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Jumbo flying squid (Dosidicus gigas), an essential commercial fisheries species in

the Humboldt Current System (HCS), is highly sensitive to changes in the marine

environment. Mesoscale eddies are prevalent oceanographic phenomena that

play a pivotal role in circulation, material transport, and ecosystem dynamics

within the ocean. The waters off Chile in the south-central part of the HCS serve

as one of the primary fishing grounds for D. gigas. This region is characterized by

active mesoscale eddies that regulate biogeochemical processes. However, the

impacts of mesoscale eddies on D. gigas off Chile remain unclear. To address this

knowledge gap, this study analyzed the spatiotemporal distribution of mesoscale

eddies in this region using a global mesoscale eddy dataset. By integrating

environmental and D. gigas fishing data, we assessed the influence of these

mesoscale eddies, and their associated environmental changes, on the

abundance and distribution of D. gigas. Results revealed that mesoscale eddies

were mainly formed in the coastal areas of Chile, with monthly and annual

variations in their occurrences. A positive correlation was observed between the

number of eddies and the abundance of D. gigas. Cyclonic eddies (CEs) were

found to harbor a higher aggregation of D. gigas compared to anticyclonic

eddies (AEs). An analysis of the proportion of key environmental factors within

suitable ranges for the two types of eddies indicated that the number and

proportion of key environmental factors—particularly sea surface temperature

(SST)—within suitable ranges were higher in CEs. This study concludes that CEs

provide more suitable environmental conditions than AEs, thereby supporting

the aggregation of D. gigas.
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1 Introduction

Eastern boundary upwelling systems make a significant

contribution to global ocean productivity (Bograd et al., 2023) by

replacing warm, nutrient-poor waters with cold, nutrient-rich

waters from the deep ocean. The Humboldt Current System

(HCS), located near the equator, spans the western coast of South

America from Peru to Chile, encompassing much of the

southeastern Pacific Ocean coastline (Thiel et al., 2007). This

system is characterized by a shallow, yet intense, oxygen

minimum zone (Gutiérrez et al., 2016) and is significantly

influenced by the El Niño-Southern Oscillation (Espinoza-

Morriberón et al., 2017; Montecinos and Gomez, 2010). Driven

by upwelling processes, the HCS is highly productive (Chavez and

Messié, 2009; Keith et al., 2020), resulting in high fishery

productivity in the region. Previous studies (Chavez et al., 2008)

have revealed that the HCS accounts for over 10% of the total global

fishery production, with its northern waters considered the most

productive region in terms of fish yield per unit area. Jumbo flying

squid (Dosidicus gigas) is one of the primary commercial targets

within this system (Mariano Gutiérrez et al., 2017).

Cephalopods are recognized by the Food and Agriculture

Organization of the United Nations as one of the three most

promising fishery resources for economic development in the

world’s oceans (Chen, 2019). Among these, D. gigas stands out as

one of the largest, most abundant, and highest-yielding species.

Dosidicus gigas exhibits diel vertical migration behavior (Sakai et al.,

2017) and inhabits waters from 0 to 1200 meters depth (Ibáñez

et al., 2016). Its population structure is relatively complex and can

be classified using various methods. For example, they can be

divided into three size-based populations based on mantle length:

large, medium, and small (Nigmatullin, 2001). Alternatively,

molecular biology techniques distinguish two distinct groups, one

in the Northern Hemisphere and the other in the Southern

Hemisphere (Sandoval-Castellanos et al., 2007). In the marine

food web, D. gigas is an active predator with a broad dietary

spectrum, providing an important link between higher trophic

level consumers and lower trophic level species (Gonzalez-

Pestana et al., 2022; Markaida, 2006; Nigmatullin, 2001). As a

short-lived species with a typical lifespan of no more than one

year, D. gigas is highly sensitive to changes in the marine

environment. All life history processes of the species are

influenced by environmental fluctuations (Wen et al., 2024). For

instance, an analysis of the stomach contents of D. gigas in the

Gulf of California before, during, and after El Niño events,

revealed environmental-based dietary shifts. In warmer, less

productive environments, it predominantly fed on low-calorie

prey such as euphausiids and pteropods. Conversely, in relatively

cooler, nutrient rich (or relatively warmer yet nutrient rich)

environments, its diet comprised large quantities of small, high-

energy prey such as anchovies (Portner et al., 2020).

