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Abstract

:

Comprehending the spatial distribution of human fishing endeavors holds significant importance in the context of monitoring fishery resources and implementing spatial management measures. To gain insights into the spatial arrangement of tuna longline activities within the exclusive economic zones of Tonga and their correlation with the marine environment, this study utilizes data from the Tonga Tuna Longline Fisheries spanning from 2002 to 2018. The data are employed to extract information about the spatial distribution of fishing efforts and coupled with 15 marine environmental variables covering both sea surface and subsurface conditions. This study employs boosted regression trees (BRT) and general additive models (GAM) to establish the non-linear relationships between the distribution of fishing effort and marine environmental factors. Furthermore, it examines and analyzes the ecological niche occupied by tuna longline vessels in high-sea environments. The outcomes of the factor analysis indicate that the most important factors influencing the fishing efforts of tuna longliners are the dissolved oxygen content at the sea surface and latitude. These two factors contribute significantly, accounting for 19.06% and 18.62% of the fishing efforts of vessels, respectively, followed by distance to ports, longitude, and dissolved oxygen at 100 m depth, contributing 10.77%, 7.07%, and 6.30%, respectively. The sea surface chlorophyll, ocean current at 100 m depth, and mixed layer depth contributed the least, 3.63%, 2.13%, and 1.72, respectively. In terms of space and time, tuna longliners are more likely to operate in the 18–22° S latitudinal and 172–178° W longitudinal region, and fishing efforts increased in the months from March to August. The spatial distribution of the fishing efforts modeled for fishing vessels in 2018 is predicted to have good spatial distribution with the actual fishing efforts of these vessels. This research aids in comprehending the environmental impacts resulting from shifts in the spatial distribution of tuna longline vessels, offering valuable insights for the effective management of tuna longline fisheries in Tonga.






Keywords:


tuna longline vessels; GAM model; BRT models; habitats; environmental factors; spatial distribution




Key Contribution: The ecological niche of tuna can elucidate the spatial patterns and behavior exhibited in tuna fisheries; highlighting the critical role this relationship plays in the development of fisheries management strategies.










1. Introduction


Being a crucial economic asset among marine fishery resources, tuna (Thunnini) stands out as the most prized and commercially valuable fish globally [1,2,3]. Likewise, the Western and Central Pacific Ocean (WCPO) boasts the world’s largest tuna industry, with yearly catches surpassing 2 million metric tons (mt), constituting roughly half of the global tuna harvest [4]. Furthermore, at a worldwide level, the exclusive economic zones (EEZs) of the Pacific Island countries (PICs) contain the most significant tuna reserves, contributing approximately 65% to 75% of the total tuna catches in the WCPO [5,6]. Tonga’s primary commercial fishery revolves around tuna production, amounting to an estimated 2000 mt annually [7,8]. However, tuna populations have seen an average decrease of 60% over the past five decades [9,10]. In this setting, the sustainable management of tuna resources has emerged as a top priority on national, regional, and global scales [11,12,13].



Using satellite-based oceanographic data has been recognized as a potential tool that could enhance both tuna production and management results [14,15,16]. In terms of management results, the utilization of satellite-based oceanographic data can contribute to more effective fisheries management by providing real-time information on relevant environmental variables. Such information aids in the identification of optimal fishing grounds, helping fisheries managers implement sustainable practices [15,16]. Research indicates that the surface and subsurface layers of oceanic environments significantly affect the distribution and presence of tuna in the water column [17,18]. The physiological functions of tuna are directly impacted by the temperature of the sea surface [15,19]. The concentration of Chl-a has been identified as a factor influencing the spatial and temporal distribution of tuna in the WCPO and the East Pacific Ocean [19,20,21]. The catch rate of yellow and bigeye tuna in the Indian Ocean has been found to be influenced by bathymetry, typically resulting in higher catch per unit effort (CPUE) as the size of steep bathymetric zones increases [22]. Ocean near-surface advection and converging and diverging flows are connected to variations in sea surface height, where tuna use these variations as cues to locate regions where food is abundant [23]. Ocean currents impact the movement of phytoplankton and small pelagic fish, thereby influencing the distribution of higher trophic-level marine animals [24]. The distribution and presence of tuna in the ocean environment are also influenced by dissolved oxygen levels [25] and salinity [26,27].



