

  jmse-12-00626




jmse-12-00626







J. Mar. Sci. Eng. 2024, 12(4), 626; doi:10.3390/jmse12040626




Article



Changing Humboldt Squid Abundance and Distribution at Different Stages of Oceanic Mesoscale Eddies



Xiaoci Wu 1, Pengchao Jin 1, Yang Zhang 2 and Wei Yu 1,3,4,5,*





1



College of Marine Living Resource Sciences and Management, Shanghai Ocean University, Shanghai 201306, China






2



State Key Laboratory of Satellite Ocean Environment Dynamics, Second Institute of Oceanography, Ministry of Natural Resources, Hangzhou 310012, China






3



National Engineering Research Center for Oceanic Fisheries, Shanghai Ocean University, Shanghai 201306, China






4



Key Laboratory of Sustainable Exploitation of Oceanic Fisheries Resources, Ministry of Education, Shanghai Ocean University, Shanghai 201306, China






5



Key Laboratory of Oceanic Fisheries Exploration, Ministry of Agriculture and Rural Affairs, Shanghai 201306, China









*



Correspondence: wyu@shou.edu.cn; Tel.: +86-21-61900306







Citation: Wu, X.; Jin, P.; Zhang, Y.; Yu, W. Changing Humboldt Squid Abundance and Distribution at Different Stages of Oceanic Mesoscale Eddies. J. Mar. Sci. Eng. 2024, 12, 626. https://doi.org/10.3390/jmse12040626



Academic Editor: Angelo Rubino



Received: 8 March 2024 / Revised: 3 April 2024 / Accepted: 5 April 2024 / Published: 7 April 2024



Abstract

:

Humboldt squid, Dosidicus gigas, is one of the main economic cephalopod species off Peruvian waters, and their abundance and distribution are regulated by localized oceanic mesoscale dynamical processes. To this end, the present study employs normalization and frequency distribution methods, combining mesoscale eddy, oceanic environment, and D. gigas fishery data. This is the first exploration into the different stages of mesoscale eddies during their evolution off Peruvian waters and their influence on the regional marine environment, as well as the abundance and distribution of D. gigas resources. The results indicate that across the four stages of eddies, namely formation, intensification, mature, and aged, their kinetic energy and structure follow a pattern of “growth–equilibration–decay”. The abundance of D. gigas within the eddy’s covered zone undergoes an initial increase, followed by a decrease during the evolution of the four stages, peaking during the eddy’s mature stage. The abundance of D. gigas was higher in the anticyclonic eddies than that in the cyclonic eddies under different stages. The environmental factors conducive to D. gigas in eddies exhibited similar changes to D. gigas abundance throughout the eddy’s different stages. Our research emphasizes that anticyclonic eddies, during their evolution, exerted a more significant impact on the abundance and distribution of D. gigas in the Peruvian waters compared with cyclonic eddies. The eddy-induced changes in water temperature and productivity caused by the eddies may be the primary drivers of this impact.
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1. Introduction


Mesoscale eddies are termed the “weather” of the ocean, characterized by the rotational flow of water. Their temporal scale spans from several weeks to months, while their spatial extent ranges from tens to hundreds of kilometers [1]. They are widely distributed across the oceans, accounting for approximately one-fourth of the Earth’s ocean surface [2]. In the Northern Hemisphere, mesoscale eddies, rotating both clockwise and counterclockwise, are referred to as anticyclonic eddies (AEs) and cyclonic eddies (CEs), respectively (the nomenclature is reversed in the Southern Hemisphere). Each eddy undergoes processes of generation, evolution, and dissipation, with its internal structure continuously changing throughout its cycle. Beyond their intrinsic rotational motion, eddies also propagate horizontally, covering several thousand kilometers from their formation to dissipation [3]. Eddies influence oceanic heat advection, ocean mixing, and water mass distribution in both horizontal and vertical dimensions [4], carrying substantial energy and playing a pivotal role in the transport of oceanic kinetic energy, heat, salinity, and carbon–silicate cycling [5].



