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Abstract

:

During the last 50 years, the increase in the efforts of the longline fleet in the Eastern Pacific Ocean (EPO) resulted in an increase in the capture of the swordfish Xiphias gladius. We analyzed a historical database of swordfish catches (1980–2020) reported by the industrial longline fleet to the Inter-American Tuna Tropical Commission (IATTC), which contains catch and effort data aggregated in monthly quadrants of 5° × 5° in the EPO. The swordfish catch reported by the international longline fleets was analyzed to evaluate the spatiotemporal variation of the catch and the different phases through which this important fishery has gone through. Different statistical models such as the Generalized Additive Mixed Model (GAMM) and the breaks for additive season and trend BFAST algorithm were used for the decomposition of the time series. Results indicated that the effort directed towards the swordfish increased in recent years and that the highest catches occurred by Peru. The adjusted GAMM explained 80% of the total temporal variation of the swordfish catch per unit effort CPUE and had a 90% prediction efficiency. The BFAST algorithm found three break points in the time series of the standardized CPUE, points associated with abrupt changes, thus defining four distinct periods, all of them statistically significant. According to the BFAST model, the current trend of swordfish CPUE is upward. It is recommended to take this finding with caution to obtain the sustainable exploitation of the swordfish fishery resource.
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1. Introduction


The swordfish Xiphias gladius Linnaeus, 1758 is a perciform (teleost) bony fish comprised as a sole member of the family Xiphiidae [1], which is characterized for its extremely elongated upper jaw beyond the lower one, allowing it to form a long bill (rostra) from which its name is derived [2]. The swordfish is a highly migratory species distributed worldwide in all tropical, subtropical, and temperate seas; its habitat in the Pacific Ocean extends from 50° N to 50° S [3]. The swordfish inhabits waters from the surface to depths above 1000 m [4], so it is considered an oceanic species, both epipelagic and mesopelagic, although occasionally it can be found in coastal waters [5,6,7]. The species exhibits a high thermal dependency. This characteristic is inversely proportional to the biomass of individuals; smaller sizes have more restricted range of thermal tolerance [8]. Therefore, small individuals tend to navigate in shallow, warmer waters at latitudes closer to the equator, while most larger individuals are more widely distributed and more likely to perform horizontal [8] and vertical [9] migrations; in daylight hours are found mostly below the thermocline (300–1000 m), and night hours are spent above it.



Different studies concluded that the main diet of swordfish (X. gladius) was composed mainly of teleost fish in quantities of 60–70% of the biomass of their diet, while the rest was composed mainly of cephalopods [10,11,12]. However, recent studies mention that this organism feeds mainly on cephalopods, and its main diet in the Eastern Pacific is composed mostly by the giant squid Dosidicus gigas (d’Orbigny [in 1834–1847], 1835) [13]. The swordfish can feed in deep or shallow waters during diel migrations. According to reference [14] the migratory behavior of swordfish can be associated with the migration of other mesopelagic species on which this organism feeds. Reference [14] found that swordfish dove more than 500 m just before sunrise and emerge at dusk (they registered a dive of 1100 m) and that swordfish can feed both in deep and shallow waters.



Swordfish is a species of commercial importance, and its fishery is carried out worldwide, which began thousands of years ago in coastal communities in many countries. However, its commercial exploitation was well documented in the early twentieth century, after the rapid increase in the fishing effort of commercial pelagic longlines, although it was not until the 1980s that the fishery became globalized [8]. In Mexico, billfish fishing began in the 1960s, when mainly yellowfin tuna Thunnus albacares (Bonnaterre, 1788) and bigeye tuna T. obesus (Lowe, 1839) were caught, but catches also included billfish species. It was the Japanese longline fleet that began to target X. gladius in the waters of the Gulf of Tehuantepec (Mexican Pacific) [15]. The two main types of gear used in the North Pacific to fish swordfish are pelagic longlines and driftnets; in the Mexican Pacific, most swordfish are caught as bycatch in the shark and tuna fishery that uses a pelagic longline, where the blue shark Prionace glauca (Linnaeus, 1758) is the main species, accounting for >60% of the total catch, with swordfish accounting for ~20% of the landings [16]. Most of the swordfish landed in the Mexican Pacific is exported to the United States market [17]; it is important to mention that in 1989 the United Nations prohibited the use of long driftnets, mainly because they are not very selective, making landings difficult to manage by species at a sustainable level. This generates a high demand for knowledge about the selectivity of this type of fishing gear because its bycatch includes species that are important for Mexican recreational fishing, such as marlins (Istiophoridae) and dolphinfish (Coryphaenidae) [18].



