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Abstract Mesoscale oceanic fronts are critical hotspots for marine productivity and fisheries, yet the fine‐
scale mechanisms linking frontal dynamics to the specific distribution of catches remain poorly understood.
This study investigates this link by analyzing a high‐resolution, decade‐long (2009–2021) fishery dataset for
neon flying squid (Ommastrephes bartramii) in the Northwest Pacific's dynamic Kuroshio‐Oyashio Extension
region, particularly within the Oyashio frontal zone. Using a frontal coordinate system and a null model based
on simulated fishing operations, we identify a systematic asymmetric catch distribution, with catches 1.6‐fold
higher on the warm side of fronts and an optimal fishing offset of approximately 10 km into warmer waters. We
propose that the observed pattern reflects three complementary components: thermal habitat, prey‐related
productivity, and a geometric amplification associated with frontal inclination. Neon flying squid forage and are
captured at night within the upper water column, with approximately 50 m used as a representative nocturnal
depth. Because the front is displaced warmward with depth, an aggregation located near or slightly warmward of
the 50 m front is represented farther toward the warm side when the catch is recorded at the surface position of
the fishing vessel and referenced to the surface SST front. Our findings offer a depth‐dependent perspective
grounded in the subsurface structure of oceanic fronts, helping to clarify how predator behavior and subsurface
oceanography interact to shape surface catch patterns and informing fisheries applications and ecosystem‐based
management in dynamic frontal systems.

Plain Language Summary Oceanic fronts, where different water masses meet, are like oases in the
ocean, teeming with marine life and attracting fishing fleets. Analyzing over a decade of fishery data, we
discovered a striking pattern: fishermen consistently catch 1.6 times more neon flying squid on the warm side of
these fronts. Our research offers a new explanation by looking beneath the surface. We found that these fronts
are not vertical walls, but are tilted, sloping downwards into the warmer water. At night, squid move into the
upper ocean to feed and are caught below fishing vessels. The front at this subsurface fishing depth is displaced
toward warmer water relative to the front seen at the sea surface. Because catches are recorded at the surface
positions of the vessels, squid aggregating near the subsurface front appear farther toward the warm side when
their locations are compared with the surface front. This discovery provides a subsurface roadmap to these
fishing hotspots. It not only helps fishermen work more efficiently but also helps scientists understand how
ocean physics and animal behavior combine to create areas of rich marine life, which is crucial for managing
ocean resources sustainably.

1. Introduction
Mesoscale oceanic fronts, the dynamic boundaries between distinct water masses, are fundamental drivers of
marine ecosystem structure and productivity (D’Asaro et al., 2011; Franks, 1992; Belkin & Gordon, 1996; Lima
et al., 2002; Klein & Lapeyre, 2009; Lutjeharms et al., 1985; Mahadevan, 2016; McWilliams, 2016, 2021). These
dynamic oceanic structures modulate multiple ecological processes, including migration, foraging, reproduction,
recruitment, and communication (Bakun, 2006; Olson et al., 1994; Polovina et al., 2001; Woodson et al., 2012).
These features create biological “hot spots” in the open ocean through two primary mechanisms: enhancing
nutrient supply via physical processes like upwelling and mixing (bottom‐up enrichment), and aggregating
plankton and prey through flow convergence (physical concentration) (D. G. Ainley et al., 2009; Clayton
et al., 2014; Murphy, 1995; Hunt et al., 2013). Consequently, fronts are widely recognized as critical habitats that
attract and sustain elevated biomass across all trophic levels, from phytoplankton to apex predators, thereby
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shaping high‐yield fishing grounds globally (Bakun, 2006; Belkin, 2021; Bost et al., 2009; Franks, 1992; Genin
et al., 2005; Godø et al., 2012; Haney, 1986; Lévy et al., 2024; Mahadevan, 2016; Olson et al., 1994; Palacios
et al., 2006; Scales et al., 2014; Tseng et al., 2014; Woodson & Litvin, 2015; Woodson et al., 2012). While the
paradigm of fronts as zones of aggregation is well‐established, the fine‐scale distribution patterns of mobile
predators across these features, and the precise biophysical mechanisms that govern them, remain poorly
resolved. Understanding this linkage is critical for advancing ecological theory and improving fisheries man-
agement in the dynamic ocean systems.

Among the world's most dynamic marine ecosystems, the Kuroshio‐Oyashio Extension (KOE) region in the
Northwest Pacific stands out as a natural laboratory for studying frontal dynamics (Deser & Kwon, 2007; Joh
et al., 2023; Kida et al., 2015; Na et al., 2018; Qiu, 2001; Wu et al., 2019). As the confluence zone of the warm,
saline Kuroshio Current and the cold, nutrient‐rich Oyashio Current, the KOE is characterized by intense
mesoscale eddy activity, some of the sharpest sea surface temperature (SST) gradients on the planet, and
exceptionally high biological productivity (Ito et al., 2013). This region serves as a critical feeding and migration
corridor for numerous commercially important pelagic species, including the neon flying squid (Ommastrephes
bartramii) (Kida et al., 2015). The persistent and powerful frontal systems of the KOE make it an ideal setting to
investigate the fine‐scale physical‐biological interactions that structure marine ecosystems, offering insights that
are relevant to Western Boundary Current systems globally. It is important to note that the frontal structures in this
region are not limited to the primary Kuroshio front located farther south, but include dynamically evolving
secondary and transition‐zone fronts, particularly those associated with the Oyashio frontal zone, shaped by
downstream adjustment of the Kuroshio, mesoscale eddy activity, and mixing processes within the transition
zone. The downstream evolution, shallow vertical structure, and biophysical significance of such transition‐zone
fronts have been extensively synthesized within broader conceptual frameworks of western boundary current
systems (Olson, 2001, 2002). In this study, we focus on objectively detected daily mesoscale frontal features
located primarily within the Oyashio frontal zone of the Kuroshio–Oyashio transition region, rather than
assuming a fixed or quasi‐stationary boundary. This approach acknowledges the dynamic and spatially hetero-
geneous nature of the transition‐zone frontal system.

The ecological significance of fronts is often conceptualized through Bakun's “ocean triad” hypothesis, which
posits that successful fish recruitment and foraging depend on the co‐location of three critical processes: nutrient
enrichment, prey concentration, and larval or predator retention (Agostini & Bakun, 2002; Bakun, 1996;
Woodson & Litvin, 2015). While frontal zones inherently provide mechanisms for enrichment (e.g., upwelling)
and concentration (e.g., convergence), the processes governing the retention of highly mobile predators within
these ephemeral hotspots are less understood. This is particularly true when subsurface structure is considered, as
it may interact with predator behavior in ways not apparent from surface observations alone. A critical knowledge
gap therefore exists in understanding how the vertical structure of fronts interacts with the behavior of pelagic
predators, and how this interaction may contribute to spatially consistent foraging patterns within frontal systems.

The neon flying squid, a commercially vital and highly mobile predator in the KOE, serves as an ideal model
organism to investigate these fine‐scale biophysical interactions (Anderson & Rodhouse, 2001; Arkhipkin
et al., 2015; Bower, 1997; Pierce et al., 2008; Rosa et al., 2011; Yatsu et al., 1998; Yu, 2016). As a highly
migratory species capable of substantial horizontal movement, its spatial distribution reflects both behavioral and
environmental controls (Bower & Ichii, 2005; Snyder et al., 2017). Its pronounced diel vertical migration
(DVM)—inhabiting deeper waters by day and ascending to forage within the upper epipelagic layer (∼50 m) at
night (Bower & Ichii, 2005; Igarashi et al., 2018; Murata, 1993; Murata & Nakamura, 1998; Yatsu et al., 1998; Yu
et al., 2015), where the squid are targeted by fishery—provides a useful framework for examining how biological
distributions within the upper water column are represented relative to a surface‐defined frontal boundary
(Labe, 2000; Zhang et al., 2022). While it is known that squid aggregate near fronts, the precise mechanisms
governing their distribution across the frontal boundary, particularly the consistent asymmetry observed by
fishers, remain unresolved (Chen et al., 2014; Mugo et al., 2014; Prants, 2022).