Fishermen rely on their knowledge and the prevailing marine conditions to locate and catch fish. Fishing vessels adapt their position and fishing techniques in response to the changing spatial distribution of tuna resources [28,29]. It is crucial for ecosystem-based tuna fisheries management to encompass the monitoring of fishing activities of tuna vessels [30,31]. Therefore, in order to effectively and sustainably manage marine resources like tuna, ecosystem-based management must include an awareness of fishing activities, such as time at sea and fishing methods [32,33,34]. An understanding of the connection between the operations of tuna fishing vessels and the environment can yield more accurate fishery data for effective management of fishing intensity and fishery resources.



Research indicates that data gathered from fishing vessels, such as distance to ports, fishing locations, fishing gears and methods, CPUE, fishing duration, and time, to some extent, reflect the direct interplay between vessel fishing practices and socio-economic implications [35,36] and various environmental factors [37,38,39,40]. The studies mentioned above suggest that the allocation of fishing effort is shaped by the environment and can be elucidated and forecasted by utilizing species distribution models in conjunction with data pertaining to environmental conditions and fishing observations. Studies have indicated that various environmental factors, including temperature, sea surface height, salinity, chlorophyll levels, dissolved oxygen, mixed layer depth, and sea surface currents, impact the habitat of tuna in the Western–Central Pacific Ocean (WCPOC) and other places [41,42,43]. Water depths also play an important role in influencing the spatial and temporal distributions of tuna [44,45,46].



Nicolas et al. (2011) [47] utilized vessel monitoring system (VMS) data for a study aimed at quantifying the spatial patterns of Seschel tuna fishing in the Indian Ocean. They employed a Bayesian state-space model to categorize the movement and activities of vessels at sea into three distinct phases: sailing, tracking, and fishing. The study delved into a statistical analysis of the spatial trajectory distribution by examining the vessel’s duration at sea in each location. Zhang et al. [48] conducted a spatial examination of tuna vessels’ fishing activities in the Western and Central Pacific. They employed vessel trajectory data obtained from the automatic identification system (AIS) and utilized the duration of time vessels spent at sea as a measure of fishing effort, establishing correlations with data related to tuna production and time at sea in the Western and Central Pacific Ocean (WCPO). The results indicate a strong positive correlation (r > 0.8). Consequently, it is justifiable to characterize the duration vessels spend at sea for tuna fishing as a measure of fishing effort. Fishing effort, here, is defined as the measure of how much tuna is caught and changes in the spatial behavior of fishing vessels over a defined period of time. Hsu et al. (2021) [41] utilized longline vessel fishing effort data to construct a habitat index model, leading to a highly accurate prediction of the spatial and temporal distribution of skipjack fisheries in the WCPO, and the results demonstrated that fishing effort data are better than catch data in this context. This suggests that the model response to environmental factors, built using vessel fishing effort data, can effectively aid in comprehending the spatial dispersion of fishery resources and environmental influences.



Generalized additive models (GAMs) have been successfully used to describe the habitat preferences of target and non-target species and have often been used to predict species distributions [14,49,50,51]. GAMs enable the exploration of non-linear connections between response variables, such as the CPUE of tuna species, and various sets of predictors. This approach does not necessitate an explicit definition of the relationship form, thereby enriching our understanding of how environmental variables impact the distribution and abundance of populations [50,51,52]. These models are semi-parametric expansions of generalized linear models, assuming that the functions are additive and the components exhibit smoothness [53]. GAMs possess the capability to manage extremely non-linear and non-monotonic connections between response variables and explanatory factors, rendering them well-suited for representing the inherent relationships within ecological systems [54].