In the 1980s, targeted research was carried out on the impacts of mesoscale eddies on a range of factors, from planktonic organisms to large marine life [6]. In marine ecosystems, phytoplankton are the predominant energy source for most marine organisms, playing a pivotal role as the primary producers and forming the foundation of the food web [7]. Mesoscale eddies influence phytoplankton through at least six mechanisms, including processes induced by the eddy’s rotation and horizontal movement, such as trapping, stirring, pumping, and mixing [6,8,9]. Early studies indicated that CEs corresponded to high-productivity regions [10], whereas AEs were associated with low-productivity zones [6]. Eddies primarily affect the distribution and abundance of marine pelagic predators in three ways [11]: (1) by serving as gathering points for prey and nutrients, thereby forming biological oases; (2) by providing pathways for survival or foraging through processes such as current transport, the entrainment of water masses, and the regulation of the vertical water column thermal structure; and (3) the protection and survival of eggs, larvae, and juveniles of marine pelagic predators. Marine organisms exhibit distinct responses to eddies, and even the same species may respond differently in different regions. For example, swordfish production in the northwest Atlantic is highest in eddy-free areas, while in the Kuroshio extensions in the northwest Pacific, swordfish production is positively correlated with warm eddies [7,12]. These variations may stem from differences in the ocean’s background environment, as well as habitat and behavioral disparities among different geographic populations [7].



The oceanic circulation structure in the Humboldt Current System (HCS) is notably intricate, comprising the Peruvian Coastal Current (PCC), the Peruvian Oceanic Current (POC), the Peru–Chile Counter Current (PCCC), and the Peru–Chile Undercurrent (PCUC), manifesting flow directions toward the south or north [13,14]. Influenced by alongshore equatorward winds and wind stress curl, deep cold water upwelling in Peruvian coastal waters brings nutrients from the deep sea to the surface [15]. Through phytoplankton photosynthesis, this process provides exceptional material conditions for the growth and development of fish in the region, creating renowned fishing grounds. The jumbo flying squid, Dosidicus gigas, represents a quintessential cephalopod catch in Peruvian fisheries, renowned for its abundance, ease of capture, and high economic value [16]. Consequently, it has become a primary target for fishing activities in countries including China, Japan, South Korea, Peru, and Chile [17,18]. The dietary composition of D. gigas does not differ with age, but the proportions vary. D. gigas preys on low trophic level organisms such as small- to medium-sized pelagic fish, crustaceans, and other cephalopods, while also serving as a significant food source for higher trophic level organisms, including large fish, marine mammals, and seabirds, making it a vital component of the marine food web [19,20,21,22]. As with other cephalopods, D. gigas generally do not live for more than 1 year [23].



Mesoscale eddies are widespread in the Peruvian Sea and are mostly generated in the southern coastal areas of Peru [24]. Under the influence of mesoscale eddies, local environmental conditions, including temperature, salinity, and current structures, undergo abrupt changes in this area [15,25]. As a species with a short lifecycle, D. gigas is highly sensitive to environmental fluctuations, rapidly adjusting its biological characteristics and distribution to adapt to new conditions [26,27]. Previous studies have shown that large-scale climate events such as El Niño, La Niña, and the Pacific Decadal Oscillation can alter the distribution and abundance of D. gigas [28,29]. However, research on how mesoscale eddies affect the distribution and abundance of D. gigas is scarce. Analyses of equatorial regions using the maximum entropy model have shown that D. gigas prefers to inhabit areas with relatively low eddy kinetic energy [30]. The eddy pumping induced by eddies provides abundant nutrients for D. gigas, creating high-quality habitats within the eddies [31].



Although these studies have explained, to some extent, the association between eddies and D. gigas resources, the question of how CEs and AEs differentially affect D. gigas during the evolution of the eddies remains unclear. Based on the above information, this study hypothesizes that variations in the abundance and spatial distribution of D. gigas are associated with eddy-driven environmental changes. Therefore, using mesoscale eddy, marine environment, and fishery catch data of D. gigas, this paper analyzes the spatial and temporal patterns and basic characteristics of eddies in Peruvian waters. It further determines the environmental changes induced by the two-eddy polarity in different stages, as well as their impacts on the abundance and spatial distribution of D. gigas using normalization and frequency distribution methods, focusing on exploring the differences in the impacts of these two types of eddies on D. gigas. These results will provide a basis for the sustainable management of fishery catches of this species.