Here, we examine how thermal habitat, prey‐related productivity, and the depth‐dependent position of the frontal
boundary jointly contribute to the observed surface‐referenced catch asymmetry. In particular, we test whether the
warmward displacement of the front between the sea surface and the representative nocturnal fishing depth can
geometrically amplify a warm‐side aggregation formed within the upper water column. By integrating over a
decade of high‐resolution fishery data with ocean reanalysis products, we identify a systematic warm‐side
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displacement, with catches 1.6‐fold higher approximately 10 km into the warm flank. Our findings offer a depth‐
dependent perspective grounded in the subsurface structure of oceanic fronts, helping to interpret fine‐scale
predator distribution patterns.

2. Materials and Methods
2.1. Data Sets

This study integrates high‐resolution fishery logbook data with multiple satellite‐derived and ocean reanalysis
products.

Fishery data: High‐resolution squid fishery data from 2009 to 2021 were obtained from the National Data Centre
for Distant‐water Fisheries of China. The logbook dataset includes daily records of vessel location (1/60° res-
olution) and total catch (kg), providing the basis for analyzing the distribution of fishing effort and catch. The
fishery is conducted primarily using light‐lure squid jigging vessels operating at night, and fishing effort is
defined as vessel‐days (one vessel operating for one day).

Satellite‐derived environmental data: To characterize the surface ocean environment, we utilized two daily
products from the Copernicus Marine Service (CMEMS). First, SST data from the Operational Sea Surface
Temperature and Ice Analysis (OSTIA) system (0.05° resolution) were used for thermal front detection. Second,
multi‐sensor satellite‐derived chlorophyll‐a concentrations (4 km resolution) were used as a proxy for prey
availability.

Ocean reanalysis data: To investigate the subsurface ocean structure, we used the CMEMS GLORYS12V1
global ocean reanalysis product. This eddy‐resolving dataset provides daily three‐dimensional ocean state vari-
ables, including temperature, at a 1/12° horizontal resolution on 50 vertical levels, enabling the reconstruction of
the vertical architecture of frontal systems.

2.2. Front Detection and Analysis

2.2.1. Front Identification Algorithm

Mesoscale oceanic fronts were identified from daily satellite SST imagery using the sliding‐window‐threshold
algorithm (SWTA) (Xing et al., 2023). We selected this method due to its enhanced capability in detecting
multiscale frontal features compared to traditional gradient‐based algorithms. The SWTA employs sliding‐
window thresholds and a series of morphological operations to identify frontal pixels, allowing it to separate
multiscale frontal information. Unlike methods reliant on a single, fixed gradient threshold, the SWTA is robust to
gradient variations and can detect a more comprehensive set of frontal features, including weaker or more
complex structures that are often missed by other algorithms but remain ecologically significant. This capability is
particularly advantageous for the highly dynamic KOE region.

2.2.2. Frontal Coordinate System and Probability Maps

To analyze the distribution of fisheries and environmental variables relative to fronts, we established a frontal
coordinate system. Similar frontal coordinate frameworks have been used in previous studies of western boundary
current systems (Olson, 2001, 2002). For any given data point (e.g., a fishing location), we calculated its
perpendicular distance to the nearest identified frontal line. The point was then classified as being on the “warm
side” or “cold side” by comparing its local SST to the SST at the corresponding point on the front. Here the terms
“warm” and “cold” flanks refer to relative positions across the front rather than absolute thermal suitability. To
ensure each data point was uniquely associated with a single frontal feature, it was referenced only to the closest
frontal boundary.

Using this framework, we calculated two spatial probability variables. The frontal probability (Rf), representing
the likelihood of frontal occurrence, was calculated for each grid cell as the number of days a front was detected
divided by the total number of days in the fishing season. Similarly, the optimal SST probability (Rt) was
calculated as the number of days a grid cell's temperature fell within the optimal SST range for squid divided by
the total number of days in the fishing season. The depth‐dependent optimal temperature ranges were derived
from the temperature distributions associated with fishing activity, as described in Section 2.3.
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2.3. Null Model for Bias Correction

To distinguish true habitat selection from biases inherent in the spatial and temporal distribution of fishing effort,
we developed a null model using simulated fishing points. Fishery‐dependent data are intrinsically biased, as
fishing effort is not distributed randomly. To account for this, we first defined a sampling domain based on the
primary aggregation zones of the actual squid fishery. Then, for each day of the 13‐year period, we randomly
selected a number of simulated fishing points within this domain equal to the number of actual fishing operations
on that day.

This process generated a dataset of simulated fishing locations that preserved the broad spatial and temporal
sampling structure of the fishery while removing fine‐scale habitat selection signals. By comparing the envi-
ronmental conditions at actual fishing points with those at simulated locations, we could robustly identify the
environmental factors associated with targeted fishing activity.

Using this framework, the optimal temperature ranges at each depth were defined as the temperature intervals
where the observed fishing locations showed stronger aggregation relative to the simulated temperature distri-
butions. In other words, the optimal ranges correspond to temperature intervals where the frequency of observed
temperatures exceeded the expected background distribution derived from the null model. This data‐driven
approach avoids prescribing arbitrary temperature thresholds and instead identifies preferred thermal habitats
directly from the fishery–environment relationship.

2.4. Reconstruction of the Vertical Frontal Structure

To investigate the vertical architecture of the fronts, we applied the SWTA front detection algorithm to the
temperature field at each of the 50 depth levels of the GLORYS12V1 ocean reanalysis data. The depth‐resolved
frontal structure was then reconstructed by associating frontal positions at each depth level with their corre-
sponding surface expression based on minimum horizontal distance. A subsequent filtering process, guided by
principles of physical oceanography, was applied to remove physically inconsistent associations (e.g., abrupt
horizontal shifts between adjacent depth levels) that could arise from weak or shallow frontal features. This
quality control step enables a consistent estimation of the mean vertical tilt of the frontal systems across the study
region.

3. Results
3.1. A Systematic Asymmetric Distribution of Catches Across Fronts

Our analysis of over a decade of high‐resolution fishery data in the KOE region, particularly within the Oyashio
frontal zone, reveals a systematic and pronounced asymmetric distribution of neon flying squid catches relative to
mesoscale oceanic fronts (Figure 1). Monthly distributions consistently show that both fishing effort and catches
are preferentially located on the warm side of the frontal boundary throughout the main fishing season from July
to November (Figures 2a and 2b).

This spatial displacement is quantified in the cumulative 13‐year dataset (Figures 2c and 2d). Approximately 60%
of the total catch and fishing effort occurred on the warm side of the fronts. This corresponds to more than 50,000
tons of additional catch obtained from the warm compared to the cold side over the study period. The parity
position—the point where cumulative catch on both sides are equal—is displaced approximately 10 km from the
frontal boundary into the warmer water.

Furthermore, this asymmetry is not a static phenomenon but is strongly modulated by the intensity of the front
itself (Figure 3). As the SST gradient across the front increases, the displacement of the catch parity position
toward the warm side becomes more pronounced (Figure 3a). Correspondingly, the ratio of warm‐side to cold‐
side catches consistently exceeds 1 and increases with frontal strength (Figure 3b). This relationship suggests that
the observed asymmetry is closely associated with variations in frontal intensity.

The vertical structure of the front provides a geometric context for interpreting the relationship between surface
intensity and catch asymmetry. Our analysis shows that stronger surface SST gradients are associated with fronts
that penetrate deeper into the water column (Figure 3c). While weaker fronts may be confined to the surface
layers, stronger fronts are significantly more likely to extend their influence down to the depth range occupied by
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squid during diel vertical migration (approximately 50–300 m, Figure 3d). Thus, increasing SST‐gradient strength
is accompanied by both stronger warm‐flank catch displacement and greater vertical frontal extent.