The main countries that catch swordfish in the Eastern Pacific Ocean (EPO) are Japan, Taiwan, and South Korea, with 85% of the total fishing effort of the longline fishery; other countries that catch swordfish to a lesser extent are China, Spain, Mexico, Belize, French Polynesia, the United States, and Vanuatu, accumulating the remaining 15% of the effort. Mexico has only approximately 0.15% of the total fishing effort of the commercial swordfish longline fishery [19]. At present, there is little research aimed at catches of this species in the Pacific Ocean, but research in the Atlantic mentions that the history of the X. gladius fishery shows different phases of intensity. The phases of low, high, and moderate intensity mainly occurred until the 1990s. From these years, the fishery experienced a period of maximum exploitation and even overexploitation in some of the Atlantic swordfish stocks [8]. Therefore, this contribution aims to evaluate the spatiotemporal variation of the catch of swordfish reported by the international longline fleet operating in the Eastern Pacific Ocean, as well as assess the different phases through which this important fishery has passed.




2. Materials and Methods


2.1. Study Area


The study area is the Eastern Pacific Ocean, between the latitudes of 45° S to 45° N and longitudes of 150° W to 90° W. This area has several oceanographic characteristics of great importance. In the Southern Hemisphere, the main current is the Humboldt Current (also known as Peru Current). This current is considered one of the most productive ecosystems found on our planet. It is located on the coasts of South America, flows to the north from the south of Chile, and reaches Ecuador and the Galapagos Islands; when it reaches the equator, the Humboldt Current becomes the Southern Equatorial Current. This area is also influenced by the Equatorial Cold-Water Tongue, which flows from the Galapagos Islands, in Ecuador, to the International Date Line [20].



On the other hand, in the Northern Hemisphere the California Current transports masses of cold water from the Arctic to the equatorial region. This is an area of strong thermal fronts because the California current presents great affluence of nutrients and has branches on both sides that tend to present warmer waters and low productivity: to the southeast of the California Current there is the warm-water pool of the Eastern Pacific, while to the northwest the Subtropical Gyre of the Pacific is presented [20].




2.2. Fisheries Database


The data were obtained from the historical database of the swordfish catch reported by the longline fleet to the Inter-American Tropical Tuna Commission (IATTC), from January 1980 to December 2020. The database is of public domain and can be accessed at https://www.iattc.org/en-US/Data/Public-domain (accessed on 10 January 2024). The database includes, for the complete period, the total swordfish catch (in tons), the number of hooks that were deployed, the country to which the vessels belong, the month and year of the catches, and the geographical coordinates aggregated in quadrants of 5° × 5°. The data were collected from different sources, including vessel logbooks, on-board observer data, unloading data from canners and other processors, export and import records, and IATTC species size and composition sampling program. It is important to clarify that the data were collected from the different sources by the IATTC personnel, not by the authors of the present study.




2.3. Environmental Database


Oceanic Niño Index (ONI) and Pacific Decadal Oscillation (PDO) data were obtained from the National Oceanographic and Atmospheric Administration NOAA website. The ONI is the mean in sea surface temperature (SST) anomalies in the 3.4 region of El Niño (5° S–5° N, 120° W–170° W), based on 30-year base periods and updated every 5 years. In El Niño conditions, the ONI must be equal to or greater than 0.5 °C, while, in La Niña conditions, it must be equal to or less than −0.5 °C, the neutral condition threshold is ±0.5. These data were obtained from the Climate Prediction Center of NOAA (https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php, accessed on 10 January 2024). PDO has been described by several authors as a pattern of climate variability that occurs in the Pacific Ocean, very similar to the “El Niño” phenomenon but with periods of 15 to 25 years, or 50 to 70 years [21,22,23]. The PDO is the first Empirical Orthogonal Function (EOF) of the SST in the Northern Pacific Ocean (>20° N). The PDO has two phases, one warm and one cold. During the warm phase, there are positive SST anomalies in the Western Pacific area, while in the cold phase, the anomalies are negative in this area [23]. Data for the PDO can be accessed at https://www.ncei.noaa.gov/access/monitoring/pdo/ (accessed on 10 January 2024).




