seasonally: positive
effects were centred around 8°C-10°C in May,
concentrated at 8°C in June, and extended to 6°C (while
remaining at 10°C) in July.

Discussion

The temperature at a depth of 350 m at fishing
locations decreased from May through July, whereas the
surface temperature changed little. This may reflect
fishers’ reliance on surface temperature when initiating
fishing operations. O. bartramii fishing grounds tend to
form on the northeastern sides of warm-core eddies
(Igarashi et al. 2011, Alabia et al. 2015), where meridional
temperature fronts can develop—as seen near 38° N,
177° W in May 2019 and near 40° N, 177° E in June 2019.
However, fishing grounds also sometimes formed in
months without clearly defined warm-core eddies. The
GLMMs showed that the temperatures at which frontal
structures increased the catch differed by month; thus,
using the month-specific presence of such structures as
indicators can contribute to increased catch. Specifically,
in May, the presence of the 8°C and 10°C frontal
structures was beneficial; in June, only the presence of

Table 1. KDE-derived latitudes of high-use fishing
locations by month

Year May June July

2019 38°15'N 39°30'N 40°47'N
2020 39°32'N 40° 44'N 42°13'N
2021 39°59'N 40°37'N 41°47'N
2022 39°30'N 40° 44'N 43°54'N

3D Temperature Analysis of Neon Flying Squid Fishing Grounds

the 8°C frontal structure was beneficial; and in July, the
presence of the 8°C frontal structure was no longer
beneficial, whereas the presence of the 10°C or 6°C
frontal structure became beneficial. Although the 10°C
effect was absent in June, it re-emerged in July. Note that,
in July 2019, while a frontal structure appears south of
the high-frequency location, meridional sections from
2020 to 2022 show the 10°C isotherm around ~50 m
regardless of latitude, implying that a clear front seldom
formed; thus, the 10°C frontal structure in July is unlikely
to serve as a practical indicator. Previous behavioral and
physiological studies have demonstrated that water
temperature strongly affects the squid distribution and
catch success for O. bartramii (Chen et al. 2010, Vijai
et al. 2015, Wang et al. 2021). Embryonic development
proceeds at 18°C-25°C (optimum 21°C-25°C), whereas
growth occurs across a wide range of 5°C-27°C, and the
preferred surface temperatures are 11°C-19°C, with
higher catchability at 15°C-19°C. These findings indicate
that thermal tolerance differs depending on the squid life
stage, and that latitudinal cooling encountered during
northward migration may impose environmental
constraints on movement and distribution. In the
autumn-spawning cohort, sex-specific migration and
distribution have been suggested: females continue
migrating northward into higher-latitude foraging
grounds as they grow, whereas males tend to remain
farther south and return south earlier than females
(Bower & Ichii 2005, Ichii et al. 2009). In addition, large
individuals in the foraging grounds of the autumn cohort
are reported to be predominantly female (Chen 2010),
implying that the catch in our study area may have been
female-biased. Therefore, the effects of frontal structures
and temperature estimated by the GLMMs may primarily
reflect the distributional characteristics of females within
the autumn cohort, and caution is warranted when
generalizing our results to the entire autumn cohort,
particularly males. As noted above, fishing grounds were
often located immediately south of thermal fronts,
suggesting that individuals tend to remain on the warmer
side. This pattern can be interpreted primarily as a
consequence of thermal constraints on further northward
movement. Oceanic fronts can also enhance local prey
availability and foraging opportunities for pelagic
consumers (Polovina et al. 2001). O. bartramii is known
to feed on micronektonic organisms in the transitional
region of the North Pacific (Watanabe et al. 2004), and
prey-related processes may therefore contribute to
localized aggregations near frontal structures.
Nevertheless, in our study, the temperature range of
frontal-structure indicators associated with increased
catch shifted seasonally from 10°C in May to 6°C-8°C in

