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Abstract: The Humboldt squid (Dosidicus gigas), is a significant economic species off Peru. The
abundance and distribution of the species are highly susceptible to fluctuations in marine environ-
mental conditions. The evolution of mesoscale eddies represents one of the dynamic processes in
the ocean, exerting varying degrees of influence on regional biogeochemical processes from genera-
tion to dissipation. However, the mechanisms governing the regulation of abundance and spatial
distribution of D. gigas off Peru during this evolution remain unclear. Therefore, this study employed
normalization techniques and the habitat suitability index (HSI) model, utilizing data from the D.
gigas fishery, mesoscale eddies, and marine environmental factors (including sea surface temperature,
temperature at 50 m depth, and chlorophyll-a concentration) to analyze the environmental changes
and the abundance, spatial distribution, and habitat changes of D. gigas during the evolution of
mesoscale eddies. The results indicate that eddies undergo four stages: formation, intensification,
maturity, and decay. During eddy evolution, the abundance of D. gigas exhibited an initial increase
and a subsequent decrease within cyclonic eddies (CEs), whereas, within anticyclonic eddies (AEs),
abundance showed a gradual decline. The outcome of the HSI model revealed that, the habitat
suitability and the proportion of suitable habitat areas within eddies were highly consistent with the
abundance of D. gigas during all stages of the eddies other than the intensification stage of AEs. The
study speculated that both CEs and AEs can create favorable environmental conditions during the
maturity stage, thereby leading to an increase in suitable habitat and abundance of D. gigas. These
findings emphasize the significant impact of mesoscale eddy evolution on the abundance and habitat
distribution of D. gigas.

Keywords: Dosidicus gigas; mesoscale eddy; eddy lifetime stages; environmental conditions; habitat
suitability modeling

1. Introduction

Mesoscale eddies are oceanic eddies with spatial scales ranging from tens to hundreds
of kilometers, and temporal scales spanning from days to months. They constitute a
significant aspect of mesoscale dynamic processes within the ocean, and are ubiquitous
across the world’s oceans [1]. The generation and dissipation of mesoscale eddies entail
uncertainties, with dynamic characteristics present throughout their lifecycle, which can
be distinctly delineated into four stages: ‘formation’, ‘intensification’, ‘maturity’, and
‘decay’ [2,3]. Mesoscale eddies can be categorized into two types based on their rotational
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direction [4]: cyclonic eddies (CEs), which rotate counterclockwise and clockwise in the
Northern and Southern Hemisphere, respectively, and anticyclonic eddies (AEs), which
rotate in the opposite direction. Mesoscale eddies have strong physical characteristics, with
seawater flow velocities in their region several times the average seawater flow velocity and
very high kinetic energy [5]. They play a pivotal role in modulating oceanic biogeochemical
processes, exerting significant influences on oceanic environmental parameters such as
temperature, salinity, dissolved oxygen concentration, and chlorophyll concentration [6-8].

In recent years, an increasing number of scholars have focused on evaluating the
impacts of mesoscale eddies on marine organisms and fisheries activities [9-12]. Some
studies have revealed that regions with eddy activity, such as in waters surrounding the
Andaman and Nicobar Islands in the northern Indian Ocean, exhibit significantly higher
catch per unit effort (CPUE) compared to areas without such activity [13]. Furthermore,
research has shown that different fishing gear yields varying catch amounts in different
eddy regions [14]. Mesoscale eddies act both horizontally and vertically in the water
column through various mechanisms, such as trapping, stirring, and mixing [2,15], thereby
regulating the biomass, community composition, and diversity of phytoplankton. This
accumulation and redistribution of local primary productivity creates favorable habitats for
certain marine organisms. Moreover, mesoscale eddies modulate the transfer and mixing of
substances, energy, and heat to form ecological barriers [16], thereby impacting encounters
between prey and predator species. For instance, Braun et al. [17] found that the core region
of AEs in the Gulf of Mexico provides “thermal conduits” for blue sharks, enabling them to
surpass their thermal limits and forage at deeper depths.