2.4. Quantitative Analysis


The database contained a total of 80,409 monthly 5° × 5° quadrants. The catch per unit effort (CPUE) of swordfish fisheries was calculated using the following equation:


    C P U E   i   =     S W O   i       N H o o k s   i     × 1000  



(1)




where CPUEi is the catch per unit effort in swordfish tons per 1000 fishing hooks, SWOi is the number of tons of swordfish caught, and NHooksi is the number of hooks, for each of the i-th (i = 1, 2, 3… 80,409) monthly quadrant.



Monthly maps were made to assess seasonal variations in the spatial distribution of swordfish catches.



A monthly time series of nominal swordfish CPUE was built from January 1980 to December 2020 by summing the total catches for each month of each year, which resulted in a time series of length is 480 months. In this time series, 80% of the data randomly chosen were used for the “training” of the statistical model, while the remaining 20% were used for the “validation” process of the model.




2.5. CPUE Standardization


Statistical regression models are a common tool for the standardization of CPUE data because they can be used to remove factors other than changes in the stock biomass, such as environmental or operational factors. To account for the potential temporal changes in fishing practices and in changes in the oceanic climate, the swordfish CPUE time series was modeled as a function of the month, year, El Niño Ocean Index (ONI) and the Pacific Decadal Oscillation (PDO) using GAMM, an additive statistical model. In additive models, the assumptions of normality of the residuals, homogeneity of variances and independence of values must be fulfilled to obtain estimates of reliable parameters and associated p values. Once the basic assumptions are fulfilled, a CPUE standardized index is obtained using the predictions of the final model.



First, we use a random-splitting approach, and created two databases, the “train” database, which included 80% of the full database, and the “validation” database, which included the remaining 20%. We used the “sample” function of the R base stats package (Version 4.0.2) to randomly split the database. A Generalized Additive Model (GAM) was constructed using a Gamma distribution, using the “train” database. The Gamma distribution was chosen because it has proven to be efficient when modeling continuous variables and with some overdispersion [19]. Standard techniques were used to assure the assumptions of normality (normalized residual analysis and quantile–quantile Q–Q plot) and heteroscedasticity (normalized residuals versus fits scatter plots). We used the “gam.check” function of the mgcv R package (Version 1.8-36) to create the validation plots. Then, the autocorrelation of the normalized residuals was evaluated, to detect potential violations of the independence assumptions [24]; we computed the autocorrelation function of the normalized residuals with the “acf” function of R stats package (Version 4.0.2). Because a clear violation of the independence assumption was detected (Supplementary Figure S1), we decided to use a Generalized Additive Mixed Model (GAMM). The GAMM can incorporate a residual correlation structure that accounts for the dependence of residuals at different time points [24], thus minimizing the problems associated to the violation of the independence assumption. Following [24], the GAMM’s normalized residuals were modeled using an autoregression moving average (ARMA) structure. The ARMA has two parameters: the autoregression parameter (p) and the moving average window parameter (q). Different combinations of p, q were used to estimate the best combination of parameters; values of p, q > 3 can generate a convergence error in the algorithm [24], so values <3 were used. The best model was chosen based on Akaike’s information criterion (AIC), where the model that obtained the lowest value of the AIC was considered the best model [25]. Once the best random structure was chosen, a forward stepwise modeling approach was applied to assess the relative importance of each variable. The “gamm” and the “concurvity” functions of the mgcv package (Version 1.8-36) in the R environment were used to fit the GAMM and to rule out a possible multicollinearity between variables, respectively. The “validation” database was used to assess the predictive capability and rule out the potential overfit of the final GAMM, using the residual mean squared error (RMSE) and Pearson’s correlation coefficient (r) between the observed values and the model prediction. This approach has been successfully used for blue marlin Makaira nigricans Lacepède, 1802 bycatch by the pelagic longline fleet [19]. Once the modeling process was complete, we computed a standardized CPUE index using the “predict.gam” function of the mgcv package (Version 1.8-36); such function computes the predicted values using the parameters of the model, given a database that includes both temporal (month, year) and environmental (ONI, PDO) covariates.




2.6. BFAST Algorithm


To detect and characterize abrupt changes within the time series of the standardized swordfish CPUE for the period from 1980 to 2020 the BFAST algorithm (Version 1.6.1) [26] was applied. The algorithm detects statistically significant changes in time series combining change detection with the additive decomposition of the time series. The BFAST algorithm can be used to decompose a time series of environmental data into trends and seasonal components; it can also be applied to other seasonal or non-seasonal time series disciplines, such as hydrology, climatology, econometrics, and fisheries. Once the abrupt changes in the standardized CPUE time series were found, a linear regression analysis was performed for each of the “periods” found; we tested the hypothesis that parameter b (slope) of the regression model applied to the time series was statistically non-zero. The rejection of this hypothesis implies that there is a trend within the analyzed period. In contrast, the failure to reject the hypothesis implies that the standardized CPUEs remained stable during that period. If the hypothesis is not rejected, parameter a of the linear regression model was used as an estimate of the average standardized CPUEs within the period. Regression analyses were performed using the lm function of the stats library of the R environment (R Core Team Version 4.1.1).