2. Materials and Methods


2.1. Fisheries Data


This study utilized D. gigas fishing data provided by the China Distant-Water Fisheries Data Center at Shanghai Ocean University for the period from January to December 2019. The dataset comprises 45,435 records, and the research area spans from 75° to 95° W and 8° to 20° S. The data include operational details such as fishing locations (longitude and latitude), operational dates (year, month, day), detailed catch (unit: tons), fishing effort (operational days, unit: days), and catch per unit effort (CPUE, unit: tons/day). The calculation formula for CPUE is as follows:


  CPUE =    ∑  C      ∑  E      








where C denotes the catch in the fishing position, and E denotes the fishing effort in the fishing position.




2.2. Environmental Data


Merged data from multiple satellite altimeters were extensively utilized to identify and track mesoscale eddies. In this study, we used merged data from multiple satellite altimeters provided by the Copernicus Marine Environment Monitoring Service (CMEMS) (https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_MY_008_047/download?dataset=cmems_obs-sl_glo_phy-ssh_my_allsat-l4-duacs-0.25deg_P1D_202112, accessed on 13 July 2023). This dataset includes absolute dynamic topography and sea surface velocity data, with a spatial resolution of 0.25° × 0.25° and a temporal resolution of 1 day.



Previous studies have indicated that variations in chlorophyll-a concentration (Chl-a), sea surface temperature (SST), and the temperature at the 50 m water layer (T50m) were related to the spatial distribution and abundance of D. gigas [31,32,33]. Therefore, in this study, SST and T50m were sourced from CMEMS’s Global Ocean Ensemble Reanalysis product (https://data.marine.copernicus.eu/product/GLOBAL_REANALYSIS_PHY_001_031/description, accessed on 13 July 2023) with a spatial resolution of 0.25° × 0.25° and a temporal resolution of 1 day. Chl-a data were obtained from CMEMS’s Global Ocean Satellite Observations 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 4 km × 4 km and a temporal resolution of 1 day. All environmental data cover the required time and space range for the study and were matched with the fishing data using linear interpolation.




2.3. Mesoscale Eddy Analysis


This study employed the Angular Momentum Eddy Detection and Tracking Algorithm (AEDMA) for the identification and tracking of eddies [34]. This algorithm demonstrates robustness to grid resolution, accurately identifies merging and splitting events between eddies, and does not require the fine tuning of specific parameters, making it applicable to various velocity fields with different spatial resolutions. The AEDMA algorithm was used to generate a dataset containing various parameters of mesoscale eddies, such as their lifetime, radius, eddy center position, and velocity. The spatial distribution of the number of eddies and the catch of D. gigas in 2019 are shown in Figure 1. To characterize the propagation features of these eddies, the difference in eddy center positions between each day during an eddy’s lifetime and its first day were computed, based on the latitude and longitude information of the eddy center in the dataset. This approach aimed to obtain the relative trajectory of each eddy. Additionally, the eddy kinetic energy (EKE) was calculated using the following formula [35]:


  EKE =     U ′   g   2   +   V ′   g   2     2    








where     U ′   g     and     V ′   g     is the were the anomalies of zonal and meridional geostrophic currents.




2.4. Normalized Eddy Lifetime


Mesoscale eddies undergo continuous evolution throughout their cycle, resulting in dynamic impacts on marine life. To depict the evolving patterns of mesoscale eddy parameters and their influence on D. gigas throughout their cycle, a normalization process was applied to the eddy lifetime. Each individual eddy lifetime was segmented into four stages, defined as proportions of the total lifetime ranging from 0 to 1 [36]: the formation stage (0~0.1), intensification stage (0.1~0.3), mature stage (0.3~0.8), and aged stage (0.8~1). The normalized treatment was then applied to the radius, velocity, and EKE of all eddies within the study area. The averaged results yield the evolutionary curves of fundamental parameters characterizing mesoscale eddies.




2.5. The Relationship between Eddies and the Fishing Effort, Catch, and CPUE of D. gigas


To mitigate the influences of temporal and spatial factors (such as month, longitude, and latitude) as well as environmental factors (SST, T50m, and Chl-a) on D. gigas CPUE, this study employed a random forest model for standardizing CPUE. Random forest (RF) emerges as a machine learning paradigm pioneered by Breiman [37], specifically tailored for regression scenarios. Renowned for its expeditiousness and adaptability, RF proves particularly adept at handling voluminous datasets laden with multidimensional features. The algorithm for RF in regression proceeds was as follows [38]: (1) Draw ntree bootstrap samples from the original dataset. For each bootstrap sample, cultivate an unpruned regression tree. (2) At each node, randomly select mtry predictors and opt for the best split from among those variables. (3) Forecast new data by consolidating the predictions of the ntree trees, typically through averaging for regression. In this study, the input factors of the RF were environmental and spatiotemporal factors (SST, T50m, Chl-a, month, longitude, and latitude), and the output factor was CPUE. The parameter ntree was set to 500, and the parameter mtry was set to 2.