Mesoscale eddies are a prevalent natural oceanographic

phenomenon characterized by self-sustaining rotating water

masses that persist for days to months, influencing spatial scales

of tens to hundreds of kilometers (Chelton et al., 2007, Chelton
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et al., 2011). These eddies are typically classified into two types:

cyclonic eddies (CEs), which induce water divergence and

upwelling at their centers, and anticyclonic eddies (AEs), which

exhibit the opposite effects (Bakun, 2006). Mesoscale eddies account

for most of the kinetic energy in the global ocean (Wang et al., 2023)

and play a crucial role in regulating oceanic heat and salinity

transport, water mass distribution, carbon cycling, and sound

propagation (Bakun, 2006; Dong et al., 2014; Jersild et al., 2021;

Jian et al., 2009). They can also profoundly affect the abundance and

distribution of marine organisms across trophic levels (Choi et al.,

2013; Garcia et al., 2022; Gaube et al., 2018; Matis et al., 2014;

Receveur et al., 2024; Xing et al., 2023, Xing et al., 2024). For

example, in the North Atlantic Ocean, bluefin tuna spawn within

AEs, thereby excluding weaker-swimming predators or competitors

and enhancing their survival rates (Bakun, 2006). Moreover,

mesoscale eddies can influence fishing activities, for example,

tuna fishing operations are concentrated within AEs (Xing et al.,

2023). Therefore, elucidating the mechanisms by which mesoscale

eddies affect marine organisms across different trophic levels can

provide scientific guidance for fisheries managers, enabling them to

optimize fishing activities and ensure the sustainable development

of fishery resources.

Chilean waters, located in the mid-southern region of the HCS,

are characterized by a widespread presence of mesoscale eddies

(Chaigneau et al., 2009), which play a pivotal role in regulating

regional productivity (Hormazabal et al., 2004). Here, D. gigas is a

significant commercial fishing target as it is widely distributed (Feng

et al., 2022), however, its distribution and diel vertical migration are

influenced by mesoscale eddies (Arkhipkin et al., 2015, Arkhipkin

et al., 2023; Watanabe et al., 2006). Previous studies have shown that

the evolution and type of mesoscale eddy in the northern region of

the HCS significantly impact the abundance and distribution of D.

gigas (Jin et al., 2024; Wu et al., 2024). However, species responses

to mesoscale eddies may vary across different regions (Durán

Gómez et al., 2020; Hsu et al., 2015). Therefore, it is essential to

investigate the responses of D. gigas abundance and distribution to

mesoscale eddies and its underlying mechanisms in other regions.

Thus, this study analyzed the spatiotemporal variations of

mesoscale eddies and the resulting changes in D. gigas abundance

and distribution, with a particular focus on the differential effects of

eddy types. The findings aim to provide scientific insights for the

sustainable development of oceanic cephalopod fisheries.
2 Materials and methods

2.1 Fisheries data

The D. gigas longline fishing data utilized in this study were

provided by the China Distant-Water Fisheries Data Center at

Shanghai Ocean University. The dataset included information on

fishing locations (longitude and latitude, with a spatial resolution of

0.001°), fishing dates (year, month, and day), catch (in tons), and

fishing effort (number of operational days). The temporal coverage

of the data spannedMarch toMay 2016 to 2021, with a spatial range
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of 70°–97°W and 20°–47°S. Additionally, catch per unit effort

(CPUE), calculated as the ratio of catch to fishing effort, was used

as an indicator of D. gigas abundance.
2.2 Environmental data

Sea surface height (SSH), sea surface salinity (SSS), mixed layer

depth (MLD), sea surface temperature (SST), temperature at 200 m

depth (TEM200), and temperature at 400 m depth (TEM400) were

obtained from the global ocean physics reanalysis product provided

by the Copernicus Marine Environment Monitoring Service

(CMEMS) (https ://data .marine.copernicus .eu/product/

GLOBAL_MULTIYEAR_PHY_001_030/description), with a

temporal resolution of daily and a spatial resolution of 0.083°.