In Tonga (Figure 1), the primary fishing techniques used for tuna are predominantly longlining and pole fishing, with longlining being the dominant method [8]. Currently, when examining global tuna longline fishing, there is a scarcity of research on how human fishing activities make use of resources on the high seas, particularly in regional and national reports. The Western and Central Pacific regions are the primary source of tuna, yet the relationship between the distribution of tuna longline fishing and environmental factors has rarely been studied. In this study, we investigate the fishing effort data on tuna longline fishing in Tonga. Using GAMs, we build environmental impact models for vessel operation distribution and compare their accuracy. These models are then used to extract fishery-related information and make predictive fishing effort maps. Analyzing the environmental factors that influence the spatial arrangement of tuna longline fleets offers valuable support toward the aims of tuna fishery management in Tonga. These aims include the promotion, sustainability, ecosystem protection, and economic viability of the nation’s tuna resources [8].




2. Materials and Methods


2.1. Catch per Unit Effort Data


The fishing effort information in this paper uses the daily operating time data compiled by the Tonga tuna longline fishery and provided by the Tonga Ministry of Fisheries and the South Pacific Community Office in New Caledonia with a spatial grid accuracy of 1° from 2002 to 2018. The Tonga longline vessels mainly catch albacore (Thunnus alalunga), bigeye (Thunnus obesus), skipjack (Katsuwonus pelamis), and yellowfin (Thunnus albacares) [8]. The data include daily fishing positions (latitude and longitude), fishing effort (in number of hooks), fishing date (in days, months, and years), catch (in numbers and kilograms), and number of vessels per fishing day. In order to simplify calculations involving large numbers, the effort rate was computed as 100 hooks per fishing vessel per fishing day, and the catch, originally in kilograms, was transformed into tons. The catch effort rate was then calculated as


  C P U E =   C a t c h   E f f o r t    











Catch = total catch in weight of species (in metric tons, mt).



Effort = total number of hooks per fishing vessel per day (number of hooks, hks).



CPUE = catch per unit effort (mt/hks).



This provided a standardized measure of fishing efficiency and effort in capturing the target species [55,56]. Furthermore, the CPUE data were aggregated into monthly intervals to align with the temporal resolution of the environmental data. Tuna longline fishing effort and the number of fishing vessels operating in Tonga from 2002 to 2018 are shown in Figure 2.




2.2. Environmental Data


This research is based on the Bio–ORACLE version 2.0 dataset [57]. We utilized the R packages sdmpredictors and leaflet to obtain selected environmental parameters. The surface oceanic variables selected were sea surface temperature (SST), sea surface salinity (SSS), sea surface chlorophyll concentration (Chl-a), sea surface dissolved oxygen (DO), sea surface height (SSH), mixed layer depth (MLD), and sea surface current velocity (SSC). The subsurface variables were mean temperature (temp100), salinity (salt100), chlorophyll concentration (chl100), current velocity (cur100), and dissolved oxygen (DO100) at 100 m depth. The bathymetry data were obtained from the General Bathymetric Chart of the Oceans (GEBCO) website (https://www.gebco.net/ (accessed on 3 March 2019)}. The distance to port (DPT) was obtained by calculating the distance between two geographical locations (geo-location of catch and main landing port in Nuku’alofa (Capital of Tonga)) using the geosphere package in the R software version 3.12 [58].



DPT, depth, longitude, and latitude were selected as spatial indexes among the independent variables. Finally, a total of 14 environmental factors were taken into account as input variables for the model, and the symbolic representation and symbols of these input variables are detailed in Table 1.