To explore the impact of eddies on the abundance and distribution of D. gigas, an analysis of the spatial relationship between the eddies and the distribution of squid was conducted. Eddies can influence marine ecosystems within a range of twice their radius [39]. Consequently, the coverage area of eddies was expanded to twice their radius, including the eddy interior (EI) (0–R) and the eddy periphery (EP) (R–2R) [40]. First, an in-polygon algorithm was used to calculate whether the D. gigas fishing position was within the eddy influence range daily. When the D. gigas fishing position was within the influence range of more than one eddy, it was judged to be influenced by the eddy closest to the eddy center location. Second, because of the differences in eddy radius, the method of Zhang et al. [41] was used to calculate the normalized relative distances between the daily eddies’ centers and the D. gigas fishing position within their ranges. Finally, a grid of normalized radial distances from the eddy centers based on the radius of the eddy was created to represent the range of twice the radius of the eddy (±2R), defined by the radius of a circle covering the same area. For each eddy, each day on which it was detected could be represented by the grid and, based on the normalized relative distances from the daily eddies’ centers and D. gigas fishing locations in their ranges, the distribution pattern of catch, fishing effort, and CPUE of D. gigas within the range of influence of the eddies were determined. In addition, the normalized relative distances were then divided into 20 intervals of 0.1× radius intervals from the inside to the outside, and the total fishing effort, total catch, and CPUE of D. gigas within each interval were calculated. Furthermore, to compare the disparities in fishing effort, catch, and CPUE between the EI and EP, a t-test analysis was conducted. The eddy containing the fishing position was divided into stages according to the time of operation and its lifetime, and then the change in D. gigas within the eddy in each life stage was analyzed according to the above method. To better represent the changes in D. gigas within the eddies, only the status of the eddies on the day when there were fishing position within the eddies were counted.



The generalized additive model (GAM) is adept at capturing nonlinear relationships between the response variable and multiple predictor variables [42]. In this study, the GAM model was employed to analyze the statistical relationship between the abundance of squid CPUE and eddy parameters. Specifically, the squid CPUE was regarded as the response variable, while the variables of AE (CE) radius, AE (CE) velocity, and distance from the center of AE (CE) were considered as predictors. To address multicollinearity among variables, the variance inflation factor (VIF) was utilized for examination [43]. The GAM model utilized the natural logarithm as the link function and added a constant of 0.1 to the CPUE values to prevent zero values. Hence, the GAM model expression was as follows:


    ln  ⁡    C P U E + 0.1     = s   r a d i u s   + s   v e l o c i t y   + s   d i s t a n c e   + ε  











Here, s denoted the smooth spline, where radius and velocity denoted radius and rotating speed of the fishing position from the nearest AE or CE, respectively, and distance indicated the relative distance of the fishing position from the nearest AE or CE center. ε denoted the random error.




2.6. Changes in Suitable Environments for D. gigas in Eddies


Based on the frequency distribution method, each environmental factor was divided into different intervals, and the sizes of fishing effort and catch within different intervals were counted. From this, the suitable environmental distribution range of D. gigas was calculated, and the range in which the highest fishing effort and catch were distributed was defined as the optimal environmental range of D. gigas.



To analyze the changes in the distribution of suitable environmental factors within eddies at different life stages, a normalized grid of radial distances from the eddy centers based on the radius of eddies was established, as described in Section 2.5. Then, the marine factor variables were interpolated into the grid of each eddy, and the sum of the number of occurrences of the environmental data inside and outside each eddy was calculated based on the different intervals. To better represent the changes in the suitable environment for D. gigas within the eddies, only eddy status on the day when there were fishing position within the eddy were counted.