403



D. Suzuki et al.

2019-May 2020-May % ‘ |
A A
46°N 15 46°N 15
o 3
44°N 2 44°N £
03 03
QL no 9 490 -
g 42°N g % 42°N %
= 40°N §  FE40°N g
K s 2 SN Pl -
38N 2 38N 2
o o
36°N - 0 36°N -
Density 170°E 175°E  180° 175°W 170°W 165°W 160°W Density [70°E 175°E  180° 175°W 170°W 165°W 160°W
Longitude Longitude
2019-June Z
2020-June Z . |
46°N o
= 46°N S 15
44°N k= 3
g 44°N £
S 42°N g 108
5 gaw E
540N 5 g » g
- E E40N . £
38N 2 5
o 38°N =
36°N - [}
Density 36°N - I
Density 170°E 175°E  180° 175°W 170°W 165°W 160°W
Longitude
2019-July z
2020-July z
46°N 15 g
T 46°N 15
44°N E ~
103 44°N 2
S 42°N g S
E T 84 10 2
£ 2 garN E
E 40°N s S £ 2
] S 40°N s
38°N % - 5 é
38°N
36N L— 2 ENT N &
Density 170°E 175°E  180° 175°W 170°W 165°W 160°W 36°N |
Longitude Density 170°E 175°E 180° 175°W 170°W 165°W 160°W
Longitude
z
2021-May | . J &
2 2022-May % ‘ |
46°N 15 a
5 46°N 15
44°N £ 5
108 44°N =
B 42°N £ 108
b=t g B4rN £
kS 40°NP 8 2 g
® 5 g SN §
38N = S &
5 = 38N =
36°N , 1 =\ PraNPoN | 0 5
Density 170°E 175°E 180° 175°W 170°W 165°W 160°W 36N B I A
Longitude Density 170°E 175°E  180° 175°W 170°W 165°W 160°W
Longitude
2021 £
-June Z £
021-June éD| A | 2022-June % A AL
153
46°N - 15 A
’\)l A _ 46°N 15
3
44°N 2 ~
02 44°N é
5} o7 N, =1 Q
3 42°N T: 2 4N 10‘\&
5 40°NL R § £ 2
- \ / 5 é Z 40°N s g
38°N 1
W/w\/\ 5 8N 5
o a TN AV, ©
3N Bensity 1708 175°E 1800 175°W 170°W 16°W 160°W 36°N
Lonsi Density 170°E 175°E  180° 175°W 170°W 165°W 160°W
ongitude .
Longitude
z z
2021-July % A | 2022-July % |I |
5 5
46°N S 15 46°N S 15
° 3
44°N 2 44°N £
108 108
§ 42°N fmmmt g B 42°N E
5 40N N AT N N A AT g Eaen g
3 s 3 2
QOW 5 F 53
38N 2 38N 2
s 2’ @) Q
. : n/ .
36°N — T 0 36°N -
Density |70°E 175°E 180° 175°W 170°W 165°W 160°W Density 170°E 175°E  180° 175°W 170°W 165°W 160°W

Longitude Longitude

Fig. 3. KDE analysis results for the latitude and longitude of fishing locations, and distribution map
of CPUE by year and month
In each panel, the graph on the left shows the KDE analysis results for latitude, the upper graph
shows the KDE results for longitude, and the center graph plots the CPUE against the average surface
water temperature.

404 JARQ 60 (4) 2026



0

Depth (m)
o
(=3
(=}

[ o]
[9Y
=}

)
(=3
=]

400

—_
=3
=1

Depth (m)
[ w N [5%3
W (=3 W (=3
(=} (=] f=1 (=}

IS
1=
S

38.5°N
0

501
100 A

1504

Depth (m)
RN
wn (=1
? (=}

)
(=3
=]

400+
38.5°N

2019-May

37.5°N  38. 0°N 38.5°N  39.0°N

38.0°N  38.5°N
Latitude

2020-May

39.0°N 39.5°N  40.0°N  40.5°N

37.5°N 39.0°N

39.0°N
0

39.0°N

)
%Y
(=]