The Humboldt squid (Dosidicus gigas) is characterized by its large size, short lifespan,
rapid growth rate, and high reproductive capacity [18-20]. It exclusively inhabits Pacific
Ocean waters ranging from 45° N of the California Peninsula to 47° S of Chile, and east of
140° W [21]. The feeding strategy of D. gigas is remarkably versatile, as it preys on a diverse
array of organisms, including small fish, crustaceans, and other invertebrates [22]. It also
serves as a prey item for apex predators such as the blue shark, shortfin mako shark, and
sperm whale [23,24]. Consequently, D. gigas plays a vital role in the marine food web. As a
fishery resource that possesses high economic value, D. gigas serves as a crucial commercial
resource exploited by several countries globally, including Peru, China, Mexico, South
Korea, and Chile [25,26]. According to the Food and Agriculture Organization (FAO, 2023),
the total global catch of D. gigas in 2021 was approximately 1 million tons.

The waters of Peru are relatively productive, harboring the Pacific Ocean’s most
abundant sources of D. gigas [27]. Since the early 1990s, the D. gigas fishery has emerged
as a significant industry in this maritime domain [28]. The complex oceanic currents,
the instability of coastal flows, and the intricate seabed topography in Peruvian waters
all contribute to the formation of mesoscale eddies [29,30]. These mesoscale eddies are
widespread in Peruvian waters, primarily propagating westward and exhibiting seasonal
variability. Moreover, compared to other areas, the offshore regions of Peru possess lower
eddy kinetic energy [31]. The generation and dissipation of mesoscale eddies lead to
significant alterations in local circulation patterns and water mass distribution. As a species
with a short life cycle, D. gigas is highly sensitive to environmental changes [32]. Because
mesoscale eddies regulate local marine environments, they can significantly influence the
distribution and abundance of D. gigas. Previous studies have predominantly focused on
the impacts of environmental factors, such as temperature, salinity, and dissolved oxygen
concentration, as well as large-scale climatic events, like El Nifio and La Nifa, on the
growth, reproduction, migration, and habitat distribution of D. gigas [33-37]. There has
been limited research on how different stages of mesoscale eddies regulate the distribution
and abundance of D. gigas [38].

To address this, we evaluated the impact of mesoscale eddies (and their respective
stages) and oceanic changes (water temperature and chlorophyll-a concentration) on the
abundance and spatial distribution of D. gigas off Peru. Additionally, we selected a specific
long-lived mesoscale eddy as a typical case for validating the effect of mesoscale eddies on
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D. gigas during the evolution of the eddy, aiming at providing scientific evidence for the
sustainable utilization and management of D. gigas resources.

2. Materials and Methods
2.1. Fisheries Data

The study utilized D. gigas fishing data from 1 September to 31 December 2019,
provided by the China Distant-Water Fisheries Data Center of Shanghai Ocean University
(Figure 1). The dataset included information on fishing operations (longline fishing), fishing
locations (longitude and latitude, with a spatial resolution of 0.001° x 0.001°), fishing dates
(year, month, day), fishing effort (unit: days), and catch (unit: tons). By aggregating the
fishing duration and catch amount based on the location and date of fishing, the total
fishing effort and catch amount for each fishing location per day were obtained, resulting in
a total of 18,104 records. The fishing range spans from 75° W to 95° W longitude and from
8° 5 to 20° S latitude. The CPUE was used as an index of D. gigas abundance, calculated as
the ratio of the catch per record to the fishing efforts.
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Figure 1. Spatial distribution of CPUE of D. gigas in each fishing area (0.5° x 0.5°) from September to
December 2019.

2.2. Environmental Data

The absolute dynamic topography and sea surface current velocity data were obtained
from the Copernicus Marine Environment Monitoring Service (CMEMS) multi-satellite altime-
try merged product (https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4
_MY_008_047 /download?dataset=cmems_obs-sl_glo_phy-ssh_my_allsat-14-duacs-0.25deg_
P1D_202112, accessed on 13 July 2023), and sea surface temperature (SST) and temperature
at 50 m depth (T50) were provided by CMEMS'’s Global Ocean Ensemble Reanalysis Prod-
ucts (https:/ /data.marine.copernicus.eu/product/ GLOBAL_REANALYSIS_PHY_001_031/
description, accessed on 13 July 2023). All these data were at a spatial and temporal resolution
of 0.25° and daily. Sea surface chlorophyll-a concentration (Chl-a) data were sourced from
CMEMS'’s Global Ocean Satellite Observation product (https://data.marine.copernicus.eu/
product/ OCEANCOLOUR_GLO_BGC_L4_MY_009_104/download?dataset=cmems_obs-oc_
glo_bgc-plankton_my_l4-gapfree-multi-4km_P1D_202207, accessed on 13 July 2023), with a
spatial resolution of 4km and a temporal resolution of 1 day. All environmental data covered
the required time and space range for the study. Based on the latitude and longitude of each
fishing operation for each day and the corresponding latitude and longitude of the daily
environmental data, we matched the environmental factors to each fisheries data point using
the interp2 function in MATLAB.
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2.3. Mesoscale Eddy Analysis