3. Results


3.1. Monthly Variation in the Number of Eddies, D. gigas Catch, and Fishing Effort


Mesoscale eddies were identified and tracked from January to December 2019 within the D. gigas fishery (8° to 20° S, 75° to 95° W) in Peruvian waters based on the AEDMA method. Using the Lagrangian method (which considers the entire lifetime of an eddy as one eddy), 198 eddies were counted, with less AEs than CEs (89 and 109, respectively), both with similar trends. As a whole, the number of eddies was low in January–August and showed a significant increasing trend in September–December, with the highest number of eddies in December (45) (Figure 2). The total fishing effort and total catch of D. gigas in January–December were 4.54 × 104 d and 13.42 × 104 t, respectively, and fishing effort was higher in April–May and October–December, with a maximum value of 1.02 × 104 days. The catch was smaller in January–September, not exceeding 1.2 × 104 t, and higher in October–December, with a maximum value of 4.46 × 104 t. There was a tendency for the catch and fishing effort to increase in parallel with the number of eddies in September–November. The t-test showed that the difference in fishing effort and catch of D. gigas between January–September and October–December was highly significant (p < 0.001).




3.2. Characteristic Parameters and Trajectories of Eddies


Figure 3a shows a sharp decrease in the number of eddies with the increase in their lifetime, with the majority having a lifetime of less than 100 days. CEs have an average lifetime of 42.38 days, while AEs have an average lifetime of 45.40 days. Among eddies with a lifetime less than 94 days, CEs have a slightly higher prevalence, whereas for eddies with a lifetime exceeding 94 days, AEs dominate (Figure 3d). The frequency distribution of the eddy radius is generally consistent (Figure 3b), with the peak located around 50 km. The average radius for CEs and AEs are 58.31 km and 55.76 km, respectively. In most radius ranges, CEs are more abundant (Figure 3e). The frequency of velocity for CEs and AEs follows a skewed distribution, with AEs exhibiting a slightly higher average velocity (0.10 m/s) compared with CEs (0.09 m/s) (Figure 3c). For eddies with a velocity exceeding 0.16 m/s, AEs predominate (Figure 3f).



The study analyzed the propagation characteristics of eddies off Peruvian waters. The origin point (0°, 0°) was designated as the generation location for eddies, and their relative propagation features concerning longitude and latitude are depicted in Figure 4. In the east–west direction, both CEs and AEs exhibit distinct westward propagation tendencies (78% of CEs and 80% of AEs). In the north–south direction, the majority of eddies move southward (47% of CEs and 39% of AEs). The maximum westward propagation distance for AEs is approximately 9.1°, and the southward propagation is about 5.5°. For CEs, the maximum westward propagation distance is around 10.6°, with a southward propagation of approximately 3.4°.




3.3. Changes in Eddies Characteristics over Different Stages


Figure 5 illustrates the variation curves of velocity, radius, and EKE of eddies over different life stages off Peruvian waters. The evolution trends of CEs, AEs, and all eddies off Peruvian waters are basically the same, with an overall increasing and then decreasing trend. The radius, velocity, and EKE of CEs (AEs) reached their maximum at 0.39 (0.41), 0.34 (0.34), and 0.18 (0.33), respectively. Throughout most of the time, CEs exhibited larger radius compared to AEs, while the velocity and EKE of CEs tended to be smaller than those of AEs.




3.4. Changes in D. gigas and Suitable Environments during Different Eddy Stages


Figure 6A illustrates the spatial distribution of D. gigas within the 2× radius range of CEs and AEs. Elevated CPUE values for D. gigas were predominantly observed in the peripheral regions of CEs, while both the interior and periphery of AEs exhibit high values. In terms of fishing effort, the fishing effort within CEs is relatively low and dispersed, whereas the fishing effort within AEs is comparatively higher and concentrated on the southeast side of the eddy center. Regarding the catch, regions with high squid catch volumes are concentrated in the periphery of eddies, reaching a maximum of 272.9 t. Notably, higher D. gigas catch volumes are also observed both interior and peripheral to the southeastern side of the AEs center, with a maximum of 550.55 t.



The variations in CPUE, fishing effort, and catch for D. gigas within the 2× radius of AEs and CEs are depicted in Figure 6B. It is evident that with increasing distance from the AEs center, D. gigas CPUE decreases. Conversely, with increasing distance from the CEs center, the D. gigas CPUE showed an initial increase followed by a decrease. The CPUE in the interior region of the AEs was noticeably higher than in the interior region of the CEs. Specifically, the average D. gigas CPUE in the interior region of the AEs was 3.74 t/d, while in the interior region of the CEs, it was 2.43 t/d. As the distance from the eddy center increases, the D. gigas catch and fishing effort within both types of eddies show the same trend, characterized by an initial increase followed by a decrease. Notably, values within the AEs are significantly higher than those within the CEs. Specifically, the D. gigas fishing effort and catch reach their maximum at a distance of 1.4 R from the AEs center, with values of 1373 d and 5.34 × 103 t, respectively. The D. gigas fishing effort reaches its maximum at a distance of 1.2 R from the CEs center, with a value of 743 d, while the catch reaches its maximum at a distance of 1.4 R from the CEs center, with a value of 2.91 × 103 t. The t-tests showed that the differences in CPUE, fishing effort, and catch between the interior and peripheral regions of the CEs and AEs were all significant (p < 0.05).