12

39.5°N  40.0°N  40.5°N
Latitude

2021-May

39.5°N  40.0°N  40.5°N

39.0°N

39.5°N  40.0°N  40.5°N
Latitude

2022-May

39.0°N  39.5°N  40.0°N

39.0°N 39.5°N  40.0°N

Latitude

3D Temperature Analysis of Neon Flying Squid Fishing Grounds

2019-June

39.0°N  39.5°N  40.0°N  40.5°N

0
—

39.0°N 39.5°N  40.0°N  40.5°N

Latitude

2020-June

40.0°N  40.5°N  41.0°N  41.5°N

350

400
40.0°N  40.5°N  41.0°N  41.5°N

Latitude

2021-June

40.0°N  40.5°N  41.0°N  41.5°N

40.0°N  40.5°N  41.0°N  41.5°N

Latitude
2022-June
40.0°N  40.5°N  41.0°N  41.5°N

i12

40.0°N  40.5°N  41.0°N  41.5°N
Latitude

2019-July

40.0°N  40.5°N  41.0°N  41.5°N

40.0°N  40.5°N  41.0°N  41.5°N

Latitude
2020-July
41.5°N  42.0°N  42.5°N  43.0°N
0
50
100
150
200
250
300
350
400
41.5°N  42.0°N  42.5°N  43.0°N
Latitude
2021-July

41.0°N  41.5°N  42.0°N  42.5°N

50
100

150

Depth (m)
o 3 (58] o3
wn (=3 W =3
[=) (=] [=} (=]

400
41.0°N  41.5°N  42.0°N  42.5°N

Latitude

2022-July

43.0°N  43.5°N  44.0°N  44.5°N
0

0
43.0°N  43.5°N  44.0°N  44.5°N
Latitude

Temperature (°C)

L =) N ]

Temperature (°C)

LS = ]

B (=) [} 5
Temperature (°C)

)

Temperature (°C)

LS I = )

Fig. 4. North—south water temperature cross sections down to a depth of 400 m, centered on high-use fishing locations

identified by KDE analysis

405



D. Suzuki et al.

Table 2. GLMM Results

Month Variable Estimate Std. Error z-value p-value IRR
May ¢ —0.08413 0.02323 -3.62160 3 E-04 ok 0.92
Frontal structure
10°C
May 0.08343 0.01135 7.35055 2 E-13 ok 1.09
Frontal structure
May s 0.07026 0.01176 5.97749 2 E-09 ook 1.07
Frontal structure
6°C
May 0.00674 0.02427 0.27784 8 E-01 ns 1.01
Frontal structure
12°C
June 0.00985 0.01118 0.88041 4 E-01 ns 1.01
Frontal structure
10°C
June —-0.00460 0.00521 —0.88308 4 E-01 ns 1.00
Frontal structure
June s 0.04035 0.00443 9.10225 9 E-20 oAk 1.04
Frontal structure
6°C
June 0.00399 0.00585 0.68192 5 E-01 ns 1.00
Frontal structure
12°C
July —0.08089 0.01394 -5.80325 7 E-09 ok 0.92
Frontal structure
10°C
July 0.02008 0.00996 2.01574 4 E-02 * 1.02
Frontal structure
July s -0.03734 0.00822 —4.54148 6 E-06 ook 0.96
Frontal structure
6°C
July 0.01718 0.00780 2.20192 3 E-02 * 1.02
Frontal structure
All (May-July) SSH 0.41104 0.03784 10.86257 2 E-27 oAk 1.51
All (May-July) SSS 0.16011 0.01911 8.37770 SE-17 Hkx 1.17

July, which is consistent with a seasonal shift in the
effective thermal front. Accordingly, seasonality should
be considered when applying these indicators. Such squid
aggregations along the frontal structures form transient,
temperature-dependent fishing grounds.

In summary, viable indicators appear to be the
presence of the 10°C and 8°C frontal structures in May,
the presence of the 8°C frontal structure in June, and the
presence of the 6°C frontal structure in July. Incorporating
month-varying frontal structure presence, in addition to
point-based habitat forecasts, should improve the
prediction of fishing grounds. However, although the
present study analyzed data on a monthly basis, the
northward migration of O. bartramii actually occurs as a
continuous process; thus, the frontal structures serving as
indicators likely shift gradually over time.
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