3.2. Contributions of Thermal Habitat and Productivity Patterns

Previous studies indicate that the distribution of neon flying squid in frontal zones is influenced by both thermal
preferences and prey availability (Alemany et al., 2014; Matsui et al., 2024; Niu et al., 2024). To better understand
how these factors relate to the observed cross‐frontal asymmetry, we evaluated their spatial patterns using
simulated fishing points as a null model to correct for sampling bias.

The neon flying squid is known to exhibit a general preference for warmer waters (Chen et al., 2010; Hat-
field, 2000; Li et al., 2023; Wang et al., 2023). Our analysis confirms that SST exerts strong control over squid
aggregation, with catches overwhelmingly concentrated in a narrow optimal thermal range of 14–19°C
(Figure 4a). The probability of encountering this optimal SST is highest at the frontal boundary itself (Figures 4b
and 4c). However, the distribution of this optimal temperature range is symmetrical across the front (Figure 4b)
with temperatures on both sides remaining within the species' tolerable range. This indicates that while thermal
preference effectively explains why squid aggregate at frontal zones, it cannot account for the strong asymmetric
distribution across them.

Prey‐related productivity patterns are also associated with squid aggregation. Compared with simulated locations,
actual fishing operations occurred in waters with elevated surface chlorophyll‐a concentrations (Figure 5a),
indicating that fishing activity was concentrated in relatively productive environments. Upwelling on the warm
side of the front induced by frontogenesis can stimulate primary productivity (Aoki & Inagaki, 1992; Hos-
kins, 1982; McWilliams, 2016; Nagai et al., 2008; Pollard & Regier, 1992; Xue et al., 2021; Zhang et al., 2019;
Zhu et al., 2024). Consistent with this expectation, the simulated background environment shows that
chlorophyll‐a concentrations are approximately 15% higher on the warm side of the front compared to the cold
side (Figure 5b, blue line). At actual fishing locations, chlorophyll‐a concentrations are comparably elevated on
both flanks (Figure 5b, gray line), indicating that productive patches occur across the frontal boundary. These
results identify a modest warm‐flank enhancement in background surface chlorophyll‐a; however, surface
chlorophyll‐a alone does not directly quantify zooplankton biomass or prey availability at higher trophic levels.

Together, these results indicate that thermal and trophic conditions contribute to squid aggregation at frontal
zones and may also contribute to the cross‐frontal catch asymmetry. Because SST and surface chlorophyll‐a do

Figure 1. Study area and context for the neon flying squid fishery in the Northwest Pacific. (a) Spatial distribution of fishing locations (white dots) for the Chinese squid‐
jigging fishery from 2009 to 2021, overlaid on a map of frontal probability (Rf, background color). Rf is calculated from daily satellite‐derived SST front detections and
represents the probability of frontal occurrence during the main fishing season. Higher Rf values indicate more frequent frontal presence. The solid black lines denote the
most persistent frontal positions, corresponding to the zones of maximum frontal probability (i.e., the mean frontal axis inferred from the time‐aggregated SST front
detections). (b) The neon flying squid (Ommastrephes bartramii), the target species of this study.
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not resolve the full prey field or the subsequent transfer of biomass across trophic levels, the relative contributions
of these processes cannot be quantified from the available surface variables alone.

3.3. Depth‐Dependent Frontal Geometry and Surface‐Referenced Catch Displacement

Because surface environmental factors alone do not fully explain the observed cross‐frontal asymmetry (Sec-
tion 3.2), we further examined whether interactions between squid vertical behavior and the subsurface frontal
structure contribute to the observed patterns. Neon flying squid exhibit pronounced diel vertical migration,
occupying deeper waters during the day and ascending into the upper epipelagic layer at night, where they are
targeted by the fishery. Based on previous observations, approximately 50 m is used here as a representative
nocturnal foraging and capture depth, whereas 300 m is included only as an illustrative daytime reference level
(Murata, 1993). These representative DVM depths are not assumed to be fixed biological boundaries or identical
across the two frontal flanks. This vertical displacement provides a useful framework for evaluating how a
vertically tilted front may translate into different surface‐relative positions across depth.

When catch distributions are referenced to frontal positions identified at different depths, a consistent depth‐
dependent pattern emerges (Figure 6). Relative to the surface front, catches are displaced toward the warm
flank (Figures 6a and 6b). When referenced to the 50 m frontal position—representative of the squid's nocturnal
habitat—the asymmetry is reduced (Figure 6c). At approximately 100 m depth, the distribution approaches near

Figure 2. Asymmetric distribution of neon flying squid fishing effort and catches relative to oceanic fronts. (a, b) Monthly distribution of (a) fishing effort (vessel‐days)
and (b) catches (kg) in the frontal coordinate system during the main fishing season (July–November). Distances are referenced to the daily detected frontal position,
with positive values indicating the warm flank and negative values indicating the cold flank. (c, d) Cumulative distributions of (c) fishing effort and (d) catches
aggregated over 2009–2021. Approximately 60% of total effort and catch occurred on the warm side of the front. The triangle marker indicates the parity position,
defined as the cross‐frontal distance at which cumulative effort/catch is equal on both flanks. This position is displaced approximately 10 km toward the warm side,
indicating a systematic warm‐flank asymmetry.
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symmetry (Figure 6d). At 300 m depth, the distribution shifts toward the cold flank (Figure 6e). This progressive
transition from warm‐side displacement near the surface to cold‐side displacement at depth suggests that the
observed asymmetry varies systematically with the vertical position of the frontal boundary.

To better interpret the depth‐referenced patterns, we examined the mean vertical structure of the detected fronts.
The mean vertical structure of the detected fronts reveals a consistent warm‐ward tilt with depth (Figure 6f).
Based on more than 17,000 frontal instances reconstructed from reanalysis data, the frontal boundary does not
form a vertical wall but instead slopes downward from the surface toward the warm flank. On average, the frontal
position at intermediate depth (approximately 100 m) is horizontally displaced by about 10 km relative to its
surface expression. This horizontal displacement is on the order of tens of kilometers. This intermediate depth
represents the transition depth at which the apparent catch displacement relative to the depth‐specific frontal
position approaches zero and changes flank assignment.

The depth‐referenced distributions distinguish the squid position relative to the depth‐specific front from the
position of that front relative to its surface expression. At the representative nocturnal depth of approximately
50 m, 56% of the catch remains on the warm side of the depth‐specific front, indicating that a warm‐side
displacement persists at the fishing depth. When the same catch positions are referenced to the surface SST front,
the warm‐side proportion increases to approximately 60%. This directional change is consistent with an additional
warmward geometric displacement because the 50 m front is located on the warm side of its surface expression.
The 100 and 300 m results illustrate how flank classification changes with reference depth, but they are not
interpreted as direct observations of an individual migration trajectory or as evidence of a behavioral response to

Figure 3. Modulation of catch asymmetry by frontal intensity and vertical structure. (a) Displacement of the catch parity position toward the warm side increases as a
function of SST gradient strength. Positive values indicate displacement toward the warm flank. (b) Cumulative catches on the warm side (red line) and cold side (blue
line), and their ratio (black line), shown as a function of SST gradient strength. The warm‐side displacement increases as fronts become stronger. (c) Mean frontal
vertical influence depth as a function of SST gradient strength. The vertical influence depth is defined as the maximum depth at which the frontal thermal gradient
remains continuously detectable in the three‐dimensional temperature field (see Section 3.3). (d) The proportion of detected fronts remaining continuously identifiable
to specified depths, including representative squid DVM depths of approximately 50–300 m. In panels (a–c), dots represent bin‐averaged values grouped by SST
gradient intervals, and shaded areas indicate ±1 standard deviation within each bin.
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Figure 4. Thermal preference as a driver for squid aggregation at frontal zones. (a) Comparison of sea surface temperature (SST) distributions at actual fishing locations
(gray) versus simulated fishing points (blue), which represent the available thermal environment. Catches are concentrated in a narrow optimal range of 14–19°C.
(b) The distribution of this optimal SST is symmetrical across the frontal boundary, peaking at the front itself. (c) The spatial probability distribution of the optimal SST
range (Rt, background color) aligns well with observed fishing locations (black dots). Blue contour lines indicate the 14°C and 19°C surface isotherms corresponding to
the optimal SST window. The optimal thermal habitat aligns closely with frontal zones and fishing activity.