Based on the GAM model, the relationship between the abundance of D. gigas and the characteristic parameters of mesoscale eddies was analyzed (Figure 6C). Results from the model’s significance tests revealed that all variables exhibit highly significant correlations (p < 0.001). The radius of mesoscale eddies significantly impacted the CPUE of D. gigas. For AEs, CPUE demonstrated a positive correlation with radius, indicating an increase in D. gigas CPUE with larger radius. Conversely, within CEs, D. gigas CPUE initially increased and then decreased with increasing radius. The relationship between velocity and CPUE was consistent for both AEs and CEs, showing a pattern of decrease, followed by a slight increase, and then a decrease again as velocity increased. Additionally, a negative correlation existed between the distance from fishing position around the AEs and CEs center, indicating that D. gigas CPUE decreased as the distance from the eddy center increased.



Figure 7 shows the distribution of D. gigas CPUE within the 2× radius of eddies at different stages. The CPUE within the interior regions of AEs is consistently higher than that within CEs during all stages. In the formation, intensification, and dissipation stages, the CPUE in the peripheral regions of AEs is slightly higher than that in the peripheral regions of CEs. However, during the maturation stage, the CPUE in the peripheral regions of AEs is lower than that in the peripheral regions of CEs. As the eddies evolve, both types show an increasing and then decreasing trend in CPUE within both the interior and peripheral regions. The t-tests showed that the differences in CPUE between the interior and peripheral regions of the CE and AE over different stages were significant (p < 0.05).



The distribution of D. gigas fishing effort and catch within the 2× radius of eddies at different stages are shown in Figure 8 and Figure 9. Their trends are mainly characterized by an initial increase followed by a decrease, reaching their peak during the mature stage of eddy evolution. Except for the intensification stage, the D. gigas catch and fishing effort are higher in the interior and peripheral regions of the AE than in the same regions of the CE throughout the lifetime. Overall, both the catch and fishing effort of CE and AE show an increasing and then decreasing trend with an increasing distance from the eddy center. The t-tests showed that the differences in fishing effort and catch between the interior and peripheral regions of the CE and AE over different stages were significant (p < 0.05).



Figure 10 shows the fishing effort and catch within different intervals of environmental factors. Fishing effort and catch are predominantly concentrated within the SST range of 17–21 °C, with the optimal range being 17–18 °C. The T50m range where fishing effort and catch are most concentrated is also 17–18 °C, accounting for approximately 50% of their respective totals. The range of Chl-a in which fishing effort and catch are mainly concentrated is 0.1–0.3 mg/m3, with an optimal range of 0.1–0.2 mg/m3.



Figure 11 illustrates the variation in the occurrence frequency of different environmental factors within the 2× radius range of the eddies throughout their lifetime. The changes in the occurrence frequency of the most suitable environmental factors are primarily characterized by an initial increase followed by a decrease over the eddy’s lifetime, reaching the highest frequency during the mature stage. The range of most suitable environmental conditions within 0–R for both CEs and AEs are notably lower than that in the outer R–2R range. Except for the intensification stage, the most suitable environmental factors in the interior of AEs have consistently higher values than those in the interior of CEs across different stages.