Chlorophyll-a concentration (Chl-a), sea surface dissolved

oxygen concentration (DO), dissolved oxygen concentration at

200 m depth (DO200), and dissolved oxygen concentration at 400

m depth (DO400) were sourced from the CMEMS global ocean

biogeochemical hindcast product (https://data.marine.

copernicus.eu/product/GLOBAL_MULTIYEAR_BGC_001_029/

description), with a temporal resolution of daily and a spatial

resolution of 0.25°. All environmental data encompassed the

required spatial and temporal extent of the study area. The linear

interpolation method was used to match the fisheries data with the

environmental data.
2.3 Mesoscale eddy data

The altimetric Mesoscale Eddy Trajectories Atlas (META3.2

DT), produced by SSALTO/DUACS and distributed by AVISO+

(https://aviso.altimetry.fr) with support from CNES in

collaboration with IMEDEA, was developed using the enhanced

eddy py-eddy-tracker algorithm applied to absolute dynamic

topography maps (Pegliasco et al., 2022). This dataset has been

successfully applied in numerous studies (Wang et al., 2023; Xing

et al., 2023, Xing et al., 2024; Yun et al., 2024) and is available in two

versions. For this study, the all-satellites version was utilized,

covering global eddy information from 1 January 1993 to 9

February 2022. This dataset provided daily data on eddy radius,

type, core location, and boundaries. We selected all eddies from this

dataset within the time range of 2016–2021 and the spatial range of

70°–97°W and 20°–47°S. The filtered results were compiled into a

new dataset, which includes a total of 8,463 eddies (all with a

lifetime exceeding 10 days), comprising 4,511 CEs and 3,952 AEs.
2.4 Data analysis of the relationship
between eddies and D. gigas abundance
and distribution

The annual and monthly variations in D. gigas CPUE and the

number of eddies that occurred from March to May 2016 to 2021

were statistically analyzed. The Pearson correlation coefficient was
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used to assess the relationship between the D. gigas CPUE and eddy

numbers across different temporal scales.

The influence range of the eddy was defined as twice its actual

boundary, represented by a circular grid. This circular grid had a

radius of 2R (where R is the radius of a circle with the same area as

the eddy’s actual boundary), with its center positioned at the eddy

center (Gaube et al., 2017; Wu et al., 2024). Each fishing location

was assigned to the nearest eddy based on its distance to the eddy

center, and its spatial distribution within the corresponding circular

grid was analyzed. Additionally, the distributions of D. gigas catch,

fishing effort, and CPUE within the influence range of eddies

were quantified.

A Generalized Additive Model (GAM) was used to explore the

potential relationships between D. gigas abundance and mesoscale

eddy structures. Prior to model construction, 0.1 was added to the

abundance values to avoid the occurrence of zero values, and all

explanatory variables were tested for multicollinearity using the

Variance Inflation Factor (VIF) (O’brien, 2007). The GAM was

constructed in R using the mgcv package (Wood, 2006). The

formulation of the GAM was as follows:

ln (CPUE + 0:1) = s(radius) + s(velocity) + s(amplitude)

            + s(lon) + s(lat) + s(distance) + e

where, s was the smooth spline; radius represented the radius of

the CE or AE; velocity referred to the velocity of the CE or AE;

amplitude was the radius of the CE or AE; lon and lat correspond to

the CE or AE center’s longitude and latitude, respectively; distance

was the distance between the fishing location and the CE or AE

center; and e denoted the random error.
2.5 Analysis of the influence of
environmental factors on D. gigas
abundance