This study used the angular momentum eddy detection and tracking algorithm
(AEDMA) to identify and track the eddies. AEDMA accurately detects the character-
istic parameters of eddies (such as radius, amplitude, velocity, and shape) throughout
their life cycles, requiring minimal parameter adjustments and adapting to various spatial
resolutions of velocity fields [39]. In recent years, AEDMA has been successfully applied in
multiple oceanic regions, including the northwest Pacific, the northwest Atlantic, and the
Mediterranean [40-42].

Absolute dynamic topography and sea surface current velocity data were integrated
into AEDMA for eddy identification and tracking. In this study, a total of 4774 mesoscale
eddies were detected from September to December 2019, comprising 2446 CEs and 2328 AEs.
Various characteristic parameters of each eddy were recorded daily. Figure 2 illustrates the
spatial distribution of the mesoscale eddies present in the study area on 1 September 2019.
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Figure 2. Mesoscale eddies and their tracks, tracked on 1 September 2019.

The lifetime of mesoscale eddies was defined as the duration from their generation
to dissipation. To facilitate the comparison of eddies with different lifetimes, the lifetime
of each eddy was normalized, with its generation and dissipation considered as 0 and 1,
respectfully. The entire lifetime of an eddy was further divided into four stages, namely
formation (0~0.1), intensification (0.1~0.3), maturity (0.3~0.8), and decay (0.8~1) [43].

In this study, a normalized grid of radial distances to the eddy centers was established
to characterize the daily influence area of the eddies (Figure 3). This grid was divided into
two regions: the eddy interior (from 0 to R) and the eddy periphery (from R to 2R) [44,45],
where R represents the radius of a circle with the same coverage area as the eddy. The daily
influence area for each detected eddy is represented by this grid.
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Figure 3. Normalized radial distance grid based on eddy radius. (x1 denotes the longitude of the
eddy center, and y1 denotes the latitude of the eddy center).

2.4. The Relationship between the Abundance and Distribution of D. gigas and Different Stages
of Eddies

The random forest (RF) algorithm is a highly acclaimed machine learning algorithm
recognized for its robust capability to fit both linear and nonlinear relationships between
variables and make accurate predictions, a feature that has led to its extensive application
in fisheries studies [46,47]. As a bagging ensemble method, RF enhances the regression
tree algorithm by aggregating multiple uncorrelated regression trees to produce the final
output [48]. By amalgamating predictions from numerous trees, RF demonstrates superior
tolerance to noise and outliers, effectively mitigating overfitting and yielding regression
results with heightened accuracy, all while fully accommodating data diversity [49]. RF
relies on two critical hyperparameters: the number of variables considered at each split
(mtry) and the number of trees (ntree) [50]. In this study, the input factors for the RF were
the eddy velocity, fishing date, and fishing longitude and latitude, with the output factor
being CPUE. The parameter ntree was set to 500, and the parameter mtry was set to 2.

To explore the variation in D. gigas abundance and distribution during different stages
of eddies, this study utilized normalized relative distance analysis to investigate the spatial
relationship between the fishing position of D. gigas and the centers of eddies. Additionally,
an analysis of variance (ANOVA) was used to compare the differences in CPUE of D. gigas
in the interior and periphery of various types of eddies at different stages. This research
calculated the longitude and latitude centers of gravity the CPUE of D. gigas within the
influence range of eddies during different stages and compared them with the centers of
eddies using the following formulae:

L1 (Xi X Ci) | yre _ T (Yi X Ci)

LONG = - >
Yi-1Ci Yi-1Ci

where LONG is the longitude center of gravity of the CPUE; LATG is the latitude center
of gravity of the CPUE; X; is the longitude of the fishing position; Y; is the latitude of the
fishing position; C; is the CPUE of the fishing position, and k is the number of fishing
positions in the different stages of the eddies.
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2.5. Environmental Shifts and D. gigas Habitat Changes during Different Stages of Eddies

SST, T50, and Chl-a are known to significantly influence the growth, reproduction, and
habitat distribution of D. gigas [32,38,51]. Therefore, these three environmental factors were
interpolated into the daily normalized grid of each eddy. Subsequently, these normalized
grids were categorized into different stages, and the normalized grids from multiple eddies
in different stages were averaged to represent the distribution of environmental factors
within eddies across the four stages. To better reflect the relationship between D. gigas
distribution and environmental parameters, this study only considered normalized grids
of eddies containing fishing positions.