2.3. Construction and Selection of Models


Firstly, we conducted a statistical selection using a variance inflation factor (VIF) approach with usdm package from R environment [59,60], selecting variables with correlation between 0.7 and −0.7 and VIF lower than 10 (VIF ≤ 10), which indicates that multi-collinearity is not seriously affecting the selected variables [59]. We then built an ensemble model to estimate longline fishing effort by utilizing chosen predictor variables, effort data, and two algorithms from the sdm R package version 1.0–67 [60,61]. The algorithms employed were as follows: generalized additive models (GAM, which is a non-parametric regression method) and boosted regression trees (BRT, used for managing model complexity and preventing overfitting in non-linear relationships) [61]. We constructed an initial set of models through 10 independent cross-validation iterations. In each iteration, 1000 pseudoabsences were randomly selected and distributed through different background areas within our study region. Each model run involved sub-sampling and bootstrapping replications, with each run allocating 25% of the data for model testing and evaluation purposes.




2.4. Model Selection


We calculated the true skill statistic (TSS) to minimize errors for each model algorithm and formed a weighted ensemble model by combining those with the best TSS values. True skill statistic is threshold dependent, and we used the sensitivity–specificity sum maximization approach, which selects the best thresholds for correct classification rates of model covariates [45]. Sensitivity and specificity describe the rate of true positive (TPR) and negative (TNR), respectively. For this study, we incorporated algorithms into our analysis with mean test TSS below 0.5. This choice was made because TSS has a wider range of variation (ranging from −1 to 1) compared to the AUC (which falls between 0 and 1). The sdm model function returns the AUC and explains deviance, among others, of all selected algorithms, which, to a large extent, verifies the accuracy of model training [59]. We chose a better model based on the AUC and explained deviance. This research utilizes the better model trained on data from 2002 to 2017 to predict fishing efforts in 2018, the accuracy of which directly reflects the model’s overall predictive performance. To generate response curves for individual predictor variables, we retrieved response data from each algorithm. We conducted a regression analysis using locally estimated scatterplot smoothing (LOESS) with a smoothing window of 0.5 and a first-degree polynomial. This approach involves fitting multiple lines using half of the complete dataset. After fitting a line, the first data point is excluded from the response data, and the next point is incorporated, repeating this process until all records have been included.





3. Results


3.1. Correlation Results


This study processes 15 variables in total to establish a regression model for the fishing effort of the vessels and calculate the score of the variance inflation factor. The correlation coefficients between the 15 independent variables were calculated, and the results are shown in Figure S1. There was a highly multi-collinearity problem among the 14 independent variables. The results show that temp100 and chl100, salt100 and chl100, DPT and DO are all highly correlated with correlation coefficients above 0.7. In order to mitigate the impact of multi-collinearity on the model, in alignment with a prior investigation conducted by researchers examining tuna habitat conditions and marine environmental factors [26,62], we deleted temp100 and chl100 and salt100 and chl100 as references and kept DPT and DO. Between DPT and DO, related studies [63,64] have shown that distance to ports and dissolved oxygen have an important influence on the distribution of longline tuna fishing grounds and tuna habitats, respectively. The final variables included are shown in the full GAM construction (Equation (1));


     C P U E ~ a + Y e a r   + M o n t h + s   l o n g i t u d e   + s   l a t i t u d e   + s   C h l - a   + s   S S T         + s   S S H   + s   D O   + s   D O 100   + s   c u r 100   + s   M L D         + s   S S S   + s   S S C   + s   D e p t h   + s   D P T   + e     



(1)




where a is a constant and e is the model error.




3.2. Spatial Distribution of Tuna Longliners


The monthly distributions of the spatial trajectory points of tuna longline vessels from 2002 to 2018 are shown in Figure 3. Based on the trajectory depicted, the area coverage by the vessels is from 171° to 179° W and from 14.5° to 25.5° S. The extent of the area occupied by vessels remained relatively constant throughout the months of the year. Starting in September, the concentrated area of vessels decreased and was mainly distributed near the central-northern area of the EEZ, with the lowest number of vessel locations in October and November. Starting in October, the area of vessels expanded in the central part of the EEZ and towards the north. The least concentrated area occupied by vessels is around 22°–25.5° S.