This study employed a random forest (RF) analysis to assess the

influence of the ten environmental factors described in Section 2.2

on the abundance of D. gigas. The RF algorithm is an ensemble

learning method based on decision trees (Breiman, 2001), capable

of measuring the importance of predictor variables (Zhang and Lu,

2012), and is typically effective in prediction accuracy while

avoiding overfitting (Prasad et al., 2006). It has been successfully

applied across various fields including oceanography, fisheries

science, ecology, and agronomy (Camacho et al., 2019; Cutler

et al., 2007; Everingham et al., 2016; Giamalaki et al., 2022). The

percentage increase in mean squared error (%IncMSE) was used to

gauge the importance of predictor variables with higher %IncMSE

values indicating greater significance. In most cases, the default

parameter settings of the RF yield satisfactory results (Probst et al.,

2019). Prior to constructing the RF model, multicollinearity among

the ten environmental factors was examined using the VIF, which

indicated no significant multicollinearity (all VIF values were below

10) (Table 1) (O’brien, 2007). Therefore, all ten environmental

factors served as predictor variables in the RF, with D. gigas CPUE

as the response variable, mtry set to 3, ntree set to 500, and all other
frontiersin.org
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parameters were set to default. The RF was implemented in R

version 4.4.0 using the “randomForest” package (Liaw and Wiener,

2002). Additionally, the significance of different predictor variables

in the RF model was analyzed using the “rfPermut” package. Based

on the importance scores and significance (p<0.05) derived from the

RF analysis, key environmental factors influencing the abundance

of D. gigas were selected.
2.6 Distribution analysis of key
environmental factors influencing D. gigas
within eddies

Using the frequency distribution method, the key

environmental factors identified in Section 2.5 were classified into

different intervals. The total catch and fishing effort within each

interval were then computed, and the environmental factor

intervals corresponding to the maximum catch and effort were

defined as the optimal range.

Eddy grids within the influence range that contained fishing

points were selected, as described in Section 2.4. We then analyzed

the distribution of the selected key environmental factors within

these eddy grids, averaging the results for CE and AE grids

separately, to explore the variation in environmental factor

distribution between the two types of eddies. Furthermore, we

calculated the proportion of optimal environmental factor

intervals within both types of eddy grids.
3 Results

3.1 The spatiotemporal distribution and
propagation trajectories of mesoscale
eddies in Chilean waters

By categorizing each eddy based on its initiation date into

respective months and years, distinct monthly and annual patterns

in CE and AE numbers were identified (Figures 1A–D). Both CEs
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and AEs exhibited an overall monthly trend of an initial increase in

numbers, with a subsequent decline. The number of CEs peaked in

July (420 eddies) and reached its minimum in December (294

eddies), while the number of AEs peaked in August (374 eddies)

and was lowest in February (266 eddies). The number of CEs and

AEs showed differing annual trends. From 2015 to 2021, the annual

number of CEs consistently surpassed that of AEs. Notably, in 2020,

the disparity between CE and AE numbers was the greatest, with a

difference of 165 eddies.

By defining the origin of each eddy as 0°, 0°, the propagation

trajectories throughout their entire lifecycles were visualized

(Figures 1E, F). The results revealed distinct longitudinal

propagation characteristics, with approximately 82% of CEs and

84% of AEs moving westward. Latitudinally, around 60% of the

total number of eddies propagated northward. The maximum

propagation distance reached approximately 1752 km (CEs) and

1693 km (AEs), with the westward movement spanning around 16°

for both eddy types, the southward movement covering roughly 4°

for CEs and, the northward movement around 8°for AEs.

The initial detected position of an eddy’s center was defined as

its generation location. To analyze the spatial distribution

characteristics of eddy generation, the study area was divided into

0.5° × 0.5° grid cells and the number of eddies generated within each

grid cell between 2015 and 2021 was calculated (Figure 2). The

primary regions of eddy generation were located in the coastal

waters east of 80°W along the Chilean coastline. Overall, the

number of eddies increased from the northwest to the southeast.