Figure 5. Prey‐related productivity patterns across frontal zones. (a) Distribution of sea surface chlorophyll‐a concentrations at actual fishing points (gray) compared to
randomly simulated locations (blue), illustrating habitat selection toward relatively higher‐productivity waters. (b) Mean chlorophyll‐a concentration across the frontal
coordinate system. Gray line represents actual fishing locations; blue line represents simulated background distribution. Values are averaged within cross‐frontal
distance bins. Shaded areas indicate ±1 standard deviation within each bin.
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the deep front. Thus, thermal and trophic conditions may influence the squid distribution relative to the front at the
nocturnal habitat depth, whereas frontal inclination affects how that subsurface distribution is represented in the
surface frontal coordinate system.

Figure 7 schematically illustrates this geometric relationship between frontal tilt and diel vertical migration. The
model highlights how subsurface frontal structure, thermal habitat, and productivity gradients jointly contribute to
the spatial organization of squid distribution and fishing activities across the frontal system.

4. Discussion
This study reveals a persistent warm‐flank asymmetry in neon flying squid catches across mesoscale fronts in the
KOE region. Approximately 60% of the fishing effort and catch occurred on the warm side of the surface SST
fronts, with the catch distribution displaced by approximately 10 km into warmer waters. The displacement also
increased with frontal intensity. These patterns suggest that the observed asymmetry reflects three complementary

Figure 6. Depth‐resolved frontal structure and its relationship to surface‐referenced catch asymmetry. (a) Cumulative catch distribution relative to the surface front
derived from satellite SST, showing a strong warm‐side displacement. (b–e) Cumulative catch distributions referenced to frontal positions identified at depths of (b) 0 m,
(c) 50 m, (d) 100 m, and (e) 300 m from reanalysis temperature fields. Percentages on either side indicate the proportion of total catch within each flank. Positive
distances denote the warm flank relative to the depth‐specific frontal position. (f) Mean vertical structure of the frontal boundary relative to the surface front, illustrating
a warm‐ward tilt with depth. Shaded areas indicate the interquartile range (25%–75%) across detected fronts. The 50 m level represents the approximate nocturnal
fishing depth, whereas 100 and 300 m are included as reference depths for assessing the depth dependence of flank classification.
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components: thermal habitat, prey‐related productivity, and geometric amplification associated with frontal
inclination.

Thermal conditions provide an important basis for squid aggregation within frontal zones. Catches were
concentrated within a relatively narrow optimal SST range, and the probability of encountering this thermal
habitat was highest near the frontal boundary. However, the optimal SST probability was relatively symmetrical
across the front, with both flanks generally remaining within the tolerable thermal range. Thermal habitat
therefore helps explain aggregation near fronts but cannot, by itself, fully account for the systematic warm‐flank
displacement.

Prey‐related productivity may further contribute to the asymmetry. Fishing operations occurred in waters with
higher surface chlorophyll‐a concentrations than the simulated background locations, while background
chlorophyll‐a was approximately 15% higher on the warm flank than on the cold flank. This pattern is consistent
with upwelling on the warm side of the front induced by frontogenesis, which can enhance nutrient supply and
primary production (Hoskins, 1982; McWilliams, 2016; Nagai et al., 2008; Zhu et al., 2024). However, surface
chlorophyll‐a alone does not resolve production rates, zooplankton biomass, or prey availability for squid. The
observed chlorophyll‐a contrast therefore cannot be interpreted as a quantitative measure of the full trophic
difference between the two frontal flanks, and its contribution cannot be separated from the other mechanisms
using the available data.

Figure 7. Conceptual schematic illustrating the relationship between frontal vertical structure, squid diel vertical migration, and cross‐frontal catch patterns. During
daytime, squid generally occupy deeper waters (∼300 m is shown as a representative depth). At night, squid ascend to the upper epipelagic layer (∼50 m), where the
frontal boundary is displaced warmward relative to the surface front. Because catches are assigned to the surface positions of fishing vessels, aggregation near the
subsurface front is recorded farther toward the warm side in the surface frontal coordinate system. This depth‐dependent alignment, together with thermal habitat and
productivity gradients, contributes to the observed warm‐side displacement in squid catches. Purple arrows indicate the idealized ageostrophic secondary circulation
associated with frontogenesis. Approximate horizontal and vertical scales are indicated for reference. Actual DVM depths and trajectories may vary across frontal
conditions.
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Frontal inclination provides a complementary geometric mechanism. During nighttime fishing, neon flying squid
ascend into the upper epipelagic layer, with approximately 50 m used here as a representative foraging and
capture depth (Bower & Ichii, 2005; Murata, 1993). Thermal and trophic conditions may influence the catch
distribution relative to the front within this layer: 56% of the catch remained on the warm side when referenced to
the 50 m front. Because the frontal boundary is displaced warmward with depth, an aggregation near or slightly
warmward of the 50 m front is represented farther toward the warm side when catches are assigned to vessel
positions at the sea surface and analyzed relative to the surface SST front. The increase in the warm‐side pro-
portion from approximately 56% relative to the 50 m front to approximately 60% relative to the surface front is
consistent with such geometric amplification. This difference does not quantitatively partition the mechanisms,
but its direction supports an additional warmward contribution associated with frontal inclination.

The 100 and 300 m reference levels further demonstrate that flank classification depends on the depth at which the
frontal boundary is defined. They are not interpreted as direct observations of a fixed migration trajectory or as
evidence that squid respond behaviorally to a deep front. Instead, they show that a surface‐defined frontal co-
ordinate is not spatially invariant throughout the water column. The mechanism most directly relevant to
nighttime fishing concerns the displacement between the surface SST front and the upper‐ocean frontal position
near the representative capture depth.

The relationship between frontal intensity and catch asymmetry likely reflects several concurrent processes.
Intensified frontogenesis may steepen near‐surface isotherms, reducing the horizontal displacement over a given
vertical interval. At the same time, stronger SST fronts in our analysis had greater mean vertical influence depths,
and a subset extended through representative squid DVM depths and to approximately 300 m or deeper. Greater
vertical penetration may increase the range over which frontal structure and frontogenesis‐related trophic pro-
cesses overlap with squid habitat. The increasing warm‐side displacement with SST‐gradient strength may
therefore reflect the combined effects of frontal steepness, vertical extent, and biological enhancement rather than
frontal inclination alone. Because frontal slope and frontogenetic strain were not quantified separately within each
SST‐gradient class, this remains a physically consistent interpretation rather than a quantitative attribution.

These findings emphasize the importance of considering subsurface structure when interpreting fishery distri-
butions relative to surface fronts. Surface fronts identify favorable thermal and productive environments, but their
positions may differ from the frontal boundaries encountered by vertically migrating predators within the water
column. Frontal geometry can therefore influence the apparent position of a subsurface biological aggregation in a
surface‐based coordinate system. Accounting for this depth dependence may improve interpretation of fishing‐
ground locations and fishery‐dependent distributions in dynamic western boundary current systems.