3.3. Model Training Results


This study considered the fishing effort of the tuna longline vessels as the dependent variable. After conducting a correlation analysis, nine environmental variables were obtained. DPT, depth, the spatial indices longitude and latitude, and the temporal indices month and year were also considered. A total of 15 independent variables were used for GAM modeling (Equation (1)). The training results are presented in Table S1. The average explained deviance of the training dataset is 48%, the average score of AUC is 0.57, the average training TPR score is 0.47, the TNR score is 0.72, and the overall training accuracy rate is 0.52. In this research, we used an identical dataset to train the BRT model, and the corresponding parameters are displayed in Table S2. The average explained deviance of the training dataset is 39%, the average score of AUC is 0.58, the average training TPR score is 0.45, the TNR score is 0.67, the TSS score is 0.12, and the overall training accuracy rate is 0.55




3.4. Prediction Accuracy of the Models


Figure 4 is a superimposed spatial map of the fishing effort predicted by the model in 2018 and the actual fishing effort spatial locations of fishing vessels in 2018. The image shows that each month has a good spatial distribution contrast indicated by actual fishing efforts that fall within the predictive threshold grid buffer (TSS ≥ 0.40). Based on the results of the two models (Tables S1 and S2), the BRT model was employed to evaluate the potential effects of the environmental factors on tuna longline fisheries. Our prediction results show an average AUC of 0.62, and the accuracy rate reaches 0.72. According to the space map from January to December, the areas with the largest amount of fishing effort predicted by vessels are concentrated at 173.5° W to 178° W and 18° S to 23.5° S. This is the area vessels focus their actual fishing efforts. The images from May to July show a second area, 16° S to 18° S, with a significant fishing effort being developed by the vessels, but it disappeared again in August. Beginning in March, the dense fishing effort zone grew more intense without expansion until August, and the fishing effort intensity decreased from September to December. The predictions show that July has the most fishing effort, while the months of November and December have the least. According to the forecasted fishing effort, there is no obvious trend except for the increase in fishing effort concentration from March to August and the decrease from September to December.




3.5. Contribution Rate of Environmental Factors


The average contribution rate of the selected variable value to the fishing effort of the vessel is shown in Figure 5. It can be seen from the bar chart as a whole that DO and latitude are the most important factors affecting the fishing effort of tuna longliners, and their contribution rates to the fishing effort of vessels are 19.06% and 18.62%, respectively. Second, DPT, longitude, DO100, and SSC have an effect on fishing effort of 10.77%, 7.07%, 6.30%, and 6.19%, respectively. SST, year, and month also have a certain influence, and their contribution rates are approximately 4%. The contribution rates of SSS, SSH, depth, and Chl-a are relatively small, approximately 3%. Cur100 and MLD show the lowest contribution rates of 2.13% and 1.72%, respectively.



Figure 6 illustrates the connection between crucial environmental factors and predictive factors spanning the years 2002 to 2018. The figure reflects the range of environmental factors corresponding to the most likely fishing effort and the specific contribution rate of environmental factors. DO and latitude are the most important variables and are mostly concentrated at 6.4–6.88 mgL−1 and 18–22° S, respectively, with little fluctuation in their curves. The curves with the most fluctuations are year, month, SST, SSS, MLD, and SSC. For variable years, the minimum CPUE occurred in 2003, with a subsequent rise to its peak in 2016. During the months of the year, the CPUE is greater in winter (May–September) compared to summer months (October–March). In colder waters, specifically those with temperatures below 23.5 °C, a high CPUE was observed in relation to temperature. The highest fishing activity occurred in water, with a salinity range of 34.5 to 35.5 PSU. The MLD exhibits a gradual upward trend, commencing at 25 m and reaching its peak at 125 m. There was no significant fluctuation in water current concerning the fishing effort of vessels. Curves with the least fluctuations are cur100, Chl-a, and depth, which correspond to their small contributions in relative variable importance. Longitude was also among the first four important environmental variables, and the fishing effort of vessels is more concentrated in the 172–178° W region, and the contribution rate of longitude is relatively large.