Eddy lifetime was categorized into different groups, and the

number and proportion of eddies within each group were calculated

(Table 2). The results indicated that 51.74% of the eddies had a

lifetime of less than 30 days, 44.15% had a lifetime between 30 and

180 days, and 4.1% had a lifetime exceeding 180 days. Additionally,

CEs were more prevalent when the lifetime was under 180 days,

whereas AEs were more abundant when the lifetime exceeded

180 days.
3.2 The relationship between eddies and D.
gigas abundance off Chile

The statistical analysis revealed a monthly and annual

correlation between the number of eddies and the CPUE of D.

gigas (Figure 3). From March to May, eddy numbers and D. gigas

CPUE initially decreased and then increased, showing a positive

correlation with a correlation coefficient of 0.774 (p > 0.05). From

2015 to 2018, the number of eddies and D. gigas CPUE first

decreased, then increased, and then decreased again. However,

from 2018 to 2021, the trends diverged. The relationship between

annual eddy numbers and CPUE was not strong, with a correlation

coefficient of 0.345 (p > 0.05).

The spatial distribution of D. gigas CPUE, fishing effort, and

catch in eddies with different polarities exhibited distinct patterns

(Figure 4). In CEs, D. gigas was mostly distributed within 0-R from

the eddy center, accompanied by relatively high CPUE, fishing

effort, and catch. Within R-2R, D. gigas was distributed within the
TABLE 1 Variance inflation factor (VIF) test results.

Variable VIF

Chl-a 3.138

DO 4.352

DO200 4.849

DO400 2.513

SST 3.85

SSS 5.221

MLD 4.593

SSH 3.58

TEM200 3.613

TEM400 2.639
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northwest and southeast of the eddy center. In AEs, the distribution

of D. gigas was comparatively sparse within 0-R, with lower CPUE,

fishing effort, and catch, while within R-2R, D. gigas was mainly

concentrated to the northeast of the eddy center. Overall, the

relationship between D. gigas CPUE, fishing effort, and catch, and

the distance from the eddy center revealed that both catch and

fishing effort initially increased and then decreased with increasing

distance from CE and AE centers. In contrast, the CPUE increased

consistently with an increase in the distance from the center of CEs

and AEs.

GAM analysis revealed a significant correlation between the

abundance of D. gigas and mesoscale eddy structures (Figure 5).

The relationships between squid abundance and eddy radius or

amplitude were consistently negative for both CE and AE. As the

velocity of AE increased, squid abundance showed a fluctuating

decreasing trend, whereas in CE, abundance first increased and then

decreased with increasing velocity. With increasing eddy center

longitude, squid abundance initially rose but then declined sharply.

In AEs, squid abundance began to decline noticeably when the eddy

center latitude reached approximately 28°S, while in CEs, the

decline started around 20°S. Squid abundance was negatively
Frontiers in Marine Science 05
FIGURE 2

The spatial distribution of eddy generation locations off Chile from
2015 to 2021.
FIGURE 1

(A) Monthly variations, (C) interannual trends, and (E) relative propagation trajectories of CEs within the study area; (B) Monthly variations,
(D) interannual trends, and (F) relative propagation trajectories of AEs within the study area.
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correlated with distance from the center of AE. In CE, abundance

increased within 0–0.5R from the eddy center, declined between

0.5R and 1.5R, and rose again from 1.5R to 2R.
3.3 Key environmental factors affecting D.
gigas abundance off Chile

The RF model explained 32.52% of the variance. The RF

analysis of selected environmental factors revealed that DO, SST,

Chl-a, SSS, and TEM200 had the highest importance scores, while

DO200 had the lowest (Figure 6). Among these, only DO, SST, and

Chl-a had a significant impact on D. gigas CPUE (p< 0.05).
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Therefore, DO, SST, and Chl-a were selected as the key

environmental factors for D. gigas in subsequent analyses.
3.4 The distribution of key environmental
factors influencing D. gigas in CEs and AEs