3. Results


3.1. Spatial–Temporal Variation in Fishing Effort


The spatial–temporal variation of the swordfish fishing effort indicates that the greatest amount of effort of the pelagic longline fishery is mainly carried out in the area near the Humboldt Current, off the Chilean coast. There is a greater amount of directed effort from October to April, and most cells with >20 × 106 deployed hooks were observed between 0° and 20° S and west of 100° W (Figure 1). Figure 2 presents a Hovmöller diagram of the temporal variation of the effort of the pelagic longline fishery reported by the longline fleet from 1980 to 2020. Fishing effort increased during 1985–1995 (~2 × 107), with higher fishing efforts from November to January. Effort decreased from 1995 to 2001 and increased (~3 × 107) again during 2002–2003. Another decrease occurred during 2005–2010, and a general increase in fishing effort was observed after 2010, although the seasonal pattern of variation of fishing effort became less clear at the end of the study period.




3.2. Space-Time Variation of Capture per Unit Effort (CPUE)


The time series of CPUE (Figure 3) for Xiphias gladius indicates an increase from the 1990s, reaching a peak in 2002, with the CPUE at May of 40 t/1000 hooks. Figure 4 shows the spatial distribution of the CPUE of X. gladius, where we can see that the largest CPUE of this species occurred in the area off the coast of Peru, mainly between 20° and 40° S and 80° and 120° W. The largest nominal CPUE was presented in the Southern Hemisphere, being the month of November the one that obtained the highest nominal CPUE with more than 20 tons per 1000 hooks. It should be noted that in the Northern Hemisphere there is a very low nominal CPUE with ranges of 0.1 to 5 tons per 1000 hooks.




3.3. GAMM


The adjusted GAMM explained 80% of the total temporal variation of the swordfish CPUE. No obvious violation of the assumptions of normality and heteroscedasticity was observed (Supplementary Figure S1). The best model included the month, the year, the ONI and the PDO, because it was the model with the lowest Akaike index obtained (Table 1). In each step, the value of the concurvity was low (<0.36), suggesting no multicollinearity problem. In turn, the GAMM validation process suggested that the model has a prediction capacity of 90% (95% CI [0.85–0.93]) and an RMSE of 1.94 t/1000 hooks.



The figures of partial effect showed that the highest values of the average CPUE (~0.15 t/1000 hooks) are presented at the beginning and end of the year, presenting its lowest values (0.11 t/1000 hooks) from June to August (Figure 5A). The highest average CPUE values were observed during 2013 (~15 t/1000 hooks), with an abrupt drop after this year (~6 t/1000 hooks) (Figure 5B). Similarly, the ONI and PDO phenomena have a positive relationship with the CPUE, and mean CPUE values of ~1.5 t/1000 hooks were observed at ONI and PDO values > 1 (Figure 5C,D).



Standardized CPUE values very close to 0 were presented during the period 1980–1996. From this period, the standardized CPUE increased, presenting the highest peaks of intensity in the years 2003 and 2011, where a CPUE close to 20 t/1000 hooks was recorded. In turn, in the period from 2004 to 2005, the nominal CPUE ranged between 5 and 15 T/1000 hooks per month. It was also observed that the temporal behavior of the nominal CPUE was reflected in the final model, presenting higher nominal CPUE values at the beginning and end of each year (Figure 6).




3.4. BFAST Algorithm


The BFAST algorithm found three breakpoints and four periods in the time series of the standardized CPUE, points associated with abrupt changes, thus defining four distinct periods. All of the four periods were statistically significant. In the first two periods (1980–2001 and 2001–2008) trends were observed with a monthly increase of 0.002 t/1000 hooks and a decrease −0.12 t/1000 hooks, respectively, while in the third period (2007–2013) a monthly increase of 0.03 t/1000 hooks is reported. The most important change was observed for the last period (2014–2020), with an increase in CPUE of ~0.21 t/1000 hooks per month (Table 2 and Figure 7).