4. Discussion


4.1. Environmental Factors and Vessel Data


Previous studies [65,66] have primarily focused on surface environmental factors in the context of longline tuna fishing. However, studies have indicated that bonito, yellowfin, and bigeye tuna are predominantly found and caught in the water column at depths ranging from 50 to 100 m below the surface [43,52]. Longline tuna fishing is predominantly conducted within the EEZ of a particular region, and the distance between the fishing vessel and the coastline can influence the available fishing opportunities. This study employs a set of 15 variables encompassing dynamic factors related to the ocean environment, spatial parameters, and static attributes like proximity to land, and it uses BRT and GAM models to elucidate how these various factors affect the geographical patterns of fishing operations.



Studies pertaining to tuna environmental habitats have been carried out in the past [24,25,26,27,28]. These investigations primarily used compiled fishery logbook data, integrating them with environmental parameters, to characterize the habitat of tuna. Therefore, compared with previous work, this study is consistent in using extracted fishing effort data of longline vessels as a predictor variable of the BRT and GAM models as a true and effective response to the behavior of the vessels. Hence, in contrast to earlier studies, this research maintains consistency by employing extracted fishing effort data from longline vessels as predictor variables in both the BRT and GAM models, as these accurately and effectively capture vessel behavior. The primary objective of a tuna longline vessel at sea is fishing, and with each period of time it remains on the water, it incurs a corresponding or additional cost. Hence, the examination of vessel fishing practices concerning fish habitats is crucial for the overall sustainability and vitality of the entire fishery.




4.2. The Model’s Goodness-of-Fit


In studies concerning the forecasting of marine environmental factors and the distribution of fishery resources, most researchers commonly employ models like the habitat suitability index (HSI) and support vector machine (SVM). However, the reliance on these models often results in overfitting, consequently diminishing the predictive accuracy of the model. Boosted regression trees (BRTs) represent a self-learning approach within ensemble learning based on the classification and regression tree algorithm, and they serve to mitigate the risk of overfitting in the model [61]. The boosted regression tree model was employed to examine the relationship between vessel fishing activities and environmental variables and to identify how vessel fishing behavior is influenced by environmental conditions based on environmental factors and fishing efforts [67]. As the number of training decision trees grows progressively, the boosted regression tree model’s fit to the training data improves. However, if the number of decision trees surpasses a specific threshold, it can lead to overfitting, causing a reduction in the model’s predictive accuracy. The GAM algorithm was employed due to its ability to capture complex and non-linear relationships within the fishery and environmental data [56]. Studies have shown that fishing effort is often influenced by factors such as environmental conditions, vessel characteristics, and temporal trends [50,52]. Furthermore, the flexibility of GAM allows it to accommodate these complexities and provide a more accurate representation of how environmental factors contribute to changes in fishing effort [53,54]. Our ensemble results exhibited and supported the corresponding nature of our environmental and fishery data, as shown in Figure 4 and Figure 6.



The results of all model training parameters confirm the accuracy of the model training. Through a comparison of the prediction parameters obtained from the GAM model (Table S1) and the BRT model (Table S2), a more suitable choice was made by opting for the BRT model for prediction. The BRT model forecasts the fishing effort of vessels in 2018, demonstrating greater alignment with the actual fishing effort observed in the spatial distribution region of that year. The model’s binary classification prediction accuracy reaches 55%, and both the training and prediction results have been verified.