The distribution of fishing effort and catch within different

intervals of the selected key environmental factors is presented in

Figure 7. Fishing effort and catch were predominantly concentrated

in the 20-21°C SST range, the 230–235 mmol/m³ (1 ml/L ≈ 44.66

mmol/m³) DO range, and the 0.1-0.15 mg/m³ Chl-a range,

indicating that these are optimal ranges for D. gigas.
FIGURE 3

Monthly and annual variations in the number of eddies and D. gigas CPUE off Chile.
TABLE 2 Number and percentage of eddies across different lifetime ranges.

Eddy lifetime (day) Number of CEs Number of AEs All eddies Percentage of total (%)

0-30 2368 2011 4379 51.74

30-90 1591 1352 2943 34.77

90-180 400 394 794 9.38

180-270 110 123 233 2.75

270-360 30 35 65 0.77

>360 12 37 49 0.58
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The mean spatial distributions of SST, DO, and Chl-a within the

0-R range of CEs and AEs varied (Figure 8). The average spatial

distribution of SST in CEs exhibited a high-to-low trend from

northeast to southwest, whereas in AEs, it showed a high-to-low

pattern from west to east. The average DO distribution in both types

of eddies followed a north-low, south-high spatial gradient, with

DO levels higher in AEs compared to CEs. The average Chl-a

distribution was relatively high in both types of eddies, with Chl-a

levels slightly lower in CEs than in AEs. The key environmental

factors within the optimal ranges were observed more frequently in

CEs than in AEs.

The mean spatial distributions of SST, DO, and Chl-a within the

R-2R range of CEs and AEs also exhibited differences (Figure 9).

Both eddy types had relatively higher SST values on the northern

side of the eddy center, with higher average SST in CEs compared to

AEs. For both eddy types, higher DO was primarily concentrated on

the southwestern side of the eddy center, while lower DO was

mainly distributed on the northern side. The average Chl-a values in

CEs were relatively lower in the northwest, whereas in AEs, these

were relatively lower in the northeast. The frequency of key

environmental factors falling within the optimal ranges was

higher in CEs compared to AEs. Additionally, the proportion of

occurrences of key environmental factors within the optimal ranges
Frontiers in Marine Science 07
was higher in CEs compared to AEs (Table 3). The greatest

difference observed was the proportion of the optimal SST range

between the two eddy types, with a disparity exceeding 15% in both

the 0–R and R–2R ranges. For the optimal DO range, the

proportions within the 0–R range of CEs and AEs were nearly

identical, with a difference of less than 1%, while in the R–2R range,

the disparity was approximately 3.35%. The proportion of the

optimal Chl-a range was the highest, reaching up to 59.43%,

although the difference between the two eddy types was

relatively small.
4 Discussion

Mesoscale eddies within eastern boundary upwelling systems

are highly active, with the mechanisms of eddy formation varying

across regions (Chaigneau et al., 2009). A numerical simulation

study of the current systems off Chile revealed that eddy formation

in this area was primarily driven by unstable coastal currents and

wind stress (Hormazabal et al., 2004). Based on a global eddy

dataset, this study found that mesoscale eddies in Chilean waters are

predominantly generated in coastal regions (Figure 2), and they

propagate westward (Figures 1E, F), aligning with previous research
FIGURE 4

The spatial distribution of D. gigas CPUE, fishing effort, and catch in CEs and AEs, and their relationship with the distance from the eddy center.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1575299
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wu et al. 10.3389/fmars.2025.1575299
findings (Chaigneau et al., 2009; Chaigneau and Pizarro, 2005).