Once the different periods of the CPUE time series were defined with the BFAST algorithm, we fitted a new GAMM with the same structure as the model fitted to standardize the swordfish CPUE. In the new GAMM (“nested GAMM”, hereafter), we included a new factorial variable named “period”, which was included as a nested variable in the month, ONI and PDO variables, using the “by” argument of the “gamm” function. This allowed us to assess the potential nested effect of each covariate within each of the different periods of the CPUE time series.



Additionally, we computed the rate of increase r of the standardized CPUE from the nested GAMM, according to the general fishery development model proposed by FAO (https://www.fao.org/3/W3244E/w3244e0c.htm#:~:text=In%20the%20course%20of%20its,%2C%20and%20(IV)%20senescent, accessed on 10 January 2024). This model is used to assess if the landing data of a fishery follow four theoretical phases: undeveloped, developing, mature, and senescent, which depicts the actual state of the fishery. The increase rate r was calculated as r = (Ct+1 − Ct)/Ct, where Ct is the standardized CPUE at each of the months of the time series, and Ct+1 is the standardized CPUE for the next month. Values of r = 0 suggest that the fishery reached the peak of catches, which occurs during the mature phase, whereas the negative values of r suggest that the fishery is entering it senescent state, as mentioned above by FAO.



The results of the nested GAMM suggested a great variability in the effect of the covariates for each of the periods of the CPUE time series (Figure 8). For example, in period 2, CPUE values were higher during April–May when highest (>2) ONI values occurred, which was in contrast with the rest of the periods, where CPUE were higher during the last and first months of the year and at low ONI values (Figure 8).



The time series of predicted CPUE using the nested GAMM showed that the standardized CPUE increased from 1980 to 2002, remained relatively stable from 2002 to 2008, increased slightly from 2008 to 2014 (with a very noticeable seasonal variation), and increased significantly after 2014 (Figure 9).



The rate of increase suggested that the standardized CPUE has a visible high frequency variability, especially during the first two periods. After the start of the third period, the rate of increase stabilized and oscillated at approximately zero (Figure 10).





4. Discussion


4.1. Spatial–Temporal Variation in Fishing Effort


The average monthly fishing effort for the period 1980–2020 is mainly distributed southward from the equator, off the South American coast, for most of the months. This industrial longline fleet behavior of targeting swordfish could be associated with the preferred thermal distribution area of adult and sub-adult fish, likely with the abundance of prey [8]. From an oceanographic point of view, the South American coast is known for its intense upwelling events that trigger primary productivity and consequently become rich in small pelagic fishes and many squid species [27]. Surely, the swordfish longline fishers are advised by other fisheries, that in this area, the catch achievement is very high in zones where primary productions is also high. In addition, reference [13] concluded that the diet of the swordfish X. gladius caught off Baja California in northwestern Mexico is composed mainly of cephalopods (98%). X. gladius presents vertical migrations, spending in daylight many hours below the thermocline (300–1000 m), and night hours are above it. A common prey for swordfish is the giant squid Dosidicus gigas [13], an economically essential species that shares the same habitat in the Southern Hemisphere, particularly in the Southeastern Pacific Ocean, off the coasts of Chile and Peru, where the main large-scale oceanographic feature is the Humboldt Current. The high commercial importance of the area has attracted multi-national fishing vessels from Japan, Korea, Russia, China, and the local coastal countries, such as Peru, Chile, and Ecuador [28], becoming responsible for a higher proportion of total cephalopod catch in the world. It is worth noting to say that the giant squid (also known as the Humboldt squid) performs vertical migrations that are similar to those of the swordfish [29]: spending the daylight hours under the thermocline and spending night above, favoring the feeding of swordfish. Thus, the high abundances of giant squid that occur off the coast of South America could be an important factor that determinates the high swordfish CPUE. Although D. gigas is distributed from Chile in South America to California in North America [30], overlapping the range of X. gladius, the documented main fisheries grounds for the giant squid are the Southeastern Pacific waters off Chile, Peru, and Ecuador [27,30,31]. Reference [27] highlighted the ecological importance of giant squid because of its role in the food web. We believe it maintains particular importance as prey for swordfish in the Eastern Pacific Ocean.