Several limitations remain. The analyzed records represent fishing effort and catches rather than direct mea-
surements of squid abundance, and catchability may vary with vessel behavior, fishing technology, environmental
conditions, and squid behavior. The null model reduces biases associated with the broad spatial and temporal
distribution of fishing effort but cannot eliminate all fishery‐dependent sampling effects. The results should
therefore be interpreted as distributions of habitat‐associated fishing success.

The representative DVM depths are also not assumed to be fixed or identical across the two frontal flanks. Actual
daytime and nighttime habitat depths may vary with light, oxygen, temperature, prey distribution, and other
water‐mass properties. The present data do not resolve individual horizontal movements during DVM. In our
first‐order interpretation, these movements are assumed to be small relative to the mean frontal displacement and
variable in direction among individuals and frontal events, rather than producing a consistent warmward
displacement in the long‐term composite. Such movements may nevertheless alter individual trajectories and the
quantitative magnitude of the geometric displacement. Finally, the association of squid with thermal and prey
conditions at the depth‐specific front remains inferential, whereas the depth‐dependent frontal displacement is
independently diagnosed from the three‐dimensional temperature field. Direct tagging, acoustic surveys, and co‐
located biological and hydrographic observations are required to quantify actual migration pathways and separate
the relative contributions of thermal habitat, trophic processes, and frontal geometry.

5. Conclusion
This study reveals a persistent warm‐flank asymmetry in neon flying squid catches across mesoscale oceanic
fronts in the KOE region. By combining long‐term fishery observations with subsurface oceanographic data, we
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show that this cross‐frontal asymmetry reflects not only habitat conditions but also the depth‐dependent structure
of the frontal system.

The results indicate that thermal habitat, prey‐related productivity, and frontal‐inclination‐induced geometric
displacement jointly contribute to the warm‐side catch asymmetry. At the representative nocturnal fishing depth,
squid catches remain preferentially distributed on the warm side of the depth‐specific front. Because this sub-
surface front is displaced warmward relative to its surface expression, the aggregation is represented farther
toward the warm side when catches are recorded at sea‐surface vessel positions and analyzed relative to the
surface SST front. This geometric amplification provides a physical explanation for part of the surface‐referenced
displacement and operates together with, rather than instead of, thermal and trophic habitat processes. More
broadly, these findings highlight the importance of considering subsurface ocean structure when interpreting
spatial patterns of mobile predators and fishery‐dependent observations in dynamic boundary current systems.

Inclusion in Global Research Statement
The fishery data used in this study were obtained from the fishing logbook records collected by the National Data
Centre for Distant‐water Fisheries of China at Shanghai Ocean University, under a formal data‐sharing agree-
ment. This research adheres to data collaboration protocols to ensure transparency and proper use of the data.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Availability Statement
Daily sea surface temperature (SST) data can be downloaded from the Operational Sea Surface Temperature and
Ice Analysis (Donlon et al., 2012; Good et al., 2020; Stark et al., 2007). Chlorophyll‐a concentrations data and
GLORYS12V1 reanalysis product can be downloaded from the Copernicus Marine Service (Colella et al., 2024;
Drévillon et al., 2024). Squid catch data are available from the National Data Centre for Distant‐water Fisheries of
China at Shanghai Ocean University. Source data for figures and codes for the main methods are provided on
Zenodo via Niu, Z. (2025).

References
Agostini, V. N., & Bakun, A. (2002). Ocean triads’ in the Mediterranean Sea: Physical mechanisms potentially structuring reproductive habitat

suitability (with example application to European anchovy, Engraulis encrasicolus). Fisheries Oceanography, 11(3), 129–142. https://doi.org/1
0.1046/j.1365‐2419.2002.00201.x

Ainley, D. G., Dugger, K. D., Ford, R. G., Pierce, S. D., Reese, D. C., Brodeur, R. D., et al. (2009). Association of predators and prey at frontal
features in the California Current: Competition, facilitation, and co‐occurrence.Marine Ecology Progress Series, 389, 271–294. https://doi.org/
10.3354/meps08153

Alemany, D., Acha, E. M., & Iribarne, O. O. (2014). Marine fronts are important fishing areas for demersal species at the Argentine Sea
(Southwest Atlantic Ocean). Journal of Sea Research, 87, 56–67. https://doi.org/10.1016/j.seares.2013.12.006

Anderson, C. I., & Rodhouse, P. G. (2001). Life cycles, oceanography and variability: Ommastrephid squid in variable oceanographic envi-
ronments. Fisheries Research, 54(1), 133–143. https://doi.org/10.1016/s0165‐7836(01)00378‐2

Aoki, I., & Inagaki, T. (1992). Acoustic observations of fish schools and scattering layers in a Kuroshio warm‐core ring and its environs. Fisheries
Oceanography, 1(2), 137–142. https://doi.org/10.1111/j.1365‐2419.1992.tb00032.x

Arkhipkin, A. I., Rodhouse, P. G. K., Pierce, G. J., Sauer, W., Sakai, M., Allcock, L., et al. (2015). World squid fisheries. Reviews in Fisheries
Science & Aquaculture, 23(2), 92–252. https://doi.org/10.1080/23308249.2015.1026226

Bakun, A. (1996). Patterns in the ocean: Ocean processes and marine population dynamics. California Sea Grant College System, University of
California, La Jolla.

Bakun, A. (2006). Fronts and eddies as key structures in the habitat of marine fish larvae: Opportunity, adaptive response and competitive
advantage. Scientia Marina, 70(S2), 105–122. https://doi.org/10.3989/scimar.2006.70s2105

Belkin, I. M. (2021). Remote sensing of ocean fronts in marine ecology and fisheries. Remote Sensing, 13(5), 883. https://doi.org/10.3390/rs1305
0883

Belkin, I. M., & Gordon, A. L. (1996). Southern Ocean fronts from the Greenwich meridian to Tasmania. Journal of Geophysical Research,
101(C2), 3675–3696. https://doi.org/10.1029/95JC02750

Bost, C. A., Cotté, C., Bailleul, F., Cherel, Y., Charrassin, J. B., Guinet, C., et al. (2009). The importance of oceanographic fronts to marine birds
and mammals of the southern oceans. Journal of Marine Systems, 78(3), 363–376. https://doi.org/10.1016/j.jmarsys.2008.11.022

Bower, J. (1997). Estimated paralarval drift and inferred hatching sites for Ommastrephes bartramii (Cephalopoda: Ommastrephidae) near the
Hawaiian Archipelago. Bulletin of Marine Science, 61(2), 313–327.

Bower, J. R., & Ichii, T. (2005). The red flying squid (Ommastrephes bartramii): A review of recent research and the fishery in Japan. Fisheries
Research, 76(1), 39–55. https://doi.org/10.1016/j.fishres.2005.05.009

Chen, X., Tian, S., Chen, Y., & Liu, B. (2010). A modeling approach to identify optimal habitat and suitable fishing grounds for neon flying squid
(Ommostrephes bartramii) in the Northwest Pacific Ocean. Fishery Bulletin, 108(1), 119–136.

Acknowledgments
We sincerely thank Editor Takeyoshi
Nagai for handling our manuscript and for
the constructive guidance provided during
the review process. We also thank the two
reviewers for their careful evaluations and
insightful comments, which substantially
improved the clarity and quality of the
manuscript. This work was supported by
the National Natural Science Foundation
of China (42225601) and Supporting
Funds for Leading Talents
(2022GJJLJRC02‐014).