4.3. Influence of Environmental Factors on Vessel Operations


The habitat of tuna is closely related to its oceanic environment [24,25,26,27,28,43,52]. Huang et al. (2020) [68] used latitude, longitude, mixed layer depth, month, and sea surface temperature and employed a second-order boosted regression tree model to construct a habitat model for free-swimming schools of bigeye tuna in the East Pacific, aiming to investigate its temporal and spatial distribution characteristics. Their findings indicated that latitude, longitude, mixed layer depth, month, and sea surface temperature are the primary factors influencing the success rate of bigeye tuna. The study by Nataniel et al. (2021) [69] showed that the capture potential of accumulating tuna biomass is linked to variables such as sea temperature, productivity, sea level height, and geostrophic flow, in addition to temporal and spatial factors. These findings align with several of the environmental variables considered in this article.



The shift in marine environmental conditions causes alterations in the distribution of fishery resources, therefore affecting how vessels track fish stocks. Consequently, modifications in vessel operating areas provide insights into alterations in the spatial distribution of fishery resources. The results in this paper show that DO and latitude are the most important factors affecting the fishing effort of tuna purse seiners. Second, DPT, longitude, DO100, SSC, and SST have the greatest impact on tuna longline fishing operations. The importance of DO, latitude, DPT, longitude, DO100, SSC, and SST totaled 72.80%, and seven variables contributed over 70% of the impact. These important results indicate that dissolved oxygen level in water, spatial factors, and the distance from the vessel to land are the key environmental variables that affect the operation of tuna longliners in the EEZ of Tonga.



The most substantial variable, accounting for 25.36% of the impact, was the oxygen content at both the sea surface and 100 m depth, which is particularly significant due to tuna’s demand for dissolved oxygen. Mallya (2007) reported a higher feeding rate of fish at higher oxygen saturation levels (between 80 and 120%) than at low oxygen saturation [70]. Wexler et al. (2011) [26] reported dissolved oxygen for survival, development, and growth of yellowfin tuna eggs and yolk-sac and first-feeding larvae more than 2.2 mgL−1. Song and Zhou (2010) [71] reported water with dissolved oxygen less than 0.85 mgL−1 had significant impacts on the spatial distribution of bigeye tuna. This study showed a dissolved oxygen level range between 6.4 and 6.88 mgL−1, a notably substantial range when compared to the above studies, predictably holding the highest contribution rate among the variables in this research. Areas with lower dissolved oxygen concentrations may be less favorable for tuna, as they are often associated with reduced primary productivity and the availability of prey [26]. Changes in oxygen concentrations can affect the vertical and horizontal distribution of zooplankton and small fish, impacting the foraging behavior of tuna [68]. Different tuna species have varying tolerance levels for oxygen concentrations at different depths. Ocean deoxygenation, a consequence of climate change, has the potential to alter the distribution of tuna habitats [26,68].



Latitude and longitude have a high contribution rate, 18.61% and 7.07%, respectively, indicating that tuna longline operations are also spatially selective, and fishing vessels tend to operate in certain areas. Zhang et al. (2021) [52] discovered a concentrated clustering pattern in the fishing activities of tuna purse seiners within the WCPO. This clustering of fishing vessels in specific locations was associated with the target of their fishing activities. Yang et al. (2014) [72] observed a pronounced aggregation and distribution of bonito resources in the WCPO, along with a robust local spatial autocorrelation. This research shows that tuna longline fisheries operate mainly in latitude 18–22° S and longitude 172–178° W of the EEZ of Tonga. Latitude and longitude variation data allow fisheries managers to analyze the spatial distribution of tuna populations as different species of tuna have preferred temperature ranges, and their distribution is often correlated with specific oceanic conditions [63]. Understanding the geographical locations where tuna are most abundant helps in delineating fishing zones and optimizing fishing efforts [70]. By tracking latitude and longitude coordinates over time, fishery managers can gain insights into the seasonal movements of tuna stocks [70,73]. This information is critical for establishing appropriate time and area-based management measures.