We also analyzed the effort in the numbers of hooks deployed by the industrial swordfish longline fleet in the period of 1980–2020. Noticeable increases in fishing effort were observed during the mid-1990s, the early 2000s, and approximately during 2010. The possible explanation of the increase in effort could be related to the improvements in technology and fishery regulations such as spatial closures and the 200-mile limit decreed by some countries [32], as mentioned by [3], who cited that the number of aircraft-assisted boats had raised threefold from 1974 to 1975 in the California swordfish fishery. On the other hand, the fishery’s management may be playing an important role in the increase of efforts. If the regulations do not consider populations concept like maximum sustainable yield [3], fishers are not limited for the numbers of hooks used. Perhaps many other technologies accounted in some way to the increase in fishing efforts, but they were not considered in this study.




4.2. Spatial-Temporal Variation of the Catch per Unit of Effort CPUE


The nominal CPUE of swordfish has increased noticeably since the twenty-first century. Being different from the increasing effort mentioned in the previous section in which the increasing period of the effort started since 1975. This could be related to the need for more knowledge of species distributions and biology, like thermal preferences, feeding habits, and the differentiation in adults’ and sub-adults’ preferences. Presently, the aspects that drive migratory behavior still need to be fully understood (a similar study as the one carried out in the Atlantic Ocean by [33] is needed in the Pacific Ocean). For those reasons, the fishing areas were not well established until the twenty-first century. The CPUE in tons per 1000 hooks are higher southward from the equator. This is in concordance with the effort distribution that is being deployed in that area. The explanation is the same as mentioned in the previous section, thermal preferences and the oceanographic conditions that favor the abundance of preys in the South American coasts, mainly the presence of giant squid [27]. The thermal conditions in the fishing grounds of the Southeastern Pacific Ocean are driven by the Humboldt Current System, which exhibits changes in environmental conditions at different scales. The changes cause variations in habitat and species responses are different. For example, the El Niño occurrence in the Humboldt Current results in negative impacts of small pelagic fishes, such as sardine and anchovies, which are the preferred food source for giant squid, which is the principal food for swordfish. Environmental changes in the Humboldt Current affect the food web and, consequently, the abundance of the target fishery resource. In reference [34], it is said that: “Trophodynamics is defined as the transfer of energy from one ecosystem to another through the transfer and consumption of bioenergetic and nutritional constituents of organisms. The proposed pelagic food webs in the Southeast Pacific have shown that trophodynamics can be influenced by variability in climatic phenomena (e.g., ENSO, El Nino Southern Oscillation), as well as geographic location. The pelagic zone in the Southeast Pacific has been found to be dominated by sardine and anchovy”. The statement of reference [34] strengthened our above discussion on changes in swordfish catches.



An aspect we consider noticeable is the evolution of fishing knowledge on the species’ behavior that lets them know where to position the longlines to catch swordfish successfully because the higher effort was observed off the South American coast, which depicts the search effort of fishermen for swordfish in its feeding grounds.




4.3. CPUE Standardization (GAMM)


The results obtained applying GAMM are comparable with what reported by [19] for other billfish species, the blue marlin (Makaira nigricans) in the variables of “month” and “ONI”, likely because positive ONI phenomena present the highest CPUE. However, in the blue marlin case, extreme ONI phenomena also indicate a decrease in the CPUE. In the month’s case, the largest CPUE was presented similarly at the beginning and end of each year. These studies differ in the parameters of “year” and “PDO” since, in blue marlin, the CPUE dropped during the 1990s, while in swordfish, the opposite happened; from the 1990s, the CPUE raised. The relationship between the increase in CPUE with positive ONI phenomena agrees with what is described by [35] for the Indian Ocean, where it is mentioned that in favorable situations of the Indian Ocean Dipole, the CPUE increases since increasing the SST in the area favor the increase of primary productivity, which means that there is more food available for swordfish. Bearing in mind the extensiveness of the study area and analyzing that both the northern and southern hemispheres were included, we can establish that the results agree with [36] for the coasts of South Africa in the North Pacific but differ in the South Pacific since they propose that the highest swordfish CPUE occurred during the austral autumn–winter months (from April to July) and on the other hand, the lowest CPUE rates were present during the austral spring–summer months (October to January). Our study presented the highest CPUE rates during the months from November to February and the lowest rates during the months from June to August. These differences occur mainly because these two areas are important in terms of upwelling. In the Southeast Pacific, there is the presence of the upwellings of the Humboldt Current, which occurs mainly during the months of November to January; while in South Africa, in the Benguela Current, in winter, it also presents a high frequency of occurrence of upwellings [37].