Journal of Geophysical Research: Oceans 10.1029/2025JC023552

NIU ET AL. 12 of 14

 21699291, 2026, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JC

023552 by Z
haohui C

hen - O
cean U

niversity O
f C

hina , W
iley O

nline L
ibrary on [11/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1046/j.1365-2419.2002.00201.x
https://doi.org/10.1046/j.1365-2419.2002.00201.x
https://doi.org/10.3354/meps08153
https://doi.org/10.3354/meps08153
https://doi.org/10.1016/j.seares.2013.12.006
https://doi.org/10.1016/s0165-7836(01)00378-2
https://doi.org/10.1111/j.1365-2419.1992.tb00032.x
https://doi.org/10.1080/23308249.2015.1026226
https://doi.org/10.3989/scimar.2006.70s2105
https://doi.org/10.3390/rs13050883
https://doi.org/10.3390/rs13050883
https://doi.org/10.1029/95JC02750
https://doi.org/10.1016/j.jmarsys.2008.11.022
https://doi.org/10.1016/j.fishres.2005.05.009


Chen, X., Tian, S., & Guan, W. (2014). Variations of oceanic fronts and their influence on the fishing grounds of Ommastrephes bartramii in the
Northwest Pacific. Acta Oceanologica Sinica, 33(4), 45–54. https://doi.org/10.1007/s13131‐014‐0452‐3

Clayton, S., Nagai, T., & Follows, M. J. (2014). Fine scale phytoplankton community structure across the Kuroshio Front. Journal of Plankton
Research, 36(4), 1017–1030. https://doi.org/10.1093/plankt/fbu020

Colella, S., Böhm, E., Cesarini, C., Jutard, Q., & Brando, V. E. (2024). Global Ocean Colour (Copernicus‐GlobColour), Bio‐Geo‐Chemical, L4
(monthly and interpolated) from satellite observations (1997‐ongoing) [Dataset]. Copernicus Marine Product. https://doi.org/10.48670/moi‐0
0281

D’Asaro, E., Lee, C., Rainville, L., Harcourt, R., & Thomas, L. (2011). Enhanced turbulence and energy dissipation at ocean fronts. Science,
332(6027), 318–322. https://doi.org/10.1126/science.1201515

Deser, C., & Kwon, Y.‐O. (2007). North Pacific decadal variability in the community climate system model version 2. Journal of Climate, 20(11),
2416–2433. https://doi.org/10.1175/jcli4103.1

Donlon, C. J., Martin, M., Stark, J., Roberts‐Jones, J., Fiedler, E., & Wimmer, W. (2012). The operational sea surface temperature and sea ice
analysis (OSTIA) system. Remote Sensing of Environment, 120, 194–214. https://doi.org/10.1016/j.rse.2010.10.0172011

Drévillon, M., Fernandez, E., & Lellouche, J. M. (2024). Global ocean physics reanalysis (version 1.6) [Dataset]. Copernicus Marine Product.
https://doi.org/10.48670/moi‐00021

Franks, P. J. S. (1992). Phytoplankton blooms at fronts: Patterns, scales, and physical forcing mechanisms. Reviews of Geophysics, 30(1), 1–29.
Genin, A., Jaffe, J. S., Reef, R., Richter, C., & Franks, P. J. S. (2005). Swimming against the flow: A mechanism of zooplankton aggregation.
Science, 308(5723), 860–862. https://doi.org/10.1126/science.1107834

Godø, O. R., Samuelsen, A., Macaulay, G. J., Patel, R., Hjøllo, S. S., Horne, J., et al. (2012). Mesoscale eddies are oases for higher trophic marine
life. PLoS One, 7(1), e30161. https://doi.org/10.1371/journal.pone.0030161

Good, S., Fiedler, E., Mao, C., Martin, M. J., Maycock, A., Reid, R., et al. (2020). The current configuration of the OSTIA system for operational
production of foundation sea surface temperature and ice concentration analyses. Remote Sensing, 720(4), 720. https://doi.org/10.3390/rs1204
0720

Haney, J. C. (1986). Seabird segregation at Gulf Stream frontal eddies. Marine Ecology Progress Series, 28, 279–285. https://doi.org/10.3354/me
ps028279

Hatfield, E. M. C. (2000). Do some like it hot? Temperature as a possible determinant of variability in the growth of the Patagonian squid, Loligo
gahi (Cephalopoda: Loliginidae). Fisheries Research, 47(1), 27–40. https://doi.org/10.1016/s0165‐7836(99)00127‐7

Hoskins, B. J. (1982). The mathematical theory of frontogenesis. Annual Review of Fluid Mechanics, 14(1), 131–151. https://doi.org/10.1146/ann
urev.fl.14.010182.001023

Hunt, G. L., Mehlum, F., Russell, R. W., Irons, D. B., Decker, M. B., & Becker, P. H. (2013). Physical processes, prey abundance, and the foraging
ecology of seabirds. In D. G. Ainley & G. J. Divoky (Eds.), Seabirds and climate change. Academic Press.

Igarashi, H., Saitoh, S., Ishikawa, Y., Kamachi, M., Usui, N., Sakai, M., & Imamura, Y. (2018). Identifying potential habitat distribution of the
neon flying squid (Ommastrephes bartramii) off the eastern coast of Japan in winter. Fisheries Oceanography, 27(1), 16–27. https://doi.org/10.
1111/fog.12230

Ito, S.‐I., Okunishi, T., Kishi, M. J., & Wang, M. (2013). Modelling ecological responses of Pacific saury (Cololabis saira) to future climate change
and its uncertainty. ICES Journal of Marine Science, 70(5), 980–990. https://doi.org/10.1093/icesjms/fst089

Joh, Y., Delworth, T. L., Wittenberg, A. T., Yang, X., Rosati, A., Johnson, N. C., & Jia, L. (2023). The role of upper‐ocean variations of the
Kuroshio‐Oyashio extension in seasonal‐to‐decadal air‐sea heat flux variability. npj Climate and Atmospheric Science, 6(1), 123. https://doi.
org/10.1038/s41612‐023‐00453‐9

Kida, S., Mitsudera, H., Aoki, S., Guo, X., Ito, S.‐I., Kobashi, F., et al. (2015). Oceanic fronts and jets around Japan: A review. Journal of
Oceanography, 71(5), 469–497. https://doi.org/10.1007/s10872‐015‐0283‐7

Klein, P., & Lapeyre, G. (2009). The oceanic vertical pump induced by mesoscale and submesoscale turbulence. Annual Review of Marine
Science, 1(1), 351–375. https://doi.org/10.1146/annurev.marine.010908.163704

Labe, L. L. (2000). Catch rate of oceanic squid by jigging method in the South China Sea area III: Western Philippines. In Proceedings of the third
technical seminar on marine fishery resources survey in the South China Sea, Area III: Western Philippines, 13‐15 July 1999 (pp. 19–31).
Secretariat, Southeast Asian Fisheries Development Center. Retrieved from https://repository.seafdec.org/handle/20.500.12066/4341

Lévy, M., Couespel, D., Haëck, C., Keerthi, M. G., Mangolte, I., & Prend, C. J. (2024). The impact of fine‐scale currents on biogeochemical cycles
in a changing ocean. Annual Review of Marine Science, 16(1), 191–215. https://doi.org/10.1146/annurev‐marine‐020723‐020531

Li, J., Cui, X., Tang, F., Fan, W., Han, Z., & Wu, Z. (2023). Effects of Kuroshio and Mesoscale eddy on fishing ground gravity of neon flying squid
Ommastrephes bartramii in Northwest Pacific Ocean. Journal of Marine Science and Engineering, 11(5), 966. https://doi.org/10.3390/jmse110
50966

Lima, I. D., Olson, D. B., & Doney, S. C. (2002). Biological response to frontal dynamics and mesoscale variability in oligotrophic environments:
Biological production and community structure. Journal of Geophysical Research, 107(C8). https://doi.org/10.1029/2000JC000393

Lutjeharms, J. R. E., Walters, N. M., & Allanson, B. R. (1985). Oceanic frontal systems and biological enhancement. In W. R. Siegfried, P. R.
Condy, & R. M. Laws (Eds.), Antarctic nutrient cycles and food webs (pp. 11–21). Springer.