This study employed a suitability index (SI) and a habitat suitability index (HSI) model
to analyze the potential mechanisms influencing the distribution and abundance of D. gigas
during eddy evolution. The environmental factors from the daily normalized grids of
each eddy were incorporated into SI and HSI models. The calculation methods for both
models are detailed in the study by Jin et al. [51]. Regions where SI > 0.6 and HSI > 0.6
were defined as suitable single-factor environmental conditions and suitable habitats,
respectively, and the proportions of these regions within CEs and AEs were quantified.

2.6. Evolutionary Analysis of Eddy 284

To validate the influence of eddy evolution on the abundance and distribution of D.
gigas, this study selected a specific eddy case (relatively long-lived and containing multiple
fishing positions in all life stages) and tracked its entire lifetime. The chosen eddy case,
labeled as 284 (the sequence number represents its detection order), was identified as a CE
with a lifetime of 59 days. Eddy 284 encompassed D. gigas fishing positions in all stages,
totaling 139 points. Statistical analysis was conducted on the environmental conditions
throughout the different stages of this eddy, along with the corresponding SI and HSI
distributions. The spatial distribution of D. gigas catch within the different stages of the
eddy was assessed.

3. Results
3.1. D. gigas Abundance and Distribution in Different Eddy Stages

As the eddies evolved, the spatial distribution of D. gigas CPUE within both CEs and
AEs followed a similar trend, characterized by an initial increase and a subsequent decrease
in CPUE (Figure 4A). During the formation stage, there was minimal CPUE in both types
of eddies. CPUE increased in the intensification stage and was mostly concentrated in the
peripheral areas southwest of the eddy center in CEs, while in AEs, the CPUE was more
dispersed, with higher values occurring predominantly in the eddy interior. In the maturity
stage, the CPUE was maximum, and widely distributed in both types of eddies, with higher
CPUE observed in the eddy interior of AEs compared to CEs. During the decay stage, the
CPUE in CEs decreased notably, while in AEs, the CPUE was mostly concentrated south of
the eddy center. The ANOVA results indicated significant differences in the CPUE of D.
gigas between the internal and peripheral regions of both CEs and AEs at different stages
(p <0.05).

There were observed differences in the average levels of the CPUE within CEs and AEs
across different stages (Figure 4B). The mean level of the CPUE was higher in AEs compared
to CEs during both formation (AE = 7.00 t/d and CE = 2.22 t/d) and intensification
(AE =4.57t/d and CE = 2.90 t/d) stages. High CPUE was observed within both types of
eddies during the maturity and decay stages, with the maximum CPUE reaching 22.06 t/d
in CEs and 10.74 t/d in AEs.
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the direction of rotation of the eddies); (B) Variation of CPUE of D. gigas under different stages of
the eddies.

During the evolution of CEs and AEs, both the eddy center and the center of gravity of
the CPUE within their influence regions exhibited similar movement trajectories (Figure 5).
Longitudinally, the overall movement trajectory of the eddy center and the CPUE center of
gravity in CEs was eastward, with a more pronounced eastward trend in the movement of
the CPUE center of gravity. In contrast, the overall movement trajectory of the eddy center
and the CPUE center of gravity in AEs was westward. Latitudinally, the overall movement
trajectory of the eddy center and the CPUE center of gravity in CEs was southward, with
a noticeable southward trend in both during the formation stage. In AEs, the overall
movement trajectory of the eddy center was southward while that of the CPUE center of
gravity was northward, both of which exhibited similar trends in the intensification stage.
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Figure 5. Changes in the centers of the eddy and centers of gravity of D. gigas CPUE at different
stages of the eddies.