The distance of longline vessels to land significantly influences the selection of fishing operations. Our partial dependence distribution map (Figure 6) shows that most fishing vessels operate 100–700 km from the main port in Nuku’alofa, indicating that longline vessels mostly operate within the EEZ of Tonga. Furthermore, considering vessel sizes in the small island nation, which range from 17.5 to 39.9 m [8], they tend to fish relatively close to ports, as the fishing distance is closely aligned with the vessel’s fuel capacity. Understanding the distance to the port is integral to effective tuna fishery management [71]. It influences operational efficiency, resource allocation, monitoring vessels’ time at sea and safety, and infrastructure development [62]. Incorporating this information into management strategies helps ensure the long-term sustainability and success of tuna fisheries [62,72].



Sea surface current and sea surface temperature also have a certain degree of influence on tuna longline fishing operations, while salinity, sea surface height, and bottom depth have little effect, and sea surface chlorophyll, water current at 100 m, and mixed layer depth have almost no effect on tuna longline fishing operations. Our results show tuna longline fishing appears more in areas where the sea surface temperature is between 22.5 and 30 °C; Tang et al. (2014) [74] showed a sea surface temperature range of 29–31 °C. Tuna are highly sensitive to water temperature, as it directly affects their metabolic rates, reproduction, and distribution [73]. Tuna, being warm-blooded, thrive in warmer waters, and their distribution is often correlated with temperature gradients [54]. Changes in ocean temperatures, influenced by phenomena like El Niño and La Niña, can result in shifts in tuna distribution patterns [43]. Warmer waters may lead to the expansion of certain tuna species into new areas, while colder temperatures can contract their range. Tuna management plans must be adaptive to these temperature fluctuations to anticipate shifts in migration and abundance [43,54,75].





5. Conclusions


This study integrated fishing effort data of tuna fisheries in Tonga with satellite-derived environmental data from 2002 to 2018 to analyze the behavior of tuna longline fishing effort using the BRT model and GAM model to construct the non-linear relationship between the spatial distribution of fishing effort and marine environmental factors. The partial effect plots of our BRT confirmed the non-linear relationships between the variables analyzed and tuna longline fishing operations. Among the 15 variables considered, DO, latitude, and DPT exhibited the highest contribution rate, followed by longitude and DO100. Our model prediction shows that a large amount of fishing effort is concentrated in 173.5° W to 178° W and 18° S to 23.5° S, which has a good spatial distribution contrast against the actual fishing efforts of tuna longline vessel operations. Overall, alterations in the marine environment exert a more significant influence on the distribution of tuna species, hence the spatial patterns of fishing vessel activities. Tuna longline fishing is aimed at locating fish stocks. The repercussions of these environmental factors on the operations of tuna longline fishing vessels can also shed light on their effects on the resources of the tuna longline fishery.
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Figure 1. Map of the study area highlighting the EEZ, longitude 14.5° S–20.22° S, longitude 171.31° W–179.10° W, of Tonga, situated in the South Pacific region. 
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Figure 2. The relationship of the fishing effort of vessels in relation to the number of fishing vessels during the years 2002–2018. 
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Figure 3. An image showing the spatial distribution of the mean fishing effort of tuna longline vessels within the EEZ, longitude 14.5° S–20.22° S, longitude 171.31° W–179.10° W, of Tonga. Circles with thicker borders are due to the multiple years, 2002–2018, of data being plotted on top of each other. 
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Figure 4. The predictive probability map of the fishing effort overlaid over single actual fishing effort (red solid circles) spatial locations of fishing vessels in the year 2018. Also shown is the buffer (in light green shaded area) of the predictive threshold greater than 0.40 to illustrate the good spatial distribution contrast between predicted fishing effort and the actual fishing effort. 
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Figure 5. The average contribution rate in percentage of variables to fishing efforts of vessels in the EEZ, longitude 14.5° S–20.22° S, longitude 171.31° W–179.10° W, of Tonga in the years 2002–2018. 
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Figure 6. Partial dependence plots showing the relationship between the environmental 