The ONI as an index of El Niño, or strictly, the sea surface temperature (SST) anomalies are more sensitive to explain the CPUE. Reference [38] intended to explain the relationship between the abundance of swordfish (and the other two species of big pelagic fishes) and SST. They suggested that there is a threshold in SST and swordfish abundance being the 21–22 °C and a decrease in abundance at lower or higher temperatures. In the present study, we found a better index: the ONI. The catches are higher when the ONI is positive because the swordfish preys are more vulnerable due to lower turbidity [19] or because the swordfish is more vulnerable to “the baited longline hooks” as suggested by [19] who studied the blue marlin. They explained like this “probability of blue marlin encountering the baited longline hooks during positive ONI events would probably increase”.




4.4. CPUE Trends Obtained with the BFAST Algorithm


Although the factors that caused the observed CPUE trends are not fully clear, we propose some hypotheses; at the beginning of the analyzed period, this could be interpreted as changes in the technology of catches and increases in the demand for the very appreciated fish fillet of the swordfish in the last years of the twentieth century and first years of the twenty-first century. The main positive slope was observed in the second period, from 1997. Shallow pelagic longline sets that targeted swordfish started to increase in the early 1990s when fishing fleets from countries other than Japan occurred entered the swordfish fishery of the Eastern Pacific Ocean [19,39], which could help to explain the initial “boom” in the swordfish catch trends. From 2002 to 2010, the tendency decreased, perhaps resulting from the noticeable increase fishing effort exerted by Taiwanese, Chinese, and Korean vessels (Appendix A, Figure A1). This decrease was followed by a sharp increase in CPUE in 2011, which started another decrease. However, the linear regression slope in that period was not significant, suggesting a steady period. That means a stable tendency. Reference [19] suggested that a decrease in the fishing effort of the longline fleet occurred during 2010 when the swordfish CPUE increased from approximately 6 to 100 t/month. According to NOAA’s SMART stock website (https://apps-st.fisheries.noaa.gov/stocksmart?stockname=Swordfish%20-%20Eastern%20Pacific&stockid=11643, accessed on 9 November 2022), the swordfish stock of the Eastern Pacific Ocean was not overexploited during 2010. Then, a plausible explanation for the increase in swordfish CPUE during 2010 is that it is the result that a similar amount of swordfish biomass was available when low fishing effort occurred, thus resulting in higher CPUE. We also acknowledge that the differences in targeting species of the fleet and perhaps the enormous extension of our study area could also influence the CPUE trends we observed. However, high year-to-year variability in swordfish CPUE has been observed for more restricted localities, such as the southern California waters (the northern frontier of their range in the Eastern Pacific) [3], so we consider that the results of analyzing data from a large area could be like those data of restricted areas.



We also consider it important to highlight a very important variable that is not being considered in our analysis: swordfish size. Changes in fishing practices could be resulting in a decrease in mean swordfish size (for example, an increase in the longline sets near floating objects, important zones of congregation for immature billfish and tuna), which in turn would affect the CPUE biomass. Unfortunately, to the best of the authors’ knowledge, there is no IATTC data (at least not in their public repository) of the size frequencies of swordfish caught by the longline fleet in the EPO. We encourage future research to assess the potential changes in mean swordfish size, because such changes could jeopardize the future of the fishery if too many immature swordfish are caught by the fleet.



We also noticed a great variability in the effects of the covariates on the swordfish CPUE within each of the time periods. To investigate the potential causes of such variability is outside the scope of our research, and it opens a very promising research field in future study.



We could not observe any of the theoretical fishery development phases suggested by FAO. A possible cause for this is that, as FAO mentioned, “the natural variability of individual fisheries is probably too high, and the potential causes of variation in landings are too numerous to any allow any safe interpretation and extrapolation of observed trends”. This was apparently the case of our contribution because we observed a noticeable high frequency variability in the swordfish CPUE time series. We believe that this is a very interesting result, and the potential causes of such high variability should be further investigated.




4.5. Possible Fishery Implications


The present study, targeted to obtain maps illustrating seasonal changes in the spatial distribution and to determine which environmental variables influenced swordfish occurrence in the EPO. Knowledge on suitable conditions for the species may be used to assess possible habitat variations during extreme oceanographic events, such as El Niño. Although both variables that were used as proxy for variations in the marine climate (ONI and PDO) on the interannual and decadal scale resulted to be significant, they were responsible for a low change in AIC, when compared to the year. This suggests that although the effect of the marine climate in swordfish CPUE is noticeable, there are other factors that are more important, factors that are perhaps the result of change in fleet; we suggest that the potential combined effect of variations in the marine environment and changes in fleet dynamics is a very important subject, and it should be further investigated. The monthly CPUE maps could also be used to make some inferences on swordfish migration patterns in the region. Generally, the information provided by this study could contribute to the better management of swordfish. However, we recommend that fisheries scientists and fisheries managers take this finding with caution to reach a sustainable exploitation of the swordfish fishery resource, because further analysis, such as species distribution models, might provide a more comprehensive view of the environmental effects on the spatial and temporal variations of the incidental catches of swordfish. Consequently, species distribution models may reveal patterns that help to understand the behavior of important fishery resources and can provide policy makers with some of the scientific information required to develop management plans, which are crucial for the rational and sustainable harvesting of natural resources.