3.2. Environmental Characteristics of Different Stages of Eddies

In different stages, there were certain disparities in the spatial distribution patterns
of SST, T50, and Chl-a within CEs and AEs (Figure 6). In CEs, the SST and T50 were
relatively higher during the decay stage compared to the other stages. There were no
significant differences in the SST and T50 between the interior and peripheral areas of CEs
during each stage, and Chl-a was relatively higher during the first three stages compared
to the decay stage. Moreover, Chl-a values were relatively higher on the eastern side of
the eddy center during the first three stages. In AEs, SST and T50 were relatively lower
during the formation and maturity stages. However, during the intensification stage, there
was a distinct area on the southeastern side of the eddy center with lower SST and T50.
During the decay stage, the distribution patterns of SST and T50 in AEs showed opposite
trends, with SST lower in the southwest and higher in the northeast and T50 higher in
the southwest and lower in the northeast. Furthermore, Chl-a was significantly lowest
during the formation stage, with the spatial distribution during the subsequent three stages

characterized by higher values in the northeast and lower values in the southwest.
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Figure 6. Spatial distribution of SST, T50, and Chl-a mean states within different stages of the eddies
(solid lines are used to distinguish the interior and peripheral regions of the eddies, and arrows
indicate the direction of rotation of the eddies).

3.3. Changes in Habitat Suitability of D. gigas in Different Stages of Eddies

As the eddies evolved through the stages of formation, intensification, maturity, and
decay, the average distribution patterns of Slssr, Slts0, and Slcyy., within the eddies were
illustrated in Figure 7. Slsst and Slts¢ exhibited similar trends during the evolution of
both types of eddies: they initially increased and then decreased in CEs, reaching their
peak during the formation stage in AEs, and then followed a pattern of initial increase
and subsequent decrease in the remaining three stages. SIcp)., reached its optimum in the
decay stage of CEs, followed by the formation stage. In AEs, Slcy,., was optimal during
the formation stage, with the next highest values occurring during the intensification stage.
The proportion of suitable SI values for each environmental factor was similar to these
observed trends (Figure 8B).



J. Mar. Sci. Eng. 2024, 12,1015

10 of 17
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Figure 7. Spatial distribution of Slggt, SIts0, and SIcp)., mean states within different stages of the
eddies (solid lines are used to distinguish the interior and peripheral regions of the eddies, and
arrows indicate the direction of rotation of the eddies).

The spatial distribution of HSI within different life stages of eddies and the variation
in the proportion of suitable HSI values were illustrated in Figure 8. For CEs, during
the formation and intensification stages, the HSI values were high in the southeast and
low in the northwest, with fewer suitable HSI values. During the maturity stage, suitable
HSI values were more widely distributed, while in the decay stage, suitable HSI values
significantly decreased compared to the previous stage. In AEs, HSI values were very high
during the formation stage, all exceeding 0.6. The intensification stage saw a significant
reduction in suitable HSI values compared to the formation stage. During the maturity
stage, suitable HSI values increased again, while in the decay stage, they decreased notice-
ably. The proportion of suitable HSI values for D. gigas in both types of eddies aligned with
these observed trends.
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Figure 8. (A) Spatial distribution of HSI mean states within different stages of the eddies (solid
lines are used to distinguish the interior and peripheral regions of the eddies, and arrows indicate
the direction of rotation of the eddies); (B) Percentage of suitable Slsgt, SIts0, SIch.a, and HSI over
different stages of the eddies.

3.4. Evolutionary Analysis of Eddy 284

The complete trajectory of eddy number 284 (CE) throughout its lifetime, along with
the mean SST, T50, and Chl-a, and their corresponding SI values, and the spatial distribution
of HSI and CPUE are represented in Figures 9 and 10. Throughout its lifetime, the eddy
had traveled 279.87 km westward and 55.60 km southward. The trends of SST and T50
during this evolution showed a gradual increase, while Chl-a exhibited an initial increase
followed by a decrease. As the eddy evolved, Slsst, SItso m, HSI, and CPUE followed a
trend of initially increasing and then decreasing, peaking during the maturity stage. In
contrast, Slcp., exhibited a trend of initially decreasing and then increasing.
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Figure 9. Spatial distribution of SST, T50, and Chl-a and corresponding SI-valued mean states over
different stages of eddy 284.
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Figure 10. Spatial distribution of HSI mean states and CPUE of D. gigas over different stages of
eddy 284.