Mahadevan, A. (2016). The impact of submesoscale physics on primary productivity of plankton. Annual Review of Marine Science, 8(1),
161–184. https://doi.org/10.1146/annurev‐marine‐010814‐015912

Matsui, H., Abo, J.‐I., Imamura, Y., Suyama, S., & Sakai, M. (2024). Annual variability in the horizontal distribution and biological characteristics
of the neon flying squid Ommastrephes bartramii in the Central North Pacific Ocean in the early summer between 2011 and 2019. Thalassas:
International Journal of Marine Science, 41(1), 18. https://doi.org/10.1007/s41208‐024‐00771‐6

McWilliams, J. C. (2016). Submesoscale currents in the ocean. Proceedings of the Royal Society A: Mathematical, Physical and Engineering
Sciences, 472(2189), 20160117. https://doi.org/10.1098/rspa.2016.0117

McWilliams, J. C. (2021). Oceanic frontogenesis. Annual Review of Marine Science, 13(1), 227–253. https://doi.org/10.1146/annurev‐marine‐032
320‐120725

Mugo, R. M., Saitoh, S.‐I., Takahashi, F., Nihira, A., & Kuroyama, T. (2014). Evaluating the role of fronts in habitat overlaps between cold and
warm water species in the western North Pacific: A proof of concept. Deep Sea Research Part II: Topical Studies in Oceanography, 107,
29–39. https://doi.org/10.1016/j.dsr2.2013.11.005

Murata, M. (1993). Life history and biological information on flying squid (Ommastrephes bartramii) in the North Pacific Ocean. Bulletin of the
International North Pacific Fisheries Commission, 53, 147–182.

Murata, M., & Nakamura, Y. (1998). Seasonal migration and diel vertical migration of the neon flying squid, Ommastrephes bartramii in the
North Pacific (Vol. 10, pp. 60–62). PICES Scientific Report.

Journal of Geophysical Research: Oceans 10.1029/2025JC023552

NIU ET AL. 13 of 14

 21699291, 2026, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JC

023552 by Z
haohui C

hen - O
cean U

niversity O
f C

hina , W
iley O

nline L
ibrary on [11/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s13131-014-0452-3
https://doi.org/10.1093/plankt/fbu020
https://doi.org/10.48670/moi-00281
https://doi.org/10.48670/moi-00281
https://doi.org/10.1126/science.1201515
https://doi.org/10.1175/jcli4103.1
https://doi.org/10.1016/j.rse.2010.10.0172011
https://doi.org/10.48670/moi-00021
https://doi.org/10.1126/science.1107834
https://doi.org/10.1371/journal.pone.0030161
https://doi.org/10.3390/rs12040720
https://doi.org/10.3390/rs12040720
https://doi.org/10.3354/meps028279
https://doi.org/10.3354/meps028279
https://doi.org/10.1016/s0165-7836(99)00127-7
https://doi.org/10.1146/annurev.fl.14.010182.001023
https://doi.org/10.1146/annurev.fl.14.010182.001023
https://doi.org/10.1111/fog.12230
https://doi.org/10.1111/fog.12230
https://doi.org/10.1093/icesjms/fst089
https://doi.org/10.1038/s41612-023-00453-9
https://doi.org/10.1038/s41612-023-00453-9
https://doi.org/10.1007/s10872-015-0283-7
https://doi.org/10.1146/annurev.marine.010908.163704
https://repository.seafdec.org/handle/20.500.12066/4341
https://doi.org/10.1146/annurev-marine-020723-020531
https://doi.org/10.3390/jmse11050966
https://doi.org/10.3390/jmse11050966
https://doi.org/10.1029/2000JC000393
https://doi.org/10.1146/annurev-marine-010814-015912
https://doi.org/10.1007/s41208-024-00771-6
https://doi.org/10.1098/rspa.2016.0117
https://doi.org/10.1146/annurev-marine-032320-120725
https://doi.org/10.1146/annurev-marine-032320-120725
https://doi.org/10.1016/j.dsr2.2013.11.005


Murphy, E. J. (1995). Spatial structure of the Southern Ocean ecosystem: Predator‐prey linkages in Southern Ocean food webs. Journal of Animal
Ecology, 64(3), 333–347. https://doi.org/10.2307/5895

Na, H., Kim, K.‐Y., Minobe, S., & Sasaki, Y. N. (2018). Interannual to decadal variability of the upper‐ocean heat content in the Western North
Pacific and its relationship to oceanic and atmospheric variability. Journal of Climate, 31(13), 5107–5125. https://doi.org/10.1175/jcli‐d‐17‐05
06.1

Nagai, T., Tandon, A., Gruber, N., & McWilliams, J. C. (2008). Biological and physical impacts of ageostrophic frontal circulations driven by
confluent flow and vertical mixing. Dynamics of Atmospheres and Oceans, 45(3–4), 229–251. https://doi.org/10.1016/j.dynatmoce.2007.1
2.001

Niu, Z. (2025). Supporting data and code of vertical frontal tilt and diel migration drive asymmetric squid catch distribution at oceanic fronts
(version 3) [Dataset]. Zenodo. https://doi.org/10.5281/zenodo.17218835

Niu, Z., Chen, Z., Yu, W., Guo, H., Zhu, R., & Zhang, X. (2024). Temporal and spatial variations in squid jigging catch efficiency in the Oyashio
Extension region. Fisheries Oceanography, 33(6), e12692. https://doi.org/10.1111/fog.12692

Olson, D. B. (2001). Biophysical dynamics of western transition zones: A preliminary synthesis. Fisheries Oceanography, 10(2), 133–150. https://
doi.org/10.1046/j.1365‐2419.2001.00161.x

Olson, D. B. (2002). Biophysical dynamics of ocean fronts. Sea, 12, 187–218.
Olson, D. B., Hitchcock, G. L., Mariano, A. J., Ashjian, C. J., Peng, G., Nero, R. W., & Podestá, G. P. (1994). Life on the edge: Marine life and

fronts. Oceanography, 7(2), 52–60. https://doi.org/10.5670/oceanog.1994.03
Palacios, D. M., Bograd, S. J., Foley, D. G., & Schwing, F. B. (2006). Oceanographic characteristics of biological hot spots in the North Pacific: A

remote sensing perspective.Deep Sea Research Part II: Topical Studies in Oceanography, 53(3), 250–269. https://doi.org/10.1016/j.dsr2.2006.
03.004

Pierce, G. J., Valavanis, V. D., Guerra, A., Jereb, P., Orsi‐Relini, L., Bellido, J. M., et al. (2008). A review of cephalopod–environment interactions
in European Seas. Hydrobiologia, 612, 49–70.

Pollard, R. T., & Regier, L. A. (1992). Vorticity and vertical circulation at an ocean front. Journal of Physical Oceanography, 22(6), 609–625.
https://doi.org/10.1175/1520‐0485(1992)022<0609:VAVCAA>2.0.CO;2

Polovina, J. J., Howell, E., Kobayashi, D. R., & Seki, M. P. (2001). The transition zone chlorophyll front, a dynamic global feature defining
migration and forage habitat for marine resources. Progress in Oceanography, 49(1), 469–483. https://doi.org/10.1016/s0079‐6611(01)0003
6‐2

Prants, S. V. (2022). Marine life at Lagrangian fronts. Progress in Oceanography, 204, 102791. https://doi.org/10.1016/j.pocean.2022.102790
Qiu, B. (2001). Kuroshio and oyashio currents. In J. H. Steele, S. A. Thorpe, & K. K. Turekian (Eds.), Encyclopedia of ocean sciences (pp.