4. Discussion


4.1. Evolution and Spatial and Temporal Distribution Characteristics of Eddies off Peruvian Waters


The genesis of eddies off Peruvian waters is notably intricate. The interaction between the ocean current system and the coastline, the presence of strong upwelling fronts, and the high spatiotemporal variability of coastal currents could all contribute to the formation of coastal eddies in this area [24]. Utilizing Argo float data, the three-dimensional structure of mesoscale eddies in the southeastern Pacific Ocean has been constructed, identifying that CE within the intrathermocline are influenced by equatorial coastal currents, while subthermocline AEs may result from the detachment of the PCUC [25]. The results of this study indicate variations in the monthly distribution of eddy numbers in the Peruvian waters, with the majority forming between September and December. In 2019, CEs outnumbered AEs, and most eddies exhibited a pronounced westward propagation. These findings differ somewhat from those of other studies, possibly due to different counting methods and the lack of eddy data screening [44,45]. There are also notable differences in the parameter characteristics of CEs and AEs: the average lifetime of eddies is 43.74 days, with CEs and AEs having average lifetimes of 42.38 days and 45.40 days, respectively, showing little difference in their duration. This aligns more closely with previous studies [24]. The average radius of AEs is smaller than that of CEs, but their average velocity is slightly higher. Velocity generally reflects the intensity of eddies, indicating that AEs are stronger and have a longer duration. The evolution of eddies is a complex nonlinear event, generally following a simple grow–equilibrate–decay pattern. Additionally, for the convenient comparison of the characteristics of eddies with different lifetimes, some researchers have proposed various normalization methods based on the evolutionary pattern of eddies [36,46]. The results of this study suggest that the evolution curve of eddies in the Peruvian waters generally conforms to the aforementioned grow–equilibrate–decay pattern but is asymmetric. This deviation from global results on oceanic eddies may be influenced by the regional marine environment [47]. In the evolution process in the Peruvian waters, the EKE consistently remains below 100 cm2/s2, lower than the EKE in other oceanic regions [24]. Overall, different types of eddies exhibit differences in variables such as radius, velocity, and EKE, which could potentially have varied impacts on the abundance and distribution of D. gigas.




4.2. Correlation Analysis of Eddies and D. gigas Distribution


CPUE refers to the average catch per unit of fishing effort in a specific fishing ground over a certain period. It is considered proportional to the abundance of fishery resources and is one of the most frequently used indicators of resource abundance [48,49]. However, it can sometimes be challenging to establish the proportional relationship between CPUE and resource abundance due to the influence of environmental effects, habitat area, and fisherman behavior, among others [50,51]. Some studies suggest that, under certain conditions, fishing effort may more accurately characterize fish abundance than CPUE [52,53]. Therefore, to reflect the relationship between D. gigas resources and eddies more precisely, this study employs three indicators: CPUE, fishing effort, and catch.



In April and May, there were fewer eddies in the offshore waters of Peru, and despite substantial fishing effort, the catch is relatively low. In contrast, from October to December, when the number of eddies increases, more fishing effort is exerted, resulting in a higher catch of D. gigas. It is evident that there is a certain relationship between the abundance of D. gigas and the number of eddies in the offshore waters of Peru. Furthermore, the results of this study indicate that D. gigas resource abundance is higher in AEs than in CEs in the offshore waters of Peru. Specifically, the resource abundance of D. gigas in the interior regions of AEs is higher than that in the interior regions of CEs, while there is no significant difference in the peripheral regions of the two types of eddies. CEs and AEs have different mechanisms of influence on the local marine environment, leading to distinct biological responses to these eddies. Previous studies have shown that high trophic level organisms such as northwest Atlantic bluefin tuna [12], southwest Atlantic loggerhead turtles [40], and north Atlantic blue sharks [54] are more likely to occur in AEs, while Northwest Atlantic yellowfin tuna [12], Northwest Pacific loggerhead turtles [55], and whale species in the Gulf of Mexico [56] are more likely to be found in CEs. Cephalopods may prefer the interior of AEs over CEs. For instance, during the unstable years of the northwest Pacific Kuroshio, the interior of AEs provides more suitable seawater temperatures and feeding conditions for D. gigas [41]. With increasing distance from the eddy center, the abundance of D. gigas shows different trends within the two types of eddies, similar to findings from a study of subtropical high trophic level fish species in the north Pacific [11].



Over the evolution of eddies, their kinetic energy and impacts on the marine environment should increase and then decrease. During the intensification stage of AEs, the fishing effort and catch of D. gigas are lower than that during their formation stage. However, the D. gigas CPUE during the intensification stage is higher than during the formation stage. Despite lower fishing effort and catch, the CPUE is higher. Therefore, we argue that the abundance of D. gigas in AEs is higher during the intensification stage compared with the formation stage. Comparing CPUE, fishing effort, and catch of D. gigas during different stages of the eddy’s lifetime reveals a consistent pattern of increasing and then decreasing D. gigas resource abundance within the influence range of the eddies. This pattern aligns with the changes in eddy characteristics.