4. Discussion
4.1. Eddy-Induced Environmental Change

Mesoscale eddies have a significant impact on the regional oceanic temperature struc-
ture. The temperature within CEs is usually lower than the temperature in the surrounding
environment, while the temperature within AEs is usually higher [4]. In Peruvian waters,
for the evolution of eddies from generation to dissipation, both CEs and AEs altered the
structure of surrounding water masses, resulting in anomalies in sea surface and near-
surface water temperatures [30]. However, this study found no evidence of these patterns
through analyzing the SST and T50 at different stages of eddy evolution. This discrepancy
may be due to the inclusion of eddies only containing fishing positions, which resulted
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in a time series of eddies at evolution that was not fully continuous. Mesoscale eddies
can capture about half of the total global chlorophyll [52], where, in terms of polarity, CEs
exhibit higher productivity [53] and AEs exhibit lower productivity [15]. The distribution
of chlorophyll within mesoscale eddies is regulated by different mechanisms, whereby the
distribution of surface chlorophyll in the interior regions of eddies is controlled by eddy
pumping, eddy trapping, and eddy-Ekman pumping, and the distribution of chlorophyll
in the peripheral regions of eddies is controlled by eddy advection [54]. Moreover, CEs and
AEs at different stages have different impacts on chlorophyll. For example, chlorophyll
rings in AEs appear more frequently in the maturity stage than in the intensification stage,
in contrast to what is observed in CEs [43]. Coastal areas in Peruvian waters exhibit higher
productivity due to coastal upwelling. Here, the westward propagation of eddies carries
highly productive coastal water into the open sea [55], resulting in a spatial distribution
of Chl-a with lower concentrations in the west and higher concentrations in the east. This
study founded that, across most life stages, both CEs and AEs exhibited high Chl-a on
the eastern side of the eddy center, consistent with the background distribution in the
Peruvian waters.

4.2. Associations between D. gigas and Environmental Factors

The impact of oceanic environmental conditions on D. gigas is multifaceted, with
each environmental factor exerting its own unique influence. SST is generally regarded
as a key environmental factor regulating the abundance and distribution of D. gigas [56].
For instance, Yu et al. compared the habitat suitability of D. gigas under normal SST to
scenarios with an SST increase of 0.5 °C off Peru, 1.0 °C, 2.0 °C, and 4.0 °C, revealing a
significant decrease in habitat suitability with increasing SST across seasons [33]. Like many
cephalopods, D. gigas exhibits diel vertical migrations [57], and variations in the vertical
structure of water temperature have a pronounced impact on their activity. The water
temperature at depths of 0 m, 50 m, 100 m, and 150 m significantly influenced the formation
of fishing grounds and suitable habitats of D. gigas [58]. Although Chl-a is not a direct
resource for D. gigas, large amounts of prey aggregate in areas of high Chl-a, indirectly
affecting the abundance of the species. Studies have found a positive correlation between
D. gigas CPUE during spawning periods and Chl-a in Peruvian waters [59], as D. gigas
requires significant food intake to store energy for growth and reproductive activities.

4.3. Relationships between Abundance and Distribution of D. gigas and Different Eddy Stages

Mesoscale eddies are complex, dynamic oceanic processes closely associated with the
formation of D. gigas fishing grounds. In equatorial regions, D. gigas prefers to inhabit
areas with relatively low eddy kinetic energy [32], and the upwelling induced by the
eddies provides favorable temperature and nutritional conditions for their survival [38].
Off Peru, AEs tend to harbor higher abundances and more suitable habitats for D. gigas
compared to CEs, as the water temperature conditions in AEs were more conducive to
their survival [51]. The lifetime of mesoscale eddies has been split into different stages
for study purposes [3,43], and this eddy evolution has a complex impact on local marine
environments. Marine organisms also exhibit different preferences for different stages of
eddies, such as loggerhead turtles in the northeast Atlantic, which prefer to inhabit the
decaying inner cores of AEs [60]. The results of this study showed that, as eddies evolved,
the pattern of D. gigas abundance in CEs initially increased and subsequently decreased,
with the highest abundance occurring during the maturity stage of the eddy, while the
abundance of D. gigas in AEs decreased gradually from generation to dissipation. This
contrasts with previous research findings [61], possibly due to fewer AEs being recorded
during the early (formation and intensification) eddy stages of this study, where data
sampling bias may have led to abnormally high resource abundance estimates. Additionally,
this study also observed a wider distribution of D. gigas in the peripheral regions of
CEs, suggesting that the interaction between eddies may generate sub-mesoscale frontal
structures at the edges of CEs [62], providing high-quality foraging sites for D. gigas.
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4.4. Mechanisms Affecting Habitat Suitability of D. gigas during Different Stages of Eddies