1413–1425). Academic Press.
Rosa, A., Yamamoto, J., & Sakurai, Y. (2011). Effects of environmental variability on the spawning areas, catch, and recruitment of the Japanese

common squid, Todarodes pacificus (Cephalopoda: Ommastrephidae), from the 1970s to the 2000s. ICES Journal of Marine Science, 68(6),
1114–1121. https://doi.org/10.1093/icesjms/fsr037

Scales, K. L., Miller, P. I., Embling, C. B., Ingram, S. N., Pirotta, E., & Votier, S. C. (2014). Mesoscale fronts as foraging habitats: Composite front
mapping reveals oceanographic drivers of habitat use for a pelagic seabird. Journal of The Royal Society Interface, 11(100), 20140679. https://
doi.org/10.1098/rsif.2014.0679

Snyder, S., Franks, P. J. S., Talley, L. D., Xu, Y., & Kohin, S. (2017). Crossing the line: Tunas actively exploit submesoscale fronts to enhance
foraging success. Limnology and Oceanography Letters, 2(5), 187–194. https://doi.org/10.1002/lol2.10049

Stark, J. D., Donlon, C. J., Martin, M. J., & McCulloch, M. E. (2007). OSTIA: An operational, high resolution, real time, global sea surface
temperature analysis system. In Oceans 07 IEEE Aberdeen, conference proceedings. Marine challenges: Coastline to deep sea. Aberdeen,
Scotland. IEEE.

Tseng, C.‐T., Sun, C.‐L., Belkin, I. M., Yeh, S.‐Z., Kuo, C.‐L., & Liu, D.‐C. (2014). Sea surface temperature fronts affect distribution of Pacific
saury (Cololabis saira) in the Northwestern Pacific Ocean. Deep Sea Research Part II: Topical Studies in Oceanography, 107, 15–21. https://
doi.org/10.1016/j.dsr2.2014.06.001

Wang, Y., Zhang, J., Yu, J., Wu, Q., & Sun, D. (2023). Anticyclonic mesoscale eddy induced mesopelagic biomass hotspot in the oligotrophic
ocean. Journal of Marine Systems, 237, 103829. https://doi.org/10.1016/j.jmarsys.2022.103831

Woodson, C. B., & Litvin, S. Y. (2015). Ocean fronts drive marine fishery production and biogeochemical cycling. Proceedings of the National
Academy of Sciences, 112(6), 1710–1715. https://doi.org/10.1073/pnas.1417143112

Woodson, C. B., McManus, M. A., Tyburczy, J. A., Barth, J. A., Washburn, L., Caselle, J. E., et al. (2012). Coastal fronts set recruitment and
connectivity patterns across multiple taxa. Limnology and Oceanography, 57(2), 582–596. https://doi.org/10.4319/lo.2012.57.2.0582

Wu, B., Lin, X., & Qiu, B. (2019). On the seasonal variability of the Oyashio extension fronts. Climate Dynamics, 53(11), 7011–7025. https://doi.
org/10.1007/s00382‐019‐04972‐1

Xing, Q., Yu, H., Wang, H., & Yu, H. (2023). A sliding‐window‐threshold algorithm for identifying global mesoscale ocean fronts from satellite
observations. Progress in Oceanography, 216, 103072. https://doi.org/10.1016/j.pocean.2023.103072

Xue, M., Tong, J., Tian, S., & Wang, X. (2021). Broadband characteristics of zooplankton sound scattering layer in the Kuroshio–Oyashio
Confluence Region of the Northwest Pacific Ocean in summer of 2019. Journal of Marine Science and Engineering, 9(9), 938. https://doi.
org/10.3390/jmse9090938

Yatsu, A., Tanaka, H., & Mori, J. (1998). Population structure of the neon flying squid, Ommastrephes bartramii, in the North Pacific Ocean (Vol.
10, pp. 57–59). PICES Scientific Report.

Yu, W. (2016). Response mechanism of winter‐spring cohort of neon flying squid to the climatic and environmental variability in the Northwest
Pacific Ocean. (Doctoral dissertation). Shanghai Ocean University.

Yu, W., Chen, X., Yi, Q., & Tian, S. (2015). A review of interaction between neon flying squid (Ommastrephes bartramii) and oceanographic
variability in the North Pacific Ocean. Journal of Ocean University of China, 14(4), 739–748. https://doi.org/10.1007/s11802‐015‐2562‐8

Zhang, Y., Yu, W., Chen, X., Zhou, M., & Zhang, C. (2022). Evaluating the impacts of mesoscale eddies on abundance and distribution of neon
flying squid in the Northwest Pacific Ocean. Frontiers in Marine Science, 9, 862273. https://doi.org/10.3389/fmars.2022.862273

Zhang, Z., Qiu, B., Klein, P., & Travis, S. (2019). The influence of geostrophic strain on oceanic ageostrophic motion and surface chlorophyll.
Nature Communications, 10(1), 757. https://doi.org/10.1038/s41467‐019‐10883‐w

Zhu, R., Yang, H., Li, M., Chen, Z., Ma, X., Cai, J., & Wu, L. (2024). Observations reveal vertical transport induced by submesoscale front.
Scientific Reports, 14(1), 4407. https://doi.org/10.1038/s41598‐024‐54940‐x

Journal of Geophysical Research: Oceans 10.1029/2025JC023552

NIU ET AL. 14 of 14

 21699291, 2026, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JC

023552 by Z
haohui C

hen - O
cean U

niversity O
f C

hina , W
iley O

nline L
ibrary on [11/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.2307/5895
https://doi.org/10.1175/jcli-d-17-0506.1
https://doi.org/10.1175/jcli-d-17-0506.1
https://doi.org/10.1016/j.dynatmoce.2007.12.001
https://doi.org/10.1016/j.dynatmoce.2007.12.001
https://doi.org/10.5281/zenodo.17218835
https://doi.org/10.1111/fog.12692
https://doi.org/10.1046/j.1365-2419.2001.00161.x
https://doi.org/10.1046/j.1365-2419.2001.00161.x
https://doi.org/10.5670/oceanog.1994.03
https://doi.org/10.1016/j.dsr2.2006.03.004
https://doi.org/10.1016/j.dsr2.2006.03.004
https://doi.org/10.1175/1520-0485(1992)022%3C0609:VAVCAA%3E2.0.CO;2
https://doi.org/10.1016/s0079-6611(01)00036-2
https://doi.org/10.1016/s0079-6611(01)00036-2
https://doi.org/10.1016/j.pocean.2022.102790
https://doi.org/10.1093/icesjms/fsr037
https://doi.org/10.1098/rsif.2014.0679
https://doi.org/10.1098/rsif.2014.0679
https://doi.org/10.1002/lol2.10049
https://doi.org/10.1016/j.dsr2.2014.06.001
https://doi.org/10.1016/j.dsr2.2014.06.001
https://doi.org/10.1016/j.jmarsys.2022.103831
https://doi.org/10.1073/pnas.1417143112
https://doi.org/10.4319/lo.2012.57.2.0582
https://doi.org/10.1007/s00382-019-04972-1
https://doi.org/10.1007/s00382-019-04972-1
https://doi.org/10.1016/j.pocean.2023.103072
https://doi.org/10.3390/jmse9090938
https://doi.org/10.3390/jmse9090938
https://doi.org/10.1007/s11802-015-2562-8
https://doi.org/10.3389/fmars.2022.862273
https://doi.org/10.1038/s41467-019-10883-w
https://doi.org/10.1038/s41598-024-54940-x

	Asymmetric Catch Distribution of Neon Flying Squid Across the Oyashio Extension Frontal Zone
	1. Introduction
	2. Materials and Methods
	2.1. Data Sets
	2.2. Front Detection and Analysis
	2.2.1. Front Identification Algorithm
	2.2.2. Frontal Coordinate System and Probability Maps

	2.3. Null Model for Bias Correction
	2.4. Reconstruction of the Vertical Frontal Structure

	3. Results
	3.1. A Systematic Asymmetric Distribution of Catches Across Fronts
	3.2. Contributions of Thermal Habitat and Productivity Patterns
	3.3. Depth‐Dependent Frontal Geometry and Surface‐Referenced Catch Displacement

	4. Discussion
	5. Conclusion
	Inclusion in Global Research Statement
	Conflict of Interest
	Availability Statement