However, this study identified that most eddies propagate toward

the equator, whereas earlier studies (Chelton et al., 2007) indicated

that CEs moved poleward, and AEs moved equatorward. These

differences may be attributed to the different methods used to

identify eddies in the two studies. Additionally, the two studies

applied different lifetime thresholds to filter their eddy datasets,
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further contributing to the observed differences. Monthly and

interannual variations in the Chilean ocean currents (Montecinos

and Gomez, 2010) likely exert a significant influence on the

formation, evolution, and dissipation of mesoscale eddies. By

analyzing the temporal distribution of eddies based on their

formation time, this study observed monthly and annual

fluctuations in the number of CEs and AEs (Figures 1A–D),
FIGURE 5

The fitted curves of the relationships between D. gigas CPUE and six eddy parameter variables (left panel, anticyclonic eddies; right panel,
cyclonic eddies).
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further corroborating this perspective. Eddies can be categorized

into short-lived, medium-lived, and long-lived based on their

lifetime (Chen and Han, 2019). Off Chile, most eddies were

short-lived, of which most were CEs, whereas long-lived eddies

accounted for only 0.58% of all eddies and were predominantly AEs

(Table 2). These differences in eddy lifetimes may exert varying

impacts on the abundance and distribution of D. gigas.

The abundance of D. gigas showed monthly and annual positive

correlations with the number of eddies (Figure 3). Beyond eddy
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numbers, characteristics such as the amplitude, eddy kinetic energy

(EKE), and life stages have been shown to influence the distribution

and abundance of marine species to varying degrees (Alabia et al.,

2015; Chambault et al., 2019; Xing et al., 2023). For example, in the

southwest Atlantic Ocean, the abundance of Argentine shortfin squid

was highly correlated with EKE during their northward migration

from March to May, the primary fishing season (Ko et al., 2024).

Consistently, this study revealed significant correlations between the

abundance of D. gigas at different fishing locations and mesoscale

eddy structural features—including radius, velocity, amplitude, eddy

center longitude and latitude, and distance to the eddy center

(Figure 5). Both CEs and AEs redistribute the surrounding

seawater and its productivity through various physical processes

during their movement (McGillicuddy, 2016). CEs generate

upwelling at their centers, transporting nutrient-rich deep water to

the surface, creating favorable conditions for phytoplankton blooms.

This, in turn, attracts zooplankton and small fish, providing abundant

food resources for higher trophic levels and forming regions of high

productivity (Bailleul et al., 2010; Dragon et al., 2010; Garcia et al.,

2022; Matis et al., 2014). Through analyzing the spatial distribution of

D. gigas relative to eddy centers, this study found that D. gigas

abundance in the 0–R and R–2R regions of CEs was consistently

higher than that in AEs, with a more pronounced difference in the 0–

R region. Additionally, fishing activity was more concentrated within

CEs (Figure 4). These findings further validate the notion that CEs

enhance productivity, benefiting marine ecosystems.
FIGURE 6

The importance ranking of environmental factors affecting D. gigas
CPUE (significance levels: *P < 0.05 and **P < 0.01).
FIGURE 7

The distribution of fishing effort and catch in relation to different environmental factors.
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In this study, SST, Chl-a, and DO significantly influenced the

abundance of D. gigas off Chile (Figure 6). From March to May, the

optimal SST range for D. gigas in this region was 20–21°C

(Figure 7), similar to that in Peru (20–26°C) (Yu et al., 2016), and

in contrast to that in the equatorial Pacific Ocean (25–26.8°C) (Wen

et al., 2024) during the same period. Comparing the optimal SST

ranges across the three regions, it is evident that the D. gigas off

Chile favor the lowest SST range, likely due to the latitudinal

differences. SST decreases from low to high latitudes, and the

waters off Chile are situated at the highest latitude, resulting in a

lower SST compared to the other two regions. From March to May,

the optimal Chl-a range for D. gigas off Chile was 0.1–0.15 mg/m³

(Figure 7). By comparison, this was 0.15–0.18 mg/m³ in the

equatorial Pacific Ocean (Wen et al., 2024) and 0.07–0.27 mg/m³

off Peru (Yu et al., 2016). Variations in predation pressure across

regions may account for these differences in the optimal Chl-a

range. Previous research found that D. gigas off the northern
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Californian coast is more frequently observed at a depth of 30 m

where DO ranges from 3.0–4.5 ml/L (Chesney et al., 2013). In

contrast, this study revealed that the optimal DO range for D. gigas

off Chile was 230–235 mmol/m³ (Figure 7). This suggests that D.

gigas may exhibit specific preferences for DO levels at different

water depths.