5. Conclusions


The oceanographic factors, such as El Niño events and the Pacific Decadal Oscillation, positively influence swordfish CPUE, perhaps due to changes in prey availability and in the increase of vulnerability to baited fishing hooks that result from changes in water turbidity. It is possible to make catch predictions based only on environmental data for the model. According to the BFAST model, the current trend of swordfish fishing is downward. It is recommended to take this finding with caution to obtain a sustainable exploitation of the swordfish fishery resource.
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Figure A1. Distribution of total fishing effort (in millions of hooks) for each nation with at least one fishing vessel registered for the EPO longline fishery, reported to the IATTC from 1954 to 2020. 
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Figure 1. Spatial distribution of fishing effort of Xiphias gladius swordfish, from January 1980 to December 2020. Color palette depicts fishing effort in millions of hooks. 
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Figure 2. Hovmöller diagram of the temporal variation of the effort for Xiphias gladius reported by the industrial longline fleet in the Eastern Pacific Ocean. 
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Figure 3. Time series of catch per unit effort (CPUE) for the swordfish fishery Xiphias gladius in the Pacific. 
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Figure 4. Spatial distribution of the nominal catch per unit effort (CPUE; tons per 1000 hooks) of swordfish Xiphias gladius, from January 1980 to December 2020. 
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Figure 5. Partial effect graphs of the explanatory variables of the GAMM adjusted to the time series of the CPUE of swordfish Xiphias gladius. 
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Figure 6. Time series of the swordfish CPUE Xiphias gladius from 1980 to 2020. The blue line shows the fit of the GAMM using year, month, ONI, and PDO data. 
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Figure 7. CPUE time series trends of swordfish Xiphias gladius obtained from the BFAST algorithm. 
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Figure 8. Partial effect plots of the nested GAMM. The curves in each of the covariates (not including Year) represent the effect of the covariate on the swordfish CPUE, for each of the periods obtained from the BFAST algorithm. 
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Figure 9. Time series of the standardized swordfish CPUE for each of the periods obtained from the BFAST algorithm, computed using the nested GAMM. 
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Figure 10. Increase rate of the swordfish standardized CPUE computed with the nested GAMM. The vertical dashed lines depict each of the periods obtained from the BFAST algorithm, and the continuous horizontal line shows the theoretical value of r = 0. 






Figure 10. Increase rate of the swordfish standardized CPUE computed with the nested GAMM. The vertical dashed lines depict each of the periods obtained from the BFAST algorithm, and the continuous horizontal line shows the theoretical value of r = 0.



[image: Jmse 12 00496 g010]







 





Table 1. Summary of the GAMM adjusted to the time series of the CPUE of swordfish Xiphias gladius in the Pacific. AIC = Akaike´s information criterion, ΔAIC = differences in AIC values versus minimum AIC value. s = smoothing function, p value = probability value.






Table 1. Summary of the GAMM adjusted to the time series of the CPUE of swordfish Xiphias gladius in the Pacific. AIC = Akaike´s information criterion, ΔAIC = differences in AIC values versus minimum AIC value. s = smoothing function, p value = probability value.





	Variable
	AIC
	ΔAIC
	p Value





	s(Month)
	1298
	392
	0.156



	+s(Year)
	922
	17
	2 × 10−16



	+s(ONI)
	930
	25
	4.17 × 10−5



	+s(PDO)
	905
	0
	0.037










 





Table 2. Summary of the applied linear regression models.
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	Estimate
	Standard Error
	t Value
	Pr (>|t|)





	Period 1
	0.00777
	0.00056
	13.868
	2.00 × 10−16



	Period 2
	−0.12360
	0.03020
	−4.093
	1.12 × 10−4



	Period 3
	0.12615
	0.02747
	4.591
	1.89 × 10−5



	Period 4
	0.21796
	0.02358
	9.242
	2.38 × 10−14
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