4.3. Effects of Eddies on Seawater Temperature and Chlorophyll Concentration


Off Peruvian waters, in addition to affecting Chl-a vertically, eddies also transport nearshore waters rich in high Chl-a horizontally into the open ocean through their own westward propagation [57]. They also change the horizontal distribution and vertical structure of water temperature in the Peruvian waters by transporting water masses in their motion [15,25]. Therefore, the eddy contributes to drastic changes in temperature and Chl-a in its area of influence, which is also shown in this study. The optimal SST, Temp_50m, and Chl-a intervals for D. gigas in 2019 were 17–18 °C, 17–18 °C, and 0.1–0.2 mg/m3, respectively. The frequency of suitable environmental factors for D. gigas in the interior and peripheral regions during the evolution of the CEs and AEs first increased and then decreased, which is in line with the change in the abundance of D. gigas in their interior and peripheral regions. However, the frequency of suitable environmental factors for D. gigas in the interior and peripheral regions of the AEs was lower during the intensification stage. This is because only eddies with fishing position on the same day were selected in this study, and the number of AEs in this stage was relatively small. Comparing the frequency of suitable environmental factors in the interior and peripheral regions of the two types of eddies showed that there were more suitable SSTs and T50m in the AEs in the formation stage of the eddies than in the CEs, that the number of suitable SST and Chl-a in the mature stage of the AEs was more than that of CEs, and that the ranges of the three kinds of suitable environmental factors in the AEs were more than that of CEs in the aged stage. The higher abundance of D. gigas inside the AEs in the formation, mature, and aged stages than that in the CEs may be caused by the distribution of eddy-influenced environmental factors.





5. Conclusions


Our research indicates that with the evolution of eddies (formation–intensification–mature–aged), the abundance of D. gigas within its influence zone initially increases and then decreases, reaching its peak during the mature stage of the eddy. Additionally, it underscores that AEs exert a more pronounced influence on the abundance and distribution of D. gigas off Peruvian waters during the evolutionary process compared with CEs. We infer that eddy-induced changes in water temperature and productivity are likely the primary factors for this impact. This study substantiates the significant influence of mesoscale dynamic processes on the distribution of cephalopod habitats and abundance fluctuations, elucidating the response of D. gigas stocks to eddy evolution. This provides a novel perspective for cephalopod resource management and sustainable fishing.
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Figure 1. The spatial distribution of the number of eddies and the catch of D. gigas in 2019. 
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Figure 2. Month-to-month variation in the number of eddies, D. gigas catch, and fishing effort. 
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Figure 3. (a–c) Probability density distribution of the lifetime, radius, and velocity of cyclonic and anticyclonic eddies. (d–f) Ratio between the quantities of cyclonic and anticyclonic eddies. 
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Figure 4. Relative propagation trajectories of cyclonic and anticyclonic eddies (horizontal and vertical axes represent relative longitude and latitude, respectively; anticyclonic eddies on the left and cyclonic eddies on the right). 
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Figure 5. Evolutionary curves of eddy characteristic parameters. 
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Figure 6. (A) Spatial distribution of D. gigas CPUE, fishing effort, and catch within eddies. (B) D. gigas stock abundance versus distance from the center of the eddy. (C) The fitting curves of the relationship between D. gigas abundance and different variables. In (A), the black solid line indicates the outer edge of 1 radius of the eddy. In (C), the upper panel indicates the statistical results of the AEs, and the lower panel indicates the statistical results of the CEs. 
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Figure 7. Spatial distribution of CPUE of D. gigas during different stages of eddies and its relationship with the distance from the center of the eddy (the black solid line indicates the outer edge of 1 radius of the eddy). 
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Figure 8. Spatial distribution of fishing effort for D. gigas during different stages of eddies and its relationship with distance from the center of the eddy (the black solid line indicates the outer edge of 1 radius of the eddy). 
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Figure 9. Spatial distribution of D. gigas catch during different stages of eddies and its relationship with distance from the center of the eddy (the black solid line indicates the outer edge of 1 radius of the eddy). 
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Figure 10. Distribution of fishing effort and catch in relation to different environmental factors. 
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Figure 11. (A) Distribution of environmental factors within the interior regions of eddies during different stages. (B) Distribution of environmental factors within the peripheral regions of eddies during different stages. (Green shaded area represents the frequency of occurrences in the most suitable environmental factor range). 
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