SST is considered one of the key environmental factors closely

associated with changes in the abundance and distribution of D.

gigas in their fishing grounds (Robinson et al., 2013; Waluda and

Rodhouse, 2006; Wen et al., 2024). Waters rich in Chl-a provide

favorable feeding grounds for D. gigas (Ichii et al., 2002), and

previous studies have confirmed a link between high Chl-a regions

and squid yields (Robinson et al., 2013). Seawater DO is another

critical environmental factor influencing the spatial distribution of

D. gigas. During the day, D. gigas typically inhabits oxygen-depleted

deep waters to suppress metabolism by reducing growth and

feeding activities, while at night they migrate to oxygen-rich
FIGURE 8

The mean state and histogram distribution of environmental factors within the 0-R range of eddies containing fishing operation points (blue and red
bars represent CEs and AEs, respectively; green shading indicates optimal ranges of key environmental factors).
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surface waters to feed (Seibel, 2013). By comparing the distribution

of key environmental factors known to influence D. gigas

abundance within CEs and AEs, it was observed that, both in the

0-R and the R-2R regions, the number of key environmental factors

within the optimal range was consistently higher in CEs than in AEs

(Figures 8 and 9). The Proportion of occurrences of key

environmental factors within the optimal ranges for D. gigas in

eddies also exhibited the same pattern (Table 3). This indicates that,

compared to AEs, the environmental conditions (particularly SST,

Chl-a, and DO) within CEs create a more favorable habitat for D.

gigas, resulting in a higher abundance of D. gigas in CEs.

Additionally, the difference in the proportion of key

environmental factors within the optimal range was more

pronounced in the 0-R region compared to the R-2R region for

both CEs and AEs (Table 3). This further explains the significant

difference in the abundance of D. gigas between CEs and AEs in the

0-R region. When comparing the proportions of optimal ranges for

the three environmental factors within the two types of eddies, it

was found that the proportion of the optimal SST range differed by

over 15%, whereas the proportions of optimal DO and Chl-a ranges

differed by less than 4% (Table 3). Therefore, the favorable SST
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conditions in CEs are likely the primary driving factor D. gigas

aggregations within these CEs.
5 Conclusions

This study utilized catch data combined with mesoscale eddy

and oceanic environmental data to investigate the influence of

eddies on the abundance and distribution of D. gigas off Chile.

This was achieved using an RF analysis, normalization methods,
FIGURE 9

The mean state and histogram distribution of environmental factors within the R-2R range of eddies containing fishing operation points (blue and
red bars represent CEs and AEs, respectively; green shading indicates optimal ranges of key environmental factors).
TABLE 3 Proportion of occurrences of key environmental factors within
the optimal ranges for D. gigas in eddies, expressed as a percentage of
the total occurrences in the respective range.

Variable
0-R R-2R

AE (%) CE (%) AE (%) CE (%)

SST 30.64 48.07 31.74 47.28

DO 54.56 55.48 50.11 53.46

Chl-a 56.48 59.43 53.31 55.39
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and frequency distribution techniques. The results indicated that,

compared to AEs, CEs create more favorable environmental

conditions (particularly SST, Chl-a, and DO) for the survival of

D. gigas, leading to higher aggregations of the species. The optimal

SST conditions in CEs appeared to be the main driver of the

favorable habitats. This study only analyzed the relationship

between D. gigas distribution and mesoscale eddies during the

autumn (March-May) season. However, there are differences in

eddy activity and marine environments across seasons, and D. gigas

exhibits different life history processes in each season. These

variations may lead to differences in the response of D. gigas to

mesoscale eddies across different seasons, which requires further

investigation in the future.
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