The HSI model is a method used to evaluate the suitability of habitats for wild organ-
isms, and it has been widely applied to the habitat preference and associated environmental
conditions of oceanic cephalopods [63]. For instance, Wen et al. utilized SST, sea surface
salinity, and Chl-a to establish an HSI model to investigate the spatiotemporal distribution
changes of the habitat of D. gigas associated with climate change [64]. They found that,
compared to El Nifio events, La Nifia events increased the suitability of a habitat for D.
gigas from December to May. In this study, the HSI model based on a weighted AMM estab-
lished by previous researchers [51] was used to elucidate the potential mechanisms driving
the variation in D. gigas resources during eddy evolution. The results indicated that the
environmental changes driven by eddy evolution create habitats of varying suitability for
D. gigas, thereby indirectly affecting their distribution. In CEs, these environmental shifts
shape changes in D. gigas habitat suitability consistent with changes in D. gigas abundance,
showing an initial increase at eddy generation, followed by a decrease, with the highest
abundance observed in the maturity stage of the eddy. Conversely, in AEs, the proportions
of suitable Slsgt, S50, and Slcpi., were extremely high in the formation stage, indicating a
high habitat suitability and relatively large abundance of D. gigas early on in eddy evolution.
In the intensification stage the proportion of suitable Slsst and Slys5 decreased significantly
but the proportion of suitable Slcyy, remained high. During the maturity stage of the
eddy, the habitat suitability for D. gigas increased, leading to a high D. gigas abundance.
In the decay stage, habitat suitability decreased, resulting in a decline in D. gigas abun-
dance. Furthermore, D. gigas spawn in near-surface waters, with their reproductive peak in
the Peruvian waters occurring from October to December [21]. During this period, their
reproductive energy primarily derives from direct feeding [65], and the development of
fertilized eggs is also influenced by temperature. Therefore, we hypothesize that, as the
eddy evolves, it increasingly provides optimal temperature and food conditions for the
reproduction and growth of D. gigas, reaching a peak during the maturity stage of the eddy
and beginning to decline in the subsequent stage. Future research should incorporate more
fishery-dependent and fishery-independent data to validate this hypothesis.

To validate the above points, this study selected a long-lived eddy containing multiple
fishing points for analysis. In the formation stage of eddy 284, Slsgr, SIts0, and Slcy., were
low, indicating low habitat suitability, and the resultant abundance of D. gigas was low. In
the intensification stage, the habitat suitability increased, resulting in a higher abundance
of D. gigas. In the maturity stage, Sy, increased and Slsst, Slt50, and habitat suitability
reached a maximum, resulting in the maximum abundance of D. gigas within the eddy. In
the decay stage, the spatial scale of the eddy decreased where Slggt and Sltsy decreased
(but SIcpj-, continued to increase), habitat suitability decreased, and thus, the abundance
of D. gigas also decreased. Furthermore, with the evolution of mesoscale eddies, the trend
of changes in the CPUE center of gravity within the eddy’s influence range was almost
identical to its movement trajectory. This also confirms that the distribution and abundance
of D. gigas are regulated by the evolution of mesoscale eddies.

5. Conclusions

This study utilized D. gigas fishing data from September to December 2019, combined
with a dataset of mesoscale eddies and oceanic environmental parameters (including
sea surface temperature, temperature at 50 m depth, and chlorophyll-a concentration),
to investigate the impact of different life stages of mesoscale eddies on the abundance
and distribution of D. gigas using the HSI model approach. The results indicated that the
environmental changes driven by the evolution of mesoscale eddies significantly influenced
the abundance and distribution of D. gigas. Mesoscale eddies also alter various marine
environments other than water temperature and Chl-a. For future consideration, it is
essential to incorporate more environmental parameters to establish more holistic models
to further elucidate the impact of mesoscale eddies on the abundance and distribution of
D. gigas.
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